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The determination of the antioxidant potential of lyophilized mushroom mycelia from 5 strains of the species Pleurotus ostreatus
and Coprinus comatus (obtained by submerged cultivation in batch system) was analyzed as ethanolic extracts by evaluating ABTS
and the hydroxyl scavenging activity, FRAPmethod, the chelating capacity, the inhibition of human erythrocyte hemolysis, and the
inhibition of xanthine oxidase activity. The main compounds present in all extracts were determined by HPLC chromatography.
Overall, results demonstrated that the biologically active substances content is modulated by the extraction method used.Themost
beneficial extract, characterized by determining the EC

50
value, was that of C. comatusM8102, followed by P. ostreatus PQMZ91109.

Significant amount of 𝛼-tocopherol (179.51± 1.51mg/100 g extract) was determined as well as flavones such as rutin and apigenin.
In the P. ostreatus PQMZ91109 extract, 4.8± 0.05mg/100 g extract of tocopherol acetate known to play a significant role as an
antioxidant in skin protection against oxidative stress generated byUV rays was determined.The various correlations (𝑟2 = 0.7665–
0.9426 for tocopherol content) assessed and the composition of extracts in fluidized bed from the mycelia of the tested species
depicted a significant pharmacological potential as well as the possibility of usage in the development of new functional products.

1. Introduction

Medicinal mushrooms are an effective alternative in the
prevention and treatment of many modern diseases. P.
ostreatus and C. comatus are used as a food source; however,
due to their high content in therapeutic biomolecules, P.
ostreatus and C. comatus are also a source of biologically
active compounds. Fungal mycelia can easily be acquired in
sufficient quantities by fermentation. Due to an increase in
demand for the extraction of bioactive molecules in order to
produce biologically active supplements, the determination
of an effective and efficient method of extraction is thus
required.The submerged cultivation method is an acceptable
method; however increased efficiency is very important. The
extractive efficiency depends mainly on the species used,
on the nutrient sources in the culture medium, and on the
cultivation parameters [1].

Mycelia extracts prevent free radical attack known to
initiate membrane lipid peroxidation, resulting in an overall

increased ability in defense against cellular malignization.
Free radicals react with various molecules at the cellular level
via oxidative stress and, as a result, bring about a perturbation
of the normal cellular cycle. Free radicals are also known
to accelerate the aging process, therefore disrupting various
known natural defense mechanisms. Thus, taking supple-
ments with such extracts is an alternative means against
oxidative stress [2]. In addition, the presence of tocopherols
is shown to be associated with the protection of low density
lipoproteins (LDL) against oxidative stress. Oxidized LDL
has been correlated with high plasma cholesterol levels [3].
Thus, the use of this mycelia extract may offer protection
against the risk of developing cardiovascular disease, pre-
venting atherosclerosis, and ultimately eliminating the risk of
developing myocardial infarction.

Fungal fermentation in liquid medium ensures a high
uniform quantitative biomass production as well as a high
biological value, thus representing an alternative means to
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obtaining the various potential medicinal products. The
fermentation technology has a role in maximizing the
production of biomass and the level of biologically active
components it contains [4]. In vitro antioxidant activity has
been correlated with phenolic components (i.e., amounts of
anthocyanins and of tocopherols) [5]. The phenolic con-
centrations of the extracts depend on the species used, on
the method used in obtaining the extracts (the process of
extraction and conditioning), and on the evaluation method
[6]. As a large amount of tocopherols was identified following
the fluidized bed extraction from dried fruit bodies of the
oyster mushroom (data not yet published), a similar amount
is expected in the same type of extract from themycelia of the
P. ostreatus species. Thus, the aim of this study was to assess
the antioxidant activity of lyophilized mycelia (submitted to
extraction in fluidized bed) from 5 strains of P. ostreatus
and C. comatus and to both correlate and identify the
key molecules (by HPLC chromatographic analysis), which
determine these antioxidative activities. The mycelium of
each specieswas obtained by submerged cultivation in a batch
system.

2. Materials and Methods

2.1. Chemicals. All chemicals and reagents were purchased
from Sigma Aldrich GmbH (Steinheim, Germany). All other
unlabelled chemicals and reagents were of analytical grade
[7].

2.2. Microorganism, Media, Fermentations Conditions, and
Fluidized Bed Extraction Process. Mushrooms belonging to
P. ostreatus PQMZ91109, Pleurotus ostreatus PBS281009, P.
ostreatus PSI101109, P. ostreatus M2191, and C. comatus
M8102 were obtained from the collection of the Faculty
of Biotechnology, Bucharest, Romania. The mycelia were
kept in Nalgene cryotubes grown on barley grains, in 20%
glycerol, at −80∘C. The mycelia were revitalized on the
medium of potato dextrose agar (PDA) at 4∘C.The inoculum
was prepared by growing the mushrooms on a LabTech
rotary shaker at 150 rpm, for five days, at 25∘C, in 500mL
Erlenmeyer flasks containing 250mL of the culture medium
containing 6.0 g glucose, 100.0 g malt extract, 20.0 g yeast
extract, 1.0 g KH

2
PO
4
, and 0.5 gMgSO

4
× 7H
2
O, per liter.

The medium was adjusted to a pH of 5.5 with 0.2MNaOH
[6, 7].

The second inoculum was performed in a 500mL flask
containing 300mL of the medium after inoculating with
10% (v/v) of the first inoculum culture under the conditions
described above. The fermentation medium (KH

2
PO
4
0.2%,

CaSO
4
0.5%, MgSO

4
0.05%, Na

2
HPO
4
0.01%, and corn

extract (dry substance 40%, as nitrogen source) 1% in 5%
solution of corn starch) was inoculated with 10% (v/v) of
the second inoculum culture and then cultivated in a 5-l
New Brunswick BioFlo 310 bioreactor. Fermentations were
conducted under the following conditions: temperature 25∘C,
aeration rate 1 vvm, agitation speed 150 rpm, pH 5.5–6,
and working volume 4 L. The inoculum culture was then

transferred to the fermentation medium and cultivated for 10
days [7].

The mycelium was recovered from the liquid medium by
centrifugation at 4000×g (Centurion C2041 centrifuge) for
15min. Next, the obtained mycelia were washed 3 times with
distilled water and freeze-dried in an Alpha 1-2 LD freeze-
dryer in the absence of a cryoprotective agent [6].

A quantity consisting of 50 g of the freeze-dried mycelia
and 150mL ethanol 70% was used to generate an extract
using a fluidized bed extractor (fexIKA 200, IKA Labortech-
nik), after two extraction cycles. The alcohol extracts were
concentrated in a rotary evaporator (Buchi R 210) with
vacuum controller at 50∘C, 175 mbar, and 200 rpm. The
elected concentrated solution was freeze-dried in a Martin
Christ Alpha 1-2 LD, to obtain the solid substance. The dried
fractions were then redissolved in 80% ethanol to yield
solutions containing 0.2–1.0mg of extract per mL [8].

2.3. Antioxidant Activity Determinations

2.3.1. ABTS (2,2-Azino-bis(3-ethylbenzothiazoline-6-sulpho-
nic Acid)) Radical Scavenging Activity. Radical scavenging
assay ABTS radical cations are produced by reacting ABTS
(7mM) and potassium persulfate (2.45mM) on incubating
the mixture at room temperature in darkness for 16 h. The
solution thus obtained was further diluted with phosphate
buffered saline to give an absorbance of 1.000. Different
concentrations of the extracts (0.2–1mg/mL), 50 𝜇L, were
added to 950 𝜇L of the ABTS working solution to give a final
volume of 1ml. The absorbance was recorded immediately at
734 nmwith the Helios 𝜆 spectrophotometer.The percentage
of inhibition was calculated with the following equation: %
inhibition = [(Absorbance of control − Absorbance of test
sample)/Absorbance control] × 100. Ascorbic acid was used
as standard [9].

2.3.2. Determination of Hydroxyl Radical Scavenging Activity.
Quantities consisting of 0.2mL of 0.1mM FeSO

4
/0.1mM

EDTA⋅2Na, 0.2mL 2-deoxyribose (10mM), 0.2mL sample
(different concentration 0.2–1mg/mL), and 1.2mL phos-
phate buffer (0.1M; pH 7.4) were mixed. After the addi-
tion of 0.2mLH

2
O
2
(10mM), the mixture was incubated

at 37∘C for 4 h, and the reaction stopped by addition of
a 1mL trichloroacetic acid (2.8%) solution. Thiobarbituric
acid/50mM NaOH (1%; 1mL) was then added and the
mixtures heated at 100∘C for 10min, followed by rapid cooling
and measurement of OD

532
[10].

2.3.3. Ferrous Ion Chelating Activity. To determine the Fe
ion chelating ability, first, 1mL of each polysaccharide (0.2–
1mg/mL) was mixed with 3.7mL of ultrapure water, fol-
lowing which the mixture was reacted with ferrous chloride
(2mmol/L, 0.1mL) and ferrozine (5mmol/L, 0.2mL) for
20min. The absorbance at 562 nm was determined spec-
trophotometrically. EDTA was used as positive control. The
chelating activity on the ferrous ion was calculated using the
following equation: Chelating Activity (%) = [(Ab − As)/Ab]
× 100, where Ab is the absorbance of the blank without the
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sample or ascorbic acid and As is the absorbance in the
presence of the extract or EDTA [7, 11].

2.3.4. Inhibition of Human Erythrocyte Hemolysis. Thecapac-
ity to inhibit human erythrocyte hemolysis was based on
the method described by Barros et al., 2007 [12]. Blood was
obtained by harvesting from the first author. Blood tubes
were immediately centrifuged at 3000 rpm for 10min in a
cooled Heidolff 320R centrifuge, with cooling at 9∘C. The
sediment was washed three times with 0.9%NaCl, and the
reunited final sediments were brought into a 10% solution
in 7.4 phosphate buffer [13]. The reaction mixture consisted
of 0.1mL of 10% human erythrocytes suspension, 0.2mL
of 200mL 2,2-azo-bis(2-amidinopropane) dihydrochloride,
and 0.1mL sample of extract (0.2–1mg/mL). Test tubes were
maintained at 37∘C for 3 h. For dilution, 8mL phosphate
buffer pH 7.4 was added and each sample was centrifuged
at 3000 rpm for 10min. Finally, absorbance was read at
540 nm, and the inhibition of human erythrocyte hemolysis
was calculated following the equation [(𝐴C −𝐴S)/𝐴C] × 100,
where 𝐴C represents the absorbance of the control sample
without extract and 𝐴S is the absorbance of the sample
containing the extract. TBHQwas used as standard.The EC

50

value (mg extract/mL), that is, the effective concentration at
which the inhibition of human erythrocyte hemolysis is 50%,
was obtained [14].

2.3.5. Ferric Reducing Antioxidant Power (FRAP) Assay. The
FRAP reagent was prepared by adding 2.5ml of 10mMTPTZ
into 40mMHCl. After dissolving TPTZ in HCl, 2.5ml of
20mMFeCl

3
was added and 25ml of 0.3M acetate buffer pH

3.6.Then, approximately 3ml of the FRAP reagent was added
to 100 𝜇L of mushroom extract and 300𝜇L of distilled water.
The absorbance was measured at 593 nm against the blank
after 4 minutes. FRAP value was calculated and expressed
as mM Fe2+ equivalent (FE) per 100 g sample using the
calibration curve of Fe2+ [15].

2.4. Xanthine Oxidase Inhibition Assay. Xanthine oxidase
activity was determined by measuring the formation of uric
acid from xanthine. All extracts were prepared in 50mM
phosphate buffer solution (pH 7.0). 2mL of the sample was
mixed with solution containing xanthine oxidase (2mL,
0.4U/mL) and xanthine (100 𝜇M). After incubating at room
temperature (24∘C) for 3 minutes, uric acid production was
determined by measuring the absorbance at 295 nm. The
inhibition percentage of xanthine oxidase activity was calcu-
lated according to the formula = [(𝐴control −𝐴 sample)/𝐴control]
× 100% [16].

2.5. Determination of Antioxidant Component

2.5.1. Determination of Total Phenolic Content. The content
of total phenols was determined by spectrophotometry, using
gallic acid as standard, according to the method described
by the International Organization for Standardization (ISO)
14502-1. Briefly, an aliquot of the diluted sample extract
(1.0mL) was transferred in duplicate to separate tubes

containing a 1/10 dilution of Folin-Ciocalteu’s reagent in
water (5.0mL). Then, a sodium carbonate solution (4.0mL,
7.5%w/v) was added. The tubes were then allowed to stand
at room temperature for 60min before absorbance at 765 nm
was measured against water.The content of total phenols was
expressed asmg/g biomass.The concentration of polyphenols
in samples was derived from a standard curve of gallic
acid ranging from 10 to 50𝜇g/mL (Pearson’s correlation
coefficient: 𝑟2 = 0.9996) [6, 17].

2.5.2. Determination of Total Flavonoids. Sample (0.25mL of
the extracts) was added to a tube containing distilled water
(1mL). Next, 5%NaNO

2
(0.075mL), 10%AlCl

3
(0.075mL),

and 1MNaOH (0.5mL) were added sequentially at 0, 5,
and 6min. Finally, the volume of the reacting solution
was adjusted to 2.5mL with double-distilled water. The
absorbance of the solution at a wavelength of 410 nm was
detected using the Helios 𝜆 spectrophotometers. Quercetin is
a ubiquitous flavonoid, present inmany natural extracts, used
as standard to quantify the total flavonoid content. Results
were expressed in mg/g biomass [6, 18].

2.5.3. Determination of 𝛽-Carotene and Lycopene. For 𝛽-
carotene and lycopene determination, the dried ethanolic
extract (100mg) was vigorously shaken with an acetone-
hexane mixture (4 : 6, 10mL) for 1min and filtered through
Whatman number 1 filter paper.The absorbance of the filtrate
was measured at 453, 505, and 663 nm. 𝛽-Carotene and
lycopene content were calculated according to the following
equations: lycopene (mg/100mL) = − 0.0458×𝐴

663
+0.372×

𝐴
505
− 0.0806 × 𝐴

453
; 𝛽-carotene (mg/100mL) = 0.216 ×

𝐴
663
− 0.304 ×𝐴

505
+ 0.452 ×𝐴

453
. The results are expressed

as mg of carotenoid/g of extract [6, 12].

2.5.4. Determination of Ascorbic Acid. Determination of
ascorbic acid was determined by the method described by
Barros et al., 2007. Content of ascorbic acid was calculated on
the basis of the calibration curve of L-ascorbic acid, and the
results were expressed as mg of ascorbic acid/g extract [12].

2.5.5. Determination of the Total Quantity of Polyphenol
Carboxylic Acids, Flavones, and Tocopherols. Determination
of the total quantity of polyphenol carboxylic acids, flavones,
and tocopherols was determined by means of chromatog-
raphy using high-pressure liquid chromatograph (HPLC)
ELITE-LaChrom, with DAD detector, and presented in a
previous study [5].

2.6. Statistical Analysis. All the assays for fermentation and
antioxidant activity were assessed in triplicate, and the results
were expressed as mean ± SD values of the three sets of
observations (𝑃 < 0.05). The mean values and standard
deviation were calculated using the EXCEL program from
Microsoft Office 2010 package [7].

3. Results and Discussion

3.1. MyceliumGrowth and Total Phenols and Flavonoids Accu-
mulation in the Biomass. The maximum amount of biomass
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accumulation was achieved by maintaining optimal condi-
tions of pH, temperature, and stirring. The profile of the
growth curve showed a steady rollout after the eighth day
with a maximum following the tenth day of submerged
fermentation in a batch system. It was also observed that, in
the biomass samples taken during the fermentative processes,
the accumulation of the antioxidant compounds was directly
proportional to the increase in biomass amount (data not
shown) with the exception of C. comatus M8102 (45.37 ±
3.43 g/L/day biomass) and P. ostreatus PSI101109 (16.63 ±
0.77 g/L/day biomass), which showed a decrease in the total
amount of phenols and flavonoids with entry into the sta-
tionary phase (Table 1). The decrease did not exceed 10% and
remained constant until the end of the fermentative process.
This observation was also supported by the carbon source
depletion. The maximum growth rate was calculated for P.
ostreatus PQMZ91109 (0.56 ± 0.09 h−1). For the other species,
the determined differences are the result of an exponential
growth phase of the mycelia which stretched over a longer
period of time.

The gradual depletion in carbon source and the change
in ratio between amount of carbon and nitrogen sources
are a possible explanation as this behavior is typical of the
cultivated species. This behavior occurred when the carbon
source was depleted in favor of the nitrogen source resulting
in a direct reduction in the growth rate of the mycelia and
of the sizes; however, the density of mushroom pellets is
increased.Thus, there was an increase in total amount of phe-
nols and flavonoids present in the biomass produced by batch
fermentation compared with the cultivation in stirred flasks
(inoculum), in which growth was at least 20% in C. comatus
M8102.The accumulation of these secondary metabolites can
also be explained as a mushroom response to the stress as
determined by the inversely proportional decrease of the
amount of carbon source in the case of batch cultivation. Such
a behavior has been previously demonstrated both in plants
and in other fungi (Russula griseocarnosa) [1].

The accumulation of secondary compounds showed
much higher values than the cultivation in other conditions
(in Erlenmeyer flasks), ranging between 20% and 50%. The
highest amount was found in the mycelium of P. ostreatus
PSI101109 (98.60 ± 1.85mg/g biomass). The least produc-
tive species was P. ostreatus PBS281009 (35.40 ± 6.75mg/g
biomass), with no more than 65% of the other tested species
(Table 1). The flavonoids are the most important group of
phenolic compounds, representing over 50% of the total
registered amount with the exception noted by C. comatus
M8102 with a rate of only 34%. If we consider the accumu-
lation of biomass in the course of the batch fermentative
process, the correlation with the total amount of polyphenols
showed positive correlations (𝑟2 = 0.514–0.689) which also
corresponded to the amount of determined flavonoids (𝑟2 =
0.679–0.861), according to species. Thus, it has been shown
that the synthesis of these secondary metabolites occurs
during different periods of the mycelia growth phases in a
batch system. A marked accumulation of flavonoids was also
noted toward the end of the exponential phase of growth
and with entry into the stationary phase. This behavior has

been observed in both P. ostreatus PSI101109 and P. ostreatus
PBS281009, where the amount of flavonoids in the total
phenolic compounds was highest, by at least 70%.

The quantities of phenolic compounds in the obtained
extracts were lower than expected possibly due to their con-
centration levels being below the limit of detection of the high
performance liquid (HPLC) chromatographic method used.
An additional problem may be due to extraction procedure
used, which favors the extraction of other active compounds
(tocopherols), possibly as a result of a significant decrease
in the amount of total phenolic compounds. This is the first
published investigation known to show the effect of ethanol
extraction in fluidized bed on the phenolic composition of
lyophilized mycelium extract. Even though the presence of
these molecules is indicated by the Folin Ciocalteu method,
the concentrations may be influenced by interaction with
other active ingredients, as has been shown by recent studies
[19]. This observation has also been depicted in the case of
fluidized bed extraction from the fruit body of the same
species, as well as some wild ones such as Tuber melanospo-
rum,Marasmius oreades, or Craterellus cornucopioides—data
yet to be published.

The main phenolic acids determined were homogentisic
acid (0.14 ± 0.001–35.18 ± 0.4mg/100 g of extract) and gallic
acid (0.82 ± 0.01–16.21 ± 0.16mg/100 g of extract) compounds
that were found present in all extracts from the mycelium. In
addition, a small amount of chlorogenic acid in the P. ostrea-
tus M2191 mycelium extract was also detected (Table 2). A
significant number of flavones were also identified, indicative
of the presence of rutin in C. comatusM8102 extract and also
the lack of catechin, except for the P. ostreatus PQMZ91109
mycelium extract. Another novel finding was the presence of
apigenin (0.034 ± 0.00mg/100 g extract) in the C. comatus
M8102 extract, which is responsible for the inhibition of
membrane lipid peroxidation [20]. An additional finding as a
result of the chromatographic analysis was the identification
of pyrogallol in the P. ostreatus PBS281009 mycelium extract,
which has not been identified for this species in previous
studies [19].

While most studies focus mainly on the phenolic profile,
the tocopherol composition has not been analyzed asmuch in
medicinal mushroommycelia extracts. As such, the fluidized
bed extraction process of the present study resulted in the
identification of significant amounts of 𝛼-tocopherol, with
the greatest significant amount determined in the C. comatus
M8102 extract. A third novel finding of this study was the
presence of tocopherol acetate in the extract of P. ostreatus
PQMZ91109. Tocopherol acetate is the ester moiety formed
between acetic acid and 𝛼-tocopherol (4.8 ± 0.05mg/100 g
of extract), which is known for its inhibitory effect on
tyrosinase, which has an important physiological significant
role in controlling melanin production.

In addition to the phenolic compounds, following the
extraction in fluidized bed from themycelium, a significantly
similar amount of ascorbic acid was obtained in the analyzed
extracts (Table 2). A similar trend was observed for the
accumulation of 𝛽-carotene and lycopene for the four species
of Pleurotus. In the C. comatusM8102 mycelium extracts, an
amount of 𝛽-carotene determined to be 88.5% higher was
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Table 1: Biomass production and total phenols and flavonoids accumulation in the submerged culture of mushrooms mycelia after 10 days
of batch fermentation.

Mushroom species
Biomass

productivity
(g/L/day)

Total phenols
(mg/g biomass)

Total flavonoids
(mg/g biomass)

Product yield
(g biomass/g
carbon source)

Maximum
growth speed

(h−1)
P. ostreatus PQMZ91109 22.50 ± 1.50 63.40 ± 4.30 34.35 ± 1.67 45.05 ± 1.69 0.56 ± 0.09
P. ostreatus PSI101109 16.63 ± 0.77 98.60 ± 1.85 69.75 ± 3.52 38.04 ± 1.51 0.74 ± 0.01
P. ostreatus PBS281009 35.16 ± 1.71 35.40 ± 6.75 28.00 ± 5.70 50.22 ± 2.40 0.63 ± 0.12
P. ostreatusM2191 26.25 ± 0.81 70.00 ± 3.91 45.00 ± 2.89 29.16 ± 0.88 0.65 ± 0.05
C. comatusM8102 45.37 ± 3.43 72.60 ± 8.67 24.75 ± 1.28 37.80 ± 2.93 0.59 ± 0.1

Table 2: The main compounds with antioxidant effect identified in the fluidized bed extracts of lyophilized mycelium.

Compound
(mg/100 g extract)

P. ostreatus
PQMZ91109

P. ostreatus
PSI101109

P. ostreatus
PBS281009

P. ostreatus
M2191

C. comatus
M8102

Gallic acid 9.39 ± 0.1 16.21 ± 0.16 0.82 ± 0.01 10.56 ± 0.11 11 ± 0.1
Homogentisic acid 17.78 ± 0.2 35.18 ± 0.4 0.14 ± 0.001 10.93 ± 0.1 7.96 ± 0.08
Chlorogenic acid — — — 0.0436 ± 0.0004 —
Catechin 0.67 ± 0.007 — — — —
Rutin — — — — 0.19 ± 0.002
Myricetin 1.6 ± 0.02 1.32 ± 0.01 — — —
Apigenin — — — — 0.034 ± 0.00
Pyrogallol — — 64.67 ± 0.6 — —
Ascorbic acid 0.94 ± 0.02 0.93 ± 0.04 0.93 ± 0.01 0.92 ± 0.02 0.94 ± 0.32
𝛽-Carotene 0.02 ± 0.01 0.03 ± 0.02 0.02 ± 0.002 0.03 ± 0.002 0.13 ± 0.09
Lycopene 0.01 ± 0.004 — 0.01 ± 0.002 0.03 ± 0.001 0.09 ± 0.05
𝛼-Tocopherol 14.52 ± 0.15 23.4 ± 0.2 30.47 ± 0.35 24.56 ± 0.56 179.51 ± 1.51
Tocopherol acetate 4.8 ± 0.05 — — — —

identified, and 3 times more lycopene was also determined in
comparison to the P. ostreatusmycelia extracts. Results depict
the specific characteristic behaviors of the two species in the
case of cultivation in the bioreactor, under steady conditions.
In this manner, the fermentative batch process may be used
in order to obtain a mycelium rich in the most important
secondary metabolites of biological activity.

3.2. Evaluation of Antioxidant Activity of Extracts in Fluidized
Bed from Mycelium Obtained by Batch Cultivation. The
evaluation results of the antioxidant activity of lyophilized
mycelia of all five fungal strains are presented as EC

50

values in Table 3. The evaluation of free radical scavenging
activity was performed by using ABTS and hydroxyl radicals.
Compared to other methods used to assess free radical
activity, the ABTS scavenging activity assessment results
in greater accuracy. As both the hydrophilic antioxidant
component and the lipophilic components of the extract
are known to react in the assessment [21], the free radical
scavenging activities were as follows (in increasing order):
C. comatus M8102 < P. ostreatus PSI101109 < P. ostreatus
M2191 < P. ostreatus PQMZ91109 < P. ostreatus PBS281009.
Hydroxyl radicals are among the most reactive of reactive
oxygen species and can cause increased oxidative damage to
DNA, lipids, and proteins [6]. Thus, for the hydroxyl radical

scavenging activity, the increasing order of EC
50

value was
as follows: P. ostreatus PBS281009 < P. ostreatus M2191 <
C. comatus M8102 < P. ostreatus PQMZ91109 < P. ostreatus
PSI101109.

Chelating agents are known to prevent the generation of
oxyradicals. For that purpose, a chelating method was used
to evaluate antioxidant activity [22]. Human erythrocytes
represent an ideal in vitro model which is very useful due to
their membranes which contain polyunsaturated fatty acids
which are extremely susceptible to free radical attack follow-
ing the decomposition of AAPH [23]. The direct relationship
therefore between both methods is a precise indicator of the
ability to prevent lipid peroxidation, expressed as peroxyl
radicals scavenging activity. In both cases, the increasing
order was as follows: C. comatus M8102 < P. ostreatus
PQMZ91109 < P. ostreatus PSI101109 < P. ostreatus M2191 <
P. ostreatus PBS281009.

The FRAP method is an accurately known method
used to quantify the antioxidant potential of an extract.
The methodology is based on the reaction of the extracts
of antioxidant components with inactivated oxidants. The
reducing power exerted by the antioxidant molecules from
the analyzed extract is associated with the interruption of free
radical formation [24]. The results obtained as EC

50
values

demonstrated a ferric ion reducing capacity of 25% higher on
average, compared with the standard (ascorbic acid). These
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Table 3: The antioxidant activity (expressed as EC50 value in mg/mL) of the extracts of lyophilized mycelium.

Mushroom species ABTS scavenging
activity

Hydroxyl
scavenging activity Chelating effect AAPH FRAP XO

P. ostreatus PQMZ91109 0.63 ± 0.02 1.65 ± 0.04 0.17 ± 0.05 2.63 ± 0.13 1.76 ± 0.05 0.9 ± 0.21
P. ostreatus PSI101109 0.25 ± 0.01 1.48 ± 0.07 0.22 ± 0.02 2.65 ± 0.20 1.51 ± 0.04 1.8 ± 0.65
P. ostreatus PBS281009 1.78 ± 0.04 4.54 ± 0.01 3.67 ± 0.01 6.96 ± 0.28 4.77 ± 0.17 2.45 ± 0.54
P. ostreatusM2191 0.45 ± 0.11 2.20 ± 0.20 0.64 ± 0.01 4.15 ± 0.24 3.77 ± 0.04 1.41 ± 0.22
C. comatusM8102 0.10 ± 0.05 1.87 ± 0.03 0.12 ± 0.03 2.27 ± 0.15 0.72 ± 0.01 0.78 ± 0.08

values were up to 10 times lower than the methanol extracts
of edible wild species (Russula nigricans, Amanita rubescens
var. Rubescens, P. dryinus, or Leccinum scabrum) [25].

For the assessments of such extracts in the prevention
and/or support of conventional treatments to inhibit the
inflammatory processes caused by the formation of uric acid,
the inhibition of xanthine oxidase is a widely accepted in
vitro model. For evaluation of the mycelium, the inhibition
of formation of uric acid (a substance which causes the
disease gout) grew and produced the following results: C.
comatus M8102 > P. ostreatus PQMZ91109 > P. ostreatus
M2191> P. ostreatus PSI101109> P. ostreatus PBS281009.Thus,
due to the biological activity of the mycelium extract, it is
recommended as an additive or as part of the composition
of some products which protect the liver, thus fulfilling
also a possible additional detoxifying role by increasing the
efficiency of the removal function, favoring the inhibition
of excess uric acid production. The presence of apigenin in
the extract of C. comatus M8102 can confirm probable anti-
inflammatory effects of mycelium. This flavonoid is known
to inhibit the physiological process of formation of uric acid
[26].

The bioreactor cultivation of mycelia is a reproducible
method in obtaining a valuable substrate from extracts with
high biological activity. The mycelia contain antioxidant
compounds that differ from those present in the fructifi-
cation body of the fungus. An example is the presence of
intracellular and extracellular polysaccharides significantly
contributing to an increase in the biological activity of
the obtained mycelia. As the molecular weight is directly
proportional to the bioactivity, the fermentation process is the
most important in the synthesis of polysaccharides resulting
in molecular weight as high as possible. This occurs with
a depletion of the carbon source and the entry into the
stationary phase. Thus, as a result, it was determined that
while the proliferation of the mycelia grown in batch culture
is related to the carbon source, the amount of antioxidant
compounds from the mycelia is to a larger extent related
to the source of nitrogen and to the maintenance of an
appropriate pH level [7]. A smaller size of the mushroom
pellets resulted in a greater accumulation of compounds
with antioxidant activity. This observation was supported
by the results shown in Table 1, for the strains C. comatus
M8102, P. ostreatus M2191, and P. ostreatus PQMZ91109. An
increase in the amount of the secondary compounds, of
approximately 35%, was registered compared to the ethanol

extracts in fluidized bed from the fruiting body of the P.
ostreatus species [27]. If the rheological properties of the
medium can represent a direct indication of the synthesis
of a specific metabolite such as exopolysaccharides, the
morphological aspect is significant enough to achievemycelia
rich in functional compounds. Changing the parameters
of the fermentative process by increasing the stirrer speed
does not result in increased efficiency of production of such
compounds in the mycelia. Moreover, only a decrease in the
amount of biomass was noted, with a direct effect on its
composition [7].

Freeze drying is the most effective in retaining the
maximum amount of compounds with antioxidant activity
in an extract. As such, freeze drying was therefore used to
obtain a valuable substrate for the later stage of the extraction.
The ethanol and water mixture is believed to be the solvent
mix that ensures appropriate extraction efficiency, expressed
as the amount of antioxidants/g of substrate. This was shown
in the case ofAgaricus brasiliensismycelium [28]. By using the
extraction in fluidized-bed from the lyophilized mycelia of P.
ostreatus and C. comatus, an increase in antioxidant potential
of the lyophilized extract was determined. A comparison was
made with the mycelia obtained by submerged cultivation
in Erlenmeyer flasks and submitted to a simple extraction
(also a lyophilized mycelium) [6]. Extraction in fluidized
bed favored the presence of tocopherols, which represents a
novelty, compared to most studies in which various phenolic
compounds predominate. Results may lead to the possibility
of modulating the composition of the active compounds
in the final extract by the extraction method used. This
possibility is novel as simple extractions in previous studies
have not led to similar results for the same species [29].
The significance in our findings is supported both by the
determined amount and by the localization within the cell
membrane of mainly 𝛼-tocopherol.

Extracts from the mycelia of P. ostreatus and C. comatus
showed relatively similar capabilities of free radical scaveng-
ing and of ferric ion chelation; however a lower capacity
(EC
50

value greater on average by 60%) for the protection
of lipid peroxidation by the peroxyl radicals was noted.
Compared with the extracts from Leucopaxillus giganteus,
Sarcodon imbricatus, andAgaricus arvensis, themycelia of the
two mushrooms submitted to extraction in fluidized bed, a
product with superior capabilities for the protection of the
erythrocyte membrane against radical attack generated by
AAPH, which may cause hemolysis, were determined [12].
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These antioxidant capabilities are all considered tomainly
be linked with the phenolic components of the extracts,
resulting in significant medicinal efficacy, thus supporting
the idea of using such compounds as active ingredients in
functional products. The data is in contradiction with the
effects of the herb Hypericum perforatum extracts which
contain phenolic compounds and flavonoids with low affinity
for the peroxyl radicals, thus validating the significance of
the composition of the active components (mainly phenolic
compounds) that are involved in the scavenging effect [30].
Besides the significant antioxidant efficacy, the mycelium
extracts in fluidized bed demonstrated an anti-inflammatory
effect. This property is also directly expressed by the total
amount of phenolic acids and flavonoids, as noted bythe in
vitro inhibition of xanthine oxidase by C. comatus M8102
extracts.

The types and amounts of phenolic compounds varied
with the same culture conditions of the species; however,
similar antioxidant activity was observed. It can therefore be
concluded that other components may be involved in these
antioxidative properties as mentioned in previous studies [7,
31]. According to published data with respect to the relation-
ships between the concentration of phenolic compounds and
the antioxidant activity there is much controversy. Moreover,
antioxidant properties have also been shown to be influenced
by the content of tocopherols, anthocyanins, and carotenoids
compounds [32].

A positive correlation expressed by in vitro analysis
between the amount of biologically active compounds and
the different antioxidative properties of each separate extract
was determined. With respect to the 𝛼-tocopherol content,
the 𝑟2 value (0.7665–0.9426) was greatest for the inhibition
of xanthine oxidase, the inhibition of erythrocyte hemolysis,
and the FRAP method for the evaluation of the reducing
power (𝑃 < 0.0001). As for the inhibition of the two species
of free radicals, the value of the correlation index with the
tocopherol content was moderate.

The polyphenolic content had a medium degree of cor-
relation, with the largest correlation related to the capacity
to inhibit the erythrocyte hemolysis (𝑟2 = 0.476–0.9773).
The greatest correlations 𝑟2 were expressed for the species
C. comatus M8102, P. ostreatus PQMZ91109, and P. ostreatus
PSI101109 (𝑃 < 0.0001). With regard to the inhibition of
xanthine oxidase, the FRAP method as well as the abil-
ity of chelation and the correlations with respect to the
polyphenolic content were moderate. The ability to inhibit
free radical species in pyrogallol of P. ostreatus PBS281009
was determined to be highly correlated. Overall, pyrogallol
presence to the expression does not exceed 50% of the
antioxidant potential. A similar behaviorwas also observed in
C. comatusM8102 when the rutin and apigenin content were
also considered. An increase of the 𝑟2 value was also observed
for the inhibition of hemolysis and xanthine oxidase and for
the chelating capacity. This activity was also determined for
the strains P. ostreatus PQMZ91109 and P. ostreatus PSI101109,
where myricetin and catechin were present (𝑃 < 0.004).

In conclusion, choosing the appropriate extraction pro-
cedure allowing for the modulation of the biological value of

the extract allows for new and improved technological impli-
cations. This is the first study known to evaluate the antiox-
idant capacity of a fluidized bed extract from mushroom
mycelium. Regardless, the current results do not invalidate
the pharmacological value of such preparations in alleviating
the oxidative properties.The relevance of these in vitro results
must be supported by future in vivo studies. Moreover, in
vivo studies should be performed in the determination of
antioxidant capacity and level of assimilation after passage
through the human gastrointestinal tract.

Conflict of Interests

The author declares that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This work was supported by the Executive Agency for
Higher Education, Research, Development and Innova-
tion Funding, Human Resources, Theme 9/2010 (http://
proiectte9.freewb.ro/; http://mushroomextracts.freewb.ro/).
Chromatogramswere realised in theDepartment of Physical-
Chemical Analysis and Quality Control from National Insti-
tute for Chemical-Pharmaceutical Research and Develop-
ment, ICCF Bucharest, Chief of the Department, Ph.D.
Chem., Sultana Nita, as a result of Research Projects
3035/3.04.2012 and 3063/26.06.2012.

References

[1] J. Dong,M. Zhang, L. Lu, L. Sun, andM. Xu, “Nitric oxide fumi-
gation stimulates flavonoid and phenolic accumulation and
enhances antioxidant activity of mushroom,” Food Chemistry,
vol. 135, no. 3, pp. 1220–1225, 2012.
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This study investigated the effect of subinhibitory concentrations (SIC) of five plant-derived antimicrobials (PDAs), namely, trans
cinnamaldehyde, eugenol, carvacrol, thymol, and 𝛽-resorcylic acid, on E. coliO157:H7 (EHEC) attachment and invasion of cultured
bovine colonic (CO) and rectoanal junction (RAJ) epithelial cells. In addition, PDAs’ effect on EHEC genes critical for colonization
of cattle gastrointestinal tract (CGIT) was determined in bovine rumen fluid (RF) and intestinal contents (BICs). Primary bovine
CO and RAJ epithelial cells were established and were separately inoculated with three EHEC strains with or without (control) SIC
of each PDA. Following incubation, EHEC that attached and invaded the cells were determined. Furthermore, the expression of
EHEC genes critical for colonization in cattle was investigated using real-time, quantitative polymerase chain reaction in RF and
BICs. All the PDAs decreased EHEC invasion of CO and RAJ epithelial cells (𝑃 < 0.05). The PDAs also downregulated (𝑃 < 0.05)
the expression of EHEC genes critical for colonization in CGIT. Results suggest that the PDAs could potentially be used to control
EHEC colonization in cattle; however follow-up in vivo studies in cattle are warranted.

1. Introduction

Enterohemorrhagic Escherichia coli O157:H7 (EHEC) is a
major food-borne pathogen that causes disease conditions
in humans, ranging from diarrhea to hemorrhagic colitis
and hemolytic-uremic syndrome [1]. Cattle are the principal
reservoir of EHEC [2–5], with fecal contamination of carcass
being an important source of human infection. In addition,
fecal shedding of EHEC imposes a risk of direct zoonotic
and environmental transmission of the pathogen to humans,
especially children [6].

The primary site of EHEC colonization in cattle is the
terminal rectum, particularly an anatomical area within the
terminal rectum referred to as the rectoanal junction (RAJ)
[3, 4]. The EHEC carriage at RAJ in cattle is associated with
high levels of pathogen excretion in feces as well as long-
duration of fecal shedding [3, 7–9]. Besides feces, rectal,

colonic, and rumen contents were also found as sources of
EHEC in cattle [4].

Previous research has revealed that EHEC colonization
in cattle gastrointestinal tract (CGIT) is mediated by several
factors. First, the bacterial colonization of CGIT is facilitated
by its attachment to the gastrointestinal epithelial cells [10–
12]. In addition, ethanolamine (EA) utilization, which is
mediated by the induction of ethanolamine utilization genes
(eutB, eutC, and eutR), is also critical for EHEC colonization
[13]. Ethanolamine present in the CGIT could be selectively
utilized by EHEC as an energy substrate. In addition, Hughes
et al. [14] demonstrated the role of quorum sensing in EHEC
colonization of CGIT.The pathogen produces SdiA protein, a
LuxR homolog that senses acyl-homoserine lactones (AHLs)
produced by endogenous microflora in the rumen. This
SdiA-AHL chemical signaling regulates the expression of gad
acid resistance system and locus of enterocyte effacement
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(LEE) genes in EHEC, which are essential for colonization
in cattle [14]. Also, this signaling facilitates a commensal
lifestyle in cattle gut. Furthermore, EHEC colonization is
mediated by catabolism of complex oligosaccharides, namely,
L-fucose, D-galactose, sialic acids, N-acetylgalactosamine,
and N-acetylglucosamine, present in the intestinal mucus
of cattle [15, 16]. Therefore, catabolism of rectal mucin-
derived sugars, mainly N-acetylgalactosamine and L-fucose,
plays a role in the colonization of EHEC in the bovine
rectum. Hence, inhibiting SdiA-mediated colonization and
minimizing EA and mucus carbohydrate utilization would
aid in limiting EHEC colonization and shedding in cattle and,
consequently, the food-borne transmission of EHEC.

The use of plant-derived antimicrobials (PDAs) for con-
trolling pathogenic microorganisms has received increased
attention in recent years due to concerns for toxicity of
synthetic chemicals and emerging antimicrobial resistance
in bacteria [17–20]. The PDAs represent a group of natural
antimicrobials that have been traditionally used to preserve
foods as well as enhance food flavor. The antimicrobial
properties of several plant-derived essential oils have been
demonstrated [21–23], and a variety of active components
of these oils have been identified. trans-Cinnamaldehyde
(TC) is an aromatic aldehyde present as a major component
of bark extract of cinnamon (Cinnamomum verum) [22].
Eugenol (EG) is an active ingredient in the oil from cloves
(Eugenia caryophyllus) [24]. Carvacrol (CR) and thymol (TH)
are antimicrobial ingredients in oregano oil obtained from
Origanum glandulosum [25], whereas 𝛽-resorcylic acid (BR;
2,4 dihydroxybenzoic acid) is a phytophenolic compound
widely distributed among the angiosperms and is a secondary
metabolite that plays a key role in the biochemistry and
physiology of plants [26]. All the aforementioned compounds
are classified asGRAS (generally recognized as safe) by theUS
Food and Drug Administration [26–28].

This study was undertaken to determine the effect of
subinhibitory concentrations (SIC, the highest concentration
below MIC that does not inhibit bacterial growth) of PDAs
on EHEC invasion of cultured bovine colonic (CO) and rec-
toanal junction (RAJ) epithelial cells. In addition, the effect
of PDAs on EHEC genes that are critical for colonization
in CGIT was determined in bovine rumen fluid (RF) and
intestinal contents (BICs) for potential future application as
a dietary supplement for reducing EHEC carriage in cattle.

2. Materials and Methods

2.1. Bacterial Culture and Media. Three isolates of EHEC,
namely, E10 (meat), E16 (meat), and E22 (calf feces), were
used in this study. Each EHEC strain was individually cul-
tured in 10mL of tryptic soy broth (TSB, Becton-Dickinson,
Sparks, MD) at 37∘C for 24 h with agitation (150 rpm). Fol-
lowing incubation, the cultures were sedimented by centrifu-
gation (3,600×g for 15min), washed twice, and resuspended
in 10mL of sterile phosphate-buffered saline (PBS, pH 7.2).
To determine the bacterial population in each culture, 0.1mL
portions of appropriately diluted culture were surface-plated
on tryptic soy agar (TSA, Becton-Dickinson, Sparks, MD)

and incubated at 37∘C for 24 h. Appropriate dilutions of each
isolateweremade in PBS, and 0.1mL (∼6.0 logCFU)was used
as the inoculum.

2.2. Determination of SIC of PDAs. The SIC of TC, EG, CR,
TH, and BR against three EHEC strains was determined, as
reported previously [28, 29]. Tryptic soy broth containing
each of the aforementioned PDAs in the range of 0 to 0.05%
(vol/vol) in increments of 0.001% was inoculated with each
strain of EHEC at 6.0 log

10
CFU/mL and incubated at 37∘C

for 24 h. Control samples containing TSB without any added
PDAs were included. After 24 h of incubation, the samples
were serially diluted (1 : 10) in PBS and bacterial counts were
determined on TSA. The highest concentration of each plant
compound that did not significantly reduce bacterial growth
after incubation at 37∘C for 24 h was taken as the SIC of the
PDA.

2.3. Primary Cell Cultures of Bovine Colon and Rectal-Anal
Junction Epithelial Cells. The bovine colonocytes and RAJ
epithelial cells were isolated, as previously described [30,
31]. Fresh bovine colonic and RAJ tissues were obtained
from a local slaughterhouse. The tissues were immediately
transferred to the laboratory in cold isotonic NaCl solution
supplemented with 100U/mL penicillin, 100 𝜇g/mL strepto-
mycin, 2.5 𝜇g/mL gentamicin, and 2.5 𝜇g/mL amphotericin.
The epithelium was scraped from the underlying tissue and
triturated in Hank’s balanced salt solution (HBSS). The cell
suspension was centrifuged at 130 g for 5min and the pellet
was resuspended in cold HBSS. The washing was repeated
three times. The final pellet was resuspended in “dissoci-
ation solution” containing 10mL HBSS, 10mL Dulbecco’s
modified Eagle’s medium (DMEM), 100U/mL penicillin,
100 𝜇g/mL streptomycin, 2.5 𝜇g/mL gentamicin, 2.5𝜇g/mL
amphotericin, and 100U/mL collagenase Ι. The cells were
incubated with shaking for 45min at 37∘C. After digestion,
the cell material was centrifuged through a 2% sorbitol
gradient in DMEM at 50 g for 5min, and the pellet was
resuspended in 2% sorbitol gradient. This procedure was
repeated until the supernatant was clear, and the resulting
pellet was resuspended in an aliquot of DMEM. The identity
of bovine colon and RAJ epithelial cells was confirmed by
detecting the basal level expression of pan-cytokeratin gene
(KRT7) [32] and absence of expression of vimentin gene
(VIM, [32]) to rule out contamination of fibroblasts, by RT-
qPCR.

2.4. Culture Medium. The culture medium used for growing
cattle colonocytes andRAJ epithelial cellswasDMEMsupple-
mented with 100U/mL penicillin, 100𝜇g/mL streptomycin,
2.5 𝜇g/mL gentamicin, 2.5 𝜇g/mL amphotericin, 2.5% fetal
bovine serum (FBS; Gibco Invitrogen), 30 ng/mL epidermal
growth factor (EGF; Sigma-Aldrich), and 0.25U/mL insulin
(Sigma-Aldrich) [32].

2.5. Effect of PDAs on EHEC Adherence to Bovine Colon and
RAJ Epithelial Cells. E. coli O157:H7 adherence to bovine
colonic and RAJ epithelial cells was assayed, as described
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by Sheng et al. [32], with slight modifications. The cells
were cultivated at 37∘C under 5% CO

2
atmosphere in a cell

culture flask. Polystyrene (24-well) plates were seeded with
cells at a density of 1 × 105 cells per well and allowed to
form a monolayer. The cell monolayer was washed three
times with DMEM and each EHEC strain (6 log CFU/mL)
was separately added and treated with the respective SIC of
TC, EG, CR, TH, or BR. The cells were incubated for 2 h
and washed three times with PBS. The cells were then lysed
by treating with 0.1% triton X-100 for 15min, and adherent
EHEC population was quantified by plating on TSA. Each
treatment was assayed in duplicate and the entire experiment
was repeated three times.

2.6. Effect of PDAs on EHEC Invasion of Bovine Colon and
RAJ Epithelial Cells. The invasion assay was performed as
described previously by Sheng et al. [32]. The cells were
cultivated at 37∘C under 5% CO

2
atmosphere in a cell culture

flask. Polystyrene plates were seeded with cells at a density of
1 × 105 cells per well and allowed to form a monolayer. The
monolayer was washed three times with DMEM and each
EHEC inoculum containing 6 log CFU/mL was added and
treatedwith the SIC of each PDA.The cells were incubated for
2 h and washed three times with PBS.The cell monolayer was
treated with 100 𝜇g of gentamicin per mL in culture medium
for 2 h to kill all extracellular bacteria. Intracellular EHECwas
enumerated after lysis with 0.1% triton X-100 and plating on
TSA.

2.7. Effect of PDAs on EHEC Ability to Survive in Minimal
MediumContaining EA. Theability of EHEC to survive/grow
by using EA as sole nitrogen source was studied in M9
minimal medium [13] supplemented with EA hydrochloride
(30mM) and SIC of TC, EG, CR, TH, or BR. The minimal
medium was inoculated with ∼4 log CFU/mL of each EHEC
strain, and bacterial counts were determined at 24 h of
incubation at 37∘C.

2.8. Bovine Rumen Fluid and Intestinal Contents. Rumen
fluid (RF) was collected fromcattle that were housed at
the University of Connecticut beef barn. Bovine intestinal
contents (BICs) were collected from a local slaughterhouse.
Both RF and BIC were filtered through a cheese cloth
and centrifuged at 10,000 g for 15min [13]. The supernatant
obtained after centrifugation was filter-sterilized through 0.2
𝜇m filter. Sterile RF and BICs obtained were used for the
experiment.

2.9. Effect of PDAs on EHEC Colonization Genes. The effect
of TC, EG, CR, TH, and BR at their respective SICs on
EHEC genes, namely, gadA, gadC, gadX, ler, sdiA, eae, eutB,
eutC, eutR, agaA, fucA, and fucO, that are essential for its
colonization in CGIT was investigated in RF and BICs as in
vitromodels.

2.9.1. RNA Isolation. Sterile RF and BICs with or without
SICs of the PDAs were inoculated with each EHEC strain
(6.0 log CFU/mL) separately and incubated at 39∘C for 4 h

in an anaerobic chamber. Total RNA was extracted using
RNeasy mini kit (Qiagen).

2.9.2. cDNA Synthesis and Real-Time Quantitative PCR (RT-
qPCR). The RNA was converted to cDNA using the Super-
script II reverse transcriptase kit (Invitrogen, Grand Island,
NY). The cDNA was used as the template for real-time
PCR amplification of the abovementioned cattle colonization
genes. Primers specific for each of the aforementioned genes
were designed from published GenBank sequences using
Primer Express software (Applied Biosystems, Foster City,
CA) (Table 1). Relative gene expression of the aforementioned
genes was determined using a 7500 fast real-time PCR system
(Applied Biosystems) with SYBR Green reagents. Data were
normalized to the endogenous control, 16S rRNA, and the
level of gene expression between treated and control samples
was analyzed using the comparative threshold cycle method
(CT). Each treatment had two samples and the experiment
was replicated two times.

2.10. Statistical Analysis. For each treatment, data from inde-
pendent replicate experiments were pooled and analyzed
using PROC MIXED of SAS version (SAS Institute, Cary,
NC, U.S.A.). Variation among replicates was used as the
error term. Data were expressed as least squares means, and
differences were considered significant at 𝑃 < 0.05. Data
comparisons for the gene expression study were made by
using Student’s 𝑡-test. Differences were considered significant
when the 𝑃 value was less than 0.05.

3. Results

TheRT-qPCR results revealed that the colon and RAJ epithe-
lial cells constitutively expressed the pan-cytokeratin gene
KRT7, thereby validating their identity (data not shown). In
addition, the VIM gene encoding vimentin was not detected
in both cell types, thus confirming that the isolated primary
epithelial cells were devoid of any fibroblast contamination.
Although the effect of PDAs on EHEC adhesion and invasion
of colon and RAJ epithelial cells was investigated on three
different strains of the pathogen, only results obtained with
E16 strain are presented, since the effect of PDAs was not sig-
nificantly different among the three EHEC strains (𝑃 > 0.05).
The SIC of TC, EG, and BR was 0.75mM (0.01%), 1.85mM
(0.03%), and 2.60mM (0.04%), respectively, whereas that of
CR and TH was 0.65mM (0.01%).The SIC of PDAs obtained
in TSBwas similar in RF and BICs.The effect PDAs on EHEC
adhesion and invasion of bovine colonocytes is provided in
Figures 1(a) and 1(b). In the adhesion assay, all the PDAs
reduced EHEC adhesion by ∼20% (𝑃 < 0.05) compared
to control (Figure 1(a)). The PDAs were also effective in
inhibiting the invasive ability of EHEC to colonocytes by 40–
80% (𝑃 < 0.05). Thymol was found to be more effective in
reducing EHEC invasion of colonocytes (𝑃 < 0.05).The effect
of PDAs on EHEC adhesion and invasion of RAJ epithelial
cells is depicted in Figures 2(a) and 2(b). As observed with
the colonocytes, PDAs significantly reduced adhesion and
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Table 1: List of primers used in this study.

Gene Forward primer sequence (5-3) Reverse primer sequence (5-3)
sdiA TGGCGGACGGGTGAGTA CCGGAGTTATCCCCAACTTACA
eae GTTGTTGCCGGCGTTACAC CGCGATAATTGCTTTGAAAAGA
ler GCGGTCAACCGTTCCA TGAGGCTCGTGAGGAATACGA
gadA TCGGACCATTGTAGTCATCTTGA CACAAATTCGGCATGCAGTT
gadC CGCAGCTCCGCATGATATT GATTATCCGCGGACCAACTAAG
gadX TCTCCGCCTGCAAGTCCTA TCGATTTCATCCGCGTGTT
eutB GCGTGGATCCGCATGAAT GCATCCGCAGCACTTTGAAT
eutC CGTCGTCATCCAGGATTGC TGCTATGGCTTTCCTTCTTTTTTT
eutR CTACAGCTGGGATTGCGGTAA TGCTTGCGGATGCGATT
agaA AATGTAACAGACACGGTCTCACAAA TCCCTAATCTATCCGCCTGAAG
fucA CGAAAGTACAAGCGGAGACTATCA GTTTCTGCAAAAGCATCATCTGA
fucO AAAGCAGCTGAAACAACTAATGGA CACGCGCAACTTCGGTATT
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Figure 1: (a) Effect of PDAs on EHEC adhesion of bovine colonic epithelial cells. Treatments include control (0mM), TC (0.75mM), EG
(1.85mM), CR (0.65mM), TH (0.65mM), and BR (2.6mM). Error bars represent SEM (𝑛 = 3). Bars with a common letter are not significantly
different (𝑃 > 0.05). (b) Effect of PDAs onEHEC invasion of bovine colonic epithelial cells. Treatments include control (0mM), TC (0.75mM),
EG (1.85mM), CR (0.65mM), TH (0.65mM), and BR (2.6mM). Error bars represent SEM (𝑛 = 3). Bars with a common letter are not
significantly different (𝑃 > 0.05).
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Figure 2: (a) Effect of PDAs on EHEC adhesion to bovine RAJ epithelial cells. Treatments include control (0mM), TC (0.75mM), EG
(1.85mM), CR (0.65mM), TH (0.65mM), and BR (2.6mM). Error bars represent SEM (𝑛 = 3). Bars with a common letter are not significantly
different (𝑃 > 0.05). (b) Effect of PDAs on EHEC invasion of bovine RAJ epithelial cells. Treatments include control (0mM), TC (0.75mM),
EG (1.85mM), CR (0.65mM), TH (0.65mM), and BR (2.6mM). Error bars represent SEM (𝑛 = 3). Bars with a common letter are not
significantly different (𝑃 > 0.05).
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Figure 3: Effect of PDAs on EHEC ability to utilize ethanolamine in minimal medium. Treatments include control (0mM), TC (0.75mM),
EG (1.85mM), CR (0.65mM), TH (0.65mM), and BR (2.6mM). Error bars represent SEM (𝑛 = 3). Lines with a common letter are not
significantly different (𝑃 > 0.05).

invasion of EHEC to RAJ cells by ∼20% and 60%, respectively
(Figure 2(a)).

The effect of PDAs on EHEC ability to survive/grow by
utilizing EA as a nitrogen source is shown in Figure 3. The
control and all PDA treatments had a bacterial population of
∼4 log CFU/mL at the start of the assay. After 24 h, EHEC
grew by 0.5 log CFU/mL in control samples devoid of any
PDA, whereas the bacterial count in samples containing
PDAs except EG decreased significantly (𝑃 < 0.05). Among
the various PDAs tested, TC was most effective in reducing
EHEC’s ability to survive, where the pathogen counts were
reduced to ∼1.5 log CFU/mL. To elucidate the mechanism
of action of PDAs on EHEC ability to utilize EA as energy
source, an RT-qPCR was performed on RNA obtained from
EHEC grown in RF and BICs, using primers specific for
ethanolamine utilization genes, namely, eutB, eutC, and eutR.
The results are given in Figures 4-5. The results revealed that
all the PDAs significantly downregulated (𝑃 < 0.05) the
expression of the three EA utilization genes. beta-Resorcylic
acid was most effective in reducing eutC expression in RF
(Figure 5), whereas TC brought about maximal reductions in
all three EA utilization genes in BICs, which concurred with
the findings from the survival assay (Figure 3). Similarly, RT-
qPCR data indicated that the PDAs, except BR in RF and
EG and TH in BICs, downregulated agaA, fucA, and fucO
involved in EHEC mucin utilization in cattle (𝑃 < 0.05)
(Figures 6 and 7). Likewise, the expression of SdiA-controlled
EHEC colonization genes was also decreased by the PDAs
except EG (𝑃 < 0.05) (Figures 8 and 9).

4. Discussion

Since cattle serve as the principal reservoir of EHEC, decreas-
ing the carriage ofE. coliO157:H7 in the cattle gastrointestinal
tract would potentially lead to decreased fecal shedding,

which in turn would improve farm and animal hygiene and
reduce contamination of food products such as beef, raw
milk, and fresh produce [33–35].Thus, there is a critical need
for effective preharvest interventional approaches to decrease
E. coli O157:H7 carriage and shedding by cattle [36].

In ruminants, rumenmicroorganisms utilize feeds to pro-
duce volatile fatty acids and protein as an energy and protein
supply for the animals, respectively [37]. This fermentation
process, however, potentially results in energy and protein
inefficiencies by loss of methane and ammonia, respectively
[38], thereby leading to reduced performance of the animal
and release of methane into the environment [39]. In cattle,
therefore, supplementation of antibiotic ionophores in feed
has been reported as a useful strategy for reducing energy
and nitrogen losses in the rumen [40]. However, the use of
antibiotics in feeds has been prohibited in many countries
due to potential residues in foods and the emergence of
antibiotic resistant bacteria. This has led to exploring alter-
native approaches to antibiotics, including supplementing
antimicrobial plant extracts, for modulating rumen fermen-
tation [37, 41]. This study investigated the potential of several
plant-derived antimicrobials for attenuating EHEC virulence
factors that are critical for colonization in CGIT. Since
subinhibitory concentrations of antimicrobials, including
antibiotics, can modulate bacterial physicochemical func-
tions, including that of genes, they are used for studying
the effect of antimicrobials on bacterial gene expression and
virulence [42–44]. Therefore, we investigated the potential
inhibitory effect of SIC of TC, EG, CR, TH, and BR on EHEC
virulence factors critical for intestinal colonization in cattle.
Moreover, since the intended application of the PDAs is as
dietary supplements in cattle to control EHEC colonization,
lowest effective concentrations of the plant molecules are
advantageous for economical and palatability reasons.
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Figure 4: Effect of PDAs on EHEC ethanolamine utilization genes in RF. Treatments include control (0mM), TC (0.75mM), EG (1.85mM),
CR (0.65mM), TH (0.65mM), and BR (2.6mM). Error bars represent SEM (𝑛 = 3). ∗All the treatments are significantly different from control
at 𝑃 < 0.05.
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Figure 5: Effect of PDAs on EHEC ethanolamine utilization genes in BICs. Treatments include control (0mM), TC (0.75mM), EG (1.85mM),
CR (0.65mM), TH (0.65mM), and BR (2.6mM). Error bars represent SEM (𝑛 = 3). ∗All the treatments are significantly different from control
at 𝑃 < 0.05.

It is demonstrated that EHEC primarily colonizes the
terminal rectum, especially the rectoanal junction in bovines,
besides colon [3, 4]. In addition, Sheng et al. [32] demon-
strated that EHEC was internalized by RAJ epithelial cells,
which plays a major role in the persistence of this bacterium
in cattle. Hence, we first investigated the effect of PDAs
on adherence and invasion of EHEC in bovine colonic and
RAJ epithelial cells. To accomplish this, primary cells from
bovine colonocytes and RAJ epithelial cells were isolated and
their identity was confirmed by detecting markers specific
to the epithelial cells. The results from the cell culture
studies revealed that all the PDAs significantly reduced the
adhesive and invasive abilities of EHEC to both primary
epithelial cell lines (Figures 1(a) and 1(b) and Figures 2(a)

and 2(b)). The reduced adhesive and invasive abilities of
EHEC observed in the cell culture studies were supported
by RT-qPCR data, where the results revealed that the PDAs
significantly downregulated the expression of eae and ler (𝑃 <
0.05), which play a critical role in bacterial colonization in
CGIT [14, 45, 46].

In addition, we determined the effect of the PDAs on
EHEC ability to utilize ethanolamine for survival, since
Bertin et al. [13] demonstrated the presence of ethanolamine
in the gastrointestinal tract of cattle and EHEC ability to
metabolize it for energy. This gives a competitive edge to
EHEC to utilize EA as a source of nitrogen, which is not
used by resident microbiota, since they lack the genes for
EA utilization, thus favoring EHEC persistence in the bovine
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Figure 6: Effect of PDAs on EHEC mucus utilization genes in RF. Treatments include control (0mM), TC (0.75mM), EG (1.85mM), CR
(0.65mM), TH (0.65mM), and BR (2.6mM). Error bars represent SEM (𝑛 = 3). ∗All the treatments except BR are significantly different from
control at 𝑃 < 0.05.
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Figure 7: Effect of PDAs on EHEC mucus utilization genes in BICs. Treatments include control (0mM), TC (0.75mM), EG (1.85mM), CR
(0.65mM), TH (0.65mM), and BR (2.6mM). Error bars represent SEM (𝑛 = 3). ∗All the treatments except TH are significantly different
from control at 𝑃 < 0.05.

intestine [13]. Hence, gastrointestinal contents, namely, RF
and BICs, were used as in vitro models for determining the
effect of PDAs on EHEC’s ability to persist by utilizing EA.
The results revealed that TC, CR, TH, and BR significantly
reduced the pathogen’s ability to persist when EA was the
primary nitrogen source in the growth medium (Figure 3).
These results concurred with the gene expression studies,
where a significant downregulation in majority of the EA
utilization genes was brought about by the PDAs (Figures 4
and 5).

The mucins present in the intestinal mucus of cattle
consist of proteins extensively glycosylated by O-linked
oligosaccharides [15]. The intestinal mucins provide a sub-
strate for energy and can be utilized by EHEC for its growth.
Snider et al. [16] showed that two major sugars present in
mucin, namely, N-acetyl-galactosamine and fucose, play a
critical role in EHEC colonization in cattle. Hence, we studied

the PDAs’ effect on mucus carbohydrate utilization genes
in EHEC. Among the tested PDAs, TC was found to be
consistently effective in decreasing the expression of agaA,
fucA, and fucO both in RF and BICs (𝑃 < 0.05).

Besides EA utilization, SdiA-mediated chemical sensing
plays a major role in EHEC colonization in the bovine
gastrointestinal tract [14, 47]. Hughes et al. [14] demon-
strated the importance of SdiA-mediated chemical sensing
in reducing EHEC colonization in the bovine gastrointestinal
tract.These investigators found that an sdiAmutant of EHEC
was defective for colonization in CGIT and concluded that
interventions targeting SdiA in EHEC are a potential strategy
to control the pathogen in cattle. Our results show that
the PDAs significantly reduced the expression of not only
sdiA, but also several other SdiA-controlled genes critical
for colonization in cattle, includingthe gad acid resistance
system, eae, and ler (Figures 8 and 9).
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Figure 8: Effect of PDAs on EHEC SdiA-mediated colonization genes in RF. Treatments include control (0mM), TC (0.75mM), EG
(1.85mM), CR (0.65mM), TH (0.65mM), and BR (2.6mM). Error bars represent SEM (𝑛 = 3). ∗All the treatments are significantly different
from control at 𝑃 < 0.05.
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Figure 9: Effect of PDAs on EHEC SdiA-mediated colonization genes in BICs. Treatments include control (0mM), TC (0.75mM), EG
(1.85mM), CR (0.65mM), TH (0.65mM), and BR (2.6mM). Error bars represent SEM (𝑛 = 3). ∗All the treatments are significantly different
from control at 𝑃 < 0.05.

In conclusion, the results from this study suggest the
potential efficacy of one or more of the PDAs, especially
TC, as a dietary supplement for reducing EHEC shedding in
cattle, but extensive follow-up studies in cattle are needed for
validating their use.
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This studywas based on screening antibacterial activity of the ethanol extract ofBaeckea frutescens L. againstMRSA clinical isolates,
analyzes the potential antibacterial compound, and assesses the cytotoxicity effect of the extract in tissue culture. Leaves of Baeckea
frutescens L. were shade dried, powdered, and extracted using solvent ethanol. Preliminary phytochemical screening of the crude
extracts revealed the presence of alkaloids, flavonoids, steroids, terpenoids, phenols, and carbohydrates. The presence of these
bioactive constituents is related to the antibacterial activity of the plant. Disc diffusion method revealed a high degree of activity
against microorganisms. The results confirm that Baeckea frutescens L. can be used as a source of drugs to fight infections caused
by susceptible bacteria.

1. Introduction

In recent years, there has been an increasing awareness about
the importance of medicinal plants. Drugs from these plants
are easily available, inexpensive, safe, efficient, and rarely
accompanied by side effects. Plants which have been selected
for medical use over thousands of years constitute the most
obvious starting point for new therapeutically effective drugs
such as anticancer drugs [1] and antimicrobial drugs [2].
Recently, medicinal plants usage has increased in spite of the
advances made in the field of chemotherapy. The reasons
proposed [3] are the use of medicinal plants as materials
for the extraction of active pharmacological agents or as
precursors for chemicopharmaceutical hemisynthesis. There
is also the increased use of medicinal plants in industrialized
countries for galenic preparations and herbal medicines.

Baeckea frutescensL. of the familyMyrtaceae and subfam-
ily Myrtoideae is a medicinal plant that has an essential oil
which has been used as a traditional drug in South East Asia.
Baeckea frutescens L. is a small tree found in mountainous
areas of South China, Hong Kong, South East Asia, and
Australia.The local Malay name of this plant is “Cucur Atap.”

The needle-like leaves are small and narrow in only about
6–15mm long. When crushed, the leaves give off a resinous
aromatic fragrance. The tiny fruits split, releasing minute
angular seeds. Tea made from these leaves is used to treat
fever in China [4]. It is one of the traditional folk medicine
in Indonesia [4]. Packets of leaves are burned under the bed
of colic sufferers.

The essential oil has been used for aromatherapy and is
inhaled for mental clarity and to ease mental distress [5]. The
oil is also used when massaging aching muscles and to treat
pain on the surface of the body in addition to its use as a bath
or tonic [5].

This paper presents a preliminary phytochemical inves-
tigation of Baeckea frutescens L., which is responsible for
the antibacterial activity of the extracts of the leaves on
methicillin-resistant Staphylococcus aureus (MRSA) bacterial
species.

2. Materials and Methods

2.1. Preparation of Plant Extracts. Test plant was first col-
lected from the Rimba Ilmu, University of Malaya. All parts
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of the plant except the roots were oven-dried at 56∘C for
several days until fully dried and then ground to fine powder
with a blender machine. The extraction was done at room
temperature. The powder was soaked in absolute ethanol at a
1 : 20 ratio for 7 days and then filtered byWhatmanfilter paper
number 1. The filtrate was collected and evaporated under
vacuum using the BUCHI Switzerland Rotary Evaporator
to obtain concentrated, powdered extracts. All extracts were
stored at 4∘C for further use. The ranged yield of extracts is
5–20% (w/w).

2.2. Bacterial Culture. A bacterial culture is a method of bac-
teria organisms by allowing them to reproduce in predeter-
mined culturemedia under controlled laboratory conditions.
For any bacterial culture, it is necessary to provide the suitable
environmental and nutritional conditions that exist in its
natural habitat.

The methicillin-resistant Staphylococcus aureus (MRSA)
pure isolates used in this study were kindly provided by
Professor Dr. Yassim of the Microbiology Laboratory of
University Malaya Medical Centre. The streak plate method
is the most common way of separating bacterial cells on the
agar surface.

Confirmation of the identity of working strains was done
by colony morphology and gram staining as described in
the Textbook of Diagnostic Microbiology [6]. The bacterial
isolate was maintained in Brain Heart Infusion (BHI) agar
(Pronadisa, Spain) slants at 4∘C.

2.3. Disc Diffusion Method. Disc diffusion method was used
for antibacterial activity. A stock solution of extract was
prepared by dissolving 0.1 g of extract with 100mL of their
respective solvents (distilled water and absolute ethanol)
to produce a final concentration of 100mg/mL. The stock
solution was then diluted to concentrations of 2.5, 5, 10,
20, 50, and 100mg/mL of extract. 20 𝜇L of each dilution
was impregnated into sterile, blank discs 6mm in diameter.
5 𝜇L of extract was spotted alternately on both sides of the
discs and allowed to dry before the next 5 𝜇L was spotted
to ensure precise impregnation. Distilled water and ethanol-
loaded discs were used as negative controls for aqueous and
ethanol extracts, respectively. All discs were fully dried before
the application on bacterial lawn. The positive controls used
were vancomycin antibiotic discs (Becton-Dickinson, USA)
for all S. aureus strains. Antibacterial activity was evaluated
bymeasuring the diameter of the inhibition zone (IZ) around
the discs. The assay was repeated trice. Antibacterial activity
was expressed as themean zone of inhibition diameters (mm)
produced by the leaf extract.

2.4. Column Chromatography (CC) Spectral Analysis. The
sample is dissolved in a solvent and applied to the front
of the column (wet packing) or alternatively adsorbed on a
coarse silica gel (dry packing). Using a ratio of 100 g of silica
gel/g of crude sample allows for relatively easy separation.
The solvent elutes the sample through the column, allowing
the components to separate. The ethanol soluble phase was
subjected to silica gel column chromatography using AcOH-
MeOH (90 : 10) solvent system.

Table 1: Result of the phytochemical screening of ethanol extracts
of leaves of Baeckea frutescens L.

S. number Phytochemical compounds Leaves of crude extracts
1 Flavonoids +
2 Glycosides +
3 Phenolic +

2.5. HPLC Analysis. A HPLC test was performed using an
Agilent Zorbax column (Xdb-C18 Type MG 5 𝜇m, 4.6 ×
250mm). The detection wavelengths were 200, 230, 254, and
320 nm. Elution was carried out with CH

3
CN-H

2
O at the

flow rate of 1.2mL/min. The injection volume was 100 𝜇m.
Samples were mixed and vacuum dried to 29.6mg. Then the
samples were dissolved in 1.0mL of distilled water. A stock
solution (12,00 ppm) was prepared by adding 405.4𝜇L of
sample solution (29.6mg/mL) to 594.6𝜇L of distilled water,
which was kept refrigerated at 4∘C.The samples were filtered
using a SRP-4 membrane 0.45 𝜇M before they were injected
into HPLC. The fractions were collected and subjected to
profiling.

2.6. Liquid Chromatography-Mass Spectrometry. Liquid
chromatography-mass spectrometry (LC-MS, or alternat-
ively HPLC-MS) is an analytical chemistry technique that
combines the physical separation capabilities of liquid
chromatography (or HPLC) with the mass analysis capabi-
lities of mass spectrometry. LC-MS is a powerful technique
used for many applications which has very high sensitivity
and selectivity.

2mg of sample was prepared by dissolving in 2mL
methanol in volumetric flask. Solution was then filtered by
using SRP-4 membrane 0.45mm. Stock solution 1mg/mL
was kept in fridge at 4∘C.

LCMS was performed with an Acquity BEH C18, 2.1 ×
50mm, 1.7 𝜇m UPLC columns. Elution was carried out with
%H20 + 0.1% F.A at the flow rate 0.5mL/min. The injection
volume was 3 𝜇L.

3. Results and Discussion

Phytochemical screening of the crude extracts of Baeckea
frutescens L. revealed the presence of flavonoids and phenolic
compounds (Table 1).

The presence of alkaloid is interesting as significant
quantities are used as antimalarial, analgesics, and stimulants
[7]. Flavonoids, which are known to prevent tumor growth
and also used to protect against gastrointestinal infections,
are of pharmacognostic importance thus lending credence
to the use of the plant in ethnomedicine [8]. Some of
these bioactive compounds that are synthesized as secondary
metabolites as the plant grows are also used to protect the
plant against microbial attacks and predation by animals [8].

According to the results of disc diffusion assay, this plant
has active compounds that are effective for the prevention of
infections caused by MRSA.

There are a number of factors that could influence the
results of the disc diffusion assay. Firstly, the diameter of the
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Table 2: Antibacterial activity of ethanol extract of Baeckea frutescens in different solvents against MRSA.

S. number Zone of inhibition (mm) against MRSA Solvents in CC
Rep. 1 Rep. 2 Rep. 3 Mean

1 10 8 12 10

Ethyl acetate
and hexane

2 20 22 18 20
3 16 16 16 16
4 20 18 22 20
5 6 8 4 6
6 14 10 18 14
7 8 6 10 8
8 16 18 14 16
9 10 10 10 10
10 15 10 20 15
1 0 0 0 0

Acid acetic and
methanol2 10 12 18 10

3 30 25 35 30
Ethyl ACETATE 0 0 0 0

ControlHexane 0 0 0 0
Acid acetic 0 0 0 0
Methanol 0 0 0 0

Table 3: Liquid chromatography-mass spectrometry.

Mass [M + H] Molecular formula [M] Number of hits [M]
118.0874 C5H11NO2 665
136.0623 C5H5N5 140
120.082 C8H9N 148

zones is affected by the rate of diffusion of the antimicro-
bial compound [9, 10] and thus may not exactly represent
the potency of the extract’s antimicrobial activity. Where
studies of plant extracts are concerned, the disc preparation
technique could present with another problem wherein the
extract was not properly and evenly impregnated into the
paper discs. Another important factor is the standardiza-
tion of the inoculum size to 0.5 McFarland turbidity. This
inoculum size is important to ensure confluent or almost
confluent lawn growth as a smaller inoculum size (such that
single colonies are seen) may produce falsely large inhibition
zones while a bigger inoculum size (thick bacterial lawn)may
produce falsely smaller zones instead [11].

