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Implication for health policy/practice/research/medical education:
The alkaloid fraction of Carica papaya L. leaves demonstrated significant antioxidant, cytotoxicity, and anti-inflammatory 
properties at non-toxic concentrations, highlighting its potential phytopharmaceutical application in managing these 
pathophysiological conditions.
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Introduction: Carica papaya L. leaf alkaloids have gained pharmacological interest for 
their anti-thrombocytopenic activity. Inflammation and oxidative stress exacerbate disease 
severity. This study evaluated the in vitro antioxidant, cytotoxicity, and anti-inflammatory 
activities of the alkaloid fraction of C. papaya leaves.
Methods: The alkaloid fraction was isolated and analyzed using ultra-performance liquid 
chromatography-quadrupole time-of-flight mass spectrometry (UPLC-QTOF-MS/MS) and 
Fourier transform infrared (FTIR) spectroscopy. Antioxidant potential was evaluated by the 
2,2-diphenyl-1-picrylhydrazyl (DPPH) and ferric-reducing antioxidant power (FRAP) assays. 
Cytotoxicity was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay. Anti-inflammatory potential was assessed by quantifying 
cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS) activities, and cellular 
nitrite levels in LPS-stimulated RAW 264.7 macrophage cells. In silico analysis was performed 
to assess the binding interactions of alkaloid compounds with COX-2 and iNOS.
Results: Carpaine and carpamic acid were identified as potential alkaloid compounds. DPPH 
assay demonstrated concentration-dependent antioxidant activity (IC50 = 0.77 (0.06) mg/mL), 
and FRAP assay showed potential ferric-ion-reducing ability. COX-2 and iNOS activities were 
significantly decreased (P < 0.01) with IC50 values of 31.02 (4.53) μg/mL and 28.85 (3.27) μg/
mL, respectively. Nitric oxide production decreased in a concentration-dependent manner (P 
< 0.01). In silico analysis revealed that carpamic acid had a stronger binding affinity for iNOS 
and COX-2 compared to carpaine. MTT assay demonstrated cytotoxicity with an LC₅₀ of 
49.69 (0.89) μg/mL and a favorable selectivity index.
Conclusion: The alkaloid fraction of C. papaya leaves exhibits significant antioxidant, 
cytotoxicity, and anti-inflammatory activities at non-toxic concentrations. Further in vivo 
studies are needed to validate and expand on the current findings.
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Introduction
Carica papaya L. is widely cultivated in subtropical and 
tropical countries for its fruit (1). Traditionally, its leaf 
preparations have been used against ulcers, hypertension, 
diabetes, bacterial infections, dengue, malaria, and 
constipation (2). Among its diverse therapeutic potentials, 
several studies have highlighted the role of crude C. 
papaya leaf extracts in addressing thrombocytopenia by 
enhancing platelet production and modulating immune 
responses (3-5).

Carica papaya leaves are rich in pharmacologically 
important secondary metabolites, including phenols, 
glycosides, steroids, flavonoids, saponins, tannins, and 
alkaloids. Alkaloids in papaya leaves have demonstrated 
significant bioactivities (2). They have been previously 
studied for their cardioprotective and spasmolytic effects 
(6). In another study, C. papaya alkaloids demonstrated 
a significant in vitro anti-plasmodial activity (7). They 
have also been shown to promote the proliferation of 
H9c2 cardiomyocytes through FAK-ERK1/2 and FAK-
AKT signalling pathways (8). Alkaloids from C. papaya 
leaves have recently gained significant therapeutic 
interest for their anti-thrombocytopenic property (9). 
However, their potential in mitigating oxidative stress 
and inflammation has not been much explored. Oxidative 
stress and inflammation are involved in the progression 
and severity of pathophysiological conditions, such as 
thrombocytopenia. Inflammatory responses exacerbate 
thrombocytopenic conditions by causing endothelial 
dysfunction and increasing vascular permeability, thereby 
triggering bleeding (10). One of the common causes 
of thrombocytopenia is dengue virus infection (11). In 
severe dengue infection, a cytokine storm contributes 
to disease severity by intensifying inflammatory and 
oxidative stress responses (12). An altered cytokine profile 
in dengue patients impairs the stromal cells and bone 
marrow function, leading to thrombocytopenia (13). 
Inflammation also leads to increased peripheral platelet 
destruction (14). Therefore, mitigating free radical 
production and inflammation is crucial for managing 
thrombocytopenic conditions and preventing associated 
complications. This study aimed to isolate and characterize 
the alkaloid fraction from C. papaya leaf and evaluate its 
in vitro antioxidant and anti-inflammatory potential.

