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Introduction: Anemia, characterized by low hemoglobin or erythrocyte levels, is a significant global health issue with severe
implications for public health. Recent studies have explored the potential link between anemia and 25-hydroxyvitamin D [25(OH)D],
yet the precise mechanisms remain unclear. This study aims to clarify the possible causal relationship between 25(OH)D levels and
anemia risk.

Methods: We conducted a comprehensive investigation combining observational and Mendelian randomization (MR) analyses. The
observational study included detailed demographic, comorbidities, and laboratory data collected from 7160 hospitalized patients in
China. For the MR analysis, genetic polymorphisms were utilized to assess causal effects.

Results: Observational analysis revealed an inverse relationship between 25(OH)D levels and the risk of anemia, with stratified
analysis indicating a nonlinear association and a threshold of 48.716 nmol/L. The MR analysis confirmed a protective causal
relationship between higher 25(OH)D levels and a reduced risk of anemia. Bidirectional MR analysis found no evidence that anemia
influences 25(OH)D levels.

Discussion: This study provides strong evidence of a causal link between increased 25(OH)D levels and a lower incidence of anemia.
The findings highlight the potential role of vitamin D in anemia prevention, supporting the need for further research into vitamin
D supplementation as a strategy to reduce anemia risk.

Conclusion: Our findings support the hypothesis that higher 25(OH)D levels are causally associated with a reduced risk of anemia,
suggesting vitamin D’s potential role in anemia prevention and public health strategies.

Keywords: anemia, 25-hydroxyvitamin D, Mendelian randomization

Introduction

Anemia is a common health problem worldwide. Low blood erythrocyte count, or hemoglobin deficiency, results in
decreased oxygen carrying capacity and an inability to meet metabolic needs. Anemia is generally characterized by
hemoglobin (HGB) levels, hematocrit, or red blood cell counts falling below typical age- and sex-adjusted ranges.! An
estimated 1.6 billion people globally suffer from anemia to varied degrees, according to the World Health Organization
(WHO). Region, age, gender, and socioeconomic characteristics all affect the specific incidence.” In 2010, the estimated
prevalence of anemia worldwide was 32.9% of the total population. Anemia dramatically affects both the quality of life
of persons who are affected and healthcare systems due to its widespread effects on physical and cognitive health.® In
China, the most recent national health survey reported that the prevalence of anemia among the general population is
approximately 12.6%, with higher rates observed in elderly populations and women of childbearing age.* Older adults
are considered high-risk for anemia due to age-related changes and the presence of multiple comorbidities, highlighting
the importance of further detailed research in this population. The identification of putative causative variables and
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pathways associated with anemia is critical for developing effective preventive and intervention measures as the globe
addresses this health issue. While the WHO Global Nutrition Target 2025 specifically aims to reduce anemia in women
of reproductive age by 50%,” similar targeted efforts are needed to address the growing burden of anemia in the elderly.
The involvement of 25-hydroxyvitamin D [25(OH)D] in the development of anemia is one of the novel correlations
being investigated by developing research, despite the fact that recognized risk factors for anemia, such as nutritional
deficiencies and chronic diseases, have been thoroughly researched.® 25(OH)D, a physiologically active version of
vitamin D that may be produced by the skin when exposed to sunlight or can be consumed through food, has drawn
interest for its ability to affect the hematological system among other physiological functions in addition to bone health.’
It has been revealed by recent studies to have a wide range of physiological functions, from immunological regulation to
heart function. Amidst this growing field, a number of research have suggested that 25(OH)D may have a positive effect
on anemia through its inhibitory actions on hepcidin and inflammatory cytokines.*'° The National Health and Nutrition
Examination Survey (NHANES) cross-sectional research conducted between 2001 and 2018 reveals a correlation
between the incidence of anemia and serum 25(OH)D concentration.!' Comparable observational research has suggested
that there may be a connection between a low level of 25(OH)D and a higher risk of anemia, potentially via
immunological response, inflammation, and erythropoiesis regulation.'*'* Nonetheless, the difficulty is separating
causation from simple correlation, particularly in light of the complex interactions between multiple variables affecting
anemia and 25(OH)D content. Mendelian randomization (MR) analysis was the tool we used to overcome this obstacle
and clarify the possible causative relationship between anemia and 25(OH)D. By utilizing the stochastic distribution of
genetic variables during meiosis and fertilization, MR uses genetic variants as instrumental variables to infer causation.'
Using summary statistics from extensive genome-wide association studies (GWASs) on 25(OH)D levels and anemia
outcomes, our goal is to disentangle the intricate network of confounding variables that frequently mask causal links in
conventional observational research. Our work includes a two-sample MR analysis in addition to an observational
investigation that uses a local database. Investigating the association between levels of 25(OH)D and the risk of anemia,
as well as any possible dose-effect relationship, is our goal. It is possible to discover fresh approaches to anemia
prevention and therapy that make use of 25(OH)D supplementation. By means of thorough scientific investigation, we
want to offer a more refined comprehension of the complex elements that cause anemia, opening the door to better public
health results and higher standards of living.

