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Purpose: Resveratrol (Res) is a natural polyphenol with anti-inflammatory and immunomodulatory effects. Alterations in metabolic
pathways have been studied in psoriasis. This study is aimed to further explore the potential molecular mechanism of psoriasis
improvement by Res.

Patients and Methods: Imiquimod (IMQ)-induced psoriasis-like mouse model was established to observe the effects of Res.
NanoString nCounter Metabolic Pathways Panel was used to analyze the changed mRNA and qRT-PCR was used for validation. Flow
cytometry was used to analyze immune cell subsets in skin lesions. In vitro, we observed the effects of Res on R848-stimulated
macrophages glycolysis and inflammation.

Results: Res reduced the proliferation of keratinocytes and the secretion of inflammatory cytokines in IMQ-induced psoriasis-like
mouse model. Psoriasis model skin lesions were in a state of hypoxia, with upregulated glycolysis and downregulated AMPK activity.
Res inhibited the levels of hypoxia-related genes (hifla, hif3a) and glycolysis-related genes (hk1, ldha), meanwhile increased the
levels of AMPK genes (prkaal, prkaa2). Flow cytometry analysis revealed that Res decreased the infiltration of macrophages in
psoriasis-like lesions. In addition, Res decreased the secretion of macrophage-associated pro-inflammatory cytokines (IL-23, TNF-a,
IL-1pB). In vitro, Res diminished the secretion of IL-23, TNF-a, IL-1f, and lactate by R848-stimulated macrophages and activated
AMPK.

Conclusion: This study suggested that Res diminished psoriasis symptoms by inhibiting macrophages infiltration and inhibiting
glycolysis, which providing novel insights into the underlying mechanisms of therapeutic action of Res in the treatment of psoriasis.

Keywords: resveratrol, psoriasis, macrophage, AMPK, glycolysis

Introduction

Psoriasis is a common, chronic inflammatory skin disease that affects over 60 million adults and children worldwide. The
most common type is psoriasis vulgaris, characterized by relapsing cutaneous erythema and scales.! Although the
pathogenesis of psoriasis remains unclear, it is generally assumed that psoriasis lesions result from hyperproliferation
and disturbed differentiation of epidermal keratinocytes provoked by the IL-23/IL-17 pathway.”* Considerable immune
cell infiltration has been observed, especially in macrophages, dendritic cells, and T cells, which are abundant in the
dermis.! T cells, which produce IL-17, IL-22, and TNF-a, are recognized as major pro-inflammatory factors in psoriasis.
Metabolic pathways in these immune cells, also called “immunometabolism”, mainly consist of glycolysis, the tricar-
boxylic acid (TCA) cycle, the pentose phosphate pathway, fatty acid oxidation (FAO), fatty acid synthesis, and amino
acid metabolism, which have been shown to shape the response of immune cells.* In addition to T cells, accumulating

Journal of Inflammation Research 2023:16 3823-3836 3823
Received: 1 May 2023 © 2023 Wang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the

Accepted: 19 August 2023
Published: 30 August 2023

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Wang et al Dove

recent evidence has highlighted the role of macrophages in psoriasis pathogenesis.”® Macrophages are a significant
source of TNF-a and IL-23. Reportedly, macrophages account for 61.29% of infiltrating inflammatory cells in psoriasis
lesions, and thus macrophages depletion could improve PASI scores.” The extensive infiltration of macrophages in
psoriasis lesions deserves further study to elucidate the relationship between macrophages and the pathogenesis of
psoriasis.

Resveratrol (Res) (Figure 1) is a natural polyphenolic compound that exists in many plants belonging to the genera
Vitis L., Veratrum L., Arachis, Polygonum, etc.® It affects energy metabolism and mitochondrial function and improves
glucose tolerance and insulin sensitivity in obese mice and humans. Moreover, it may be associated with the activation of
AMPK (AMP-activated protein kinase) and the increase of PGC-1a (peroxisome proliferator-activated receptor-gamma
coactivator-1 alpha) protein level.” ! Recently, several studies showed that both oral and topical gel administration of
Res improved the inflammatory response in psoriatic mice, possibly by inhibiting IL-17 secretion and keratinocyte
proliferation.'* "> However, the target cells and the molecular mechanism underlying Res alleviation of psoriasis have
not been fully elucidated.

