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Background: Several studies have suggested that a healthy diet is associatedwith

improved male fertility outcomes. However, the joint and individual associations

between the status of multiple vitamins and sperm quality remain unclear.

Objectives: This study aimed to investigate the associations between serum

vitamin levels and sperm quality parameters in adult men.

Methods: A cross-sectional study was conducted among 156 adult men seeking

fertility care at a reproductive center from December 2023 to June 2024. Blood

and semen were collected on the same day to determine the concentrations

of nine kinds of vitamins (B1, B2, B6, B9, B12, C, A, D, E) and five parameters

of sperm quality [total sperm number, sperm concentration, progressive motile

sperm, morphologically normal rate, and DNA fragment index (DFI)]. The joint

and individual associations between vitamin levels and sperm quality were

analyzed usingmultiple linear regression and Bayesian kernelmachine regression

(BKMR) models.

Results : Increased tertiles of vitamin B1 and 1,25-dihydroxyvitamin D3 [1,25–

(OH)2-D3] in serum were associated with higher sperm quality (all P for trends

<0.10). Compared with the lowest tertiles, the highest tertiles of vitamin B12 had

β: 3.0 (95% CI: 0.8, 5.2) increasing in DFI, and vitamin A was negatively associated

with progressive sperm motility (P for trends = 0.05). We generally found null

results between multiple vitamin levels and the parameters of sperm quality in

the BKMR models.

Discussion: These research findings imply that vitamins could have a dose-

dependent dual e�ect on sperm quality. More specifically, the impact of

vitamins varies according to their dosage levels and types. Personalized vitamin

supplementation may be more e�ective than taking multivitamins in improving

sperm quality.
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1 Introduction

Globally, sperm concentration dropped by 51.6% between 1973 and 2018, with

a steeper decline of 2.64% per year after 2000 (1). Correspondingly, there has been

a significant increase in male infertility over the past two decades, bring depression,

anxiety, stress, and a decreased quality of life to adult males (2, 3). Infertility affects

8%−15% of couples worldwide, with male factors accounting for 50% of cases (4).
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Therefore, identifying factors detrimental to sperm quality and

implementing preventive measures to enhance male reproductive

health is crucial. Despite some initiative programs have launched,

male infertility persists due to unhealthy lifestyles and other

factors environmental pollutants (5). Recent research confirms

the significant role of a healthy diet in improving male fertility

outcomes (6).

Vitamins, essential micronutrients in the human diet, play a

vital role in normal physiological processes and various diseases

(7). For male reproduction, previous studies have confirmed that

vitamins have an impact on sperm quality (8). It is reported

that vitamin B12 could increase sperm count, enhance sperm

motility, and reduce sperm DNA damage through mitigating

oxidative damage, optimizing energy production, and modulating

inflammation response (9). Vitamin D receptors, crucial in

the male reproductive tract, serve as predictive markers of

sperm quality (10). Vitamin D may boost sperm motility by

promoting ATP synthesis and increasing intracellular calcium ion

concentrations (11). However, most studies narrow their focus

on individual vitamins. Although some studies have shown that

dietary supplements of vitamins can potentially boost semen

production (12, 13), another study have indicated that there is no

correlation between vitamins and sperm quality (14). Given these

controversial results, the potential synergistic effects of multiple

vitamins still require further research.

The issue of vitamins is a worldwide health problem. In the

United States, 61% of children and adolescents are reported to

suffer from vitamin D insufficiency, with 9% experiencing vitamin

D deficiency (15). In India, 37 % of people had folic acid deficiency

and 53 % had vitamin B12 deficiency (16). Understanding the

relationship between vitamin levels and sperm quality is crucial for

optimizing vitamin supplementation in clinical practice. To clarify

the impact of vitamin levels on sperm quality, we determined the

concentrations of nine kinds of vitamins (B1, B2, B6, B9, B12, C,

A, D, E) in the serum and five parameters of sperm quality [total

sperm number, sperm concentration, progressive sperm motility,

morphologically normal rate, and sperm DNA fragment index

(DFI)] in male adults to study the joint and individual associations

between vitamin levels and sperm quality.

2 Materials and methods

2.1 Population

Participants included in this analysis were abstracted from

the Environment and Male Reproduction Study, which is an

ongoing cohort study aimed at investigating the relationship

between environmental and dietary factors and male reproduction.

Males aged over 20 years old and seeking fertility care at our

Reproductive Center were eligible to enroll. Men with congenital

malformation, trauma, or serious systemic diseases were excluded

from the study. A total of 321 males were recruited from

December 2023 to June 2024. Among them, 159 males measured

the levels of vitamins. After excluding three males due to lack of

sperm quality data, 156 males were included in the final analysis

(Supplementary Figure S1). Informed consent was obtained from

all subjects involved in the study. This study was approved by

the Ethical Committee of the General Hospital of Central Theater

Command (Number: [2023]087-01).