The ethyl acetate, methanol, and acid acetic solvents were
more effective than other solvents to show inhibition zone
against MRSA (Table 2).

The zone produced by the plant extract against theMRSA
was from acid acetic and methanol solvents were the largest
zone. The lowest zone of growth inhibition was ethyl acetate
and hexane.

To determine the chemical constituents of the bio-
logical activity in ethyl acetate : normal-hexane and acid
acetic :methanol soluble phases, HPLC analysis was per-
formed (Figure 1).
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Figure 1: HPLC profiling of samples by UV 254 nm. Indicating the
compounds shown in Figure 2.

One principal peak and several lesser peaks were
observed in the ethyl acetate (EtOAc): normal-hexane soluble
phases. Compound 1 was isolated from the EtOAc soluble
phase by repeated column chromatography on silica gel.

The molecular formula of the main peak was deter-
mined to be C

5
H
11
NO
2
, C
5
H
5
N
5
or C
8
H
9
N by liquid

chromatography-mass spectrometry (Table 3 and Figure 2).
Results obtained for antibacterial activity against MRSA

for 3 main peaks were in Table 4.
From the results of the disc diffusion screening, B.

frutescens is shown to clearly possess antibacterial properties
against MRSA. As B. frutescens seems to give appreciable
antibacterial activity against all gram-positive staphylococ-
cal strains, this may indicate that the plant extract acts
specifically against the gram-positive cell wall, particularly
the staphylococcal cell wall [12] because they have a much
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Table 4: Antibacterial activity of liquid chromatography-mass spectrometry results against MRSA.

Number Molecular formula [M] Zone of inhibition (mm) against MRSA
Rep. 1 Rep. 2 Rep. 3 Mean

1 C5H11NO2 10 11 10 10.33
2 C5H5N5 11 12 12 11.66
3 C8H9N 10 10 10 10

Table 5: Zone of inhibition against some bacteria strains by ethanol extract of Baeckea frutescens L.

Zone of inhibition (mm)

Bacteria strain Conc. of extract (mg/mL) Gram Shape
100 50 20 10

MRSA ST/0903-24 14.0 11.5 9.5 7.5 Positive Cocci
MRSA ST/0904-25 12.0 8.5 7.0 — Positive Cocci
MRSA ST/0904-28 14.5 11.5 8.0 7.5 Positive Cocci
MRSA ST/0904-30 12.0 8.5 — — Positive Cocci
S.aureus 13.0 11.5 7.5 — Positive Cocci
E.coli 8.5 7.5 7.0 7.5 Negative Bacilli
Klebsiella sp. — — — — Negative Diplococci
Bacillus sp. 9.5 8.5 7.0 7.0 Positive Bacilli
P. aeruginosa — — — — Negative Bacilli

N

N
H

N
H

N

N

O

OH
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CH3

H3C
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Figure 2: Chemical structures of compounds.

thicker peptidoglycan layer than gram-negative bacteria.This
outermembrane is composed of lipopolysaccharides that give
gram-negative bacteria extra resistance against antibiotics
that cannot penetrate it, for example, glycopeptides like
vancomycin [13].

Antibacterial activity of ethanol extract of B. frutescens
leaf has been assessed by measuring the diameters of zones of
growth inhibition on some strain of bacteria and the results
are presented as shown in Table 5.

Inhibition growth of the highest zone has been shown
by ethanol extract against gram-positive bacteria like MRSA
(14.5mm), Staphylococcus aureus (13mm), and Bacillus
(9.5mm). The growth inhibition was moderately active

against gram-negative bacteria Escherichia coli (8.5mm) and
Klebsiella (0mm).

4. Conclusion

The result of this study showed that Baeckea frutescens
L. extract contains phytochemical components. Potentially,
these compounds have the most important applications
against human pathogens, including those that cause enteric
infections. The results of various screening tests indicate
that the leaves have some measurable inhibitory action
against gram-positive bacteria such as Staphylococcus aureus
(MRSA).
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Universidade de São Paulo, 14040-903 Ribeirão Preto, SP, Brazil

5 Institute of Microbiology, Academy of Sciences of the Czech Republic, Vı́deňská, CZ-142 20 Prague, Czech Republic
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Monensin A is a commercially important natural product isolated from Streptomyces cinnamonensins that is primarily employed to
treat coccidiosis. Monensin A selectively complexes and transports sodium cations across lipid membranes and displays a variety
of biological properties. In this study, we evaluated the Jacobsen catalyst as a cytochrome P450 biomimetic model to investigate
the oxidation of monensin A. Mass spectrometry analysis of the products from these model systems revealed the formation of two
products: 3-O-demethyl monensin A and 12-hydroxy monensin A, which are the same ones found in in vivomodels. Monensin A
and products obtained in biomimeticmodel were tested in amitochondrial toxicitymodel assessment and an antimicrobial bioassay
against Staphylococcus aureus, S. aureusmethicillin-resistant, Staphylococcus epidermidis, Pseudomonas aeruginosa, and Escherichia
coli.Our results demonstrated the toxicological effects ofmonensinA in isolated rat livermitochondria but not its products, showing
that themetabolism ofmonensin A is a detoxificationmetabolism. In addition, the antimicrobial bioassay showed that monensin A
and its products possessed activity against Gram-positive microorganisms but not for Gram-negative microorganisms. The results
revealed the potential of application of this biomimetic chemical model in the synthesis of drug metabolites, providing metabolites
for biological tests and other purposes.

1. Introduction

Monensin A (Figure 1) is the main representative drug of
the class of polyether ionophore antibiotics of natural origin,
isolated from strains of actinomycetes. The chemical and
biological properties of monensin A are related to their

ability to form complexes with cations, especially sodium,
and transport the complex formed through cell membranes,
thusmodifying the normal concentration gradient of Na+/K+
and thus leading to cell death [1–4].

Since its discovery, monensin A has been widely studied
due to its wide spectrum of biological properties such as
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Figure 1: Chemical structures of monensin A, metabolite 1, metabolite 2, and Jacobsen catalyst.

antimicrobial (especially against Gram-positive bacteria),
antiparasitic, antimalarial, and antiviral activities. Further-
more, recent studies on biological properties for cancer
therapy have focused on studies of the metabolism of this
drug in humans [3–6].

Another important area of concern is the recent reports
of the presence of significant levels of waste monensin A in
poultry meat and eggs [7–9]. The presence of monensin A in
processed food leads to the real eventuality of interactionwith
other drugs, since monensin A is metabolized by enzymes
of the cytochrome P450 3A family (CYP450), resulting in
human health problems, such as resistance to antibiotics and
poisoning [10–12].The need to know the actions of monensin
A and its metabolites on organisms and the risk of toxicity
associated with these compounds exemplifies the need for
models that simulate the metabolism of this compound
leading to an increased understanding of its mechanism of
action, toxicity, and pharmacokinetics in humans.

Cytochrome P450 is a superfamily of enzymes respon-
sible for the oxidative metabolism of a wide variety of
xenobiotics in living organisms and they are involved in the
metabolism of a wide variety of xenobiotics [13, 14]. In the
presence of oxygen donors, Jacobsen catalyst (Figure 1) is
known to mimic various reactions of CYP450 enzymes, such
as oxidation and oxygenation. Some recent examples in the
literature include studies on drugs such as primidone [15],
carbamazepine [16], and other synthetic drugs [14], as well
as other active natural products such as lapachol [17] and
grandisin [18].

In vitro studies of drug metabolism using chemical
models such as Jacobsen catalyst have several advantages: (1)
oxidation products are obtained in relatively large amounts,
enabling their use in the identification of in vivometabolites,
not tomention the possibility of employing themas standards
in pharmacological assays; (2) drug toxicity and action
mechanisms can be more easily established; (3) the use of

animals for toxicological and pharmacological tests can be
reduced [19, 20].

In this context, the aim of this work was to investigate
the in vitro metabolism of monensin A by applying the
Jacobsen catalyst as biomimetical model of CYP450 in order
to improve the information available for preclinical phar-
macokinetic studies and also to evaluate the toxicity of the
products in mitochondrial models compared to monensin A.
To conclude, a study of the antimicrobial activity ofmonensin
A and its metabolites was carried out in some Gram-positive
and Gram-negative microorganisms in order to evaluate the
biological activity of the metabolites generated.

2. Materials and Methods

Monensin A (95%) was sourced from Sigma-Aldrich Chem-
ical Co. The Jacobsen catalyst, 3-chloroperoxybenzoic acid
(m-CPBA), and tert-butyl hydroperoxide (t-BOOH, 70%
solution in water) were all acquired from Acros-Organics.
Hydrogen peroxide (30% in water) was supplied by Fluka and
stored at 5∘C, and it was periodically titrated to confirm its
purity. Iodosylbenzene (PhIO) was obtained through iodosyl
benzenediacetate hydrolysis and its purity was measured by
iodometric assay.

2.1. Oxidation Reactions and Isolation of Metabolites.
Based on the previous studies by this laboratory [22],
the oxidation reactions were performed in an Eppendorf
tube (2mL), under mechanical stirring (Vibrax VXR
agitator) at room temperature for 24 h. The ideal
molar ratio obtained for the reaction was 1 : 20 : 20 (for
catalyst : oxidant :monensin A). This was achieved by adding
0.3mmol⋅L−1 : 6mmol⋅L−1 : 6mmol⋅L−1 in the 0.5mL of
reaction medium (CH

2
Cl
2
). The oxidants were m-CPBA,

PhIO, t-BOOH, and H
2
O
2
. The products from monensin
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A oxidation were analyzed by HPLC-ESI-MS. Control
reactions were carried out in the absence of catalyst under
the same conditions as the catalytic runs and no products
were detected.

The oxidation reaction in preparative scale was per-
formed in a Falcon tube (50mL), under mechanical stirring
(Vibrax VXR agitator) at room temperature for 24 h. The
ideal molar ratio obtained for the reaction was 1 : 20 : 20
(for Jacobsen catalyst : PhIO :monensinA).Thiswas 1 : 20 : 20
achieved by adding 0.3mM : 6mM : 6mM in the 25mL
of reaction medium (CH

2
Cl
2
). After that, the separation

of products was performed by silica gel preparative TLC
using a mixture of CHCl

3
:MeOH (93 : 7 v/v) as eluent.

After elution, the borders of the plates were revealed with
solution of vanillin-sulfuric acid (1% vanillin and 1% H

2
SO
4

in ethanol) for visualization of the metabolites and its further
isolation.

2.2. Quantification of Monensin A Oxidation by HPLC-ESI-
MS Analysis. LC-ESI-MS analyses were performed on a
Varian LC-MS 1200L triple quadrupole apparatus coupled
to a mass spectrometer with ESI ionization in the positive
mode (Varian Medical Systems Inc., Palo Alto, CA). The
chromatographic analysis was performed using an injection
volume of 10 𝜇L, sample concentration 50𝜇g⋅mL−1 in an
Xterra analytical column MS C-18 (150 × 2.1mm, 5 𝜇m)
(Waters) and following gradient (MeOH :H

2
O): 0.1min 70%

MeOH, 20.0min 98% MeOH, 21.0min 30% MeOH, and
30.0min 70% MeOH. The MS conditions were capillary
voltage 3.2 kV, cone voltage 40V, source temperature 40∘C,
and N

2
desolvation temperature 350∘C. The percentage of

monensin A oxidation was determined by using a calibration
curve of 10–100 𝜇g⋅mL−1. The resulting mass spectra were
monitored over a𝑚/𝑧 range of 610 to 800.

2.3. Identification ofMetabolites. Theproduct ion spectra (see
Figures S1–S3 in Supplementary Material available online at
http://dx.doi.org/10.1155/2014/152102) were obtained using a
micrOTOF-Q II hybrid quadrupole time-of-flight (Qq-TOF)
mass spectrometer (Bruker Daltonics Inc., Billerica, MA)
using positive ion electrospray (ESI) ionization. Monensin A
and themetabolites were directly infused into the instrument
by syringe pump (Cole-Palmer) at a flow rate of 300mL⋅h−1.
The instrument settings were capillary temperature 250∘C,
capillary voltage 4.0 kV, and source cone potential 30V. The
nebulizer and drying gas were N

2
and the collision gas was

argon. Tandem mass spectrometry (MS/MS) analysis was
achieved on isolated precursor ions using collision induced
dissociation (CID) with argon as collision gas at 80 eV.

2.4. Antimicrobial Activity Bioassay. The bioassays were
carried out using the strains Staphylococcus aureus ATCC
25923, Staphylococcus aureus ATCC 43300 (MRSA-
methicillin resistant), Staphylococcus epidermidis ATCC
14990, Pseudomonas aeruginosa ATCC 27853, and
Escherichia coli ATCC 25922 all acquired from the American
Type Culture Collection (ATCC). Approximately 5 × 105
microorganisms⋅mL−1 were incubated in Muller Hinton

broth in 96-well microtiter plates containing the samples
to be tested. The compounds (monensin A, metabolite
1, and metabolite 2) were dissolved in dimethylsulfoxide
(DMSO) and diluted into the medium to give 100, 50, 25,
12.5, 6.3, 3.1, 1.6, 0.8, 0.4, 0.2, 0.1, and 0.05 𝜇g⋅mL−1, as
their final concentrations. The plates were incubated at
37∘C and the bioassays were performed in triplicate. The
cell death was determined by a MTT colorimetric method
which was described by Andrews [23] and Furtado et al.
[24]. The DMSO solution and chloramphenicol were used as
controls of the experiment.

2.5. Evaluation of Toxicity of Monensin A and Products
1 and 2 Using Mitochondrial Model. Monensin A was
diluted in ethanol to concentrations 0.01, 0.1, and 1 𝜇M.
All assays were performed in three replicates. Rat liver
mitochondria were isolated by standard differential cen-
trifugation according to Pereira et al. [25] and the mito-
chondrial protein content was determined by the biuret
method.

Mitochondrial respiration was monitored polarographi-
cally with an oxygraph (Hansatech) equipped with a Clark-
type oxygen electrode [26]. The mitochondria (1.0mg pro-
tein) were incubated at 30∘C in 1mL of the respiratory
medium containing 125mM sucrose, 65mM KCl, 10mM
HEPES-KOH, 0.5mM EGTA, and 10mM K

2
HPO
4
; pH

7.2. 5mM glutamate and malate were used as the oxidiz-
able substrates for complex I; and mitochondrial oxida-
tive phosphorylation (state 3) was initiated using 400 nmol
ADP.

Mitochondrial Membrane potential (Δ
Ψ
) was monitored

spectrofluorimetrically using 10 𝜇M safranin-o as a probe in
a F-4500 spectrofluorometer (Hitachi) with the 495/586 nm
excitation/emission wavelength pair [25]. The mitochondria
(1.0mg protein⋅mL−1) were incubated at 30∘C in 2mL of
the standard reaction medium containing 125mM sucrose,
65mM KCl, and 10mM HEPES-KOH, and CCCP (carbonyl
cyanide 3-chlorophenylhydrazone) was added at the end
of each experiment for the complete dissipation of the
membrane potential.

Mitochondrial swelling was estimated from the decrease
in apparent absorbance at 540 nm performed with a Model
DU-70 spectrophotometer (Beckman). The mitochondria
were incubated using 30∘C in 2mL of the standard reaction
medium.

Mitochondrial reactive oxygen species (ROS) production
was monitored spectrofluorimetrically with 2,7-
dichlorodihydrofluorescein diacetate (H

2
DCFDA) with

the 503/529 nm excitation/emission wavelength pair, both
using the standard reaction medium [27].

2.6. Statistical Analysis of Mitochondrial Assays. The experi-
mental data were evaluated by analysis of variance (ANOVA),
followed by the post hoc of Tukey, to compare which groups
are different from each other and their control using the
program GraphPad Prism, version 5.1 for Windows. Results
with 𝑃 < 0.05 were considered statistically significant.
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3. Results and Discussion

Under optimized reaction conditions chosen, the efficiency
of the various oxidants PhIO, m-CPBA, H

2
O
2
, and t-BOOH

in the oxidation ofmonensin A catalysed by Jacobsen catalyst
can be measured through the monensin conversion of 36, 27,
26, and 14%, respectively. PhIO was used as an oxygen donor
because it is considered as a standard and simple oxidant
which contains a single oxygen atom and is well-adapted for
the selective and clean formation of metal-oxo intermediates,
MnV(O)-salen, more efficient and selective in transferring
oxygen to the substrate [13–16]. When using hydroperoxides
and peracids as the oxidative agent it is possible for two
competing oxygen activation mechanisms to occur. One
involves homolytic cleavage of the O–O bond, leading to
the formation of the less reactive intermediate MnIV(OH)
salen, as well as RO. radicals resulting in reduced yields. The
other mechanism involves a heterolytic cleavage of the non-
symmetricalO–Obond, leading to the formation of the active
specie MnV(O) salen that result in higher yields of oxidation
products [13–16]. Considering the monensin A conversion
%, the PhIO was chosen as the standard oxidant in order to
isolate the oxidative products in preparative scale.

Monensin A oxidation with this biomimetic model leads
to the formation of two mains products, product 1 (𝑚/𝑧 679)
and product 2 (𝑚/𝑧 709). Other reaction media were also
tested with little significant influence on the efficiency of
oxidation. These two products were isolated by preparative
TLC and characterized by ESI-HRMS and MS/MS.

ESI-HRMS was used to determine the molecular formula
of these products. The analysis resulted in the [M + Na]+ sig-
nal at 𝑚/𝑧 679.4008 for product 1 (3-O-demethyl monensin
A) and 𝑚/𝑧 709,4134 for product 2 (12-hydroxy monensin
A) confirming the molecular formula (mass error < 5 ppm)
the same as observed for the products obtained from in vitro
metabolism of monensin A by human liver microsomes and
microbial transformation by fungi of Cunninghamella genus
[21]. Additionally, products 1 and 2 displayed an identical low-
resolution product ion spectrum (Supplementary Materials)
as well as having the same retention times as those observed
in the previous studies [21, 22]. The major ion formed
in the MS/MS studies results from a Grob-Wharton type
fragmentation and/or H

2
O, followed by CO elimination, as

previously proposed for monensin A and its metabolites
(Table 1) [21, 22, 28, 29].

Another part of the study was to asses if products 1 and
2 still had toxic activity against the mitochondrial organelle
as observed for monensin A. After isolation of the products,
they were evaluated to test whether they could damage the
mammalian mitochondria. Mitochondria are intracellular
structures primarily responsible for transforming the energy
from food into useful and transportable energy to the cells
through the molecule adenosine 5-triphosphate (ATP). In
this way, mitochondria are fundamental to cellular life of
most eukaryotic organisms [30]. Since mitochondrial dam-
age may be associated with various tissue injuries or diseases,
this organelle has become an important tool for toxicological
studies.These studies should help increase the understanding
and enable prediction of any adverse effects of various

Table 1: Major product ions (m/z) observed in the MS/MS spectra
of monensin A and its products (these ions are in accordance with
Rocha et al. 2014 [21]).

Monensin A (m/z) Product 1 (m/z) Product 2 (m/z)
693 679 709
507 507 523
479 479 495
461 461 477
443 443 459
— — 441
343 343 343
303 303 303
675 661 691
657 643 673
— — 655
675 661 691
501 501 517
483 483 499
383 383 441

xenobiotics [31, 32]. Often, xenobiotics have different effects
on mitochondrial function. Therefore, the use of isolated
mitochondria can be considered as a good experimental
model to evaluate the toxicological effect of compounds [33,
34].

The results of this study demonstrated that a concentra-
tion of only 1 𝜇M for monensin A affected the mitochondrial
parameters. Monensin A was observed to increase state 4 of
oxygen consumption by 44.11% and consequently decreased
the respiratory control ratio (RCR) by 32.59%. It also caused
a 47.73% reduction in ADP/O, leading to a decrease mito-
chondrial respiratory efficiency (Table 2). The products 1 and
2 demonstrated none of these detrimental effects in the study.

Figures 2(a), 2(b), and 2(c) show the effects of monensin
A and its products (1 𝜇M) on mitochondrial membrane
potential (𝑃 = 0.0036), swelling (𝑃 < 0.0001), and ROS
accumulation (𝑃 < 0.0001), respectively. In this study of these
three parameters, significant affects were only observed for
the mitochondrial incubated with monensin A.

The increase on mitochondrial state 4 respiration is an
indicative of the uncoupler activity of monensin A which
leads to the observed decrease of 23.29% on the mitochon-
drial membrane potential. These effects were probably due to
the fact thatmonensinAhas the capacity to cause exchange of
H+ ions, which is primarily responsible for the formation of
the mitochondrial membrane potential [35]. Mitochondrial
swelling is also related to the effect on these parameters,
reaching 54.61% effect on the apparent turbidity, and it is
shown on the literature that monensin A also interferes with
the Na+ and Ca2+mitochondrial regulation, which affects the
osmotic balance causing a swelling in this organelle [36].

Monensin A (1 𝜇M) also affectedmitochondrial oxidative
stress, increasing by 12.14% accumulation of free radicals,
which is in accordance with Ketola et al. [37] which observed
the same effect in a strain of prostate cancer cells. The ROS
production may occur due to the fact that monensin A
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Table 2: Values of the effect caused by monensin A and its products (1 𝜇M) on respiratory parameters.

V3 V4 RCR ADP/O
Control 66.107 ± 2.45a 9.798 ± 0.32a 6.747 ± 0.12a 2.874 ± 0.03a

Monensin A 64.097 ± 2.35a 14.12 ± 0.97b 4.548 ± 0.16b 1.498 ± 0.01b

Metabolite 1 66.363 ± 2.29a 10.02 ± 0.11a 6.623 ± 0.27a 2.757 ± 0.09a

Metabolite 2 66.730 ± 1.95a 9.832 ± 0.07a 6.786 ± 0.15a 2.728 ± 0.06a
∗Respiration rates in nmol O2/mg protein/min were performed in mitochondria isolated from rat liver (1.0mg protein⋅mL−1) incubated.
∗Different letters represent significant differences between treatments according to Tukey’s test (𝑃 < 0, 05).
∗V3 = state 3; V4 = state 4; RCR = respiratory control ratio; ADP/O = phosphorylation efficiency.
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Figure 2: (a) Effect of monensin A (1 𝜇M), metabolite 1 (1𝜇M), and metabolite 2 (1 𝜇M) on the dissipation of the mitochondrial membrane
potential. (b) Effect of monensin A (1 𝜇M), metabolite 1 (1𝜇M), and metabolite 2 (1 𝜇M) on mitochondrial swelling. (c) Effect of monensin
A (1𝜇M), metabolite 1 (1𝜇M), and metabolite 2 (1 𝜇M) on mitochondrial production of free radicals. All experiments were performed in
mitochondria isolated from rat liver (1.0mg protein⋅mL−1) incubated as described in Section 2. Points represent the mean ± SEM of three
determinations with different mitochondrial preparations, relative to the control in the absence of the compound. ∗Different letters represent
significant differences between treatments according to Tukey’s test (𝑃 < 0.05).



6 BioMed Research International

Table 3: Minimal bactericidal concentration of monensin A, metabolite 1, and metabolite 2 and the controls against Staphylococcus aureus
ATCC 25923, Staphylococcus aureus ATCC 43300, Staphylococcus epidermidids ATCC 14990, Pseudomonas aeruginosa ATCC 27853, and
Escherichia coli ATCC 25922. Results are expressed in 𝜇g⋅mL−1.

Microorganisms Samples
Monensin A Product 1 Product 2 DMSO Chloramphenicol

S. aureus 25923 3.1 25.0 >100 >100 6.3
S. aureus 43300 6.3 50.0 >100 >100 8.3
S. epidermidis 25.0 >100 >100 >100 6.3
E. coli >100 >100 >100 >100 3.1
P. aeruginosa >100 >100 >100 >100 100.0

caused the deregulation of mitochondrial bioenergetic states
arising from ionic alterations, besides having the ability to
cause peroxidation of membrane lipids due to the free radical
accumulation [38].

It is noteworthy to observe that the products (1 and 2)
showed no effect in any of the studied parameters, indicating
that metabolism of monensin A prevents its toxic effects to
the mitochondria. The toxic effects observed for the interac-
tion of monensin A with isolated rat liver isolated mitochon-
dria can compromise the ATP production as described by
Mollenhauer et al. [36]. This occurs because the ATP deple-
tion is one of the early events of compound-induced toxicity
resulting from the observed effects on oxygen consumption,
dissipation of themitochondrialmembrane potential, and the
generation of reactive oxygen species [39, 40]. Other studies
about biological activity of product 1 have indicated that it has
a much lower antimicrobial, anticoccidial, cardiotoxic, and
cytotoxic activity relative to the parent compound [41, 42].

In order to evaluate antimicrobial behavior of monensin
A and products 1 and 2, their effects on three Gram-positive
and two Gram-negative microorganisms were investigated.
The results demonstrated monensin A were efficient against
the Gram-positive strains; however, products 1 and 2 pre-
sented a reduction in its activity and an inactivation, respec-
tively. These results obtained for monensin A corroborate
those in the study by Łowicki and Huczyński [4] that studied
monensin A and some semisynthetic analogues (modifica-
tions in hydroxyl and carboxyl groups). The semisynthetic
esters of monensin A demonstrated antimicrobial action
against Gram-positive bacteria, with the results formonensin
A against S. aureus 25923 being very similar to that presented
in this study [2, 4].

Monensin A is extensively metabolized and converted
to numerous metabolites by cattle, pigs, and rats. O-
demethylation and hydroxylation appear to be the major
metabolic pathways. Sassman and Lee [42] evaluated antimi-
crobial activity ofO-demethyl monensin A by bioautography
against Bacillus subtilis and by turbidimetric assay against
Streptococcus faecalis. In these systems 3-O-demethyl mon-
ensin A was only 5% as active as monensin, suggesting that
themonensin ismetabolized to productswith little orwithout
antimicrobial activity.

The results found for monensin A against S. aureus
ATCC 25923, 3,1 𝜇g⋅mL−1(Table 3), was practically identical
to that one related by Łowicki and Huczyński [4] who

found 2.9 𝜇g⋅mL−1 for the same strain, suggesting that the
methodology used in this work is reliable. The data found
by Łowicki and Huczyński for S. epidermidis, however, were
different (2.9 and 5.8𝜇g⋅mL−1 for strains ATCC 12228 and
ATCC 35984, resp.) from our results using the same bacteria
(Table 3) which can be explained by the different strains used
for these authors.

Others studies of the biological activity of product 1
reported on the literature has indicated that this compound
has much lower antimicrobial, anticoccidial, cardiotoxic, and
cytotoxic activities relative to the parent compound [41, 42],
results corroborated by our team, since product 1 presented
25.0 and 50.0 𝜇g.mL−1, for S. aureus and S. aureusMRSA, and
product 2 presented >100 𝜇g⋅mL−1.

The biological activity of monensin A depends on the
complex formed with cations exhibiting a polar interior and
a nonpolar highly hydrophobic exterior which enables free
movement across lipid bilayers of cells to exchange cations
[3, 4]. This action results in ion imbalance and subsequent
biological and toxicological activities [3, 4, 43]. Our results
demonstrated that product 1 and product 2 were less active
than monensin A for all microorganisms in the conditions
studied. Thus, the first step in the metabolism of monensin
A is related to the production of more polar metabolites
than monensin A, and then, acting like a detoxification step.
It can be concluded that the metabolism of monensin A
leads to a reduction in the toxicity of this compound in
the organism, but that some bactericidal activity for Gram-
positive microorganisms remains.

4. Conclusion

This work has demonstrated the ability of the Jacobsen cata-
lyst to mimic the action of P450 in monensin A metabolism,
with formation of twomain products found in the in vivo sys-
tems: 3-O-demethyl monensin A (product 1) and 12-hydroxy
monensin A (product 2). The results also revealed the
potential of application of this biomimetic chemical model in
the synthesis of drug metabolites, providing metabolites for
biological tests and other purposes.This was demonstrated in
thiswork allowing interesting informationwhich can help the
elucidation of in vivo drug metabolism, thus overcoming the
difficulty in working with in vivo or in vitro enzymes systems
such as those used inmicrosomes.Thebiological tests showed
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that the products of monensin A have much lower activity
or toxicity in all parameters tested. Thus, the first step in
monensin A metabolism appears to eliminate or decrease
the effects in biological parameters tested and that this effect
might be ascribed to greater polarity of product 1 and product
2 that can hamper their transport through membranes.
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[3] A. Huczyński, “Polyether ionophores—promising bioactive
molecules for cancer therapy,” Bioorganic and Medicinal Chem-
istry Letters, vol. 22, no. 23, pp. 7002–7010, 2012.
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Withania somnifera (Ashwagandha), also known as IndianGinseng, is a well-known Indianmedicinal plant due to its antioxidative,
antistress, antigenotoxic, and immunomodulatory properties. The present study was designed to assess and establish the
cytoprotective potential of Ashwagandha leaf aqueous extract against lead induced toxicity. Pretreatment of C6 cells with 0.1%
Ashwagandha extract showed cytoprotection against 25𝜇M to 400 𝜇M concentration of lead nitrate. Further pretreatment with
Ashwagandha extract to lead nitrate exposed cells (200𝜇M) resulted in normalization of glial fibrillary acidic protein (GFAP)
expression as well as heat shock protein (HSP70), mortalin, and neural cell adhesion molecule (NCAM) expression. Further, the
cytoprotective efficacy of Ashwagandha extract was studied in vivo. Administration of Ashwagandha extract provided significant
protection to lead induced altered antioxidant defense that may significantly compromise normal cellular function. Ashwagandha
also provided a significant protection to lipid peroxidation (LPx) levels, catalase, and superoxide dismutase (SOD) but not reduced
glutathione (GSH) contents in brain tissue as well as peripheral organs, liver and kidney, suggesting its ability to act as a free radical
scavenger protecting cells against toxic insult. These results, thus, suggest that Ashwagandha water extract may have the potential
therapeutic implication against lead poisoning.

1. Introduction

There is a growing interest in the use of herbal plants for their
differentmedicinal properties due to their natural origin, cost
effectiveness, and negligible side effects [1]. Withania som-
nifera (Ashwagandha) is very popular in traditional Indian
medicine system, Ayurveda. It is considered to be Indian
Ginseng due to its rejuvenating effects on the body such as
antioxidative, antistress, antigenotoxic, and immunomodula-
tory properties [2, 3]. Among the herbs classified as brain ton-
ics or rejuvenators in the traditional Indian medicine system,
Ashwagandha is the most important plant whose extracts
make a significant component to the daily supplements for
body and brain health. Although a variety of Ashwagandha
extracts have displayed neuroprotective, neuroregenerative,
and anticancer potentials in recent in vitro studies [4–7] using
brain-derived cells, potentials of water extract of leaves of
Ashwagandha (ASH-WEX) remain largely unexplored.

Lead, although one of the most useful metals, is also
one of the most toxic environmental pollutant which is
detected in almost all phases of biological systems.Themech-
anisms of lead induced neurotoxicity are complex. Oxidative
stress, membrane biophysics alterations, deregulation of cell
signalling, and the impairment of neurotransmission are
considered as key aspects involved in lead neurotoxicity. The
mechanism involves toxicity by oxidative stress [8] and free
radical damage via two separate, albeit related, pathways: (a)
the generation of reactive oxygen species (ROS), including
hydroperoxides, singlet oxygen, and hydrogen peroxide, and
(b) the direct depletion of antioxidant reserves [9].

Astroglial cells are the most abundant cells in the CNS
and are believed to play a key role in the brain and spinal
cord pathologies. Furthermore, it is established that glial cells
and their resident protein GFAP integrate neuronal signals
and modulate synaptic activity by formation of cytoskeletal
filaments [10]. GFAP is the cytoskeletal protein of astrocytes
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which is involved in controlling movement and shape of
astrocytes, differentiation marker of glial cells/and increased
GFAP expression which has been associated with aging [11,
12]. Astrocytes are important target of lead toxicity and take
up lead to store it intracellularly and, by sequestering lead,
astrocytes may protect more sensitive neurons [13]. It is
well established on getting exposed to stress; the glial cells
react by upregulating GFAP expression known as reactive
gliosis [14, 15]. It is necessary for CNS morphogenesis as it
provides structural support to neurons [16] and hence it is
considered as amarker of glial plasticity which controls struc-
ture, proliferation, and adhesion of astrocytes, neuron glia
interactions, and CNS mechanisms. Therefore, glial cell loss
may contribute to the impairment of learning and memory.
Therapeutic approaches to combat humanneurodegenerative
diseases thus need to restore the function of both neurons and
glial cells [10].

Various cellular proteins are altered upon challenge of
lead induced oxidative stress andmany undesired side effects
of lead induced toxicity are known which include neuro-
logical [16], behavioural [17], immunological [18], renal [19],
and hepatic [20] dysfunctions. We examined the expres-
sion of several proteins including HSP70, mortalin protein,
immunoglobulin superfamily protein NCAM, and an inter-
mediate filament proteinGFAP to assess Ashwagandhamedi-
ated rejuvenating effects on characteristics like proliferation,
adhesion, and differentiation. Lead toxicity is well known
for causing oxidative stress in brain cells which can lead to
damage and eventual cell death. HSP70 acts as molecular
chaperon and assists in the correct folding of the target pro-
teins and it is induced under various environmental stresses
[21]. To further study the protective effect of Ashwagandha in
tissues other than the brain, HSP70 expression was also stud-
ied in the peripheral organs: liver, kidney, and heart.Mortalin
has been shown to regulate the homeostasis of Ca++ in the
mitochondria that are very important for neuron functioning
[22].NCAMregulates cell adhesion andneurite outgrowth by
means of homophilic binding and subsequent activation and
intracellular signalling through mitogen activated protein
kinase (MAPK) pathway [23]. NCAM is neuronal plasticity
marker involved in cell adhesion, migration, and neurite
extension [24]. The low-level lead exposure has been shown
to attenuate the expression of all threemajorNCAM isoforms
and induced reductions in neuronal growth and survival [25].

Nervous tissues have high lipid contents, thus possess
high aerobic metabolic activity, which makes it more sus-
ceptible to oxidative damage [26]. C6 glioma cell line is
well-established in vitro model system for toxicity studies
due to its astroglial origin. The present study was aimed
at evaluating the cytoprotective potential of Ashwagandha
leaf water extract against lead induced toxicity using both in
vitro and in vivo model systems. To achieve these objectives,
protein and mRNA expression of markers of differentiation
such as GFAP and NCAM as well as cytoprotection like
HSP70 and mortalin were studied. Further protective effects
of Ashwagandha leaf extract were evaluated in the brain and
peripheral organs in lead intoxicated animal model system.

2. Material and Methods

2.1. Preparation of Water Extract of Ashwagandha Leaves
(ASH-WEX). The Ashwagandha leaf extract was prepared
by suspending 10 g of dry leaf powder in 100mL of double
distilled water. The suspension was stirred at 45 ± 5∘C
overnight and filtered. The filtrate so obtained was treated as
100% water extract.

2.2. C6 Glioma Cell Culture and Its Treatment. C6 glioma
cell line was obtained from National Centre for Cell Sci-
ence (NCCS), Pune, India. The cell line was maintained
on DMEM supplemented with streptomycin (100U/mL),
penicillin (100U/mL), gentamycin (100 𝜇g/mL), and 10%
(FBS) at 37∘C and 5% CO

2
. For 2-(3,5 dimethylthiazol-

2 yl)-4, 5 dimethyltetrazolium bromide (MTT) assay, C6
cells were seeded in 96-well plate and were given 24 hours
pretreatment of 0.1% ASH-WEX followed by treatment with
different concentrations (25 𝜇M–400 𝜇M) of lead nitrate for
72 hrs. 2 hr prior to the completion of the experiment, MTT
(0.5mg/mL) was added and incubated at 37∘C for 2 hr. The
medium was discarded and 100 𝜇L dimethylsulfoxide was
added per well to dissolve the formazons. The absorbance
was recorded at 550 nm. To further evaluate the effect of lead
and Ashwagandha on C6 cells, the cultures were divided into
four groups: control groupwithout any treatment (C), control
group with (0.1%) ASH-WEX treatment (CA), lead nitrate
treatment group (LN), and combined lead nitrate and ASH-
WEX treatment (LN + AS) group. 10mM lead nitrate filter
sterilized stock solution was prepared. The cells were seeded
along with 0.1%ASH-WEX. Cells were allowed to grow for 24
hours followed by lead nitrate (200𝜇M) treatment for 72 hrs.

2.3. Experimental Animals. The Wistar strain young male
albino rats in age group 2-3 months weighing 100–150mg
were taken. All procedures for animals care were carried
out strictly in accordance with the guidelines of Institutional
Animal Ethical Committee. The animals were divided into
three groups, namely, group C, LN, and LN+AS, each having
4-5 rats and were kept in single cage and provided water and
food ad libitum. Animals of group C were kept as control
(fed equal volume of vehicle), group LN was treated with
lead nitrate (40mg/kg body weight) intraperitoneally, and
group LN + AS was fed orally ASH-WEX (1 gm/kg body
weight) and injected lead nitrate (40mg/kg body weight)
intraperitoneally for 15 days simultaneously.

2.4. Immunostaining. The C6 cells were seeded in multiwell
plates on polylysine coated cover slips. After the completion
of treatment, the cells were washed with ice cold PBS three
times for 5 minutes. Cells were fixed with chilled 4% PFA
for 15 minutes. After washing with PBS for 3x5 minutes, cells
were permeabilized with 0.3% PBST for 15 minutes. Blocking
was carried out with 5% NGS and 1% BSA in 0.1% PBST for 2
hours at room temperature. Cells were incubated in primary
antibody (prepared in blocking solution) GFAP (1 : 500,
Sigma), HSP70 (1 : 1000, Sigma, clone BRM-22), mortalin
(1 : 500, gift sample from Dr. Renu Wadhwa), and NCAM
(1 : 500, Abcys) for 48 hours at 4∘C. After washings with
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PBST (0.1%), cellswere incubated in FITC/TRITCconjugated
secondary antibody (1 : 200) for 2 hours at room temperature.
Cover slips were mounted with antifading medium.The cells
were observed under fluorescent microscope (Nikon E600)
and images were captured and analyzed using Image-Pro Plus
software, version 4.5.1.

2.5. Immunohistochemistry. Brains from animals of all three
groups control, lead nitrate, and lead nitrate with Ashwa-
gandha treated rats (𝑁 = 4-5 for each groups) were perfused
transcardially with 4%paraformaldehyde in phosphate buffer
saline (PBS) (0.1M) and then cryopreserved in 20% and
30% sucrose in phosphate buffer saline each for 24 hrs at
4∘C. 30 𝜇m coronal sections of brain were cut using cryostat
microtome set at −20∘C and sections were washed in 1X PBS
(3X for 15min). Sections were then permeabilized in 0.3%
PBS-Triton X-100 (pH 7.4, 0.1M) for 30min. Then, sections
were washed with 0.1% PBST for 15min. After washing
sections were preincubated for 1 hr at room temperature
in blocking solution 5% NGS in PBS with 0.32% Triton
X-100 for blocking nonspecific binding sites. The sections
were then incubated in the primary antibody anti-IgG for
GFAP with appropriate dilution (1 : 500) in 0.32% PBST for
48 hrs at 4∘C. Sections were then washed in 0.1% PBST and
incubated with fluorescent conjugated secondary antibody
(anti-mouse IgG FITC diluted 1 : 200 for GFAP) in 0.3%
PBST for 2 hrs. Sections were then mounted on the glass
slide and covered with antifading mounting fluoromount
medium for capturing fluorescent images using Nikon E600
fluorescent microscope and CoolSnap CCD camera. GFAP
immunostaining was observed in hippocampus, hypothala-
mus, and cortex regions of brain. Quantitative image anal-
ysis for immunostaining intensity measurement was done
using Image-ProPlus version 4.5.1 (MediaCybernetics, USA).
Intensity of immunoreactivity and the number of GFAP
positive cells were quantified in random selected fields in each
section using the count/size command of Image-Pro Plus
software.

2.6. Western Blotting

2.6.1. Sample Preparation. After 72 hr of treatment, the cells
were washed with PBS and were harvested with PBS-EDTA
(1mM). The pellets were homogenized for 2 minutes and the
homogenate so produced was centrifuged at 10,000 rpm for
15 minutes at 4∘C. Supernatant was collected and the protein
was estimated using Bradford’s method.

For in vivo studies, animals from all three groups (𝑛 =
3 for each group) control, lead nitrate, and lead nitrate
with Ashwagandha were sacrificed by cervical dislocation
and decapitated. Brain was dissected, and brain regions,
hippocampus (HC), hypothalamus (HT), and cortex were
separated. Different brain regions and peripheral organs such
as liver, kidney, and heart were homogenized in 5 vol. of
chilled homogenizing buffer containing 20mMTris, 150mM
NaCl, 10mM NaF, 1mM NaVO

4
, 0.01mM PMSF, DTT, and

1% tritonX-100 and centrifuged for 10min at 10,000 rpm.
Protein content in supernatant was determined by the
Bradford method. Each homogenate was then diluted in

homogenization buffer so as to equilibrate the protein content
in all the samples.

2.6.2. SDS-PAGE and Chemiluminescence Detection. The
SDS-PAGE electrophoresis was carried out under standard
denaturing conditions at 15mA. After electrophoresis, the
resolved proteins were transferred (semidry transfer) to blot
PVDFmembrane Immobilon P (Millipore).The transfer was
carried out at 25V for 2 hr. After transfer, the membrane was
put in nonfat protein (5% skimmed milk in 0.1% TBST) for
2 hr at room temperature.Themembrane was incubated with
monoclonal antibody for GFAP (1 : 2500), HSP70 (1 : 5000),
and mortalin (1 : 1000) in blocking solution overnight at
4∘C. Membrane was subjected to three washings with 0.1%
TBST each for 5min followed by incubation with 1 : 7000
dilutedHRP conjugated goat anti-mouse IgG for 2 hr at room
temperature. Enhanced chemiluminescence (ECL) was used
for the detection of protein bands of interest. The developed
blots were subjected to analysis by intensity measurement
using Alpha Imager Software.

2.7. qRT-PCR. Total RNA was extracted from cells by the
TRI reagent (Sigma) according to themanufacturer’s instruc-
tion. The integrity of the isolated RNA was checked by
nondenaturing agarose gel electrophoresis. Equal amounts
of RNA were used for cDNA synthesis. cDNAs were syn-
thesized in 20𝜇L reactions containing 200 units M-MLV
reverse transcriptase, 4𝜇L 5X first strand buffer, 2 𝜇L DTT
(0.1M) (Invitrogen), 5 𝜇g of total RNA, 1mM each of dNTPs
(Amersham), 20 units of ribonuclease inhibitor (Sigma), and
250 ng pd(N)6 random hexamers (MBI, Fermentas).

2𝜇L of cDNA was amplified in a 50𝜇L PCR reaction
mixture containing two units Taq polymerase, 5𝜇L 10X PCR
buffer, 1.5 𝜇L of 50mM MgCl

2
(Invitrogen), 1 𝜇L of 10mM

dNTP mix (Amersham), and 20pM respective primers as
listed in Table 1. Cycling conditions comprised an initial
denaturation of 3min at 94∘C followed by 35 cycles of
amplification (at 94∘C for 40 sec, 55∘C for 45 sec, and 72∘C for
1min) and final elongation step at 72∘C for 10min. To control
the PCR reaction components and the integrity of the RNA,
2 𝜇L of each cDNA sample was amplified separately for 𝛽-
actin specific primer.

2.8. Estimation of Activities of Antioxidative Enzyme and
Levels of Antioxidants

2.8.1. Preparation of Sample. Animals from all three groups
(𝑛 = 5 for each group) control, lead nitrate, and lead
nitrate along with Ashwagandha were sacrificed by cervical
dislocation and decapitated. Brain was dissected, and brain
regions, hippocampus (HC), hypothalamus (HT), and cortex
were separated. Different brain regions and peripheral organs
such as liver and kidney were homogenized in 10 volume
of child homogenizing buffer containing 250mM sucrose,
12mM Tris-HCl, and 0.1mM DDT, at pH 7.4. Homogenates
were centrifuged at 10,000 rpm and used for further estima-
tion of antioxidative enzymes.
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Table 1: Primer sequences used for semiquantitative RT-PCR.

Number mRNA Primer sequence Expected product size

1 GFAP F 5GGC GCT CAA TGC TGG CTT CA3 326 bp
R 5TCT GCC TCC AGC CTC AGG TT3

2 HSP70 F 5GAG TTC AAG CGC AAA CAC AA3 428 bp
R 5CTC AGA CTT GTC GCC AAT GA3

3 NCAM F 5GCC AAG GAG AAA TCA GCG TTG GAG AGT C3 651 bp
R 5ATG CTC TTC AGG GTC AAG GAG GAC ACA C3

4 Mortalin F 5CAG TCT TCT GGT GGA TTA AG3 420 bp
R 5ATT AGC ACC GTC ACG TAA CAC CTC3

5 𝛽-Actin F 5TCACCCACACTGTGCCCATCTACGA3 285 bp
R 5CAGCGGAACCGCTCATTGCCAATGG3

2.8.2. Estimation of Catalase. Catalase activity was measured
according to the method of Aebi [27]. The reaction mixture
(1mL) contained 0.8mL phosphate buffer (0.2M, pH 7.0)
having 12mM H

2
O
2
vol. substrate, 100 𝜇L enzyme sample to

make up the volume. The change in absorbance/minute was
taken at 240 nm against H

2
O
2
-phosphate buffer as blank.

Enzyme activity was determined as one unit of catalase equal
to decomposition of 1 𝜇m of H

2
O
2
per min at pH 7.0 at 25∘C.

2.8.3. Estimation of Cu-Zn SOD. Activity of superoxide
dismutase (SOD) was estimated according to the method
of Kono [28]. The principle involved the inhibitory effects
of SOD on the reduction of nitro blue tetrazolium (NBT)
dye by superoxide radicals, which are generated by the
autoxidation of hydroxylamine hydrochloride. Briefly, the
reaction mixture contained 1.3mL sodium carbonate buffer
(50mM), pH 10.0, 500 𝜇L NBT (96 𝜇M), and 100 𝜇L Triton
X-100 (0.6%).The reactionwas initiated by addition of 100 𝜇L
of hydroxylamine hydrochloride (20mM), pH 6.0. After
2min, 50𝜇L enzyme sample was added and the percentage
of inhibition in the rate of NBT reduction was recorded.
One unit of enzyme activity was expressed as inverse of the
amount of mg protein required to inhibit the reduction of
NBT by 50%. The reduction of NBT was followed by an
absorbance increase at 540 nm.

2.8.4. Assay of Glutathione Peroxides (GSH) Content. The
GSH content in the samples was determined as described
by Sedlak and Lindsay [29]. 100 𝜇L of enzyme sample of all
the groups (distilled water in the case of blank) was mixed
with 4.4mL of (0.01M) EDTA and 500𝜇L of trichloroacetic
acid (50%w/v).The contents were centrifuged at 3000 g for 15
minutes. The supernatant so obtained was mixed with 50 𝜇L
of 5-5-dithiobis (2-nitrobenzoic acid) (0.01M). The yellow
color formed was read at 412 nm.

2.8.5. Estimation of Lipid Peroxidation (LPx). Method of
Buege and Aust [30] was followed to measure the lipid
peroxidation level. 100 𝜇L sample was incubated with 100 𝜇L
each of FeSO

4
(1mM), ascorbic acid (1.5mM), and Tris-HCl

buffer (150mM, pH 7.1) in a final volume made to 1mL,
made up by DDW, for 15 minutes at 37∘C. The reaction was

stopped by adding 1mL of trichloroacetic acid (10%w/v).
This was followed by addition of 2mL thiobarbituric acid
(0.375%w/v). After being kept in boiling water bath for
15min, contents were cooled off and then centrifuged. The
absorbance of supernatant so obtained was measured at
532 nm. The extent of lipid peroxidation was expressed as
nanomoles of malondialdehyde consumed per minute at
25∘C.

2.9. Statistical Analysis. Data of MTT, immunostaining
intensity, Western blotting, and RT-PCR was analyzed sta-
tistically using Sigma Stat for Windows (version 3.5). The
results were analyzed using one way ANOVA to determine
the significance of the mean between the groups followed by
post hoc comparison using Bonferroni test. Values of 𝑃 ≤
0.05 were considered significant. The means of the data are
presented together with the standard error mean (SEM).

3. Results

3.1. ASH-WEX Modulates Lead Induced Morphological
Changes as well as Viability in C6 Glioma Cells. There
was significant decrease in cell viability as compared to
control with an increase in lead nitrate concentrations
(50 𝜇M onwards). The IC50 value was found to be around
200𝜇M lead nitrate concentration, which was used for
further experiments. The ASH-WEX pretreated group (LN
+ AS) showed significantly higher survival rate as compared
to LN group (𝑃 < 0.001) at 50, 100, and 200𝜇M lead
concentrations. Results are presented in Figure 1(a). No such
protective effect was observed at 400 𝜇M lead concentrations
in the presence of ASH-WEX.

The control and 0.1% Ashwagandha pretreated cultures
were found to be confluent with typical morphology of C6
cells. Most of the cells in LN group showed rounding up
and altered morphology as compared to control cells. Cells
grown with 0.1% Ashwagandha and treated with 200𝜇M
concentrations of lead nitrate (LN + AS) showed differenti-
ated morphology (Figure 1(b)). No significant difference was
observed in the viability of the cells in the control and CA
group whereas with increase in concentration of lead nitrate
the number of cells decreased. The Hoechst 33258 staining
further supported the cell viability assay results as there were
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Figure 1: ASH-WEX protects against lead induced toxicity. (a) Relative cell viability of C6 glioma cells after lead induced toxicity as assessed
by MTT assay. C6 cells were grown and pretreated with ASH-WEX (0.1%) 24 hours before exposure to lead nitrate (25–400𝜇M) and grown
for 48–72 h. Lead nitrate significantly reduced the viable cells at 50𝜇M and higher concentrations. ASH-WEX treated cells were significantly
higher in viability as compared to respective lead nitrate treated groups (in 50, 100, and 200𝜇M). Data are representative of four different
experiments and are expressed as mean ± SEM. (b) Representative phase contrast pictures of control (C), control with ASH-WEX (0.1%)
pretreatment (CA), lead nitrate 200 𝜇M(LN), and lead nitrate after pretreatment with ASH-WEX (LN +AS) treatment. Images were captured
using Nikon TE-2000 microscope. There was a significant difference in the cell number and morphology in lead nitrate treated cells as
compared to control cells which appeared to be noramlized by ASH-WEX pretreatment in LN +AS group. (c) Cell death observed byHoechst
33258 staining. After the cells were treated with lead nitrate and ASH-WEX, Hoechst 33258 staining was used to observe the morphological
changes of cell nucleus such as condensation of chromatin and nuclear fragmentations and higher intensity of stain were found clearly in lead
nitrate treated group as compared to control and LN + AS group.

most of the cell nuclei in LN group appeared to be with
higher intensity of stain due to chromatin condensation and
nuclear fragmentation as compared to control cell nuclei. No
such difference was observed in the LN + AS group nuclei
(Figure 1(c)).

3.2. ASH-WEX Normalizes GFAP Expression, Stress Response
Proteins, and NCAM In Vitro after Acute Lead Exposure.
GFAP, HSP70, and mortalin protein expression was anal-
ysed using immunostaining and Western blotting. GFAP
expression was lower in the control group as compared to
CA group. Upon lead treatment, the expression increased
significantly (Figures 2(a) and 2(b)) and was normalised
upon Ashwagandha treatment in LN + AS group (𝑃 <
0.05). The immunostaining results were further supported
by Western blotting analysis for GFAP (Figure 2(c)). RT-
PCR results for GFAP mRNA also showed similar results
with maximum expression in LN group and normaliza-
tion upon Ashwagandha treatment (Figure 2(d)). Similarly
HSP70 protein expression was enhanced in LN group upon
lead treatment which was significantly reduced (𝑃 < 0.05)
in LN + AS group as compared to LN group (Figures
3(a) and 3(b)). Western blotting and RT-PCR results for
HSP70 protein further revealed similar trend as shown in
Figures 3(c) and 3(d). The mitochondrial Mortalin (the
mitochondrial HSP70) was perinuclear in control cells which
is a characteristic pattern of transformed cells. Upon 0.1%
Ashwagandha treatment, the localization of mortalin seemed

to be redistributed in the cytoplasm. The mortalin protein
expression was significantly increased in the LN group and
was normalized in the LN + AS group. The results are shown
in Figures 4(a) and 4(b). The protein expression as analysed
by Western blotting further revealed significant increase in
mortalin expression upon lead exposure (Figure 4(c)) which
was normalized in the presence of ASH-WEX (LN + AS
group). Similarly, there was increase in mortalin mRNA
expression upon lead treatment in LN group. Ashwagandha
treatment leads to decline in the mortalin mRNA expression
in the LN+AS group as compared to LN group (Figure 4(d)).
Lead nitrate treatment apparently reducedNCAMexpression
in the LN group as compared to control and CA groups.
Ashwagandha treatment of lead exposed C6 cells showed
enhanced NCAM expression in the LN + AS group as shown
by immunostaining in Figure 5(a).These results were further
supported by semiquantitative RT-PCR data (Figure 5(b)).
The rescue of C6 cells by ASH-WEX is also apparent from
the morphology of cells in LN + AS group as the cells showed
long processes with distinct NCAM cell surface on both the
cell bodies and processes.

3.3. ASH-WEX Modulates GFAP Expression in Brain Regions
after Lead Exposure. GFAP is excellent marker of astrocytes
activation, which responds toCNS damagewith reactive glio-
sis, induced bymany neurotoxic agents. Immunohistochemi-
cal staining was done to localize the GFAP protein expression
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Figure 2: Expression of GFAP after treatment with ASH-WEX and lead nitrate. Control (C), control with ASH-WEX (0.1%) pretreatment
(CA), lead nitrate 200𝜇M (LN), and lead nitrate after pretreatment with ASH-WEX (LN + AS) cells were used for GFAP immunostaining
(a) protein expression by Western blotting (c) and mRNA expression by RT-PCR (d). (b) depicts GFAP expression levels as analysed by
immunostaining using intensity measurement command of Image-Pro Plus software. GFAP protein expression levels in control cells were
taken as 100% to plot the histogramwith relative level of expression of GFAP inC, CA, LN, and LN+AS groups. Data are calculated from three
independent experiments and represented as the mean ± SEM. Value of 𝑃 ≤ 0.05 was considered to be significant. ∗Significant difference
as compared to control, #significant difference between LN and LN + AS groups. ∗Significant difference between C and other groups and
#significant difference between LN and LN + AS groups.
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Figure 3: (a) Immunostaining of HSP70 in control (C), ASH-WEX (0.1%) pretreatment (CA), lead nitrate 200𝜇M (LN), and lead
nitrate after pretreatment with ASH-WEX (LN + AS) treated C6 cells. (b) Histogram depicts staining intensity measurement of HSP70
immunofluorescence indicating HSP70 expression levels in the cells from different treatment groups. (c) Representative Western blots and
relative expression levels as analysed by densitometry and normalized against 𝛼-tubulin expression levels. The data represents mean ± SEM
from three independent experiments. (d) Representative RT-PCR products of HSP70 and 𝛽-actin (internal control) mRNA in different
treatment groups. Value of 𝑃 ≤ 0.05 was considered to be significant. “∗” represents significant difference in comparison to control; “#”
represents significant difference between LN and LN + AS groups.
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Figure 4: ASH-WEX pretreatment normalizes lead induced changes in mortalin expression levels. (a) Immunostaining of mortalin in C6
cells from control (C), ASH-WEX (0.1%) pretreatment (CA), lead nitrate 200 𝜇M (LN), and lead nitrate after pretreatment with ASH-WEX
(LN + AS) treated groups. (b) Histogram shows expression levels of mortalin as analysed by intensity measurement using Image-Pro Plus
software. (c) Representative Western blot of mortalin expression and histogram depicts relative expression levels of mortalin normalized
against 𝛼-tubulin in C, CA, LN, and LN + AS groups as analysed by densitometry. Data are calculated from three independent experiments
and represented as the mean ± SEM. (d) Representative RT-PCR products of mortalin and 𝛽-actin mRNA in all the groups under study.
Mortalin expression levels were significantly lowered down by ASH-WEX pretreatment in LN +AS group as compared to LN group as shown
by immunostaining, Western blotting, and RT-PCR. Value of 𝑃 ≤ 0.05 was considered to be significant. “∗” represents significant difference
in comparison to control; “#” represents significant difference between LN and LN + AS groups.
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Figure 5: (a) NCAM protein expression levels were determined by immunostaining in control (C), ASH-WEX (0.1%) pretreatment (CA),
lead nitrate (200 𝜇M, LN), and lead nitrate after pretreatment with ASH-WEX (LN+AS) treated groups. Lead treatment resulted in decreased
expression of NCAM in LN group which was normalized by ASH-WEX pretreatment as shown in LN + AS group cells. These changes were
also evident at transcription levels. (b) depicts representative RT-PCR products for the mRNA expression levels of NCAM and 𝛽-actin.

in brain regions. Lead nitrate treated group showed a consid-
erable increase in expression ofGFAP in the brain regions like
hippocampus (𝑃 < 0.001), hypothalamus (𝑃 < 0.001), and
piriform cortex (𝑃 < 0.05) (Figure 6(a)). Simultaneous lead
nitrate and Ashwagandha treatment showed considerable
decrease of GFAP expression in hypothalamus (𝑃 < 0.001,
Figure 6(c)) and piriform cortex (𝑃 < 0.05, Figure 6(d)), but
there was no statistical significant difference in hippocampus
(Figure 5(b)). No specific signal was observed in the negative
control immunostaining (Figure 6(f)).

GFAP expression was further confirmed by West-
ern blotting. Lead nitrate treatment showed a significant
increase in GFAP expression from different regions of brain-
hippocampus (𝑃 < 0.01), hypothalamus (𝑃 < 0.01), and
cortex (𝑃 < 0.05). Simultaneous lead nitrate and Ashwa-
gandha treatment resulted in decrease of GFAP expression in
hypothalamus (𝑃 < 0.001) and cortex (𝑃 < 0.05) regions
only. Hippocampus region showed no significant decrease in
GFAP level upon ASH-WEX treatment. Results are shown in
Figure 6(e).

3.4. ASH-WEX Was Able to Normalize HSP70 Levels in
Brain Regions and Peripheral Organs. HSP70 expression was
analyzed in brain regions such as hippocampus, hypothala-
mus, and cortex. Hippocampus, hypothalamus, and cortex
regions showed significant increase in HSP70 level when

treated with lead nitrate alone. Treatment of ASH-WEX
with lead nitrate led to a significant decrease in HSP70
levels both in hypothalamus (𝑃 < 0.05) and cortex (𝑃 <
0.001) as compared to lead nitrate treatment group. The
HSP70 expression remained significantly higher in LN + AS
group as compared to control and no significant change in
HSP70 levels was observed as compared to LN group. In
order to account for potential variation and sample loading,
expression of each sample was compared to that of 𝛼-tubulin.
Results are shown in Figure 7(a).

The HSP70 levels were also examined in peripheral
organs: heart, kidney, and liver. Heart (𝑃 < 0.001) and
kidney (𝑃 < 0.05) showed a marked increase in HSP70 level
upon lead nitrate treatment alone. Simultaneous ASH-WEX
and lead nitrate treatment showed considerable reduction in
HSP70 level of heart (𝑃 < 0.05) and kidney (𝑃 < 0.01)
as compared to lead nitrate treatment, thereby indicating
that ASH-WEX treatment counteracts lead induced stress.
Administration of lead nitrate and Ashwagandha in LN + AS
group showed significantly decreased HSP70 in liver (𝑃 <
0.02) as compared to lead nitrate treatment. Of note, HSP70
protein bands for both constitutive and induced form can
be observed in the blots. In order to account for potential
variation and sample loading, expression of each sample
was normalized to that of 𝛼-tubulin. Results are shown in
Figure 7(b).
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Figure 6: (a) Representative immunofluorescent images of 30 𝜇m thick coronal sections showing GFAP expression in dentate gyrus region
of hippocampus, median eminence region of hypothalamus, and piriform cortex in vehicle control (C), lead nitrate (LN), and simultaneous
lead nitrate and ASH-WEX (LN +AS) treated animal brains (𝑁 = 4-5). Amarked increase in expression of GFAPwas observed in the animals
treated with lead nitrate as compared to control. The lead nitrate and ASH-WEX treated group showed normalization in expression of GFAP
levels. Relative expression levels of GFAP were analysed using intensity measurement command of Image-Pro Plus software in hippocampus
(b), hypothalamus (c), and cortex (d) shown as histograms. (e) Representative Western blot for GFAP and 𝛼-tubulin expression levels for
different brain regions—hippocampus, hypothalamus, and cortex from C, LN, and LN + AS treated animals. GFAP protein expression levels
were normalized against 𝛼-tubulin and data was plotted as histograms. Bar shows themean± SEMvalues. (f) depicts specific immunostaining
for GFAP shown above as no specific signal was visible in the secondary antibody control group. 𝑃 < 0.05 was considered significant. “∗”
represents significant difference between C and other groups and “#” represents significant difference between LN and LN + AS groups.



BioMed Research International 11

Hippocampus Hypothalamus Cortex
C LN C LN C LN

52kDa

76kDa

𝛼-Tubulin

HSP70

C LNC LNC LN

∗
∗

∗

#
∗

#

Re
lat

iv
e e

xp
re

ss
io

n

200

150

100

50

0

LN + AS

LN + ASLN + ASLN + AS

LN + ASLN + AS

(a)

52kDa

76kDa

𝛼-Tubulin

HSP70

Heart Kidney Liver

Re
lat

iv
e e

xp
re

ss
io

n

∗

#
∗

#
∗

#
150

100

50

0

C LNC LNC LN LN + ASLN + ASLN + AS

C LN C LN C LN LN + ASLN + ASLN + AS

(b)

Figure 7: (a) Representative Western blots for HSP-70 expression and 𝛼-tubulin for different brain regions hippocampus, hypothalamus,
and cortex from control (C), lead nitrate (LN), and lead nitrate and Ashwagandha (LN + AS) treated rats. Relative expression levels of HSP-
70 normalized against 𝛼-tubulin were plotted as histograms. (b) Representative Western blots for HSP-70 expression and 𝛼-tubulin from
different peripheral organs: heart, kidney, and liver from control and treatment groups. Histograms represent expression levels of HSP-70
normalized against 𝛼-tubulin. Data are calculated and represented as the mean ± SEM (𝑁 = 4-5). 𝑃 < 0.05 was considered significant. “∗”
represents significant difference between C and other groups and “#” represents significant difference between LN and LN + AS groups.

3.5. ASH-WEX Interferes with Antioxidant Defence Status in
Acute Lead Toxicity

3.5.1. Catalase Activity. A statistical significant decrease (𝑃 <
0.002) in the CAT activity was seen after lead nitrate treat-
ment from all the brain regions studied. Similarly, a signif-
icant decrease was observed in CAT activity in peripheral
organs kidney (𝑃 < 0.05) aswell as increase in liver (𝑃 < 0.02)
upon lead nitrate treatment as compared to control group.
Catalase activity upon feeding of ASH-WEXwith lead nitrate
treatment showed significant increase (𝑃 < 0.05) in enzyme
activity in kidney, liver cortex, and hypothalamus regions of
brain with no significant changes in hippocampus region of
brain as compared to LN group (Table 2).

3.5.2. Superoxide Dismutase (SOD). Lead nitrate treatment
alone showed significant decrease (𝑃 < 0.001) in SOD
activity in all regions of brain as well as in kidney and liver
(𝑃 < 0.02) as compared to control group. Treatment of
ASH-WEXwith lead nitrate showed no significant change on
SOD in liver and hippocampus and cortex regions of brain,
while hypothalamus and kidney showed significant increase
in SOD activity as compared to LN group (Table 2).

3.5.3. Lipid Peroxidation (LPx). The lead nitrate exposed rats
exhibited a significant increase in LPx in hippocampus (𝑃 <
0.05), hypothalamus (𝑃 < 0.02), and cortex regions of
brain as well as kidney, but liver tissue showed nonsignificant
increase as compared to control. Simultaneous lead nitrate
and Ash-WEX treatment (LN + AS group) showed statistical
significant decrease in LPx in hippocampus and hypothala-
mus, respectively, and also in peripheral organs as compared
to LN group (Table 2).

3.5.4. Glutathione Content. Lead nitrate treatment showed
slight decrease inGSH content in hippocampus and hypotha-
lamus regions of brain aswell as liver.Therewas no significant
change in kidney glutathione content. Ashwagandha treated
rats showed increase in level of GSH in all the tissues
under study, but the changes were not statistically significant
(Table 2).

4. Discussion

CNS is the principal target of the neurotoxic effects of
lead; however, there are no effective treatments or interven-
tions available to counteract it. Ashwagandha is a popular
Ayurvedic plant with a variety of medicinal properties and
is also widely used as a nerve tonic [3]. Ashwagandha leaf
extract is a potential agent in treating oxidative damage
and physiological abnormalities seen in mouse model of
Parkinson’s disease [31]. In the light of aforementioned CNS
related beneficial properties of Ashwagandha, the present
study was designed to evaluate the beneficial effects of its
aqueous leaf extract against lead nitrate neurotoxicity using
in vitro (C6 glioma cells) and further analysing it in vivo rat
model system. 0.1% ASH-WEX was able to prevent the toxic
effects of lead treatment in LN + AS group as evident by
normal cell morphology and viability, providing evidence for
cytoprotective role of this important Indian herb.

In the present study, the upregulation of GFAP expression
was observed upon lead treatment both in vitro and in
vivo systems. Lead alone induced reactive gliosis which is
apparent from the significantly higher expression of GFAP
in all brain regions under study. Morphological changes in
astrocytes coupled with immunostaining for GFAP expres-
sion showed a marked increase in its level after lead nitrate
treatment. Simultaneous Ashwagandha treatment of lead
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Table 2: Effects of Ashwagandha water extract on lead induced oxidative damage to CAT, SOD, GSH, and LPx in rat brain regions, liver, and
kidney.

Groups Kidney Liver Hippocampus Hypothalamus Cortex
Catalase (CAT)—units/minute/g

C 10.05 ± 1.37 3.72 ± 1.20 18.80 ± 1.95 11.47 ± 0.47 10.24 ± 1.52
LN 3.80 ± 1.68∗ 4.95 ± 1.68∗ 10.57 ± 1.83∗ 4.58 ± 0.84∗ 5.35 ± 1.20∗

LN + AS 12.37 ± 4.26# 7.00 ± 1.71∗# 9.56 ± 1.07∗ 9.31 ± 1.17# 11.37 ± 1.95#

Cu–Zn (SOD)—units/mg
C 13.44 ± 2.83 10.89 ± 2.64 21.25 ± 4.55 19.88 ± 3.58 13.60 ± 4.61
LN 9.21 ± 1.59 6.74 ± 1.31∗ 12.37 ± 1.88∗ 11.52 ± 1.03∗ 8.66 ± 2.09∗

LN + AS 13.03 ± 0.09# 7.26 ± 1.43 12.07 ± 2.51∗ 22.13 ± 3.03# 9.86 ± 2.54∗

Glutathione (GSH)—units/minute/g
C 3.34 ± 0.09 4.11 ± 0.13 3.48 ± 0.09 3.71 ± 0.11 3.22 ± 0.39
LN 3.28 ± 0.07 3.69 ± 0.16 3.29 ± 0.05 3.16 ± 0.12 3.45 ± 0.21
LN + AS 3.56 ± 0.09 3.92 ± 0.13 3.59 ± 0.05 3.54 ± 0.11 3.89 ± 0.31

Lipid peroxidation (LPx)—nmoles MDA/mL
C 10.43 ± 2.31 20.07 ± 1.87 4.78 ± 0.23 5.29 ± 0.22 10.76 ± 0.53
LN 23.66 ± 1.75∗ 22.30 ± 0.53∗ 13.75 ± 1.71∗ 12.05 ± 1.03∗ 18.97 ± 1.65∗

LN + AS 11.42 ± 0.83# 14.61 ± 0.67# 09.82 ± 1.04∗# 06.39 ± 0.67# 14.61 ± 0.82∗#

Data are expressed as mean ± SEM. 𝑃 < 0.05 was considered significant. ∗represents significant difference compared to control group. #represents significant
difference compared to lead treated animals (LN group).

exposed cultures showed significant abatement in GFAP
expression and also normalizing the morphology of astro-
cytes. Previous studies have reported association of increased
GFAP levels and hypertrophic changes with susceptibility
to toxic insult in C6 rat glioma cells [32]. The acute lead
exposure is accompanied by astrocyte activation associated
with the enhanced expression of GFAP as an indicator of lead
induced neuronal injury [15]. Ashwagandha has been shown
to antagonize the DNA damage and oxidative stress induced
by lead [21]. Recently, it has been shown that Ashwagandha
extract and its bioactive component Withanone was able to
revert scopolamine induced changes in GFAP expression in
the neuronal cells aswell as animalmodel [33].Normalization
of GFAP expression by Ashwagandha extract in glutamate
induced neurodegeneration in RA differentiated cultures has
been shown in a recent study from our lab [34]. Thus,
downregulation of GFAP expression by ASH-WEX treatment
under both in vitro as well as in vivo conditions could be
attributed to protective properties of Ashwagandha.

We further evaluated the levels of HSP70 expression after
lead and Ashwagandha treatment. Our results have shown
an increase in HSP70 expression in the LN treated cells
in response to lead induced stress, whereas, its expression
level was significantly reduced in the ASH-WEX pretreated
group in C6 cells. Further in vivo studies suggested that
Ashwagandha leaf extract treatment decapitated the expres-
sion of HSP70 significantly as compared to LN treatment
group in hypothalamus and cortex regions of brain, thus
debilitating the cytotoxic effects of lead nitrate in vivo. These
palliative results suggested that Ashwagandha leaf extract has
a potential cytoprotective effect on different brain regions and
can curtail cytotoxicity caused due to exposure of lead. Lead
exposure has been implicated in induction of prenatal and
postnatal induction ofHSP70 in astrocytes [35].The antibody

used in present study for HSP70 (clone BRM-22) recognises
both HSP70 and HSC70. Although HSP70 is known to be
cytoplasmic in control cells, it is well documented thatHSP70
is present in the nucleus predominantly during S-phase and at
low levels during remaining cell cycle [36].Moreover, nuclear
translocation of stress protein Hsc70 during S phase in rat C6
glioma cells has also been reported [37]. So nuclear staining of
HSP70 could be attributed to its cell cycle regulatory or other
roles.

Furthermore, expression of mitochondrial HSP70, mor-
talin, was perinuclear in the control group which shifted to
pancytoplasmic in case of LN group and in LN + AS group.
Mortalin is nonheat inducible molecular chaperon which is
induced by different environmental stresses [38]. Mortalin
has been implicated in Alzheimer’s (AD) and Parkinson’s
(PD) diseases, with proteomic studies consistently identifying
oxidatively damaged mortalin as potential biomarker [29].
Significantly higher expression of mortalin as an adaptive
response has been reported as a result of Ashwagandha
treatment [39]. Thus, current results showing increase in
mortalin in Ashwagandha treated group indicate role of mor-
talin in cytoprotective mechanism induced in glial cells and
elucidation of molecular mechanism(s) of these functions
requires further studies.

Lead nitrate treatment caused significant increase in
HSP70 expression in all these organs as shown by Western
blotting, which was significantly reduced after oral feeding of
the animals with Ashwagandha extract. Increased expression
ofHSPs in liver at both transcriptional and translational levels
has been associated with the early phase of liver regeneration
[40]. Previously, HSP72 (inducible form of HSP70) has been
shown to be upregulated during kidney injury in rats, which
partially protected human kidney proximal tubule cell lines
HK-2 and HKC from triptolide-induced injury [41]. Thus,
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normalization of HSP 70 levels in the present study after
Ashwagandha treatment in vitro as well as in vivo further
confirms the protective effects of Ashwagandha against lead
induced toxicity.

Another important neuronal marker NCAM was found
to be downregulated in C6 glioma cells after lead exposure.
The low level maternal lead exposure has been shown to
decrease the expression of NCAM and its glycosylated form
in hippocampus of rat pups [42, 43]. Consistent with these
reports, expression of NCAM was found to decrease in lead
nitrate exposed C6 cells, whereas Ashwagandha treatment
was observed to augment the lead mediated downregulation
of NCAM partially as shown by immunostaining and RT-
PCR.A recent study onAshwagandha treatment inC6 glioma
cells has shown significant increase in expression of NCAM
[39] and also increase in NCAM expression after Ashwa-
gandha treatment has been associatedwith protection against
glutamate induced damage in RA differentiated neuronal
cultures [34].

As recent studies point to the fact that at least some of
the effects may occur as a consequence of lead propensity
for disrupting the delicate prooxidant/antioxidant balance
that exists within mammalian cells [44], we further inves-
tigated the possible mechanism of Ashwagandha induced
neuroprotection against lead toxicity by analysing the cellular
antioxidant defense system. Lead exposure leads to induc-
tion of ROS production, oxidative stress, and expression of
proapoptotic genes and cell death [45]. The present results
have shown that Ashwagandha extract does have antioxidant
properties as it resulted in a decrease of lead induced rise
in lipid peroxidation in all the brain regions under study
as well as peripheral organs kidney and liver. In relation
to the levels of SOD, here too mostly beneficial effects
were seen in the brain regions. There was a nonsignificant
increase in the level of SOD in the liver and cortex while
the kidney and hypothalamus SOD levels were normalized.
These results are consistentwith the data reported by different
studies with root extracts of Ashwagandha [2, 46] where
an overall increase in the level of SOD and decrease in
the lipid peroxidation was observed after administration of
Ashwagandha extracts. Chaudhary et al. [47] has reported
Ashwagandha root extract enhancing the antiperoxidation of
hepatic tissue.

