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Abstract
Purpose  Alopecia Areata (AA) is an inflammatory non-cicatricial alopecia with a high prevalence. Some patients with 
AA show an inferior response to treatment. To find key proteins in AA, Genome-wide association study data from 
three cohorts were analyzed using Mendelian randomization (MR) method.

Patients and methods  The gene expression of the identified proteins was further evaluated and compared 
between AA and healthy samples from two single-cell RNA datasets (GSE212447 and GSE233906). A cell model was 
also built to validate the findings. Autodock Vina and GROMACS, were also employed to search for ingredients from 
traditional Chinese medicine(TCM) that interacted with the identified protein.

Results  Three proteins, DEFB1, HGFAC, and CYB5D2, were identified as potential drug targets. The altered gene 
expression in lesional samples of AA patients was consistent with the promoting or protective effects of identified 
proteins on the disease. The overexpression of risk factor DEFB1 upregulated the RNA and protein expression of MICA 
in HaCaT cells. The TCM ingredient cimigenol was found to interact with DEFB1 via molecular docking, and molecular 
dynamics simulations confirmed the stability of this interaction.

Conclusion  DEFB1 is a potential drug target with promising prospects for the development of novel drugs for 
treating AA. The TCM ingredient, cimigenol, is a promising drug for AA treatment.

Keywords  Inflammatory disorders, Mendelian randomization, Molecular Docking, Non-cicatricial areata, Single-cell 
transcriptome
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Introduction
Alopecia Areata (AA) is a common inflammatory non-
cicatricial alopecia that mostly manifests as a sudden 
occurrence of single or multiple plaque alopecia with a 
clear border [1]. In severe cases, the lesion can diffuse 
and eventually lead to hair loss in the entire scalp [2]. AA 
has a high recurrence rate and a long duration that can be 
up to several years or even decades in some patients [3]. 
Although AA is not life-threatening, patients still suffer 
from hair loss, anxiety, depression, and social stress [4].

Although various therapies have been developed, 
including glucocorticoids and small-molecule drugs, 
such as JAK inhibitors, some patients with AA show an 
inferior response to treatment [5]. Additionally, many 
patients report a high risk of relapse after cessation of 
drug use, making it important to discover new drug tar-
gets for AA [6]. Additionally, the financial burden of alo-
pecia extends beyond treatment costs to encompass the 
social impact on the professional lives of patients, par-
ticularly those who are female, of Asian ethnicity, or have 
lower incomes [7, 8]. This underscores the urgent need 
to develop more affordable medication options for AA 
patients.

Previous studies have reported that circulating DNAs 
and cytokines may be causally associated with AA [9, 
10]. However, the DNAs are too premature to directly 
intervene the biological process according to the cen-
tral degoma and cytokines only represent a fraction of 
the bioactive factors. Meanwhile, the causal relationship 
between circulating proteins and AA has not yet been 
systematically investigated. As a technique for evaluating 
the causal association between exposure and outcome, 
Mendelian randomization (MR) has shown superior 
efficiency in identifying plasma proteins with promis-
ing potential as novel drug targets [11]. With abundant 
data from a large-scale genome-wide association study 
(GWAS), MR can predict the potential effects of drug 
targets on a disease and increase the chances of success 
in drug discovery.

In this study, we used MR to select the causal variation 
of AA with the potential to be a drug target by integrat-
ing and analyzing three independent GWAS summary 
datasets containing protein quantitative trait loci (pQTL) 
of plasma proteins. Phenome-wide MR (Phe-MR) was 
also performed to investigate possible side effects of the 
drug targets. The alteration of prioritized drug targets 
between lesional and non-lesional tissues was also evalu-
ated and compared using two single-cell RNA (scRNA) 
datasets, GSE212447 and GSE233906. Furthermore, two 
network pharmacology tools, Autodock Vina and GRO-
MACS, were employed to search and validate ingredients 
from traditional Chinese medicine (TCM) that interacted 
with drug targets.

Materials and methods
Acquiring instrument variables for proteins in plasma
Plasma pQTL data obtained from deCODE Genetics 
were used for exposure in the primary selection. Involv-
ing 35,559 Icelanders in GWAS, deCODE contained 
4,907 plasma proteins and significant genetic associa-
tions (pQTLs). The selection of pQTLs in MR was based 
on the following criteria: first, the pQTL had a signifi-
cant genetic association with a certain plasma protein 
(p < 5e-08) and was not located within the range of the 
major histocompatibility complex (MHC) region (chr6, 
26–34 Mb); second, the pQTLs showed no linkage dis-
equilibrium (LD) clumping (r2 < 0.1, window size = 1000 
Kb); and (should) a cis-acting pQTL (within 1 Mb range 
of gene for a lower pleiotropy).

