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Abstract: Natural products, especially specific metabolites found in many medicinal plants,
exhibit extensive therapeutic potential due to their diverse biological characteristics. Among
these compounds, diterpenes stand out for their active principles described in phytochemi-
cal studies. Diterpenes exhibit immunomodulatory effects by influencing the production of
cytokines and other signaling molecules involved in the immune response. These actions
contribute to achieving a more balanced immune profile. The ability to selectively and
harmoniously modulate the immune response positions compounds derived from natural
products is a promising research field in the development of immunomodulatory therapies.
Due to the broad biological activities of diterpenes, the use of molecular docking emerges
as a relevant tool for the quantitative screening of a large number of these substances. This
review comprehensively examines the pharmacological potential of diterpenes in modulat-
ing the immune system. It highlights the existing experimental evidence supporting the
efficacy and safety of these compounds as potential treatment for immune dysfunctions.
Ultimately, this review aims to contribute to the development of new therapeutic strategies
in this field.

Keywords: terpenes; secondary metabolism; immunomodulatory; pharmacological
potential

1. Introduction
Substances synthesized by plants are recognized as secondary metabolites or natural

products, classified into phenolics, terpenes, and alkaloids, with terpenes being the most
abundant group in nature, with over 90,000 identified substances [1,2]. They are further
categorized based on the number of carbons in the structural skeleton of the substance,
classified as Hemiterpenes (C5), Monoterpenes (C10), Sesquiterpenes (C15), Diterpenes
(C20), Sesterterpenes (C25), Triterpenes (C30), Tetraterpenes (C40), and Politerpenes (above
C40) [3,4].
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The significant diversity of terpenes is correlated with structural skeleton functional-
ization along with functional groups, explored for pharmacological purposes [5]. Secondary
metabolites, especially diterpenes, are widely enriched with a broad range of pharmacolog-
ical properties for the treatment of breast cancer, diabetes, rheumatoid arthritis, and lung
cancer, among others [6,7]. Clinically used drugs, commercially available, such as paclitaxel
(classified as a diterpenoid), oridonin, ginkgolide, or andrographolide, are derived from
diterpenes [8].

Currently, diterpenes and their bioactive derivatives have shown antineoplastic
and/or immunomodulatory properties [9,10]. These compounds exert their effects dis-
rupting the cell cycle, triggering apoptotic or non-apoptotic pathways, and inhibiting
angiogenesis, ultimately suppressing the proliferation and spread of cancer cells [11]. More-
over, under specific conditions, they can be used as adjuvant therapies to alleviate the side
effects of chemotherapy [12].

Due to the increasing understanding of immune system modulation and its bene-
fits in various diseases, the investigation of the immunomodulatory potential of natural
products, particularly diterpenes and their bioactive derivatives has been gaining more
prominence [13,14]. This is primarily attributed to their influence on monocytes and their
pathogen recognition receptors [15]. Adapter proteins can stimulate the transcription of
nuclear factor kappa B (NF-kB) in cellular activation, which induces the expression of
cytokines, chemokines, antimicrobial peptides, and co-stimulatory molecules [16].

This review provides a comprehensive analysis of the diverse immunomodulatory
properties of diterpenes. We delve into their structural variety, biological functions, and
therapeutic potential, with a particular focus on their ability to modulate immune responses.

By exploring the mechanisms through which diterpenes employ their effects, including
cell cycle disruption, angiogenesis inhibition, and immune system regulation, we highlight
their promising role in advancing pharmacological research and therapeutic applications.

2. In Silico Screening of Diterpenes: Perspectives and Limitations
In the pursuit of predicting and identifying substances with promising biological

activities, molecular docking has been successfully incorporated into research involving
complex biological and chemical systems [17]. It aims to predict and identify bioactive
substances by exploring the conformations of ligands within receptor binding sites and
estimating the free binding energy between the ligand and receptor. This helps evaluate
critical phenomena involved in the in silico intermolecular recognition process [18,19].

Several in silico studies have reported the identification of active substances and
anti-inflammatory mechanisms [20], coumarins and their derivatives, lignans, phenols, al-
kaloids [21], amides, among others, including diterpenes with structural and non-structural
proteins of DENV, ZIKV, and CHIKV [22], Alzheimer’s disease [23], AChE, and BChE [24].

Due to the broad range of biological activities exhibited by diterpenes, molecular
docking is a significant tool for the quantitative screening of diterpenes [18]. For instance,
the diterpenes moluccelactone and genkwanin isolated from the plant Moluccella aucheri
Scheen (Syn. Otostegia aucheri) (Lamiaceae) showed anti-acetylcholinesterase activity with
binding energies of −12.2 and −10.07 kcal/mol, respectively. They formed pi-pi and
pi-alkyl bonds with residues Tyr337, Phe338, and Trp86 [25].

Alpha-glucosidase is an intestinal enzyme that catalyzes the final step in carbohydrate
digestion, converting carbohydrates into monosaccharides [25]. Inhibition of α-glucosidase
activity can effectively reduce blood sugar levels. Diterpenes such as Abeo–20 (10 →
9)−16α, 17-dihydroxy−1(10)-ent-kaur−19-oic acid, and villanovane II extracted from
coffee inhibited α-glucosidase with IC50 values of 54.58 ± 4.2 and 149.92 ± 2.52, coupled
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with binding energies of −9.2 and −8.7 kcal/mol, interacting with residues GLU277,
ARG315, and PHE303 [26].

The inhibition of the main protease of SARS-CoV-2 and papain-like protease was
promoted by abietane-type diterpenes dihydrotanshinone, tanshinone C, tanshinone A,
and tanshinone B isolated from branches of Glyptostrobus pensilis (Cupressaceae) with
binding energies ranging from −6.6 to −8.5. The binding involved residues Thr75, Pro129,
Tyr172, Lys200, Lys274, and Cys284 [27].

