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Abstract
Background Momordica charantia is a member of the Cucurbitaceae family and has traditionally been used for medical 
nutritional therapy to cure diabetes, and its various biological properties have been reported. However, several studies have 
demonstrated that M. charantia may exert toxic or adverse effects under different conditions. In this study, we prepared an M. 
charantia extract using ultrasound-assisted extraction, which is a green technology, and verified its anti-inflammatory effects.
Objectives The aim of this study was to investigate the anti-inflammatory effects of M. charantia extract using ultrasound-
assisted extraction in LPS-induced Raw264.7 macrophages and explore the potential mechanism mediated by the MAPK/
NF-κB signaling pathway.
Results We found that the M. charantia extract was non-toxic up to a concentration of 500 μg/mL in Raw264.7 cells. We 
verified that treatment with M. charantia extract significantly reduced the production of nitric oxide and proinflammatory 
cytokines, including TNF-α, IL-1β, IL-2, and IL-6, in LPS-stimulated RAW264.7 cells. Moreover, the anti-inflammatory 
cytokine IL-10 was dramatically increased by treatment with the M. charantia extract. In addition, the phosphorylation of 
the transcription factor NF-κB, which modulates the production of inflammatory proteins, including JNK, ERK, and p38, 
was reduced by downregulation of the MAPK signaling pathway.
Conclusion These results indicate that the M. charantia extract collected using an industrial ultrasonic system is non-toxic 
and has an anti-inflammatory effect through regulation of the NF-κB and MAPK pathways, suggesting that it can act as a 
therapeutic candidate for the treatment of inflammatory diseases.
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Introduction

Cucurbitaceae has traditionally been used for medical nutri-
tional therapy and medicine in many areas (Sur et al. 2020). 
Bioactive compounds, including flavonoids, phenols, terpe-
noids, saponins, sterols, and glycosides, have been isolated 
from the fruits, leaves, and seeds of M. charantia (Jia et al. 
2017). The fruits and leaves of Momordica species are rich 

in phytochemicals and have nutritional and nutraceutical 
ingredients, which may have multiple health-promoting 
effects. Various biological properties of M. charantia have 
been reported, such as antioxidant, antidiabetic, anticancer, 
neuroprotective, antihyperglycaemic, antibacterial, antiviral, 
anthelmintic, antiulcer, antilipolytic, hepatoprotective, and 
immunomodulatory activities (Çiçek 2022; Liu et al. 2021).

For use as functional materials, raw materials must be 
subjected to an extraction process. There is a continuous 
demand for the development of alternative eco-friendly 
methods to improve the use of organic solvents with a risk 
of toxicity and environmental pollution (Nipornram et al. 
2018). Since the development of sustainable green tech-
nology in 1991, research has been conducted to reduce or 
eliminate the use of chemicals and solvents that are harmful 
to human health and the environment. Examples of these 
green technologies include ultrasound-assisted extraction, 
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microwave-assisted extraction, accelerated solvent extrac-
tion, and supercritical liquid extraction (Flórez-Fernández 
et al. 2019; Choi et al. 2020). Among them, ultrasound-
assisted extraction is useful for obtaining high-quality 
extracts with high yield. Ultrasonic-assisted solvent extrac-
tion of plant secondary metabolites has been widely used in 
the fields of food, chemistry, and medicine (Flórez-Fernán-
dez et al. 2019). Ultrasound treatment on the medium gen-
erates air bubbles, which cause cavitation. When a cavita-
tion bubble collapses near the cell wall, it exerts a strong 
impact on the surface to destroy the cell wall, allowing the 
solvent to enter the cell effectively, thus facilitating extrac-
tion (Choi et al. 2020). It is a green extraction technique 
with a high extraction rate, low energy consumption, and 
short extraction cycle (Wu et al. 2022). It has been found 
that ultrasound-assisted extraction significantly increased 
the extraction rate of flavonoids at low ethanol levels, low 
temperatures, and shorter time periods while increasing the 
antioxidant activity of the flavonoids by 76%, achieving a 
more environmentally friendly and less time-consuming 
method than traditional solvents (Egüés et al. 2021; Wu et al. 
2022). Therefore, in this study, we obtained an M. charantia 
extract using an ultrasound system and verified its biological 
properties, especially its anti-inflammatory effects.

