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Abstract
The current study deals with the investigation of the antioxidant, anti-inflammatory and immunomodulatory properties of 
the essential oil from Datura stramonium leaves (D. oil). The GC-MS analysis showed that the dominant compounds pre-
sent in the D. oil were neophytadiene (Phytol acetate) (10.76%), β-damascenone (9.67%), and β- eudesmol (7.2%). D. oil 
exhibited in vitro scavenging potential of free radicals by DPPH and ABTS assays  (IC50 values 71.35 ±1.06 μg/ml and 61.01 
± 1.07 μg/ml, respectively). We found that D. oil decreased the nitric oxide production in LPS-stimulated J774A.1 cells by 
52.43% without affecting their cell viability. D. oil was found to stimulate the proliferation of human peripheral blood mono-
nuclear cells (PBMC) and, also enhanced the secretion of IL-2, IFN-γ and TNF-α. Furthermore, D. oil treatment of PBMC 
induced the expression of CD3, CD8, and CD56 and intracellular granulysin levels in the immune cells. The treatment of 
human lymphocytes by D. oil enhanced their ability to kill colon cancer cells HCT-116 (51.09 ± 7.5%) and SW620 (48.57 
± 8.08%) at 20:1 (effector: target ratio). Moreover, these activated lymphocytes cause target cell death by reactive oxygen 
species and by damaging mitochondrial membrane potential of these cells. Taken together, the current findings showed D. 
oil as immunotherapeutic agent which can be used for colon cancer treatment.
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Introduction

Essential oils (EOs) possess a wide variety of therapeutic 
properties with promising outcomes that could be imple-
mented as alternative treatments to diverse disorders. EOs 
are composites of hydrocarbons and their oxygenated 
byproducts derived from two different isoprenoid path-
ways. EOs are largely produced and secreted by specialized 

secretory tissues, glandular trichomes which are diffused in 
tissues of flowers and leaves (Iriti et al. 2006). Datura stra-
monium L. (Solanaceae) is a widespread plant with hairy 
leaves, round thorny fruit and white flowers. Datura genus 
is widely known for tropane alkaloid content and it is exten-
sively studied for alkaloid identification and quantification 
(Berkov et al. 2006). In addition to its alkaloids, various 
flavonoids and withanolides/lactones have been isolated 
and analyzed for their diverse biological applications (Guo 
et al. 2019). Earlier, D. stramonium essential oil (from seeds 
and leaves) had been reported to exhibit anti-inflammatory 
activity in albumin induced rats (Aboluwodi et al. 2017). 
Conventional methods or modern technologies are used by 
the pharmaceutical industry to extract essential oils having 
multi-faceted medicinal activities. Datura essential oil is one 
of the most effective commercial oil isolated at industrial 
level due to its high medicinal value.

Colorectal cancer (CRC) is the fourth leading cause of 
cancer morbidity worldwide in both men and women of vari-
ous age groups, and these cases are steadily increasing in the 
developing nations (Bray et al. 2018). Treatments for pri-
mary and metastatic colorectal cancer include laparoscopic 
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surgery, radiotherapy, neoadjuvant, bio-marker guided 
therapy and chemotherapy (Kuipers et al. 2015; Sveen et al. 
2020). Chronic inflammation causes damage to nucleic 
acids, proteins, and lipids via reactive oxygen/nitrogen spe-
cies (ROS/RNS) generation, resulting in tissue damage and 
thereby leading to serious disorders like cancer (Ohshima 
et al. 2003). Plant-based therapeutics have gathered attention 
of researchers due to their promising potential as immu-
nomodulatory agents. Many experimental studies on EOs 
or their constituents in cancer models confirmed their effi-
ciency as anticancer agents (Zuzarte et al. 2015; Hata et al. 
2003). EOs boost immune system and thus could serve as 
alternative to conventional treatment (Orhan 2016; Lin et al. 
2011). Recently, immunotherapy has become a key thera-
peutic alternative which include components of the immune 
system such as antibodies, cytokines, and dendritic cells to 
treat cancer, allergies and inflammatory diseases (Ganesh 
et al. 2019; Kumar et al. 2017).

Herein, we have investigated antioxidant, anti-inflam-
matory and immunomodulatory activities of essential oil 
extracted from D. stramonium (D. oil) leaves. The chemical 
composition of D. oil was analyzed by GC-MS. This is the 
first report which shows the immunostimulatory potential of 
D. oil on human peripheral blood lymphocytes. The immu-
noenhancing and anticancer properties of human lympho-
cytes was evaluated using colon carcinomas via co-culture 
assay which revealed the mitochondrial depolarization 
and ROS generation mediated killing of cancer cells. The 
immune-enhancing potential of D. oil was also evaluated by 
analyzing the cytokines production and studying the expres-
sion of immunomarkers in activated lymphocytes.

