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Background 

Psoriasis is a common and chronic inflammatory disorder that presents with scaly plaques 

on the skin. Patients with psoriasis have higher incidences of systemic complications, 

including psoriatic arthritis, cardiovascular disease, metabolic syndrome, inflammatory 

bowel disease, and depression. Although the detailed molecular mechanisms of psoriasis 

are unclear, excessive immunological abnormalities play a role in pathogenesis of 

psoriasis. Several reports suggested that psoriasis and the above-mentioned comorbidities 

might be associated with gut microbiota. Imiquimod (IMQ), a Toll-like receptor 7 agonist, 

has been widely used as animal model of psoriasis. Spleen has important functions in 

immunity, and splenomegaly is observed in IMQ-treated mice.  

The PhD thesis is consisted of two parts. The part one is abnormal composition of 

microbiota in the gut and skin of IMQ-treated mice. The part two is the effects of 

splenectomy on skin inflammation and psoriasis-like phenotype of IMQ-treated mice. 

 

 

Chemical structure of imiquimod (IMQ) 
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Part-1 

Abnormal composition of microbiota in the gut and skin of imiquimod-treated 

mice 

 

Abstract 

Psoriasis is a chronic, inflammatory skin disease. Although the precise etiology of 

psoriasis remains unclear, gut–microbiota axis might play a role in the pathogenesis of 

the disease. Here we investigated whether the composition of microbiota in the intestine 

and skin is altered in the imiquimod (IMQ)-treated mouse model of psoriasis. Topical 

application of IMQ to back skin caused significant changes in the composition of 

microbiota in the intestine and skin of IMQ-treated mice compared to control mice. The 

LEfSe algorithm identified the species Staphylococcus lentus as potential skin microbial 

marker for IMQ group. Furthermore, there were correlations for several microbes 

between the intestine and skin, suggesting a role of skin–gut–microbiota in IMQ-treated 

mice. Levels of succinic acid and lactic acid in feces from IMQ-treated mice were 

significantly higher than control mice. Moreover, the predictive functional analysis of 

the microbiota in the intestine and skin showed that IMQ caused alterations in several 

KEGG pathways. In conclusion, the current data indicated that topical application with 

IMQ to skin alters the composition of the microbiota in the gut and skin of host. It is 

likely that skin–gut microbiota axis plays a role in pathogenesis of psoriasis. 

 

Keywords: Imiquimod; Intestine; Microbiota; Psoriasis; Succinic acid; Skin 
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Introduction 

Psoriasis is a common chronic inflammatory disease of skin. A recent systematic review 

reports that the prevalence of psoriasis in children and adults ranged from 0% to 1.37% 

and 0.51% to 11.43%, respectively (1).  Furthermore, psoriasis is associated strongly 

with depression, cardiovascular disease, diabetes, and metabolic syndrome, which 

influence quality of life in patients (2-6). Although excessive activation of the immune 

system plays a major role in the pathogenesis of psoriasis, the precise pathogenesis of 

this disease remains unclear (3,6). 

Accumulating evidence suggests the physiological and metabolic roles of the 

microbiota in human health and diseases (7-13). It is well known that microbes are 

colonized in the gastrointestinal tract, skin, oral mucosa, vagina and airway in the 

human, and that the colon is the most abundant site for microbes, followed by the skin 

(14). Altered composition of gut microbiota in patients with psoriasis has been reported 

(15-19). Furthermore, there are also several reports showing abnormal composition of 

skin microbiota in patients with psoriasis (20-25). These findings suggest that 

alterations in the microbiome in the intestine and on the skin might play a role in the 

pathogenesis of psoriasis, and that improvement of altered composition of microbiota 

could be a therapeutic approach for this disease (14). 

Imiquimod (IMQ), a Toll-like receptor 7 agonist, has been used widely as mouse 

model of psoriasis to understand the inflammatory responses of the skin (26,27).  It is 

also reported that depletion of microbiota by antibiotics ameliorated IMQ-treated 

psoriasis in mice, suggesting the role of microbiota in IMQ-induced skin inflammation 

(22,28). Furthermore, treatment with IMQ caused altered composition of gut microbiota 

in mice (29). Moreover, mice treated with antibiotics showed higher abundance of the 

genus Lactobacillus in the intestine and on the skin (30). Interestingly, it is recognized 

that the skin neuroendocrine system acts by preserving and maintaining the skin 

structural and functional integrity (31), and that the skin is a sensory organ endowed 

with neuroendocrine activities (32). However, as far as we know, there are no reports 

showing altered composition of microbes in the intestine and on the skin of IMQ-treated 

mice.  
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The present study was undertaken to examine whether topical application of IMQ 

to skin could influence the composition of microbiota in the intestine and on the skin of 

adult mice. Using 16S rRNA sequencing, we analyzed the composition of microbiota in 

the intestine and on the skin of control and IMQ-treated mice. It is well known that 

short chain fatty acids (SCFAs), the main metabolites produced by microbiota in the 

gastrointestinal tract, play an important role in the metabolic functions in human and 

rodents (33-36). Therefore, we measured levels of SCFAs (i.e., acetic acid, propionic 

acid, butyric acid, lactic acid, and succinic acid) in the fecal samples. 

 

Results 

Effects of IMQ on the psoriasis-like score, body weight changes, spleen weight, and 

pathology of back skin 

IMQ-treated mice developed psoriasis-like dermatitis compared to control mice (Figure 

1a). Cumulative score of IMQ-treated mice was significantly higher than that of control 

mice (Figure 1b). Furthermore, the body weight in the IMQ-treated mice was 

significantly lower than that of control mice (Figure 1c).  Moreover, the weight of spleen 

in the IMQ-treated mice was significantly higher than that of control mice (Figure 1d), 

consistent with previous reports (27,37-39). Representative H&E staining in the back skin 

showed parakeratosis with microabscess, acanthosis and an inflammatory infiltrate of the 

upper dermis in the IMQ-treated mice (Figure 1e). 

Composition of gut microbiota 

Using alpha- and beta-diversity, we examined the composition of the gut microbiota in 

fecal samples. Mann-Whitney U-test showed a significant difference in the observed 

OTUs (Figure 2a). In contrast, there were no changes for ACE and Shannon indices 

between the two groups (Figures 2b and 2c). Beta diversity based on analysis of 

similarities (ANOSIM) was used to measure the degree of difference in bacterial 

community, including principal component analysis (PCA) of the OTU composition and 

principal coordinate analysis (PCoA) of weighted UniFrac distances. PCA demonstrated 

a significant difference in the microbiome (ANOSIM, R = 0.6294, P = 0.001) (Figure 

2d). In addition, PCoA of weighted UniFrac distances indicated a clear separation of IMQ 

group from control group (ANOSIM, R = 0.3236, P = 0.002) (Figure 2e).  
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Figure 1. IMQ-induced psoriasis-like model 

(a): Mice were treated topically with 5% IMQ cream or control cream on the shaved backs for five 

consecutive days. The representative photos of back skin from the two groups. (b): Cumulative score 

on day 6 of two groups (P < 0.001). (c): Change of body weight for the two groups (P < 0.001). (d): 

Weight of spleen (P < 0.001). The photos of spleen from the control and IMQ group. (e): HE staining 

of the back skin of the two groups. Scale bar = 50 μm. The values represent the mean ± S.E.M. 

(n = 10). ***P < 0.001.  

 

The changes of the abundant taxa were analyzed by the LEfSe algorithm. The 

color differences illustrated differences in the abundant taxa between the two groups. 

LEfSe analysis showed that IMQ group produced significantly different effects on gut 

microbiota (Figure 2f). Five mixed-level phylotypes, including the species 

Lactobacillus intestinalis, Lactobacillus reuteri, Bacteroides uniformis, the genus 

Bacteroides, and the family Bacteroidaceae, were identified as potential gut microbial 

markers for the IMQ group (Figure 2g).  
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Figure 2. Effects of IMQ on the composition of gut microbiota in alpha-diversity and beta-

diversity  

(a): Alpha-diversity index of observed OTUs (Mann-Whitney U test, U = 21, P = 0.029). (b): Alpha-

diversity index of ACE (Mann-Whitney U test, U = 21, P = 0.353). (c): Alpha-diversity index of 

Shannon (Mann-Whitney U test, U = 45, P = 0.739). (d): PCA of beta-diversity based on the OTU 

level (ANOSIM, R = 0.6294, P = 0.001). Each point represents a single sample which is color-coded 

according to group, and the two principal components (PC1 and PC2) explained 63.56% and 

18.85%. (e): PCoA plot using weighted UniFrac distance (ANOSIM, R = 0.3236, P = 0.002). Each 

point represents a single sample and the two principal components (PCoA1 and PCoA2) explained 

42.79% and 23.62%. (f): LEfSe cladogram (LDA score > 4.0, P < 0.05) indicated differentially 

abundant taxa between control group and IMQ group. Each circle represents the taxonomic 

categories from the species level as the outermost circle to phylum level as the innermost cycle. (g): 

Histograms revealed differentially abundant taxa with LDA score (log10) > 4.0 and P < 0.05 

between the control group and IMQ group. The LDA scores of the control group was negative, while 

those of the IMQ group was positive. The values represent the mean ± S.E.M. (n = 10). *P < 0.05. 