Data from the UK Biobank Pharma Proteomics Project 
(UKB), which contained 54,219 participants and identi-
fied 2,923 proteins, were used for the validation of identi-
fied drug targets [12]. Additionally, proteome data from 
the Fenland Study with 4,775 proteins from 10,708 Cau-
casians were used for validation as well [13]. The selec-
tion of pQTLs in these two replication cohorts adhered 
to the same criteria outlined for the deCODE cohort.

GWAS summary statistics of AA
For both primary analysis and further validation, sum-
mary data obtained from the FinnGen database R11 
were used as the outcomes. The GWAS summary data 
of the outcome were the AA dataset from the FinnGen 
R11 database (​h​t​t​p​​s​:​/​​/​r​1​1​​.​f​​i​n​n​​g​e​n​​.​f​i​/​​p​h​​e​n​o​​/​L​1​​2​_​A​L​​O​P​​E​
C​A​R​E​A​T​A), which contained 862 patients with AA and 
432,686 healthy participants.

MR analysis and study design for selection and validation 
of drug targets
MR analysis was developed to evaluate causal relation-
ships without interference from confounding variables. 
In our study, the plasma proteins from the statistics 
in the deCODE, UKB, and Fenland studies were used 
as exposures, while AA was the outcome in the main 
MR analysis. The instrumental variables (IVs) were 
selected based on the criteria mentioned above. Using 
the “TwoSampleMR” package, the causal association 
between the protein with only one genetic instrument 
and AA was evaluated using the Wald ratio. The inverse 
variance weighted (IVW) method was used for other 
conditions. In addition, the MR Egger, Weighted median, 
simple mode, and weighted mode methods were used to 
evaluate the causal effects of proteins with more than two 
instruments. The increased risk of AA at the proteome 
level per standard deviation (SD) in blood is shown by 
the odds ratios (OR). The plasma proteins identified as 
being closely related to the risk of AA were prioritized as 
drug target candidates.

https://r11.finngen.fi/pheno/L12_ALOPECAREATA
https://r11.finngen.fi/pheno/L12_ALOPECAREATA
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The causal effect of the drug target candidates on AA 
was further validated by MR analysis in the UKP and 
Fenland cohorts. Significance was also evaluated based 
on Bonferroni-corrected results [14]. We also employed 
the random effects model of the “metafor” package for 
the meta-analysis of the results in the three cohorts with-
out heterogeneity and pleiotropy.

Phe-MR analysis investigated for side-effects of target 
proteins
To evaluate the potential side effects of the prioritized 
AA-associated proteins, Phe-MR analyses were per-
formed on a range of diseases using the AstraZeneca 
PheWAS Portal (https://azphewas.com/) [15]. A ​s​i​g​n​i​f​i​c​a​
n​t risk or protection association will be determined with 
a p-value < 0.05/n in the Phe-MR analysis [16].

Sensitivity analysis
In the MR analysis, if a protein had more than two SNPs, 
the MR-Egger intercept test was employed to detect plei-
otropy in the IVs of the exposure. Cochran’s Q test was 
used to evaluate heterogeneity among IVs.

In addition, Bonferroni correction was employed in the 
MR analysis to lower the potential false discovery rate 
(FDR) after multiple tests. A threshold of p < 0.05/n was 
used to determine whether the causal association was 
significant [17].

Analysis based on ScRNA expression dataset
Based on scRNA-seq data of biopsy samples from healthy 
controls and lesional areas with alopecia areata, the 
altered expression of genes encoding drug target proteins 
in specific cells was further evaluated. Gene expression 
profiles GSE212447 and GSE233609 were downloaded 
from the GEO database, and the original data were pre-
processed and converted using the “Scanpy” package. 
After removing cells whose gene count was less than 
200 and genes that were expressed in fewer than three 
cells in the sample, the RNA count was normalized and 
scaled with the “scanpy.pp.normalize_total” function. 
After data preprocessing, principal component analy-
sis (PCA) and the “scanpy.tl.umap” functions were used 
to reduce the dimensionality of the merged dataset and 
visualize the expression of drug targets in different cell 
types. The “FindMarkers()” function and “clusterPro-
filer” package were employed in the gene set enrichment 
analysis(GSEA) to investigated the signaling pathways 
enriched in the keratinocytes of GSE212447.

