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Abstract
Chronic inflammation is a common underlying factor in many major diseases, including heart disease, diabetes, cancer, and 
autoimmune disorders, and is responsible for up to 60% of all deaths worldwide. Metformin, statins, and corticosteroids, and 
NSAIDs (non-steroidal anti-inflammatory drugs) are often given as anti-inflammatory pharmaceuticals, however, often have 
even more debilitating side effects than the illness itself. The natural product-based therapy of inflammation-related diseases 
has no adverse effects and good beneficial results compared to substitute conventional anti-inflammatory medications. In 
this review article, we provide a concise overview of present pharmacological treatments, the pathophysiology of inflam-
mation, and the signaling pathways that underlie it. In addition, we focus on the most promising natural products identified 
as potential anti-inflammatory therapeutic agents. Moreover, preclinical studies and clinical trials evaluating the efficacy 
of natural products as anti-inflammatory therapeutic agents and their pragmatic applications with promising outcomes are 
reviewed. In addition, the safety, side effects and technical barriers of natural products are discussed. Furthermore, we also 
summarized the latest technological advances in the discovery and scientific development of natural products-based medicine.

Keywords  Inflammation · Natural products · Neurodegeneration · Atherosclerosis · Pro-inflammatory mediators · 
Curcumin · Resveratrol · EGCG​

Introduction

Tissue dysfunction or homeostatic imbalance triggers the 
immune system’s adaptive response, known as inflamma-
tion. Inflammatory responses are caused as part of the host’s 
initial line of defense. However, chronic inflammation can 

result from the recurrent stimulation by dangerous sub-
stances or inadequate management of acute inflammation 
(Ma et al. 2021). Diseases such as cardiovascular disease 
(CVDs), neurodegeneration, and inflammatory bowel dis-
ease (IBD) are linked to chronic inflammation (Hussain 
et al. 2020). Chronic inflammation and the diseases that 
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arise from it are the major risk to public health. Diseases 
that promote chronic inflammation, such as diabetes, CVDs, 
cancer, stroke, and obesity, kill three out of every five peo-
ple worldwide. Lifelong disability, expensive treatment, and 
wage loss all contribute to a substantial economic burden 
(Bleich et al. 2015; Nguyen et al. 2018).

Metformin, statins, and corticosteroids, and NSAIDs 
(non-steroidal anti-inflammatory drugs) are often given as 
anti-inflammatory pharmaceuticals that reduce inflammation 
through various mechanisms. Existing treatments for most 
chronic diseases, however, often have even more debilitating 
side effects than the illness itself. The natural product-based 
therapy of inflammation-related diseases has no hazardous 
side effects and great curative results to substitute conven-
tional anti-inflammatory medications. Natural products, 
which are substances obtained from natural resources such 
as plants, animals, and micro-organisms, had been utilized 
to cure a wide range of human problems for millennia (Ber-
nardini et al. 2018; Dias et al. 2012; El-Hadary and Rama-
dan 2019). Recent investigations have observed that natural 
products possessing anti-inflammatory action can act as pos-
sible sources for the advancement of natural anti-inflamma-
tory drugs due to their high pharmacological activity and 
low toxicity (Wu et al. 2021; Alharbi et al. 2022). Natural 
products are more successful at alleviating subtle pain in the 
early phase of many diseases, but they are not always effec-
tive in treating the more severe symptoms of chronic disor-
ders. The understanding of chronic inflammation and the use 
of natural products for its treatment have advanced signifi-
cantly in recent years. Scientists aim to develop natural prod-
ucts with potent anti-inflammatory activity and no negative 
effects to replace traditional anti-inflammatory drugs. This 
review aims to provide insight into the significance of natu-
ral products in treating inflammation-related disorders and 
their mechanisms of action. It discusses various commonly 
used natural products, their effects on different inflamma-
tory cellular signaling pathways, and summarizes the posi-
tive results from clinical and preclinical studies. The safety 
and potential side effects of these natural products are also 
addressed, as well as the latest advances in their discovery 
and development.

Chronic inflammation‑related diseases

Both acute and chronic inflammations are protective 
responses to harmful pathogens including viruses, bacte-
ria, and fungi. In most cases, inflammation is beneficial to 
the body (Deng et al. 2022). Pain, redness, bloating, heat, 
and failure to function are the hallmarks of inflammation 
(Scott et al. 2004). This physiological process, which tries 
to eliminate the stimulus and return the body to a state of 
balance, includes vasodilation as well as the recruitment of 

leukocytes and granulocytes into inflamed tissues. If the 
acute inflammatory reaction is not successful in halting 
the stimulus, it will transform into a chronic inflammatory 
cascade. Disorders such as obesity (Villarroya et al. 2018), 
atherosclerosis (Kasikara et al. 2018), rheumatoid arthritis 
(RA) (Chimenti et al. 2015), gout (So and Martinon 2017), 
Alzheimer’s disease (AD) (Heneka et al. 2015), depression 
(Koopman and Aidy 2017), Parkinson’s disease (PD) (Joshi 
and Singh 2018), and cancer (Coussens and Werb 2002) are 
all linked to chronic inflammation and its physiological and 
pathological processes (Fig. 1).

RA is a systemic autoimmune syndrome that disturbs the 
joints and can cause distress, swelling, and rigidity. Syno-
vial lining hyperplasia and pannus formation are caused by 
the permeation of inflammatory cells, pro-inflammatory 
cytokines, and the activated fibroblast-like synoviocytes 
(FLS). These factors ultimately lead to bone and cartilage 
damage through the stimulation of osteoclasts (Croia et al. 
2019).

Atherosclerosis is a disease that occurs within the artery 
wall and is described as a persistent, low-grade inflamma-
tory condition that is driven by lipids. It is the cause of 
several CVDs, involving peripheral artery disease, myo-
cardial infarction (MI), coronary artery disease, and stroke. 
Endothelial dysfunction is responsible for the deposition 
of low-density lipoprotein (LDL) and the recruitment of 
monocytes. These monocytes eventually transform into mac-
rophages, after which they take up oxidized LDL (oxLDL) 
and undergo differentiation into foam cells. A lipid core that 
may contain foam cells and necrotic debris is covered by 
smooth muscle cells that multiply and drift from the media 
to the intima. This process is one of the factors that leads to 
an atherosclerotic plaque. In conclusion, thrombosis can be 
caused by the rupture of an unstable plaque (Nguyen et al. 
2019).

Asthma is characterized by bronchial hyper-reactivity, 
airway inflammation, and structural changes in the airways. 
Dendritic cells migrate and mature when the airway epi-
thelium produces inflammatory mediators in response to 
environmental stimuli. Dendritic cells that have been stim-
ulated can cause naive T cells to specialize into subsets. 
Overproduction of mucus and changes to the structure of 
the airways result from subsequent inflammatory processes 
such as cytokine release and recruitment of inflammatory 
cells (Mims 2015).

Numerous studies have linked neuroinflammation to the 
etiology of AD, finding that microglia (brain-resident mac-
rophages) clusters all around Aβ plaques and the related 
inflammatory cytokines are elevated in AD patient. Once 
engaged, microglia move to the Aβ deposits, where they 
remove the Aβ through phagocytosis and exhibit neuro-
protective action. However, microglia are harmful when 
activated for too long. Their ability to clear Aβ decreases, 



2859Therapeutic potential of natural products in inflammation: underlying molecular mechanisms,…

1 3

and they start releasing inflammatory intermediaries such 
as cytokines, chemokines, nitric oxide (NO), reactive oxy-
gen species (ROS), and proteolytic enzymes. Increased 
synthesis and deposition of Aβ, hyper-phosphorylation 
of tau, migration of peripheral monocytes and lympho-
cytes, and neuronal injury all result from these mediators, 
which engage in many roles in the pathogenesis of AD. In 
addition, Aβ can trigger astrocytes to secrete neurotoxic 
substances, worsening neuroinflammation and neurode-
generation (Baik et al. 2016; Bolmont et al. 2008; Wang 
et al. 2015; Lee et al. 2010).

Through its effects on the tumor microenvironment, 
inflammation has been also related to numerous stages in 
carcinogenesis, involving tumor development, progression, 
and metastasis (Fig. 2) (Greten and Grivennikov 2019). 
Inflammation may begin as a result of exposure to a patho-
gen, an immune-mediated disease (such as IBD), subclini-
cal inflammation (such as that caused by obesity), exposure 
to environmental carcinogens (such as tobacco smoke and 
pollutants), or the activation of a proto-oncogene (Man-
tovani et al. 2008). DNA damage and genomic instability 
induced by ROS, NOS, and other mediators promote neo-
plastic transformation of the inflamed tissues (Colotta et al. 
2009). The crosstalk among the immune cells, including 
tumor-coupled immune cells; macrophages, neutrophils, 
dendritic cells, mast cells, and T cells results in the forma-
tion of an inflammatory microenvironment influences the 
tumor growth (Molinaro et al. 2018; Diakos et al. 2014).