Materials and Methods
Cell lines, chemicals, and reagents
RAW 264.7 macrophage cells were procured from the 
National Centre for Cell Sciences, Pune, India. DPPH, 
lipopolysaccharide (LPS), dimethyl sulfoxide (DMSO), 
MTT, calcium chloride, ascorbic acid, trichloroacetic acid, 
and Dulbecco’s modified Eagle’s medium (DMEM) were 
purchased from Sigma Aldrich, USA. All other analytical 
grade solvents and chemicals were purchased from Merck, 
Germany. 

Plant material and preparation of alkaloid fraction
Mature leaves of Carica papaya L. were collected from the 
Jubilee Mission Medical College Garden, Thrissur, Kerala, 
and authenticated (voucher specimen no: 123770; Calicut 
University herbarium). C. papaya leaf alkaloid fraction 
(CPL-AL) was isolated as previously described (15). 
Alkaloids were detected using Dragendorff ’s reagent.
 
Ultra-performance liquid chromatography-quadrupole 
time-of-flight mass spectrometry 
Chemical composition of CPL-AL was analyzed using 
UPLC-Q-TOF-MS/MS analysis. Chromatographic 
separation was conducted using an Acquity UPLC BEH 
C18 column (50 mm × 2.1 mm × 1.7 µm) from Waters 
connected to an Xevo G2QTOF mass spectrometer with 
an electrospray ionization source. The mobile phase 
consisted of 0.1% formic acid in water (mobile phase A) 
and acetonitrile (mobile phase B), with a gradient of 95:5 
at 0 minutes, 5:95 at 6 minutes, and then 95:5 at 9 minutes 
(flow rate, 300 µL/min). The m/z scan range was from 50 
to 1000. The collision energy range was 5-30 eV. Gas flow 
(nitrogen) was at a rate of 900 L/h at a temperature of 350 
°C. MassLynx software (v4.1) was used for data acquisition 
and analysis (16). The compounds were further identified 
using the ChemSpider and PubChem databases, and their 
elemental composition and accurate mass were compared 
with previously reported values.

Fourier transform infrared spectroscopy (FTIR) 
FTIR analysis of CPL-AL was performed using a 
Thermo Nicolet iS50 FTIR spectrometer (Thermo Fisher 
Scientific, USA) in the spectral range of 4000–100 cm⁻¹, 
and a spectral resolution of 0.2 cm-1. CPL-AL was coated 
on a KBr pellet for the analysis. The peak values were used 
to identify functional groups.

Antioxidant assays
2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay
DPPH (100 µL of 500 μM) was mixed with 100 µL of 
CPL-AL (0.1 mg/mL to 1.6 mg/mL) and incubated in the 
dark at room temperature for 30 minutes. DPPH without 
CPL-AL served as the negative control. Ascorbic acid (0.2 
mg/mL) was used as the reference standard. Absorbance 
was measured at 517 nm using a Tecan Infinite 200 Pro 
multimode plate reader (16). The percentage DPPH 
inhibition was calculated as:

( ) % 100
Absorbanceof control Absorbanceof sample

DPPH inhibition
Absorbanceof control

−
= ×

Ferric-reducing antioxidant power (FRAP) assay 
The FRAP assay was used to assess the reducing potential 
of CPL-AL (16). 100 μL of CPL-AL (0.1 to 1.6 mg/mL) 
was incubated with 100 μL of 1% potassium ferricyanide 
for 20 minutes at room temperature. Subsequently, 70 μL 
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of 0.1% ferric chloride was added, and the mixture was 
incubated for 5 minutes. The absorbance of the samples 
was measured at 700 nm using a multimode reader. The 
results were expressed as ascorbic acid equivalent (AAE) 
in μg/mL.

