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Abstract
Objective  Elevated red blood cell distribution width (RDW) is associated with increased risk of rheumatoid arthritis 
(RA), but the potential interactions of RDW with genetic risk of incident RA remain unclear. This study aimed to 
investigate the associations between RDW, genetics, and the risk of developing RA.

Methods  We analysed data from 145,025 healthy participants at baseline in the UK Biobank. The endpoint was 
diagnosed rheumatoid arthritis (ICD-10 codes M05 and M06). Using previously reported results, we constructed a 
polygenic risk score for RA to evaluate the joint effects of RDW and RA-related genetic risk. Two-sample mendelian 
randomization and bayesian colocalization were used to infer the causal relation between them.

Results  A total of 675 patients with RA were enrolled and had a median followed up of 5.1 years, with an incidence 
rate of 0.57/1000 person-years. The hazard ratio of RA was 1.89 (95% CI: 1.45, 2.47) in highest RDW quartile group 
compared with the lowest RDW quartile group. Individuals within the top quintile of PRS showed a significantly high 
risk of RA. Moreover, Participants with high genetic risk and those in highest RDW group exhibited a significantly 
elevated hazard ratio (7.67, 95% CI: 3.98, 14.81), as opposed to participants with low genetic risk and those in lowest 
RDW group. Interactions between PRS and RDW on the multiplicative and additive scale were observed. Mendelian 
randomization provided suggestive evidence of a bi-directional causal relationship between RDW and RA. Loci near 
IL6R, IL1RN, FADS1/FADS2, UBE2L3 and HELZ2 showed colocalization.
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Introduction
Rheumatoid arthritis (RA) is one of the most common 
chronic inflammatory diseases in the world [1]. As a sys-
temic autoimmune disease, it is characterized by per-
sistent inflammation in the synovial joints that result in 
joint destruction, joint deformity, and disorders, and con-
tributes to the irreversible stage of the disease [2–4]. The 
high disability rate and harmfulness of RA, have neces-
sitated the identification of novel potential RA-associated 
biomarkers for early detection and prevention of disease.

Red blood cell distribution width (RDW) is one of the 
parameters measured in normal complete blood counts 
and is used to reflect the heterogeneity of the red blood 
cell volume. RDW is commonly used in conjunction with 
mean red blood cell volume for differential diagnosis of 
different types of anemia, but a high negative predictive 
value has been discovered for its association with vari-
ety of underlying metabolic abnormalities such as oxida-
tive stress, inflammation, dyslipidemia, hypertension [5]. 
Recently several recent studies have reported that RDW 
is associated with some autoimmune diseases like rheu-
matoid arthritis [6–8].

RA is also known to be a highly hereditary disease and 
twin studies have shown that genetic factors account for 
over half of the risk of developing RA [9]. Previous large-
scale genome-wide association studies (GWAS) and 
meta-analyses have identified common genetic loci asso-
ciated with RA risk in the population, some of which have 
shown across different races [10]. However, the influence 
of individual single-nucleotide polymorphisms (SNPs) on 
the genetic susceptibility of RA is relatively small or mod-
erate. Therefore, the literature dose not clarify whether 
RDW and multiple genetic variants have a joint effect on 
the pathogenesis of RA.

In previous studies conducted in a healthy population 
through a follow-up cohort, the study population was 
not representative but the results were more generaliz-
able [11, 12]. Therefore, in this study, we investigated the 
relationship between RDW and the incidence of RA in a 
healthy population. We also assessed the effect of RDW 
on the development of RA in participants with different 
levels of genetic risk, which could provide novel insights 
for early prevention of RA. A further bi-directional men-
delian randomization (MR) were performed to check the 
genetic causal relationship.

Methods
Study population
The UK Biobank is a population-based prospective 
cohort study, that has been described in detail previously. 
In brief, 22 assessment centers in the United Kingdom 
recruited over 500,000 participants by postal invitation 
to individuals within a 25-mile radius between 2006 and 
2010 [13]. The baseline summary characteristics of the 
cohort are available on the UK Biobank website ​(​​​h​t​t​p​:​/​
/​w​w​w​.​u​k​b​i​o​b​a​n​k​.​a​c​.​u​k​​​​​)​. The North West Multicenter 
Research Ethics Committee approved the study and all 
participants submitted informed consent forms. In this 
study, we excluded participants without RDW data and 
those who were not self-reported white British people. 
To avoid lagging records, participants who were diag-
nosed with any disease or withdrew before baseline and 
within three months during follow-up were excluded, 
leaving a total of 161,536 participants. Subsequently, we 
performed a genetic quality-checking before generat-
ing the polygenic risk score (PRS). Participants without 
genotyped data, showing a gender mismatch, high relat-
edness using kinship coefficients calculated from the 
PLINK (>0.125), or a high genotype missing rate (>5%) 
were excluded. These exclusions yielded a final sample 
size of 145,025.