2.2 Covariates

Basic information was obtained by a questionnaire including

age, ethnicity, height, weight, educational level, household income,

smoking status, and drinking status. Ethnicity was classified

into two categories: the Han nationality and other Chinese

minorities (Dong, Hui, Gelao, Lisu, Mongolian, Tujia, and Zhuang

nationalities). The smoking or drinking status was self-reported

as never, current, or quit. Never refers to participants who have

no history of smoking or drinking, current refers to participants

who are smoking or drinking. Quitting refers to participants who

had stopped smoking or drinking for 1 year (17). Body mass index

(BMI) was calculated as weight/height2 (kg/m2).

2.3 Determination of vitamin level

Blood sampling was centrifuged at 2,000×g and the

supernatant was taken as a serum sample. Vitamin concentrations

in serum were measured using an electrochemical method

according to the manufacturer’s instructions (LK3000VI, Lanbiao,

Tianjin, China). Briefly, 20–80 µL serum was added to the

processing solution (Lanbiao, Tianjin, China) and placed on

the vitamin detector. Then, the polished electrode was inserted

into the corresponding channel and activated. Vitamins were

enriched and dissolved on the working electrode, and the levels

of vitamins were determined according to the peak potential and

peak current in the dissolution voltammetry curve. The level of

1,25-dihydroxyvitamin D3 [1,25–(OH)2-D3] in serum represents

vitamin D status in humans.

2.4 Semen analysis

Semen samples were obtained bymasturbation on the same day

with blood drawing. Duration of abstinence was self-reported by

participants, but the period was 2–7 days after sexual intercourse.

The semen sample was weighed first to estimate its volume and

liquefied at 37◦C for 30min. Then, the liquefied sample was mixed

and 5 µL of the mixture was deposited on a cell counter. Sperm

concentration, motility, and morphology were determined by the

computer analysis system under a microscope (Olympus, Tokyo,

Japan). Sperm motility was classified into four levels (A, B, C, D)

according to the WHO criteria (18). Later, Papanicolaou staining

was conducted for sperm smear and a total of 200 spermatozoa

were counted to evaluate the sperm morphology with stricter

criteria (19). The DFI was assessed by a sperm DNA fragmentation

staining kit (Anke, Anhui, China). Briefly, a semen sample diluted

to 5–10 million/ml was mixed with agarose and deposited 5 µL

of the mixture on a slide. The slide was subsequently incubated in

denaturation solution, lysis solution, washing solution, and ethanol.

After Wright-Giemsa staining was performed, chromatin in the
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sperm head can be observed under microscope. Finally, DFI under

the microscope was estimated as previously described (20):

DFI (%) =
Fragmented + Degraded

Total counted
× 100

2.5 Statistical analysis

Continuous variables in baseline characteristics were presented

as the mean ± standard deviation (SD), while categorical

variables are shown as numbers and percentages (%). Missing

data was removed from analyses. The associations between

individual vitamin levels and sperm quality were evaluated using

multiple linear regression models. Vitamin concentrations were

log-transformed and categorized into tertiles to mitigate the bias

introduced by skewed distribution and extreme values. Tests for

trends were calculated by entering the tertiles of vitamins as ordinal

categorical variables (1–3) in the linear models. Potential covariates

in the models were selected by directed acyclic graph based on

previous studies (Supplementary Figure S2) (21–27). We further

excluded ethnicity and education level to avoid sparse data bias.

Ultimately, age, BMI, household income, smoking status, and

drinking status were included in the models. The restricted cubic

spline (RCS) method was used to explore the potential non-linear

relationships between serum vitamin levels and sperm quality after

adjusting for confounding factors, including age, BMI, household

income, smoking status, and drinking status. Crude associations

and associations among normospermic males were calculated to

assess the robustness of our findings.