Inflammatory diseases are caused by dysregulated inflam-
mation. Normally, the inflammatory response maintains an 
equilibrium between anti-inflammatory and proinflamma-
tory cytokines. The excessive production of proinflamma-
tory mediators plays a role in the progression of chronic 
inflammatory-related diseases, including metabolic syn-
dromes, atherosclerosis, inflammatory bowel diseases, 
dermatitis, and cancers (Serhan et al. 2018; Herrero-Cer-
vera et al. 2022; Bhosale et al. 2022). Therefore, control-
ling inflammation is very important for the prevention and 
treatment of diseases. Inflammatory signals are transferred 
indirectly or directly depending on the particular cell type. 
Macrophages play important roles in inflammation and can 
be activated by endotoxin, which causes the production 
of inflammatory cytokines such as tumor necrosis factor 
(TNF)-α, interleukin-1β (IL-1β), and interleukin-6 (IL-
6), releasing inducible nitric oxide synthase (iNOS) and 
cyclooxygenase-2 (COX-2) and catalyzing the production 
of nitric oxide (NO) as an inflammatory mediator (Jin et al. 
2022; Watanabe et al. 2019). Macrophages are important 
immune cells and play a critical role during inflammation in 
host defences against pathogen infection. Therefore, lipopol-
ysaccharide (LPS)-induced inflammation in RAW264.7 
murine macrophages is a widely used inflammation model. 
The stimulated cells exhibit typical inflammatory responses 
by producing NO and reactive oxygen species (ROS) and 
generating proinflammatory mediators such as IL-6, TNF-α, 
and iNOS. Several signaling pathways were demonstrated 
to be closely associated with inflammation in LPS-induced 

RAW264.7 cells. The transcriptional regulator nuclear fac-
tor-kB (NF-κB) is vitally involved in the pathogenesis of 
various inflammatory diseases and modulates the production 
of many cytokines and mediators (Liu et al. 2017). Further-
more, NF-κB can be activated via mitogen-activated protein 
kinases (MAPKs), such as c-Jun  NH2-terminal kinase (JNK), 
extracellular signal-regulated kinase (ERK), and p38, which 
are regulated by mitogen-activated protein kinase (MEK) 
(Hoesel et al. 2013). It has been reported that various natural 
compounds derived from medicinal plants are effective in 
the treatment of inflammatory diseases through regulation 
of the related signaling pathways (Jayakumar et al. 2021; 
Chauhan et al. 2022).

Therefore, the objectives of this study were to verify the 
M. charantia extract by an ultrasound system, which is a 
green technology, for its anti-inflammatory effects and to 
further determine the possibility of using the M. charantia 
extract to treat inflammatory diseases.

Materials and methods

Preparation of M. charantia extract

M. charantia (bitter melon) was purchased from the Jeon-
geup Agriculture Cooperative in Korea. The bitter melon 
was washed thoroughly with running water, sliced, and 
dried at 50 °C for 24 h using a hot air dryer (HKT 300; 
Narotech Co., Naju, Korea). The dried bitter melon was 
prepared as a powder using a grinder (DSMP-370; DukSan 
Co., Siheung, Korea) and was stored below 10 °C. Ultra-
sonic extracts of bitter melon were obtained by two meth-
ods, using distilled water and 60% ethanol. For extraction, 
each solvent was added to 40 times the weight of bitter 
melon powder and sonicated for 24 h under the conditions 
of 20 kHz frequency and 1,260 W amplitude. Each extract 
was filtered using a 0.5 μm filter and then freeze-dried.

Cell culture

The murine macrophage-like cell line RAW264.7 was 
obtained from the American Type Culture Collection 
(ATCC, Manassas, VA, USA) and cultured as previously 
described (Kim et al. 2022). In brief, the cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) 
(Invitrogen, Carlsbad, CA, USA) with 10% heat-inacti-
vated fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA, 
USA) and penicillin/streptomycin (100 U/mL) (Invitrogen, 
Carlsbad, CA, USA) at 37 °C under a humidified atmos-
phere containing 5%  CO2.



69Molecular & Cellular Toxicology (2024) 20:67–74 

1 3

Cell viability assay

The cells were treated with M. charantia for 24 h, and cell 
viability was then estimated using an MTS assay. A 10 μL 
MTS solution was added to each well, and the cells were fur-
ther incubated for an additional 4 h. The optical density was 
measured by a microplate reader (Multiskan Go, Thermo 
Scientific, Waltham, MA, USA) at 490 nm. The values of 
the control were considered 100% viable.