Outcomes
The main outcome of this study was the incidence of 
RA, which was defined in accordance with the Interna-
tional Classification Diseases, 10th edition (ICD-10 Diag-
nosis codes: M05, M06). The follow-up period for the 
participants began at enrollment and lasted until they 
are diagnosed as showing RA or censored (March 31, 
2017). Censoring was defined as death, withdrawal from 
the study, or the end of the follow-up period, whichever 
came first.

Measurements of variables
RDW was measured using four Beckman Coulter LH750 
instruments within 24  h of the blood draw, with exten-
sive quality control performed by UK Biobank. RDW is a 
continuous, highly skewed trait, so we divided the partic-
ipants into four categories based on quartiles (≤12.90%, 
12.91% ~ 13.33%, 13.34% ~ 13.85%, and ≥13.86%).

Other variates and covariates for the primary analy-
sis included age(continuous), sex (male, female), body 
mass index (BMI; kg/m2, continuous), C-reactive pro-
tein (CRP, mg/L, continuous), hemoglobin concentration 

Conclusion  Increased RDW is associated with elevated risk of incident RA especially in the high genetic risk 
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(Hb, g/dL, continuous), smoking status (current, former, 
never), drinking status (current, former, never), total 
physical activity (TPA, low, moderate, high), healthy 
diet score (continuous), prevalent hypertension (yes/no) 
and Townsend deprivation index (TDI, continuous). The 
evaluations of healthy diet score and total physical activ-
ity categories were presented in Supplementary Table S1. 
Rheumatoid factor was not included in the study due to 
the low coverage of measurement (<10%).

GWAS datasets for RDW and RA
Information regarding the genome-wide association 
summary data used was provided in the Supplementary 
Table  S2. Details about the cohorts and quality control 
were explained in the original publications [14, 15]. The 
standardization of GWAS summary data via the R pack-
age MungeSumstats included (1) aligning to hg19 human 
reference genomes; (2) filtering single-nucleotide poly-
morphisms (SNPs) without rsID or with duplicated rsID; 
(3) removing dbSNP 144 based non-biallelic and strand-
ambiguous SNPs; (4) keeping SNPs with a minor allele 
frequency > 0.01 [16]. SNPs with consistent base pair 
positions, reference and alternate alleles between two 
datasets were kept for further analyses.

Polygenic risk score
The PRS was developed from a meta-analysis of genome-
wide association studies (GWAS) in populations of Euro-
pean ancestry, which benefitted from a substantial sample 
size despite including a few UK Biobank samples [15]. 
SNPs in the individual genotyped data showing a low 
minor allele frequency (<1%), deviation from the Hardy-
Weinberg equilibrium (p < 1 × 10−6), or high variant call 
missing rate (<99%) were removed before the analysis. 
SNPs were recorded and complemented if necessary and 
those with discordant alleles between RA GWAS sum-
mary data and genotyped data were discarded. Individ-
ual PRS were generated at nine P-value thresholds using 
PLINK 1.9. The odds ratio (OR) to evaluate the relation-
ship between PRS and RA, adjusted for sex, age, and the 
first five genetic principal components, was calculated 
using logistic regression, results as shown in Supplemen-
tary Table S3. In this study, the threshold for SNP inclu-
sion was a significance level of p < 1 × 10−5, which showed 
the highest OR among the models and included 1413 
SNPs after clumping (R2 = 0.1, windows = 250 kb) [17]. 
The major histocompatibility complex(MHC) region was 
also included considering its important role in the hered-
ity of RA despite its long linkage disequilibrium.