In the present study, we evaluated the effects of Res on IMQ-induced psoriasis-like skin inflammation in mice. In
addition to the basic disease-related cytokines, we focused on the changed metabolic pathways of lesions. Res reduced
the proliferation of keratinocytes and attenuated psoriasis-related inflammatory responses. We found Res remarkable
regulate glycolysis and AMPK, and inhibited the infiltration of macrophages in skin lesions. In vitro, Res diminished the
levels of pro-inflammation cytokines secreted by macrophages, such as TNF-o, IL-23, and IL-1B, and inhibited
macrophage glycolysis levels by AMPK activation. Our study provides novel insights into the mechanisms of therapeutic
action of Res in the treatment of psoriasis.

Materials and Methods

Reagents

Imiquimod cream was obtained from Sichuan Mingxin Pharmaceutical Co., Ltd. (Sichuan, China). R848 was bought from
STEMCELL Technologies Inc. (Vancouver, BC, Canada). Resveratrol [>98% high-performance liquid chromatography (HPLC)
purity] was purchased from Shanghai Yuanye Bio-Technology Co., Ltd (Shanghai, China). HyClone Dulbecco’s Modified Eagle
Medium (high glucose, with L-glutamine, and sodium pyruvate) was purchased from Cytiva (Shanghai, China). Fetal bovine
serum (FBS), L-glutamine, and penicillin-streptomycin were purchased from Gibco Life Technologies (Grand Island, NY, USA).
Hanks’ Balanced Salt Solution 10x (no calcium, no magnesium, no phenol red), HEPES solution (1M, pH 7.0-7.6, sterile-filtered)
, and Calcium chloride were obtained from Sigma-Aldrich (UK). DNase [ and Collagenase A from Clostridium histolyticum were
bought from Roche (Mannheim, Germany). DDT was purchased from Beijing Solarbio Science&Technology Co., Ltd. (Beijing,
China). CCK-8 kit and Lactate Assay Kit were obtained from Dojindo Laboratories (Japan). Ki67, CD11b, F4/80, and AMPKal
antibodies were purchased from Abcam (Cambridge, UK). Fluorescent mounting medium with DAPI, and normal goat serum for
blocking were obtained from Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd. (Beijing, China). Bicinchoninic acid
(BCA) protein assay kit was bought from Pierce (Rockford, IL, USA). P-AMPKa (Thr172) and HK II were purchased from Cell
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Figure | Chemical structure of resveratrol.
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Signaling Technology (Danvers, MA, USA). B-tubulin was obtained from Beijing GuanXingYu Sci&Tech Co., Ltd. (Beijing,
China). Anti-mouse CD45 APC/CY7, CD3 FITC, CD11b V500, CD11b BV60S, CD11C PE/CY7, and F4/80 BV421 were
obtained from BioLegend (San Diego, CA, USA). Ultra-pure total RNA extraction Kit and HiFi-MMLV cDNA first strand
synthesis kit was bought from CoWin Biosciences (Jiangsu, China).

Animal Model and Groups

Male C57BL/6J mice, aged 6-8 weeks, were supplied by Beijing Huafukang Biological Technology Co., Ltd. (Beijing,
China) (certification no. SCXK Jing 2019-0008) and kept in a specific pathogen-free environment. All experiments were
conducted following the principles of Beijing Ethical Examination Guidelines for Experimental Animal Welfare
approved by the Beijing Institute of Traditional Chinese Medicine (approval n0.2020080203).

The mice were randomly divided into four groups of six mice each: Control, Model, Res-L (20 mg/kg), and Res-H (40 mg/
kg). The animals were treated topically with 62.5 mg of imiquimod cream (5%) on the shaved back for six consecutive days to
establish a psoriasiform lesion model, whereas the control group was treated with vaseline. Res was dissolved in 0.5% sodium
carboxymethyl cellulose to achieve different concentrations for oral administration. The control and model groups received
0.5% sodium carboxymethyl cellulose. We observed and photographed the skin lesions of the mice every day. Six days later,
the mice were sacrificed by cervical dislocation under sodium pentobarbital anesthesia, and the skin lesions were harvested.

