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Patients with psoriasis tend to have significant comorbidities, such as hyperlipemia,

diabetes mellitus, and obesity, which belong to metabolic disorders. The specific

mechanism through which psoriasis increases the metabolic disorder risk is uncertain.

In this study, we demonstrated that the dysbiotic gut microbiota of 6-month-old

psoriasis-like model mice (K14-VEGF-A-transgenic) exacerbated psoriasis disease and

induced metabolic disorder when transferred into 2-month-old mice. By 16S rRNA gene

sequencing, we confirmed that the Parabacteroides distasonis decreased with age in

K14-VEGF mice, and P. distasonis also decreased in the transferred mice. Metabolomic

screening identified an altered bile acid profile, including a decrease in chenodeoxycholic

acid (CDCA) in the feces of transferred mice. Additionally, CDCA supplements prevented

metabolic disorders in K14-VEGF-A-transgenic mice. Consequently, we found that

aberrant bile acid metabolism may contribute to metabolic disorder in K14-VEGF-A-

transgenic mice, indicating the possibility to prevent and treat the metabolic disorder

in psoriasis mice by targeting gut microbial metabolites.
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INTRODUCTION

Psoriasis, a chronic and immune-mediated skin disease, has an estimated global prevalence of
2–3% (Lebwohl, 2003). It is associated with multiple comorbidities (Boehncke and Schon, 2015).
Studies have demonstrated that individuals with psoriasis are at an increased risk of metabolic
disorders, such as dyslipidemia, diabetes mellitus, obesity, and non-alcoholic fatty liver disease
(NAFLD) (Khalid et al., 2013; Candia et al., 2015; Lonnberg et al., 2016; Rutter et al., 2016;
Rodriguez-Zuniga and Garcia-Perdomo, 2017; Takeshita et al., 2017; Gui et al., 2018; Holmannova
et al., 2020). In particular, metabolic comorbidities induce a greater risk of severe vascular diseases
in patients with psoriasis. It directly increases the premature mortality in patients with psoriasis,
thus substantially reducing their life expectancy (Malik et al., 2004; Mottillo et al., 2010; Manolis
et al., 2019). However, the underlying mechanisms between psoriasis and metabolic disorders
remain largely unknown. It is difficult to prevent and efficiently treat the metabolic disease in
patients with psoriasis, highlighting the urgent need to understand the pathogenesis of metabolic
disorder disease.
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Trillions of microbes inhabit the human gastrointestinal
tract, and numerous studies have suggested that this ecosystem
significantly contributes to the host physiology by affecting host
metabolism (Sommer and Backhed, 2013). In fact, several animal
and human studies have reported that gut microbiota change
significantly with age (Cheng et al., 2013), and a specific alteration
of gut microbiota configurations promotes the development of
metabolic diseases (Wu et al., 2015). Hence, gut microbiota
dysbiosis is closely related to host metabolic homeostasis.
Microbial fermentation of the colon yields a great diversity of
metabolites, which are most often considered for regulating
gut barrier integrity and metabolic health (Zhao et al., 2018;
Canfora et al., 2019). For instance, microorganisms can regulate
host metabolism and immunity via their abundant metabolites,
such as short-chain fatty acids (SCFAs) and bile acids (Fan and
Pedersen, 2021). Gut microbiota produce numerous metabolites,
some of which are absorbed into the systemic circulation and
are biologically activated, whereas others are further metabolized
by host enzymes and then mediate effects of microbiota on the
host (Wang et al., 2011; Koeth et al., 2013). These mediators
are considered key metabolic regulators that can target different
organs and ultimately regulate a range of functions in a beneficial
or harmful way (Cani, 2019). Thus, abnormal composition
and/or functions of the gut microbiota might contribute to a
disturbed energy and substrate metabolism of adipose tissue and
organ, such as muscle and liver (Le Chatelier et al., 2013).

It has been reported that the gut microbiome composition is
different between patients with psoriasis and healthy individuals,
and the gut microbiota profile of patients with psoriasis displays
a clear dysbiosis (Codoner et al., 2018; Hidalgo-Cantabrana
et al., 2019; Dei-Cas et al., 2020). However, in patients with
psoriasis, a causal relationship between the gut microbiome and
the development of metabolic disorders has not been firmly
established. In this study, we performed animal studies to explore
the role of gut microbiota and metabolites in the metabolic
disorder of psoriasis. We intended to provide new evidence for
the emergence of the gut microbiome in the metabolic diseases
of psoriasis.

The keratin 14 (K14)-vascular endothelial growth factor A
(VEGF-A)-transgenic mouse model, a psoriasis animal model
that overexpresses VEGF in the epidermis, can spontaneously
develop a chronic inflammatory skin disease similar to human
psoriasis (Xia et al., 2003). In our study, to investigate whether the
gut microbiota of psoriasis mice is related to metabolic disorders,
we detected the alteration of metabolic status, gut microbiota
composition, and bacterial-associated metabolites of 2-, 4-, and
6-month-old K14-VEGF-A-transgenic mice. Then, we observed
that metabolic disorder was accelerated in 2-month-old mice
after the feces of 6-month-old mice were transferred to 2-month-
old mice. We also analyzed the fecal microbiome and fecal
metabolites to find the insightful clues revealing the pathogenesis
of metabolic diseases in psoriasis.

METHODS

Animals
The K14-VEGF transgenic homozygous male mice were
purchased from Jackson Laboratories (Bar Harbor, ME, USA).