NS: not significant.  
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Composition of the gut microbiota at the taxonomic level 

At the phylum, there were no changes between the two groups (Figure S1). At the 

genus level, the abundance of Bacteroides, Parabacteroides, Staphylococcus, 

Faecalimonas, and Alistipes was significantly different between the two groups (Figure 

S2 and Table S1). At the species level, the abundance of Lactobacillus murinus, 

Lactobacillus intestinalis, Lactobacillus reuteri, Lactobacillus taiwanensis, Bacteroides 

uniformis, Bacteroides acidifaciens, Bacteroides sartorii, Staphylococcus lentus, and 

Parabacteroides distasonis was significantly different between the two groups (Figure 

S3 and Table S2).  

 

Composition of skin microbiota 

The composition of the microbiota on the back skin was analyzed. Mann-Whitney U-test 

showed significant differences in the observed OTUs, ACE, and Shannon (Figures 3a-

3c). Beta-diversity analysis using PCA demonstrated significant differences between 

IMQ group and control group (ANOSIM, R = 1.000, P = 0.001) (Figure 3d). Furthermore, 

significant separation was observed between the two groups on PCoA of weighted 

UniFrac distances (ANOSIM, R = 0.7293, P = 0.001) (Figure 3e).  

LEfSe difference analysis showed that IMQ group produced significantly 

different effects on skin microbiota (Figure 3f). Six mixed-level phylotypes, including 

the species Staphylococcus lentus, the genus Staphylococcus, the family 

Staphylcoccaceae, the order Bacillales, the class Bacilli, and the phylum Firmicutes 

were identified as potential skin microbial markers for the IMQ group (Figure 3g). 
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Figure 3. Effects of IMQ on the composition of skin microbiota in alpha-diversity and beta-

diversity  

(a): Alpha-diversity index of observed OTUs (Mann-Whitney U test, U = 0, P = 0.000). (b): Alpha-

diversity index of ACE (Mann-Whitney U test, U = 20, P = 0.023). (c): Alpha-diversity index of 

Shannon (Mann-Whitney U test, U = 0, P = 0.000). (d): PCA of beta-diversity based on the OTU 

level (ANOSIM, R = 1.000, P = 0.001). Each point represents a single sample color-coded according 

to group, and the two principal components (PC1 and PC2) explained 57.46% and 33.44%. (e): 

PCoA plot using upon weighted UniFrac distance (ANOSIM, R = 0.7293, P = 0.001). Each point 

represents a single sample and the two principal components (PCoA1 and PCoA2) explained 75.89% 

and 19.7%. (f): LEfSe cladogram (LDA score > 4.0, P < 0.05) indicated differentially abundant taxa 

between control group and IMQ group. Each circle represents the taxonomic categories from the 

species level as the outermost circle to phylum level as the innermost cycle. (g): Histograms revealed 

differentially abundant taxa with LDA score (log10) > 4.0 and P < 0.05 between the control group 

and IMQ group. The LDA scores of the control group was negative, while those of the IMQ group 

was positive. The values represent the mean ± S.E.M. (n = 10). *P < 0.05; ***P < 0.001. 
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Figure 4. The correlations between bacterial relative abundance in the intestine and skin 

(a): There was a significant negative correlation (r = −0.6886, P = 0.0008) of the relative abundance 

of the species Lactobacillus intestinalis between the intestine and the skin. (b): There was a 

significant negative correlation (r = −0.6889, P = 0.0008) of the relative abundance of the species 

Lactobacillus reuteri between the intestine and the skin. (c): There was a significant negative 

correlation (r = −0.6457, P = 0.0021) of the relative abundance of the species Lactobacillus 

taiwanensis between the intestine and the skin. (d): There was a significant positive correlation (r = 

0.855, P < 0.0001) of the relative abundance of the species Staphylococcus lentus between the 

intestine and the skin. The values represent the mean ± S.E.M. (n = 10).  

 

Composition of the skin microbiota at the taxonomic level 

At the phylum level, the abundance of Firmicutes, Proteobacteria, Cyanobacteria, 

Actinobacteria, and Bacteroidetes was significantly different between the two groups 

(Figure S4 and Table S3). At the genus level, the most abundant bacteria on the skin of 

IMQ-treated mice was Staphylococcus (the mean = 98.5%) whereas the level of 

Staphylococcus on the skin of control mice was low (the mean = 16.2%) (Figure S5). 

Furthermore, the abundance of sixteen bacteria were significantly different between the 

two groups (Figure S5 and Table S4). At the species level, the most abundant bacteria 
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on the skin of IMQ-treated mice was Staphylococcus lentus (the mean is 93.5%) 

whereas the level of Staphylococcus lentus on the skin of control mice was very low 

(the mean is 7.14%) (Figure S6). Furthermore, the abundance of fourteen bacteria were 

significantly different between the two groups (Figure S6 and Table S5).  

 

Correlations between the skin microbiota and the gut microbiota 

At the species level, we found several microbes which were significantly altered in the 

intestine and on the skin between the two groups (Tables S2 and S5). Interestingly, there 

were negative correlations for Lactobacillus intestinalis, Lactobacillus reuteri, and 

Lactobacillus taiwanensis between the intestine and the skin (Figures 4a-4c). In contrast, 

there was a positive correlation for Staphylococcus lentus between the intestine and the 

skin (Figure 4d). 

 

SCFAs in fecal samples and their correlations with the relative bacterial abundance  

The levels of succinic acid and lactic acid in the IMQ group were significantly higher 

than the control groups (Table 1). In contrast, there were no changes for acetic acid, 

propionic acid, and n-butyric acid between the two groups (Table 1). 

Next, we examined the possible correlations between the relative abundance of 

microbes and SCFA levels in fecal samples. The succinic acid was significantly 

correlated with the relative abundance of the genus Parabacteroides (r = −0.464, P = 

0.0393) (Figure 5a), the genus Staphylococcus (r = 0.4981, P = 0.0254) (Figure 5b), 

the species Parabacteroides distasonis (r = −0.485, P = 0.0302) (Figure 5c), the species 

Staphylococcus lentus (r = 0.4807, P = 0.0319) (Figure 5d) and the species 

Lactobacillus intestinalis (r = 0.4492, P = 0.0469) (Figure 5e) in the two groups. A 

significant negative correlation between the relative abundance of the genus 

Parabacteroides (r = −0.5079, P = 0.0222) and lactic acid was observed in two groups 

(Figure 5f). 
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Figure 5. The correlations between bacterial relative abundance and SCFAs 

(a): A significant negative correlation (r = −0.464, P = 0.0393) between the relative abundance of the 

genus Parabacteroides and succinic acid was shown in the control group and IMQ group. (b): A 

significant positive correlation (r = 0.4981, P = 0.0254) between the relative abundance of the genus 

Staphylococcus and succinic acid was shown in the two groups. (c): A significant negative 

correlation (r = −0.485, P = 0.0302) between the relative abundance of the species Parabacteroides 

distasonis and succinic acid was shown in the two groups. (d): A significant positive correlation (r = 

0.4807, P = 0.0319) between the relative abundance of the species Staphylococcus lentus and 

succinic acid in the two groups. (e): A significant positive correlation (r = 0.4492, P = 0.0469) 

between the relative abundance of the species Lactobacillus intestinalis and succinic acid in the two 

groups. (f): There was a significant negative correlation (r = −0.5079, P = 0.0222) between the 

relative abundance of the genus Parabacteroides and lactic acid in the two groups. The values 

represent the mean ± S.E.M. (n = 10).  

 

Predictive functional metagenomes  

In gut microbiota, two pathways on KEGG level 2, including cardiovascular disease, 

and endocrine and metabolic disease were significantly different between the two 

groups (Figure 6). In skin microbiota, four pathways on KEGG level 3, including 
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sphingolipid signaling pathway, coronavirus disease (COVID-19), steroid degradation, 

and renin secretion were significantly different between the two groups (Figure 7).  