In conclusion, molecular docking has become an invaluable tool for predicting and
identifying substances with promising biological activities within complex biological and
chemical systems [23]. This accelerates the discovery and development of novel therapeu-
tics derived from natural products like diterpenes [25].

3. Diversity of Diterpenes and Biological Activities
The physicochemical characteristics of diterpenes are correlated with the type of

skeleton and functional groups [9]. These molecules display acidic properties if they
contain carboxyl groups. Additionally, they fluoresce under ultraviolet light if they possess
aromatic rings or conjugated double bonds. Furthermore, they are non-volatile and only
soluble in water when bound to sugars (glycosides) [6]. Diterpenes with nitrogen atoms in
the skeleton are classified as alkaloidic diterpenes, conferring them basic characteristics [28].

Diterpenes are classified based on the number of rings in their structural skeleton,
grouped into acyclic, monocyclic, bicyclic, tricyclic, tetracyclic, and macrocyclic struc-
tures [1] (Figure 1). Acyclic diterpenes are less frequently found in nature and have
an unusual linear structure, yet they play essential roles in various biological research
fields [3,7]. Examples include facmines A–C, isolated from Aphanamixis polystachya (Meli-
aceae), that exhibit inhibitory effects on nitric oxide production (IC50 of 6.71–15.36 µmol/L)
and downregulate the nitric oxide synthase (iNOS) expression in LPS-induced RAW
264.7 macrophages [29]. Phytol, a crucial precursor for the synthesis of vitamins K1 and E,
induces reactive oxygen species-mediated apoptosis by activating caspase-9 and -3 through
TRAIL, FAS, and TNF receptors. Additionally, it inhibits the tumor progression factor
glucose-6-phosphate dehydrogenase in the lung carcinoma cell line (A549) [30].
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Monocyclic diterpenes are characterized by having a single ring in their core struc-
ture [5]. Representative compounds include sauchuchinenones A–D, afpolins A and B,
isolated from Saururus chinensis (Lour.) Baill (Saururaceae) and A. polystachya. These
monocyclic diterpenes exhibit antimicrobial activity against Aeromonas hydrophila ATCC®

7966, Klebsiella pneumoniae ATCC® 13883, Acinetobacter baumannii ATCC® 19606TMA, and
Escherichia coli ATCC 2599 (MIC > 50 mg/mL) [31,32].

Bicyclic diterpenes contain two rings in their carbon skeleton and are classified into
three major subgroups: clerodanes, halimanes, and labdanes [33]. The labdane subgroup
is widely studied due to its antibacterial, antimutagenic, cytotoxic, cytostatic, and anti-
inflammatory activities [33–35]. A notable example is ent-polialtic acid (PA), isolated from
the oleoresin of Copaifera lucens, which exhibits anticariogenic and antiparasitic activity
by inhibiting the growth of cariogenic bacteria and the parasite Toxoplasma gondii [16]. In
contrast, clerodanes are known for their antifeedant properties against insects and their
anticancer and antifungal activities [36–38].

Tricyclic diterpenes, characterized by three rings in their carbon skeleton, play an
essential role in the pharmaceutical industry due to their anti-inflammatory, antiviral, anti-
cancer, antimalarial, and antimicrobial properties [39–41]. Representative examples include
levopimaric acid, ciate, and gangerencastane acids. Additionally, tricyclic diterpenes are
significant in the textile industry for dye manufacturing [1].

Tetracyclic diterpenes, including cauranoic acids, rebaudiosides, cafestol, and gib-
berellins, are biosynthesized through the cyclization of tricyclic diterpenes [42]. Gibberellins
are classified based on their carbon count into C20-GAs and C19-GAs [43]. Their polarity is
influenced by hydroxyl and carboxyl group content, saturation level, and the presence of
methylene or sugar residues [42]. Some tetracyclic diterpenes, such as rebaudiosides, are
known for their sweetening properties [44].

Macrocyclic diterpenes are complex, mostly oxygenated polycyclic structures that ex-
hibit important biological activities, including anti-inflammatory, antitumor, antiviral, and
anticancer properties [1]. Notable compounds include cembrane-type diterpenes, which act
as TNF-α inhibitors [45], neocucurbins A–C and their derivatives D–G, which function as
antimicrobial agents [26], and eufzicopias A–I, which inhibit the NLRP3 inflammasome [40].

In conclusion, the diversity of diterpenes is of great significance due to their broad
spectrum of biological activities, making them valuable targets for pharmaceutical and
medical research [6]. This presents promising opportunities for the development of novel
drugs and therapies to address various health conditions [26].

Biosynthesis of Diterpenes

Diterpene biosynthesis usually begins with the production of isopentenyl pyrophos-
phate (IPP) and dimethylallyl pyrophosphate (DMAPP) (Figure 2) [46]. These compounds
serve as common intermediates in either the methylerythritol phosphate (MEP) or the
mevalonate (MVA) pathway. Geranylgeranyl diphosphate (GGPP) is formed through the
condensation of IPP and DMAPP [46]. Subsequently, diterpene synthase enzymes act
on GGPP to produce diverse diterpene skeletons, which can undergo hydroxylation and
oxidation by other enzymes to form diterpene acids. The cyclization of GGPP, mediated by
enzymes, leads to the formation of carbocations and subsequent molecular rearrangement,
resulting in the creation of various diterpene nuclei [47].
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Figure 2. Diterpenoid biosynthesis. The synthesis begins with the formation of IPP and DMAPP,
which condense to form GGPP. GGPP is then converted into different diterpene skeletons through the
action of enzymes such as cyclases and lyases. Subsequently, additional enzymatic modifications, me-
diated by P450 monooxygenases and transferases, generate a wide diversity of bioactive compounds,
including abietane, clerodane, labdane, pimarane, and kaurane.

