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Abstract
Aims/Background Several types of plasma protein ratios (PPRs) have been shown to have significant
associations with alopecia areata (AA); however, their causal relationships remain to be elucidated. This
study aimed to identify causal relationships of 2821 PPRs with AA.
MethodsData from theUnitedKingdomBiobank Pharma Proteomics Project (n> 54,000) and FinnGen
R11 data (862 cases/432,686 controls) were used for a bidirectional Mendelian randomization (MR)
analysis. Inverse-variance weighting (IVW), weighted median, simple mode, weighted mode and MR-
Egger regression tests were used to estimate the causality between PPRs and AA. Sensitivity analyses
were performed to ensure the robustness of our findings.
Results Our analysis showed that the agrin (AGRN)/heparan sulfate proteoglycan 2 (HSPG2) and 2,4-
dienoyl-CoA reductase 1 (DECR1)/FK506-binding protein 1B (FKBP1B) ratios were significantly el-
evated in AA patients (p < 0.05). The IVW method revealed that for every one standard deviation
(SD) increase in the AGRN/HSPG2 ratio, the risk of AA increased by 44.8% (odds ratio [OR] = 1.448,
95% confidence interval [CI]: 1.200–1.745, p < 0.001). Similarly, for every one SD increase in the
DECR1/FKBP1B ratio, the risk of AA increased by 65.8% (OR = 1.658, 95% CI: 1.273–2.159, p <

0.001). In contrast, reverse MR analysis did not detect any significant causal effects of AA on these two
PPRs (p > 0.05). Sensitivity analyses confirmed the robustness of our results and ruled out horizontal
pleiotropy (MR-Egger intercept p > 0.05).
Conclusion This study uncovered the causal relationships between two types of PPRs and AA, offering
new insights into the diagnosis, treatment, and underlying mechanisms of AA.
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Introduction
Alopecia areata (AA) is a common inflammatory, non-scarring hair loss dis-

order. The global prevalence of AA is approximately 2%, exhibiting a broad geo-
graphical distribution and affecting individuals across all age groups and both bi-
ological sexes (Lee et al, 2020). This disorder exhibits significant clinical hetero-
geneity, with manifestations ranging from localized, well-demarcated patchy hair
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loss to complete scalp or even whole-body alopecia. It is often accompanied by
multi-system damage involving the skin, immune system, eyes, nerves, and vascu-
lature (Gau et al, 2025; Strazzulla et al, 2018). These symptoms not only markedly
impair patients’ quality of life but may also lead to psychological disorders such
as anxiety and depression, in addition to the life-threatening risks in severe cases
(Macbeth et al, 2022). Although studies have demonstrated that AA onset is closely
associated with multiple factors, including genetics and environmental influences,
its precise pathogenic mechanisms remain incompletely understood and warrant
further investigation (Trüeb and Dias, 2018; Zhou et al, 2021).

Multiple other genetic factors have been shown to play important roles in the
pathogenesis of AA (Zhou et al, 2021). Specifically, recent genome-wide associ-
ation studies (GWAS) have achieved substantial progress in clarifying the under-
lying causes of AA; however, the detailed mechanisms by which altered activity
of the products of these genes contributes to disease development remain unclear
(Pietzner et al, 2021). Notably, compared to single protein markers, plasma pro-
tein ratios (PPRs) are often more sensitive indicators of pathological imbalances
(İslamoğlu and Demirbaş, 2020; Kalaycı and Balta, 2022). Therefore, a compre-
hensive investigation of PPRs may provide important insights into the etiology or
complications of AA.