Plasmid transfection
The plasmid was constructed (Corues Biotech, Nanjing, 
China), and cultured in RPMI 1640 medium supple-
mented with 10% FBS transfected with a plasmid carry-
ing the DEFB1 fragment (DEFB1 sequences: ​A​T​G​A​G​A​A​

C​T​T​C​C​T​A​C​C​T​T​C​T​G​C​T​G​T​T​T​A​C​T​C​T​C​T​G​C​T​T​A​C​T​
T​T​T​G​T​C​T​G​A​G​A​T​G​G​C​C​T​C​A​G​G​T​G​G​T​A​A​C​T​T​T​C​T​C​
A​C​A​G​G​C​C​T​T​G​G​C​C​A​C​A​G​A​T​C​T​G​A​T​C​A​T​T​A​C​A​A​T​T​
G​C​G​T​C​A​G​C​A​G​T​G​G​A​G​G​G​C​A​A​T​G​T​C​T​C​T​A​T​T​C​T​G​C​
C​T​G​C​C​C​G​A​T​C​T​T​T​A​C​C​A​A​A​A​T​T​C​A​A​G​G​C​A​C​C​T​G​T​
T​A​C​A​G​A​G​G​G​A​A​G​G​C​C​A​A​G​T​G​C​T​G​C​A​A​G) or empty 
plasmid in 12-well plates. The plasmid was transfected 
using CRTrans reagent (Abcam, USA).

Quantitative PCR
Total RNA was isolated from cultured cells using an RNA 
Isolation Kit (Vazyme, Nanjing, China), following the 
manufacturer’s protocol. The extracted RNA was then 
reverse-transcribed into cDNA using HiScript III RT 
SuperMix for qPCR (Vazyme, Nanjing, China). ChamQ 
SYBR Color qPCR Master Mix (without ROX) (Vazyme, 
Nanjing, China) was employed in accordance with the 
specifications of the Bio–Rad CFXTM Real-Time PCR 
Detection System for quantitative PCR. Sequences of the 
DEFB1 primers used for real-time PCR were constructed 
by Corues Biotech.

Western blotting
In the cell experiment, fibroblasts were collected after 
transfection and lysed in RIPA buffer (Thermo Fisher 
Scientific) with protease inhibitors (Thermo Fisher Scien-
tific). The acquired proteins were quantified, separated by 
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis, and electroblotted to PVDF membranes. After block-
ing for 1 h at room temperature, the PVDF membranes 
were incubated with primary antibodies overnight and 
then with HRP-conjugated secondary antibodies at 4 °C. 
The primary antibodies used were anti-β-actin (1:10000, 
Proteintech, 20536-1-AP), anti-GAPDH(1:10000, Pro-
teintech, 60004-1-Ig), anti-DEFB1(1:1000, Proteintech, 
14738-1-AP), anti-TGFβ1(1:5000, Proteintech, 81746-
2-RR), anti-SMAD2 (1:2000, Proteintech, 12570-1-AP), 
anti-p-SMAD2(1:1000, Proteintech, 80427-2-RR), and 
anti-MICA (1:1000, Proteintech, 66384-1-Ig). The bands 
were visualized using HRP substrate on a ChemiDocTM 
XRS + system (Bio-Rad).

Targeted screening for drugs interacted with drug targets 
via molecular docking
To identify new options for AA treatment, we searched 
for drugs that interact with DEFB1 in the Traditional 
Chinese Medicine Systems Pharmacology Database 
and Analysis Platform (TCMSP) database via molecular 
docking [18]. Based on the proteomic structure of drug 
targets downloaded from Uniprot, AutodockVina 1.5.7 
was employed to evaluate predicted binding energy (PBE) 
and interaction between the Chinese herbal medici-
nal ingredients and DEFB1. We obtained the molecu-
lar structures of the herbal medicinal ingredients from 

https://azphewas.com/
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TCMSP. The parameters for better druggability were set 
as follows: the blood-brain barrier (BBB) < −0.3, oral 
bioavailability (OB) > 30, and drug-likeness (dl) > 0.18 
[19]. In addition, the molecular weight (MW) < 500 for 
a better drug absorption while the value of BBB should 
be less than − 0.3 to reduce possible neurotoxicity in the 
central nervous system. Discovery Studio Visualizer was 
employed to visualize the compound-protein interaction.

