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Abstract: Psoriasis is a chronic inflammatory skin disorder characterized by abnormal immune re-
sponses and keratinocyte hyperproliferation. Limonin, a bioactive compound found in citrus fruits, has
anti-inflammatory properties in various models; however, its effects on psoriasis are not fully under-
stood. We investigated the therapeutic potential of limonin in a 12-O-tetradecanoylphorbol-13-acetate
(TPA)-induced psoriasis mouse model. Mice were treated with TPA to induce psoriasis-like skin lesions,
followed by intraperitoneal administration of limonin (200 or 400 µg/mouse) for six days. The re-
sults showed that limonin improved psoriasis-related symptoms in a psoriasis-like mouse model
by suppressing the mRNA expression of pro-inflammatory cytokines and inflammation-related
antimicrobial peptides and regulating the expansion of myeloid cells and T cells. Specifically, limonin
reduced glucose uptake and oxidative phosphorylation to shift the metabolic program in the in-
flamed skin cells of psoriasis-like mice. Limonin activates AMPK and proteins related to mTOR
inhibition, thereby suppressing the mTOR signaling pathway. It also inhibits mitochondrial mass and
mitochondrial ROS production, thereby preventing the development of dysfunctional mitochondria
in inflamed skin cells. Overall, limonin modulates key immune responses and metabolic pathways
related to inflammation and mitochondrial health in psoriasis. Therefore, it is a promising natural
candidate for the treatment of psoriasis and various inflammatory skin diseases.
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1. Introduction

Psoriasis is a chronic inflammatory skin disease that affects millions of people worldwide.
It is characterized by the rapid growth of skin cells, resulting in thick red patches covered
with scales [1]. Psoriatic lesions often appear on the elbows, knees, scalp, and lower back;
are often accompanied by intense itching and pain; and may even crack or bleed [1]. These
visible symptoms have a substantial impact on the quality of life, and people with psoriasis
are at high risk of depression [2]. Therefore, there is an urgent need for effective treatments
to relieve symptoms and address the underlying causes of psoriasis.

The pathogenesis of psoriasis is driven by the abnormal proliferation of epidermal
keratinocytes, inflammatory cytokines, and mediators secreted by immune-related cells,
such as T and myeloid cells [3]. In particular, activated Th17 cells secrete key cytokines,
such as IL-17, IL-22, and TNF-α, which play a key role in inducing keratinocyte over-
proliferation, perpetuating the inflammatory response, and triggering chronic psoriatic
inflammation [4–6]. Therapeutic approaches targeting Th17 have gained traction and
showed rapid results in patients with psoriasis [7]. However, long-term use can have side
effects, including increased susceptibility to bacterial and fungal infections [8].
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A mechanistic target of rapamycin, mitochondrial function, and excessive reactive
oxygen species (ROS) production (mTOR) plays a role in lesions [9–11]. The mTOR sig-
naling pathway, which acts as a key regulator of inflammatory metabolism in psoriatic
skin, induces cell growth and differentiation, contributing to the abnormal proliferation of
keratinocytes [9]. In addition, these inflammatory metabolic signals cause skin cells to rely
on glycolysis and mitochondrial oxidative phosphorylation (OXPHOS) to meet their energy
needs, leading to excessive ROS production and mitochondrial dysfunction, resulting in
cellular damage [12].

In this study, 12-O-tetradecanoylphorbol-13-acetate (TPA) was used to induce psoriasis-
like inflammatory symptoms in mice [13]. TPA activates protein kinase C (PKC), leading
to severe inflammation and rapid proliferation of keratinocytes, closely resembling the
pathology of human psoriasis [14]. While imiquimod (IMQ), which activates Toll-like receptor
7 (TLR7), is also a commonly used model, the TPA model offers the advantage of more direct
observation of the inflammatory response, as it relates to keratinocyte behavior [15].

Limonin, a member of the tetracyclic triterpenoid family of compounds found in citrus
fruits, is a highly bioactive secondary metabolite found in plants that has garnered attention
for its various health benefits, including anticancer, anti-inflammatory, and antioxidant
effects [16–20]. Limonin attenuates LPS-induced lung injury by activating AMPK, a known
mTOR regulator, and by inhibiting ROS production and abnormal mitochondrial growth
in oocytes [21]. Furthermore, limonin was found to reduce atopic dermatitis symptoms
by inhibiting MAPK signaling in TNF-α/IFN-γ-stimulated keratinocytes [22]. Limonin
demonstrates high bioavailability and stable metabolic properties in humans, reaching
peak plasma concentrations within approximately 6 h of ingestion, and shows no adverse
effects even at a high dose of 2 g, making it a safe and promising therapeutic candidate [23].
However, its role in psoriasis-associated skin inflammation remains unclear.

In this study, we evaluated the potential of limonin as a natural candidate for psoriasis
treatment. Limonin effectively suppresses inflammation by modulating changes in the
metabolic profile of psoriatic skin cells in a TPA-induced psoriasis-like in vivo model and
an in vitro keratinocyte model stimulated with IL-17.

2. Material and Methods
2.1. Chemicals

The chemical structure of limonin is shown in Figure S1. Limonin and rapamycin
were purchased from Sigma-Aldrich (St. Louis, MO, USA) and SelleckChem (Houston, TX,
USA), respectively.

2.2. Animals

Nine-week-old female C57BL/6J mice were purchased from NARA Biotech (Pyeong-
taek, Korea) and housed in laminar flow cabinets. All animals were kept at 22 ± 2 ◦C
and 55% ± 5% relative humidity and underwent a 12 h circadian cycle. All animal experi-
ments shown in this study were conducted with the approval of the Animal Protection and
Utilization Committee of Jeonbuk National University (JBNU IRB NON2024-163-001).

2.3. In Vitro Analysis

The human keratinocyte cell line HaCaT was obtained from CLS Cell Lines Service
(Eppelheim, Germany). The cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 U/mL
penicillin G and 100 µg/mL streptomycin) at 37 ◦C in a 5% CO2 incubator. HaCaT cells
were treated with limonin (20 µg/mL), IL-17A (200 ng/mL; PeproTech, Cranbury, NJ,
USA), and/or rapamycin (0.1 µM) in cell culture medium for 24 h. After treatment, the
cells were harvested, and mitochondrial ROS and the effects of limonin were analyzed
using qPCR (2 × 104 cells/well), Western blot (1 × 105 cells/well), and flow cytometry
(FACS, 1 × 104 cells/well). For transfection, HaCaT cells were transfected with siRNA
targeting AMPKα1/2 (Santa Cruz Biotechnology, Dallas, TX, USA) or control siRNA (Santa
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Cruz Biotechnology, Dallas, TX, USA). Briefly, cells were transfected using FuGENE®

(Madison, WI, USA) SI transfection reagent according to the manufacturer’s instructions
and incubated for 83 h. Following transfection, cells were treated with IL-17A and limonin
for the specified time points prior to analysis.