In this study, we investigated a total of 2821 PPRs and focused on the poten-
tial biological significance of two key PPRs, the ratio of agrin (AGRN) to hep-
aran sulfate proteoglycan 2 (HSPG2) and the ratio of 2,4-dienoyl-CoA reductase 1
(DECR1) to FK506-binding protein 1B (FKBP1B), in the context of immune regu-
lation and hair folliclemetabolism. AGRN, a basementmembrane protein, interacts
with HSPG2 to participate in extracellular matrix organization (Arikawa-Hirasawa,
2022), potentially influencing the homeostasis of the immune microenvironment
surrounding hair follicles. As a critical member of the heparan sulfate proteogly-
can family, HSPG2 modulates growth factor signaling pathways, such as fibroblast
growth factor and vascular endothelial growth factor, thereby contributing to the dy-
namic regulation of the hair follicle cycle (Quarto and Amalric, 1994). DECR1, a
key enzyme in mitochondrial fatty acid β-oxidation (Locke et al, 2024), may in-
duce metabolic imbalance in hair follicle stem cells when its function is impaired,
consequently affecting normal hair follicle physiology. FKBP1B, belonging to the
immunophilin family, regulates T-cell activation and autoimmune responses via cal-
cium ion signaling pathways (Kang et al, 2008). It may play a pivotal role in AA
pathogenesis. These PPR changes may reflect dual dysregulation of hair follicle
metabolism and immune homeland, providing novel insights into AA pathogene-
sis.

Mendelian randomization (MR) analysis is a method for causal inference that
utilizes genetic variants as instrumental variables to approximate randomized con-
trolled trials using data from observational studies. Its fundamental principle in-
volves using genetic variants as instrumental variables to simulate random alloca-
tion between exposure and outcome. The present study employed a bidirectional
MR analysis to explore the potential causality between PPRs and AA, aiming to
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identify potential biomarkers for AA and establish a theoretical foundation for fur-
ther research.

Methods
Study Design

A bidirectional MR analysis of the causality between PPRs and AA was per-
formed in accordance with strengthening the reporting of observational studies in
epidemiology using MR (STROBE-MR) (Skrivankova et al, 2021) recommenda-
tions and MR guidelines. The analysis was based on three core assumptions: (1)
genetic instrumental variables are strongly associated with the exposure factor; (2)
these instrumental variables are not correlatedwith any confounding factors; and (3)
their effects on the outcome occur exclusively through the exposure factor (Fig. 1).
Since this study utilized publicly available datasets, no specific ethical review was
required.

Fig. 1. The overall scheme design of bidirectionalMR analysis. (1) Relevance hypothesis; (2) In-
dependence hypothesis; (3) Exclusionary hypothesis. Abbreviations: AA, alopecia areata; GWAS,
genome-wide association studies; MR, Mendelian randomization; PPRs, plasma protein ratios.

Data Sources
Sources of genetic data corresponding to the PPRs were derived from a GWAS

conducted by Suhre (2024), which utilized data from the United Kingdom (UK)
Biobank Pharma Proteomics Project. This project collected samples from more
than 54,000 UK Biobank participants. The levels of nearly 1500 circulating blood
proteins were quantified using the Olink Explore 1536 affinity proteomics platform
(https://ukbiobank.dnanexus.com). The dataset included genetic information asso-
ciated with 2821 distinct PPR levels.

Data for AAwere derived from the R11 version of genomic data released by the
FinnGen consortium on 24 June 2024, which comprise 862 European AA patients
and 432,686 European control individuals (further details can be accessed at the
official website: https://www.finngen.fi/en).

Selection of Instrumental Variables
The forward MR analysis identified single-nucleotide polymorphisms (SNPs)

that were significantly associated with the exposure variable at the genome-wide
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significance level, using a significance threshold of p < 1 × 10⁻5 (Li et al, 2022).
To ensure a sufficient number of instrumental variables, a threshold of p < 5 ×
10⁻5 was applied in the reverse MR analysis. The independence of selected SNPs
was clustered using a pedigree linkage analysis tool (PLINK, version 1.9.0, NIH-
NIDDK Bioinformatics Laboratory, Boston, MA, USA ) for linkage disequilibrium
(LD) (r2 < 0.001, window size = 10,000 kb). Within each LD cluster, the SNPs
with the strongest association (lowest p-value) were retained. The F-value was
calculated (formula: F = β2/SE2) to exclude weak instrumental variables (F <10).

