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Abstract
Shikonin, a naphthoquinone compound derived from the root of Lithospermum erythrorhizon,
has been extensively studied for its antibacterial, antioxidant, and anti-inflammatory
properties. Increasing evidence highlights its potential in treating inflammation-related
diseases. However, its clinical application is hindered by challenges such as poor water
solubility, rapid metabolism in vivo, and other limitations. Recent advancements have
demonstrated that encapsulating shikonin within nanocarriers can significantly enhance its
water solubility and pharmacokinetic profile. Building on this, this perspective paper
outlines the current landscape of inflammation treatment, explores the anti-inflammatory
mechanisms of shikonin, reviews the latest progress in shikonin-based nanomaterials for
anti-inflammatory applications, and discusses the challenges and future directions for the
clinical translation of shikonin nanoformulations.
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Introduction

Inflammation is a critical component of both innate and adaptive
immunity, serving as a key defense mechanism against endogenous
and exogenous injuries [1]. During an inflammatory response, various
immune cells (e.g., white blood cells, macrophage) and plasma
proteins (e.g., cytokines, complement proteins) are recruited and
activated at the site of infection or injury [2]. The hallmark
characteristics of the inflammatory response include redness, fever,
swelling, and pain [3]. However, when the immune system becomes
dysfunctional, leading to excessive or prolonged inflammation, it can
result in chronic and acute diseases such as multiple sclerosis, chronic
asthma, psoriasis, rheumatoid arthritis, inflammatory bowel disease
(IBD), and sepsis [4, 5]. These conditions not only severely impact
patients’ quality of life but are also becoming increasingly prevalent in
aging societies, posing a significant global public health challenge.
During inflammation, immune cells such as macrophages,

lymphocytes, eosinophils, and neutrophils are activated and produce a
variety of inflammatory mediators. These include pro-inflammatory
factors like interleukin-1β (IL-1β), IL-6, interferon-γ, tumor necrosis
factor-α (TNF-α), and IL-8, as well as anti-inflammatory factors such
as IL-10 and transforming growth factor-β (TGF-β). In addition to
inflammatory mediators, several signaling pathways, such as the
mitogen-activated protein kinase (MAPK), nuclear factor-κB (NF-κB),
and Janus kinase/signal transduction and transcriptional activator
signaling pathways, play critical roles in regulating inflammation [6].
Modulating these inflammatory factors and pathways can intervene in
the inflammatory response, thereby achieving therapeutic effects.
Currently, several major classes of drugs, including corticosteroids,

non-steroidal anti-inflammatory drugs, and biologics, are used to treat
inflammation-related diseases. However, these therapies have notable
limitations. For instance, corticosteroids are often associated with side
effects such as hyperglycemia, hypertension, muscle weakness,
increased susceptibility to infections, osteoporosis, glaucoma, and
growth suppression. Non-steroidal anti-inflammatory drugs may cause
platelet dysfunction, gastrointestinal ulcers, and bleeding, while
biologic therapies are costly and carry risks of cardiovascular
complications [7]. Consequently, there is an urgent need for the
development of novel anti-inflammatory drugs.
Previous studies have demonstrated that many natural products

possess significant anti-inflammatory properties. In fact, natural
products inspired the synthesis of the first anti-inflammatory drug,
aspirin. Since then, natural products have garnered considerable
attention as a valuable source of anti-inflammatory agents. Compared
to traditional synthetic drugs, natural product-based
anti-inflammatory therapies offer advantages such as fewer side
effects, diverse biological activities, and the ability to modulate
multiple targets in the inflammatory response. One such natural