2.4. TPA-Induced Psoriasis Model

The TPA-induced psoriasis-like skin lesion model in mice was established following
previously described [24–26]. TPA was diluted in a 7:1 ratio of acetone to dimethyl sulfoxide
(DMSO) and applied daily to both ears of each mouse at a dose of 2.5 µg/mouse from
day 0 to day 6. Twenty-five mice were divided in to five groups, each containing five
mice: control, TPA-induced, TPA with 200 µg/mouse limonin, TPA with 400 µg/mouse
limonin, and TPA with rapamycin. Limonin was diluted in phosphate-buffered saline
(PBS) at concentrations of 0.8 mg/mL and 1.6 mg/mL, and 250 µL of the diluted limonin
was intraperitoneally injected into the limonin-treated groups at doses of 200 µg/mouse
and 400 µg/mouse, respectively, from day 1 to day 6. Ear thickness was monitored as
a measure of inflammation using a dial thickness gauge (Mitutoyo Co., Tokyo, Japan),
and the body weight of each mouse was recorded. After the final treatment, the mice
were euthanized using CO2 and ear samples were collected for further analysis. Portions
of the ear tissue were stored at −80 ◦C for later RNA and protein analysis, while other
sections were fixed in 4% formaldehyde for histopathological examination. To isolate
single cells from the ear tissue, the samples were incubated in a fresh enzyme solution
(RPMI-1640 medium containing 0.4 mg/mL Liberase from Roche (Basel, Switzerland) and
penicillin/streptomycin) at 37 ◦C for 1.5 h. The tissue was then dissociated, filtered through
a 70 µm cell strainer, and analyzed using FACS.

2.5. Florescence-Activated Cell Sorting Analysis

On day 7, ear tissues from all mouse groups were collected, minced, and incubated in
Liberase containing medium (Roche, Basel, Switzerland) for 1.5 h. The cells filtered through
a 70 µm nylon cell strainer and centrifuged at 400× g for 8 min. Red blood cells were
lysed using ACK buffer (Quality Biological, Gaithersburg, MD, USA) and the remaining
cells were washed with PBS. Isolated cells were stimulated with phorbol-12-myristate-
acetate, ionomycin, and a Golgi plug (BD Pharmingen, San Diego, CA, USA) for 4 h. A
viability staining kit (Invitrogen, Carlsbad, CA, USA) was used to exclude dead cells. The
following antibodies were used to identify T cells, myeloid cells, and cytokines: anti-mouse
CD4 (clone RM4-5, BioLegend, San Diego, CA, USA), anti-mouse IFN-γ (clone XMG1.2,
BioLegend, San Diego, CA, USA), anti-mouse Foxp3 (clone FJK-16s, Invitrogen, Carlsbad,
CA, USA), anti-mouse IL-22 (clone IL22JOP, Invitrogen, Carlsbad, CA, USA), anti-mouse IL-
17A (clone TC11-18H10, BD Pharmingen, San Diego, CA, USA), anti-mouse RORγt (clone
AFKJS-9, Invitrogen, Carlsbad, CA, USA), anti-mouse CD11b (clone M1/70, BioLegend,
San Diego, CA, USA), anti-mouse F4/80 (clone BM8, BioLegend, San Diego, CA, USA),
anti-mouse Ly6C (clone AL-21, BD Pharmingen, San Diego, CA, USA), anti-mouse Ly6G
(clone 1A8, BD Optibuild, San Diego, CA, USA), and anti-mouse CD163 (clone S150491,
BioLegend, San Diego, CA, USA). Fluorescently labeled antibodies were used for staining,
and a <0.5% isotype control was set as the gating threshold. Flow cytometry was performed
using the Attune NxT Flow Cytometer (Invitrogen, Carlsbad, CA, USA).

2.6. Histological Analysis

Ear tissues from all the groups (n = 25) were fixed in 4% formaldehyde and embedded
in paraffin. Tissue sections were cut to 5 µm thickness and stained with hematoxylin and
eosin. Skin thickness was measured using five randomly selected fields per group at ×200
and ×400 magnification.
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2.7. Quantitative Real-Time Polymerase Chain Reaction (qPCR)

To assess the mRNA expression levels in ear tissues, we conducted qPCR. Total
RNA was isolated using RNAiso Plus (Takara Bio, Kusatsu, Shiga, Japan) following the
manufacturer’s protocol. First-strand cDNA was synthesized using RevertAid™ First
Strand cDNA Synthesis (Thermo Fisher Scientific, Waltham, MA, USA). The cDNA was
then mixed with SYBR premix (NanoHelix, Daejeon, Republic of Korea) for amplification,
and the mRNA levels were normalized and quantified using the StepOnePlus Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA).

2.8. Oxygen Consumption Rate

Mouse ear skin tissue cells were pre-cultured in Seahorse XF RPMI medium, which
contained 10 mM XF glucose, 2 mM XF glutamine, and 1 mM XF pyruvate. The cells
were seeded at a density of 5 × 105 cells per well in poly-D-lysine-coated XFp cell culture
miniplates. OCR measurements were performed using the XFp Cell Mito Stress Test Kit
(Agilent, Santa Clara, CA, USA) according to the manufacturer’s protocol and analyzed
with the Seahorse XFp Analyzer (Agilent, Santa Clara, CA, USA).

2.9. Glucose Uptake Assay

Mouse ear skin tissue cells were seeded in a 96-well plate and incubated with
2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-glucose (2-NBDG, 0.01 mg/mL;
Thermo Fisher Scientific, Waltham, MA, USA) at 37 ◦C for 30 min. After incubation, the
cells were washed twice with PBS and stained with Fixable Viability Dye at 4◦ C for 15 min
to selectively detect viable cells. The samples were then analyzed using an Attune NxT
Flow Cytometer.

2.10. Mitochondrial ROS Rate

Mouse ear skin tissue cells and HaCaT cells were seeded in a 96-well plate and stained
with Fixable Viability Dye (Invitrogen, Waltham, MA, USA) at 4 ◦C for 15 min. Subsequently,
the cells were washed and incubated with MitoTracker Green FM and MitoSOX (Invitrogen,
Carlsbad, CA, USA) at 37◦C for 1 h. After incubation, the cells were washed twice, and the
samples were analyzed using an Attune NxT Flow Cytometer.

2.11. Western Blotting

On day 7, ear tissues from all mouse groups were homogenized, and protein extracts
were prepared for Western blotting. Tissue Protein Extraction Reagent (T-PER), PhosSTOP,
and EDTA-free protease inhibitors were added to 200 µL of each sample. Samples were
homogenized and centrifuged at 10,000× g for 5 min and the supernatant was collected.
Protein extracts (20 µg per lane) were separated on a 6–12% gradient sodium dodecyl
sulfate–polyacrylamide gel and transferred to a 0.45 µm nitrocellulose membrane (Bio-Rad,
Hercules, CA, USA). The membranes were blocked with 5% bovine serum albumin in
Tris-buffered saline with Tween 20 for 1 h at 37 ◦C, followed by overnight incubation
at 4 ◦C with primary antibodies targeting phosphorylated and total forms of ribosomal
protein S6 kinase (p70S6K), Raptor, eukaryotic translation initiation factor 4E-binding
protein 1 (4E-BP1), AMP-activated protein kinase alpha (AMPKα), mTOR, and β-actin (Cell
Signaling Technology, Danvers, MA, USA). After washing, membranes were incubated
with secondary antibodies for 1 h at room temperature. Protein bands were detected using
SuperSignal West Pico PLUS (Thermo Fisher Scientific, Waltham, MA, USA).