Genotyping of K14-VEGF mice was performed with genomic
DNA extracted from the tail using the Mouse Direct PCR Kit
(Bimake, B40015). The K14-VEGF transgenic mice are based
on the FVB genetic background. A murine cDNA coding for
VEGF-A164 was ligated into a cassette containing the human
K14 promoter. The resulting construct was then injected into
FVB/N zygotes. In our study, we use K14-VEGF mice as our
psoriasis model, and use FVB as healthy control. Mice were
used in accordance with National Institutes of Health guidelines
for animal care. The animal protocol was approved by the
Institutional Animal Care and Treatment Committee of Sichuan
University (Chengdu, PR China). The animals were housed at
a 12 h light/12 h dark cycle, a constant temperature of 25 ±

1◦C, and with free access to water and food. Every effort was
made to decrease the number of animals used and to reduce
animal suffering.

Fecal Microbiota Transplant
Two-month-old K14-VEGF mice were randomized into two
groups, namely, fecal recipient and control. The donor group
consisted of 6-month-old K14-VEGF mice. Three groups were
raised in separate sterile cages. All mice were treated with a
cocktail of antibiotics [AMNV: ampicillin (1 g/L), metronidazole
(1 g/L), neomycin (0.5 g/L), and vancomycin (0.5 g/L)] for
5 days. Fresh fecal pellets from 6-month-old K14-VEGF mice
were collected in sterile tubes. The fecal pellets were placed on
the ice during the collection and then stored at −80◦C. The
pooled fecal pellets were diluted in sterile phosphate-buffered
saline (PBS) (one pellet per 150 µl) and centrifuged at 500 g
for 3min to take the supernatant. Each recipient mouse was
gavaged with 200 µl of fecal supernatant. Controls only received
isovolumetric PBS. Each group was gavaged once a week until the
mice were sacrificed. Phenotypes were evaluated 8 weeks after
the transfer. A schematic diagram of our study is described in
Supplementary Figure 1.

Psoriasis Severity Evaluation
The clinical psoriasis area and severity index (PASI) was used
to assess the severity of ear lesions. The erythema, scaling, and
thickening were scored separately with a scale from 0 to 4 as
follows: 0, none; 1, slight; 2, moderate; 3, serve; 4, very serve. The
total score (0–12) was used to measure the ear lesions severity
(van der Fits et al., 2009).

Hematoxylin and Eosin (H&E) Staining
Ears and livers of K14-VEGF mice were fixed in 4%
paraformaldehyde, embedded in paraffin, sectioned, and stained
with H&E for histopathological examination. Olympus BX600
microscope (Olympus Corporation, Tokyo, Japan) and SPOT
Flex camera (Olympus Corporation, Tokyo, Japan) were used
to capture images. Images were analyzed using Image-Pro Plus
(version 6.0, Media Cybernetics) software. According to the
Baker score (Baker et al., 1992; Ren et al., 2009) system, the
pathological score of a mouse ear was obtained to assess the
psoriasis severity. Each liver section was graded based on a
steatosis score. The scope of steatosis was scored as 0 (no
steatosis), 1 (<25% of hepatocytes), 2 (26–50%), 3 (51–75%),
and 4 (>75%) (Shi et al., 2010; Zhang et al., 2020). The mean
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epidermal thickness and pathological score were obtained in 5
random fields (400×) of each H&E-stained section.

Oil Red O Staining
After being euthanized, the liver tissue was immediately removed
and immersed in precooled PBS, fixed in 4% paraformaldehyde
for 48 h. Then, the samples were incubated in a liquid
nitrogen flash freezer and embedded in Tissue-Tek O.C.T.
Compound (Sakura Finetek USA). Tissues were sliced into
8-mm thickness. Sections were stained with 0.5% Oil Red
O (0.5 g dissolved in 100ml isopropyl alcohol) for 10min,
counterstained with hematoxylin. The red lipid droplets were
visualized using microscopy.

Serum Biochemical Indices Analysis
To determine the serum lipid levels, each group was fasted
overnight and then refed for 4 h. The mice were euthanized and
their blood was collected. Total triglyceride (TG), high-density
lipoprotein (HDL), low-density lipoprotein (LDL), aspartate
aminotransferase (AST), and alanine aminotransferase (ALT)
levels were measured via Biochemistry Analyzer (Roche, cobas
6000 c501/cobas c311).

Blood Glucose Measurement
An intraperitoneal glucose tolerance test (IPGTT) was performed
in each group. Mice were weighed and then fasted for 6 h
from 9:00 a.m. An initial blood sample was taken at 0min via
acupuncture of the tail tip. Then, mice were intraperitoneally
injected with glucose (Sigma, USA), containing 2mg of glucose
per gram. Subsequently, after the gentle puncture of the tail tip,
a fresh spot of blood was taken at 15, 30, 60, 90, and 120min,
respectively. The blood samples were directly transferred from
the tails onto an ACCU-CHEK Performa test strip (Roche, US).
Blood glucose was read by an ACCU-CHEK Performa (Roche
Diagnostics, USA).

