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Abstract: Patients with psoriasis are at a higher risk of developing nonalcoholic fatty liver disease.
We previously identified an oxidized derivative of cholesterol, 7-ketocholesterol (7KC), in diet-
induced steatohepatitic mice. Here, we investigated whether 7KC exacerbates psoriasis-like dermatitis
by accelerating steatohepatitis in mice. A high-fat/high-cholesterol/high-sucrose/bile salt diet
(nonalcoholic steatohepatitis (NASH) diet) with or without 0.0125% 7KC was fed to C57BL/6 mice
(7KC or control group) for three weeks to induce steatohepatitis. A 5% imiquimod cream was
then applied to the ears and dorsal skin for four days to induce psoriasis-like dermatitis. Hepatic
lipid accumulation and inflammatory cell infiltration were exacerbated in the 7KC group compared
with the control group after three weeks. Serum tumor necrosis factor-α (TNF-α) levels were also
elevated in the 7KC group (108.5 ± 9.8 vs. 83.1 ± 13.1 pg/mL, p < 0.005). Imiquimod cream
increased the psoriasis area severity index (PASI) score in mice in the 7KC group (9.14 ± 0.75 vs.
5.17 ± 1.17, p < 0.0001). Additionally, Tnfa, Il23a, Il17a, and Il22 mRNA levels in the dorsal lesion
were significantly upregulated. Finally, Th17 cell differentiation and the TNF signaling pathway
were enhanced in the dorsal lesions and liver of mice in the 7KC group. These data suggest that
steatohepatitis and psoriasis are linked by a potent, diet-related factor.

Keywords: 7-ketocholesterol; psoriasis; steatohepatitis; interleukin-17; tumor necrosis factor-α

1. Introduction

Psoriasis is a chronic inflammatory skin condition characterized by hyperproliferation
of epidermal cells and is associated with lifestyle-related diseases [1–3]. Patients with
psoriasis are at a higher risk of developing myocardial infarction [4]. The disease is also
associated with metabolic syndrome and obesity [5,6]. In addition, an increase in the
incidence of nonalcoholic fatty liver disease (NAFLD) has been observed among patients
with psoriasis [7–10]. On the other hand, NAFLD may be an important factor underlying
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cardiovascular diseases, separate from obesity and metabolic syndrome [11]. The mecha-
nism underlying psoriasis and chronic inflammatory diseases such as atherosclerosis has
been explained by the involvement of T-cell activation and/or inflammatory cytokines such
as tumor necrosis factor-α (TNF-α), interleukin (IL)-17, and IL-23 [1,2,12–15]. However,
other factors between psoriasis and NAFLD, e.g., nutrition-related factors, have not been
fully investigated.

Oxidative derivatives of cholesterol are categorized into endogenous and exogenous oxys-
terols [16]. Endogenous oxysterols such as 22-hydroxycholesterol or 27-hydroxycholesterol
are produced by endogenous enzymes when intracellular cholesterol is in excess, and act as
a ligand for the nuclear receptor liver X receptor. In contrast, exogenous sterols are produced
via the natural oxidation of cholesterol in the diet or by cooking cholesterol-containing
foods [16,17]. One of these, 7-ketocholesterol (7KC), is an exogenously oxidized sterol
that has been detected in the blood and atherosclerotic lesions of hypercholesterolemic
patients [18,19]. Song et al. [20] found that patients with higher 7KC levels in their plasma
had a higher incidence of cardiovascular events. Several studies have revealed that butter,
yogurt, and especially processed meats such as ham and sausage, are relatively rich in
7KC (7.3, 4, 12.04, and 8.9 µg/g, respectively) [16]. We hypothesized that dietary 7KC
might accelerate steatohepatitis and examined whether dietary 7KC might promote hepatic
lipid accumulation and inflammation in obese mouse models (ob/ob mice). We previously
demonstrated that a small quantity of dietary 7KC accelerates hepatic steatosis and in-
flammation in obese mouse models [21]. Therefore, in this study, we explored whether
a high-fat diet containing 7KC could exacerbate steatohepatitis and enhance imiquimod
(IMQ)-induced psoriasis-like dermatitis in wild type mice.