2.12. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 9 software. The normality
of the distribution was assessed using the Shapiro–Wilk normality test. One-way analysis
of variance (ANOVA) or t-tests were used, followed by the Holm–Šídák post-hoc test. Sta-
tistical significance was considered at p < 0.05, and data are presented as mean ± standard
error of the mean (SEM).



Antioxidants 2024, 13, 1541 5 of 16

3. Results
3.1. Limonin Improves Symptoms and Suppresses Amplified Psoriasis-Related Genes in
TPA-Induced Psoriasis Mouse

A TPA-induced psoriasis-like mouse model showed red scaly plaques accompanied
by increased skin thickness. We used this TPA-induced mouse model to evaluate whether
limonin alleviates psoriasis symptoms. As described in Figure 1a, limonin was adminis-
tered by daily intraperitoneal injection at a dose of 200 or 400 µg per mouse for 6 days,
and rapamycin was used as a positive control to investigate the effect of limonin on mTOR
signaling. Treatment with limonin and rapamycin did not affect the body weight of the mice
(Figure 1b). Ear thickness measurements showed that limonin reduced ear thickness at both
low and high doses compared with that in the TPA-induced group (Figure 1c). The weights
of the spleen and auricular lymph nodes were significantly lower in the limonin-treated
group than those in the control group (Figure S2). Morphological and histopathological
analyses also confirmed that limonin improved psoriasis symptoms compared with those
in the untreated group (Figure 1d). Histopathological analysis showed that limonin sig-
nificantly reduced TPA-induced increases in epidermal and dermal thickness at both low
and high doses, similar to the effect of rapamycin treatment (Figure 1f). Furthermore,
quantitative analysis of the expression of inflammatory cytokines and psoriasis-related
mediators showed that limonin significantly inhibited the expression of inflammatory
cytokines, such as Tnfα and Il1β (Figure 1g) and psoriasis-related mediators, such as Defb4,
S100a7, S100a8, and S100a9 compared with those in the TPA-induced group (Figure 1h).
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Figure 1. Limonin alleviates symptoms of TPA induced psoriasis-like mouse model and inhibits 
amplification of psoriasis-associated genes. (a) Experimental design for the induction of TPA-
induced psoriasis-like mouse model. The mice (n = 4–6/group) were divided into five groups. (b) 
Mouse body weight change calculated as a percentage of the initial weight. (c) Ear thickness was 
measured 24 h after TPA application using a dial thickness gauge. (d) Representative photographs 
of mouse ears from each treatment group on day 7. (e) Representative photomicrographs of ear 
sections stained with hematoxylin and eosin (H&E) (×200 magnification; scale bar = 200 µm). (f) 
Epidermal and dermal thicknesses were measured using microphotographs of H&E-stained ear 
tissues. (g,h) Gene expression of pro-inflammatory cytokines (Tnfα and Il1β), and psoriasis-related 
antibacterial peptides (Defb4, LCN, S100a7, S100a8, and S100a9) in the ear skin of TPA and limonin 
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Figure 1. Limonin alleviates symptoms of TPA induced psoriasis-like mouse model and inhibits
amplification of psoriasis-associated genes. (a) Experimental design for the induction of TPA-induced
psoriasis-like mouse model. The mice (n = 4–6/group) were divided into five groups. (b) Mouse
body weight change calculated as a percentage of the initial weight. (c) Ear thickness was measured
24 h after TPA application using a dial thickness gauge. (d) Representative photographs of mouse
ears from each treatment group on day 7. (e) Representative photomicrographs of ear sections stained
with hematoxylin and eosin (H&E) (×200 magnification; scale bar = 200 µm). (f) Epidermal and
dermal thicknesses were measured using microphotographs of H&E-stained ear tissues. (g,h) Gene
expression of pro-inflammatory cytokines (Tnfα and Il1β), and psoriasis-related antibacterial peptides
(Defb4, LCN, S100a7, S100a8, and S100a9) in the ear skin of TPA and limonin or rapamycin-treated
psoriasis-like mice; the ear skin was excised on day 7. Gene expression was analyzed using qPCR. The
gene expression levels were normalized to that of β-actin. All data are presented as the mean ± SEM
of four independent experiments. Values were analyzed by Holm–Šídák post-hoc test. ** p < 0.01,
*** p < 0.001, **** p < 0.0001 vs. TPA-induced group. TPA: 12-O-tetradecanoylphorbol-13-acetate;
H&E: hematoxylin and eosin; SEM: standard error of the mean; Defb4: defensin β 4; S100a7: S100
calcium-binding protein A7; S100a8: S100 calcium-binding protein A8; S100a9: S100 calcium-binding
protein A9.

3.2. Limonin Suppresses the Expansion of Inflammatory Myeloid Cells in the Skin of TPA-Induced
Psoriasis Mouse Model

Key players in initiating the inflammatory response in psoriasis are myeloid innate im-
mune cells, such as macrophages, which are present in high density in the skin, contribute to
the pathogenesis of psoriasis, and influence the activity of other immune cells [27]. Therefore,
we investigated the effect of limonin on myeloid cells in the skin of TPA-induced psoriasis-
like mice using flow cytometry. Limonin significantly suppressed the TPA-induced increase
in macrophage (F4/80+CD11b+) expansion, similar to rapamycin. Furthermore, limonin
significantly inhibited the pro-inflammatory M1 (F4/80+CD163-) phenotype of macrophages,
but did not induce a switch to the anti-inflammatory M2 (F4/80+CD163+) phenotype, and
did not suppress the increase in neutrophils (Ly6G+CD11b+) (Figure 2a–c).
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F4/80+CD11b+ (macrophages), F4/80+CD163- (M1 macrophages), and F4/80+CD163+ (M2 
macrophages) in skin cells. (b) Bar charts showing the percentages (upper panel) and (c) the 
numbers (lower panel) of Ly6G+CD11b+ (neutrophils), F4/80+CD11b+ (macrophages), F4/80+CD163- 
(M1 macrophages), and F4/80+CD163+ (M2 macrophages) in skin cells. All data are presented as the 
mean ± SEM of four independent experiments. Values were analyzed by Holm–Šídák post-hoc test. 
*** p < 0.001, and **** p < 0.0001 vs. TPA-induced group. TPA: 12-O-tetradecanoylphorbol-13-acetate; 
Ly6G: lymphocyte antigen 6 complex, locus G. 