In contrast to the above results, there was a consistent
decrease in the levels of catalase in all the regions of the
brain and peripheral organs after lead treatment which was
normalized by Ashwagandha extract treatment.This is in line
with the effect of the root powder and extracts which have
been shown to induce an increase in the catalase activity
in previous studies. Bhattacharya et al. [2] have shown an
increase in catalase activity in rat brain frontal cortex and
striatum after treatment with roots of Ashwagandha. Panda
and Kar [46] also have reported an increase in the level of
catalase after treatmentwith roots ofAshwagandha. Similarly,
Jain et al. [48] have shown that Withania somnifera reverses
the chronic footshock induced changes, which include an
increase in SOD and lipid peroxidation and decrease in
catalase activity in the rat frontal brain cortex and striatum.

Administration of Ashwagandha did not show significant
change in GSH in all regions understudied and is supported
by the study of Bhattacharya et al., [2], in which the
administration of Ashwagandha inhibits lipid peroxidation
which follows a different mechanism without modifying the
glutathione system, which is a main antioxidant system.
GSH, selenium containing tetrameric enzyme, is the primary
low molecular-weight thiol in the cytoplasm and is a major
reserve for cysteine. SOD converts O

2

− into H
2
O
2
and GSH

in conjunction with the reductant NADPH that can reduce
lipid peroxides, free radicals, and H

2
O
2
[49]. So, an increase

in SOD in our study would indirectly indicate lowering of
the free radical levels and thus point towards the antioxidant
effect of the aqueous leaf extract of Ashwagandha.

The current data of protection against lead induced
cytotoxicity is also consistentwith several previously reported
neuroprotective activities in both in vivo and in vitromodels
using this important medicinal plant. Recently, we reported
that water extract of Ashwagandha leaves confers protection
to neuronal cells against glutamate excitotoxicity [34]. Pre-
liminary data from our lab also showed that ASH-WEX has
six different water solublemolecules whichmay be associated
with neuroprotective activity either alone or combined [39].
The bioactive components sitoindosides VII-X and with-
aferin A have been shown to have neuroprotective activity
by binding with cholinergic receptors [48]. Modulation of
release of three neurotransmitters, that is, acetylcholine,
glutamate, and serotonin byAshwagandhahas beenproposed
to contribute to inhibition of nNOS in extract treated stressed
mice [5]. Neuroregeneration of both axons and dendrites as
well as reconstruction of pre- and postsynapses in the neu-
rons was induced by withanolide A from the Ashwagandha
extract which is considered to be an important candidate for
the treatment of neurodegenerative diseases [50]. Based on
the present findings, itmay be suggested thatASH-WEXplays
neuromodulatory role to rescue the glial cells against lead
toxicity by suppression of stress response and upregulation
of plasticity marker proteins such as GFAP and NCAM.

5. Conclusion

In view of our present results, we hypothesize that water
soluble extract of Ashwagandha is able to partially reverse the
effect of lead induced toxicity as is shown in both in vitro and
in vivo systems. Detailed mechanistic studies are required to
understand the mechanisms underlying the beneficial effects
of Ashwagandha and to explore the optimum dosage and
duration of treatment to implement the same in clinical
perspectives.
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Mortierella sp. has been known to produce polyunsaturated fatty acids (PUFAs) such asGLA andAAunder normal growthmedium
conditions. Similarly, under the stress condition, this fungus produces EPA and DHA in their mycelial biomass. Among the 67 soil
samples screened from the Western Ghats of India, 11Mortierella isolates showed the presence of omega-6 and omega-3 fatty acid,
mainlyGLA, AA, EPA, andDHA in starch, yeast-extractmedium.Nile red andTTC strains were used for screening their qualitative
oleaginesity. Among the representative isolates, whenMortierella sp. is grown in a fat-producing basal medium, a maximum lipid
content of 42.0 ± 1.32% in its mycelia, 6.72 ± 0.5% EPA, and 4.09 ± 0.1% DHAwas obtained. To understand theMortierella sp. CFR-
GV15, to the species level, its morphology was seen under the light microscope and scanning electron microscope, respectively.
These microscopic observations showed that isolateMortierella sp. CFR-GV15 produced coenocytic hyphae. Later on, its 18S rRNA
and the internal transcribed spacer (ITS) sequences were cloned, sequenced, and analyzed phylogenetically to 18S rRNA and ITS1
and ITS4 sequences of related fungi. This newly isolated Mortierella alpina CFR-GV15 was found to be promising culture for the
development of an economical method for commercial production of omega-3 fatty acid for food and therapeutical application.

1. Introduction

The pathogenesis of lifestyle-related diseases such as obe-
sity, hyperlipidemia, arteriosclerosis, diabetes mellitus, and
hypertension is complicated and the precise mechanisms
underlying their development have not yet been elucidated.
However, there is nowmuch evidence to suggest that specific
fatty acids have beneficial effects on human health which
could contribute to the prevention of many chronic diseases
in humans [1]. In particular, polyunsaturated fatty acids
(PUFAs), such as linoleic acid (18:2, n-6), 𝛼-linolenic acid
(LNA, 18:3, n-3), and arachidonic acid (20:4, n-6), are very
important for maintaining biofunctions in mammalians as
essential fatty acids [2]. Polyunsaturated fatty acids (PUFAs),
a group of fatty acids containing double bonds at omega-
3 position, including alpha-linolenic acid (ALA), eicosapen-
taenoic acid (EPA), and docosahexaenoic acid (DHA), have
many specialized health benefits. PUFAs are found to be
helpful in treating hypertension, Crohn’s disease, rheumatoid

arthritis, and asthma. Preview reported reducing the risk of
primary cardiac arrest and coronary artery disease and reduc-
ing serum triglycerides. Also, encouraging data supports a
role of omega-3 fatty acids in the prevention of breast and
lung cancer [3]. Recent evidence suggests that omega-3 fatty
acids may also have beneficial effects on mood disorders,
includingmajor depression and bipolar disorder, schizophre-
nia, and dementia, and reduce serum triglycerides [4].

As these essential fatty acids cannot be accumulated and
synthesized in the human body, they must be derived from
dietary sources. Current dietary sources of omega-3 PUFAs
(EPA and DHA) from animals include fatty fish species, such
as Herring, Mackerel, Sardine, and Salmon [5, 6]. The qual-
ity of the fish oil, however, is changing and depends on the
type of fish, seasonal time, and place of fishing. The applica-
tions of fish oil in foods, infant formulas, or pharmaceuticals
have some disadvantages because of their contamination by
environmental pollution such as heavy metal accumulation
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and regular fishy smell and unpleasant taste. Moreover, the
majority of the PUFAs in their body emerge from their food
though they had some capacity for de novo biosynthesis of
omega-3 fatty acids. The plant sources include green leaves
and a variety of vegetable oils like flax, hemp, rapeseed
(canola), soybean, and walnut, which are quite rich in alpha-
linolenic acid (ALA). The ALA is the “parent” fatty acid of
EPA and DHA and human body converts ALA rapidly into
EPA and more slowly into DHA [7]. However, since the
production building and downstream processing of oils from
plants and fishes are cost-effective and time-consuming, it is
likely that methods for the microbial production of oils are
more convenient and should be focused on in the near future.
Although marine algae and fungi are used in commercial
production, the difficulties in cultivation and adaptation of
marine microorganisms have changed the situation from
conventional marine sources into nonmarine microorgan-
isms. One such fungus, Mortierella, a member of the family
Mortierellaceae, is the most promising microorganism for
the industrial production of omega-6 or omega-3 PUFAs.
Major members of the genus include M. alliacea, M. alpina,
M. polycephala, M. elongata, and M. spinosa. One of the M.
alpina has gained importance due to its higher production of
lipids. Apart from being the major producer of arachidonic
acid, M. alpina also produces other PUFAs such as linolenic
acid (LA), gamma-linolenic acid (GLA), and dihomogamma-
linolenic acid (DGLA); EPA and DHA, in fewer amounts,
[8, 9] suggest that this fungus is a potential producer of many
biologically important PUFAs, both omega-3 and omega-6.
More enhancement of omega-3 fatty acid production by M.
alpina would be significant since they are playing a major
role in brain development and the prevention of depression-
related disorders. Hence the physiology of M. alpina can be
appropriately altered by several means, for example, induced
mutation, chemical inhibitors, stress conditions, cultural
changes, and so on, in order to enhance the biosynthesis of
omega-3 fatty acids (EPA and DHA) instead of omega-6 fatty
acids (GLA and AA). We report in this paper the production
of omega-3 fatty acids by Mortierella alpina CFR-GV15 by
specific cultural methods and their application in food and
therapeutic purpose.

2. Material and Method

2.1. Soil Sampling. Collection of saprophytic soil samples
from various locations in South India, mostly from Tamil
Nadu, Kerala, and Karnataka of the Western Ghats area, was
performed. Selectively untouched soil samples were collected
from the bottom of 5 to 10 cm, sealed in sterile sampling
polythene bags, and brought to the laboratory for further
analysis.

2.2. Screening and Isolation ofMortierella sp. The soil samples
were screened by spread plate techniques by the following
method. 10.0 gm of soil sample was suspended in 90mL
sterile saline water, serial 10-fold dilutions of that suspension
were made [10], and then 0.1mL of saline water from the
10
−2 dilution was spread evenly on the surface of MEA

(malt extract agar) medium. The plate was then incubated at

6∘C in a cellular refrigerator. After 8–12 days of incubation,
the selective fungal white colonies were transferred to fresh
potato dextrose agar and incubated at room temperature
(28∘C±1) for further purification.Then the absolute cultures
were identified, maintained on the PDA plate or slants at 4∘C,
and subcultured once every 2 months.

2.3. CulturalMethod andCultivation. M. alpina cultureswere
maintained on potato dextrose agar slants at 4∘C and sub-
cultured every 2 months [11]. The seed culture was prepared
in 50mL medium containing (g/L) glucose, 20; yeast extract,
10; the pH was adjusted to 6.0 and cultures were incubated
for 48 h at 28∘C.The fermentation medium composition was
as follows (g/L): starch, 20 g; yeast extract, 5 g; KNO

3
, 10 g;

KH
2
PO
4
, 1 g; and MgSO

4
, 0.5 g. The final pH was adjusted

to 6.5 and sterilized at 121∘C for 15min. The culture medium
was then incubated for 7 days at 20∘C temperature on a rotary
shaker at 230 rpm.

2.4. Dry Biomass Determination and Lipid Extraction. Har-
vest and extraction of lipids from biomass were performed
according to the procedure of Nisha et al. [11]. Biomass
production was determined by harvesting the cells by suction
filtration followed by drying at 55–60∘C overnight. The dry
biomass was ground to fine powder and packed into a
thimble, macerated with 0.1 N HCl for 20min. 1 g of fungal
dry powder was blendedwith 40mL of chloroform/methanol
(2 : 1), the mixtures were agitated for 20min in an orbital
shaker at 20∘Cand then filteredwithWhatmanpaper number
1, and 0.9% sodium chloride solution was added.The chloro-
form solvent containing total fatty acid then evaporated and
dried under N

2
vacuum.

2.5. Analytical Method

2.5.1. Methyl Ester Preparation and Fatty Acid Analysis. Fatty
acid methyl esters (FAME) were prepared as described
by Nisha and Venkateswaran [12] and were used for gas
chromatographic analysis. FAME was prepared by using
methanolic HCl in the ratio of 95 : 5 as the methylating agent
and 14% BF

3
. The derivatized lipids in the hexane layer were

evaporated under N
2
and dissolved in 1mL of benzene, and

any solids were removed by centrifuging at 10,000 (rpm)
for 2min. Lipids were analyzed by gas chromatography
(Shimadzu 2010 system, Japan) using RTX-2330 (fused silica)
30m capillary column of 0.25𝜇m internal diameter and
df (𝜇m) 0.20𝜇m. The column was operated at an initial
temperature of 160∘C–250∘C at the rate of 5∘C/min and was
to hold for 10min. The injector and detector temperature
were 240∘C and 250∘C, respectively. Carrier gas (nitrogen)
was supplied at a total flow rate of 50mL/min with a split
ratio of 20 : 0 and fatty acids were identified by comparison
with standards (Sigma).

2.6. Triphenyltetrazolium Chloride (TTC) Staining. The two-
day fresh mycelium of Mortierella fungus was harvested
by suction filtration, and the staining procedure was done
according to Zhu et al.’s [10] method with slight modification;
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1mL of 0.6% triphenyltetrazolium chloride (TTC) solution
in 0.5mol-1 phosphate buffer (pH 7.8) was added to 0.1 g of
fresh mycelia in a scrub cap tube and incubated in the dark
for one hour at room temperature. Mycelia were then rinsed
twice with sterile water and homogenized by mortal postal
grinding. Then the red triphenylformazan (TF) formed in
mycelia was extracted three timeswith 2mLof ethyl acetate at
room temperature using fresh solvent each time.The staining
level was quantified by measuring absorbance of TF in the
ethyl acetate solvent at 485 nm wavelengths.

2.7. Genomic DNA Extraction, Sequencing, and Data Analysis.
The total genomic DNA extraction was performed according
to the protocol followed by Michaelson et al. [13]. The total
DNA precipitation was concentrated with ethanol, dissolved,
and stored in TE buffer. A DNA segment containing the 3
end of 18S rRNA, internal transcribed spacer 1 (ITS1), 5.8S
rRNA, and internal transcribed spacer 4 (ITS4) and the 5
end of 28S rRNA was amplified by using a forward primer
ITS1 (5GGAAGTAAAAGTCGTAACAAGG) and a reverse
primer ITS4 (5TCCCCGCTTATTGATATGC) [14]. DNA
amplification by PCR was performed in a total volume of
50𝜇L. The PCR conditions were followed by the Ho et al.
[9] method with slight modification by using ITS1 and ITS4
primer, with initial denaturation at 94∘C for 5min followed
by 30 cycles at 94∘C for 45 s, 57∘C for 45 s, and 72∘C for
1min and a final extension at 72∘C for 5min. After the
amplified products were separated on electrophoresis using
0.8% agarose gel and detected by staining with ethidium
bromide, all PCR products were amplified from strains of
M. horticola CFR-GV10, M. exigus CFR-GV11, M. elongata
CFR-GV12, Mortierella sp. CFR-GV13, Mortierella sp. CFR-
GV14, M. alpina CFR-GV15, M. alpina CFR-GVM15, M.
elongata CFR-GV16, M. elongata CFR-GV17, M. elongata
CFR-GV18, andM. elongata CFR GV19 and standard culture
of M. alpina CBS 528.72 and M. alpina 6344 genomic DNA
showed only one band. The PCR products were purified
by using Qiagen and DNA Gel Band Purification Kit fol-
lowing the instructions of the manufacturer (Qiagen Bio-
sciences, Germany). The final amplified PCR products were
then sequenced by automatic sequencer (Chromos Biotech,
Bangalore, India). The standard culture and sequences of
M. alpina CBS 528.72, M. alpina MTCC 6344, recently
isolated Mortierella sp., M. horticola CFR-GV10, M. exigus
CFR-GV11, M. elongata CFR-GV12, Mortierella sp. CFR-
GV13, Mortierella sp. CFR-GV14, M. alpina CFR-GV15, M.
alpina CFR-GVM15, M. elongata CFR-GV16, M. elongata
CFR-GV17, M. elongata CFR-GV18, and M. elongata CFR
GV19 were submitted to GenBank, with accession num-
bers KF743701, KF743702, KF743703, KF798172, KF798173,
KF561137, KF683921, KF568909, KF679986, and KF679987,
respectively. Standard sequence was obtained by GenBank.
The sequences were aligned by using the phylogeny tree
program [15], and the alignment was corrected manually.
A character’s matrix was calculated by the program of
phylogeny tree.

2.8. Statistical Analysis. Data obtained from three indepen-
dent analyses was expressed as mean (3SD). Experimental

Table 1: Collection of saprophytic soil samples from the different
species ofMortierella growing in theWestern Ghats regions of Tamil
Nadu, Kerala, and Karnataka.The total cultivable fungi and the total
specific species ofMortierella (state-wise).

S1
number Place of collection

Number
of soil
samples

Total
number
of fungi

Total
Mortierella
species

1 Mysore
Bandipur wild forest 02 20 0

2
Tamil Nadu
Mudumalai wild
forest 20 15 02

Nilambur-Gudalur
road 12 20 08

3

Kerala
Nilambur road 04 15 04
Vazhikkadavu 03 12 04
Karimpuzha bridge 03 08 02
Payyavoor road 02 11 0
Chemperi road 02 16 0

4

Karnataka
Sullia 03 15 02
Puttur 03 14 03
Ujere 04 10 03
Dharmasthala 02 5 0
Subramanya 01 14 0
W.G∗1-W.G7 16 34 1
W.G8 03 35 0
W.G10 03 25 02
W.G11 03 26 02
W.G12 03 38 05
W.G13 04 34 0
Sakleshpur 04 12 0
Total 67 379 37

W.G∗: Western Ghats.

data was subjected to analysis of variance and Duncan’s
multiple range test (𝑃 ≤ 0.05) using the Statistical Analysis
System [16].

3. Results and Discussion

Sixty-seven soil (Table 1) samples have been screened on
MEA medium for isolation ofMortierella sp. for the produc-
tion of omega-3 fatty acids. After the incubation period of 8–
12 days at low temperature, a few white colonies were grown
and these white colonies were microscopically observed for
their morphological identity (Figures 1 and 2) and further
confirmed with fluorescence microscope (Figures 3 and 4).
Nile red staining had helped the presence of oil or lipid
globules and was further observed under scanning electron
microscope (SEM) for their confirmation.The morphologies
of mycelial structure and sporangiophores of all the isolates
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Figure 1:Mortierella sp. from soil source of roselle petal growth on
PDA plate.

Figure 2: Selective isolatedM. alpina CFR-GV15.

Figure 3: Light microscopy image ofM. alpina CFR-GV15 mycelia.

were compared with the standard culture obtained from
M. alpina MTCC 6344 and M. alpina CBS 528.72 cultures.
Most of the features were in compliance with the standard
cultures. This initial screening confirmed that most of the
white colonies grown on the MEA medium wereMortierella
sp. [17, 18]. It was also observed that all the sporangiophores
were unbranched structure measuring the length between
20 and 120 𝜇m with an irregular and wide swollen base. At
this stage, though all the isolated sporangiophores were very
much in concomitance with Mortierella alpina, they were
placed Mortierella sp. [9, 19]. Later on, 18S rRNA sequence
was also compared with MTCC and CBS standard cultures.

Different growth temperatures play an important role in
the formation of roselle petal growth pattern on the growth
agar media. Initially a loop of inoculums was placed in the

Figure 4: Nile red staining of M. alpina CFR-GV15 under fluores-
cence microscope.

Figure 5: Mycelial hyphae of M. alpina CFR-GV15 under SEM
image.

middle of agar culture plate and incubated at 19∘C for 5–
7 days. While colonial growth was observed on PDA plate,
later on these plates were incubated at 28∘C for another 3-
4 days. Vigorous growth was observed on PDA plate and
roselle petal clearly formed in the plate (Figures 1 and 2).
More carbon and low nitrogen content in the medium play
a vital role in the formation of roselle petal in the PDA
plate. All Mortierella sp. were saprophytic and proteolytic in
nature, and they grew faster on the nutrient-rich medium
compared to the other fungi, Mucor sp. and Pythium sp.
Milky white with cotton colonies with pure white or milky
growth, in morphological structure similar to Mortierella
sp. (standard culture) were tentatively identified as per the
fungi manual and were taken further for 18S rRNA sequence
studies. Septate coenocytic mycelium, swollen sporangio-
phores, and morphological characters similar to Mortierella
sp. were observed in our study (Figures 5 and 6). All the
morphological characters were additionally compared with
standard culture and the Gilman manual [17]. Based on the
above observations, 11 species of Mortierella were selected
and named as CFR-GV11 to CFR-GV19. In these selective
isolates M. alpina CFR-GV15 was screened and stained with
TTC to measure the relation between staining degree and
lipid content, especially with omega-6 and omega-3 fatty
acid. The results were presented in Table 2. Staining degree
was found maximum in M. alpina CFR-GV15 observed as
1.541 at 458 nm. Total lipid in mycelial structure and higher
AA increased during the course of production time. The
reduction of TTC [10, 20] is mostly used as a biochemical
marker for the viability of living cells. It is generally thought
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Table 2: Biomass production and lipid content of 11 isolates ofMortierella sp. after 7 days of cultivation.

Fungal isolates Strains identified Genebank accession number Staining degree
(A485 nm) Dry biomass (g/L) Total lipid

content (%)
MV1 Mortierella horticola CFR-GV10 KF743701 0.812 ± 0.66e 8.52 ± 0.30c 34.60 ± 5.10c

M08 Mortierella exigus CFR-GV11 KF743702 0.761 ± 0.00c 8.24 ± 2.30c 39.00 ± 3.60ab

2aS2 Mortierella elongata CFR-GV12 KF743703 0.528 ± 0.04h 7.85 ± 0.01d 38.70 ± 0.20b

M01 Mortierella sp. CFR-GV13 KF798172 0.706 ± 0.03f 5.83 ± 4.05 g 41.02 ± 0.80a

S2 Mortierella sp. CFR-GV14 KF798173 0.936 ± 0.35c 6.37 ± 0.60f 38.89 ± 0.70b

M05 Mortierella alpina CFR-GV15 KF561137 1.541 ± 0.02a 10.82 ± 1.9a 39.05 ± 0.40ab

M06 Mortierella alpina CFR-GVM15 KF683921 1.099 ± 0.04b 7.85 ± 0.80d 40.00 ± 2.30a

M02 Mortierella elongata CFR-GV16 KF561138 0.641 ± 0.21g 8.42 ± 3.01c 37.90 ± 0.54bc

M27 Mortierella elongata CFR-GV17 KF568908 0.683 ± 0.25g 9.02 ± 1.10b 28.98 ± 0.40e

M07 Mortierella elongata CFR-GV18 KF679986 0.941 ± 0.45c 8.45 ± 0.20c 35.62 ± 0.12c

M21 Mortierella elongata CFR-GV19 KF679987 0.329 ± 0.14i 7.42 ± 4.02de 38.36 ± 0.71bc

MA1 Mortierella alpinaMTCC 6344 KC018186 0.688 ± 0.58g 4.30 ± 0.20i 29.07 ± 0.50e

MA2 Mortierella alpina CBS 528.72 AJ271629 0.845 ± 0.41d 6.52 ± 5.08f 37.42 ± 0.20bc

Culture conditions: starch-yeast extract medium; pH: 6.5 and incubated at 20∘C; carbon source: 2% starch, 0.5% yeast extract; 1% KNO3; 0.1% KH2PO4 and
MgSO4⋅7H2O0.05%; 230 rpm; cultivation period: 7-day values ofmeans± SD, n-3. Values in the same column that do not share the same alphabetic superscripts
are significantly different at 𝑃 ≤ 0.05 levels according to Duncan’s multiple range test.

Figure 6: Sporangiospores of M. alpina CFR-GV15 under SEM
image.

that TTC is reduced by dehydrogenases and it is absorbed by
living cells [20], where it reacts with hydrogen atoms released
by the dehydrogenase enzymes during cellular respiration
[21]. Although there are many dehydrogenases in fungi,
only AA-producing fungus M. alpina could be stained red.
Similarly positive strain of M. alpina CFR-GV15 observed
maximum amount as 1.541 at 458 nm spectrophotometrically.
Mucor which is not producing AA could not be stained
red, and this indicated that the enzyme dehydrogenase is
specific for Mortierella sp. and not for Mucor. The fatty acid
profiles of all 11 selective isolates of Mortierella species and
two M. alpina MTCC and CBS standard strains are shown
(Table 3). M. alpina CFR-GV15, the total fatty acid content
significantly increased maximum of 53.86% AA, 4.87% EPA,
and 3.94% DHA whereas the standard culture MTCC 6344
accumulated less amount of total fatty acid content 38.69%
AA, 2.65% EPA, and 2.45% DHA. Similarly M. alpina CFR-
GV15, M. alpina CFR-GVM15, and M. horticola CFR-GV10
had a higher content of AA, EPA, and DHA. However, M.
elongataCFR-GV16 and CFR-GV17 andM. exigusCFR-GV11
had low yield. A few of our isolates had very negligible

amount of these fatty acids. Therefore, M. alpina CFR-GV15
was chosen for further study.

3.1. Molecular Identification and Phylogenic Tree Prediction of
Mortierella sp. The 11 selective isolates ofMortierella sp. were
sequenced and sent to NCBI GenBank. Accession numbers
have been shown in Table 2. A total of 37 isolated DNA were
amplified with 18S-28S ribosomal gene internal transcribed
spacer (ITS1-rDNA-ITS4 DNA) regions of Mortierella sp.
from three different locations (Western Ghats of Tamil Nadu,
Kerala, and Karnataka, India), sequenced, and investigated.
Out of the 11 selective Mortierella sp., three closely related
species (M. alpina, M. horticola, and M. exigus) showed
the most similar sequence identity, were isolated from the
Western Ghats of Karnataka soil sample compared to the
Western Ghats of Tamil Nadu, and were found to have
the highest nucleotide diversities. Omega-6 and omega-
3 fatty acid production by different strains of Mortierella
sp. (M. alpina, Mortierella elongata, Mortierella horticola,
and Mortierella exigus) were detected. One of the isolates,
Mortierella alpina CFR-GV15, was found to be producing the
highest amount of omega-6 and omega-3 fatty acids (AA,
EPA, and DHA). Molecular characterization of M. alpina
CFR-GV15 was carried out for taxonomic identifications
using 18S rRNA gene sequences.The genomicDNA extracted
fromM. alpina CFR-GV15 by a modified method was found
to be of good quality (Figure 7). The rRNA gene amplicon
obtained by PCR was 614 bps as expected (Figure 7) and
was subjected to sequencing. The gene sequence of the PCR
product obtained represents part of the 18S rRNA, ITS1, 5.8S
rRNA, ITS4, and 28S rRNA regions. On BLAST analysis,M.
alpina CFR-GV15 exhibited 76% homology with M. alpina
CBS 528.72 (accession number AJ271629). M. alpina CFR-
GV15 was further confirmed as a new strain of M. alpina
throughmolecular phylogenetic analysis. It was subsequently
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Table 4: Effect of temperature on enhancement of biomass, total lipid, and EPA and DHA production byM.alpina CFR-GV15.

Temperature Dry biomass g/L Total lipid % w/w ARA content % EPA content % DHA content %
20∘C for 4 days and 12∘C for 5 days∗ 11.82 ± 0.21a 42.01 ± 0.25b 23.56 ± 0.81e 6.79 ± 0.41a 4.09 ± 0.40b

12∘C 8.41 ± 0.10d 38.34 ± 0.11d 30.54 ± 0.52d 5.90 ± 0.01b 4.50 ± 0.56a

15∘C 9.80 ± 0.25c 40.20 ± 0.25c 47.20 ± 0.85c 4.21 ± 0.49d 4.20 ± 0.72a

20∘C 10.45 ± 0.52b 41.89 ± 0.52b 53.70 ± 0.07b 4.80 ± 0.14c 3.92 ± 0.45c

28∘C 10.86 ± 0.22b 44.25 ± 0.78a 56.82 ± 0.24a 3.46 ± 0.75d 4.30 ± 0.90a

Culture conditions: starch-yeast extract medium; pH: 6.5; carbon source: 2% starch, 0.5% yeast extract; 1% KNO3; 0.1% KH2PO4 and MgSO4⋅7H2O 0.05%;
230 rpm; cultivation period: 7-day values of means ± SD, n-3. ∗Cultivation period: 9-day values of means ± SD, n-3. Values in the same column that do not
share the same alphabetic superscripts are significantly different at 𝑃 ≤ 0.05 levels according to Duncan’s multiple range tests.

DNA ladder: 100 bp to 5kb marker
Lane 1: CFR-GV10;594bp
Lane 2: CFR-GV11;577bp
Lane 3: CFR-GV12;581bp
Lane 4: CFR-GV13;597bp
Lane 5: CFR-GV14;571bp
Lane 6: CFR-GV15;614bp
Lane 7: CFR-GVM15; 624bp
Lane 8: CFR-GV16; 573bp
Lane 9: CFR-GV17; 584bp

Figure 7: 18S rRNA, ITS1 and ITS4 primer, and selective PCR
amplified products.
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Figure 8: Neighbor-joining phylogenetic analyses of putative iso-
lated PUFAs producingMortierella sp.

subjected to DNA sequencing and BLAST analysis. The
phylogenetic tree of ITS amplified sequence generated by
phylogenic.org [15] showed that M. alpina CFR-GV15 was
clustered withMortierella sp. (Figure 8).

3.2. Effect of Temperature and Enhanced Production of Omega-
3 Fatty Acids. The cultivation temperature is one of the
most important environmental factors affecting the growth
ofmicroorganisms and causing changes inmany biosynthetic
pathways. In the present study, profuse growth of M. alpina
CFR-GV15 was observed at a temperature ranging from
12∘C to 28∘C with enhanced lipid production (Table 4).

The cultivation temperature had a statistically significant
difference and was selected based on temperature enhancing
the omega-3 fatty acid production in the strain investigated.
A significant difference (𝑃 ≤ 0.05) in higher amount of
total biomass 8.41 g/L, total lipid 38.43%, and ARA, EPA,
and DHA 30.54%, 5.90%, 4.50%, respectively, obtained at
12∘C, whereas significant increase of biomass (11.05 g/L), total
lipid (42%), EPA (6.79%), and DHA (4.09%) were obtained
first time at 20∘C for 4 days and 12∘C in 5 days. A study
indicated that, at a lower temperature, the fungus produced
more eicosapentaenoic acid [18, 19].M. alpina 1S-4 produces
EPA (approximately 10% of total fatty acids) below the growth
temperature of 20∘C through n-3 fatty acid pathway and
direct𝜔-3 desaturation of AA [22].The strain produced levels
of EPA of more than 0.3 g/L at 12∘C. The strain exhibits
higher EPA production on the addition of 𝛼-linolenic acid
(18:3n𝜔-3) containing oils, such as linseed oil, to themedium
[23]. By using a Δ12 desaturase-defective mutant, Mut48,
derived from M. alpina 1S-4, an EPA-rich oil with a low
level of AA was obtained. Like the wild-type strain, Mut48
converted exogenous ALA to EPA [24]. The amount of EPA
accumulated reached 1.88 g/L (66.6mg/g dry mycelia) on
cultivation of M. alpina 1S-4 with 3% linseed oil at 12∘C [25]
and, in another report, basal medium was 2.0% of soluble
starch and 1.0% of linseed oil as carbon source at initial pH
6.0 and incubated at 20∘C for 7 days [26], with the yield of
EPA 3.56% and DHA 0.18%. This result can be attributed
to the proposed adaptive role of PUFAs in membrane
stabilization under stress conditions of low temperatures.
PUFAs including ARA, EPA, and DHA may play a vital
role in the regulation of membrane fluidity in this organism,
thereby compensating for the decreased functionality of the
biomembranes under cold stress conditions. The regulation
of fatty acid saturation by desaturase enzymes is known
as homeoviscous adaptation, wherein the organism adjusts
the membrane fluidity to maintain the optimal function of
biological membranes. Another possible explanation is that,
at a lower temperature, more dissolved oxygen is available in
the culture medium for desaturase enzymes that are oxygen
dependent [27], thereby resulting in production of more
unsaturated fatty acids.

3.3. Production and Enhancement of Fatty Acid Content of M.
alpinaCFR-GV15 at 7- and 9-DayCultivation. Thechanges of
fatty acid content ofM. alpinaCFR-GV15 in 7-day cultivation
are shown in Figure 9. From days 1 to 11, in contrast, the
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Figure 9: Growth curve of M. alpina CFR-GV15 in starch-yeast
extract medium.

content of AA in cell dry weight increased from 5.2% to
53.25% from days 1 to 7. High contents of OA and AA
further implicated that the starch and potassium nitrate (of
which 25% is OA and 58% is AA) [28] were absorbed by M.
alpinaCFR-GV15 at the beginning of cultivation. In addition,
the correlation coefficients between contents of C18:1 and
AA suggest that there were enzymatic conversions of OA
and LA to AA in the fungus M. alpina CFR-GV15 during
fermentation. In the M. alpina PUFA enzymatic process,
OA is first converted to LA by Δ12 desaturations, which is
then converted to GLA (C18:3, n-6) by 𝜔-6 desaturation.
Two carbon atoms are then added to the GLA by 𝜔-6
specific elongation to form DGLA (C20:3, n-6) which is
ultimately converted to AA by 𝜔-5 desaturation [8]. The
PUFAs content of DGLA, AA, EPA, and DHA in cell dry
weight, the significant differences (𝑃 ≤ 0.05) increased
from days 4 to 7 (from 2.75% to 3.78%, from 29% to 53%,
from 2.4% to 4.7%, and from 1.84% to 3.8%, resp.). In the
stress condition, 2% starch and 0.5% yeast extract and the
temperature at 12∘C 4 days and 20∘C 5 day with the cold
adaptation stress conditionM. alpina CFR-GV15 and further
activation ofΔ17 desaturase converted DGLA to ETA andAA
to EPA and further DHA accumulation (data not shown).
Previous studies [29, 30] showed that arachidonic acid (Ara)
fungi belonging to genusMortierella accumulate EPA in their
mycelia when grown in the usual media containing glucose
as the major carbon source at low temperature of 6∘C–20∘C.
This phenomenon is probably due to activation of methyl-
end-directed desaturation Δ17-desaturation of Ara, formed
through n-6 fatty acid route, to EPA at low temperature
[31]. Particularly at 20∘C temperature, AA accumulations are
stimulated in Mortierella [8]. In lower temperature of 5∘C,
a temperature-sensitive Δ17 desaturase is activated which
catalyses the formation of eicosapentaenoic acid [20:5 (𝜔-
3)] from 20:4 (𝜔-6) [32]. All significant PUFAs producers
(LA, GLA, DGLA, AA, EPA, and DHA) are valuable fatty
acids and are beneficial to human health, suggesting that
the PUFA-rich oil produced by M. alpina CFR-GV15 would

have high potential in food and therapeutical application.
Together with the amount of fatty acid unsaturation changes,
these findings suggested that the fatty acid compositions were
tightly regulated in the fungus during different phases of
cultivation.

4. Conclusion

In conclusion, 37 strains and 11 selective native isolates
of Mortierella sp. were isolated from soil of the Western
Ghats of India and were shown to be a potential PUFA
producer including a higher amount of AA producers. In the
cultivation media, temperature had a statistically significant
difference in biomass and omega-3 fatty acid production
in the selective strain, and the significantly highest PUFA-
containing strain in this study was identified as M. alpina
CFR-GV15, which was also confirmed as a new strain
of Mortierella through the ITS region. It is suitable for
distinguishing Mortierella species identification and other
closely related species for comparison. M. alpina CFR-GV15
produced the highest levels of biomass and lipid content at
stationary phase (day 7 and day 9), whereas fatty acid contents
were continuously changed during cultivation. This study
would also contribute to the improvement and supplement
of some additional nutrient for the PUFA production and
add to our understanding of fatty acid metabolism in this
fungusM. alpina. Nowadays, renewable sources of EPA from
algae, yeast, fungi, and other microorganisms are available.
Microorganism-based processes seem to be reliable and eco-
nomically attractive source of omega-3 fatty acid especially
EPA andDHAand can provide an efficient way for large-scale
production.
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Plantagoside (5,7,4,5-tetrahydroxyflavanone-3-O-glucoside) and its aglycone (5,7,3,4,5-pentahydroxyflavanone), isolated from
a 50% ethanol extract of Plantago major seeds (Plantaginaceae), were established to be potent inhibitors of the Maillard reaction.
These compounds also inhibited the formation of advanced glycation end products in proteins in physiological conditions and
inhibited protein cross-linking glycation. These results indicate that P. major seeds have potential therapeutic applications in the
prevention of diabetic complications.

1. Introduction

Nonenzymatic protein glycation in the body leads to vascular
and renal complications of diabetes [1]. Diabetic patients
tend to accumulate glycated proteins in their body tissues
because their blood glucose concentration is higher than that
in healthy individuals. The initial chemical modification step
is the reaction between the free amino group of proteins and
carbonyl group of glucose, which leads to the formation of
fructosamines via Schiff bases, followed by the Amadori rear-
rangement. The fructosamines are successively oxidized, de-
hydrated, and condensed to form cross-linked proteins and
eventually advanced glycation end products (AGEs). Some
AGEs have been isolated, and their structures have been
elucidated (e.g., pyrraline [2],𝑁e𝜀-(carboxymethyl)lysine [3],
pentosidine [4], 2-(2-furoyl)-4(5)-(2-furanyl)-1H-imidazole
[5], and crossline [6]).

Various attempts have been made to identify effective
glycation inhibitors. Aminoguanidine has the capacity to pre-
vent the diabetes-induced formation of AGEs, including the
inhibition of protein cross-linking [7]. Aspirin [8] as well as
vitamin B

6
[9], taurine [10], quercetin [11], and other natural

inhibitors have also been reported. To identify effective gly-
cation inhibitors, we devised an improved screening system,
which was reported in a previous study [12]. In the present
report, we describe the screening results and the differ-
ences in the inhibitory mechanisms of plantagoside and ami-
noguanidine.

2. Materials and Methods

2.1. Materials. Plantago major seeds were purchased from
Ichimaru Pharcos Co., Ltd. (Gifu Japan). Plantagoside

Hindawi Publishing Corporation
BioMed Research International
Volume 2014, Article ID 208539, 5 pages
http://dx.doi.org/10.1155/2014/208539

http://dx.doi.org/10.1155/2014/208539


2 BioMed Research International

(5,7,4,5-tetrahydroxyflavanone-3-O-glucoside) (1) and its
aglycone (5,7,3,4,5-pentahydroxyflavanone) (2) were iso-
lated from a 50% ethanol extract of P. major seeds (Plan-
taginaceae). 5,7-Dihydroxy-3,4,5-trimethoxyflavone (3),
myricetin (5,7,3,4,5-pentahydroxyflavonol) (6), and dihy-
dromyricetin (5,7,3,4,5-pentahydroxyflavanonol) (7) were
purchased from Funakoshi Co., Ltd. (Japan). Aminoguan-
idine hydrochloride, N-𝛼-acetyl-lysine, and N-𝛼-acetyl-ar-
ginine were purchased from Sigma-Aldrich (USA). Cell-ma-
trix type I-C collagen was purchased from Asahi Techno
Glass (Japan). All the other chemicals were purchased from
Nakarai Tesque, Inc. (Japan).

2.2. Evaluation of Glycation

2.2.1. Fluorometric Analysis. Our improvedMaillard reaction
inhibitor screening systemwas used for bioassay-guided frac-
tionation and for isolating active compounds in the present
study [12]. In brief, a reaction mixture (500𝜇L) was prepared
in a plastic tube (1.5mL) that comprised bovine serum
albumin (BSA) (400𝜇g) and glucose (200mM),with/without
an inhibitor or plant extract (10𝜇L), in 50mM phosphate
buffer, pH 7.4. The reaction mixture was heated at 60∘C on
a heating block for 30 h. The blank sample and the unre-
acted solution without an inhibitor or plant extract were
maintained at 4∘C until measurement. After cooling, an
aliquot (100𝜇L)was transferred to a newplastic tube (1.5mL),
and 100%w/v trichloroacetic acid (TCA) (10𝜇L)was added to
each tube.The supernatant containing glucose, inhibitor, and
interfering substances was discarded after agitation and cen-
trifugation (15,000 rpm, 4∘C, 4min).The precipitate contain-
ing AGEs-BSA was then dissolved in alkaline PBS (400 𝜇L).
Alkaline PBS contained NaCl (137mM), Na

2
HPO
4
(8.1mM),

KCl (2.68mM), and KH
2
PO
4
(1.47mM) and was adjusted

to pH 10 with 0.25NNaOH. The fluorescence intensity (ex.
360 nm, em. 460 nm) related to AGEs-protein was measured
using a Cytofluor II fluorescence multiwell plate reader
(PersSeptive Biosystems, USA). The true inhibition activity
was estimated by subtracting the quenching effect from the
apparent inhibitory activity. The apparent inhibitory activ-
ity was calculated using the method described above. The
quenching effect was measured using the same sample dis-
solved in alkaline PBS after TCA treatment of themixed plant
extract solution (2 and 100 𝜇L) after incubating the control
solution for 30 h without the inhibitor or plant extract. The
Maillard reaction was performed for 96 h without TCA pre-
cipitation using N-𝛼-acetyl-lysine or N-𝛼-acetyl-arginine in-
stead of BSA as the substrate.

2.2.2. Protein Cross-Linking. The reaction mixtures (1mL
each), containing lysozyme (5.0mg) and ribose (20mM),
were prepared in phosphate buffer (100mM, pH 7.4). Each
reaction mixture was sterile filtered into a plastic tube and
placed in an incubator at 37∘C for 1 week. Sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was
performed according to the method described by Laemmli
[13]. Aliquots (10 𝜇L each) of the reaction mixtures were
heated at 95∘C with a buffer (2𝜇L) containing 4% SDS,

10% 𝛽-mercaptomethanol, 20% glycerol, 0.2M glycine, and
1% methylene blue in 0.5MTris buffer (pH 6.7). After
electrophoresis, the gel was stained with Coomassie Brilliant
Blue (CBB), destained, and dried.

2.3. Purification and Structural Determination of Plantago-
side and 5,7,3,4,5-Pentahydroxyflavanone. P. major seeds
(213 g) were extracted with 50% ethanol (2.2 L) for 1 week
at room temperature. A crude extract (7.6 g) was obtained
by concentration in vacuo and was suspended in H

2
O (1 L)

before the solution was extracted with chloroform (1 L). The
aqueous layer was further extracted with ethylacetate (2 L).
The resulting extracts were concentrated to produce a crude
oil (0.64 g), which was subjected to reversed-phase high-
performance liquid chromatography (HPLC). The HPLC
conditions were as follows: flow rate: 4.6mL/min; detec-
tor: UV 210 nm; solvent: methanol: H

2
O (30 : 70); column

oven temperature: 40∘C; and column: Mightysil RP-18, 10 ×
250mm. Two active fractions (fractions 1 and 2) were ob-
tained. Further purification of the active fractions using
HPLC yielded plantagoside (1) (148mg) and 5,7,3,4,5-pan-
tahydroxyflavanone (2) (23mg).

Plantagoside (1): negative-ion FAB-MSm/z: 465 [M-H]+;
1H-NMR (400MHz, DMSO-d

6
+ D
2
O) 𝛿: 2.70 (1H, dd, 𝐽 =

17 and 3Hz, H-3), 3.07 (1H, dd, 𝐽 = 17 and 12Hz, H-3), 4.64
(1H, d, 𝐽 = 8Hz, H-1 of glucose), 5.32 (1H, dd, 𝐽 = 12 and
3Hz, H-2), 5.81 (1H, d, 𝐽 = 2Hz, H-6), 5.82 (1H, d, 𝐽 = 2Hz,
H-8), 6.56 (1H, d, 𝐽 = 2Hz, H-6), 6.70 (1H, d, 𝐽 = 2Hz,
H-2); 13C-NMR (100MHz, DMSO-d

6
+ D
2
O) 𝛿: 41.9 (C-3),

60.7 (glc-6), 69.8 (glc-4), 73.3 (glc-2), 75.9 (glc-5), 77.1 (glc-3),
78.4 (C-2), 95.0 (C-8), 95.8 (C-6), 101.7 (C-10), 102.4 (glc-1),
106.4 (C-6), 109.2 (C-2), 128.6 (C-1), 135.2 (C-4), 145.7 (C-
3), 145.8 (C-5), 162.8 (C-9), 163.4 (C-5), 166.7 (C-7), 196.1
(C-4).

5,7,3,4,5-Pentahydroxyflavanone (2): negative-ion FAB-
MSm/z: 303 [M-H]+; 1H-NMR(400MHz,DMSO-d

6
)𝛿: 2.70

(1H, dd, 𝐽 = 17 and 3Hz, H-3), 3.07 (1H, dd, 𝐽 = 17 and 12Hz,
H-3), 5.32 (1H, dd, 𝐽 = 12 and 3Hz, H-2), 5.81 (1H, d, 𝐽 =
2Hz, H-6), 5.82 (1H, d, 𝐽 = 2Hz, H-8), 6.56 (2H, s, H-2 and
6).

2.4. Synthesis of 5,7,3,4,5-Pentahydroxyflavone (4). 5,7-Di-
hydroxy-3,4,5-trimethoxyflavone (3; 15mg) was added to
AlCl
3
(8 g) and NaCl (1.4 g) and melted by heating at 180∘C.

After 10min, the reaction mixture was cooled and dissolved
in 2NHCl, and 3 (2mg) was extracted with ethylacetate. 1H-
NMR (400MHz, acetone-d

6
) 𝛿: 6.20 (1H, s, H-3), 6.46 (2H,

brs, H-6, 8), 7.10 (2H, s, H-2, 6), 12.98 (1H, brs, C
5
-OH).

3. Results and Discussion

We examined 200 natural plant extracts to determine their
inhibitory effects on the Maillard reaction and obtained sat-
isfactory results with an extract of P. major seeds. The active
compounds were characterized as plantagoside (1) and its
aglycone (2) after analyzing the FAB-MS, 1H-NMR, and 13C-
NMR spectral data (Figure 1). Flavanones 1 and 2 were first
isolated from P. asiatica var. japonica [14] and Helichrysum



BioMed Research International 3

O

O

HO
OR

OH

OH

OH

1:

2:

R

H

glucose

(a)

HO

OH

O

O

glucose
H H

H

OR1

OR2

OR2

CH3 CH33:
4:
5:

R1 R2

(b)

HO

OH

OH

OH

OH

OH

O

O

6

(c)

HO

OH

OH

OH

OH

OH

O

O
7

(d)

Figure 1:The structures of the flavonoids that inhibited glycation. 1: Plantagoside (R= glucose),2: 5,7,3,4,5-pentahydroxyflavanone (R=H),3:
5,7-dihydroxy-3,4,5-trimethoxyflavone (R1 =R2 =CH

3
), 4: 5,7,3,4,5-pentahydroxyflavone (R1 =R2 =H), 5: 5,7,4,5-tetrahydroxyflavone-

3-O-glucoside (R1 = glucose, R2 = H), 6: myricetin, and 7: dihydromyricetin.

bracteatum [15]. 𝛼-Mannosidase inhibitory activity has also
been reported for 1 [16]. The Maillard reaction inhibitory ac-
tivities of 1 (IC

50
, 1.2 𝜇M) and 2 (IC

50
, 18.0 𝜇M) were approx-

imately 83- and 5.5-times stronger, respectively, than that of
aminoguanidine (IC

50
, 100 𝜇M), which was used as a known

Maillard reaction inhibitor [17] in our established assay sys-
tem [12]. It has been reported that some natural flavonoids,
that is, baicalin, baicalein [17], quercetin [11], and maritimein
[18], inhibit the Maillard reaction, and these compounds also
showed inhibitory activities when our assay system was used
(baicalin (IC

50
, 25.0 𝜇M), baicalein (IC

50
> 100 𝜇M), quer-

cetin (IC
50
, 1.4 𝜇M), and maritimein (IC

50
, 10.0 𝜇M)). These

results indicated that 1 had the highest inhibitory activity
among the known isolated natural products.

To clarify the inhibitory activities of 1 and 2 in physio-
logical conditions, collagen, one of the major proteins in the
human body, was used as a substrate instead of BSA. The in-
cubation temperature was changed to 37∘C from 60∘C. The
inhibitory activities (IC

50
) were 14 𝜇M for 1, 42 𝜇M for 2, and

2500 𝜇M for aminoguanidine. The inhibitory activity of each
compound was 2–25-times lower than that obtained using
the original conditions. When BSA was used as the substrate

and the reaction temperature was high, the rank order of the
inhibitory activity of each compound remained unchanged.
These results demonstrated that our improved Maillard reac-
tion inhibitor screening method is very useful for bioassay-
guided isolation of effective compounds and evaluation of
the inhibitory activities of such compounds. Plantagosidewas
identified using this assay, and it was found to inhibit the for-
mation of AGEs in physiological conditions at a lower con-
centration.

For evaluating the inhibitory activity of plantagoside
against glycation-dependent cross-link formation, each in-
hibitor, that is, plantagoside and aminoguanidine, which in-
hibit cross-link formation by linking with the carbonyl
groups of Amadori products [7], or NaCNBH

3
, which in-

hibits by reducing Amadori products to a secondary amine
[19], was incubated at 37∘Cwith lysozyme and ribose in phos-
phate buffer. Figure 2 presents the effects of plantagoside
against glycation-dependent cross-link formation. A dimer
of lysozyme (ca. 29 kDa) was clearly observed after 1 week
(lane 1). It was found that 100mM aminoguanidine (lane 2)
and 100mMNaCNBH

3
(lane 3) inhibited the dimerization

of lysozyme, while 12.5–200 𝜇M plantagoside also caused
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Figure 2: Inhibition of cross-ink formation by plantagoside (1). This assay was performed at pH 7.4 in phosphate buffer, which contained
20mM ribose, 5mg/mL lysozyme, 100mM of aminoguanidine or NaCNBH

3
, or the indicated concentration of plantagoside dissolved in

dimethylsulfoxide, for 1 week at 37∘C. Each sample was then subjected to 17.5% SDS-PAGE and stained with Coomassie Brilliant Blue. DMSO:
dimethylsulfoxide containing no inhibitor; AG: aminoguanidine.

inhibition in a concentration-dependent manner (lanes 4–
8). The results showed that plantagoside can inhibit the
formation of protein-protein cross-links via glycation and the
formation of AGEs in proteins.

To investigate the change in the inhibitory activity due to
the formation of AGEs by plantagoside with different types
of amino acids as the substrate, we performed assays using
either N-𝛼-acetyllysine or N-𝛼-acetylarginine. Plantagoside
with N-𝛼-acetyllysine and N-𝛼-acetylarginine as the sub-
strate possessed 46% and 73% inhibitory activities, respec-
tively, (Δ, 27%) at a concentration of 25 𝜇M and strongly in-
hibited the formation of AGEs with N-𝛼-acetylarginine (Fig-
ure 3). In contrast, aminoguanidine possessed 91% and 80%
of the inhibitory activities (Δ, 11%) at a concentration of
10 𝜇M, while there was no major selectivity of the inhibitory
activity. These results indicate that the inhibitory mechanism
employed by plantagoside differed from that employed by
aminoguanidine.

To develop a more effective inhibitor, we investigated the
relationship between the skeletal structures of the aglycones
of plantagoside (flavone, 4; flavonol, 6; flavanone, 2; and
flavanonol, 7; Figure 1) and their inhibitory activity. The re-
sults showed that the order of the inhibitory activity of the
compounds (highest first) was 5,7,3,4,5-pentahydroxyfla-
vone, 4 (7.5 𝜇M); myricetin, 6 (7.9 𝜇M); 5,7,3,4,5-penta-
hydroxyflavanone, 2 (18.0 𝜇M); and dihydromyricetin, 7
(45.0𝜇M); 5,7,3,4,5-pentahydroxyflavone possessed the hi-
ghest activity among the aglycones.The results suggested that
the putative compound 5,7,4,5-tetrahydroxyflavone-3-O-
glucoside (5) would possess a potent inhibitory activity at a
submicromolar concentration, given that the inhibitory ac-
tivity was 15-times higher after 3-O-glycosylation of 5,7,3,4,
5-pentahydroxyflavanone (2). Therefore, we intend to syn-
thesize 5, which has not been obtained from natural
resources.

In this study, we demonstrated the inhibitory activity of
plantagoside and its aglycone against the Maillard reaction.

0

20

40

60

80

100

Plantagoside Aminoguanidine

In
hi

bi
to

ry
 ac

tiv
ity

 (%
)

N-𝛼-Acetyllysine
N-𝛼-Acetylarginine

Figure 3: Differences in AGE formation inhibitory activity with
different types of amino acids as the substrate. The inhibitory
activities were determined at concentrations of 25𝜇M plantago-
side and 10mM aminoguanidine using N-𝛼-acetyllysine or N-𝛼-
acetylarginine as the substrate for glycation. The inhibitory activity
was examined by measuring the increase in the fluorescence inten-
sity because of the formation of AGEs. Each value represents the
mean ± standard error of three experiments.

In Europe and the USA, the P. major seeds that contain
these flavanones are known as “Shazenshi,” which is a well-
known crude drug. The seed of P. asiatica is used as a diu-
retic in traditional Chinesemedicine.There are no reports on
the treatment or prevention of diabetic complications using
this drug; however, the present study suggests that Shazenshi
has potential as a therapeutic agent to combat diabetic
complications.
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Watermelon is a natural product that contains high level of antioxidants and may prevent oxidative damage in tissues due to free
radical generation following an exposure to ionizing radiation.The present study aimed to investigate the radioprotective effects of
watermelon (Citrullus lanatus (Thunb.) Matsum. and Nakai) juice against oxidative damage induced by low dose X-ray exposure in
mice. Twelve adult male ICR mice were randomly divided into two groups consisting of radiation (Rx) and supplementation (Tx)
groups. Rx received filtered tap water, while Tx was supplemented with 50% (v/v) watermelon juice for 28 days ad libitum prior to
total body irradiation by 100𝜇Gy X-ray on day 29. Brain, lung, and liver tissues were assessed for the levels of malondialdehyde
(MDA), apurinic/apyrimidinic (AP) sites, glutathione (GSH), and superoxide dismutase (SOD) inhibition activities. Results showed
significant reduction of MDA levels and AP sites formation of Tx compared to Rx (𝑃 < 0.05). Mice supplemented with 50%
watermelon juice restore the intracellular antioxidant activities by significantly increased SOD inhibition activities and GSH levels
compared to Rx. These findings may postulate that supplementation of 50% watermelon (Citrullus lanatus (Thunb.) Matsum. and
Nakai) juice could modulate oxidative damage induced by low dose X-ray exposure.

1. Introduction

A variety of highly reactive chemical entities known as
reactive oxygen species (ROS) are produced by respiring cells
as a small amount of the consumed oxygen is reduced [1].
ROS has dual roles, in which it can be beneficial and/or
deleterious [2]. In normal biological system, the cellular
functions depend on redox balance which may be defined
as reduction and oxidation of prooxidants and antioxidants
[2, 3]. Any distortion in the redox balance may promote
oxidative stress and lead to a series of pathological condition
[4].

X-ray has been clinically used as diagnostic and therapeu-
tic tools [5]. Despite its usefulness, X-ray may also induce

direct or indirect harmful effects on cellular constituents
and deoxyribonucleic acid (DNA) [6, 7]. X-ray has a high
penetrating power due to its low linear energy transfer (LET)
and exposure to X-ray could result in generation of free
radicals through radiolysis process [8]. When these free
radicals interact with biological molecules, it may cause
cellular lipid peroxidation and DNA damage [9].

Lipid peroxidation can be defined as the oxidative dete-
rioration of lipids containing carbon-carbon double bonds
that yield a large number of toxic byproducts [10]. Membrane
lipids are highly susceptible to free radical damage [11]. The
highly damaging chain reaction occurs as the lipids react with
free radicals and this can lead to a production of various
end products including malondialdehyde (MDA), the main
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carbonyl compound [11, 12]. Free radicals especially hydroxyl
radicals react with DNA molecules through several mech-
anisms producing a broad spectrum of structural damage
[13, 14].These structuralDNAdamages include oxidative base
modification, single strand break (SSB), double strand break
(DSB), cross-links, clustered base damage, and mismatch
repair (MMR) that may affect the cell’s ability to transcribe
the genes which are encoded by affected DNA [13].

An antioxidant is known as a molecule that acts as
free radical scavenger and protects the body from oxidative
damage [15]. A study by Srinivasan et al. [16] reveals that
an antioxidant defense mechanism is applied to maintain
redox balance, and appropriate antioxidants may reduce the
free radical toxicity and protect from radiation damage [17].
Defense mechanism such as superoxide dismutase (SOD) is
responsible for catalyzing the dismutation of the superoxide
anion (O

2

−) into oxygen and hydrogen peroxide (H
2
O
2
)

[18], while glutathione (GSH) provides protection against
oxidative damage by participating in the cellular defense
system and its intracellular level may be assessed as an
indicator of oxidative stress [19].

The dietary guidelines recommended by A. V. Rao
and L. G. Rao [20] suggest to increase the consumption
of plant-based food that are rich in carotenoids, a bright
coloured microcomponent, which is present in fruits and
vegetables. Watermelon (Citrullus lanatus) contains a high
level of carotenoids such as lycopene, beta-cryptoxanthin,
beta-carotene, and vitamin E and it is proven to scavenge
free radicals [21]. Citrullus lanatus (Thunb.) Matsum. and
Nakai is the most polymorphic among all Citrullus species
which has wild, cultivated, and feral forms [22]. Altaş et
al. [23] demonstrate that the nature of chemicals present
in watermelon is responsible for the reduction of lipid
peroxidation.

Thus, the aim of this study was to evaluate the antioxidant
capacity of watermelon juice and its protective effect on low
dose X-ray-induced oxidative damage in mice model.

2. Materials and Methods

2.1. Chemicals. Oxiselect Total Glutathione Assay Kit, Oxis-
elect TBARS Assay Kit (MDA Quantification), Oxiselect
Superoxide Dismutase Activity Assay, and Oxiselect Oxida-
tive DNA Damage (AP Sites) were purchased from Cell
Biolab, Inc. (San Diego, CA), while Invisorb Spin TissueMini
Kit was purchased fromStratecMolecular (Berlin, Germany).

2.2. A 50% (v/v) Watermelon Juice Preparation. A locally
harvested, red seedless, watermelon juice was freshly pre-
pared on a daily basis. The watermelon was cleaned with
filtered tap water and peeled to obtain the red flesh. The
flesh was then processed with a commercial juice maker
which automatically separated the pulp and the juice. A 50%
concentration was prepared by diluting a pure watermelon
juice with filtered tap water in the ratio of 1 : 1 (v/v).

2.3. Animal Handling and Study Design. All animal stud-
ies were conducted in accordance with the criteria of the

investigations and Universiti Teknologi MARA Committee
of Animal Research and Ethics (UiTM CARE) guidelines
concerning the use of experimental animals.

Twelve, healthy, four-week-old male ICR mice, each
weighing about 30 grams, were obtained from Laboratory
Animal Facility andManagement (LAFAM), Faculty of Phar-
macy, UiTM Puncak Alam Campus. The animals underwent
acclimatization period for 14 days and normal mouse diet
along with filtered tap water was given ad libitum.

The study involved two groups of seven-week-old male
ICR mice and each weighting 31.3 grams which consisted of
radiation group (Rx) and watermelon juice supplementation
group (Tx) with six animals in each group. Mice from Tx
were supplemented with 50% watermelon juice as the sole
liquid source ad libitum for 28 days, while the Rx were only
given filtered tap water. All the mice were fed with normal
mouse diet. Watermelon juices were changed twice/day and
the volume of watermelon juice consumed by each mouse
was recorded. On day 29, both groups were exposed to a total
body irradiation of a single dose X-ray.

2.4. Irradiation and Tissues Collection. Both groups were
placed in cages under Philips Bucky DIAGNOST X-ray
machine and treated with single fractionated of 100 𝜇Gy X-
ray for total body irradiation. This low dose irradiation was
performed by a qualified radiographer at Medical Imaging
Laboratory, Faculty of Health Sciences, UiTM Puncak Alam
Campus. All the mice were sacrificed by cervical dislocation
within 12 hours following total body irradiation. The brain,
lung, and liver tissues were excised immediately and stored
at −80∘C prior to analysis.

2.5. Lipid Peroxidation Product, MDA Assay. Tissue samples
were resuspended at 100mg/mL in PBS containing 1X buty-
lated hydroxytoluene (BHT). Five grams of the tissue samples
was homogenized on ice, spun at 10,000 g for five min.
The supernatant was collected and assayed directly for its
TBARS level. MDA in samples and standards was interacted
with thiobarbituric acid (TBA) at 95∘C and incubated and
then read spectrophotometrically at 532 nm with POLARstar
Omega Reader. MDA levels were determined by comparison
with predetermined MDA standard curve.

2.6. Oxidative DNA Damage (AP Sites). Genomic DNAs
of brain, lung, and liver were isolated with Invisorb Spin
Tissue Mini Kit (Stratec Molecular, Berlin) following the
manufacturer’s protocol. DNA Damage Quantification Kit
(AP Sites) was used to quantitate apurinic/apyrimidinic (AP)
sites in tissue of interest. The aldehyde reactive probe (ARP)
that reacts specifically with an aldehyde group on the open
ring form of AP sites (ARP-derived DNA) was detected
with Streptavidin-Enzyme Conjugate. The quantity of AP
sites in unknown DNA sample of brain, lung, and liver
was determined using POLARstar Omega Reader at 450 nm
by comparing standard curve of predetermined AP sites.
All unknown DNA samples and standard were assayed in
duplicate.
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2.7. SOD Activity Assay. The activity of SOD was deter-
mined by using Oxiselect Superoxide Dismutase Activity
Assay. Tissues were homogenized on ice using mortar and
pestle in 7mL of cold 1X Lysis Buffer per gram tissue
followed by centrifugation at 12000 ×g for 10 minutes. The
supernatant of tissue lysate was then collected and kept at
−80∘C until further analysis. Superoxide anions generated
by Xanthine/Xanthine Oxidase system were detected with a
Chromagen Solution bymeasuring the absorbance reading at
490 nmusing POLARstarOmegaReader.The activity of SOD
was determined as the inhibition percentage of chromagen
reduction.

2.8. GSH Antioxidant Assay. Tissues were blot-dried and
weighed. Ice-cold 5%metaphosphoric acid (MPA) was added
and homogenized using mortar and pestle and then cen-
trifuged at 12,000 rpm for 15min at 4∘C.The supernatant was
collected.The levels of GSHwere measured kinetically with a
spectrophotometric kit (Oxiselect Total Glutathione Assay)
according to the manufacturer’s protocol. The chromogen
that reacted with the thiol group of GSH produced colored
compound which was then detected with POLARstar Omega
Reader at 405 nm. The total GSH content in the samples was
determined by comparison with GSH standard curve.

2.9. Statistical Analysis. All mean ± SEM (standard error
of mean) values were calculated and statistical analysis was
done using SPSS version 18.0 (SPSS Inc., Chicago, IL, USA)
for Windows. Data were analyzed by one-way analysis of
variance (ANOVA), followed by post hoc Tukey test for
multiple comparison of mean.The difference was considered
significant when 𝑃 value was less than 0.05 (𝑃 < 0.05).

3. Results

3.1. Dietary Supplementation of 50% Watermelon (Citrul-
lus lanatus (Thunb.) Matsum. and Nakai) Juice Conferred
Remarkable Radioprotection against Lipid Peroxidation. The
results obtained from the experimental analysis of MDA
levels in mice brain, lung, and liver tissues are presented in
Figure 1. There was no significant reduction of MDA levels
in brain tissues of Tx compared to Rx. However, MDA levels
in lung and liver tissues of Tx were significantly reduced
compared to Rx with 𝑃 = 0.004 and 𝑃 = 0.01, respectively.
The average MDA levels in lung tissues of Tx and Rx were
25.28 ± 0.45 𝜇M and 30.05 ± 0.94 𝜇M, respectively, while the
average MDA level in liver tissues of Tx was 20.20 ± 0.73 𝜇M
and Rx was 25.63 ± 1.43 𝜇M.

3.2. Dietary Supplementation of 50% Watermelon (Citrul-
lus lanatus (Thunb.) Matsum. and Nakai) Juice Conferred
Remarkable Radioprotection against Oxidative DNA Damage
by Mitigating Number of AP Sites. The radioprotective effects
of 50% watermelon [Citrullus lanatus (Thunb.) Matsum. and
Nakai] juice against oxidativeDNAdamage (AP sites) inmice
tissues are shown in Figure 2. The generation of noncoding
AP sites in brain showed significant differences between Tx
and Rx with 𝑃 = 0.029. The average numbers of AP sites per
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Figure 1: Radioprotective effects of 50%watermelon (Citrullus lana-
tus (Thunb.) Matsum. and Nakai) juice against lipid peroxidation in
mice tissues. The bar chart shows the levels of MDA in brain, lung,
and liver tissues of Rx and Tx. Values were expressed asmean± SEM
(𝑛 = 6). ∗Significant difference between Rx and Tx (𝑃 < 0.05).

105 base pairs in Tx and Rx were 26.48 ± 0.81 and 28.96 ±
0.43, respectively. As shown in Figure 2, lung DNA revealed
significantly reduced number of abasic sites per 105 base pairs
in Tx (31.38 ± 0.58) compared to Rx (34.98 ± 0.73) with
𝑃 = 0.018. Meanwhile, the number of AP sites generated
per 105 base pairs in liver of Tx showed significantly reduced
number compared to Rx (𝑃 = 0.05). The average AP sites
generated in Tx and Rx were 28.44 ± 1.17 and 33.37 ± 0.94,
respectively.

3.3. Dietary Supplementation of 50% Watermelon (Citrul-
lus lanatus (Thunb.) Matsum. and Nakai) Juice Conferred
Remarkable Radioprotection against Oxidative Stress by Mit-
igating SOD Activities. Figure 3 referred to the mean value of
SOD inhibition activities in Tx and Rx for mice brain, lung,
and liver tissues. There were significant differences between
brain SOD inhibition activities in Tx (80.02 ± 1.69%) and Rx
(52.79 ± 2.03%) with 𝑃 = 0.001. Meanwhile, SOD activities
increased significantly in lung tissues of Tx compared to Rx
(𝑃 = 0.001). The average SOD activities in lung tissues of Tx
and Rx were 79.90 ± 1.91% and 42.06 ± 1.24%, respectively.
In liver tissue, there was a significant difference between Tx
(68.50 ± 1.82%) and Rx (59.13 ± 2.0%) with 𝑃 = 0.04.

3.4. Dietary Supplementation of 50% Watermelon (Citrul-
lus lanatus (Thunb.) Matsum. and Nakai) Juice Conferred
Remarkable Radioprotection against Oxidative Stress by Mit-
igating GSH Levels. Figure 4 shows the levels of GSH content
in mice brain, lung, and liver tissues. In the present study,
GSH levels in brain tissues of Tx (0.18 ± 0.0085 𝜇M) showed
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Figure 2: Radioprotective effects of 50% watermelon (Citrullus
lanatus (Thunb.) Matsum. and Nakai) juice against oxidative DNA
damage (AP sites). The bar chart shows the number of AP sites per
105 base pairs in brain, lung, and liver tissues of Rx and Tx. Values
were expressed as mean ± SEM (𝑛 = 6). ∗Significant difference
between Rx and Tx (𝑃 < 0.05).

significant increment compared to Rx (0.07±0.006 𝜇M) with
𝑃 = 0.001. GSH levels in lung tissues of mice supplemented
with watermelon juice (Tx) increased compared to Rx but no
significant differences (𝑃 > 0.05) were observed. However,
GSH levels in liver tissues of Tx were significantly increased
compared to Rx (𝑃 = 0.003). The average GSH levels in
Tx and Rx were 0.06 ± 0.001 𝜇M and 0.04 ± 0.002 𝜇M,
respectively.

4. Discussion

Oxygen radicals react with PUFA residues in phospholipids
resulting in end products that are mostly reactive towards
protein and DNA. One of the most abundant carbonyl
products of lipid peroxidation is MDA [24]. Low dose X-ray
might cause lipid peroxidation and the finding of this present
study has shown that mice supplemented with 50% water-
melon juice (Tx) resulted in a marked reduction in MDA
levels in lung and liver tissues compared to Rx (Figure 1).
Supplementation with 50% watermelon juice restored the
activities of intracellular antioxidant enzymes in mice lung
and liver tissues following exposure to low dose X-ray. Thus,
phytochemical antioxidants contents in 50% watermelon
juice may possibly contribute to the efficacy of intracellular
antioxidant defense system by providing a puissant consumer
of free radicals which induced oxidative damage. This was
in agreement with the study conducted by Asita and Molise
[1] which reveals that watermelon contains higher content of
carotenoids such as lycopene and has proven to scavenge free
radicals thus inhibit lipid peroxidation.
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Figure 3: Radioprotective effects of 50% watermelon (Citrullus
lanatus (Thunb.) Matsum. and Nakai) juice on SOD activities. The
bar chart shows the percentage SOD inhibition activity in mice
brain, lung, and liver tissues of Rx and Tx. Values were expressed
as mean ± SEM (𝑛 = 6). ∗Significant difference between Rx and Tx
(𝑃 < 0.05).

DNA continuously generates sites of missing bases
termed as abasic or apurinic/apyrimidinic (AP) sites through
exposure to endogenous and exogenous sources which are
capable to induce oxidative DNA damage [25]. This study
demonstrated that low dose X-ray exposure induced oxida-
tive DNA damage was indeed positively correlated with
AP sites formation. Here, these results show that mice
supplemented with 50% watermelon juice in the presence of
low dose X-ray exposure significantly prevented progressive
increase of AP sites formation in brain, lung, and liver
tissues compared to mice irradiated with low dose X-ray
alone (Figure 2). It is seen possible to suggest that these
results are mainly due to synergistic interaction between
micronutrients content in watermelon juice and intracel-
lular antioxidant enzymes could modulate oxidative DNA
damage induced by low dose X-ray exposure. The present
finding seems to be consistent with a previous study by
Shokrzadeh et al. [26] which showed that mice preadminis-
tered with Citrullus colocynthis (L.) extract or locally known
as watermelon for seven consecutive days via intraperitoneal
injection followed by injection with 70mg/kg body weight
of cyclophosphamide- (CP-) induced DNA damage signifi-
cantly reduced the number of micronucleated polychromatic
erythrocytes (MnPCEs), an index of oxidative DNA damage.

SOD plays an important role in reducing the effect of
free radicals attack, and SOD is the only enzymatic system
quenching O

2

− to oxygen and H
2
O
2
and plays a significant

role against oxidant stress [18]. Referring to Figure 3, the per-
centage of SOD inhibition activities in brain, lung, and liver
tissues of Tx showed significant increment compared to Rx. It
seems possible to suggest that these results are mainly due to
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Figure 4: Radioprotective effects of 50% watermelon (Citrullus
lanatus (Thunb.) Matsum. and Nakai) juice on GSH levels. The bar
chart shows the GSH levels in brain, lung, and liver tissues in Rx
and Tx. Values were expressed as mean ± SEM (𝑛 = 6). ∗Significant
difference between Rx and Tx (𝑃 < 0.05).

watermelon containing high level of phytonutrients including
lycopene [27]. Perkins-Veazie et al. [28] point out that
lycopene is a highly effective antioxidant because it acts as a
strong free radical scavenger compared to carotenoids includ-
ing beta-carotene, alpha carotene, lutein, beta-cryptoxanthin
and astaxanthin in biological systems. In this context, the
micronutrient antioxidant contents, especially lycopene, in
50% watermelon (Citrullus lanatus (Thunb.) Matsum. and
Nakai) juice, accumulate in the tissues and counteract the
deleterious effects of free radicals generated by low dose X-
ray through activation of oxygen molecules.

GSH has been reported to have protective roles against
oxidative stress through scavenging hydroxyl radical and
singlet oxygen directly detoxifying H

2
O
2
and lipid peroxides

and also regenerate important antioxidants, Vitamins C and
E, back to their active forms [2]. In the present study,
the GSH levels in brain and liver tissues of Tx showed
significant increment compared to Rx but no significant
increment in lung. This phenomenon may suggest that the
supplementation of antioxidant in 50% watermelon juice has
successfully elevated the levels of GSH in both brain and liver
tissues. Present results were in line with a study by Saada et
al. [29] which emphasized that pretreatment with lycopene,
which is rich in watermelon, significantly improved the
oxidant/antioxidant status and helped in reducing oxidative
damage due to radiation.

5. Conclusion

This study clarifies that the supplementation of 50% water-
melon juice possesses benefits in modulating the oxidative

damage induced by low dose X-ray exposure in terms of
suppressing the levels of MDA and noncoding AP sites
formation while enhancing the levels of SOD and GSH
activities.
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Mung bean has been traditionally used to alleviate heat stress. This effect may be contributed by the presence of flavonoids and
𝛾-aminobutyric acid (GABA). On the other hand, fermentation and germination have been practised to enhance the nutritional
and antioxidant properties of certain food products. The main focus of current study was to compare the antistress effect of none-
process, fermented and germinatedmung bean extracts. Acute and chronic restraint stresses were observed to promote the elevation
of serum biochemical markers including cholesterol, triglyceride, total protein, liver enzymes, and glucose. Chronic cold restraint
stress was observed to increase theadrenal gland weight, brain 5-hydroxytryptamine (5-HT), and malondialdehyde (MDA) level
while reducing brain antioxidant enzyme level. However, these parameters were found reverted in mice treated with diazepam,
high concentration of fermented mung bean and high concentration of germinated mung bean. Moreover, enhanced level of
antioxidant on the chronic stress mice was observed in fermented and germinated mung bean treated groups. In comparison
between germinated and fermented mung bean, fermented mung bean always showed better antistress and antioxidant effects
throughout this study.