 

Figure 6. Relative abundance of KEGG pathways of functional categories in the gut 

microbiota  

Functional predictions of the gut microbiota between the control group and IMQ group. Significant 

differences of KEGG pathways at level 2 were detected using STAMP software based on the KEGG 

pathway database (www.kegg.jp/kegg1.html). *P < 0.05.  
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Figure 7. Relative abundance of KEGG pathways of functional categories in the skin 

microbiota  

Functional predictions of the skin microbiota between the control group and IMQ group. Significant 

differences of KEGG pathways at level 3 were detected using STAMP software based on the KEGG 

pathway database (www.kegg.jp/kegg1.html). *P < 0.05.  

 

Table 1. Levels of short-chain fatty acids (SCFAs) in the fecal samples. 

SCFAs (mg/g) Control IMQ Student's t-test 

Succinic acid 0.146 ± 0.020 0.335 ± 0.065 df= 18, t= -2.767, P= 0.013 

Lactic acid 1.141 ± 0.107 1.835 ± 0.289 df= 18, t= -2.252, P= 0.037 

Acetic acid 1.877 ± 0.341 1.750 ± 0.130 df= 18, t= 0.346, P= 0.733 

Propionic acid 0.299 ± 0.033 0.372 ± 0.027 df= 18, t= -1.704, P= 0.106 

n-butyric acid 0.865 ± 0.225 0.907 ± 0.209 df= 18, t= -0.137, P= 0.893 

The values are the mean ± SEM (n=10).  

Bold was statistically significant.  
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Discussion 

The major findings of this study were as follows. First, topical application of IMQ to 

skin caused psoriasis-like phenotypes in mice. Second, IMQ caused significant 

alterations in the alpha- and beta-diversity of the microbiota in the intestine and on the 

skin. The LEfSe algorithm of gut microbiota identified the species Lactobacillus 

intestinalis, Lactobacillus reuteri, and Bacteroides uniformis as potential gut microbial 

markers for the IMQ group. Furthermore, the LEfSe algorithm of skin microbiota 

identified the species Staphylococcus lentus as potential skin microbial marker for the 

IMQ group. Interestingly, correlations for several microbes between the intestine and 

the skin were observed, suggesting a role of skin–gut–microbiota in IMQ-treated mice. 

Third, levels of succinic acid and lactic acid in feces increased in the IMQ group 

compared to control group. Interestingly, we found that the levels of succinic acid (or 

lactic acid) were correlated with the relative abundance of several microbes in the fecal 

samples. Finally, the predictive functional analysis of the microbiota of gut and skin 

showed that IMQ caused alterations in several KEGG pathways. Taken all together, the 

present data show that topical treatment with IMQ alters the composition of the 

microbiota in the intestine and on the skin of host. 

At the species level, the three Lactobacillus microbes such as Lactobacillus 

intestinalis, Lactobacillus reuteri, and Lactobacillus taiwanensis were significantly 

higher in the intestine of IMQ-treated mice compared to control mice. A recent study 

showed that Lactobacillus intestinalis and Lactobacillus reuteri may be responsible for 

the depression-like behavior in mice after transplantation of “depression-related 

microbes” (40). The increased abundance of Lactobacillus intestinalis, Lactobacillus 

reuteri and Lactobacillus taiwanensis by IMQ treatment may contribute to the increased 

levels of lactic acid in the IMQ-treated mice since Lactobacilli ferment lactose into 

lactic acid (41). Collectively, it is likely that increased abundance of Lactobacillus 

bacteria may contribute to increased levels of lactic acid in the host gut although further 

detailed study is needed. Considering the beneficial actions of Lactobacillus reuteri on 

the host immune system (41,42), it seems that IMQ-induced increases in the abundance 

of bacteria might reflect a compensatory response in the host. There are many species of 

Lactobacillus which may have beneficial and harmful effects in the host (43). 
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Nonetheless, future studies are needed to investigate the mechanisms underpinning 

increases of these Lactobacillus bacteria in the intestine of IMQ-treated mice. 

Furthermore, we found significant differences for Bacteroides uniformis, 

Bacteroides acidifaciens, Bacteroides sartorii, Staphylococcus lentus and 

Parabacteroides distasonis in the intestine between the two groups. As far as we know, 

there are no reports showing alterations in these three Bacteroides bacteria in IMQ-

treated mice and patients with psoriasis. Pretreatment with the antibiotic metronidazole 

increased the abundance of Parabacteroides distasonis in the intestine of IMQ-treated 

mice (30). In contrast, Parabacteroides distasonis were significantly decreased in the 

patients with psoriasis (44).  

At the species level, we found many skin microbes which altered in the IMQ-

treated mice (Table S5). Importantly, the most abundant microbe on the skin from IMQ-

treated mice was Staphylococcus lentus, and the abundance of Staphylococcus lentus in 

the IMQ-treated mice were significantly higher than control mice (Table S5). 

Staphylococcus lentus are commensal bacterium colonizing the skin of animals and has 

been associated with infections in animals (45). It seems that high abundance of 

Staphylococcus lentus may play a role in IMQ-induced psoriasis-like symptoms in 

mice. However, the precise mechanisms underlying high abundance of Staphylococcus 

lentus on the skin of IMQ-treated mice are currently unclear. Further study is needed to 

examine the role of Staphylococcus lentus in psoriasis-like symptom of IMQ-treated 

mice. 

In this study, we found several microbes which altered in the both intestine and 

skin. Interestingly, we found significant correlations for Lactobacillus intestinalis, 

Lactobacillus reuteri, Lactobacillus taiwanensis, and Staphylococcus lentus between the 

intestine and the skin. To the best of our knowledge, this is the first report showing the 

correlations for microbes in both the intestine and the skin, supporting the skin–gut 

microbiota axis (46,47). From the current data, it is unclear whether changes in gut 

microbiota can affect skin microbiota or these two phenomena are independent. In this 

study, we found that topical treatment with IMQ caused increased volume of spleen 

through systemic inflammation, resulting in abnormal changes in the microbiota 

composition in the intestine and on the skin of mice. Although the precise mechanisms 
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underlying the association between the skin and the intestine remain unclear, the current 

data strongly suggest a role of skin–gut microbiota axis in IMQ-treated mice. Therefore, 

it is of great interest to investigate whether the composition of microbiota in the 

intestine and on the skin from patients with psoriasis is altered compared to healthy 

control subjects. 

Succinic acid is produced in large amounts during bacterial fermentation of 

dietary fiber, and it is considered as a key intermediate in the synthesis of propionic acid 

(48,49). Interestingly, germ-free mice have little or no detectable levels of succinic acid 

in feces compared to conventional mice, indicating that gut microbiota are the 

predominant source for succinic acid.  Higher levels of succinic acid may be related 

with high abundance of Bacteroides in fecal samples since succinic acid is produced by 

primary fermenters such as Bacteroides (49). It is also shown that elevated levels of 

succinic acid in the feces are associated with intestinal inflammation (48,49). 

Collectively, higher levels of succinic acid in the feces of IMQ-treated mice might be 

associated with intestinal inflammation although further study is needed.  

To understand the role of altered composition of microbiota in the intestine and 

skin of IMQ-treated mice, we examined the predictable function of the microbiota. The 

current data show that IMQ treatment may contribute to the altered metabolism (i.e., 

cardiovascular disease, and endocrine and metabolic disease) induced by gut 

microbiota. In addition, the current data show that IMQ treatment could produce the 

altered metabolism (i.e., sphingolipid signaling pathway, coronavirus disease – COVID-

19, steroid degradation, and renin secretion) induced by skin microbiota. It is 

noteworthy that we could detect the altered metabolism of endocrine disease in IMQ-

treated mice since the neuroendocrine system plays a role in the skin function (31,32).  

Furthermore, it is likely that gut microbiota is more complex than skin microbiota since 

we detected many pathways for gut microbiota compared to skin microbiota. Taken 

together, it is likely that these KEGG pathways provide a new functional view for 

understanding the gut and skin microbiota that contribute to psoriasis-like symptoms. 

Finally, this study has a potential limitation. A future study using antibiotic cocktail is 

needed to ascertain the correlation between skin microbiota and gut microbiota in IMQ-

treated mice.  
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In conclusion, this study shows that topical treatment with IMQ causes abnormal 

changes in the microbiota composition in the intestine and on the skin of adult mice, 

and that levels of succinic acid were associated with the relative abundance of several 

microbes.  Furthermore, we found correlations for several microbes between the 

intestine and the skin, suggesting a role of skin–gut microbiota in psoriasis. 

