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Abstract

Obesity is an important risk factor for psoriasis, and clinical studies indicate that exercise
interventions can improve disease severity. However, the mechanisms by which exercise
influences psoriatic pathogenesis remain insufficiently understood. To investigate the
effects of aerobic exercise on obesity-associated psoriasis, wild-type mice were fed a high-fat
diet (HFD) for 7 weeks to induce obesity and subsequently underwent moderate-intensity
treadmill running for 3 weeks. Psoriasiform dermatitis was induced by daily topical
application of imiquimod (IMQ) to the skin for five consecutive days. HFD increased
body weight, epididymal fat mass, and serum cholesterol. HFD-fed mice developed more
severe IMQ-induced psoriatic skin changes compared with normal diet-fed mice. Treadmill
exercise modestly reduced body weight gain and attenuated epidermal hyperplasia in HFD-
fed mice. In contrast, inflammatory cytokine expression, including Tnfa, Il17a, and Il23a,
showed modest increases in the skin of HFD-fed exercised mice, which did not parallel the
improvement in epidermal hyperplasia. Overall, these findings indicate that while obesity
exacerbates psoriasiform dermatitis, aerobic exercise ameliorates epidermal hyperplasia in
obese mice without corresponding changes in inflammatory cytokine expression in the skin,
suggesting that exercise may influence psoriatic skin changes through multiple metabolic
and immunological pathways.
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1. Introduction
Psoriasis is a chronic inflammatory skin disease characterized by epidermal hyperpro-

liferation and dysregulated immune responses, affecting approximately 2–3% of the adult
population worldwide [1]. In recent years, psoriasis has been recognized as a systemic in-
flammatory disorder closely linked to metabolic abnormalities, including obesity, diabetes,
dyslipidemia, and metabolic syndrome [2]. Among these comorbidities, obesity is known
to increase both the incidence and severity of psoriasis [3].

Physical exercise has been recognized for its dual benefits in improving metabolic
function and reducing systemic inflammation caused by obesity [4]. Previous reviews and
epidemiological studies have shown that patients with psoriasis tend to have lower levels
of physical activity and that exercise may improve disease outcomes [5–7]. Clinical studies
and meta-analyses have demonstrated that aerobic exercise significantly improves psoriasis
severity, as reflected by reductions in the Psoriasis Area and Severity Index (PASI) [8–10].
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Treadmill exercise is a widely used aerobic exercise model that allows controlled
intensity and reproducibility [11], and has been shown to improve systemic metabolic
parameters, including insulin sensitivity and lipid profiles [12,13]. Exercise has also been
shown to exert anti-inflammatory effects across multiple autoimmune diseases [14]. How-
ever, the direct contribution of aerobic exercise to psoriatic pathophysiology remains
insufficiently understood.

In this study, we established a murine model combining high-fat diet (HFD)-induced
obesity with treadmill exercise and imiquimod (IMQ)-induced psoriasiform dermatitis. We
comprehensively evaluated cutaneous inflammation, systemic metabolic parameters, and
serum adipokines to elucidate the physiological mechanisms by which aerobic exercise
influences obesity-associated psoriasis. We found that HFD feeding aggravated IMQ-
induced psoriasiform dermatitis, whereas treadmill exercise led to an improvement in
epidermal thickening. These findings suggest that aerobic exercise exerts partial benefits
on obesity-associated psoriatic skin changes.

2. Results
2.1. Generation of an Obese Psoriasiform Dermatitis Mouse Model with Treadmill Exercise

To investigate the impact of obesity and treadmill exercise on psoriatic skin inflamma-
tion, we first generated a murine model combining HFD-induced obesity and treadmill
exercise, followed by induction of psoriasiform dermatitis with IMQ (Figure 1). To validate
the model and confirm the effects of diet and exercise on systemic metabolism, we analyzed
body composition and serum metabolic parameters.

 
Figure 1. Generation of a murine model combining high-fat diet (HFD), treadmill exercise, and
psoriasis. Study design: 9-week-old wild-type mice were fed with normal diet (ND) or HFD for
7 weeks. Treadmill exercise was applied for 3 weeks. Imiquimod (IMQ) cream (25 mg/mouse) was
topically applied on the ear for 5 consecutive days (n = 4–6 per group). Petrolatum was applied using
the same protocol for comparison. One day after the last treatment, blood, skin, epididymal fat, and
muscle samples were collected. Ex, treadmill exercise.