Molecular docking simulation
Before the molecular docking simulation, a system was 
prepared using a solution builder module. The systems 
were set into a cubic box and solvated using the TIP3P 
water model with antagonist sodium ions and hydrogen 
atoms to neutralize the charge. The edge of the box was 
at a minimum distance of 1  nm from the protein. The 
condition of the system was similar to that of the physi-
ological environment, and the energy minimization step 
was performed using the Steepest Descent algorithm to 
eliminate any abnormal contacts between the protein and 
the surrounding water molecules.

After the system was equilibrated, the restraints on the 
protein were removed, and a 100 ns production molecu-
lar dynamics simulation was performed in GROMACS 
[20]. The production simulation was conducted under 
NPT conditions, maintaining a temperature of 300 K 
and pressure of 1.0 atm. The time step was set to 2 fs and 
all hydrogen-containing bond lengths were constrained 
using the SHAKE algorithm.

Cell viability test
The toxicity of selected drug was evaluated according to 
the viability of HaCaT cells with the Cell Counting Kit-8 
(CCK-8). Briefly, the HaCaT cells were cultured with dif-
ferent concentrations of Cimigenol (MCE, HY-N6988) 
in a 96-well plate. After 24-hours culture, the CCK-8 
reagent was added and the absorbance at 450 nm was 
measured 2 h later.

Results
Screening and validating proteins with causal effects on 
AA at the proteomic level
As is shown in Fig.  1, 1799 plasma proteins in the 
deCODE study had applicable IVs, among which the MR 
method revealed significant causal associations between 
224 proteins and AA. After Bonferroni correction, the 
causal associations between the six plasma proteins and 
AA, including DEFB1, MRC1, HGFAC, BRD2, ADGRE2, 
and CYB5D2, remained significant (p < 0.05/1799) (Sup-
plementary Table S1). Sensitivity analysis was conducted 
to investigate the potential heterogeneity and pleiotropy 
in these causal associations. Cochran’s Q test and the 
MR-Egger intercept test detected no heterogeneity and 
pleiotropy in the causal association.

To validate their potential as novel drug targets for 
AA, the six drug target candidates whose causal effects 
remained significant after the Bonferroni correction were 
searched in two other independent cohorts for replica-
tion (Fenland study and UKBPPP study).

Under the same stringent criteria employed in the 
deCODE analysis, we identified four proteins with closely 
related pQTLs (IVs) in the Fenland study. The significant 
causal effects of three proteins, including DEFB1 (OR 
= 1.478, 95%CI = 1.240–1.761, p = 1.27E-05), HGFAC 
(OR = 0.881, 95%CI = 0.828–0.937, p = 5.97E-05), and 
CYB5D2 (OR = 0.754, 95%CI = 0.618–0.919, p = 5.250E-
03), were confirmed on AA after the Bonferroni cor-
rection (p < 0.05/4). These results were consistent with 
those found in the discovery cohort. BRD2, however, was 
not validated in the Fenland cohort. Sensitivity analysis 
excluded the presence of both heterogeneity and pleiot-
ropy in all three proteins.

Among the six candidate drug targets identified in the 
deCODE cohort, only two, MRC1 and ADGRE2, had 
applicable IVs in the UKBPPP study. However, none of 
these three proteins were causally associated with AA 
based on the results of the MR analysis.

A meta-analysis was also conducted for proteins with 
more than one heterogeneity- and pleiotropy-free result 
across the three independent cohorts. Candidate pro-
teins, including DEFB1, HGFAC, CYB5D2, and ADGRE2, 
were supported by meta-analysis as drug targets for AA.

Three proteins with validated causal effects were iden-
tified as promising drug targets for AA treatment, includ-
ing DEFB1, HGFAC, and CYB5D2 (Fig. 2A).

Phe-MR analysis on target proteins for potential side 
effects
Phe-MR analysis was conducted to assess the potentially 
beneficial or deleterious effects of the five identified drug 
targets on other traits. Based on the data covering 17,361 
dichotomous phenotypes and 1,419 quantitative pheno-
types in the AstraZeneca PheWAS Portal database, the 
related traits of these drug targets for AA were investi-
gated. Only DEFB1 was causally related to a higher risk 
of sepsis due to the Streptococcus group (Fig.  2B). No 
other proteins were found to be significantly related to 
the traits in the PheWAS Portal (Fig. 2C and D). Detailed 
information on potential side effects is presented in Sup-
plementary Table S2.