NO measurements

The cells were stimulated with or without LPS (1 μg/mL) 
(Sigma, St Louis, MO, USA) in the absence or presence 
of various concentrations of M. charantia extracts for 18 h. 
NO production in the culture medium was measured with 
a commercially available NO (nitric oxide) Plus Detection 
kit (iNtRON Biotechnology, Sungnam, Korea) based on the 
Griess method. The culture medium was mixed with Griess 
reagent (equal volumes of sulfanilamide in the reaction 
buffer and naphthylethylenediamine in the stabilizer reac-
tion) and incubated for 20 min at room temperature. The 
concentration of nitrite was determined using the sodium 
nitrite  (NaNO2) standard curve at 540 nm with a microplate 
reader.

Cytokine assay

Cells were treated with different concentrations (100, 250, 
500 μg/mL) of M. charantia extract at 37 °C for 18 h. Then 
cell culture medium was prepared and used to measure the 
cytokine concentration. TNF-α and IL-1β, IL-2 and IL-6 
concentrations were measured by enzyme-linked immuno-
sorbent assay (ELISA) kits provided by R&D Systems, Inc. 
(Abingdon, UK) according to the manufacturer’s protocol.

Western blot analysis

Whole-cell lysates of the cultured cells were obtained and 
separated using sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE), and Western blot analysis 
was performed as described previously (Kim et al. 2022). 
The primary and secondary antibodies used in Western blot 
analyses were purchased from Cell Signaling Technology 
Inc. (Beverly, MA, USA).

Statistical analysis

The data are expressed as the means ± SD, and all statis-
tical analyses were performed with Sigmaplot v14.0 soft-
ware (Systat Software Inc., San Jose, CA, USA). Statistical 
analysis was applied to identify the differences, followed 
by one-way analysis of variance (ANOVA) and Tukey’s 

honestly significant difference (HSD) post hoc tests. A value 
of P < 0.05 was considered significant.

Results

The effect of M. charantia extract on LPS‑induced 
NO production in RAW264.7 cells

LPS-induced inflammation in mouse macrophages is a com-
mon model of inflammation used in in vitro anti-inflamma-
tory studies (Qi et al. 2022). As a versatile mediator involved 
in a large number of pathological and physiological pro-
cesses, NO is a proinflammatory molecule that plays an 
important role in the inflammatory response, and the amount 
of cytosolic NO secreted indirectly reflects the degree of 
inflammation that occurs. NO is an indicator of inflamma-
tion in several inflammatory diseases (Zamora et al. 2000). 
Thus, the effect of M. charantia extract on LPS-induced NO 
production in RAW264.7 cells was investigated by measur-
ing the NO released into the culture medium by the Griess 
reaction. First, we set up the ultrasonic extraction condi-
tions using ethanol and water as solvents. Ethanol and water 
extracts showed similar effects (data not shown). Therefore, 
we optimized the extraction time with water as a solvent 
(2, 4, and 24 h). As shown in Fig. 1, NO production was 
most effectively suppressed under the extraction condi-
tions for 4 h. Treatment with LPS (1 μg/mL) significantly 
increased the NO level in RAW264.7 cells. LPS induces 
the production of various inflammatory factors, such as 
TNF-α, IL-1β, and IL-6 (Liu et al. 2018). Treatment of M. 
charantia extracts (100, 250, and 500 μg/ml) with LPS for 
18 h significantly reduced the LPS-induced NO levels in 

Fig. 1  The effect of M. charantia extract (MC) on LPS-induced NO 
release in RAW264.7 cells. Cells were treated with 1  μg/mL LPS 
alone or with LPS plus different concentrations (100, 250, 500  μg/
mL) of MC at 37  °C for 18  h. NO levels were determined by the 
Griess reaction as described in the Methods section in supernatants 
from RAW264.7 cells. Values represent the means ± SD for three 
independent experiments performed in triplicate. *Indicates a sig-
nificant difference from the non-treated control group (***P < 0.001). 
#Indicates a significant difference from the LPS-treated group 
(###P < 0.001)
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a concentration-dependent manner (Fig. 1). There was no 
cytotoxicity at the treatment concentration of M. charantia 
extract (Fig. 2).

The effect of M. charantia on the release 
of proinflammatory cytokines

To determine whether M. charantia extract can modulate 
inflammatory cytokine induction by LPS in RAW264.7 
cells, the levels of TNF-α, IL-1β, IL-2, and IL-6 were meas-
ured after treatment with M. charantia extract and LPS in 
RAW264.7 cells. LPS significantly increased the levels of 
TNF-α, IL-1β, IL-2, and IL-6, which were significantly 
reduced by M. charantia extract treatment. In addition, the 
M. charantia extract showed a concentration-dependent 
effect (Fig. 3A–D).

