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Abstract: Nitric oxide (NO) plays a central role in diverse physiological processes, such as cardiovascular tone, neurotransmission, 
immune defense, and cellular apoptosis. NO synthase (NOS) is the enzyme that catalyzes the conversion of L-arginine to L-citrulline 
and NO. Three isoforms of NOS are (1) neuronal NOS (nNOS), which regulates synaptic plasticity, memory formation, and cerebral 
blood flow, (2) endothelial NOS (eNOS), which supports cardiovascular homeostasis by preventing platelet aggregation and leukocyte 
adhesion, and (3) inducible NOS (iNOS), which contributes to inflammation and tissue damage, when in excessive production. Thus, 
targeting iNOS without interfering with the beneficial actions of nNOS and eNOS remains a major therapeutic challenge. Given this 
dual nature of NO in health and disease, it is important to understand how medicinal plants and their phytochemicals modulate NO 
pathways. A systematic search of Scopus and PubMed databases was performed for studies published in the last ten years. Screening 
by title, abstract, and full text yielded 35 eligible articles examining medicinal plants and phytochemicals that influence NO signaling 
pathways. Preclinical evidence indicates that phytochemicals restore antioxidant defenses and suppress excessive NO and oxidative 
stress under inflammatory conditions while preserving or enhancing endothelial NO bioavailability. Emerging clinical findings further 
suggest significantly greater insulin-stimulated NO production and eNOS activation without activating iNOS or promoting inflam
matory responses. Their ability to regulate NO production underscores their potential in the development of botanical drugs targeting 
iNOS while preserving the physiological roles of nNOS and eNOS. This review provides an overview of the potential of medicinal 
plants to alleviate inflammation and oxidative stress through modulation of NO production. 
Keywords: clinical study, iNOS, medicinal plants, NOS, phytochemicals

Introduction
Nitric oxide (NO) is an important and versatile neurotransmitter crucial in various physiological processes. It is 
synthesized from the amino acid L-arginine by nitric oxide synthase (NOS), a heme-containing monooxygenase.1,2 

Three distinct isoforms of NOS have been identified: neuronal NOS (nNOS), endothelial NOS (eNOS), and inducible 
NOS (iNOS).3–5 Among these, nNOS and eNOS are constantly expressed in endothelial cells and neurons, respectively, 
producing small amounts of NO in a calcium/calmodulin (Ca2+/CaM)-dependent manner.6,7 In contrast, iNOS is not 
continuously expressed, while it is induced under specific conditions for a rapid action, such as exposure to bacterial 
lipopolysaccharide (LPS), and generates NO in much higher concentrations, approximately 100–1000-fold, for prolonged 
periods.8,9

Drug Design, Development and Therapy 2026:20 582323                                                       1
© 2026 Prayoga et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Drug Design, Development and Therapy                                           

Open Access Full Text Article

https://doi.org/10.2147/DDDT.S582323
Received: 18 November 2025
Accepted: 19 February 2026
Published: 13 March 2026

D
ru

g 
D

es
ig

n,
 D

ev
el

op
m

en
t a

nd
 T

he
ra

py
 d

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://orcid.org/0000-0001-8779-8972
http://orcid.org/0000-0002-4578-4174
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


The physiological roles of NO depend on its source. NO derived from nNOS supports neuronal plasticity, memory 
formation, and regulation of cerebral blood flow,10 while NO derived from eNOS contributes to cardiovascular home
ostasis by inhibiting platelet aggregation, leukocyte adhesion, and migration.4,11 However, excessive or dysregulated NO 
production, particularly through iNOS, leads to harmful effects. Overexpression or uncontrolled activation of iNOS is 
associated with inflammation, tissue injury, and neurodegenerative disorders.6,8,12,13 For example, during chronic 
inflammation, excessive NO contributes to tissue damage in arthritis and respiratory diseases.14,15 Additionally, oxidative 
stress, which occurs when there is an imbalance between the excessive production of reactive oxygen species (ROS) and 
the insufficient amount of endogenous antioxidant enzymes, can affect the function of NO by reducing its availability or 
promoting its inactivation.16,17 Among inflammatory mediators, cytokines, chemokines, and transcription factors pri
marily regulate discrete upstream signaling events that reflect only specific aspects of the inflammatory cascade.18,19 In 
contrast, NO lies downstream of these pathways, as the pro-inflammatory mediator iNOS, because this enzyme is 
activated by pro-inflammatory cytokines like tumor necrosis factor-alpha (TNF-α), interleukin-1 beta (IL-1β), and 
interferon-gamma (IFN-γ), and a hallmark of M1 macrophage activation, leading to sustained NO production that 
directly contributes to oxidative stress and tissue injury. At the same time, constitutive NO signaling maintains 
endothelial integrity, vascular tone, and immune homeostasis. This dual and context-dependent role positions NO as 
an integrative regulator of both inflammatory damage and physiological protection, making its modulation a more 
comprehensive therapeutic target than individual inflammatory mediators.20 While NO plays a crucial protective role, the 
dysregulation of its production due to oxidative stress can worsen the progression of various diseases, emphasizing the 
complex and multifaceted nature of NO in human health and disease.21

A major challenge in the development of synthetic iNOS inhibitors is the limited clinical translation of promising 
preclinical findings, as the known iNOS inhibitors (1400W, N-3-aminomethylbenzyl acetamidine; GW274150, 1-imi
noethyl aminoethyl-L-homocysteine; L-NIL, L-Nω-1-iminoethyl lysine; and GW273629, 3-2-1-iminoethyl amino ethyl 
sulphonyl-L-alanine) have not yet been approved for human use.8 Beyond methodological and assay limitations, the 
context-dependent and dual roles of both iNOS and NO in disease processes, together with the distinct functions and 
tissue distributions of NOS isoforms, complicate the therapeutic targeting.22 In oncology, for example, iNOS over
expression may promote tumor progression. Yet, NO also enhances chemosensitivity, creates a therapeutic paradox, and 
limits the safety of a broad NOS inhibition. These limitations highlight the need for alternative strategies that can 
modulate NO signaling without interfering with its inhibition.22–24 Considering these perspectives, medicinal plants 
provide an interesting opportunity. Long before synthetic drugs were manufactured, folklore communities used natural 
resources to maintain health and cure illness, and these remedies remain vital in many regions. The World Health 
Organization estimated that more than 80% of individuals in developing countries use traditional medicine.25,26

Medicinal plants and functional foods are already recognized for treating diseases such as wounds, inflammation, 
diabetes, and even cancer. In particular, inflammation is strongly associated with the overproduction of NO.27,28 

Activated microglia in neuronal cells and activated macrophages during non-neuronal inflammation are key contributors 
to this increase, which has been identified as both a biomarker and a causative factor in secondary tissue damage.29–31 

The therapeutic effects of medicinal plant extracts and their bioactive compounds are often attributed to their ability to 
inhibit the activity of iNOS or their free radical scavenging properties. Nitric oxide and singlet oxygen (1O2) are potent 
free radicals involved in lipid peroxidation, a key process in the pathogenesis of chronic inflammation.27,32 Recent 
studies have highlighted the potential of plant extracts to modulate NO synthesis and release in LPS-exposed cells.33–35 

Accumulated evidence across experimental systems has shown that many medicinal plants regulate NO signaling through 
diverse mechanisms. For example, an in vitro study in LPS-exposed RAW 264.7 macrophages showed that Amomum 
tsao-ko of family Zingiberaceae exerts dual biological actions by (1) inhibiting iNOS expression and (2) enhancing heme 
oxygenase-1 (HO-1) expression at the protein and mRNA levels. Intriguingly, a further study in LPS-induced endotox
aemic mice indicated that pretreatment with the extract decreased NO serum levels and liver iNOS expression, and 
increased HO-1 expression and survival rates.36 Clinical observation further supports this pathway, as preparations from 
Curcuma longa have been reported to normalize NO levels in inflammatory conditions. Collectively, these findings 
provide promising evidence for their anti-inflammatory effects.37
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Given this dual nature of NO in health and disease, understanding how medicinal plants and their phytochemicals 
modulate NO pathways is of considerable interest. This review provides a comprehensive analysis of the effects of 
medicinal plants on NO production, with particular emphasis on their roles in modulating immune responses, regulating 
oxidative stress, and inhibiting pro-inflammatory cytokines. This review thoroughly investigates how bioactive com
pounds derived from medicinal plants influence the NO pathway and their potential in managing oxidative stress-induced 
inflammation. Furthermore, the review assesses the clinical potential of medicinal plants as complementary or alternative 
therapies for diseases characterized by excessive inflammation and oxidative stress. It also highlights the relationship 
between medicinal plants and NO production, and identifies key research gaps and future directions for studying 
medicinal plants and NO regulation. This emphasizes the need for more rigorous clinical trials and the development 
of innovative plant-based therapeutics.