compound is shikonin (5,8-dihydroxy-2-((1R)-1-hydroxy-4-
methyl-3-pentenyl)-1,4-naphthoquinone), a bioactive substance
derived from the roots of Lithospermum erythrorhizon. Shikonin has
been widely studied for its antibacterial, antiviral, antitumor,
antioxidant, and anti-inflammatory properties and has been used in
traditional medicine to treat diseases such as wounds, measles, and
autoimmune-mediated inflammatory diseases [8]. However, as a
hydrophobic natural molecule, shikonin faces several challenges,
including poor solubility, rapid intestinal absorption, a significant
“first-pass” effect, and fast clearance rates, all contributing to low oral
bioavailability [9]. Additionally, shikonin can cause severe skin
sensitization, induce erythrocyte hemolysis, and interact with other
drugs through metabolic enzymes, posing potential toxicity risks.
These limitations have significantly hindered its clinical application.
In recent years, advancements in nanomedicine have offered
promising solutions to these challenges [10]. Nanomedicine provides
unique advantages, such as enhancing the water solubility of drugs,
prolonging drug circulation times, improving bioavailability, enabling
controlled drug release, enhancing therapeutic efficacy, and reducing
adverse effects [11]. Numerous evidences have confirmed that
nanomedical drug delivery systems can distinctly enhance the
bioavailability and efficacy of drugs without requiring chemical
modifications [12]. Notably, several FDA-approved nanomaterials
have shown encouraging results in antimicrobial and anticancer
therapies [13]. As a result, nanodrug delivery systems are considered
a highly effective strategy for improving the therapeutic effect of drug.
To address the limitations of shikonin, researchers have developed
various nanodrug delivery systems, including liposomes, polymeric
micelles, nanoparticles, nanogels, nanoemulsions, and hybrid
advanced drug delivery nanosystems, to enable efficient delivery and
clinical application of shikonin. This review systematically discusses
the anti-inflammatory mechanisms of shikonin, highlights recent
advancements in shikonin nanoformulations for anti-inflammatory
applications (Figure 1), and discusses the challenges and future
directions for the development of shikonin-based nanoformulations.

Literature search methodology

The references for this article were systematically retrieved from
Google Scholar using targeted keyword combinations. For the section
on “Shikonin Nanoformulation for Inflammation-Related Disease
Management”, the search terms “shikonin, nano, and inflammation”
were employed. For other sections, the keyword combination was
refined to “shikonin and inflammation” to maintain focus on
nanotherapeutic applications. To ensure the inclusion of current and
high-impact studies, search filters were applied to prioritize
publications from the last decade and those with significant citation
counts.

Anti-inflammatory effects of shikonin

Regulation of immune cells
T lymphocytes (T cells) play a vital role in immune response and
immune regulation. Shikonin can play an immunosuppressive role by
inhibiting the proliferation of T cells and reducing the secretion of
pro-inflammatory cytokines (such as IL-12, IL-6, TNF-α, etc.) from
Th1 cells. Shikonin inhibits T cell differentiation to Th17 by inhibiting
LR4/MyD88 pathway, further relieving Th17-mediated inflammation
[14]. The treatment qualities of shikonin may be related to the
reduction of skin inflammatory response by
CD4+CD25+FoxP3+regulatory T cells in the collagen-induced arthritis
[14]. Moreover, shikonin exerts an immunoprotective effect by
stimulating CD4+Foxp3+Treg differentiation, increasing induced
regulatory T cells, inhibiting T cell activation and the secretion of
pro-inflammatory cytokines in the allograft patients [15]. In the
regulation of B lymphocytes (B cells), shikonin suppresses the activity
of M2 pyruvate kinase, restrains the proliferation of B cells and the
production of immunoglobulin, further reducing atherosclerosis [16].

Highlights
The anti-inflammatory mechanism of shikonin was discussed.
Recent advances of shikonin nanoformulations in
inflammatory-related diseases was summarized.
The opportunities and challenges of shikonin nanoformulations
was discussed.

Medical history of objective
The medicinal properties of Lithospermum erythrorhizon were
first documented in the Han Dynasty’s Shennong Bencao Jing
(compiled around the 1st century C.E.). Compendium of Materia
Medica (compiled in 1593 C.E.) by Shizhen Li of the Ming Dynasty
further confirmed its anti-inflammatory applications. Modern
medical identified shikonin as the plant’s primary bioactive
compound, exhibiting diverse pharmacological activities including
antioxidant, antibacterial, antithrombotic, and anti-inflammatory
effects, along with wound-healing promotion.
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Figure 1 Shikonin nanoformulations for the treatment of IBD and sepsis