In the petrolatum-treated groups, mice fed a HFD without exercise (HFD/Sed) exhib-
ited a higher body weight than those fed a normal diet (ND) without exercise (ND/Sed),
representing an 8.3% increase (Figure 2a). Body weight gain was significantly greater in
HFD/Sed than in ND/Sed, and epididymal fat weight was also significantly increased
in HFD/Sed (Figure 2b,c). Treadmill exercise did not significantly affect body weight,
body weight gain, or epididymal fat weight in either diet group in petrolatum-treated
mice (Figure 2a–c).
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Figure 2. The effects of high-fat diet (HFD) and treadmill exercise on body composition and systemic
metabolic parameters. (a) Body weights of mice. (b) Body weight gain of mice (for 7 weeks, from 9 to
16 weeks of age). (c) Epididymal fat weight of mice. Serum metabolic parameters: concentrations
of (d) total cholesterol, (e) triglyceride, and (f) glucose were determined by biochemical assays.
(g) Gastrocnemius muscle weight of mice. (h) Soleus muscle weight of mice. Values are presented as
individual dots with bars representing the mean. Black symbols indicate sedentary (Sed) mice, and
white symbols indicate treadmill exercise (Ex) mice. Circles represent normal diet (ND) groups, and
squares represent HFD groups. * p < 0.05, ** p < 0.01 vs. indicated group. IMQ, imiquimod.

In the IMQ-treated groups, HFD/Sed similarly showed significantly higher body
weight, body weight gain, and epididymal fat weight than ND/Sed (Figure 2a–c). Notably,
treadmill exercise significantly attenuated body weight gain in HFD-fed mice, resulting in
a 45% reduction in HFD/Ex relative to HFD/Sed (Figure 2b).

Among blood metabolic parameters, HFD feeding consistently and significantly el-
evated total cholesterol levels, whereas triglyceride and glucose levels showed variable
increases across groups (Figure 2d–f). Treadmill exercise did not significantly affect total
cholesterol, triglyceride levels, or glucose levels (Figure 2d–f).

We also assessed whether treadmill exercise affected muscle hypertrophy and found
that treadmill exercise did not alter the weights of gastrocnemius or soleus muscles under
the present experimental conditions (Figure 2g,h).
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2.2. Treadmill Exercise Did Not Significantly Alter Imq-Induced Skin Thickening

Next, we evaluated whether obesity and treadmill exercise alter IMQ-induced pso-
riatic skin thickening. Ear thickness was measured daily during 5-day topical treatment
with IMQ.

In the petrolatum-treated groups, minor differences in ear thickness were observed,
with some reaching statistical significance (Figure 3a). In the IMQ-treated groups, IMQ
induced skin thickening, which was significantly augmented in HFD/Sed compared with
ND/Sed (Figure 3b,c). Treadmill exercise did not significantly affect skin thickening in ND
groups (ND/Sed vs. ND/Ex), whereas a modest non-significant reduction was observed in
HFD groups (Figure 3b,c).

Figure 3. Changes in ear thickness by exercise in high-fat diet (HFD)-induced psoriatic skin inflam-
mation. (a,b) Changes in ear thickness. Wild-type mice were fed with normal diet (ND) or HFD
and treated with imiquimod (IMQ) cream (25 mg/mouse) or petrolatum (n = 4–6 per group). Ear
thickness was measured daily using a digital thickness gauge. Lines show time-course changes in ear
thickness. Values are presented as mean ± standard error of the mean. (c) Changes in ear thickness
on the last day of observation. Values are presented as individual dots with bars representing the
mean. Black symbols indicate sedentary (Sed) mice, and white symbols indicate treadmill exercise
(Ex) mice. Circles represent ND groups, and squares represent HFD groups. * p < 0.05, ** p < 0.01 vs.
indicated group.