The effect of M. charantia on the release 
of anti‑inflammatory cytokines

In addition to the above results, the level of IL-10 was meas-
ured after treatment with LPS and M. charantia extract in 
RAW264.7 cells to confirm whether M. charantia extract 
treatment can induce alterations in anti-inflammatory 
cytokines in RAW264.7 cells. As a result, the level of IL-10 
markedly increased in the M. charantia extract-treated group 
compared to the LPS group (Fig. 4).

Involvement of the MAPK and NF‑κB pathways 
in the inhibitory effect of M. charantia 
on LPS‑induced inflammation

Cytokines such as TNF-α and IL-6 have been reported to 
trigger inflammation by activating key proteins in signal-
ing pathways, such as NF-κB and MAPK. To further inves-
tigate the effects of M. charantia extract on inflammatory 
pathways, we investigated the NF-κB- and MAPK-related 
pathways. We observed that M. charantia extract inhibited 
the phosphorylation of IκB-α and NF-κB by LPS and sup-
pressed the expression of COX-2 and iNOS (Fig. 5A). In 
addition, NF-κB could be activated through MAPK, and we 
verified that the phosphorylation of p38, pERK, and pJNK 
was reduced by M. charantia extract (Fig. 5B). From these 
results, we conclude that the M. charantia extract is effective 
against inflammation through downregulation of the NF-κB-
regulated MAPK pathway and thereby inhibition of proin-
flammatory cytokine production and inflammatory proteins, 
as shown in Fig. 6.

Fig. 2  The effect of M. charantia extract (MC) on cell viability. Cells 
were treated with different concentrations (100, 250, 500 μg/mL) of 
MC at 37 °C for 24 h. Cell viability was evaluated as described in the 
Methods

Fig. 3  The effect of M. charan-
tia extract (MC) on the release 
of proinflammatory cytokines. 
Cells were treated with differ-
ent concentrations (100, 250, 
500 μg/mL) of MC at 37 °C for 
18 h. Then cell culture media 
was prepared and used to meas-
ure the cytokine concentration. 
TNF-α (A), IL-1β (B), IL-2 
(C) and IL-6 (D) concentra-
tions were quantified by ELISA. 
Data shown are the mean ± SD. 
*Indicates a significant dif-
ference from the non-treated 
control group (***P < 0.001). 
#Indicates a significant dif-
ference from the LPS-treated 
group (###P < 0.001)
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Discussion

This study was performed to evaluate the anti-inflammatory 
efficacy of M. charantia ultrasonic extract in RAW264.7 
immune cell systems. Green technology has been developed 
to reduce or eliminate the use of chemicals and solvents 
harmful to the environment and human health. Therefore, it 
is necessary to develop materials using green technology for 
industrialization. In particular, ultrasound-assisted extrac-
tion is useful to obtain high-quality extracts with increased 
yields. In this study, we developed the extraction methods 
using an ultrasonic extraction system and then determined 
the pharmacological activities for anti-inflammatory uses. 
The results showed that the M. charantia extract was not 
cytotoxic. We showed that the M. charantia extract reduced 
NO production and the release of inflammatory cytokines. 
Moreover, the expression of proinflammatory proteins was 
decreased by M. charantia extract. Inflammatory proteins 
are regulated by the MAPK and NF-κB pathways. Several 
natural products from plant extracts regulate inflammatory 
proteins through regulation of the MAPK and NF-κB signal-
ing pathways (Jayakumar et al. 2021; Chauhan et al. 2022).

In this study, we showed that the production of TNF-α 
was reduced by M. charantia extract. TNF-α is a proinflam-
matory cytokine that is involved in the pathogenesis of some 
inflammatory and autoimmune diseases (Jang et al. 2021). 
Physiologically, TNF-α is a crucial component for a nor-
mal immune response. TNF-α activates and regulates the 
immune system, but the inadequate or excessive production 
of TNF-α may be harmful and can lead to disease. Inflam-
matory bowel disease (IBD), rheumatoid arthritis (RA), 
psoriatic arthritis, psoriasis, and non-infectious uveitis are 
due to abnormal secretion of TNF-α; thus, TNF-α can be 
classified as a key factor in severe pathological development 
(Nicolela et al. 2020). Due to the involvement of TNF-α in 
the pathogenesis of autoimmune diseases, TNF-α inhibitors 
have been successfully developed and applied to the clinical 
treatment of autoimmune diseases such as RA and Crohn’s 
disease (CD) (Zhang et al. 2020).