Statistical Analysis
To evaluate the causal relationship between exposure factors and outcomes,

this study primarily employed the inverse-variance weighting (IVW) method, sup-
plemented by weighted median, simple mode, weighted mode, and MR-Egger re-
gression tests to enhance the robustness of results. Abnormal SNPs were detected
and removed using the MR-pleiotropy residual sum and outlier (MR-PRESSO) test
(p < 0.05). To control the false positive rate in multiple testing, the Benjamini-
Hochberg method was used to correct the false discovery rate (FDR). Specifically,
all p-values were arranged in ascending order, and then the corrected critical value
was calculated according to the Benjamini-Hochberg procedure. The significance
threshold was set at 0.05. At the same time, horizontal pleiotropy was assessed via
the MR-Egger regression intercept test, in which an intercept p < 0.05 indicated
the presence of pleiotropy. Heterogeneity among SNPs in IVW and MR-Egger
analyses was evaluated using Cochran’s Q test (p < 0.05) (Zhang et al, 2024). To
evaluate the effectiveness and potential multiplicity of the instrumental variables,
a funnel plot was used to visualize the causal effect estimates of individual SNPs.
The influence of individual SNPs on overall results was assessed using leave-one-
out analysis. All statistical analyses were performed using the ‘TwoSampleMR’
package (version 0.6.7, the Biostatistics Research Team of the Medical Research
Council, Bristol, UK) in R (version 4.4.1; R Core Team, Vienna, Austria).

Results
Forward MR Analysis of the Association of PPRs With AA

As illustrated in a volcano plot (Fig. 2), our analysis revealed that among 2821
PPRs, the AGRN/HSPG2 and DECR1/FKBP1B ratios were significantly elevated
in AA patients (p < 0.05), selected for their robust statistical significance and bi-
ological relevance. With AA as the outcome variable and the AGRN/HSPG2 and
DECR1/FKBP1B ratios as exposure variables, 41 and 22 strongly associated SNPs
were identified, respectively (Supplementary Table 1).

A forest plot of data acquired using a forward MR analysis based on these
methods further indicated the significant associations between these two PPRs and
AA (Fig. 3). The IVW method demonstrated a significant association between the
AGRN/HSPG2 ratio and AA (odds ratio [OR] = 1.448, 95% confidence interval
[CI]: 1.200–1.745, p < 0.001). The weighted median method also detected a sig-
nificant association (OR = 1.383, 95% CI: 1.121–1.707, p = 0.003), while the sim-
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Fig. 2. A volcano plot illustrating the effect size of each PPR in relation to AA. The horizontal
axis of the volcano plot represents the beta value (effect quantity), the vertical axis represents –log10
(p-value), and the dashed line represents p = 0.05. Abbreviations: AA, alopecia areata; PPR, plasma
protein ratio; AGRN/HSPG2, agrin/heparan sulfate proteoglycan 2; DECR1/FKBP1B, 2,4-dienoyl-
CoA reductase 1/FK506-binding protein 1B.

ple mode method did not detect any significant correlation (OR = 1.382, 95% CI:
0.753–2.538, p = 0.303). Similarly, for the DECR1/FKBP1B ratio and AA, both the
IVW (OR= 1.658, 95%CI: 1.273–2.159, p< 0.001) andweightedmedianmethods
(OR = 1.610, 95% CI: 1.155–2.244, p = 0.005) indicated significant associations,
whereas the simple mode method could not uncover significant correlations be-
tween the DECR1/FKBP1B ratio and AA (OR = 1.756, 95% CI: 0.773–3.992, p =
0.193). The failure of the simple mode method in detecting statistically significant
associations is probably attributed to its lower statistical power compared to the
IVW and weighted median methods. However, the results from the other methods
were largely consistent, supporting the robustness of the causal relationship. The
Benjamin-Hochberg method for FDR correction was applied, and the significance
threshold was set to 0.05 after correction. After correction, the results from multi-
ple tests indicated an FDR of 0.251 for both PPRs, suggesting a potential risk of
false positives, possibly due to limited AA case numbers.
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Fig. 3. A forest plot of forward MR analysis data illustrating the causal relationship of
AGRN/HSPG2 and DECR1/FKBP1B ratios with AA. Abbreviations: AA, alopecia areata; CI,
confidence interval; MR, Mendelian randomization; OR, odds ratio; SNP, single-nucleotide poly-
morphism.