Figure 2. Limonin inhibits the innate immune cells in the skin of TPA-induced psoriasis
mice. (a) Representative flow cytometry plots showing the percentages of Ly6G+CD11b+ (neu-
trophils), F4/80+CD11b+ (macrophages), F4/80+CD163- (M1 macrophages), and F4/80+CD163+

(M2 macrophages) in skin cells. (b) Bar charts showing the percentages (upper panel) and (c) the
numbers (lower panel) of Ly6G+CD11b+ (neutrophils), F4/80+CD11b+ (macrophages), F4/80+CD163-

(M1 macrophages), and F4/80+CD163+ (M2 macrophages) in skin cells. All data are presented as the
mean ± SEM of four independent experiments. Values were analyzed by Holm–Šídák post-hoc test.
*** p < 0.001, and **** p < 0.0001 vs. TPA-induced group. TPA: 12-O-tetradecanoylphorbol-13-acetate;
Ly6G: lymphocyte antigen 6 complex, locus G.
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3.3. Limonin Inhibits the Expansion of Th1/Th17 Cells and Induces the Production of Regulatory T
Cells in TPA-Induced Psoriasis Mice

To investigate the effects of limonin on T cell-driven inflammation in a mouse model of
TPA-induced psoriasis, we assessed its effects on T cell subpopulations and cytokine expres-
sion using qPCR and flow cytometry. Mice with TPA-induced psoriasis showed increased
gene expression of both the Th17 transcription factor, RORC, and Th17-produced cytokines,
Il17a, Il17e, Il17f, and Il22, in the ear tissue compared with those in normal mice. Addition-
ally, limonin significantly suppressed Th17-related gene expression (Figure 3a). Further-
more, we isolated single cells from the skin of all mouse groups and examined the suppres-
sive effects of limonin on Th1 and Th17 immune responses using intracellular cytokine
staining. TPA-induced expansion of Th1 (CD4+IFN-γ+) and Th17 (CD4+IL-17A+RORγt+

and CD4+IL-22+) cells was significantly reduced in skin cells from TPA-induced mice
treated with limonin and rapamycin, while simultaneously upregulating regulatory T cells
(Treg, CD4+Foxp3+) (Figure 3b–d). These results suggest that limonin modulates T cell
responses, thereby enhancing the anti-inflammatory effects on skin cells.
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Figure 3. Limonin regulates T cell immune responses in the skin of TPA-induced psoriasis mice.
(a) Gene expression of Th17-assciated genes (Rorc, Il17a, Il17e, Il17f, and Il22) in ear tissue of TPA
and limonin or rapamycin-treated psoriasis-like mice, the back skin were excised on day 7. Gene
expression was analyzed using qPCR. The gene expression levels were normalized to that of β-actin.
(b–d) Representative flow cytometry plots and bar charts showing the percentage and numbers of
CD4+IFN-γ+ (Th1 cells), CD4+RORγt+IL-17A+ (Th17 cells), CD4+IL-22+ (Th17 cells), and CD4+Foxp3+

(Treg cells) in the ear skin cells (n = 5/group). All data are presented as mean ± SEM of two independent
experiments. Statistical significance was determined using the Holm–Šídák post hoc test. ** p < 0.01,
*** p < 0.001, and **** p < 0.0001 vs. TPA-induced group. TPA: 12-O-tetradecanoylphorbol-13-acetate;
Rorc: retinoic acid-related orphan receptor gamma c; IFN-γ: interferon gamma; IL-17A: interleukin-17A;
IL-22: interleukin-22; Foxp3: forkhead box P3; Th1: T helper 1; Th17: T helper 17.



Antioxidants 2024, 13, 1541 9 of 16

3.4. Limonin Reduces Mitochondrial ROS Production and Regulates Energy Metabolism in the
Inflamed Skin of TPA-Induced Psoriasis Mice

In psoriasis, glucose uptake is increased in inflammatory skin cells and oxidative
phosphorylation of mitochondria is activated to provide energy for inflammatory cell
proliferation [28].

Therefore, we analyzed the effects of limonin on the mitochondrial function and energy
metabolism in a mouse model of TPA-induced psoriasis. First, we measured extracellular
acidification rate (ECAR) and oxygen consumption rate (OCR) in skin cells from TPA-treated
mice to identify changes in these processes and OXPHOS. In the skin cells of mice with
TPA-induced psoriasis, glycolysis, glycolytic capacity, glycolytic reserve, and non-glycolytic
acidification were significantly inhibited by limonin treatment (Figure 4a).
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of TPA-induced psoriasis mice. (a) Measurement of ECAR using a seahorse metabolic analyzer in ear
skin cells from each group (left panel). Bar graphs show quantification of glycolysis, glycolytic capacity,
glycolytic reserve, and non-glycolytic acidification (right panel). (b) Measurement of OCR using a Sea-
horse metabolic analyzer in ear tissue cells from each group (left panel). Bar graphs show quantification
of basal respiration, maximal respiration, proton leak, non-mitochondrial oxygen consumption, and
spare respiratory capacity (right panel). (c) Representative histograms of glucose uptake in ear tissue cells
measured by using 2-NBDG (left panel) and bar graphs showing quantification of 2-NBDG in percentage
and cell numbers (right panel). (d) Representative flow cytometry plots (left panel) showing mitochon-
drial ROS levels, as measured by MitoSOX Red, and mitochondrial mass, as measured by MitoTracker
Green; bar graphs showing quantification of MitoSOX+ MitoTracker+ in percentage and cell numbers
(right panel). All data are presented as mean ± SEM of four independent experiments. Statistical
significance was determined using the Holm–Šídák post-hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001, and
**** p < 0.0001 vs. TPA-induced group. TPA: 12-O-tetradecanoylphorbol-13-acetate; OCR: oxygen con-
sumption rate; ECAR: extracellular acidification rate; 2-NBDG: 2-[N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)
Amino]-2-Deoxyglucose.
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Furthermore, mitochondrial function profiles were examined using sequential treat-
ment with oligomycin, FCCP, and rotenone for OCR measurements. Limonin significantly
reduced maximal respiration, non-mitochondrial oxygen consumption, and spare respi-
ratory capacity (Figure 4b). Glucose uptake was measured in TPA-induced psoriasis-like
skin cells using the fluorescent glucose analog 2-NBDG and was significantly inhibited
in the limonin- and rapamycin-treated groups, suggesting that this was related to the
inhibition of glycolytic flux (Figure 4c). Furthermore, to determine whether inhibition of
the mitochondrial metabolic profile by limonin prevents mitochondrial dysfunction, we
measured the total mitochondrial content with MitoTracker Green and detected excess
ROS production in mitochondria with MitoSOX Red. In the TPA alone-treated group, the
fluorescence intensity of MitoTracker and MitoSOX increased, whereas the ROS produced
by mitochondria was significantly inhibited in the limonin-treated group (Figure 4d).