Methods
Search Strategy
Initially, the search included references published from 2015 to 2025. Articles were searched in Scopus and PubMed 
databases by using the keywords medicinal plants, inhibit, suppress, nitric oxide production, nitric oxide synthase, 
preclinical studies, and clinical trials. Nonetheless, additional phrases relating to topics of interest were also employed. 
Throughout the search, synonyms and related terms were used interchangeably as the keywords. Boolean operators 
such as “AND” and “OR” were employed to refine the search and include or exclude specific terms. Specifically, the 
PubMed and Scopus databases were searched until July 2025. The entire search strategy utilized a combination of 
medical subject heading terms, as stated in Table S1. The documents that met the inclusion criteria focus on plants that 
specifically affect NO production, rather than just general effects on ROS or antioxidant activity. Finally, 35 articles 
were selected.

Data Extraction Process
The study selection process was conducted systematically in two phases following the removal of duplicate articles 
from the initial search results. In the first phase, the first author (DKP) independently screened the titles and 
abstracts of all identified records using the web-based tool Rayyan.ai (https://new.rayyan.ai/). Articles that met the 
initial criteria were then moved to the second phase for a thorough full-text assessment. To be eligible, articles 
needed to be preclinical studies (either in vitro or in vivo) or clinical studies published in English between 2015 and 
2025. These studies were required to evaluate extracts or isolated compounds from medicinal plants and report 
outcomes related to NO production, specifically in the context of inflammatory conditions, oxidative stress, or 
immune response. Articles were excluded if they were reviews, commentaries, or if their primary focus was on 
reactive oxygen species (ROS) rather than NO production. Key data extracted from each article included: medicinal 
plant family, collection location and year, parts of the plant used, extraction method and solvent, classes of 
metabolites or specific phytoconstituents, cell line used, inducement method, and exposure time for in vitro studies; 
as well as animal species, negative and positive controls, and research duration for in vivo studies; and study type, 
control, and duration for clinical trials. Based on these criteria, a total of 30 articles were selected for in-depth 
analysis.

Data Synthesis
Due to the significant variability among the included studies and the differing outcome measures, we conducted 
a narrative synthesis of the evidence. The findings were qualitatively summarized and organized thematically based on 
the reported results. This synthesis includes dedicated sections on NO production and its underlying mechanisms in 
immune responses, nitrosative and pro-inflammatory signaling, to provide a more comprehensive context and address 
gaps for a thorough review. This holistic approach is a valuable resource for researchers, integrating biological context 
with a systematic review of the most recent evidence.
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Characteristics of Included Studies
The characteristic of the included studies was systematically extracted with particular emphasis on plant-derived 
formulations and phytochemicals that modulate the nitric oxide synthase (NOS) pathway. Studies were classified into 
three primary categories, including in vitro, in vivo, and clinical investigations, to enable structured evaluation of 
evidence across experimental and translational contexts. For each study, we recorded descriptive parameters, including 
the study design, population or biological model, intervention and inducer, and the principal outcome assessed. This 
includes parameters such as levels of nitrate and nitrite in clinical studies, cellular NO output assessed through the Griess 
assay, and iNOS mRNA or protein levels in preclinical models.

Comprehensive tables were constructed to summarize these features, delineating both the type of study and the 
principal methodological approaches employed. This structured documentation served two purposes: (i) to enhance 
transparency regarding data extraction and synthesis, and (ii) to facilitate subsequent thematic analysis across biological 
domains such as immune regulation and nitrosative stress in NO production.

Results
NO plays a multifaceted role in the body, influencing both innate and adaptive immune responses, oxidative stress, and 
triggering the pro-inflammatory cytokines.6,38–40 Studies considered these plant-based extracts or phytochemicals work 
synergistically as inhibitors of NO production, which can protect against cardiovascular, gastrointestinal, and other 
diseases by modulating the immune responses, antioxidants, and inhibiting the pro-inflammatory cytokines. A total of 35 
articles were included. Among these, 26 reported in vitro studies and 6 reported in vivo experiments. Four articles 
incorporated both in vitro and in vivo preclinical approaches, while 3 articles presented clinical studies. Of these studies, 
we found that many plants were described to have effects on NO production. Overall, many medicinal plants demon
strably influence NO biology, yet only a few have been translated into therapies explicitly aimed at inhibiting or elevating 
NO production. However, a limitation of this review is the predominance of preclinical studies, with only a small number 
of clinical investigations. This imbalance may limit the direct clinical applicability of the findings and highlights the need 
for further clinical validation.

In vitro Studies
In vitro experimental studies employed various cell line models to investigate, including RAW 264.7 macrophages, 
HaCaT keratinocytes, BV-2 microglial cells, EOC-20 mouse microglia cells, and IC-21 mouse macrophage cells. These 
models were commonly stimulated with LPS, a well-characterized bacterial endotoxin known for its potent ability to 
activate immune signaling pathways.40,41 LPS exposure leads to systemic release of pro-inflammatory cytokines such as 
TNF-α, IL-1β, IL-6, and IL-10, which are essential for pathogen clearance, induce free radicals, and immune responses.42

NO production is typically assessed within macrophage and endothelial cell systems using the Griess assay, a widely 
recognized method for the indirect quantification of NO through the spectrophotometric detection of nitrite (NO2

−), 
a stable degradation product of NO autoxidation.43,44 The results were consistent with the pharmacological targets of the 
test compounds, such as agents directed toward iNOS activity generally reduced nitrite/NOx levels, while polyphenols 
directed toward endothelial cells frequently enhanced NO signaling or increased measurements of iNOS and NO.45

Beyond these mechanistic insights, findings from the in vitro studies illustrated that phytoconstituents exerted dual 
biological effects, significantly inhibited NO production while simultaneously enhancing antioxidant capacity to neu
tralize free radicals generated during LPS exposure (Table 1). Given that reactive oxygen species (ROS) serve as 
secondary messengers in macrophages, amplifying host defense, gene transcription, and apoptosis, excessive ROS 
production can lead to uncontrolled inflammatory cascades.46 Several studies reported that these natural compounds 
reduced the overproduction of pro-inflammatory cytokines in LPS-stimulated macrophages by downregulating protein 
and mRNA expression of TNF-α, IL-1β, IL-6, and IL-10.47–49 These cytokines exhibit potent chemotactic and vasoactive 
properties, with TNF-α playing a pivotal role in the inflammatory response. It stimulates further cytokine release, 
promotes angiogenesis, activates NF-κB signalling, and stimulates NO synthesis. Likewise, IL-1β works synergistically 
with TNF-α to induce fever, foster coagulation abnormalities, and perpetuate a sustained inflammatory cascade through 

https://doi.org/10.2147/DDDT.S582323                                                                                                                                                                                                                                                                                                                                                                                                                                       Drug Design, Development and Therapy 2026:20 4

Prayoga et al                                                                                                                                                                         

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Table 1 Effects of Medicinal Plants on NO Production via in vitro Studies

Medicinal Plants 
(Family), Plant Part, 
Collected in, Year 
[Listed in Alphabetical 
Order]

Extraction Method (Solvent 
Used), and Active 
Concentration (µg/mL or 
µM)

Specific Phytoconstituents Cell Type, 
Inducement 
Method, Exposure 
Time

Results Interpretation Ref.

Agastache rugosa Kuntze 

(Lamiaceae), Leaves, 

Korea, 2015

Reflux extraction (distilled 

water), 200 µg/mL

Phenolics HaCaT keratinocytes 

cells stimulated by LPS 

for 24 Hours

The extract demonstrated suppressed activity in LPS-stimulated iNOS 

production. At a concentration of 200 µg/mL, the extract reduced iNOS 

production by 80.2%, with an IC50 for iNOS inhibition of 44.5 µg/mL and 
a p-value of <0.05.