2. Results
2.1. Dietary 7KC Promoted Hepatic Steatosis and Inflammation in C57BL/6 Mice

In our previous study using obese and diabetic mice, we demonstrated that a high-fat
diet containing 0.01% 7KC accelerated hepatic steatosis and inflammation [21]. We also
previously demonstrated that a high-fat/high-cholesterol/bile salt diet, called the NASH
diet, induces steatohepatitis and cardiomyopathy in male C57BL/6 mice [22]. Therefore, in
the current study, we tested whether preconditioning with the 7KC-containing NASH diet
might exacerbate steatohepatitis and promote imiquimod (IMQ)-induced psoriasis-like
dermatitis in male C57BL/6 mice. To do this, we fed eight-week-old C57BL/6 mice the
NASH diet with or without 0.0125% 7KC (7KC diet/NASH diet) for three weeks. We
analyzed hepatic phenotypes on Day 0 (Figure 1A). Body and liver weights did not vary
between the control and 7KC groups. However, spleen weights significantly increased in
the 7KC group, indicating underlying inflammation (Figure S1A,B). Serum TNF-α levels
were also significantly increased in the 7KC group (83.1 ± 13.1 vs. 108.5 ± 9.8 pg/mL,
p < 0.005; Figure 1C). However, alanine aminotransferase (ALT), triglyceride (TG), total
cholesterol (TC), high-density lipoprotein-cholesterol (HDL-C), and non-HDL-C levels in
the serum did not vary between the control and 7KC groups (Figure 1C and Figure S1C).
Along with these subacute changes, hepatic pathohistological analysis showed an increase
in oil-red O-positive lipid droplets and an increase in F4/80 positive inflammatory-cell
infiltration in the 7KC group compared with the control group (Figure 1D–F). To confirm the
effect of 7KC, its concentrations in the serum and liver were measured using LC/MS–MS
on Day 0. The concentration of 7KC increased significantly in the serum of mice in the 7KC
group compared with that of mice in the control group (15.5 ± 4.1 vs. 35.8 ± 9.2 ng/µL,
mboxemphp < 0.001; Figure 1G). However, no significant differences were observed in the
livers of mice in the two groups (Figure 1G).
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Figure 1. The 7KC-containing high-fat/high-cholesterol/high-sucrose/bile salt diet exacerbated
steatohepatitis in C57BL/6 mice. (A) Experimental protocol before induction of psoriasis-like der-
matitis. Samples were harvested on Day 0. (B) Experimental protocol after induction of psoriasis-like
dermatitis. Samples were harvested on Day 1 and Day 4. (C) TNF-α and alanine aminotransferase
(ALT) in serum on Day 0. n = 6, Control; n = 6, 7KC. (D) Hematoxylin and eosin (H.E.) staining, oil
red O (O.R.O) staining, and F4/80 staining of liver samples on Day 0. Scale bar: 100 µm. (E) Areas
with oil red O staining in the liver. n = 6, Control; n = 6, 7KC. (F) Areas with F4/80 staining in the liver.
n = 6, Control; n = 6, 7KC. (G) 7KC concentrations in serum and liver of mice on Day 0. n = 5, Control;
n = 5, 7KC. Results are presented as mean ± SD, and p values were calculated using Student’s t-test.
* p < 0.05, ** p < 0.01, and *** p < 0.001, Control vs. 7KC.
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2.2. 7KC Upregulated Th17 Cell Differentiation and the TNF Signaling Pathway in the Liver

To confirm hepatic inflammatory responses, we performed a quantitative polymerase
chain reaction (RT–qPCR) and RNA sequence analysis of liver samples collected on Day
0. Tnfa expression was approximately three-fold higher in the 7KC group than the control
group (Figure 2A). Tgfb and Il1b expression were also significantly higher in the 7KC group
than in the control group (Figure 2A). Furthermore, RNA sequence analysis revealed that
the chemokine, TNF signaling, JAK-STAT signaling, and Th17 cell differentiation pathways
were markedly upregulated in the 7KC group (Figure 2B,C). These data are consistent with
previous reports that showed that Tgfb and Il1b are involved in Th17 cell differentiation [23].
RNA-sequence analysis also revealed that ATP binding cassette subfamily G member 1
(ABCG1), a 7KC transporter [24], was upregulated in 7KC-fed mice—indicating that up-
regulated ABCG1 might suppress the accumulation of 7KC in liver (Figure S2). Collectively,
adding 0.0125% of 7KC to the NASH diet promoted hepatic inflammation—especially in
the TNF signaling pathway—in wild type mice on Day 0.
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in the control group, obtained by correcting each CT value with the respective housekeeping gene,
was used as a control (one) to indicate the relative expression. Results are presented as mean ± SD,
and p values were calculated using Student’s t-test. * p < 0.05, and ** p < 0.01, Control vs. 7KC. n = 3,
Control; n = 3, 7KC. (B) RNA sequence analysis of liver samples collected on Day 0. Heatmaps
of genes associated with chemokines, TNF signaling pathway, JAK-STAT signaling pathway, and
Th17 cell differentiation in the liver were identified. (C) Analysis of pathways in the liver on Day 0.
Pathways with upregulated expression in the 7KC versus Control group are shown.