Cellular signaling mediates inflammatory 
processes

The immune response of inflammation triggers many sign-
aling pathways, and the transcription of mRNAs encoding 
pro-inflammatory cytokines and chemokines such as tumor 
necrosis factor-α (TNF-α) and interleukin-1β (IL-1β), and 
IL-6 is up-regulated (Tanaka et al. 2014). During inflam-
mation, numerous mechanisms, including the nuclear fac-
tor kappa-B (NF-κB) pathway influence the transcription 
level of pro-inflammatory cytokines (Wajant et al. 2003). 
Furthermore, upon activation of toll-like receptor-4 (TLR4), 
it subsequently stimulates mitogen-activated protein kinase 
(MAPK)pathways through a substantial activation of the 
stress-related Jun n-terminal kinase (JNK) group, a mod-
est response from the p38-MAPK, and a limited initiation 
of the established extracellular signal-regulated kinases 
(ERKs) that participate in activator protein-1 (AP-1) regu-
lation (Kant et al. 2011). The expression of inflammatory 
cytokines and mediators, cell proliferation and survival are 
all regulated by additional inflammatory pathways, such as 
Janus kinase/signal transducers and activators of transcrip-
tion (JAK-STAT). These pathways help to orchestrate the 
inflammatory responses (Fig. 3) (Hu et al. 2021). Cytokines 
and chemokines attract extra immune cells to the location 
of infection, such as circulating neutrophils, which promote 
microbial death by producing proteases (Netea et al. 2017), 
interferon (IFN)-γ, as well as ROS. Cytokines likewise 

Fig. 1   Chronic inflammation 
contributes to several diseases
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stimulate the synthesis of cyclooxygenase-2 (COX-2) 
which is responsible for the production of prostaglandins 
(PG) (Gomez et al. 2015; Gandhi et al. 2017). Furthermore, 
the dendritic cells enhance the immune reaction via naïve 
T- and B-cell stimulation. The removal of the extraneous 

or endogenous substance and the reprogramming of effec-
tor cells to efficiently stop the manufacture of inflamma-
tory mediators result in the determination of inflammation 
and the restoration of homeostasis. Failure to do so, on the 
other hand, resulted in sustained periods of unresolved 

Fig. 2   Chronic inflammation accelerates the growth of tumors

Fig. 3   The cellular signaling 
involves in the body’s inflam-
matory response. MyD88-
dependent pathways, when 
TLRs are activated, they initiate 
a sequence of intracellular 
signaling events that ultimately 
result in the movement of AP-1 
and NF-κB to the nucleus, 
thereby controlling the pro-
inflammatory cytokine produc-
tion and inflammatory cell 
recruitment, which eventually 
contribute to the inflammatory 
response. (Toll-like receptors 
(TLRs), myeloid differen-
tiation factor-88 (MyD88), 
the mitogen-activated protein 
kinase (MAPK), nuclear factor 
kappa-B (NF-κB), and Janus 
kinase (JAK)-signal transducer 
and activator of transcription 
(STAT), activator protein-1 
(AP-1)
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inflammation, which contributes to practically all chronic or 
degenerative diseases. In order to make therapeutic advances 
against most of these degenerative diseases for which there 
is now no treatment, it is necessary to produce medications 
that target underlying inflammation (Netea et al. 2017; Ma 
et al. 2018; Afonina et al. 2017).

Current treatments of inflammation 
and their side effects

The currently available treatments alleviate the signs and 
symptoms of inflammation, such as heat, redness, swelling, 
and pain via suppressing the pro-inflammatory chemical 
mediators, but they can also lead to severe immune sup-
pression, which can increase the risk of opportunistic infec-
tions. It is known that the temporal events of self-limited 
acute inflammatory responses resolve at the histologic level 
with the removal of inflammatory cells from the tissue and 
the restoration of function (Serhan 2017; Dyall et al. 2022). 
However, if the inflammatory response is not resolved, it 
can become chronic inflammation, which can lead to serious 
health problems. Thus, it is important to identify and address 
the underlying cause, reduce exposure to toxins, and adopt a 
healthy lifestyle including regular exercise, a balanced diet, 
stress reduction, and smoking cessation can also help reduce 
inflammation.

Steroidal and NSAIDs are the most popular agents to treat 
inflammation. Long-term use of these treatments, however, 
can have negative and occasionally life-threatening side 
effects, such as gastrointestinal damage and failure of liver 
and kidney. They are rarely curative and have low success 
rates; therefore, patients need safer, less toxic, and cheaper 
treatments (Li et al. 2017). The use of more selective drugs 
and innovative treatments affecting certain cells such as 
T-cell targeted medicines (tacrolimus, laquinimod, and edra-
tide), cytokine inhibitors (adalimumab and infliximab) (Gin-
wala et al. 2019), and anti-B-cell agents (BLyS and rituxi-
mab) has been implemented in inflammation treatment with 
variable degrees of success. Nevertheless, research into more 
benign and economically viable therapy options remains 
urgently needed (Li et al. 2017; Rengasamy et al. 2019). 
Steroids, NSAIDs, COX inhibitors, and anti-TNF therapies 
can cause side effects such as stomach ulcers, bleeding, 
high blood pressure, diabetes, liver damage, increased risk 
of infections, allergic reactions, increased risk of cancer and 
suppression of the immune system if used for an extended 
period. As a result, new tactics are required to reduce these 
side effects. In this context, Natural products are good can-
didates to treat inflammation because they often contain 
compounds that have anti-inflammatory properties and can 
target multiple pathways involved in the inflammatory pro-
cess. They are often less toxic, have fewer side effects, can 

have synergistic effects, and may have other health benefits. 
Natural products-based medication may help give fresh ideas 
and a renewed sense of optimism for treating inflammation 
(Dinarello 2010; Roy et al. 2022).

Anti‑inflammatory promise of curative 
herbal products and their active 
constituents

Polyphenols

Curcumin

Fruits, vegetables, and other foods contain polyphenols, a 
group of natural compounds. Polyphenol curcumin (Fig. 4) 
is derived from Curcuma longa (turmeric). It has antioxi-
dant, anti-inflammatory, anticancer, and antiviral activities 
across a spectrum of disease types, thanks to its pharma-
cological versatility and broad molecular target specific-
ity (Wang et al. 2021a; Edwards et al. 2017; Qadir et al. 
2016). At the molecular level, it has been demonstrated 
that this multitargeted drug can act through a variety of 
different cell signaling pathways: the phosphatidylinositol 
3-kinase (PI3K)/protein kinase B (AKT)/mammalian target 
of rapamycin (mTOR), the glycogen synthase kinase-3 beta 
(GSK-3β), the Ras/Raf/MEK/ERK, the p53, and through 
Nrf2/ARE, Akt, and NF-κB pathways (Kunnumakkara et al. 
2017; Paulraj et al. 2019). Recent research has shown that 
curcumin can raise the levels of nuclear translocation and 
stimulate the biological outcomes of Nrf2. Therefore, it can 
be a potential therapeutic candidate for treating numerous 
disorders that are produced by oxidative stress (Rahban et al. 
2020). In addition, curcumin can inhibit the activities of xan-
thine oxygenase, lipo-oxygenase (LOX), COX, NO synthe-
sis, ROS formation, and the production of pro-inflammatory 
mediators including NF-κB (Mathy-Hartert et al. 2009; 
Bezáková et al. 2014; Goel et al. 2001; Chan et al. 2005; 
Sivani et al. 2022; Buhrmann et al. 2011). Curcumin blocked 
the joint histopathological alterations in collagen-induced 
arthritis (CIA) rats, involving edema, cartilage/bone damage, 
synovial hyperplasia, coupled with pannus development, 
by diminishing the release of pro-inflammatory cytokines 
(Wang et al. 2019a). A meta-analysis found that treatment 
with standardized turmeric extracts for 8–12 weeks (typi-
cally consisting of one thousand milligrams of curcumin 
per day) can reduce arthritis symptoms (primarily those 
related to pain and inflammation) and leads to progresses in 
relieving symptoms that are comparable to those produced 
by ibuprofen and diclofenac sodium (Yuan et al. 2019). Con-
sequently, curcumin and turmeric extracts was prescribed for 
the treatment of arthritis. Additional evidence comes from a 
study performed by Delecroix et al. It was demonstrated that 
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professional rugby players who took supplements contain-
ing 2 g of curcumin and 20 g of piperine experienced less 
muscular soreness 24 h following their workout (Delecroix 
et al. 2017).

Curcumin was noticed to have an atheroprotective 
effect by modifying macrophage polarization from the 
pro-inflammatory M1 to the anti-inflammatory M2 phe-
notype via the TLR4/MAPK/NF-κB pathways (Zhou et al. 
2015). Recently, curcumin was found to alleviate airway 
irritation in ovalbumin (OVA)-stimulated asthma model, 
causing reduction of cytokine quantities and inflammatory 
cell number via its activity on MAPK/NF-κB pathways 
(Zhu et al. 2019). It correspondingly abridged the infiltra-
tion of inflammatory cell as well as IL-6 and transforming 
growth factor beta (TGF-β) levels owing to its repress-
ing properties on NF-κB and COX-2 release, which led to 
attenuation of airway remolding that occurred in a model 
of chronic obstructive pulmonary disease (COPD) that 
was persuaded by lipopolysaccharide (LPS) and cigarette 

burn (Yuan et al. 2018). Curcumin hindered inflamma-
tion by targeting NF-κB transcription factors, TNF-α, ILs, 
enzymes of COX-2, iNOS, and 5-LOX, and malignancies 
proteins (Giordano and Tommonaro 2019). The chemical 
inhibitory action of curcumin is one of the various meth-
ods that can be used to limit the proliferation of tumors. 
Because of this, using curcumin topically significantly 
reduces inflammation brought on by tetradecanoylphorbol-
13-acetate 12-O (Rakariyatham et al. 2019), hyperplasia, 
ornithine decarboxylase activity, formation of active oxy-
gen species, DNA oxidative damage and papillomavirus 
formation (Hour et al. 2002; Zoi et al. 2021; Shishodia 
et al. 2007). Curcumin’s several interactions with the cells 
of the human gastrointestinal tract have been shown to 
have the following effects: inhibition of lipid peroxidation, 
suppression of COX-2 expression and PGE2 generation, 
and elevation of glutathione-s-transferase enzyme levels 
(Pulido-Moran et al. 2016; Mbese et al. 2019).