Cell-specific expression analysis
The expression of genes that encode the drug-target 
proteins was further evaluated in specific cells based on 
two single-cell RNA-seq datasets from biopsy samples of 
AA patients, including GSE212447 and GSE233906. The 
expression profile of GSE212447, which contained 28,851 
genes in 43,671 cells, was downloaded from the GEO 
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Fig. 1  The flow chart displays the overall design of the study. The details of drug targets selection and validation as well as the following investigation 
were contained in this figure
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Fig. 2  The figure contains the results of MR and Phe-MR analysis. The significance of causal association between 6 candidates of drug target and AA is 
evaluated by MR analysis on three independent cohorts (A). The results of the meta-analysis based on the statistics from MR are also shown in this forest 
plot (A). The dot plots illustrate the causal effects of identified drug targets, including DEFB1 (B), CYD5B2 (C), and HGFAC (D), on both dichotomous and 
quantitative phenotypes in the AstraZeneca database. The red dotted line represents the threshold for Bonferroni-corrected p-values
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Fig. 3 (See legend on next page.)
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database. Samples from GSM6532919 to GSM6532922 
were defined as the diseased group (n = 4), whereas sam-
ples from GSM6532923 to GSM6532925 were defined as 
the control group (n = 3).

In GSE233906, only eight human samples were 
included in the analysis, including 30,228 genes in 36,899 
cells. Two patients (GSM7438946 and GSM7438947) 
and six patients (GSM7438941 to GSM7438945 and 
GSM7438948) were defined as the control group and the 
diseased group, respectively.

The cell clusters in the two datasets are shown in 
Fig. 3. The cells were divided into 16 cell types (Fig. 3A) 
in GSE212447 and 14 cell types in GSE233906 (Fig. 3B). 
Compared with the control groups, the proportion 
of immune cells in the AA group increased in both 
datasets(Fig.  3C and D). The expression of DEFB1 was 
sightly upregulated in the keratinocytes of AA patients 
in the GSE212447 dataset (Fig.  3E and F). A similar 
trend was observed in GSE233906 but was significantly 
more pronounced (Fig.  3G and H). DEFB1 expression 
in cycling basal cells and the proportion of cells that 
expressed DEFB1 increased in patients with AA (Fig. 3I 
and J). However, the proportion of cells that expressed 
HGFAC and CYB5D2 was relatively low in both the data-
sets (Fig. 3I and J).

Transfection efficiency of DEFB1
The mRNA level of DEFB1 was significantly elevated in 
HaCaT cells 24 h and 48 h after DEFB1 overexpression 
(Fig. 4A). Transfection efficiency peaked at 48 h. Mean-
while, the protein expression of DEFB1 also increased the 
most at 48 h after overexpression (p < 0.05, Fig. 4B). The 
following experiments were conducted using HaCaT cells 
after 48 h of transfection.

DEFB1 overexpression promotes the expression of MICA in 
HaCaT cells by activating TGFβ/SMAD2 pathway
To explore the effect of DEFB1 overexpression in AA, we 
further evaluated MICA expression in DEFB1 overex-
pressed HaCaT cells. The qPCR revealed that overexpres-
sion of DEFB1 upregulated the RNA expression of MICA 
in HaCaT cells (Fig. 5A). The protein levels of MICA were 
also significantly increased in HaCaT cells after transfec-
tion with DEFB1(Fig. 5B).

Additionally, the GSEA revealed that the TGFβ/
SMAD signaling pathway was enriched in the kerati-
nocytes of GSE212447 (Fig.  5C and D). Therefore, we 
validated this finding in the HaCaT cells and found that 

the TGFβ/SMAD2 pathway was activated by the DEFB1 
overexpression(Fig. 5E).

Prediction of compounds interacted with identified drug 
targets
Based on the above results, DEFB1, a risk factor for AA, 
was selected as the target for drug selection via molecu-
lar docking. We firstly ran the selection on 13,144 TCM 
ingredients based on the parameters mentioned above 
(Fig. 6A). Then we prioritized potential of the remained 
TCM ingredients to inhibit DEFB1, with a focus on their 
binding affinity (Fig. 6B). As a result, 545 TCM ingredi-
ents that met the standards were found to be applicable 
for inhibiting DEFB1, with the lowest PBE under -9 kcal/
mol. Cimigenol had the lowest PBE (-9.8 kcal/mol). The 
binding positions and interactions between the candidate 
ingredients and DEFB1 were obtained and visualized 
(Fig. 6C and D).