We used Bayesian kernel machine regression (BKMR) models

to estimate the joint and individual effects of multiple vitamins

in a flexible and parsimonious manner (28). BKMR models,

through their capacity to incorporate the correlations between

multiple exposure variables and their ability to capture non-

linear relationships, renders them extremely valuable to dissect

how different nutrients interact to exert an influence on

physiological processes. Considering that certain vitamins were

significantly correlated in the Spearman correlation analysis

(Supplementary Figure S3), we conducted a hierarchical variable

selection with 50,000 iterations. While the first 25,000 iterations

were dropped as burn-in phase. The groups were divided into

water-soluble vitamins (B1, B2, B6, B9, B12, C) and fat-soluble

vitamins (A, D, E). Covariates in the BKMR models were the

same as in the linear models. Vitamin levels and continuous

covariates (i.e., age and BMI) were centered and scaled for

standardization. We used Gaussian distribution for the parameters

of sperm quality in the kmbayes function. The group posterior

inclusion probability (groupPIP) indicates the relative importance

of each group in defining the associations between vitamins and

sperm quality parameters. Meanwhile, the conditional posterior

inclusion probability (condPIP) reflects the relative significance

of individual vitamins in determining the associations between

vitamins and sperm quality parameters within the group. All

analyses were performed using R software [version 4.4.0, R Core

Team (2024), R Foundation for Statistical Computing, Austria]. P

< 0.05 was statistically significant, and P < 0.10 was considered as

suggestively significant.

3 Results

3.1 Baseline information

The baseline characteristics of the study population are

presented in Table 1. The mean age of the participants was 30.5

TABLE 1 Characteristics of 156 males included in this study.

Characteristics Mean ± SD or N (%)

Basic information

Age (years)a 30.5± 3.3

Height (m) 1.7± 0.1

Weight (kg) 72.0± 8.7

BMI (kg/m2)a 23.9± 2.5

Duration of abstinence (day) 4.7± 1.8

Ethnicity

Han 144 (92.3%)

Other Chinese minoritiesb 12 (7.7%)

Education level

High school and below 23 (14.7%)

College and above 133 (85.3%)

Household income (Yuan/month)a

≤5,000 (reference) 11 (7.1%)

5,001–10,000 53 (34.0%)

≥10,001 92 (59.0%)

Smoking statusa

Never (reference) 79 (50.6%)

Current 59 (37.8%)

Quit 18 (11.5%)

Drinking statusa

Never (reference) 42 (26.9%)

Current 102 (65.4%)

Quit 12 (7.7%)

Clinical characteristics

Total sperm number (mill) 683.8± 514.4

Sperm concentration (mill/ml) 157.7± 106.1

Progressive sperm motility (%) 37.4± 15.1

Morphologically normal (%) 4.4± 1.3

DFI(%) 14.6± 5.3

Nine males were missing for morphologically normal and 16 males were missing for DFI.
aCovariates included in the multivariable models.
bOther Chinese minorities included Dong, Hui, GeLao, LiSu, Mongolian, TuJia, and

Zhuang nationalities.

BMI, body mass index; SD, standard deviation; DFI, DNA fragmentation index.
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TABLE 2 Distribution of vitamin concentrations in serum among 156

adult males included in this study.

Vitamins Normal
range

AM GM Percentile

25% 50% 75%

Vitamin B1

(nmol/L)

70–180 69.5 68.2 60.0 70.5 78.0

Vitamin B2

(µg/L)

– 250.6 245.9 212.8 245.0 288.0

Vitamin B6

(µmol/L)

>20 19.3 18.6 15.4 18.7 22.3

Vitamin B9

(nmol/L)

>7 17.3 16.7 13.7 17.3 20.2

Vitamin B12

(pg/mL)

>203 380.7 362.7 295.0 350.0 448.5

Vitamin C

(µmol/L)

>11 40.9 40.0 35.0 39.0 46.3

Vitamin A

(µmol/L)

>0.7 0.6 0.6 0.5 0.6 0.7

1,25–(OH)2-

D3

(nmol/L)

75–250 33.9 32.2 26.0 33.0 39.3

Vitamin E

(µg/mL)

>5 12.3 12.2 11.0 12.0 13.0

The level of 1,25–(OH)2-D3 in serum represents vitamin D status in humans.

AM, arithmetic mean; GM, geometric mean.

years old, and the mean BMI of the participants was 23.9 kg/m2.

Among the males, 92.3% were Han nationality, 85.3% had a

bachelor’s or higher degree, 37.8% were current smokers, and

65.4% were current drinkers. As for the clinical characteristics,

the mean total sperm number, sperm concentration, progressive

sperm motility, morphologically normal sperm, and DFI were

683.8 million, 157.7 million per milliliter, 37.4%, 4.4%, and 14.6%,

respectively. Compared with all males in the cohort, no differences

were observed in basic information (Supplementary Table S1). The

distribution of vitamins in serum is shown in Table 2. Vitamins

were detected in all the samples.