The diterpene biosynthesis pathway begins with the formation of geranylgeranyl
pyrophosphate (GGPP), which, through enzymes such as diterpene synthases, generates
various structural skeletons (Figure 2) [4]. These skeletons can be modified by additional
enzymes, such as P450 monooxygenases and transferases, leading to a great diversity of
bioactive compounds [47,48]. These derivatives play crucial roles in natural processes, such
as defense against pathogens and herbivores, as well as possessing therapeutic potential,
including in anticancer treatments. The Figure 2 illustrates this complex enzymatic modifi-
cation that results in molecules with various biological and pharmacological applications.

Enzymes known as diterpene synthases catalyze the transformation of the 20-carbon
GGPP into diterpenes, which are then hydroxylated and oxidized by other enzymes to
produce diterpene acids [48]. The cyclization reactions of GGPP, catalyzed by enzymes,
result in the formation of carbocations and subsequent molecular rearrangement, leading
to the creation of a variety of diterpene nuclei [48]. The formation of these carbocation rear-
rangements can occur through two pathways: the first pathway involves the protonation
of GGPP, resulting in combined cyclizations followed by the loss of a proton from a methyl
group, leading to the formation of (-)-copalyl diphosphate. The second pathway occurs
through an alternative folding, resulting in the formation of an enantiomeric product with
opposite configurations at chiral centers, namely (+)-copalyl diphosphate (labdadienyl
diphosphate) [49–51].

After an intramolecular proton transfer and a 1,2-methyl migration, deprotonation at
one of the sites produces the main products levopimaradiene, abietadiene, neoabietadiene,
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and palustradiene. The biosynthesis of other tricyclic diterpenes can occur through depro-
tonation of the carbocation without rearrangements or by deprotonation of pimaradienyl
carbocation intermediate products. The abietadiene synthase contains two aspartate-rich
motifs, consistent with the two active sites: a DXDD motif in the N-terminal domain,
indicative of a class II terpene synthase fold, and a DDXXD motif in the C-terminal domain,
indicative of a class I terpene synthase fold [52].

4. Unraveling the Immunoregulatory Potential of Diterpenes
Recent studies have revealed the substantial immunomodulatory properties of diter-

penes, particularly highlighted in contexts such as tuberculosis infections and breast can-
cer [53–55]. This burgeoning field of research into the effects of diterpenes on innate
immunity and cytokine production has ignited novel prospects for the development of
more effective immunomodulatory therapies, showcasing their potential in cancer cell
proliferation, gene expression regulation, differentiation, and apoptosis modulation [53–56].

The diterpenic acids grandiflorolic, kaurenoic, and trachylobanolic isolated from He-
lianthus annuus L. have shown anti-inflammatory properties [57]. These compounds, in
non-toxic concentrations, have demonstrated the ability to reduce the production of critical
inflammatory mediators such as nitric oxide (NO), prostaglandin E2 (PGE2), and TNF-α,
in addition to inhibiting the expression of pro-inflammatory enzymes, including NOS-2
and COX-2. Furthermore, there was a significant reduction in ear edema in murine models,
accompanied by inhibition of myeloperoxidase (MPO) activity, indicating reduced inflam-
matory cell infiltration. These results emphasize the therapeutic potential of Helianthus
annuus diterpenoids as anti-inflammatory agents.

Moreover, investigations into the effects of diterpenes on humoral and cellular im-
mune responses offer auspicious avenues for the development of immunomodulatory
therapies and intervention strategies for conditions entailing immune system dysfunc-
tions [58]. Lastly, delving into the influence of diterpenes on inflammasome pathways
represents an emerging research frontier, poised with significant implications for managing
inflammatory conditions and probing into new therapeutic opportunities rooted in nat-
ural compounds [59]. The growing acknowledgment of diterpenes’ immunomodulatory
properties indicates their potential for therapeutic applications, thus encouraging further
research in the field of immunomodulation.

4.1. Anti-Inflammatory Properties of Diterpenes

The biological activities of diterpenic acids, such as anti-inflammatory, antimicrobial,
gastroprotective, and antitrypanosomal effects, have made them a focus of extensive
scientific research [47,60,61]. Of particular note is the anti-inflammatory activity (Table 1)
of these compounds, which has been widely explored due to their therapeutic potential
and application in the modulation of inflammatory processes [60].

Table 1. Anti-Inflammatory activity of diterpenes.

Species Compounds Structure Action Reference

Isodon henryi;
Gymnocoronis

spilanthoides var.
ent-kaurane
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The Figure 3 illustrates how diterpenes modulate the immune response, particularly
by activating macrophages and promoting the release of inflammatory cytokines such as
TNF-α [44]. These compounds interact with pathogen recognition receptors, like TLRs, on
macrophages, triggering a cascade of signals that culminate in the activation of NF-κ, a
transcription factor that controls the expression of inflammatory genes. These processes are
critical for innate immune responses and the elimination of pathogens and damaged tissues,
while also being associated with the control of inflammatory and apoptotic processes [9,73].
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Figure 3. Modulation of Macrophage Activity by Diterpenes. The interaction between diterpenes and
macrophages leads to the activation of pro-inflammatory cytokine secretion, with a particular focus on
TNF-α. This cytokine plays a fundamental role in initiating the inflammatory response by promoting
the recruitment of immune cells and facilitating the phagocytosis of pathogenic microorganisms.

Six new diterpenoid compounds were isolated, in addition to nineteen previously
known compounds [74]. These compounds demonstrated significant anti-inflammatory
activity in the J774A.1 cell line previously stimulated with Escherichia coli Lipopolysac-
charide (LPS). They inhibited the release of nitric oxide (NO) and the expression of pro-
inflammatory enzymes, including cyclooxygenase-2 (COX-2). They showed a significant
inhibition of COX-2 formation under inflammatory conditions at all tested concentrations
(50–12.5 µM; p < 0.001 vs LPS), comparable to indomethacin, a reference drug.