Table 1. Sensitivity analysis results for bidirectional MR of PPRs and AA.

Exposure Outcome nSNP
Heterogeneity Pleiotropy

Cochran’s Q test
(p-value)

MR-PRESSO
(p-value)

MR-Egger
intercept
(p-value)

AGRN/HSPG2 AA 41 0.221 0.347 0.780
DECR1/FKBP1B AA 22 0.555 0.617 0.602
AA AGRN/HSPG2 5 0.040 0.147 0.807
AA DECR1/FKBP1B 5 0.521 0.556 0.383
Abbreviations: AA, alopecia areata; MR, Mendelian randomization; PRESSO, pleiotropy residual sum
and outlier; PRRs, plasma protein ratios; SNP, single-nucleotide polymorphism.

Results of sensitivity analyses, presented in the form of scatter plots and forest
plots, provided further support for the conclusion that increased levels of AGRN/
HSPG2 and DECR1/FKBP1B PPRs are risk factors for AA. The symmetry of the
funnel plot suggested that the SNP effects are relatively uniform, supporting the
reliability of causal estimates. A leave-one-out analysis validated the robustness of
the findings (Figs. 4,5). Heterogeneity tests revealed no significant heterogeneity
among the selected SNPs. Neither MR-PRESSO nor MR-Egger analyses detected
evidence of horizontal pleiotropy (Table 1).

Reverse MR Analysis of AA for PPRs
In a reverse MR analysis, AA was treated as the exposure variable, while the

AGRN/HSPG2 and DECR1/FKBP1B ratios were considered outcome variables.
Five strongly associated SNPs were identified for each PPR (Supplementary Ta-
ble 2). Upon application of the IVW method (Fig. 6), no significant association
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Fig. 4. Sensitivity analysis of forward MR analysis data depicting the causal relationship be-
tween the AGRN/HSPG2 ratio and AA. (A) Scatterplot. (B) Funnel plot. (C) Forest plot. (D)
Leave-one-out analysis. Abbreviations: AA, alopecia areata; MR, Mendelian randomization; SNP,
single-nucleotide polymorphism.

was identified between AA and either ratio (AGRN/HSPG2: OR = 1.014, 95% CI:
0.976–1.052, p = 0.477; DECR1/FKBP1B: OR = 0.989, 95% CI: 0.966–1.013, p =
0.352).

Scatter plots and forest plots stemming from the sensitivity analyses similarly
indicated no significant causal relationship between AA and either PPR. A leave-
one-out analysis demonstrated that no specific SNPs significantly influenced the
outcome variables (Figs. 7,8). The results of a Cochran’s Q test showed no evi-
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Fig. 5. Sensitivity analysis of forward MR analysis data depicting the causal relationship be-
tween the DECR1/FKBP1B ratio and AA. (A) Scatterplot. (B) Funnel plot. (C) Forest plot. (D)
Leave-one-out analysis. Abbreviations: AA, alopecia areata; MR, Mendelian randomization; SNP,
single-nucleotide polymorphism.

dence of heterogeneity for the association betweenAA andDECR1/FKBP1B. How-
ever, some heterogeneity was observed for the association between AA and AGRN/
HSPG2 (Table 1). Horizontal pleiotropy tests revealed p-values greater than 0.05
for both AGRN/HSPG2 and DECR1/FKBP1B in MR-PRESSO and MR-Egger in-
tercept analyses, indicating no evidence of horizontal pleiotropy (Table 1).