Statistical analysis
Data analysis was performed using R version 4.2.2. All 
P-values for the tests were two-sided. P-values < 0.05 
were considered statistically significant. The baseline 

participant characteristics were categorized in terms of 
the incidence of RA and summarized as percentage val-
ues for categorical variables and means with standard 
deviation (SD) for continuous variables showing a normal 
distribution. Continuous variables not showing normal 
distribution were summarized as median with quartiles. 
P values were calculated by one-way analysis of variance 
for continuous variables following normal distribution 
and by Kruskal-Wallis test for those not following. Chi-
square test was used for categorical variables.

Cox proportional-hazard regression models were 
used to estimate the hazard ratios (HRs) and 95% con-
fidence intervals (CIs). The models with age as the time 
scale were adjusted for sex, BMI, TPA, TDI, and healthy 
diet score. A possible nonlinear effect was tested using 
restricted cubic spline analysis. The number of knots, 
from three to five, was selected by the lowest value of 
Akaike information criterion (AIC) and finally we fitted 
the model with 5 knots [18]. RDW, other biochemical 
markers (CRP and, Hb concentrations), and several tra-
ditional risk factors (smoking, drinking, and prevalent 
hypertension) were considered in the study. A multivari-
able model was built with the factors which showed sig-
nificant associations with RA. Two sensitivity analyses 
were performed: (1) to reduce the influence of outliers, 
we excluded the participants whose RDW level was not 
in the range of 2.5% to 97.5%; (2) to avoid the potential 
reverse causality, we excluded the participants diagnosed 
with RA within three years.

To estimate the HR for the association of PRS, cox pro-
portional hazard regression models were adjusted for 
the covariates mentioned above and the first five genetic 
principal components. The scores were then categorized 
as low (<20%), intermediate (20 ~ 80%), or high (>80%). A 
stratification analysis was conducted for the combination 
of PRS and RDW (with low genetic risk and RDW Q1 as 
the reference). Kaplan–Meier incidence curves of PRS 
categories according to different RDW groups in relation 
to RA and the log-rank tests were calculated. Moreover, 
the interactions between PRS and RDW were tested at 
both multiplicative and additive scale by the function epi.
interaction in the R package epiR.

To further evaluate the causal relationship between 
RDW and RA from the perspective of genetic structure, 
bi-directional two-sample MR methods were performed. 
We first applied cross-trait linkage disequilibrium score 
regression (LDSC) to check the possible inflation of 
population stratification and estimate the genetic corre-
lations of RDW and RA [19, 20]. Besides the inverse vari-
ance weighted (IVW) method, other robust MR methods 
were utilized for sensitivity analyses, including consensus 
methods (weighted median, weighted mode-base), out-
lier-robust method (MR-PRESSO) and modelling meth-
ods (MR-Egger, contamination mixture) [21]. For these 
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six MR methods, instruments variants (IV) threshold 
was p ≤ 5 × 10−8 and slected by SNP clumping (r2 < 0.001 
within 10000 kb windows). For MHC region (chr6:25Mb-
35Mb), only the most significant IV was retained. The 
method CAUSE (Causal Analysis Using Summary Effect 
Estimates) was used as well, which accounted for both 
correlated and uncorrelated pleiotropic effects [22]. A 
further genome-wide colocalization was performed at 
the region of the ±100 Kb of all the IVs under a single 
causal variant assumption between the two GWAS sum-
mary data, using the default setting of R package coloc 
[23]. Regions with the posterior probability of colocal-
ization (PP.H4) over 0.80 were viewed as having a shared 
signal. It is important to note that colocalization cannot 
distinguish between vertical and horizontal pleiotropy.

Results
Baseline characteristics of the study participants in the UK 
Biobank
Among the 145,025 study participants, 675 cases of RA 
were recorded during a median follow-up period of 
5.1  years. The incidence of RA was 0.57/1000 person-
years (0.40/1000 person-years for men and 0.74/1000 
person-years for women). The baseline characteristics 
of the participants stratified by incident RA are provided 
in Table  1. Participants with incident RA had a higher 
proportion of RDW in the group Q4 (42.5%) than those 
without (24.4%).