Materials and Methods

In this work, we employed two-sample bidirectional MR and cross-sectional research methods. The reporting of this
study was strengthened through the application of STROBE-MR and STROBE (Strengthening the Reporting of
Observational Studies in Epidemiology) recommendations. The study workflow chart is shown in Figure 1.

Data Collection

A local database of 7160 hospitalized patients from January 1, 2021 to June 30, 2023 at the Second Hospital of
Shandong University, Shandong, China, was created for the primary observational study. Information about the
patient’s age, sex, comorbidities, serum concentration of 25(OH)D, hemoglobin (HGB), white blood cells (WBC),
platelets (PLT), albumin (ALB), potassium (K), sodium (Na), chloride (Cl), calcium (Ca), magnesium (Mg), and
phosphorus (P), C-reactive protein (CRP), iron (Fe), ferritin, N-terminal pro-brain natriuretic peptide (NT-proBNP),
alanine aminotransferase (ALT), aspartate aminotransferase (AST), creatinine (Cr), and uric acid (UA). The medical
laboratory at Shandong University’s Second Hospital tested each hematological indicator, and the information system
at the hospital collected the results. Hemoglobin levels below 120 g/L for adult males and 110 g/L for adult females
were considered anemia.! The protocol for the study was accepted by the Medical Ethics Committee of Shandong
University’s Second Hospital [No. KYLL-2023(KJ)P-1792, 2023-10-20].

Association Analysis for Local Database
Continuous data were presented as median and quartile spacing (Median, IQR) or means and standard deviations
(Mean£SD). Case numbers and percentages (n, %) were used to represent categorical data. We carried out a cross-
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Figure | Study workflow chart. Association and causal effect between anemia and 25(OH)D.

sectional study and a multivariable logistic regression analysis adjusted for demographic variables, comorbidities, and
laboratory test findings in association analysis based on local database. We computed 95% confidence intervals (95%
CIs) and odds ratios (ORs) to evaluate the connections between the variables. The software package Free Statistics,

version 1.8, was used to analyze the data.

Summary Statistics for GWAS

We took the 25(OH)D concentration GWAS summary data from the UK Biobank GWAS and used it as the exposure in the
MR research.'® The number of single nucleotide polymorphisms (SNPs) was 16668957, and the sample size was 441291. In
the initial analysis, genetic principle components were previously used to adapt GWAS data of the European population and
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probable population structure. The GWAS anemia summary data came from the FinnGen, comprising 27371 cases and
88536 controls. For each of the initial research, ethical approval was obtained. The Supplementary Table S1 contains a list
of GWAS study characteristics.

Selection of Instrumental Variables

Three hypotheses need to be met for MR studies to support causal estimates: (1) genetic variants must exhibit a strong
correlation with exposure; (2) genetic variants must not exhibit a correlation with any potential confounder of the
exposure-outcome association; and (3) genetic variants must not independently affect the outcome.'® The instrumental
variable (IV) was genetic variations linked to the 25(OH)D concentration, as determined by the genome-wide
significance of Pvalue <5x10%. In order to preserve independent SNPs, we eliminate the linkage disequilibrium by
defining the clumping window size as 10000kb and the r* threshold as 0.001. Due to their unclear effect direction,
palindromic SNPs were eliminated, and pleiotropic SNPs were eliminated using the MR-Egger outlier test with
Poutlier<0.05. F statistic >10, which measures the strength of IVs, showed a high correlation between the IVs and
the exposure.