Gut Microbiota Analysis
Fecal samples were stored at −80◦C, and some of them were
processed for microbiota analysis by Beijing Genomics Institute,
Inc. The MoBio PowerSoil Kit (MoBio, USA) was used to
extract bacterial genomic DNA from fecal samples. The V4–V5
regions of the 16S rRNA gene were amplified by individually
barcoded universal primers. The purified PCR products were
pooled and sequenced on the HiSeq Illumina 2500 platform.
Based on 97% sequence similarity to the Greengene database,
operational taxonomic units (OTUs) were chosen by open
reference OTU picking. Taxonomy assignment and rarefaction
were conducted via QIIME1.8.0. Principal coordinate analysis
(PCoA) and alpha diversity analyses, including Chao’s richness,
were performed using QIIME. Linear discriminant analysis effect
size (LEfSe) analyses were performed to identify significantly
enriched microbial species. In LEfSe analyses, taxa with values
[P < 0.05 by the Kruskal–Wallis test; linear discriminant analysis
(LDA) score >4] were considered statistically significant to plot
a cladogram on the basis of their phylogenetic relationship.

Metabolomic Analysis
Mice were fasted for 12 h and then fed for 4 h. Then, fecal samples
were collected, immediately frozen in liquid nitrogen, and stored
at −80◦C. Sample preparation and analysis were performed
using the liquid chromatography (LC)/mass spectrometry (MS)
metabolomic platforms of Beijing Genomics Institute, Inc.
Briefly, 100 µl samples were extracted by directly adding 300 µl
of precooled methanol and acetonitrile (2:1). Internal standard
mix 1 (IS1) and IS2 were added to control sample preparation
quality. After vortexing for 1min and incubation at −20◦C for
2 h, samples were centrifuged (20min, 4,000 rpm). Then the
supernatant was transferred to vacuum freeze-drying. Samples
were resuspended in 150 µl of 50% methanol and centrifuged
(30min, 4,000 rpm), and the supernatants were collected for the
LC/MS analysis. The same volume of each sample was mixed as
quality control to assess the reproducibility of the whole analysis.
Samples were analyzed on a Waters 2D UPLC (Waters, USA),
coupled to a Q-Exactive mass spectrometer (Thermo Fisher
Scientific, USA) and controlled by the Xcalibur 2.3 software
program (Thermo Fisher Scientific,Waltham,MA, USA).Waters
ACQUITY UPLC BEH C18 column (Waters, USA) was used
to conduct chromatographic separation. Principal component
analysis and hierarchical clustering were performed using R.

Drug Treatment During CDCA Gavage
Three-month-old K14-VEGF male mice were divided into two
groups. One group was given chenodeoxycholic acid (CDCA)
(K14-CDCA group) every day by gavage administration. CDCA
(Sigma, USA) was dissolved in normal saline at 10 mg/kg and
sodium carboxymethyl cellulose was used as a suspension agent
(1%). The control group (K14-control) was gavaged with solvent.

Quantification and Statistics Analysis
The hepatocyte surface Oil Red staining area quantifications
were conducted using ImageJ. Statistical analyses and graphs
were performed via the GraphPad Prism 8.0 software. A two-
tailed t-test determined the statistical significance of the two
groups. A one-way ANOVA comparative analysis was conducted
among the three groups. Two-way ANOVA analysis compared
the multifactor differences among the three groups. All data were
expressed as mean ± standard error. Statistical significance is
represented by ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, and ∗∗∗∗P
< 0.0001.

RESULTS

The Metabolic Disorder Risk Increased in
Aged K14-VEGF-A-Transgenic Mice
Compared to Aged-Matched FVB
To investigate whether the K14-VEGF-A-transgenic psoriasis
mouse model aggravated psoriasis-like dermatitis with age, we
used 2-, 4-, and 6-month-old K14-VEGF-A-transgenic mice to
observe the severity of psoriasis-like dermatitis. The epidermis
of 2-month-old mice had no obvious psoriasis-like features.
A weak but observable dermatitis was displayed in 4-month-
old mice, while a typical clinical and pathological alteration of
psoriasis-like dermatitis as indicated by the scores of skin scaling,
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erythema, hardness, and thickness was observed in 6-month-old
mice (Supplementary Figures 2A–C). These data suggested that
pronounced skin lesions characterized by erythematous and scaly
skin are exacerbated with age, consistent with a previous study
(Xia et al., 2003).

To verify whether K14-VEGF-A transgenic mice are more
prone to metabolic disorders than FVB mice, here, we compared
the metabolic indexes of FVB mice and 2-, 4-, and 6-month-old
K14-VEGF-A-transgenic mice. We found that the body weight of
K14-VEGF-A-transgenic mice was significantly higher compared
with that of 4 and 6-month-old FVB mice (Figures 1A,B).
Furthermore, the fasting blood glucose levels of K14-VEGF-A-
transgenic mice were higher than those of FVBmice (Figure 1C).
Moreover, glucose tolerance as determined by the glucose
tolerance test (GTT) was obviously attenuated in K14-VEGF-
A-transgenic mice compared with FVB (Figure 1D). The serum
TG levels of K14-VEGF-A-transgenic mice were significantly
higher than those of FVB mice, whereas HDL levels were lower
than that of FVB mice (Figures 1E,F). In addition, compared
with age-matched FVB mice, K14-VEGF-A-transgenic mice
exhibited increased hepatomegaly and liver weight with age
increasing (Figure 1G), simultaneously accompanying with the
presence of features non-alcoholic fatty liver disease (NAFLD),
including liver cell hypertrophy and accumulation of lipid
droplets in the liver (Figures 1H–K). K14-VEGF-A-transgenic
mice showed no difference in hepatic fibrosis, ALT, and AST
levels (Supplementary Figures 3A–C). These results indicated
that K14-VEGF-A-transgenic mice had a higher risk of metabolic
disorder than FVB mice with age increasing.