1. Introduction

Stress response is a behaviour survival mechanism that helps
fortify the physical and mental condition [1]. Neurotrans-
mitters including noradrenaline (NA), dopamine (DA), and
5-hydroxytryptamine (5-HT) are the important biogenic
monoamines. Under stress condition, NA and 5-HT will be
highly elevated [2, 3]. However, extreme stress can cause
impaired dopamine neurons [1] and collapse the homeostasis
which may lead to various psychotic disorders including
immunosuppression, hypertension, anxiety, endocrine dis-
order, and behaviour disorder [4]. Besides, restraints stress

can be associated with the production of reactive oxygen
species that may contribute to tissue damage [2]. Various
drugs including diazepam, amphetamines, caffeine, and some
anabolic steroids have been used and misused currently to
overcome stress. The overdependence or misuse of these
drugs often is associatedwith issues of toxicity and side effects
[4].

Herbal medicines have been proposed as a cheaper and
safer potential antistress agent. For examples,Withania som-
nifera, Piper longum, Momordica charantia, and Asparagus
racemosus have been reported to have adaptogenic effect
[2, 3, 5]. Legumes have also received great attention due to
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the presence of phytochemicals and their bioactivities. Mung
bean (Vigna radiata) is a type of legume that is commonly
consumed in Asian countries as a source of carbohydrate [6].
It has now been becoming another popular functional food
for promoting good health. In Asian countries, mung bean
beverages are often used to prevent or eliminate heatstroke.
Flavonoids including vitexin and isovitexin have been proven
as the major contributor to this protective effect against heat
stress and to reduction of oxidative stress [7]. Other than
its antioxidant property, mung bean also possessed anti-
inflammatory [6, 8], antityrosinase [9], and antiproliferative
[10] effects. Fermentation and germination have been pro-
posed as processes that can improve the quality of cereal and
legume seeds. For instance, functional nutrients including
𝛾-aminobutyric acid (GABA) and antioxidant compounds
were enhanced through germination [11, 12] and fermentation
processes [13]. Although the protective effect against heat
stress of mung bean has been reported, the effect of mung
bean as potential antistress agent on restraint stress is yet
unknown.

The purpose of this study was to compare the antistress
activity of none-process, fermented and germinated mung
bean extracts on acute and chronic restraint stress. Regula-
tions of brain NA, DA, 5-HT, and antioxidant level under
chronic stress condition were also examined.

2. Materials and Methods

2.1. Preparation of Fermented Mung Bean Extracts. Mung
bean seeds were purchased in October 2010 from a local store
in Serdang, Selangor. It was dehulled, washed, and soaked
in chilled water at room temperature for 18 hours before
being steamed for 40 minutes. Then, the steamed mung bean
was fermented using Rhizopus sp. strain of 5351 inoculums
under solid-state condition at 30∘C for another 48 hours.
The fermented mung bean was dried, ground into powder,
and extracted with deionised water for 30 minutes at room
temperature [13]. Finally, the water extract was freeze-dried
(yield 25%, w/w) and subjected to GABA determination.

2.2. Detection of GABA Content in Fermented Mung Bean
Extracts. GABA content of freeze-dried fermented mung
bean was determined using Waters Acquity UPLC system
with UV-PDA detector set at wavelength of 260 nm. Acquity
UPLC AccQ Tag Ultra Column (2.1mm i.d. × 100mm ×
1.7 𝜇m particle size) was used together with operating oven
column temperature of 55∘C and flow rate at 0.7mL/min.
Mobile phase consisted of AccQ Tag Ultra Eluent A (mobile
phase A) and AccQ Tag Ultra Eluent B (mobile phase B)
that were used under linear gradient condition as follows:
0.1% Eluent B under isocratic flow for 0.54 minutes and
increased from 0.1% to 9.1% Eluent B for 5.20minutes. Eluent
B was then increased to 21.2% for another 2 minutes followed
by another increment to 59.6% Eluent B for 1.06 minutes
before reverting back to 0.1% Eluent B for 2.1minutes. Finally,
reconditioning the column with 0.1% Eluent B with isocratic
flow for 0.30min, data collected was analyzed using Waters
Empower 2 software [14].

2.3. Animals. Male Balb/c mice (aged 8 weeks with average
body weight of 25 ± 2 g) obtained from Animal Hous-
ing Department, Institute of Bioscience, Universiti Putra
Malaysia, were used for all the tests below. Mice were kept
in prebeded plastic cages under controlled conditions of 22 ±
1∘C and standard 12 hours of dark/light day cycles with food
and water ad libitum. Procedures for this study were carried
out according to the guideline of National Institute of Health
for the Care and Use of Laboratory Animals. This study was
approved by the Animal Care and Use Committee, Universiti
Putra Malaysia (UPM).

2.4. Acute Restraint Stress. Mice were randomly divided into
8 groups with 8 animals each. Group 1 (nonstress control)
and group 2 (untreated control) were fed with 0.2% sodium
carboxymethyl cellulose in saline, group 3 (positive control)
received 2mg/kg of diazepam, group 4 received 1000mg/kg
of none process mung bean extracts, groups 5 and 6 received
250 or 1000mg/kg of fermented mung bean extracts, and
groups 7 and 8 received 250 or 1000mg/kg of germinated
mung bean extracts. All treatments were given p.o. for 7
days. On the 7th day, mice were tied and immobilized with
adhesive tape for 2 hours. At the end of the test, mice
were sacrificed and blood was collected to obtain serum for
determination of glucose, total cholesterol, triglyceride (TG),
alkaline phosphatase (ALP), and alanine aminotransferase
(ALT) (Biovision, USA) level according to themanufacturers’
protocol [15].

2.5. Chronic Cold Restraint Stress. Mice were randomly
divided into 8 groups with 8 animals each and the grouping
was the same as the acute restraint stress test. All treatments
were given p.o. for 21 days. After that, all mice except for
group 1 (nonstress control) were exposed to cold restraint
stress (placed under 4∘C for 1 hour) continuously for another
7 days. Treatments were continued during this period. On
the last day of the experiment, mice were treated, exposed to
cold restraint stress, and sacrificed and blood was collected to
obtain serum for determination of glucose, total cholesterol,
triglyceride (TG) (Biovision, USA), and corticosterone (Cay-
man, USA) level according to the manufacturers’ protocol.
Moreover, adrenal gland was removed and weighted. Brains
were frozen in liquid nitrogen andhomogenized inmixture of
HCl (0.01 N) and butanol.The aqueous phase acid extract was
recovered by centrifugation and concentrations of dopamine
(DA) (IBL, Hamburg, Germany) and 5-hydroxytryptamine
(5-HT) (IBL, Hamburg, Germany) were quantified using
ELISA [15] while brain superoxide dismutase (SOD) and
malondialdehyde (MDA) levels were quantified according to
the literature [16].

2.6. Statistical Analysis. Results from all the above tests were
presented as mean ± standard deviation values. One-way
analysis of variance (ANOVA) with post hoc Duncan test was
used to evaluate statistical significance of the above results. P
values < 0.05 were considered as significant.
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Table 1: Effect of fermented and nonfermented mung bean extracts on serum biochemical profile under acute restraint stress.

Chol (mmol/L) Trig (mmol/L) Total protein (g/dL) Glucose (mmol/L)
Untreated normal control 6.23 ± 0.27

∗
3.96 ± 0.78

∗
138.78 ± 6.70

∗
6.93 ± 0.51

∗

Untreated stress control 8.32 ± 0.87 5.43 ± 0.30 157.88 ± 13.15 7.85 ± 0.07

Diazepam (2mg/kg) 5.32 ± 0.86
∗

2.55 ± 0.49
∗

104.78 ± 25.03
∗

5.40 ± 0.26
∗

None-process mung bean (1000mg/kg) 7.21 ± 0.77
∗

3.96 ± 0.35
∗

147.24 ± 4.14 6.14 ± 1.66
∗

Fermented mung bean (250mg/kg) 6.58 ± 0.66
∗

4.18 ± 0.65
∗

142.54 ± 1.06 6.07 ± 0.92
∗

Fermented mung bean (1000mg/kg) 5.27 ± 0.92
∗

3.14 ± 0.81
∗

108.48 ± 10.82
∗

5.47 ± 0.35
∗

Germinated mung bean (250mg/kg) 8.73 ± 0.85 5.86 ± 0.33 155.43 ± 11.16 7.51 ± 0.13

Germinated mung bean (1000mg/kg) 5.54 ± 0.74 2.34 ± 0.62 100.02 ± 21.63 5.59 ± 0.38

∗
𝑃 > 0.05 versus untreated stress control for acute restraint test.

3. Results

3.1. GABA Content in Fermented and Germinated Mung Bean
Extracts. The concentrations of GABA in fermented and
germinated mung bean extracts were 0.131 ± 0.015 and 0.502
± 0.035 g/100 g, respectively [17].

3.2. Acute Restraint Stress. Acute restraint stress significantly
raised the level of serum cholesterol, TG, total protein,
and glucose as compared to untreated normal control. The
effects of fermented and germinatedmung bean extracts were
comparable to diazepam in the reduction of mice serum
biochemical profiles under acute restraint stress condition
(Table 1).

3.3. Chronic Restraint Stress. Chronic cold restraint stress has
significantly increased the serum biochemical levels (choles-
terol, TG, total protein, glucose, and corticosterone), adrenal
glandweight, and brainMDA level. On the other hand, it also
reduced brain antioxidant enzyme level (SOD), brain sero-
tonin (5-HT), and spleen weight (Table 2). Fermented and
germinated mung bean extracts (both at 1000mg/kg concen-
tration) and diazepam were able to restore these parameters
back to nonstress normal control level. The antistress effects
of fermented and germinated mung bean extracts were in a
dosage dependentmanner where low dosage of these extracts
especially from germinated mung bean possessed the lowest
antistress effect among all the tested samples. However, no
statistical significance was observed in brain dopamine (DA)
level of all the control and treated groups.

4. Discussion

Adaptation is a common central neurotransmission response
toward stress and this event can help strengthen the organ-
isms to handle stress [2]. Under stress condition, various
adrenal hormones are released and these hormones will
induce insulin resistance which results in the elevation
of plasma glucose level. Furthermore, the release of NA
and corticosteroid will also stimulate hyperinsulinemia and
thus raise the synthesis of cholesterol. These changes affect
the mobilisation of stored fat and carbohydrate reserves
that eventually raise the level of blood cholesterol, TG,
total protein, and glucose [15, 18]. Thus, the depletion of

monoamines (NA and DA) was often associated with high
level of serum biochemical profiles under overstress condi-
tion. According to American Academy of Family Physicians,
stress related problems including insomnia and depression
have contributed to large percentage of cases in primary
health care [19]. Various antistress and antidepressant drugs
have been developed; however, the associations of toxicity
and side effects issues have limited their therapeutic practice
[4]. Thus, food base natural products may be a better and
more convenient alternative to assist in stress management
in primary health care.

Mung bean was found to be an excellent dietary source
of natural antioxidants for health promotion [10] and this
antioxidant effect has contributed to its antiheat stress activity
[7]. In this study, we evaluated the antistress effect of fer-
mented and germinated mung bean extracts toward acute
restraint stress and chronic cold restraint stress. Diazepam,
a nonspecific antistress agent [15], was used as positive
control in this study. Overall reduction of cholesterol, TG,
total protein, and glucose levels may be contributed by the
reduction of corticosteroid level in the fermented mung bean
extracts treated group. Fermented food such as fermented
rice bran has been reported as antistress and antifatigue agent
[20]. Our results showed that fermented and germinated
mung bean extracts possessed better antistress effect in
a dosage dependent manner for both acute and chronic
stress model than none-process mung bean extracts. This
effect may be contributed by the presence of GABA in
both fermented and germinated mung bean extracts. GABA
is a nonprotein amino acid that works as an inhibitor to
neurotransmission [21]. It plays an important role in central
integration of hypothalamic-pituitary-adrenocortical (HPA)
stress reaction. None adequate level of GABA in plasma
has been related to the development of acute posttraumatic
stress disorder [21, 22]. On the other hand, previous study
has reported that ethanol extract of Rubia cordifolia can
stimulate the brainGABA level that subsequently reduced the
dopamine and plasma corticosterone levels [18]. The GABA
contents of our fermented and germinated mung bean (0.131
± 0.015 and 0.502 ± 0.035 g/100 g, resp.) were recorded to
be higher than those detected in germinated brown rice
(0.0818 ± 0.0072 g/100 g). This may be contributed by the
different level of GABA-synthesizing enzyme that is present
in different plants [23]. In this study, germinated mung bean
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extracts contained higher level of GABA as compared to fer-
mentedmung bean extracts. However, fermentedmung bean
extracts gave the best antistress effect in all the experiments
in a dosage dependent manner while germinated mung bean
extracts only possessed slightly better effect as compared to
none-process mung bean extracts. This phenomenon may
be contributed by the strong antioxidant activity found in
fermented mung bean extracts which concurrently protected
the damage induced by stress [17]. Stress also promotes the
development of reactive oxygen species and free radicals that
lead to the formation of lipid peroxides. Nervous system
is very sensitive to peroxidative damage during restraints
stress due to the increase of oxygen tension and reduction
of antioxidant level [24]. Thus, effective antioxidants that
can inhibit lipid oxidation may help prevent organ damage
during stress conditions. Previous study has shown that
polyphenol from oolong tea was able to reduce the stress
and the stress-induced lipid peroxide levels onwomen loaded
with vigil [25]. To correlate the antistress capability with
the antioxidant effects of fermented mung bean extracts, the
levels of antioxidant SOD enzyme and lipid peroxidation in
the brain were determined. In this study, we found that mice
under chronic cold restraint stress contained high level of
MDA with depletion of SOD level (Table 2). The decreased
SOD level was significantly raised by fermented mung bean
extracts in a dosage dependent manner. This effect was
associated with mark reduction of MDA level.

High incidence of stress related mental illness has been
recorded in primary health care nowadays. Healthy func-
tional food is a more convenient and better choice in stress
management. This study has demonstrated that fermented
and germinated mung bean extracts possessed antistress
activity in both acute and chronic stress mice. It also reverts
the antioxidant level in brain under stress condition. Thus,
fermented mung bean extracts exhibited great potential to be
developed into functional foods or nutraceutical ingredients
for reducing oxidative stress and as alternative antistress agent
for primary mental health problem.
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Curcuma longaL. (Zingiberaceae family) and its polyphenolic compound curcuminhave been subjected to a variety of antimicrobial
investigations due to extensive traditional uses and low side effects. Antimicrobial activities for curcumin and rhizome extract of
C. longa against different bacteria, viruses, fungi, and parasites have been reported.The promising results for antimicrobial activity
of curcumin made it a good candidate to enhance the inhibitory effect of existing antimicrobial agents through synergism. Indeed,
different investigations have been done to increase the antimicrobial activity of curcumin, including synthesis of different chemical
derivatives to increase its water solubility as well ass cell up take of curcumin.This review aims to summarize previous antimicrobial
studies of curcumin towards its application in the future studies as a natural antimicrobial agent.

1. Introduction

Curcumin or diferuloylmethane with chemical formula
of (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-
dione) (Figure 1) and other curcuminoids constitute the
main phytochemicals of Curcuma longa L. (Zingiberaceae
family) rhizome with the common name of turmeric [1].
This polyphenolic compound due to a variety of biological
activities has been gained significant attention of researches
all over the world [2–5]. Turmeric, an ancient coloring spice
of Asia, as the main source of curcumin is traditionally used
for many remedies [6]. As shown in Figure 2, curcumin
due to a variety of specific characterizations is in interest
of scientists in recent years. As many other plant materials,
there are differences in the curcumin content for theCurcuma
longa from different geographical regions and it could be due

to hybridization with other Curcuma species which could be
important fact to choose the plant with higher content of
curcumin [4].

Curcuma longa rhizome has been traditionally used as
antimicrobial agent as well as an insect repellant [7]. Sev-
eral studies have reported the broad-spectrum antimicrobial
activity for curcumin including antibacterial, antiviral, anti-
fungal, and antimalarial activities. Because of the extended
antimicrobial activity of curcumin and safety property even
at high doses (12 g/day) assessed by clinical trials in human,
it was used as a structural sample to design the new antimi-
crobial agents with modified and increased antimicrobial
activities through the synthesis of various derivatives related
to curcumin [8, 9]. It was even studied as an antimicrobial
agent suitable for textile materials. Results showed that
curcumin in combination with aloe vera and chitosan could

Hindawi Publishing Corporation
BioMed Research International
Volume 2014, Article ID 186864, 12 pages
http://dx.doi.org/10.1155/2014/186864

http://dx.doi.org/10.1155/2014/186864


2 BioMed Research International

H

HO

H H

H H
H H H H

HOO H

H

OH

OCH3
OCH3

Figure 1: Chemical structure of curcumin.

be a potential suppressor for microbial growth in cotton,
wool, and rabbit hair assessed by the exhaustionmethod [10].
Either the continuous or batch dyeing process with curcumin
provided textiles with antimicrobial properties beside the
color. Curcumin finished wool had semidurable antimi-
crobial activity, less durable to light exposure than home
laundering with 45% and 30% inhibition rates against Staphy-
lococcus aureus and Escherichia coli, respectively, after 30
cycles of home laundering [11]. Mixture of curcumin with
other antimicrobial agents is used for the development of
antimicrobial skin gels and emulsions with improved skin
protection and wound dressing properties [12]. Composition
of curcumin with hydrogel silver nanoparticles is used to
increase the function of hydrogel silver nanocomposites as
marked substances for antimicrobial applications and wound
dressing [12]. Curcumin-loadedmyristic acidmicroemulsion
with the 0.86 𝜇g/mL of curcumin suitable for skin consump-
tion inhibited 50% of the S. epidermidis growth as one of
the nosocomial infectious agents. It showed 12-fold stronger
inhibitory effect compared to curcumin activity dissolved in
dimethyl sulfoxide (DMSO) [13].

2. Antibacterial Activity

Bacterial infections are among the important infectious dis-
eases. Hence, over 50 years of extensive researches have been
launched for achieving new antimicrobial medicines isolated
from different sources. Despite progress in development of
antibacterial agents, there are still special needs to find
new antibacterial agents due to development of multidrug
resistant bacteria [14]. The antibacterial study on aqueous
extract of C. longa rhizome demonstrated the MIC (min-
imum inhibitory concentration) value of 4 to 16 g/L and
MBC (minimum bactericidal concentration) value of 16
to 32 g/L against S. epidermis ATCC 12228, Staph. aureus
ATCC 25923, Klebsiella pneumoniae ATCC 10031, and E.
coli ATCC 25922 [15]. The methanol extract of turmeric
revealed MIC values of 16 𝜇g/mL and 128 𝜇g/mL against
Bacillus subtilis and Staph. aureus, respectively [16].The study
of hexane and ethanol turmeric extract and curcuminoids
(from ethyl acetate extract of curcuminoids isolated from
C. longa with 86.5% curcumin value) against 24 pathogenic
bacteria isolated from the chicken and shrimp showed the
highest antimicrobial activity for ethanol extract with the
MIC value of 3.91 to 125 ppt [17]. The hexane and methanol
extracts of C. longa demonstrated antibacterial effect against

13 bacteria, namely, Vibrio harveyi, V. alginolyticus, V. vul-
nificus, V. parahaemolyticus, V. cholerae, Bacillus subtilis, B.
cereus, Aeromonas hydrophila, Streptococcus agalactiae, Staph.
aureus, Staph. intermedius, Staph. epidermidis, and Edward-
siella tarda. However, curcuminoids elicited inhibitory activ-
ities against 8 bacteria of Str. agalactiae, Staph. intermedius,
Staph. epidermidis, Staph. aureus, A. hydrophila, B. subtilis,
B. cereus, and Ed. tarda. Hexane extract and curcuminoids
exhibited the MIC values of 125 to 1000 ppt and 3.91 to
500 ppt, respectively [17]. Indeed, it was shown that the
addition of 0.3% (w/v) of aqueous curcumin extract to the
cheese caused the reduction in bacterial counts of Salmonella
typhimurium, Pseudomonas aeruginosa, and E. coli 0157:H7.
Moreover, it has decreased the Staph. aureus, B. cereus,
and Listeria monocytogenes contamination after 14 days of
cold storage period [18]. Turmeric oil as a byproduct from
curcumin manufacture also was found effective against B.
subtilis, B. coagulans, B. cereus, Staph. aureus, E. coli, and P.
aeruginosa [19]. Curcumin also exhibited inhibitory activity
on methicillin-resistant Staph. aureus strains (MRSA) with
MIC value of 125–250𝜇g/mL [20]. The in vitro investigation
of 3 new compounds of curcumin, namely, indium curcumin,
indium diacetyl curcumin, and diacetyl curcumin, against
Staph. aureus, S. epidermis, E. coli, and P. aeruginosa revealed
that indium curcumin had a better antibacterial effect com-
pared to curcumin itself and it may be a good compound
for further in vivo studies. However, diacetylcurcumin did
not exhibit any antibacterial effect against tested bacteria [21].
These results demonstrated promising antibacterial activity
for different curcumin derivatives as well. The stability and
assembly of FtsZ protofilaments as a crucial factor for bac-
terial cytokinesis are introduced as a possible drug target
for antibacterial agents. Curcumin suppressed the B. subtilis
cytokinesis through induction of filamentation. It also with-
out significantly affecting the segregation and organization
of the nucleoids markedly suppressed the cytokinetic Z-ring
formation in B. subtilis [22]. It was demonstrated that cur-
cumin reduces the bundling of FtsZ protofilaments associated
with the binding ability to FtsZ with a dissociation constant
of 7.3 𝜇M. It showed that curcumin via inhibition of assembly
dynamics of FtsZ in the Z-ring can possibly suppress the
bacterial cell proliferation as one of the probable antibacterial
mechanisms of action [22]. The study on E. coli and B.
subtilis demonstrated that curcumin by the inhibitory effect
against FtsZ polymerization could suppress the FtsZ assembly
leading to disruption of prokaryotic cell division [23].

Also, curcumin showed significant antibacterial activity
with MIC values between 5 and 50 𝜇g/mL against 65 clinical
isolates of Helicobacter pylori [41]. Curcumin also has an
inhibitory effect on NF-𝜅B activation and as a result on the
release of IL-8 and cell scattering which led to a reduction
in inflammation of gastric tissue as the main consequence
for H. pylori in stomach. It inhibits the I𝜅B𝛼 degradation,
the activity of NF-𝜅B DNA-binding and I𝜅B kinase 𝛼 and 𝛽
(IKK 𝛼 and 𝛽) [42]. Indeed, curcumin inhibited the matrix
metalloproteinase-3 andmetalloproteinase-9 activity (MMP-
3 and MMP-9) as inflammatory molecules involved in H.
pylori infection in mice and in cell culture with a dose
dependent manner [43]. Curcumin showed more efficient
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Figure 2: Importance of curcumin in antimicrobial studies.

therapeutic index than conventional triple therapy of H.
pylori on MMP-3 and MMP-9 via reduction of activator
protein-1 and proinflammatory molecule activation in H.
pylori infected gastric tissues [43]. In vivo study of antibac-
terial effect of curcumin on H. pylori compared to OAM
(Omeprazole, Amoxicillin, and Metronidazole) treatment
revealed poor activity for eradication ofH. pylori (5.9% versus
78.9% for OAM treatment). The reduction in inflammatory
cytokine production was not reported from pylori-infected
patients treated with curcumin [44]. The in vivo study
of 1-week nonantibiotic therapy comprised of curcumin,
pantoprazole, N-acetylcysteine, and lactoferrin against H.
pylori infection was not effective for the eradication of H.
pylori. However, the decrease in immunological criteria of
gastric inflammation and dyspeptic symptoms was reported
after 2 months of treatment schedule [45]. Nevertheless, the
curcumin administration to the rats with H. pylori-induced
gastric inflammation revealed a significant reduction in
macromolecular leakage and NF-𝜅B activation [46]. In an in
vivo study of H. pylori-infected C57BL/6 mice administered
with curcumin exhibited immense therapeutic potential and
pronounced eradication effect against H. pylori infection
associated with restoration of gastric damage [41].

2.1. Synergistic Antimicrobial Activity. The outburst of drug
resistant microbial strains necessitates the studies for syn-
ergistic effects of antibiotics in combination with plant’s
derivatives to develop the antimicrobial cocktail with a wider
spectrum of activity and reduction of adverse side effects of
antimicrobial agents. Staph. aureus resistance to the penicillin
group of antibiotics is increasing associated with appearance
of adverse side effects such as hypersensitivity and anaphy-
lactic reactions [47]. The synergistic activity of curcumi-
noids and ampicillin combination demonstrated pronounced
reduction in the MIC of ampicillin against either clinical
strain or Staph. aureus ATCC 25923 strain. Bacteriocin sub-
tilosin isolated fromB. amyloliquefaciens in combinationwith
encapsulated curcumin revealed partial synergism against

wild-type and nisin sensitive strains of L. monocytogenes
Scott A [48]. In another in vivo study using 500 𝜇g/disc
of curcumin against clinical isolate of Staph. aureus the
synergistic activity with antibiotics of cefixime, cefotaxime,
vancomycin, and tetracycline was demonstrated [49]. The
results proved that consumption of turmeric during the
treatment of Staph. aureus infections with these antibiotics
especially cefixime can be possibly helpful. Curcumin also
demonstrated a synergistic effect in combination with some
antibiotics, including ampicillin, oxacillin, and norfloxacin
against methicillin-resistant Staph. aureus strain (MRSA)
[20]. The synergistic effect of curcumin with ciprofloxacin
against MRSA has also been reported, although there is an
evidence of its antagonistic activity against S. typhi and S.
typhimurium in combination with ciprofloxacin [49, 50].

Strongly bound metal complexes to antimicrobial agents
are introduced as another possible way for synergistic activity
of respective antimicrobial agents through elevation of the
binding effect of them to the bacterial walls. Complexes
of curcumin with cobalt nanoparticles showed increased
antibacterial activity against E. coli [51]. Additionally, fab-
rication of silver nanocomposite films impregnated with
curcumin showed the stronger antibacterial activity against
E. coli. It was shown that the bactericidal activity of sodium
carboxymethyl cellulose silver nanocomposite films (SCMC
SNCFs) as an effective antibacterial material was improved
by loading of curcumin with SCMC SNCFs [52]. In another
in situ investigation, the synergistic effect of curcumin encap-
sulated chitosan-[poly (vinyl alcohol)] silver nanocomposite
films was shown. The novel antimicrobial films with pro-
nounced antimicrobial exhibition against E. coli proved to
be potential antibacterial material for treating infections or
wound dressing [53].

2.2. Anti-Biofilm Activity. Secretion of exopolysaccharide
alginate via different stimulators such as aminoglycosides
and imipenem consumption caused the increase in biofilm
volume of P. aeruginosa. Anti-biofilm activity of curcumin
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against two strains of P. aeruginosa isolated from deep oro-
pharyngeal swap samples of two cystic fibrosis patients with
MIC values of 16 𝜇g/mL was investigated by crystal violet
staining method. The curcumin treatment of the strains with
MIC concentrations did not reveal noteworthy elevation in
biofilm optical density [54]. In addition, in another study
curcumin showed the potential for reduction of biofilm initi-
ation genes, inhibition of 31 quorum sensing (QS) genes, and
downregulation of virulence factors including acyl homoser-
ine lactone (HSL) production, elastase/protease activity, and
pyocyanin biosynthesis. The antimicrobial activities led to
reduction of pathogenicity in Arabidopsis thaliana and
Caenorhabditis elegans as whole plant and animal infected
models with P. aeruginosa [7]. The results exhibited that
curcumin can be a potential candidate for P. aeruginosa infec-
tions in special infections characterized by biofilm formation,
although further comprehensive studies are needed for the
approval.

In some cases the adverse effects of curcumin against
different antibiotics were shown. Ciprofloxacin is the most
effective antibiotic against typhoidal and nontyphoidal infec-
tion of Salmonella. The main mechanism for antibacterial
activity of ciprofloxacin is through SOS response, induction
of chromosome fragmentation, and the production of ROS
in the bacterial cell. The in vivo and in vitro investigations on
curcumin together with ciprofloxacin showed that, through
interference with ciprofloxacin activity, it caused an elevation
in proliferation of Salmonella typhi and Salmonella enterica
serovar Typhimurium (S. typhimurium). Although curcumin
could not suppress the ciprofloxacin-induced gyrase inhibi-
tion, it protected Salmonella against oxidative burst induced
by interferon 𝛾 (IFN𝛾) or ciprofloxacin via owing strong ant-
ioxidant effect. The results demonstrated the curcumin by
suppressing the antibacterial effect of IFN𝛾 or ciprofloxacin
might increase the Salmonella pathogenesis [55].The study of
curcumin activity in a murine model of typhoid fever exhib-
ited an elevation of Salmonella typhimurium pathogenicity
and increased resistance to antimicrobial agents including
antimicrobial peptides, nitrogen species, and reactive oxygen.
Upregulation of genes involved in antioxidative function like
mntH, sitA, and sodA as well as other genes involved in
resistance to antimicrobial peptides including pmrD and
pmrHFIJKLM was considered as a possible cause for the
mentioned elevated tolerance. Curcumin also induced upre-
gulation effect on SPI2 genes involved in intracellular survival
and downregulation activity on SPI1 genes involved for entry
within epithelial cells. This information proved that the
indiscriminate use of curcumin should probably inhibit the
pathogenesis of Salmonella [55]. Additionally, curcumin also
at a dose 500𝜇g/disc showed antagonistic activity on the
bactericidal effect of nalidixic acid against clinical strain of
Staph. aureus investigated by disc diffusion method [49].

3. Antiviral Activity

Lack of effective therapeutics for the most of viral diseases,
emergence of antiviral drug resistance, and high cost of some
antiviral therapies necessitate finding new effective antivi-
ral compounds [56, 57]. Additionally, the existing antiviral

therapies are not always well-tolerated or quite effective
and satisfactory [58]. Hence, the increasing requirement for
antiviral substances will be more highlighted. Plants as a rich
source of phytochemicals with different biological activities
including antiviral activities are in interest of scientists [59,
60]. It has been demonstrated that curcumin as a plant deri-
vative has a wide range of antiviral activity against different
viruses. Inosine monophosphate dehydrogenase (IMPDH)
enzyme due to rate-limiting activity in the de novo synthesis
of guanine nucleotides is suggested as a therapeutic target for
antiviral and anticancer compounds. Among the 15 different
polyphenols, curcumin through inhibitory activity against
IMPDH effect in either noncompetitive or competitive man-
ner is suggested as a potent antiviral compound via this
process [61]. The study of different bioconjugates of cur-
cumin, namely, di-O-tryptophanylphenylalanine curcumin,
di-O-decanoyl curcumin, di-O-pamitoyl curcumin, di-O-
bis-(𝛾,𝛾)folyl curcumin, C4-ethyl-O-𝛾-folyl curcumin, and
4-O-ethyl-O-𝛾-folyl curcumin, against variety of viruses
including parainfluenza virus type 3 (PIV-3), feline infectious
peritonitis virus (FIPV), vesicular stomatitis virus (VSV),
herpes simplex virus (HSV), flock house virus (FHV), and
respiratory syncytial virus (RSV) assessed by MTT test
showed the potent antiviral activity of curcumin and its
bioconjugates against different viral pathogens for further
studies. Also, di-O tryptophanylphenylalanine curcumin and
di-O-decanoyl curcumin revealed remarkable antiviral activ-
ity against VSV and FIPV/FHV with EC

50
values of 0.011𝜇M

and 0.029 𝜇M, respectively. However, bioconjugates did not
exhibit significant antiviral activity against IIIB and ROD
strains of type 1 human immunodeficiency virus (HIV-1) in
MT-4 cells [62]. Table 1 summarizes the antiviral activity of
C. longa and curcumin and possible mechanisms underlying
inhibitory effects.

Viral long terminal repeat (LTR) has a critical role in
transcription of type 1 human immunodeficiency virus (HIV-
1) provirus. Inhibition of LTR activity can be a possible
pathway for antiviral drug candidates in order to block HIV-
1 replication [63, 64]. Curcumin proved to be an effective
compound to inhibit theHIV-1 LTR-directed gene expression
without anymajor effects on cell viability [24]. Curcumin and
its derivatives, namely, reduced curcumin, allyl-curcumin,
and tocopheryl-curcumin, revealed 70% to 85% inhibition
in Tat protein transactivation of HIV-1 LTR measured by
𝛽-galactosidase activities of HeLa cells which in HIV-1 LTR
was fused to the indictor of lacZ gene. Tocopheryl-curcumin
demonstrated the most inhibition activity with 70% inhi-
bition at 1 nM compared to 35% inhibition of curcumin at
this concentration [25]. In addition, curcumin inhibited the
acetylation of Tat protein of HIV significantly by p300 asso-
ciated with suppression of HIV-1 multiplication. Curcumin
by targeting the acetyltransferase proteins of p300/CREB-
binding protein (CBP) can be a potent compound for com-
binatorial HIV therapeutics [28]. Curcumin was found to be
an inhibitor ofHIV-1 andHIV-2 protease with IC

50
of 100 𝜇M

and 250 𝜇M, respectively. The curcumin boron complexes
exhibited noteworthy inhibition reduced to the IC

50
value of

6 𝜇M with time-dependent activity. The elevated affinity of
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Table 1: Antiviral activities of Curcuma longa L. and curcumin.

Virus Antiviral substances Description of antiviral activity type Reference

HIV

Curcumin Inhibition of HIV-1 LTR-directed gene expression [24]
Curcumin, reduced curcumin, allyl-curcumin,
tocopheryl-curcumin

Inhibition of Tat-mediated transactivation of HIV-1
LTR [25]

Curcumin, curcumin boron complexes Inhibition of HIV-1 and HIV-2 proteases [26]
Curcumin Inhibition of HIV-1 Integrase [27]
Curcumin Inhibition of Tat protein acetylation [28]
Curcumin No antiviral effect in clinical trial [29]

Influenza Curcumin Inhibition of haemagglutination [30]
HSV-1 Curcumin, gallium-curcumin, Cu-curcumin Reduction of HSV-1 replication [31, 32]
HSV-2 Curcumin Significant protection in mouse model [33]
Coxsackievirus Curcumin Replication inhibition through UPS dysregulation [34]

HBV Aqueous extract Suppression of HBV replication by increasing the p53
level [35]

HCV Curcumin Decrease of HCV replication by suppressing the
Akt-SREBP-1 pathway [36]

HPV Curcumin Inhibition expression of viral oncoproteins of E6 and E7 [37]
HPV Curcumin Downregulation effect on the transcription of HPV-18 [38]
JEV Curcumin Reduction in production of infective viral particles [39]

HTLV-1 Curcumin Downregulation of JunD protein in HTLV-1-infected
T-cell lines [40]

boron derivatives of curcumin is possibly associated with the
attachment of the orthogonal domains of the compound in
intersecting sites within the substrate-binding cavity of the
protease [26]. Integrase as another essential enzyme forHIV-1
replication was found to be inhibited by curcumin with IC

50

value of 40 𝜇M. Inhibition of deletion mutant of integrase
containing only amino acids 50–212 indicated that curcumin
possibly interacts with catalytic core of the enzyme.The study
of energy minimization and the structural analogs of cur-
cumin elicited that an intramolecular stacking of two phenyl
rings of curcumin is possibly responsible for anti-integrase
activity via bringing the hydroxyl groups into close proximity
[27]. However, rosmarinic acid and dicaffeoyl methane as
two curcumin analogs showed noteworthy inhibitory activity
against integrase of HIV-1 with IC

50
values less than 10 𝜇M

with the slow rate of binding to the enzyme assessed by kinetic
studies [65]. However, through a clinical trial investigation
on curcumin as an anti-HIV compound in 40 patients in
eight weeks it was shown that there is no reduction in viral
load or elevation in CD4 counts. But patients claimed that
they preferred to take the curcumin in order to tolerate the
minor gastrointestinal sufferings and feel better [29]. This
demonstrated that clinical trials can possibly show up with
the results completely different from in vitro studies. The
clinical trial of clear liquid soap containing 0.5%w/v ethanol
extract of C. longa rhizome on HIV patients reduced the
wound infections and 100% decrease in itching symptom and
it also affected the abscess to convert to dryness scabs (78.6%)
within 2 weeks [16].

Curcumin showed the anti-influenza activity against
influenza viruses PR8, H1N1, and H6N1. The results showed

more than 90% reduction in virus yield in cell culture using
30 𝜇M of curcumin. The plaque reduction test elicited the
approximate EC

50
of 0.47 𝜇M for curcumin against influenza

viruses [30]. In H1N1 and also H6N1 subtypes, the inhibition
of haemagglutinin interaction reflected the direct effect of
curcumin on infectivity of viral particles and this has proved
by time of drug addiction experiment. Additionally, unlike
amantadine, viruses developed no resistance to curcumin.
The methoxyl derivatives of curcumin also did not show
noteworthy role in the haemagglutination [30]. These results
proved the significant potential of curcumin for inhibition of
influenza.

In vitro study of curcumin and its derivatives, namely,
gallium-curcumin and Cu-curcumin, exhibited remark-
able antiviral activity against herpes simplex virus type 1
(HSV-1) in cell culture with IC

50
values of 33.0microg/mL,

13.9microg/mL, and 23.1microg/mL, respectively. The 50%
cytotoxic concentration (CC

50
) of the respective compounds

on Vero cell line showed to be 484.2𝜇g/mL, 255.8 𝜇g/mL,
and 326.6 𝜇g/mL, respectively [31]. Curcumin considerably
decreased the immediate early (IE) gene expression and
infectivity of HSV-1 in cell culture assays. Curcumin has
an effect on recruitment of RNA polymerase II to IE gene
promoters through mediation of viral transactivator protein
VP16, by an independent process of p300/CBP histone acetyl
transferase effect [32]. In vitro replication of HSV-2 could
be decreased by curcumin with ED

50
value of 0.32mg/mL

[32]. Moreover, an in vivo study on mouse model with
intravaginal HSV-2 challenge showed significant protection
against HSV-2 infection due to administration of curcumin.
This study showed that curcumin can be a good candidate
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for developing the antiviral products used intravaginally by
women for protection against sexually transmitted herpes
virus infection [33]. Indeed, a metallo-herbal complex of
curcumin with copper (Cu2+) demonstrated microbicidal
effect for further studies of vaginal gel with antiviral activity
[66].

Coxsackieviruses cause a variety of diseases such as
dilated cardiomyopathy and myocarditis. Coxsackievirus B3
(CVB3) in spite of extensive investigations is still a major
human pathogen without specific effective and approved
treatment [67, 68]. Curcumin exhibited the antiviral activity
against coxsackievirus by reduction of viral RNA expres-
sion, protein synthesis, and virus titer. In addition, it was
found to have a protective effect on cells against virus-
induced apoptosis and cytopathic activity. Analysis of dif-
ferent pathways showed that curcumin forced its potent
antiviral effect in inhibition of coxsackievirus replication
through dysregulation of the ubiquitin-proteasome system
(UPS) [34].The recent studies proved that the UPS-mediated
protein modification or degradation is an essential factor in
the regulation of coxsackievirus replication [69].

Liver diseases associated with viral infections are major
pandemics [70].The fact that hepatitis B virus (HBV) elevates
the possibility for the hepatocellular carcinoma (HCC) devel-
opment some 100-fold and 695.900 deaths occurred due to
liver cirrhosis and HCC worldwide in 2008 makes the need
to find new antivirals against hepatitis viruses [71, 72]. The
study of antiviral effect of aqueous extract of Curcuma longa
rhizoma against HBV in HepG 2.2.15 cells containing HBV
genomes showed repression of HBsAg secretion from liver
cells without any cytotoxic effect. It also suppressed the HBV
particles production and the rate of mRNA production of
HBV on infected cells.TheCurcuma longa extract suppressed
HBV replication by increasing the rate of p53 protein through
enhancing the stability of the protein aswell as transactivating
the transcription of p53 gene. It was understood that the
extract has suppressed HBV enhancer I and X promoter
leading to repression of HBx gene transcription by affecting
p53 [35]. In vitro investigation of the antiviral activity of
curcumin Huh7 replicon cells expressing the hepatitis C
virus (HCV) indicated that curcumin can be a potent anti-
HCV compound. Results showed the decrease in HCV gene
expression and replication through suppressing the Akt-
SREBP-1 pathway. In addition, the mixture of curcumin and
IFN𝛼 as the known anti-HCV therapy induced profound
inhibitory activity onHCVreplication anddemonstrated that
curcumin can be possibly used as a complementary therapy
for HCV [36].

High-risk human papillomaviruses (HPVs) infection via
the expression of E6 and E7 viral oncoproteins has a crit-
ical role for development of cervical carcinoma. Curcumin
showed the inhibitory activity against the expression of E6
and E7 genes of HPV-16 and HPV-18 as two main highly
oncogenic human papilloma viruses [37]. The transcription
factor AP-1 is a critical factor for transcriptional regulation
of high-risk HPVs such as HPV-16 and HPV-18. Curcumin
downregulates the AP-1 binding activity in HeLa cells with
decreasing effect on the transcription of HPV-18 [38]. The
results showed that curcumin through apoptosis modulation

and also prevention of NF𝜅B and AP-1 translocation associ-
ated with downregulation of viral oncogenes and decreasing
the transcription of HPVs can be a good candidate for the
management of highly oncogenic HPV infections [37, 38].

Japanese encephalitis virus (JEV) as an important ende-
mic arbovirus in Southeast Asia is a major cause of acute
encephalopathywhich generally affects the children and leads
to death in one third of patients.The permanent neuropsychi-
atric sequel is a complication for many survivors from JEV
due to ineffective therapeutic measure [73].The investigation
of antiviral activity of curcumin on Neuro2a cell line infected
with JEV showed reduction in production of infectious
viral particles through inhibition of ubiquitin-proteasome
system. The results of in vitro study indicated that curcumin
through modulating cellular levels of stress-related proteins,
reducing proapoptotic signaling molecules, restoration of
cellularmembrane integrity, and reduction in reactive oxygen
species in cellular level imparts neuroprotection and can be a
potential for further investigations [39].

Oncogenesis by human T-cell leukemia virus type 1 as
an etiologic factor of adult T-cell leukemia (ATL) is critically
dependent on the activation of the activator protein 1 (AP-
1) [74]. The DNA binding and transcriptional effect of AP-1
in HTLV-1-infected T-cell lines were suppressed by curcumin
treatment. Curcumin also inhibited the expression of JunD
protein as an important factor in AP-1-DNA complex in
HTLV-1-infected T-cells as well as HTLV-1 Tax-induced AP-
1 transcriptional effect. Cell cycle arrest and inducing of
apoptosis were found to be possible mechanisms against
HTLV-1 replication in infected T-cell line by curcumin.
Suppression of AP-1 activity possibly through decreasing
the expression of JunD protein is introduced as a possible
pathway for anti-ATL activity of curcumin [40].

4. Antifungal Activity

Substances and extracts isolated from different natural
resources especially plants have always been a rich arse-
nal for controlling the fungal infections and spoilage. Due
to extensive traditional use of turmeric in food products,
various researches have been done in order to study the
turmeric and curcumin with the aspect of controlling fungal
related spoilage and fungal pathogens. The study of addition
the turmeric powder in plant tissue culture showed that
turmeric at the 0.8 and 1.0 g/L had appreciable inhibitory
activity against fungal contaminations [75]. The methanol
extract of turmeric demonstrated antifungal activity against
Cryptococcus neoformans and Candida albicans with MIC
values of 128 and 256𝜇g/mL, respectively [16]. The study
of hexane extract of C. longa at 1000mg/L demonstrated
antifungal effect against Rhizoctonia solani, Phytophthora
infestans, and Erysiphe graminis. It was also shown that
1000mg/L of ethyl acetate extract of C. longa exhibitedin-
hibitory effect against R. solani, P. infestans, Puccinia recon-
dita, and Botrytis cinerea.Curcumin at 500mg/L also showed
antifungal activity against R. solani, Pu. recondita, and P.
infestans [76]. Curcumin and turmeric oil exert antifungal
effect against two phytophagous fungi, namely, Fusarium
solani and Helminthosporium oryzae. Turmeric oil exhibited
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the most effective antifungal activity against F. solani and
H. oryzae with IC

50
of 19.73 and 12.7 𝜇g/mL, respectively

[77]. The crude methanol extract of C. longa has inhibitory
effect against some clinical isolates of dermatophytes. It was
demonstrated that 18-month-old and freshly distilled oil
isolated from rhizome of C. longa showed the most potent
antifungal effect against 29 clinical isolates of dermatophytes
with MIC values of 7.2 and 7.8mg/mL, respectively [78].
Trichophyton rubrum, T. mentagrophytes, Epidermophyton
floccosum, and Microsporum gypseum were suppressed by
1 : 40–1 : 320 dilutions of turmeric oil. An in vivo study
on infected guinea pigs with T. rubrum demonstrated that
dermal application of turmeric oil (dilution 1 : 80) induced an
improvement in healing of the lesions after 2–5 days and it
caused the lesions after 6-7 days of consumption to vanish.
Turmeric oil also showed activity against pathogenic molds
such as Sporothrix schenckii, Exophiala jeanselmei, Fonsecaea
pedrosoi, and Scedosporium apiospermum with MIC values
of 114.9, 459.6, 459.6, and 114.9 𝜇g/mL, respectively [79].
However, curcumin showed more significant effect against
Paracoccidioides brasiliensis than fluconazole, although it
did not affect the growth of Aspergillus species [80]. The
possible mechanism underlying the mentioned antifungal
effect was found to be downregulation of Δ5,6 desaturase
(ERG3) leading to significant reduction in ergosterol of
fungal cell. Reduction in production of ergosterol results in
accumulations of biosynthetic precursors of ergosterol which
leads to cell death via generation of ROS [81]. Reduction in
proteinase secretion and alteration of membrane-associated
properties ofATPase activity are other possible critical factors
for antifungal activity of curcumin [82].

Resistant strain development among the Candida species
against existing antifungal drugs became a critical problem
for therapeutic strategies.Thereby, finding new anti-Candida
substances seems to be crucial [83]. The study of curcumin
against 14 strains of Candida including 4 ATCC strains and
10 clinical isolates showed that curcumin is a potent fungicide
compound against Candida species with MIC values range
from 250 to 2000𝜇g/mL [82]. In another study, anti-Candida
activity of curcumin was demonstrated against 38 different
strains of Candida including some fluconazole resistant
strains and clinical isolates of C. albicans, C. glabrata, C.
krusei, C. tropicalis, and C. guilliermondii. The MIC

90
values

for sensitive and resistant strains were 250–650 and 250–
500𝜇g/mL, respectively. Intracellular acidification via inhi-
bition of H+-extrusion was identified as possible mechanism
for cell death of Candida species [84]. The development of
hyphae was proved to be inhibited by curcumin through tar-
geting the global suppressor thymidine uptake 1 (TUP1) [81,
85]. Curcumin also showed inhibitory effect on Cryptococcus
neoformans and C. dubliniensis with MIC value of 32mg/L
[80]. One of themajor complications during therapies against
chronic asthma is oropharyngeal candidiasis. Curcumin as
a potential candidate for the treatment of candidosis with
anti-inflammatory activity was studied in a murine model
of asthma. Oral administrator of Curcumin is more effective
than dexamethasone in reducing fungal burden in BALB/c
mice. It also significantly decreased pathological changes

in asthma [86]. Adhesion of Candida species isolated from
AIDS patients to buccal epithelial cells is also markedly
inhibited by curcumin and it was found to be more effective
compared to fluconazole [80].

The investigation of curcumin mediation for photody-
namic therapy can reduce the biofilm biomass of C. albicans,
C. glabrata, and C. tropicalis. The results demonstrated that
association of four LED fluences for light excitation with
40 𝜇M concentration of curcumin at 18 J/cm2 inhibited up to
85%metabolic activity of the tested Candida species. The use
of curcumin with light proved to be an effective method for
noteworthy improvement in the antifungal activity against
planktonic form of the yeasts [87]. Photodynamic effect con-
siderably decreased C. albicans viability in either planktonic
or biofilm cultures probably through increasing the uptake of
curcumin by cells. However, to a lesser extent, photodynamic
therapy was found to be phototoxic to the macrophages.
[88]. A study on a murine model of oral candidiasis was
done for gathering reliable data for curcumin-mediated
photodynamic therapy efficacy in vivo. Results proved that
all exposures to curcumin with LED light markedly inhibited
the C. albicans viability after photodynamic therapy without
harming the host tissue of mice. However, 80𝜇M of cur-
cumin in association with light showed the best decrease in
colony counts of C. albicans [89]. These results showed that
curcumin is a high potential photosensitizer compound for
fungicidal photodynamic therapy especially against Candida
species.

The strong antifungal activity of C. longa rhizome and its
low side effect were the main reasons to investigate its proba-
ble synergistic effect with existing fungicides. The synergistic
activity of curcumin with five azole and two polyene drugs
including voriconazole, itraconazole, ketoconazole, micona-
zole, fluconazole, amphotericin B, and nystatin showed 10–
35-fold reduction in the MIC values of the fungicides against
21 clinical isolates of C. albicans. The synergistic activity of
curcumin with amphotericin B and fluconazole could be
associated with the accumulation of ROS which will be sup-
pressed by adding an antioxidant [85].The study of 200 clini-
cal isolates of Candida species includingC. tropicalis, C. kefyr,
C. krusei, C. guilliermondii, C. glabrata, C. parapsilosis, and
C. albicans demonstrated fungicidal activity for curcumin
with MIC value of 32–128𝜇g/mL. Combination of curcumin
with amphotericinB also exhibited synergistic activity against
tested Candida species, although fluconazole and curcumin
in some cases showed additive effects rather than synergistic
activity. These results proved that combination of curcumin
with existing fungicidal agents can provide more significant
effect against systemic fungal infections like candidemia and
candidosis [90]. In silico analysis demonstrated that cur-
cumin by attaching to albumin serum in a separate binding
site of amphotericin B and forming the complex alleviated
the adverse side effect of amphotericin B via delaying the
red cell lysis. The stability and aqueous solubility of the
complex of curcumin and amphotericin B with albumin
serum can be a potential candidate for the treatment of
visceral leishmaniasis and systemic fungal infections [91].The
in vivo study of combination of curcumin and piperine in
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murine model of Candida infection also revealed synergistic
effect with noteworthy fungal load reduction in kidney of
Swiss mice [85]. The mixture of curcumin and ascorbic acid
against different strains ofCandida also exhibited 5- to 10-fold
reduction ofMIC values compared to the time that curcumin
was tested alone [92]. These synergistic effects showed that
curcumin in combination with different fungicide materials
can significantly elicit synergistic activity to enhance the
efficacy of existing antifungal strategies.

5. Enhancing the Bioavailability
and Solubility of Curcumin to
Improve Antimicrobial Activities

The optimum potential of curcumin is limited because of
poor oral bioavailability and insufficient solubility in aqueous
solvents leading to poor absorption, fast metabolism, and
quick systemic elimination [5, 93]. For overcoming this obsta-
cle, nanocarriers like curcumin-loaded PLGA (poly lactide-
co-glycolide) and curcumin nanoparticle formulation were
investigated and their better bioactivity and bioavailability
as well as increased cellular uptake compared to curcumin
were reported [5]. Another study revealed that heat-extracted
curcumin elevated the solubility of curcumin 12-fold without
significant disintegration due to heat treatment.Modification
of 4-hydroxy-2-nonenal (HNE) as a critical oxidation by-
product involved in disease pathogenesis via cytotoxicity,
genotoxicity, and mutagenicity is inhibited 80% by heat-
solubilized curcumin and suggested a possiblemechanism for
inducing bioactivity of curcumin [94].The study of nanocur-
cumin as a nanoparticle of curcuminwith the size of 2–40 nm
processed by awet-milling technique, showed curcumin to be
more freely dispersible in water leading to more significant
antimicrobial activity against Staph. aureus, E. coli, P. aerugi-
nosa, B. subtilis, and two fungi of P. notatum and A. niger due
to reduced particle size and enhanced bioavailability [95, 96].
However, nanocurcumin demonstrated more noteworthy
activity against Gram-positive bacteria rather than Gram-
negatives [95]. In another study to improve the stability
and solubility of curcumin, microencapsulation process was
investigated. Microcapsule of curcumin with improved sol-
ubility is suitable as a preservative and colorant in food
industry and it exhibited potent antimicrobial effect against
food-borne pathogens including E. coli, Staph. aureus, B.
subtilis, B. cereus, Yersinia enterocolitica, Penicillium notatum,
and Saccharomyces cerevisiae with MIC values ranging from
15.7 to 250 𝜇g/mL. It was demonstrated that Gram-positive
bacteria were more susceptible to the microcapsulated cur-
cumin compared to Gram-negatives. However, antifungal
effect was found to be stronger than the bactericidal effect
[97, 98].

6. Conclusion

All previous investigations have shown the extensive antimi-
crobial activity of curcumin, although in vivo studies in
some cases reported the less effective results of curcumin
inhibitory effect. Among all former studies on antibacterial

activity of curcumin the most promising result is against
Helicobacter pylori, at least for using the curcumin as a
complementary compound in combination with other exist-
ing medicines to decrease the symptoms of gastritis. The
extensive antiviral effects of curcumin against different viral
pathogens nominate this compound as an antiviral drug
candidate to develop new antivirals from natural resources
against sensitive viruses especially by developing different
curcumin derivatives. However, using curcumin or its deriva-
tives as antiviral compounds needs further investigations.
Regarding the studies on antifungal activities of curcumin
the most significant effect was found against Candida species
and Paracoccidioides brasiliensis, although curcumin revealed
fungicide effect against various fungi. In spite of various
biological activities of curcumin, no real clinical uses have
been reported for this compound and still clinical trials are
undergoing for different ailments and diseases, namely, colon
and pancreatic cancers, multiple myeloma, myelodysplastic
syndromes, Alzheimer, and psoriasis [99]. Until 2013, more
than 65 clinical trials on curcumin have been carried out, and
still more is underway. This polyphenol compound is now
used as a supplement in several countries, namely, China,
India, Japan, Korea, SouthAfrica, theUnited States,Thailand,
and Turkey [100].
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1-Hydroxyphenazine (1-OH-PHZ), a natural product from Pseudomonas aeruginosa strain SD12, was earlier reported to have potent
antifungal activity against Rhizoctonia solani. In the present work, the antifungal activity of 1-OH-PHZ on 40S ribosomal S9 protein
was validated by molecular docking approach. 1-OH-PHZ showed interaction with two polar contacts with residues, Arg69 and
Phe19, which inhibits the synthesis of fungal protein. Our study reveals that 1-OH-PHZ can be a potent inhibitor of 40S ribosomal
S9 protein of R. solani that may be a promising approach for the management of fungal diseases.

1. Introduction

Microorganisms are capable of synthesizing versatile chem-
ical structures with diverse biological activities beyond the
scope of synthetic organic chemistry [1] and can be directly
used as fungicide products or as lead molecules for designing
of novel synthetic products. Phenazine constitutes a large
group of nitrogen containing heterocyclic compounds that
are substituted at different sites of the core ring system
and therefore displays a wide range of structural deriva-
tives and are remarkable for the multiplex mechanism of
their biological activities. More than 100 different phenazine
structural derivatives have been identified and over 6,000
compounds that contain phenazine as a central moiety have
been synthesizedand 100 biologically active (antibacterial,
antifungal, antiviral, and antitumor) phenazines fromnatural
origin are known to date, synthesizedmainly byPseudomonas
and Streptomyces species [2–4]. Fluorescent pseudomon-
ades such as Pseudomonas fluorescens 2–79, Pseudomonas
chlororaphis (previously named P. aureofaciens 30–84) [5],
and Pseudomonas aeruginosa are the best studied phenazine
producers [2].

Phenazines are site-specific inhibitors which target indi-
vidual sites within the fungal cells or multisite inhibitors
which target different sites in each fungal cell. Phenazine acts
in three ways; one of the mechanisms is underlying those
which inhibit energy production by blocking SH-groups, the
glycolysis/citrate cycle, or the respiratory chain. Second that
inhibits biosynthesis of proteins, nucleic acids, cells walls,
and membrane lipids, or interfere with mitosis, and third
which induces indirect effects which change host/pathogen
interactions [6]. The enzymes involved in any of the above-
mentioned processes can be considered as a target receptor
and the metabolite as ligand. Molecular docking studies can
also be performed for microbial fungicides to validate their
inhibiting properties.

Clofazimine is a synthetic phenazine analogue belonging
to the riminophenazines group of compounds which was
originally discovered in lichens [2, 7] and another phenazine,
bis (phenazine-1-carboxamide), acts as a potent cytotoxin
and represents an interesting class of dual topoisomerase
I/II directed anticancer activity [8]. The highlight of bio-
logical significance of phenazines is their ability to act as
broad-spectrumantimicrobial, antiparasite, antimalarial, and
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antifungal agents affecting a vast range of organisms [2,
9, 10]. Inhibition of DNA-dependent RNA synthesis in the
absence of detected DNA intercalation has been observed
for lomofungin during elongation, which has been shown to
block the transcription complex at the initiation state as well
as during elongation [11].

Phenyl amides (PA) fungicides affect nucleic acids syn-
thesis by inhibiting the activity of the RNA polymerase
I system which interferes with nucleic acid synthesis,
thus blocking rRNA synthesis [12]. Phenylpyrrole fungici-
dal ingredient, fludioxonil, (4-(2,2-difluoro-1,3-benzodioxil-
4-yl)-1H-pyrrole-3-carbonitrile), produced by Pseudomonas
pyrrocinia, revealed inhibition of spore germination and
germ tube elongation [13]. Tubericidin produced by Strep-
tomyces violaceoniger, was highly active against Phytoph-
thora capsici and Rhizoctonia solani. Tubericidin interferes
the nucleic acid synthesis, including de novo purine syn-
thesis, rRNA processing, and tRNA methylation [14]. The
derivatives of phenazine—antibiotics iodine, muxin, and
pyocyanin—are capable of interacting with DNA/RNA either
by blocking the template (DNA intercalation), binding
to RNA polymerase, or binding to a ribonucleoside 5-
triphosphate [15]. A new phenazine-1-carboxylic acid pheny-
lamide (PCA-1-P) exhibited substantial growth retardation
of three gram-positive and the strong inhibitory activity of
PCA-1-P derivatives towards the RNA synthesis in vitro T7-
RNA-polymerase [16].

In this study we have described the mode of action of 1-
OH-PHZ inhibiting the 40S ribosomal protein S9 of R. solani
through docking approaches. The 40S ribosomal protein S9
plays a central role in the initiation factors considered to
be a primary rRNA-binding protein that facilitates scanning
of messenger RNAs and initiation of protein synthesis. The
ribosomal protein S9 is an essential protein located at the
entrance tunnel of the mRNA into the ribosome and plays
an accurate role in decoding. Lindström and Zhang reported
that ribosomal protein S9 is required for normal cell growth
and proliferation, as depletion of S9 resulted in decreased
protein synthesis which is associated with G

1
cell cycle arrest

[17]. A recent study has been shown that ribosomal protein S9
is located at the entrance tunnel of mRNA in the ribosomes
and is involved in regulation of mRNA translation, possibly
translation termination [18]. It will be of considerable interest
in the future to further find out a specific antifungal agent
targeting on inhibition of the translation step which has
the effect of blocking protein production and ultimately its
function.

2. Materials and Methods

2.1. Bacterial Strain. SD12 was isolated from metal pol-
luted soil as previously described by Dharni et al. [19].
The strain was also deposited at Microbial Type Cul-
ture Collection (MTCC), IMTECH, Chandigarh, India
(http://mtcc.imtech.res.in/), with accession number 106439.

2.2. 1-Hydroxyphenaizne (1-OH-PHZ). As described previ-
ously by Dharni et al. [19], 1-OH-PHZ was purified from the

culture supernatant of P.aeruginosa SD12 by using stepwise
gradient vacuum liquid chromatography.

2.3. Nucleotide Sequence Accession Number. The nucleotide
sequence of 16S rRNAof strain SD-12 has been reported in the
GenBank database of NCBI (http://www.ncbi.nlm.nih.gov/)
having the accession number HQ268805.

2.4. Structure Prediction of Protein. The three-dimensional
structure of 40S ribosomal protein S9 of Rhizoctonia solani is
not available in any database. For deducing the structure, the
protein sequence (176 amino acid) was obtained from NCBI
database (acc. no. ABE68880) and uploaded in FASTA format
in SWISS-MODEL via the ExPASYweb server [20]. To obtain
the closest match BLAST of query protein sequence was
performed which searched against Protein Data Bank (PDB),
http://www.rcsb.org/pdb/home/home.do [21]. The modeled
structure of the proteinwas submitted to the PMDBdatabase,
http://mi.caspur.it/PMDB/main.php.

2.5. Structure Validation. After the model generation, its
quality assessment was done, based on both geometric
and energetic aspects. The SWISS PDB Viewer was used
for minimizing the energy of modeled protein [22]. The
stereochemical properties of obtained protein model were
checked using RAMPAGE server [23]. The ramachandran
plot provided the residue position in particular segments
based on 𝜑 and 𝜓 angles between N-C

𝛼
and C

𝛼
-C atoms of

residues.

2.6. Ligand Structure. For docking study, 1-hydroxyphena-
zine was taken as a ligand compound. The structure of this
compound was retrieved from Pubchem database maintain-
ed at NCBI, http://pubchem.ncbi.nlm.nih.gov/. The three-
dimensional structure of ligand was converted from mol
to pdb format to input into the Autodock. This conversion
was done through Open Babel tool, http://sourceforge.net/
projects/openbabel/.

2.7. Molecular Docking. The docking of ligand (1-OH-PHZ)
with modeled 40S ribosomal S9 protein was performed by
Autodock 4.2 using genetic algorithmapproach [24].The grid
box dimension of 0.375 Å was selected in protein for docking
with ligand.The blind docking approach was acquired as this
gives good results in substrate binding site prediction [25]. In
this approach, the full flexible ligand was used for docking
while keeping the protein in a fixed orientation in space. The
negative and lower value of binding energy as well as more
numbers of hydrogen bonds showed favored binding between
ligand and target.

3. Results and Discussion

3.1. 1-Hydroxyhenazine (1-OH-PHZ). Our previous stud-
ies demonstrated that 1-OH-PHZ showed antifungal activ-
ity against R. solani, a soilborne pathogen, at 40 𝜇g/disc
(Figure 1) [19]. 1-OH-PHZ earlier isolated from P. aeruginosa
TISTR 781 [26] was reported to inhibit Escherichia coli and
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Figure 1: Antifungal activity of 1-hydroxyphenazine at 40𝜇g/disc against Rhizoctonia solani.

Table 1: Docking results and 𝐾
𝑖
values for each conformation studied.

Conformations Free energy of binding
(kcal/mol)

Predicted inhibition constant,
𝐾
𝑖
(uM) Ligand efficiency Hydrogen bonding Residues

1 −5.44 103.69 −0.36 1 LEU76
2 −5.94 44.45 −0.4 No
3 −5.84 52.24 −0.39 1 ARG69
4 −5.44 103.62 −0.36 1 LEU76
5 −5.94 44.44 −0.4 No
6 −5.84 52.06 −0.39 1 ARG69
7 −5.44 103.67 −0.36 1 LEU76
8 −5.84 52.12 −0.39 1 ARG69
9 −5.44 103.32 −0.36 1 LEU76
10 −5.84 52.12 −0.39 1 ARG69

Xanthomonas campestris pv. vesicatoria. Recently, phenazine-
1-carboxylic acid (PCA) produced by Pseudomonas sp. M18G
is being marketed as Shenquinmycin in China, which has
gained a Pesticide Registration Certification (Fusarium oxys-
porum) issued by the Chinese Ministry of Agriculture, owing
to its high efficiency against various phytopathogens, low
toxicity, and good environmental compatibility. It is proved
as an effective agent for the biocontrol of withering of water-
melon sprout (code) and piemintoepidemic disease (Pythium
capsici) [27, 28]. 1-OH-PHZwas earlier isolated fromP. aerug-
inosa TISTR 781 and known to inhibit Escherichia coli and
Xanthomonas campestris pv. vesicatoria [26]. N-acrylamides
of 9-substituted phenazine-1-carboxylic acids (PCA) have
been reported as strong inhibitors of RNA synthesis [29, 30].

3.2. Secondary Structure Prediction. GOR4 server [12] was
used for secondary structure prediction of modeled protein.
Helix, sheet, and coils were the secondary structures found to
occur in the protein. GOR4 server reveals 58.52% residues in
𝛼 helices, 8.52% residues in 𝛽 sheet, and 32.95% residues in
random coils (Figure 2). The results revealed that 𝛼 helices
contributed more as compared to other structures. These
structures were joined together to form a three-dimensional

structure of protein.The secondary structures were predicted
by using default parameters. The results have been validated
through Chou Fasman servers [31].

3.3. Homology Modeling of 40S Ribosomal S9 Protein. 40S
ribosomal S9 protein is an important target responsible
for fungal growth [32]. To predict the structure of this
protein, homology modeling approach was performed. The
query sequence of target protein was found homologous
to the known structure of protein of the same family of
Thermomyces lanuginosus. After BLAST search the high
resolution crystal structure of homologous protein having
PDB id 3JYV was considered as template for comparative
modeling. The query and template sequences showed 78%
identity and 6𝑒 − 87 Evalue in sequence alignment and
were taken as template for homology modeling (Figure 3).
The structure was modeled on automated mode of SWISS-
MODEL workspace, http://swissmodel.expasy.org/, with
its default parameters. The residues ranging between 6
and 163 participated in homology modeling. The total
energy −5238.173 KJ/mol of the model was converted to
−7587.487KJ/mol after minimizing the energy through
SWISS PDB Viewer. The final predicted 3D structure
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Figure 2: Secondary structure of modeled protein of Rhizoctonia solani.
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Figure 3: BLAST sequence alignment of 40S ribosomal protein S9 and 3JYV using BLOSUM62matrix.The highly aligned regions are shown
in (|).

Figure 4: Schematic representation of 1-hydroxyphenazine.

of the protein was represented through Pymol viewer,
http://www.pymol.org/, (Figure 4). Alpha helices are
shown in green color and antiparallel beta sheet in
red color in the structure (Figure 5). There are many
loop structures that help in connecting the secondary
structures together. The model was submitted to the
PMDB database and it can be downloaded using id
“PM0078917.”Themodeled structure of proteinwas evaluated
with ramachandran plot generated by Rampage server,
http://mordred.bioc.cam.ac.uk/∼rapper/rampage.php, and
fulfilled the criterion of proper distribution of residues
in different regions (Figure 6) [21]. 82.1% and 11.5% of

the residues were present in favored and allowed regions,
respectively.

3.4. Docking Studies. TheAutodock 4.2 programwas used for
the molecular docking analysis [24]. The three-dimensional
structure of 1-OH-PHZ was considered as ligand molecule
(Figure 7). The interaction of this ligand with modeled
protein was performed. The Lamarckian genetic algorithm
was used in Autodock to perform the automated molecular
dockings [33] and default parameters were used. In the
process a large gridmapwas created by AutoGrid to cover the
whole surface of protein. By performing the rigid docking, a
total of 10 conformations of interaction were obtained having
variation in their energies, that is, free energy of binding,
predicted inhibition constant, and ligand efficiency (Table 1).
From all the docking conformations of ligand, conformation
3 was selected for having −5.84 kcal/mol binding energy and
1 hydrogen bond. The ligand, 1-OH-PHZ, was found to be
bound with two residues of protein by polar contacts. These
contacts are present at VAL81 and Arg69 positions of the
protein.

4. Conclusion

Our docking results showed that 1-OH-PHZ obtained from
Pseudomonas aeruginosa SD12 may be a potent inhibitor
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Figure 6: Ramachandran map of 40S ribosomal ligand moleS9
protein of Rhizoctonia solani.

against Rhizoctonia solani. A homology model of 40S ribo-
somal S9 protein of R. solani was built and validated through
ramachandran plot. Validation by the software showed that
the homology model energy score is similar to the crystal
structure of the template. SWISS model was used to develop
a reliable model for performing the docking study. This
docking study of the 40S ribosomal S9 protein showed that
out of 10 docked conformations, the 3rd conformation was
the best because it has comparatively lower binding energy as
well as hydrogen bonding.These observationsmay be of great

VAL81
2.2 ARG69

2.7

Figure 7: Docking of 1-OH-PHZ with 40S ribosomal S9 protein.

help in the QSAR based designing of fungicides from a very
common, inexpensive, and nontoxic natural product, which
is safe for humans, animals, and environment. This study
will also facilitate the understanding of the structural and
functional basis of ligand binding to the protein for further
research.
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Three strains of filamentous Cyanobacteria were used to study their growth and utilization of organophosphorus pesticide
malathion. A sharp decrease in the growth of the algal strains was observed by increasing the concentration of malathion. Amongst
themNostoc muscorum tolerated different concentrations and was recorded as the highest efficient strain for biodegradation (91%)
of this compound. Moreover, carbohydrate and protein content of their cells overtopped the other strains especially at higher
concentrations.The algal strains were further subjected to growunder P-limitation in absence and presence ofmalathion. Although,
the algal growth under P-limitation recorded a very poor level, a massive enhanced growth and phosphorous content of cells were
obtained when the P-limited medium was amended with malathion. This study clarified that N. muscorum with its capability to
utilize malathion as a sole phosphorous source is considered as an inexpensive and efficient biotechnology for remediation of
organophosphorus pesticide from contaminated wastewater.

1. Introduction

As a result of human impact, the levels of organic compounds
found in surface water have increased in the recent decades.
Of these organic compounds, pesticides are most commonly
detected in all aquatic environments [1]. These pesticides
are mainly used for agricultural purposes [2]. They enter
the aquatic environment via runoff after being sprayed in
agricultural fields and can potentially reach groundwater [3].

Malathion is a nonsystemic, wide spectrum organophos-
phate pesticide (OP), used to control insects on field
crops, fruits, vegetables and also extensively used to prevent
mosquitoes, flies, household insects, animal parasites, and
head body lice [4].

Recent research shows that malathion has a variety of
syndromes and effects including hepatotoxicity [5–7], human
breast carcinoma [8], genetic damage [9], and disrupted
normal hormone activity [10].

Not only are the chemical and physical methods of
decontamination expensive and time-consuming, but also
in most cases they do not provide a complete solution.

Bioremediation provides a suitable way to remove contam-
inants from the environment as, in most of the cases, OP
compounds are totally mineralized by the microorganisms.
Most OP compounds are degraded by microorganisms in the
environment as a source of phosphorus or carbon or both [11].

Photoautotrophic microorganisms, such as Cyanobacte-
ria, are used for wastewater treatment to remove nitrogen
and phosphorus [12]. They have potential to remove various
pollutants, such as dyes [13], heavymetals [14], and pesticides
[15]. Therefore, this study is conducted to investigate the
survival and tolerance of cyanobacterial isolates Anabaena
oryzae, Nostoc muscorum, and Spirulina platensis with differ-
ent concentrations of malathion, as well as evaluating their
efficiency for removing and recovering this pesticide from
contaminated wastewater.

2. Material and Methods

2.1. Algal Strains. The algal strains (Anabaena oryzae and
Nostoc muscorum) were isolated from different water samples
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collected from Al-Fayoum Governorate, Egypt. Whereas,
Spirulina platensis was obtained from Agricultural Research
Center, Ministry of Agriculture, Giza, Egypt.

2.2. Chemicals. The organophosphorus pesticide used in
this study is commercially available as Malathion, chemical
name (O,O-dimethyl-S-[1,2-di(ethoxycarbonyl)ethyl]phos-
phorodithioate) was obtained from Kafr Elzayyat company,
Egypt (98% active ingredient).

2.3. Experimental Design. The selected algal isolates were
batch-cultured in 500mL Erlenmeyer flasks. Into each flask
200mL of liquid culture media, BG11 medium [16] for A.
oryzae and N. muscorum and Zarrouk medium [17] for S.
platensis,was added.The initial inoculum was approximately
5 × 104 cell/mL. Malathion was added to the culture medium
to the final concentrations 0.02, 0.2, 2, 20, 50, or 100 ppm.
The culture flasks were kept under continuous illumination
provided by daylight fluorescent tubes with an average light
intensity of 40 𝜇Em−2 s−1 maintained constantly during the
experiment. The flasks were incubated in a culture room at
28 ± 1

∘C under continuous shaking of 80 rpm. Samples were
taken after every four-day intervals up to fifty-two days for
the estimation of the growth in terms of cell count. After 20
days, 50mL of algal cultures was filtrated by centrifugation
at 1500 rpm for 20 minutes. The algal filtrate was used to
determine malathion residues in the culture medium.

To obtain phosphorus-limited cultures, exponentially
growing cells were inoculated into flasks containing medium
with 1/10th of the original phosphorus concentration. The
phosphorus-limited cells were cultured in a medium without
and with different concentrations of malathion. Samples
were taken after 20 days for estimation of cell count and
phosphorus content in the tested algal cells.