Strong inhibitor 

of NO 

production

[53]

Ajania purpurea 
(Asteraceae), Aerial parts, 

China, N/A

Reflux extraction (70% ethanol), 
200 µg/mL

Piperine and Chlorogenic acid RAW 264.7 
Macrophage cells 

stimulated by LPS for 

24 hours

The extract demonstrated a significant reduction in NO production, as 
measured by the Griess reaction. At a dose of 200 µg/mL, the extract 

significantly suppressed NO production (p < 0.01). Additionally, the extract 

effectively reduced the protein expression of iNOS in LPS-stimulated RAW 

264.7 cells, with statistical significance (p < 0.01)

Strong inhibitor 
of NO 

production

[55]

Amomum tsao-ko 
(Zingiberaceae), Fruits, 

Korea, N/A

Reflux extraction (Methanol), 
20 µM

Epicatechin, Tsakaoin RAW 264.7 
Macrophage cells 

stimulated by LPS for 

24 hours

The extract significantly inhibited NO production in LPS-induced RAW 264.7 
cells, as measured by the Griess assay. At a dose of 20 µM, the extract also 

suppressed iNOS expression, which was consistent with the findings from the 

Western blot analysis (p < 0.001).

Strong inhibitor 
of NO 

production

[36]

Aster scaber (Asteraceae), 

Leaves, Korea, 2017

Maceration (70% ethanol) 

followed by fractionation (ethyl 

acetate), 5 µg/mL (astragalin) 
and 10 µg/mL (isoquercitrin)

Astragalin, Isoquercitrin EOC-20 Mouse 

microglia cells 

stimulated by LPS for 
12 hours

Astragalin and isoquercitrin from the fraction reduced LPS-induced NO 

production in microglial cells in a dose-dependent manner. Both 

phytoconstituents significantly inhibited the mRNA and protein expression of 
iNOS, with p-values <0.05, indicating statistical significance.

Strong inhibitor 

of NO 

production

[56]

Atractylodes macrocephala 
(Asteraceae), Rhizomes, 

Korea, N/A

Maceration (ethanol) followed 
by fractionation (n-hexane: 

ethanol), 10 µM

Quinones, polyacetylenes RAW 264.7 
Macrophages, 

stimulated by LPS for 

20 hours

The compounds from A. macrocephala exhibited the most potent NO 
production inhibitor with an IC50 value of 3.7 µM. It is indicated that all the 

compounds suppressed the expression of iNOS proteins and their mRNA 

levels in LPS-stimulated macrophages with statistical significance (p<0.01).

Strong inhibitor 
of NO 

production

[57]

Aucklandia lappa Decne 

(Asteraceae), Korea. N/A

Maceration (70% ethanol), 

10 µg/mL

Costunolide RAW 264.7 

Macrophage cells 
stimulated by LPS for 

24 hours

The pretreated extract showed a considerable suppression at a dose of 

10 µg/mL, leading to a significant reduction in NO production (p < 0.05). 
Similarly, the treatment markedly inhibited the expression of iNOS, as 

measured by Western blotting, with a p-value of < 0.01.

Moderate 

inhibition of NO 
production

[33]

Cannabis sativa 
(Cannabaceae), Flowers, 

Korea, N/A

Supercritical fluid extraction 

(ethanol), 20 µM

Cannabinoids RAW 264.7 

Macrophages, 

stimulated by LPS for 

20 hours

The cannabinoids from the extract showed a potent inhibitory NO 

Production at 20 µM, CBC reduced NO production by approximately 50% 

(49.75%) in LPS-induced RAW 264.7 cells. p-value < 0.001

Strong inhibitor 

of NO 

production

[58]

Catalpa ovata 
(Bignoniaceae), Dried 

wood, Korea, 2014

Maceration (methanol) followed 
by fractionation (hexane, ethyl 

acetate, butanol), 50 µM

Catalpalactone RAW 264.7 
Macrophage cells 

stimulated by LPS for 

18 hours

Catalpalactone, isolated from Catalpa ovata, decreased NO production in 
a concentration-dependent manner with an IC50 value of 2.34 µM. 

Catalpalactone also downregulated iNOS mRNA and protein expression (p < 

0.05). The inhibition of NO and iNOS expression was linked to suppressed 

interferon-β (IFN-β) production and STAT1 activation.

Strong inhibitor 
of NO 

production

[59]

(Continued)
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Table 1 (Continued). 

Medicinal Plants 
(Family), Plant Part, 
Collected in, Year 
[Listed in Alphabetical 
Order]

Extraction Method (Solvent 
Used), and Active 
Concentration (µg/mL or 
µM)

Specific Phytoconstituents Cell Type, 
Inducement 
Method, Exposure 
Time

Results Interpretation Ref.

Cinnamomum japonicum 
(Lauraceae), Branches, 

Korea, 2020

Maceration (70% ethanol) 
followed by fractionation 

(hexane, chloroform, ethyl 

acetate, butanol, water), 0.1 µg/ 

mL

Epicatechin, Epigallocatechin gallate, Quercetin, p-coumaric 
acid

RAW264.7 
Macrophage cells 

stimulated by LPS for 

15 hours

The ethyl acetate fraction exhibited superior activity compared to the other 
fractions. It significantly inhibited LPS-induced NO production and reduced 

iNOS expression, as confirmed by Western blot analysis (p < 0.01).

Strong inhibitor 
of NO 

production

[34]

Coffee arabica 
L. (Rubiaceae), Cherry 
pulp, Thailand, N/A

Soxhlet extraction (95% 

ethanol), 100 µg/mL

Chlorogenic acid, Caffeine, and Theophylline RAW 264.7 

Macrophage cells 
stimulated by LPS for 

24 hours

The extract significantly reduced NO production at a dose of 100 µg/mL, 

comparable to chlorogenic acid, caffeine, and theophylline, with statistical 
significance (p < 0.05). Similarly, in inhibiting iNOS expression, the CCS 

extract at a dose of 100 µg/mL, along with CGA, CAF, and THP, inhibited 

iNOS mRNA expression in RAW 264.7 cells exposed to PAHs, and this effect 

was statistically significant (p < 0.05).

Strong inhibitor 

of NO 
production

[60]

Dictamnus dasycarpus 
(Rutaceae), Root and Bark, 
China, 2020

Reflux extraction (ethanol– 

water extract, partitioned), 
20 µM

Limonoids, dasylactone, dictamlimonols, fraxinellone, limonin RAW 264.7 

Macrophages, 
stimulated by LPS for 

18 hours

Dasylactone and Fraxinellone demonstrated significant inhibition of NO 

production at a concentration of 20 µM, reducing it by approximately 90%. 
Although the IC50 values were not explicitly reported, both compounds still 

exhibited statistically significant reductions in NO production, with a p-value 

of <0.001.

Strong inhibitor 

of NO 
production

[61]

Eucalyptus globulus 
(Myrtaceae), Leaves, 
Portugal, N/A

Hydro-distillation (essential oil), 

320 µg/mL; residual aqueous 
fraction, 12.5 µg/mL

1,8-Cineole, Gallic acid, Ellagic acid, Chlorogenic acid BV-2 Microglial cells, 

stimulated with LPS 
for 24 hours

The essential oil and residual water inhibit NO production in LPS-stimulated 

microglial cells. The essential oil exhibited a strong inhibition of NO 
production. While IC50 values were not provided, the statistical analysis 

showed significance (p < 0.001), respectively. The residual water also reduced 

NO production, but the inhibition was less pronounced compared to the EO

Strong inhibitor 

of NO 
production

[62]

Fragaria ananassa Duch. 

(Rosaceae), Calyxes (Small 

leaves), Korea, 2024.

Maceration (70% ethanol), 

500 µg/mL

Tannic acid Macrophage RAW 

264.7 cells, stimulated 

by LPS, 18 hours

The extracts significantly inhibited NO production at a concentration of 

500 µg/mL, showing a 44.32% reduction in NO production, and the extracts 

led to a 73.98% reduction in iNOS expression at the highest concentration 
compared to the LPS-treated group.

Strong inhibitor 

of NO 

production

[48]

Heracleum moellendorffii 
Hance (Apiaceae), aerial 

parts and roots, Korea, N/ 

A

Maceration (80% methanol), 

0.6 µg/mL (aerial parts) and 

15 µg/mL (roots)

Quercetin-3-O-β-D-galactoside pyranose Murine macrophage 

RAW 264.7 Cells, 

Stimulated by LPS for 

24 hours

The aerial part extracts suppressed the mRNA and protein levels of iNOS 

and inhibited NO production, with an IC50 value of 379.31 µg/mL. However, 

the root extracts were more potent in inhibiting NO production, specifically 

11.11 µg/mL, compared to the aerial part extracts

Strong inhibitor 

of NO 

production

[63]

Humulus japonicus 
(Cannabaceae), aerial 
parts, Korea, 2014

Maceration (methanol), 400 µg/ 

mL

N/A RAW 264.7 

Macrophage cells 
stimulated by LPS for 

24 hours

The methanol extract demonstrated significant inhibitory effects on the 

mRNA expression of iNOS, decreased by more than 80% compared to cells 
treated only with LPS (p < 0.001). Similarly, significantly reduced the nitrite 

production in LPS-stimulated cells by more than 50% (p<0.05).