Building on a similar study, Ngo et al. (2022) isolated four previously unknown
diterpene compounds, alongside twelve familiar ones, and evaluated their potential to
combat inflammation [75]. It was observed that the production of LPS-induced NO in
RAW 264.7 cells demonstrated complete suppression with an IC50 value of 3.4 ± 1.2 µM,
comparable to the positive control, celastrol. To investigate whether these compounds
inhibited the expression of inducible nitric oxide synthase (iNOS) and COX-2 at concentra-
tions ranging from 3 to 30 µM, the expression of iNOS and COX-2 was analyzed using the
Western blot technique. The results demonstrated that these compounds have the ability to
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inhibit iNOS protein production; and the intensity of this inhibitory effect is related to the
concentration of the compounds used in the experiment.

An in vitro anti-inflammatory analysis of six diterpenic acids demonstrated that only
kaurenoic and copalic acids exhibited significant hemolytic activities, reaching 61.7% and
38.4%, respectively, at a concentration of 100 µM [76]. Additionally, only copalic acid
(with an inhibition rate of 98.5% ± 1.3%) and hardwickiic acid (with an inhibition rate
of 92.7% ± 4.9%) at 100 mM were able to inhibit nitric oxide production in LPS-activated
macrophages without affecting the production of TNF-α -. These acids also inhibited the
production of IL−6 and increased the production of IL-10. These results clearly demon-
strated a therapeutic potential for these diterpenic acids in the treatment of acute injuries,
such as inflammation or skin disorders.

A newly discovered diterpene structure, called plebeianiol A, was isolated alongside
four previously identified diterpenes [77]. Plebeianiol A displayed notable efficacy in
neutralizing the 1,1-diphenyl−2-picrylhydrazyl (DPPH) radical, with IC50 values falling
within the range of 20.0 to 29.6 µM. Furthermore, it demonstrated significant inhibition of
reactive oxygen species (ROS) production in macrophages stimulated by LPS. Additionally,
they inhibited NO production in LPS-induced macrophages, with IC50 values ranging from
18.0 to 23.6 µM [77]. These findings highlight the therapeutic potential of diterpenes to
treat diseases associated with oxidative damage and inflammation.

Thirteen diterpenoids were identified in the roots of Euphorbia ebracteolata, and their
structures were determined using techniques such as 1D and 2D Nuclear Magnetic Reso-
nance (NMR), High-Resolution Mass Spectrometry (HRESIMS), and Electronic Circular
Dichroism (ECD) [78]. Through the Griess test, it was found that among these compounds,
three demonstrated a notable ability to inhibit NO production in LPS-induced macrophages
in the RAW 264.7 cell line, with IC50 values of 2.44, 2.76, and 1.02 µM, respectively [78].
These results strengthen the potential of diterpenes as anti-inflammatory agents.

The dipernic hardwickiic acid has been extensively studied for its ability to interact
with biological systems, exhibiting antioxidant, antitumor, immunomodulatory, antinoci-
ceptive, and anti-inflammatory activities [64]. Its ability to inhibit the production of inflam-
matory cytokines by suppressing the NF-κB signaling pathway has been demonstrated by
luciferase assay [64].

The immunomodulatory effect of kaurenoic acid, a diterpene present in several medic-
inal plants, was investigated in human monocytes and macrophages [79]. The results
showed that kaurenoic acid was able to modulate cytokine production and surface molecule
expression in monocytes and macrophages, including a reduction of IL-1β, IL-6, and TNF-α
production, and a decrease in CD80 and CD86 expression. Additionally, kaurenoic acid
demonstrated antioxidant and anti-inflammatory effects, indicating its therapeutic potential
for the treatment of inflammatory and autoimmune diseases.

The diterpenic acid polyaltic acid (AP) was investigated for its potential chemopre-
ventive effects, considering the interplay between inflammatory processes and carcino-
genesis [80]. To understand the mechanisms involved in this effect, the anti-inflammatory
activity of AP was evaluated in terms of NO and prostaglandin E2 (PGE2) production in
rat macrophages. AP reduced LPS-induced NO levels in macrophages, indicating an anti-
inflammatory action mediated by the NO pathway. However, this diterpene showed no
effect on PGE2 [80]. These results suggest that AP may contribute to the chemopreventive
effect in a colon carcinogenesis rat model through its anti-inflammatory activity.

Diterpenoids isolated from H. annuus L. were tested on murine RAW 264.7 macrophages.
The study focused on the production of NO, PGE2, and TNF-α. At low concentra-
tions (10 µM), these compounds inhibited NO and PGE2 production in LPS-stimulated
macrophages. This inhibition was associated with a concentration-dependent decrease
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in NOS-2 and COX-2 protein and mRNA expression, suggesting that the diterpenoids
suppress NO and PGE2 production by downregulating these enzymes at the transcrip-
tional level [57]. Furthermore, the diterpenoids effectively blocked the release of TNF-α,
without causing cell damage. suggesting their potential as safe and effective immunomod-
ulatory agents.

Overall, diterpenes show promising pharmacological activity as anti-inflammatory
agents. However, it is crucial to better characterize their spectrum of immunomodulatory
actions and understand the underlying mechanisms to advance their pharmacological
potential. Moreover, studies using animal models or clinical trials are scarce, hindering
the progress needed to confirm their pharmacological actions and ensure their safety
and effectiveness.

4.2. Impact of Diterpenes on Humoral and Cellular Immune Responses

Cytokines play a crucial role in inflammatory conditions and as considered key el-
ements in the immune response [81]. These molecules modulate various processes and
mechanisms of the cellular and humoral responses within both innate and adaptive path-
ways. They are crucial for the development and regulation of inflammation pathways [82].