O
O O

OH

O

HO

Curcumin

O

OH

HO

OH
OH

OH

O

O
OH

OH
OH

Epigallocatechin-3-gallate (EGCG)

HO

OH

OH

Resveratrol

O O
O

OH
OH

O

O

HO

OH

O

O

HO

OH

O

O

O

O
OH

OH
HO

HO

OH

O

O

OH

OH

OH
OHOHOHOHOH

OH
OH

HO

HO

Lentinan

Fig. 4   Chemical structures of curcumin, EGCG, resveratrol, and lentinan



2863Therapeutic potential of natural products in inflammation: underlying molecular mechanisms,…

1 3

Epigallocatechin‑3‑gallate (EGCG)

One of the utmost prevalent catechins in green tea (Camel-
lia sinensis) is called epigallocatechin-3-gallate (EGCG, 
Fig. 4). Reduced ILs production, COX-2, and matrix met-
alloproteinases-2 (MMP-2) expression in human being 
rheumatoid arthritis synovial fibroblasts (RASFs) was 
attributed to EGCG’s potential interference with the IL-1 
signaling cascade via reversible binding and inhibition of 
an upriver kinase TGF-activated kinase 1 (TAK1) (Fechtner 
et al. 2017). ROS production as well as TNF-α, IL-5, Th2 
cytokine, and MMP-9 expression was reduced by EGCG, 
in an asthma model that was induced by toluene diisocy-
anate. This, in turn, prevents the inflammatory cells from 
recruitment and extravasation to the airway lumen, which in 
turn reduces airway hyperresponsiveness (Kim et al. 2006). 
EGCG inhibits the expansion of psoriasis-like skin inflam-
mation caused by imiquimod by lowering the quantity of 
T cells that infiltrate the skin and lowering the quantities 
of cytokines associated with Th17 (Zhang et al. 2016). In 
addition, there is evidence that EGCG may have a neuropro-
tective effect via hindering NF-κB and MAPK activation, 
which in turn prevented IL-1β + Aβ-induced the enzyme 
of COX-2, IL-6, and -8 in human astrocytoma cells. This 
allowed it to exert anti-neuroinflammatory effects in AD 
(Rubio-Perez and Morillas-Ruiz 2012). In LPS-induced PD 
rats, EGCG not only reduces the levels of TNF-α and NO, 
but it also enhances the quantity of dopaminergic neurons 
in the midbrain (Al-Amri et al. 2013). In addition, EGCG 
protects prostate cancer cells from inflammation by prevent-
ing the gene expression of inflammatory chemokines and 
cytokines, the activities of MMP-9 and -2, and cell migra-
tion by disrupting NF-κB (Sen et al. 2009). This is achieved 
by EGCG’s interference with these proteins (Wang et al. 
2021a).

Since EGCG is rapidly destroyed in both acidic and 
neutral conditions, it is unsteady in the GI tract and is not 
instantly absorbed. Consequently, chitosan encapsulated 
EGCG nanoparticles (NPs), considerably slowed its break-
down in digestive juices. Furthermore. EGCG targeted 
therapy is required to protect healthy cells while targeting 
cancerous ones (Safer et al. 2019). When EGCG was encap-
sulated in polylactic acid-polyethylene glycol NPs (nano-
EGCG), its medicinal efficiency was increased by a factor of 
more than 10 in terms of employing proapoptotic and angio-
genic repressing properties; these are the most important 
determining factors of EGCG’s chemopreventive properties 
in both in vitro and in vivo schemes (Siddiqui et al. 2009). 
There is evidence that EGCG can help fight obesity. Treat-
ment of diabetic mice with black tea extract for an extended 
period of time decreased their body weight and prevented a 
rise in blood sugar after eating (Grove and Lambert 2010). 
Six overweight males were given EGCG 300 mg twice daily 

for 2 weeks, and their resting energy expenditure did not 
change significantly compared to the people given placebo. 
Interestingly, EGCG administration resulted in considerably 
reduced respiratory quotient values compared to the placebo 
during the first postprandial monitoring phase (Boschmann 
and Thielecke 2007). These ground-breaking results point to 
the anti-obesity effects of EGCG on its own through increas-
ing fat oxidation.

Resveratrol

Grapes, peanuts, blueberries, and mulberries are just a few 
examples of the many plant species that contain the polyphe-
nolic stilbene resveratrol (trans-3,5,4ʹ-trihydroxystilbene, 
Fig. 4). Both its ability to scavenge ROS and its ability to 
increase cellular antioxidant defense have been credited 
with resveratrol’s antioxidant potential (Lastra and Villegas 
2007; Pervaiz and Holme 2009). Through the lowering of 
COX-2, PGE2, ROS, cytokines, and Th17 cell polarization, 
it has been demonstrated that resveratrol is a promise in the 
treatment of RA. Resveratrol may reduce atherosclerosis 
by decreasing the TLR4-mediated inflammatory response, 
restricting monocyte adherence by downregulating intercel-
lular adhesion molecule-1 (ICAM-1) expression, and pre-
venting the development of monocytes into macrophages 
(Martins et  al. 2014; Chen et  al. 2018; Malaguarnera 
2019). Resveratrol reduced the inflammation and remod-
eling of airways in asthma-induced animal models, and the 
underlying machinery is owing to its ability to control the 
mobility group box 1/TLR4/NF-κB pathway and spleen 
associated tyrosine kinase (Syk) protein production (Jiang 
et al. 2019). It can serve as a stimulator of sirtuin 1 (SIRT1), 
lowered the lung inflammatory response and oxidative stress 
in COPD mice, and inhibited the release of airway smooth 
muscle cytokines and chemokines (Wang et al. 2017a). It 
was discovered that resveratrol was helpful in improving 
inflammatory IBD, and its therapeutic efficacy on ulcera-
tive colitis (UC) and Crohn’s disease (CD) is, respectively, 
related to the reduction of pro-inflammatory cytokines and 
the rebalancing of Treg/Th17 cells (Shi et al. 2017; Sam-
sami-Kor et al. 2015; Zhu et al. 2011). Both in vitro and 
in vivo testing on animal models of neurodegenerative dis-
orders revealed that resveratrol possessed neuroprotective 
properties. For example, treatment of resveratrol reduced 
Aβ-caused inflammation in astrocytes and cultured micro-
glia and decreased microglial activation in an animal model 
of brain amyloid sedimentation. This was accomplished by 
suppressing NF-κB signaling (Zhao et al. 2018a). In addi-
tion, resveratrol protected SNpc dopaminergic neurons in an 
animal model of PD by controlling inflammatory responses 
via activation of suppressor of cytokine signal 1 (SOCS1) 
(Lofrumento et al. 2014).
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The anti-inflammatory properties of resveratrol have 
been demonstrated to have a chemopreventive effect on 
liver cancer (Zhang et al. 2018a). The anticancer effects 
of resveratrol-loaded nanoparticles have also been shown 
in cancer cell lines. Blocking IL-18 release and IL-18-in-
duced vascular cell adhesion molecule-1 (VCAM-1) 
expression inhibited hepatic melanoma spread and micro-
vascular adhesion. While it blocked COX-2 and NF-κB 
signaling, it reduced inflammation and liver carcinogenesis 
(Shen et al. 2017). Resveratrol inhibits iNOS production 
in colon cancer cells, blocks the Insulin-like growth factor 
1 receptor (IGF-1R)/Akt/Wnt pathways, and triggers p53, 
all of which work together to slow the growth of cancer 
cells and tumors (Honari et al. 2019; Sá et al. 2018; Clark 
et al. 2017).

Polysaccharides (PSA)

The polysaccharide-based dietary fibers have collected a 
lot of interest in the latest years. The health benefits of 
dietary fiber are numerous and include the reduction of 
total and LDL cholesterol, the maintenance of a healthy 
blood pressure, the prevention of constipation, and the pro-
motion of healthy gut microflora (Dhingra et al. 2012). 
The human gut microbiome includes the anaerobe Bac-
teroides fragilis (B. fragilis). Capsular PSA is a natural 
substance that helps keep the peripheral nervous system 
and/or central nervous system free of inflammation (Maz-
manian et al. 2008; Ramakrishna et al. 2019). PSA is a 
zwitterionic polysaccharide that is also a component of the 
immunogenic capsule produced by the non-toxin-produc-
ing B. fragilis (NTBF) strain NCTC9343; an exceptional 
T-cell-dependent antigen which is responsible for mediat-
ing the rise of CD4+ T cells and inducing the release of 
the immunosuppressive cytokine IL-10 in regulatory T 
cells (Johnson et al. 2015). A recent study on biodiversity 
revealed that there is a direct connection between NTBF 
and the immune system. Because of this connection, 
NTBF may have potential application as a probiotic (Sun 
et al. 2019). By suppressing TLR4-intermediated NF-κB 
transcription and modulating drug-absorbing enzyme and 
transporter expression, PSA derived from the probiotic 
B. fragilis improves aberrant voriconazole metabolism. 
As a result, PSA has the potential to act as a therapeutic 
adjuvant in clinical medication (Wang et al. 2021b). Most 
fungal PSA are derived from the Basidiomycetes family 
(and some of which are derived from the Ascomycetes). 
They have become a component of traditional food and 
medicine that is well known and utilized by many people. 
They display a broad variety of pharmacological actions 
such as antibacterial, anticancer, immunoregulatory, and 
antidiabetic (Giavasis 2014).

Lentinan

Lentinan (Fig. 4), which is often referred to as Lentinus 
edodes, is a medicinal fungal polysaccharide that is exten-
sively used and has been the subject of massive research. It 
is a recently commercialized and therapeutic medicine in 
the treatment of diabetes, and it possesses potent antican-
cer activity. Lentinan has a structure that is characterized 
by a 1,3-β-glucopyranosidic backbone with two 1,6-β-d-
glucopyranosidic branches interspersed each five glucose 
units along the main chain (Jiao et al. 2011). The highly 
ordered structure of lentinan is what is believed to be 
responsible for its potent antitumor activity. This structure 
can stimulate IL-12 which is responsible for stimulating the 
production of natural killer cells and T lymphocytes (Wied-
erschain 2007). It was also shown to be an efficient adjuvant 
for T cells and to boost the growth of blood mononuclear 
cells such as lymphocytes, monocytes, and macrophages, 
which increases the body’s resistance to the transition of 
cancerous cells into other types of cancer (Lemieszek and 
Rzeski 2012).