2.3. 7KC-Induced Steatohepatitis Enhanced the Proliferation of Dorsal Epidermal Cells

Next, we examined whether exacerbating steatohepatitis using 7KC enhanced imiquimod-
induced psoriasis-like dermatitis. After feeding mice on the NASH or 7KC diets for three
weeks, control cream (vehicle) or 5% imiquimod cream (IMQ) was applied daily for four
days to the right ear and dorsal skin (Figure 1B). In the IMQ group, mice on the 7KC diet
showed psoriasis-like dermatitis, accompanied by more severe erythema and desquamation
compared with mice on the NASH diet (Figure 3A). These phenotypes were not observed
in the vehicle-treated group (Figure 3A). The degree of erythema and desquamation was
quantified by calculating the psoriasis area severity index (PASI) score based on the condi-
tion of psoriasis-like dermatitis caused by erythema, desquamation, and thickening [25].
Compared with mice in the vehicle group fed with the NASH diet (Cont-Vehicle), the IMQ
group fed with the NASH diet (Cont-IMQ) showed a marked increase in PASI scores on Day
4, suggesting that IMQ treatment successfully induced psoriasis-like dermatitis (5.17 ± 1.17
vs. 0.44 ± 0.73; p < 0.0001; Figure 3B). Importantly, the PASI score was significantly higher
in the IMQ group fed with the 7KC diet (7KC-IMQ) compared with the Cont-IMQ group
(9.14 ± 0.75 vs. 5.17 ± 1.17; p < 0.0001; Figure 3B). A histological analysis of skin from the
ears was also performed (Figure 3C). Consistent with the PASI score, the auricular thickness
of the mice in the 7KC-IMQ group was significantly greater than that in the Cont-IMQ
group on Day 4 (0.029 ± 0.016 mm vs. 0.048 ± 0.017 mm, p < 0.001; Figure 3D). In contrast,
there were no differences between mice in the 7KC-Vehicle and the Cont-Vehicle groups
(Figure 3D). In the dorsal lesion, the epidermal thickness was also markedly greater in
the 7KC-IMQ group (Figure 3E). Next, we examined the proliferation process using the
5-ethynil-2’-deoxyuridine (EdU) proliferation assay, which allows the detection of dividing
and/or proliferating cells. Mice were injected with EdU on Day 4, sacrificed, and the
EdU assay was performed on the dorsal lesions. The number of EdU-positive cells in the
epidermal layer was significantly higher in the 7KC-IMQ group than in the Cont-IMQ
group, suggesting that 7KC promotes the proliferation of the basal layer of the dorsal lesion
(Figure 3F,G). The direct effect of the accumulation of 7KC was assessed by measuring the
concentration of 7KC in the dorsal lesion using LC/MS–MS prior to IMQ treatment (Day
0). There was no significant difference between the control and 7KC groups (Figure 3H),
suggesting that the 7KC-inducing inflammatory response in the liver and serum might
promote psoriasis-like dermatitis following the application of IMQ.
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Figure 3. 7KC-induced steatohepatitis exacerbated psoriasis-like dermatitis. Mice were fed a NASH
or 7KC diet for three weeks, and then received imiquimod (IMQ) cream or hydrophilic cream (vehicle).
(A) Representative photographs of mice on Day 4. (B) Time course of the psoriasis area severity
index (PASI) scores after induction. n = 9, Cont-Vehicle; n = 9, 7KC-Vehicle; n = 6, Cont-IMQ; n = 6,
7KC-IMQ. (C) Hematoxylin and eosin (H.E.) staining of the ears. (D) Time course of the change in ear
thickness after induction. n = 9, Cont-Vehicle; n = 9, 7KC-Vehicle; n = 12, Cont-IMQ; n = 13, 7KC-IMQ.
(E) H.E. staining of the back skin on Day 4. (F) EdU incorporation assay of the back skin on Day 4.
(G) Count of EdU-positive cells on Day 4. n = 5, Cont-Vehicle; n = 5, 7KC-Vehicle; n = 6, Cont-IMQ;
n = 7, 7KC-IMQ. Scale bar: 100 µm; (H) 7KC concentration in the skin on Day 0. n = 5, Control; n = 5,
7KC. Results are presented as mean ± SD, and p values were calculated using one-way ANOVA with
Tukey’s post hoc test (Figure 3B,D,G) and Student’s t-test (Figure 3H). ** p < 0.01, and *** p < 0.001,
Cont-Vehicle vs. Cont-IMQ or Cont-Vehicle vs. 7KC-IMQ or Cont-IMQ vs. 7KC-IMQ or Control vs.
7KC. Scale bar: 100 µm.
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2.4. TNF- and IL-17A-Related Signaling Pathways Were Enhanced in the Dorsal Skin of Mice in
the 7KC-IMQ Group