Natural products play a promising role in cancer immunotherapy, particularly their
ability to modulate the immunosuppressive tumor microenvironment [83]. In this scenario,
the dynamic interaction between cytokines and immune cells is essential in regulating
the antitumor response, promoting a potential balance between pro-inflammatory and
immunosuppressive mechanisms [83]. Pro-inflammatory cytokines, such as IL-1, IL-6, and
TNF-α, which signal through type I receptors, exemplify the complexity of the immune
signaling network and the necessity for its precise regulation. Figure 4 illustrates how
diterpenoid molecules, a type of natural compound, can act as modulators of this signaling,
adjusting cytokine expression and promoting targeted recruitment of specific immune cells.
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This selective regulation of cellular and molecular interactions prevents excessive
inflammatory responses, enhancing antitumor activity and creating an environment
less permissive to tumor growth. By fostering a microenvironment more receptive to
immunotherapies—such as immune checkpoint inhibitors and cancer vaccines—these
natural compounds demonstrate their potential as promising adjuvants in cancer treatment,
enabling a more targeted and effective immune response [83].

Maintaining equilibrium in this modulation is vital for sustaining physiological home-
ostasis and ensuring an appropriate response to infection. The immune system’s response
to infection or other stimuli can lead to immunopathologies, primarily due to the overpro-
duction of pro-inflammatory cytokines like TNF-α [84–86]. Striking the right balance in
this modulation is critical for avoiding potential disruptions in immune function [16,83].
In this context, the overproduction of pro-inflammatory cytokines can result in chronic
inflammation and healthy tissues damage [16,83].

Conversely, insufficient cytokine production can lead to a compromised immune
response, rendering the body vulnerable to unchecked infections [83,87]. If there is insuf-
ficient production of these cytokines, the immune system may not be able to mount an
effective response against invading pathogens, rendering the body vulnerable to severe
infections [83,87].

The immunomodulation induced by natural compounds involves altering the equilib-
rium among various subsets of immune cells. This sophisticated process entails a complex
interplay among opposite forces. On one side, pathogenic cells drive inflammation, po-
tentially harming the body. On the other side, protective cells act as firefighters, quelling
inflammation and regulating the immune response. By influencing the cytokines expression
in different cell populations, natural compounds can tip the scales, promoting health and
resilience [87,88].

Different diterpenoids isolated from Hemionitis albofusca, specifically the compounds
(A) 14-oxy-7β,20-dihydroxycylate-12,18-diene; (B) ent-8(14),15-pimaradiene-2β,19-diol;
(C) ent-kaurane-16-ene-2β,18α-diol; and (D) ent-kaurane−2β,16α,18α-triol, have demon-
strated various biological activities that influence multiple aspects of the immune re-
sponse [65]. These natural molecules were able to modulate nitric oxide (NO) produc-
tion and the expression of inflammatory markers such as iNOS, TNF-α, and IL-6 in
lipopolysaccharide-induced RAW264.7 cells. Additionally, the diterpenoids showed the
ability to inhibit p38 protein phosphorylation, interfering with the p38 MAPK signaling
pathway. The activation of the p38 MAPK signaling pathway is associated with a variety
of biological processes, including inflammation, cell proliferation, differentiation, and
apoptosis. This natural compound-mediated immunomodulation process can encompass a
range of effects, including the suppression of exacerbated inflammatory responses and the
promotion of regulatory immune responses [87,88].

Simultaneously, it is observed that these natural compounds may play a significant
role in promoting the function of regulatory cells in the immune system [89]. A study
observed that diterpenoid compounds, such as neophytadiene, demonstrated cytotoxic
activity against A549 (lung cancer) and PC−3 (prostatic adenocarcinoma) cancer cells,
suggesting a potential role in inducing apoptosis in these cells [90].

Additionally, it has been discussed that these compounds may have a significant role
in promoting the function of regulatory cells in the immune system, such as regulatory T
(Tregs) and Th17 cells [89]. Tregs play an essential role in modulating the immune envi-
ronment, controlling autoimmune responses, and ensuring immune tolerance. The ability
of these natural compounds to favor Tregs activity is of great relevance, as it contributes
to maintaining immune balance, preventing uncontrolled immune reactions, and autoim-
munity [91]. Th17 cells are CD4+ T lymphocytes that are essential for defense against
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extracellular pathogens, promoting inflammation through the secretion of IL−17 [92].
However, their dysregulation is associated with autoimmune diseases, such as rheumatoid
arthritis and multiple sclerosis.

The balance between Tregs and Th17 is essential for the regulation of the immune
response, and diterpenes capable of modulating this interaction have relevant therapeutic
potential. In this context, the diterpene triptolide, a natural compound isolated from the
plant Trip-terygium wilfordii, has demonstrated immunosuppressive effects in inflamma-
tory and autoimmune diseases. Studies indicate that it can suppress collagen-induced
rheumatoid arthritis by inhibiting Th17 cell differentiation and regulating CD4+ and CD8+

lymphocytes in Peyer’s patches [93–95]. Other studies also show that triptolide is capable
of acting in the improvement of systemic lupus erythematosus by upregulating Tregs and
the expression of miR-125a-5p, in addition to inhibiting the formation of Th17 by inhibiting
the AKT/mTOR/p70S6K pathway in vitro and in vivo [96,97].

This complex process of cellular modulation highlights the potential therapeutic
applicability of these compounds in the fine and adaptive regulation of the immune
system [89]. Natural products and their compounds may modulate the production of
immune mediators through different ways. Cymbopogon citratus and its isolated compound
citral were found to stimulate the production of IL-1β and IL-6 without affecting the
production of IL-10 in murine macrophages in vitro. This effect was observed in the context
of cytokine production by macrophages challenged with lipopolysaccharide (LPS), without
affecting the production of IL-10 [98].

Copaifera (Copaifera spp.) oleoresins have been shown to induce human monocyte
activation without compromising cell viability. The results suggest that diterpenic or
sesquiterpenic acids present in the oleoresins may be involved in the mechanisms underly-
ing this activation [16]. However, it is not clear how this compound affects the production
of other inflammatory mediators in monocytes. To fully understand how oleoresins work,
we need to delve deeper into two key areas: their impact on immune cells’ ability to kill
microbes and how they affect cell receptors. This would provide valuable insights into the
mechanisms behind their action. Specifically, further studies are crucial to pinpoint the
exact effects of diterpenes and sesquiterpenes, the active compounds in Copaiba oleoresin,
on monocytes and other immune cells.