Strong inhibitor 

of NO 
production

[64]

Ligustrum lucidum 
(Olaceae), fruits, Korea, N/ 

A

Reflux extraction (30% ethanol), 

500 µg/mL

Oleanolic acid, Ursolic acid BV-2 microglial cells, 

stimulated with LPS 

for 18 hours

The extract significantly suppressed iNOS expression at a concentration of 

500 µg/mL, effectively preventing an increase in iNOS expression (p < 0.001). 

Similarly, the extract inhibited NO production in BV2 cells at 500 µg/mL, 

exhibiting greater inhibition compared to the positive control 
(Dexamethasone 1 µM)

Strong inhibitor 

of NO 

production

[65]
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Magnoliae biondii 
(Magnoliaceae), flowers, 

Korea, N/A

Maceration (Water), 200 µg/mL Magnolin, Fargesin RAW 264.7 

Macrophage cells 

stimulated by LPS for 
24 hours

The MF extract decreased NO production at a concentration of 100 µg/mL, 

as measured by the Griess reagent assay, with a statistically significant 

reduction (p < 0.001) compared to the LPS-treated group. Similarly, the 
extract also inhibited iNOS protein expression, showing a significant 

reduction (p < 0.001) when compared to the LPS-only treated group.

Strong inhibitor 

of NO 

production

[35]

Mauritia flexuosa 
(Arecaceae), roots. Peru, 

2019

Maceration (aqueous, n-hexane, 

dichloromethane fractions), 

0.2–100 µg/mL

Pentacyclic triterpenoids (3,11-dioxours-12-en-28-oic acid, 3β- 

acetyloxy-11-oxours-12-en-28-oic acid, 3β-hydroxy-11-oxours 

-12-en-28-oic acid)

IC-21, RAW 264.7 

(mouse macrophage 

cell lines) Stimulated 

by LPS for 72 hours

The dichloromethane extracts exhibited the most potent inhibition with IC50 

values of 65.36 µg/mL (IC-21 cell line) and 73.82 µg/mL (RAW 264.7 cell line). 

However, aqueous extract and hexane extract demonstrated anti-NO 

potential but with slightly less efficacy than dichloromethane extracts

Lower inhibition 

of NO 

Production

[66]

Morus alba (L). (Moraceae), 
leaves, China, N/A

Reflux extraction (85% ethanol), 
150 µg/mL

Quercetin and kaempferol glycosides RAW 264.7 
Macrophage cells 

stimulated by LPS for 

12 hours

The extract significantly reduced NO production, with levels approximately 
six times lower than those in the LPS-treated group (p < 0.01). Additionally, 

the extract downregulated iNOS mRNA expression, and the reduction in 

iNOS expression was statistically significant, further inhibiting NO 

production (p < 0.05 compared to LPS).

Strong inhibitor 
of NO 

production

[67]

Morus alba (L). (Moraceae), 

leaves, Thailand, 2023

Maceration (95% ethanol), 

1250 µg/mL

Oxyresveratrol, Resveratrol RAW 264.7 

Macrophage cells 
stimulated by LPS for 

24 hours

The mulberry leaf extract significantly reduced NO production in LPS- 

stimulated cells, with nitrite levels measured at 4.43 µM. When treated with 
mulberry leaf extracts at a concentration of 1250 µg/mL, the expression of 

iNOS was suppressed in LPS-treated cells. Western blot analysis showed that 

at the dose of 1250 µg/mL, it could inhibit iNOS protein expression by over 

50% with statistical significance (p < 0.05).

Strong inhibitor 

of NO 
production

[68]

Panax ginseng (Araliaceae), 
sprouts (leaves, stems, and 

roots), Korea, N/A

Maceration (boiling water), 
200 µg/mL

Ginsenoside RAW 264.7 
Macrophage cells 

stimulated by LPS for 

24 hours

The GSE extract significantly inhibited NO production at a dose of 50 µM in 
LPS-stimulated RAW264.7 cells compared to the control group (p < 0.01). 

Additionally, GSE demonstrated no toxicity up to this concentration, as 

indicated by the cell viability assay, which confirmed that the extract did not 

cause any significant reduction in cell viability at the tested doses

Strong inhibitor 
of NO 

production

[69]

Plumeria obtusa 
L. (Apocynaceae), aerial 
parts, Egypt, 2020

Homogenizer-assisted 

extraction (Methanol) followed 
by fractionation 

(dichloremethane), 100 µg/mL

Quinaldic acid, plumerianine, phenylalanine, hydroxyquinoline, 

chlorogenic acid, quinic acid, dihydroxycoumarin, 
coumaroylquinic acid, plumericin, quercetin rutinoside, 

4-O-(3’-O-α-D-glucopyranosyl)-caffeoyl quinic acid,

RAW 264.7 

Macrophage cells 
stimulated by LPS and 

PAHs for 24 hours

The dichloromethane fraction significantly inhibited LPS-induced NO 

production in the RAW 264.7 cell line, with an IC50 value of 28.2 µg/mL at 
a dose of 100 µg/mL. Similarly, Western blot analysis showed that this fraction 

suppressed the LPS-induced upregulation of iNOS expression, with statistical 

significance (p < 0.05).

Strong inhibitor 

of NO 
production

[70]

Scoparia dulcis 
(Plantaginaceae), leaves, 

Saudi Arabia, N/A

Soxhlet extraction (hexane), 

400 µg/mL

Phytol IC-21 macrophages, 

stimulated with 

7-ketocholesterol 
(7KCh) and LPS for 

24 hours

Phytol from the extract showed a significant inhibition of NO generation in 

7KCh and LPS-induced macrophages at 400 µg/mL, significantly (p < 0.01). 

Phytol treatment also reduced iNOS expression, returning levels to those 
observed in untreated control macrophages (p <0.01)

Strong inhibitor 

of NO 

production

[47]

Spatholobus suberectus 
(Leguminosae), dried vine 

stems, China, N/A

Reflux-extraction (water), 

fractionation (ethyl acetate and 

n-butanol), 30 µM

2,6-dimethoxy-1,4-benzoquinone, Spasuberol C RAW 264.7 

Macrophage cells 

stimulated by LPS for 
24 hours

Compound 1, 2,6-dimethoxy-1,4-benzoquinone, exhibited the most potent 

inhibition of NO overproduction with an IC50 value of 5.69 µM and 

significantly reduced mRNA expression levels at a dose of 10 µM, though it 
demonstrated the highest cytotoxicity. On the other hand, Compound 6, 

Spasuberol C, showed inhibitory activity against NO overproduction with an 

IC50 value of 28.33 µM (p < 0.05) and significantly reduced mRNA 

expression of iNOS at a dose of 30 µM (p < 0.001),

Strong inhibitor 

of NO 

production

[71]

(Continued)
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Table 1 (Continued). 

Medicinal Plants 
(Family), Plant Part, 
Collected in, Year 
[Listed in Alphabetical 
Order]

Extraction Method (Solvent 
Used), and Active 
Concentration (µg/mL or 
µM)

Specific Phytoconstituents Cell Type, 
Inducement 
Method, Exposure 
Time

Results Interpretation Ref.

Tetracera loureiri 
(Dilleniaceae), stems, 
Cambodia, 2014

Percolation (70% ethanol), 

100 µg/mL

Quercetin, Rhamnocitrin RAW 264.7 

Macrophage cells 
stimulated by LPS and 

PAHs for 24 hours

The extract significantly reduced NO concentration by 67.9% in LPS- 

stimulated macrophages, without inducing cytotoxicity. Similarly, the isolated 
compounds quercetin and rhamnocitrin from the extract inhibited NO 

production at a dose of 50 µM, with reductions of 48.6% and 17.8%, 

respectively. Additionally, the extract significantly downregulated iNOS 

expression at a dose of 100 µg/mL (p < 0.01).