3.5. Limonin Inhibits the mTOR Signaling Pathway by Inducing AMPK Activity in TPA-Induced
Psoriasis Mice

Activation of mTOR regulates proteins and metabolism-related mechanisms required
for cell proliferation and cytokine release and is largely influenced by energy levels [29].
In psoriatic skin, the upregulation of mTOR plays an important role in the proliferation
of inflammatory cells and abnormal keratinocyte differentiation [29]. We investigated
whether the anti-inflammatory effect of limonin regulates the expression of mTOR and
its subcomplex, mTORC1, in TPA-induced psoriasis mice. Western blotting showed that
the phosphorylation of the signal transduction pathway proteins Raptor, p70S6K, and
4EBP1 was activated in the ear tissues of TPA-induced psoriasis mice. However, this
phosphorylation was significantly inhibited in limonin- and rapamycin-treated groups
(Figure 5a). We also analyzed the expression of AMPK, a negative regulator of mTOR, to
determine whether limonin regulates mTOR and mTORC1 activity. AMPK was significantly
upregulated in limonin- and rapamycin-treated groups (Figure 5b). These results suggest
that limonin can alleviate inflammation in TPA-induced psoriatic mouse skin by negatively
regulating the mTOR signaling pathway through AMPK activity.
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Figure 5. Limonin inhibits the mTOR signaling pathway by inducing AMPK activation. (a) Represen-
tative Western blot images of phosphorylated and total forms of key proteins involved in the mTOR
signaling pathways (left panel) and bar graph of the relative intensities (right panel). (b) Representa-
tive Western blot images for p-AMPK, AMPK, and β-actin (left panel) and bar graph of the relative
intensities (right panel). All data are presented as mean ± SEM of two independent experiments.
Statistical significance was determined using the Holm–Šídák post-hoc test. * p < 0.05, ** p < 0.01,
and **** p < 0.0001 vs. TPA-induced group. TPA: 12-O-tetradecanoylphorbol-13-acetate; mTOR:
mechanistic target of rapamycin; RAPTOR: regulatory-associated protein of mTOR; p70S6K: p70 S6
kinase; 4E-BP1: eukaryotic translation initiation factor 4E-binding protein 1; AMPK: AMP-activated
protein kinase.

3.6. Limonin Regulates mTOR Signaling, Mitochondrial ROS, and Inflammatory Factors via
AMPK in IL-17-Stimulated Keratinocytes

We demonstrated that limonin mediates mTOR inhibition via AMPK activation in an
in vitro model of IL-17-stimulated psoriasis-like inflammation. To investigate this, we used
an IL-17-induced inflammation model with human keratinocyte HaCaT cells, chosen as
a stimulus because IL-17 induces inflammation and keratinocyte over-proliferation and
plays an important role in psoriasis pathogenesis [4].

First, we determined a non-cytotoxic limonin concentration of 20 µg/ml using an
MTT assay (Figure S3) and confirmed by Western blot that limonin treatment inhibited
mTOR and strongly activated AMPK in the in vitro model (Figure 6a). Subsequently,
siAMPK transfection was performed to elucidate the role of AMPK in mTOR signaling
in IL-17-stimulated keratinocytes treated with limonin. siAMPK-transfected cells showed
effective knockdown of AMPK (Figure 6b), and as expected, mTOR phosphorylation was
reduced in the siControl group treated with IL-17 and limonin, but no inhibition of mTOR
activation was observed in the siAMPK-transfected group (Figure 6c).
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Figure 6. Limonin Inhibits mTOR Signaling and Mitochondrial ROS Production via AMPK Activation
in IL-17-stimulated HaCaT cells. (a) Human keratinocytes HaCaT cells were stimulated with IL-17A
(200 ng/mL) in the presence or absence of limonin (20 µg/mL) or Rapa (100 nM) for 24 h. Protein
expression of mTOR and AMPKs was determined by Western blotting. (b–e) HaCaT cells were trans-
fected with Control or AMPKs siRNA for 83 h and then stimulated with IL-17A (200 ng/mL) in the
presence or absence of limonin (20 µg/mL) for 24 h (n = 3/group). (c) Cells were transfected either
control or AMPK siRNA without stimulation and analyzed using Western blotting. (d) Representative
flow cytometry plots (left panel) showing mitochondrial ROS levels, as measured by MitoSOX Red, and
mitochondrial mass, as measured by MitoTracker Green; bar graphs showing quantification of MitoSOX+

MitoTracker+ in percentage and cell numbers (right panel). (e) Gene expression of pro-inflammatory
cytokines (Tnfα and Il1β) and psoriasis-related antibacterial peptides (Defb4, LCN, S100a7, S100a8, and
S100a9) were analyzed using qPCR. The gene expression levels were normalized to that of β-actin.
All data are presented as mean ± SEM of independent experiments. Statistical significance was deter-
mined using the Holm–Šídák post-hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 vs.
IL-17-stimulated group. mTOR: mechanistic target of rapamycin; AMPK: AMP-activated protein kinase;
ROS: reactive oxygen species; Defb4: defensin β 4; S100a7: S100 calcium-binding protein A7; S100a8:
S100 calcium-binding protein A8; S100a9: S100 calcium-binding protein A9.

Furthermore, flow cytometry analysis utilizing MitoTracker and MitoSOX fluorescent
staining to assess mitochondrial ROS production showed that limonin significantly reduced
mitochondrial ROS levels in the siControl group compared to IL-17 alone, but this effect
was not observed in the siAMPK group (Figure 6d). Similarly, qPCR analysis showed
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that RNA expression of psoriasis-related cytokines (Tnfα and Il1β) and psoriasis-related
antibacterial peptides (Defb4, S100a7, S100a8, and S100a9) in IL-17-stimulated HaCaT cells
was significantly suppressed by limonin in the siControl group, but this suppression was
not observed in the siAMPK group (Figure 6e).

Collectively, these findings suggest that limonin plays a central role in inhibiting mTOR
signaling through AMPK activation, regulating mitochondrial ROS production in IL-17-stimulated
keratinocytes, and reducing the expression of psoriasis-related inflammatory factors.

4. Discussion

In this study, we validated the ability of limonin to ameliorate dry inflammation and
metabolic dysregulation in a TPA-induced psoriasis-like mouse model and investigated
its potential as a natural candidate for psoriasis treatment. Our findings suggest that
limonin exerts anti-inflammatory effects on psoriatic skin lesions by restoring the altered
metabolic program under psoriasis-like inflammatory conditions, downregulating the
mTOR signaling pathway, and inhibiting mitochondrial ROS production.

Psoriasis is the most common chronic inflammatory skin disease and is initiated
and maintained by abnormal epidermal keratinocyte proliferation and the interaction
between innate and adaptive immune cells, including T cells, macrophages, and neu-
trophils [30,31]. Particularly, among activated T cells, Th1 cells produce IFN-γ, which
activates macrophages, and Th17 cells release IL-17A, IL-17E, IL-17F, and IL-22, which play
a role in the pathogenesis of psoriasis. Secreted IL-17 acts mainly directly on keratinocytes
to stimulate the production of cytokines and antimicrobial peptides (Defb4, S100a7, S100a8,
and S100a9). These molecules are increased in psoriatic lesions, attracting neutrophils,
macrophages, and lymphocytes [32].

In this study, we showed that limonin was effective in treating psoriasis by alleviating the
clinical manifestations of severe psoriasis in TPA-induced psoriasis-like mouse dermatitis and
significantly suppressing the expression of antimicrobial peptides and cytokines associated
with psoriasis. Limonin inhibits S100A8 and S100A9, which are biomarkers of psoriatic disease
activity, suggesting that limonin may inhibit the excessive proliferation of keratinocytes that
are strongly induced by IL-17 [33]. Furthermore, limonin significantly reduced the ratio of
total macrophages to M1 macrophages, demonstrating that it can simultaneously control M1
polarization of skin macrophages and IFN-γ production by Th1 cells, inducing a positive
feedback through the interaction between innate and adaptive immune cells.