2.3. Treadmill Exercise Attenuated IMQ-Induced Epidermal Hyperplasia

We performed histological analyses of the skin. In the petrolatum-treated groups,
histological findings were generally comparable across groups, although small statistical
differences were observed (Figure 4a). In the IMQ-treated groups, epidermal hyperplasia
and inflammatory cell infiltration were observed, which reflected macroscopic skin findings,
such as erythematous, scaly, and thickened lesions (Figure 4a). Epidermal thickness was
significantly greater in HFD/Sed than ND/Sed. Treadmill exercise substantially reduced
epidermal thickness in HFD/Ex compared with HFD/Sed, although this did not reach
statistical significance (Figure 4a,b).
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Figure 4. Histological analysis of psoriatic skin changes. (a) Representative images of hematoxylin-
and eosin-stained ear specimens of indicated mice. Bar = 200 µm. (b) Histological analysis of
epidermal thickness. Values are presented as individual dots with bars representing the mean.
Black symbols indicate sedentary (Sed) mice, and white symbols indicate treadmill exercise (Ex)
mice. Circles represent normal diet (ND) groups, and squares represent high-fat diet (HFD) groups.
* p < 0.05 vs. indicated group. IMQ, imiquimod.

2.4. Effects of Treadmill Exercise on Pro-Inflammatory Cytokine Expression

To determine whether treadmill exercise alters local inflammatory responses, mRNA
expression levels of pro-inflammatory cytokines were analyzed in the skin lesions.

In the petrolatum-treated groups, expression levels of the tested genes were gen-
erally low, with only minor differences observed among groups, including occasional
statistical differences. In IMQ-treated groups, IMQ treatment induced upregulation of
pro-inflammatory cytokine genes (Tnfa, Il23a, Il17a, Il22) and a chemokine gene (Ccl20)
compared with the petrolatum-treated groups (Figure 5). HFD groups modestly increased
the expression of pro-inflammatory cytokine genes, especially Il17a, compared with ND
groups. Treadmill exercise resulted in slight and variable increases in several cytokine
transcripts, particularly under HFD conditions (Figure 5). Notably, gene expression of
anti-inflammatory cytokine Il10 was also elevated by IMQ treatment and further elevated
by HFD and exercise. Overall, IMQ elicited robust induction of inflammatory genes, and
both HFD and exercise increased several cytokine transcripts to varying degrees.
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Figure 5. Alterations in the mRNA expression of cytokines associated with psoriasis. RNA samples
were extracted from the ear tissues of indicated mice. mRNA expression levels were determined
by quantitative PCR. The levels were calculated relative to Gapdh and normalized to the expression
level of ND/Sed mice in the petrolatum-treated groups. Values are presented as individual dots with
bars representing the mean. Samples with mRNA expression levels below the detection limit in the
petrolatum-treated groups were excluded from the plots. Black symbols indicate Sed mice, and white
symbols indicate treadmill exercise (Ex) mice. Circles represent ND groups, and squares represent
HFD groups. * p < 0.05, ** p < 0.01 vs. indicated group. IMQ, imiquimod.

2.5. Effects of Treadmill Exercise on Serum Adipokine Production

We have previously reported that alterations in adipokine secretion may contribute
to the exacerbation of psoriasis associated with obesity [15,16]. Therefore, we measured
changes in serum adipokine levels in the treadmill exercise model. We found that serum
leptin levels were significantly increased in HFD/Sed compared with ND/Sed groups. Exer-
cise did not alter serum leptin levels in either petrolatum- or IMQ-treated groups (Figure 6a).
Serum adiponectin levels were not significantly different among the groups (Figure 6b).

Figure 6. Measurement of adipokine levels in the mouse serum. Serum samples were collected from
the indicated mice. Serum concentrations of leptin (a) and adiponectin (b) were determined by ELISA.
Values are presented as individual dots with bars representing the mean. Black symbols indicate
sedentary (Sed) mice, and white symbols indicate treadmill exercise (Ex) mice. Circles represent
normal diet (ND) groups, and squares represent high-fat diet (HFD) groups. * p < 0.05 vs. indicated
group. IMQ, imiquimod.
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3. Discussion
In this study, we examined how obesity and aerobic exercise interact to modulate

psoriasiform dermatitis. Consistent with earlier findings [15,17], HFD-induced obesity
exacerbated IMQ-induced psoriasiform dermatitis. In contrast, treadmill exercise selectively
improved epidermal hyperplasia in obese mice, highlighting that exercise modulates
obesity-associated psoriatic skin responses beyond changes in inflammatory burden.

Obesity is recognized as a systemic inflammatory state that amplifies psoriatic pathol-
ogy through multiple mechanisms, including chronic low-grade inflammation, altered
lipid metabolism, and dysregulated adipokine secretion [18]. In agreement with previous
studies, HFD feeding enhanced the expression of cytokines related to the IL-23/IL-17 axis,
including Il17a, Il23a, Il22, and Tnfa in IMQ-treated skin. Such obesity-associated skew-
ing toward type 17 immunity provides a mechanistic basis for the more severe psoriatic
responses observed in obese mice [15,16,19].