Regulation of inflammatory factors
When the body suffers from bacterial infection or other pathological
stimulation, the immune system is activated and releases a series of
inflammatory factors. Among them, IL-1β, IL-6, IL-17, and TNF-α play
a crucial role in the pathogenesis of autoimmune diseases, while
IFN-β, IL-10, TGF-β and other anti-inflammatory cytokines can
alleviate autoimmune diseases [17, 18]. Recently, studies have found
that shikonin relieves inflammatory responses by down-regulating
pro-inflammatory cytokines and up-regulating anti-inflammatory
cytokines. For example, TNF-α that produced primarily by activated
macrophages, promotes inflammation by adjusting the generation of
chemokines, cytokines, COX-2, iNOS, and some adhesion molecules.
These processes are involved in the occurrence of
immunoinflammatory diseases, including chronic hepatitis,
rheumatoid arthritis, psoriasis, IBD, atherosclerosis, and pulmonary
fibrosis. IL-10 can regulate T cells, B cells and other immune cells to
play an anti-inflammation and anti-angiogenesis role. Studies have
found that shikonin can reduce IBD damage by reducing the levels of
inflammatory cytokines IL-1β, IL-6 and TNF-α, as well as increasing
the levels of IL-10 [19]. These findings indicate that shikonin may also
play a therapeutic effect by regulation inflammatory cytokine content
in the immune system.

Regulation of signal pathway
The inflammatory response is also regulated by NF-κB, STAT3 and
MAPK signaling pathways [20–22]. Studies have shown that shikonin
inhibits the phosphorylation of IκB-α and interferes with (i.e.
down-regulates) the NF-κB signaling pathway to alleviate
lipopolysaccharide (LPS)-induced pulmonary inflammation [20]. In
the treatment of psoriasis, shikonin blocks the secretion of
JAK/STAT3-related cytokines, thus interfering the STAT3 signaling
pathway and reducing the production of keratin K17 in keratinocytes
[23, 24]. By reducing the expression of K17 antigen, the activation of
T cells is reduced, thereby avoiding the recurrence of psoriasis.
Furthermore, shikonin was found to counteract IL-17-induced
downregulation of the tumor suppressor CCAAT/enhancer-binding
protein δ in human immortal keratinocytes (HaCaT), thereby
preventing excessive keratinocyte proliferation and exerting
therapeutic effects [24]. The MAPK signaling pathway is involved in
the regulation of inflammation related to diabetes and rheumatoid
arthritis. Previous evidences indicate that shikonin suppresses
NF-κB/MAPK signaling pathway, interferes with the phosphorylation
of p38, ERK and JNK proteins, and reduces D-galactose-induced
neuroinflammation in mice [21, 25]. These results suggest that

shikonin can also act on inflammatory signaling pathways to exert an
anti-inflammatory effects. However, because shikonin affects a broad
range of inflammatory pathways, the interactions between them
remain poorly understood. As a result, most current studies focus only
on analyzing individual pathways, changes in inflammatory factors,
and immune cell phenotypes.

Shikonin nanoformulation for inflammation-related disease
management

IBD is a chronic gastrointestinal disorder characterized by a reduced
pH environment in the inflamed colon, increased secretion of
inflammatory cells, and elevated levels of pro-inflammatory cytokines
[26]. Recruited immune cells, such as macrophages, neutrophils, and
monocytes, release inflammatory cytokines and oxygen free radicals,
leading to secondary tissue damage due to the action of oxidative
stress [27]. In addition, these inflammatory factors further exacerbate
the inflammatory response. Current therapeutic strategies for IBD
primarily focus on alleviating inflammatory symptoms.
Recently, Gao group developed a pH-responsive nanodelivery