2.4. Analytical Analysis. Different algal cultures were son-
icated with Ultrasonic Homogenizer (Model: cp100, USA)
to make them short fragments; 10mL of algal solution was
placed on vials containing 0.1mL Lugol’s solution [18]. Cell
count was carried out using a standard haemocytometer
under an Olympus BH-2 light microscope. Protein content
of algal biomass was determined according to Lowry et
al. [19]. For the determination of carbohydrate content in
algal cells, the anthrone sulphuric acid method which was
carried out by Fales [20] and adopted by Irigoyen et al.
[21] was used. The total phosphorus content in the algal
biomass was measured spectrophotometricallo at 720 nm
according to Pierpoint [22]. Hewlett Packard Agilent GC
System (Gas Chromatograph, USA) Model 6890 equipped
with a flame photometric detector (FPD) with phosphorus
filter was used for determination of malathion residues in the
culture medium.

2.5. Statistical Analysis. Data were presented as mean of
replicates from three runs and were analyzed statistically
using Student’s 𝑡-test for independent samples. Statements
of significant differences were based on accepting 𝑃 ≤
0.05. To validate the tolerance of algal strains, two identical
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Figure 1: Effect of differentmalathion concentrations on the growth
of A. oryzae.

series of linear regression curves were established for growth
experiment.

3. Results

3.1. Effect of Malathion on Growth of Tested Algal Strains.
Data in Figures 1, 2, and 3 demonstrated the effect of
malathion concentrations on the growth of three cyanobac-
terial strains, A. oryzae, N. muscorum, and S. platensis.
Obviously, an inverse relationship between malathion con-
centration and the algal growth was recorded. At low concen-
trations of malathion (0.02–20 ppm), the maximum growth
of A. oryzae and N. muscorum was achieved within 24 days
recording an increment of the total cell number by 41% and
75%, respectively, comparedwith the untreated culture. At the
same time, different malathion concentrations dramatically
reduced the growth of S. platensis recording a reduction of the
total cell count by 19% compared with the control treatment.
Regression lines (Figure 4) indicated that N. muscorum was
more tolerant than the other algal strains with different
concentrations of malathion.

3.2. Effect of Malathion on Carbohydrate and Protein Content
of Algal Cells. Data present in Figure 5 indicated that the
treatment of A. oryzae and N. muscorum with different
malathion concentrations caused a very high significant
increase in total carbohydrate content with increasing con-
centrations of malathion and the highest carbohydrate con-
tent (0.39 and 1.09mg/g dry weight, resp.) was recorded at
50 ppm ofmalathion. At the same time, carbohydrate content
of S. platensis was increased until 20 ppm of malathion
and then dramatically decreased as malathion concentration
increased further.

Concerning protein content of algal strains, it is clear
from Figure 6 that treatment of A. oryzae and N. muscorum
withmalathion significantly increased protein content of cells
especially at higher concentrations (50 and 100 ppm). In case
of S. platensis, lower concentrations of malathion (0.2 and
20 ppm) caused significant increase in protein content of
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Figure 2: Effect of differentmalathion concentrations on the growth
of N. muscorum.
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Figure 3: Effect of differentmalathion concentrations on the growth
of S. platensis.

algal cells and high concentrations caused gradual decrease
in protein content.

3.3. Biodegradation of Malathion by Different Algal Strains.
Data present in Figure 7 illustrated that the three algal
strains have the ability to biodegrade malathion at different
concentrations. In general, N. muscorum was recorded as the
highest efficient strain followed by A. oryzae and the lowest
one was S. platensis with mean removal values of 91%, 65%,
and 54%, respectively.

3.4. The Ability of Algal Strains to Utilise Malathion as Phos-
phorus Source. Algal strains were grown under phosphorus
limitation condition in absence and presence of malathion
in order to investigate their ability to utilise malathion as a
sole phosphorus source. In absence of malathion, the growth
of cells was markedly dwindled under phosphorus limitation
recording a decrement in the total cell count by 75.5%
compared with the unlimited cells (Table 1). On the other
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Figure 4: Regression lines of algal growth (expressed as cell count)
of tested strains.
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Figure 5: Effect of different concentrations of malathion on car-
bohydrate content of algal biomass. Data are the means of three
replicates and error bars represent the standard errors of the means.

hand, when malathion was used as a sole phosphate source
for the growth of algal strains under P-limitation condition,
the greatest cell number was achieved recording 39%, 52%,
and 20% increase more than the same conditions without
the addition of malathion for A. oryzae, N. muscorum, and
S. platensis, respectively.

The ability of algal strains to use malathion as phosphate
source was confirmed by analysing the internal phosphorus
content inside the algal biomass. Data in Table 2 revealed that
the total phosphorus content of the cells that were cultured
inmedia with P-limitation was very minor.When the limited
culture was amended with malathion, the amounts of total
phosphorus were increased to the same range spotted in the
unlimited cells.

4. Discussion

It is clear from the results that the growth of algal strains
was decreased as malathion concentration increased. This
inverse correlation betweenmalathion concentration and the
algal growth agrees with Ibrahim and Essa [15] and Ghadai
et al. [23] who studied the effect of different concentrations
(1–400 ppm) of organophosphorus pesticides on the growth
of seven cyanobacterial strains. They found that the low
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Figure 6: Effect of different concentrations of malathion on protein
content of algal biomass. Data are the means of three replicates and
error bars represent the standard errors of the means.
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Figure 7: Efficiency of different algal strains to biodegrade
malathion. Error bars represent the standard errors of the means.

Table 1:The growth of algal strains, expressed as cell count (number
of cells ×106/mL), under unlimitation and P-limitation conditions
with the addition of malathion.

Algal strains A. oryzae N. muscorum S. platensis
Unlimitation 24.7 ± 2.9 6.6 ± 0.5 8.8 ± 0.1

P-limitation 1.2 ± 0.3
a
1.4 ± 0.2

a
4.2 ± 0.4

a

P-limitation with different
concentrations of
malathion (ppm)

0.02 4.4 ± 0.5
b
2.1 ± 0.3

b
6.4 ± 1.1

b

0.2 5.4 ± 1.2
b
4.3 ± 0.3

b
7.0 ± 0.9

b

2 5.6 ± 0.6
b
4.8 ± 0.5

b
7.2 ± 0.9

b

20 13.4 ± 0.6
b
4.9 ± 0.2

b
7.8 ± 0.7

b

50 22.6 ± 0.8
b
7.1 ± 0.1

b
8.2 ± 0.7

b

100 26.1 ± 2.4
b
7.6 ± 0.5

b
0.0 ± 0.0

b

Values are means of three replicates ± standard errors.
aSignificant decrease compared with unlimitation condition.
bSignificant increase compared with P-limitation condition.

concentrations stimulated the growth in terms of cell number
and the higher concentrations dramatically reduced the
algal growth. In this respect, extensive studies have been
made concerning the inhibitory effects of organophosphorus
pesticides on the cell count of different algal species [24–27].

The inhibitory effect of malathion could be attributed to
the adsorption of this compound on the rich-lipid plasma

Table 2: Total phosphorus content (mg/g dry weight) of algal
biomass under unlimitation and P-limitation condition with the
addition of malathion.

Algal strains A. oryzae N. muscorum S. platensis
Unlimitation 10.1 ± 0.1 9.2 ± 0.1 19.8 ± 0.1

P-limitation 2.2 ± 0.1
a
3.6 ± 0.1

a
0.7 ± 0.1

a

P-limitation with different
concentrations of
malathion (ppm)

0.02 6.9 ± 0.0
b
11.2 ± 0.0 1.0 ± 0.0

0.2 8.8 ± 0.1
b
4.3 ± 0.1

b
0.9 ± 0.1

b

2 11.6 ± 0.1
b
4.7 ± 0.1

b
0.9 ± 0.1

b

20 13.7 ± 0.1
b
5.8 ± 0.1

b
3.8 ± 0.1

b

50 14.0 ± 0.1
b
6.6 ± 0.1

b
4.1 ± 0.1

b

100 15.9 ± 0.1
b
10.4 ± 0.1

b
0.0 ± 0.0

b

Values are means of three replicates ± standard errors.
aSignificant decrease compared with unlimitation condition.
bSignificant increase compared with P-limitation condition.

membranes of the algal cells, thus, altering the membranes
permeability [28] and diminishing photosynthetic activity
[29, 30] as well as increasing reactive oxygen species (ROS)
during stress [25].

Figure 4 indicated that N. muscorum was more tolerant
to different concentrations of malathion than the other algal
strains. In agreement with these results Nayak et al. [27]
reported that Nostoc sp. tolerated more than Anabaena sp. to
organophosphorus pesticide monocrotophos and can grow
up to 150 ppm. Also, Kumar et al. [31] study the tolerance
of three cyanobacterial strains to endosulfan and record the
tolerance in the order of N. muscorum > A. variabilis > A.
fertilissima. Highest tolerance of N. muscorum could be as a
result of its highest ability to biodegrade malathion (91%) at
different concentrations (Figure 7).

In general, data obtained from Figures 5 and 6 indicated
that the total carbohydrate and protein content of algal
biomass increased significantly with increasing malathion
concentrations. Such a phenomenon may be due to the pres-
ence of some enzymes which can hydrolyse this organophos-
phorus compound and utilize malathion as nutrient sources
[15, 32]. Ghadai et al. [23] found that the organophosphorus
pesticide diazinon stimulates carbohydrate content of blue
green alga, A. cylindrica.

When algal strains were cultured in P-limited medium
supplemented with different malathion concentrations, a
highly significant growth was obtained compared with the
cells that were grown under the same conditions without
malathion additionwhich recorded a sharp reduction in their
growth. In accordance with such results, Ibrahim and Essa
[15] studied the effect ofmalathion on the growth ofA. oryzae
under phosphorus limited conditions. They found that the
growth of A. oryzae under P-limitation recorded a very poor
level and a massive enhanced growth was obtained when
the P-limited medium was amended with malathion. The
simulative effect of malathion on growth could be as a result
of the increment of the available phosphorus, resulting from
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degradation of this compound by algal strains. Therefore,
total phosphorus content of algal biomass was estimated
in order to confirm their capability to utilise malathion
as a phosphorus source. Results in Table 2 illustrated that
the phosphorus content of the cells which grew under P-
limitation and in presence of malathion was much higher
than that found in cells cultured under the same conditions
but without the addition ofmalathion revealing the capability
of this strain to break down and utilize malathion as a
sole phosphorus source. These findings agreed with Subra-
manian et al. [33] who attributed the growth enhancement
of Cyanobacteria Aulosira fertilissima that was grown in
the presence of malathion to their capability to utilize this
compound as sole sources of phosphorus in the absence of
inorganic phosphate from the medium.

5. Conclusions

The present study is the first evidence of the ability of A.
oryzae, N. muscorum, and S. platensis to biodegrade and
utilize malathion as a source of phosphorus. Overall, the
data obtained highlight the efficiency of algal strains to grow
under high concentrations of malathion with enhancement
of biomass carbohydrate and protein content. Moreover,
N. muscorum overtopped the other strains in removing
more than 90% of malathion. Hence, work in this regard
should continue to characterise the genetic and enzymatic
components responsible for the utilization of malathion and
other organophosphorus pesticides of this strain in order
to evaluate its efficiency for the bioremediation of these
environmental pollutants.
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A Streptomyces lusitanus DMZ-3 strain with potential to synthesize both insoluble and soluble melanins was detected. Melanins
are quite distinguished based on their solubility for varied biotechnological applications. The present investigation reveals the
enhanced production of insoluble and soluble melanins in tyrosine medium by a single culture. Streptomyces lusitanus DMZ-3
was characterized by 16S rRNA gene analysis. An enhanced production of 5.29 g/L insoluble melanin was achieved in a submerged
bioprocess following response surfacemethodology. Combined interactive effect of temperature (50∘C), pH (8.5), tyrosine (2.0 g/L),
and beef extract (0.5 g/L) were found to be critical variables for enhanced production in central composite design analysis.
An optimized indigenous slant culture system was an innovative approach for the successful production (264mg/L) of pure
soluble melanin from the droplets formed on the surface of the culture. Both insoluble and soluble melanins were confirmed and
characterized by Chemical, reactions, UV, FTIR, and TLC analysis. First time, cytotoxic study of melanin using brine shrimps was
reported. Maximum cytotoxic activity of soluble melanin was Lc

50
-0.40 𝜇g/mL and insoluble melanin was Lc

50
-0.80 𝜇g/mL.

1. Introduction

Melanin, a polyphenolic polymer formed by the oxidative
polymerization of phenolic and/or indolic compounds, was
generally produced from the oxidation of L-tyrosine by
tyrosinase or laccase to L-DOPA and dopaquinones, finally to
dihydroxyindole carboxylic acid and their reduced forms [1].
Melanins are commonly found in animals, plants, bacteria,
and fungi [2]. In humans, they are found mainly in the skin
and hair as dark colored pigments. In bacteria and fungi,
melanins are found in their cell wall. The biological melanins
are commonly known based on the color and the substrate
from which they originate. Eumelanin is blackish brown,
Pheomelanin is yellow to red, and Pyomelanin is brown in
color [3]. Eumelanin is the predominant pigment synthesized
in humans and microorganisms, especially in bacteria and
fungi [2].

Melanin is commercially extracted from cuttlefish and
depends on irregular supply of natural material and also is

expensive [4]. Plenty of literature is available regarding the
synthesis and production of eumelanin by different bacteria
[5, 6] and fungi [7, 8]. The production of melanin by
recombinant E. coli under optimized submerged bioprocess
was reported by Muñoz et al. [9]. Dastager et al. [10] and
Quadri and Agsar [11] have reported the production of
melanin by Streptomyces species. Manivasagan et al. [12] and
Surwase et al. [13] have reported the production of melanin
by Actinoalloteichus sp. and Brevundimonas sp., respectively,
employing Response Surface Method (RSM). RSM using
different statistical designs is an important approach to
optimize the process condition for the enhanced production
of bioactive molecules [14]. Formation of droplets on the
surface of the colonies of few sporulated microorganisms
constituting mainly enzymes or antibiotics or pigments was
reported [15–17].

Melanin plays an important role in humans and its lack
leads to several abnormalities and diseases. The reduced
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melanin in neurons causes Parkinson’s disease [18]. Melanin
also plays an important role in microorganisms against
damages from high temperatures, chemical stress, and bio-
chemical threats [19]. The role of biologically active melanin
includes being cytotoxic, antitumor [20], antivenin [21],
antiviral [22], and radio protective [23]. Sun-screens con-
taining water soluble melanin protect against harmful UV
radiations. Water soluble melanins are used in solid plastic
films, lenses, paints, varnishes, and other surface protection
formulations to provide greater UV protections [24]. AIDS
treatment news [25] reveals the selective antiviral activity of
synthetic soluble melanin against human immunodeficiency
virus [22]. However, it is critical for melanin to be water
soluble for a better commercial potential in biotechnological
applications. Insoluble melanins require sever treatments
such as boiling in strong alkali or the use of strong oxidants
for making them water soluble, which often damages them
[26]. The present investigation was undertaken to produce
insoluble melanin and soluble melanin from droplets of
Streptomyces, as no literature is available regarding this
approach. The standardization of production of bioactive
molecules from such droplets is a novel criterion explaining
production of melanin by Streptomyces in unique form.
Further, the cytotoxic activity of melanins was evaluated
using brine shrimps. The brine shrimp cytotoxic activity
has been found out as safe, practical, and economical to
determine the bioactivity of the synthetic compounds [27],
which showed a significant correlation with in vitro growth
check for human solid tumor cell lines [28].

2. Materials and Methods

2.1. Screening of Streptomyces. Streptomyces collection pre-
served in our A-DBT (Actinomycetes-Diversity and Biopro-
cess Technology) research laboratory was screened by plate
culture for the synthesis of melanin on starch tyrosine agar
(STA): Starch 10 g, K

2
HPO
4
2 g, KNO

3
2 g, NaCl 2 g, Tyrosine

4 g, MgSO
4
0.05 g, CaCO

3
0.3 g, FeSO

4
0.01 g, Agar 20 g,

deionized water 1 L, and pH 8.0 and also on tyrosine agar
(TA): Gelatin 5 g, Tyrosine 5 g, beef extract 3 g, Agar 20 g,
deionized water 1 L, and pH 8.0 [29]. The plates inoculated
with test isolates were incubated at 40∘C for 120 h and
observed for synthesis of melanin based on the intensity of
dark brown pigmentation and degree of zone of catalysis as
reported by Nicolaus et al. [3] and Shivaveerakumar et al.
[30].

2.2. Molecular Characterization of Streptomyces. Efficient
isolate for melanin synthesis was characterized by 16S rRNA
analysis [31]. Genomic DNA was prepared by using Chelex-
100 (Sigma-Aldrich, USA) chelating ion exchange resin
method [32]. Employing about 100 nanogram DNA, 16S
rRNA amplified using universal F27 (5AGAGTTTGATCM-
TGGCTCAG-) and R1525 (5TACGG(C/T) TACCTTGT-
TACGACTT) primers. Accuracy of PCR product was visual-
ized on agarose gel and sequenced using a BigDye Terminator
kit, version 3.1, on an automatic ABI 3100 sequencer (Applied
Biosystems Inc.). The sequences obtained were analyzed

using NCBI Blast search and EzTaxon [33] to restore closest
relatives and phylogenetic tree was obtained.

2.3. Production of Insoluble Melanin. Submerged bioprocess
in tyrosine broth was standardized for the production of
melanin using Streptomyces lusitanus DMZ-3, employing
important process variables one at a time and keeping others
at a constant level [34]. pH (7.0, 7.5, 8.0 and 8.5) of the
medium, inoculum size (from 1 × 106 to 1 × 109 with
interval of 1 × 101), incubation temperature (35, 40, 45, 50
and 55∘C), period of incubation (48, 72, 96, 120, 144 and
168 h), and rate of agitation (120, 140, 160, 180 and 200 rpm)
were manually optimized. The influence of various carbon
sources (Starch, glucose, sucrose, maltose, and beef extract
at 0.2 to 2.0% concentrations), nitrogen sources (soyabean
meal, ammonium nitrate, casein, and tyrosine at 0.2 to 2.0%
concentrations), and mineral salts (CuSO

4
, MgSO

4
, FeSO

4
,

MnSO
4
, and K

2
HPO
4
at 0.05 to 0.25% concentrations) were

also optimized.
Response Surface Method (RSM) with central composite

design (CCD) was employed [12] to resolve the optimum
combination and interactive effect of critical process variables
on the enhanced production of melanin. The CCD of 30
runs was set using the Design Expert Software, USA (Version
7.0). All the experiments were carried out in duplicate and
average of melanin production obtained was considered as
the dependent variables or responses (𝑌). The predicted
response was calculated from the second degree polynomial
equation, which included all the terms. 𝑌 = 𝛽

0
+ ∑𝛽

𝑖
𝑋
𝑖
+

∑𝛽
𝑖𝑖
𝑋
2

𝑖
+∑𝛽
𝑖𝑗
𝑋
𝑖
𝑋
𝑗
, where𝑌 stands for the response variable,

𝛽
0
is the intercept coefficient, 𝛽

𝑖
represents the coefficient

of the linear effect, 𝛽
𝑖𝑖
the coefficient of quadratic effect,

and 𝛽
𝑖𝑗
the 𝑖𝑗th interaction coefficient effect. 𝑋

𝑖
𝑋
𝑗
are input

variables which influence the response variable 𝑌 and 𝛽
𝑖
is

the 𝑖th linear coefficient [35]. Other parameters which have
no much role in production of melanin were kept constant.
The statistical and numerical analysis of the model was per-
formedwith the analysis of variance (ANOVA).The statistical
significance of the model was analyzed by the Fisher’s 𝐹-test,
its associated probability 𝑃(𝐹), correlation coefficient 𝑅, and
determination coefficient 𝑅2, which explains the quality of
polynomial model. The quadratic models were represented
as contour plots (three-dimensional) and response surface
curves were created for each variable. The model was vali-
dated for enhanced production of melanin, at specific level
of optimized critical process variables.

The extraction and purification of the melanin were
carried out as per the standard protocols described by Fava
et al. [36] and Harki et al. [37], respectively. The incubated
broth was centrifuged at 8,000 g for 15 minute to separate the
cell mass and the pigment. Extracted dried pigment pellet
was subjected to the dialysis in cellulose membrane against
phosphate buffer of pH 7.0 and purified by column using
Silica Gel material of 60–120 mesh size.

2.4. Production of Soluble Melanin. An indigenous method
of slant culture system was standardized and operated for
the synthesis and extraction of soluble pigment. Potential
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isolate of Streptomyceswas inoculated on the slants of tyrosine
agar. The 50mL capacity borosilicate glass tube with 15mL
medium was employed for the synthesis of melanin formed
as clearly visible pigment droplets on the surface of the
slant culture. The slants inoculated were incubated at 45∘C
for 120 h. The dark brown pigment droplets present on
the entire surface of the culture were completely extracted
using micropipette and dried in hot air oven at 60∘C for
1 h. Replicates of three slants were considered to calculate a
simple arithmeticmean of total solublemelanin produced per
liter of tyrosine medium.

2.5. Confirmation ofMelanin. Thepigments obtained by both
submerged bioprocess and slant culture were confirmed as
insoluble and solublemelanin by following chemicalmethod,
UV-vis spectroscopy, FT-IR spectroscopy, and thin layer
chromatographic techniques. The solubility of pigments in
deionized water, 1 N HCl, 1 N NaOH, 1N KOH, 1N NH

4
OH,

ethanol, acetone, chloroform, and benzene was assessed
[1, 38]. The reaction of the pigment with oxidizing agent
H
2
O
2
(30%), reducing agents H

2
S, and sodium hydrosulfite

(5%) was observed and recorded for the confirmation of
the pigment as a melanin. The pigment was also subjected
to precipitation reaction with FeCl

3
(1%), ammonical silver

nitrate, and potassium ferricynide. UV-visible absorption
spectrum in the region of 200 to 600 nm was observed
[39] for a characteristic property of a melanin using Sys-
tronics 2201 double beam UV-visible spectrophotometer.
The pigments were directly subjected to FT-IR Spectroscopy
analysis and spectrum was recoded at 4000 to 500 cm−1
[40] using thermo Nicolet iS5 FT-IR Spectroscopy. The
confirmation of the pigment as melanin was also performed
by thin layer chromatography [41].The pigment extracts were
separated and compared with standard melanin using silica
gel chromatography plate (Merck TLC Silica Gel 60 F

254
).

The separation was made using the different proportions of
organic solvents such as chloroform, hexane, butanol, acetic
acid, andmethanol. After optimizing the solvent proportions,
separate bands were observed staining with iodine.

2.6. Cytotoxic Activity of Melanin. The cytotoxic activities of
insoluble and solublemelanins were determined by following
the standard protocol ofMeyer et al. [42] using brine shrimps
(Artemia salina). Artificial sea/saline water was prepared,
dissolving 20 g of NaCl per liter and pH was adjusted to
8.5 with 0.1M Na

2
CO
3
. 1 g eggs of brine shrimp was added

to the 1 L seawater and incubated at 28∘C for 48 h with
constant air supply and light. The hatched brine shrimps
were collected and rinsed in fresh seawater. The insoluble
and soluble melanin concentrations (0, 1, 2, 4, 8, 16, 32, and
64 𝜇g/mL) were diluted in 5mL seawater in separate tubes
and incubated at 28∘C. Sample with zero concentration of
melanins was considered as control. The mortality number
of brine shrimps for every 6 h up to 24 h was recorded. The
percentage ofmortality and lethal concentration value (LC

50
-

𝜇g/mL) of melanins were calculated.Themortality end point
of the bioassay was referred to as the absence of controlled

forward motion during 30 seconds of observation and the
concentration that killed 50% of brine shrimps as LC

50
.

Criterion of toxicity for fractions was categorized as nontoxic
(LC
50

values > 1000 𝜇g/mL), poor toxic (500–1000𝜇g/mL),
and toxic (<500𝜇g/mL) according to Déciga-Campos et al.
[43].

3. Results and Discussion

3.1. Screening and Characterization of Streptomyces. Seven
isolates of Streptomyces were screened for the extracellular
synthesis of melanin on starch tyrosine and tyrosine agar.
Starch casein agar is a medium prescribed by Küster and
Williams [44] for the isolation of actinobacteria. Casein
was replaced by tyrosine and used for the isolation and
screening of Streptomyces for the synthesis ofmelanin.Degree
of coloration or intensity of color (brown) was conventional
method prescribed [45] for the detection ofmelanin synthesis
by microorganisms. A varied degree of synthesis of melanin
by the test isolates of Streptomyces was clear from the visible
(Figure 1(a)) brown pigment (melanin) intensity on starch
tyrosine agar. In addition to the intensity of brown pigmen-
tation, the formation of catalytic zone around the colonies
of the test isolates on tyrosine agar (Figure 1(b)) significantly
reveals the synthesis of melanin. However, tyrosine agar
was reported earlier [29] to be used for the differentiation
of Streptomycetes but never recorded for the formation of
catalytic zone indicating the melanin activity. Surprisingly,
this medium exhibited both, high intensity of color and also
catalytic zone (a clear zone around the colony catalyzing the
tyrosine), indicating the synthesis of melanin. The degrees of
catalytic zone developed can be considered as an innovative
criterion for the selection of potential isolate targeting the
production of melanin. An isolate Streptomyces DMZ-3 was
selected as physiologically efficient and potential isolates
(Figure 1(b)) for the maximum synthesis of melanin. A
similar approach was reported by Shivaveerakumar et al. [30]
as a novel criterion for the screening of actinobacteria aiming
at the synthesis of extracellular tyrosinase.

Actinobacteria can be analyzed at various molecular
levels to gain information suitable for constructing databases
and effective identification. Sequence analysis of various
genes provides a stable classification and accurate iden-
tification, which has become the cornerstone of modern
phylogenetic taxonomy [46]. The region of 16S rRNA gene
is highly variable and differs significantly between species
where other areas are more conserved and suitable for
identification at the generic level [47]. An almost com-
plete 16S rRNA gene sequence of isolate DMZ-3 (1,401
nucleotides) was determined (Genbank, NCBI Accession
number: KF486519). A phylogenetic tree was constructed
based on 16S rRNA gene sequences to show the comparative
relationship between isolate DMZ-3 and other related Strep-
tomyces species (Figure 1(c)).The comparative analysis of 16S
rRNA gene sequence and phylogenetic relationship reveals
that isolate DMZ-3 lies in a subclade with Streptomyces lusi-
tanus, sharing 99.7% of 16S rRNA gene sequence similarity.
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Figure 1: Screening of isolates for the synthesis of melanin on starch tyrosine (a), tyrosine agar (b), and phylogenetic tree (c) of Streptomyces
DMZ-3.

3.2. Production of Insoluble and Soluble Melanin. Operation
of process variables usingmanually one at a time and keeping
others constant is a precondition to detect critical variables
for the production of melanin employing response surface
methodology. 4.2 g/L melanin was produced by Streptomyces
lusitanus DMZ-3 in tyrosine medium under the optimized
submerged bioprocess. Among all the optimized process vari-
ables, temperature, pH, tyrosine, and beef extract were iden-
tified as critical variables based on the level of the melanin
production. Determination of important physiochemical and
nutritional factors is an important criterion for themaximum
production of melanin, in the development of a suitable
bioprocess. Few reports are available regarding the produc-
tion of extracellular and intracellular melanins. Santos and
Stephanopoulos [5] and Muñoz et al. [9] reported 375mg/L
and 6 g/L of extracellular melanin production, respectively,
by recombinant E. coli. Sajjan et al. [6] and Youngchim et al.
[48] have reported the production of intracellular melanin by
Klebsiella sp. andAspergillus fumigatus, respectively. Dastager
et al. [10] revealed the production of extracellular melanin by
Streptomyces in synthetic media.

In the recent past, Response Surface Method, a software
based statistical design, is the most validated method for
the production of biomolecules, especially in the submerged
fermentation. In the present investigation, an attempt was
made to achieve the higher production of melanin by Strep-
tomyces lusitanus DMZ-3 in submerged bioprocess. Actual
and predicted values of the degree of melanin production
with identified critical process variables employing RSM
with CCD were shown in Table 1. Maximum response with
5.29 g/L of melanin was achieved at 9th run against a pre-
dicted value of 4.65 g/L. A polynomial equation regarding the
production of melanin (𝑌) based on the regression analysis
was as follows:

Melanin production (𝑌) = 4.35 + 0.094𝑋
1

+ 0.17𝑋
2
+ 0.95𝑋

3

− 0.050𝑋
4
− 0.57𝑋

2

1

− 0.34𝑋
2

2
− 0.58𝑋

2

3
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Table 1: Optimization of critical process variables employing response surface method for the production of insoluble melanin by
Streptomyces lusitanus DMZ-3.

Run Critical process variables Melanin production (g/L)
𝑋
1
: 𝐴: Temperature ∘C 𝑋

2
: 𝐵: pH 𝑋

3
: 𝐶: Tyrosine % 𝑋

4
:𝐷: Beef extract % Actual value Predicted value

1 42.50 7.75 1.25 1.25 4.35 4.35
2 42.50 7.75 1.25 1.25 4.35 4.35
3 35.00 7.00 0.50 2.00 1.08 2.12
4 35.00 8.50 2.00 2.00 3.05 3.51
5 27.50 7.75 1.25 1.25 2.12 1.90
6 35.00 8.50 2.00 0.50 4.21 3.73
7 42.50 7.75 1.25 1.25 4.35 4.35
8 42.50 7.75 2.75 1.25 4.05 3.91
9 50.00 8.50 2.00 0.50 5.29 4.65
10 42.50 9.25 1.25 1.25 3.15 3.35
11 35.00 7.00 2.00 2.00 3.11 2.99
12 50.00 7.00 0.50 0.50 1.63 1.57
13 35.00 7.00 2.00 0.50 2.41 2.91
14 50.00 8.50 2.00 2.00 3.92 4.53
15 57.50 7.75 1.25 1.25 2.16 2.27
16 42.50 7.75 1.25 1.25 4.35 4.35
17 50.00 8.50 0.50 2.00 1.55 1.44
18 35.00 8.50 0.50 2.00 1.53 1.38
19 42.50 7.75 1.25 2.75 4.48 3.47
20 42.50 7.75 1.25 1.25 4.35 4.35
21 42.50 7.75 1.25 −0.25 2.78 3.67
22 50.00 8.50 0.50 0.50 1.89 1.72
23 35.00 8.50 0.50 0.50 1.55 1.75
24 50.00 7.00 2.00 2.00 3.20 3.40
25 42.50 7.75 −0.25 1.25 0.090 0.12
26 42.50 6.25 1.25 1.25 2.98 2.67
27 42.50 7.75 1.25 1.25 4.35 4.35
28 50.00 7.00 2.00 0.50 3.35 3.22
29 50.00 7.00 0.50 2.00 1.38 1.58
30 35.00 7.00 0.50 0.50 3.10 2.21

− 0.19𝑋
2

4
+ 0.15𝑋

1
𝑋
2

+ 0.24𝑋
1
𝑋
3
+ 0.024𝑋

1
𝑋
4

+ 0.32𝑋
2
𝑋
3
− 0.073𝑋

2
𝑋
4

+ 0.041𝑋
3
𝑋
4
,

(1)

where 𝑋 was the response variables for melanin production
with𝑋

1
,𝑋
2
,𝑋
3
, and𝑋

4
as coded values of temperature, pH,

tyrosine, and beef extract, respectively. The model character-
istic response for the production of melanin was statistically
analyzed (Table 2) using ANOVA. The model showed a high
coefficient 𝑅2 value of 0.8832 where standard should be >0.75
and between 0 and 1. The model 𝐹 value of 8.10 implies
the model as significant and the lack of fit 𝐹 value was 5.62
indicating the lack of fit was not significant in relation to the
pure error. The ratio greater than 4 is desirable to confirm

the model as acceptable and the obtained ratio was 10.462.
This revealed that the model can be used to navigate the
design space. The response variables 𝐶, 𝐴2, 𝐵2, and 𝐶2 were
found to be as significant model terms. Each critical variable
in the model with respect to incubation time was presented
as response surface curves by contour plots (Figure 2). Every
critical variable showed maximum melanin production at
a constant middle level of the other variables. However,
increase in the production of melanin was observed with
increase in these variables. The validation of the statistical
model and regression analysis considering 𝑋

1
(50∘C), 𝑋

2
(8.5

pH), 𝑋
3
(2%), and 𝑋

4
(0.5%) values were evident that the use

of RSM with CCD can be effectively used and the conditions
are ideal for the production of melanin.

Temperature, pH, tyrosine, and beef extractwere themost
critical factors to produce enhanced level (5.29 g/L) melanin
by Streptomyces lusitanus DMZ-3 in submerged bioprocess.
Manivasagan et al. [12] reported the production (85.37𝜇g/L)



6 BioMed Research International

Table 2: Analysis of variance (ANOVA) of model response data.

Source Sum of squares Df Mean square 𝐹 value 𝑃 value prob > 𝐹
Model 42.50 14 3.04 8.10 0.0001
𝐴: temperature 0.21 1 0.21 0.56 0.4647
𝐵: pH 0.69 1 0.69 1.84 0.1948
𝐶: tyrosine 21.57 1 21.57 57.55 <0.0001
𝐷: beef extract 0.061 1 0.61 0.16 0.6923
𝐴𝐵 0.38 1 0.38 1.00 0.3329
𝐴𝐶 0.90 1 0.90 2.40 0.1425
𝐴𝐷 9.506𝐸 − 003 1 9.506𝐸 − 003 0.025 0.8756
𝐵𝐶 1.61 1 1.61 4.29 0.0561
𝐵𝐷 0.086 1 0.086 0.23 0.6397
𝐶𝐷 0.026 1 0.026 0.070 0.7943
𝐴
2 8.81 1 8.81 23.51 0.0002
𝐵
2 3.09 1 3.09 8.24 0.0117
𝐶
2 9.36 1 9.36 24.99 0.0002
𝐷
2 1.04 1 1.04 2.76 0.1173

Residual 5.62 15 0.37
Lack of fit 5.62 10 0.56
Pure error 0.000 5 0.000
Cor total 48.12 29

𝑅
2
= 0.8832

ofmelanin fromActinoalloteichus sp.MA-32, with glycerol, L-
tyrosine, NaCl, and trace salt solution as critical process vari-
ables employing response surface methodology with central
composite design. However, Surwase et al. [13] revealed pH,
tryptone, L-tyrosine, and copper sulphate as critical variables
for the production (6.8 g/L) of melanin by a bacterium,
Brevundimonas sp. SGJ employing response surface method
with Box-Behnken method. It is evident from the present
investigation and with reported literature that a critical pro-
cess variable, either physicochemical or nutritional, does vary
from one organism to another, irrespective of method being
employed for the production of melanin. The physiological
andmetabolic nature of the organism involvedmight regulate
the process variables required for the production of melanin
in given bioprocess.The simple ingredients of themedium for
an efficient production ofmelanin are the added advantage of
the present investigation.

The preserved culture of Streptomyces lusitanus DMZ-3
on tyrosine agar, to our surprise, could show the formation of
dark brown pigment droplets (Figure 3) on the entire surface
of the slant culture. This natural phenomenon of synthesis
of dark brown pigment in the form of droplets was explored
and standardized for the production of melanin. It is a novel
approach to progress the production of melanin employing a
slant culture system. An entire slant culture grown on 15mL
medium could generate about 1mL droplet and upon drying
3.96mg of pigment was obtained. A simple experiment,
designed statistically in triplicate, revealed the production of
264mg pigment per liter of tyrosine medium by Streptomyces
lusitanus DMZ-3. Early literature reports the formation of
droplets on the surface of the colonies of fungi [17] and
Streptomyces [49, 50], consisting broad range of enzymes,

antibiotics, and pigments. The present investigation reveals
the formations of droplets on the surface of Streptomyces
lusitanus and for the first time droplets were reported to
contain exclusively pure soluble melanin. It is interesting to
note that the formation of droplets occurred only when the
isolate was grown at 45∘C on tyrosine agar with a pH of 8.0.
It confirms the earlier reports [51] indicating the formation
of droplets by organisms under stress conditions. Mart́ın
et al. [52] reported that the gene for the secretion of this
kind of metabolite droplets lies within the gene cluster for
the corresponding biosynthesis. In depth investigations are
essential to understand specific genes regulating the synthesis
of solublemelanin droplets by Streptomyces lusitanusDMZ-3.
A water soluble melanin has been reported [53] in a mutant
strain of Bacillus thuringiensis. However, few patents reveal
the production of water soluble synthetic [54] and fungal
melanin [55].

3.3. Confirmation and Characterization of Melanins. The
pigment obtained under submerged bioprocess was purified
by chromatographic technique using silica gel columns.
Thus purified pigment (pigment 1) and the pigment directly
extracted from the slant culture system (pigment 2) were
analyzed for their characteristic chemical features (Table 3).
Interestingly, both pigments 1 and 2 produced by the same
organism Streptomyces lusitanus DMZ-3 were revealed to
be insoluble and soluble in water, respectively. However,
solubility of both pigments in other alkaline solutions and
organic solvents is one and the same. The other chemical
reactions of both the pigments were also similar. In all,
blackish brown color and total chemical reactions confirm
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Figure 2: Contour plots and response surface curves of the production of insoluble melanin by Streptomyces lusitanus.

Droplets

Figure 3: Formation of dark brown pigment droplets on the surface
of the slant culture of Streptomyces lusitanus DMZ-3.

[1, 56] pigments 1 and 2 as insoluble and soluble melanin,
respectively.

Both pigments gave maximum UV absorption between
200 and 300 nm but decreased towards visible range in
the similar line of standard melanin under UV-Vis spec-
trophotometer (Figure 4), revealing [57] the typical nature

of the melanin absorbance. The FT-IR spectrophotometric
(Figure 5) analysis of insoluble and soluble pigments showed
the absorption at 3305.00 cm−1 (–OH and –NH bonds),
1651.41 cm−1 (aromatic stretch C=C), and 3386.47 cm−1 and
1644.48 cm−1 respectively. The absorbance at these ranges
proves [58, 59] the pigments as melanins and the peaks in
the soluble melanin indicate the purity. Finally, the pigments
were separated after standardizing the solvent proportion
with 1 : 4 : 1 ratio of 0.1 N NaOH, ethanol, and chloroform,
respectively. The separated bands (Figure 6) reveal the equal
𝑅
𝑓
with standard melanin.

3.4. Cytotoxicity of Melanins. Assessment of cytotoxicity of
chemicals using cell lines is not an uncommon procedure
and is accurately correlated [60] with the assessment of
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Table 3: Chemical analysis of the pigments.

Color and reactions Observations
Pigment 1 Pigment 2

Color Blackish
brown

Blackish
brown

Solubility in water Insoluble Soluble
Solubility in 0.1 NNH4OH Readily soluble Readily soluble
Solubility in 0.1 NNaOH Soluble Soluble
Solubility in 0.1 NKOH Soluble Soluble
Solubility in organic solvents
(Ethanol, acetone, chloroform,
benzene)

Insoluble Insoluble

Reaction with sodium
dithionite and with potassium
ferricyanide

Decolorized
and turned to

brown

Decolorized
and turned to

brown
Reaction with H2S Reduced Reduced

190.0 331.6 473.2 614.8 756.5 898.0

−0.089

0.363

0.815

1.267

1.720

2.172

Ab
s

Standard melanin
Pigment 1
Pigment 2

1
2
3

Figure 4: UV-visible spectrophotometric analysis of insoluble and
soluble melanins.

cytotoxicity using brine shrimps. The brine shrimp assay
method is considered as an excellent alternate option to assess
the cytotoxic activity of the biological product [61]. From
the beginning of its introduction to standardization [42], this
in vivo test had successfully been adopted for the bioassay
of active cytotoxic and antitumor agents [62]. Further the
lethal concentration of brine shrimp can be correlated with
the lethal dose in mice and was explained using medicinal
plants earlier [63].The number of brine shrimps survived and
the percentage ofmortality for 6 h, 12 h, and 24 hwas summa-
rized in Table 4. After 24 h, the total mortality was 100% in
the highest concentration (64𝜇g/mL) of soluble melanin and
95% mortality was observed in insoluble melanin. The LC

50

value was 0.40 𝜇g/mL for soluble melanin and 0.80𝜇g/mL
for insolublemelanin. Both pigments exhibit higher cytotoxic
activity as LC

50
value of both showed less than 500𝜇g/mL

[43]. However, soluble melanin could reveal 100% mortality
and greater cytotoxic activity with half of the LC

50
value,

when compared to insoluble melanin.

4. Conclusions

A successful production of both insoluble and soluble
melanins from a single isolate of Streptomyces is a significant
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Figure 5: FT-IR Spectroscopic analysis of pigments 1 and 2.
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Figure 6: Thin layer chromatograph of insoluble and soluble
melanins.

observation of the present investigation. Streptomyces lusi-
tanusDMZ-3 characterized by 16S rRNA analysis was proved
to be an efficient isolate for the synthesis of both melanins.
An increased production (5.29 g/L) of insoluble melanin, in
tyrosine medium under submerged bioprocess, was achieved
by response surface methodology. The isolate had shown a
greater consistency towards higher conditions of tempera-
ture (50∘C) and pH (8.5) for the maximum production of
insoluble melanin, using simple nutritional ingredients such
as tyrosine and beef extract. An indigenous slant culture
system designed and standardized for the production of pure
soluble melanin from the droplets formed on the surface
of the culture is a novel criterion. In an optimized slant
culture system, we were able to harvest 0.264 g/L pure soluble
melanin. Both melanin pigments produced by Streptomyces
lusitanus DMZ-3 were confirmed and characterized with
chemical reactions, UV, FTIR, and TLC analysis. Assessment
of cytotoxicity of natural products is normally determined by
either cell culture methods employing specific cell lines or
using laboratorymice as experimental animals. In the present
work, cytotoxicity of melanins was successfully investigated
by using brine shrimps for the first time. Both insoluble and
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Table 4: Cytotoxic activity of the insoluble and soluble melanins.

Concentration of melanin
(𝜇g/mL)

Log of concentration
of melanin

Survived brine shrimps Percent mortality Lc50 (𝜇g/mL) at 24 h
6 h 12 h 24 h 6 h 12 h 24 h

Insoluble melanin
01.0 0 19 11 06 10 45 70

0.80

02.0 0.301 17 11 07 15 45 65
04.0 0.602 17 10 06 15 50 70
08.0 0.903 17 09 04 15 55 80
16.0 1.204 16 09 04 20 55 80
32.0 1.505 16 09 03 20 55 85
64.0 1.806 16 07 01 20 65 95

Soluble melanin
01.0 0 17 05 04 15 75 80

0.40

02.0 0.301 17 05 04 15 75 80
04.0 0.602 16 05 04 20 75 80
08.0 0.903 16 05 04 20 75 80
16.0 1.204 15 05 03 25 75 85
32.0 1.505 15 04 02 25 80 90
64.0 1.806 15 03 00 25 85 100

soluble melanins have been proved to be highly toxic but
soluble melanin was more biologically active (0.40𝜇g/mL) as
compared to insoluble melanin (0.80𝜇g/mL).
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The aim of the present work was to evaluate antileishmanial activity of Astronium fraxinifolium and Plectranthus amboinicus. For
the in vitro tests, essential oil of P. amboinicus (OEPA) and ethanolic extracts from A. fraxinifolium (EEAF) were incubated with
106 promastigotes of L. (Viannia) braziliensis. The OEPA was able to reduce the parasite growth after 48 h; nonetheless, all the
EEAFs could totally abolish the parasite growth. For the in vivo studies, BALB/cmice were infected subcutaneously (s.c.) with 107 L.
braziliensis promastigotes. Treatment was done by administering OEPA intralesionally (i.l.) for 14 days. No difference was found in
lesion thickness when those animals were compared with the untreated animals. Further, golden hamsters were infected s.c. with
106 L. braziliensis promastigotes. The first protocol of treatment consisted of ethanolic leaf extract from A. fraxinifolium (ELEAF)
administered i.l. for 4 days and a booster dose at the 7th day. The animals showed a significant reduction of lesion thickness in the
6th week, but it was not comparable to the animals treated with Glucantime.The second protocol consisted of 15 daily intralesional
injections. The profiles of lesion thickness were similar to the standard treatment. In conclusion, in vivo studies showed a high
efficacy when the infected animals were intralesionally treated with leaf ethanolic extract from A. fraxinifolium.

1. Introduction

Leishmaniasis is a disease that affects human beings and
animals and is caused by the protozoa parasite of the genus
Leishmania which is transmitted by the bite of infected
female phlebotomine sandflies and displays a spectrum of
manifestations which goes from cutaneous involvement (CL)
with late destruction of mucous membranes to generalized
systemic visceral disease (VL) with fatal outcome if not

treated [1]. According to the World of Health Organization
[2], about 0.2 to 0.4 million of new VL cases and 0.7 to
1.2 million of CL occur in the world. Brazil and other nine
countries, mostly situated in Africa and South America,
are responsible for about 70 to 75% of global incidence
of the disease [3]. Brazil has reported 23,793 CLcases in
2012 [4]. Various factors contribute to the increase of the
disease incidence, for instance, the process of urbanization
which alters the environment in decurrence of economic
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and social pressures [5]. The main Leishmania species which
cause the CL disease in Brazil are L. (Viannia) braziliensis,
L. (Leishmania) amazonensis, and L. (V.) guyanensis [6]. L.
(V.) braziliensis is the most common aetiologic agent of CL
disease in Brazil and other countries in Latin America, and
it can be found in endemic zones from the different regions
of Brazil [6]. American cutaneous leishmaniasis is a form
of disease that causes a single or various cutaneous lesions
that can heal spontaneously. Nonetheless, in some cases when
mucosa, such as nasal or oral mucosa, is injured, treatment
is necessary; otherwise, permanent sequelae may occur [7].
The clinical form and severity of the disease may depend on
the Leishmania species [8] and/or to the individual immune
response [7]. HIV-positive individuals are probably at high
risk of developing cutaneous leishmaniasis [9] probably at
more severe forms of the disease.This reveals a new challenge
in terms of treatment of the disease in immunocompromised
individuals. Early diagnosis and treatment are important
to prevent sequelae. Pentavalent antimonials are still the
treatment of choice for over 50 years; however, they comprise
several problems, such as endovenous use and prolonged and
high-cost treatment [10]. Increased incidence of resistance to
the drug has been described [8]. Another problem is related
to the lower efficacy of the drugs in children compared to
adults [11]. Alternatively, pentamidine and amphotericin B
may be used. In general, these compounds are also expensive
and require long-term treatment [8]. Another point to take
into account is that the drugs available for CL treatment
produce significant side effects due to their high toxicity
and tissue drug accumulation, which includes myalgias, nau-
sea, vomiting, cardiac arrhythmia, hepatitis, or pancreatitis
[12, 13]. Miltefosine and fluconazole have recently showed
effectiveness showed effectiveness against CL [14, 15], but
despite their lower toxicity, these second line drugs are not
useful against other forms of leishmaniasis [13]. Furthermore,
the continuous use of ineffective drugs has led to the devel-
opment of resistance to their compounds [16], which have
stirred an urgent need for novel, effective, and safe drugs for
treatment of leishmaniasis. Several studies have been done
in order to evaluate antileishmanicidal activity of medicinal
plants [17, 18]. The species Astronium fraxinifolium Schott,
popularly known as “gonçalo alves,” occurs in the tropical
savannas of central Brazil (Cerrado Brasileiro), in soils with
good fertility, and it can also be found in the northeastern
region of the country. TheMyracrodruon urundeuva species,
a plant of the same family, native in northeastern Brazil,
is widely used in folk medicine for treatment of various
dermatological disorders and is known to have antimicrobial
[19], antiulcer [20], and anti-inflammatory activities [21].
Plectranthus amboinicus, popularly known as malvarisco, a
native aromatic plant of India and cultivated in many parts
of the world, including Brazil, belongs to the Lamiaceae
family and the genus Plectranthus. It is popularly used in
the treatment of various diseases including skin, digestive
tracts, urogenital, respiratory disorders, infections, and pain
[22]. Several studies have been published confirming much
of the popular use of Plectranthus amboinicus, such as anti-
inflammatory and antimicrobial activities [23–27]. The aim
of the present work was to demonstrate in vitro and in

vivo antileishmanial activity of Astronium fraxinifolium and
Plectranthus amboinicus.

2. Methods

2.1. Parasites. The strain of L. (V.) braziliensis (MHOM-
BR-94-H3227) was grown in Schneider culture medium
(Sigma Chem. Co., St. Louis, Mo, USA), containing
10% heat-inactivated foetal bovine serum (Sigma),
200Upenicillin/mL, and 200mg streptomycin/𝜇L (Sigma).
The strain of L. braziliensis (MHOM-BR-94-H3227) was
isolated from a patient with cutaneous leishmaniasis and
characterized by polymerase chain technique and by
monoclonal antibodies [28].

2.2. Plant Materials. The ethanolic extracts of the bark,
sapwood, and leaves of A. fraxinifolium were collected in the
city of Lavras da Mangabeira (06∘4512S 38∘5752W 239m),
Ceara, Brazil. The extraction was obtained by Gonçalves Jr.
and described elsewhere (Gonçalves Jr. et al., manuscript in
preparation). All the extracts contained phenols and tannins.
The essential oil of P. amboinicus was provided by Braga,
MA, and description of the protocol was done according
to Gonçalves et al., 2012 [26]. The major component of the
essential oil was carvacrol.

2.3. In Vitro Studies

2.3.1. Antileishmanial Evaluation. The in vitro evaluation
of the antileishmanial activity of the essential oil from
P. amboinicus and of ethanolic extracts (bark, sapwood,
and leaf) from A. fraxinifolium was performed in 48-well
microplates. Eachwell received 200𝜇L ofmedium containing
106 promastigotes of L. braziliensis, 200𝜇L Schneider sup-
plemented medium, and 2.5% essential oil of P. amboinicus.
Ethanolic extracts from A. fraxinifolium were added at
2.5mg/mL concentrations in 1%dimethyl sulfoxide orDMSO
(VETEC, Brazil) to the wells. The plates were left at 26∘C in
a BOD incubator during 24, 48, and 72 h, without shaking.
Then, the parasites were fixed with 2% formalin, stained with
Trypan blue, and visualized using a light microscope at 400x
magnification. The parasites were counted in a Neubauer
chamber. As controls, 1%DMSO and amphotericin B (Sigma,
USA) were used.

2.3.2. Cytotoxicity Assay. Macrophage cell line RAW 264.7,
obtained from the Rio de Janeiro Cell Bank (BCRJ, Brazil),
was grown in microculture plates containing Minimum
Essential Media medium supplemented with 10% v/v foetal
bovine serum, penicillin (100U/mL), and streptomycin
(100 𝜇g/mL). Cells were incubated at 37∘C in a humidified
5% CO

2
atmosphere. Before each experiment, the cells were

incubated in medium without foetal calf serum for 24 h
to obtain cells in the G

0
phase of the cell cycle. For each

experiment, cells were removed from the culturemediumand
incubated with 0.25% trypsin and 0.02% ethylenediaminete-
traacetic acid (v/v) for approximately 10min at 37∘C. Trypsin
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was inactivated by adding the same volume of medium con-
taining foetal bovine serum.The suspension was centrifuged
for 10min at 1500×g.The supernatant was discarded, and the
cells were resuspended in culture medium.Themacrophages
were quantified using a Neubauer chamber and subcultured
(1 × 105 cells/mL) into a 96-well microplate for 24 h. The
essential oil of P. amboinicuswas tested from 0.125 to 4.0% v/v
and the ethanolic extracts of A. fraxinifolium from 0.039
to 2.5mg/mL concentrations. After an incubation of 24 h,
100 𝜇L of the supernatant was discarded and 100𝜇L of 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) at 500 𝜇g/mL dissolved in phosphate-buffered saline
(PBS), pH 7.4, was added to the wells after incubation for 4 h
at 37∘C. Thereafter, 10% sodium dodecyl sulphate in 0.01N
HCl was added to solubilise the formazan crystals [29]. Plates
were then incubated for 17 h, and readings were performed at
570 nm using a microplate reader. Assays were performed in
triplicate.

2.4. In Vivo Studies

2.4.1. Animals. Three- to four-month adult male golden
hamsters (Mesocricetus auratus) and BALB/c, male, 8 weeks,
obtained from the Central Animal Facility of the Department
of Pathology and Legal Medicine of the Federal University of
Ceará, were housed in groups of six to eight per cage with free
access to water and food. All procedures involving the uses of
animals were approved by the Ethics Committee for Animal
Research of the Federal University of Ceará (protocol number
75/2011).

2.4.2. Treatment with the Essential Oil of P. amboinicus.
BALB/c mice were divided into 3 groups (5 animals per
group), untreated, Glucantime, and test. The animals were
injected subcutaneously in right hind footpad with 107
stationary phase L. braziliensis promastigotes in 20 𝜇L of
sterile saline. Lesion sizes were measured weekly with a
dial gauge caliper (0.01mm sensitivity, Mitutoyo, Japan) and
expressed as the difference between the thicknesses (mm) of
the infected and contralateral uninfected footpads.

The treatment was initiated when the lesions appeared
(about the 27th day). Dosis of 20𝜇L of 5% essential oil of
P. amboinicus in 1% DMSO was administered intralesionally
once a day for 14 days.Meglumine antimoniate (Glucantime),
injected intramuscularly at the dose of 60mg/kg/day, 20 𝜇L,
was used as reference drug. Untreated animals were intrale-
sionally injectedwith 1%DMSO.Theuninfected contralateral
footpad was also intralesionally injected with the same
solution used for treatment.This procedurewas done in order
to check toxicity of the material used to treat the animals.

2.4.3. Treatment with Ethanolic Extracts of Leaves from A.
fraxinifolium. Golden hamsters, weighing about 70 g, were
divided into 8 groups with 5 animals per group (2 untreated, 2
Glucantime, 2 tests, 2 uninfected). The animals were injected
subcutaneously in the right hind footpad with 106 stationary
phase L. braziliensis promastigotes in 20 𝜇L of sterile saline.
Lesion sizes were measured weekly with a dial gauge caliper

(0.01mm sensitivity, Mitutoyo, Japan) and expressed as the
difference between the thicknesses (mm) of the infected
and contralateral uninfected footpads. The treatment was
initiated when the lesions appeared (about the 20th day after
infection). Meglumine antimoniate (Glucantime), injected
intramuscularly at the dose of 60mg/kg/day, 20 𝜇L, was used
as reference drug. Untreated animals were intralesionally
injected with 1% DMSO. For the test treatment, two pro-
tocols were used. The first treatment protocol consisted of
20𝜇L ethanolic leaf extract (at 2.5mg/mL in 1% DMSO)
administered intralesionally for 4 consecutive days. At the
7th day, a single booster (40 𝜇L) was given. The second
treatment protocol consisted of intralesional injections of
20𝜇L ethanolic leaf extract administered for 15 consecutive
days. The animals were also weighed during this period. The
animals were euthanized after the 8th week of infection.

2.5. Parasite Load. Thenumber of parasites in the lesions was
quantified by the limiting dilution technique as previously
described [30]. Briefly, after the treatment, the animals
were euthanized by inhalation of halothane (Sigma-Aldrich)
and submerged in 3% iodized alcohol up to 3 minutes to
allow decontamination. The infected footpads were removed
aseptically and macerated in a Petri dish with 2mL of
Schneider medium and left to stand for 5 minutes. After
homogenization, the material was tenfold serially diluted
in Schneider medium supplement with 10% foetal bovine
serum. One hundred microliters of these dilutions was dis-
tributed into 96-well flat bottomplates containing agar-blood
in 6 replicates per concentration.The plates were incubated at
25∘C and observed under an inverted microscope (Nikkon,
Japan) every 3 days, up to a maximum of 30 days, to record
the dilutions containing promastigotes. The final number of
parasites per tissuewas determined using the ELIDA software
version 12c [31].

2.5.1. Statistical Analysis. The data relating to the parasite
load were analyzed using the nonparametric Mann-Whitney
test. The lesion sizes from treated and untreated animals
were analysed by the one-way Anova and complemented
by the Tukey-Kramer test for multiple comparisons. The
analyses were performed using GraphPad Prism version 5.0
and the GraphPad InStat version 3.01 programs. The level of
significance for a null hypothesis was 5% (𝑃 < 0.05).

3. Results and Discussion

In the present study we decided to evaluate two medicinal
plants, Plectranthus amboinicus and Astronium fraxinifolium.
P. amboinicus is original from India, but it has easily been
adapted to the conditions of soil and climate of Brazilian
northeastern region. As it was shown in our previous study
[26], the major component in essential oil obtained from P.
amboinicus was carvacrol (yield above 90%). Carvacrol is a
monoterpene phenol, isomer to thymol, and presents various
biological activities such as antimicrobial, antitumor, and
anti-inflammatory activities [32]. Astronium fraxinifolium is
original from the central-west region of Brazil, but it has also
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Figure 1: In vitro antileishmanial activity of essential oil of P. amboinicus at 2.5% in 1% DMSO and ethanolic extracts (from bark, stem bark,
and leaf) of A. fraxinifolium at 2.5mg/mL incubated with 106 promastigotes of L. braziliensis during 24 h, 48 h, and 72 h. The parasites were
fixed in formaldehyde, stained with Trypan blue and visualized at light microscope at 400x magnification.
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Figure 2: Cytotoxicity of the plant material. Percentage of cellular viability (mean ± standard error mean) using RAW 264.7 macrophages
after 24 h incubation with essential oil of P. amboinicus (a) or with ethanolic leaf extract of A. fraxinifolium (b) at various concentrations.

been found in various regions of the northeastern region of
the country. Its activities are poorly known unlike the other
plant from the same family, M. urundeuva, which is original
from the northeastern region of Brazil. As A. fraxinifolium
can be cultivable, it is not at extinction risk.

As it was shown in Figure 1, essential oil of P. amboinicus
at 2.5% was able to reduce the viability of L. braziliensis pro-
mastigotes in the first 48 h, similar to the reference drug (𝑃 <
0.001) when compared to parasites incubatedwith 1%DMSO.
However, at 72 h, no significant decrease was observed in
comparison to the previous period of 48 h. On the other
hand, all the ethanolic extracts (from bark, sapwood, and
leaves) from A. fraxinifolium at 2.5mg/mL totally abolished
the parasite growth after 48 h. In vitro results showed that
both essential oil of P. amboinicus (EOPA) and ethanolic

extracts from A. fraxinifolium (EEAF) presented potential
activity against L. braziliensis promastigotes. However, EOPA
did not cause 100% mortality in parasite when compared to
EEAF. Nonetheless, we decided to test the EOPA treatment
in animal models based on data from other researchers [33]
who showed a good antileishmanial activity of essential oil,
in the case of Lippia sidoides Cham., which contained 43.7%
of carvacrol.

No cytotoxic activity of the plant materials was observed
when they were incubated in different concentrations with
RAW 267.4 macrophage at 24 hours (Figure 2).

Despite the promising in vitro results, in vivo experiments
did not reveal a good efficacy of the treatment with EOPA
in mouse model. No difference was found when the animals
treated with the plant material and the untreated animals
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Figure 4: Lesion thickness (a) and number of parasites (b) in hamster footpad infected with 106 promastigotes of Leishmania braziliensis.The
animals were treated with leaf ethanolic extract from Astronium fraxinifolium (EEF). The protocol of treatment was 4 dairy doses of 20𝜇L of
2.5mg/mL plant material and 1 booster dose of 40 𝜇L of the plant. The treatment started when the lesions appeared (3 weeks).

were compared in terms of lesion thickness (Figure 3). This
fact could be related to the concentration of the essential
oil, to the route of administration, or even to the period
of treatment. Probably the essential oil of P. amboinicus
should be associated with other plant materials in order
to improve the efficacy of treatment. We have previously
observed through in vitro experiments that the association
of EEAF with EOPA led to total inhibition of parasite
growth after 48 h (data not shown). Monzote et al. [17]
have demonstrated that essential oil from Chenopodium
ambrosioides showed a synergic activity with pentamidine
against Leishmania amazonensis promastigotes. In respect to
the route of administration, Patŕıcio et al. [34] have shown
that the treatment administered via the intralesional route

was more effective than the oral route. According to their
data, mice infected with L. amazonensis and treated with the
hydroalcoholic crude extract from the leaves ofChenopodium
ambrosioides administered via the intralesional route showed
a greater reduction of the parasite load in various organs
compared to the other route of administration.

Additionally, we decided to use the gold hamster model
to evaluate the activity of our plant materials in vivo based
on the fact that hamsters are known to be highly susceptible
to Leishmania subgenus Viannia infection [35]. Also, male
animals were tested because this gender is more susceptible
to the Leishmania infection than the females, and this
susceptibility seems to be related to the type of cytokine
produced [35].
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Figure 5: Lesion thickness of hamster footpad infected with 106 promastigotes of Leishmania braziliensis. The animals were treated with leaf
ethanolic extract from Astronium fraxinifolium (EEF).The protocol of treatment was 15 dairy doses of 20𝜇L of 2.5mg/mL plant material.The
treatment started when the lesions appeared (3 weeks).

Hamsters treated with 4 daily doses of ethanolic leaf
extract from A. fraxinifolium and 1 booster dose showed
a significant reduction of lesion thickness after the 6th
week after infection (𝑃 < 0.001) in comparison to the
untreated animals, but it was not comparable to the reduction
observed in the group of animals treated with Glucantime
(Figure 4(a)). In respect to parasite growth, the animals
treated with the plant material showed lower parasites in
the infected footpad after treatment in comparison to the
untreated animals (Figure 4(b), 𝑃 < 0.05). However, a higher
number of parasites were found when the group of animals
treated with the plant material was compared with the group
treated with Glucantime.

Hamsters treated with 15 daily doses of the plant material
showed a profile of lesion thickness similar to those treated
with Glucantime, much lower than that observed in the
untreated animals (Figure 5, 𝑃 < 0.001). After the 7th week
of infection, the lesion thickness in the group treated with
the plant material was below the limit of normal thickness.
Any loss of weight was not observed in the animals treated
with the plant material. No inflammation was found in the
uninfected animals treated with the plant material.

In conclusion, both essential oil from P. amboinicus and
ethanolic extracts from A. fraxinifolium were able to reduce
parasite growth in vitro; however, studies in vivo showed
a much higher efficacy when hamsters were intralesionally
treated with leaf ethanolic extract from A. fraxinifolium.
More studies with these plant materials are necessary to
demonstrate the efficacy of the treatment administered in
association with other plant materials and/or the reference
drug.
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[26] T. B. Gonçalves, M. A. Braga, F. F. M. Oliveira et al., “Effect
of subinihibitory and inhibitory concentrations of Plectranthus
amboinicus (Lour. ) Spreng essential oil on Klebsiella pneumo-
niae,” Phytomedicine, vol. 19, no. 11, pp. 962–968, 2012.

[27] F. M. Oliveira, A. F. Torres, T. B. Gonçalves et al., “Efficacy
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Vangueria madagascariensis (VM), consumed for its sweet-sour fruits, is used as a biomedicine for themanagement of diabetes and
bacterial infections in Africa. The study aims to assess the potential of VM on 𝛼-amylase, 𝛼-glucosidase, glucose movement, and
antimicrobial activity. The antioxidant properties were determined by measuring the FRAP, iron chelating activity, and abilities to
scavenge DPPH, HOCl, ∙OH, and NO radicals. Leaf decoction, leaf methanol, and unripe fruit methanol extracts were observed
to significantly inhibit 𝛼-amylase. Active extracts against 𝛼-glucosidase were unripe fruit methanol, unripe fruit decoction, leaf
decoction, and ripe fruit methanol, which were significantly lower than acarbose. Kinetic studies revealed a mixed noncompetitive
type of inhibition. Leafmethanolic extract was active against S. aureus and E. coli. Total phenolic content showed a strong significant
positive correlation (𝑟 = 0.88) with FRAP. Methanolic leaf extract showed a more efficient NO scavenging potential and was
significantly lower than ascorbic acid. Concerning ∙OH-mediated DNA degradation, only the methanol extracts of leaf, unripe
fruit, and ripe fruit had IC

50
values which were significantly lower than 𝛼-tocopherol. Given the dearth of information on the

biologic propensities of VM, this study has established valuable primary informationwhich has opened newperspectives for further
pharmacological research.

1. Introduction

Vangueria madagascariensis (VM) J. F. Gmelin (Rubiaceae),
also commonly known as Vavangue, Voavanga, or Tamarind
of the Indies, is a perennial plant which is native to tropical
Africa and Madagascar [1]. Some species of genus Vangueria
are widely studied in vitro and used in traditionalmedicine in
various countries. For instance, in Tanzania, different parts of
the species Vangueria infausta have traditionally been used
for the treatment and/or management of malaria, wounds,
menstrual, and uterine problems [2].

With respect to VM, available folk data suggest its use
as an anthelmintic against roundworms, as antimicrobial,
as astringent against cholagogue, and as expectorant, for
the treatment of smallpox and sores, herpes labialis, and in
the management of diabetes [3]. Preliminary phytochemical
screening of the leaves and stems has shown the presence
of alkaloids, terpenes, and cyonogenetic heterosides as well

as phenols, tannins, and saponosides which may likely be
responsible for its antimicrobial effects [1]. According to
Musa et al. [4] roots of VM are macerated and administered
orally for the treatment of diabetes mellitus. In Mauritius, an
infusion of the leaves of VM, ingested once a week, has also
been reported for the same purpose [1]. Moreover, a study
carried out among Islanders of the Indian Ocean, which also
included Mauritians, reported that leaf decoction is taken
mainly to treat skin infections and abscesses [5].

There is currently a dearth of scientific validation of
the purported traditional uses of VM as a biomedicine and
previous evidence may still be considered as insufficient to
support its folkloric use [5–7]. Additional research work
is needed to probe into the antidiabetic, antimicrobial,
and antioxidant properties of VM which may help validate
its traditional claims and delineate further health benefits.
Therefore, the main aim of this study was to investigate the
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antidiabetic, antimicrobial, and antioxidant properties of the
leaves, ripe and unripe fruits, and the seeds of VM. To the
best of our knowledge this is the first study to report the
biological activity of VM in vitro. Given the dearth of updated
information on the biological properties of VM, this work
can provide an opportunity to establish valuable primary
information on the bioactivity of VM and hence open new
perspectives for further pharmacological research.

2. Materials and Methods

2.1. Preparation of Plant Materials. Fresh leaves and both
unripe and ripe fruits of VM were collected from Black
River, Mauritius. They were authenticated at the National
Herbarium of the Mauritius Sugar Industry Research Insti-
tute, Réduit. Fruits were cut into small pieces and seeds were
removed on the day of collection. The mesocarp and epicarp
pieces of fruits were lyophilized overnight whilst the seeds
were crushed to remove the endocarp. The endocarp was
discarded and the seeds along with the leaves were air dried
under shade for 5–7 days till constant mass was obtained.The
dried leaves, seeds, and pieces of fruits were homogenized in
an electrical food grinder to a fine powder and were stored in
air-tight containers.

2.2. Extraction Process. Methanol (Sigma-Aldrich, St. Louis,
USA) and decoction extracts were used in the current study.
It was important to assess the therapeutic properties of the
crude extract in order to validate the medicinal uses of the
different parts of the plants, as this is the way in which the
local population uses them. All extracts were concentrated
in vacuo until a constant weight was obtained and the
percentage (%) yield was calculated [8].The gummymaterial
was collected and stored in tightly closed bottles in the dark
at 4∘C for biological assays.

2.3. In Vitro 𝛼-Amylase Assay. The activity of 𝛼-amylase was
carried out according to the starch-iodine colour changes
with minor modifications [7]. Briefly, 0.1mL of 𝛼-amylase
solution (15 𝜇g/mL in 0.1M acetate buffer, pH 7.2 containing
0.0032M sodium chloride) was added to a mixture of 3mL
of 1% soluble starch solution (1 g soluble potato starch,
suspended in 10mL water was boiled for exactly 2min. After
cooling, water was added to a final volume of 100mL. The
solution was kept in the refrigerator and was used within 2-3
days) and 2mL acetate buffer (0.1M, pH 7.2) preequilibrated
at 30∘C in a water bath. Substrate and 𝛼-amylase blank
determinations were undertaken under the same conditions.
At zero time and at the end of the incubation period, 0.1mL of
reaction mixture was withdrawn from each tube after mixing
and discharged into 10mL of an iodine solution (0.245 g
iodine and 4.0 g Potassium Iodide in 1 liter). After mixing,
the absorbency of the starch-iodine mixture was measured
spectrophotometrically at 565 nm. The absorbency of the
starch blank was subtracted from the sample reading. One
unit of amylase activity was arbitrarily defined as [𝐴

0
−

𝐴
𝑡
/𝐴
0
] × 100, where 𝐴

0
and 𝐴

𝑡
were absorbances of the

iodine complex of the starch digest at zero time and after

60min of hydrolysis. Specific activity of amylase was defined
as units/mg protein/60min. Extract (0.10mL) was incubated
with 0.1mL of the enzyme and substrate solution for 15min at
30∘C. The assay was conducted as described above; one unit
of amylase inhibitor was defined as that which reduced the
activity of the enzyme by one unit. Assays were replicated
three times and the mean values were used. The percentage
𝛼-amylase inhibition was calculated according to the formula
[9]:

% inhibition

=

{absorbance (control) − absorbance (sample)}
absorbance (control)

× 100%.

(1)

2.4. In Vitro 𝛼-Glucosidase Assay. The 𝛼-glucosidase
inhibitory activity was determined as described previously
[10, 11]. The inhibition was measured spectrophotometrically
(405 nm) in the presence of the extracts or positive control
(20𝜇L at varying concentrations) at pH 6.9. In a 96-
microtitre plate, a reaction mixture containing extracts,
20𝜇L of 1mM p-nitrophenyl 𝛼-D-glucopyranoside as a
substrate and 1 unit/mL glucosidase enzyme, in 50 𝜇L of
0.1M sodium phosphate buffer was preincubated for 30min
at 37∘C. After incubation the reaction was stopped by adding
50 𝜇L of sodium carbonate (0.1M). Acarbose (400 𝜇g/mL)
was used as a positive control. The IC

50
value was defined as

the concentration of 𝛼-glucosidase inhibitor to inhibit 50%
of its activity under the assay conditions.

2.5. Kinetic Studies. Kinetic studies were carried out accord-
ing to Kotowaroo et al. [7] with minor modifications. A
concentration of 0.10 g/mL of the extracts was used and a
calibration curve was constructed using a modified glucose-
based colorimetric assay [7]. A 1% dinitrosalicyclic solution
(DNS) was prepared by mixing 10 g of dinitrosalicyclic, 0.5 g
sodium disulphite and 10 g NaOH in 1 L distilled water. 3mL
of this solutionwas then added to glucose solution at different
concentration (10, 5, 2.5, 1.25 and 0.625 g/L). The test tubes,
covered with paraffin film were heated at 90∘C for 5–15min
until a red brown coloration developed. 1mL of 40%Rochelle
salt solutionwas then added.The test tubeswere cooled under
tap water and the absorbance was measured at 575 nm. A
double reciprocal plot (1/𝑉 versus 1/[𝑆]) where𝑉 is reaction
velocity and [𝑆] is substrate concentration was plotted. The
kinetic constants (𝐾

𝑚
and 𝑉max) were calculated [12], where

𝐾
𝑚
is the Michaelis-Menten constant, 𝑉max is the maximal

velocity, [𝑆] is the substrate concentration, and 𝑉 is the rate
of reaction.

Evaluation of the kinetics parameters of 𝛼-glucosidase
inhibition by the plant extracts was conducted as described
previously [10, 13] with minor modifications. Enzyme activ-
ity was measured with increasing concentrations of p-
nitrophenyl 𝛼-D-glucopyranoside (PNPG) (0.0625, 0.125,
0.25, 0.5, and 1mM) as substrate in the absence or presence of
the plant extracts at a single concentration. Plant extract was
incubated with 10𝜇L 𝛼-glucosidase solution (1 U/mL), 50 𝜇L
sodium phosphate buffer (0.1M, pH 6.9), and 20𝜇L graded
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concentrations of PNPG for 30min at 37∘C.The reaction was
terminated by adding 50𝜇L sodium carbonate (0.1M). The
velocity of the reaction was defined as the rate of formation
of the product, p-nitrophenol, which was determined using
a calibration curve constructed by measuring the absorbance
of varying concentration of p-nitrophenol.

2.6. Glucose Movement In Vitro. A simple model system was
used to evaluate effects of VM extracts on glucose movement
in vitro based on a modified method [14]. This method
involved the use of a dialysis tube (10 cm × 15 cm) into which
2mL of a solution of glucose (22mM) and NaCl (0.15M)
and 1mL of plant extract (20mg/mL) were introduced and
sealed. The tube was placed in a conical flask containing
40mL of 0.15MNaCl solution with 10mL distilled water.The
conical flask was then placed in an orbital shaking incubator
at 37∘C on 100 rpm.The appearance of glucose in the external
solution was measured at set time intervals. The effects of
plant extract on glucose diffusion were compared to control
tests conducted in the absence of plant extracts. All tests were
carried out in triplicate.

2.7. Antimicrobial Screening. The procedures used for the
antimicrobial screening in the present study are as described
previously [15, 16]. The disc diffusion method was used as
a preliminary test to find out if plant extracts were active.
Clear inhibition zones around discs indicated the presence
of antimicrobial activity. Inhibition zones less than 7mm
were not evaluated. If extracts show antimicrobial activity
by disc diffusion, MIC (minimum inhibitory concentration)
was then determined. MIC which is the least concentration
of antimicrobial agent that will inhibit visible growth of an
organismafter an overnight incubationwas determined using
microtitre dilution broth method in 96-well microplates [17].
Streptomycin sulphate and gentamicin sulphate were used
as positive control for testing against S. aureus and E. coli,
respectively.