Regular aerobic exercise is widely recognized to counteract obesity-associated
metabolic and inflammatory disturbances. Clinical and interventional studies in patients
with psoriasis have demonstrated that structured physical activity can improve clini-
cal skin outcomes and quality of life, supporting a systemic role of exercise in disease
modulation [5,8,9]. At the systemic level, exercise improves insulin sensitivity, reduces
visceral adiposity, and modulates systemic inflammatory tone through a diverse set of
humoral factors, collectively referred to as exerkines, including myokines, adipokines, hep-
atokines, and metabolites [12,20–23]. Consistent with these general concepts, the present
study demonstrated that aerobic treadmill exercise reduced epidermal hyperplasia in HFD-
fed mice. This improvement may be mediated, at least in part, by such exercise-induced
humoral factors. Notably, this beneficial effect of exercise was less evident in ND-fed mice,
whereas it became more apparent under HFD conditions. This pattern suggests that aerobic
exercise may preferentially mitigate obesity-associated cutaneous abnormalities rather than
exert direct anti-psoriatic effects under normal metabolic conditions.

Notably, we observed a discrepancy between the improvement in epidermal thickness
and the modest upregulation of inflammatory cytokine mRNA expression in HFD/Ex
mice. Importantly, these cytokine changes were not associated with improved histological
findings, suggesting that the transcriptional fluctuations did not translate into worsened
psoriatic pathology. Such elevations in cytokines may reflect transient exercise-related
physiological responses. Acute and moderate-intensity exercise can transiently elevate
cytokines such as IL-6 and TNF-α [24], and treadmill exercise has been reported to increase
IL-6 and IL-17A gene expression in the colons of DSS-induced colitis [25]. Because tissues in
this study were harvested approximately 15 h after the final bout of exercise, the observed
cytokine elevations may represent a subacute exercise-induced response.

We have previously reported that adipokines such as leptin and adiponectin contribute
to psoriasis exacerbation in obesity [15,16]. In the current study, however, serum leptin and
adiponectin levels did not show notable changes with exercise. These results suggest that
leptin and adiponectin were not the primary mediators of the modest improvements in
epidermal hyperplasia observed in HFD/Ex mice.

Several limitations of this study should be acknowledged. First, the IMQ-induced
psoriasiform dermatitis model reflects an acute inflammatory response rather than chronic
psoriasis. Second, the effects of different exercise durations and exercise modalities other
than treadmill running were not examined. Third, comprehensive profiling of inflammatory
cytokines and other immune mediators was not performed, precluding a more detailed
characterization of systemic and local inflammatory responses. Finally, the relatively small
sample size may have limited the statistical power to detect subtle differences among
groups. Future studies incorporating chronic disease models, longer and varied exercise
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protocols, and broader systemic assessments, including exercise-induced humoral factors
(exerkines), will be required to clarify the mechanisms linking obesity, exercise, and psoriatic
skin changes.

In conclusion, treadmill exercise improved epidermal hyperplasia in an obesity-
associated psoriasiform dermatitis model. These findings suggest that aerobic exercise
influences psoriatic skin changes through multifaceted metabolic and immunological
pathways. Our results provide foundational evidence supporting the potential role of
lifestyle interventions, including physical activity, in the management of psoriasis associ-
ated with obesity.

4. Materials and Methods
4.1. Mice and Diets

Wild-type C57BL/6J male mice (9 weeks old) were obtained from Japan SLC, Inc.
(Shizuoka, Japan). Mice were group-housed (3–5 per cage) under standard conditions
(22 ◦C, 12 h light/dark cycle), with unrestricted access to water and chow at the Kawasaki
Medical School animal facility (Kurashiki, Japan). Mice were randomly assigned to either
the normal diet (ND) or the HFD groups. The ND groups were fed standard chow (MF diet;
Oriental Yeast Co., Tokyo, Japan), while the HFD groups were fed HFD32 (CLEA Japan,
Tokyo, Japan) for 7 weeks, from 9 to 16 weeks of age.