Cytotoxicity assay
The RAW 264.7 macrophage cells were suspended in 
10% growth medium and seeded in tissue culture plates 
at a density of 5 × 10³ cells per well, followed by 24 hours 
of incubation. Cells were then incubated with different 
concentrations of CPL-AL dissolved in DMEM (6.25-100 
µg/mL), each in triplicate, and incubated for an additional 
24 hours. After treatment, 5 mg/mL (10 µL) MTT solution 
was added and incubated at 37 °C (4 hours). Following 
incubation, the formazan crystals formed were solubilized 
in DMSO (100 µL). Untreated cells served as the negative 
control. The absorbance was measured at 570 nm in a 
microplate reader (17). The cell viability was calculated as: 

  % 100Absorbanceof sampleCell viability
Absorbanceof control

= ×

Anti-inflammatory assays
For anti-inflammatory assays, 5 × 10³ cells/well were 
activated with 1 µg/mL LPS (1 µL), followed by treatment 
with non-toxic concentrations of CPL-AL for 24 hours, 
except in the negative control. The cell lysates were 
collected for subsequent anti-inflammatory assays (18). 
Diclofenac was used as the reference standard.

Cyclooxygenase-2 activity
The cyclooxygenase-2 (COX-2) inhibition was determined 
as described previously, with minor modifications (19). 
5mM hemoglobin, Tris-HCl buffer (pH 8), and 5mM 
glutathione were added to the cell lysate (100 µL) and 
incubated at 25 °C for 1 minute. 200 mM arachidonic acid 
was added to initiate the reaction, followed by 20 minutes 
of incubation at 37 °C. 10% trichloroacetic acid (200 µL) 
was added to terminate the reaction. After centrifugation, 
1% thio-barbituric acid (200 µL) was added, and the tubes 
were boiled for 20 minutes, cooled, and centrifuged for 
3 minutes at 1000 rpm. COX-2 activity was evaluated by 
measuring absorbance at 632 nm and calculated as:

( )Absorbanceof control-Absorbanceof sample
COX-2 inhibition%= ×100

Absorbanceof control

Inducible nitric oxide synthase activity
The cell lysate was homogenized in 100 mM (2 mL) 
HEPES buffer (pH 7.5). The reaction mixture (0.1 mL 
each) consists of 2 µM L-arginine, 1mM NADPH, 4 µM 
manganese chloride, 10mM dithiothreitol (DTT), 4 µmM 
tetrahydropterin, 10 µM oxygenated hemoglobin, and cell 
lysate. After incubating for 15 minutes, the absorbance 

was measured at 401 nm (20). The percentage of iNOS 
inhibition was determined as: 

( )Absorbanceof control-Absorbanceof sample
iNOS inhibition%= ×100

Absorbanceof control

Estimation of cellular nitrite levels 
Cellular nitrite levels were determined according to 
Lepoivre et al, with minor modifications (21). Cell lysate 
(0.5 mL) was mixed with 3% sulfosalicylic acid (0.1 mL), 
vortexed for 30 minutes, and then centrifuged at 5000 rpm 
for 15 minutes. The protein-free supernatant (200 μL) was 
mixed with 10% NaOH (30 μL) and Tris-HCl buffer (300 
μL), followed by the addition of 530 μL of Griess reagent. 
The mixture was incubated in the dark for 15 minutes. 
The absorbance was measured at 540 nm. Sodium nitrite 
was used as the standard, and the nitrite levels were 
estimated from the standard curve. Griess reagent served 
as the blank.

The selectivity index (SI) of CPL-AL for COX-2 and 
iNOS inhibition was calculated by dividing the cytotoxicity 
by the anti-inflammatory effectiveness to ascertain the 
efficacy of CPL-AL (22).

In silico analysis
Molecular docking was performed to elucidate the 
inhibitory mechanism of compounds in CPL-AL against 
COX-2 and iNOS. The crystal structure of human COX-2 
(PDB ID: 5IKQ) and human iNOS heme domain (PDB 
ID: 4CX7) were selected for docking. Each protein was 
prepared using the Protein Preparation Wizard by adding 
hydrogen and other missing atoms and removing water 
molecules. The hydrogen bond network was optimized, 
and restrained energy minimization was performed 
using the OPLS3 force field. Prepared ligands were 
docked using the extra precision (XP) docking protocol 
in the Schrödinger Maestro program. The free energies 
of binding of the docked complexes were subsequently 
calculated using Prime MM-GBSA.