Cell Culture
Raw264.7 cells were supplied by the National Laboratory Cell Resource Sharing Service Platform (Beijing, China) and
cultured in DMEM medium supplemented with 10% FBS at 37°C in a humidified incubator with 5% CO,.

Histology, Immunohistochemistry, and Immunofluorescence Staining

Paraffin-embedded skin samples were cut into 5-pm tissue sections and subjected to hematoxylin and eosin (HE)
staining. The histopathological changes were scanned using the Aperio CS2 Leica scanner (Leica, Germany).
Epidermal thickness was measured using Image ScopeTM (Aperio Technologies, Vista, CA, USA). For immunofluor-
escence staining, the sections were stained with anti-Ki670, and DAPI was applied for counterstaining. Slides were
observed under a Zeiss Axio Imager (Germany) and laser scanning confocal microscope (Zeiss LSM710, Germany).
Under a 200x microscope, five fields were randomly selected for each slide and photographed.

Skin Cell Preparation

Hanks’ Balanced Salt Solution 10x diluted with ddH,O was mixed into 1x suspensions buffer, containing HEPES solution, DNase
I, collagenase A, DDT, calcium chloride, L-glutamine, penicillin-streptomycin. The solution was store at 4°C before the
experiment. Mice skin lesions were collected and transferred to wash off the remaining IMQ cream. We used scissors to cut
the skin into crumbs to ensure adequate digestion. Then, we transferred the crumbs into a 50-mL conical centrifuge tube with
20 mL of digestive buffer, followed by incubation in a gas bath thermostatic oscillator for 1 h at 37°C and 220 rpm. Next, the
suspension was filtered through a 70-um cell strainer into a 50-mL tube. Then, the samples were centrifuged for 5 min at 1500 rpm
and 4°C. Finally, the pellet was resuspended with 1 mL of cold staining buffer and kept on ice until staining.

Flow Cytometry

The cell densities of the prepared skin cells were adjusted to be within 10° cells per 100 pL after cell counting. Then, 1
puL Fe blocking buffer was added, followed by incubation for 5 min in the dark. Further, antibodies were added following
the manual instructions, and incubated the samples for 15 min in the dark. Next, samples were washed twice with 2 mL
of PBS and centrifugated at 1500 rpm for 10 min. CountBright beads quantified absolute cell count. Data were collected
using a BD LSR II and analyzed using FACSDiVa 8.0 software.

Western Blot
The amounts of the protein were measured using the bicinchoninic acid assay kit. Samples were run on a sodium dodecyl
sulfate-polyacrylamide gel and transferred onto polyvinylidene difluoride membranes. The membranes were then blocked
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using 5% skimmed milk at room temperature for 1 h and incubated with the primary antibodies against AMPKal, P-AMPKa
(Thr172), HK 11, and B-tubulin at 4°C overnight. DyLight 800-Goat Anti-Mouse IgG (H+L), HSA (1:8000), DyLight 680-
Goat Anti-Rabbit IgG (H+L), HSA (1:8000), for 1 h in the dark. The immunofluorescence intensities of the membranes were
measured using the Odyssey® CLx Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA).

RNA Isolation and Gene Expression Analysis

RNA was extracted from frozen mouse skin samples using the TransZol Up Plus RNA Kit (TransGen Biotech, BJS,
CHN). RNA concentration was assessed with Nanodrop (Thermo Scientific, CA, USA). RNA fragmentation and quality
were determined with a 2100 Bioanalyzer (Agilent, CA, USA). Systematic mRNA expression was measured on
a nCounter FLEX Analysis System (NanoString, Seattle, WA, USA) using the nCounter Metabolic Pathways Panel
(NanoString Technologies Inc.), covering 768 Mouse mRNAs associated with metabolic processes and immunometa-
bolism. A minimum input of 100 ng of total RNA was utilized for each sample. Fluorescently color-coded reporter
probes and biotin-labeled capture probes were hybridized to the mRNA on a thermal cycler overnight and automatically
processed and loaded to the NanoString provided sample cartridge in the nCounter Prep Station following the
manufacturer’s protocol. The row counts resulting from the analysis were normalized against reference genes (genes
selected to have a minor variance with the geNorm algorithm). The normalized data were then analyzed using
NanoString’s nSolver version 4.0 software with the Advanced Analysis application tool.