Abietan diterpenes isolated from Plectranthus grandidentatus exhibit an inhibitory effect
on mitogen-induced T and B lymphocyte proliferation, with an emphasis on T cells [98].
This effect is mediated by the ability of these diterpenes to reduce CD69 expression and
induce lymphocyte apoptosis. Furthermore, an immunosuppressive activity of diterpenoid
compounds from Cephalotaxus fortunei var. alpina and C. sinensis has been reported, inhibit-
ing the proliferation of T and B cells [99]. Similarly, the authors of [100] isolated diterpene
cascarinoids from Croton cascarilloides, which showed immunosuppressive activity against
the proliferation of both B and T cells in vitro. These compounds inhibited LPS-induced B
cell proliferation and ConA-induced T cell proliferation.

The immunosuppression of these lymphocytes occurs due to the ability of cascarinoids
to modulate the immune response, interfering with cell proliferation processes and B and T
cell activation [100]. This immunosuppressive activity may be associated with the inhibition
of the expression of pro-inflammatory cytokines, such as IL-2, involved in the activation and
proliferation of T lymphocytes [101]. Diterpenes may also act by modulating levels of cyclic
adenosine 3′,5′-monophosphate (cAMP), a molecule involved in regulating lymphocyte
growth and differentiation.

For example, forskolin (Fsk) modulates B cell activation by regulating plasma cAMP
levels and selectively inhibiting the progression of the G1 to S phase transition induced
by B cell growth factor (BCGF) [102,103]. It also regulates T cell activation by elevating
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intracellular cAMP levels, promoting their differentiation into Th1 and Th2 phenotypes,
while significantly suppressing the Th17 profile [104]. Furthermore, Fsk inhibits human T
cell proliferation by downregulating IL-2 signaling by blocking Stat5a/b phosphorylation,
IL-2R complex formation, and PKA-mediated Jak3 activation [105]. These findings highlight
the interplay between the Jak3/Stat5 and cAMP/PKA pathways in modulating T cell
function and proliferation mediated by the IL-2 receptor (IL-2R ). Finally, modulation of
intracellular cAMP levels occurs through activation of adenylyl cyclases (ACs 1–8) by
Fsk [106].

Regulation of the adaptive immune response and interference in the cellular signaling
necessary for the activation and proliferation of lymphocytes are also factors that may be
associated [107]. Understanding these mechanisms of immunosuppression is crucial for
exploring the therapeutic potential of cascarinoids A and B and developing strategies to
selectively modulate the immune response in pathological conditions, where exacerbated
immune response may be detrimental [100].

Such disparities in the results point to the diversity of cellular responses triggered
by different classes of diterpenoids, consequently emphasizing the need for further inves-
tigations for a deeper understanding of the therapeutic properties of these compounds.
The study [108] on daphnane diterpenes from the latex of Hura crepitans L. also highlights
the diversity of cellular responses induced by different classes of diterpenoids, specifically
regarding the antiproliferative activity in colorectal cancer cells. The results indicate that
huratoxin and 4′,5′-epoxyhuratoxin show significant and selective inhibition of cell growth
against the colorectal cancer cell line Caco-2 and primary colorectal cancer cells cultured
as colonoids.

The ethanol (EtOH) extracts and andrographolides, purified diterpenes from the plant
Andrographis paniculata, have demonstrated the ability to stimulate the immune response
in in vitro and in vivo models, evidenced by a remarkable induction of IL-2 production,
antibodies, and a delayed hypersensitivity response to antigens [109,110]. In addition
to these effects, the plant preparations also triggered a nonspecific immune response in
mice, involving macrophage migration, efficient phagocytosis of bacteria, and proliferation
of splenic lymphocytes [110]. These results point to a comprehensive modulation of the
immune response, addressing both specific and nonspecific components of the immune
system [110].

It is important to note that, although both andrographolide and EtOH extract con-
tributed to the stimulation of the immune response, it was observed that the specific im-
mune response was less intense with andrographolide compared to the EtOH extract [110].
This observation suggests that other substances present in the extract may play an addi-
tional role in immunostimulation, highlighting the complexity and synergy of compounds
in preparations of Andrographis paniculata.

The methanolic extract derived from the rhizome of Hedychium coronarium exhibits
remarkable inhibitory properties on the increased vascular permeability induced by acetic
acid in mice, as well as on the production of nitric oxide in lipopolysaccharide-activated
mouse peritoneal macrophages [111]. From this extract, three new labdane-type diterpenes,
named hediquilactones A, B, and C, were isolated, along with six known diterpenes. The
structural elucidation of hediquilactones was based on chemical and physicochemical
evidence [98]. The diterpene constituents showed notable inhibitory effects in assays
related to increased vascular permeability. Additionally, they demonstrated the ability
to inhibit nitric oxide production and the induction of nitric oxide synthase in activated
peritoneal macrophages. These findings highlight the therapeutic potential of diterpenes in
modulating inflammatory responses and regulating vascular events, suggesting potential
pharmacological applications derived from the plant Hedychium coronarium [111].
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Therefore, diterpenoids, such as those isolated from Hemionitis albofusca, have thera-
peutic potential for inflammatory and autoimmune diseases, such as rheumatoid arthritis,
multiple sclerosis, lupus, and inflammatory bowel disease. They modulate the immune
response by inhibiting Th17 cell differentiation, promoting Treg activity, suppressing pro-
inflammatory cytokines (TNF-α, IL-6) and blocking signaling pathways such as p38 MAPK.
These mechanisms help to control chronic inflammation and exacerbated autoimmune
responses, highlighting their role in restoring immune balance.