2.8. Antioxidant Activities

DPPH Free Radical Scavenging Assay. Assay was carried as
described previously [18]. Stock solutions of crude extracts
and the positive control, ascorbic acid (400 𝜇g/mL), were
prepared in methanol at appropriate concentrations and
added to DPPH (200𝜇L at 100𝜇M prepared in methanol) in
a 96-microtitre plate.The plate was then incubated for 30min
at 37∘C.Absorbance of each solutionwasmeasured at 517 nm.
The extracts and standard were analysed in triplicate at
different concentrations and the IC

50
values were determined

as follows [19]:

% inhibition

=

absorbance blank sample − absorbance extract
absorbance blank sample

× 100.

(2)

Ferric Reducing Antioxidant Power (FRAP) Assay.The FRAP
assay was adapted from themethod of Benzie and Strain [20].
The stock solutions included acetate buffer (300mM, pH 3.6),
TPTZ (10mM) solution in HCl (40mM), and FeCl

3
⋅6H
2
O

solution (20mM). The fresh working solution was prepared
by mixing 25mL acetate buffer, 2.5mL TPTZ solution, and
2.5mL FeCl

3
⋅6H
2
O solution and then equilibrating at 37∘C

for 15min before using. Plant extracts (0.15mL) at known
concentrations were allowed to react with FRAP solution
(2.85mL) for 30min in the dark. Analysis of extracts and
positive control trolox (200mM) were done in triplicate.
Readings of the Persian blue complex were then taken at
593 nm. Results were expressed in mM trolox equivalent
(TE)/g fresh mass using the following equation based on the
calibration curve: 𝑦 = 0.0016𝑥, 𝑅2 = 0.8336.

Hypochlorus Acid (HOCl) Scavenging Assay. HOCl was mea-
sured by the chlorination of taurine [21]. Sample cuvettes
contained HOCl (100 𝜇L; 600𝜇mol/L), taurine (100 𝜇L;
150mmol/L), and 100 𝜇L of plant extracts at various con-
centrations in a total volume of 1mL of PBS at a pH of
7.4. The reaction mixtures were thoroughly mixed and then
allowed to stand for 10min at room temperature. After
incubation, potassium iodide solution (100𝜇L; 20mmol/L)
was added and absorption was measured against reference
blank cuvette (100 𝜇L PBS instead of extract; absorbance
corresponding to 100% HOCl) at 350 nm. The absorbance
of the reaction mixture was read both before and after the
addition of potassium iodide. The results were expressed as
the percentage HOCl inhibitions for each extract and the
positive control; ascorbic acid (400 𝜇g/mL). The IC

50
was

calculated.

Hydroxyl Radical ( ∙OH) Scavenging/Deoxyribose Assay. ∙OH
scavenging activity was assessed by determining its ability
to oxidise deoxyribose [22]. The reaction mixture con-
sisted of 100 𝜇L of hydrogen peroxide (15 𝜇mol/L), 100 𝜇L
iron chloride (3mmol/L), 100𝜇L EDTA (3mmol/L), 100 𝜇L
ascorbic acid (3mmol/L), and 100 𝜇L extracts at various
concentrations. 2-Deoxy-ribose (100𝜇L) was then added
followed by PBS (pH 7.4) in a total volume of 1mL. After
30min of incubation at 37∘C, 60% trichloroacetic acid (1mL)
and thiobarbituric acid (0.5mL; 1 g in 100mL of 0.05mol/L
sodium hydroxide) were added to the reaction mixture.
The reaction mixture was boiled for 20min to observe the
development of light pink chromogen. After boiling the
absorbance wasmeasured at 532 nm and the ∙OH scavenging
activity of the extract was reported as the percentage of
inhibition of deoxyribose degradation against 𝛼-tocopherol
(400 𝜇g/mL) as positive standard. The IC

50
was calculated.

Nitric Oxide Radical (NO) Scavenging Assay. At physiological
pH, nitric oxide generated from aqueous sodium nitroprus-
side solution (SNP) interacts with oxygen to produce nitrite
ions, whichmay be quantified byGriess Illosvay reaction [23].
The reaction mixture (3mL) contained SNP (2mL 10mM),
PBS (0.5mL), and extract and standard solution at various
concentrations (0.5mL).Themixture was incubated for 25∘C
for 150min after which 0.5mL was transferred and mixed
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with 1mL sulphanilic acid reagent (0.33% in 20% glacial
acetic acid) and allowed to stand for 5min for complete
diazotization. Naphthyl Ethylenediamine dihydrochloride
(1mL; 0.1% w/v) was added, mixed, and allowed to stand
for a further 30min. The pink-coloured chromophore was
measured spectrophotometrically at 540 nm against a blank
sample. All tests were performed in triplicates and ascorbic
acid (400 𝜇g/mL) was used as positive standard.The IC

50
was

calculated.

Iron Chelating Activity. The ability of the various extracts to
chelate Fe (II) was investigated using a modified method
[24]. The principle is based on the formation of a purple
coloured complex, which is inhibited in the presence of
chelating agents. The reaction mixture contained 200𝜇L of
the plant extract of varied concentration and 50𝜇L of ferric
chloride/FeCl

2
⋅4H
2
O (2.5mM), which was made up to 1mL

by the addition of deionised water and was incubated for
5min at room temperature. Ferrozine (50 𝜇L of 2.5mM)
was then added, and the absorbance was read at 562 nm.
EDTA (400 𝜇g/mL) was used as positive control. Percentage
chelating activity was calculated using the formula shown
below. The IC

50
was calculated

% chelating activity

=

absorbance blank − absorbance sample
absorbance blank

× 100.

(3)

2.9. Quantitative Phytochemical Determination

Total Phenol Content. The total phenolic content was deter-
mined according to the Folin and Ciocalteu’s method [25]
with slightmodifications.The extracts (0.5mL; stock solution
1mg/mL)weremixedwith ten-fold diluted Folin-Ciocalteau’s
reagent (2.5mL) into test tubes and aqueous sodium car-
bonate (2mL, 7.5%) was added. The mixture was thoroughly
mixed and allowed to stand for 30min at room temperature.
The resulting blue coloration was measured at 760 nm. All
determinations were performed and results expressed in
mg gallic acid equivalent (GAE)/g fresh weight using the
calibration graph: 𝑦 = 0.0036𝑥, 𝑅2 = 0.9341.

Total Flavonoid Content. Total flavonoid content was deter-
mined using a method of Amaeze et al. [25]. 2mL plant
extract was added to 2mL of 2% AlCl

3
solution which

was prepared in ethanol. The absorbance was measured at
420 nm after being allowed to stand 1 hr at room temperature.
All determinations were performed in triplicates and total
flavonoid content was calculated as rutin equivalent (RE)
in mg/g fresh weight based on the calibration curve: 𝑦 =
0.0088𝑥, 𝑅2 = 0.9003.

Total Proanthocyanidin Content.Determination of proantho-
cyanidin content was carried out as reported previously [25].
The extract (0.5mL) at various concentrations was mixed
with 1.5mL of 4% vanillin-methanol solution and 0.75mL
concentrated hydrochloric acid. The mixture was allowed to
stand for 15min after which the absorbance was measured at
500 nm. Total proanthocyanidin contents were expressed as

Table 1: Inhibitory activity of VM extracts on 𝛼-amylase and 𝛼-
glucosidase.

Extracts IC
50

a (mg/mL)
𝛼-amylase 𝛼-glucosidase

Decoction
Leaf 1.12 ± 0.17a 0.61 ± 0.21b

Unripe fruit 5.25 ± 15.69a 0.50 ± 6.01b

Ripe fruit 29.62 ± 13.73a 15.73 ± 4.19a

Seed 6.81 ± 2.95a 182.14 ± 103.36a

Methanol
Leaf 1.70 ± 0.10a 6.19 ± 1.87
Unripe fruit 1.23 ± 0.24a 0.36 ± 0.07b

Ripe fruit 7.74 ± 1.56a 3.28 ± 0.45b

Seed 3.75 ± 1.18a 46.28 ± 6.01a

Acarbose 0.11 ± 0.03 5.03 ± 0.14
aIC50 is defined as the concentration sufficient to obtain 50% of maximum
inhibitory activity, expressed as mean ± SD (𝑛 = 3). aP < 0.05 is considered
as significantly higher from positive control acarbose (400𝜇g/mL). bP < 0.05
is considered as significantly lower from positive control acarbose.

catechin equivalents (CE) (stock solution 400𝜇g/mL) using
the following equation based on the calibration curve: 𝑦 =
0.0015𝑥, 𝑅2 = 0.9025.

2.10. Qualitative Phytochemical Screening. The preliminary
screening for different phytochemicals was based on the
intensity of colour development formation of any precipitate
on addition of specific reagents screening using modified
standard protocols [26]. Results were reported as low amount
(+), moderate amount (+ +), and high amount (+ + +)
depending on intensity of colour formation [27].

2.11. Statistical Analysis. All data were expressed as means ±
SD for three experiments. Statistical analyses were performed
using SPSS version 16.0. Normality test was performed before
using parametric tests (ANOVA or Pearson correlation).
Normality tests were based on Shapiro Wilk’s test where a
𝑃 value >0.05 translates into normal data. ANOVA with
Tukey multiple comparisons were carried out to test for any
significant differences between the means. Correlations were
obtained by Pearson correlation coefficient. The significance
level was at 0.05 (𝑃 < 0.05) [28].

3. Results

Extraction of 50.0 g of powered plantmaterialswithmethanol
resulted in slightly higher yield compared to decoction. The
percentage yields of decoction were leaf extract (19.4%),
unripe fruit extract (26.8%), ripe fruit extract (29.4%), and
seed extract (8.2%). In contrast, the percentage yields for the
methanolic extracts were leaf (20.0%), unripe fruit (24.2%),
ripe fruit (29.8%), and seeds (19.8%).

3.1. Inhibitory Activity on Key Carbohydrate Hydrolyzing
Enzymes. Leaf decoction (IC

50
= 1.12 ± 0.17mg/mL), leaf

methanol (IC
50

= 1.70 ± 0.10mg/mL), and unripe fruit
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Figure 1: The Lineweaver-Burk plots for amylase in the presence or
absence of leaf decoction extract (10mg/mL). Each point represents
values in the presence of the inhibitor: red triangle or control blue
circle.

methanol (IC
50
= 1.23 ± 0.24mg/mL) extracts displayed the

highest inhibitory activity (Table 1). However, the values were
significantly higher than the positive control acarbose (IC

50

= 0.11 ± 0.03mg/mL). The weakest activity was observed
in the ripe fruit (IC

50
= 29.62 ± 13.73mg/mL) and seed

(IC
50
= 6.81 ± 2.95mg/mL) decoction extracts. Additionally,

Table 1 also summarizes the effects of the different extracts
of VM on 𝛼-glucosidase activity. The most active extracts
(1mg/mL) were unripe fruit methanolic extract (IC

50
=

0.36 ± 0.07mg/mL), unripe fruit decoction (IC
50

= 0.50 ±
6.0mg/mL), leaf decoction (IC

50
= 0.61 ± 0.21mg/mL),

and ripe fruit methanol (IC
50

= 3.28 ± 0.45mg/mL), where
values were significantly lower than acarbose (IC

50
= 5.03 ±

0.14mg/mL).

3.2. Kinetic Studies. The leaf decoction, leaf methano-
lic, and unripe fruit methanolic extracts were assessed
through kinetic studies to determine the type of enzyme-
inhibition. The Lineweaver-Burk plots (Figures 1, 2, and
3) were generated using the calibration curve of glucose
(𝑦 = 0.1254𝑥 + 0.4313). The double reciprocal Lineweaver-
Burk plots showed a decrease in both 𝑉max (leaf decoc-
tion from 0.13 to 0.084 g/mL/s; leaf methanol extract from
0.13 to 0.055 g/mL/s; unripe methanol extract from 0.13 to
0.030 g/mL/s) and 𝐾

𝑚
(leaf decoction from 2.75 to 2.53 g/L;

leaf methanol extract from 2.75 to 0.87 g/mL/s; unripe
methanol extract from 2.75 to 0.94 g/mL/s) values when the
inhibitor was added to the reaction mixture, confirming a
mixed noncompetitive type of inhibition.

Figures 4–7 show Lineweaver-Burk plots obtained by
evaluating the leaf decoction, unripe fruit decoction, unripe
fruit, and ripe fruit methanolic extracts through kinetic stud-
ies against 𝛼-glucosidase. The double reciprocal Lineweaver-
Burk plots showed a decrease in both 𝑉max and 𝐾

𝑚
values

when the extract was added. Such results suggest a mixed
noncompetitive type of inhibition. From Figure 4, 𝑉max was
observed to decrease from 0.0025 to 0.0021mM/min while
𝐾
𝑚

decreased from 0.38 to 0.22mM in the presence of
leaf decoction extract. Also, 𝑉max decreased from 0.0025 to
0.0024 Mm/min while 𝐾

𝑚
decreased from 0.38 to 0.29mM

in the presence of unripe fruit decoction extract (Figure 5).

0
10
20
30
40
50
60
70

0 0.5 1 1.5 2 2.5 3

Inhibitor present

Control

−20

−10
−1.5 −1−2 −0.5

1
/
[
V
]

(g
/m

L/
s)

Concentration of starch 1/[S] (L/g)

y = 20.431x + 7.4272

R
2
= 0.9986

y = 15.788x + 18.149

R
2
= 0.837

Figure 2: The Lineweaver-Burk plots for amylase in the presence
or absence of leaf methanolic extract (10mg/mL). Each point
represents values in the presence of the inhibitor: red square or
control blue circle.

Inhibitor present

Control

1
/
[
V
]

(g
/m

L/
s)

Concentration of starch 1/[S] (L/g)
−60

−40

−20

0

20

40

60

80

100

−3 −2.5 −2 −1.5 −1 −0.5 0 0.5 1 1.5 2

y = 20.431x + 7.4272

R
2
= 0.9986

y = 31.381x + 33.456

R
2
= 0.8521

Figure 3: The Lineweaver-Burk plots for amylase in the presence
or absence of unripe methanolic extract (10mg/mL). Each point
represents values in the presence of the inhibitor: brown diamond
or control blue circle.

With regard to unripe methanol extract, 𝑉max was found to
decrease from 0.0025 to 0.0017mM/min while𝐾

𝑚
decreased

from 0.38 to 0.16mM (Figure 6). In the presence of ripe
methanol extract, 𝑉max value was found to decrease from
0.0025 to 0.0019Mm/min while 𝐾

𝑚
decreased from 0.38 to

0.32mM (Figure 7).

3.3. Correlation of Carbohydrate Enzymes Inhibitory Effects
with Phytochemical Constituents. The relationship between
key carbohydrate enzymes inhibitory effects of extracts with
total phenolic, flavonoid, and proanthocyanidin contents
was investigated using Pearson correlation. As displayed in
Table 2, there was no significant correlation (𝑃 > 0.05)
with total phenolic, flavonoid, or proanthocyanidin content.
However, the percentage shared variance for 𝛼-amylase was
as follows: 4.0% for total phenolic content, 98.0% for total
flavonoid content, and 31.4% for total proanthocyanidins. For
𝛼-glucosidase, the percentage shared variance was 96.0% for
total phenolic content, 32.5% for flavonoid, and 98.0% for
proanthocyanidin content.

3.4. Effect of VM Extracts on Glucose Movement In Vitro.
Results in Table 3 revealed that most of the extracts did
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Table 2: Relationship between phytochemical constituents and key carbohydrate enzymes inhibitory effects of extracts.

Phytochemical constituent 𝛼-amylase IC
50

a (𝜇g /mL) 𝛼-glucosidase IC
50

a (𝜇g /mL)
r Sig. (2-tailed) value r Sig. (2-tailed) value

Total phenolic content 1 −0.20 >0.05 0.98 >0.05
Total flavonoid2 −0.99 >0.05 0.57 >0.05
Total proanthocyanidins3 −0.56 >0.05 0.99 >0.05
aIC50 is defined as the concentration sufficient to obtain 50% of maximum scavenging activity, expressed as mean ± SD (𝑛 = 3). r = Pearson
correlation. 1mgGAE/g fresh weight; 2mgRE/g fresh weight; 3mgCE/g fresh weight.

Table 3: Effect of VM on the movement of glucose over 3 hrs incubation.

Extracts Concentration of glucose in external solution (mM/L) after 1 hr incubation period
0 0.5 1 1.5 2 2.5 3

Decoction
Leaf 2.17 ± 0.087 2.89 ± 0.15b 3.68 ± 0.07b 4.63 ± 0.093ab 4.22 ± 0.097∗ 4.04 ± 0.035∗a 3.76 ± 0.080∗a

Unripe fruit 2.18 ± 0.061 3.06 ± 0.22 3.73 ± 0.08 3.79 ± 1.89 4.39 ± 0.16 4.20 ± 0.046∗b 4.54 ± 0.046∗b

Ripe fruit 2.23 ± 0.046 3.42 ± 0.14 3.87 ± 0.05 4.31 ± 0.31 5.53 ± 0.076 5.96 ± 0.063 8.37 ± 0.61b

Seed 2.25 ± 0.035 3.51 ± 0.076b 3.99 ± 0.046 4.68 ± 0.063 5.09 ± 0.061 5.67 ± 0.08 6.49 ± 0.122
Methanol

Leaf 2.22 ± 0.087 2.72 ± 0.25 3.37 ± 0.093∗ 3.75 ± 0.063∗ab 4.13 ± 0.046∗ 4.70 ± 0.380∗ab 5.04 ± 0.046∗a

Unripe fruit 2.33 ± 0.052 2.79 ± 0.061 4.37 ± 0.12b 4.47 ± 0.076 4.91 ± 0.061b 5.68 ± 0.046 8.02 ± 0.23b

Ripe fruit 2.31 ± 0.076 3.10 ± 0.076 3.54 ± 0.19 4.39 ± 0.061 5.88 ± 0.24b 6.54 ± 0.11 8.42 ± 0.24∗b

Seed 2.28 ± 0.017 2.81 ± 0.061 3.55 ± 0.061 4.34 ± 0.076 4.93 ± 0.178 5.41 ± 0.070 7.30 ± 0.33b

Blank 2.26 ± 0.017 2.85 ± 0.03b 4.03 ± 0.091b 4.48 ± 0.080b 5.30 ± 0.052b 6.01 ± 0.24b 7.16 ± 0.16b

All data are shown as mean ± SD; each run in triplicates; ∗P < 0.05 is considered as statistically significant (one way ANOVAwith post hoc analysis) compared
to blank/negative control at respective time interval. aSignificant difference (P < 0.05) exists between leaf decoction and leaf methanol extracts at respective
time interval. bP > 0.05 compared with glucose concentration at a previous time of incubation.
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Figure 4:TheLineweaver-Burk plots for glucosidase in the presence
or absence of leaf decoction extract (1mg/mL). Each point repre-
sents values in the presence of the inhibitor: red square or control
blue circle.

not significantly retard glucose movement across the dial-
ysis tube. However, leaf decoction extract was the most
active inhibitor of glucose movement in the model system
where glucose diffusion was significantly decreased after
2 hr incubation period compared to control and external
glucose concentration was 3.76 ± 0.080mmol/L after 3 hr.
In contrast, leaf methanol extract could decrease glucose
movement earlier at a 1 h period of incubation but the
overall decrease by a 3 hr period was significantly less (5.04 ±

0.046mmol/L) compared to the decoction extract. Unripe
fruit decoction extract (4.54 ± 0.046mmol/L) could also sig-
nificantly decrease glucose movement after 3 hr compared to
control (7.16 ± 0.16mmol/L) as well as leaf methanol extract
(5.04 ± 0.046mmol/L). However, though the movement of
glucose was slow at the beginning and increased with time,
such movement was not time dependent for the different
extracts since overall no significant differences were noted in
glucose concentrations between incubation times.

Results obtained for the antimicrobial tests performed
on both the decoction and methanolic extracts of VM are
presented in Table 4. It was found that the extracts showed
a narrow spectrum of activity, being active only to the Gram
positive S. aureus and to the Gram negative E. coli. Highest
inhibitory activity was noted for E. coli using unripe fruit
decoction extract (12.67 ± 0.58mm), whereas for S. aureus,
leaf methanol extract produced highest inhibition (11.67 ±
1.53mm). However, no comparable zones of inhibition to
respective standard antibiotic were obtained since mean
inhibitory zones of inhibition for all active extracts were
significantly lower (𝑃 < 0.05) than the mean standard.

3.5. Antimicrobial Screening by Disc Diffusion. The extracts
showing antibacterial activities by disc diffusion method
were tested by broth dilution assay to determine the MICs
(Table 5). The lowest MIC value (6.25mg/mL) was recorded
for the methanolic leaf extract against S. aureus which can
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Table 4: Results of preliminary antimicrobial screening of the plant extracts (50mg/mL) using disc diffusion method.

Test microorganisms Gram stain +/− Standardb
Diameter of zone of inhibition (mm)a

Decoctionc Methanolc

S1 S2 S3 S4 S1 S2 S3 S4
Staphylococcus aureus G+ 26.33 ± 0.58 — — 10.67 ± 1.15d — 11.67 ± 1.53d — — 8.33 ± 1.53d

Escherichia coli G− 21.67 ± 3.79 — 12.67 ± 0.58d — — 10.00 ± 2.00d — — —
Pseudomonas aeruginosa G− 15.33 ± 1.53 — — — — — — — —
Aspergillus niger F 23.00 ± 1.00 — — — — — — — —
Candida albicans F 20.67 ± 0.58 — — — — — — — —
aNo. of replicates (n = 3) for each sample; values are given as mean ± SD. bTested at a concentration of 10𝜇g/disk (Oxoid), bacteria, ampicillin; fungi, nystatin.
cS1: leaf, S2: unripe fruit, S3: ripe fruit, S4: seed. dValues significantly lower (P < 0.05) from positive control, standard antibiotic (One way ANOVA, post hoc
Tukey). G+, Gram positive; G−, Gram negative; F, fungi; (−), no distinct zone of inhibition.

Table 5: Minimum inhibitory concentrations (mg/mL) of the plant extracts.

Test microorganisms Gram stain +/− Standard antibioticb (mg/mL)
Plant extractsc [MICa (mg/mL)]

Decoction Methanol
S1 S2 S3 S4 S1 S2 S3 S4

Staphylococcus aureus G+ 0.078 — — 12.50 — 6.25 — — 25.00
Escherichia coli G− 0.078 — 25.00 — — 12.50 — — —
aMIC: minimum inhibitory concentration; average of 3 independent experiments; bStreptomycin sulphate and gentamicin sulphate tested at a concentration
of 20mg/mL; cS1: leaf, S2: unripe fruit S3: ripe fruit, S4: seed; G+, Gram positive; G−, Gram negative.

Table 6: DPPH scavenging activity of plant extracts.

Samples IC
50

a (𝜇g/mL) F One way ANOVA
Decoction Methanol P value (post hoc)

Leaf 132.78 ± 11.38a 9.04 ± 0.66

349.97

<0.05∗

Unripe
fruit 612.46 ± 47.21a 10.01 ± 0.93 <0.05∗

Ripe
fruit 602.54 ± 39.53a 48.46 ± 0.63 <0.05∗

Seed 612.46 ± 47.22a 105.86 ± 2.82a <0.05∗
aIC50 is defined as the concentration sufficient to obtain 50% of maximum
scavenging activity, expressed as mean ± SD (n = 3). ∗P < 0.05 is considered
as statistically significant (post hoc Tukey HSD). aValues significantly higher
(P< 0.05) frompositive control, ascorbic acid (IC50 = 0.001± 0.0006𝜇g/mL).

be considered as poor activity compared to the standard
antibiotic.

3.6. Antioxidant Activities of Plant Extracts

3.6.1. DPPH Radical Scavenging Assay. DPPH radical scav-
enging activity of themethanol extracts was higher compared
to decoction extracts as the overall concentration of extracts
needed to scavenge 50% DPPH radical was lower (Table 6).
One way ANOVA analysis revealed that a significant dif-
ference exists between the different extracts (𝐹 = 349.97;
𝑃 < 0.05). Post hoc comparison using Tukey HSD shows
that the activity of all decoctions extracts was significantly
different from their respective methanol extracts (𝑃 < 0.05).
Moreover, only the activity of methanol extracts of leaf and
unripe and ripe fruit was comparable to the positive control
ascorbic acid (IC

50
= 0.001 ± 0.0006 𝜇g/mL).
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Figure 5:The Lineweaver-Burk plots for glucosidase in the presence
or absence of unripe fruit decoction extract (1mg/mL). Each point
represents values in the presence of the inhibitor: brown diamond
or control blue circle.

3.6.2. Ferric Reducing Antioxidant Power of Extracts. Table 7
shows that there is a significant difference (𝐹 = 186.81;
𝑃 < 0.05) between the antioxidant capacity of the extracts
as assessed by FRAP. The different extracts were found
to be active in the reduction of Fe4+ to Fe2+, indicating
their antioxidant activity as reducing agents. The order of
activity is as follows: leafmethanol → unripe fruitmethanol →
ripe fruitmethanol → seedmethanol → leafdecoction →
unripe fruitdecoction → ripe fruitdecoction → seeddecoction.
Furthermore, a significant difference (𝑃 < 0.05) was noted
between the unripe and ripe fruit decoction extracts and
between the unripe fruit and ripe fruit methanolic extracts.

3.6.3. Correlation between Antioxidant Activity and Phy-
tochemical Content. The relationship between antioxidant
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Table 7: Ferric reducing antioxidant power of extracts.

Samples mM trolox equivalent (TE)/g fresh weighta F One way ANOVA
Decoction Methanol P value (post hoc)

Leaf 350.42 ± 1.91 372.5 ± 2.17

186.81

<0.05∗

Unripe fruit 330.83 ± 2.83b 361.25 ± 1.25 <0.05∗

Ripe fruit 322.93 ± 0.72b 357.08 ± 0.72 <0.05∗

Seed 319.17 ± 5.05 346.67 ± 1.91 <0.05∗
aData are expressed as mM trolox equivalent (TE)/g fresh weight, mean ± SD (n = 3). bSignificant difference (P < 0.05) exists between unripe fruit and ripe
fruit extracts within same extraction solvent. ∗P < 0.05 is considered as statistically significant (post hoc Tukey HSD).

Table 8: Relationship between phenolic content and antioxidant activity of extracts.

Phytochemical constituent
Pearson correlation

DPPHa

IC
50

b (𝜇g/mL)
FRAPa

mM trolox equivalent (TE)/g fresh weight
r Sig. (2-tailed) value r Sig. (2-tailed) value

Total phenolic content (mgGAE/g fresh weight) −0.78 <0.05∗ 0.88 <0.05∗

Total flavonoid (mgRE/g fresh weight) −0.28 >0.05 0.49 >0.05
Total proanthocyanidins (mgCE/g fresh weight) −0.40 >0.05 0.54 >0.05
bIC50 is defined as the concentration sufficient to obtain 50% of maximum scavenging activity, expressed as mean ± SD (n = 3). ∗P < 0.05 is considered as
statistically significant. aCorrelation coefficient of DPPH-FRAP: r = −0.94, P < 0.05.
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Figure 6:TheLineweaver-Burk plots for glucosidase in the presence
or absence of unripe fruit methanol extract (1mg/mL). Each point
represents values in the presence of the inhibitor: red dash or control
blue circle.

activity with total phenolic, flavonoid, and proanthocyani-
din contents was investigated using Pearson correlation. As
displayed in Table 8, there was a strong, significant, negative
correlation between total phenolic content andDPPH radical
scavenging activity (𝑟 = −0.77, 𝑃 < 0.05), implying that
higher total phenolic content resulted in a lower concentra-
tion of extracts needed to achieve 50% scavenging activity.
On the other hand, no statistically significant correlations
were found between DPPH activity and total flavonoids
and proanthocyanidins contents. The percentage of shared
variance was only 8.0% and 16.3% between DPPH and total
flavonoid and between DPPH and total proanthocyanidins,
respectively. Also, with respect to FRAP assay, a strong
significant positive relationship was found only with total
phenolic content (𝑟 = 0.88, 𝑃 < 0.05). The percentage of
shared variancewas 23.8%betweenFRAPand total flavonoid,
whereas between FRAP and total proanthocyanidins it was
29.4%. Correlation between the DPPH method and FRAP
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Figure 7:The Lineweaver-Burk plots for glucosidase in the presence
or absence of ripe fruit methanol extract (1mg/mL). Each point
represents values in the presence of the inhibitor: red triangle or
control blue circle.

method, however, revealed a strong significant negative
relationship (𝑟 = −0.94, 𝑃 < 0.05), meaning that these
methods were reliable in assessing the antioxidant power of
the extracts.

3.6.4. HOCl Scavenging Activity. Table 9 shows the HOCl
scavenging activity of the different extracts of VM. Signifi-
cant differences were only obtained between methanol and
decoction extracts of ripe fruit and seed. Methanol unripe
fruit extract had the highest scavenging action in view of
its low IC

50
value (IC

50
= 222.99 ± 3.15 𝜇g/mL). However,

none of the extracts had IC
50
value that was greater than the

control ascorbic acid (IC
50
= 46.00 ± 2.35 𝜇g/mL). Also, seed

decoction extract had the lowest value since its IC
50

value
(IC
50

= 6656.35 ± 390.40 𝜇g/mL) was significantly higher
than ascorbic acid. Correlation of this assay results with
phytochemical content of the extracts (Figure 8) showed the
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∙OH, NO, and HOCl assays, with total phenolic, flavonoid, and
proanthocyanidins contents.

strongest association with total flavonoid content (𝑟 = −0.68;
46.6% shared variance).

3.6.5. ∙OH Scavenging Activity. All decoction extracts were
significantly different (𝑃 < 0.05) from their respective
methanol extracts in inhibiting ∙OH-mediated deoxyribose
degradation (Table 9). The ripe fruit decoction extract was
also significantly less active (𝑃 < 0.05) in scavenging ∙OH
compared to the unripe decoction extract since a higher IC

50

value was obtained (IC
50
= 260.96 ± 4.29 𝜇g/mL). Moreover,

compared to the positive control 𝛼-tocopherol, only the
methanol extracts of leaf (IC

50
= 0.09 ± 0.04 𝜇g/mL), unripe

(IC
50
= 0.29±0.08 𝜇g/mL), and ripe (IC

50
= 0.26±0.02 𝜇g/mL)

fruits which had IC
50

values which were smaller than that
of 𝛼-tocopherol (IC

50
= 0.50 ± 0.11 𝜇g/mL). This suggests

that they exhibited more efficient inhibitory activity than 𝛼-
tocopherol. From Figure 8, correlation of ∙OH scavenging
activity with quantitative evaluation of phytochemical con-
tent revealed a moderate negative relationship (𝑟 = −0.57)
with total phenolics which translates into 32.5% of shared
variance with total phenolic content.

3.6.6. NO Scavenging Activity. As per Table 9, significant
differences (𝑃 < 0.05) were only found between methanol
and decoction extracts of ripe fruit and seed. Methanol
leaf extract had an IC

50
value (IC

50
= 43.22 ± 0.59 𝜇g/mL)

significantly lower than the control ascorbic acid (IC
50

=
546.54 ± 9.79 𝜇g/mL) demonstrating a more efficient scav-
enging potential than the latter.The NO scavenging potential
of decoction extracts of ripe fruit and unripe fruit was also
significantly different. Strong negative correlation (𝑟 = −0.69;
47.6% shared variance) was also obtained with total flavonoid
content (Figure 8).

3.6.7. Iron Chelating Activity. From Table 9 it can also be
observed that all the extracts had considerable iron chelating

activity as demonstrated by their IC
50

values (expressed in
mg/mL) which are comparable to the positive control EDTA
(IC
50
= 0.001±0.0003 𝜇g/mL).The strongest correlation (𝑟 =

−0.48) was with total flavonoid content which resulted in
23.0% of shared variance.

3.7. Quantitative Phytochemical Analysis. Table 10 shows the
overall mean concentration of total phenol, flavonoids, and
proanthocyanidins. According to Tawaha et al. [29] plant
species having GAE greater than 20mg/mL dry weight were
considered as having high phenolic content. It was noted that
all samples were high in total phenol content, with VM leaf
methanol extract having the greatest concentration. Post hoc
analysis demonstrated that all decoction extracts were sig-
nificantly different from their respective methanolic extracts.
With regard to total flavonoid content, the concentration was
found to vary between 6.72 ± 0.04mg RE/g fresh weight and
8.90 ± 0.35mg RE/g fresh weight for the decoction extracts
and between 7.13 ± 0.13mg RE/g fresh weight and 9.00 ±
0.05mg RE/g fresh weight for methanol extracts. Significant
difference (𝑃 < 0.05) was noted between flavonoid content
of decoction and methanol extracts of unripe fruit. Also, the
methanol unripe fruit sample shows significant difference
(𝑃 < 0.05) compared to the methanol ripe fruit sample.

For total proanthocyanidins (𝐹 = 563.37; 𝑃 < 0.05),
comparison of mean within extraction solvent revealed that
ripe fruit methanol extract significantly differed from the
unripe fruit methanol extract (𝑃 < 0.05) as well as their
respective decoction extracts. Proanthocyanidins content of
all decoction extracts was also found to be significantly
different from their respective methanol extracts.

3.8. Qualitative Phytochemical Screening. Table 11 shows the
qualitative phytochemical screening of the different plant
parts. Results were expressed as low amount (+), moderate
amount (+ +), high amount (+ + +), or absence (−) to report
the presence or absence of bioactive components. Phenolic
compounds, flavonoids, and anthocyanins were present in all
extracts.

4. Discussion

In the present series of in vitro experiments, the antidiabetic
properties of the decoction andmethanol extracts of different
parts of VM were assessed in terms of their propensity
to inhibit key intestinal carbohydrate digesting enzymes,
namely, 𝛼-amylase and 𝛼-glucosidase. Consequently, the
mode of enzyme inhibition for the most active extracts
was determined using the Michaelis-Menten constant and
maximal velocity in the presence and absence of the plant
extracts. Findings in this study tend to demonstrate that
only the leaf decoction, leaf methanol, and unripe methanol
extracts exhibited significant inhibitory effects on 𝛼-amylase
and 𝛼-glucosidase activity comparable to acarbose. Acarbose,
being structurally analogous to an oligosaccharide derived
from starch digestion, has an affinity for binding site of key
carbohydrate hydrolysing enzymes. Such affinity is 10 000
to 100 000-fold higher than that of regular oligosaccharides
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Table 9: Scavenging of reactive oxygen species and iron chelating activity (IC50 values) of extracts and reference compounds.

Activity Extract IC
50

a (𝜇g /mL) One way ANOVA
Decoction extracts Methanolic extracts F P value (post hoc)

HOCl

Leaf 235.55 ± 10.61 382.06 ± 4.35

682.92

>0.05
Unripe fruit 275.27 ± 18.21c 222.99 ± 3.15 >0.05
Ripe fruit 982.44 ± 70.66bc 418. 91 ± 39.22 <0.05∗

Seed 6656.35 ± 390.40b 941.50 ± 120.40b <0.05∗

∙OH

Leaf 289.04 ± 5.29d 0.09 ± 0.04

3.03

<0.05∗

Unripe fruit 157.21 ± 1.19cd 0.29 ± 0.08 <0.05∗

Ripe fruit 260.96 ± 4.29cd 0.26 ± 0.02 <0.05∗

Seed 803.76 ± 23.72d 22.43 ± 3.97 <0.05∗

NO

Leaf 241.22 ± 34.74 43.22 ± 0.59f

434.23

>0.05
Unripe fruit 436.24 ± 2.99c 91.36 ± 3.26 >0.05
Ripe fruit 2367.36 ± 198.63ce 219.14 ± 39.78 <0.05∗

Seed 6092.38 ± 443.32e 1103.20 ± 11.80e <0.05∗

Iron chelatingg
Leaf 2.52 ± 1.76h 0.002 ± 0.0005

4.96

<0.05∗

Unripe fruit 0.95 ± 0.40 0.07 ± 0.03 >0.05
Ripe fruit 0.57 ± 0.52 0.06 ± 0.04 >0.05
Seed 0.25 ± 0.42 0.0009 ± 0.0003 >0.05

aIC50 expressed as mean ± SD (𝑛 = 3). bValues significantly higher (P < 0.05) from ascorbic acid (400𝜇g/mL; IC50 = 46.00 ± 2.35 𝜇g/mL). cSignificant
difference (P < 0.05) exists between unripe fruit and ripe fruit extracts within same extraction solvent. dValues significantly higher (P < 0.05) from𝛼-tocopherol
(400𝜇g/mL; IC50 = 0.50± 0.11𝜇g/mL). eValues significantly higher (P < 0.05) from ascorbic acid (400𝜇g/mL; IC50 = 546.54± 9.79𝜇g/mL). fValue significantly
lower (P < 0.05) from ascorbic acid (400𝜇g/mL; IC50 = 546.54 ± 9.79𝜇g/mL). gIC50 values expressed in mg/mL. hValues significantly higher (P < 0.05) from
EDTA (400𝜇g/mL; IC50 = 0.001 ± 0.0003𝜇g/mL). ∗P < 0.05 is considered as statistically significant (post hoc Tukey HSD).

Table 10: Total phenolic, flavonoid, and proanthoyanidin contents of extracts.

Plant extracts Decoction Methanol F One way ANOVA
P value (post hoc)

Total phenolic content (mgGAE/g fresh weight)a

Leaf 58.56 ± 1.17 122.22 ± 1.02

1.16

<0.05∗

Unripe fruit 35.00 ± 0.33d 70.33 ± 0.33d <0.05∗

Ripe fruit 37.00 ± 0.88d 61.22 ± 1.07d <0.05∗

Seed 35.67 ± 0.33 67.33 ± 3.53 <0.05∗

Total flavonoid content (mgRE/g fresh weight)b

Leaf 8.90 ± 0.35 9.00 ± 0.05

61.06

>0.05
Unripe fruit 8.43 ± 0.18 7.55 ± 0.26d <0.05∗

Ripe fruit 8.00 ± 0.13 8.20 ± 0.07d >0.05
Seed 6.72 ± 0.04 7.13 ± 0.13 >0.05

Total proanthocyanidins (mgCE/g fresh weight)c

Leaf 159.32 ± 5.43 185.72 ± 1.14

563.37

<0.05∗

Unripe fruit 78.65 ± 2.86d 154.92 ± 3.54d <0.05∗

Ripe fruit 159.50 ± 2.75d 134.57 ± 2.60d <0.05∗

Seed 60.87 ± 4.41 42.53 ± 6.06 <0.05∗

All data are shown asmean ± SD in triplicates; adata are expressed asmg gallic acid equivalent (GAE)/g fresh weight; bdata are expressed asmg rutin equivalent
(RE)/g fresh weight; cdata are expressed as mg catechin equivalent (CE)/g fresh weight; dsignificant difference (P < 0.05) exists between ripe fruit and unripe
fruit samples extracted using same solvent. Refer to text. ∗𝑃 < 0.05 is considered as statistically significant.

from nutritional carbohydrates, and C–N linkage present
cannot be cleaved, thus acting as a potent blocker of enzy-
matic hydrolysis [30].These outcomes were in contrast to the
study of Kotowaroo et al. [7], where increasing concentration
of aqueous VM leaf extracts did not result in significant
inhibitory action on the enzyme. Thus, it can be postulated

that such significant inhibitory activity of the VM leaf
decoction extract on 𝛼-amylase might be one reason that
would validate its traditional use for diabeticmanagement [1].

One could argue that various tested extracts of VM
contain bioactive compounds that affect the activity of the
two carbohydrate-hydrolyzing enzymes in several ways like
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Table 11: Qualitative phytochemical screening of the plant extracts.

Bioactive compounds
Plant extractsa

Decoction Methanolic
S1 S2 S3 S4 S1 S2 S3 S4

Alkaloids − + + − ++ + + −
Saponins − + − + − − − −

Phenolic compounds +++ ++ ++ ++ +++ +++ ++ ++
Flavonoids + + + + ++ + + +
Anthraquinones + + − − + + + −
Steroids − − − + + − − +
Anthocyanins ++ + ++ + ++ ++ ++ +
(−): Absence, (+): low presence, (++): moderate presence, (+++): high
presence. aS1: leaf sample, S2: unripe fruit sample, S3: ripe fruit sample, S4:
seed sample.

competing with the substrate to bind with the active site
of the enzyme or it might also work by binding to another
region or to an enzyme substrate complex. Thus, kinetics
parameters were calculated from the double reciprocal plot
for the most active extracts. The trend lines revealed that
both the maximal velocity of the enzyme-substrate reaction
(𝑉max) and the affinity (𝐾

𝑚
) are decreased in the presence of

the plant extracts, suggesting a mixed noncompetitive type
of inhibition against both 𝛼-amylase and 𝛼-glucosidase.
Mixed inhibition is a mode of enzyme inhibition whereby
the inhibitor binds to the enzyme irrespective of whether the
enzyme is already bound to the substrate or not, but it has a
greater affinity for one state or the other. The noncompetitive
inhibition exhibited by the extracts implies that they had
different affinities for both the free enzymes and the enzyme-
substrate complexes. Consequently, this suggests that the
active component of the extract binds to a region other than
the active site of the enzymes or combines with either free
enzymes or enzyme-substrate complex possibly interfering
with the action of both [31]. Therefore, this type of inhibition
is said to result from an allosteric effect where the inhibitor
binds to a different site on an enzyme, causing conformational
changes that ultimately decrease affinity of the substrate to
the active site. When the inhibitor favours binding to the
enzyme-substrate complex, an increase in the 1/𝐾

𝑚
value is

noted which consequently suggest that affinity is reduced,
causing decrease in velocity of the enzyme-substrate reaction
[32]. In the same line of argument, the decrease in 𝐾

𝑚
and

𝑉max observed from the experimental data implied that the
present kinetics study tends to suggest that the bioactive
compounds in the extracts bind preferably to the enzyme-
substrate complex. It is also worth highlighting that the plant
inhibitors having mechanism of action of not occupying the
active site or not competing with a substrate to bind to the
active site of 𝛼-amylase offer major advantage over acarbose
which is a competitive inhibitor. This also means that the
action of the plant inhibitors would not be affected at higher
concentration of substrate and would still be effective at

lower concentration. In contrast, higher concentration of the
acarbose would be needed to produce the same effect [33].

Published research suggests that there is a significant
relationship between phenolic content, flavonoids, and other
phytochemical compounds like condensed tannins in extract
and the ability to inhibit 𝛼-amylase and 𝛼-glucosidase
[34]. For instance, studies have found that flavonoids could
demonstrate the highest inhibitory activities depending on
the number of hydroxyl groups in the molecule of the
compound. It was shown that the potency of inhibition is
correlated with the number of hydroxyl groups on the B
ring of the flavonoid skeleton [35]. In the present study,
no correlation between neither total phenolic, flavonoid
nor proanthocyanidins contents of the different extracts
and the inhibition of 𝛼-glucosidase or pancreatic 𝛼-amylase
was observed. Consequently, it can be assumed that active
extracts may have other chemical components which play an
important role in inhibition of 𝛼-glucosidase or 𝛼-amylase
activities. None of the extracts, however, showed inhibitory
effects in a dose response manner on increasing concentra-
tions probably because of saturation at high concentrations
thereby causing no further increase in inhibition [7].

Recently, many investigators have focused on the poten-
tial of different plant extracts on the diffusion of glucose
across the semipermeable membrane or dialysis tube [36].
Such attention has probably been aroused by the fact that in
recent years, national and international diabetes associations
have consistently emphasized the need to increase intake
of a high dietary fibre diet. The viscous and gel-forming
properties of soluble dietary fibre like guar gum or 𝛽-glucan
have been documented to be able to reduce macronutrient
absorption, specifically postprandial glucose response after
carbohydrate-rich meals and beneficially influence certain
blood lipids [37]. In the present study, the in vitro dialysis-
based model revealed that most of the different extracts
did not significantly retard glucose movement across the
dialysis tube.Though the exactmechanism of retardationwas
not investigated, it can be suggested that the concentration,
pH, osmolarity, or water retention ability of soluble fibre
present in the extract might act as important factors in
the antihyperglycemic activity [38, 39]. It was also brought
forward by Ahmed et al. [40] that the retardation in glucose
diffusion might also be attributed to the physical obstacle
presented by high molecular weight fiber particles towards
glucose molecules and the entrapment of glucose within the
network formed by fibers.

The present investigation has also endeavored to probe
into the antimicrobial properties of VM using the disk
diffusion assay and the determination ofminimum inhibitory
concentration. Results clearly demonstrate that out of the 8
extracts of VM investigated, only antimicrobial properties of
the unripe decoction extract were active against the Gram
negative E. coli whereas ripe decoction and seed methanol
extracts were on the other hand active against Gram positive
S. aureus. Leaf methanol extracts having the highest per-
centage activity were active against both bacteria. According
to EUCAST [41], the antibiotic breakpoint assessed by the
disc diffusion method was >26mm for S. aureus, >14mm
for E. coli, and >15mm for P. aeruginosa for detection of
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susceptible bacteria. Thus, results obtained concerning zone
of inhibition of standard antibiotic used in this study fell
within respective range and this confirmed susceptibility of
these strains of bacteria. However, though certain extracts
were active, zones of inhibition obtained were significantly
less compared to the standard antibiotic used. None of the
active extracts had antimicrobial potency comparable to the
standard antibiotic. The plant extracts were less effective
against the Gram negative bacteria probably because of their
resistantmultilayered structure of the Gramnegative cell wall
and their ability to form biofilms. Per se, it is documented that
in the biofilms, the bacteria are embedded in an extracellular
polymeric matrix and are protected against environmental
stresses and antimicrobial treatment as well as against the
host immune system [42]. Moreover, reports from the Cen-
ters for Disease Control and Prevention (CDC) and National
Institutes of Health (NIH) estimated that the frequency of
infections caused by biofilms, especially in the developed
world, lies between 65% and 80%, respectively, [43]. Also, no
activity was detected against fungi, which probably points out
that antibacterial agents are more common in plants studied
than antifungal agents [16].

Differences in antimicrobial property of the plant extracts
probably related to the presence of bioactive compounds
since an arsenal of phytochemicals originally serve as defense
mechanisms against microbial predation [44]. Interestingly,
phytochemical screening of the current investigation revealed
that the active extracts possessed different amounts of at least
7 classes of bioactive metabolites: alkaloids, saponins, phe-
nolic compounds, flavonoids, anthraquinones, anthocyanins,
and to a lesser extent, steroids and saponins. For this case,
toxicity of phenolic compounds tomicroorganisms is directly
proportional to the degree of hydroxylation. The oxidised
compounds can cause bacterial enzyme inhibition possibly
through interaction with sulphydryl groups or bacterial
proteins [44]. Quinones and flavonoids have the ability
to complex irreversibly with nucleophilic amino acids in
bacterial proteins like adhesions, cell wall envelope transport
proteins, thereby causing their inactivation [44].

Studies have long established that ROS have potent
oxidative effects on many cellular constituents (e.g., protein,
lipids, and DNA), which leads to impairments of various
cellular functions; thus they are directly and indirectly
associated with the pathogenesis of insulin resistance via
the inhibition of insulin signals and the dysregulation of
adipocytokines/adipokines which have been implicated in
the pathogenesis and progression of diabetes, hypertension,
atherosclerosis, and cancer [45] or metabolic syndrome and
the collection of cardiometabolic risk factors that include
obesity, insulin resistance, hypertension, and dyslipidemia
[46]. The scavenging of free radicals is thought to be a
valuable measure to depress the level of oxidative stress in
tissues for prevention and treatment of these chronic and
degenerative diseases [47]. As a result, to further delineate
any antioxidant effects of the 8 extracts of VM, 6 standard
antioxidant assays were carried out.

Six standard antioxidant assays were performed to assess
the various mechanisms of the antioxidant potential of VM.
A strong significant correlation between FRAP and DPPH

values suggested that antioxidant components in different
VMextractswere capable of both reducing oxidants and scav-
enging free radicals. When considering the ferric reducing
power, the methanol extracts had overall higher trolox equiv-
alence which significantly differed from respective decoction
extracts. Similar results were also noted with DPPH assay.
The methanol extracts had significantly higher antioxidant
capacity compared to decoction extracts which was probably
due to the fact that methanol is more efficient in extract-
ing polyphenols and anthocyanidins rather than a single-
compound solvent system like water [48]. Methanol extracts
had indeed the highest amount of total phenol content while
the amounts of proanthocyanidins were also considerable. It
is also worth noting that the presence of reducing sugars such
as sucrose and fructose, ascorbic acid, aromatic amines, and
some amino acids in extracts might also react with the Folin-
Ciocalteu reagent, therefore leading to an overestimation of
phenols [49]. Furthermore, to confirm whether the antiox-
idant potential of VM extracts is dependent on either total
phenol, flavonoid, or proanthocyanidins contents, results
revealed strong correlation between antioxidant capacities
assessed by DPPH and FRAP and total phenolic content. It
has been found that phenolics can scavenge DPPH radicals
by their hydrogen donating ability [50].

Another important observation from the present study is
the significant difference between the antioxidant property of
unripe and ripe fruits when extracted with the same solvent.
These results tend to corroborate with previous investiga-
tions, where they reported parallel results when comparing
antioxidant activity of fruit extracts at different stages of
ripening [50, 51]. Phenolic compounds are documented to
synthesize rapidly during the early stages of fruit maturity. As
the fruit matures, decline in phenolic compounds concentra-
tion is simultaneously observed due to the dilution caused by
cell growth [50]. In fact, there is also a decrease of primary
metabolism in the ripe fruit resulting in a lack of substrates
essential for the biosynthesis of phenolic compounds. Besides
transformation reactions like polymerisation, oxidation, and
conjugation of bound phenolics duringmaturation could also
result in the decrease of phenolic composition [51].

In the present study, methanol unripe fruit extract had
the highest scavenging action but none comparable to ascor-
bic acid. Although no significant difference was obtained,
flavonoids were shown to have a considerable percentage of
shared variance with HOCl scavenging effect demonstrating
moderate association. Indeed, according to Ribeiro et al.
[52], flavonoids have the ability to modulate the neutrophil’s
oxidative burst. It was also demonstrated that flavonoids
with either the catechol moiety or a p-unsaturated carbonyl
with the free hydroxyl group at C-3 have shown the best
myeloperoxidase inhibitory properties [53].

With regard to ∙OH, these are singlet oxygen species,
which are highly reactive and have the capacity to dam-
age DNA, which appears to represent the major target,
involved in mutagenesis, carcinogenesis, diabetes, and so
forth [23]. VM was found to remove the hydroxyl radicals
from the sugar and prevented the reaction. The data proved
that methanol extracts had better scavenging activity than



BioMed Research International 13

decoction extracts with overall lower IC
50

values. However,
they were not a stronger scavenger of ∙OH compared to
the 𝛼-tocopherol. Highest percentage of shared variance was
obtained with total phenolic content which established that
the scavenging effect was probably due to these bioactive
compounds.

High concentration of nitric oxide produced by inducible
nitric-oxide synthase in macrophages can result in oxidative
damage through the conversion of peroxynitrite [54]. Sus-
tained accumulation of this radical directly contributes to
the vascular collapse associated with septic shock, whereas
chronic expression of the NO radical is associated with
a range of carcinomas and inflammatory conditions like
juvenile diabetes, multiple sclerosis, arthritis, and ulcerative
colitis [23].The scavenging effect of plants extracts onNOwas
more pronounced in themethanol extracts.More specifically,
methanol leaf extract had an IC

50
value significantly lower

than the control ascorbic acid, and thus, it might be suggested
that it has a more potent NO scavenging activity than the
standard.

With respect to iron chelating activity, only leaf decoction
extracts had a scavenging effect significantly higher than the
positive control EDTA. On the other hand, other extracts can
be deemed to have comparable strong effects in stabilizing
the oxidised form of the metal ion. Indeed, the two oxidation
states of iron, Fe2+ and Fe3+, can donate or accept electrons
through redox reactions that are important for normal
metabolic reactions, but in excess they also may be harmful
to cells by aiding in the conversion of superoxide anion (O∙2−)
and H

2
O
2
to the extremely reactive ∙OH [55]. Such activity

in this study has been mildly associated with flavonoids
present in the extracts. As per Symonowicz and Kolanek
[56]structural composition of several flavonoids revealed that
there are three potential coordination sites to chelate metal
ions, namely, between 5-hydroxy and 4-carbonyl groups,
between 3-hydroxy and 4-carbonyl groups, and between
3,4-hydroxy groups in B ring.

5. Conclusions

Though being an underutilized food plant, VM can be
considered as a promising medicinal food plant that deserves
to be further explored for the management of diabetes
and related complications. Indeed, impeding the absorp-
tion of glucose through the inhibition of the carbohydrate-
hydrolyzing enzymes such as 𝛼-amylase and 𝛼-glucosidase
in the digestive tract could enable overall smooth glucose
management in diabetic patients. VM extracts being more of
the noncompetitive type inhibitor implies that the bioactive
components responsible for such action would rather bind
to a region beside the active site which is a major advantage
over acarbose which is a competitive inhibitor. As a result, it
is evident that, with higher intake of dietary carbohydrates,
higher concentration of acarbose would be needed to show
the same effect. This would not be the case with VM
which is still effective at lower concentration. Given the
dearth of updated information on the biological properties
of VM, this study has provided an opportunity to establish

valuable primary information on the bioactivity of VM and
has opened new perspectives for further pharmacological
research.
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Currently available leishmaniasis treatments are limited due to severe side effects. Arrabidaea chica is a medicinal plant used in
Brazil against several diseases. In this study, we investigated the effects of 5 fractions obtained from the crude hexanic extract of A.
chica against Leishmania amazonensis and L. infantum, as well as on the interaction of these parasites with host cells. Promastigotes
were treated with several concentrations of the fractions obtained from A. chica for determination of their minimum inhibitory
concentration (MIC). In addition, the effect of themost active fraction (B2) on parasite’s ultrastructurewas analyzed by transmission
electron microscopy. To evaluate the inhibitory activity of B2 fraction on Leishmania peptidases, parasites lysates were treated with
the inhibitory and subinhibitory concentrations of the B2 fraction. The minimum inhibitory concentration of B2 fraction was 37.2
and 18.6 𝜇g/mL for L. amazonensis and L. infantum, respectively. Important ultrastructural alterations as mitochondrial swelling
with loss ofmatrix content and the presence of vesicles inside this organelle were observed in treated parasites.Moreover, B2 fraction
was able to completely inhibit the peptidase activity of promastigotes at pH 5.5. The results presented here further support the use
of A. chica as an interesting source of antileishmanial agents.

1. Introduction

Among individual infectious diseases leishmaniasis is in
the ninth position of the global burden of diseases. This
illness has two main clinical manifestations which are cuta-
neous lesions (cutaneous leishmaniasis—CL) and visceral
impairments (visceral leishmaniasis—VL) [1]. CL and VL
represent a serious public health problem in 98 countries and
3 territories on 5 continents where the disease can be found.
According to World Health Organization (WHO), there are
more than 220,000CL cases and 58,000VL cases per year
[2]. In Brazil, CL and VL are widespread and can be found

not only in rural areas but also in urban areas mainly due to
deforestation and new settlements [3].

Despite the large number of both synthetic and natural
antileishmanial agents described in the literature, only a
few drugs have reached the clinical stage with approval for
human use. This fact could be partly explained by the lack
of investments in drug research for poverty-related diseases,
which includes leishmaniasis [4]. The current chemotherapy
for leishmaniasis treatment still relies on the use of pen-
tavalent antimonials and amphotericin B, although liposo-
mal amphotericin B, paromomycin, and miltefosine have
been introduced for the treatment of the disease in several
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countries. However, most of these drugs are expensive,
present toxic effects, and are able to induce parasite resistance
[5]. Consequently, the search for new and more effective
antileishmanial agents remains crucial.

Arrabidaea chica (HBK) Verlot, Bignoniaceae, is a scram-
bling shrub native to tropical America, more particularly
in the Amazon basin where it is also known as “Pariri,”
“Crajirú,” “Carajuru,” or “Carajiru.” The leaves of A. chica
have been traditionally used by Brazilian Indians as a dye
for body painting in rituals and to protect the skin against
sunlight aswell as an insect repellant. Chemical investigations
have been carried out since the beginning of this century
to determine the composition of the A. chica dye, which
used to be commercialized as such [6]. Nowadays A. chica
is used by the regional population as an anti-inflammatory
and astringent agent as well as a remedy for intestinal colic,
diarrhea, leucorrhea, anemia, and leukemia [7]. The present
study aimed to evaluate the antileishmanial effects of the
hexanic extract of the A. chica leaves.

2. Materials and Methods

2.1. Chemicals. Resazurin, RPMI 1640 medium, and bovine
serum albumin were purchased from Sigma Chemical Co.,
USA. Amphotericin B was purchased from Fontoura-Wyeth,
Brazil. Fetal bovine serum (FBS) was purchased from Cri-
pion Biotecnologia Ltda, Brazil. All solvents used were
spectroscopic grade from Tedia (Fairfield, OH, USA). Col-
umn chromatographic product was purchased from Merck
(Darmstadt, Germany).

2.2. Plant Material and Acquisition of the Hexanic Extract.
The sample of A. chica was kept in a germplasm bank
under the same cultivation practices at the EAFM Herbar-
ium from Federal Institute of Amazonas (Manaus, AM),
where a voucher specimen was deposited (registry EAFM
6791). Leaves of A. chica were collected between 08:00 and
09:00AM.

A. chica crude extract was obtained by 1 week extraction
in hexane. Then, the extract was carefully filtered, dried, and
stored in opaque glass vials at −10∘C. Afterwards, the crude
extract was subjected to silica gel column chromatography
with an increasing gradient of polarity, starting with 100% n-
hexane and 100% ethyl acetate to 100% ethanol, affording five
fractions (B1, B2, B3, B4, and B5).

2.3. Analysis of the Hexanic Extract of A. chica by GC-
MS. The B2 fraction of the hexanic extract from “crajirú”
was analyzed by a gas chromatograph (GC) interfaced to
a mass spectrometer (MS) employing the following condi-
tions: the oven temperature was programmed from 60∘C
to 300∘C at 10∘C/min, and helium was the carrier gas (at
1.0mL/min). One microliter of 1% solution of the B2 fraction
in dichloromethane was injected in split mode (1 : 50). Mass
spectra were obtained in an Agilent 5973N system, fitted
with a low bleeding 5% phenyl/95% methyl silicone (HP-
5 MS, 30m × 0.25mm × 0.25 𝜇m) fused silica capillary
column, operating in the electronic ionization mode (EI)
at 70 eV, with a scan mass range of 40–500m/z. Sampling

rate was 3.15 scan/s. The ion source was kept at 230∘C, mass
analyzer at 150∘C, and transfer line at 260∘C. Linear retention
indices (LRI) were measured by injection of a series of n-
alkanes (C

10
–C
30
) in the same column and conditions as

described above and compared with reference data. The
identification of the B2 fraction constituents was made based
on the retention indexes and by comparison of mass spectra
with computer search using NIST21 and NIST107 libraries.
Compound concentrationswere calculated from theGCpeak
areas, and they were arranged in order of GC elution.

2.4. Parasite Strains and Cell Cultures. Promastigote forms of
two Leishmania species, Leishmania (L.) amazonensis (IFLA/
BR/1967/PH8) and L. (L.) infantum (MHOM/BR/1974/PP75)
from the Leishmania Type Culture Collection of Oswaldo
Cruz Institute/Fiocruz (Rio de Janeiro/RJ/Brazil) were used
in all experiments. Parasites were axenically cultured in
PBHILmediumas previously described [8]. In order to assure
infectiveness of the parasites, periodical infection of mice
peritoneal macrophages was performed.

2.5. Evaluation of Leishmania Inhibitory Concentrations. The
assay was carried out in a 96-well microtiter plate where
the hexanic extract from A. chica was serially diluted in
duplicate to final test concentrations (1–500 𝜇g/mL). Then
5.0 × 10

5 promastigote forms of L. amazonensis or L.
infantum were harvested at the early stationary phase, added
to each well, and plated at 26∘C for 120 h. At the end of
incubation period, 25𝜇L of resazurin solution (5mg/100mL
of phosphate buffer saline, pH 7.2) was added and the viability
of parasites was determined in accordance with the protocol
previously described [9]. The minimal inhibitory concen-
tration (MIC) was considered the lowest concentration of
the hexanic extract that completely prevented the growth
of Leishmania in vitro. Alternatively, 120 h-treated parasites
were centrifuged (1,000 g/5min), washed twice in PBS, and
then reincubated in fresh PBHIL culture medium in order to
evaluate the leishmanicidal effect. The lowest concentration
able to inhibit parasite growth was considered the minimal
leishmanicidal concentration (MLC). The 50% inhibitory
concentration (IC

50
) was determined by logarithmic regres-

sion analysis of the data obtained as described above.

2.6. Ultrastructure Analysis. Alterations in the ultrastructure
of the parasites were analyzed by transmission (TEM) elec-
tron microscopy. First, promastigote forms of L. infantum
were harvested at the early stationary phase of growth,
washed twice with PBS, and incubated in the presence of
a subinhibitory concentration (subMIC) of A. chica hex-
anic extract at 28∘C for 24 hours. After the parasites were
washed twice in PBS they were fixed with glutaraldehyde
solution (2.5% glutaraldehyde in 0.1M sodium cacodylate
buffer containing 3.5% sucrose, pH 7.4) at 4∘C for 60min.
Samples of treated cells and their controls (untreated cells)
were sent to Plataforma Rudolf Barth (Instituto Oswaldo
Cruz/Fiocruz/RJ) and processed as previously mentioned
[10]. The photomicrographs were obtained using an electron
microscope Jeol JEM1011.
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Table 1: Antileishmanial activity and cytotoxic effect of the A. chica hexanic extract fractions.

Hexanic extract fraction L. amazonensis L. infantum Macrophages SI
MIC (𝜇g/mL) IC50 (𝜇g/mL) MIC (𝜇g/mL) IC50 (𝜇g/mL) MCC (𝜇g/mL)

B1 na nd na nd nd nd
B2 37.2 31.8 18.6 14.7 297.6 8.0a/16b

B3 186.7 152.2 186.7 139.6 nd nd
B4 368 198.5 368 179.7 nd nd
B5 na nd na nd nd nd
Amphotericin B 1.01 0.07 0.625 0.01 14.6 14.4a/23.4b

MIC: minimum inhibitory concentration; IC50: 50% inhibitory concentration; MCC: minimum cytotoxic concentration.
na: not active at the highest concentration tested (500𝜇g/mL); nd: not determined.
SI: selective index; aselective index for L. amazonensis; bselective index for L. infantum.

2.7. Peptidase Inhibition Assay. L. amazonensis and L. infan-
tum promastigotes (106 parasites/mL) were harvested at the
log phase, washed twice by centrifugation (1,500×g/5min)
with PBS pH 6.8, and then disrupted through seven cycles
of freezing and thawing (−80∘C/37∘C). The cellular extracts
were then centrifuged (12,000×g/10min) and the super-
natant aliquots preserved at 0∘C. Peptidase (gelatinase)
activity was analyzed through the protocol adapted from
Cedrola et al. [11]. Briefly, 100 𝜇L of the cellular lysates was
incubatedwith different concentrations of the hexanic extract
in a PBS 0.1MpH 5.5, or pH 10, and gelatin 1% mixture.
E64 (cysteine peptidase inhibitor) and 1,10-phenanthroline
(metalopeptidase inhibitor) were used as positive controls.
After the 30min incubation period at 37∘C, enzymatic activ-
ity was stoppedwith isopropanol and the samples were refrig-
erated at 4∘C for 15min. Next, the samples were centrifuged
(2,500×g/15min) and 100 𝜇L supernatant was collected and
the absorbance was measured as previously described [12].
One unit of gelatinase activity was defined as the amount
of enzyme required to produce 1 𝜇g of peptides under the
described assay conditions.

2.8. Peritoneal Mouse Macrophages and Cytotoxicity Assay.
Nonelicited peritonealmacrophages from female Balb/cmice
were collected in cold RPMI 1640 medium and plated in 96-
well culture plates at the concentration of 105 cells/100 𝜇L.
Different concentrations, ranging from 1 to 500 𝜇g/mL, of
the hexanic extract were added to each well and the cells
were incubated at 37∘C in 4% CO

2
atmosphere for 48 h. The

minimumcytotoxic concentration (MCC)was determined as
previously described by Al-Musayeib et al. using resazurin
as the cellular viability indicator [13]. The selective index
(SI) was calculated using the MIC/MCC ratios. The animals
used for macrophage acquisition were killed according to
the federal guidelines and institutional policies by cervical
dislocation.

2.9. Infection of Macrophages, Anti-Intracellular Amastigote
Activity, and Nitric Oxide Production. Peritoneal mouse
macrophageswere obtained as described above.The infection
assays were carried out following the protocol described by
Passero et al. with slightmodifications [14]. Briefly, peritoneal
macrophages (105 cells/100 𝜇L) were plated in 96-well culture

plates and a ratio of 5 stationary phase promastigotes (L.
amazonensis or L. infantum) to 1macrophagewas used for the
infection procedure. The parasite-macrophage interactions
were carried out in RPMI 1640 medium supplemented with
10% of FBS at 35∘C for 24 hours in 4% CO

2
atmosphere.

After interaction assays were completed free promastigotes
and nonadherent macrophages were removed by extensive
washing with PBS and the hexanic extract was added to each
well at inhibitory and subinhibitory concentrations for L.
amazonensis and L. infantum. After 48 hours of treatment the
supernatants from L. amazonensis- and L. infantum-infected
macrophages were analyzed for their nitrite contents by
Griess reaction [15]. Then the plates were washed four times
with PBS and cultures were incubated in PBHIL medium
supplemented with 10% of FBS for 72 hours at 26∘C to
evaluate the number of promastigote forms differentiated
into the medium. The number of viable promastigotes was
determined using a hemocytometer chamber.

3. Results and Discussion

In the present study we investigated the antileishmanial
effects of the hexanic extract from A. chica against two Leish-
mania species, the causative agents of cutaneous and visceral
leishmaniasis, L. amazonensis and L. infantum, respectively.
Table 1 summarizes the inhibitory activity of five fractions
obtained from the crude hexanic extract on the growth of
the parasites tested. B2 (1 : 1 n-hexane/ethyl acetate) was the
most active fraction with MIC values of 37.2 and 18.6 𝜇g/mL
for L. amazonensis and L. infantum promastigotes, respec-
tively. Recently, the antimicrobial activity of a hydroethanolic
extract from A. chicawas reported againstHelicobacter pylori
and Enterococcus faecalis demonstrating the potential of this
plant as a source of biologically active molecules [16]. Only a
few species from theArrabidaea genus have been investigated
for their antiprotozoal activity. In a study conducted by
Barbosa et al. the ethanol extract from A. chica and fractions
were active against Trypanosoma cruzi trypomastigotes, but
high concentrations were needed to cause parasite lyses (4.0
and 2.0mg/mL, resp.) [6]. Triterpenoids isolated from an A.
triplinervia ethanol extract have been shown to present anti-
T. cruzi activity [17]. However, the crude ethanol extract as
well as the isolated compounds, ursolic acid and oleanolic
acid, caused in vitro elimination of trypomastigotes at high
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Table 2: Chemical characterization of the B2 fraction obtained from
the A. chica hexanic extract.

RT LRI Components %
15.876 1968 n-Hexadecanoic acid 19.61
17.294 2114 Phytol 3.05
17.508 2143 Linoleic acid 6.36
17.575 2150 Linolenic acid, methyl ester 25.38
17.777 2173 Octadecanoic acid 14.10
19.517 2363 Eicosanoic acid 1.31
25.290 3031 Vitamin E 4.94
26.244 3176 Campesterol 1.60
26.491 3206 Stigmasterol 4.02
27.135 3417 Gamma-sitosterol 12.85
% total 93.22
RT: retention time.
LRI: linear retention indices.

concentrations of 5.0, 0.4, and 1.6mg/mL, respectively. In the
present study, the reincubation of parasites treated at MIC
values in fresh medium revealed that those cells were no
longer able to grow.Thus, the inhibitory activity observedwas
leishmanicidal for the promastigote forms of L. amazonensis
and L. infantum (MIC values = MLC values).

Leishmania promastigotes were shown to be more sen-
sitive to B2, and therefore the chemical analysis of this
fraction was carried out and the main components identified
were linolenic acid, methyl ester (25.38%) n-hexadecanoic
acid (19.61%), octadecanoic acid (14.10%), and gamma-
sitosterol (12.85%) as shown in Table 2. Fatty acids have
been reported to be active against Leishmania; however the
activity of such compounds seems to be related mainly to
unsaturated fatty acids rather than their saturated analogues
[18]. The fatty acid-rich methanol extract from Ulva lactuca
displayed antitrypanosomal and antileishmanial activities
through parasite motility inhibition at low concentrations
(<100 𝜇g/mL). In that work, n-decanoic acid, n-dodecanoic
acid, and n-hexadecanoic acid were described as the main
active compounds [19]. More recently, the action mechanism
of some fatty acids has been related to topoisomerase IB
inhibition as demonstrated by Carballeira et al., during the
evaluation of the antileishmanial activity of 𝛼-methoxylated
fatty acids [20]. Here, the B2 fraction demonstrated signif-
icant peptidase inhibition when tested on cellular lysates
of Leishmania (Figure 1). After incubation of the cellular
lysates treated at MIC (37.2 and 18.6 𝜇g/mL) and twice MIC
(74.4 and 37.2 𝜇g/mL) of B2 with phosphate buffer 5.5 pH at
37∘C, peptidase activity was completely inhibited for L. ama-
zonensis and L. infantum, respectively (Figure 1(a)). E64
(cysteine peptidase inhibitor) was used as the positive control
completely inhibiting peptidase activity when incubated with
Leishmania lysates under the same conditions. In order to
evaluate the effect of the B2 fraction on metalopeptidases,
cellular lysates from L. amazonensis and L. infantum were
also incubated with phosphate buffer 10.0 pH (Figure 1(b)).
Despite the decrease in peptidase activity the results show
that B2 was less effective against those peptidases.

Naturally occurring sterols also present antileishmanial
activity. In a study conducted by Pan et al. sterols obtained
from the roots of Pentalinon andrieuxii displayed the best
inhibitory activities (IC

50
) at concentrations ranging from

9.2 to 30.0 𝜇M and 0.03 to 3.5 𝜇M against promastigote
and amastigote forms of L. mexicana, respectively [21].
The authors attributed the antileishmanial activity of the
sterols tested to membrane alterations caused by cholesterol
replacement during its biosynthesis. In the present study,
important alterations on the ultrastructure of L. infantum
promastigotes were also observed on B2-treated parasites
(Figure 2). Parasites presented abnormal cell body shapes
after 24 h exposure to the B2 fraction at 18.6 𝜇g/mL (MIC),
when compared to untreated parasites (Figure 2(b)). Mito-
chondrial dilatation with loss of matrix contents and Golgi
complex alterations followed by a cytoplasm vacuolization
process were also observed (Figure 2(c)). In addition, an
intense exocytic process of cytoplasmic content into the
flagellar pocket was noted. Mitochondrion seems to be a
common target for several natural products, crude extracts,
or isolated compounds, as has been reported by several
researchers [10, 22–24]. The mode of action of most natural
products that causemitochondrial damage and parasite death
has been attributed mainly to sterol biosynthesis inhibition
and mitochondrial membrane potential dysfunction [25–
27]. Here, the L. infantum mitochondrion was drastically
damaged by the B2 fraction obtained from A. chica hexanic
extract as shown in Figure 2. An intense swelling of the
mitochondrion with the presence of vesicles was observed in
the parasites. In some cases, the mitochondrion membrane
appears to be disrupted.