Observed association between RDW and incidence RA
The results of the univariable and multivariable Cox pro-
portional risk regression models are shown in Fig. 1. In 
comparison with the lowest RDW group (Q1), only the 
highest RDW group showed a significantly increased RA 
risk (Q2: HR = 1.18, 95% CI = 0.88, 1.58; Q3: HR = 1.23, 
95% CI = 0.93, 1.64; Q4: HR = 2.33, 95% CI = 1.81, 3.01). 
This sample showed no significant association between 
RA and drinking status and prevalent hypertension after 
adjustment. After adjusting for other variables, a higher 
RDW level was still a risk factor in the multivariable 
model, with the HR estimate only decreasing slightly. 
We performed test for linear trend based on the median 
value of each quantile of RDW (Ptrend < 0.001) [24]. Time-
varying effect was not observed in the proportional-haz-
ard test, indicating the absence of a significant interaction 
between RDW and follow-up time. A “J-shaped” nonlin-
ear correlation was observed in the model, which was 
consistent with our category status (Pnon-linear < 0.001, 
Supplementary Fig. S1). Sensitivity analyses yielded simi-
lar results as before (Supplementary Tables S4, S5).

Interaction effect between RDW and PRS for incident RA
The distribution of scaled PRS, which derived from 1413 
SNPs, was shown in the Supplementary Fig.  S2S. The 

RA risk increased monotonically per SD increase in PRS 
(HR = 1.51, 95% CI = 1.40, 1.63). Thus, participants with 
a higher genetic risk showed a higher risk of incident 
RA (intermediate: HR = 1.81, 95% CI = 1.35, 2.42; high: 
HR = 3.48, 95% CI = 2.56, 4.72, Supplementary Fig. S3).

Table 1  Baseline characteristics of the study participants in the 
UK Biobank
Characteristics Normal 

(n = 144,350)
Incident RA 
(n = 675)

P 
value

Age, mean (SD) 56.47 (7.83) 59.65 (7.16) <0.001
Sex, n (%) <0.001
  Female 72,844 (50.5) 444 (65.8)
  Male 71,506 (49.5) 231 (34.2)
BMI, mean (SD) 26.88 (4.40) 27.48 (5.08) <0.001
  Missing, n (%) 281 (0.2) 2 (0.3)
TDI, mean (SD) −1.79 (2.81) −1.51 (2.78) 0.011
  Missing, n (%) 172 (0.1) 0 (0.0)
Healthy diet score, median 
[IQR]

3.00 [2.00, 
4.00]

3.00 [2.00, 
4.00]

0.622

TPA group, n (%) 0.109
  Low 6,680 (4.6) 40 (5.9)
  Moderate 14,725 (10.2) 63 (9.3)
  High 98,487 (68.2) 417 (61.8)
  Missing 24,458 (16.9) 155(23.0)
RDW group, n (%) <0.001
  Q1 (10.78–12.89) 36,013 (24.9) 105 (15.6)
  Q2 (12.89–13.30) 35,481 (24.6) 131 (19.4)
  Q3 (13.30–13.80) 37,704 (26.1) 152 (22.5)
  Q4 (>13.80) 35,152 (24.4) 287 (42.5)
Alcohol status, n (%) 0.001
  Never 3,872 (2.7) 27 (4.0)
  Previous 3,323 (2.3) 27 (4.0)
  Current 137,075 (95.0) 621 (92.0)
  Missing 80 (0.0) 0 (0.0)
Smoking status, n (%) <0.001
  Never 84,127 (58.3) 305 (45.2)
  Previous 46,928 (32.5) 262 (38.8)
  Current 12,908 (8.9) 102 (15.1)
  Missing 387 (0.0) 6 (0.9)
Prevalent hypertension, n (%) <0.001
  No 112,341 (77.8) 478 (70.8)
  Yes 32,009 (22.2) 197 (29.2)
Hb, median [IQR] 14.29 [13.44, 

15.12]
13.73 [12.96, 
14.59]

<0.001

  Missing, n (%) 1 (0.0) 0 (0.0)
CRP, median [IQR] 1.17 [0.60, 

2.35]
2.37 [1.18, 
5.43]