Molecular dynamics simulation (MDS) was performed 
using the GPU-enabled Desmond program to assess the 
stability and dynamic behavior of the ligands within the 
active sites of COX-2 and iNOS. Prior to simulations, each 
protein–ligand complex was prepared with the System 
Builder tool in Desmond. The complexes were placed in 
an orthorhombic box of 9 × 9 × 9 Å and solvated using the 
TIP3P explicit water model. Sodium or chloride ions were 
also added as counter-ions to neutralize the system. The 
simulations were carried out for 250 ns using the OPLS-
2005 force field, with trajectories recorded every 250 ps. 
All simulations were performed under an NPT ensemble 
at 300 K and 1.01 (23,24). 

Data analysis
All in vitro experiments were performed in triplicate. The 
data were presented as median with interquartile range 

http://www.herbmedpharmacol.com


      Journal of Herbmed Pharmacology, Volume 15, Number 1, January 2026http://www.herbmedpharmacol.com 69

Carica papaya leaf alkaloids: bioactivities

(IQR). Lethal concentration 50 (LC50) and inhibitory 
concentration at 50% (IC50) were determined using ED50 
PLUS V1.0 software. The analysis was performed using 
GraphPad Prism version 10.5.0 (774), and statistical 
significance was determined by the Kruskal–Wallis test 
followed by Dunn’s post-hoc multiple comparisons test. 
P < 0.05 was considered statistically significant.

Results
Yield and phytochemical composition 
The percentage yield of CPL-AL was 0.78% w/w. It was 
obtained as a sticky, dark yellow solid mass. UPLC-Q-
TOF-MS/MS analysis revealed the presence of 7 nitrogen-
containing compounds, among which carpaine, carpamic 
acid, methyl carpamate, and 6-(8-methoxy-8-oxooctyl)-2-
methylpiperidine-3-yl8-(5-hydroxy-6-methylpiperidine-
2-yl) octanoate were identified. Carpaine and carpamic acid 
were identified by MassLynx software. Methyl carpamate 
and 6-(8-methoxy-8-oxooctyl)-2-methylpiperidine-3-yl 
8-(5-hydroxy-6 methylpiperidine-2-yl) octanoate were 
identified using previous literature (7). All compounds 
were detected in the positive ionization mode (Table 1).

FTIR spectral analysis 
FTIR spectrum of CPL-AL showed 9 prominent peaks. 
The functional groups identified included O-H, C-H, 
C=O, N-H, C-N, and C-O (Table 2). 

Antioxidant activity
The antioxidant activity of CPL-AL was estimated using 
the DPPH assay. The percentage of DPPH scavenging 
was found to be concentration-dependent (Figure 1A). 
CPL-AL showed significant DPPH inhibition compared 
to the negative control (P < 0.01), with an IC50 value of 
0.77 (0.06) mg/mL. The reference standard ascorbic acid 
showed 96% activity at a concentration of 0.2 mg/mL.

The FRAP assay evaluated the ability of compounds to 
reduce a Fe3+ complex in the FRAP reagent to Fe2+. An 
increase in absorbance indicated an increased reduction 

Table 1. Phytochemical composition of Carica papaya L. leaf alkaloid fraction

RT (min) m/z Molecular  formula Proposed compound Main fragments

2.88 258 C14H27NO3 Carpamic acid 258, 240, 222, 109

3.108 479 C28H50N2O4 Carpaine 461, 240, 222, 98

3.188 272 C15H29NO3 Methyl carpamate 254, 240, 222, 95, 70

3.43 511 C29H54N2O5 6-(8-Methoxy-8 oxooctyl)-2-methylpiperidine-3-yl8-(5 
hydroxy-6 methylpiperidine-2-yl) octanoate 258, 254, 186, 70

3.673 495 C28H50N2O5 Unidentified 477, 391, 279, 222

3.796 565 C35H52N2O4 Unidentified 344, 326, 240, 129

4.13 358 C22H31NO3 Unidentified 340, 326, 306, 248, 183, 129

Analysis was performed by ultra-performance liquid chromatography-quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF-MS/MS). RT: 
retention time in minutes; m/z:  mass/charge ratio. All compounds were detected in the positive ionization mode.