Bacterial Communities Altered in 2-, 4-,
and 6-Month-Old K14-VEGF-A-Transgenic
Mice Feces
To test whether the metabolic disorder in the K14-VEGF-A-
transgenic mice is associated with gut microbiota alterations,
16sRNA gene tag sequencing was performed in order to
characterize the gut microbiome in 2-, 4-, and 6-month-
old K14-VEGF-A-transgenic mice. 16sRNA gene sequencing
demonstrated different microbial communities in the feces
of 2-, 4-, and 6-month-old K14-VEGF-A-transgenic mice
(Figure 2A). Linear discriminant analysis (LDA) of the gut
microbiota of 2-, 4-, and 6-month-old K14-VEGF-A-transgenic
mice showed a minimal overlap in the bacterial taxa (Figure 2B).
Notably, analysis of prevalent bacterial taxa revealed genus-level
differences in the bacterial communities among three groups
(Figure 2C). Markable alterations were observed in several taxa,
including Parabacteroides, Parasutterella, Bifidobacterium, and
Alloprevotella (Figure 2D). Especially, the relative abundance
of Parabacteroides distasonis decreased with age (Figure 2E). P.
distasonis can reduce obesity and related disorders in both ob/ob
mice and HFD-fed mice by increasing insulin sensitivity (Wang
et al., 2019). Collectively, these data suggest that community-
level alterations in the gut microbiota may be associated
with the development of psoriasis severity in K14-VEGF-A-
transgenic mice. Furthermore, altered profiles of gut microbiota
may be associated with metabolic disorders in K14-VEGF-A-
transgenic mice.

Fecal Transfer From 6-Month-Old
K14-VEGF-A-Transgenic Mice to
2-Month-Old K14-VEGF-A-Transgenic Mice
Deteriorated the Metabolic Disorder
To determine the pathogenic potential of gut microbial
dysbiosis, fecal transfer from 6-month-old K14-VEGF-A-
transgenic mice into 2-month-old K14-VEGF-A-transgenic
mice was performed. All 2-month-old mice were treated
with mixed antibiotics for 5 days, then were gavaged with
feces of 6-month-old mice as fecal microbiota transplantation
(FMT) (FMT group) and sterile PBS as a control group
for 8 weeks (Figure 3A). Fecal transfer from 6-month-
old mice (donor group) exacerbated psoriasis in the FMT
group compared with the control group. H&E staining
revealed typical histopathological features of psoriasis-like
dermatitis, including parakeratosis, Munro’s microabscesses,
obvious acanthosis with extended rete ridges, and strong
inflammatory cell infiltration (Supplementary Figures 4A,B).
These data suggest that fecal transfer from 6-month-old
K14-VEGF-A-transgenic mice to 2-month-old K14-VEGF-A-
transgenic mice deteriorates psoriasis lesion.

The fecal transfer largely affected the gut microbiota
distribution of the FMT group. The composition of gut
microbiota of the FMT group was significantly changed
compared with the control group. The number of taxonomic
units in the FMT group was higher than that of the control
group, reflecting more alpha diversity (Shannon index,
Chao index) in the FMT group (Figure 3B). The FMT and
control groups were also distinguished by beta diversity.
The FMT group clustered similarly to the donor group
(Figure 3C). A heat map of the bacterial composition of
the donor, FMT, and control groups showed that the fecal
transfer had a significant impact on bacterial composition
in the FMT group (Figure 3D). It was further corroborated
by abundance differences between the FMT and control
groups in species of the gut microbiome, such as a relative
reduction in P. distasonis and Clostridium aldenense,
and enrichment in Alloprevotella rava and Barnesiella
intestinihominis in the FMT group (Figure 3E). These findings
collectively suggested a strong impact of fecal transfer shift
on gut microbial remodeling, notably represented by the
abundance decrease in P. distasonis. Consistently, a previous
study demonstrated the relative abundance of P. distasonis
significantly decreased in K14-VEGF-A-transgenic mice with
age (Figure 2E).

Moreover, the donor group fecal transfer induced elevated
serum TG as well as LDL level in the FMT group and also
decreased serum HDL level (Figure 3F). Meanwhile, the
FMT group exhibited hepatomegaly and increased liver
weight compared to the control group, suggesting the
increased character of NAFLD (Figure 3G). The donor
group fecal transfer induced more liver cell hypertrophy
and lipid droplet accumulation in the FMT group than in
the control group (Figures 3H,I). These results demonstrate
microbiota from the donor group promoted the exacerbation
of psoriasis and subsequent metabolic disorder in the
FMT group compared to the control group. Overall, fecal
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FIGURE 1 | Aged K14-VEGF-A-transgenic mice, which exhibited psoriasis-associated phenotypes were more likely to have metabolic disorders compared to FVB.

(A) Representative images of each group. FVB (n = 5) and 2-, 4-, and 6-month-old K14-VEGF-A-transgenic mice (n = 6). (B) Body weight of mice. (C) Fasting serum

glucose levels. (D) Blood glucose concentrations following intraperitoneal glucose tolerance tests. (E) TG levels. (F) HDL levels. (G) Representative pictures and

weight of livers. (H) Representative H&E-stained sections of liver. Scale bar, 100µm. (J) Degrees of hepatic steatosis. (I) Oil red Staining of livers. Scale bar, 100µm.