Materials and methodology

Materials

Methanol (34860), hexane (270504) and acetonitrile 
(271004) were procured from Merck chemicals, India. 
Sulphanilamide-S9251, N-1-napthylethylenediamine dihy-
drochloride (222488), diclofenac sodium (D6899), Bovine 
Serum Albumin (BSA, A8806), 1,1-diphenyl-2- picrylhydra-
zyl (DPPH, D9132), 2,2′-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid (ABTS, A1888), and lipopolysaccharide 
(LPS, L2630) were procured from Sigma, India.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide (MTT), CT02, Dulbecco’s Modified Eagle’s 
Medium (DMEM), Roswell Park Memorial Institute-1640 
medium (RPMI-1640), fetal bovine serum (FBS, RM10685), 
dimethyl sulphoxide (DMSO), lymphocyte separation media 
(LSM)-1066, phosphate buffer saline (PBS) and Conca-
navalin A (Con A, C5275) were purchased from Himedia 
(Mumbai, India), while rhodamine 123 (Rh 123, R8004) 

and 2,7-dichlorofluorescin diacetate (DCF-DA D6883) were 
procured from Sigma-Aldrich (USA). ELISA kits for detect-
ing IL-2, IFN-γ and TNF-α (Elisa Max, Biolegend) were 
procured from BD Oncomark™ CD8 FITC/CD56 PE/CD3 
PerCP-Cy™5, APC Mouse Anti-Human CD14 (BD Phar-
migen). HCT-116 (human colorectal cancer) and SW620 
(human Colon cancer) were purchased from the National 
Centre for Cell Sciences, Pune, India.

Collection of plant material

Fresh Leaves of D. stramonium were collected from Solan 
(30.904486 °N, 77.096733 °E) region of Himachal Pradesh, 
India and authenticated by Department of Forest Products, 
Dr. Y.S. Parmar University of Horticulture and Forestry, 
Nauni, Solan,H. P. India (Herbarium Field book no. 2916, 
Receipt No. 072). The dried plant material was stored in the 
laboratory at room temperature (25 °C), protected from light 
before extraction of EOs.

Isolation of the essential oil

D. oil was extracted from the leaves of D. stramonium by 
hydro-distillation method using the Clevenger Apparatus. 
The extraction was carried out for 4 h using 1 kg of leaves 
in 2000 ml of distilled water at 60 °C. The vapours of D. oil 
were condensed and dried with anhydrous sodium sulphate 
and, concentrated under reduced pressure by rotatory evapo-
rator. The yield of D. oil was calculated by measuring the 
oil (in ml) per 1000 g of raw material (Pathania et al. 2013). 
The isolated pure D. oil was stored at 4 °C.

Analysis of the D. oil

Using the gas chromatography mass spectrometry (GC-
MS), the chemical composition of D. oil was assessed 
and the identification of the main constituents was done 
at Laboratory of Natural products chemistry, Council of 
Scientific and Industrial Research (CSIR)-Indian Institute 
of Integrative Medicine (IIIM), Jammu, India. The D. oil 
(20 µl) was sonicated for 30 min and then sample was fil-
tered through an ultra-membrane filter (pore size 0.45 µm) 
prior to injection in the sample loop. Filtrate was used for 
GC-MS analysis (Agilent GC 7890A) with ion trap gas-
chromatograph equipped with HP5 capillary column (30 m 
× 0.25 mm; coating thickness 0.25 µm). The MS conditions 
included an EI ion source temperature of 230 °C, an ioniza-
tion energy of 70 eV, and a mass scan range of 40–600 amu. 
Analytical conditions: Maximum temperature was 300 °C; 
carrier gas, helium at 1 ml/min; injection 0.2 µl of (10% 
hexane solution). Running conditions were as follows: injec-
tion volume HS 2.5 mL syringe, HS SPME injection tech-
nique. The identification of the components was performed 
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by comparing their retention times with the pure authentic 
samples and, by mean of their liner retention indices and by 
matching against commercial and home-made library mass 
spectra built up from pure substances and components of 
known oils which were in-built in the software of GC-MS 
and compared with literature (Verma et al. 2010).