Discussion
By utilizing bidirectional MR analysis, we identified causal relationships of

AGRN/HSPG2 and DECR1/FKBP1B PPRs with AA. Our forward MR analysis
demonstrated that elevated levels of the AGRN/HSPG2 or DECR1/FKBP1B PPRs
are risk factors for AA. Conversely, a reverse MR analysis revealed no significant
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Fig. 6. A forest plot of reverse MR analysis data illustrating the causal relationship of
AGRN/HSPG2 and DECR1/FKBP1B ratios with AA. Abbreviations: AA, alopecia areata; CI,
confidence interval; MR, Mendelian randomization; OR, odds ratio; SNP, single-nucleotide poly-
morphism.

association between AA and these two PPRs. These results suggested that the PPRs
have causal relationships with AA. It is worth noting that even after the FDR cor-
rection, the result was still greater than 0.05, indicating a potential risk of false posi-
tives. This might be due to the limited number of AA cases (n = 862) and the burden
of multiple comparisons in the large-scale proteomics analysis. Additionally, the
AA subtypes may not have been adequately stratified, diluting the effect value. A
limited sample size may also increase the risk of false negatives; therefore, future
large-scale validation is needed to address the multiple testing burden. Despite the
lack of FDR significance, the directionally consistent effects across MR methods
and biological relevance underscore the need for a mechanistic investigation.

While our analyses do not directly address the nature of these causal relation-
ships, carefully considering the known roles of the proteins suggests how they
might influence AA. AGRN and HSPG2 are associated with the basement mem-
brane (Arikawa-Hirasawa, 2022; Burgess et al, 2000). AGRN may promote hair
follicle regeneration by enhancing WNT signaling, and HSPG2 may enhance the
activity of the anagen phase of hair follicles by stabilizing fibroblast growth factor 2
or promoting its binding to receptors (Colin-Pierre et al, 2022). A study has shown
that AGRN is significantly correlated with the functions of immune cells (such as
paracrine inflammatory responses and type I interferon responses) (Lv et al, 2023).
The changes to the expression of HSPG2 or its structure have been shown to lead
to abnormal T-cell migration to sites of inflammation (Gao et al, 2021). The rela-
tive stability of the protein suggests that developmental signals primarily regulate
its expression, while inflammation-related factors exert limited immediate regula-
tory effects at the transcriptional level (Warren et al, 2014). Alterations in the hair
follicle microenvironment have been linked to AA onset, with changes in the extra-
cellular matrix influencing hair follicle development and immune regulation (Šutić
Udović et al, 2024; Trüeb and Dias, 2018). Therefore, for AA, we speculate that
changes to the expression of HSPG2 could weaken the barrier function of the hair
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Fig. 7. Sensitivity analysis of reverse MR analysis data depicting the causal relationship be-
tween AA and AGRN/HSPG2 ratio. (A) Scatterplot. (B) Funnel plot. (C) Forest plot. (D) Leave-
one-out analysis. Abbreviations: AA, alopecia areata; MR, Mendelian randomization; SNP, single-
nucleotide polymorphism.

follicle basement membrane, enabling immune cells to infiltrate the hair follicle mi-
croenvironment and trigger autoimmune attacks. Disruption of the AGRN/HSPG2
ratio may compromise the immune privilege of the hair follicle and further disturb
its microenvironmental homeostasis.

DECR1 participates in fatty acid metabolism, whereas FKBP1B regulates pro-
tein folding and calcium homeostasis. Abnormal fatty acid metabolism has been
shown to alter hair follicle cells’ energy supply and membrane structure compo-
sition, thereby affecting their normal physiological functions (Dong et al, 2025;
Fujiwara, 2024). Imbalances in protein homeostasis may induce stress responses
and immune activation in hair follicle cells (Chen et al, 2025). Reduced mito-
chondrial fatty acid β-oxidation capacity in dermal papilla cells has been found
to correlate with excessive reactive oxygen species production and inhibition of
the WNT/β-catenin signaling pathway (Chew et al, 2022). Impaired DECR1 func-
tion would shift fatty acid metabolism toward the peroxisomal pathway, generating
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Fig. 8. Sensitivity analysis of reverse MR analysis data depicting the causal relationship be-
tween AA and DECR1/FKBP1B ratio. (A) Scatterplot. (B) Funnel plot. (C) Forest plot. (D)
Leave-one-out analysis. Abbreviations: AA, alopecia areata; MR, Mendelian randomization; SNP,
single-nucleotide polymorphism.