Two-Sample Bidirectional MR Analysis

The study employed the two-sample bidirectional MR analysis'’ to determine the causal relationship between the risk of
anemia and 25(OH)D concentration. A meta-analysis technique called inverse-variance weighted (IVW) method was
used to aggregate Wald ratio estimates of the causal influence derived from several SNPs. Assuming that every genetic
variant met the IV requirements, this approach yielded a consistent estimate of the causal effect of the exposure variable
on the outcome variable. The study employed weighted median and MR-Egger regression techniques to investigate and
account for horizontal pleiotropy. Tests were deemed statistically significant when P<0.05 was reached. We evaluated
SNP heterogeneities using the /° statistic and Cochran’s Q-statistics. To look into the potential that a single SNP was the
cause of the causal connection, “leave-one-out” analysis was done. Regarding reverse MR, the previously described steps
were carried out again using the same database, this time swapping the exposure [25(OH)D] and outcome (anemia) in
order to evaluate the reverse-causal relationship. We specifically analyzed the causal effect of 25(OH)D on different types
of anemia, including iron deficiency anemia, nutritional anemia, hemolytic anemia, aplastic anemia, acute hemorrhagic
anemia, vitamin B12 deficiency anemia, and anemia in chronic illness. Each anemia type was treated as a separate
outcome, using genetic instruments from GWAS. All MR analyses were performed using R version 4.3.1 with the
TwoSampleMR package.

Results

Characteristics of Local Data

The study included 7160 adult hospitalized patients (=18 years old), of which 3692 (51.6%) were female and 3468
(48.4%) were male.The average age of the participants was 56.5+14.6 years. Among them, the prevalence of anemia
was 24.3%. Other comorbidities included hypertension (1.8%), cardiovascular diseases (58.1%), heart failure (0.3%),
chronic pulmonary disease (0.3%), diabetes (6.2%), thyroid disorders (0.5%), metabolic disorders (0.5%), liver
diseases (2.0%), digestive disorders (0.9%), kidney diseases (0.9%), cerebrovascular diseases (1.9%), neurodegenera-
tive disorders (0.6%), autoimmune diseases (0.5%), infectious diseases (7.1%), cancer (1.1%), electrolyte disturbances
(1.7%), and pregnancy-related conditions.We categorized participants into different groups based on their 25(OH)D
concentrations as follows: >75 nmol/L for the sufficient group, 50—75 nmol/L for the insufficient group, 25-50 nmol/L
for the deficient group, and <25 nmol/L for the severe deficiency group. These cutoff values were chosen based on
widely accepted guidelines and studies that correlate these levels with bone health and overall health outcomes.'® The
baseline features for the several groups with varying levels of 25(OH)D are compiled in Table 1. Age, hemoglobin
level, WBC, PLT, and comorbidities of cancer, kidney disease, cerebrovascular disease, and metabolic illnesses were
all statistically significantly different.
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Table | Baseline Characteristics

of the Adult Hospitalized Patients According to Various different 25(OH)Dlevels

Characteristics All 25(OH)DAdequate | 25(OH)DInsufficiency | 25(OH)DDeficiency | 25(OH)DSevereDeficiency P-value
(N=7160) >75nmol/L 50-75nmol/L 25-50nmol/L <25nmol/L
(n=910) (n = 2585) (n =3009) (n = 656)

Age 56.5 * 14.6 56.5 £ 16.5 55.6 £ 15.1 568 = 13.9 585 % 126 < 0.001

Sex 0.63

Male 3468 (48.4) 459 (50.4) 1248 (48.3) 1444 (48) 317 (48.3)

Female 3692 (51.6) 451 (49.6) 1337 (51.7) 1565 (52) 339 (51.7)