Moreover, we also found that IL-1β was decreased by 
treatment with the M. charantia extract. IL-1β is a myeloid-
derived proinflammatory cytokine that modulates adaptive 
and innate immune responses against distinct pathogens. 
However, when produced in excess, IL-1β drives both com-
plex common inflammatory diseases, such as atherosclero-
sis, RA, and gout, and monogenic inflammatory disorders 
(Broderick et al. 2022). Evidence also suggests that IL-1β 
is pathologically activated in neurodegenerative conditions, 
such as Parkinson’s and Alzheimer’s diseases (AD) (Mendi-
ola et al. 2018). In addition, IL-2 is considered as an impor-
tant proinflammatory factor because it not only promotes 
the expansion of T cells and enhances the ability of natural 

Fig. 4  The effect of M. charantia extract (MC) on the release of 
anti-inflammatory cytokines. Cells were treated with different con-
centrations (100, 250, 500  μg/mL) of MC at 37  °C for 18  h. Then 
cell culture media was prepared and used to measure the cytokine 
concentration. The IL-10 concentration was quantified by ELISA. 
Data shown are the mean ± SD. *Indicates a significant difference 
from the non-treated control group (***P < 0.001). #Indicates a sig-
nificant difference from the LPS-treated group (#P < 0.05, ##P < 0.01, 
###P < 0.001)

Fig. 5  Effect of M. charantia extract (MC) on the NF-κB and MAPK 
signaling pathways. Cells were treated with different concentrations 
(100, 250, 500  μg/mL) of MC at 37  °C for 18  h. Then cell lysates 
were prepared and used for western blotting. Protein expression of 
the (A) NF-κB and (B) MAPK signaling pathways was determined 
by Western blotting. Equal amounts of total protein were resolved by 
SDS–PAGE. β-Actin was employed as an internal reference
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killer (NK) cells but also strengthens the body’s anti-tumor 
immune response (Hu et al. 2019). Moreover, low-dose IL-2 
has been used to treat systemic lupus erythematosus, type 
1 diabetes, and other autoimmune diseases and has shown 
some efficacy (Graßhoff et al. 2021). We demonstrated that 
the dose of IL-2 was very low in the M. charantia extract-
treated group, suggesting that it can be useful for the treat-
ment of systemic lupus erythematosus, type 1 diabetes, and 
other autoimmune diseases. Additionally, secretion of IL-6 
is also observed in atherosclerosis, Alzheimer’s disease, sys-
temic lupus erythematosus, multiple myeloma, RA, autoim-
mune deficiency disease, chronic inflammatory disease, and 
different types of cancer (Omoigui 2007). Interestingly, after 
viral infection, viral products also enhance the transcription 
or translation of IL-6 from cells such as fibroblasts, mesen-
chymal cells, endothelial cells, and many other cells. IL-10 
is a major anti-inflammatory mediator that protects the host 

from excessive responses to pathogens and microbiota and 
plays important roles in other environments, such as ster-
ile wound healing, homeostasis, cancer, and autoimmunity 
(Saraiva et al. 2020). We found that M. charantia extract 
induces IL-10 production, suggesting that it could be used 
for anti-inflammatory diseases.

M. charantia has been approved by the Korean Ministry 
of Food and Drug Safety as a raw material to help suppress 
postprandial blood sugar rise. We compared the effects of 
M. charantia extracts using ethanol solvent and applied 
ultrasonic technology (data not shown). We found that the 
anti-inflammatory effect of M. charantia extract applied with 
ultrasonic technology was much higher than that of ethanol 
extraction. Further studies are needed to analyze the func-
tional compounds of the M. charantia extract by ultrasoni-
cation. Compounds such as charantin, monordicin, cucur-
bitacin B, momordin, γ-aminobutyric acid, cryptoxanthin, 

Fig. 6  Schematic diagram of the anti-inflammatory signaling activity of M. charantia extract
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β-carotene, zeaxanthin, lycopene, lutein, and carotene have 
been studied as functional or index compounds of M. char-
antia (Cuong et al. 2021). Therefore, in future studies, we 
will demonstrate the efficacy evaluation for target diseases, 
including RA, IBD, and AD, and investigate the functional 
compounds.
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