Table 2. Fourier transform infrared (FTIR) analysis of Carica papaya L. leaf 
alkaloid fraction

Wave numbers (cm-1) Functional groups Compound class

3322.70 O-H Carboxylic acid
2923.82 C-H stretch Alkane

2853.51 C-H stretch Alkane

1727.03 C=O stretch Ester

1590.85 N-H bend Amine

1443.22 O-H bend Carboxylic acid

1376.02 O-H bend Alcohol

1247.47 C-N stretch Amine
1050.67 C-O stretch Ester

of ferrous ions. The reducing ability of CPL-AL was 
found to be concentration-dependent (Figure 1B).

Cytotoxicity analysis
Cytotoxicity of CPL-AL was determined by MTT assay 
on the RAW 264.7 macrophage cell line. The cell viability 
decreased in a concentration-dependent manner over 
the range of 6.25-100 μg/mL (Figure 2A). LC50 was found 
to be 49.69 (0.89) µg/mL. Concentrations maintaining 
above 80% cell viability (3.12, 6.25, and 12.5 µg/mL) were 
selected for assessing the anti-inflammatory potential.

Anti-inflammatory activity
The anti-inflammatory activity of CPL-AL was evaluated 
by examining its influence on COX-2 activity, iNOS 
expression, and cellular nitrite production in LPS-
stimulated RAW 264.7 macrophage cell line. CPL-
AL reduced COX-2 activity compared to the negative 
control with a significant difference at the highest chosen 
concentration (P < 0.01) (Figure 2B). The IC50 value of CPL-
AL was 31.02 (4.53) µg/mL, which was comparable (P > 
0.05) to that of NSAID (non-steroidal anti-inflammatory 
drug) diclofenac (IC₅₀ value of 23.54 (1.04) µg/mL). 

Similarly, CPL-AL exhibited a marked concentration-
dependent suppression of iNOS expression (Figure 2C), 

http://www.herbmedpharmacol.com


Journal of Herbmed Pharmacology, Volume 15, Number 1, January 2026            http://www.herbmedpharmacol.com70 

J et al

showing a significant difference at the highest chosen 
concentration (P < 0.01) and an IC50 value of 28.85 (3.27) 
µg/mL. Cellular nitrite production was also significantly 
reduced in a concentration-dependent manner (Figure 
2D). The nitrite concentration in the culture supernatant 
at the highest treatment concentration showed a median 
(IQR) value of 446 (13.4) µg/mL, compared to 740.5 (22.3) 
µg/mL in the negative control, indicating a significant 
reduction (P < 0.01). CPL-AL and the standard drug 
diclofenac exhibited comparable inhibition of iNOS and 

cellular nitrite, with no significant difference between the 
two treatments (Figure 2D). 

The selectivity indices for COX-2 and iNOS inhibition 
were 1.60 and 1.72, respectively. The higher selectivity 
index (SI>1) indicates selective anti-inflammatory activity 
over cellular toxicity.

In silico analysis
Carpaine and carpamic acid (Figure 3A and 3B) were 
chosen as ligands against COX-2 and iNOS enzymes. 

Figure 1. Antioxidant activity of Carica papaya L. leaf alkaloid fraction. (A): 2, 2-diphenyl-1-picrylhydrazyl (DPPH) assay.  (B): Ferric reducing antioxidant 
power (FRAP) assay expressed as FRAP value (ascorbic acid equivalent (AAE)). **P < 0.01 and ***P < 0.001 compared to negative control (NC, 
DPPH+methanol). 0.2 mg/mL ascorbic acid served as the reference standard (RS). The assays were performed in triplicate; data are presented as median 
with interquartile range.

Figure 2. Effect of Carica papaya L. leaf alkaloid fraction (CPL-AL) on cell viability and pro-inflammatory mediators. (A) The 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay was used to evaluate cell viability. Anti-inflammatory effects of CPL-AL and diclofenac were assessed on (B) 
cyclooxygenase-2 (COX-2), (C) inducible nitric oxide synthase (iNOS), and (D) cellular nitrite. The assays were performed in triplicate; data are presented 
as median with interquartile range. **P < 0.01 compared to negative control (NC, lipopolysaccharide (LPS) alone). No significant difference was observed 
between diclofenac and CPL-AL.     
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Molecular docking studies revealed the distinct atomic-
level interactions of the identified alkaloids. In the case of 
COX-2, carpamic acid successfully occupied the active site 
(Figure 3C). Its carboxyl group formed stable hydrogen 
bonds with Arg120 and Tyr355 at the catalytic pocket, 
with a free energy of binding of –54 kcal/mol, indicating 
strong affinity. The piperidine moiety of carpamic acid 
was oriented within a hydrophobic core, engaging in 
additional interactions with Tyr385 and Met522. MDS 