The mRNA expression of psoriasis-related cytokines at the site of IMQ-induced
psoriasis-like dermatitis peaked 1–3 days after induction, before decreasing [26]. There-
fore, we performed a quantitative PCR and RNA sequence analysis of samples collected
on Day 1 to confirm the inflammatory response in the dorsal lesions. The expression of
inflammatory cytokines such as Tnfa, Tgfb, Il6, Il12b, Il23a, Il17a, Il17c, Il17f, Il22, and Il1b
was significantly upregulated in the 7KC-IMQ group (Figure 4A). The mRNA levels of
inflammasome-related Nlrp3 and the macrophage-associated chemokine Ccl2 were also
significantly higher in the 7KC-IMQ group (Figure 4A). The expression of Krt17, a marker
of keratinocyte proliferation [27], was also significantly upregulated in the 7KC-IMQ group
(Figure 4A). An RNA sequence analysis of dorsal lesion samples revealed that the IL-17A,
JAK-STAT, and TNF signaling pathways and Th17 differentiation were enhanced in the
7KC-IMQ group (Figure 4B,C). The JAK-STAT signaling pathway is reportedly promoted
during psoriasis [28,29]. Therefore, these results are consistent with the worsening of
psoriasis-like dermatitis in the 7KC-IMQ group.
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or hydrophilic cream (vehicle). (A) mRNA expression was examined using quantitative PCR on
Day 1. Mean expression in the Control group, obtained by correcting each CT value with the
respective housekeeping gene, was used as a control (one) to indicate the relative expression. Results
are presented as mean ± SD, and p-values were calculated using Student’s t-test. * p < 0.05, and
** p < 0.01, Cont vs. 7KC. n = 5, Cont; n = 5, 7KC. (B) RNA sequence analysis of skin samples collected
on Day 1. Heatmaps of genes associated with chemokines, TNF signaling pathway, JAK-STAT
signaling pathway, and Th17 cell differentiation in the skin were generated. Heatmaps of genes
associated with chemokines, TNF, JAK-STAT, and IL-17 signaling pathways, and keratin in the skin.
(C) Pathways whose expressions were upregulated in the 7KC group versus the control group are
listed.