(K) Quantification of hepatic ORO. Statistical analysis for (B–K): Each symbol represents a mouse; bars show means and SEM. Statistical tests used were two-way

ANOVA in all data. *P < 0.05, **P < 0.01, and ***P < 0.001.

transfer from 6-month-old K14-VEGF-A-transgenic mice
to 2-month-old K14-VEGF-A-transgenic mice deteriorated
metabolic disorder.

We supposed whether fecal transfer from K14-VEGF-
A-transgenic mice into FVB mice caused metabolic
disorders. FVB mice at 2 months were treated with mixed
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FIGURE 2 | Alteration of bacterial communities in feces of 2-, 4-, and 6-month-old K14-VEGF mice. (A) Principal coordinate analysis (PCoA) plot of the fecal

microbiota of the 2-, 4-, and 6-month-old K14-VEGF mice (n = 6 per group). (B) Bacterial 16S rRNA sequences in the 2-, 4-, and 6-month-old mice feces are

depicted. The taxonomic cladogram showed the phylogenetic distribution of differentially enriched taxa among three groups. Fecal of 6 month-old-mouse-enriched

taxa were presented in blue, fecal of 4-month-old mouse-enriched taxa in green, and fecal of 2-month-old mouse-enriched taxa in red, respectively. Only taxa meeting

the criteria (LDA score >4 and P < 0.05) were shown. Linear discriminant analysis (LDA) scores revealed bacterial taxa with obvious difference in feces from three

groups. Taxa significantly enriched in 2-, 4-, and 6-month-old mice were depicted in red, green, and blue, respectively. (C) Gut microbial composition was evaluated in

order to determine the relative abundance of genera at three groups. (D) Relative abundance of Parabacteroides, Alloprevotella, Parasutterella, and Bifidobacterium in

total fecal microbiota in 2-, 4-, and 6-month-old mice. (E) Species number of Parabacteroides distasonis in 2-, 4-, and 6-month-old mice. Each symbol represented a

mouse, and bars showed means and SEM. Statistical tests used were Student t-test in (E). *P < 0.05 and **P < 0.01.

antibiotics for 5 days, then gavaged with the feces of
6-month-old K14-VEGF-A-transgenic mice as the FMT–
FVB group or sterile PBS as FVB control group for 8
weeks (Supplementary Figure 5A). However, no metabolic
disorders were observed in FVB mice. There were no
differences in body weight and fasting blood glucose
(Supplementary Figures 5B,C). To a certain extent, these
results suggest that the inflammatory conditions in psoriasis
mice contributed to microbiota transplantation from
6-month-old K14-VEGF-A-transgenic mice into 2-month-
old K14-VEGF-A-transgenic mice, thereby resulting in
metabolic disorders.

Altered Fecal Metabolic Features in 2-, 4-,
and 6-Month-Old K14-VEGF-A-Transgenic
Mice
Many bacterial metabolic end products of the gut play crucial

roles in the host metabolic homeostasis and immunological

processes, underlining the fundamental importance of these

metabolites in human health and disease (Nicholson et al., 2012;

Brial et al., 2018). To further clarify the pathological mechanism

by which microbiota induce metabolic disorders, we performed

an unbiased metabolic screen of the feces of 2, 4, and 6-month-
old K14-VEGF-A-transgenic mice. A clear separation was found
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FIGURE 3 | Fecal transfer from 6-month-old K14-VEGF-A-transgenic mice into 2-month-old K14-VEGF-A-transgenic mice exacerbated metabolic disorder. (A) Fecal

microbiota transplant experimental design. All 2-month-old K14-VEGF mice were treated with mixed antibiotics for 5 days, then transferred with 6-month-old

K14-VEGF mice feces as FMT group, or gavaged with sterile PBS as control group for 8 weeks. (B) Gut microbiota analysis collected from the control, donor, and

FMT groups. Plots of Chao1 richness and Shannon index observed in the FMT, donor, and control groups. (C) PCoA plot of the fecal microbiota from the FMT, donor,

and control groups (n = 7 per group). (D) Heat map of differentially expressed fecal metabolites among three groups. Each column represents one group. (E) Gut

microbial composition was evaluated in order to determine the relative abundance of species at three groups. (F) Serum TG, HDL, and LDL from the FMT and control

group. (G) Liver images and weight of livers. (H) Representative HandE-stained sections and degrees of hepatic steatosis. Scale bar, 100µm. (I) Oil Red staining of

liver and quantification of hepatic ORO positive area. Scale bar, 100µm. Each symbol represented a mouse, and bars showed means and SEM. Statistical tests used

were Student t-test in (B,E–I). *P < 0.05, **P < 0.01, and ***P < 0.001.
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on the fecal metabolites among the three groups (Figures 4A,B).
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
analyses demonstrated that ABC transporters (ABCT), bile
secretion, and alcoholism pathway showed dramatical differences
among the three groups, which were associated with host
metabolic disorder (Figure 4C). As expected, the heat map
showed that metabolic profiles significantly varied in K14-VEGF-
A-transgenic mice among three groups of 2, 4, and 6 months,
suggesting that microbial metabolic alteration was observed in
aged K14-VEGF-A-transgenic mice may be correlated with the
development of metabolic disorder (Figure 4D). Based on all
these considerations, we concluded that the metabolites might
serve as a key mediator in the regulation of gut microbiota on
host metabolism.