Quantitative RT-PCR Analysis

Total RNA was extracted from the skin lesions using an Ultra-pure total RNA extraction Kit. Reverse transcription was
carried out with HiFi-MMLV cDNA first strand synthesis kit. Quantitative RT-PCR amplification was analyzed by ABI
7500 Real-time PCR systems (Applied Biosystems, USA). The RNA expression level was determined by 2 2", The
actin was used as a reference to normalize the data. Beijing Invitrogen Company synthesized primers (Table 1).

Cell Viability Assay

The effects of Res on cell viability were assessed using the Cell Counting Kit-8 assay according to the directions
provided by the manufacturer. Cells were seeded in 96-well plates and treated with different Res concentrations for 12
h. Next, 10 uL of CCK-8 reagent was added to each well and incubated at 37°C in 5% CO?2 for 1 h. The mean optical
density (OD) of the cells in each group was used to identify the non-toxic concentration of Res.

ProcartaPlex Multiplex Immunoassays

Skin tissue lysis mixtures and Raw264.7 cells supernatant were collected and assessed by 17-Plex Mouse ProcartaPlex™
Panel (EPX170-26087-901, Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. The data were
then read using a Luminex 200 analyzer. The data were fitted to the standard curve by the five-parameter nonlinear
regression method, and the concentration value was calculated.

Statistical Analysis

The quantitative data are expressed as means + SD. ¢-test was applied for comparison between the two groups. One-way
analysis of variance (ANOVA) was employed for comparison between groups. Analysis for statistical significance and

Table | The Primers Information of Genes

Name Forward Reverse bp

Idha AAGTCCAAGATGGCAACCCT ACAGCACCAACCCCAACAAC 101
hkl GACGACAGTATCCTGGTCAAGA CGCCCACGGTTACATTCA 139
cptla AACATCGTGAGTGGCGTCCT GGCTCATTTTGCCGTGCTCT 127
prkaal AGCCAAATCAGGGACTGCTACT AGGGAGGTGACAGATGAGGTAAG 135
prkaa2 TGAGGTGGTGGAGCAGAGGT AGGGGTGGATAATCAACGAG 250
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data display was conducted with GraphPad Prism 8.0. Correlation analysis was adopted using Pearson’s correlation. P <
0.05 was considered to indicate a statistically significant difference.

Results
Res Attenuated IMQ-Induced Psoriasis-Like Skin Inflammation

To explore the potential mechanism of Res in psoriasis treatment, we utilized an IMQ-induced psoriasis-like mouse
model. Obvious scaling, erythema, and inflammatory infiltrate were observed in the IMQ-treated model mice. Notably,

the mice treated with different concentrations of Res had lighter erythema, smoother skin, and fewer scales (Figure 2A).

B *kk

1004 #H —

Al

Control  Model Res-L

S o ©
o o =3
1 1 1

Epidermis thickness(um)
»n
o
1

o
L

T
Res-H

H (Ki67,DAPI 200x)

Control Model Res-L Res-
IL-23 IL-1B IL-17A TNF-a
#HH#
600 " - 400+ o 1000 i 500
—_— - — u

— 800 L 400+
E 300 ] _ _
= 400 = z £

E " E 'Il £ 6001 £ 300
2 B - -9
s £ 200 s g

S < = 400 L 200
= 200+ El 2 g

100 200 A 100

0- 0 N 0 Oeen Axx,
0 T T T 0 -0 T T 0 T T T
Control Model Res Control Model Res Control Model Res Control Model Res

Figure 2 Res improves IMQ-induced psoriasis-like skin inflammation.