Schizophyllan

Schizophyllan (SPG, Fig. 5), which is a form of fungal pol-
ysaccharide, was also one of the earliest natural products 
separated from the fungus S. commune. SPG possessed 
significant biological properties and was subsequently 
used as an immunomodulator, an anticancer medica-
tion, and a component in bioactive cosmetics in various 
pharmaceuticals and functional foods. These anticancer 
PSA share a structural property that is analogous to that 
of 1,3-β-glucan with 1,6-β-glucose branches attached to 
the skeleton. The existence of a broad range of anticancer 
PSA in various species of fungi is explained by the fact 
that biologically dynamic compounds could be acquired by 
the enzymatic degradation of the hemicellulose skeleton in 
the fungal mycelial cell wall (Zhang et al. 2013). Because 
of its impressive clinical efficacy in treating lung, cervi-
cal, and stomach malignancies, it was approved for use in 
Japan (Lemieszek and Rzeski 2012). The large molecular 
weight and viscosity of SPG have, however, limited its 
use in the pharmaceutical and cosmetics industries. Three 
ultrasonic-treated SGP (USPG) sections with low viscos-
ity and small molecular weight were developed in a recent 
study that used ultrasonic technology to handle SPG. 
USPG sections increased NO generation in macrophages 
RAW264.7, lymphocyte growth, spleen lymphocyte IL-2 
and TNF-α, and T-47D cell inhibition compared to SPG 
(Zhong et al. 2015a). Consistent with previous reports, 
these findings showed that ultrasonic therapy improved 
the immunological and anticancer activity of native SPG. 
The ultrasonic treatment technique for SPG production 
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was found as an effective method to provide PSA with 
higher biological activity, and USPG60 may be a promis-
ing operational element for immunoregulatory and cancer 
therapy applications (Zhong et al. 2015b).

Sulfated PSA

Most research into bioactive PSA has focused on sulfated 
PSA. Abundant sulfated PSA derived from algae showed 
immuno-inflammatory, antioxidant, antibacterial, antipro-
liferative, and antilipidemic properties in addition to their 
virus-fighting powers (Jiao et al. 2011; Wijesinghe and Jeon 
2012). Research has shown that a sulfated polysaccharide 
isolated from the marine red alga Schizymenia pacifica can 
inhibit HIV replication. This sulfated polysaccharide pref-
erentially inhibits the activity of HIV reverse transcriptase 
(RT) and HIV replication in vitro (Witvrouw and Clercq 
1997). Sulfated fucoidan, isolated from commercially grown 
Cladosiphon okamuranus TOKIDA, has been indicated to 
reduce the proliferation of human leukemia U937 cells 
through the induction of apoptosis linked with the degrada-
tion of poly [ADP-ribose] polymerase (PARP), caspase-3 
and -7 activation. C. okamuranus TOKIDA, the sulfated 
fucoidan producer, is now a commercially grown organism. 
In Japan, a fucoidan extracted from C. okamuranus TOK-
IDA is included in a diversity of healthful foods, beverages, 
and personal care goods (Teruya et al. 2007).

Flavonoids

Flavonoids, also known as phytonutrients, are a set of com-
pounds that serve multiple purposes and can be found in 
many different types of food and drink. They provide an 
essential library of compounds that can be utilized as medic-
inal entities due to their broad array of biological action 
involving antioxidant, anti-mutagenic, anti-inflammatory, 
and antiviral activities in addition to their appealing fea-
tures (Tungmunnithum et al. 2018; Panche et al. 2016; Patel 
et al. 2018).

Apigenin and luteolin

It has been established that chamomile products taken orally 
are effective in reducing inflammation caused by gastroin-
testinal illnesses. The positive impacts of chamomile for-
mulations are linked to the existence of a wide variety of 
plant metabolites. These metabolites include bioflavonoids, 
coumarins, proazulenes, their breakdown product chama-
zulene, and the essential oil. Apigenin and luteolin (Fig. 5) 
end products, the utmost abundant flavonoids, have strong 
in vivo and in vitro anti-inflammatory capacities via regula-
tion of numerous related pathways (Flemming et al. 2015; 
Gerritsen et al. 1995; Alghamdi et al. 2022).

Treatment with luteolin improves colonic damage and 
inflammation in rats with UC by reducing TNF-α-induced 
inflammatory injury and altering the gut flora’s composition 
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and structure. Inhibiting the IL-6/STAT3 signaling pathway, 
as luteolin does, slows the progression of colon cancer (Li 
et al. 2021).

By employing valuable participants of the flavonoid fam-
ily, such as apigenin and lutein, the PI3K/Akt pathway can 
present a promising medicinal option for conquering the 
clinical problems of lung cancer malignant tumor heteroge-
neity and developed resistance (Zhou et al. 2017). Lung can-
cer cells exposed to lutein showed proliferation suppression 
and activated apoptosis by blocking the PI3K/Akt signal 
(Zhang et al. 2018b). Apigenin is a recent AKT suppressor 
in lung cancer, and it was shown to limit the phosphorylation 
of Akt. In addition, it was shown to inhibit HEF1 (human 
enhancer of filamentation 1), MMP-9, and GSK-3 genes 
expression (Zhou et al. 2017; Tong and Pelling 2013).

Hispidulin and diosmetin

As a traditional medicine, the plant Clerodendrum inerme 
(L.) Gaertn., which is a member of the Verbenaceae family. 
Through the inhibition of a variety of inflammatory indica-
tors in LPS-stimulated macrophages, the ethyl acetate por-
tion of the extract has the most effective anti-inflammatory 
activity compared to other portions. In addition, the inhibi-
tion of inflammatory markers led to the isolation of three 
well-known flavones: acacetin, diosmetin, and hispidulin. 
Hispidulin (Fig. 6) is the most effective anti-inflammatory 
medication out of the three flavones because it inhibits the 
DNA-binding action of NF-κB/JNK signaling pathway. This, 
in turn, leads to a decline in the levels of critical inflamma-
tory targets such as iNOS and COX-2 (Srisook et al. 2015). 
Hispidulin reduces the synthesis of NO along with the 
release of inflammatory cytokines in Raw264.7 macrophage 
cells that have been treated with LPS (Park et al. 2017).

Diosmetin (Fig. 6) promotes apoptosis and suppresses the 
spread of cancer cells while possessing no effect on healthful 
cells (Androutsopoulos et al. 2009). Several signal trans-
duction pathways of interest in cancer have been linked to 
diosmetin’s growth-inhibiting properties (Liu et al. 2016; 
Barrajón-Catalán et al. 2015; Ciolino et al. 2002). Dios-
metin induces apoptosis in cancer cells, which may have 

anti-carcinogenic effects. Diosmetin restrains the expansion 
of human prostatic malignant cells through triggering apop-
tosis and cell cycle arrest (Oak et al. 2018). The combination 
therapy of diosmetin and paclitaxel synergistically deceler-
ated the progress of lung cancer cells by causing an accu-
mulation of ROS triggered by the disturbance of the PI3K/
Akt/GSK-3β/Nrf2 pathway (Chen et al. 2019).

Quercetin

Quercetin (Fig. 6) is a polyphenolic bioflavonoid found in 
a broad range of fruits and vegetables. In CIA rats, querce-
tin was found to have anti-arthritic properties via altering 
the equilibrium between Th17 and regulatory T cells and 
triggering the heme oxygenase 1 (HO-1)-arbitrated anti-
inflammatory reaction (Yang et  al. 2018). Through the 
attenuation of the TLR/NF-κB pathway, quercetin could 
inhibit the oxLDL-stimulated atherosclerotic inflammatory 
process. This included the adherence of endothelial leuko-
cytes as well as the production of inflammatory mediators 
such as TNF-α, IL-6, COX, 5-LOX, and NOS. Quercetin 
was also able to reduce the amount of cerebral edema in the 
brain tissues and protect against the damage that high alti-
tude can cause to the brain (Mehany et al. 2022). Quercetin 
decreased allergic airway inflammation and airway hyper-
responsiveness in mice with OVA-induced asthma (Park 
et al. 2009). Furthermore, it reduced COPD-related lung 
inflammation and emphysema in mouse models. A 7-day 
quercetin administration reduced the post-exercise glucose-
caused insulin response, improved total antioxidant capac-
ity (TAC) and superoxide dismutase (SOD) levels and 
decreased malondialdehyde (MDA) levels in the recovery 
period, according to results from a pilot study. However, it 
was observed that no significant differences existed between 
quercetin and placebo trials with regards to glucose, res-
piratory exchange rate, TNF-α, myoglobin, and high sensi-
tivity C-reactive protein (Tsao et al. 2022). Applying LPS-
stimulated rat intestinal microvascular endothelial cells, the 
anti-inflammatory effect of quercetin on the intestine was 
examined. Quercetin suppressed the levels of the adhesion 
molecules in cellular model of IBD via inhibiting TLR4/

O

OHO

O

HO

OH

Hispidulin

O

O

OHO

OH

OH

Diosmetin

O

OHO

OH
OH

OH

OH

Quercetin

Fig. 6   Chemical structures of hispidulin, diosmetin, and quercetin



2867Therapeutic potential of natural products in inflammation: underlying molecular mechanisms,…

1 3

NF-κB and JNK/STAT signaling pathways (Bian et  al. 
2018). In addition, quercetin effectively suppressed inflam-
matory mediators’ levels in an imiquimod-stimulated animal 
model of psoriasis via inhibiting NF-κB signaling (Chen 
et al. 2017). The anti-inflammatory effects of quercetin can 
have a part in preventing against cancer. As a suppressor 
of the IL-6-stimulated STAT3 signaling pathway, it coun-
teracted the glioblastoma cells’ ability to proliferate and 
migrate by lowering the production of downriver genes such 
Cyclin D1 and MMP-2 (Michaud-Levesque et al. 2012). In 
addition, Quercetin causes apoptosis in tongue squamous 
cell carcinoma cells through the JNK activation regulated 
ERK/GSK-3/mediated mitochondria-dependent apoptotic 
signaling pathway (Huang et al. 2022). It also showed prom-
ise against colon cancer by diminishing TNF-α, COX-2, and 
IL-6 levels and by inhibiting the TLR4/NF-κB pathway, 
which controls the production of migration and invasion 
proteins such as E-cadherin and MMPs (Li et al. 2016).