system (Shik@CS/HA/ES) for the targeted release of shikonin (Shik)
to treat IBD. Shik was loaded into chitosan (CS) nanoparticles via an
ion-crosslinking strategy, followed by coating with
CD44-functionalized hyaluronic acid (HA) and the pH-responsive,
colitic-soluble polymer Eudragit S100 (ES100) through electrostatic
interactions (Figure 2A) [28]. Leveraging the properties of ES100,
Shik@CS/HA/ES degrades in the colon, releasing Shik@CS/HA. The
CD44 on the nanoparticle surface then targets the CD44 receptors on
the macrophages, enhancing the enrichment of Shik@CS/HA in RAW
264.7 mouse macrophages. In a mouse IBD model, treatment with
Shik@CS/HA/ES significantly reduced the inflammatory response, as
evidenced by decreased infiltration of inflammatory cells and reduced
expression of pro-inflammatory factors (e.g., IL-6, IL-1β, TNF-α,
COX-2, and iNOS decreased from 480 pg/g to 200 pg/g, 950 pg/g to
300 pg/g, 3,500 pg/g to 1,300 pg/g, 700 U/L to 200 U/L, and 175
pg/g to 105 pg/g, respectively), while increasing the expression of
anti-inflammatory factors (e.g., IL-10 increased from 800 pg/g to
3,000 pg/g, while TGF-β rose from 200 pg/g to 700 pg/g) in colonic
sites. Consequently, Shik@CS/HA/ES treatment markedly improved
the integrity of the intestinal mucosa in mice. In a follow-up study, the
authors incorporated calcium ions (Ca2+) and sodium alginate (ALG)
as protective agents to prevent the premature release of Shik@CS/HA
in the stomach [29]. Shik@CS/HA/ALG-Ca2+ was designed to target
delivery Shik@CS/HA due to ALG will dissolve in the intestine (pH
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7.4). Therefore, oral administration of Shik@CS/HA/ALG-Ca2+ not
only reduced the expression of pro-inflammatory factors (e.g., IL-6,
IL-1β, and TNF-α decreased from 580 pg/g to 220 pg/g, 940 pg/g to
470 pg/g, 4,100 pg/g to 1,900 pg/g, respectively) and enhanced
anti-inflammatory responses (e.g., IL-10 increased from 760 pg/g to
2,000 pg/g, while TGF-β rose from 250 pg/g to 720 pg/g) but also
inhibited the polarization of immune cells toward the M1 phenotype,
promoting the restoration of normal cells and demonstrating
significant therapeutic effects against IBD. While the cumbersome and
complex fabrication processes of Shik@CS/HA/ES and
Shik@CS/HA/ALG-Ca2+ may hinder their scalability and industrial
applicability.
In addition to leveraging the physiological properties of the gut, the

elevated levels of ROS in inflamed regions can also serve as a trigger
for targeted drug release. For instance, Hu, et al. utilized
polysaccharides (GUM) from tragacanth gum as a hydrogen
peroxide-responsive unit (Figure 2B) [9]. They synthesized
nanocomposites by the coordination effect between iron ions and
polyphenol units on GUM, encapsulating Shik within the
nanoparticles to form Shik-Fe@GUM. Upon oral administration,
Shik-Fe@GUM adheres to the colon membrane, stagnates in the colon,
and exerts anti-inflammatory effect (e.g., TNF-α, IL-6, and IL-1β
content in the serum decreased from 800 pg/mL to 200 pg/mL, 2,750
pg/mL to 1,100 pg/mL, 500 pg/mL to 170 pg/mL, respectively).
Elevated hydrogen peroxide levels at the inflammatory site can
degrade GUM polysaccharides. Therefore, in vivo treatment with
Shik-Fe@GUM significantly reduced ROS levels, IL-17A inflammatory
factor, and Th17 cell populations. Informatics studies further revealed
that Shik-Fe@GUM inhibits the IL-17RA signaling pathway, thereby
mitigating the inflammatory response. As a result, oral administration

of Shik-Fe@GUM effectively restored the colonic mucosal barrier by
alleviating intestinal inflammation.
The regulation of inflammatory responses is not limited to