Notes: IMQ cream was applied on the back for six days in the model and Res groups, whereas the mice in the control group received Vaseline. (A) Photographs of IMQ-induced
psoriasis-like skin on day 7. (B) Epidermal thickness evaluated by microscope. (C) H&E staining of the skin lesions. Scale bar =200pm. (D) Immunofluorescence staining for Kié7 (green)
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H&E staining of the skin lesions of the model mice revealed a thickened epidermal acanthocyte layer and downward
digitation of the epidermis. In the Res groups, the pathological manifestations were significantly less pronounced, and the
epidermis thickness was significantly lower than those in the model group (Figure 2B and C). To observe the Res-
induced improvement in the pathological manifestations of psoriasis, we determined the expression of Ki67 in the mouse
skin, a marker associated with cell proliferation, using immunofluorescence staining techniques. The levels of Ki67-
positive cells were considerably higher in the skin epidermal basal layer of the model mice than in that of the control
mice. Conversely, in the Res-treated mice, the expression of Ki67 was lower than that in the model mice, suggesting that
Res reduces IMQ-induced proliferation and differentiation of keratinocytes (Figure 2D). As shown in Figure 2E-H, IL-
23, IL-1B, IL-17A, and TNF-a secretion levels of model mice lesions were significantly upregulated compared with the
control mice and Res inhibited these inflammatory factors secretion. These results suggest that Res attenuated IMQ-
induced psoriasis-like skin inflammation by reducing the proliferation of keratinocytes and the secretion of inflammatory
cytokines.

Res Inhibited Glycolysis and Affected Multiple Biological Pathways

To extend and improve the existing understanding of the functional changes in Res-treated mice, we measured the mRNA
using a nCounter FLEX Analysis System using the nCounter Metabolic Pathways Panel, covering 768 mouse mRNAs
associated with metabolic processes and immunometabolism. Compared to the control group, 254 mRNAs in the model
group were significantly upregulated (Figure 3A). In the Res group, 79 mRNAs were considerably more upregulated than
in the model group (Figure 3B). Compared to the control group mice, metabolic pathways of psoriasis-like mice were
significantly altered. The heatmap of pathway scores showed that the expression levels of glycolysis, arginine metabo-
lism, and glutamine metabolism were higher. The expression levels of AMPK, mTOR, FAO, and amino acid transporters
were lower (Figure 1A). In addition, the expression levels of PI3K, NF-kB, TLR signaling, reactive oxygen response,
lysosomal degradation, and MAPK were up-regulated (Figure 3C). Res inhibited the levels of hypoxia-related genes
(hifla, hif3a) and glycolysis-related genes (hk1, hk3), and increased the levels of AMPK pathway-related genes (prkaal,
prkab2, pgkl) (Figure 3D).

Res Regulated the Expression of Metabolism-Related mRNA

To determine whether Res affects glycolysis, we measured the expression levels of mRNA in the skin by qRT-PCR.
Consistent with previous mRNA sequencing results, the mRNA levels of glycolysis (Idha, hkl) were upregulated in the
model mice, while Res down-regulated these mRNA (Figure 4A and B). The mRNA levels of FAO (¢ptia) and AMPK
(prkaal, prkaa2) were significantly decreased in the model mice, while Res increased the expression of these genes
(Figure 4C-E). Spearman correlation analysis was performed to analyze the relationship between differential mRNA
expression and the severity of psoriasis. The IL-17A had a positive association with /dha, and was negatively correlated
with prkaa2 (Figure 4F and G). Therefore, these results underpin that glycolytic reprogramming has a crucial role in
psoriasis. Res might regulate glycolytic reprogramming and activate AMPK to attenuate IMQ-induced psoriasis-like skin
inflammation.

Res Reduced the Infiltration of CDI Ib"cells, Especially Macrophages in the Lesion
Skin
Interestingly, itgam, encoding CDI11b, a differentiation marker for cells of the myeloid-monocytic lineage,'® was
significantly regulated (Table 2 and Table 3), and Res inhibited the CD11b expression (Figure 5A). The obtained results
suggested that the attenuation of inflammation may be associated with a decrease in the levels of infiltrating inflammatory
cells expressing CD11b. We first analyzed CD45'CD11b"cells in mice skin lesions using flow cytometry. The percentage
of CDI11b+cells was significantly more upregulated in the model group than in the control group, whereas Res reduced
the percentage of CD11b"cells in the mice skin as compared to the model group (Figure 5B).