 

Materials and Methods 

Animals 

Female C57BL/6 mice (9 weeks old, weighing 18–21 g, n = 20, Japan SLC Inc., 

Hamamatsu, Shizuoka, Japan) were used. Mice were housed (5 per cage) under a 12-

h/12-h light/dark cycle (lights on between 07:00 and 19:00), with ad libitum access to 

food (CE-2; CLEA Japan, Inc., Tokyo, Japan) and water. The experimental protocol 

was approved by Chiba University Institutional Animal Care and Use Committee 

(Permission number: 2-433) (50). This study was carried out in strict accordance with 

the recommendations in the Guide for the Care and Use of Laboratory Animals of the 

National Institutes of Health, USA (50). This study was also carried out in compliance 

with the ARRIVE guidelines. All efforts were made to minimize animal suffering. 

Treatment of IMQ and collection of samples 

The shaved back skin of mice was treated with 62.5 mg of 5% IMQ cream (Beselna 

cream; Mochida Pharmaceutical Co., Tokyo, Japan) daily for 5 consecutive days. 

Control mice were treated similarly with 62.5 mg of white petrolatum (Maruishi 

Pharmaceutical Co., Osaka, Japan). Skin, fecal and spleen samples were collected on 

day 6. The clinical skin score was measured on day 1 and day 6. The degree of skin 

inflammation was scored by cumulative disease severity score, similar to the human 

Psoriasis Area and Severity Index, but not taking the area into account. Erythema, 

scaling, and thickening were scored independently from 0 to 4: 0, none; 1, slight; 2, 

moderate; 3, marked; 4, very marked. The single scores were summed, resulting in a 

theoretical maximal total score of 12 (27). 

Fresh fecal samples of mice were collected from 7:30 to 8:30 on day 6 to exclude 

any circadian effects on the microbes. The fecal samples were placed into sterilized 

screw-cap microtubes immediately after defecation, and they were frozen in liquid-
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nitrogen immediately. The samples were stored at −80°C until use (51).  

Skin swabs from the shaved back skin of IMQ-treated mice or control mice were 

put into extraction tube containing a solution (0.15 M NaCl and 0.1% Tween20) and 

rotated for at least 20 times. After squeezing as much liquid as possible from the swab 

by pushing the swabs against the sides of the tubes, the tubes were stored at −80°C until 

analysis.  

Histology 

Back skin samples from control and IMQ-treated groups were collected and fixed in 

10% formalin (FUJIFILM Wako Pure Chemical Corp.). Staining with hematoxylin and 

eosin (HE) was performed at Biopathology Institute Co., Ltd (Kunisaki, Oita, Japan). 

Back skin samples were embedded in paraffin, and sections of 3 μm were prepared and 

subjected to HE staining. Representative images of two groups were obtained using a 

Keyence BZ-9000 Generation II microscope (Osaka, Japan) 

16S rRNA analysis 

The DNA extractions from the fecal and skin samples and 16S rRNA sequencing analyses 

were performed by MyMetagenome Co., Ltd. (Tokyo, Japan), as reported previously 

(40,50,51,52). DNA extraction from mouse samples and purification were performed 

according to the method of the previous report (53,54). The 16S rRNA analysis of 

samples was performed as previously reported (53,54). Briefly, PCR was performed 

using 27Fmod 5′-AGRGTTTGATYMTGGCTCAG-3′ and 338R 5′-

TGCTGCCTCCCGTAGGAGT-3′ to amplify the V1–V2 region of the bacterial 16S 

rRNA gene. The 16S amplicons were then sequenced using MiSeq according to the 

Illumina protocol. Taxonomic assignment of OTUs was made by similarity searches 

against the Ribosomal Database Project and the National Center for Biotechnology 

Information genome database using the GLSEARCH program. 

Alpha diversity was used to analyze the species diversity, composed of richness 

and evenness, within a sample through three indices including the observed OTU, ACE, 

and Shannon indices (55). Beta diversity was used to measure differences of species 

diversity among samples, including PCA, PCoA with ANOSIM. Differences in bacterial 

taxa between groups at the species or higher level (depending on the taxon annotation) 

were calculated based on linear discriminant analysis (LDA) effect size (LEfSe) using 
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LEfSe software (LDA score > 4.0, P < 0.05) (https://www.omicstudio.cn/tool/) (56). 

Prediction of functional profiles of gut microbiota using PICRUSt 

Using the 16S rRNA gene sequencing data and KEGG (Kyoto Encyclopedia of Genes 

and Genome) orthology (http://www.kegg.jp/kegg1.html) (57), we performed PICRUSt 

(Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) 

analysis and STAMP (Statistical Analysis of Metagenomic Profiles) software v2.1.3 

(http://kiwi.cs.dal.ca/Software/STAMP) for the functional prediction of microbiota in the 

intestine and skin (55,58,59). 

Measurement of short-chain fatty acid (SCFA) levels 

Concentrations of SCFAs (i.e., acetic acid, propionic acid, butyric acid, lactic acid, 

succinic acid) in fecal samples were measured at TechnoSuruga Laboratory, Co., Ltd. 

(Shizuoka, Japan), as reported previously (50,51,55,60). The data of SCFAs were shown 

as milligrams per gram of feces. 

Statistical analysis 

Data are shown as the mean ± standard error of the mean (SEM). Alpha-diversity of the 

gut and skin microbiota were analyzed using Mann-Whitney U-test. Analysis of beta-

diversity of the gut and skin microbiota including PCA of OTU level and PCoA of 

weighted UniFrac distances were performed based on ANOSIM by R package vegan 

(2.5.4) (https://CRAN.R-project.org/package=vegan) (61). Data for SCFA levels were 

analyzed using Student t-test. Correlations between SCFAs and the relative bacterial 

abundance were analyzed using Spearman’s correlation analysis. Correlations between 

the relative abundance of bacteria in the skin and intestine were also analyzed using 

Spearman’s correlation analysis. P < 0.05 was considered statistically significant.  

 

  

http://www.kegg.jp/kegg1.html
https://cran.r-project.org/package=vegan
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Supplemental Information 

 

 

Figure S1. The composition in the gut microbiota at the levels of phylum 

The relative abundances of gut microbiome at phylum level in fecal samples of the control and IMQ 

groups. There were no changes for microbes between the two groups. 

 

 

Figure S2. The composition in the gut microbiota at the levels of genus 

The relative abundances of gut microbiome at genus level in fecal samples of the control and IMQ 

groups. There were significantly (P < 0.001) changes for Parabacteroides, Staphylococcus, and 

Alistipes between the two groups (Table S1). 
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Figure S3. The composition in the gut microbiota at the levels of species 

The relative abundances of gut microbiome at species level in fecal samples of the control and IMQ 

groups. There were significantly changes for several microbiome between the two groups (Table 

S2). 

 

 

 

Figure S4. The composition in the skin bacteria at the levels of phylum 

The relative abundances of skin microbiome at phylum level in skin samples of the control and IMQ 

groups. There were significantly (P < 0.001) changes for Firmicutes, Proteobacteria, Cyanobacteria, 

Actinobacteria and Bacteroidetes between the two groups (Table S3). 
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Figure S5. The composition in the skin microbiota at the levels of genus 

The relative abundances of skin microbiome at genus level in skin samples of the control and IMQ 

groups. There were significantly changes for sixteen microbes between the two groups (Table S4). 
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Figure S6. The composition in the skin microbiota at the levels of species 

The relative abundances of skin microbiome at species level in skin samples of the control and IMQ 

groups. There were significantly changes for fourteen microbes between the two groups (Table S5). 
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Table S1. The gut bacteria that significantly differ between control and IMQ groups at the 

genus level.  

Genus Relative abundance in 

Control (%) 

Relative abundance 

in IMQ (%) 

Mann-Whitney U 

test 

Bacteroides 2.012 ± 0.627 6.429 ± 2.188 U= 81, P= 0.019 

Parabacteroides 0.689 ± 0.131 0.040 ± 0.014 U= 0, P= 0.000 

Staphylococcus 0.017 ± 0.005 0.081 ± 0.017 U= 93, P= 0.000 

Faecalimonas 0.028 ± 0.006 0.010 ± 0.003 U= 21, P= 0.029 

Alistipes 0.030 ± 0.008 0.001 ± 0.001 U= 6, P= 0.000 

The values are the mean ± SEM (n=10).  

 

Table S2. The gut bacteria that significantly differ between control and IMQ groups at the 

species level.  

Species Relative abundance in 

Control (%) 

Relative abundance in 

IMQ (%) 

Mann-Whitney 

U test 

Lactobacillus murinus 30.099 ± 4.761 10.354 ± 2.291 U= 12, P= 0.003 

Lactobacillus 

intestinalis 

2.700 ± 0.802 17.062 ± 3.457 U= 93, P= 0.000 

Lactobacillus reuteri 2.139 ± 0.480 7.020 ± 1.166 U= 86, P= 0.005 

Lactobacillus 

taiwanensis 

1.324 ± 0.274 2.960 ± 0.402 U= 86, P= 0.005 

Bacteroides uniformis 0.760 ± 0.286 3.460 ± 1.379 U= 79, P= 0.029 

Bacteroides 

acidifaciens 

0.980 ± 0.336 2.531 ± 0.711 U= 83, P= 0.011 

Bacteroides sartorii 0.105 ± 0.019 0.009 ± 0.004 U= 3.5, P= 0.000 

Staphylococcus lentus 0.003 ± 0.002 0.079 ± 0.017 U= 100,  

P= 0.000 

Parabacteroides 

distasonis 

0.047 ± 0.014 0.001 ± 0.001 U= 6.5, P= 0.000 

The values are the mean ± SEM (n=10).  