Antioxidant activity of D. oil

DPPH radical scavenging activity

The antioxidant activity of the D. oil was analyzed using 
DPPH free radicals (Brand-Williams et al. 1995). A vol-
ume of 50 μl of D. oil prepared at different concentrations 
(10–80 μg/ml) was mixed with 150 μl of DPPH free radi-
cal solution. The disappearance of the DPPH was measured 
after 30 min of incubation at 517 nm. Ascorbic acid (10-
80 μg/ml) was used as a positive control. The inhibition per-
centage of the DPPH radical by the essential oil was esti-
mated using the following equation: scavenging percentage 
(%) = [100 × (AC − AS/Ac)], where Ac is the absorbance of 
the control reaction (containing all reagents except the test 
sample) and  AS the absorbance of the tested sample. The 
concentration of oil that could scavenge 50% of the DPPH 
radicals  (IC50) was calculated by using Graphpad prism 5.

ABTS radical scavenging activity

ABTS radical scavenging activity of D. oil was measured by 
the ABTS cation decolorization assay (Chahal et al. 2019). 
The ABTS radicals  (ABTS•+) were produced by reaction 
of 7 mM stock solution of ABTS with 2.45 mM potassium 
persulfate and allowing the mixture to stand in dark at room 
temperature (25 °C) for 12 h before use. 50 μl of essential 
oil at different concentrations (10–80 μg/ml) was allowed 
to react with 150 μl of the  ABTS•+ solution and the absorb-
ance was measured at 734 nm. Ascorbic acid was used as 
positive control. The percentage inhibition of  ABTS∙+ was 
calculated using the following formula:

where, Ao is the absorbance of the radical cation of the sam-
ple and Af is the absorbance after addition of sample.

Anti‑inflammatory activity of D. oil

Inhibition of heat induced hemolysis

Fresh human blood (4 ml) was collected as per Institutional 
ethical committee guidelines (IEC no. SUIEC/14/01) and 
kept in EDTA coated vials to avoid coagulation. The blood 

I734 =

(

1 −
Af

A0

)

× 100

was washed 3-4 times by using 5 ml of normal saline. The 
blood suspension was maintained as 10% v/v in normal 
saline for the experiment. 1 ml of D. oil at various concen-
trations (10–80 μg/ml) and 1 ml of 10% (v/v) RBCs sus-
pension were treated at 56 °C for 30 min for RBCs lysis. 
The tubes were then cooled down, centrifuged (3000 rpm 
for 5 min) and the supernatants were taken for absorbance 
at 560 nm using varioskan multiskan spectrophotometer 
(Sharma et al. 2016). Diclofenac sodium (100 μg/ml) was 
used as a positive control and normal saline was taken 
as negative control. The experiment was performed in 
triplicate and the percentage inhibition of haemolysis was 
calculated as follows:

Inhibition of albumin denaturation

Bovine Serum Albumin (BSA) was used to study the anti-
denaturation activity of D. oil. Briefly, 2 ml of reaction 
mixture comprising of 0.2 ml of BSA and varying con-
centration of D. oil (10-80 μg/ml) was used in PBS. Dis-
tilled water was taken as a negative control and diclofenac 
sodium was used as a standard drug. The reaction mixture 
was incubated at 37 °C for 15 min and further treated for 
BSA denaturation at 70 °C for 5 min. After cooling, the 
absorbance of supernatant was taken at 660 nm (Gambhire 
et al. 2009). The percentage inhibition of protein denatura-
tion was determined by using following formula:

Measurement of anti‑inflammatory activity by nitrite 
quantification in J774A.1 cells

J774A.1 murine macrophage cells were cultured in DMEM 
media with 10% FBS and 1% pencillin-streptomycin. After 
90% confluency, cells were trypsinized and seeded in 12 
well plates  (105 cells/well). After overnight incubation, 
cells were treated with 100 ng/ml LPS for 2 h followed D. 
oil (10 μg/ml) incubation at 37 °C under 5%  CO2. After 
2 h, 12 h and 24 h, cell-free supernatants were taken out 
and stored in -80 °C deep freezer. Nitric oxide (NO) quan-
tification was performed by using griess reaction (Green 
et al. 1990). An aliquot (100 μl) of cell free supernatants 
were mixed with 50 μl of 1% sulphanilamide and 100 μl 
of 0.1% N-1-naphthylethylenediamine dihydrochloride 
in 2% (v/v)  H3PO4 in 96 well plates at room tempera-
ture for 20 min. Untreated cells were taken as negative 
control. The presence of nitrite was then measured at an 

Inhibition (%) =
[(

ODcontrol − ODsample

)

∕ODcontrol

]

× 100

Percentage inhibition =
[(

ODcontrol − ODsample

)

∕ODcontrol

]

× 100
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absorbance of 540 nm and was quantified by percentage 
inhibition.