inflammatory factors and signaling pathways but also involves
inflammasomes. Recently, Cardoso, et al. developed a nanogel carrier
composed of FDA-approved zein and HA for Shik delivery.
HA-Zein-Shik nanogels can specifically interact with HA-binding
receptors on macrophages, enabling targeted delivery. When human
THP-1-derived macrophages ingested HA-Zein-SK nanogels,
inflammasome activation was inhibited significantly. This effect was
further confirmed in a LPS and nigericin-induced macrophage
stimulation model, where HA-Zein-SK nanogels reduced
inflammasome activation. Building on this concept, Qiao’s team
synthesized Zn-Shik-PEG NPs through the self-assembly of Shik and
zinc ions (Figure 2C) [30]. These nanoparticles inhibit inflammatory
responses by suppressing the nuclear factor e2-related factor 2/heme
oxygenase-1 signaling pathway to clear intracellular ROS, thereby
alleviating excessive inflammation reaction. Furthermore, in
LPS-activated macrophages, Zn-Shik-PEG NPs not only reduced the
expression of inflammatory factors (e.g., TNF-α levels declined
sharply from 1,500 pg/mL to about 470 pg/mL, IL-6 dropped from
2,400 pg/mL to around 300 pg/mL) but also mitigated LPS-induced
inflammatory damage by downregulating the adenosine
monophosphate (amp)-activated protein kinase/silent information
regulator two 1 (AMPK/SIRT1) signaling pathway. As a result,
Zn-Shik-PEG NPs significantly reduced systemic inflammation in
sepsis models while alleviating organ damage in septic patients.
Although Zn-Shik-PEG NPs and Shik-Fe@GUM demonstrate
significant anti-inflammatory effect, the incorporation of inorganic
metal ions may elicit safety concerns.

Figure 2 Shikonin nanoformulations for IBD and sepsis treatment. (A) Shik@CS/HA/ES for IBD treatment. (B) Shik-Fe@GUM for IBD
management via IL-17RA signaling pathway. (C) Zn-Shik-PEG NPs for sepsis management via NLRP3 inflammasome, the nuclear factor e2-related
factor 2/heme oxygenase-1 signaling pathway and AMPK/SIRT1 signaling pathway regulation. Shik, shikonin; CS, chitosan; HA, hyaluronic acid;
ES100, Eudragit S100; ALG, sodium alginate; GUM, polysaccharides; LPS, lipopolysaccharide; CLP, cecal ligation and puncture.
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In addition to IBD and sepsis, Shik nanoformulation has also been
applied in psoriasis treatment. Li, et al. developed a Shik@PLGA-gel
by dispersing Shik@PLGA-loaded PLGA (Poly(lactic-co-glycolic acid))
NPs in Carbopol 934 gel. in vivo evaluation indicated that
Shik@PLGA-gel significantly reduced inflammatory factor levels (e.g.,
the mRNA expression levels of IL-1β, IL-17F, IL-17A, IL-22, and TNF-α
decreased more than threefold) and suppressed the inflammatory
response at the lesion site, thereby minimizing skin damage in
psoriasis mice and enhancing therapeutic efficacy [31]. To enhance
the application potential of Shik@PLGA-gel in broader therapeutic
contexts, future research should prioritize comprehensive release
kinetic characterization of Shik. As shown in Table 1 [9, 28–31], Shik
nanoformulations exhibit great potential in treating IBD and other
inflammatory diseases by targeting multiple pathways and leveraging
nano delivery systems.

Challenges and perspective

Due to its potent anti-inflammatory properties, Shik has garnered
significant attention in the development of nanomedicine. Shik
nanoformulation exhibits superior characteristics compared to free
Shik, including enhanced hydrophilicity and stability, improved
bioavailability, prolonged circulation time, strong targeting
capabilities, and efficient cellular uptake. Shik-based
nanoformulations exhibit excellent biocompatibility and safety,
demonstrating promising therapeutic efficacy in treating
inflammation-related diseases. Despite the considerable progress and
promising clinical applications of Shik-based anti-inflammatory
nanoagents, several challenges remain for their future clinical
translation.
The biological activity and pharmacokinetics of nanoformulations

are significantly influenced by their size, surface properties, and
stability. Therefore, ensuring the consistency of physicochemical
properties (such as size, particle size distribution, and surface charge)
across different batches during large-scale production is crucial for
subsequent efficacy evaluation and parameter optimization. For
instance, the size and morphology of nanomaterials critically
influence both their skin permeability and systemic toxicity [32, 33].
In addition, compared to curcumin and resveratrol nanomedicines,
shikonin nanoformulations demonstrate superior anti-inflammatory
efficacy, exhibiting broader pathway modulation and greater
responsiveness to inflammatory microenvironmental cue [34]. The
majority of current studies employ polymeric nanoparticles as Shik
carriers, primarily due to their superior stability, higher drug-loading
capacity, and tunable drug-release kinetics compared to micelles and
liposomes [35]. These advantages significantly enhance the prospects
for their commercial development and clinical translation.
Previous studies have preliminarily confirmed the biocompatibility