2.5. Inflammatory Responses Were Exacerbated in the 7KC-IMQ Group following IMQ Treatment

Lipid droplet and macrophage infiltration in the liver was measured on Day 4 to
examine the effects of psoriasis-like dermatitis induction on steatohepatitis. Both lipid
deposition and macrophage infiltration were significantly increased in the 7KC-Vehicle
group compared with the Cont-Vehicle group, similar to what was observed on Day 0
(Figures 1D–F and 5A–C). There was no significant difference in lipid droplets in the
7KC-IMQ and Cont-IMQ groups, but macrophage infiltration was strongly enhanced
(Figure 5A–C). These inflammatory responses in the liver may suggest that worsening
psoriasis-like dermatitis might further aggravate steatohepatitis in the presence of 7KC.
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Figure 5. Psoriasis-like dermatitis aggravated by 7KC further accelerated steatohepatitis. (A) Hema-
toxylin and eosin (H.E.) staining, oil red O (O.R.O) staining, and F4/80 staining of liver on Day 4.
(B) Areas with oil red O staining in the liver. n = 5, Cont-Vehicle; n = 6, 7KC-Vehicle; n = 6, Cont-IMQ;
n = 6, 7KC-IMQ. (C) Areas with F4/80 staining in the liver. n = 6, Cont-Vehicle; n = 6, 7KC-Vehicle;
n = 6, Cont-IMQ; n = 6, 7KC-IMQ. Results are presented as mean ± SD, and p values were calculated
using one-way ANOVA with Tukey’s post hoc test. ** p < 0.01, and *** p < 0.001, Cont-Vehicle vs.
Cont-IMQ, Cont-Vehicle vs. 7KC-IMQ, Cont-IMQ vs. 7KC-IMQ or 7KC-Vehicle vs. 7KC-IMQ. Scale
bar: 100 µm.
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3. Discussion

Psoriasis and NAFLD are inflammatory disorders. However, a common genetic back-
ground has not been reported, indicating the involvement of lifestyle-related factors. We
hypothesized that an oxidized cholesterol molecule, 7KC, might be one of these lifestyle-
related factors; 7KC exerts a pro-atherosclerotic effect on human monocytes by promoting
the activation of NF-κB and increasing the production of inflammatory cytokines [30–32].
We previously studied obese mouse models and found that fat accumulation and inflamma-
tory cell infiltration increased in the liver, with steatohepatitis being exacerbated when the
obese mice were fed a high-fat diet containing 1% cholesterol and 0.01% 7KC [21]. In the
current study, wild type mice fed a high-fat/high-cholesterol/high-sucrose/bile salt diet
containing 0.0125% 7KC (7KC diet) showed a significant increase in serum 7KC concentra-
tions and accelerated hepatic steatosis and inflammatory cell infiltration. However, 7KC
levels in the skin did not significantly increase (Figure 2F), suggesting that inflammatory
responses in the liver or blood might have an impact on the initiation and progression of
psoriasis-like dermatitis. Importantly, mice fed with 7KC and treated with IMQ had higher
levels of F4/80-positive inflammatory cell infiltration in the liver compared with mice fed
on 7KC treated with the vehicle, indicating the existence of inflammatory feedback from
the skin to the liver (Figure 5A,C).

The putative mechanisms linking steatohepatitis and psoriasis-like dermatitis are sum-
marized in Figure 6. We consider that diet-derived 7KC in the blood and liver stimulated
inflammatory cells and TNF-α and IL-1b secretion, leading to Th17 cell activation. Accord-
ingly, Tnfa, Il1b, and Tgfb mRNA expression was upregulated in the livers of mice in the
7KC group (Figure 2A). An RNA sequence analysis of liver samples revealed the activation
of TNF signaling, Th17 cell differentiation, and JAK-STAT signaling pathways (Figure 2B,C).
In the 7KC group, serum TNF-α was increased and spleen weight was increased, suggesting
that steatohepatitis induced systemic inflammation (Figure 1C and Figure S1C). Therefore,
we have considered that steatohepatitis may exacerbate IMQ-induced psoriasis-like der-
matitis by elevating TNF-α through systemic inflammation. These results are consistent
with those of our previous study, which was based on an obese mouse model [21]. Given
that a higher frequency of Th17 cells was previously reported in the livers of nonalcoholic
steatohepatitis patients [33], we used FACS to investigate whether the Th17 cell fraction
was higher in the blood of this mouse model. No significant change was observed in
this model. We assumed that Th17 cells are localized in the liver and skin. Conversely,
an RNA sequence analysis of dorsal skin samples revealed that Il23a, Il17a, and Il22 ex-
pression was upregulated on Day 1 in the 7KC-IMQ group compared with the Cont-IMQ
group (Figure 4A), indicating that the JAK-STAT and IL-17 signaling pathways and Th17
cell differentiation were activated in the 7KC-IMQ group compared with the Cont-IMQ
group (Figure 4B,C). These results suggest that pre-feeding with 7KC diets induces greater
dynamic inflammatory responses in the skin, although previous experiments using IMQ
have demonstrated a dramatic induction of inflammation [26,34,35]. Interestingly, the
7KC-mediated promotion of TNF-α secretion from inflammatory cells in the skin may
trigger an inflammatory loop between the liver and skin, contributing to the promotion
of psoriasis-like dermatitis. A couple of studies indicated that oxysterols could bind to
oxysterol-binding proteins (OSBP) and circulate systemically, acting directly on IMQ skin
lesions. If 7KC may bind to OSBP and be transported by OSBP, then OSBP might be a
potential therapeutic target against both steatohepatitis and psoriasis.