Laboratory tests
25(OH)D (nmol/L) 516 +214 90.7 £ 16.2 60.7 £ 6.9 389 +69 19.8 + 3.8 < 0.001
HGB (g/L) 125.5 + 225 140.0 + 17.5 133.9 + 20.1 119.2 £ 19.9 101.5 + 19.0 < 0.001
WBC(x10%) 6.8 £ 3.1 6.6 +2.7 6.7 27 69 %34 7240 < 0.001
PLT(x10'%) 220.9 + 83.0 224.1 £ 66.9 2236 £77.6 2194 £ 857 2133 £ 107.0 0.014
ALB (g/L) 408 + 5.7 41057 40.6 + 5.8 409 + 54 409 + 6.0 0.061
K (mmol/L) 4.1 +05 4105 4105 4105 40+ 04 0.292
Na (mmol/L) 139.5 + 3.6 1394 + 3.9 139.6 + 3.5 1394 + 3.6 139.7 £ 35 0.081
CL (mmol/L) 103.0 + 4.1 103.0 + 4.4 102.9 + 4.1 103.0 + 4.0 102.7 + 3.9 0.455
Ca (mmol/L) 23+02 2302 2302 23%02 2202 0.083
Mg (mmol/L) 09 0.1 09 0.1 09 0.1 09 +0.1 09 0.1 0.062
P (mmol/L) 1.2+03 12+£03 12 £03 12 £03 12£03 0.225
CRP (mg/L) 394 +56 395+98 393 £45 393 +£45 396+78 0.974
Fe (umol/L) 128 £2.2 129 + 2.6 128 +2.2 12.8 + 2.2 127 £ 1.7 0.482
Fer (ng/mL) 2484 + 90.2 2474 £ 96.4 2439 £ 99.7 2542 £ 89.5 240.6 + 86.8 0.143
NT-proBNP (pg/mL) 22589 + 942.2 2263.2 + 664.4 22292 £761.0 2252.9 + 800.7 23972 £ 6387 0.266
ALT (U/L) 16.0 (11.0, 26.0) 16.0 (11.0, 26.0) 16.0 (11.0, 26.0) 16.0 (11.0, 25.0) 16.0 (11.0, 26.0) 0.562
AST (U/L) 17.0 (14.0, 23.0) 18.0 (15.0, 24.0) 18.0 (14.0, 23.0) 17.0 (14.0, 23.0) 17.0 (14.0, 23.0) 0.296
Cr (umol/l) 66.0 (55.0, 80.0) 66.0 (56.0, 81.0) 66.0 (55.0, 81.0) 66.0 (55.0, 80.0) 67.0 (55.0, 80.0) 0.746
UA (umol/L) 281.0 (224.5, 350.0) 281.0 (228.0, 346.0) 285.0 (227.0, 354.0) 281.0 (224.0, 347.0) 274.0 (214.0, 345.2) 0.146

Comorbidities
Anemia 1740 (24.3) 56 (6.2) 335 (13) 931 (30.9) 418 (63.7) < 0.001
Hypertension 130 (1.8) 23 (2.5) 51 (2) 46 (1.5) 10 (1.5) 0.2
CAD 93 (1.3) 18 (2) 30 (1.2) 32 (L.1) 13 (2) 0.062
Heart failure 25 (0.3) 4 (0.4) 6 (0.2) Il (0.4) 4 (0.6) 0.389
COPD 11 (0.2) I (0.1) 8 (0.3) 2 (0.1) 0 (0) 0.099
Diabetes 4157 (58.1) 509 (55.9) 1488 (57.6) 1764 (58.6) 396 (60.4) 0.287
Thyroid diseases 1189 (16.6) 146 (16) 437 (16.9) 521 (17.3) 85 (13) 0.051
Metabolic diseases 446 (6.2) 99 (10.9) 171 (6.6) 145 (4.8) 31 (47) < 0.001
Liver diseases 37 (0.5) I (0.1) 15 (0.6) 20 (0.7) 1(0.2) 0.096
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Table | (Continued).

Characteristics All 25(OH)DAdequate | 25(OH)DInsufficiency | 25(OH)DDeficiency | 25(OH)DSevereDeficiency P-value
(N=7160) >75nmol/L 50-75nmol/L 25-50nmol/L <25nmol/L
(n=910) (n = 2585) (n =3009) (n = 656)

Digestive diseases 140 (2.0) 15 (1.6) 54 (2.1) 59 (2) 12 (1.8) 0.863
Kidney diseases 63 (0.9) 3 (0.3) 18 (0.7) 31(1) 11 (1.7) 0.021
CvD 56 (0.8) 2 (0.2) 14 (0.5) 30 (1) 10 (1.5) 0.007
Neurodegenerative diseases 136 (1.9) 14 (1.5) 49 (1.9) 60 (2) 13 (2) 0.848
Autoimmune 46 (0.6) 6 (0.7) 19 (0.7) 17 (0.6) 4 (0.6) 0.893
Infectious 36 (0.5) 3(0.3) 10 (0.4) 19 (0.6) 4 (0.6) 0.5