The B2 fraction from theA. chica hexanic extract demon-
strated antileishmanial activity during the infection of peri-
toneal mice macrophages. After a 48-hour treatment with
B2 at MIC and subMIC values, the number of promastig-
otes recovered in the supernatants of L. amazonensis- and
L. infantum-infected macrophage cultures was drastically
reduced when compared to controls (Figure 3). According
to Passero et al. only viable amastigotes are able to differ-
entiate to promastigotes under established conditions [14].
Besides, after treatment with 37.2 and 18.6𝜇g/mL of the B2
fraction, the nitrite contents detected in the supernatant of
L. amazonensis-infected macrophages was higher than those
found on untreated cells cultures, about 7.6 and 1.16 𝜇M,
respectively. With the L. infantum model of infection, the
nitrite content detected onMIC and subMIC-treated cultures
was about 12.5 and 2.0 𝜇M, respectively (Figure 4). These
results give additional evidence of the enhancement of
macrophage killingmechanismelicited byA. chica against the
intracellular form of Leishmania. Moreover,A. chica has been
described as a potent wound healing agent able to stimulate
fibroblast growth and collagen synthesis at 30𝜇g/mL (EC

50
)

and 250 𝜇g/mL, respectively. In vivo assays demonstrated
an impressive reduction of lesion size of about 96% [28].
In addition, Lima de Medeiros et al. reported the hepato-
protective activity of the hydroethanolic extract of A. chica
based on the suppression of hepatic markers such as serum
glutamic oxaloacetate transaminase (GOT) and glutamic
pyruvate transaminase (GPT) and decreasing levels of plasma



BioMed Research International 5

0

20

40

60

80

100

L. amazonensis
L. infantum

2xMIC MIC subMIC

Pe
pt

id
as

e a
ct

iv
ity

 (%
)

(a)

0

20

40

60

80

100

L. amazonensis
L. infantum

2xMIC MIC subMIC

Pe
pt

id
as

e a
ct

iv
ity

 (%
)

(b)

Figure 1: Inhibitory activity of the B2 fraction obtained from the A. chica hexanic extract on Leishmania peptidases. (a) Peptidase inhibitory
activity at pH 5.5; (b) peptidase inhibitory activity at pH 10. 2xMIC, MIC, and subMIC values for L. amazonensis and L. infantum were 74.4,
37.2, and 18.6 𝜇g/mL and 37.2, 18.6, and 9.3𝜇g/mL, respectively.

f

k m

L

n

(a)

fp
f

k

m

(b)

f
k

G
L

(c)

n

m

k

(d)

m

(e)

m

fp

(f)

fp
f

∗

∗

(g)

m

m
k

G

n

(h)

Figure 2: Transmission electron microscopy of L. infantum promastigotes treated with the B2 fraction from the A. chica hexanic extract.
((a)-(b)) Thin sections of untreated promastigote forms displaying normal morphology and intracellular structures. (b) Detail of the
mitochondrion containing the kinetoplast (k). ((c)–(h)) Parasites treated for 24 hours with subMIC (9.3𝜇g/mL) or MIC (18.6𝜇g/mL) of
the B2 fraction, showing serious cellular damage. (c) Parasite treated with subMIC value of the B2 fraction presenting a dilated flagellar
pocket with the presence of several vacuoles (∗). Note the rupture of the mitochondrion membrane (arrowhead in (c)). (d) Parasite treated
with the B2 fraction at MIC value (18.6 𝜇g/mL) presenting mitochondrial swelling and some vesicles () inside this organelle; (details of
intramitochondrial vesicles in (e) and (f)); (g) in detail, parasite flagellar pocket showing intense release of vesicles with cytoplasmic content
(∗); (h) in detail, increased mitochondrial volume and Golgi complex alterations. n, nucleous; m, mitochondrion; k, kinetoplast; f, flagellum;
fp, flagellar pocket; G, Golgi complex; L, lipid.
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Figure 3: Anti-intracellular amastigote activity of the B2 fraction
from the A. chica hexanic extract. B2-treated macrophages previ-
ously infected with Leishmania were incubated in fresh medium
at 28∘C for 72 hours. The number of promastigote forms obtained
from macrophages cultures was counted using a hemocytometer
chamber. Each point represents the mean ± S.E. of 2 independent
experiments performed in triplicate. MIC and subMIC values for L.
amazonensis and L. infantum were 37.2 and 18.6 𝜇g/mL and 18.6 and
9.3 𝜇g/mL, respectively. Asterisks indicate that treated parasites were
statistically different (𝑃 < 0.05) from control parasites.
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Figure 4: Nitric oxide synthesis by Leishmania-infected macro-
phages treated with the B2 fraction. After 48 hours treatment with
the B2 fraction the supernatant from L. amazonensis- and L. infan-
tum-infected macrophages was collected and the nitrite content
determined through Griess reaction. Each point represents the
mean ± S.E. of 2 independent experiments performed in triplicate.
MIC and subMIC values for L. amazonensis and L. infantum were
37.2 and 18.6 𝜇g/mL and 18.6 and 9.3 𝜇g/mL, respectively. Asterisks
indicate that treated parasites were statistically different (𝑃 < 0.05)
from control parasites.

bilirubin [29]. Considering the clinical manifestations related
to cutaneous and visceral leishmaniasis, such as skin lesions
and hepatic damage, respectively, A. chica could represent a
promising phytotherapeutic agent.

In conclusion, the hexanic extract from A. chica, espe-
cially the B2 fraction, possesses activity against L. amazonen-
sis and L. infantum. Fatty acids and sterols probably are the
main components involved in the antileishmanial activity, but
further investigation will be necessary in order to evaluate
the isolated compounds. Taken together, the results presented
herein in addition to those reported in literature concerning
tissue healing effects and liver protection of A. chica are
motivation for further investigation of this plant using in vivo
models of Leishmania spp. infection.
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Valeriana jatamansi is an indigenous medicinal plant used in the treatment of a number of diseases. In the present study, chemical
composition of the essential oil was determined by GC-MS. Seven major components were identified in Valeriana jatamansi
essential oil, namely, 𝛽-vatirenene, 𝛽-patchoulene, dehydroaromadendrene, 𝛽-gurjunene, patchoulic alcohol, 𝛽-guaiene, and 𝛼-
muurolene. Methanolic, aqueous, and chloroform extracts of Valeriana jatamansi roots were also prepared and analyzed for their
polyphenols and flavonoid content. Antioxidant activity of essential oil and different extracts of Valeriana jatamansi roots was
determined by DPPH radical scavenging and chelation power assay. A linear correlation has been obtained by comparing the
antioxidant activity and polyphenols and flavonoid content of the extracts. Results indicated that antioxidant activity of methanolic
extract could be attributed to the presence of rich amount of polyphenols and flavonoid. Essential oil of Valeriana jatamansi roots
showed moderate antioxidant activity.

1. Introduction

Valeriana jatamansi Jones syn. V. wallichii popularly known
as Indian Valerian (Mushkibala in Hindi/Kashmiri, Sugan-
thdhawal or Tagara in Sanskrit) belongs to family Vale-
rianaceae [1]. Valeriana is a major genus of the family
Valerianaceae and is represented in all the temperate and
subtropical areas of the world. In India, about 16 species and
two subspecies have been reported [2].

Valeriana jatamansi is a small, perennial dwarf, hairy,
rhizomatous herb having thick roots covered with fibers.
The plant grows at an altitude of 1220–3000m [1]. Valeriana
jatamansi is regarded as an aphrodisiac, antispasmodic,
tranquilizer, antiseptic, expectorant, febrifuge, nerve tonic,
ophthalmic, sedative, and tonic useful in hysteria, cholera,
snakebite, scorpion sting, asthma, and eurosis [3]. Roots are
acrid and bitter which are used as carminative, laxative and
are also used for curing blood diseases, burning sensation,
cholera, skin disease, throat troubles, and ulcers [3]. The
therapeutic properties of the plant are attributed to a class
of compounds called valepotriates. The valepotriates are

a group of monoterpenoids of iridoid type having epoxy
group and 𝛽-acetoxy isovaleric acids [4]. The root of V.
jatamansi is a source of effective antileishmanial agent [5].
Root extract of V. jatamansi also exhibits larvicidal and
adulticidal activity against different mosquito species [6].
The aqueous and methanolic extracts of rhizomes possess
anti-inflammatory activity. This could be attributed to the
high amount of flavonoids and tannins in the plant [7]. The
objective of this study was to verify the phytochemicals and
antioxidant potential of both essential oil and extracts of
Valeriana jatamansi roots.

2. Materials and Methods

2.1. Collection of Plant Material. Fresh plant material (roots)
was collected from the high altitude of Patnitop in Jammu
and Kashmir, India, and identified at the herbarium of the
department of Botany, Jammu University. The material was
shade dried and ground to a fine texture in a grinding
machine.
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2.2. Isolation of Essential Oil. Essential oil was extracted by
hydrodistillation for 4 h using a Clevenger-type apparatus.
The oil was stored at 4∘C in the dark until analyzed.

2.3. Preparation of Extracts. The finely powdered roots were
extracted with three different solvents on the basis of
their polarity, that is, from nonpolar to polar. Chloroform,
methanol, and water were used as solvents. 15 g of the given
powdered plant material was mixed in 75mL of each solvent
and the mixture was stirred for 24 hours. The suspended
mixture was filtered through whatman’s filter paper and
filtrate was collected. This procedure was performed thrice
to get three filtrates and residue. The filtrates were then
dried at room temperature. Gummy solid thus obtained after
evaporation of each of the solvents was labelled and stored for
further use.

2.4. GC-MS Analysis of Essential Oil. Analysis of the oil using
gas chromatography and mass spectrometry was carried out
at Indian Institute of Integrative Medicine (CSIR, India),
Canal Road, Jammu, India. GC-MS 4000 (Varian, USA)
system with a HP-5MS agilent column (30m × 0.25mm
i.d., 0.25 𝜇 film thickness) was used for analysis. Injector
temperature was 280∘C. Oven temperature programme used
was holding at 50∘C for 5min, heating to 280∘C at 3∘C/min,
and keeping the temperature constant at 280∘C for 7min.
Helium was used as a carrier gas at a constant flow of
1.0mL/min and an injection volumeof 0.20𝜇Lwas employed.

The MS scan parameters included electron impact ion-
ization voltage of 70 eV, a mass range of 40–500m/z. The
identification of components of the essential oil was based on
comparison of theirmass spectrawith those stored inNIST05
library or with mass spectra from literature [8].

2.5. Determination of Total Phenols and Flavonoids in Extra-
cts. Total phenolic content was determined according to
Folin-Ciocalteu method [9]. 0.5mL of extract solution was
mixed with 0.5mL of 1N Folin-Ciocalteu reagent. The
mixture was kept for 5min, followed by the addition of
1mL of 20% Na

2
CO
3
. After 10min of incubation at room

temperature, the absorbance was measured at 750 nm using
a spectrophotometer. The concentration of phenolic com-
pounds was calculated according to the following equation
obtained from the standard gallic acid:

Absorbance = 0.0364 gallic acid (𝜇g) + 0.009. (1)

Flavonoid content in the extract/fractions was deter-
mined by a colorimetric method [10]. Plant extracts were
diluted with distilled water to a volume of 3.5mL and
150 𝜇L of a 5% NaNO

2
solution. After 5min, 300 𝜇L of 10%

AlCl
3
⋅H
2
O solution was added. After 6min, 300 𝜇L of 1M

NaOH and 550 𝜇L of distilled water were added to prepare
the mixture.The solution was mixed well and the absorbance
was observed at 510 nm using UV-VIS spectrophotometer.
The concentration of flavonoid compounds was calculated

Table 1: Chemical composition of essential oil of Valeriana jata-
mansi roots analysed by GC-MS.

Compounds Nature of compound Amount in % age
𝛽-patchoulene Sesquiterpene 20.18
𝛽-gurjunene Sesquiterpene 13.0
𝛽-vatirenene Sesquiterpene 28.07
𝛼-muurolene Sesquiterpene 5.20
𝛽-guaiene Sesquiterpene 5.88
Dehydroaromadendrene Sesquiterpene 15.92
Patchoulic alcohol Sesquiterpene 11.72

according to the following equation obtained from the
standard quercetin graph:

Absorbance = 0.001 quercetin (𝜇g) + 0.032. (2)

2.6. DPPH Radical Scavenging Assay. The radical scavenging
activity of extracts was determined with slight modifications
in the method [11]. 1mL from a 0.5mM methanol solution
of the DPPH radical was mixed to 2.0mL sample and to this
2.0mLof 0.1M sodiumacetate buffer (pH5.5)was added.The
mixtures were well shaken and kept at room temperature in
the dark for 30min. The absorbance was measured at 517 nm
using a double beam UV-VIS spectrophotometer. Methanol
was used as a negative control.

The radical scavenging activity of essential oil was deter-
mined [12]. 1mL of different concentrations of the essential
oil or bioactive fraction was mixed with 1mL of a 90𝜇M
DPPH solution in methanol, and final volume was made to
4mLwithmethanol.Themixtures were well shaken and kept
at 25∘C in the dark for 1 h. The absorbance was measured at
517 nm. Oil concentration providing 50% inhibition (IC

50
)

was calculated from the graph by plotting inhibition% against
oil concentration. BHT was used as reference.

2.7. Chelating Power on Ferrous (Fe2+) Ions. The chelating
effect on ferrous ions ofValeriana jatamansi extracts was esti-
mated by slight modifications in the method [13]. Different
dilutions of extract/fractions were made to a volume of 3mL
withmethanol. 60 𝜇L of 2mMFeCl

2
was added.The reaction

was initiated by the addition of 120𝜇L of 5mM ferrozine
into the mixture, which was then left at room temperature
for 10min before determining the absorbance of the mixture
at 562 nm. The ratio of inhibition of ferrozine-Fe2+ complex
formation was calculated using the following equation:

% inhibition

= (

[absorbance of control − absorbance of test sample]
absorbance of control

)

× 100.

(3)

2.8. Statistical Analysis. For all the experiments, three sam-
ples were analysed and all the assays were carried out in
triplicates. The results were expressed as mean values with
standard deviation.
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Table 2: Showing total phenol and flavonoid content of different extracts of Valeriana jatamansi roots.

S. no. Test sample Total phenols (mg GAEs/g dry wt.) Total flavonoids (mg QEs/g dry wt.)
1 Methanolic extract 187.13 ± 6.8 257.69 ± 9.8
2 Aqueous extract 77.66 ± 2.1 452.30 ± 12.4
3 Chloroform extract 9.89 ± 0.3 25.38 ± 2.0
Data is represented as mean ± SD of three triplicate experiments.

Table 3: Showing the antioxidant activity of the essential oil and different extracts of Valeriana jatamansi roots.

S. no. Test sample DPPH activity (IC50 in 𝜇g/mL) Chelation power on ferrous ions (% age at 100 𝜇g)
1 Essential oil 876 ± 12.8 𝜇g/mL 31%
2 Methanolic extract 78 ± 2.9 𝜇g/mL 76%
3 Aqueous extract 154 ± 4.6 𝜇g/mL 43%
4 Chloroform extract — 12%
5 BHT 28 ± 0.8 𝜇g/mL —
Data is represented as mean ± SD of three triplicate experiments.

3. Results and Discussions

3.1. GC-MS Analysis of Essential Oil. Hydrodistillation of
roots ofValeriana jatamansi produced greenish yellow essen-
tial oil with the yield of 0.8%. Chemical composition of the
essential oil was determined by gas chromatography and
mass spectrometry (Table 1). Seven major components were
identified in essential oil viz., 𝛽-vatirenene, 𝛽-patchoulene,
Dehydroaromadendrene, 𝛽-gurjunene, patchoulic alcohol,
𝛽-guaiene and 𝛼-muurolene. The chemical analysis of essen-
tial oil shows that V. jatamansi roots contain only sesquiter-
penes in its essential oil.

3.2. Total Phenols and Flavonoids. Phenolic compounds have
been reported to exhibit various biological activities like,
antioxidant, antimicrobial etc. Total phenolic compounds in
extracts were determined by Folin-Ciocalteu method and
expressed as Gallic acid equivalents (GAEs). As shown in
Table 2, highest amount of phenolic compound was observed
in methanolic extract (187.13 ± 6.8mg GAEs/g), followed by
aqueous extract (77.66 ± 2.1mg GAEs/g). Least amount of
phenolic compounds was observed in chloroform extract
(9.89 ± 0.3mg GAEs/g). Many studies have revealed that
the phenolic contents in the plants are associated with their
antioxidant activities probably due to their redox properties,
which allow them to act as reducing agents, hydrogen donors,
and singlet oxygen quenchers [9, 14].

Total amount of flavonoids was expressed in quercetin
equivalent (QE). Aqueous extract of Valeriana jatamansi had
relatively high amount of flavonoids (452.30± 12.4mgQEs/g)
followed by methanolic extract (257.69 ± 9.8mg QEs/g) and
very less amount was observed in chloroform extract (5.38 ±
0.3mg QEs/g).

3.3. DPPH Radical Scavenging Activity. DPPH assay has been
extensively used for screening plant extracts because many
samples can be accommodated in short period and are
sensitive enough to detect active ingredients at low concen-
trations [15]. The antioxidant activity of Valeriana jatamansi

roots essential oil and extracts is summarized in Table 3.
Among all the test samples, methanolic extract of Valeriana
jatamansi was found to be the most potent antioxidant (IC

50

78 ± 2.9 𝜇g/mL), followed by aqueous extract (IC
50

values
154 ± 4.6 𝜇g/mL). Essential oil of Valeriana jatamansi roots
showed poor radical scavenging activity (IC

50
values 876 ±

12.8 𝜇g/mL), whereas chloroform extract showed negligible
activity. BHT was taken as reference antioxidant (IC

50
28

± 0.8 𝜇g/mL). A linear correlation has been obtained by
comparing the antioxidant activity and polyphenols and
flavonoid content of the extracts. The extracts containing
good amount of phenols and flavonoids possess potential
antioxidant activity. Previous studies have also reported
positive correlation between phenolic and flavonoid content
and DPPH radical scavenging activity of plant extracts [16].
The moderate antioxidant activity of essential oil could be
attributed to the presence of sesquiterpenes.

3.4. Chelation Power. Chelation activity is also one of the
important mechanisms of antioxidant activity. Result of
chelation activity of the essential oil and different root
extracts is shown in Table 3. It is evident by the data that
the methanolic extract of Valeriana jatamansi possesses
good chelation activity (76%) followed by aqueous extracts
(43%) and essential oil (31%) at 100 𝜇g/mL concentration.
Chloroform extract showed poor chelation activity (12%).

4. Conclusions

Methanol extract of roots of Valeriana jatamansi possesses
remarkable antioxidant activity as compared to its essential
oil. Thus root extract of V. jatamansi can prove beneficial in
food and pharmaceutical industry.
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In recent years, the utilization of certain medicinal plants as therapeutic agents has drastically increased. Phaleria macrocarpa
(Scheff.) Boerl is frequently used in traditional medicine.The present investigation was undertaken with the purpose of developing
pharmacopoeial standards for this species. Nutritional values such as ash, fiber, protein, fat, and carbohydrate contents were
investigated, and phytochemical screenings with different reagents showed the presence of flavonoids, glycosides, saponin
glycosides, phenolic compounds, steroids, tannins, and terpenoids. Our results also revealed that the water fraction had the highest
antioxidant activity compared to the methanol extract and other fractions. The methanol and the fractionated extracts (hexane,
chloroform, ethyl acetate, and water) of P. macrocarpa seeds were also investigated for their cytotoxic effects on selected human
cancer cells lines (MCF-7, HT-29, MDA-MB231, Ca Ski, and SKOV-3) and a normal human fibroblast lung cell line (MRC-5).
Information from this study can be applied for future pharmacological and therapeutic evaluations of the species, and may assist
in the standardization for quality, purity, and sample identification. To the best of our knowledge, this is the first report on the
phytochemical screening and cytotoxic effect of the crude and fractionated extracts of P. macrocarpa seeds on selected cells lines.

1. Introduction

Herbal medicine plays a key role in the development of
pharmaceuticals and thus there is a high demand in natural
medicine for the globalmarket. Although there are thousands
of species listed as medicinal plants, only a small number
are commercially used in traditional treatments. In this
respect, there are very few in-depth scientific studies on the
medicinal properties of plants. However, traditional herbal
medicine is still prominent and is considered an important
alternative to conventional medicine particularly in devel-
oping countries. Despite its well-known benefits, Phaleria
macrocarpa (Scheff.) Boerl is still relatively unknown in terms
of its biochemical constituents and biological activity. P.
macrocarpa is a plant commonly used in East Asian herbal
medicines. P. macrocarpa is used as a remedy for a variety
of ailments such as cancer, diabetes mellitus, allergies, liver
and heart diseases, kidney failure, blood diseases, high blood

pressure, and stroke. It is also used to treat various skin
diseases including acne [1, 2].

P. macrocarpa plantshave round, oval shaped seeds that
have a diameter of approximately 1 cm. The seed is the most
poisonous part of the plant, having higher toxicity levels
than the stem, roots, and leaves. P. macrocarpa fruits and
leaves are used in traditional medicine as a concoction. The
seeds which have an unpleasant odor are usually used for
the treatment of skin diseases. The compounds quercetin
and naringin have been found in the seeds [3]. The essential
oils of the seedsconsist of heptadecane, octadecane, diclosan,
triclosan, vinyl laurate, and diocthyl ester [4]. Another study
reported the presence of Mahkoside A and kaempferol 3-O-
𝛽-D-glucoside in the seeds [5]. Two novel compounds, 29-
norcucurbitacin and desacetylfevicordin A, and three known
29-norcucurbitacin derivatives have also been isolated from
the ethyl acetate fraction of P. macrocarpa seeds [6].
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Figure 1: Extraction procedure and its fractionations of P. macrocarpa (Scheff.) Boerl seeds.

The ethanol extract of P. macrocarpa seeds exhibited
toxicity towards T47D breast cancer cell lines (LC

50
15.12 ±

3.21 𝜇g/mL) through COX-2 inhibition [7]. Additionally, the
ethanol extract of the seeds and the fruits’ flesh have been
shown to increase p53 gene expression but had no effect on
Bcl-2 gene expression. Moreover, the n-hexane extract of the
seeds had a greater effect in increasing p53 gene expression
than that of the flesh of the fruit, but had no effect on Bcl-
2 gene expression [8]. The ethanol extracts of P. macrocarpa
seeds and fruits have been found to be nontoxic to human
mononuclear peripheral normal cells but were slightly toxic
to Vero cell lines [9].

Although P. macrocarpa has been used extensively in
Indonesia, there is limited scientific research available on
the biological properties of this plant in relation to its
medicinal benefits.The present research investigated the total
phenolic and flavonoid content and the antioxidative and
cytotoxic activities of the crude and fractionated extracts of
P. macrocarpa seeds.

2. Material and Methods

2.1. Plant Materials. Seeds of Phaleria macrocarpa (Scheff.)
Boerl were collected from Yogyakarta, Indonesia, in Decem-
ber 2011. A voucher specimen (ID no. KLU 47923) was
deposited into a repository at the Institute of Biological
Sciences, Faculty of Science, University of Malaya, Malaysia.
Samples were washed and dried in an oven at approximately
50∘C.The seeds were then ground into powder and stored in
airtight containers.

2.2. Preparation for Extraction. The dried powder was mac-
erated with 80% aqueous methanol and extracted for 72 h

before filtration (three times). The filtrate obtained was
concentrated under reduced pressure (60 rpm at 37∘C). This
crude methanol extract was then fractionated, initially with
hexane followed by chloroform. The chloroform insoluble
fraction was subjected to partition with ethyl acetate and
water (Figure 1). The methanol extract and its fractions
(hexane, chloroform, ethyl acetate and water) were refiltered
and evaporated at low pressure (60 rpm at 37∘C) to remove
excess solvent.

2.3. Phytochemical Screening Analysis. In order to classify the
types of organic constituents present in the plant samples,
preliminary phytochemical screening tests were carried out
on the plant samples according to the qualitative and quanti-
tative methods of Trease and Evans [10] and Sofowora [11].
The organic constituents that were investigated were those
listed in Table 2. 𝛼-Amino acids, carbohydrates, cyanogenic
glycosides, organic acids, reducing sugars, saponin glyco-
sides, and starch content determination were carried out
on water extracts. Alkaloids tests were used with 1% HCl
extract. Determination of flavonoids, glycosides, phenolic
compounds, and tannins were performed on the ethanol
extract. Test for steroids was performed on the petroleum -
ether extract.

2.4. Physiochemical Determination. The nutritional values
of the P. macrocarpa seeds, including moisture, ash, fiber,
protein, fat, carbohydrate contents, and energy value, were
determined by using the methods of AOAC [12], Trease and
Evans [10], and Harbone [13].

2.5. Determination of Moisture Content. The moisture con-
tent of the dried powder samples was determined by using
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the oven drying method [14, 15]. A clean dried crucible was
weighed and 10 g of the driedP.macrocarpa seeds powderwas
placed in a beaker. The sample was dried in an electric oven
at 105∘C until all the moisture was removed from the sample
and constant weight was achieved. The crucible containing
the dried sample was weighed again and the loss of weight
was recorded as the moisture content of the dried powdered
P. macrocarpa seeds. The experiment was repeated three
times. The moisture content (%) was calculated by using the
following equation:

Mositure percentage (%) =
𝑊
2
−𝑊
1

𝑊
0

× 100, (1)

where𝑊
1
= weight of sample after drying (g),𝑊

2
= weight of

sample before drying (g), and𝑊
0
= weight of the sample (g)

2.6. Determination of Ash Content. Ash content was deter-
mined by using the method of A.O.C.S [12]. Briefly, the
ash value of the samples represented the inorganic residue
when the organic matter has been burnt away. An accurately
weighted amount (10 g) of the sample was placed in a pre-
heated, cooled and weighed porcelain crucible. The crucible
was heated carefully on a hot plate until the organic matter
was dried and burnt off without flaming and finally heated in
a furnace at 550 ± 50∘C.

The percentage of ash content was calculated using the
following formula:

Percentage of Ash (%) =
Weight of Ash

Weight of sample
× 100. (2)

2.7. Determination of Crude Fiber Content. The crude fiber
content was determined by using themethod ofA.O.A.C [16].
Dried powdered sample was weighed (10 g) and extracted
with petroleum ether (100mL) three times. The extracted
sample was air-dried and transferred to a round-bottomed
flask. In the flask, 30mL of sulphuric acid (0.1275M) was
added, followed by 170mL of hot sulphuric acid.The solution
was then refluxed for approximately 30 minutes and filtered
through a Buchner funnel. The insoluble matter was washed
with boiling water until the final filtrate was free from acid.

The residue was placed back into the flask with 30mL
of sodium hydroxide (0.313M), and 170mL of hot sodium
hydroxide (0.313M) was then added. The mixture was again
refluxed for about 30minutes and filtered using sintered glass.
The residue was washed with 1% HCl and then washed again
with boilingwater until therewas no acid present.The residue
was finally washed with ethanol and ether and dried in an
oven at 100∘C and thenweighed.This procedure was repeated
until the fiber content was constant. The fiber content was
calculated using the following equation:

Percentage of Crude fiber (%) =
Loss in weight

Weight of sample
× 100.

(3)

2.8. Determination of Carbohydrate Content. Carbohydrate
content was calculated by multiplying the reducing sugar

content. The reducing sugar content was determined using
the Fehling’s reducing method of Lane and Eynon’s [16].
Weighted sample (10 g) was placed into a 250mL round-
bottomed flask and 20mL of sulphuric acid (0.5M) was
added. Reflux was then performed in a sand bath for 2.5
hours.The residue was washed after filtration with warm dis-
tilled water. The solution was then neutralized with sodium
carbonate power and the mixture’s volume was made up to
100mL with distilled water. This was followed by titration
with Fehling’s solution, equal amounts of solution A (copper
sulphate solution) and solution B (sodium potassium tartrate
and sodium hydroxide solution) using methylene blue as
indicator. The mixed Fehling’s solution (5mL) was pipetted
into a conical flask and distilled water (5mL) was added.The
solution was then boiled for 15 seconds. Methylene blue indi-
cator (a few drops) was then titrated with the solution until
the colour changed from blue to green. The carbohydrate
content was then calculated according to following equation:

Percentage of carbohydrate content (%)

=

5 × 0.005 × 100 × 100 × 100

𝑉 × 10 ×𝑊

× 0.9%,
(4)

where 𝑉 = volume of sample solution (titration volume) and
𝑊 = weight of powdered sample

2.9. Determination of Fat Content. Fat content of P. macro-
carpa seeds was determined using the soxhlet extraction
method [12]. A seed sample (10 g) was placed in a soxhlet
extractor. Petroleum ether was then poured into the extractor
and extraction was performed for 12 hours.The volume of the
petroleum ether extract was reduced to 15mL by evaporation.
This was then dried at 105∘C in an oven until constant weight
was achieved.The fat content was then calculated by using the
following equation:

% of Fat content

=

Weight of fat obtained from sample × 100
Weight of sample

.

(5)

2.10. Determination of Protein Content. Protein content was
determined using the A.O.A.C method [12]. Briefly, pow-
dered samples (1 g), 50mL of distilled water, 5 g of copper
sulphate, and 15mL of concentrated sulphuric acid were
added to a Kjeldahl flask. The flask was partially closed by
means of a funnel, and the content was digested by heating
the flask at an inclined position in the digester. The mixture
was heated for 30minutes until there was 40mL of clear 0.1M
standard sulphuric. A few drops of methyl red indicator were
mixed into the clear solution.The flask was then placed below
the condenser and the end of the adapter tube was dipped
in the acid. The flasks were set up for Kjeldahl distillation
and 70mL of 40% sodium hydroxide was added through the
funnel. The funnel was washed twice with 50mL of distilled
water. Distillation was then performed for one hour. The
distilled ammonia was then nitrated with 0.1M standard
solution until the color changed from yellow to colorless.The
experiment was repeated three times. The nitrogen content
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and protein content in the sample were calculated using the
following relation:

Percentage of Nitrogen (%)

=

(𝑉
𝑠
− 𝑉
𝑏
) × 𝑀

𝐴
× 0.0140 × 100

Weight of sample (𝑊)

Protein content = percentage of Nitrogen × 6.25,

(6)

where 𝑉
𝑠
= volume in cm3 of standard acid used in the

titration of sample,𝑉
𝑏
= volume in cm3 of standard acid used

in the blank titration,𝑀
𝐴
=morality of standard acid solution

in mol dm−3, and𝑊 = weight of the sample in grams.

2.11. Determination of Phenolic Content. The total phenolic
content of the crude methanol and the fractionated extracts
(hexane, chloroform, ethyl acetate, and water) was deter-
mined using the Folin-Ciocalteu method [17–20]. Briefly,
200𝜇L of each extract solution of different concentrations
was mixed with 1mL of Folin-Ciocalteu reagent (1 : 10 diluted
with H

2
O) and 800 𝜇L of Na

2
CO
3
(75.05 g/L). The mixture

was thoroughly shaken for 15 minutes and then held in
a water bath at a temperature of 37∘C. The solution was
allowed to stand for 1 hour at room temperature in a dark
place and the absorption was measured at 750 nm using a
spectrophotometer. Distilled water was used as blank, and
gallic acid (0–250mg/L) was used to construct a standard
calibration curve. Gallic acid concentration was established
from the calibration curve, 𝑦 = 0.0221𝑥 + 0.2189; 𝑅2 =
0.9914.

2.12. Determination of Flavonoid Content. Total flavonoid
content of P. macrocarpa seeds was measured using the
methods of Ebrahimzadeh, Nabavi, and Ordonez [20–22]
with minor modifications. To determine the flavonoid con-
tent, 1mL of each sample was added to 0.1mL of 10%
Al (NO

3
)
3
solution, 0.1mL of 1M potassium acetate, and

3.8mLofmethanol.The solutionwas thoroughlymixed using
a vortex mixer for two to three minutes and then stood
untouched for 10 minutes at room temperature. Absorbance
was determined at 415 nm using a spectrophotometer. The
total content of flavonoids was measured and expressed as
quercetin equivalent on a dry weight basis (𝑦 = 0.0855𝑥+
0.2004; 𝑅2 = 0.9813).

2.13. Determination of Flavonol Content. The method of
Kumaran [23] and Mbaebie [24] with slight modifications
was used to measure the total flavonol content of the
methanol extract. Briefly, 1mL of extract was added to a cen-
trifuge tube with 2mL of prepared AlCl

3
in ethanol and 3mL

of sodium acetate (50 g/L) solution. The mixture was stirred
thoroughly with a vortex and was then incubated for 1 hour.
The absorbance was measured with a spectrophotometer at
440 nm. A calibration curve was constructed using quercetin
(1, 5, 10, 15, and 20mg/mL). The total flavonol content was
calculated using the calibration curve with the following
equation,𝑦 = 0.0353𝑥 + 0.1456; 𝑅2 = 0.9807.

2.14. Antioxidant DPPH Assay. Screenings of antioxidant
activity of the crude methanol extract, chloroform, hexane,
ethyl acetate, and water fractions of P. macrocarpa seeds were
carried out by determination ofDPPH free radical scavenging
property using UV spectrophotometric methods [21, 25].
Based on this protocol, 50𝜇L of test solutions from different
dry extracts and concentrations (1, 5, 10, 15, and 20mg/mL)
was dissolved in water. This solution was then combined
with 1.95mL of DPPHmethanol solution. After being mixed,
solutions were kept at room temperature, in the dark for 30
minutes. After the reaction, the increase in absorbance was
recorded at 517 nm. Methanol was used as a blank, DPPH
solution was used as negative control (𝐴

0
), and gallic acid

was used as positive control. The antioxidant activity was
expressed as an IC

50
value. All experiments were carried out

in triplicate. The scavenging effect was obtained from the
following relation:

Scavenging effect (%) =
(𝐴
0
− 𝐴
1
) × 100

𝐴
0

, (7)

where 𝐴
0
was the absorbance of the control reaction and

𝐴
1
was the absorbance of the sample of the tested extracts.

Gallic acid was used as standard. Percentage of inhibition
was calculated using the following formula: % inhibition =
[(𝐴negative − 𝐴 test)/𝐴negative] × 100 (𝐴 is absorbance).

2.15. Cytotoxicity Screening

2.15.1. Cell Culture andCultureMedium. Human cervical car-
cinoma cells (Ca Ski), hormone-dependent breast carcinoma
cells (MCF-7), human breast adenocarcinoma cells (MDA-
MB231), human ovarian carcinoma cells (SKOV-3), human
colon carcinoma cells (HT-29), and noncancer humanfibrob-
last cells (MRC-5) were purchased from the American Tissue
Culture Collection (ATCC, USA).

HT 29, Ca Ski, andMCF-7 cells weremaintained in RPMI
1640 medium (Sigma), MDA-MB231 and SKOV-3 cells in
Dulbecco’s Modified Eagle’s medium (DMEM, Sigma), and
MRC-5 cells in Eagle’s Minimum Essential medium (EMEM,
Sigma), supplemented with 10% fetal bovine serum (FBS,
PAA Lab, Austria), 100 𝜇g/mL penicillin or streptomycin
(PAA Lab, Austria), and 50 𝜇g/mL kanamycin/amphotericin
B (PAA Lab, Austria). The cells were cultured in a CO

2

incubator (5%) and kept at 37∘C in a humidified atmosphere.
The cultures were subcultured every 2-3 days and checked
frequently under an inverted microscope (Leica, Germany)
for any contamination.

2.15.2. MTT Cell Proliferation Assay. MTT [3-(4, 5-dimeth-
ylthiazol2yl)-2, 5-diphenyl tetrazolium bromide)] assay was
performed on the cultured cells in 96-well plates according to
the method of Mosmann [26, 27]. Briefly, cells were cultured
to confluence. They were then centrifuged at 1,000 rpm for 5
minutes and resuspendedwith 1.0mLof growthmedium.The
density of the viable cells was counted using 0.4% trypan blue
exclusion dye in a haemocytometer with a microscope. The
cells were then seeded into microtiter plates and incubated in
a CO
2
incubator at 37∘C for 24 hrs. After reaching 70–80%
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Table 1: Yield of methanol extract and its fractions from P. macro-
carpa of seeds.
Extract and fractions Yield (g) Percentage of yield (%)
Methanolic extract (ME) 198.7 11.99
Hexane fraction (HF) 158.7 9.47
Chloroform fraction (CF) 7.2 0.43
Ethyl acetate fraction (EAF) 6.2 0.37
Water fraction (WF) Freeze dry

confluence, each extract at concentrations of 1, 10, 25, 50,
and 100 𝜇g/mL (in 200𝜇L of 10% media) was added to the
respective wells containing the cells. Wells with untreated
cells were used as the negative control and cells exposed
to doxorubicin were used as positive control. After 24, 48,
and 72 hours, 10 𝜇L MTT stock solution was added to each
well. OD was then determined by measuring absorbance at
540 nm using an ELISA microplate reader. The percentage
of inhibition (%) was calculated according to the following
formula:

Percentage of inhibition (%)

=

OD control −OD sample × 100%
OD control

.

(8)

Cytotoxicity of each sample is expressed as ±IC
50
value. The

extract that gave IC
50

of 30 𝜇g/mL or less was considered
active [26].

2.16. Gas Chromatography-Mass Spectrometry (GC-MS). GC-
MS was used to determine the molecular weight of the
components collected and the purity of the collected extracts.
Running conditions were as follows: oven temperature was
programmed with an initial temperature of 100∘C and
increased at a ramp rate of 5∘C/min and reached a final
temperature of 300∘C. The carrier gas or mobile phase used
was helium and a flow rate of 1mL/min was programmed.
The mass spectrometry mode used was electron ionization
(EI) mode with a current of 70 eV. The injection mode was
programmed with a sample injection volume of 1𝜇L with a
split mode at a ratio of 1 : 20. The injection port temperature
was set to 230∘C and the detector/interface temperature was
set to 250∘C. The results were collected for 40 minutes. The
total ion chromatogram obtained was autointegrated using
ChemStation and the chemical compounds or components
were analysed by comparison with the suppliedmass spectral
database (NIST 05 Mass Spectral Library, USA).

2.17. Statistical Analysis. All data for each test are the average
of triplicate experiments for comparison of values and were
recorded as the mean ± standard deviation using Microsoft
Excel software and statistical data analyses were performed
using SPSS software.

3. Results

3.1. Extraction. Theextracts were concentrated using a rotary
evaporator (Buchi, USA) under reduced pressure at 35∘C.The

yield of extracts from P. macrocarpa seeds is shown in Table 1.
The highest yield from P. macrocarpa seeds was the hexane
fraction (9.47%).

3.2. Preliminary Phytochemical Studies. In order to determine
the types of phytoorganic constituents present in P. macro-
carpa seeds, a preliminary phytochemical investigation was
carried out according to conventional methods. The results
obtained from these experiments are summarized in Table 2.

The phytochemical tests showed that there were sec-
ondary metabolites, including carbohydrate, flavonoids, gly-
cosides, saponin glycosides, phenolic compounds, steroids,
tannins, and terpenoids, present in different extracts of
P. macrocarpa seeds. Small amounts of alkaloids, 𝛼-amino
acids, cyanogenic glycosides, organic acids, reducing sugars,
and starches were also found to be present.

The main constituents such as flavonoids, glycosides,
saponin glycosides, phenolic compounds, steroids, tannins,
and terpenoids present in P. macrocarpa seeds may con-
tribute to the presence of bioactivities such as antibacterial,
an analgesic, an antifungal, an anti-inflammatory agent,
and cytotoxicity. Moreover, the toxic chemical constituents,
cyanogenic glycosides, were also present in the seeds.

3.3. Physicochemical Studies. The determination of nutri-
tional values such as moisture, ash, fiber, protein, fat, and
carbohydrate contents was carried out using the A.O.A.C
method as well as the Lane and Eynon titration method and
the results obtained are shown in Figure 2(a) and Table 3.
Different physiochemical parameters for the purpose of
standardization such as moisture (6.31 ± 1.43%), ash (2.96 ±
1.86%), protein (20.73 ± 2.44%), crude fiber (22.76 ± 2.79%),
crude fat (18.4 ± 3.11%), and carbohydrate (29.34 ± 1.98%)
were determined.

3.4. Flavonoid, Flavonol, and Phenolic Determinations. It was
found that the methanol extract had the highest flavonoid
content (9.33 ± 0.8mg/mL), followed by ethyl acetate, water,
chloroform, and hexane fractions, which were 8.38 ± 1.0,
8.08 ± 0.3, 6.78 ± 1.1, and 4.18 ± 1.5mg/mL, respectively.

Themethanol extract (8.93±1.1mg/mL) of P.macrocarpa
seeds exhibited the highest amount of total flavonol content,
followed by water, ethyl acetate, chloroform, and hexane
fractions, which were 8.93 ± 1.0, 6.13 ± 0.5, 4.29 ± 0.9, and
4.29 ± 0.7mg/mL, respectively.

The total phenolic content of the P. macrocarpa seeds
extracts and fractions was expressed as gallic acid equiva-
lents. The methanol extract of P. macrocarpa seeds exhibited
the highest amount (7.20 ± 0.7mg/mL) of total phenolics,
followed by water, ethyl acetate, chloroform, and hexane
fractions, which were 5.12 ± 1.4, 3.58 ± 1.1, 3.26 ± 1.0, and
2.63 ± 0.1mg/mL, respectively.

These data are shown in Figure 2(b) and Table 4.

3.5. DPPH (2, 2-Diphenyl-1-picryl-hydazyl) Antioxidant
Assay. DPPH assay was used to determine the free radical
scavenging ability of extracts and fractions of P. macrocarpa
seeds and to determine the antioxidant activity of its
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Table 2: Results of chemical constituents of P. macrocarpa seeds.

No. Tests Reagents Observation

1 Alkaloids
Wagner’s reagent
Mayer’s reagent
Dragendorff ’s reagent
Sodium picrate solution

+
+
+
+

2 𝛼-Amino acids Ninhydrin reagent +
3 Carbohydrates 10% 𝛼-naphthol and conc: H2SO4 ++
4 Cyanogenic glycosides Sodium picrate solution +
5 Flavonoids Mg and conc: HCl ++
6 Glycosides 10% lead acetate ++
7 Organic acids Bromothymol blue +
8 Phenolic compounds 1% FeCl3 ++

9 Reducing sugars Fehling’s solutions
A and B +

10 Saponin glycosides Distilled water ++
11 Starch Iodine solution +
12 Steroids Acetic anhydride and conc: H2SO4 ++
13 Tannins 1% Gelatin ++
14 Terpenoids Acetic anhydride and conc: H2SO4 ++
+++: large amount; ++: medium amount; +: small amount; −: absent; +: present.

0

5

10

15

20

25

30

35

C
on

te
nt

 (%
)

M
oi

stu
re

A
sh

Pr
ot

ei
n

Cr
ud

e fi
be

r

Ca
rb

oh
yd

ra
te

Cr
ud

e f
at

(a)

1
2
3
4
5
6
7
8
9

10
11

ME HF CF EAF WF

Flavonoids
Flavonol
Phenolic

C
on

ce
nt

ra
tio

n 
(m

g/
m

L)

(b)

Figure 2: (a)The percentage ofmoisture, ash, protein, crude fiber, crude fat, and carbohydrate contents on P.macrocarpaBoerl seeds (b) Total
amount of concentration of flavonoid, flavonol, and phenolic contents of P. macrocarpa seeds. ME: methanol extract, HF: hexane fraction,
EAF: ethyl acetate fraction, CF: chloroform fraction,WF: water fraction.

phytoconstituents. It is important to note that a lower IC
50

value equals a higher scavenging activity. The scavenging
activity was presented as the percentage of inhibition
of DPPH free radicals (Figure 3 and Table 4). Based on
IC
50

values, the samples can be ranked in the following
descending order: water fraction > methanol extract > ethyl
acetate fraction > hexane fraction > chloroform fraction.The
results revealed that the water fraction was most active for
antioxidant activity compared to other fractions. The radical

scavenging effect was found to increase with increasing
concentrations.

3.6. Cytotoxicity Screening of MTT Cell Proliferation Assay.
The methanol and fractionated extracts (hexane, chloro-
form, ethyl acetate, and water) were investigated for cyto-
toxic effects in human cervical adenocarcinoma cells (Ca
Ski), humanhormone-dependent breast carcinoma (MCF-7),
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Table 3:The percentage of moisture, ash, protein, crude fiber, crude
fat, and carbohydrate contents and the amount of nutrition values
on P. macrocarpa seeds.

Tests parameter Percentage of contents (%)
Moisture 6.31 ± 1.43
Ash 2.96 ± 1.86
Protein 20.73 ± 2.44
Crude fiber 22.76 ± 2.79
Crude fat 18.40 ± 3.11
Carbohydrate 29.34 ± 1.98
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Figure 3: Percentage of inhibition of DPPH free radical scavenging
of P. macrocarpa seeds. ME: methanol extract, HF: hexane fraction,
EAF: ethyl acetate fraction, CF: chloroform fraction,WF: water
fraction.

human colon adenocarcinoma cells (HT-29), human ovar-
ian carcinoma cells (SKOV-3), human hormone-dependent
breast carcinoma (MDA-MB231), and normal cells (MRC-
5) using MTT cells proliferation assay at 24 hrs, 48 hrs, and
72 hrs, respectively.

The methanol extract of P. macrocarpa seeds showed
excellent cytotoxic effects with IC

50
value of 8.2± 4.66 𝜇g/mL

in Ca Ski cells at 24 hrs and 12.0 ± 2.2, 8.5 ± 1.68, and
3.0 ± 2.50 𝜇g/mL in MCF-7 cells at 24 hrs, 48 hrs, and
72 hrs, respectively. The methanol extract also showed good
cytotoxic activity in HT-29 cells with IC

50
values of 29.3 ±

2.26, 25.0 ± 1.35, and 21.5 ± 3.30 𝜇g/mL at 24 hrs, 48 hrs,
and 72 hrs, respectively, in Ca Ski cells with IC

50
values of

19.7 ± 0.92 𝜇g/mL, and in SKOV-3 cells with IC
50

values of
16.5 ± 2.52, 22.1 ± 2.47, and 36.0 ± 3.55 𝜇g/mL at 24 hrs,
48 hrs, and 72 hrs, respectively. However, this extract had no
cytotoxic effect in MDA-MB231 cells with IC

50
>100𝜇g/mL,

and the extract also had low cytotoxic effect in the MRC-5
cells with IC

50
> 50 𝜇g/mL.

The hexane fraction of P. macrocarpa seeds showed
moderate cytotoxic effects with IC

50
values of 45.2 ± 1.49

and 55.5 ± 1.97 𝜇g/mL at 24 hrs and 48 hrs on MCF-7, 40.0 ±
3.15 𝜇g/mL inHT-29 cells at 24 hrs, and 40.5±3.52 and 50.0±
3.02 𝜇g/mL in SKOV-3 at 24 hrs and 48 hrs. In addition, the

hexane fraction also displayed low cytotoxic effect in MCF-7
at 72 hrs, HT-29 at 48 hrs and 72 hrs, and in SKOV-3 at 72 hrs.
The IC

50
value of treatment with hexane fraction in MCF-7

was 72.5±1.52 𝜇g/mL for 72 hrs exposure. IC
50
values in HT-

29 were 64.0±2.03 and 75.0±3.14 𝜇g/mL at 48 hrs and 72 hrs,
while IC

50
value in SKOV-3 was 70.3 ± 3.53 𝜇g/mL at 72 hrs.

In contrast, the hexane fraction exhibited no cytotoxic effects
in MDA-MB231 cells or MRC-5 cells.

The chloroform fraction of P. macrocarpa seeds exhibited
the highest cytotoxic effect with IC

50
value of 10.0±1.31, 8.2±

1.04, and 22.0 ± 1.86 𝜇g/mL at 24 hrs, 48 hrs, and 72 hrs in Ca
Ski cells, 9.5±2.95, 8.7±1.59, and 21.0±1.98 𝜇g/mL at 24 hrs,
48 hrs, and 72 hrs on HT29, and 24.8 ± 2.06, 16.5 ± 3.21, and
9.00 ± 2.6 𝜇g/mL in SKOV-3 cells. The chloroform fraction
exhibitedmoderate cytotoxic effect inMCF-7 with IC

50
value

of 57.5 ± 2.64, 40.0 ± 1.48, and 46.5 ± 3.45 𝜇g/mL for 24 hrs,
48 hrs, and 72 hrs, respectively. In contrast, the chloroform
fraction had no cytotoxic effect against theMDA-MB231 cells
and normal MRC-5 cells with IC

50
>100 𝜇g/mL.

The ethyl acetate fraction ofP.macrocarpa seeds exhibited
the highest cytotoxic effect with IC

50
< 25 𝜇g/mL in SKOV-3

cells,MDA-MB231 cells,MCF-7 cells, andCa Ski cells. On the
other hand, the ethyl acetate fraction exhibited low cytotoxic
effect in MRC-5 normal cells with IC

50
value of 35 𝜇g/mL.

The ethyl acetate fraction exhibited the highest cytotoxic
effect in all selected cells (Ca Ski, MCF-7, HT-29, and MDA-
MB231). The water extract showed no cytotoxic effect against
all selected cancer cell lines with IC

50
> 100 𝜇g/mL and

exhibited a mild cytotoxic effects against MRC-5 cells. The
corresponding data is shown in Figure 4 and Table 5.

3.7. Characterization and Identification of Hexane and Chlo-
roform Fractions. Six compounds were identified from the
hexane fraction of P. macrocarpa seeds using GC-MS. They
were methyl stearate, oleic acid, methyl oleate, linoleic acid,
methyl linolenate, and palmitic acid. Moreover, a GC/MS
analysis of the chloroform fraction of P. macrocarpa seeds
showed the presence of methyl myristate, palmitic acid,
methyl oleate, methyl linoleate, oleic acid, and (𝑧)- and
9,17-octadecadienal, (𝑧). A comparison with the NIST mass
spectral library (NIST 05MS library, 2002) andAdams (2001)
confirmed the identity of the compounds. The chemical
structures of the identified compounds in the hexane and
chloroform fractions of P. macrocarpa seeds are as shown in
Figure 5.

4. Discussion

A longer shelf life can be achieved by reducing moisture
content. Thus, moisture content is a critical factor for the
stability of an extract.Moisture enhances fungal and bacterial
growth, therefore decreasing the longevity of the extract. The
time it takes for plant material to deteriorate depends on how
much water the plant material contains.

Carbohydrates play a vital role in the immune sys-
tem, fertilization, pathogenesis, blood clotting, and human
development. Foods that contain carbohydrates can raise
blood glucose and the three main types of carbohydrate are
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Figure 4: In vitro, cytotoxic effects of P. macrocarpa seedson Ca Ski, MCF-7, HT-29, SKOV-3, and MDA-MB231 cell lines. ME: methanol
extract, HF: hexane fraction, EAF: ethyl acetate fraction, CF: chloroform fraction,WF: water fraction. Each value is expressed as mean ±
standard deviation of three measurements.
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Table 4: Total flavonoid, total flavonol, total phenolic contents, and result of DPPH free radical scavenging property of P. macrocarpa seeds.

Tests ME (mg/mL) HF (mg/mL) CF (mg/mL) EAF (mg/mL) WF (mg/mL)
Flavonoid 9.33 ± 0.8 4.18 ± 1.5 6.78 ± 1.1 8.38 ± 0.3 8.08 ± 1.0
Flavonol 8.93 ± 1.1 4.25 ± 0.7 4.29 ± 0.9 6.13 ± 0.5 8.18 ± 1.0
Phenolic 7.20 ± 0.7 2.63 ± 0.1 3.26 ± 1 3.58 ± 1.1 5.12 ± 1.4
DPPH 11.50 ± 0.03 15.00 ± 0.04 15.75 ± 0.04 14.00 ± 0.05 9.75 ± 0.03
ME: methanol extract; HF: hexane fraction; EAF: ethyl acetate fraction; CF: chloroform fraction; WF: water fraction.

Table 5: In vitro, cytotoxic effects of methanol extract and its fractions of P. macrocarpa cancer cells lines and normal human fibroblast breast
cells line.

Cell line Incubation periods (hours) ME HF CF EAF Doxorubicin
24 8.2 ± 4.66 ≥100 10.0 ± 1.31 5.6 ± 1.17 0.92 ± 0.64

Ca Ski 48 19.7 ± 0.92 ≥100 8.2 ± 1.04 7.7 ± 1.85 0.69 ± 1.05
72 40.7 ± 2.26 ≥100 22.0 ± 1.86 6.0 ± 3.22 0.45 ± 0.99
24 12.0 ± 2.2 45.2 ± 1.49 57.5 ± 2.64 22.3 ± 1.58 1.05 ± 1.08

MCF7 48 8.5 ± 1.68 55.5 ± 1.97 40.0 ± 1.48 16.8 ± 1.70 0.12 ± 0.69
72 6.3 ± 2.50 72.5 ± 1.52 46.5 ± 3.45 8.4 ± 1.71 0.92 ± 1.70
24 29.3 ± 2.26 40.0 ± 3.15 9.5 ± 2.95 1.1 ± 1.20 0.92 ± 0.72

HT29 48 25.0 ± 1.35 64.0 ± 2.03 8.7 ± 1.59 3.5 ± 2.00 0.32 ± 2.16
72 21.5 ± 3.30 75.0 ± 3.14 21.0 ± 1.98 12 ± 2.28 0.88 ± 0.94
24 16.5 ± 2.52 40.5 ± 3.52 24.8 ± 2.06 6.8 ± 1.8 1.02 ± 1.79

SKOV-3 48 22.1 ± 2.47 50.0 ± 3.02 16.5 ± 3.21 6.5 ± 2.3 0.32 ± 0.97
72 36.0 ± 3.55 70.3 ± 3.53 9.0 ± 2.6 3.2 ± 2.81 0.62 ± 0.98
24 ≥100 ≥100 ≥100 6.5 ± 2.3 0.43 ± 0.50

MDA-MB231 48 ≥100 ≥100 ≥100 15 ± 3.43 0.59 ± 1.01
72 ≥100 ≥100 ≥100 18.6 ± 1.26 0.95 ± 1.32

ME: methanol extract; HF: hexane fraction; EAF: ethyl acetate fraction; CF: chloroform fraction;WF: water fraction. Doxorubicin was used as positive control.
Each value is expressed as mean ± standard deviation of three measurements.

starches, sugars, and fiber. A macronutrient protein consists
of amino acids which is required for proper growth and
human body function. The seeds were found to contain
a high level of crude fiber which is a potential source of
phenolic antioxidants. The major components of fibers are
cellulose, hemicelluloses, lignin, 𝛽-glucans, gums, and pectin
and hydrocolloids. These components can behave as proan-
tioxidants [28, 29]. In our present physicochemical study, P.
macrocarpa seeds were mainly made up of carbohydrates,
followed by crude fiber, proteins, fat,moisture, and ash.High-
protein and low-carbohydrate diets are often effective for
weight loss. Dietary fiber can aid in digestion, is helpful
for weight management, and reduces constipation. However,
many high-protein and low-carbohydrate foods are low in
fiber.Women aged 50 and older need at least 21 grams of fiber
daily, whilst those aged 19 to 50 require 25 grams, men aged
50 and older need 30 grams, and those between the age of 19
to 50 should consume at least 38 grams of fiber.

Steroids possess biological activities which are insec-
ticidal, cardiotonic, and antimicrobial activities and these
are potentially useful for development into therapeutic
drugs. Tannins are known to be important for their antivi-
ral, antibacterial, antiparasitic effects, anti-inflammatory,
antiulcer. and antioxidant properties [30–33]. Saponins
have been found to have antimicrobial, anti-inflammatory,
antifeedant, and hemolytic effects [34, 35]. Some alkaloids

have been reported to have anticancer and antiviral activity
and saponins have been reported to be cardiotonic, while
flavonoids have anticancer and anti-inflammatory activity
[10, 36]. The presence of tannins may be responsible for the
ability of P. macrocarpa seeds to be used in the treatment
of diseases such as diabetes, diarrhea, and dysentery. Our
preliminary phytochemical studies revealed that the chemical
components of P. macrocarpa seeds also include flavonoids,
phenolics, steroids, tannins, terpenoids, glucosides, saponins,
and carbohydrates.

Previous researchers reported that kaempferol, myrice-
tin, naringin, quercetin, rutin [3], 29-norcucurbitacin
derivatives, fevicordin A, fevicordin A glucoside, fevicordin
D glucoside [6], mahkoside A, dodecanoic acid, palmitic
acid, des-acetyl flavicordin-A, flavicordin-A, flavicordin-D
flavicordin-A glucoside, ethyl stearate, lignans and sucrose
[37, 38], mangiferin (a C-glucosylxantone), kaempferol-3-o-
𝛽-D-glucoside, dodecanoic acid, palmitic acid, ethyl stearate,
sucrose [5], pinoresinol, lariciresinol, matairesinol, alkaloids
and saponins [37, 39], saponins, alkaloids, polyphenolics,
phenols, flavanoids, lignans, tannins [40–42], icariside
C3, mangiferin, gallic acid, phalerin, glycoside (3,4,5,
trihydroxy-4-methoxy-benzophenone-3-O-𝛽-D-glucoside)
[43], and 2,4,6, trihydroxy-4-methoxy-benzophenone-3-
O-𝛽-D-glucoside [44] were isolated from different parts
of P. macrocarpa. The hexane extract of the seeds was
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found to contain methyl myristate, methyl stearate, oleic
acid, methyl oleate, linoleic acid, methyl linoleate, palmitic
acid, methyl palmitate, 6-octadecenoic acid, and 9,17-
octadecadial, 𝛽-sitosterol as major components. A further
30% to 40% of components were not identified as these
were polar compounds that require HPLC analysis. Other
compounds reported in the literature for the seeds, leaves,
and fruits were not identified in this investigation. It is
probable that the components reported in the literature
may be present in other fractions (methyl acetate, CHCl

3,

and water fractions).
Phenolics are able to transfer protons to radicals [45].

DPPH, which provides free radicals, is normally a blue-
violet color. However, the DPPH turned yellow after it was
converted to 1, 1-diphenyl-2-picrylhydrazine, which has less
free-radical activity. Hendra et al. reported that the IC

50

values of free radical and reducing power in methanol
with HCl of P. macrocarpa seeds were 245.0 ± 1.94 and
150.2 ± 1.28 [42]. In our investigation using DPPH assay, the
water fraction displayed the highest IC

50
value followed by

methanol, ethyl acetate, hexane, and chloroform fraction.
The presence of flavonoids in P. macrocarpa seeds may be

responsible for the traditional use of the plants in treating
cancer, inflammations, and allergies. Recently, it has been
shown that phenolic compounds in crude methanol and
ethyl acetate extract of P. macrocarpa leaves displayed good
antioxidant and antimicrobial activites [46]. Hendra et al.
(2011) examined the amount of total phenolic (47.7± 1.04mg
gallic acid equivalent/g DW) and the amount of flavonoid
(35.9 ± 2.47mg rutin equivalent/g DW) contents in the
methanol extract with HCl of P. macrocarpa seeds [42]. In
this study, the total flavonoids content was higher than that in
the results previously reported by Rohyami [47] and phenol,
flavonol, and flavonoid contents were the highest in the
aqueous methanol extract followed by ethyl acetate, water,
chloroform, and hexane extracts

MTT assay is a sensitive and reliable colorimetric assay
that uses quantitative measurements to calculate the via-
bility, proliferation, and activation of cells. This method is
commonly applied to screen anticancer agents [48]. The
most well-known methods used to calculate cytotoxicity
are the neutral red (NR) uptake and dimethylthiazole-
diphenyl tetrazolium bromide (MTT) metabolism [27, 49].
Earlier investigations showed that the ethanol extract of P.
macrocarpa seeds and fruit meat were not toxic to normal
human cells, but slightly toxic to a Vero cell line [9]. The
ethanol extract of P. macrocarpa seed fruit also showed
toxicity towards T47D breast cancer cell line through COX-
2 expression inhibition [7]. Desacetylfevicordin A has been
isolated from the ethyl acetate extract of P. macrocarpa
seeds and this compound displayed excellent cytotoxicity
in brine shrimp [43]. The ethyl acetate of P. macrocarpa
seeds exhibited mild cytotoxic effect against HepG2 cells
(IC
50
values between 30 and 60 𝜇g/mL) [46]. Previous studies

showed that the cytotoxic activity of the seeds on HT-29,
MCF-7, Hela, and Chang liver cells lines were 38.4 ± 0.37,
25.5 ± 1.37 29.5 ± 1.0 and 67.8 ± 0.27, receptively [42]. In
our study, the methanolic extract of P. macrocarpa seeds was
found to pose cytotoxic effect against HT-29, MCF-7, Cas Ki,

and SKOV-3 cell lines (IC
50

values giving from 1.1 ± 1.20
to 36.0 ± 3.55) and mild toxicity on normal cell lines. There
were significant cytotoxic effects on selected cancer cells lines
that were both time- and dose-dependent manner due to the
presence of many secondary metabolites.

The phytochemical screening also indicated the presence
of a small amount of cyanogenic glycosides. Cyanogenic
glucosides which can cause acute cyanide poisoning cause
rapid respiration and pulse, decrease the blood pressure, and
induce vomiting, diarrhea, headache, dizziness, and so on.
Thus, these components have to be removed (usually by
boiling) prior to consumption for therapeutic purposes.

5. Conclusion

P. macrocarpa seeds exhibited antioxidant and cytotoxic
activities. It is highly probable that these activities are due
to the presence of phenolic and flavonoid compounds in
appreciable amounts in the plant. Furthermore, the cytotox-
icity activity suggested that the seed may contain a potential
anticancer agent. The outcome of this study is encouraging,
demonstrating the potential for the P. macrocarpa as a source
of multiple therapeutic agents.

Abbreviations

EAF: Ethyl acetate fraction
ME: Methanol extract
HF: Hexane fraction
CF: Chloroform fraction
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Lecithins, mainly composed of the phospholipids phosphatidylcholines (PC), have many different uses in the pharmaceutical and
clinical field. PC are involved in structural and biological functions as membrane trafficking processes and cellular signaling.
Considering the increasing applications of lecithin-based nanosystems for the delivery of therapeutic agents, the aim of the present
work was to determine the effects of phosphatidylcholine nanoparticles over breast cancer cellular proliferation and signaling. PC
dispersions at 0.01 and 0.1% (w/v) prepared in buffer pH 7.0 and 5.0 were studied in the MCF-7 breast cancer cell line. Neutral 0.1%
PC-derived nanoparticles induced the activation of the MEK-ERK1/2 pathway, increased cell viability and induced a 1.2 fold raise
in proliferation. These biological effects correlated with the increase of epidermal growth factor receptor (EGFR) content and its
altered cellular localization. Results suggest that nanoparticles derived from PC dispersion prepared in buffer pH 7.0 may induce
physicochemical changes in the plasma membrane of cancer cells which may affect EGFR cellular localization and/or activity,
increasing activation of the MEK-ERK1/2 pathway and inducing proliferation. Results from the present study suggest that possible
biological effects of delivery systems based on lecithin nanoparticles should be taken into account in pharmaceutical formulation
design.

1. Introduction

Lecithins are amixture of phospholipids where phosphatidyl-
cholines are the main components (up to 98% w/w). Egg
or soy lecithin as well as purified phospholipids is used
for pharmaceutical purposes as dispersing, emulsifying, and
stabilizing agents included in intramuscular and intravenous
injectables or parenteral nutrition [1–3]. Lecithins have been
used to form liposomes, mixed micelles, and submicron
emulsions for pharmaceutical purposes. Moreover, aqueous
lecithin dispersions (water-lecithin-dispersion (WLD)) alone
or in combination with cationic molecules have been pro-
posed as carriers of lipophilic drugs and even as oligonu-
cleotides delivery systems for cancer treatment [4, 5]. Actu-
ally, nanoparticles designed from lecithin-in-water emulsions
were successfully used to deliver docetaxel to tumor cells

in vitro and even in a tumor model in mice [6]. Moreover,
lecithin-based nanoparticles have demonstrated to deliver
siRNA to breast cancer cells [7].

Phosphatidylcholines, the main components of lecithins,
are glycerophospholipids that incorporate choline as the head
group. The fatty acids bound to the glycerophosphatidic acid
can vary but generally one of them is unsaturated and the
other one is saturated. Phosphatidylcholine (PC) is a major
constituent of the cell membranes which is more commonly
found in the exoplasmic or outer leaflet of the plasma
membrane. PC also plays a role in membrane-mediated cell
signaling. The phospholipase D-mediated catabolism of PC
yields phosphatidic acid (PA) and choline, which are impor-
tant lipid second messengers involved in several signaling
pathways [8–10]. PA binds to Raf-1 and promotes its recruit-
ment to the plasma membrane where it is activated by direct
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interaction with Ras [11, 12]. Ras-mediated Raf-1 activation
leads tomitogen-activated protein kinase (MAPK) and PI3K/
Akt activation [13].Therefore, PA would have a pivotal role in
the amplification of signaling cascades required for survival
and growth [14]. PA also binds the mammalian target of
rapamycin (mTOR), a protein kinase that regulates cell cycle
progression and cell growth regulating several cellular events
like translation, transcription, membrane trafficking, and
protein degradation [15].

Phosphatidylcholine is also a substrate of the phosphati-
dylcholine-specific phospholipase C (PC-PLC). This enzyme
has been implicated in proliferation, differentiation, and
apoptosis of mammalian cells. PC-PLC-mediated hydrolysis
of PC yields PC-derived diacylglycerol (DAG) and phospho-
choline (P-chol) [8, 16]. DAG and P-chol, in turn, activate
a variety of kinases involved in cell proliferation, including
MAPKs, in different cell types [17, 18].

The lipid second messengers PA and DAG that are gener-
ated as a result of PLD and PC-PLC activity, respectively, can
also affect membrane trafficking, directly by altering mem-
brane curvature or indirectly by recruiting and/or activating
signaling mediators [19]. PLD-derived PA has been linked
to vesicular trafficking processes including Golgi transport,
endocytosis, and exocytosis [19]. Moreover, aberrant phos-
phatidylcholine metabolism in cancer cells was reported to
downmodulate the membrane expression of specific recep-
tors or proteins relevant for cell proliferation and survival
[20, 21]. Particularly, inhibition of phosphatidylcholine-
specific phospholipase C downregulates Human Epidermal
Growth Factor Receptor 2 (HER2) overexpression on plasma
membrane of breast cancer cells [21]. Likewise, membrane
phospholipid compositionwas demonstrated to affect epider-
mal growth factor receptor (EGFR) endocytosis [22]. Lipid
composition not only affects EGFR trafficking but also has
relevant regulatory effects on its kinase domain activation and
signaling [22, 23].

Membrane phospholipids as well as their fatty acid profile
are altered in tumor cells. The choline metabolite profile of
cancer cells is characterized by an elevation of phosphocho-
line and total choline-containing compounds. Indeed, total
cellular phosphatidylcholine (PC) can be used as a marker
for membrane proliferation in neoplastic mammary gland
tissues [24] or as a predictive biomarker formonitoring tumor
response [25].

Phosphatidylcholines are therefore not inert vehicles
but biological active compounds; phospholipids and their
derived second messengers are involved in cell proliferation
and trafficking, and the increase of phosphocholine and
choline-containing compounds has been described in tumor
cells. It has been recently highlighted that certain excipi-
ents have a role as active pharmaceutical components of
formulations because they can modify the pharmacological
activity of an active drug or produce biological effects [26].
Considering that phosphatidylcholines are the main com-
ponents of lecithins and taking into account the increasing
applications of lecithin-based formulations in nanomedicine
and for the delivery of antineoplastic agents, the aim of the
present work was to determine the biological effects of
phosphatidylcholine nanoparticles over breast cancer cell
signaling and proliferation.

2. Material and Methods

2.1. Reagents. Purified phosphatidylcholine from soybean
lecithin (Phospholipon 90G, CAS-number 97281-47-5) was
purchased from Lipoid (Ludwigshafen, Germany). Trizma
base,HEPES, Tween 20, TritonX-100, sodiumdodecyl sulfate
(SDS), glycine, ammonium persulfate, aprotinin, phenyl-
methylsulfonyl fluoride (PMSF), sodium orthovanadate, 2-
mercaptoethanol, Hoechst 33258, and BSA-fraction V were
obtained from Sigma Chemical Co. (St. Louis, MO, USA).
PVDF membranes, high performance chemiluminescence
film, and enhanced chemiluminescence- (ECL-) Plus are
from Amersham Biosciences (GE Healthcare, Piscataway,
NY, USA). Mini-Protean apparatus for SDS-polyacrylamide
electrophoresis, miniature transfer apparatus, acrylamide,
bis-acrylamide, and TEMED were obtained from Bio-Rad
Laboratories (Hercules, CA, USA). Anti-EGFR (1005) anti-
body and secondary antibodies conjugated with HRP were
purchased from Santa Cruz Biotechnology Laboratories
(Santa Cruz, CA, USA). Antibodies anti-phospho-mTOR
Ser2448, anti-mTOR, anti-p44/42 MAP kinase (ERK 1/2),
and anti-phospho-p44/42 MAP kinase Thr202/Tyr204 were
from Cell Signaling Technology Inc. (Beverly, MA, USA).
Cy3-conjugated secondary antibody against rabbit polyclonal
immunoglobulins was from Jackson ImmunoResearch Labo-
ratories, Inc. Bicinchoninic acid (BCA) protein assay kit was
obtained from Thermo Scientific, Pierce Protein Research
Products (Rockford, IL, USA).

2.2. Preparation of Phosphatidylcholine Nanoparticles. Dis-
persions of Phospholipon 90G 0.01 and 0.1% (w/v) in two
different diluents (66mM isotonic phosphate buffer pH 7.0
and 50mM isotonic acetate buffer pH 5.0) were prepared.
Bufferswere isotonized by adding sodiumchloridewhennec-
essary according to Sörensen and White-Vincent methods.
Phosphatidylcholine was first dispersed in the appropriate
diluent with means of extensive mixing at 60∘C by use of a
thermostated magnetic stirrer in order to obtain good hydra-
tion.Next, the dispersionwas stirred for 2minutes at the same
temperature with a high-shearmixer (Ultra-Turrax T18 basic,
IKA Werke, Staufen, Germany) and sonicated at 20 kHz for
10 minutes. It was then sterilized by autoclaving (121∘C, 15
minutes).The sizes of the resulting particles in the dispersions
were determined by photon correlation spectroscopy (PCS)
using a Zetasizer (Malvern Nano ZS, Malvern Instruments
Ltd., UK). The zeta potential of the samples was measured
by the same instrument and the zeta potential values were
calculated according to Smoluchowski equation (Table 1). As
shown in Table 1, particles in the range of the nanometric size
were obtained.

2.3. Cell Culture. MCF-7 human breast cancer cell line was
obtained from the American Type Culture Collection
(ATCC) (Rockville, MD, USA). Cells were maintained in
Dulbecco’s minimum essential medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), 50 𝜇g/mL genta-
mycine (Invitrogen, Life technology), and 2mML-glutamine
(Invitrogen, Life technology). Cells were cultured in 75 cm2
culture flasks at 37∘C in a humidified atmosphere of 5% CO

2
.
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Table 1: Effect of pH on the particle size and zeta potential of the
phosphatidylcholine nanoparticles.

Formulation Particle size (𝑑.nm) ± SD PdI Z-Pot (mV) ± SD
pH 5.0 232.7 ± 19.6 0.494 13.8 ± 2.1

pH 7.0 189.1 ± 11.9 0.544 −40.3 ± 3.0

𝑑.nm: diameter expressed in nm; PdI: polidispersion index.
Phosphatidylcholine (PC) nanoparticles were prepared in pH 5.0 and pH
7.0 buffers and analyzed by Dynamic Light Scattering (DLS). The size and
zeta potential of the particles were measured and reported as mean ± S.E.M.
(𝑛 = 4).

2.4. Culture Cells Treatment. To perform immunoblotting
assays, cells were seeded in clear 6-well plates (Corning
Costar, Fisher Scientific, USA) at a density of 300,000 cells/
well, while for immunofluorescence assays cells were seeded
at a density of 20,000 cells/well in covers placed in 24-well
plates. Phosphatidylcholine nanoparticles at 0.1 and 0.01%
were added in the presence or absence of serum. Cells were
further incubated at 37∘C for 24 hours in a 5% CO

2
atmo-

sphere. After incubation, cells were washed with phosphate
saline buffer and dishes were kept at −80∘C until cell solubi-
lization to prepare cells extracts, while covers were immedi-
ately processed for specific immunofluorescence labeling.

2.5. Preparation of Cell Extracts and Immunoblotting. Cells
were homogenized in buffer composed of 1% v/v Triton,
0.1M Hepes, 0.1M sodium pyrophosphate, 0.1M sodium
fluoride, 0.01M EDTA, 0.01M sodium vanadate, 0.002M
PMSF, and 0.035 trypsin inhibitory units/mL aprotinin (pH
7.0) at 4∘C. Cell homogenates were centrifuged at 15,000×g
for 40 minutes at 4∘C to remove insoluble material. Protein
concentration of supernatants was determined by the BCA
protein assay kit. Equal protein aliquots of solubilized cells
were diluted in Laemmli buffer, boiled for 5 minutes, and
stored at −20∘C until electrophoresis.

Samples were subjected to electrophoresis in SDS-poly-
acrylamide gels. Electrotransference of proteins from gel to
PVDF membranes and incubation with antibodies were per-
formed as already described [27]. Immunoreactive proteins
were revealed by enhanced chemiluminescence. Band inten-
sities were quantified using Gel-Pro Analyzer 4.0 software
(Media Cybernetics, Silver Spring, MD, USA).

To reprobe with other antibodies, the membranes were
washed with acetonitrile for 10 minutes and then incubated
in stripping buffer (2% w/v SDS, 0.100M 2-mercaptoethanol,
0.0625M Tris/HCl, pH 6.7) for 40 minutes at 50∘C while
shaking, washedwith deionizedwater, and blockedwith BSA.

2.6. Cell Viability Assay. Cells were seeded in clear 96-well
plates (Corning Costar, Fisher Scientific, USA) at a density
of 10,000 cells/well. Phosphatidylcholine at 0.1 and 0.01% was
added in 100 𝜇L of medium in the presence or absence of
serum. Cells were further incubated at 37∘C for 24 and 48
hours in a 5% CO

2
atmosphere. After incubation with the

phosphatidylcholine nanoparticles, cell number was evalu-
ated using the CellTiter 96 aqueous nonradioactive cell pro-
liferation assay (Promega, Madison, WI, USA). Triplicates
were run for each treatment. Values were expressed in terms
of percent of untreated control cells.