of Shik-based nanotherapeutics, most validations have been

conducted at the cellular level or through short-term in vivo toxicity
studies. Long-term toxicity assessments are still lacking. For instance,
while PEGylation enhances the aqueous solubility of Shik, it may
induce nephrotoxic effects. Consequently, comprehensive toxicity
studies-including both acute high-dose and chronic low-dose
evaluations-are critically warranted [36]. Additionally, the
preparation process of Shik-based nanoformulations often involves
organic solvents, and the potential risks posed by residual solvents
cannot be ignored. Future preparations should consider using
FDA-approved biomaterials for nanocarrier construction to deliver
Shik. Moreover, surface modifications of nanomaterials should be
implemented to prevent protein adsorption and the formation of
protein coronas, which can affect the stability and biological activity
of the nanotherapeutics, during in vivo applications. For instance,
coating nanoparticles with hybrid membranes that derived from
immune cells and erythrocytes enhance their inflammatory targeting
capability while prolonging blood circulation time and minimizing
clearance [37].
The ability of nanodelivery systems to overcome various biological

barriers (such as the intestinal mucosal barrier, blood-brain barrier,
and immune system recognition and clearance) and effectively deliver
anti-inflammatory agents to the site of inflammation is critical. For
example, leveraging the autonomous propulsion of nanomotors (e.g.,
magnetically-, optically-, or acoustically-driven systems) enables
targeted navigation to lesion sites while overcoming biological
barriers (e.g., mucosal and vascular barriers), thereby enhancing Shik
delivery efficiency [38, 39].
Currently, the anti-inflammatory efficacy of Shik-based

nanotherapeutics is primarily evaluated at the cellular level or in
mouse models. However, due to interspecies differences, further
validation is required to determine whether Shik nanoformulations
retain high anti-inflammatory activity in humans. First, the complex
internal microenvironment significantly impacts their ability to
accumulate at inflammatory sites, which complicates the assessment
of their anti-inflammatory efficacy. Second, the multicomponent
nature of current Shik nanoformulations presents significant
challenges for both synthesis and scalable production, severely
limiting their commercial viability. Third, substantial interpatient
variability poses difficulties in establishing standardized efficacy
evaluation protocols during preclinical and clinical research. Fourth,
from a commercial standpoint, the development of novel
nanotherapeutics requires extensive time and financial investment,
rendering both pharmaceutical companies and government funding
bodies highly risk-averse.
Despite these challenges, we propose that interdisciplinary

collaboration among clinicians, industrial pharmacologists, and
translational researchers can systematically address these limitations
to accelerate the clinical adoption of Shik-based nanomedicines.

Table 1 Summary of Shik-based nanoformulation for inflammatory disease treatment

Dosage forms Composition Disease Therapeutic target Outcome Ref

Nanoparticle Shik@CS/HA/ES IBD No relative investigation
IL-1β, IL-6, and TNF-α level decrease,
IL-10 and TGF-β increase, improving
the intestinal barrier.

[28]

Nanoparticle Shik@CS/HA/ALG-Ca2+ IBD
Inhibiting the polarization of
macrophages towards M1

IL-1β, IL-6, and TNF-α level decrease,
IL-10 and TGF-β increase, repairing
intestinal barrier function.

[29]

Nanoparticle Shik-Fe@GUM IBD IL-17RA-related pathways
TNF-α, IL-1β and IL-6 level decrease,
preventing colonic damages.

[9]

Nanoparticle Zn-Shik-PEG NPs Sepsis AMPK/SIRT1 pathway
IL-6, and TNF-α level decrease,
preventing major organ failure.

[30]

Gel Shik@PLGA-gel Psoriasis NF-κB signaling pathway
IL-1β, IL-17F, IL-17A, IL-22, and
TNF-α level decrease, minimizing
inflammatory cells infiltration.

[31]

IBD, inflammatory bowel disease; IL-1β, interleukin-1β; TNF-α, tumor necrosis factor-α; TGF-β, transforming growth factor-β.
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