Strong inhibitor 

of NO 
production

[72]

Uvaria alba (Annonaceae), 

leaves, Philippines, 2020

Maceration (70% Ethanol), 80 

ng/mL

Quercitrin, Quercetin, Rutin, Kaempferol, Kaempferol 

3-O-rutinoside

RAW 264.7 

Macrophage cells 
stimulated by LPS for 

24 hours

The extract demonstrated significant inhibition of NO production at a dose 

of 80 ng/mL, with a statistically significant reduction (p < 0.0001). Similarly, for 
iNOS expression, the extract effectively suppressed both protein and mRNA 

levels of iNOS, with an effective dose starting from 80 ng/mL, leading to 

significant decreases in iNOS expression (p < 0.01).

Strong inhibitor 

of NO 
production

[49]
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autocrine and paracrine mechanisms.48,50–52 Overall, natural extracts enriched with these phytoconstituents consistently 
reduced iNOS expression and suppressed NO release in ROS 17/2.8 cells activated by a combination of cytokines, 
including TNF-α and IL-1β.53,54 These observations suggest that the data presented in Table 1, offering a clear overview 
of the in vitro studies of phytochemical extracts that regulate NO signaling and modulate oxidative stress and 
inflammatory pathways, underscoring their potential as therapeutic agents in inflammation management.

In vivo Studies
In vivo studies prove phytoconstituents can suppress NO production under inflammatory conditions. Murine models were 
most frequently employed, using inflammation induced by carrageenan, ethanol, LPS, or sodium nitroprusside (SNP) to 
induce systemic or localized inflammation. These models are well established for mimicking acute and chronic 
inflammatory responses, as they reliably trigger systemic overproduction of NO through upregulation of iNOS.73–75 

However, treatment with phytochemical-rich extracts, fractions, or purified compounds consistently resulted in signifi
cant decreases in serum nitrite (NOx) and mRNA iNOS expression levels, indicating a direct inhibitory effect on NO 
synthesis.

Phytochemicals, particularly those belonging to the flavonoids, polyphenols, and terpenoids, demonstrated multi- 
targeted effects in these models. A notable example is the pre-treatment with the dichloromethane fraction (DCM-F) of 
Plumeria obtusa L., which produced apparent protective effects in LPS-challenged animals. Animals that received DCM- 
F before induction displayed markedly lower plasma NOx concentrations compared to untreated controls. Histological 
analysis of target organs such as the liver and lungs showed reduced leukocyte infiltration and attenuated tissue injury. 
DCM-F pre-treatment suppressed iNOS expression at both protein and mRNA levels, demonstrating that inhibition 
occurred at the transcriptional and translational stages. In parallel, cytokine analysis revealed downregulation of TNF-α, 
IL-1β, and IL-6. Thus, inhibition of NO production by phytochemicals was closely associated with a broader anti- 
inflammatory profile in vivo.70

One complementary line of evidence was provided by the carrageenan-induced paw edema model, where adminis
tration of phytoconstituents markedly reduced paw swelling and localized NO accumulation at the site of 
inflammation.58,76 These effects were further associated with restoration of endogenous antioxidant defences, including 
superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx).77 The restoration of redox balance 
highlights the dual role of these compounds; they suppress excessive NO synthesis and neutralize ROS that exacerbate 
inflammatory signaling. Several studies reported reduced lipid peroxidation, indicated by lower malondialdehyde (MDA) 
levels, suggesting protection against oxidative damage driven by nitrosative stress.76,78

Beyond acute inflammation, investigations in chronic or repeated exposure models demonstrated sustained decreases 
in NO levels and consistent downregulation of iNOS expression with prolonged treatment, indicating the durability of 
phytochemical interventions.79 These findings confirm that phytoconstituents act as broad modulators of NO pathways 
and inflammatory injury in vivo. They inhibit endogenous NO production through iNOS suppression while mitigating 
damage from exogenous NO overload.63 Significantly, decreases in oxidative stress markers such as MDA, alongside the 
restoration of reduced glutathione (GSH), demonstrated their capacity to maintain cellular homeostasis.40,74 These 
findings, summarized in Table 2, indicate that the whole extracts, fractions, and isolated compounds generally attenuate 
nitric oxide overproduction by downregulating iNOS expression and reducing tissue injury in vivo.

Clinical Studies
Clinical studies, although fewer than preclinical investigations, provide crucial translational evidence that phytochem
icals modulate NO pathways in humans. Unlike preclinical findings, where phytoconstituents predominantly inhibited 
NO production, clinical outcomes are more context-dependent, demonstrating both stimulation and suppression of NO. 
Investigations have been conducted in diverse populations, including COVID-19 patients, elderly subjects with metabolic 
disorders, and hypertensive patients.80–82 Collectively, these studies indicate that herbal mixtures and phytochemical-rich 
extracts can modulate NO activity (Table 3).

In several trials, supplementation with herbal formulations led to enhanced NO production, which was positively 
associated with improved endothelial function and immune defense. For instance, in COVID-19 patients, administering 
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Table 2 Effects of Medicinal Plants on NO Production via in vivo Studies

Medicinal Plants 
(Family), 
Collected in, 
Year [listed in 
alphabetical 
order]

Plant Part, 
Extraction 
Method 
(Solvent Used)

Specific Phytoconstituent Animals Used in the 
Preclinical Study

Inducement 
Method

Control 
(Negative and 

Positive)

Duration Results Interpretation Ref.

Amomum tsao-ko 
(Zingiberaceae), 

Korea, N/A

Fruits, Reflux- 

extraction 

(Methanol)

Epicatechin, Tsakaoin In vivo on male mice (Mus 
musculus with strain C57BL/ 

6), age 6–8 weeks, weighing 

20–25 g (n =15)

LPS (Salmonella 

enterica, 25 mg/ 

kg via 

intraperitoneal

Vehicle (Saline) as 

negative control 

and Positive 

control not 
reported

2 Days The extract significantly reduced NO levels in the 

LPS-induced septic shock model in mice. Pre- 

treatment with a 50 mg/kg dose notably improved 

survival rates (p < 0.05) and led to a marked 
reduction in NO production, as well as suppressed 

iNOS mRNA expression in the liver (p < 0.001).

Strong inhibitor 

of NO 

production

[36]

Cannabis sativa 
(Cannabaceae), 

Korea, N/A

Flowers, 

Supercritical fluid 

extraction 
(Ethanol)

Cannabinoids In vivo on male mice (Mus 
musculus with strain C57BL/ 

6J), age 6–7 weeks (n =N/ 
A)

λ-Carrageenan- 

induced 

inflammation in 
the right hind 

paw of the mice

Vehicle (Saline) as 

a negative control 

and 
Dexamethasone 

(10 mg/kg) as 

a positive control

3 Days The CBC-treated group at a concentration of 10 mg/ 

kg reduced the iNOS levels by 55% relative to the 

LPS-treated control group, with p-values < 0.05.

Strong inhibitor 

of NO 

production

[58]

Etlingera elatior 
(Zingiberaceae), 

Indonesia, 2024

Inflorescence, 

Maceration (70% 

ethanol),

N/A In vivo on male rats (Rattus 
norvegicus), age 6–8 weeks, 

weighing 200–220 g (n = 
30)

70% ethanol 

orally to induce 

acute gastric 
ulcers

Vehicle (CMC 0.5% 

suspension) as 

negative control 
and Quercetin 

(20 mg/kg) as 

positive control

5 Days The extract at dose 625 mg/kg showed a significant 

downregulation of the expression of both cleaved and 

full-length iNOS, although not statistically significant, 
the inhibitory activity towards iNOS expression is 

stronger than that of quercetin.

Strong inhibitor 

of NO 

production

[75]

Magnoliae biondii 
(Magnoliaceae), 

Korea, N/A

Flowers, 

maceration 

(water)

Magnolin and fargesin In vivo on male mice (Mus 
musculus with strain C57BL/ 

6), age 6 weeks (n =30)

LPS, 30 mg/kg 

dissolved in 

PBS, was 
injected 

intraperitoneally

Vehicle (PBS) as 

negative control 

and 
Dexamethasone 

(5 mg/Kg) as 

positive control

5 hours The extract suppressed iNOS production at both the 

mRNA and protein levels, as determined by qRT-PCR 

and Western blot. Pre-treatment with the extract at 
a dose of 100 mg/kg significantly reduced iNOS 

production, with a p-value of < 0.001.