2.7. BrdU Incorporation Assay. DNA synthesis in proliferat-
ing cells was determined by measuring BrdU incorporation
with a BrdU ELISA assay [28]. For this purpose, the cells
were seeded in 96-well culture plates at a density of 10,000
cells/well. Phosphatidylcholine nanoparticles at 0.1 and 0.01%
were added in 100 𝜇L of medium in absence of serum. Cells
were further incubated at 37∘C for 48 hours in a 5% CO

2

atmosphere. BrdU (0.01M final concentration) was added to
the cells 16 hs before the end of incubation with PC nano-
particles. At the conclusion of labeling, cultures were rinsed
with phosphate buffered saline (PBS), pH 7.0, fixed with 70%
EtOH, denatured with 2M HCl (100𝜇L/well, 10 minutes,
37∘C), and neutralized with 0.1M Trizma buffer, pH 9. Cells
were then incubated with monoclonal anti-BrdU antibody
(50 𝜇L/well; 1 𝜇g/mL final; Roche, USA) at 37∘C for 60 min-
utes, washed with PBS, and incubated with goat anti-mouse
IgG horseradish peroxidase (HRP) conjugate at 37∘C for 30
minutes. Afterwards, cells were washed and labeling evi-
denced with tetramethylbenzidine (TMB). Triplicates were
run for each treatment. Values were expressed in terms of
percent of untreated control cells.

2.8. Immunofluorescence. Cells were washed twice in PBS,
pH 7.0, fixed in 2% formaldehyde in PBS for 10 minutes at
room temperature. After three washes with PBS (5 minutes
each), fixed cells were permeabilized with 0.5% Triton X-100
in PBS for 15minutes and incubated in blocking solution (10%
FBS in PBS) for 30 minutes to decrease nonspecific binding
of the antibodies. Cells were then incubated for 1 hour
at 37∘C with anti-EGFR, then washed, and incubated with
Cy3-conjugated secondary antibody against rabbit polyclonal
immunoglobulins. After a final washing step (3washes 5min-
utes each in PBS), cells were incubated with Hoechst 33258
(2 𝜇g/mL) for ten minutes. Finally, covers were mounted on
glass slides and fluorescence stained cells were imaged by
epifluorescent microscopy on a Leica DM2000 with a ×40
objective (Numerical Aperture =0.65) or by an Olympus Flu-
oview FV1000 spectral laser scanning confocal microscope
with a ×60 oil immersion objective (Numerical Aperture
=1.35) using dual excitation (473 nm for Cy3 and 405 nm for
Hoesch). At least 10 fields were examined and representative
images were photographed.

2.9. Statistical Analysis. Experiments were performed ana-
lyzing the phosphatidylcholine dispersions and vehicle (con-
trol) in parallel, 𝑛 representing the number of different
experiments. Results are presented as mean ± S.E.M. Statis-
tical analyses were performed by ANOVA followed by the
Newman-Keuls Multiple Comparison Test using the Graph-
Pad Prism 4 statistical program by GraphPad Software, Inc.
(San Diego, CA, USA). Data were considered significantly
different if 𝑃 < 0.05.

3. Results

3.1. Phosphatidylcholine Nanoparticles Activate Cell Signaling
Molecules Involved in Cell Proliferation. Previous results from
our research group have demonstrated that nanoparticles
prepared from phosphatidylcholine dispersed at 0.01 and
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0.1% (w/v) in buffer pH 5.0 and buffer pH 7.0 are able to bind
oligonucleotides and deliver them to breast cancer cells [7].
To determine oligonucleotide internalization, transfection
experiments were performed either in absence or presence of
serum and after a 24-hour incubation period [7]. That study
suggested that lecithin-based delivery systems might repre-
sent feasible novel formulations for anticancer gene therapies.
However, phosphatidylcholines, the main components of
lecithin, are involved in several biological processes like cell
proliferation and dynamics of the cell membrane. To ascer-
tain if PC nanoparticles have per se promitogenic activity,
the effects of phosphatidylcholine-based nanoparticles over
signal transduction pathways involved in cell proliferation
and survival were studied in the previously described exper-
imental conditions [7]. Considering that PC-derived second
messengers are involved in the activation of cellular signaling
mediators like mTOR and MAPKs [9, 29, 30], activation
of the Akt-mTOR and MEK1/2-ERK1/2 signaling pathways
by phosphatidylcholine was analyzed in the MCF-7 breast
cancer cell line.

3.1.1. Akt and mTOR Phosphorylation and Protein Content.
Akt is activated bymany types of cellular stimuli and regulates
fundamental cellular functions such as transcription, trans-
lation, proliferation, growth, and survival. Its dysregulation
has been associated with the development of diseases such as
cancer [31, 32]. Akt phosphorylation and protein content of
MCF-7 cells previously treated with aqueous phosphatidyl-
choline dispersions were analyzed by western blotting. Akt
phosphorylation at Ser473, an activating residue, was not
statistically different in control and treated cells neither in
absence (Figure 1(a)) nor in presence (Figure 1(b)) of serum.
Incubation with phosphatidylcholine had no effects on Akt
protein content fromMCF-7 cells (Figures 1(a) and 1(b)).

Mammalian target of rapamycin complex is a Ser/Thr
kinase of the phosphatidylinositol 3-kinase-related kinase
protein family. Akt phosphorylates and activates mTOR, thus
inducing protein synthesis and cell growth [15, 33]. mTOR
activation and protein content were studied by western blot-
ting in cells treated with phosphatidylcholine nanoparticles
(Figures 1(c) and 1(d)). Resembling the results obtained for
Akt, mTOR phosphorylation was not induced by PC either in
absence or in presence of serum, even when cells were incu-
bated with the highest concentrations of phosphatidylcholine
dispersions (Figures 1(c) and 1(d)).

3.1.2. MEK and ERK 1/2 Phosphorylation and Protein Content.
TheRas/Raf/MEK/ERK cascade couples signals from cell sur-
face receptors to transcription factors, which can regulate cell
cycle progression, apoptosis, or differentiation [34]. This sig-
naling cascade is often activated in certain tumors by chro-
mosomal translocations, mutations in cytokine receptors, or
overexpression of wild type or mutated receptors.

MAPkinase kinase (MEK) is a dual-specificity kinase that
phosphorylates tyrosine and threonine residues on extracel-
lular-signal-regulated kinases 1 and 2 (ERK 1/2) [35]. Two
related genes encode MEK1 and MEK2. Under basal condi-
tions, MEK binds the inactive serine/threonine kinase ERK

and restricts it to the cytosol. The MEK/ERK complex disso-
ciateswhenMEK is activated andphosphorylates ERK,which
may then dimerize. An activated ERK dimer can regulate
targets in the cytosol and also translocate to the nucleuswhere
it phosphorylates a variety of transcription factors regulating
gene expression.

Phosphorylation of MEK1/2 and ERK1/2 was studied in
the MCF-7 cells incubated with PC nanoparticles. Results
showed that MEK1/2 and ERK1/2 phosphorylation was sig-
nificantly increased when cells were treated with phosphati-
dylcholine dispersed in pH 7.0 solution at high concentration
independently of the absence (Figures 2(a) and 2(c)) or pres-
ence (Figures 2(b) and 2(d)) of serum. PC nanoparticles dis-
persed in buffer pH 7.0 at low concentration (0.01%) showed
a slight tendency to stimulate ERK1/2 phosphorylation; how-
ever, this difference did not achieve statistical significance
(Figures 2(a) and 2(b)). MEK1/2 and ERK1/2 protein levels
did not vary either in absence or in presence of serum.

3.2. Phosphatidylcholine Nanoparticles Induce MCF-7 Cell
Proliferation. As it was previously mentioned, MEK1/2-ERK
1/2 signaling pathway is involved in cell growth and prolifer-
ation promotion, so the effects of phosphatidylcholine nano-
particles over breast cancer cell viability were studied. For
this purpose, MCF-7 cells were seeded in 96-well plates and
incubated during 24 hours (Figures 3(a) and 3(b)) or 48 hours
(Figures 3(c) and 3(d)) with phosphatidylcholine dispersed at
0.1 and 0.01% in the absence (Figures 3(a) and 3(c)) or pres-
ence (Figures 3(b) and 3(d)) of serum. Results showed that
only high concentration of PC nanoparticles dispersed in
buffer pH 7.0 significantly increased cell viability of MCF-7
breast cancer cells either in absence (Figures 3(a) and 3(c)) or
presence of serum (Figures 3(b) and 3(d)) at both time peri-
ods. Phosphatidylcholine dispersed in buffer pH 5.0 or in
buffer pH 7.0 at low concentration (0.01%) had moderate
effects on cell viability but results were not statistically sig-
nificant (Figure 3).

To ascertain if the increased cell viability induced by
phosphatidylcholine nanoparticles 0.1% at pH 7.0 was a con-
sequence of cell proliferation induction, BrdU incorpora-
tion assay was performed. Considering that the differences
between viability of basal cells and PC-treated cells were bet-
ter evidenced when cells were treated in the medium without
serum, BrdU incorporation was assessed after 48 hours of
treatment with phosphatidylcholine nanoparticles in absence
of serum. Results demonstrated that increased cell viability
correlated with increased incorporation of BrdU (Figure 4).
When fold induction of BrdU incorporation was calculated it
was observed that PC 0.1% at pH 7.0 induces a 20% increment
in cell proliferation (Figure 4(b)).

The effects of phosphatidylcholine 0.1% dispersed in
buffer pH 7.0 over MCF-7 cell proliferation correlated with
the increased phosphorylation levels observed for MEK 1/2
and ERK1/2. Results suggest that high concentration of phos-
phatidylcholine nanoparticles at pH 7.0 induces activation
of the MEK1/2-ERK1/2 pathway and cell proliferation of the
breast cancer cells.
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Figure 1: Akt and mTOR phosphorylation and protein content. MCF-7 breast cancer cells were incubated for 24 hs with PC nanoparticles
dispersed at 0.1 and 0.01% (w/v) in buffer pH5.0 and buffer pH7.0 or vehicle (Ct) in the absence ((a) and (c)) or presence ((b) and (d)) of serum.
Representative results of immunoblots with anti-Akt and anti-phospho-Akt S473 ((a) and (b)) and anti-mTOR and anti-phospho-mTOR
S2448 ((c) and (d)) are shown. Reprobing with anti-actin antibody demonstrated uniformity of protein loading in all lanes. Quantification of
phosphorylated proteins was performed by scanning densitometry and expressed as percent of values measured for control, nonstimulated
breast cancer cells (Ct). Data are expressed as the mean ± S.E.M. of the indicated number (𝑛) of different experiments. Statistical analysis was
performed by ANOVA.

3.3. EGFR Levels Are Increased in Breast Cancer Cells Treated
with High Concentration of Phosphatidylcholine Nanoparti-
cles. Molecular aspects of cell signaling are controlled by
receptor/ligand localization and trafficking [36, 37]. Endocy-
tosis and subsequent delivery of endosomal cargos to lyso-
somes are essential for the degradation of many membrane-
associated proteins [38–40]. This process determines the

amplitude of growth factor signaling, and it is therefore
tightly regulated.

As previously mentioned, PC and second messengers
derived from these phospholipids are fundamental compo-
nents of the cell membrane and affect its dynamics and pro-
tein trafficking. Particularly, previous studies have demon-
strated that phospholipid membrane composition affects
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Figure 2: ERK1/2 and MEK1/2 phosphorylation and protein content. MCF-7 breast cancer cells were incubated for 24 hs with PC
nanoparticles dispersed at 0.01 and 0.01% (w/v) in buffer pH 5.0 and buffer pH 7.0 or vehicle (Ct) in absence ((a) and (c)) or presence
((b) and (d)) of serum. Representative results of immunoblots with anti-p44/42 MAP kinase (ERK1/2) and anti-phospho-p44/42 MAP
kinase Thr202/Tyr204 ((a) and (b)) and anti-MEK1/2 and antiphospho MEK ((c) and (d)) are shown. Reprobing with anti-actin antibody
demonstrated uniformity of protein loading in all lanes. Quantification of phosphorylated proteins was performed by scanning densitometry
and expressed as percent of valuesmeasured for control, nonstimulated breast cancer cells (Ct). Data are expressed as themean± S.E.M. of the
indicated number (𝑛) of different experiments. Statistical analysis was performed by ANOVA. Different letters denote significant difference
at 𝑃 < 0.05, whereas results with the same letter are not statistically different from each other.
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Figure 3: Viability of MCF-7 breast cancer cells incubated with phosphatidylcholine (PC) nanoparticles. Breast cancer cells were incubated
for 24 hours ((a) and (b)) and 48 hours ((c) and (d)) with PC nanoparticles dispersed at 0.01 and 0.1% (w/v) or vehicle (Ct) in buffer pH
5.0 and buffer pH 7.0 in the absence ((a) and (c)) or the presence ((b) and (d)) of serum. After incubation, cell viability was evaluated using
the CellTiter 96 aqueous nonradioactive cell proliferation assay (Promega). Triplicates were run for each treatment. Values were expressed in
terms of percent of untreated control cells set as 100%. Data are expressed as the mean ± S.E.M. of the indicated number (𝑛) of independent
experiments. Statistical analysis was performed by ANOVA. Different letters denote significant difference at 𝑃 < 0.05, whereas results with
the same letter are not statistically different from each other.

EGF receptor endocytosis and signaling [22, 23]. When puri-
fied EGFR was reconstituted into proteoliposomes of specific
lipid compositions, the lipid environment did not affect EGF
binding but EGFR tyrosine kinase function was indeed mod-
ified [23]. Moreover, mutants in the Drosophila phosphocho-
line cytidylyltransferase 1 (CCT1), the rate-limiting enzyme in
PC biosynthesis, result in altered phospholipid composition
of cell membranes and affect the endocytic pathway of EGFR
[22].

Endosomal trafficking of EGFR is crucial for determining
the amplitude and duration of EGFR signaling. Actually,
endocytosis of the EGFR is required for EGF-induced MAP
kinase activation. This was evidenced in experiments in

which EGF induction of MAPKs was reduced in dynamin
mutant cells which showed defects in clathrin-dependent
receptor-mediated endocytosis [41]. Treatment of breast can-
cer cells with high concentration of phosphatidylcholine
nanoparticles could affect membrane composition and con-
sequently trafficking of EGFR and signaling throughMAPKs.
Therefore, EGFR levels were determined by western blotting
and EGFR cellular localization was studied by immunofluo-
rescence of cells treated with the PC nanoparticles.

Results showed that EGFR levels increased when cells
were treated with PC nanoparticles dispersed in buffer pH 7.0
at high concentration both in absence or presence of serum
(Figures 5(a) and 5(b)). Afterwards, immunofluorescence
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Figure 4: Proliferation of MCF-7 breast cancer cells incubated with phosphatidylcholine (PC) nanoparticles. Breast cancer cells were
incubated for 48 hours with PC nanoparticle prepared in buffer pH 7.0 at 0.01 and 0.1% (w/v) or vehicle (Ct) in the absence of serum (a).
Proliferation was determined by measuring BrdU incorporation with a BrdU ELISA. Triplicates were run for each treatment. Values were
expressed in terms of percent of untreated control cells set as 100% (a). Data are expressed as the mean ± S.E.M. of the indicated number
(𝑛) of independent experiments. Fold induction with respect to control was calculated (b). Statistical analysis was performed by ANOVA.
Different letters denote significant difference at 𝑃 < 0.05, whereas results with the same letter are not statistically different from each other.

studies were conducted to ascertain the cellular localization
of increased EGFR in cells treated with PC 0.1% in pH 7.0. For
comparison, EGFR-immunofluorescence was performed in
control and phosphatidylcholine-treated cells. Observation
of stained cells by epifluorescence microscopy showed that
EGFR was uniformly distributed in control cells, while a sig-
nificant proportion of PC-treated cells showed an increase
in perinuclear EGFR staining (Figure 5(c)). However, PC-
treated cells exhibited an increased percentage of rounded
cells which might account for an increased proliferation rate.
These morphological changes could explain the pattern of
EGFR labeling observed when analyzed by epifluorescent
microscopy. Therefore, confocal microscopy studies were
performed to analyze possible alterations in EGFR cellular
localization produced by treatment with PC nanoparticles
(Figure 6). According to images obtained by epifluorescent
microscopy, a significant proportion of PC-treated cells
showed increased nuclear and perinuclear distribution of the
EGFR (Figure 6).

4. Discussion

Despite the multiple and different uses of lecithin with phar-
maceutical and therapeutic purposes, the possible biological
consequences of phosphatidylcholine administration should
be considered. They are important phospholipids involved
not only in structural functions in the cell but also in
membrane trafficking processes and signaling. Moreover,
increased levels of phosphocholine and choline-containing
compounds have been associated with progression and bad
prognosis of tumors. Considering the increasing use of
lecithin-based formulations for the delivery of antineoplastic
agents, the biological effects of nanoparticles derived from

aqueous phosphatidylcholine dispersions over breast cancer
cells proliferation and signaling were studied. Previously
characterized phosphatidylcholine nanoparticles proposed as
oligonucleotide delivery systems were used for that purpose
[7]. Results showed that PC nanoparticles prepared in neutral
buffer induced the activation of the MEK-ERK1/2 pathway
and increased cell viability and proliferation of the MCF-
7 breast cancer cell line. In accordance, Erk1/2 activation
by phosphatidylcholine liposomes has been described to
mediate neuronal differentiation [42, 43].

Incubation with the phosphatidylcholine nanoparticles
prepared in neutral buffer was associated with increased
EGFR content in the cancer cells and with its altered cellular
localization. High phosphatidylcholine concentrations might
induce physicochemical changes in the plasma membrane
that affect receptor trafficking and turnover. Moreover, a
process has been recently described, dependent on sustained
stimulation of cPCK and PLD activities, that leads to EGFR
sequestration near the perinuclear region, in the pericentrion
[44]. Accumulation of EGFR, reflected by increased EGFR
content and perinuclear localization of the receptor, would
result in increased activation of ERK1/2 and increased cell
proliferation. Besides interfering with EGFR trafficking, PC
nanoparticles might also have effects over EGFR activity [22,
23, 45]. Ligand-independent dimerization of EGFR occurs
with reasonable frequency; however, it is not activated until
the binding of the ligand. An autoinhibitory mechanism
involving the EGFR C-terminal tail would explain the lack of
activity of the dimer [45]. Interaction of phosphatidylcholine
nanoparticles with inactive EGFR dimers could be proposed
as a possible mechanism that disables such regulatory mech-
anisms and leads to EGFR activation even in absence of the
specific ligand. Moreover, activation of the dimer involves
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Figure 5: EGFR protein content and immunocytochemistry. MCF-7 breast cancer cells were incubated for 24 hours with PC nanoparticles
dispersed at 0.1 and 0.01% (w/v) in buffer pH 5.0 and buffer pH 7.0 or vehicle (Ct) in absence (a) or presence (b) of serum for immunoblot
studies, but only with PC dispersions at 0.1%, pH 7.0, or vehicle (control) in absence of serum for immunocytochemistry (c). Western blotting
was performed as described in M &M. Membranes were reprobed to asses actin content and demonstrate equal protein loading in all lanes.
Representative immunoblots are shown ((a) and (b)). EGFR quantificationwas performed by scanning densitometry and expressed as percent
of values measured for control, nonstimulated breast cancer cells. Data are expressed as the mean ± S.E.M. of the indicated number (𝑛) of
independent experiments. Statistical analysis was performed by ANOVA. Different letters denote significant difference at 𝑃 < 0.05, whereas
results with the same letter are not statistically different from each other. For EGFR immunocytochemistry (c), cells were washed, fixed,
permeabilized, blocked, and incubated with the anti-EGFR antibody, the Cy3-conjugated secondary antibody, and Hoechst. Finally covers
were mounted and examined by epifluorescence microscopy. Representative merged images of control and PC-nanoparticles-treated cells are
shown (c).

reorganization of hydrophobic regions of the EGFR [46];
nanoparticles obtained from dispersed PC at buffer pH 7.0
might favor such reorganization facilitating the formation of
the active conformation.

Increased concentration of phosphatidylcholine nano-
particles dispersed in buffer pH 7.0 had significant effects over
cell proliferation, EGFR levels, and activation of theMEK1/2-
ERK1/2 pathways; however, such effects were not observed
for PC nanoparticles dispersed in pH 5.0 buffer. The main
differences between both PC preparations is the charge

associated with the particles (zeta potential) (Table 1) and the
final adopted form [7], while the size of the particles did
not show important differences (Table 1). The nanoparti-
cles were in the range of 180–250 nm for all the studied
conditions (Table 1). At pH 5.0, small, isolated particles
with irregular shape were observed while at pH 7.0 more
elongated, locally cylindrical structures were described [7].
As expected, the zeta potential of the particles was positive
when using pH 5.0 buffer as diluent and negative when using
pH 7.0 buffer (Table 1). This fact can be related to changes
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Figure 6: EGFR immunocytochemistry. MCF-7 breast cancer cells were incubated for 24 hours with PC nanoparticles dispersed at 0.1 in
buffer pH 7.0 or vehicle (Ct) in absence of serum. For EGFR immunocytochemistry, cells were washed, fixed, permeabilized, blocked, and
incubated with the anti-EGFR antibody, the Cy3-conjugated secondary antibody, andHoechst. Finally covers weremounted and examined by
confocal microscopy. Images were obtained using sequential scanning. Representative images of EGFR, nuclear staining, merge, and bright
field are shown.
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in the proportion of the differently charged forms of the
zwitterionic phosphocholine polar head within the selected
pH range and the conformational organization themolecules
acquire as a result.

In spite of the studies accomplished using lipid-based
nanocarriers for drug and gene delivery, the relationship
between their physicochemical characteristics and activation
of membrane receptors remains as an area of knowledge
with incipient development. In this regard, cationic liposomal
lipids have been described to modify cellular pathways and
stimulate immune or anti-inflammatory responses [47].
However, the mechanisms responsible for those biological
effects are poorly understood. Contrary to previous reports
concerning cationic lipids, the present study shows that bio-
logical effects are induced when cells are incubated with the
negatively charged phosphatidylcholine nanoparticles but
not when positively charged PC nanoparticles are admin-
istrated. Nevertheless, the mechanisms involved could be
similar to that proposed for cationic lipids; insertion of a
negatively charged phospholipid-derived nanoparticle in the
biological membrane might modify the lipid environment
of membrane proteins, the lipid-protein interaction and,
therefore, membrane functioning.

5. Conclusion

Results from the present study suggest that high phos-
phatidylcholine concentrations, assembled in negatively
charged nanoparticles, may induce physicochemical changes
in the plasma membrane that affect EGFR cellular localiza-
tion and/or its activity, therefore facilitating accumulation of
the receptor in the cytoplasm, which would be associated
with increased activation of the MEK-ERK1/2 pathway and
induction of cell cycle progression. It is interesting that the
described effects were specifically observed for the phos-
phatidylcholine nanoparticles prepared in pH 7 buffer but
not at pH 5; so we propose that this might be related to
the different net charge and morphology associated with
the particles, as no significant differences in size between
nanoparticles obtained fromdispersion at pH7.0 and 5.0were
observed. Considering that the PC nanoparticles preformed
in a pH 5.0 buffer showed no significant biological effects
over the breast cancer cells, these would be safer than those
prepared in a pH 7.0 buffer to deliver antimitotic agents.

The interpretation of the interaction between nanocar-
riers with membrane receptors is a matter that must be
elucidated for a more appropriate understanding of the bio-
logical effects that are promoted.The present study highlights
the importance of the research on the effects of vehicles
broadly used in the pharmaceutical area and demonstrates
that possible biological effects of formulations based on
phosphatidylcholine nanoparticles should be considered.
Moreover, studies about the possible biological action of PC
nanoparticles on normal cells would be useful to expand
our knowledge about their potential pharmaceutical uses.
Excipient effects over normal physiology and cell biology
represent important factors to be concerned about in rational
formulation design.
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Lignans and phenylethanoid glycosides purified from Forsythia suspensa were reported to display various bioactivities in the
previous literature, including the antimicrobial activity.Therefore, the present research is aimed to purify and identify the chemical
constituents of the methanol extracts of fruits of F. suspensa. The methanol extracts of fruits of F. suspensa were fractionated and
further purified with the assistance of column chromatography to afford totally thirty-four compounds. Among these isolates, 3𝛽-
acetoxy-20𝛼-hydroxyursan-28-oic acid (1) was reported from the natural sources for the first time. Some of the purified principles
were subjected to the antimicrobial activity examinations against Escherichia coli to explore new natural lead compounds.

1. Introduction

Food safety is an important public health issue continuously
attracting researchers from various fields. The use of biop-
reservatives and pathogen antagonists had been completed
as a means of protecting the microbiological safety of fresh
and processed products [1–4]. Lignans and phenylethanoid
glycosides are widely distributed among plant bioresources
and those purified from Forsythia suspensa have already been
reported to exhibit antimicrobial bioactivities in the previous
literature [5–13]. Although these natural compounds did
not exhibit better inhibition of the bacterial growth, they
were not very toxic while compared with the synthetic
antibiotics. F. suspensa (Oleaceae) is an important original
plant of the crude drug “rengyo” (Forsythiae Fructus) which
has been used for anti-inflammatory, diuretic, drainage, and
antimicrobial purposes in Oriental medicine [6, 8]. Previous
phytochemical investigations of Forsythia genus afforded a
series of steroids, triterpenoids, lignans, and phenylethanoid
glycosides [5–16]. In our continuous program aimed to the
bioactive principles from natural sources, the fruits of F.
suspensawere selected as the target due to their antimicrobial
potential in our preliminary bioassay (Table 1). In the present
study, we wished to report the structural characterization

of one new triterpene, 3𝛽-acetoxy-20𝛼-hydroxyursan-28-oic
acid (1), alongwith thirty-three known compounds, as well as
their antimicrobial effects against E. coli.We hoped to explore
new lead compounds which could be performed for further
investigation of the new antibiotic agents.

2. Materials and Methods

2.1. General Procedure. Melting point was determined by a
Fisher Scientific melting point measuring apparatus without
corrections. The IR spectrum was obtained, as a KBr disc,
on a Bruker Tensor 27 FT-IR spectrometer. Optical rotation
was measured with an Atago AP-300 automatic polarimeter.
1H- and 13C-NMR, COSY, HMQC, HMBC, and NOESY
spectra were recorded on the Varian Unity 400 and Bruker
AV 500NMR spectrometers, using tetramethylsilane (TMS)
as the internal standard. Standard pulse sequences and
parameters were used for the NMR experiments and all
chemical shifts were reported in parts per million (ppm, 𝛿).
The low and high-resolution FABmass spectra were obtained
on a JEOL JMS-700 spectrometer operated in the positive-ion
mode. All the chemicals were purchased from Merck KGaA
(Darmstadt, Germany) unless specifically indicated. Column
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Table 1: The minimum inhibitory concentrations (MICs) of the
crude extract and partial purified fractions of F. suspensa against E.
coli (BCRC-11634).

Sample MIC (mg/mL)
FS (crude extracts) 4.25
FSC (chloroform fraction) 6.25
FSW (water fraction) 12.50

chromatography was performed on silica gels (Kieselgel 60,
70–230 mesh, Merck KGaA). Thin layer chromatography
(TLC) was conducted on precoated Kieselgel 60 F 254 plates
(Merck) and the compounds were visualized by UV light or
spraying with 10% (v/v) H

2
SO
4
followed by heating at 110∘C

for 10min.

2.2. Plant Materials. The fruits of Forsythia suspensa were
purchased from the herbal markets in Yunlin, Taiwan, and
authenticated by Dr. C. S. Kuoh (Department of Bioscience,
National ChengKungUniversity, Tainan, Taiwan). A voucher
specimen (PCKuo 2007001) was deposited in the herbarium
of the Department of Biotechnology, National Formosa
University, Yunlin, Taiwan.

2.3. Extraction and Isolation. The fruits of Forsythia sus-
pensa (6.0 Kg) were powdered and refluxed with methanol
(20 L × 7), and the combined extracts were concentrated
under reduced pressure to give a brown syrup (1.4 Kg). The
crude extract was suspended into water and partitioned with
chloroform, successively to afford chloroform (450 g) and
water soluble fractions (950 g), respectively.

The chloroform soluble extracts were purified by silica
gel column chromatography (SiO

2
CC) eluted with n-hexane

and acetone gradients (100 : 1 to 1 : 1) to afford 8 fractions as
monitored by TLC. Fractions 4, 5, and 8 display significant
spots and therefore were subjected to the further purifica-
tion. Fraction 4 was purified by SiO

2
CC eluted with n-

hexane/ethyl acetate (50 : 1) to yield three subfractions (F4.1∼
4.3). The subfraction F4.2 displayed significant spots and
was applied to SiO

2
CC, eluted with n-hexane and acetone

gradients (100 : 1 to 1 : 1), to afford 𝛽-amyrin acetate (2)
(10mg) and taraxasterol acetate (3) (6mg). The subfraction
F4.3 was purified with SiO

2
CC eluted with n-hexane and

acetone gradients (300 : 1 to 1 : 1) to yield three minor frac-
tions (F4.3.1∼4.3.3). The minor fraction F4.3.1 was further
applied to SiO

2
CCwith benzene : ethyl acetate (50 : 1) solvent

system to afford 3𝛽-acetyl-20,25-epoxy-dammarane-24𝛼-ol
(4) (25mg). F4.3.2 was repeatedly subjected to SiO

2
CC

and preparative TLC (pTLC) (eluted with benzene : acetone,
20 : 1) to yield 3𝛽-acetoxy-20𝛼-hydroxyursan-28-oic acid (1)
(10mg). F4.3.3 was recrystallized with acetone to produce
acetyl oleanolic acid (5) (20mg). Fraction 5 was purified by
SiO
2
CC eluted with n-hexane/ethyl acetate (50 : 1) to yield

ten subfractions (F5.1∼5.10). Subfractions F5.5, 5.6, 5.8, and
5.10 were major fractions and displayed significant spots by
TLC monitoring. F5.5 was further isolated by SiO

2
CC with

a mixed eluent of benzene and acetone (200 : 1) to afford
3𝛽-acetyl-20,25-epoxy-dammarane-24𝛼-ol (4) (20mg). F5.6

was also subjected to SiO
2
CC with a mixed eluent of

benzene and acetone (200 : 1) and further recrystallization
of the minor fractions with chloroform/methanol to yield
betulinic acid (6) (30mg) and labda-8(17),13E-dien-15,18-
dioic acid 15-methyl ester (7) (5mg), respectively. F5.8 was
recrystallized with chloroform/methanol to produce mixture
of 𝛽-sitosterol (8) and stigmasterol (9) (630mg). F5.10 was
repeatedly subjected to SiO

2
CC and pTLC (eluted with

benzene : acetone, 20 : 1) to yield 𝜓-taraxasterol (10) (8mg).
Fraction 8 was subjected to SiO

2
CC eluted with

chloroform/methanol gradients (50 : 1 to 1 : 1) and monitored
by TLC to afford five subfractions (F8.1∼8.5). Subfraction F8.1
was further recrystallized with chloroform/methanol to yield
betulinic acid (6) (2mg). F8.2 was repeatedly subjected to
SiO
2
CC and pTLC (eluted with chloroform :methanol,

50 : 1) to afford 𝜓-taraxasterol (10) (2mg) and 3𝛽-
hydroxyanticopalic acid (11) (12mg), respectively. The
subfraction F8.3 was purified with SiO

2
CC eluted with

chloroform and methanol gradients (50 : 1 to 1 : 1) to
yield three minor fractions (F8.3.1∼8.3.3). The minor
fraction F8.3.2 was further applied to pTLC eluted
with benzene/acetone (10 : 1) to yield agatholic acid (12)
(9mg). F8.3.3 was repeatedly subjected to SiO

2
CC (eluted

with chloroform/acetone, 50 : 1) and pTLC (eluted with
benzene/acetone, 30 : 1) to yield 3,4-dimethoxybenzoic
acid (13) (6mg). Subfraction F8.4 was applied to SiO

2
CC

eluted with chloroform and methanol gradients (50 : 1 to
1 : 1) to yield four minor fractions (F8.4.1∼8.4.4). The minor
fractions F8.4.2 and 8.4.3 were major fractions and displayed
significant spots by TLC monitoring. F8.4.2 was further
repeatedly subjected to SiO

2
CC and pTLC (eluted with

n-hexane/acetone, 1 : 1) to yield vanillic acid (14) (12mg) and
syringic acid (15) (3mg). F8.4.3 was further recrystallized
with chloroform/methanol to yield phillyrin (16) (30mg).
Subfraction F8.5 was purified by SiO

2
CC eluted with

chloroform and methanol gradients (50 : 1 to 1 : 1) to yield
three minor fractions (F8.5.1∼8.5.3). The minor fraction
F8.5.1 was further repeatedly subjected to SiO

2
CC and

pTLC (eluted with chloroform/ethyl acetate, 10 : 1) to afford
p-hydroxyphenylacetic acid (17) (10mg). F8.5.2 was isolated
by pTLC eluted with chloroform/acetone (4 : 1) to produce
p-hydroxybenzoic acid (18) (15mg). F8.5.3 was further
recrystallized with acetone to yield benzoic acid (19) (16mg).

The water extracts were applied to a reversed-phase
Diaion HP-20 column eluted with water and methanol
gradients to afford six fractions as monitored by C-18 TLC;
however, no constituents were identified from fractions 1–
3. Fraction 4 (wF4) was subjected to SiO

2
CC eluted with

chloroform/methanol gradients (100 : 1 to 1 : 1) and moni-
tored by TLC to afford five subfractions (wF4.1∼4.5). The
subfraction wF4.1 was purified with SiO

2
CC eluted with

chloroform and acetone gradients (100 : 1 to 1 : 1) to yield p-
hydroxyphenylacetic acid methyl ester (20) (5mg). Subfrac-
tion wF4.2 was applied to SiO

2
CC eluted with chloroform

and acetone gradients (200 : 1 to 1 : 1) to yield four minor
fractions (wF4.2.1∼wF4.2.4). The minor fraction wF4.2.1 was
further recrystallized with chloroform/methanol to afford
p-tyrosol (21) (10mg). The minor fractions wF4.2.2 and
wF4.2.3 were further repeatedly subjected to SiO

2
CC and
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pTLC (eluted with chloroform/methanol, 30 : 1) to afford p-
hydroxybenzoic acid (18) (5mg) and p-hydroxyphenylacetic
acid (17) (4mg), respectively.Theminor fractionwF4.2.4 was
subjected to SiO

2
CC and further purified by pTLC (eluted

with chloroform/methanol, 20 : 1) to yield hydroxytyrosol
(22) (3mg). Subfraction wF4.4 was subjected to SiO

2
CC

eluted with chloroform and acetone gradients (100 : 1 to
1 : 1) to yield five minor fractions (wF4.4.1∼wF4.4.5). The
minor fractions wF4.4.2, wF4.4.4, and wF4.4.5 displayed
significant spots and were applied to SiO

2
CC, eluted with

chloroform/methanol (10 : 1) to afford 2-furancarboxylic acid
(23) (15mg), salidroside (24) (18mg), and (6S,9R)-roseoside
(25) (10mg), respectively. Subfraction wF4.5 was repeatedly
subjected to SiO

2
CC (eluted with chloroform/methanol,

10 : 1) and further recrystallization of theminor fractions with
chloroform/methanol to result in forsythoside D (26) (8mg),
methyl-𝛼-D-glucopyranoside (27) (10mg), and adoxosidic
acid (28) (15mg), respectively.

Fraction 5 (wF5) was subjected to SiO
2
CC eluted

with chloroform/methanol gradients (200 : 1 to 1 : 1) and
monitored by TLC to afford five subfractions (wF5.1∼5.5).
Subfractions wF5.1, wF5.3, and wF5.4 displayed significant
spots and therefore were subjected to the further purifi-
cation. Subfraction wF5.1 was repeatedly subjected to SiO

2

CC (eluted with chloroform/acetone, 300 : 1 to 1 : 1) and
further recrystallized with chloroform/methanol to result
in p-hydroxyphenylacetic acid methyl ester (20) (3mg).
Subfraction wF5.3 was applied to SiO

2
CC (eluted with

chloroform/acetone, 300 : 1 to 1 : 1) and further recrystallized
with chloroform/methanol to yield p-hydroxyphenylacetic
acid (17) (5mg) and protocatechualdehyde (29) (5mg).
SubfractionwF5.4was repeatedly purified by SiO

2
CC (eluted

with chloroform/acetone, 200 : 1 to 1 : 1) and further recrys-
tallization of the minor fractions with chloroform/methanol
to yield esculetin (30) (3mg) and caffeic acid (31) (12mg),
respectively. Fraction 6 (wF6) was isolated by SiO

2
CC

eluted with chloroform/methanol gradients (100 : 1 to 1 : 1)
and monitored by TLC to result in five subfractions (wF6.1∼
6.5). Only subfractions wF6.2 andwF6.3 displayed significant
spots and therefore were subjected to the further purification.
SubfractionwF6.2was repeatedly purified by SiO

2
CC (eluted

with chloroform/acetone, 200 : 1 to 1 : 1) and further recrys-
tallization of the minor fractions with acetone to yield trans-
coumaric acid (32) (5mg) and trans-ferulic acid (33) (5mg).
Subfraction wF6.3 was further recrystallized with acetone to
result in quercetin (34) (45mg).

2.3.1. Spectral Data of 1. White powder (CHCl
3
), mp 238–

245∘C; [𝛼]25
𝐷
−118.0 (c 0.09, CHCl

3
); IR (Neat) ]max: 3442,

2948, 1760, 1727, 1444, 1375, 1250 cm−1; 1H NMR (CDCl
3
,

400MHz) 𝛿 0.83 (15H, m, CH
3
-23, 24, 25, 27, 29), 0.94 (3H, s,

CH
3
-26), 1.35 (3H, s, CH

3
-30), 2.05 (3H, s, CH

3
-32), 2.10 (1H,

m, H-15), 2.60 (2H, m, H-16), 4.48 (1H, dd, J = 10.4, 5.6Hz,
H-3𝛼); 13C NMR (CDCl

3
, 125MHz) 𝛿 15.5 (C-26), 16.2 (C-

23, 24, 25), 16.5 (C-27), 18.1 (C-6), 21.3 (C-32), 21.4 (C-11),
23.7 (C-2), 25.0 (C-12), 25.4 (C-30), 26.8 (C-22), 28.0 (C-29),
29.2 (C-16), 31.2 (C-15, 21), 35.1 (C-7), 37.1 (C-10), 37.9 (C-4),
38.7 (C-1), 40.4 (C-8), 43.2 (C-14, 18), 49.4 (C-13), 50.2 (C-17),

50.5 (C-9), 55.9 (C-5), 80.9 (C-3), 90.1 (C-20), 171.0 (C-
31), 176.8 (C-28); FAB-MS m/z (rel. int.) 517 ([M+H]+, 100);
HR-FAB-MS m/z 517.3896 [M+H]+ (calcd for C

32
H
53
O
5
,

517.3893).

2.4. Antimicrobial Activity

2.4.1. Microorganisms. The antimicrobial activity was evalu-
ated against Escherichia coli (BCRC-11634). The strains were
kept at −70∘C in Luria-Bertani agar (LBA), activated by
transferring into nutritive agar and incubating at 37 ± 1.0∘C
for 18 h.The bacterial suspension of each strain was prepared
in a sterile tube with glass pearls and turbidity adjusted with
distillatedwater, according toMcFarland scale number 1 tube,
which corresponds to approximately 3 × 108 CFU/mL [13].

2.4.2. Determination of the In Vitro Antimicrobial Activity.
Theantimicrobial activities against E. coli of different concen-
trations of tested samples were determined by the microtiter
plate method described by the United States Pharmacopeia
[17]. A twofold microdilution broth method was used to
determinate the minimum inhibitory concentrations (MIC)
value for each test substance [18–21]. Each well contained
106 CFU/mL of test bacteria and LBmedium (100 𝜇L). 100 𝜇L
of MeOH solutions of tested samples (5mg/mL for pure
compounds and 20mg/mL for the fractions) was added to
wells of the first row. Dilutions were used to dispense 100 𝜇L
into the other sterile 96 wells of an ELISA plate using a mul-
tichannel micropipette, resulting in eight concentrations to
be tested for each compound. A negative control containing
inoculated growthmediumandmethanolwas prepared. Each
experiment was performed in triplicate.

2.4.3. Minimum Inhibitory Concentration (MIC) Determina-
tion. The MIC value is a measure to define the antibacterial
activity of a compound and is defined as the lowest concen-
tration of drug that inhibits visible growth. The amount of
growth in the wells containing test samples was compared
with the amount of growth in the control wells when
determining the growth end points. When a single skipped
well occurred, the highest MIC was read.

3. Results and Discussion

3.1. Isolation and Characterization of Compounds. Dried
and powdered fruits of F. suspensa were extracted with
methanol, and the combined extracts were concentrated
under reduced pressure to give deep brown syrup. The
crude extract was suspended into water and partitioned
with chloroform to afford chloroform and water solu-
ble fractions, respectively. Purification of the chloroform
fraction of the methanol extracts of fruits of F. suspensa
by a combination of chromatographic techniques yielded
one new triterpene, 3𝛽-acetoxy-20𝛼-hydroxyursan-28-oic
acid (1) (Figure 1), 𝛽-amyrin acetate (2) [22], taraxasterol
acetate (3) [23], 3𝛽-acetyl-20,25-epoxy-dammarane-24𝛼-ol
(4) [24], acetyl oleanolic acid (5) [25], betulinic acid (6)
[26], labda-8(17),13E-dien-15,18-dioic acid 15-methyl ester
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Figure 1: Chemical structure, significant HMBC (→ ) and NOESY
(↔) correlations of compound 1.

(7) [27], mixture of 𝛽-sitosterol (8) and stigmasterol (9)
[28], 𝜓-taraxasterol (10) [29], 3𝛽-hydroxyanticopalic acid
(11) [30], agatholic acid (12) [31], 3,4-dimethoxybenzoic
acid (13) [32], vanillic acid (14) [33], syringic acid (15)
[33], phillyrin (16) [15], p-hydroxyphenylacetic acid (17)
[34], p-hydroxybenzoic acid (18) [33], and benzoic acid
(19) [35], respectively. The water fraction was subjected to
the reversed-phase Diaion HP-20 column chromatography
and successive isolation to afford p-hydroxyphenylacetic acid
(17), p-hydroxybenzoic acid (18), p-hydroxyphenylacetic acid
methyl ester (20) [36], p-tyrosol (21) [37], hydroxytyrosol
(22) [38], 2-furancarboxylic acid (23) [39], salidroside (24)
[40], (6S,9R)-roseoside (25) [41], forsythoside D (26) [8],
methyl-𝛼-D-glucopyranoside (27) [42], adoxosidic acid (28)
[43], protocatechualdehyde (29) [44], esculetin (30) [45],
caffeic acid (31) [46], trans-coumaric acid (32) [47], trans-
ferulic acid (33) [48], and quercetin (34) [49], respectively.
The chemical structures of known compounds 2–34 were
identified by comparison of their physical and spectroscopic
data with those reported in the literature. Among the isolates,
compounds 2, 4, 6, 8, 14, 16, 17, 24, 26, 28, 31, and 34 had
been identified from the titled plant. Other compounds were
reported from F. suspensa for the first time. Compound 1 was
a new compound and its structure was established by the
spectral analysis.

3.2. Structural Elucidation of Compound 1. Thepurifiedwhite
powder 1 was visualized by spraying with 1% (w/v) Ce(SO

4
)
2

in 10% (v/v) aqueous H
2
SO
4
followed by heating at 120∘C

and displayed purplish black spots on TLC plate. It also
displayed positive responses against the Lieberman-Burchard
test. These results suggested compound 1 to be a triterpenoid
[50].Themolecular formula of 1was established as C

32
H
52
O
5

by the pseudomolecular [M+H]+ ion peak atm/z 517.3896 in
HR-FAB-MS analysis and was further supported by its 13C-
NMR spectrum which showed signals for all the 32 carbons
of the molecule including one set of acetyl group (𝛿C 171.0,

Table 2: The minimum inhibitory concentrations (MICs) of the
purified samples from F. suspensa against E. coli (BCRC-11634).

Compound MIC (mg/mL)
1 4.55
2 5.00
6 1.20
10 1.20
11 3.42
12 2.62
16 3.94

21.3), one carboxylic acid group (𝛿C 176.8), one oxygenated
quaternary carbon (𝛿C 90.1), and one acetoxygenated carbon
(𝛿C 80.9), respectively. In the 1H-NMR spectrum of 1, there
were proton signals for sevenmethyl groups at 𝛿 0.83 (15H,m,
and CH

3
-23, -24, -25, -27, and -29), 0.94 (3H, s, and CH

3
-26),

and 1.35 (3H, s, and CH
3
-30), and one acetyl methyl group at

𝛿 2.05 (3H, s, and CH
3
-32), respectively. The spectroscopic

data indicated compound 1 to possess oleanane type basic
skeleton. In the downfield region, one oxygenated proton at 𝛿
4.48 (1H, dd, J = 10.4, 5.6Hz, H-3𝛼) was located at C-3 which
was further established by the NOESY correlations between
CH
3
-23 and H-3. The 2J, 3J-HMBC correlations from 𝛿 4.48

(H-3) to 𝛿C 21.3 (C-32) and 171.0 (C-31) also evidenced the
presence of acetoxy group at C-3. The substitution of tertiary
alcohol at C-20 was also determined with the HMBC analysis
of correlations from CH

3
-30 to C-21 (𝛿C 31.2) and C-20 (𝛿C

90.1). The 2J, 3J-HMBC correlation peak between 𝛿 2.60 (m,
H-16) and 𝛿C 176.8 (C-28) supported the carboxylic acid
group to be attached at C-17.The complete assignments of 1H
and 13C NMR signals of 1 were furnished from the NOESY
andHMBC spectra.Therefore the chemical structure of 1was
established as 3𝛽-acetoxy-20𝛼-hydroxyursan-28-oic acid and
shown in Figure 1.

3.3. The Antimicrobial Effects of Isolated Compounds against
Escherichia coli. The crude extracts, partially purified frac-
tions, and some of the purified principles (Figure 2) were
subjected to the examinations for the inhibitory effects
against E. coli [17–21]. The MIC data of the fractions were
presented in Table 1. The MIC value of crude extracts (FS)
was 4.25mg/mL and demonstrated inhibition of the bacte-
rial growth. Comparatively, the chloroform fraction (FSC)
displayed more significant inhibitory effects against E. coli
(BCRC-11634) than the water fraction (FSW) with MIC
values of 6.25 and 12.50mg/mL, respectively. When studying
the influence of the concentration of compounds on the
antimicrobial activities against E. coli, twofold microdilution
broth method was used for the purified principles from the
chloroform fraction (FSC), including triterpenoids 1,2,6, and
10; diterpenoids 11 and 12; and lignan 16. It was observed that
as the concentration increased, the inhibition of the bacterial
growth was also increased. All of the tested samples demon-
strated the inhibitory effects in a concentration-dependent
manner. The MIC data of the examined compounds were
presented in Table 2. The MIC values were in the range



BioMed Research International 5

H

H

H

AcO

HO

1

CO2H

H

H

H

AcO

2

H

H

H

H

HO

6

CO2H

H

H

H

HO

10

H
HO

11

CO2H

H

12

CO2H

CH2OH

OHO
HO

OH

HO

O

O

O

HH

16

OCH3

OCH3

H3CO

Figure 2: Structures of the isolated compounds subjected to the antimicrobial assay.

between 1.20 and 5.00mg/mL against E. coli (BCRC-11634).
Among the tested compounds, triterpenoids betulinic acid
(6) and 𝜓-taraxasterol (10) exhibited the most significant
inhibition against E. coli with MIC values of 1.20mg/mL.
These principles should be responsible for the bioactivity of
the chloroform fraction (FSC). The results exhibited that the
triterpenoids from the methanol extracts of fruits of F. sus-
pensa possessed antibacterial activities against the common
bacteria. It also provided evidence for the traditional uses of
the fruits of F. suspensa as herbal medicines in the treatment

of bacterial diseases. Although these purified compounds did
not display better inhibition of the bacterial growth compared
with the reported synthetic antibiotics, the extracts and
principles from the natural sources usually possessed lower
toxicity. Further structural modification could be performed
to improve the activity and maintain the safety of these
compounds. Therefore, it would be potentially useful in
developing new antimicrobial therapeutic agents.
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The antioxidant activities and protective effects of total phenolic extracts (TPE) and their major components from okra seeds on
oxidative stress induced by carbon tetrachloride (CCl

4
) in rat hepatocyte cell line were investigated.Themajor phenolic compounds

were identified as quercetin 3-O-glucosyl (1 → 6) glucoside (QDG) and quercetin 3-O-glucoside (QG). TPE, QG, and QDG from
okra seeds exhibited excellent reducing power and free radical scavenging capabilities including 𝛼, 𝛼-diphenyl-𝛽-picrylhydrazyl
(DPPH), superoxide anions, and hydroxyl radical. Overall, DPPH radical scavenging activity and reducing power of QG and QDG
were higher than those of TPE while superoxide and hydroxyl radical scavenging activities of QG and TPE were higher than those
of QDG. Furthermore, TPE, QG, and QDG pretreatments significantly alleviated the cytotoxicity of CCl

4
on rat hepatocytes, with

attenuated lipid peroxidation, increased SOD and CAT activities, and decreased GPT and GOT activities. The protective effects of
TPE and QG on rat hepatocytes were stronger than those of QDG. However, the cytotoxicity of CCl

4
on rat hepatocytes was not

affected by TPE, QG, and QDG posttreatments. It was suggested that the protective effects of TPE, QG, and QDG on rat hepatocyte
against oxidative stress were related to the direct antioxidant capabilities and the induced antioxidant enzymes activities.

1. Introduction

Oxidation is essential for living organisms. Reactive oxygen
species (ROS) also are produced during oxidation [1]. Organ-
isms can maintain a dynamic equilibrium between produc-
tion and elimination of ROS in normal conditions. However,
when organisms are subjected to stress conditions, this equi-
librium is disrupted. Excessive accumulation of ROS will
result in cellular injuries, including lipid peroxidation, pro-
tein oxidation, and DNA damage, which are involved in
development of a variety of diseases including cellular
aging, mutagenesis, carcinogenesis, hepatopathies, diabetes,
and neurodegeneration [2]. Therefore, cellular antioxidant
defense systems play important roles in counteracting these
deleterious effects of ROS.

Almost all organisms possess antioxidant defense systems
including antioxidant enzymes and nonenzymatic antioxi-
dants. However, these systems are insufficient to prevent the

damage entirely in some cases [3]. Plants are the most impor-
tant source of natural antioxidants [4]. Phenolic compounds
or polyphenols, which consist of secondary metabolites,
constitute a wide and complex array of phytochemicals that
exhibit antioxidant actions. Epidemiological studies have
indicated that regular consumption of foods rich in phenolic
compounds is associated with reduced risk of cardiovascular
diseases, neurodegenerative diseases, and certain cancers [5,
6]. These phenolic compounds hold promising potentials in
the development of health foods, nutritional supplements,
and herbal medicines for the application as antioxidants and
ROS-related disease chemopreventive agents.

Okra (Hibiscus esculentus L.), also known as lady’s fin-
ger and gumbo, belongs to Malvaceae family, which is
distributed widely in Africa, Asia, Southern Europe, and
America [7]. The plant is a common vegetable in most
regions for its nutrition value. Okra pod contains thick slimy
polysaccharides, which are used to thicken soups and stews,
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as an egg white substitute, and as a fat substitute in chocolate
bar cookies and in chocolate frozen dairy dessert [7]. Okra
seed is rich in protein and unsaturated fatty acids such as
linoleic acid [8]. In some countries, okra also is used in
folk medicine as antiulcerogenic, gastroprotective, diuretic
agents [9]. In addition, Arapitsas [10] reported that okra
seed was rich in phenolic compounds, mainly composed of
flavonol derivatives and oligomeric catechins, suggesting that
it might possess some antioxidant properties. However, little
information on antioxidant capabilities of major phenolic
compounds from okra seed is available.

Carbon tetrachloride (CCl
4
), a well-known environmen-

tal biohazard, can be particularly toxic to liver. CCl
4
-

induced hepatic injury, a classic experimental model, has
been extensively used to evaluate the potential of drugs and
dietary antioxidants against the oxidative damage [11, 12].
The objectives of the study were to evaluate the antioxidant
activity of major phenolic compounds in vitro and their
effects on oxidative stress induced by carbon tetrachloride
(CCl
4
) in rat hepatocyte cell line.

2. Materials and Methods

2.1. Plant Materials. Okra pods (Hibiscus esculentus L.) were
harvested from a commercial orchard in Guangzhou, Guang-
dong, China. The fruit were manually separated, and the
seeds were collected, sun-dried, and pulverized to a powder.
Thematerials were stored at room temperature in a desiccator
until use.

2.2. Extraction, Isolation, and Purification. Dried seed pow-
der ofH. esculentuswas exhaustively extractedwithmethanol
at temperature (25–32∘C) for 3 days. The extracts were con-
centrated with a rotary evaporator (RE52AA, Yarong Equip-
ment Co., Shanghai, China) under reduced pressure at 55∘C
and then fractionated sequentially by petroleum ether and
EtOAc.The extraction with petroleum ether was to eliminate
the pigments. EtOAc extract was obtained by evaporation
under reduced pressure and then subjected to purification by
silica gel column using CHCl

3
-MeOH solvent system with

increased polarity (0 : 100–60 : 40) to yield eight fractions.
We were only interested in the major phenolic compounds.
Therefore, the largest fractions were further purified by silica
gel column and Sephadex LH-20 to yield compound 1 and
compound 2, respectively. Compound 1 and compound 2
were identified as quercetin 3-O-glucosyl (1 → 6) glucoside
and quercetin 3-O-glucoside (Figure 1), by comparison of
experimental and literature NMR data [13].

2.3. Determination of Total Phenol Content. Total phenol
content of TPE inH. esculentuswas determined by the Folin-
Ciocalteu method [14]. Chlorogenic acid was used as a stan-
dard. The total phenol content was determined in triplicate
and expressed as chlorogenic acid equivalents in mg/g of
plant material.

2.4. Evaluation of Antioxidant Activities. Antioxidant capa-
bilities of total phenolic extracts and their major component

fromokrawere evaluated according to the describedmethods
by Duan et al. [15] with minor modifications. To evaluate
DPPH scavenging, 0.1mL various concentrations of samples
were mixed with 2.9mL 0.1mM DPPH-methanol solution.
After 30min of incubation at 25∘C in the dark, the absorbance
at 517 nm was measured. DPPH radical scavenging activity
of the samples was calculated using the following formula:
DPPHscavenging activity (%) = [1−(absorbance of sample−
absorbance of blank)/absorbance of control] × 100.

Superoxide radicals were generated by illuminating a
solution containing riboflavin. The photoinduced reactions
were performed at about 4000 lux. 25 𝜇L various concentra-
tions of sample were mixed with 3mL reaction buffer [1.3𝜇M
riboflavin, 13mM methionine, 63 𝜇M nitroblue tetrazolium
(NBT), and 100 𝜇M EDTA, pH 7.8]. The reaction solution
was illuminated at 25∘C for 15min. The reaction mixture
without sample was used as a control.The scavenging activity
was calculated as follows: scavenging activity (%) = (1 −
absorbance of sample/absorbance of control) × 100.

Hydroxyl radical scavenging activity was determined
by evaluating inhibitory effect of samples on deoxyribose
degradation. 0.2mL different concentrations of samples were
incubated with 1mL reaction buffer (100𝜇M FeCl

3
, 104 𝜇M

EDTA, 1.5mMH
2
O
2
, 2.5mM deoxyribose, and 100 𝜇M L-

ascorbic acid, pH 7.4) for 1 h at 37∘C. After adding 1mL
0.5% 2-thiobarbituric acid and 1mL 2.8% trichloroacetic acid,
the mixture was heated for 30min at 80∘C and then cooled
on ice. The absorbance at 532 nm was measured. Percent
inhibition of deoxyribose degradation was calculated as (1 −
absorbance of sample/absorbance of control) × 100.

For the reducing power, 0.2mL various concentrations of
samples were incubated with 2.0mL 200mM sodium phos-
phate buffer (pH 6.6) and 2.0mL 1% potassium ferricyanide
at 50∘C for 20min. After adding 2.0mL 10% trichloroacetic
acid (w/v), the mixture was centrifuged at 4000×g for 5min.
2.0mL supernatant was mixed with 2.4mL 0.016% ferric
chloride, and the absorbance at 700 nm was measured. A
higher absorbance indicates a higher reducing power.

2.5. Cell Culture andCell Treatment. BRL-3A (rat hepatocyte)
cell culture was obtained from Experimental Animal Center
of Southern Medical University (Guangzhou, China). The
cell line was cultured in RPMI-1640 medium containing
10% foetal bovine serum (FBS), 100U/mL penicillin, and
100mg/mL streptomycin at 37∘C in an incubator of humid-
ified air with 5% CO

2
. Hepatocytes were seeded onto 24-

well plates at 1 × 105 cells/well and cultured for 24 h at
37∘C under 5% CO

2
. Later, the medium was removed and

the hepatocytes were subjected to the following treatments:
(1) pretreatment, the hepatocytes were first incubated with
growth medium containing 100 𝜇g/mL TPE, QG, or QDG
for 4 h, and then the cells were washed and incubated with
fresh growth medium containing 10mMCCl

4
for another

4 h; (2) posttreatment, the hepatocytes were first incubated
with growth medium containing 10mMCCl

4
for 4 h, and

then the cells were washed and incubated with fresh growth
mediumcontaining 100𝜇g/mLTPE,QG, orQDG for another
4 h.
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2.6. Cell Viability. Cell viability of the hepatocytes was eval-
uated by MTT assay. After the cells were treated according to
the above-mentionedmethod, the mediumwas removed and
20𝜇LMTT solution (5 g/L) was added to each well of the 96-
well plate. After 4 h of incubation at 37∘C, the MTT solution
was removed and 100 𝜇L dimethylsulphoxide (DMSO) was
added to resolve the formazan generated from MTT. The
absorbance of each well was recorded on a microplate reader
(Thermo, MA, USA) at the wavelength of 490 nm. Cell
viability in each test group and model group was expressed
as percentage of the control group. The viability of cells in
control group was considered as 100%.

2.7. MDA Content and Activities of GPT, GOT, SOD, and
CAT. After the cells were treated according to the above-
mentioned method, the supernatants were collected and
assayed for malondialdehyde (MDA) content and

activities of glutamate pyruvate transaminase (GPT), glu-
tamate oxalate transaminase (GOT), superoxide dismutase
(SOD), and catalase (CAT) using commercial enzymatic kits
from Nanjing Jiancheng Bioengineering Research Institute
(Nanjing, China).

2.8. Statistical Analysis. All data were expressed as mean ±
standard deviation (SD). SPSS was used to analyze and report
the data.The differences between themean values of multiple
groups were analyzed by one-way analysis of ANOVA with
Duncan’s Multiple Range Test. ANOVA data with 𝑃 < 0.05
were classified as statistically significant.

3. Results and Discussions

3.1. Extraction of TPE and Purification of Major Con-
stituent from Hibiscus esculentus Seed. Hibiscus esculentus
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Figure 2: Free radical scavenging activities against DPPH radical (a), superoxide radical (b), and hydroxyl radical (c) and reducing power
(d) of extract and isolated quercetin 3-O-glucoside and quercetin 3-O-diglucoside from Hibiscus esculentus.

seed was subjected to extraction with methanol and then
sequential fractionation by petroleum ether and EtOAc.
The extraction with petroleum ether was to eliminate the
pigments. The EtOAc-soluble fraction was designated as
total phenol extracts (TPE). The content of phenolic com-
pounds in dry okra seed was 28.1mg/g. Further, total phe-
nol extracts (TPE) were purified and two major phenolic
compounds were obtained and identified as quercetin 3-
O-glucosyl (1 → 6) glucoside (QDG) and quercetin 3-O-
glucoside (QG) (Figure 1), by comparison of experimental
and literature NMR data [13], which was consistent with
the result reported by Arapitsas [10]. However, Atawodi et
al. reported that quercetin glucoside was the only major
polyphenol composition in okra seed [16]. The inconsistence
might be associated with the differences in climate conditions
of cultivation and/or the variety analyzed.

3.2. Antioxidant Activity of Total Phenolic Extracts (TPE)
and Their Major Components from Okra Seeds In Vitro. Free
radical scavenging activity is the most important mechanism
by which antioxidants inhibit lipid peroxidation [1]. In this
study, free radical scavenging activity against DPPH radical,

superoxide anions, and hydroxyl radical was analyzed to
evaluate the antioxidant activities of total phenolic extracts
(TPE) and their major components from okra seeds. In
addition, reducing power, which exerts antioxidant action by
breaking the free radical chain by donating a hydrogen atom,
was investigated [15].

DPPH is a stable, purple, nitrogen-centered, and syn-
thetic-free radical with the maximum wavelength of 517 nm.
When the DPPH free radical is quenched, the color will
fade away. The scavenging activity against DPPH free radical
has been extensively used to evaluate antioxidant activity of
plant extracts [17]. Figure 2(a) shows the scavenging activities
against DPPH free radical of TPE, QG, and QDG from okra
seed and BHT and quercetin. All tested samples exhibited
the scavenging activities against DPPH free radical in a
dose-dependent manner. The positive control quercetin and
BHT had the highest and lowest scavenging activity against
DPPH free radical, respectively. QG andQDGhave almost an
equivalent scavenging activity against DPPH free radical, but
higher than TPE. At 100 𝜇g/mL, the scavenging effects were
18.3%, 44.1%, 24.6%, 34.5%, and 37.3% for BHT, quercetin,
TPE, QG, and QDG, respectively.



BioMed Research International 5

Superoxide anion, produced by a number of cellular reac-
tions or enzymes, including iron-catalyzed Fenton reaction,
lipoxygenases, peroxidase, NADPH oxidase, and xanthine
oxidase, is themost important in organisms and is involved in
the formation of other cell-damaging free radicals [1]. In the
present study, TPE, QG, andQDG showed higher scavenging
activity against superoxide anion thanDPPHradical scaveng-
ing activity. Similarly, superoxide anion scavenging activities
of TPE, QG, and QDG were stronger than that of BHT, but
weaker than that of quercetin. At 50𝜇g/mL and 100 𝜇g/mL
of concentrations, the free radical scavenging activity of TPE
was higher than that of QDG, but lower than that of QG
(Figure 2(b))

Hydroxyl radical can be formed by the Fenton reaction in
the presence of reduced transition metals and H

2
O
2
, which

is known to be the most reactive radical and is thought to
initiate cell damage in vivo [18]. Similar to superoxide anion
scavenging activity, TPE, QG, and QDG from okra seeds
exhibited excellent hydroxyl radical scavenging activity in the
following order: QG > TPE > QDG > BHT (Figure 2(c)).

Reducing power is widely used to evaluate the antioxidant
activity of plant extracts.The reducing property indicates that
the antioxidant compounds are electron donors and reduce
the oxidized intermediates of lipid peroxidation process [19].
As shown in Figure 2(d), TPE,QG, andQDG fromokra seeds
showed much higher reducing power than BHT, suggesting
that TPE, QG, and QDG possessed a stronger electron
donating capacity. However, the reducing power of TPE, QG,
and QDG was lower than that of quercetin at 100 𝜇g/mL
of concentration. Furthermore, the reducing power of the
extract and its major constituents from okra seed were in the
following order: QG > QDG > TPE.

Overall, DPPH radical scavenging activity and reducing
power of QG and QDG were higher than those of TPE;
superoxide and hydroxyl radical scavenging activities of QG
and TPE were higher than those of QDG; reducing power,
superoxide anion, and hydroxyl radical scavenging activities
of QG were higher than those of QDG. Moreover, the
antioxidant activities investigated, except hydroxyl radical
scavenging activity of quercetin, were higher than those of
QG andQDG. It appeared that addition of glycosyl decreased
the scavenging activity againstDPPH free radical of quercetin
and its derivatives. Some similar results were obtained by
other researchers. Omololu et al. reported that quercetin had
stronger scavenging activity against DPPH free radical than
its rhamnosyl glucoside derivative [20]. Hopia and Heinonen
investigated the antioxidant activities of quercetin and its
selected glycosides in bulk methyl linoleate oxidized at 40∘C
and found that the order of activity of quercetin and its
derivatives was quercetin > isoquercitrin > rutin [21]. Sun
et al. also found that rhamnosidase could change rutin in
asparagus juice to quercetin-3-glucoside, which has a higher
antioxidant activity than rutin [22]. The possible reasons are
as follows: (1) the steric effect by increased glycosylation
decreased the accessibility of free radicals to flavonoid antiox-
idants; (2) the presence of a free 3-hydroxyl group in the
C-ring is a requirement for the maximal radical scavenging
activity of flavonoids and the substitution of the hydroxyl
group by glycoside resulted in the decreases in free radical
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Figure 3: Effect of extract and isolated quercetin 3-O-glucoside
and quercetin 3-O-diglucoside from Hibiscus esculentus on CCl

4
-

induced cytotoxicity in rat hepatocytes. In the tick label, p means
pretreatment while a means posttreatment.

scavenging ability and chelating activity to transition metal
ions [21, 23]. In addition, QG and QDG played a dominant
role in scavenging activity against superoxide anion and
hydroxyl radical of total phenolic compounds of okra seed. In
some plant flavonoids, quercetin 3-O-glucoside contributed
to the major of antioxidant activities [24–27].

3.3. Effect of TPE, QG, and QDG on Cell Viability of Hep-
atocytes Injured by CCl

4
. It is well known that cell damage

induced by reactive oxygen species (ROS) is an important
mechanism of hepatotoxicity [28]. Tetrachloride (CCl

4
) has

been widely used to study liver injury induced by ROS in
the mouse model. The mechanism is involved in free rad-
icals generated during CCl

4
metabolism by hepatic cellular

cytochrome P450, including trichloromethyl (CCl
3
and/or

CCl
3
O
2
) and oxygen-centered lipid radicals (LO and/or

LOO), which initiate the process of lipid peroxidation [29].
Kikkawa et al. suggested that in vitro primary cell culture
systemwould be sufficient to detect hepatotoxicity in the early
stage of drug discovery according to the relevance of in vitro
system to in vivo system from some biomarkers related to
oxidative stress by carbon tetrachloride [12]. In the present
study, CCl

4
treatment resulted in a significant decrease in

cell viability of the hepatocytes. After 4 h of incubation, the
cell viability decreased to 8.3% compared with the control,
indicating that the hepatocytes were severely injured. TPE,
QG, and QDG pretreatments efficiently alleviated oxidative
injury of the cell induced by CCl

4
. The cell viabilities

of hepatocytes pretreated with TPE, QG, and QDG were
76.2%, 72.5%, and 59.9%, respectively (Figure 3). However,
posttreatment with TPE, QG, and QDG had no significant
protective effect on oxidative injury of the cells caused by
CCl
4
. These results suggest that the extract and its major

constituents can be potentially used for preventing rather
than curing liver diseases in mammals. A similar result also
was reported in fish hepatocytes by Yin et al. [30].

Antioxidants play an important role in protecting against
CCl
4
-induced liver injury. There were some reports on the
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protective effects of various natural products against CCl
4
-

induced liver injury [30–36]. The protective effects might be
related to the directed superoxide anion and hydroxyl radical
scavenging activity. In our study, superoxide anion and
hydroxyl racial scavenging activities were in the following
order: QG > TPE > QDG, which was inconsistent with the
protective effects. Possibly, the discrepancy could be related
to differential uptake by hepatocytes or synergistic effects.
Boyer et al. [37] reported that there existed a great difference
in uptake of quercetin aglycon and quercetin 3-glucoside as
purified compounds and from whole onion and apple peel
extracts by Caco-2 cells. Yang and Liu [38] also found that
apple extracts plus quercetin 3-beta-d-glucoside combination
possess a synergistic effect in MCF-7 cell proliferation.

3.4. Effect of TPE, QG, and QDG on Lipid Peroxidation and
Activities of GPT and GOT in Hepatocytes Injured by CCl

4
.

Malondialdehyde (MDA), a lipid peroxidized product, can
reflect the extent of lipid peroxidation induced by oxidative
stress. As shown in Figure 4, a significant increase in MDA
level was observed in the CCl

4
-treated hepatocytes compared

with the control hepatocytes. However, TPE, QG, and QDG
treatments at 100 𝜇g/mL significantly decreased the level of
lipid peroxidation induced byCCl

4
.The results were in accor-

dance with the cell viability, indicating that the protective
effects of TPE, QG, and QDG on CCl

4
-induced hepatocytes

injury were related to the alleviated lipid peroxidation.
GPT and GOT were widely used to evaluate liver damage

by CCl
4
[30]. In the present study, significantly elevated GPT

and GOT activities were observed in the supernatants of the
CCl
4
-treated hepatocytes, which might be associated with

the increased permeability of the hepatocytes and cellular
leakage. Pretreatments with TPE, QG, andQDG significantly
decreased the values of GPT and GOT activities (Figure 5),
indicating that the extract and its major constituents from
okra seed could maintain the functional integrity of the hep-
atocyte membrane, thus protecting the hepatocytes against
CCl
4
-mediated toxicity.

3.5. Effect of TPE, QG, and QDG on Activities of SOD and
CAT in Hepatocytes Injured by CCl

4
. Lipid peroxidation is

the result of the excessive accumulation of ROS due to the
altered balance between ROS generation and elimination in
organism [39]. To control the level of ROS and protect cells
against oxidative injury, organisms have developed an enzy-
matic antioxidant system and low molecular antioxidants
[1]. Superoxide dismutase (SOD) is an important defense
enzyme that catalyzes the dismutations of superoxide radicals
to hydrogen peroxide while catalase (CAT) is involved in
eliminating H

2
O
2
. As shown in Figure 6(a), CCl

4
treatment

alone resulted in a significant decrease in SOD activity
of hepatocytes, as compared with the control. However,
TPE, QG, and QDG pretreatments restored SOD activities
in contrast to the CCl

4
-treated hepatocytes, which were

beneficial in scavenging the superoxide anion and alleviating
lipid peroxidation. There were no significant differences
in SOD activities among TPE, QG, and QDG pretreated
hepatocytes. Moreover, TPE, QG, and QDG posttreatments
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Figure 4: Effect of extract and isolated quercetin 3-O-glucoside
and quercetin 3-O-diglucoside from Hibiscus esculentus on lipid
peroxidation in the cell culture of hepatocytes injured by addition of
CCl
4
in vitro. In the tick label, p means pretreatment while a means

posttreatment.

also induced SOD activities in the CCl
4
pretreated hepa-

tocytes (Figure 6(a)). Similarly, CAT activities in the CCl
4
-

treated hepatocytes also were restored by TPE, QG, and
QDG pretreatments. Even the same level of CAT activity,
as compared with the control, was found in TPE-treated
hepatocytes, which was higher than those in QG and QDG
pretreated hepatocytes. CAT activities were partially restored
by these treatments (Figure 6(b)).

Possibly, the alleviated biomacromolecule oxidation and
elevated cell viability require synergic action of different anti-
oxidant enzymes. There were some reports on the induced
activities of antioxidant enzymes by natural products that
played an important role in alleviating lipid peroxidation and
decreasing the injury caused by CCl

4
[30, 31, 34, 36]. In the

present study, both SOD and CAT activities were induced by
pretreatments or posttreatments with TPE, QG, and QDG.
However, posttreatment with TPE, QG, and QDG had no
significant protective effect on oxidative injury of the cells
caused by CCl

4
. Therefore, it is considered that the induced

SOD and CAT activities by posttreatment with TPE, QG, and
QDG could not repair the damaged hepatocytes.

4. Conclusions

Twomajor flavonoids, quercetin 3-O-diglucoside (QDG) and
quercetin 3-O-glucoside (QG), were isolated and identified
from okra seeds. QG, QDG, and the total phenolic extracts
(TPE) from okra seeds showed excellent antioxidant activity
in vitro, including reducing power and free radical scavenging
capabilities against 𝛼,𝛼-diphenyl-𝛽-picrylhydrazyl (DPPH)
radical, superoxide anion, and hydroxyl radical, which were
much stronger than those of BHT, a widely used synthetical
antioxidant. DPPH radical scavenging activity and reducing
power of QG and QDG were higher than those of TPE
while superoxide and hydroxyl radical scavenging activities
of QG and TPE were higher than those of QDG. Moreover,
reducing power, superoxide anion, and hydroxyl radical
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Figure 6: Effect of extract and isolated quercetin 3-O-glucoside and quercetin 3-O-diglucoside from Hibiscus esculentus on the activities of
SOD (a) and CAT (b) in the cell culture of hepatocytes injured by addition of CCl
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means posttreatment.

scavenging activities of QG were higher than those of QDG.
Furthermore, TPE,QG, andQDGpretreatments significantly
alleviated the cytotoxicity of CCl

4
on rat hepatocytes, with

attenuated lipid peroxidation, increased SOD and CAT activ-
ities, and decreased GPT and GOT activities. The protective
effects of TPE and QG on rat hepatocytes were stronger
than that of QDG. However, the cytotoxicity of CCl

4
on

rat hepatocytes was not affected by TPE, QG, and QDG
posttreatments. It was suggested that the protective effects
of TPE, QG, and QDG on rat hepatocyte against oxidative
stress were related to the direct antioxidant activity and the
induced activities of antioxidant enzymes. However, further
investigation is required to evaluate protective effects of total
phenolic extracts (TPE) and their major components from
okra seeds on carbon tetrachloride-induced hepatotoxicity in
vivo.
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