Macrophages and dendritic cells play an essential role in the pathological process of psoriasis. Hence, CD11bF4/80"
macrophages and F4/80 CD11c"dendritic cells were identified using flow cytometry. Compared with the control group,
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the percentage of macrophages in the model group was upregulated significantly, whereas Res inhibited the percentage of
macrophages (Figure 5C). While the percentage of dendritic cells in the model group was also upregulated compared
with the control group, Res had no obvious effect on the percentage of dendritic cells (Figure 5D). Immunofluorescence
of CD11b and F4/80 in the skin lesions also indicated that Res reduced macrophages infiltration (Figure 5E). The plasma
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membrane tetraspan molecule ms4ada, selectively expressed by macrophages,'” was upregulated in the model mice than
control mice, and Res significantly inhibited its expression (Figure 5F). The aforementioned results suggested that the
anti-psoriasis effect of Res might be related to reduced infiltration of macrophages in the lesion skin.

Res Inhibits Activation of Macrophages Stimulated by R848

Based on the flow cytometry experiment results, we assessed the effects of Res on macrophages in vitro. IMQ is an
established TLR7/8 agonist used to induce a psoriasis-like skin inflammatory model. To maintain consistency between
in vitro and in vivo studies, we chose R848, a TLR7/8 agonist, as a stimulant rather than routinely used LPS. First, to
observe the toxicity of Res, Raw264.7 cells were treated with different concentrations of Res for 12 h, and their cell
viability was measured using the CCK-8 assay. Res ranged from 3.125 to 200 uM, showing no effect on cell viability
(Figure 6A). Therefore, 50, 100, and 200 uM were used in the following in vitro experiments. Increased secretion levels
of pro-inflammatory cytokines were observed in R848-stimulated Raw264.7 cells. At 50, 100, and 200 uM, Res inhibited

Table 2 Top 10 Most Statistically Significantly Differentially Expressed
Genes Model vs Control

Log2 Fold Change | std Error (Log2) | P-value
ltgam-mRNA | 3.1 0.158 1.13E-06
Fcgr4-mRNA | 4.24 0.263 3.65E-06
Ctss-mRNA 1.84 0.136 9.92E-06
Ctps-mRNA | —2.44 0.185 I.16E-05
Tirl-mRNA 3.21 0.253 1.47E-05
ltgb2-mRNA | 2.37 0.188 1.54E-05
Gcle-mRNA | —1.58 0.127 1.68E-05
GpxI-mRNA | 1.88 0.154 1.86E-05
Ada-mRNA 3.32 0.278 2.07E-05
Enol-mRNA | .47 0.129 2.73E-05
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Table 3 Top 10 Most Statistically Significantly Differentially Expressed Genes Res vs

Model

Log2 Fold Change std Error (Log2) P-value
Mybl2-mRNA —0.982 0.147 0.000545
Itgam-mRNA —0.948 0.143 0.000559
MapIlc3b-mRNA 0.393 0.0638 0.000846
Rad51apl-mRNA —0.412 0.0714 0.00118
Rad51-mRNA —0.698 0.122 0.00124
Aspa-mRNA 0.676 0.127 0.00176
Cdc20-mRNA -0.97 0.186 0.00196
Fcgr4-mRNA -0.819 0.162 0.00235
Rblccl-mRNA 0.411 0.0828 0.00255
Cdca8-mRNA —0.408 0.0849 0.00297

the secretion of IL-23, IL-6, and TNF-a to varying degrees (Figure 6B-D). In addition, Res inhibited the release of
reactive oxygen species (ROS) in R848-induced Raw264.7 cells (Figure 6E).

Res Regulates Macrophages Glycolytic Reprogramming by Activating AMPK

Lactate is a terminal glycolysis product from pyruvate catalyzed by LDHA.'® The lactate production of R848-stimulated
macrophages was higher than that in the control group, whereas Res attenuated lactate production (Figure 6F). The
expression of HK II in the R848 group was increased, while Res-200 uM significantly inhibited the expression of HK II.
AMPK is a negative regulator of acrobic glycolysis.'® In R848-stimulated macrophages, the expression levels of AMPK
and p-AMPK were significantly inhibited compared to the control group. In contrast, Res increased AMPK and p-AMPK
levels (Figure 6G). These results suggested that Res may regulate glycolysis reprogramming of macrophages by
activating AMPK to reduce inflammation (Figure 6H).