Fecal Transfer From a Donor Into the FMT
Group Changed the Distribution of Bile
Acid
To elucidate the metabolic mechanisms through which gut
microbiota colonized in K14-VEGF-A-transgenic mice and
induced metabolism disorders, we used untargeted LC/MS to
examine the altered metabolites on feces of the donor, FMT,
and control groups. When beta diversity was analyzed using
the principal component analysis (PCA), we observed clear
segregation of fecal metabolite signatures between the FMT and
control groups (Figure 5A). FMT and control groups also had
different metabolite numbers (Figure 5B). Heatmap of expressed
fecal metabolites showed that the donor group fecal transfer
induced a significant metabolite composition difference in the
FMT group compared with the control group. The FMT and
control group fecal metabolites have a distinct fecal metabolome
(Figure 5C). Pathway enrichment analysis revealed that the bile
secretion pathway varied between FMT and control groups,
consistent with the results observed in 2, 4, and 6-month-old
K14-VEGF-A-transgenic mice (Figure 5D). Hence, we focused
on the bile secretion pathway. It was previously reported that
the bile secretion pathway contributed to lipid metabolism. We
observed a lower abundance of CDCA, 7-ketodeoxycholic acid,
glycocholic acid, and dehydrocholic acid in the FMT group
fecal samples compared to the control group (Figure 5E). These
data suggest that bile acid metabolized by the gut microbiota is
different between the FMT and control groups. Fecal transfer
experiments demonstrated that K14-VEGF-A-transgenic mice
have an altered metabolite derived from gut microbiota may
contribute to the metabolic disease.

Supplement With CDCA Improved the
Metabolic Disorder of
K14-VEGF-A-Transgenic Mice
Gut microbiota composition alteration might contribute to
disturbed microbiota-derived metabolites that influence the
host metabolism. CDCA was identified as effective ligands
for fafrnesoid X receptor (FXR) (de Aguiar Vallim et al.,
2013; de Boer et al., 2018; Jia et al., 2018) and mediated the
host lipid metabolism. It can prevent high-fat diet-induced
obesity and improve glucose tolerance (Chen et al., 2017).

To evaluate the effects of CDCA on metabolic disorders in
K14-VEGF-A-transgenic mice, we treated 3-month-old K14-
VEGF-A-transgenic mice with vehicle or CDCA by oral
gavage daily for a period of 40 days (Figure 6A). Compared
to the vehicle-treated K14-VEGF-A-transgenic group, CDCA
effectively improved blood dyslipidemia in K14-VEGF-A-
transgenic mice by reducing the concentrations of serum LDL
(Figure 6B), and the CDCA-treated group showed a significant
improvement in the fasting blood glucose (Figure 6C).Moreover,
glucose tolerance significantly ameliorated in K14-VEGF-A-
transgenic mice compared with that in the FVB group
(Figure 6D). We found that CDCA greatly improved the
liver weight of K14-VEGF-A-transgenic mice (Figure 6E).
CDCA treatment apparently reduced macrosteatosis, hepatocyte
ballooning, and lipid deposition in the livers of K14-VEGF-
A-transgenic mice, as indicated by H&E and Oil Red O
staining of liver sections (Figures 6F,G). Overall, CDCA
treatment effectively reversed metabolic disorders in K14-VEGF-
A-transgenic mice, which is in line with a previous study (Chen
et al., 2017).

DISCUSSION

This study investigated the role of gut microbiota in metabolic
dysfunction and its underlying mechanism in a psoriasis mice
model by fecal transfer. Several studies have reported that
patients with psoriasis had an increased chance of metabolic
disorders, a combination of disorders, such as obesity, diabetes
mellitus, and dyslipidemia (Khalid et al., 2013; Candia et al.,
2015; Lonnberg et al., 2016; Rutter et al., 2016; Rodriguez-Zuniga
and Garcia-Perdomo, 2017; Takeshita et al., 2017). However, an
integrated understanding of the high prevalence of metabolic
disorders in patients with psoriasis is still elusive. Here, by using
genetic-induced animal models of psoriasis, we demonstrated
that altered microbiota are critical for the maintenance of
metabolic homeostasis in K14-VEGF-A-transgenic mice. To the
best of our knowledge, our study originally researched the
pathological mechanism of metabolic dysfunction in psoriasis
and the novel role of gut microbiota-associated bile acid in
regulating metabolic dysfunction in psoriasis mice.

Frist, we demonstrated that gut microbiota dysbiosis may
critically associate with the metabolic disorders in the psoriasis
mice. By comparing FVB mice at the age of 2, 4, and 6
months, we observed that the K14-VEGF-A-transgenic mouse
model aggravated psoriasis-like dermatitis, which is consistent
with the previous study (Xia et al., 2003). Meanwhile, we
found that metabolic disorder is also exacerbated in K14-VEGF-
A-transgenic mice with increasing age. Previous studies have
confirmed that the gut microbiota composition of patients
with psoriasis was different from that of the healthy subjects
(Codoner et al., 2018; Hidalgo-Cantabrana et al., 2019; Dei-
Cas et al., 2020). We found K14-VEGF-A-transgenic mice have
different microbial communities at the age of 2, 4, and 6 months.
Hence, differential bacterial communities in the K14-VEGF-A-
transgenic mouse model were possibly associated with psoriasis
severity with increased age. In this study, we observed that the
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FIGURE 4 | Alteration of gut microbial-associated metabolites in feces of 2-, 4-, and 6-month-old K14-VEGF mice. (A) Partial least squares discriminant analysis