<0.001

  Missing, n (%) 6061 (4.2) 26 (3.9)
Genetic risk category, n (%) <0.001
  Low 28,929 (20.0) 73 (10.8)
  Intermediate 86,650 (60.0) 368 (54.5)
  High 28,771 (19.9) 234 (34.7)
BMI body mass index, CRP C-reactive protein, IQR interquartile range, Hb 
hemoglobin, RA rheumatoid arthritis, RDW red blood cell distribution width, SD 
standard deviation, TDI Townsend deprivation index, TPA total physical activity
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Within each defined category of genetic risk, higher 
RDW was associated with a heightened relative risk for 
RA (Fig. 2). In comparison with participants showing low 
genetic risk and those in RDW group Q1, participants 
with high genetic risk and those in RDW group Q4 exhib-
ited a substantially higher HR (HR = 7.67, 95% CI = 3.98, 
14.81). Among participants in the intermediate and high 
genetic risk categories, the risk of incident RA escalated 
by 111% and 229% respectively for those in RDW group 
Q4 compared with those in RDW group Q1, as shown in 
Supplementary Table S6. Additionally, Substantial differ-
ences in relation to the varying degrees of genetic risks 
were also found in the RDW groups Q2, Q3, and Q4 with 
the significant log-rank test of the cumulative incidence 
curves (Supplementary Fig. S4).

A significant interaction effect was observed between 
high PRS group and RDW group Q4 as presented in 
Table 2. The estimated synergy index values for the inter-
action were 4.32 (95% CI = 1.53, 12.19), with RDW group 
Q1 and low genetic risk serving as the reference, suggest-
ing that the combined effect of RDW levels and genetic 
risk factors on an additive scale exceeds the individual 
effects of either factor alone. A synergistic interaction 

was evident on the multiplicative scale as well. These 
results suggested that RDW could distinguish the risk of 
incident RA, especially in conjunction with genetic risk, 
and that it could potentially optimize the definition of 
sub-populations at high risk to facilitate individualized 
RA prevention.

Genetic association of RDW with RA
The observed impact of RDW in populations of diverse 
RA genetic risk highlighted the imperative for deeper 
investigation into the underlying genetic associations 
between them. The GWAS of RDW yielded an LDSC 
intercept of 1.19 (SE = 0.07), whereas the GWAS of RA 
presented an LDSC intercept of 1.06 (SE = 0.01), indi-
cating that RDW might suffer from a more pronounced 
inflation in the mean chi-square statistic due to popula-
tion stratification [19]. The estimated genetic correla-
tion without constrained intercept was not significant 
(rg = 0.05, SE = 0.03, P = 0.088).

We first explored the genetic causal relationship from 
RDW to RA. The IVW method showed genetically pre-
dicted RDW had a positive causal effect on the inci-
dence of RA (OR = 1.11, 95% CI = 1.03, 1.20, P = 0.008, 

Fig. 1  The association between incident RA and its risk factors for univariable and multivariable models. The association of incident RA and its potential 
risk factors was estimated by Cox Proportional Hazards models with age as the time scale. Analyses excluded participants who were diagnosed with any 
disease or withdrew before baseline and within three months during follow-up, and were adjusted for sex, BMI, total physical activity (TPA), Townsend 
deprivation index, and healthy diet score. Factors significant in the univariable model were included in the multivariable model. The error bars denote 
95% confidence interval of hazard ratio. CRP C-reactive protein, Hb hemoglobin
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Fig.  3a, Supplementary Table  S7). Consensus methods 
gave the insignificant results but in the same direction. 
High heterogeneity and possibly horizontal pleiotropy 
were detected in the IVW method (Cochran’s Q = 696.11, 
P < 0.001). Therefore outlier-test in the MR-PRESSO 
was carried out and the causal relationship was still dis-
covered (OR = 1.08, 95% CI = 1.01, 1.16, P = 0.021). The 

MR-Egger intercept was compatible with no unbalanced 
pleiotropy (P = 0.570). The contamination mixture also 
suggested incidence RA was affected by genetic instru-
mented RDW (OR = 1.11, 95% CI = 1.03, 1.19, P = 0.026). 
Considering the possible inflation in the mean chi-
square statistic, we repeated the analysis with a more 
restrict p value threshold from 5 × 10−8 to 1 × 10−9. A 

Table 2  Interaction effect between RDW and PRS with incident RA on the multiplicative and additive scale
RDW PRS RERI AP S Multiplicative effect Pint