4.3. The Influence of Diterpenes on Inflammasome Pathways

Inflammasomes are multiprotein complexes that play a central role in regulating the
innate immune response, acting as sensors for danger signals and pathogens. However,
their dysregulation is closely associated with various inflammatory conditions [112,113]. In-
appropriate activation of inflammasomes can trigger excessive release of pro-inflammatory
interleukins, such as IL-1β, and induce pyroptosis, a specific form of inflammatory cell
death. These exacerbated processes significantly contribute to the pathogenesis of multiple
inflammatory diseases [112]. Conditions associated with uncontrolled inflammasome acti-
vation include cardiovascular disorders, neurodegenerative diseases, autoinflammatory
syndromes, kidney disorders, gastrointestinal diseases, joint diseases, and dermatological
conditions, among others [112]. Thus, precise regulation of inflammasomes is essential to
prevent and effectively treat a diverse range of inflammatory diseases, aiming for selective
modulation of these inflammatory pathways without compromising innate immunity.

Nucleotide-binding domain and leucine-rich protein (NLRP) family inflammasomes,
especially NLRP3, play a significant role in several pathologies [9]. Several diterpenes,
such as andrographolide, rosthornin B, triptolide, caurenoic acid, carnosic acid, oridonin,
teuvincenone F, and derivatives of tanshinone IIA and phorbol, were indicated as potential
candidates for treating NLRP3-mediated inflammatory diseases due to their effectiveness
in modulating the NLRP3 pathway [9,114].

Tanshinone IIA (Tan IIA), a bioactive diterpene derived from the roots of Salvia miltior-
rhiza Bunge (Labiatae), has recognized anti-inflammatory properties, acting predominantly
on the NF-κB pathway, a key regulator of inflammasome activation (Figure 5) [75]. In
LPS-stimulated Raw 264.7 cells, it suppresses the NF-κB signaling pathway by inhibiting
IkappaB alpha degradation and suppressing the NIK-IKK pathway as well as the MAPKs
(p38, ERK1/2, and JNK) pathway. Furthermore, Tan IIA inhibits the expression of TLR4,
suppresses upstream adaptor molecules such as MyD88 and TRAF6, inhibits the phos-
phorylation of TAK1 and the nuclear translocation of the p65 subunit [115–117]. These
mechanisms result in reduced expression of pro-inflammatory genes such as TNF-α, IL-6,
IL-1β, COX-2 and iNOS, highlighting the therapeutic potential of Tan IIA in the treatment
of inflammatory and autoimmune diseases, including rheumatoid arthritis, atherosclerosis,
neuroinflammation, cardiovascular diseases, and gastric cancer [118,119].

A study investigated the effect of Tan IIA and the underlying mechanism on the
progression of diabetic nephropathy in vitro [120]. The results indicated that Tan IIA down-
regulates the expression of transforming growth factor beta 1 (TGF-β1), inhibiting the
pyroptosis of renal tubular epithelial cells (HK−2) induced by high glucose concentration.
In vivo, it reduces the inflammatory response of macrophages induced by LPS by sup-
pressing the induction of HIF−1α via inactivation of succinate dehydrogenase (SDH), in
addition to preserving Sirt2 activity through downregulation of glycolysis, contributing
to the inhibition of the NLRP3 inflammasome [121]. Additionally, Tan IIA demonstrated
cardioprotective effects by inhibiting the activation of the NLRP3 inflammasome and mod-
ulating the differentiation of Th17/Treg cells, highlighting itself as a potential therapeutic
agent for inflammatory diseases associated with the heart [122].
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Tan IIA suppresses NF-κB signaling in LPS-stimulated cells by inhibiting IκBα degradation, the
NIK-IKK pathway, and the MAPKs (p38, ERK1/2, JNK) pathways. Furthermore, it inhibits TLR4
expression, suppresses adaptor molecules (MyD88, TRAF6), blocks TAK1 phosphorylation, and
prevents p65 nuclear translocation. These effects reduce the expression of pro-inflammatory genes
(TNF-α, IL-6, IL-1β, COX-2, iNOS), highlighting its therapeutic potential in controlling inflammation.

The diterpene compounds phytanol and phytanyl amine have been shown to promote
the reduction of NLRP3 expression, as well as inflammatory mediators and chemotactic
proteins in BALC/c mice [123]. Additionally, a decrease in the release of B lymphocyte
chemotactic chemokine (BLC), T-cell activating chemokines-3, tricarboxylic acid (TCA),
IL-4, IL-12, and the tissue inhibitor of metalloproteinase−1 (TIMP-1) was observed. These
results highlight the potential of phytanol and phytanyl amine as modulatory agents for
inflammatory and immunological conditions, particularly in reducing NLRP3-mediated
inflammatory responses. This suggests promising therapeutic applications for the treatment
of inflammatory and immunological disorders.

The diterpene triptolide has the ability to reduce serum levels of pro-inflammatory
cytokines, including IL-1β and IL-18, as well as the expression of NLRP3 and toll-like
receptor 4 (TLR4) in animal models [102]. This compound has the potential to prevent the
progression of inflammatory diseases such as immunoglobulin A (IgA) nephropathy and
aortic transverse constriction-induced myocardial remodeling [124]. Additionally, this com-
pound can inhibit NLRP3 and the pro-fibrotic pathway of transforming growth factor beta
1 (TGF-β1) and negatively regulate NLRP3 by targeting hsa-miR-20b (microRNA) [37,125].
In a gastric cancer model, triptolide demonstrated the ability to inhibit IL−8 expression
induced by IL-1β, in addition to suppressing the activation of the AP-1 axes, mediated by
ROS/ERK, and NF-κB, mediated by ROS [126].