(PLS-DA) of the fecal metabolites from 2-, 4-, and 6-month-old K14-VEGF mice (n = 6 per group). (B) Volcano plots of differential gene expression: 2 vs. 4 months, 4

vs. 6 months, and 2 vs. 6 months. (C) Enriched KEGG pathways in fecal metabolites of 2 vs. 6 months and 4 vs. 6 months were shown with the P-values and the

number of metabolites represented in each pathway. The size of each bubble represented the number of metabolites differentially expressed in each pathway, with a

scale on the lower right. (D) Heat map of differentially expressed fecal metabolites among 2-, 4-, and 6-month-old K14-VEGF mice. Each column represented one

mouse. The 2-, 4-, and 6-month-old K14-VEGF mice were depicted in green, red, and blue, respectively.

abundance of several microbial taxa, including Parabacteroides,
Parasutterella, Bifidobacterium, and Alloprevotella alerted with
age, suggesting the increased age had a pronounced effect on
the gut microbiota composition of the K14-VEGF-A-transgenic
mice. Among them, Bifidobacterium (Da Silva et al., 2020) and
Parabacteroides (Wu et al., 2019) had abilities to improve body
metabolism and promote host health. Thus, Bifidobacterium
and Parabacteroides may be negatively correlated with the
severity of metabolic abnormalities. In species levels, the relative
abundance of P. distasonis decreased in K14-VEGF-A-transgenic
mice as the lesions of psoriasis worsened. A study revealed that
P. distasonis significantly decreased in patients with psoriasis
compared with healthy individuals (Shapiro et al., 2019).
Interestingly, the abundance of P. distasonis is relatively lower
in patients with obesity and NAFLD (Verdam et al., 2013;
Del Chierico et al., 2017). P. distasonis was a predominant
bacterial group in the hosts that can maintain important
physiological functions. A previous study has demonstrated
oral treatment with live P. distasonis reduced weight gain,
improved glucose homeostasis, and corrected obesity-related
abnormalities, including hyperlipidemia and hepatic steatosis, in

both ob/ob mice and high-fat diet-induced metabolic syndrome
mice (Wang et al., 2019). Based on these studies, we assumed that
the metabolic dysfunction of K14-VEGF-A-transgenic mice may
be related to gut microbes.

The microbiota composition and function alternations caused
by factors such as genetics and lifestyle have been identified as
critical contributors to the worldwide epidemics of metabolic
diseases (Ridaura et al., 2013). We found that transmission of
the fecal microbiota from 6-month-old K14-VEGF-A-transgenic
into 2-month-old K14-VEGF-A-transgenic mice accelerated
the metabolic disorders. Fecal microbiota transfer can induce
hyperlipidemia and fatty liver, which are phenotypes implicated
in metabolic disease. Quantitative microbiome alterations were
associated with metabolic disorders. The reduction in bacterial
species with potential protection on the host can result in
metabolic dysfunction (Goodman and Gordon, 2010). We found
that P. distasonis, which promotes lipid metabolism and exerts
a potentially protective effect on the host, was decreased in the
FMT group. Thus, these results suggested that gut microbiota
alterations in the K14-VEGF-A-transgenic mouse are involved
in metabolic homeostasis. However, fecal microbiota transfer
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FIGURE 5 | Altered gut microbial-associated metabolite profiles in the FMT group. (A) PCoA analysis of fecal metabolomes from the donor, FMT, and control groups

(n = 6–7). (B) Volcano plots of differential gene expression: FMT vs. control, donor vs. FMT, donor vs. control groups. (C) Heat map of fecal metabolites composition

in the donor, FMT, and control groups. Each column represented a single mouse. Red, overrepresented bacterial genes; green, underrepresented bacterial genes.

(Continued)
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FIGURE 5 | (D) Enriched KEGG pathways in fecal metabolites of FMT vs. control, FMT vs. donor, donor vs. control were shown with the P-values and the number of

metabolites represented in each pathway. The size of each bubble represented the number of metabolites differentially expressed for each pathway, with a scale on

the right (set size) (n = 6–7). (E) Intensity of chendeoxycholic acid, 7-ketodeoxycholic acid, dehydrocholic acid, and glycocholic acid in feces of the donor, FMT, and

control groups is shown (n = 6–7). Statistical analysis for (E): Statistical tests used were Student t-test. Each symbol represents a mouse; bars represent means and

SEM. *P < 0.05, ***P < 0.001, and ****P < 0.0001.

FIGURE 6 | Supplement with CDCA improved metabolic status of K14-VEGF mice. (A) Experimental design diagram. Three-month-old K14-VEGF mice (n = 5) were

gavaged with CDCA (10 mg/kg) as the CDCA-K14 group. Another group was gavaged with solvent as K14-control group. All mice were gavaged for 40 days. (B)

Serum LDL and TG level. (C) Fasting blood glucose levels. (D) Blood glucose concentrations following intraperitoneal glucose tolerance tests. (E) Representative

pictures and weight of livers. (F) Representative HandE-stained sections of liver and degrees of hepatic steatosis. Scale bar, 100µm. (G) Representative images of

liver tissues Oil Red staining and quantification of hepatic ORO. Scale bar, 100µm. Statistical analysis for (A–G): Each symbol represents a mouse, and bars represent

means and SEM. Statistical tests used were Student’s t-test in (B–G). *P < 0.05, **P < 0.01, and ***P < 0.001.

from 6-month-old K14-VEGF-A-transgenic mice into 2-month-
old FVB mice induces no metabolic-associated disorder. It can
be explained that the gut microbiota of K14-VEGF-A-transgenic
mice probably had no ability to colonize in FVB and trigger
the metabolic disorder. Notably, compared with FVB mice,
K14-VEGF-A-transgenic mice were at a systemic inflammatory
status with increased release of pro-inflammatory cytokines from
immune-related cells and chronic activation of immune systems
(Shibuya, 2009; Suzuki et al., 2014; Liang et al., 2017). Severe
inflammatory activation affects the structure and composition
of the microbiota (Belkaid and Harrison, 2017), suppressing the
trigger of metabolic disorder in FVBmice. Thus, we hypothesized
that in K14-VEGF-A-transgenic mice, psoriasis susceptibility

genes triggered autoimmune activation, potentially promoting
gut microbiota dysbiosis, and then inducing metabolic disorder.