Cytokines produced by Th17 cells play an important role in psoriatic inflammatory
processes by regulating other stromal T cells, in addition to acting directly on keratinocytes.
A recent study showed that excessive Th17 cell-produced cytokines can impair the immune
tolerance of Tregs [34]. However, the results of this study suggest that limonin effectively
modulates the excessive immune response in psoriasis by alleviating the inflammatory
environment driven by Th17 cells in TPA-induced psoriatic skin inflammation, supporting
the expansion of regulatory T cells.

Skin immune cells actively metabolize nutrients present in the microenvironment [35],
which is particularly important in chronic inflammatory skin diseases, such as psoriasis.
Psoriasis is characterized by the excessive proliferation of keratinocytes and expansion of
inflammatory cells, implying increased intracellular nutrient requirements [35]. Glucose
is the primary energy source for mammalian cells and drives glycolysis and the TCA
circuit [35]. In human skin homeostasis and inflammation, metabolic reprogramming is
induced by glycolysis and OXPHOS [35]. Here, we show that limonin controls glucose
uptake and inhibits this process and OXPHOS in psoriasis-like inflamed mouse skin cells,
the first results demonstrating not only its anti-inflammatory efficacy, but also its ability to
reverse metabolic programs in an inflammatory environment.

Mitochondria have recently become a critical point in the immune system and can regu-
late inflammatory responses through the interplay between oxidative stress and metabolic
reprogramming of cells [28]. Accumulating evidence suggests that mitochondrial function is
impaired in skin diseases [35] owing to increased intracellular energy demands through in-
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flammatory cell expansion [28]. Dysfunctional mitochondria exhibit increased mitochondrial
biosynthetic mass and ROS production because of metabolic stress [28]. Therefore, controlling
the ROS levels produced by dysfunctional mitochondria may represent a novel therapeutic
target in a variety of skin diseases [28]. In the present study, limonin significantly suppressed
mitochondria-produced ROS in a TPA-induced psoriasis model, suggesting a role of limonin
in maintaining mitochondrial health during skin inflammation.

In psoriasis, mTOR plays an important role in the regulation of energy metabolism and
is a key signaling pathway that regulates the activation and proliferation of immune cells and
keratinocytes [35]. mTOR is composed of two protein complexes, mTORC1 and mTORC2,
with the essential adaptor proteins, RAPTOR and RICTOR, respectively [12,35]. In psoriasis,
exposure to IL-17 activates mTORC1, which contributes to the development of psoriasis by
promoting Th17 cell differentiation and suppressing Treg cells through the phosphorylation of
a subprotein called p70S6 and 4EBP [35]. mTORC1 activity is linked to glycolysis, oxidative
stress, and mitochondrial dysfunction [36]. Our findings suggest that limonin plays an
important role in attenuating the inflammatory response in psoriasis by inhibiting mTOR and
mTORC1 activity. This suggests that in psoriatic dermatitis with an increased expansion of
Th1/Th17 cells, limonin may contribute to maintaining the homeostasis of skin immune cells
by regulating the mTORC1 pathway. In addition, limonin increased the activity of AMPK, a
negative regulator of mTOR. These results suggest that limonin regulates the bioenergetic
balance and hyperactivation of inflammatory cells in psoriasis by upregulating the AMPK
pathway and inhibiting the mTOR signaling pathway. However, since psoriasis has a highly
complex pathological mechanism, further research is needed to understand whether limonin
also affects other metabolic signaling pathways.

5. Conclusions

Rapamycin is a well-established mTOR inhibitor that underscores the critical role
of the mTOR signaling pathway in the pathogenesis of psoriasis. It offers promise as an
anti-psoriatic therapeutic strategy through localized mTOR inhibition [37]. However, its
systemic administration is often associated with limitations, including potential side effects
and complications during long-term use [38].

In contrast, the present study provides preliminary preclinical evidence that limonin
exhibits robust anti-inflammatory effects in psoriasis-like skin lesions. These results high-
light the potential of limonin as a naturally occurring therapeutic candidate for skin diseases,
such as psoriasis, offering a safer alternative to conventional treatments, including biologics
or corticosteroids. Furthermore, limonin demonstrates additional therapeutic potential by
modulating key metabolic mechanisms involved in skin immune diseases.

Compared to rapamycin, limonin showed comparable, and in some cases superior,
efficacy in a psoriasis-like inflammation model. It not only suppressed inflammation and
regulated immune responses effectively but also exhibited dual mechanisms by inhibiting
mTOR signaling and activating the AMPK pathway. This dual action enables limonin to
modulate both inflammatory and metabolic pathways, addressing the multifaceted patho-
genesis of psoriasis. These findings suggest that limonin could overcome the limitations of
current treatments, such as systemic side effects of mTOR inhibitors, and serve as a promising
alternative therapeutic candidate for psoriasis and related inflammatory skin diseases.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox13121541/s1, Figure S1: Chemical structure of limonin;
Figure S2: Representative photographs of mouse spleen and lymph node from each treatment group
on day 7; Figure S3: Cell viability of human keratinocytes after limonin treatment.

Author Contributions: Methodology, Visualization, Validation, Writing—original draft, S.T.L.;
Methodology, J.Y.L.; Methodology, H.E.K.; Supervision, Funding acquisition, J.-Y.P.; Conceptu-
alization, project administration Supervision, Funding acquisition, Writing—review and editing,
J.K.C. All authors have read and agreed to the published version of the manuscript.

https://www.mdpi.com/article/10.3390/antiox13121541/s1
https://www.mdpi.com/article/10.3390/antiox13121541/s1


Antioxidants 2024, 13, 1541 15 of 16

Funding: This study was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korean government (2021R1C1C1006089, 2022R1C1C2013133), “Regional Innovation
Strategy (RIS)” through the National Research Foundation of Korea (NRF) funded by the Ministry of
Education (MOE) (2021RIS-001), and supported by Fund of Biomedical Research Institute, Jeonbuk
National University Hospital. Additionally, support was provided by the Center for University-wide
Research Facilities (CURF) at Jeonbuk National University.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee of Jeonbuk National University (permit no. JBNU IRB NON2024-163-001).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The funders had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.

References
1. Lebwohl, M. Psoriasis. Lancet 2003, 361, 1197–1204. [CrossRef] [PubMed]
2. Kimball, A.B.; Jacobson, C.; Weiss, S.; Vreeland, M.G.; Wu, Y. The psychosocial burden of psoriasis. Am. J. Clin. Dermatol. 2005, 6,

383–392. [CrossRef] [PubMed]
3. Elder, J.T.; Bruce, A.T.; Gudjonsson, J.E.; Johnston, A.; Stuart, P.E.; Tejasvi, T.; Voorhees, J.J.; Abecasis, G.R.; Nair, R.P. Molecular

Dissection of Psoriasis: Integrating Genetics and Biology. J. Investig. Dermatol. 2010, 130, 1213–1226. [CrossRef] [PubMed]
4. Lowes, M.A.; Kikuchi, T.; Fuentes-Duculan, J.; Cardinale, I.; Zaba, L.C.; Haider, A.S.; Bowman, E.P.; Krueger, J.G. Psoriasis

vulgaris lesions contain discrete populations of Th1 and Th17 T cells. J. Investig. Dermatol. 2008, 128, 1207–1211. [CrossRef]
[PubMed]

5. Lowes, M.A.; Suárez-Fariñas, M.; Krueger, J.G. Immunology of Psoriasis. Annu. Rev. Immunol. 2014, 32, 227–255. [CrossRef]
6. Boehncke, W.-H.; Schön, M.P. Psoriasis. Lancet 2015, 386, 983–994. [CrossRef]
7. Elloso, M.M.; Gomez-Angelats, M.; Fourie, A.M. Targeting the Th17 pathway in psoriasis. J. Leukoc. Biol. 2012, 92, 1187–1197.