Strong inhibitor 

of NO 

production

[35]

Melia azedarach 
(Meliaceae), N/A

Fruits, N/A Isolated Melianodiol In vivo on male mice (Mus 
musculus with strain C57BL/ 
6J), age 6 weeks, weighing 

18–20 g (n = 60)

DSS-mediated 

colitis (2.5%) via 
oral 

administration

Vehicle (0.5% 

CMC) as negative 
control and 

5-Aminosalicylic 

acid (500 mg/kg) as 

positive control

7 Days The isolated Melianodiol at a dose of 200 mg/kg 

significantly reduced the expression of iNOS and 
improved eNOS expression. Notably suppressed 

levels of NO, GSH, MDA, and SOD activity in colon 

homogenate, with a p-value of < 0.05

[78]

Plumeria obtusa 
L. (Apocynaceae), 
Egypt, 2020

Aerial parts, 

Homogenizer- 
assisted 

extraction 

(Methanol) and 

Fractination 
(dichloromethane)

Quinaldic acid, plumerianine, phenylalanine, 

hydroxyquinoline, chlorogenic acid, quinic 
acid, dihydroxycoumarin, coumaroylquinic 

acid, plumericin, quercetin rutinoside, 

4-O-(3’-O-α-D-glucopyranosyl)-caffeoyl 

quinic acid,

In vivo on male mice (Mus 
musculus), age 6–8 weeks, 
weighing 20–25 g (n = 35)

LPS (4 mg/mL 

solution) via 
intranasal 

administration

LPS with PBS via 

intranasally as 
a negative control 

and 

dexamethasone 

(2 mg/kg) as 
a positive control

7 Days The extract significantly reduced the levels of iNOS 

and NO when administered at doses of 100 and 
200 mg/kg in mice treated with LPS-induced acute 

lung injury. The extract at a dose of 200 mg/kg 

restored iNOS and NO levels to near-normal values, 

which were significantly lower compared to the LPS- 
treated group (p<0.05)

Strong inhibitor 

of NO 
production

[70]
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Table 3 Effects of Medicinal Plants on NO Production via Clinical Studies

Formulation 
Type

Medicinal Plants 
Included

Isolated 
Compounds 
Included

Plant Parts Used Formulation (Dosage 
Form)

Type of Study Active 
Comparator

Duration Results Interpretation Ref.

Plant-Based Blend 

(Herbal and 

Compounds)

Blueberry, broccoli, 

cherry, green coffee 

bean, green tea, 
kale, and turmeric

Catechins, EGCG, 

curcumin, caffeine, 

anthocyanins, 
trigonelline, vitamin 

C, vitamin E

N/A Powders 

(50 mg)

Randomized, 

double-blind 

controlled trial n= 
28 (13 males and 

15 females) who 

had experienced 

a moderate 
COVID-19 

disease

Active comparator: 

Vitamin 

C (1000 mg)

90 Days Single dose of PB-Blend (50 mg), 

circulation NOHb levels were significantly 

elevated by 33% after 3 hours of ingestion 
(p<0.01). This indicates that PB-Blend was 

effective in increasing bioavailable nitric 

oxide (NO), which is often suppressed 

during oxidative stress caused by viral 
infections, such as COVID-19.

PB-blend influenced 

NO production 

bioavailability, which 
was suppressed in the 

presence of viral 

infections.

[80]

Supplement Herbal 

Mixture

Grape, green tea, 

Ginkgo biloba, 

bilberry extract

Quercetin 

dehydrate, 

resveratrol, 

Polygonum 
cuspidatum, Gingko 

biloba, bilberry 

extract, bromelain

Seed and Skin of 

grape and Leaves of 

Green tea

Capsule (270 mg) Randomized 

control trials 

(RCT) n=18 (15 

males and 3 
females) in 

Hypertensive 

subjects

Randomized, 

Placebo-controlled 

(matched capsule)

28 Days The polyphenol supplement showed 

a significant influence on eNOS 

phosphorylation and NO production. 

Human aortic endothelial cells (HAECs) 
treated with metabolites of the 

polyphenols showed a marked increase in 

insulin-stimulated eNOS phosphorylation 

(p = 0.005). This was accompanied by 
a significant increase in NO production, 

as reflected by higher levels of nitrates 

and nitrites in the cell culture (p < 0.001)

Polyphenol supplement 

potentiates eNOS 

activation but 

downregulates the 
iNOS expression, 

leading to enhanced 

NO bioavailability but 

not toxicity.

[81]

Plant-Based Serum Blueberry and 

strawberry

N/A Fruits Lyophilized powder for 

oral reconstitution (24 g)

Double -blind, 

2-arm, controlled 
in healthy older 

men and older 

women (sample 

size not specified)

Randomized- 

Placebo controlled 
(matched isocaloric 

placebo powder)

90 Days The bioactive metabolites from these 

berries contribute to a systemic 
reduction in oxidative and inflammatory 

markers, and were significantly lower at 

Day 90 than at Day 0 (p <0.05) for both 

supplementations. However, the placebo 
group showed a significant increase in NO 

production.

Supplement leads to 

a reduction in NO 
production, 

particularly with a 90- 

day supplementation 

period, especially in 
the age-related 

increase in 

inflammation.

[82]
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herbal mixtures traditionally used for respiratory illnesses increased circulating NO levels, a response thought to support 
antiviral mechanisms and vascular activity. While NO has a short half-life, it remains stable by binding to hemoglobin, 
forming NO-bound hemoglobin (NOHb). Therefore, measuring NOHb serves as a reliable surrogate marker for 
endothelial function.83 Clinical data showed that COVID-19 infection, through chronic overproduction of ROS, sup
pressed circulating NOHb and contributed to endothelial.80 These effects are linked to the cytokine storm, a mechanism 
also reported in influenza virus infections.84 A controlled trial comparing a single dose of PB-Blend to vitamin 
C supplementation analyzed NOHb concentrations and revealed consistently low baseline NOHb in both groups, 
supporting the role of ROS in depleting NO bioavailability. After supplementation, PB-Blend intake increased circulating 
NOHb, indicating improved endothelial activity and restoration of vascular health in subjects susceptible to oxidative 
stress during COVID-19 infection.80

Conversely, some clinical studies have reported reductions in NO levels following phytochemical interventions, 
especially in elderly populations with inflammatory or metabolic disorders.82 In a well-controlled trial, older adults 
received blueberry (BB) or strawberry (SB) supplementation for up to 90 days, with fasting (pre) and postprandial (post) 
serum samples collected and tested ex vivo. The effect was most pronounced after 90 days, with both diet groups 
showing a reduction in NO production after 90 days, suggesting that the absence of phytochemical supplementation 
could worsen LPS-driven responses. In addition to suppressing NO, serum from BB- and SB-supplemented individuals 
also decreased LPS-induced TNF-α release, with more pronounced effects observed in the BB. These results demon
strated that BB polyphenols, including anthocyanins, were absorbed and metabolized, producing different phenolic acid 
derivatives that may be contributing to the anti-inflammatory effects.82,85

In contrast, hypertensive individuals who consumed phytochemical supplementation exhibited yet another 
pattern, as it led to reductions in diastolic blood pressure along with significant increases in urinary nitrite and 
nitrate concentrations.81 These findings suggest that blood pressure reduction was linked to enhanced NO bioavail
ability, particularly through eNOS pathways. Mechanistic insights from studies using human aortic endothelial cells 
(HAECs) demonstrated that incubation with polyphenol metabolites significantly increased insulin-stimulated NO 
production and promoted eNOS phosphorylation.81,86–88 However, the angiotensin-converting enzyme (ACE) 
activity showed no significant differences between the intervention and control groups, while urinary nitrite/nitrate 
levels increased during supplementation.81 This supports the conclusion that enhanced NO bioavailability, rather 
than ACE inhibition, improved vascular function and reduced blood pressure. Overall, it is confirmed that poly
phenol metabolites exhibited significantly greater insulin-stimulated NO production and eNOS activation without 
activating iNOS or promoting inflammatory responses, strengthening the evidence for a direct endothelial mechan
ism of action.

Immune Response to NO Production
NO plays a multifaceted role in the immune system, influencing both innate and adaptive responses.39,89 Its effects are 
complex and dual, including acting as a protective microbicidal agent against pathogens and serving as an immunor
egulatory molecule that modulates the behavior of macrophages, dendritic cells, and T-lymphocytes.38,90 Through these 
mechanisms, NO helps eliminate invading microorganisms and shapes the balance of immune cell activation and 
differentiation.91,92 Due to its short half-life of only about five seconds, similar to its stability in an aqueous solution, 
NO must be generated rapidly and close to its target.6,93–95 This is why multiple isoforms of NOS exist, each expressed in 
different cell types and regulated by specific stimuli.