Alkaloids

Berberine

Many medicinal plants contain berberine (Fig. 7), which 
is an isoquinoline alkaloid. It has anti-arthritic properties 
by controlling the equilibrium among Th17 and Treg cells 
via lowering IL-6 and -17 levels but simultaneously rais-
ing IL-10 and TGF-β levels (Wang et al. 2017b). In addi-
tion, recent meta-analyses demonstrated that berberine was 
effective in reducing total cholesterol (TC) as well as LDL 
cholesterol. The combination of berberine and silymarin was 
found to considerably reduce cholesterol levels, according to 
the findings of a meta-analysis that comprised 19 separate 
controlled and cross-sectional assessments (Bertuccioli et al. 
2020). Berberine was able to treat asthma (Li et al. 2016) 
and COPD by inhibiting the NF-κB pathway, which may 
result in decreased thymic stromal lymphopoietin (TSLP) 
and pro-inflammatory cytokines levels. This is a suggested 
molecular way by which berberine works in the treatment 
of these conditions (Wang et al. 2019b; Moon et al. 2011). 
The therapeutic potential of berberine for IBD was further 

supported by the fact that it inhibited the differentiation of 
Th1 and Th17 cells and their correlated cytokines and modi-
fied the population of M1 macrophages (Cui et al. 2009; Li 
et al. 2015). Berberine has the potential to defend microglia 
cells towards the Aβ-induced inflammation that is associ-
ated with AD by downregulating inflammatory media-
tors through NF-κB and MAPK signal pathway (Jia et al. 
2012). Diabetes-related nephropathy, renal ischemia, renal 
fibrosis, renal damage, and renal stones are only few of the 
renal diseases that have been shown by several researchers 
to be susceptible to berberine’s renoprotective properties. 
In addition, it protects the kidneys against the toxicity that 
many drugs and substances, such as chemotherapy, heavy 
metals, aminoglycosides, and NSAIDs, might cause (Has-
sanein et al. 2022).

Piperine

Piperine (Fig. 7) is the primary active chemical found in 
both black pepper (Piper nigrum) and long pepper (Piper 
longum). In IL-1-induced FLS from RA subjects, piperine 
suppressed IL-6, COX-2, and MMPs levels. In addition, it 
reduced the affected region in the ankle joints of animal 
arthritis models (Bang et al. 2009). Piperine helps to reduce 
inflammation triggered by gouty arthritis by inhibiting the 
activity of the NLRP3 inflammasome. A recent pharmaco-
dynamic paradigm of piperine as a competitive suppressor 
of JNK-1 (MAPK family) and IKK-1β (NF-κB activator) 
was demonstrated by a molecular docking study. This model 
examined the starring role that piperine plays in the immu-
nosuppression of gout inflammation by focusing on how it 
regulates the NLRP3 inflammasome. These findings pointed 
to the viability of piperine both as a preventative measure 
and as a potential treatment for gouty arthritis (Jati et al. 
2022). In animal models of UC, piperine served as therapeu-
tic candidate for the treatment of IBD because it reduced oxi-
dative stress, TNF-α, IL-1β, IL-6, NF-κB and IFN-γ levels, 
inflammatory mediators (iNOS and COX-2), while increas-
ing anti-inflammatory cytokine (IL-10) (Guo et al. 2020; 
Gupta et al. 2015). When it was given orally, it decreased 
parasitaemia in Plasmodium berghei ANKA-infected mice 
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(Khairani et al. 2022). Moreover, reduced Rac1 gene and 
protein expression is a mechanism by which piperine was 
noticed to diminish the proliferation and migration of human 
breast cancer cells (Buranrat and Junking 2022). Indeed, 
piperine’s neuroprotective effect in PD was not limited to 
its antioxidant and anti-apoptotic properties; the compound 
as well demonstrated anti-inflammatory properties through 
reducing levels of cytokines and chemokines in the striatum, 
which in turn reduced microglia triggering (Bang et al. 2009; 
Guo et al. 2020; Gupta et al. 2015).

Sinomenine

Sinomenine (Fig. 7) is an alkaloid that has been taken from 
the root of Sinomenium acutum for ages to treat RA. It stops 
RA from getting worse because it has anti-inflammatory 
effects, such as dropping the release of VCAM-1 and inflam-
matory cytokines and chemokines by blocking NF-κB, vari-
able monocyte/macrophage populations, adjusting the num-
ber of Treg and Th17 cells in gut-allied lymphoid tissues, 
lowering PGE2 by blocking the expression of mPGES-1, and 
preventing FLS propagation through modulation of α7 nico-
tinic acetylcholine receptor (α7nAChR) (Liu et al. 2018; Zhi 
et al. 2022; Yi et al. 2018). Although sinomenine has been 
analyzed primarily for its anti-arthritic properties, recent 
investigations have shown that it may also have therapeutic 
value for treating other inflammatory illnesses. By inhibiting 
TLR/NF-κB signaling, it reduced pro-inflammatory cytokine 
release, reduced mucosal inflammation, and reduced clinical 
indications in investigational colitis, suggesting that it may 
be a good nominee for treating IBD (Xiong et al. 2017). In 
addition, sinomenine therapy has been established to boost 
dopamine receptor D2 (DRD2)-mediated nuclear expres-
sion of B-crystallin (CRYAB) in astrocytes, by this means 
inhibiting STAT3 and reducing neuroinflammation (Qiu 
et al. 2016). In addition, it has a role in alleviating morphine 
dependence and sleep disturbance disorders since it inhib-
its NMDA receptor-mediated Ca2+ influx and to promote 
GABAA receptor-mediated Cl− influx (Hong et al. 2022). 

Sinomenine was also able to restrain Aβ-induced microglial 
stimulation in AD by decreasing the release of ROS, NOS, 
inflammatory cytokines, and chemokines, and it also pro-
tected neurons from indirect toxicity (Shukla and Sharma 
2011). It also has a neuroprotective impact on PD dopamin-
ergic neurotoxicity by lowering the production of TNF-α, 
PGE2 and ROS by triggered microglia. This neuro-preser-
vation was linked to the fact that it inhibited microglial nico-
tinamide adenine dinucleotide phosphate (NADPH) oxidase 
(Bao et al. 2022; Qian et al. 2007). Recently, sinomenine 
was found to possess antiarrhythmic, antioxidant, and anti-
inflammatory properties in myocardial ischemia–reperfusion 
injury (MIRI) mouse model since it was able to diminish 
MIRI-caused cardiac damage in vivo by inhibiting oxidative 
stress, inflammation, and apoptosis (Xia et al. 2022).

Terpenoids

Boswellic acids

The main bioactive components of B. serrata extracts are 
known as boswellic acids, which belong to the class of com-
pounds known as triterpenes. More than a dozen distinct 
types of boswellic acids were recognized inside the resin. 
Their anti-inflammatory effects are produced by a variety 
of distinct modes of action. They involve the suppression 
of leukotriene and, to a lesser level, PG production, the 
decreased production of pro-inflammatory cytokines, and 
the inhibition of ROS and NOS formation (Ammon 2016). 
One of the most significant pharmaceutically active boswel-
lic acids is acetyl-11-keto-β-boswellic acid (AKBA, Fig. 8). 
AKBA decreases the atherosclerotic lesion dimension and 
inflammation in atherogenesis by suppressing NF-κB signal-
ing and plasma concentrations of NF-κB-dependent genes 
in LPS-treated inflammation (Shang et al. 2016; Taherza-
deh et al. 2022; Takada et al. 1950). It inhibited the inflam-
matory reactions and mucosal damage by reducing leuko-
cyte-endothelial cell adhesive interactions in a rat model 
of experimental IBD (Krieglstein et al. 2001). AKBA was 
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able to alleviate the signs of psoriasis in an animal model by 
modulating a pathway that is related to TLR7/8. This was 
accomplished by inhibiting dendritic cells activation and 
T-cell differentiation. In addition, AKBA was able to down-
regulate the release of IL-12/-23 in dendritic cells (Wang 
et al. 2018a). AKBA relieved neuroinflammation in subjects 
with standard physical characteristics of AD by lowering the 
amounts of inflammatory cytokines (IL-1β, IL-6 and TNF-α) 
in cortex and hippocampus, most likely through the NF-κB 
pathway. This probably influenced in part to its neuropro-
tective activities (Gunasekaran et al. 2021; Wei et al. 2020). 
By downregulating NF-κB and its target genes, which are 
implicated in inflammation, AKBA was able to inhibit the 
development of human colorectal cancer in a xenograft ani-
mal model, which led to a reduction in tumor size (Yadav 
et al. 2012). Curcumin and boswellic acids were recently 
ranked among the most successful herbs for pain killing in 
osteoarthritis in the short duration of action by a new meta-
analysis that evaluated a significant number of dietary sup-
plements (Bannuru et al. 2018; Haroyan et al. 2018). The 
synergistic effects of curcumin and boswellic acid suggest 
that this combination may be more effective than either com-
ponent used alone in treating osteoarthritis; nonetheless, it 
is not yet routinely utilized in practice.

Celastrol

Celastrol (Fig. 8) is a pentacyclic triterpenoid obtained from 
Tripterygium wilfordii. Celastrol inhibited the invasion and 
migration of FLS from RA subjects through decreasing 
TLR4/NF-B-mediated MMP-9 expression and altering the 
synthesis of chemokines and chemokine receptors (Fang 
et al. 2017). Celastrol enhanced the neurological perfor-
mance and decreased the cortical cell mortality and cerebral 
infarct volume in transient middle cerebral artery occlusion 
mice. It also prevented I/R-induced increases in lactate dehy-
drogenase A (LDHA), glucose transporter1 (GLUT1), and 
hexokinase2 (HK2) and lactate generation and decreases in 
ATP and glucose levels. It also suppressed the I/R-induced 
hypoxia-inducible factor-1 (HIF-1α) and pyruvate dehydro-
genasekinase1 (PDK1) overexpression (Chen et al. 2022a, 
b; Zhang et al. 2020). In a mouse model of asthma, oral 
administration of celastrol reduced airway inflammation 
and tissue remodeling by correcting the inequity between 
MMP-2/-9 and tissue suppressors of metalloproteinases 
(TIMP-1/-2) caused by pro-inflammatory cytokines through 
MAPKs and NF-κB (Kim et al. 2009). In COPD animals 
produced by cigarette smoke, celastrol decreased cytokines 
and oxidative stress indicators through endothelin recep-
tor type B (EDNRB)/kininogen 1 (KNG1) signaling (Shi 
et al. 2018). Inhibiting NLRP3 inflammasome stimulation, 
decreasing rise of the IL-23/IL-17 pathway, and reestablish-
ing anti-inflammatory response in a mouse model of dextran 

sulfate sodium (DSS)-induced colitis suggests celastrol as 
a feasible nominee for UC treatment (Shaker et al. 2014). 
Reduced oxidative stress and inflammation in the kidney and 
adipose tissue, as well as improved insulin sensitivity in T2D 
mice, were all effects of celastrol’s role as an NF-κB inhibi-
tor (Kim et al. 2013). Albumin nanoparticles loaded with 
the biodegradable steroid celastrol reduce fat accumulation, 
boost insulin sensitivity, and lessen inflammation in mice 
with a diet-induced obesity. Enhanced bioavailability and 
in vivo effectiveness of celastrol-BSA-NPs for the manage-
ment of diet-induced obesity were observed when compared 
with free celastrol (Fan et al. 2022). In addition, cancer treat-
ment can benefit from its ability to reduce inflammation. 
In gastric cancer, celastrol blocked the action of biglycan 
(BGN), which resulted in the stimulation of necroptosis and 
the suppression of pro-inflammatory cytokine release (Guo 
et al. 2019). In addition, it was found to decrease inflam-
matory responses in UC-associated colorectal cancer by 
switching the overrun of cytokines production, upregulation 
of COX-2 and iNOS, and stimulation of NF-κB (Lin et al. 
2015). Celastrol was found to be a histone deacetylase inhib-
itor reducing the growth lung and colorectal cancer cells 
via shifting macrophage polarization from M2 to M1 and 
influencing the microenvironment of the colorectal tumor 
(Chen et al. 2022b; Wang et al. 2022).