Cancer 508 (7.1) 49 (5.4) 209 (8.1) 213 (7.1) 37 (5.6) 0.019
Electrolyte disturbances 8l (I.1) 9 (I 27 (1) 39 (1.3) 6 (0.9) 0.718
Trauma 123 (1.7) 10 (1.1) 44 (1.7) 52 (1.7) 17 (2.6) 0.169
Pregnancy 69 (1.0) 3(0.3) 22 (0.9) 38 (1.3) 6 (0.9) 0.071

Notes: 25(OH)D: 25-Hydroxyvitamin D; HGB: hemoglobin; WBC: white blood cells; PLT: platelets; ALB: albumin; K: potassium; Na: sodium; Cl: chloride; Ca: calcium; Mg: magnesium; P: phosphorus; CRP: C-reactive protein; Fe: iron;
Fer: ferritin, NT-proBNP: N-terminal pro-brain natriuretic peptide; ALT: alanine aminotransferase; AST: aspartate aminotransferase; Cr: creatinine; UA: uric acid; CAD: coronary atherosclerotic disease; COPD: chronic obstructive
pulmonary disease; CVD: cerebrovascular disease.
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Relationship Between Anemia and 25(OH)D concentration

Serum 25(OH)D concentration and the risk of anemia were found to be significantly inversely correlated by multivariable
logistic regression analyses (Table 2). The 25(OH)D concentration was inversely correlated with anemia in both the
minimally adjusted Model 2 and the unadjusted Model 1, which were both adjusted for demographic factors and
comorbidities (OR 0.95, 95% CI 0.94-0.96, P <0.001, and OR 0.95, 95% CI 0.94-0.97, P <0.001, in Model 2). The
outcome of fully adjusting for demographics, comorbidities, and laboratory test findings in model 3 revealed that the risk of
anemia decreased by 5% for every unit rise in 25(OH)D (OR 0.95, 95% C1 0.94-0.97, P <0.001). All three statistical models
produced reliable results. The trend of the effective value changed differently in each group when the serum 25(OH)D
concentration was classified as acceptable (=75 nmol/L), insufficiency (50-75 nmol/L), deficiency (25-50 nmol/L), and
severe deficiency (<25 nmol/L). The 25(OH)D insufficiency group had a 2.23-fold increased risk of anemia compared to the
adequate group (OR 2.23, 95% CI 1.66-3.00, P <0.001), the 25(OH)D deficiency group had a 6.72-fold increased risk of
anemia compared to the adequate group (OR 6.72, 95% CI 5.05-8.93, P <0.001), and the 25(OH)D severe deficiency group
had a 27.22-fold increased risk of anemia compared to the adequate group (OR 27.22,95% CI 19.76-37.49, P <0.001). P for
trend was less than 0.001.

The Nonlinear Relationship and Interaction Analyses Between Anemia and 25(OH)D
After all variables were taken into account, a nonlinear dose-response connection between the risk of anemia and the 25
(OH)D concentration was shown (Figure 2). We discovered that the threshold of 25(OH)D concentration was 48.716
nmol/L by employing a two-piecewise linear regression model (Table 3). The incidence of anemia rapidly decreased by
7% below the threshold (OR 0.93, 95% CI 0.922-0.937, P <0.001). The dose-response curve trend was 2.3% gentler
above the threshold (OR 0.977, 95% CI 0.969-0.986, P <0.001). Furthermore, after stratification, the interaction analysis
in Figure 3 showed that the relationship between 25(OH)D concentration and anemia was stable (P for interaction > 0.05)
and that the following variables were not statistically significant: sex, CRP, NT-proBNP, ALB, ALT, Cr, diabetes,
coronary heart disease, and cancer. On the other hand, the relationship between anemia and 25(OH)D was interactive
with age (P for interaction = 0.02).

MR Analysis for Causal Relationship between Anemia and 25(OH)D

Selection of Instrumental Variables

We performed Two-Sample MR analyses for the Causal Relationship between 25(OH)D and anemia, employing genetic
variations linked to 25(OH)D concentration as the instruments and anemia as the desired outcome. After using the IV
selection protocols, we were able to identify 93 distinct SNPs as the I'Vs, all of which showed a strong correlation with 25
(OH)D concentration. After that, MR analyses were performed using these chosen SNPs to determine the causal
relationship between exposure and the result.