In addition to its signaling functions, NO contributes directly to host defense. At high concentrations, it exerts 
cytotoxic effects similar to ROS. Polymorphonuclear neutrophils (PMNs) release both NO and ROS to kill microbes.96,97 

In neutrophils, the NADPH oxidase complex plays a central role. The membrane-bound subunits gp91phox (NOX2/ 
CYBB) and p22phox (CYBA) combine with cytosolic components (p47phox, p67phox, p40phox) to form a functional 
oxidase complex upon activation.98–101 The GTP-binding protein Rac2 (Ras-related C3 botulinum toxin substrate 2) 
enhances this process, leading to the formation of robust superoxide or singlet oxygen (1O2).102–104 The reaction of 1O2 

with NO can rapidly and site-specifically generate a nitrite pool through the pathways. In an iron-rich and oxidative 
setting, nitrite may also arise from NO interacting with hypervalent metal complexes. Under the acidic conditions of the 
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phagosome, nitrite can be further oxidized to NO2, either directly or through protonation, providing antimicrobial 
activity.105,106

Macrophages are another primary source of NO. Classical M1 macrophages, activated by toll-like receptor (TLR) 
ligands or cytokines such as IFN-γ, express high levels of iNOS.39,107 The NO generated by iNOS is strongly pro- 
inflammatory and cytotoxic, enabling macrophages to inactivate or destroy infectious agents.108,109 Simultaneously, 
iNOS activity regulates the polarization of macrophages, influencing the M1/M2 balance through transcription factors 
such as IRF5 (Interferon regulatory factor 5).107,110 Interestingly, NO can also act as a negative regulator of immunity. 
Studies show that NO suppresses IL-12 production in dendritic cells and macrophages, thereby modulating Th1 
responses. T cell-derived iNOS has also been implicated in limiting Th17 differentiation.110–112 Mechanistic evidence 
demonstrates that NO donors and the nitration of transcription factors like RORγt can inhibit IL-17 production, while 
iNOS-deficient T-cells lead to more severe colitis in animal models.113

Preclinical studies indicate that phytochemicals can regulate NO in immune cells. In vitro, LPS stimulation of 
macrophages or microglia induced strong upregulation of iNOS, NO release, and cytokine secretion (TNF-α, IL-1β, IL- 
6). Phytochemical extracts attenuated these responses by downregulating iNOS expression, reducing nitrite accumula
tion, and suppressing cytokine release.47–49 In vivo, plant fractions lowered systemic NOx levels, reduced leukocyte 
infiltration, and decreased circulating cytokines in models challenged with LPS or carrageenan.36,58 Clinical findings 
further support this evidence. In elderly subjects, long-term supplementation with blueberry or strawberry extracts 
reduced LPS-induced NO and TNF-α production in ex vivo microglial assays. These reductions correlated with 
decreased iNOS expression in immune cells and lower systemic pro-inflammatory cytokines, indicating improved 
immune regulation.85 Conversely, phytochemicals showed stimulatory effects in conditions where NO deficiency 
contributes to impaired host defense. In COVID-19 patients, herbal mixtures elevated circulating NO and increased 
hemoglobin-bound NO (NOHb), which partially restored impaired antiviral and endothelial responses.80 In hypertensive 
subjects, polyphenol supplementation enhanced eNOS phosphorylation and insulin-stimulated NO release, improving 
vascular function without triggering iNOS-driven inflammation.83

Nitrosative Stress in NO Production
Under normal physiological conditions, the balance between oxidative and nitrosative stress is tightly regulated by 
antioxidant enzymes and scavenging systems that neutralize ROS and reactive nitrogen species (RNS).114–116 Key 
endogenous defenses include the glutathione (GSH) and thioredoxin (Trx) systems, bolstered by selenoenzymes such 
as glutathione peroxidases (GPx) and thioredoxin reductases (TrxR). These pathways typically prevent cellular injury by 
managing damage caused by ROS and RNS.117,118 However, in chronic inflammatory states or diseases such as sickle 
cell disease (SCD), diabetes, and neurodegeneration, this balance is disrupted, resulting in excessive production of NO 
and RNS, particularly peroxynitrite (formed from the reaction of NO with superoxide).114,115

Nitrosative stress can damage proteins, lipids, and nucleic acids, impairing mitochondrial function by blocking 
components of the respiratory chain. The sensitivity of specific cell types to peroxynitrite varies based on their 
antioxidant capacity, with neurons tending to be more vulnerable than astrocytes. This vulnerability contributes to the 
role of nitrosative stress in neurological conditions such as Alzheimer’s disease, Parkinson’s disease, multiple sclerosis, 
Huntington’s disease, and ischemia-reperfusion injury.119,120 Protein tyrosine nitration is a crucial biochemical marker of 
this process; accumulation of nitrotyrosine has been observed in inflammatory diseases, including diabetic complications 
like retinopathy.121,122 In these conditions, factors such as vascular endothelial growth factor (VEGF) are upregulated, 
partly driven by ROS and NO, thereby connecting nitrosative stress to vascular pathology.123 Additionally, high-intensity 
exercise can lead to transient increases in ROS and RNS, unsettling the oxidant-antioxidant balance and potentially 
worsening cellular stress when antioxidant defenses are insufficient.124

Evidence from preclinical studies indicates that phytochemicals can help mitigate nitrosative stress in inflammatory 
conditions. In macrophages stimulated with LPS, elevated NO production and peroxynitrite formation were reduced by 
plant extract treatments, which downregulated iNOS expression, decreased NOx levels, and suppressed markers of lipid 
peroxidation like MDA.36,60 Similar effects were observed in animal models of carrageenan-induced inflammation or 
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sodium nitroprusside challenge, where phytochemical supplementation lowered tissue NO levels, restored antioxidant 
enzyme activity (SOD, CAT, GPx), and limited nitrosative injury.53,70,78

Clinical findings support these results. In elderly subjects, long-term berry supplementation reduced systemic 
nitrosative stress, as shown by lower MDA levels and improved antioxidant capacity.85 Serum from these participants 
also decreased LPS-induced NO and TNF-α production in ex vivo assays, indicating diminished iNOS activity. In 
hypertensive patients, polyphenol supplementation enhanced endothelial NO bioavailability through the phosphorylation 
of eNOS, while keeping nitrosative stress markers within normal ranges.83 This demonstrates selective enhancement of 
protective NO pathways without triggering iNOS toxicity. In COVID-19 patients, herbal mixtures that increased 
circulating NO also improved redox balance, with higher levels of hemoglobin-bound NO (NOHb) stabilizing NO and 
preventing the accumulation of harmful peroxynitrite.80

Discussion
Mechanistically, the three NOS isoforms frame how NO signalling interacts across systems. eNOS maintains vascular 
tone and homeostasis,125 while iNOS, upregulated during immune activation, generates higher nitric oxide levels that can 
kill pathogens but also injure host tissue if unchecked.126 This polarity explains the therapeutic window for NO 
modulation. Lowering NO levels helps when hyperinflammation, high cytokines, and nitrotyrosine indicate peroxynitrite 
injury, because suppressing iNOS limits oxidative damage.6 Raising NO is useful when endothelial function is impaired, 
for example, in hypertension, metabolic syndrome, aging, or post-viral vascular stress, where supporting eNOS improves 
perfusion and microvascular function.80,83,85

At the molecular level, the active iNOS enzyme functions as a homodimer.45 iNOS induction varies by cell type and 
species because multiple signaling pathways and transcription factors converge on its promoter.127 In addition, NO, 
depending on the cell type, along with protein kinase A, protein kinase C, p42/p44 mitogen-activated protein kinase/ 
extracellular signal-regulated kinases (MAPK/ERK) pathway.128 The nuclear factor-κB (NF-κB) serves as a pivotal 
regulator of iNOS expression, responding to both activators and inhibitors. Various stimuli, including LPS, IL-1β, TNF- 
α, and oxidative stress, have been shown to induce iNOS expression by activating NF-κB. Pharmacologic inhibition of 
iNOS expression by glucocorticoids, transforming growth factor family members, antioxidants, and phosphatidylcholine- 
specific phospholipase C inhibitors is closely tied to suppression of NF-κB activation through mechanisms that include 
blocking nuclear translocation, reducing transactivation, or increasing IκB isoforms.129,130

Medicinal plants have long been recognized as a rich source of bioactive compounds that influence NO 
pathways.28,131,132 Across experimental systems, diverse class of compounds, including flavonoids, phenolics, terpe
noids, and alkaloids, demonstrate bidirectional regulation of NO homeostasis. Under inflammatory conditions character
ized by excessive iNOS activation, these phytochemicals consistently suppress iNOS expression, reduced nitric oxide 
overproduction, and limit downstream nitrosative stress and cytokine amplification. Conversely, in settings of endothelial 
dysfunction where NO bioavailability is impaired, several plant-derived polyphenols enhance eNOS activity and promote 
protective NO signalling, thereby restoring vascular function. This context-dependent modulation highlighting a unifying 
pharmacological principle in which medicinal plants do not simply inhibit NO formation but instead normalize NO 
balance according to physiological demand. Evidence from clinical studies, particularly those involving polyphenol-rich 
fruits such as blueberry, strawberry, grape, strawberry, and etc, further supports improvements in endothelial function and 
eNOS activation, although these findings are largely derived from mixed formulation and remain limited in number. 
Collectively, these observations underscore the therapeutic potential of plant-derived compounds while emphasizing the 
need for more standardized and mechanistically targeted clinical investigation.