Triptolide

T. wilfordii is the source of the diterpenoid epoxide known 
as triptolide (Fig. 8). In CIA rats, triptolide was found to 
modify the JAK2/STAT3 signal pathway, which followed 
by a decline in the release of pro-inflammatory cytokines. 
Consequently, the severity of arthritis was reduced (Fan 
et al. 2016). Triptolide could also slow the expansion of 
atherosclerosis by blocking the production of inflammatory 
cytokines in macrophages (Luo and Yang 2016).

By way of IL-6/STAT3 signaling, triptolide was able to 
downregulate Th1 cytokines which resulted in an improve-
ment in the experimental colitis (Li et al. 2010). In keratino-
cytes, triptolide caused interference with IFN-γ signaling, 
which led to a reduction in IFN-γ-caused ICAM-1 expres-
sion and, as a result, an inhibition of IFN-γ-induced skin 
inflammation, which is implicated in psoriasis (Hongqin 
et al. 2011). Using an Aβ-activated cultured microglia and 
an animal model of AD, researchers found that triptolide 
suppressed TNF-α and IL-1β production, providing evidence 
for its neuroprotective effect in AD (Jiao et al. 2008). In 
addition, it showed neuroprotective effects on PD by defend-
ing dopaminergic neurons from inflammation-mediated 
injure caused by microglial activation, cytokine overpro-
duction, COX-2 overexpression, and PGE2 release (Huang 
et al. 2018). In addition, because it inhibited the develop-
ment of family receptors for chemokines, IL, TNF-α and 
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TGF-β, triptolide was thought to be an active agent against 
the spread of colon cancer (Johnson et al. 2011). Although 
triptolide has been shown to have therapeutic potential for 
a range of disorders through in vitro and in vivo research, 
there are still a lot of obstacles to go over before it can be 
used in clinical practice. Poor water solubility, a small thera-
peutic window, multiple organ toxicity, and substantial side 
effects after prolonged use are the four most significant 
problems (Tong et al. 2021; Hou et al. 2019). Intravenous 
administration of nanoparticle-encapsulated triptolide (Nf-
trip) has revealed an improved aggregation of the drug in 
the cancer tissues. The Nf-trip reaction to the acidic tumor 
microenvironment is permitted by the pH-vulnerable pep-
tide. This, in turn, boosts the site-exact triptolide release and 
cell-specific drug absorption, which, in the end, increases 
the efficiency while simultaneously decreasing the toxicity 
(Ling et al. 2014). Furthermore, Wang et al. used the solid 
dispersion approach to produce a triptolide AS-PPT that 
was loaded with a HOOC-PEG-PDLLA aptamer (AS1411) 
and evaluated in chemo-resistant pancreatic cancer (CPC) 
cell lines. The in vitro data revealed that anticancer activity 
of AS-PPT was greater than that of the parent triptolide. 
In addition, AS-PPT had a similar certain binding ability 
with gemcitabine-resistant human pancreatic cancer cells 
(MIA PaCa-2). Applying biophotonic imaging, AS-PPT 
selectively targeted the tumor tissues (Wang et al. 2016). 
Another water-soluble derivative of triptolide F6008 called 
PG490-88 has also shown promising outcomes in preclinical 
mouse xenograft models of lung and colon cancer. PG490-
88 was also found as a preventive drug against I/R-induced 
lung injury (Pao et al. 2019). Another triptolide derivative 
known as MRx102 exhibited a cytotoxic activity in human 
leukemia cells when tested in vitro (Reno et al. 2016). These 

results show that triptolide has a therapeutic potential against 
a wide range of disorders, and it could do so by transitioning 
from the laboratory to clinical settings.

Betulin and betulinic acid

Betulin and betulinic acid (Fig. 9) are pentacyclic triter-
pene secondary metabolites found in over 200 plant spe-
cies. They display many pharmacological effects, involving 
anti-inflammatory, d anti-HIV, anticancer, and anti-par-
asitic actions (Jonnalagadda et al. 2017; Oliveira-Costa 
et al. 2022; Cichewicz and Kouzi 2004; Zhao et al. 2018b; 
Meira et al. 2016). Betulin considerably attenuated mucin 
glycoprotein (MUC5AC) synthesis in NCI-H292 cells and 
down-regulated MUC5AC mRNA expression in response 
to phorbol 12-myristate 13-acetate (PMA). It also blocked 
PMA-induced NF-κB stimulation. Owing to the betulin’s 
inhibitory effect of kappa-B kinase (IKK), NF-κB p65 
could be translocated into the nucleus and degrade inhibi-
tory kappa-B alpha (IκBα). Consequently, this resulted in a 
reduction in MUC5AC glycoprotein synthesis in NCI-H292 
cells. Based on these findings, it seemed that betulin sup-
presses mucin gene expression in human airway epithelial 
cells by modifying the NF-κB signaling pathway (Hossain 
et al. 2022). Using an OVA-induced asthma model, betu-
lin was found to reduce the allergic airway inflammation 
through regulating inflammatory cytokines, transglutami-
nase, and antioxidants (Kamaraj et al. 2021). By way of 
the TLR4/NF-κB and SIRT1/AMPK intracellular signaling 
pathways, betulin prevented renal injury and ethanol-induced 
liver impairment (Bai et al. 2016; Zhao et al. 2016). Using a 
rat model of lung inflammation produced by LPS, research-
ers found that a betulin derivative suppressed neutrophil 

Fig. 9   Chemical structures of 
betulin, betulinic acid, bilo-
balide, and picrotoxinin
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recruitment and inflammatory mediator expression (Nader 
and Baraka 2012). Betulin has been also shown to reduce 
lung damage in sepsis and mammary gland inflammation 
injury (Zhao et al. 2016; Guo et al. 2015), and decrease 
the release of inflammatory cytokines in human cardiac 
cells (Zhang et al. 2015). Betulin was also reported to be 
candidate of palliative therapy for COPD by targeting the 
P2X7 receptor in human bronchial epithelial cells (Jiao et al. 
2022). Bevirimat, a well-known analog of betulinic acid, 
was discovered to inhibit HIV through virus maturation inhi-
bition (Martin et al. 2008). Attempts to use this compound 
to treat HIV have progressed to the Phase II clinical trial 
stage (Smith et al. 2007). As a result of Bevirimat’s success, 
several studies were conducted to determine the usefulness 
of betulin analogs as various classes of therapeutic drugs, 
and several lead targets with multiple mechanisms of action 
have been discovered for further development. Extensive 
anticancer research has shown that betulinic acid induces 
apoptosis by direct control of mitochondrial pathways and 
elevated synthesis of caspase-3 (Kim et al. 2021). In addition 
to obstructing the cell cycle in the G2/M phase (Zhan et al. 
2018), betulinic acid has been shown to influence immu-
noregulation in vivo (Wang et al. 2012). It has also been 
observed that betulinic acid protects thymocytes from the 
apoptosis caused by the steroid dexamethasone in an in vivo 
model (Yi et al. 2016). Through the AKT/Nrf2/HO-1/NF-κB 
signal axis, betulin also attenuated IL-1β-induced OA (Ren 
et al. 2021).

Bilobalide

Bilobalide (Fig. 9), a sesquiterpenoid lactone derived from 
Ginkgo biloba, is an antagonist of GABAA and GABAC 
receptors. It shares structural similarities with the GABA 
antagonist picrotoxinin (Fig. 9), involving a lipophilic side 
chain and a hydrophilic cage. Bilobalide was found to give 
its action via interacting within the chloride channels of 
ionotropic GABA receptors. As a result, it is categorized 
as a negative allosteric modulator. However, there is a sig-
nificant variation in the in vivo actions of bilobalide and 
picrotoxinin. In contrast to picrotoxinin, bilobalide is an anti-
convulsant. The absence of convulsant activity in a drug 
that inhibits GABA function may be crucial for cognitive 
improvement. Bilobalide’s lack of convulsant activity may 
be due to suppression of glutamate release, which reduces 
synaptic excitement and outweighs reductions in synaptic 
inhibition (Johnston et al. 2009). There is evidence that bilo-
balide can reduce inflammation, boost mitochondrial func-
tion, and protect against cerebral ischemia-induced damage 
(Jiang et al. 2014). Recent research shows that bilobalide 
has anti-inflammatory impacts on chondrocytes via reduc-
ing IL-17-induced inflammatory damage to ATDC5 cells by 
down-regulation of micro-RNA-125a through the JNK and 

NF-κB signaling pathways. Chondrocyte inflammation was 
found to be reduced by bilobalide via the AMPK/SIRT1/
mTOR pathway (Mao et al. 2019).

Clinical trials and studies

Between 1981 and 2023, over 50% of U.S. Food and Drug 
Administration (FDA)-approved pharmaceuticals were 
natural derivatives of herbal products, involving anticancer 
treatments and immunosuppressants. As evidenced by their 
significance in the in vivo and in vitro treatment of multiple 
diseases, numerous clinical trials are carried out to assess the 
safety and efficiency of natural derivatives for inflammation-
related diseases (Table 1).