[CrossRef]
8. Lee, H.J.; Kim, M. Challenges and Future Trends in the Treatment of Psoriasis. Int. J. Mol. Sci. 2023, 24, 13313. [CrossRef]
9. Joo, K.; Karsulovic, C.; Sore, M.; Hojman, L. Pivotal Role of mTOR in Non-Skin Manifestations of Psoriasis. Int. J. Mol. Sci. 2024,

25, 6778. [CrossRef]
10. Wroński, A.; Wójcik, P. Impact of ROS-Dependent Lipid Metabolism on Psoriasis Pathophysiology. Int. J. Mol. Sci. 2022, 23, 12137.

[CrossRef]
11. Xu, J.; Chen, H.; Qian, H.; Wang, F.; Xu, Y. Advances in the modulation of ROS and transdermal administration for anti-psoriatic

nanotherapies. J. Nanobiotechnology 2022, 20, 448. [CrossRef] [PubMed]
12. Sarandi, E.; Krueger-Krasagakis, S.; Tsoukalas, D.; Sidiropoulou, P.; Evangelou, G.; Sifaki, M.; Rudofsky, G.; Drakoulis, N.;

Tsatsakis, A. Psoriasis immunometabolism: Progress on metabolic biomarkers and targeted therapy. Front. Mol. Biosci. 2023, 10,
1201912. [CrossRef] [PubMed]

13. Hvid, H.; Teige, I.; Kvist, P.H.; Svensson, L.; Kemp, K. TPA induction leads to a Th17-like response in transgenic K14/VEGF mice:
A novel in vivo screening model of psoriasis. Int. Immunol. 2008, 20, 1097–1106. [CrossRef] [PubMed]

14. Castagna, M.; Takai, Y.; Kaibuchi, K.; Sano, K.; Kikkawa, U.; Nishizuka, Y. Direct activation of calcium-activated, phospholipid-
dependent protein kinase by tumor-promoting phorbol esters. J. Biol. Chem. 1982, 257, 7847–7851. [CrossRef]

15. Van Der Fits, L.; Mourits, S.; Voerman, J.S.; Kant, M.; Boon, L.; Laman, J.D.; Cornelissen, F.; Mus, A.M.; Florencia, E.; Prens, E.P.;
et al. Imiquimod-induced psoriasis-like skin inflammation in mice is mediated via the IL-23/IL-17 axis. J. Immunol. 2009, 182,
5836–5845. [CrossRef]

16. Gualdani, R.; Cavalluzzi, M.M.; Lentini, G.; Habtemariam, S. The Chemistry and Pharmacology of Citrus Limonoids. Molecules
2016, 21, 1530. [CrossRef]

17. Chidambara Murthy, K.N.; Jayaprakasha, G.K.; Kumar, V.; Rathore, K.S.; Patil, B.S. Citrus limonin and its glucoside inhibit colon
adenocarcinoma cell proliferation through apoptosis. J. Agric. Food Chem. 2011, 59, 2314–2323. [CrossRef]

18. Chidambara Murthy, K.N.; Jayaprakasha, G.K.; Safe, S.; Patil, B.S. Citrus limonoids induce apoptosis and inhibit the proliferation
of pancreatic cancer cells. Food Funct. 2021, 12, 1111–1120. [CrossRef]

19. Kim, J.; Jayaprakasha, G.K.; Patil, B.S. Limonoids and their anti-proliferative and anti-aromatase properties in human breast
cancer cells. Food Funct. 2013, 4, 258–265. [CrossRef]

20. Jin, J.; Lv, X.; Wang, B.; Ren, C.; Jiang, J.; Chen, H.; Chen, X.; Gu, M.; Pan, Z.; Tian, N.; et al. Limonin Inhibits IL-1β-Induced
Inflammation and Catabolism in Chondrocytes and Ameliorates Osteoarthritis by Activating Nrf2. Oxidative Med. Cell. Longev.
2021, 2021, 7292512. [CrossRef]

21. Yang, R.; Yu, H.; Chen, J.; Zhu, J.; Song, C.; Zhou, L.; Sun, Y.; Zhang, Q. Limonin Attenuates LPS-Induced Hepatotoxicity by
Inhibiting Pyroptosis via NLRP3/Gasdermin D Signaling Pathway. J. Agric. Food Chem. 2021, 69, 982–991. [CrossRef] [PubMed]

https://doi.org/10.1016/S0140-6736(03)12954-6
https://www.ncbi.nlm.nih.gov/pubmed/12686053
https://doi.org/10.2165/00128071-200506060-00005
https://www.ncbi.nlm.nih.gov/pubmed/16343026
https://doi.org/10.1038/jid.2009.319
https://www.ncbi.nlm.nih.gov/pubmed/19812592
https://doi.org/10.1038/sj.jid.5701213
https://www.ncbi.nlm.nih.gov/pubmed/18200064
https://doi.org/10.1146/annurev-immunol-032713-120225
https://doi.org/10.1016/S0140-6736(14)61909-7
https://doi.org/10.1189/jlb.0212101
https://doi.org/10.3390/ijms241713313
https://doi.org/10.3390/ijms25126778
https://doi.org/10.3390/ijms232012137
https://doi.org/10.1186/s12951-022-01651-y
https://www.ncbi.nlm.nih.gov/pubmed/36242051
https://doi.org/10.3389/fmolb.2023.1201912
https://www.ncbi.nlm.nih.gov/pubmed/37405259
https://doi.org/10.1093/intimm/dxn068
https://www.ncbi.nlm.nih.gov/pubmed/18579711
https://doi.org/10.1016/S0021-9258(18)34459-4
https://doi.org/10.4049/jimmunol.0802999
https://doi.org/10.3390/molecules21111530
https://doi.org/10.1021/jf104498p
https://doi.org/10.1039/D0FO02740E
https://doi.org/10.1039/C2FO30209H
https://doi.org/10.1155/2021/7292512
https://doi.org/10.1021/acs.jafc.0c06775
https://www.ncbi.nlm.nih.gov/pubmed/33427450


Antioxidants 2024, 13, 1541 16 of 16

22. Jin, S.E.; Seo, C.-S.; Jeon, W.-Y.; Oh, Y.J.; Shin, H.-K.; Jeong, H.G.; Ha, H. Evodiae Fructus extract suppresses inflammatory
response in HaCaT cells and improves house dust mite-induced atopic dermatitis in NC/Nga mice. Sci. Rep. 2024, 14, 472.
[CrossRef] [PubMed]

23. Manners, G.D.; Jacob, R.A.; Breksa; Schoch, T.K.; Hasegawa, S. Bioavailability of Citrus Limonoids in Humans. J. Agric. Food
Chem. 2003, 51, 4156–4161. [CrossRef] [PubMed]