Table 2 The Correlation Between Anemia and Serum 25(OH)D

Variable Model | Model 2 Model 3

OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value
25(OH)D(nmol/L) 0.95 (0.94~0.96) <0.001 0.95 (0.94~0.97) <0.001 0.95 (0.94~0.97) <0.001
275 Reference Reference Reference
50~75 2.27 (1.69~3.05) <0.001 2.28 (1.7~3.06) <0.001 2.23 (1.66~3) <0.001
25~50 6.83 (5.16~9.05) <0.001 6.93 (5.23~9.19) <0.001 6.72 (5.05~8.93) <0.001
<25 26.78 (19.57~36.65) | <0.001 27.46 (20.03~37.65) | <0.001 27.22 (19.76~37.49) | <0.001
Trend Test 3.15 (2.9~341) <0.001 3.18 (2.92~3.45) <0.001 3.16 (2.91~3.44) <0.001

Notes: Model I: unadjust; Model 2: adjusted for demographic characteristics and comorbidities; Model 3: adjusted for demographic character-
istics, comorbidities and laboratory test results; OR: odds ratio; Cl: confidence interval; 25(OH)D: 25-Hydroxyvitamin D.
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Figure 2 The fitting curve of 25(OH)D on anemia. The multivariable regression model was adjusted for demographic characteristics, comorbidities, and laboratory test
results. The inflection point was 49.42 and P for non-linear was <0.001.

Two-Sample MR

A protective causal association between 25(OH)D concentration and the incidence of anemia was found by the Two-Sample
MR analysis. OR 0.87, 95% CI 0.78 to 0.96 (P=0.009) was obtained using the IVW technique. In particular, there was a 5%
decreased incidence of anemia for every one standard deviation increase in 25(OH)D concentration (Table 4). A protective
impact of increased 25(OH)D concentration against anemia risk was consistently supported by the MR estimations
produced from several approaches, such as IVW, weighted median, weighted mode, and MR robust adjusted profile
score (MR-RAPS). Scatter plots showing the relationship between 25(OH)D and the risk of anemia for the instruments are
shown in Supplementary Figure S1 (A). The heterogeneity Supplementary Figure S1 (B) was evaluated using a funnel plot.
Additionally, forest plots showing the MR estimates of the effects of SNPs linked to 25(OH)D concentration on the

Table 3 Inflection Point analysis of 25(OH)D on Anemia

Item OR (95% CI) P-value

25(OH)D<48.716 nmol/L | 0.93 (0.922~0.937) <0.001
25(0OH)D248.716 nmol/L | 0.977 (0.969~0.986) | <0.001
Likelihood Ratio Test - <0.001
Non-linear Test - <0.001

Abbreviations: OR, odds ratio; Cl, confidence interval; 25(OH)D,
25-Hydroxyvitamin D.
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Subgroup Total Event (%) OR (95%Cl) P for interaction
Overall
Crude 7160 1740 (24.3) 0.95(0.94~0.96) <0.001 e
Adjusted 0.95 (0.94~0.97) <0.001 —i
Age 0.02
<65 4909 1183 (24.1) 0.95(0.94~0.95) <0.001 e
>=65 2251 557 (24.7)  0.95(0.95~0.96) <0.001 -

Sex 0.77
Male 3468 843 (24.3)  0.95(0.94~0.95) <0.001 ()
Female 3692 897 (24.3) 0.95 (0.94~0.95) <0.001 e
CRP 0.106
<10 mg/L 6956 1713 (24.6) 0.95(0.94~0.97) <0.001 —i
>=10 mg/L 204 27 (13.2) 0.88 (0.82~0.94) <0.001 ~F———a—|
NT-proBNP 0.078
<900pg/ml 6690 1659 (24.8) 0.95 (0.94~0.96) <0.001 (!
>=900pg/ml 470  81(17.2) 0.93 (0.91~0.95) <0.001 —e—
ALB 0.322
<40 g/L 2739 655 (23.9) 0.95 (0.95~0.96) <0.001 -
>=40 g/L 4421 1085 (24.5) 0.95(0.94~0.95) <0.001 e
ALT 0.782
<60 U/L 6760 1663 (24.6) 0.95(0.94~0.96) <0.001 e
>=60 U/L 400 77 (19.2) 0.94 (0.93~0.96) <0.001 o—
Cr 0.345
<111 umol/L 6438 1542 (24) 0.95 (0.95~0.96) <0.001 -
>=111 umol/L 722 198 (27.4) 0.95 (0.94~0.97) <0.001 —
Diabetes 0.123
Yes 4157 1006 (24.2) 0.95 (0.94~0.95) <0.001 e
No 3003 734 (24.4)  0.95(0.95~0.96) <0.001 -
Coronary heart disease 0.183
Yes 93 26 (28) 0.91 (0.86~0.97) 0.003 —_——y
No 7067 1714 (24.3) 0.95(0.94~0.96) <0.001 o
Cancer 0.236
Yes 508  125(24.6)  0.95(0.94~0.96) <0.001 o
No 6652 1615 (24.3) 0.95(0.94~0.97) <0.001 —i
T T T
0.90 0.95 1.0
Effect(95%Cl)
Figure 3 Forest plot of 25(OH)D on anemia.
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Table 4 Bidirectional MR Result of the Causal Effect Between the Risk of Anemia and 25(OH)D