In preclinical research, curcumin was found to possess 
anticancer properties. Curcumin’s anticancer properties 
include suppressing carcinogenesis, angiogenesis, and 
tumor growth, enhancing the efficacy of chemotherapy, 
and protecting healthy cells from radiation therapy dam-
age. Clinical trials evaluating the effectiveness of curcumin 
in the prevention of breast cancer (NCT01740323, phase 
II), prostate cancer (NCT01917890 and NCT03211104), 
pancreatic cancer (NCT00094445, phase II), and colorectal 
cancer (NCT00027495, phase I) have already been achieved 
(Table 2). All concluded that curcumin is safe, and no spe-
cific adverse effects have been reported. Curcumin has com-
pleted phase I clinical trials for the therapy of breast can-
cer metastasis in combination with docetaxel. In addition, 
curcumin and paclitaxel have showed safety and efficacy 
in phase II clinical trials including subjects with advanced 
metastatic breast cancer. This phenolic compound is now 
being assessed in phase III clinical studies for its potential 
to inhibit the progression of cancer in individuals with low-
risk prostate cancer who are undergoing active monitoring. 
Curcumin has not been authorized by the FDA as a therapy 
for cancer or any other medical condition. Curcumin’s anti-
arthritic qualities are another therapeutic possibility; 29 ran-
domized controlled trials with 2,396 applicants and 5 forms 
of arthritis were incorporated. Curcumin was provided at 
dosages extending from 120 to 1500 mg for 4–36 weeks. 
In all investigations, curcumin was found to be safe and 
relieved inflammation and pain in subjects with arthritis. 
Because of the minimal quality and small number of ran-
domized controlled trials, the decisions must be cautiously 
evaluated. Piperine, in conjunction with curcumin, is now 
being evaluated in a phase I clinical trial for the manage-
ment of bladder cancer (Chinta et al. 2015), early-stage 
prostate cancer or patients with monoclonal gammopathy 
of unknown significance (MGUS), smoldering multiple 
myeloma (NCT04731844).

The traditional Chinese drug berberine altered the cell 
cycle, apoptosis, autophagy, and microenvironment of 
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tumors. Moreover, berberine was demonstrated to possess 
anti-inflammatory and antioxidant properties. In latest years, 
immune-suppressants as PD-1/PD-L1 suppressants have 
become apparent one next to the other in the field of cancer 
immunotherapy. Due to their high cost, however, it is dif-
ficult for them to be widely used in clinical settings. Being 
as an excellent immunomodulator and a type of inexpen-
sive Chinese traditional medicine, berberine is anticipated 
to be commonly employed in clinical routine as an appro-
priate immunotherapy treatment. In a phase II/III clinical 
trial (NCT02226185), berberine prevented the recurrence 
of colorectal adenoma in a safe and effective manner. The 
water-soluble prodrug of triptolide known as minnelide has 
an anticancer efficacy in a variety of preclinical cancer mod-
els (Chugh et al. 2012). This prodrug is now being tested in 
phase II clinical studies (NCT04896073) for the treatment 
of advanced refractory adenosquamous carcinoma of the 
pancreas (ASCP) (Skorupan et al. 2022) and in phase I for 
advanced non-small cell lung cancer with mutated EGFR 
(NCT05166616). Dose-escalation, safety, pharmacokinetic, 
and pharmacodynamic of minnelide™ capsules given alone 
or in order with protein-bound paclitaxel in patients with 

advanced solid tumors is currently undergoing in phase I 
clinical trial (NCT03129139).

An ongoing clinical trial involving 37 people at stage III 
of lung cancer has been conducted. In this investigation, 
EGCG at a concentration of 440 mol/L was administered 
both during and 2 weeks after radiotherapy. The radiation 
therapy oncology group (RTOG) score and the weekly 
pain score were both found to be significantly lower than 
pre-treatment levels after treatment (NCT02577393) (Zhu 
et al. 2021; Niu et al. 2020). Recently, NCT02891538 a 
randomized, ongoing pilot trial studied the chemopreven-
tive effects of EGCG in patients with histological docu-
mentation of primary colon or rectal adenocarcinoma, who 
have not received any treatments for cancer. Meanwhile, 
NCT00609310 had proved the hypothesis that nutritional 
supplement with flavonoids mixture of 20 mg apigenin and 
20 mg EGCG will diminish the recurrence rate of colonic 
neoplasia, compared to placebo. Several clinical investiga-
tions have analyzed the acute effects of EGCG on cognitive 
function (such as attention) or mood status. The acquired 
data demonstrated that tea intake has considerable acute 
effects on mood status, work performing, and creativity. 

Table 1   Clinical trials of natural supplements involved in chronic inflammatory diseases

Agent Target Clinical trial ID Stage Status

Curcumin Irritable bowel syndrome NCT00779493 Phase IV Completed
Inflammatory bowel disease (ulcerative colitis/Crohn’s 

disease)
NCT00889161 Phase I Completed

Cystic fibrosis NCT00219882 Phase I Completed
Cardiovascular risk factor NCT03770325 Phase III Completed

Berberine Hypercholesterolemia NCT02078167
NCT01562080

Phase IV
Phase III

Completed
Completed

Type 2 diabetes mellitus NCT00425009
NCT00462046

Phase II
Phase III

Completed

EGCG​ Type 2 diabetes with hyperlipidemia NCT01360567 Phase III Completed
Duchenne muscular dystrophy NCT01183767 Phase II/III Completed
Early stage of Alzheimer’s disease NCT00951834 Phase II/III Completed
Multiple sclerosis NCT00799890 Phase II/III Completed
Catecholamine metabolism NCT03199430 Phase IV Completed

Quercetin COVID-19 NCT04578158 Phase III Completed
Endothelial function NCT02180022 Phase IV Completed

Triptolide New onset HIV-1 infection NCT03403569 Phase III Completed
Autosomal dominant polycystic kidney disease NCT02115659 Phase III Terminated

Piperine Systemic lupus erythematosus NCT05430087 Phase II Completed
Cardio-metabolic risk factors NCT03444558 Phase I Completed

Luteolin Neurological symptoms of Long-Covid NCT05311852 Phase I Completed
Apigenin Sepsis NCT05999682 Phase I/II Not yet recruiting
Resveratrol Knee osteoarthritis NCT02905799 Phase III Completed

Type 2 diabetes NCT02244879 Phase III Completed
Lipid metabolism disorder NCT04886297 Phase III Completed
Alzheimer’s disease NCT01504854 Phase II Completed
Cardiovascular health NCT02909699 Phase I Completed



2873Therapeutic potential of natural products in inflammation: underlying molecular mechanisms,…

1 3

In second clinical research, EGCG could regulate cerebral 
blood flow parameters devoid of compromising cognitive 
function or mood in 27 healthy people. EGCG was deliv-
ered orally in a single dose of 135 mg. Similarly, Scholey 
et al. demonstrated that 300 mg of EGCG was linked with 
decreased stress, greater tranquility, and increased electro-
encephalographic activity in the midline frontal and central 
brain areas (Scholey et al. 2012).

Notably, the clinical indications of AD do not manifest 
instantly. Because of this, the acute effects of EGCG or other 
natural substances on neurocognitive skills were not used to 
predict usefulness in neurodegenerative disorders such as 
AD. Currently, one clinical investigation is researching the 
benefits of EGEG in early-stage AD subjects taking acetyl-
choline esterase inhibitors (NCT00951834). However, clini-
cal research investigating the long-term outcomes of EGCG 
on cognitive functioning and large-scale epidemiological 
surveys examining the relationship between EGCG use and 
the advancement of AD are required.

Recently, 119 subjects with mild-to-moderate AD 
were enrolled in a phase II randomized, double-blind, 

placebo-controlled trial of resveratrol due to the proven 
safety and promising preclinical data of resveratrol. Fur-
thermore, resveratrol can improve cognitive function in AD 
through a managed immune response that leads to neuronal 
survival (with dose up to 2 g, synthetic resveratrol by mouth 
daily, for 12 months). Resveratrol (NCT01504854) signifi-
cantly decreased MMP-9 levels in cerebrospinal fluid (CSF) 
of AD patients to preserve BBB integrity and minimize 
leukocyte infiltration. A prior report indicate that resvera-
trol modifies Wnt signaling, a signaling pathway which is 
stimulated in over 85% of colon cancers. A clinical study 
(NCT00256334) was presented to describe the actions of 
resveratrol on the Wnt signaling pathway in which subjects 
with colon cancer obtained treatment with resveratrol, and 
its impacts directly on colon cancer and normal colonic 
mucosa was examined. The safety, pharmacokinetics, and 
pharmacodynamics of resveratrol in patients with colorec-
tal cancer and hepatic metastases (NCT00920803) had been 
studied in phase II clinical trial.

Resveratrol has been demonstrated to trigger a protein 
called Notch-1. Signaling of Notch-1 is indicated to inhibit 

Table 2   Clinical trials of natural 
supplements involved in cancer 
management

Agent Target/type of cancer Clinical trial ID Stage Status

Curcumin Breast cancer NCT01740323 Phase II Completed
Prostate cancer NCT01917890

NCT03211104
Completed

Pancreatic cancer NCT00094445 Phase II Completed
Colorectal cancer NCT00027495 Phase I Completed

Berberine Colorectal adenoma NCT02226185 Phase II Completed
EGCG​ Lung cancer NCT02577393 Phase II Completed

Colorectal cancer NCT02891538 Phase I Recruiting
Breast cancer NCT05680662 Phase I Active
Prostate cancer NCT00676780 Phase II Completed
Esophageal cancer NCT05039983 Phase Ib Recruiting

Quercetin Prostate cancer NCT01912820 Phase I Completed
Squamous cell carcinoma NCT03476330 Phase II Completed

Triptolide Advanced refractory adenosquamous 
carcinoma of the pancreas

NCT04896073 Phase II Completed

Non-small cell lung cancer NCT05166616 Phase Ib Recruiting
Advanced solid tumors NCT03129139 Phase I Recruiting

Betulinic acid Melanoma NCT00346502 Phase I/II Withdrawn
Piperine Prostate cancer

Multiple myeloma
Smoldering multiple myeloma

NCT04731844 Phase II Active

Luteolin Tongue squamous cell carcinoma NCT03288298 Phase I Not active
Apigenin Colorectal cancer NCT00609310 Phase II Suspended
Schizophyllan Cervical cancer NCT01926821 Phase I Recruiting
Resveratrol Colon cancer NCT00256334 Phase I Completed

Liver cancer NCT02261844 Phase I/II Terminated
Colorectal cancer NCT00920803 Phase I Completed
Neuroendocrine tumor NCT01476592 Phase I Completed
Multiple myeloma NCT00920556 Phase II Terminated
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tumor cell growth. The effects of resveratrol on Notch-1 had 
been examined in neuroendocrine tumor patients in com-
pleted pilot trial (NCT01476592).