Discussion

Psoriasis is a chronic, relapsing, inflammatory skin disease characterized by systemic immune dysregulation. Abundant
macrophage infiltration has been observed in psoriasis lesions.”” As for the origin of macrophages, there is broad
agreement that macrophages in health and disease originate from circulating monocytes.”' In mice, skin, lung, heart, and
kidney tissue-resident macrophages (M) were found to originate from the yolk sac or fetal liver.”? In humans and mice,
skin mononuclear phagocytes consist of Langerhans cells and dermal macrophages, a mix of cells derived from bone
marrow monocytes and embryonic precursors.”>** The primary function of macrophages is phagocytosis, which serves
as the first defensive line of immunity. In addition, macrophages produce many inflammatory mediators that activate
other immune cells to facilitate the induction of a robust immune response. In psoriasis, activated macrophages produce
TNF-a, [L-23, and IL-1p to activate T cells, leading to abnormal proliferation in keratinocytes. Reportedly, macrophages
are the most prominent population in normal and psoriatic skin and are the principal immune lymphocyte cells in hTNF-
mediated psoriasis.” Recently, single-cell RNA sequencing revealed that macrophages were the main group of immune
cells in IMQ-induced psoriasis mice.>> Our study also found that the percentage of macrophages in skin lesions was
prominently elevated, about 61.29%, which is similar to what was previously reported. The extensive infiltration of
macrophages in psoriasis lesions deserves further investigation to elucidate the relationship between macrophage levels
and activities and the pathogenesis of psoriasis.

Res has been shown to alleviate inflammation in skin lesions of psoriasis; however, its mechanism of action is still
unclear. Studies have shown that Res decreased the expression of many M1 pro-inflammatory cytokines (TNF-a, IL-1p,
and IL-6) but increased the regulatory T cells infiltration. In addition, Res elevated the level of p-AMPK.* In LPS-
induced murine acute lung injury, Res decreased CD45"CD206 subtype macrophage levels by the SOCS3 signaling
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Figure 5 Res reduced the infiltration of macrophages.

Notes: (A) The expression level of itgam mRNA and the representative Western blots of CD | Ib expression in the skin. (B) Percentage of CD45°CDI Ib" cells of the skin
in each group of mice. (C) Percentage of CD|1b"F4/80" macrophage of skin in each group of mice. (D) Percentage of dendritic cells of the skin in each group of mice. (E)
Immunofluorescence staining of CD 1 Ib, F4/80, DAPI. Scale bar=100um. (F) The expression level of ms4a4a mRNA in the skin. Data are expressed as mean + SD (n = 3).
Ns, no significant, ##P < 0.001 vs control group; *P < 0.05 and **P < 0.01 vs model group.

3832 e Journal of Inflammation Research 2023:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Wang et al

IL-23 TNF-a .
B - C o D 3000-
150 15 B s
250 s L
= Ta T 2500
200 E
&5 100 E 10 jg
- = L] =
2 2 E 150 5
g g 2 g
3 50 4 5 E 3 100 = 2000+
© 50
T = [ 1500~

T
> S S S 3>
o°°\‘ & &S (\‘(o QS’Q b@s ®§~ Q§$
& <& P
€
Imiquimod Psorisiform
Lesions Glycolysis
’ o - Fatty acid metabolism
fs fs ¢ Glutamate metabolism
Cue Tyrosine metabolism
. Lysine metabolism
Epidermis
AMPK
° - T cells
B-tubulin o ° 2 D ©
° ) 2
o e
M h Vf/'
c acrophages .
Dendritic cell
'% mm Control A:‘: TNFs rfuc calis
8 R848 Glycolysi IL-12/23 et
= - aa,,
g DA Al L N
] Bm Res-50uM AL Lp Activa .
c Metabolic T :
@ Res-100uM T A Potential Target
g B Res-200uM AMPK  +— '
Py Activated Dermis
.; 3
©

HK I p-AMPK AMPK

Figure 6 Res inhibits R848-stimulated activation of macrophages.