Exposure Outcome Significance level of No. of SNPs Method OR (95% CI) SE P-value
the selected IVs
25(0OH)D Anemia P<Ix10°® 93 \A%% 0.87 (0.78~0.96) 0.05 0.009
Weighted median 0.85 (0.72~1.00) 0.08 0.052
Weighted mode 0.89 (0.79~1.00) 0.06 0.056
Simple mode 0.87 (0.61~1.26) 0.19 0.469
MR-Egger 0.88 (0.75~1.03) 0.08 0.125
Exposure Outcome Significance level of No. of SNPs Method B(95% CI) SE P-value
the selected IVs
Anemia 25(OH)D P<Ix10°® 7 \A%% 0.03 (-0.02~0.07) 0.02 0.216

Abbreviations: MR, Mendelian randomization; SNP, single-nucleotide polymorphism; OR, odds ratio; Cl, confidence interval; SE, standard error; 25(OH)D,
25-Hydroxyvitamin D; IVVY, inverse variance weighted; B, the estimated effect coefficient.

incidence of anemia were produced Supplementary Figure S1 (C). The results were consistent and not influenced by

a single SNP, according to leave-one-out analyses Supplementary Figure S1 (D).

Bidirectional MR

In order to study the opposite direction of causation, we used genetic liability for anemia as an exposure to examine if anemia risk
had a causal effect on 25(OH)D concentration. Nevertheless, no meaningful causal association between the incidence of anemia
and 25(OH)D concentration was discovered using any of the MR techniques (IVW 8 = 0.03; 95% CI, —0.02 to 0.07; P = 0.216).
Finally, a protective causal connection between a greater 25(OH)D concentration and a lower incidence of anemia was revealed
by the univariable MR analysis. There was, however, insufficient data to support a link between the risk of anemia and 25(OH)D
concentration.

MR Analyses of 25(OH)Don Different Types of Anemia

Using MR analyses, we investigated the connection between 25(OH)D and various forms of anemia in further detail. The
findings indicated that iron deficiency anemia (IVW OR = 0.79; 95% CI, 0.68 to 0.92; P=0.003) and nutritional anemia
(IVW OR = 0.83; 95% CI, 0.72 to 0.95; P=0.006) were causally associated to 25(OH)D concentration. There was no
correlation with other forms of anemia, such as hemolytic anemia, aplastic anemia, acute hemorrhagic anemia, vitamin
B12 deficiency anemia, and anemia in chronic illness (Supplementary Table S2).

Discussion
Causal Association Between 25(OH)D and Anemia

Our research suggests a reliable causal association between lower anemia risk and higher 25(OH)D levels through the use
of MR analysis in conjunction with observational study. This approach provides a deeper understanding of the etiology of
anemia, moving beyond simple correlations to identify potential management and preventive strategies. The results
provide new insight into the field of anemia and iron deficiency etiology. The results add meaningful contribution to the
field by providing the link between anemia and serum 25- Hydroxyvitamin D.

Insights from Previous Studies

Anemia and vitamin D may be related, according to earlier observational research. A cross-sectional study of the US
population from 2001 to 2018 was conducted by Yang Zhang et al using data from the NHANES. The general population
in the United States has a U-shaped curve in relation to serum 25(OH)D concentration and anemia risk, according to the
results. As a result, vigilant observation and suitable vitamin D treatment can lower the risk of anemia.'’ Our findings
support the validity of the link between greater 25(OH)D levels and a lower incidence of anemia in the adult Chinese
population, which is in line with previous research. Additionally, we disclose the dose-effect and nonlinear relationships
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between the risk of anemia and 25(OH)D. The possible impact of vitamin D on erythropoiesis, inflammation, and
immunological responses is highlighted by this alignment.