excessive hydrogen peroxide (H2O2) and triggering endoplasmic reticulum stress
(Lu et al, 2025). Conversely, alteration of the ability of FKBP1B to regulate ryan-
odine receptor calcium channels would disrupt mitochondrial-endoplasmic retic-
ulum calcium ion homeostasis and enhance sustained activation of the inositol-
requiring enzyme 1α-X-box-binding protein 1 signaling pathway (Roy Chowdhury
et al, 2020). This metabolic-stress positive feedback loop may promote the trans-
formation of hair follicle keratinocytes into antigen-presenting cells through the
release of damage-associated molecular patterns such as mitochondrial DNA, ul-
timately initiating an autoimmune response (Fetter et al, 2023). Therefore, we
speculate that changes to the DECR1/FKBP1B ratio may influence intracellular
metabolism and protein homeostasis. During the progression of AA, abnormal
changes in the DECR1/FKBP1B ratio are indicative of hair follicle damage exacer-
bation.
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This study extends the mechanistic understanding of AA beyond traditional
immune cell infiltration perspectives to a dual-engine-driven model encompassing
both extracellular matrix remodeling and metabolic reprogramming. We propose
that the AGRN/HSPG2 ratio serves as a dynamic biomarker for hair follicle im-
mune barrier integrity, while the DECR1/FKBP1B ratio reflects metabolic adaptive
reserves in hair follicle stem cells. Therapeutically, targeting the glycosaminogly-
can modification of HSPG2 or the supply of the DECR1 cofactor nicotinamide ade-
nine dinucleotide phosphate hydrogen offers novel strategies for combinedmetabolic
and immunological therapies for AA. Tacrolimus, an FKBP1B inhibitor, promotes
hair regrowth in AA local treatment, potentially by inhibiting FKBP1B-mediated T-
cell activation and interleukin-23/T helper cells 17 pathways (Freyschmidt-Paul et
al, 2001). Consequently, these PPRs may serve as potential clinical biomarkers and
therapeutic targets, offering new possibilities for the early diagnosis and treatment
of AA.

This study is associated with several limitations. Firstly, the underlying data
were primarily sourced from the European populations, potentially impacting the
generalizability of the results. Besides, we could not completely rule out reverse
causality in the results based on the case data gleaned from FinnGen’s cross-section-
al study. Secondly, GWAS data do not take into account post-translational modi-
fications, and it is challenging for MR methods to fully control for interference
attributable to epigenetic changes that might occur under extreme environmental
stress. Thirdly, the number of SNPs in the reverse MR was relatively small, and
there may be publication bias, which could potentially affect the validity of our re-
sults. Finally, a high FDR value suggests the possibility of a false positive. Future
works could further expand the sample size to include individuals of different racial
and ethnic origins, conduct multi-omics research, and carry out more biological ex-
periments to verify the potential molecular mechanisms.

Conclusion
This study utilized bidirectional MR analyses to identify causal relationships

of AGRN/HSPG2 and DECR1/FKBP1B ratios with AA at the genetic level. These
PPRs may serve as potential clinical biomarkers for early risk prediction of AA and
provide a molecular basis for the development of therapies. In the future, it will be
necessary to increase the sample size and conduct in-depth biological experiments
to clarify the specific mechanism of action.
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Key Points
• The association between plasma protein ratios and alopecia areata remains

controversial in observational studies.
• Increased AGRN/HSPG2 and DECR1/FKBP1B ratios significantly ele-

vate the risks of alopecia areata at the genetic level.
• No bidirectional causality links exist between plasma protein ratios and

alopecia areata.
• Our findings highlight the importance of plasma protein ratios as clinical

biomarkers of the risk of alopecia areata.
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