The anti-inflammatory property of triptolide manifests through the inhibition of
excessive NLRP3 inflammasome activation (Figure 6). This specific molecular action
culminates in the subsequent reduction of the inflammatory response associated with
specific pathological conditions [104]. In particular, Triptolide’s ability to modulate NLRP3
suggests potential applicability in the treatment of inflammatory diseases where chronic
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inflammation plays a prominent role. Additionally, Triptolide’s role in attenuating cardiac
fibrosis is highlighted [22,127]. Cardiac fibrosis, a process characterized by the replacement
of normal cardiac tissue with scar tissue, often results from a chronic inflammatory response.
By modulating NLRP3, Triptolide presents therapeutic potential by interrupting or slowing
the course of cardiac fibrosis, mitigating the underlying inflammatory response [127].
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Figure 6. Mechanism of anti-inflammatory action of diterpenes focusing on the NLRP3 inflamma-
some. Triptolide inhibits the TLR4 pathway and NLRP3 inflammasome activation, reducing the
release of pro-inflammatory cytokines (IL-1β and IL-18), suppressing TGF-β1 expression, regulating
microRNAs (such as hsa-miR-20b), and inhibiting IL-1β-induced IL-8 expression. Furthermore, it
blocks the activation of the AP-1 (ROS/ERK-mediated) and NF-κB (ROS-mediated) axes. Phytanol
and phytanylamine suppress the expression of NLRP3, inflammatory interleukins (IL-6, IL-4, IL-12),
chemokines (MCP-1, MIP-1, BLC) and TIMP-1, demonstrating anti-inflammatory and immunomodu-
latory properties. Andrographolide prevents the formation of the NLRP3-PYCARD-CASP1 complex,
reduces inflammatory mediators such as TNF-α, IL-1β and ROS/NF-κB, and stimulates mitophagy,
contributing to cellular protection and inflammation reduction.

Andrographolide is a bitter diterpene lactone with anticolitis and antitumor effects.
This compound reduces the expression of cleaved CASP1, IL-1β, and the collapse of the
mitochondrial membrane potential through the PIK3CA-AKT1-MTOR-RPS6KB1 pathway
(Figure 6) [128]. It also inactivates the NLRP3 inflammasome, induces autophagy, and
enhances the disruption of the NLRP3-PYCARD-CASP1 complex and mitophagy in mouse
macrophages [128]. Furthermore, it negatively regulates the expression of TNF-α, IL-
1β, and NLRP3 and suppresses ROS-mediated NF-κB expression in female C57/BL6
mice induced by ovalbumin (OVA) and bone marrow-derived macrophages (BMDM)
(primary culture of murine bone marrow-derived macrophages) [34]. Another study also
demonstrated that this diterpene has inhibitory effects on gene expression and protein
levels of NLRP3, Caspase-1 and IL-1β, with molecular docking analyses indicating high
binding affinity to targets of this pathway (Figure 6) [129].

Andrographolide also exhibits a hepatoprotective effect in mice with choline defi-
ciency, reducing hepatic inflammation and fibrosis [130]. Also, andrographolide reduces
the overexpression of HMGB1, TLR4, NF-κB, COX−2, iNOS, and NLRP3, inhibits the
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overexpression of MIP−1α and P2X7 receptor, and modulates the expression of protein
markers in mouse glial cells (Figure 6) [130].

Thus, andrographolide and other diterpenes discussed in this section demonstrate
a significant capacity to inhibit the NF-κB pathway and, consequently, the activation of
inflammasomes. This property gives these compounds a high therapeutic potential for the
treatment of several inflammatory diseases, including asthma, lung lesions and chronic
colitis, as well as autoimmune diseases, such as systemic lupus erythematosus (SLE), and
malignant neoplasms, such as metastatic luminal breast cancer [131–135]

Although these results provide a comprehensive insight into the role of diterpenes
in modulating the NLRP3 inflammasome and their potential therapeutic applications in
in-flammatory and immunological conditions, it is concluded that they have the potential
to modulate the NLRP3 inflammasome and attenuate the inflammatory response in various
inflammatory and autoimmune diseases. However, further research is needed to fully
understand their mechanisms of action and efficacy in specific conditions.

Addressing gaps in the understanding of these mechanisms and conducting additional
clinical studies to assess the safety and efficacy of diterpenes in patients with inflammatory
diseases are crucial. Furthermore, clarity in discussing the mechanisms of action and
potential side effects is essential to improve the understanding and clinical applicability of
these compounds.

5. Conclusions
Diterpenes are promising therapeutic alternatives for interventions targeting immune

dysfunctions and inflammatory diseases due to their diverse immunomodulatory activities.
These compounds regulate cytokine expression, modulate immune cell response, and sup-
press inflammatory mediators. These activities hold potential therapeutic applications for
conditions such as tuberculosis, autoimmune diseases, and cancer. Their ability to influence
inflammasome pathways, especially NLRP3, has shown effectiveness in reducing excessive
inflammation and mitigating chronic inflammatory conditions such as IgA nephropathy,
cardiac fibrosis, and colitis. Additionally, diterpenes exhibit versatile pharmacological
properties, including anti-inflammatory, antimicrobial, and anticancer effects, underscoring
their therapeutic value in various clinical contexts.

Although diterpenes have significant potential in modulating the immune system,
substantial gaps remain in our understanding of their immunomodulatory mechanisms.
Further research is essential to investigate their interactions with various immune cells, the
cellular signaling pathways involved, and their overall mechanisms of action. Addition-
ally, exploring the synergistic effects of diterpenes in plant extracts could enhance their
immunomodulatory activities.

To advance the investigation of diterpenes’ therapeutic potential, it’s essential to
conduct studies using in vivo models, including human trials. The limited research in
this area has led to significant uncertainties regarding the optimal dosages, formulations,
and administration routes for clinical use. Well-designed clinical trials are necessary to
evaluate the efficacy of diterpenes in treating various immune-related conditions, such
as autoimmune diseases, allergies, and chronic inflammatory disorders. These studies
will provide crucial insights into whether the immunoregulatory benefits observed in
animal models can be reliably replicated in humans. Therefore, a thorough exploration
of diterpenes’ mechanisms and effects is vital to unlocking their full immunomodulatory
potential for therapeutic applications.
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