revealed that these hydrogen bonds persisted for more 
than 90% of the trajectory, reflecting the stability of 
carpamic acid within the COX-2 active site with a low root 
mean square deviation (RMSD) value (average RMSD = 
2.07 ± 0.22 Å) (Figure 3D and 3E). In contrast, carpaine 
failed to fit within the catalytic pocket.

In the case of iNOS, both carpaine and carpamic acid 
were successfully accommodated within the enzyme’s 
binding site (Figure 4A and 4B). The binding energies 

Figure 3. Binding mode of carpamic acid with cyclooxygenase-2 (COX-2). (A) and (B): The chemical structures of carpamic acid and carpaine, respectively. 
(C) The binding mode of carpamic acid within the COX-2 active site is depicted, with the ligand represented as yellow sticks and the protein as a salmon-
coloured cartoon. (D) The interaction profile of key residues with carpamic acid. Darker shades indicate residues forming multiple specific contacts with the 
ligand. (E) Root Mean Square Deviation (RMSD) profile of carpamic acid.

Figure 4. Binding modes of alkaloids with inducible nitric oxide synthase (iNOS). (A) and (B) show binding modes of carpaine and carpamic acid (CA), 
respectively, within the iNOS active site. The protein is depicted as a salmon-coloured cartoon, while the ligands are represented by white sticks. The 
heme prosthetic group and the tetrahydrobiopterin cofactor are represented as yellow and green sticks, respectively. (C)  represents the root mean square 
deviation (RMSD) profiles of both alkaloids within the iNOS active site. Specific residue–ligand contact maps for carpaine (D) and carpamic acid (E), where 
darker shades denote residues exhibiting multiple persistent interactions.
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of carpaine and carpamic acid were –60.40 and –64.21 
kcal/mol, respectively. Carpaine established hydrogen 
bonds with Gln263, Glu377, and Arg388. The ligand 
also made contact with the heme moiety through one 
of its piperidine nitrogen atoms. Carpamic acid formed 
highly persistent hydrogen bonds with Glu377, Arg388, 
and Arg266, indicating a well-stabilized interaction 
network. MDS revealed that carpaine underwent an initial 
conformational adjustment before stabilizing (RMSD ~2.5 
Å) (Figure 4C), with key interactions persisting for over 
80% of the simulation time (Figure 4D). Carpamic acid 
exhibited stronger and more stable binding within the 
iNOS active site (RMSD of ~1.25 Å) with key interactions 
persisting for over 72% of the simulation time (Figure 4C 
and 4E).

Discussion
The significance of exploring the antioxidant and anti-
inflammatory properties of CPL-AL extends to its health-
related applications, particularly during disease conditions 
like dengue fever (25). One of the key contributors to 
dengue disease pathogenesis is reactive oxygen species 
(ROS), which accumulate within infected cells shortly 
after virus entry. In severe conditions, oxidative stress 
is accompanied by the release of elevated amounts of 
proinflammatory cytokines in the blood, exacerbating the 
inflammatory response (26,27).

Dietary intake of natural small-molecule antioxidants is 
reported to have health benefits against oxidative stress-
induced disorders (28,29). The antioxidant properties of 
papaya leaves have been attributed to their phenolics and 
flavonoids, which are correlated with their aromatic nature 
and the presence of hydroxyl groups (16,30,31). However, 
the antioxidant properties of C. papaya leaf alkaloids 
remain underexplored as per the existing literature. In 
the present investigation, CPL-AL exhibited significant 
DPPH scavenging activity, although its IC50 value was 
higher than that of the flavonoid fraction from papaya 
leaves (16). FRAP assay demonstrated a concentration-
dependent increase in absorbance, indicating the metal-
reducing potential of CPL-AL. This further ascertains the 
antioxidant property of CPL-AL.