Focus on Specific Populations

Much of the existing research focuses on specific groups, such as pregnant women and children. For instance, Reagan
M. Mogire et al found that children with low 25(OH)D concentrations were more likely to experience iron deficiency
compared to those with adequate levels. Individual indicators of iron status were impacted differently by 25(OH)D
concentrations.'® Furthermore, Shuting Siet al reported that early- and mid-pregnant women with vitamin D deficit had
a higher risk of anemia than did women without vitamin D deficiency. Hemoglobin concentration and plasma 25(OH)D
levels correlated favorably during each trimester of pregnancy.”’ These studies are important sources of information
regarding the connection between anemia and 25(OH)D, but they do not include thorough, stratified population-level
research. Our study addresses this gap by examining various stratification criteria, including age, gender, comorbidities,
and laboratory tests.

Challenges in Observational Research

Most previous studies were observational and subject to confounding variables, which complicates the determination
of causality. Determining causality in the presence of confounding variables is still difficult. Simple causal attributions
become more difficult to understand due to the several factors that interact to influence both 25(OH)D levels and
anemia outcomes. Therefore, this makes the conclusions of this study less lack of merit. By using genetic tools to
investigate possible causation, our study goes one step further. Our study’s use of MR analysis helps to overcome this
difficulty.

Strengths of Combining MR and Observational Study

The strength of our study lies in its comprehensive approach, combining MR analysis with observational data.In order
to exclude confounding variables and reverse causation on causal inference, MR analysis was used to ascertain the
causal relationship between the 25(OH)D level and anemia.?' To ensure the strength of instruments in the MR analysis,
the largest known GWAS meta-analysis yielded the genetic instrumental variable of 25(OH)D.*> The MR-PRESSO
and MR-Egger regression intercept term tests were used to identify and rule out horizontal pleiotropy. Non-
overlapping exposure and outcome summary-level data were employed, together with a bidirectional Two-Sample
MR design, to prevent bias. Notably, non-linear connections and subgroup analyses could not be carried out because
MR analysis relied on summary statistics rather than raw data. We addressed the shortcomings of MR in evaluating
dose-response correlations in this investigation by gathering and compiling a single-center local database, doing
corresponding analyses, and supplementing it. We have a deeper grasp of the complex association between 25(OH)
D levels and anemia risk thanks to our study design, which combines broad MR analysis across varied populations
with observational analysis. This thorough method successfully handles issues with confounding in observational
research and supports the validity of our findings.

Potential Molecular Mechanisms

Comprehending the intricate genesis of anemia is crucial due to its extensive occurrence and significant consequences.”
Amid known risk factors, 25(OH)D, has garnered attention recently due to its possible connection to anemia.>* Our
research provides insights into fundamental mechanisms and goes beyond association to clarify the possible causative
relationship between anemia and 25(OH)D. It’s likely that complex physiological systems play a role in the interaction
between vitamin D and anemia. Iron metabolism, inflammation-associated anemia, and immunological regulation are all
impacted by vitamin D, as evidenced by the receptors for the hormone found in immune cells and erythroid
progenitors.”> Moreover, the role that vitamin D plays in the survival and development of red blood cells offers an
additional possible influence on the risk of anemia.”® The basis for comprehending the relationship between 25(OH)D
levels and anemia outcomes is provided by these molecular theories.
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Limitations and Future Directions

While our local database predominantly includes Asian populations, the regional focus of MR analysis on European
populations is a noteworthy constraint, notwithstanding the study’s merits. The lack of Asian-specific MR analysis
highlights a weakness in our research and calls for care when extrapolating the results. Comprehensive subgroup
exploration and generalizability are hindered by the utilization of summary statistics in MR analysis and the dependence
on a single-center local database. Our research sheds light on the possible connection between anemia and 25(OH)D,
although it does not fully explain the molecular processes involved. These restrictions highlight the necessity of
interpreting data carefully and offer potential directions for further study, particularly in varied groups.

Conclusions

In summary, our research has yielded strong evidence that increased 25(OH)D levels independently lowered the
incidence of anemia in the participants under examination, indicating that 25(OH)D may serve as a causative protective
factor against anemia. These findings, which suggest that regulating 25(OH)D levels through supplementation or lifestyle
modifications may be a useful tactic for reducing the prevalence of anemia, especially in susceptible populations, have
significant therapeutic ramifications.
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