Q1 Low 0 0 1 1 -
Q2 Intermediate −0.43 (−1.78, 0.92) −0.23 (−0.92, 0.45) 0.66 (0.25, 1.71) 0.69 (0.28, 1.67) 0.411
Q2 High 0.30 (−1.38, 1.98) 0.10 (−0.45, 0.64) 1.17 (0.45, 3.04) 0.89 (0.34,2.33) 0.806
Q3 Intermediate −0.49 (−1.81, 0.84) −0.29 (−0.99, 0.42) 0.59 (0.22, 1.55) 0.68 (0.28, 1.64) 0.390
Q3 High 1.24 (−0.46, 2.93) 0.31 (−0.08, 0.71) 1.71 (0.67, 4.37) 1.21 (0.47, 3.11) 0.688
Q4 Intermediate 1.77 (0.63, 2.92) 0.48 (0.19, 0.77) 2.88 (0.71, 11.70) 1.79 (0.74, 4.34) 0.199
Q4 High 5.38 (1.90, 8.86) 0.67 (0.49, 0.86) 4.32 (1.53, 12.19) 2.76 (1.07, 7.14) 0.036
RERI relative excess risk due to interaction, AP attributable proportion due to interaction, S synergy index

Fig. 2  The association between incident RA and a combination of PRS and RDW. The groups of RDW were defined by the quartiles. The genetic risk 
categories were defined according to PRS as low (<20%), intermediate (20–80%), high (>80%). Joint association between combined genetic risk catego-
ries and RDW groups and RA was estimated by Cox Proportional Hazards models with age as the time scale, adjusted for sex, BMI, total physical activity 
(TPA), Townsend deprivation index, healthy diet score, and the first five genetic principal components. The error bars represent 95% confidence interval 
of hazard ratio. PRS polygenic risk score
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comparable result was obtained from the sensitivity 
analysis (Supplementary Table  S7). For the reverse situ-
ation, despite the IVW method results being non-signif-
icant (OR = 1.01, 95% CI = 1.00–1.02, P = 0.199), four out 
of the five sensitivity analysis methods yielded signifi-
cant results (Fig. 3a). Nonetheless, the result of CAUSE, 
the only approach capable of distinguishing between 
correlated and uncorrelated pleiotropy, aligned with 
the null hypothesis, thereby suggesting an absence of a 
causal relationship in either direction (Supplementary 
Table S8). Consequently, both directions showed sugges-
tive evidence of causal relationship between RDW and 
RA, though lacking robustness.

The results of MR analysis motivated us to understand 
the genetic relationship within one locus using colocal-
ization. Genome-wide colocalization was performed 
around the IVs revealed five regions near as being asso-
ciated with both RDW and RA (Fig.  S5, Supplementary 
Table  S9). Two loci near IL6R,IL1RN have previously 
been shown to be associated with RA and been identi-
fied as drug targets [1, 25, 26]. The region around SNP 
rs174559 was considered colocalization with a posterior 
probability of 97% (Fig.  3b). The rs174559 variant, with 
a wald ratio of 2.94 (95% CI = 1.93, 4.47, P < 0.001), is an 
intron variant of FADS1 and is located at the upstream 
of FADS2. FADS1/FADS2 are important enzymes 

producing long-chain polyunsaturated fatty acids and are 
associated with many cardiometabolic traits. FADS1 has 
been reported impacting metabolic disease by balanc-
ing proinflammatory and pro-resolving lipid mediators 
[27]. Another two regions near UBE2L3 and HELZ2 also 
showed evidence of colocalization. UBE2L3 encodes a 
member of the E2 ubiquitin-conjugating enzyme family 
and has been found to be associated with many autoim-
mune diseases in GWAS studies [28].

Discussion
In this prospective cohort study based on a healthy pop-
ulation, we observed that a higher RDW was associated 
with an increased risk of incident RA. When the com-
bined effect of RDW and genetic risk on RA risk was 
tested, the relative increase in risk was shown to be the 
greatest among those with a high RDW level and high 
genetic risk, and a positive interaction was observed on 
both the multiplicative and additive scale. Moreover, the 
MR analysis revealed suggestive evidence indicating a 
bidirectional causal relationship between RDW and RA.