Notes: (A) The effect of Res on the cell viability of Raw264.7 cells. (B—D) IL-23, IL-6, and TNF-a levels were shown in control, R848, and Res groups. (E) The levels of ROS.
(F) The level of lactate production. (G) The expression of HK II, p-AMPK and AMPK. (H) Schematic view of glycolytic reprogramming of macrophages in IMQ-induced
psoriasis-like mouse model and is a potential therapeutic target. Data were expressed as the mean # SD. Ns, no significant, “P < 0.05, *P < 0.01 and P < 0.001 vs control
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pathway.”” Furthermore, the anti-inflammatory and antioxidant effects of Res have been widely explored and
documented.*®

Here, we found that Res alleviated the IMQ-induced psoriasis-like mouse model inflammation reaction. Based on
customized NanoString panels analysis results, we found Itgam, which has been identified that associated with systemic
lupus erythematosus.”®?? Ttgam encodes CD11b (also known as integrin a M) which couples with CD18 (also known as
integrin B2) to form macrophage antigen 1 (MAC1).*® According to literature reports, CD11b levels in patients with
psoriasis were lower than in healthy controls.*® However, CD11b levels in patients with pustular psoriasis were also
evidenced to be higher than in patients with psoriasis vulgaris.*' Hruska found that the MiR-21 binding site SNP within
Itgam was associated with psoriasis susceptibility in women.>” Neutrophils in patients with acute psoriasis were
associated with an increase in CDI11b/CDI18 expression,>® which may increase their migration capacity toward
keratinocytes.>* We found that the Itgam/CD11b and ms4ada in the IMQ-induced psoriasis-like mouse model were
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higher than in the control mice. Res significantly decreased the expression of CD11b and the percentage of CD11b cells
in the skin lesions. We further established that Res reduced the infiltration of CD11b F4/80 ‘macrophages in the skin
lesions. Additionally, Res reduced the levels of the macrophage-related pro-inflammatory factors (IL-6, IL-1p, and TNF-
a) secretion both in vivo and in vitro. These results suggest that Res alleviate psoriasis may by inhibiting macrophages
infiltration and reducing the secretion of macrophage-associated cytokines. Further, we will consider incorporating
depletion experiments to evaluate the impact of macrophages absence on the observed outcomes.

Immune inflammation reactions are closely related to cellular metabolism. Activated immune cells undergo
a metabolic switch to aerobic glycolysis, a phenomenon known as the Warburg effect.®> In psoriasis, cell proliferation
and epidermal thickening increase oxygen consumption and supply. Psoriasis lesions are hypoxic, and thus hifs are
strongly activated.*® Our experimental data also confirmed that the glycolysis levels and hypoxia were increased in
psoriasis. Glycolysis is vital to Th17/Thl cell differentiation and keratinocyte proliferation in psoriasis
pathogenesis.’’*®* Dimethyl fumarate, an immunomodulatory drug used to treat multiple sclerosis and psoriasis,
downregulates aerobic glycolysis in activated myeloid and lymphoid cells.>> Thus, glycolysis is considered
a potential therapeutic target in autoimmune diseases. AMPK, a central regulator of energy metabolism, is a drug
target in different therapeutic areas, including metabolic diseases, cancer, pain, and chronic kidney disease.’”
Metformin, aspirin, berberine, and Res activate AMPK, suggesting AMPK may mediate their effects, at least in
part. AMPK is a negative regulator of aerobic glycolysis.*® AMPK activity was inhibited in both the psoriasis patients
and the IMQ-induced psoriasis-like mouse model.*'*** It is noteworthy that impaired AMPK in macrophages has been
shown to be associated with higher production of pro-inflammatory cytokines while salicylates ameliorate intestinal
inflammation by activating macrophage AMPK.** We also found that R848-stimulated macrophages had increased
glycolytic activity and inhibited AMPK. However, Res could activate AMPK to regulate glycolysis to inhibit pro-
inflammatory cytokine secretion.

This study has some limitations. First, the NanoString panel analysis was customized, including mRNAs associated
with metabolic processes and immunometabolism rather than all mRNAs. Second, we detected only macrophages and
dendritic cells in skin lesions but did not investigate neutrophils. In future studies, we will focus on the role of
neutrophils in psoriasis and the related mechanisms of drug therapy. Furthermore, many metabolic pathways were
changed in the psoriasis model and Res-treated mice, which we did not further investigate. Further exploration of these
pathways may lead to the discovery of potential therapeutic targets.

Conclusion
Our study further elucidates the mechanism by which Res improves psoriasis, possibly by reducing macrophage
infiltration and inhibiting glycolysis. Res showed promising prospects for further research and clinical application.
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