The major structural motif of potential antioxidant 
molecules includes the presence of hydroxyl groups, 
carboxylic acid groups, amino groups, isoprenoid groups, 
and thiol groups (28,32). In our study, compounds 
associated with the observed bioactivity were analysed 
using UPLC-QTOF-MS/MS. Among the identified 
compounds, carpaine and carpamic acid have been 
reported for their natural occurrence. Carpaine belongs 
to the piperidine class of alkaloids, characterized by 
two identical piperidine rings linked together by two 
ester groups (6). In contrast, methyl carpamate and 
6-(8-Methoxy-8-oxooctyl)-2-methylpiperidine-3-yl8-(5-
hydroxy-6-methylpiperidin-2-yl) octanoate are reported 

as degradation products of carpamic acid or carpaine 
and are structurally closely related to carpaine (7). FTIR 
spectral analysis identified the functional groups of 
compounds in CPL-AL. The observed O-H stretching and 
bending vibrations could be attributed to the carboxylic 
acid moiety of carpamic acid, while C=O can be attributed 
to the lactone structure of carpaine. N-H, C-H, C-O and 
C-N vibrations can be attributed to both carpaine and 
carpamic acid (33). As carpaine lacks a hydroxyl group 
in its structure, the plausible explanation for the observed 
antioxidant activity could be due to the secondary amino 
(-NH) group of carpaine and the carboxylic acid (-COOH) 
group of carpamic acid.

The anti-inflammatory potential of CPL-AL was assessed 
using multiple parameters. Compounds that are capable 
of modulating various pro-inflammatory mediators in 
activated macrophages are of considerable pharmaceutical 
applications (34). In the present study, CPL-AL treatment 
exhibited concentration-dependent downregulation of 
key mediators of inflammation, including COX-2, iNOS, 
and cellular nitric oxide. CPL-AL significantly inhibited 
COX-2 activity in LPS-stimulated macrophages with an 
IC50 comparable to that of the standard drug diclofenac 
(P >0.05), making it a potential candidate for COX-2 
inhibition. 

Overproduction of cellular nitrite leads to tissue 
damage and oxidative stress, which in turn fuels chronic 
inflammation (34). Notably, during conditions such 
as dengue virus infection, elevated proinflammatory 
responses, including iNOS and nitrite production, can 
lead to endothelial cell damage and vascular leakage, 
which can be fatal (35,36). CPL-AL significantly decreased 
iNOS activity and nitrite production in a concentration-
dependent manner, supporting its anti-inflammatory 
potential. 

Molecular docking and MDS revealed that carpamic 
acid formed more stable hydrogen bonds with COX-2 and 
iNOS. Carpaine could not occupy the active site of COX-
2, likely due to its macrocyclic structure, which introduced 
significant steric hindrance and reduced its compatibility 
with the COX-2 binding cavity (37). The lower IC₅₀ 
value of CPL-AL towards iNOS may be attributed to the 
interaction of both the alkaloid compounds within the 
iNOS active site, leading to the suppression of downstream 
pro-inflammatory mediators.

MTT assay showed that the cytotoxicity of CPL-AL had 
an LC₅₀ of 49.69 µg/mL. The selectivity index of CPL-AL 
for COX-2 and iNOS inhibition falls under the favorable 
category in drug development (SI>1), making it a potential 
candidate for treating inflammation (22). 

Conclusion
The present study demonstrated the antioxidant and 
anti-inflammatory potential of C. papaya L. leaf alkaloid 
fraction in in vitro conditions. UPLC-Q-TOF-MS/
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MS analysis identified that carpaine and carpamic acid 
could be the potential alkaloid compounds. The alkaloid 
fraction demonstrated significant antioxidant and anti-
inflammatory potential, indicating its therapeutic relevance 
in managing disease conditions such as thrombocytopenia. 
In silico analysis revealed that hydrogen bonding was the 
predominant mode of interaction between the alkaloid 
compounds and the pro-inflammatory enzymes COX-
2 and iNOS. Carpamic acid demonstrated a stronger 
binding affinity towards both enzymes than carpaine. The 
selectivity index of the fraction falls under the favorable 
category of drug development. Further investigation in in 
vivo models is recommended to validate its application as 
a therapeutic agent.
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