Cell cytotoxicity

The cytotoxic effect of D. oil on J774A.1 cells was deter-
mined by MTT assay (Kumari et al. 2019). In summary, 
J774A.1 (2.5 ×  104 cells/ml) were seeded in a 96-well plates 
and treated with D. oil (25–200 μg/ml) for 24 and 48 h fol-
lowed by MTT assay to assess the cell viability. Cell viabil-
ity was analyzed by the formula given below:

Immunomodulatory activity of D. oil

Isolation of human peripheral blood mononuclear cells 
(PBMC)

For isolation of human PBMC, blood was collected from 
healthy human donors in compliance with the ethical com-
mittee guidelines (Ref No. SUBMS/IEC/14/21) of Shoolini 
University, Solan, India. The blood was diluted with the 
equal volume of PBS (1:1) and then layered on lymphocytes 
separation media. The mixture was centrifuged at 2000 rpm 
for 20 min and then the undisturbed PBMC layer was iso-
lated, washed twice with PBS and re-suspended in RPMI-
1640 media supplemented with 10% Fetal bovine serum 
(FBS) and antibiotics (100 µg/ml penicillin and streptomy-
cin). To analyze the cell viability, the cells were counted 
with a hemocytometer and viability was tested by trypan 
blue dye exclusion assay.

PBMC Proliferation Assay

PBMC were seeded (1 ×  104 cells/well) in 10% RPMI-1640 
medium in a 96-well plates. The cells were treated with dif-
ferent concentrations of D. oil (10–80 μg/ml) for 24 and 
48 h. Concanavalin A (Con A, 10 μg/ml) treated PBMC 
cells was used as positive control and the untreated PBMC 
or DMSO treated cells were used as negative controls. The 
cells were incubated in 37 °C for 48 h in 5%  CO2. Later the 
MTT assay was performed as described above.

Cytokine analysis

The isolated PBMC were seeded  (106 cells/well) in six well 
plate. These cells were treated with D. oil (10 μg/ml) for 

Percentage cell cytotoxicity

=
[(

Abscontrol − Abssample

)

∕Abscontrol
]

× 100

24 h or 48 h. After this, the secretion of cytokines (IFN-γ, 
IL-2 and TNF-α) was analyzed in culture supernatant using 
ELISA kits (Biolegend, USA) as per the manufacturer’s 
protocol.

Immunophenotyping of human lymphocytes

The PBMC  (105 cells/well in six well plates) were stained 
(4 °C for 20 min) with FITC-labeled anti-CD8, perCP-Cy5-
5-A-labeled anti-CD3, PE-A-labeled anti-CD56 (BD Onco-
markTM CD8/CD56/CD3) after treating with D. oil at con-
centration of 10 μg/ml for 48 h at 37 °C. Inactivated PBMC 
and Con A treated PBMC were used as negative and positive 
controls, respectively. After staining, the cells were washed 
twice with PBS and were detected by flow cytometry (BD 
FACS CANTO II) using FACS Diva Version 6.1.3. Each test 
sample was run in duplicates (Hira et al. 2018).

Analysis of granulysin expression in D. oil activated PBMC

PBMC  (105 cells) were treated with D. oil (10 μg/ml) for 48 
or 72 h. The cells were centrifuged and washed with ice cold 
PBS and, then fixed with 4% paraformaldehyde for 20 min. 
After this, the cells were washed twice with ice cold Perm-
wash buffer (0.1% Triton, 1% FBS in PBS) and then the 
primary antibody (rabbit anti-granulysin primary antibody, 
Santa Cruz) was added at a dilution of 1:100. After 30 min, 
cells were washed with cold PBS and treated with secondary 
antibody (anti-rabbit IgG allophycocyanin) at 1:400 dilution 
in dark for 30 min. Thereafter the cells were washed again 
twice with PBS and granulysin expression was analyzed by 
Flow cytometry (Saini et al. 2011).

Co‑culture MTT micro‑cytotoxicity assay

HCT-116 (human colorectal cancer) and SW620 (human 
colon cancer) were used as target cells, and were maintained 
in DMEM supplemented with penicillin (100 units/ml), 
streptomycin (100 mg/ml) and 10% FBS. Cells were incu-
bated at 37 °C in a humidified, 5%  CO2 atmosphere. PBMC 
pretreated with D. oil (10 μg/ml for 48 h) were used as effec-
tors. Then, the untreated PBMC (as a negative control) and 
the activated PBMC were cultured with the cancer cells at 
different effector: target (E: T) ratios of 2.5:1, 5:1, 10:1 and 
20:1 for 24 h in a 96 well plate. After the co-culture, 180 μl 
media and the suspended cells were discarded and washed 
with 200 μl PBS and MTT assay was carried out to analyze 
cancer cell death as described above. The percentage cell 
death was calculated by using the following formula:
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The  Abscontrol is cancer cells alone.