Molecular dynamics simulations
After approximately 50 ns of reaction, complexes were 
formed stably, according to the root-mean-square devia-
tion (RMSD) and solvent-accessible surface (Fig.  7A 
and B). The radius of gyration curve remained stable 
throughout most of the binding process, except for 
minor fluctuations before 50 ns (Fig.  7C). According to 
the root-mean-square fluctuation (RMSF) plot, residues 
near the predicted binding site (including residues 15, 
20, and 29) in DEFB1 have outstanding flexibility when 
bound to cimigenol (Fig.  7D). The 2D (Fig.  7E) and 3D 
(Supplementary Figure S1) plots of the free-energy land-
scape (FEL) depict the distribution of free energy across 
different conformations of the system. Blue dots repre-
sent energetically favorable conformations, whereas red 
dots represent unfavorable conformations. According to 
the FEL plot, the DEFB1-Cimigenol complex can adopt 
a stable conformation characterized by a very low Gibbs 
energy, which is represented by the lowest points on the 
bottom of the 3D plot (Supplementary Figure S1).

The assessment of the binding stability between a 
ligand and a receptor is based on the binding free energy 
calculated using the Molecular Mechanics/Poisson-
Boltzmann Surface Area (MM/PBSA) method. The over-
all predicted interaction energy between Cimigenol and 
DEFB1 was -13.04 kcal/mol (Fig.  7F). The GGAS and 
GSOLV were -16.80 and 3.76 kcal/mol, respectively.

(See figure on previous page.)
Fig. 3  The figure displays the altered expression of identified drug targets in the two scRNA datasets. The identified cell types of GSE212447 (A) and 
GSE233906 (B) are shown. The alteration of cell proportion between AA and control group is also displayed (C: GSE212447 and D: GSE233906). The umap 
plots visualize the changes in cell-specific expression of identified drug targets between AA and control groups in GSE212447 (E and F) and GSE233906 
(G and H). The dot plots visualize the changes in the proportion of each cell type that expressed drug target genes as well as the cell-specific expression 
level between AA and control groups in GSE212447 (I) and GSE233906 (J)
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Fig. 5  The alteration of MICA expression and TGFβ/SMAD pathway after the DEFB1 overexpression. The RNA (A) and protein expression (B) of MICA both 
increased in HaCaT cells after the DEFB1 overexpression. The TGFβ/SMAD pathway was enriched in the AA samples of GSE212447 (C and D). The same 
pathway activation was also detected after the DEFB1 overexpression (E)

 

Fig. 4  The figure shows the DEFB1 transfection efficiency in HaCaT cells at different timepoints after the transfection. The RNA (A) and protein (B) expres-
sion of DEFB1 both evaluated significantly after 48 h transfection with plasmid
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Fig. 6 (See legend on next page.)
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Cimigenol reversed the increased MICA expression and 
TGFβ/SMAD2 pathway activation in vitro
We firstly investigated the toxicity of Cimigenol in vitro 
and chose the 1µM as the Cimigenol concentration in 
the following experiments (Fig.  8A). We found that the 
Cimigenol treatment inhibited the increased protein level 
of DEFB1 after the transfection (Fig.  8B). Furthermore, 
the activation of TGFβ/SMAD2 pathway and elevated 
expression of MICA were also reversed after the Cimig-
enol combined with the DEFB1 protein.

Discussion
AA patients are reported to have abnormal levels of 
certain kinds of circulating blood components such as 
DNAs, antibodies, and cytokines [10, 21]. The treat-
ment targeting these components showed satisfying 
treatment efficacy [22]. The level of plasma components 
such as IL-4 can be promising biomarkers in predicting 
the prognosis [23]. This evidence inspired us to com-
prehensively investigate the causal effect of circulating 
proteins on psoriasis and provides evidence supporting 
the potential of plasma proteins as therapeutic targets. 
By employing MR analysis, plasma proteins from three 
independent large-scale cohorts were evaluated for their 
potential in treating AA, which is the first study to report 
a causal association between plasma proteins and AA. 
Three plasma proteins, including one risk factor (DEFB1) 
and two protective factors (HGFAC and CYB5D2), were 
prioritized as drug targets with high potential for AA 
treatment.