 

Table S3. The skin bacteria that significantly differ between control and IMQ groups at 

the phylum.  

Phylum Relative abundance in 

Control (%) 

Relative abundance in 

IMQ (%) 

Mann-Whitney 

U test 

Firmicutes 83.270 ± 5.256 99.242 ± 0.477 U= 99, P= 0.000 

Proteobacteria 9.636 ± 5.037 0.137 ± 0.073 U= 1, P= 0.000 

Cyanobacteria 4.498 ± 0.884 0.432 ± 0.333 U= 3.5, P= 0.000 

Actinobacteria 1.520 ± 0.138 0.065 ± 0.029 U= 0, P= 0.000 

Bacteroidetes 1.048 ± 0.267 0.122 ± 0.051 U= 5, P= 0.000 

The values are the mean ± SEM (n=10).  
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Table S4. The skin bacteria that significantly differ between control and IMQ groups at the 

genus level.  

Genus Relative abundance in 

Control (%) 

Relative abundance in 

IMQ (%) 

Mann-Whitney 

U test 

Staphylococcus 16.200 ± 1.551 98.513 ± 0.914 U= 100,  

P= 0.000 

Lactobacillus 46.420 ± 4.652 0.413 ± 0.287 U= 0, P= 0.000 

Jeotgalicoccus 2.011 ± 0.331 0.038 ± 0.034 U= 0, P= 0.000 

Atopostipes 1.637 ± 0.187 0.044 ± 0.040 U= 0, P= 0.000 

Turicibacter 1.299 ± 0.373 0.009 ± 0.006 U= 0, P= 0.000 

Corynebacterium 0.808 ± 0.102 0.020 ± 0.018 U= 0, P= 0.000 

Enterococcus 0.326 ± 0.115 0.016 ± 0.009 U= 3.5,  

P= 0.000 

Clostridium 0.351 ± 0.079 0.004 ± 0.002 U= 0, P= 0.000 

Faecalicatena 0.263 ± 0.049 0.001 ± 0.001 U= 0, P= 0.000 

Sphingomonas 0.030 ± 0.008 0.000 ± 0.000 U= 5, P= 0.000 

Enterorhabdus 0.144 ± 0.023 0.001 ± 0.001 U= 0, P= 0.000 

Acinetobacter 0.069 ± 0.015 0.002 ± 0.002 U= 1, P= 0.000 

Sporosarcina 0.106 ± 0.024 0.002 ± 0.002 U= 1, P= 0.000 

Acutalibacter 0.053 ± 0.011 0.000 ± 0.000 U= 0, P= 0.000 

Parvibacter 0.044 ± 0.008 0.000 ± 0.000 U= 5, P= 0.000 

Adlercreutzia 0.042 ± 0.011 0.000 ± 0.000 U= 5, P= 0.000 

The values are the mean ± SEM (n=10).  

 

Table S5. The skin bacteria that significantly differ between control and IMQ groups at 

the species level.  

Species Relative abundance in 

Control (%) 

Relative abundance 

in IMQ (%) 

Mann-Whitney 

U test 

Staphylococcus lentus 7.138 ± 0.869 93.547 ± 1.534 U= 100,  

P= 0.000 

Lactobacillus murinus 25.643 ± 2.708 0.191 ± 0.124 U= 0, P= 0.000 

Lactobacillus intestinalis 9.621 ± 1.180 0.118 ± 0.092 U= 0, P= 0.000 

Lactobacillus reuteri 6.543 ± 0.693 0.046 ± 0.035 U= 0, P= 0.000 

Lactobacillus taiwanensis 4.021 ± 0.326 0.044 ± 0.032 U= 0, P= 0.000 

Turicibacter sanguinis 1.299 ± 0.373 0.009 ± 0.006 U= 0, P= 0.000 

Corynebacterium 

ammoniagenes 

0.791 ± 0.103 0.020 ± 0.018 U= 0, P= 0.000 

Atopostipes suicloacalis 0.549 ± 0.066 0.002 ± 0.001 U= 0, P= 0.000 

Clostridium disporicum 0.348 ± 0.078 0.002 ± 0.001 U= 0, P= 0.000 

Enterococcus faecalis 0.068 ± 0.019 0.001 ± 0.001 U= 0, P= 0.000 

Enterorhabdus 

caecimuris 

0.058 ± 0.012 0.001 ± 0.001 U= 0, P= 0.000 

Parvibacter caecicola 0.044 ± 0.008 0.000 ± 0.000 U= 5, P= 0.000 

Adlercreutzia muris 0.042 ± 0.011 0.000 ± 0.000 U= 5, P= 0.000 

Acutalibacter muris 0.035 ± 0.010 0.000 ± 0.000 U= 5, P= 0.000 

The values are the mean ± SEM (n=10).  
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Part-2 

Effects of splenectomy on skin inflammation and psoriasis-like phenotype of 

imiquimod-treated mice 

 

Abstract 

Imiquimod (IMQ) is widely used as animal model of psoriasis, a chronic inflammatory 

skin disorder. Although topical application of IMQ to back skin causes splenomegaly in 

mice, how the spleen affects the psoriasis-like phenotype of IMQ-treated mice remains 

unclear. In this study, we analyzed the cellular composition of spleen and measured 

metabolites in blood of IMQ-treated mice. We also investigated whether splenectomy 

influences the degree of skin inflammation and pathology in IMQ-treated mice. Flow 

cytometry showed that the numbers of CD11b+Ly6c+ neutrophils, Ter119+ 

proerythroblasts, B220+ B cells, F4/80+ macrophages, and CD11c+ dendritic cells in the 

spleen were significantly higher in IMQ-treated mice compared to control mice. An 

untargeted metabolomics analysis of blood identified 14 metabolites, including taurine 

and 2,6-dihydroxybenzoic acid, whose levels distinguished the two groups. The 

composition of cells in the spleen and blood metabolites positively correlated with the 

weight of the spleen. However, splenectomy did not affect IMQ-induced psoriasis-like 

phenotypes compared with sham-operated mice, although splenectomy increased the 

expression of interleukin-17A mRNA in the skin of IMQ-treated mice. These data 

suggest that the spleen does not play a direct role in the development of psoriasis-like 

phenotype on skin of IMQ-treated mice, though IMQ causes splenomegaly. 

 

Keywords: Imiquimod; Splenectomy; Metabolomics analysis; Flow Cytometry; 

Psoriasis   
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Introduction 

Psoriasis is an autoimmune disease that causes raised plaques and scaly patches on the 

skin. Yet psoriasis-induced inflammation could harm other organs: patients with 

psoriasis have a high risk for systemic comorbidities, including psoriatic arthritis, 

inflammatory bowel diseases, obesity, diabetes, and cardiovascular diseases. For 

example, approximately 30% of patients with psoriasis develop psoriatic arthritis (1). 

Data from immunological and genetic studies suggest that interleukin-17 (IL-17) and 

IL-23 govern crosstalk between the innate and adaptive immune systems in a feed-

forward amplification of psoriasis inflammation (2-4). Although excessive activation of 

the immune system plays a crucial role in the pathogenesis of psoriasis, the precise 

mechanisms underlying this disease remain elusive (2-8). 

Imiquimod (IMQ), a Toll-like receptor 7 agonist, has been used as a rodent model 

of psoriasis (9,10). It is also suggested that the skin serves as a peripheral 

neuroendocrine tissue (11,12). Topical application of IMQ to back skin causes 

splenomegaly in rodents (9, 13-17). Given the key role of immune system in the spleen 

(18-21), the spleen may play a role in psoriasis-like skin inflammation of IMQ-treated 

mice by modulating the immune system. However, how the spleen and splenectomy 

contribute to the psoriasis-like phenotype of IMQ-treated mice is unknown. 

The present study investigated how the spleen impacts the psoriasis-like 

phenotype of IMQ-treated mice. First, we analyzed the cellular composition in the 

spleen of control and IMQ-treated mice by using flow cytometry. Then we examined 

correlations between spleen weight and cellular composition in the spleen. Second, we 

performed non-targeted metabolome analysis of blood samples from the two groups and 

examined correlations between spleen weight and blood metabolites. Finally, we 

determined whether splenectomy could affect psoriasis-like phenotype and skin 

inflammation in IMQ-treated mice. 