ROS generation via activated lymphocytes

PBMC were activated with D. oil (10 μg/ml for 48 h) and 
co-incubated with target cells (HCT-116 and SW620) at 
E:T ratio of 10:1 for 4 h at 37 °C in 5%  CO2. Later 20 μM 
DCFDA was added for 30 min. The fluorescence was meas-
ured (emission at 538 nm and excitation at 485 nm) by using 
Varioskan Multiskan spectrophotometer (Kumar et al. 2020). 
ROS levels (% fold increase) were analyzed by the formula 
given below:

The  Abscontrol was fluorescence of cells alone.

Mitochondrial membrane perturbation (MMP)

For mitochondrial membrane perturbation assay, target cells, 
(HCT-116 and SW620) were labelled with 20 μM cell trace 
far red (CTFR) dye and then co-cultured with D. oil (10 μg/
ml for 48 h) pretreated PBMC at 37 °C in an atmosphere 
of 5%  CO2. The effector and target cells were co-incubated 
at E: T ratio of 10:1 for 12 h. The untreated PBMC or Con 
A treated PBMC were used as negative and positive con-
trols, respectively. Co-cultured cells were washed twice with 
PBS, trypsinized and then incubated with Rh 123 (50 μM) 
fluorescent probe in dark for 20 min. Thereafter, the cells 
were resuspended in PBS and analyzed for mitochondrial 
membrane depolarization (ΔΨm) by using two-color flow 
cytometry.

Statistical analysis

All the results were expressed as mean ± Standard Error. 
The significance of differences among mean values were 
determined by one-way ANNOVA and Student’s t-test by 
using GraphPad prism 5 software. A p value ≤ 0.05 was 
considered significant.

Results and discussion

Characterization of D. oil

Three repetitions of the extraction from 1 kg leaves of D. 
stramonium yielded 5 ml of D. oil (0.5%) which was stored 
at 4 °C. D. oil was analyzed by GC-MS and GC-FID. A total 
of 153 components of leaves were identified which covered 

Percentage cell death =
[(

Abscontrol − Abssample

)

∕Abscontrol
]

× 100

Percentage ROS generation

=
[(

Abssample − Abscontrol
)

∕Abssample

]

× 100

100% of total mass. The components with more than 1% 
of total mass are given in Table 1. The major components 
of D. oil were neophytadiene (Phytol acetate) (10.76%), 
β-damascenone (9.67%) and, β-eudesmol (7.2%). Previously, 
phytol had been identified as major constituent present in 
the leaves oil of D. stramonium (Aboluwodi et al. 2017). 
β-damascenone and β-eudesmol were also found earlier in 
the fruit of D. metel (Essien et al. 2010).

Antioxidant activity of D. oil

The antioxidant activity of D. oil was analyzed by DPPH 
and ABTS assay at a concentration range from 10 to 80 μg/
ml. We found an increase in the free radicals scavenging as 
the D. oil concentration was increased (Fig. 1a, b). The  IC50 
values for DPPH and ABTS assays were 71.35 ±1.06 μg/
ml and 61.01 ± 1.07 μg/ml, respectively. Previously, anti-
oxidant potential of the leaves and seeds extracts of D. 
stramonium have been reported (Ananth and Rajan 2015; 
Iqbal et al. 2017). Antioxidant potential of the D. oil could 
be attributed to the active constituents like β-eudesmol and 
Neophytadiene. β eudesmol has been reported for scaveng-
ing intracellular ROS (Kim, 2018). Neophytadiene is also 
known for its anti-inflammatory and antioxidant compound 
(Santos et al. 2013).

D. oil exhibit anti‑inflammatory activity

In vitro anti-inflammatory activity of D. oil was analyzed by 
RBC membrane stabilization and BSA denaturation method. 
The RBC membrane stabilization has been widely used to 
study the in vitro anti-inflammatory activity as erythrocyte 
membrane is analogous to the lysosomal membrane and its 
stabilization implies that the tested drug is capable of sta-
bilizing lysosomal membranes (Anosike et al. 2012). D. oil 
was found to stabilize RBC membrane in a concentration 
dependent manner  (IC50 68.92 ± 1.08 μg/ml) (Fig. 1c) Addi-
tionally, D. oil was capable of inhibiting the albumin dena-
turation  (IC50 91.30 ± 1.14 μg/ml) (Fig. 1d). Earlier, essen-
tial oils (leaves and seeds) of D. stramonium have shown 
significant anti-inflammatory properties in the rat model 
possibly due to the presence of phytol as one of the major 
components in leaves essential oil (Aboluwodi et al. 2017). 
Furthermore, the anti-inflammatory effects of eudesmol have 
also been reported previously (Seo et al. 2011).