Microbiome alterations can systemically impact distant
disease progression via the release of metabolites (Postler and
Ghosh, 2017). Specific bacterial metabolites, such as the short-
chain fatty acids (SCFAs) produced from the fermentation of
non-digestible carbohydrates, effect host metabolism (Canfora
et al., 2015). However, gut microbiota-derived metabolite
signature in psoriasis has not been investigated. Here, we
elucidated metabolites induced by gut microbiota alteration
component altered in 2-, 4-, and 6-month-old K14-VEGF-A-
transgenic mice. Metabolome analysis detected several pathways
including bile secretion, alcoholism, and ABCTs changed.
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Among them, ABCTs are well-known to control the metabolism
and transport lipid particles. ABCT directly engaged in the
production, storage, and transport of cholesterol to maintain
cholesterol equilibrium (Tarling et al., 2013). Thus, alterations
in ABCTs contribute to the development of metabolic disorders
(Ye et al., 2020; Behl et al., 2021). Bile acids secreted by bile were
appreciated as metabolic integrators and signaling factors. Bile
acid can control glucose, lipid, and energymetabolism by binding
to the nuclear hormone FXR and Takeda G protein receptor 5
(TGR5) in multiple organs (Shapiro et al., 2018). It has been
reported that P. distasonis have the capacity to transform bile
acids and dramatically altered the bile acid profile (Wang et al.,
2019). A number of bile-acid-activated signaling pathways were
selected as crucial therapeutic targets for metabolic disorders
(Thomas et al., 2008). Hence, in K14-VEGF-A-transgenic mice,
metabolite changes induced by gut microbiota were essential for
regulating the lipid metabolism via specific metabolic pathways.

Consistently, there was a significant difference in fecal
metabolites of the FMT and control groups. In the FMT group,
the bile secretion pathway and bile acid profile were significantly
changed. The CDCA decreased in fecal samples of the FMT
group. CDCA is one of the primary bile acids synthesized in
the human liver (Iser and Sali, 1981). A previous study revealed
the CDCA supplement can effectively increase brown adipose
tissue activities and energy expenditure, which is an effective
method for counteracting obesity and related metabolic diseases
(Broeders et al., 2015). After patients with hypertriglyceridaemia
were treated with CDCA, serum TG level decreased (Bateson
et al., 1978). CDCA increased glucagon-like peptide-1 and
glucagon secretion (Hansen et al., 2016). It can improve
insulin resistance by inhibiting proinflammatory adipokines
and enhancing major anti-inflammatory and insulin-sensitizing
adipokines (Shihabudeen et al., 2015). As an endogenous FXR
ligand (de Aguiar Vallim et al., 2013), CDCA induced the
expression of endocrine hormone fibroblast growth factor 19
(FGF19) in humans (Song et al., 2009). FGF19 suppressed hepatic
lipogenesis and increases hepatic fatty acid oxidation, thereby
reducing body weight gain from diet-induced obesity (Fang et al.,
2015). In this study, we showed that the CDCA supplement
by gavage exerted a protective effect on the metabolic disorder
in K14-VEGF-A-transgenic mice, consistent with a previous
study (Chen et al., 2017). Overall, these results suggested a
functional link between gut microbial dysbiosis, gut metabolites,
and metabolic disorder in psoriasis mice.

There are several limitations to this study. Despite we
have clarified gut microbial dysbiosis and altered metabolism
pathways in the psoriasis-prone K14-VEGF-A-transgenic mice,
(i) mechanistically, we did not identify the bacterial species
responsible for bile acid metabolite alteration that may
contribute to metabolic disorders in the FMT group; (ii) we
did not detect whether oral CDCA supplement significantly
increased CDCA levels in K14-VEGF-A-transgenic mice; (iii)
moreover, although we have documented metabolic disorders
in FMT mice in response to gut microbiota variations,
the elaborate molecular mechanism was warranted in the
further research.

In summary, compared to aged-matched FVB, the metabolic
disorder risk increased in K14-VEGF-A-transgenic mice with
age. Meanwhile, gut microbiota communities changed in the
feces of 2-, 4-, and 6-month-old K14-VEGF-A-transgenic mice.
Fecal transfer from 6-month-old K14-VEGF-A-transgenic mice
to 2-month-old K14-VEGF-A-transgenic mice deteriorated the
metabolic disorder in recipient mice. Moreover, fecal metabolites
altered in 2-, 4-, and 6-month-old K14-VEGF-A-transgenic mice.
After fecal transfer from 6-month-old mice into 2-month-old
mice, bile acid distribution changed in recipient mice. Reversely,
the CDCA supplement ameliorated the metabolic disorder in
K14-VEGF-A-transgenic mice. Gut microbial metabolites may
be potential targets to prevent and treat the metabolic disorder
in psoriasis.
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