 

Results 

Effects of IMQ on weight and cell populations of spleen 

Topical application of IMQ caused significantly increased spleen weight in IMQ-treated 

mice compared to control mice (Figure 1A and 1B), consistent with our previous report  
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Figure 1. Effects of IMQ on weight and cell populations of spleen 

(A): Spleen weight (Student t-test: df = 14, t = -9.017, P = 0.000). (B): The photos of spleen from the 

control group and IMQ group. (C): FACS analysis of spleen samples from the two groups. Log2 

transformed data of the number of total cells and each cell type. Total cells (Mann- Whitney test: U = 

7, FDR-corrected P = 0.0079), CD11b+Ly6c+ neutrophils (Mann- Whitney test: U = 0, FDR-corrected 

P = 0.0005), Ter119+ proerythroblasts (Mann- Whitney test: U = 0, FDR-corrected P = 0.0006), B220+ 

B cells (Mann- Whitney test: U = 8, FDR-corrected P = 0.0105), CD3+ T cells (Mann- Whitney test: 

U = 19, FDR-corrected P = 0.2073), CD4+ T cells (Mann- Whitney test: U = 22, FDR-corrected P = 

0.2073), CD8+ T cells (Mann- Whitney test: U = 19, FDR-corrected P = 0.1605), N.K1.1+ NK cells 

(Mann- Whitney test: U = 22.5, FDR-corrected P = 0.2073), F4/80+ macrophages (Mann- Whitney 

test: U = 0, FDR-corrected P = 0.0005), CD11c+ DCs (Mann- Whitney test: U = 1, FDR-corrected P = 

0.0009). Data are shown as mean ± SEM (n = 8). One data of Ter119+ proerythroblasts and CD11c+ 

DCs in the control group and one data of CD3+ T cells in the IMQ group were missing because of 

technical problems.   #P (FDR-corrected) < 0.05, ##P (FDR-corrected) < 0.01, ###P (FDR-corrected) < 

0.001. NS: not significant. (D): The representative FACS data of CD11b+Ly6c+ neutrophils, 

Ter119+proerythroblasts, F4/80+ macrophages, and CD11c+ DCs in the spleen of control mice and 

IMQ-treated mice. 
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Figure 2. Correlations between the number of total splenic cells (or spleen weight) and the 

number of the splenic cell types 

(A): The correlations between the number of total splenic cells and the number of the splenic cell 

types whose amount significantly increased in IMQ group. (B): The correlations between the weight 

of spleen and the number of the splenic cell types whose amount significantly increased in IMQ 

group. The values represent the mean ± SEM (n = 8). 

 

(22). The number of total cells of IMQ-treated mice was also significantly higher than 

those of control mice (Figure 1C). Spleen cells were analyzed for the percentage and the 

number of CD11b+Ly6c+ neutrophils, Ter119+ proerythroblasts, B220+ B cells, CD3+T 

cells, CD4+ T cells, CD8+ T cells, NK1.1+ natural killer (NK) cells, F4/80+ macrophages, 

and CD11c+ dendritic cells (DCs). The number of neutrophils, proerythroblasts, B cells, 

macrophages, and DCs in the spleen of IMQ-treated mice was significantly higher than 
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those of control mice (Figure 1C and 1D). In contrast, there were no differences in the 

number of T cells (CD3+, CD4+, and CD8+) and NK cells (Figure 1C). 

The total number of cells in the spleen positively correlated with the cell types (i.e., 

neutrophils, proerythroblasts, B cells, macrophages, and DCs) in the two groups (Figure 

2A). Moreover, the weight of spleen positively correlated with the cell types (i.e., 

neutrophils, proerythroblasts, B cells, macrophages, and DCs) in the two groups (Figure 

2B). 

 

Non-targeted metabolomic profiling of plasma 

We performed non-targeted metabolomic profiling of plasma samples from IMQ-treated 

mice and control mice. After quality control and removal of low-abundance peaks, a 

subset of 173 metabolites was annotated. Orthogonal partial least squares discriminant 

analysis (OPLS-DA) revealed that the metabolic composition of IMQ group was 

significantly different from that of the control group (Figure 3A). After thresholding 

(variable importance in the projection [VIP] value > 0.6, Wilcoxon rank p-value < 0.05), 

we identified 14 metabolites altered between the two groups (Figure 3B). Among the 14 

metabolites, taurine and 2,6-dihydroxybenzoic acid had VIP > 1.0 (Figure 3C). The 

fourteen metabolites that increased in the IMQ group were taurine, 2,6-dihydroxybenzoic 

acid, L-phenylalanine, 9-hydroxy-10E,12Z-octadecadienoic acid, decyl acetate, DL-

malic acid, catechol, N-methylhydantoin, L-proline, propynoic acid, 3-ureidopropionic 

acid, N,N,N-trimethyl-lysine, L-cysteine-glutathione disulfide, and acetic acid (Figure 

3D). 

Associations between spleen cells, spleen weight, and plasma metabolites 

Spearman correlation analysis was used to quantify the correlations between the spleen 

cell types, spleen weight, and the fourteen differential metabolites of plasma. Several cell 

types and spleen weight were significantly correlated with the plasma metabolites in the 

two groups (Figure 4A). The cell types such as total cells, neutrophils, and macrophages 

were positively associated with plasma metabolites except N,N,N-trimethyl-lysine. The 

other cell types (B cells, proerythroblasts, and DCs) were positively associated with 

several metabolites. Spleen weight was also positively associated with plasma 

metabolites except N,N,N-trimethyl-lysine (Figure 4A). 
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Figure 3. Effects of IMQ on metabolites of plasma 

(A): Scatter plot of murine plasma metabolites based on orthogonal partial least square discriminant 

analysis (OPLS-DA) between IMQ group and control group. (B): Volcano plot shows the differential 

metabolites between the two groups. The X-axis indicates the log2-transformed plasma metabolite 

abundance of fold change, and the Y-axis indicates the -log10-transformed P value using the Wilcoxon 

rank sum test. Horizontal lines indicate P < 0.05. Increased or decreased metabolites are marked in red 

and blue, respectively. The size of the dot represents the size of the VIP value. Metabolites with P < 

0.05 and VIP > 0.6 are mentioned in text. (C): VIP value of the differential metabolites between the 

two groups. (D): Log2 transformed data of the abundance of the differential plasma metabolites. 2,6-

dihydroxybenzoic acid (Mann- Whitney test: U = 7, FDR-corrected P = 0.0047), 3-ureidopropionic 

acid (Mann- Whitney test: U = 12, FDR-corrected P = 0.0177), 9-hydroxy-10E,12Z-octadecadienoic 

acid (Mann- Whitney test: U = 1, FDR-corrected P = 0.0009), acetic acid (Mann- Whitney test: U = 

13, FDR-corrected P = 0.0216), catechol (Mann- Whitney test: U = 3, FDR-corrected P = 0.0016), 

decyl acetate (Mann- Whitney test: U = 2, FDR-corrected P = 0.0013), DL-malic acid (Mann- Whitney 

test: U = 6, FDR-corrected P = 0.0035), L-cysteine-glutathione disulfide (Mann- Whitney test: U = 4, 

FDR-corrected P = 0.0023), L-phenylalanine (Mann- Whitney test: U = 5, FDR-corrected P = 0.0026), 

L-proline (Mann- Whitney test: U = 0, FDR-corrected P = 0.0009), N,N,N-trimethyl-lysine (Mann- 

Whitney test: U = 12, FDR-corrected P = 0.0177), N-methylhydantoin (Mann- Whitney test: U = 10, 

FDR-corrected P = 0.0114), propynoic acid (Mann- Whitney test: U = 9, FDR-corrected P = 0.0089), 

taurine (Mann- Whitney test: U = 5, FDR-corrected P = 0.0026). Data are shown as mean ± SEM (n 

= 8). #P (FDR-corrected) < 0.05, ##P (FDR-corrected) < 0.01, ###P (FDR-corrected) < 0.001. 

 

Spearman correlation was also used to determine if IMQ-related cell types in the spleen 

and plasma metabolites contribute to splenomegaly. The cell types in the spleen and 

plasma metabolites differentially abundant in the two groups showed more associations 

with spleen weight (Figure 4B). Interestingly, neutrophils in the spleen were positively 

correlated with spleen weight and plasma metabolites (Figure 4B). 