The production of NO by immune cells has been used 
as an indicator for the presence and extent of inflammation 
in various diseases like arteriosclerosis, ischemic reperfu-
sion, hypertension and septic shock (Pacher et al. 2007). 
We found that D. oil inhibited NO production by LPS-acti-
vated macrophage cells (Fig. 1e). The maximum NO pro-
duction inhibition (52.43%) by D. oil was observed after 
24 h of incubation. One of the components of essential 
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oil, damascenone and its derivatives have been reported to 
inhibit LPS-induced nitric oxide synthase activity in Raw 
264.7 macrophages (Gerhauser et al. 2009). Moreover, D. 
oil displayed nontoxic effects on J774A.1 macrophages at a 
concentration range of 25–200 μg/ml. The results revealed 
that even at the highest concentration (200 μg/ml) of the 
D. oil, 90% macrophages were viable after 24 and 48 h of 
incubation (data not shown). Taken together, our results 
show that D. oil has strong anti-inflammatory potential 
which can be attributed to the phytoconstituents present 
in the oil.

Immunomodulatory activity of D. oil

The immunopotentiating effect of D. oil was evaluated on 
human PBMC. The microscopic images (Fig. 2a) of PBMC 
treated with D. oil clearly indicated an increased cell number 
and activation as compared to the untreated cells and Con 
A treated immune cells. The lymphocyte proliferation assay 
provided evidence to the immunostimulatory potential of the 
D. oil  (EC50 10.73 ± 1.49 μg/ml after 24 h) (Fig. 2b). This 
is the first report describing the immunoenhancing potential 
of the D. oil which could be due to the bioactive molecules 
present in the essential oil. Previously, it had been shown 
that D. stramonium leaves extract exhibited immunostimula-
tory potential on human lymphocytes (Gupta et al. 2016).

Cytokine analysis

The production of IL-2, IFN-γ, and TNF-α were ana-
lyzed after treating human PBMC with D. oil. The results 
revealed that D. oil significantly enhanced the secretion of 
IL-2, IFN-γ and TNF-α after 24 and 48 h of incubation as 
compared to the untreated PBMC (Fig. 3). Cytokines are 
major regulators of immune systems which control prolif-
eration, differentiation, effector functions, and survival of 
leukocytes. IL-2 promotes the clonal expansion of antigen-
activated  CT8+ T cells and acts as growth factor for  CD4+ 
T cells as well as NK cell proliferation (Boyman and Sprent 
2012). IFN-ℽ and TNF-α play a vital role in the anti-tumor 
responses mediated through the activation of T-effector 
cells, macrophages and NK cells (Valencia et al. 2006).

Immune cells profiling (CD3, CD8, CD56)

The immunoenhancing potential of D. oil was further 
validated by analyzing expression of cell surface mark-
ers on activated PBMC. D. oil significantly up-regulated 
the expression of CD3 (59.6%), CD8 (24%), and CD56 
(11.5%) marker on PBMC at the concentration of 10 μg/
ml as compared to untreated PBMC (Fig. 4).  CD8+ T cells 
and CD  56+ NK cells are effective in eliminating self-
cells especially those infected with a cytosolic pathogen 
and cancer cells (Taniguchi et al. 2003). These cells are 

Table 1  The main chemical 
composition and content 
of essential oil from D. 
stramonium 

S. no RT Area% Chemical compound

1 4.529 0.87 Heptane, 2-methyl
2 6.471 12.44 Hexanol
3 13.249 3.24 2-Nonen-4-one
4 15.433 1.45 Safranal
5 16.000 1.04 Cyclocitral
6 17.775 1.96 Nonanoic acid, Pelargic acid,
7 17.876 1.32 Nonanoic acid, Decanoic acid
8 18.450 1.68 Carvacryl acetate
9 20.343 9.67 β Damascenone
10 20.434 2.33 Murrolene
11 21.293 0.25 Caryophyllene
12 22.819 2.88 β Ionone
13 25.028 1.39 Propan-2-one

1- [4- (1,1-dimethylethyl) phenyl]-
14 25.720 1.33 l,6,6-trimethyl-9-isopropenyl- 10-oxatricyclo

d ec-Valerenal
15 26.095 1.85 1-Naphthalenol

1,2,3,4,4,7,8,8-octahydro-2
4,5,8-tetramethyl-
Formate

16 26.262 1.02 β-Maaleine
17 26.753 7.20 β Eudesmol
18 35.657 10.76 Neophytadiene, Phytol accetate



3 Biotech (2020) 10:451 

1 3

Page 7 of 14 451

known to eliminate target cells directly through cell-medi-
ated cytotoxicity (Lanier 2008). Earlier, Datura witha-
nolides had been reported to have immunostimulatory 

effects on murine model via CD4/CD8 cells activation 
and release of IL-2 and TNF- α (Bhat et al. 2005).