24. Hiraganahalli Bhaskarmurthy, D.; Evan Prince, S. Effect of Baricitinib on TPA-induced psoriasis like skin inflammation. Life Sci.
2021, 279, 119655. [CrossRef]

25. Madsen, M.; Hansen, P.R.; Nielsen, L.B.; Hartvigsen, K.; Pedersen, A.E.; Christensen, J.P.; Aarup, A.; Pedersen, T.X. Effect
of 12-O-tetradecanoylphorbol-13-acetate-induced psoriasis-like skin lesions on systemic inflammation and atherosclerosis in
hypercholesterolaemic apolipoprotein E deficient mice. BMC Dermatol. 2016, 16, 9. [CrossRef]

26. Ti, C.; Chen, H.; Zhou, W.; Bian, A.; Hu, P.; Miao, Y.; Shao, T.; Liu, M.; Chen, Y.; Yi, Z. WB518, a novel STAT3 inhibitor, effectively
alleviates IMQ and TPA-induced animal psoriasis by inhibiting STAT3 phosphorylation and Keratin 17. Int. Immunopharmacol.
2024, 127, 111344. [CrossRef]

27. Park, S.; Jang, J.; Kim, H.J.; Jung, Y. Unveiling multifaceted roles of myeloid innate immune cells in the pathogenesis of psoriasis.
Mol. Asp. Med. 2024, 99, 101306. [CrossRef]

28. Sreedhar, A.; Aguilera-Aguirre, L.; Singh, K.K. Mitochondria in skin health, aging, and disease. Cell Death Dis. 2020, 11, 444.
[CrossRef]

29. Guo, J.; Zhang, H.; Lin, W.; Lu, L.; Su, J.; Chen, X. Signaling pathways and targeted therapies for psoriasis. Signal Transduct. Target.
Ther. 2023, 8, 437. [CrossRef]

30. Greb, J.E.; Goldminz, A.M.; Elder, J.T.; Lebwohl, M.G.; Gladman, D.D.; Wu, J.J.; Mehta, N.N.; Finlay, A.Y.; Gottileb, A.B. Psoriasis.
Nat. Rev. Dis. Primers 2016, 2, 16082. [CrossRef]

31. Zhang, P.; Su, Y.; Li, S.; Chen, H.; Wu, R.; Wu, H. The roles of T cells in psoriasis. Front. Immunol. 2023, 14, 1081256. [CrossRef]
[PubMed]

32. Furue, M.; Furue, K.; Tsuji, G.; Nakahara, T. Interleukin-17A and Keratinocytes in Psoriasis. Int. J. Mol. Sci. 2020, 21, 1275.
[CrossRef] [PubMed]

33. Christmann, C.; Zenker, S.; Martens, L.; Hübner, J.; Loser, K.; Vogl, T.; Roth, J. Interleukin 17 Promotes Expression of Alarmins
S100A8 and S100A9 During the Inflammatory Response of Keratinocytes. Front. Immunol. 2021, 11, 599947. [CrossRef] [PubMed]

34. Liu, Y.; Zhang, C.; Li, B.; Yu, C.; Bai, X.; Xiao, C.; Wang, L.; Dang, E.; Yang, L.; Wang, G. A novel role of IL-17A in contributing to
the impaired suppressive function of Tregs in psoriasis. J. Dermatol. Sci. 2021, 101, 84–92. [CrossRef] [PubMed]

35. Cibrian, D.; de la Fuente, H.; Sánchez-Madrid, F. Metabolic Pathways That Control Skin Homeostasis and Inflammation. Trends
Mol. Med. 2020, 26, 975–986. [CrossRef]

36. Pollizzi, K.N.; Powell, J.D. Integrating canonical and metabolic signalling programmes in the regulation of T cell responses. Nat.
Rev. Immunol. 2014, 14, 435–446. [CrossRef]

37. Bürger, C.; Shirsath, N.; Lang, V.; Diehl, S.; Kaufmann, R.; Weigert, A.; Han, Y.; Ringel, C.; Wolf, P. Blocking mTOR Signalling with
Rapamycin Ameliorates Imiquimod-induced Psoriasis in Mice. Acta Derm.-Venereol. 2017, 97, 1087–1094. [CrossRef]

38. Fogel, A.L.; Hill, S.; Teng, J.M. Advances in the therapeutic use of mammalian target of rapamycin (mTOR) inhibitors in
dermatology. J. Am. Acad. Dermatol. 2015, 72, 879–889. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41598-023-50257-3
https://www.ncbi.nlm.nih.gov/pubmed/38172219
https://doi.org/10.1021/jf0300691
https://www.ncbi.nlm.nih.gov/pubmed/12822961
https://doi.org/10.1016/j.lfs.2021.119655
https://doi.org/10.1186/s12895-016-0046-1
https://doi.org/10.1016/j.intimp.2023.111344
https://doi.org/10.1016/j.mam.2024.101306
https://doi.org/10.1038/s41419-020-2649-z
https://doi.org/10.1038/s41392-023-01655-6
https://doi.org/10.1038/nrdp.2016.82
https://doi.org/10.3389/fimmu.2023.1081256
https://www.ncbi.nlm.nih.gov/pubmed/37942312
https://doi.org/10.3390/ijms21041275
https://www.ncbi.nlm.nih.gov/pubmed/32070069
https://doi.org/10.3389/fimmu.2020.599947
https://www.ncbi.nlm.nih.gov/pubmed/33643287
https://doi.org/10.1016/j.jdermsci.2020.09.002
https://www.ncbi.nlm.nih.gov/pubmed/33334656
https://doi.org/10.1016/j.molmed.2020.04.004
https://doi.org/10.1038/nri3701
https://doi.org/10.2340/00015555-2724
https://doi.org/10.1016/j.jaad.2015.01.014

	Introduction 
	Material and Methods 
	Chemicals 
	Animals 
	In Vitro Analysis 
	TPA-Induced Psoriasis Model 
	Florescence-Activated Cell Sorting Analysis 
	Histological Analysis 
	Quantitative Real-Time Polymerase Chain Reaction (qPCR) 
	Oxygen Consumption Rate 
	Glucose Uptake Assay 
	Mitochondrial ROS Rate 
	Western Blotting 
	Statistical Analysis 

	Results 
	Limonin Improves Symptoms and Suppresses Amplified Psoriasis-Related Genes in TPA-Induced Psoriasis Mouse 
	Limonin Suppresses the Expansion of Inflammatory Myeloid Cells in the Skin of TPA-Induced Psoriasis Mouse Model 
	Limonin Inhibits the Expansion of Th1/Th17 Cells and Induces the Production of Regulatory T Cells in TPA-Induced Psoriasis Mice 
	Limonin Reduces Mitochondrial ROS Production and Regulates Energy Metabolism in the Inflamed Skin of TPA-Induced Psoriasis Mice 
	Limonin Inhibits the mTOR Signaling Pathway by Inducing AMPK Activity in TPA-Induced Psoriasis Mice 
	Limonin Regulates mTOR Signaling, Mitochondrial ROS, and Inflammatory Factors via AMPK in IL-17-Stimulated Keratinocytes 

	Discussion 
	Conclusions 
	References