4.2. Treadmill Exercise Model

Treadmill exercise was performed using a motorized treadmill (MK-690; Muro-
machi Kikai Co., Tokyo, Japan), with minor modifications to previously described
protocols [12,26–28]. The exercise groups (Ex) underwent a treadmill habituation period,
which involved gentle training with a daily running protocol: 5 m/min for 5 min, followed
by 16 m/min for 20 min, then tapering to 5 m/min for 5 min. Exercise intensity was
increased by 1 m/min per week up to 18 m/min. Treadmill exercise was performed 5 days
per week for a total of 3 weeks. This protocol corresponds to moderate-intensity aerobic ex-
ercise, as defined in a previous study using maximal oxygen consumption (VO2max) [29,30].
Mice in the sedentary groups (Sed, sedentary) did not undergo treadmill exercise and were
allowed normal spontaneous cage activity.

4.3. IMQ-Induced Psoriasiform Dermatitis Model

Psoriasiform dermatitis was induced by topical application of IMQ 5% cream (Beselna;
Mochida Pharmaceutical, Tokyo, Japan), as described previously [31]. A total of 25 mg
was applied to the right ear once daily for 5 consecutive days (at 16 weeks of age). For
comparison, petrolatum was applied following the same procedure. Ear thickness was
measured daily using a digital thickness gauge (PK-1012APX; Mitutoyo, Kanagawa, Japan).

4.4. Study Design

Mice were categorized into eight experimental groups based on diet (ND or HFD),
treadmill exercise (Ex or Sed), and topical treatment (IMQ or petrolatum), as shown in
Figure 1. A total of 40 mice were used in this study (n = 4–6 per group). From 9 weeks of
age, mice assigned to HFD groups were fed a high-fat diet. At 13 weeks of age, treadmill
exercise was initiated in Ex groups. At 16 weeks of age, mice received daily topical treatment
with either IMQ or petrolatum for 5 days. Mice were euthanized one day after the final
treatment and the last exercise session, and blood and tissue samples were collected. Soleus,
gastrocnemius, and epididymal fat were weighed. Body weight was measured at 9 and
16 weeks of age, and the body weight gain (for 7 weeks) was calculated.
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4.5. Biochemical Assays

Serum concentrations of total cholesterol and triglyceride were measured using a
dry chemistry analyzer (SPOTCHEM EZ SP-4430; Arkray, Kyoto, Japan), following the
manufacturer’s protocols.

Blood glucose concentrations were measured by LAB Gluco device (Foracare Japan
Co., Tokyo, Japan).

4.6. Histological Analysis of Ear Tissue

Histological analysis of the ear tissue was performed as described previously [32].
Ear samples were fixed in 4% paraformaldehyde in phosphate-buffered saline for 24 h,
embedded in paraffin, sectioned, and stained with hematoxylin and eosin. Histological
images were acquired using a VS100 slide scanner (Olympus, Tokyo, Japan) and analyzed
with OlyVIA software (version 4.1; Olympus). Epidermal thickness, excluding the stratum
corneum, was measured in ten representative areas per mouse using ImageJ (ver. 1.54d;
National Institutes of Health, Bethesda, MD, USA).

4.7. Real-Time Quantitative PCR

Real-time quantitative PCR (qPCR) analysis was performed as described previously [33,34].
Total RNA was extracted from ear tissue using RNAiso Plus (Takara Bio, Shiga, Japan) and
reverse-transcribed with PrimeScript RT Reagent Kit (Takara Bio). qPCR was performed
using TB Green PCR Master Mix (Takara Bio) on a QuantStudio1 System (Thermo Fisher
Scientific, Waltham, MA, USA). Expression levels were calculated via the ∆∆Ct method,
normalized to Gapdh. Similar expression trends were confirmed when Hprt was used as an
alternative internal control.

Primer sequences are listed in Table S1. All reactions produced single-peak dissociation
curves.

4.8. ELISA for Serum Adipokines

Serum concentrations of leptin and adiponectin were quantified using DuoSet ELISA
kits (R&D Systems, Minneapolis, MN, USA), according to the manufacturer’s instructions.

4.9. Statistical Analysis

Data are presented as means with individual data points. The ear thickness time-
course is presented as mean ± standard error of the mean. Statistical significance was
assessed using the Kruskal–Wallis test followed by Dunn’s post hoc test. Analyses were
performed using GraphPad Prism 10 (GraphPad Software; San Diego, CA, USA), with
p < 0.05 considered significant. Statistical comparisons were performed within petrolatum-
and IMQ-treated groups.
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