Fig. 1  a–e Antioxidant effect of D. oil as measured by ABTS assay 
(a) and DPPH assay (b) using various concentrations (10-80  µg/
ml). The anti-inflammatory effect of D. oil analyzed by RBC mem-
brane stabilization assay (c) and BSA denaturation (d) done at dif-

ferent concentrations (10–80 µg/ml). NO production in J774. A mac-
rophage cells (e) was determined after treating with D. oil (10 µg/ml) 
for 2–24 h. The results were expressed as the percentage inhibition of 
mean ± S.E.M. (n = 3), *p < 0.05
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Intracellular Granulysin expression

Granulysin is a protein present in cytotoxic granules of 
CTL and NK cells having anti-tumor and antimicrobial 
properties (Pena et al. 1997). Both biologic and clini-
cal studies strongly suggested that enhanced granuly-
sin expression act as an immunomarker for anti-tumor 
immune responses and cancer cell killing capacity of 
human lymphocytes (Clayberger and Krensky 2003). 
D. oil enhanced the intracellular granulysin expression 
(46.9%) of human lymphocytes after 48 h of treatment 
as compared to untreated PBMC (2.66%) (Fig. 5). After 
72 h of treatment with D. oil, 26.2% of lymphocytes were 
granulysin positive as compared to 4.76% granulysin posi-
tive cells in untreated PBMC. When killer lymphocytes 
recognize infected or cancerous cells, they release these 
cytotoxic granules that contain cytolytic proteins like per-
forins and granzymes which are co-expressed with gran-
ulysin. The release of granule content accounts for the 
cytotoxic activity of CD8 effector T cells and NK cells 

which help in lysing the target cells by making pores in 
the lipid membrane (Gamen et al. 1998). These results 
show that the D. oil components are capable of modulating 
expression of granulysin, an immunomarker of activated 
human lymphocytes.

Co‑culture of Human PBMC with cancer cells

To mimic in vivo conditions, cancer cells (target) were 
incubated with activated lymphocytes (effector) to analyze 
lymphocytes mediated cancer cell death. Two colon can-
cer cell lines (HCT-116 and SW620) were used as target 
cells and were co-cultured with D. oil activated lympho-
cytes at various E:T ratios for 48 h. The results revealed 
that with the increase in E:T ratios from 2.5:1 to 20:1, 
there was an increase in the target cell death (Fig. 7). The 
microscopic analysis also showed enhanced cancer cells 
death following co-incubation with D. oil treated PBMC as 
compared to the untreated PBMC or Con A treated PBMC 
(Fig. 6a–h). As shown in Fig. 7, D. oil pretreated PBL 

Fig. 2  Microscopic investigation (20 ×) of immuno-proliferation 
activity of 10 µg/ml D. oil on human PBMC after 24 h of treatment 
(a). Untreated PBMC and Con A treated PBMC were taken as nega-
tive and positive controls, respectively. Effect of D. oil (10–80  µg/

ml) on proliferation of human PBMC after 24 and 48 h was analyzed 
by MTT assay. The values were expressed as mean ± S.E.M of three 
independent observations done in triplicates, *p < 0.05 was consid-
ered as significant value
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exhibited maximum cytotoxicity towards HCT-116 (51.09 
± 7.5%) and SW620 (48.57 ± 8.08%) at 20:1 ratio. The 
results confirmed that D. oil constituents were capable of 
activating the cytolytic properties of human lymphocytes 
towards colon cancer cells.

Co‑culture of Human PBMC with cancer cells for ROS 
and MMP determination

Cytolytic activity requires direct cell–cell contact, which 
results in apoptosis of target cells. To elucidate the apoptotic 
pathways induced in target cells via D. oil activated lym-
phocytes, ROS generation and mitochondrial perturbation 
were analyzed in cancer cells. The intracellular ROS levels 
of cancer cells (HCT-116 and SW620 cells) was investigated 

after co-culturing these cells with D. oil activated lympho-
cytes for 4 h. At 10:1 (E:T) ratio, the ROS generation was 
found to be increased by fourfold in HCT-116 and threefold 
in SW620 cells as compared to target cells co-incubated with 
untreated lymphocytes (Fig. 8).