Currently, a phase I trial (NCT01912820) is evaluating 
the effect of quercetin on the absorption of green tea poly-
phenols in the prostate tissue of prostate cancer patients. In 
addition, quercetin is currently being assessed in a phase II 
clinical research (NCT03476330) for its chemopreventive 
potential against the growth of squamous cell carcinoma in 
subjects with Fanconi anemia. In a mouse model of COPD, 
oral intake of a low dose of quercetin reduces inflamma-
tion, oxidative stress, and MMP production. A recent phase 
I clinical research was done to establish the safety of querce-
tin supplementation in COPD patients in order to further 
investigate its therapeutic potential (NCT01708278). The 
purpose of another short trial with 8 participants receiving 
quercetin 2000 mg/day and 4 participants receiving placebo 
was to determine whether quercetin supplementation can 
lower inflammation and oxidative stress indicators in COPD 
patients (NCT03989271).

Conclusion and future perspectives

Prior to the dawn of combinatorial chemistry and advanced 
techniques such as genomics and proteomics, pharmaceu-
tical companies relied heavily on natural compounds to 
develop synthetic drugs, which were originally produced in 
the formula of crude compilations and, more lately, consist 
of purified compounds due to the dawn of combinatorial 
chemistry and such techniques. In addition, synthetic deriva-
tives of natural substances with increased properties can be 
produced.

Now, the dietary supplement market has expanded dra-
matically in the 25 years, dietary supplements market is 
expected to present the potential growth opportunities in 
coming years with the revenue of $220.8 billion by 2027. 
Although customers frequently mistake “natural” for “safe,” 
scientists understand the constituents in these natural prod-
ucts can cause toxicity. In addition, when they are ingested 
alongside pharmaceuticals, the precipitant natural products 
can change how drugs are delivered and disposed of, enhanc-
ing, or decreasing the therapeutic effect of the target drug(s) 
(Gaston et al. 2020). One of the major concerns regarding 
consuming herbal supplies is safety. Several defenders of 
herbal supplies argued that goods with a sustained record 
of widespread consumption are typically safe when applied 
accurately at conventional therapeutic dosages. A critical 
question is the degree to which the lack of proof of toxicity 
could be testimony of safety of herbal plants or the non-
existence of toxicity. Acute symptoms and short-term toxic 
effects are likely to be identified and linked with medicinal 
plants. Consequently, the deficiency of evidence of these 

side effects in the context of conventional usage of medicinal 
plants is not evidence of the absence of the possibility to 
produce them. Additional existing difficulties with herbal 
supplies that need to be resolved include the difficulty of 
cultivating specific species, unintentional overuse of medici-
nal and aromatic plants, purity of herbal drugs, extinction 
of endangered plant species, deforestation and urbanization, 
quality, safety, effectiveness, dosage, and standardization.

Combinatorial chemistry has led to the relative comfort 
with which synthetic records of small molecule medications 
can be created, reducing the effectiveness of natural product-
based drug discovery. Nonetheless, significant discoveries 
such as that of the first organically derived medicine, mor-
phine, as well as those of penicillin and streptomycin and 
the newer anti-parasitic drugs avermectins and artemisinin 
demonstrate that natural products are unquestionably the 
best supplier of drugs. With modern methodologies comes 
a greater understanding of the structures of many natural 
chemicals, which in turn permits the comprehension of 
their specific mechanism of action in health and disease. 
The resurgence of interest in plant-derived drugs coincides 
with significant advances in science and technology in other 
important research areas, including a better understanding of 
diseases and their fundamental mechanisms, improvements 
in analytical tools and screening techniques, an increase in 
the number of testable targets, and improved opportunities 
for natural leads to be optimized using synthetic modifica-
tion techniques.

Natural products’ poor stability, aqueous solubility, and 
bioavailability have frequently impeded the therapeutic 
translation of these compounds despite the encouraging 
preclinical findings. There have been attempts to get around 
these restrictions, especially using nano-based drug delivery 
systems(s) due to their favorable properties such as being 
biodegradable, biocompatible, available, renewable, and 
exhibiting low toxicity (Balaji et al. 2018; Patra et al. 2018). 
The commonly used nanocarriers which are formulated for 
natural product-based drug delivery are crystal nanoparti-
cles, liposomes, and polymeric nanoparticles. For instance, 
Gupta et al. designed chitosan-based nanoparticles loaded 
with Taxus brevifolia-derived Paclitaxel (Taxol) which dem-
onstrated superior activity with sustained release, high cell 
uptake, and lower toxicity compared to the pure paclitaxel 
(Gupta et al. 2017). Another example is novel nanoparticles, 
developed by Chang et al., shelled with heparin for berberine 
delivery to treat Helicobacter pylori (Chang et al. 2011). 
In a study by Testa et al., loading quercetin into nanoparti-
cles improves its efficacy in preventing neuroinflammation 
caused by oxysterols (Testa et al. 2014). In addition, when 
polymeric micelles were used to deliver quercetin, it showed 
continuous in vitro release and boosted accessibility of the 
drug under in vivo conditions (Dian et al. 2014). Takahashi 
et al. developed liposome-encapsulated curcumin (LEC) 
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nanoparticles possessing rat plasma levels of 4.96 higher 
than pure curcumin (Takahashi et al. 2009).

Various methods such as particle-size reduction, salt 
formation, solubilization, and complexation with β cyclo-
dextrins are used to improve the solubility of drugs with 
low aqueous solubility. Solid dispersion can improve the 
solubility and bioavailability of natural products such as 
plant extracts and essential oils by dispersing them in a 
hydrophilic carrier at the molecular level, resulting in an 
amorphous state that increases surface area and dissolu-
tion rate. The process needs to be carefully optimized to 
ensure that the natural product is not degraded or modi-
fied, and additional safety evaluations may be required 
(Bhalani et  al. 2022). As mentioned earlier, Wang and 
colleagues utilized the solid dispersion method to create 
a triptolide AS-PPT, which was loaded with an aptamer 

called HOOC-PEG-PDLLA (AS1411) and tested its effi-
cacy in chemo-resistant pancreatic cancer (CPC) cell lines. 
Another technique used to improve molecular weight, vis-
cosity, and filtration of SPG, as cited former, is ultrasonic 
treatment technique which was successfully used to reduce 
the molecular weight of SPG that subsequently provide PSA 
with higher biological activity.

The use of genomic, proteomic, transcriptomic, and 
metabolomic technologies has significantly impacted the 
development of natural product-based therapies and unlock 
the potential of natural products for drug discovery. These 
technologies have enabled the identification of biosyn-
thetic gene clusters, specific proteins that interact with nat-
ural products, and the metabolic pathways involved in drug 
delivery (Thomford et al. 2018; Tocmo et al. 2021). Tran-
scriptomic analysis provides insight into cellular processes 

Fig. 10   The distinct molecular pathways modulated by each of the 
previously mentioned natural products in the context of inflamma-
tion. (Toll-like receptors (TLRs), myeloid differentiation factor-88 
(MyD88), the mitogen-activated protein kinase (MAPK), nuclear fac-

tor kappa-B (NF-κB), and Janus kinase (JAK)-signal transducer and 
activator of transcription (STAT), Phosphoinositide 3-kinase (PI3K), 
Protein kinase B (Akt), activator protein-1 (AP-1). Blunt arrows (┴) 
indicate inhibition, while sharp arrows (→) indicate stimulation
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involved in drug delivery, leading to the identification of 
potential drug targets, while metabolomic analysis iden-
tifies biomarkers that indicate disease progression and 
response to treatment. Moreover, genetic mutations that 
influence drug response can be identified using genomic 
analysis, leading to the development of personalized thera-
pies (Shi et al. 2022). Proteomic analysis helps optimize 
drug delivery by identifying proteins involved in uptake, 
transport, and metabolism. Natural product-based thera-
pies that target cancer cells, inflammation, and metabolic 
pathways have been developed, and potential drug candi-
dates have been identified (Krushkal et al. 2021; Liu et al. 
2021). The study of natural products, particularly in terms 
of their metabolism, toxicity, and activity, may be sig-
nificantly impacted by LC–MS-based metabolomics. For 
instance, a recent study by Wu et al. related to the serum 
metabolomics analysis of the anti-Inflammatory effects of 
gallic acid on rats elucidated the protective effect of gallic 
acid against acute inflammation (Wu et al. 2022). Regard-
ing bioinformatics, BATMAN-TCM, a bioinformatics tool 
of network pharmacology, has also been made available 
online for forecasting the targets and pharmacologic path-
ways of natural products (Wang et al. 2018b). Genomic, 
proteomic, transcriptomic, and metabolomic technologies 
have advanced and developed tremendously, which could 
remove many obstacles and considerably may enhance our 
knowledge of the pharmacology of natural products for the 
treatment of inflammation.

To sum up, natural products still offer a lot of potential 
for discovering a range of scaffolds with diverse structures 
and bioactivities that can be developed directly or opti-
mized into new drugs. As illustrated in Fig. 10, the distinct 
molecular pathways modulated by each of the previously 
mentioned natural products in the context of inflammation 
were summarized.

Although drug development faces high failure rates, 
natural products face additional obstacles such as limited 
accessibility, sustainable supply, and intellectual property 
constraints. Despite these challenges, the advancements in 
science and technology provide a solid foundation for natu-
ral products-based drug discovery to make significant contri-
butions to improving human health and extending lifespans.
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