Effect of splenectomy on skin inflammation and body weight changes in IMQ-

treated mice 

Topical application of IMQ induced psoriasis-like dermatitis in both sham group and 

splenectomy group (Figure 5A). Representative hematoxylin and eosin staining of the 

back skin showed acanthosis and parakeratosis with microabscess in the two groups  
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Figure 4. Associations among spleen cell types, spleen weight and the metabolites of plasma 

samples 

(A): Heatmap of Spearman rank correlation coefficients between counts of splenic cell types or 

spleen weight and the metabolites of plasma samples. *P < 0.05 and FDR-corrected P > 0.05, #P 

(FDR-corrected) < 0.05, ##P (FDR-corrected) < 0.01, ###P (FDR-corrected) < 0.001, ####P (FDR-

corrected) < 0.0001. (B): Correlation network analysis reveals the associations among counts of 

spleen cell types, spleen weight and the plasma metabolites. Each node shape represents spleen cell 

types, spleen weight or plasma metabolites, respectively. The pink lines connecting the nodes 

indicate positive correlation and the line weight indicates spearman correlation coefficient. We 

created the network using Cytoscape software 3.8.0. (https:cytoscape.org). 

 

(Figure. 5B). The cumulative scores of the sham-IMQ group and splenectomy-IMQ 

group were not significantly different (Figure 5C). 

Next, we measured the gene expression levels of IL-17A and IL-23A in the skin. 

The mRNA levels of IL-17A and IL-23A in the IMQ group were higher than those of the 

control group (Figure 5D). Expression of IL-17A mRNA in the splenectomy-IMQ group 

was significantly higher than that of sham-IMQ group, whereas the expression of IL-23A 

mRNA was not different between the sham-IMQ group and splenectomy-IMQ group 

(Figure 5D). There were also no changes in the body weight between sham group and 

splenectomy group in both of IMQ group and control group (Figure 5E). 

 

Discussion 

This is the first study to show how the spleen contributes to psoriasis-like phenotypes in 

IMQ-treated mice. Indeed, topical application of IMQ significantly increased infiltration 

of immune cells such as neutrophils, DCs, macrophages, and B cells in the spleen, 

which agrees with previous studies. These cell types correlated with spleen weight, 

which also correlated with higher levels of 14 metabolites in the plasma of IMQ-treated 

mice; taurine and 2,6-dihydroxybenzoic acid had especially high VIP values. These 

metabolites likely contribute to splenomegaly upon IMQ application. Finally, we 

showed that splenectomy does not affect a psoriasis-like phenotype on the skin of IMQ-

treated mice but could potentiate IMQ-induced increases in IL-17A mRNA in the skin. 
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Figure 5. Effect of splenectomy on the skin inflammation and body weight changes in IMQ-

treated mice 

(A): Mice were treated topically with 5% IMQ cream or control cream on the shaved back for four 

days two weeks after sham or splenectomy. The representative photos of back skin from the four 

groups. (B): HE staining of the back skin. Scale bar = 50 μm. (C): Cumulative skin scores from day 

15 to day 19. Day 15 (Kruskal-Wallis test: H = 0.000, P = 1.000), day 16 (Kruskal-Wallis test: H = 

17.792, P = 0.000), day 17 (Kruskal-Wallis test: H = 22.840, P = 0.000), day 18 (Kruskal-Wallis test: 

H = 23.619, P = 0.000), day 19 (Kruskal-Wallis test: H = 23.459, P = 0.000). Scores of sham + 

control group and splenectomy + control group are 0 from D15 to D19.  (D): Relative mRNA 

expression levels of IL-17A and IL23-A in murine back skin. IL-17A mRNA (Kruskal-Wallis test: H 

= 23.332, P = 0.000), IL-23A mRNA (Kruskal-Wallis test: H = 19.302, P = 0.000). *P <0.05, **P 

<0.01, ***P <0.001. (E): Change of body weight. Day 1 (Kruskal-Wallis test: H = 0.000, P = 1.000), 

day 8 (Kruskal-Wallis test: H = 7.641, P = 0.054), day 15 (Kruskal-Wallis test: H = 2.022, P = 

0.568), day 16 (Kruskal-Wallis test: H = 10.921, P = 0.012), day 17 (Kruskal-Wallis test: H = 

20.213, P = 0.000), day 18 (Kruskal-Wallis test: H = 21.758, P = 0.000), day 19 (Kruskal-Wallis test: 

H = 20.287, P = 0.000). The values represent the mean ± SEM. (n = 6 or 8). NS: not significant. SPL: 

Splenectomy. 

 

Neutrophils, proerythroblasts, B cells, macrophages, and DCs significantly 

enlarged the IMQ-treated spleen; their cell compartments positively correlated with 

spleen weight. Interestingly, the percentage of B cells in the spleen did not change 

between the control group and IMQ-treated group. Previously, percentages of 

macrophages and DCs increased and the percentage of T cells (both CD4+ and CD8+) 

decreased in an IMQ-treated group (9), consistent with the current data. Topical 

treatment with IMQ likely induces inflammation, and increased numbers of immune 

cells cause splenomegaly. 

The longitudinal diameter of the spleen and the duration of psoriasis were 

correlated in a previous study of 79 psoriatic patients (23), suggesting that increased 

diameter of the spleen in psoriatic patients with long-term illness is related to chronic 

inflammation. Future clinical studies are needed to confirm the role of spleen in the 

pathogenesis of psoriasis (24). 

Non-targeted metabolomics profiling identified 14 metabolites whose levels were 

significantly different between the IMQ-treated group and the control group. Taurine 

and 2,6-dihydroxybenzoic acid had the highest VIP values, indicating that they 
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contributed the most to the separation between groups. Taurine plays an important role 

in inflammation associated with oxidative stress (25,26) and may play a pathological 

role in psoriasis given its higher levels in blood from patients with psoriasis when 

compared to healthy controls (27). Taurine reduced blood levels of IL-6 in patients with 

traumatic brain injury in a recent randomized double-blind controlled trial (28). 

Taurine's anti-inflammatory actions (25,26) in the blood of IMQ-treated mice may 

compensate for IMQ-induced inflammation in the body. Further studies should explore 

how taurine affects spleen size in IMQ-treated mice. The function of 2,6-

dihydroxybenzoic acid remains unclear but is likely anti-inflammatory (29). Higher 

levels of 2,6-dihydroxybenzoic acid in the blood of IMQ-treated mice may also 

compensate for IMQ-induced inflammation in the body. These metabolites should be 

targeted in future studies on splenomegaly of IMQ-treated mice. 

Spleen enlargement is linked to systemic inflammation (30). For example, we 

reported splenomegaly in mice treated with lipopolysaccharide (LPS), and there were 

positive correlations between spleen weight and blood levels of pro-inflammatory 

cytokines (i.e., IL-6, tumor necrosis factor-α) (31-33). A chronic social defeat stress 

(CSDS) model revealed that the spleen weight of susceptible mice with depression-like 

behaviors was higher than that of control mice and CSDS-resilient mice (34). 

Collectively, it is likely that LPS- (or CSDS)-induced splenomegaly is associated with 

systemic inflammation (31-36). 

Considering the spleen's key role in the immune system (18-21), we investigated 

how splenectomy affects psoriasis-like pathology and skin inflammation of IMQ-treated 

mice. Unexpectedly, splenectomy did not change the psoriasis-like phenotype in IMQ-

treated mice. However, we found that splenectomy significantly enhanced IL-17A 

mRNA in the skin of IMQ-treated mice compared to sham-operated mice. The spleen 

may not directly impact the psoriasis-like phenotype of IMQ-treated mice, but it does 

cause splenomegaly. 

This study has one limitation. In this study, we used 5% IMQ cream (Beselna 

cream). The full list of excipients is isostearic acid, benzyl alcohol, cetyl alcohol, stearyl 

alcohol, white soft paraffin, polysorbate 60, sorbitan stearate, glycerol, methyl 

hydroxybenzoate, propyl hydroxybenzoate, xanthan gum, and purified water. Walter et 
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al. (37) reported that isostearic acid, a major component, could promote inflammasome 

activation in cultured keratinocytes, and that it increased the expression of inflammatory 

cytokines in vivo. These data suggest that isostearic acid may contribute to the observed 

effects of Beselna cream used in this study (37,38). In this study, we did not examine 

the effects of isosteatic acid on spleen function since the company did not disclose the 

detailed information of excipients including isostearic acid. Further study is needed to 

investigate the effects of isostearic acid on spleen functions.   

In conclusion, this study highlighted the key role of the spleen in chronic 

inflammation of IMQ-treated mice. The numbers of neutrophils, proerythroblasts, B 

cells, macrophages, and DCs in the spleen significantly increased, which correlated with 

higher spleen weight. Metabolomics profiling also revealed metabolites whose roles in 

psoriasis pathogenesis can be studied further. However, splenectomy did not affect 

psoriasis-like phenotypes in IMQ-treated mice. Although the spleen may not play a 

major role in psoriasis-like phenotypes in IMQ-treated mice, topical application of IMQ 

to back skin causes splenomegaly. 