Dietary polyphenols intersect with this biology by acting on NO signaling and metabolism. Evidence indicates 
improvements in eNOS expression and activity, reduced eNOS uncoupling, and downregulated iNOS expression. 
Flavonoids were the largest group contributing to NO pathway modulation in the compiled results, consistent with 
their anti-inflammatory and antioxidant properties. Structural features are important for activity, including a planar ring 
with unsaturation at C2–C3 and hydroxyl groups at the 3′ and 4′ positions of the B ring, which are critical for anti- 
inflammatory effects.133 Although mechanisms differ across compounds, several patterns recur. Quercetin shows anti- 
inflammatory effects by inhibiting JNK and ERK, which limits MAPK, AP-1, and NF-κB activity.134–136 Kaempferol 
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inhibits the NF-κB pathway and reduces IL-6, IL-1β, COX-2, NOS, and TNF-α.137 Phenolic compounds can also shift 
cellular metabolism from glycolysis toward mitochondrial oxidative phosphorylation by enhancing mitochondrial 
biogenesis and efficiency, often through PGC-1α (peroxisome proliferator-activated receptor gamma coactivator 1-α) 
and Sirtuin 1.130 This shift improves ATP production and redox balance, reduces ROS, and lowers downstream 
inflammatory signaling, which together reduce iNOS expression and nitric oxide overproduction while helping maintain 
redox homeostasis.138,139 Notably, the strawberry calyx. In LPS-stimulated RAW 264.7 macrophages, 70% ethanol 
extracts of Fragaria ananassa Duch. calyx significantly inhibited protein and mRNA expression of iNOS and COX-2 
and reduced pro-inflammatory cytokines TNF-α and IL-6.48 The extract attenuated MAPK signaling by lowering 
phosphorylated ERK and JNK, with a more modest reduction in phosphorylated p38, indicating regulation of inflam
matory responses through MAPK pathway control.140 It also reduced phosphorylated p65 and phosphorylated IκB, 
consistent with inhibition of NF-κB signaling triggered by LPS-TLR4 activation, and thereby suppressed transcription of 
IL-6, TNF-α, iNOS, and COX-2.141,142 Together, these findings support a dual action in which plant-derived constituents 
limit upstream inflammatory signaling while also constraining downstream enzymatic drivers of NO and prostaglandin 
E2 production.48

Furthermore, synthesis of the preclinical data revealed that only four plants, namely A. tsao-ko, C. sativa, M. biondii, 
and P. obtuse, demonstrated consistent activity across both in vitro and in vivo models. These studies reported 
reproducible reductions in NO production and iNOS expression, indicating mechanistic support for their anti- 
inflammatory effects. However, none of these candidates have yet progressed to well-controlled clinical trials, under
scoring a substantial gap between preclinical promise and clinical validation. This pattern suggests that only a small 
subset of medicinal plants has undergone multi-level validation, highlighting the need for more standardized preclinical 
to clinical progression.

Despite encouraging preclinical findings, the clinical translation of medicinal plants targeting nitric oxide signalling 
remains limited. Substantial variability in extraction methods, phytochemical composition, and dosing regimens con
tributes to inconsistent outcomes, while many herbal preparations lack adequate chemical and pharmacokinetic char
acterization. Most in vitro studies rely heavily on LPS-induced inflammatory models, which provide experimental 
consistency but restrict generalizability and fail to reflect the complexity of chronic inflammatory conditions. Animal 
studies are fewer and methodologically heterogeneous, often emphasizing broad inflammatory markers such as cytokines 
or oxidative stress parameters. This imbalance reduces mechanistic insight into NO-specific pathways. Differences in 
experimental design, dosing strategies, and outcome measures also restrict comparability and weaken causal interpreta
tion. As a result, although animal data are encouraging of nitric oxide modulation in therapeutic effects remains 
insufficiently defined. Furthermore, the clinical translational studies represent the most significant gap. Few human 
studies directly assess NO-related outcomes following plant-based interventions. Many trials use complex multi- 
component formulations rather than standardized single plant extracts, making attribution of effects to specific phyto
chemicals difficult. Variability in formulations, populations, and endpoints further limits reproducibility. Consequently, 
current clinical findings should be interpreted cautiously, and definitive conclusions regarding therapeutic efficacy cannot 
yet be established.

Collectively, the evidence demonstrates a clear translational gradient. Bridging this gap will require standardized 
extract preparation, consistent dosing protocols, clearly defined NO-specific endpoints, and well-designed randomized 
control trials (RCTs). Such improvements are essential to determine whether modulation of NO signalling by medicinal 
plants can produce reliable clinical benefits.

Limitations of the Study
Although the present review provides comprehensive insights into the effects of medicinal plants on NO production, 
several limitations must be acknowledged that could affect the interpretation of the results. Firstly, preclinical models 
often use acute LPS or SNP challenges; this could be a discrepancy between in vitro and in vivo models that remains 
a concern. The conditions in cell cultures do not always replicate the complexities of the in vivo system, where factors 
such as the pharmacokinetics of bioactive compounds may vary. Secondly, although this study uses human trials, they 
often rely on indirect measures such as plasma NOx, which do not distinguish between harmful iNOS activity and 
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protective eNOS signaling. Furthermore, these studies remain short, small in scale, and rarely stratify participants by 
baseline NO status or endothelial function, even though this likely dictates the direction of response. In addition, herbal 
mixtures are frequently under-characterized with insufficient data on phytochemical composition, pharmacokinetics, and 
dose-response relationships. Additional research is needed to better understand the interactions between the various 
bioactive compounds of plants and their individual contributions to therapeutic outcomes. Although many studies 
reported significant iNOS inhibition, the statistical robustness varied considerably. Several investigations relied on 
small sample sizes, limited replication, and incomplete reporting of variance or statistical testing, which may reduce 
confidence in the estimated effects. In addition, heterogeneity in experimental designs and outcome measures limits 
cross-study comparability. Moreover, further studies should focus on mechanism-anchored randomized controlled trials 
that stratify participants by endothelial function and nitrosative stress at baseline. Harmonized biomarker panels that 
include endothelial function tests, nitrotyrosine, HbNO, cytokines, and antioxidant enzyme activity will be critical. 
Linking phytochemical dose and plasma metabolites to pharmacodynamic effects will help establish causality, while 
longer-term studies are needed to assess durability and safety.

Conclusion
Taken together, accumulating evidence indicates that many medicinal plants exert anti-inflammatory and antioxidant 
effects through modulation of NO signaling and improve NO bioavailability. Rather than acting solely as inhibitors, these 
phytochemicals appear to normalize nitric oxide homeostasis by reducing excessive NO production during inflammatory 
states while restoring deficient NO levels in vascular dysfunction. This bidirectional regulation provides a coherent 
mechanistic links phytochemicals and improvements in inflammation, oxidative stress, and endothelial health, suggesting 
a shared mechanistic basis underlying their therapeutic potential. However, the current evidence remains largely 
preclinical and heterogeneous, and well-controlled clinical trials remain limited, warranting cautious interpretation of 
translational relevance. Future studies should prioritize standardized interventions, robust biomarkers, and precision- 
targeted strategies to ensure safe and effective translation of phytochemical-based NO modulation into clinical practice.
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