A limitation of this study was the short duration of the IMQ application. The period
over which IMQ was administered was insufficient to observe its accumulation in the skin; it
was also too short to assess hepatic fibrosis. Although Vasseur P. et al. nicely demonstrated
that IMQ-induced dermatitis accelerated hepatis fibrosis in a 9-week model [36], Yokogawa
M. et al. reported that administering IMQ for more than one month causes systemic
lupus erythematosus-like dermatitis and might be not suitable for long-term use [37].
To study the long-term effects of psoriasis-like dermatitis on steatohepatitis and hepatic
fibrosis, a genetically modified psoriasis model such as the K5.STAT3C transgenic mouse
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was developed by Sano et al. [38]. In future studies, we will use this model to clarify the
relationship between psoriasis, steatohepatitis, and cardiovascular disease in order to reveal
additional potential mechanisms, including those involving exosomes and microRNAs.
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4. Materials and Methods
4.1. Animals, Diets, and Induction of Psoriasis Using IMQ

Wild type male C57BL/6 mice were obtained from CLEA Japan, Inc. (Tokyo, Japan)
and housed in a temperature- and humidity-controlled facility with a 12 h light/dark
cycle. The 7KC was obtained from Sigma-Aldrich (C2394, St. Louis, MO, USA). Two diets
containing bile and high-fat/high-cholesterol/high-sucrose and bile salt (20% casein, 50%
sucrose, 15% cocoa butter, 1.25% cholesterol, 0.5% cholate; NASH diet), containing 0.0125%
7KC (7KC group) or no 7KC (control group), were prepared by the Oriental Yeast Co., Ltd.
(Chiba, Japan) and administered to the mice for three weeks. This was followed by the
application of a 5% IMQ cream (5% Beselna Cream, Mochida Pharmaceutical Co., LTD,
Tokyo, Japan) to the right ear (12.5 mg/day) and on the dorsal skin (62.5 mg/day) for four
days. A hydrophilic cream (Nikko Pharmaceutical Co., LTD, Gifu, Japan) was used as
the vehicle (Figure 1A,B). The thickness of the auricle was measured using a micrometer
(Mitutoyo Corporation, Kanagawa, Japan) and was set to 0 before applying the IMQ or
hydrophilic cream.

Mice were sacrificed by anaesthetization using an intraperitoneal injection of medeto-
midine (0.3 mg/kg), midazolam (4 mg/kg), and butorphanol (5 mg/kg). Adequate anes-
thesia was maintained by monitoring the respiration rate and lack of response to paw
pinching. After the study, all anesthetized animals were euthanized via cervical dislocation.
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4.2. Psoriasis Area Severity Index (PASI)

Inflammation in the skin of mice was assessed using scores adapted from the clinical
psoriasis area and severity index. Erythema, desquamation, and thickening were quantified
as 0: none, 1: mild, 2: moderate, 3: high, or 4: extremely high. The total PASI score (0–12)
was calculated as described by Fredriksson et al. [25,26].

4.3. Biochemical Analyses

Serum ALT, TC, HDL-C, and TG levels were measured using enzymatic methods
(Fujifilm, Tokyo, Japan). Non-HDL-C levels were calculated as TC minus HDL-C levels.
Plasma lipoprotein levels were measured after fasting the mice for 4 h. Serum TNF-
α, IL-17, and IL-22 levels were measured using the Quantikine® ELISA Mouse TNF-α
Immunoassay, Quantikine® ELISA Mouse IL-17 Immunoassay, and Quantikine® ELISA
Mouse IL-22 Immunoassay (MTA00B, M1700 and M2200, R&D systems, Minneapolis, MN,
USA), respectively, in accordance with the manufacturer’s instructions.