Mitochondrial membrane depolarization was examined 
in target cells after incubating with D. oil activated lym-
phocytes (Fig. 9). A significant decrease in Rh 123 fluo-
rescence was found in HCT-116 and SW620 cells co-cul-
tured with PBMC activated with D. oil depicting increased 
mitochondrial damage in these cells as compared to target 
cells co-cultured with untreated effector cells. Mitochon-
drial perturbation and hyperproduction of ROS have been 
shown to induce cell death in cancer cells. (Kroemer et al. 
1995, Ricci et al. 2003). Taken together, the current data 

Fig. 3  Induction of cytokines (IL-2, IFN-γ and TNF-α) measured after 24 and 48 h treatment of human PBMC with expressed as mean ± SEM 
(n=2) *p < 0.05
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Fig. 4  FACS analysis showing percentage of the cells expressing 
CD3, CD8 and CD56 markers on human PBMC after 48 h of treat-
ment with D. oil at 10  μg/ml. Untreated PBMC (control) and Con 

A were taken as negative and positive controls, respectively. Data 
shown here is representative of three different experiments

Fig. 5  Intracellular granulysin expression analysis in human PBMC 
after 48 and 72  h of treatment with D. oil at 10  μg/ml. Untreated 
PBMC (control) and Con A treated PBMC were taken as negative 
and positive controls, respectively. Treated PBMC were fixed, per-

meabilized and probed with anti-granulysin antibody. Followed by 
treatment with secondary antibody (anti-rabbit IgG Allophycocyanin) 
and flow cytometry analysis. Results were expressed as percentage of 
granulysin positive cells
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clearly demonstrated the immunoenhancing potential of D. 
oil which can stimulate cytolytic properties of human lym-
phocytes against colon cancer cells.

Conclusion

GC-MS analysis revealed phytol acetate, β-damascenone 
and β-eudesmol as major compounds present in D. oil 
which might be responsible for free radicals scavenging, 
anti-inflammatory and immunostimulatory potential of D. 
oil. The D. oil was found to possess immunoenhancing 

activity which lead to an enhanced cell proliferation, 
increase in cytokine production, cell surface markers and 
cytolytic potential of peripheral blood lymphocytes. The 
activation of lymphocytes was also validated via height-
ened granulysin expression which is an immunomarker 
for the cancer killing capabilities of the lymphocytes. 
Moreover, D. oil activated immune cells are capable of 
inducing apoptosis in target cells by ROS generation and 
mitochondrial depolarization. In summary, D. oil could 
be explored as a potential new source of natural antioxi-
dant, anti-inflammatory and immunomodulatory agent for 
cancer therapy.

Fig. 6  Microscopic images (20 ×) depicting cytolytic activity of 
activated PBMC towards HCT-116 (a–d) and SW620 (e–h) cancer 
cells. Unactivated PBMC (PBL) or PBMC preincubated with Con A 

(10 μg/ml) and D. oil (10 μg/ml) for 48 h were co-cultured with can-
cer cells to analyse their cancer cells killing efficiency. Cancer cells 
alone (a and e) were used to evaluate the natural cell death

Fig. 7  a, b Cytolytic activity of stimulated PBMC towards human 
cancer cells was analyzed by MTT assay. Untreated PBMC, Con A 
(10  μg/ml) and D. oil (10  μg/ml) treated PBMC, were co-cultured 

with HCT-116 (a) and SW620 cells (b) for 24 h at different E:T ratios 
(2.5:1 to 20:1). The results were expressed as mean ± SEM of per-
centage cell death (n = 3), *p < 0.05 was considered as significant
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Fig. 8  Effect of D. oil stimulated effector cells on the generation of 
ROS in HCT-116 (a) and SW620 (b) cells. Human PBMC were incu-
bated with cancer cells at 10: 1 E:T ratio for 4 h. Cells were stained 
with DCFDA and fluorescence was measured. Untreated PBMC and 

Con A treated PBMC were used as negative and positive controls, 
respectively. Results were expressed as mean ± SEM from two simi-
lar experiments, *p < 0.05 is considered as significant

Fig. 9  Analysis of the mitochondrial membrane depolarization in tar-
get cells (HCT-116 and SW620 cells). Target cells were co-cultured 
with D. oil (10 μg/ml) activated PBMC at 10: 1 (E:T ratio) for 12 h. 
Mitochondrial damage was analyzed by staining cancer cells with Rh 

123 and analyzed by flow cytometry after gating  CTFR+ target cells. 
Untreated PBMC and Con A pretreated PBMC were used as negative 
and positive controls, respectively. Representative flow diagrams are 
shown here from two similar experiments
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