The risk factor DEFB1, also known as HBD-1, is an 
antimicrobial peptide that is widely expressed in epithe-
lial cells of humans [24, 25]. The plasma levels of DEFB1 
are associated with multiple autoimmune diseases that 
present with cutaneous symptoms [26, 27]. Several path-
ways activated by DEFB1, including chemotaxis, apop-
tosis, and neutrophil extracellular traps (NETs), may 
contribute to this process [28]. The DEFB1 in circula-
tion was found to correlate with IFN-γ, a key inducer of 
inflammation in AA [29]. The increased expression of 
DEFB1 caused by IFN-γ was also observed in keratino-
cytes, which can be reversed by the inhibition of JAK2, 
indicating the participation of the JAK/STAT signaling 
pathways [30]. The pivotal role of the JAK/STAT signal-
ing pathway has been strengthened in the pathogenesis of 
AA, suggesting that DEFB1 is a potential effector of IFN-
γ-induced JAK/STAT activation in AA [31]. There is also 
evidence supporting that the overexpression of DEFB1 

increases STAT3 phosphorylation and total STAT3 [32]. 
Such a positive feedback loop may amplify the level 
of phosphorylated STAT3 and lead to an autoimmune 
response that targets the hair follicles. Furthermore, as 
a first-line therapy for AA, corticosteroids inhibit the 
expression of DEFB3, but not DEFB1 and 2, which may 
explain why some AA patients react poorly to local injec-
tion or oral dosage of corticosteroids [33, 34].

In cellular experiments, we discovered compelling evi-
dence suggesting that DEFB1 plays a potential role in 
the pathogenesis of AA. Keratinocytes overexpressing 
DEFB1 exhibited elevated levels of MICA both at the 
RNA and protein levels. MICA has long been considered 
a trigger for the loss of immune privilege, contributing to 
the autoimmune response targeting hair follicles [35]. A 
previous study showed that the increased MICA expres-
sion in HF keratinocytes induced by the oxidative stress 
may activate the receptor NKG2D of NK cells and CD8 
+ T cytotoxic cells, leading to destabilization of the HF 
immune-privileged site [36]. Our findings suggest that 
inhibition of DEFB1 could be a promising therapeutic 
approach for treating AA.

To further explore suitable TCM ingredients that can 
be used as DEFB1 inhibitors, we employed AutoDock 
to prioritize the TCM ingredient that binds to DEFB1 
with the lowest binding energy and identify the specific 
binding site on the protein. The RMSF plot revealed the 
flexibility of the residues near the identified binding site, 
suggesting the possible existence of pocket-like structures 
in DEFB1 upon binding to the drug. The binding process 
that was later simulated by GROMACS was stable, indi-
cating the potential of cimigenol in inhibiting DEFB1. 
Furthermore, the criteria used in drug screening include 
the requirements for MW, DL, and BBB permeability to 
ensure better druggability and safety. According to previ-
ous studies, cimigenol is a novel cycloartane triterpenoid 
extracted from Cimicifuga that has been reported to have 
immunomodulatory and anti-inflammatory effects [37, 
38]. After the virtual selection and molecular dynamic 
simulation, we further revealed that Cimigenol reversed 
the pathway activation and MICA expression induced 
by DEFB1, suggesting its potential to be a novel option 
for the AA treatment. Our study is the first to report the 
possible inhibitory effect of Cimigenol on DEFB1 using 
network pharmacologic tools. However, the precise inter-
action between Cimigenol and DEFB1 requires further 
investigation, both in vitro and in vivo.

(See figure on previous page.)
Fig. 6  The plot depicts the process of virtual selection. The TCM ingredients in TCMSP were filtrated based on their OB, dl, and, BBB. The remained TCM 
ingredients with MW under 500 were prioritized according their affinity with DEFB1. The visualized 3D graph picture shows the protein (the green struc-
ture) wrapping the Cimigenol particle (the yellow structure) (C). Residues Gly-30 A bind the Cimigenol through the hydrogen bonds (blue line) while the 
Lys-31B binds the Cimigenol through both hydrogen bonds and hydrophobic interactions (grey dotted line). The table contained detailed information of 
the interacting bonds between Cimigenol and DEFB1(D)
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HGFAC, a coagulation factor XII-like serine endopep-
tidase, mostly exists in circulation as a zymogen (proH-
GFAC) and stimulates the transformation of proHGF to 
HGF, inducing repair in injured tissues. HGF has been 
reported to promote angiogenesis in the hair follicles 
[39]. On the scalp, local HGF can promote the growth 
and pigmentation of human hair by activating the Wnt/β-
catenin pathway [40]. Therefore, HGFAC, although not 
detected in scalp samples in the scRNA datasets, may 
promote hair regrowth and suppress inflammation in AA 
by inducing the production of HGF [41].