4.4. Measuring 7KC Levels in Serum and Tissues

Lipids were extracted from the serum, liver, and skin using the Folch method, and the
concentration of 7KC in these samples was measured. Serum (20 µL) was saponified with
potassium hydroxide and then mixed with magnesium sulfate and tert-butyl methyl ether.
After the ether layer was extracted, it was dried under the N2 gas stream, dissolved with
40 µL of isopropanol, and used to measure the concentration of 7KC using LC/MS–MS.
For liver and skin tissues, 30 mg of sample was extracted using the Folch method and
saponified with potassium hydroxide. The lipid layer was extracted by the same method
for serum samples, and the concentration of 7KC was measured using LC/MS–MS.

4.5. Histological and Immunohistochemical Analyses

Liver and skin tissues were fixed with 4% PFA to prepare paraffin sections. Paraffin-
embedded sections were stained with hematoxylin and eosin (200108, Muto Pure Chemicals,
Tokyo, Japan). Frozen sections were stained with Oil Red O (M3G0644; Nacalai Tesque,
Kyoto, Japan) to detect lipids. Macrophages were detected using F4/80 (MCA497R; Bio-Rad,
Tokyo, Japan) and VECTASTAIN secondary antibodies (Vector Laboratories, Burlingame,
CA, USA). To quantify the area stained by Oil Red O or F4/80, images of five random fields
from each section were processed using Image J software (National Institute of Mental
Health, Bethesda, MD, USA). Each value was expressed as a percentage of the total area of
each positively stained section.

4.6. EdU Incorporation Assay

EdU cell proliferation assays were performed using the Click-iT™ Plus EdU Cell
Proliferation Kit (C10639; Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions. Briefly, mice were intraperitoneally injected with EdU (100
µg/mouse) and, 24 h later, the dorsal lesion was collected and used to prepare a frozen
block. The blocks were stained and images were taken using a confocal laser scanning
microscope LSM710 (Carl Zeiss, Jena, Germany). To quantify EdU uptake, the number of
EdU-positive cells in five locations in each section was counted and averaged.

4.7. Quantitative Real Time Polymerase Chain Reaction (RT–qPCR)

Total RNA was extracted from liver and skin tissues using the RNeasy® Mini Kit
(74106, QIAGEN, Hilden, Germany). RNA was reverse-transcribed using the SuperScript
VILO cDNA Synthesis Kit (11754, Thermo Fisher Scientific, Waltham, MA, USA). Diluted
cDNA was used as a template for quantifying relative mRNA concentrations. RT-qPCR was
performed using Taqman Gene Expression master Mix (Thermo Fisher Scientific, Waltham,
MA, USA), Taqman probes (Table S1), and the 7900HT Sequence Detection System (Thermo
Fisher Scientific, Waltham, MA, USA). The primers used are listed in Table S1. Relative
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gene expression values were normalized to B2M for the liver and Polr1a for the skin, using
the comparative Ct (threshold cycle) method.

4.8. RNA Sequence Analysis

RNA sequence analysis was conducted as previously described [21,22]. Briefly, se-
quencing was performed on an Illumina HiSeq 2500 platform in 75-base single-end mode.
Illumina Casava 1.8.2 software (Illumina Inc, San Diego, CA, USA) was used for base
calling. Raw reads were mapped to the mouse reference genome (mm10) using TopHat ver.
2.0.13 (Baltimore, MD, USA) [39] in combination with Bowtie2 ver. 2.2.3 (San Diego, CA,
USA) [40] and SAMtools ver. 0.1.19 (San Diego, CA, USA) [41]. The number of fragments
per kilobase of exons per million mapped fragments was calculated using Cufflinks ver.
2.2.143,44 (Seattle, WA, USA) [42] and was visualized as a heatmap. Pathway analyses
were conducted using the STRING network tool. The raw data generated in this study are
available in the Gene Expression Omnibus database (accession number GSE214837).

4.9. Statistical Analyses

The results are presented as mean ± SD. Pairwise comparisons were made using
the two-tailed Student’s t-test. Multiple group comparisons were made using one-way
ANOVA, followed by Tukey’s post hoc test. p < 0.05 was considered statistically significant.

5. Conclusions

The presence of oxysterol 7KC in the diet promoted IMQ-induced psoriasis-like dermati-
tis, mediated by the exacerbation of steatohepatitis, in mice. These findings suggest a novel
strategy for treating steatohepatitis and psoriasis by reducing intestinal 7KC absorption.
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