A high RDW has been shown to be positively associ-
ated with the risk of RA in clinical case-control studies 
in Iraq [29], Turkey [30] and China [31]. In the research 
of China, RDW is elevated in patients with RA but 
not ankylosing spondylitis or osteoarthritis. It is also 

Fig. 3  Genetic relationship between incident RA and RDW. a Bi-directional two-sample Mendelian randomization (MR) analysis was performed with 
different methods. Forward represented from RDW to RA and reverse represented from RA to RDW. b The LocusZoom plot at the region around rs174559
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reported that RDW further correlates with pain and Dis-
ease Activity Score 28 (DAS28) in RA patients from the 
study of Turkey. All the observational studies imply the 
necessity to explore the relationship between RDW and 
RA in a cohort study. To our knowledge, this study, which 
used data from the UK Biobank, is a relative large-scale 
longitudinal study in European adults to examine the 
relationship between baseline RDW and the incidence of 
RA with a 5.1-year median follow-up period and to test 
whether the interaction between RDW and genetic risk 
can increase the incidence of RA.

Given the strong association between RA and genetic 
factors, we also evaluated the combined effect and inter-
action of RDW and genetic factors on RA. Intriguingly, 
the finding revealed an interaction between RDW and 
the genetic risk of RA, suggesting high genetic risk and 
high RDW synergistically increased the risk of RA. This 
interaction pointed to a potential biological interconnec-
tion among these risk factors [12]. Consequently, more 
attention should be paid to the individuals within the 
general population who, despite appearing healthy, carry 
a high genetic risk coupled with increased RDW levels.

The current study on RA was relatively large in terms 
of the number of new cases included and therefore had 
sufficient statistical power to detect existing associations. 
However, it is necessary to distinguish whether the eleva-
tion of RDW is completely secondary to the development 
of RA. To eliminate the interference of confounding fac-
tors, we further performed bi-directional MR analyses 
to test the genetic causal association between RDW and 
RA. The MR results, which should be interpreted with 
caution, were not consistent in the sensitivity analyses 
for horizontal pleiotropy and confounding. Five regions 
showed colocalization and provided evidence for the role 
of RDW in RA although colocalization alone does not 
allow for the differentiation between horizontal and ver-
tical pleiotropy. Our findings suggest that the elevation of 
RDW may be due to the genetic factors associated with 
RA, with more notable increases observed in individuals 
from high genetic risk populations, which highlight the 
potential of RDW as a promising and effective biomarker, 
deserving further exploration and validation in future 
studies.

Several underlying mechanisms may mediate the asso-
ciation between RDW and RA. This association may 
be related to the potential proinflammatory state and 
increased oxidative stress, both of which are related to 
impaired erythrocyte maturation [32, 33]. The charac-
teristic structure of red blood cells maintained with the 
help of a phospholipid bilayer and several transmem-
brane proteins. However, some of these proteins, such 
as calpastatin, may stimulate the inflammatory activity 
of other cells, becoming antigens in physiological auto-
immune reactions in patients with RA [34]. The result 

of colocalization also indicated the possible role of lipid 
metabolism between RDW and RA. The protein encoded 
by HELZ2 is a nuclear transcriptional co-activator for 
peroxisome proliferator activated receptor α (PPARα), 
which is the the master regulator of lipid metabolism in 
the liver [35, 36]. Through the PPARα, FADS1 can influ-
ence hepatic lipid homeostasis [37]. The dysregulation 
of lipid metabolism may further lead to inflammatory 
responses and trigger autoimmune diseases, creating a 
detrimental cycle. Although the pathophysiology of RA 
is completely clear, the exact latent mechanisms underly-
ing the relationship of RDW with RA is complicated and 
needs to be explored further.

Several potential limitations of this study require con-
sideration. First, our findings lacked validation from 
other larger-sample epidemiological studies. Second, 
despite statistical adjustment for covariates by various 
methods in this study, unmeasured or undetected influ-
ences such as drug use may have led to some unknown 
confounding. Third, information on the changes in 
RDW during the follow-up period was not available. The 
severity of diagnosed RA was also obscure for the use of 
electronic medical record, which made it challenging to 
eliminate potential reverse causality effects. Fourth, we 
did not subdivide analysis on RA subtypes. Finally, addi-
tional functional studies are warranted to shed light on 
the mechanisms underlying the effects of the interactions 
of genetic risk and RDW on the risk of RA.

Conclusion
Elevated levels of RDW have been found to be associ-
ated with an increased risk of incident RA, particularly in 
individuals with a high genetic risk. However, it is impor-
tant to exercise caution when interpreting the genetic 
causal relationship between RDW and RA. Further stud-
ies in other populations and experimental studies are 
needed to confirm our findings and to expound the basic 
mechanisms underlying these interactions.
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