 

Materials and Methods 

Animals 

Nine-week-old female C57BL/6 mice (weighing 18–21 g, n = 16, Japan SLC Inc., 

Hamamatsu, Shizuoka, Japan) were used in Experiment 1. Seven-week-old female 

C57BL/6 mice (weighing 18–21 g, n = 28, Japan SLC Inc., Hamamatsu, Shizuoka, 

Japan) were used in Experiment 2. Mice were housed (3–4 per cage) under a 12-h/12-h 

light/dark cycle (lights on between 07:00 and 19:00), with ad libitum access to food 

(CE-2; CLEA Japan, Inc., Tokyo, Japan) and water. The experimental protocol was 

approved by the Chiba University Institutional Animal Care and Use Committee 

(Permission number: 2-433). All procedures were performed in accordance with the 

relevant guidelines and regulations, and the study complied with ARRIVE (Animal 

Research: Reporting of In Vivo Experiments) guidelines. All efforts were made to 

minimize animal suffering (22). 

IMQ treatment 

The shaved back skin of mice was treated with 62.5 mg of 5% IMQ cream (Beselna 
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cream; Mochida Pharmaceutical Co., Tokyo, Japan) daily for four consecutive days as 

previously described (22). Control mice were treated similarly with 62.5 mg of white 

petrolatum (Maruishi Pharmaceutical Co., Osaka, Japan). 

Splenectomy 

Splenectomy (or sham) surgery was performed under continuous isoflurane inhalation 

anesthesia as previously described (39). Briefly, the mice were anesthetized with 3% 

isoflurane through an inhalation anesthesia apparatus (KN-1071NARCOBIT-E; 

Natsume Seisakusho, Tokyo, Japan). In the splenectomy group, each mouse was 

maintained in a right lateral recumbent position, and an approximately 1-cm incision 

was made from the abdominal wall under the left costal margin. The skin was dissected, 

and subcutaneous, muscle, and fascia layers were removed individually until the spleen 

was exposed. The peripheral ligament of the spleen was separated, associated blood 

vessels and nerves were ligatured using 6-0 silk sutures, and the spleen was removed by 

transecting the blood vessels distal to the ligature. Abdominal muscles and the skin 

incision were closed sequentially using 4-0 silk sutures. The abdominal wall was 

similarly opened during sham surgery, and the wall was closed immediately after 

identifying the spleen (39). In this study, we did not use opioid and/or non-steroidal 

anti-inflammatory drugs for pain management after surgery. 

Sample collection 

Experiment 1: After IMQ treatment for four consecutive days, the skin, spleen, and 

blood samples were collected on day 5.  

Experiment 2: Splenectomy or sham was carried out on day 1. Mice were treated with 

IMQ from day 15 to day 18, and skin samples were collected on day 19. The clinical 

skin score was measured from day 15 to day 19. The degree of skin inflammation was 

assessed with a cumulative disease severity score, similar to the human Psoriasis Area 

and Severity Index but without considering the area. Erythema, scaling, and thickening 

were scored independently from 0 to 4: 0, none; 1, slight; 2, moderate; 3, marked; 4, 

very marked. The single scores were summed; the highest possible score is 12 (9). 

Fluorescence activated cell sorting analysis of spleen samples 

Mouse spleen tissues were mashed and passed through a 100-μm mesh to prepare a 

single cell suspension and treated with lysis buffer (0.155 M ammonium chloride, 0.1M 
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disodium EDTA, 0.01M potassium bicarbonate) to lyse erythrocytes. Spleen cells were 

suspended and counted using an automated cell counter (BIO-RAD, Alfred Nobel 

Drive, CA) prior to fluorescence activated cell sorting (FACS) analysis. We stained 106 

cells with various monoclonal antibodies against cell surface antigens for 30 min at 4 °C 

and then washed them with an FACS buffer [3% fetal calf serum (FCS), 0.04% NaN3 in 

phosphate-buffered saline]. Cells were resuspended with 0.4 μg/ml propidium iodine 

(cat# P-170: Sigma) containing FACS buffer. The following antibodies were used: anti 

CD11b-PE (×400 diluted using FACS buffer, cat# 553312: BD Bioscience, Franklin 

Lakes, NJ), anti Ly6c-FITC (×100, cat# 553104: BD Bioscience), anti B220-PE (×200, 

cat# 553309: BD Bioscience), anti CD8alpha-allophycocyanin (×100, cat# 553035: BD 

Bioscience), anti NK1.1-PE (×100, cat# 553165: BD Bioscience), anti CD11c-PE 

(×100, cat# 557401: BD Bioscience), anti Ter119-PE (×40, cat# 12-5921-83: 

eBioscience, San Diego, CA), anti CD4-allophycocyanin (×100, cat# 17-0042-82: 

eBioscience, San Diego, CA), anti F4/80-PE (×40, cat# 12-4801-80: Invitrogen), and 

anti CD3-FITC (×40, cat# 100305: BioLegend, San Diego, CA). The stained cells were 

analyzed using FACSCantII and FlowJo software (BD Bioscience). 

Untargeted metabolomics analysis of plasma samples 

Untargeted metabolomics analysis was performed using an ExionLC AD UPLC system 

(SCIEX, Tokyo, Japan) interfaced with an X500R LC-QToFMS system (SCIEX, Tokyo, 

Japan) with electrospray ionization (ESI) operating in positive and negative ionization 

mode, as previous reported (40,41). First, 100 μL of methanol containing internal 

standards (100 μM N,N-diethyl-2-phenylacetamide and d-camphor-10-sulfonic acid) 

was added to the plasma samples (100 μL), and then samples were centrifuged at 14,000 

× rpm for 5 min. After centrifugation, the supernatant was transferred to an Amicon® 

Ultra-0.5 3 kDa filter column (Merck Millipore, Tokyo, Japan) and centrifuged at 

14,000 × rpm for 1 h. The filtrate was transferred to glass vials for subsequent analysis. 

The metabolomics data was analyzed with Mass Spectrometry-Data Independent 

AnaLysis (MS-DIAL) software version 4.60 (42) and R statistical environment Ver 

4.0.5. Only metabolites present in 50% of the samples were measured, and metabolites 

whose coefficient of variation value was over 30% in pooled QC samples were removed 

from analysis. Annotation level 2 proposed by Schymanski et al. (43) was used for data 
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analysis. 

Histology 

Back skin samples from control and IMQ-treated groups were collected and fixed in 10% 

formalin (FUJIFILM Wako Pure Chemical Corp., Tokyo, Japan). Staining with 

hematoxylin and eosin (HE) was performed at the Biopathology Institute Co., Ltd 

(Kunisaki, Oita, Japan) as previously reported (22). Back skin samples were embedded 

in paraffin, and 3-μm sections were prepared and stained with HE. Representative images 

of two groups were obtained using a Keyence BZ-9000 Generation II microscope (Osaka, 

Japan) as previously reported (22). 

Quantitative real-time polymerase chain reaction 

RNA was isolated using TRIzol LS Reagent (Invitrogen, Carlsbad, CA, USA) 

according to the manufacturer’s instructions; cDNA was generated using the High-

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA, USA) 

and TaKaRa polymerase chain reaction (PCR) Thermal Cycler Dice (Takara Bio Inc., 

Kusatsu, Shiga, Japan), and quantitative real-time PCR was performed using the 

StepOnePlus Real-Time PCR System (Applied Biosystems, Waltham, MA, USA). The 

mouse primers for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (4352339E), 

IL-17A (Mm00439618), and IL-23A (Mm00518984) were obtained from Applied 

Biosystems. The GAPDH housekeeping gene was used to normalize gene expression. 

Statistical analysis 

Data are shown as the mean ± standard error of the mean. Data were analyzed using 

GraphPad Prism (Tokyo, Japan). Student's t-test was performed to compare spleen 

weights between the two groups. Spleen cell types and plasma metabolites were 

compared between the two groups using Mann-Whitney U-test with a false discovery 

rate (FDR) control. Correlations among spleen weight, spleen cells, and plasma 

metabolites were evaluated using Spearman’s correlation analysis. For multivariate 

analysis of the metabolome data, orthogonal partial least squares discriminant analysis 

(OPLS-DA) was performed in Simca-P V.14.0 (Umetrics AB). Metabolites with VIP > 

0.6 and p-value < 0.05 (Wilcoxon rank-sum test) were considered differentially 

abundant. Cumulative skin score, relative mRNA expression of skin, and body weight 
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changes were analyzed with a Kruskal–Wallis test. P < 0.05 (or FDR-corrected P < 0.05) 

was considered statistically significant. 
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