CYB5D2, also known as ferricin, belongs to the mem-
brane-associated progesterone receptor (MAPR) family. 
CYB5D2 is a novel extracellular heme-binding protein 
that promotes neurogenesis [42]. In HeLa cells, CYB5D2 
showed protective effects against etoposide-induced 
cytotoxicity and enhanced cell survival [43]. In this study, 
we detected decreased expression of CYB5D2 in cycling 
basal cells of AA samples, the division and proliferation 
of which are critical for tissue repair [44]. The reduced 
proliferation induced by decreased CYB5D2 expres-
sion may increase the vulnerability of the hair follicles. 

Fig. 7  The plot illustrates the details of molecular dynamics simulations conducted using AutoDock and GROMACS. The RMSD (A), SASA (B), and radius 
of gyration (C) plots indicate a stable conformation following protein-drug binding, with only minor fluctuations observed before 50 ns. The RMSF plot 
highlights the residues exhibiting significant flexibility upon binding with Cimigenol (D). The 2D Free Energy Landscape (FEL) plot depicts the distribution 
of free energy across different system conformations (E). The predicted energy of drug-protein binding indicates a stable complex (F)
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Currently, there is very limited evidence implicating 
CYB5D2 in the pathogenesis of AA, which remains to be 
investigated in the future.

ADGRE2 was identified as a potential protective factor 
for AA in the deCODE cohort, the causal effect of which 
was not validated in the UKB cohort. However, a meta-
analysis conducted on the results from the two inde-
pendent cohorts supported its protective effect on AA. 
Mutation of ADGRE2 was reported to induce dermal 

degranulation of mast cells and lead to vibratory urticaria 
[45]. It also contributes to the differentiation and inflam-
matory activation of human monocytic cells through the 
NF-κB signaling pathways [46].

The advantage of the current study is that the data 
resources for both exposure (circulating proteins) and 
outcome (AA) contained a large sample size and rich 
coverage of plasma proteins. By employing MR methods, 
the consistent associations between drug targets from 

Fig. 8  The Cimigenol treatment inhibited the TGFβ/SMAD2 pathway activation and increased level of MICA induced by DEFB1 in vitro. (A) Cell viability 
of HaCaT cells in different concentrations of Cimigenol. (B) The Cimigenol treatment reversed the increase in the protein level of DEFB1, TGFβ1, p-SMAD2, 
and MICA after the transfection
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two independent GWAS datasets and AA confirmed 
the robustness of the findings. The RNA expression of 
the identified targets was further analyzed in the GEO 
dataset GSE212447, which contained lesional samples 
as the diseased group and healthy samples as the control 
group, providing new insights into the possible mecha-
nism of the causal relationship between drug targets and 
AA. Although direct evidence to prove the promoting or 
inhibiting effects of drug-target proteins on the disease 
remains unclear, our study still establishes a foundation 
for the possible use of Cimigenol in AA treatment and 
provides evidence for further experimental research. Fur-
thermore, the Phe-MR results revealed no side effects, 
except for an increased risk of sepsis associated with 
DEFB1. This finding can be viewed positively, given that 
our study aimed to identify methods to inhibit DEFB1 
expression.

However, our study had some limitations. First, data 
on exposure and outcome were obtained from GWAS 
in European descendants. Genetic heterogeneity among 
ethnicities may reduce the potential of prioritized pro-
teins as drug targets in other populations. Second, our 
study employed the Bonferroni correction and a strict 
significance threshold for the selection of drug targets, 
which may increase the risk of ruling out proteins with 
the potential to be drug targets. The limited number 
of drug targets increases the difficulty of investigating 
the related pathways in the pathogenesis of AA. Finally, 
the expression of some drug targets (e.g., HGFAC) was 
not detected in almost any type of cell in either scRNA 
sequence dataset. The connection between local tran-
scriptional expression and circulating proteins needs to 
be further investigated to clarify their causal effects on 
AA.

Conclusion
Three circulating proteins, DEFB1, HGFAC, and 
CYB5D2, were identified as potential drug targets with 
high value for the treatment of AA. The possible side 
effects of these drug targets are minor, making it desir-
able to reuse approved drugs or develop new drugs that 
target these proteins. The expression of these five drug 
targets was also altered in different cell types in lesional 
samples of patients with AA. The TCM ingredient cimig-
enol was prioritized as a drug that inhibited DEFB1.
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