3.2 Associations between individual
vitamins in serum and sperm quality

The associations between vitamins in serum and sperm quality

are presented in Table 3. Increased tertiles of vitamin B1 (>76.0

nmol/L) in serum were associated with higher total sperm number,

sperm concentration, and DFI (all P for trends <0.10). Compared

with the lowest tertiles (vitamin B12 < 311.6 pg/mL, 1,25–(OH)2-

D3 < 28.6 nmol/L), the highest tertiles of vitamin B12 (>418.0

pg/mL) had β: 3.0 (95% CI: 0.8, 5.2) increasing in DFI, and 1,25–

(OH)2-D3 (>37.0 nmol/L) had β: 0.5 (95% CI: 0.0, 1.0) increasing

in morphologically normal rate. The highest tertile of vitamin A

(>0.7 µmol/L) was inversely associated with progressive sperm

motility compared to the lowest tertile (<0.5 µmol/L) (P for trends

= 0.05). The results remained largely consistent in crude models

and among normospermic males (Supplementary Tables S2, S3).

Figure 1 showed the significant non-linear associations between

serum vitamins and sperm quality using RCSs (All the non-linear

associations were shown in Supplementary Figure S4). A non-

linear, U-shaped relationship was observed between vitamin B1

and sperm concentration (P for non-linear = 0.06). Specifically,

when the concentration of vitamin B1 elevated from the lowest to

60 nmol/L, the sperm concentration showed a decreasing trend.

Nevertheless, when the vitamin B1 concentration exceeded 60

nmol/L, sperm concentration starts to increase. The total sperm

number and vitamin B1 showed a similar trend (P for non-linear=

0.10). Regarding vitamin B6, when its concentration ranged from

the lowest to 20 µmol/L, progressive sperm motility initially rose

as vitamin B6 levels increased. As the concentration continued

to rise above 20 µmol/L, progressive sperm motility starts to

decline, suggesting a potential inverse U-shaped relationship (P for

non-linear= 0.03). Additionally, irregular non-linear relationships

were noted between vitamin A and morphologically normal rate,

vitamin B12 and DFI, and 1,25–(OH)2-D3 and DFI (all the P for

non-linear <0.10).

3.3 Associations of multiple vitamins in
serum with sperm quality

In the BKMR models, we found null results between

multiple vitamin levels and the parameters of sperm quality

(Figure 2, numeric results in Supplementary Tables S4). The fat-

soluble vitamins appeared to have a higher contribution in

defining the relationship between vitamins and sperm quality

(Supplementary Tables S5). Consistent with the results in linear

models, we also found that both total sperm number and sperm

concentration exhibited a steadily increasing trend when the

concentration of vitamin B1 elevated. There is also a unidirectional

decline tendency of progressive sperm motility as the rising of

vitamin A levels. However, we observed null association between

vitamins and DFI within the measured concentration ranges of

vitamins (Supplementary Figure S5).

4 Discussion

4.1 Main findings

Our study identified a non-linear relationship of vitamin

B1 levels with total sperm number and sperm concentration

(decreasing below 60 nmol/L and increasing above it) and an

inverse U-shaped trend between vitamin B6 levels and progressive

sperm motility (increasing below 20 µmol/L and decreasing

above it). Additionally, 1,25–(OH)2-D3 and vitamin B12 showed

irregularly but totally positive trend inmorphologically normal rate

and DFI, respectively. This suggests that vitamin B1, B12, and 1,25–

(OH)2-D3 may play a crucial role in spermatogenesis and sperm

DNA integrity. Conversely, vitamin A exhibited a unidirectional

downward trend in progressive spermmotility as the concentration

of vitamin A increased, indicating that excessive level of vitamin A

may be deleterious to sperm motility.

The BKMRmodels, however, revealed null association between

multiple vitamin levels and sperm quality parameters. This suggests
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TABLE 3 Associations between vitamin concentrations in serum and sperm quality among 156 adult males.

Vitamins Total sperm
number

Sperm
concentration

Progressive
motile sperm

Morphologically
normal rate

DFI

β (95% CI) β (95% CI) β (95% CI) β (95% CI) β (95% CI)

Vitamin B1 (nmol/L)

Q1(<64.0) Ref Ref Ref Ref Ref

Q2(64.0–76.0) 21.2 (−174.9, 217.3) −6.9 (−47.7, 33.8) −1.5 (−7.4, 4.4) 0.1 (−0.5, 0.6) 0.2 (−2.0, 2.4)

Q3(>76.0) 243.0 (47.1, 438.9) 42.6 (1.9, 83.4) −3.0 (−8.9, 2.9) 0.1 (−0.4, 0.6) 1.9 (−0.3, 4.1)

P for trend 0.01 0.04 0.31 0.70 0.09

Vitamin B2 (µg/L)

Q1 (<225.6) Ref Ref Ref Ref Ref

Q2 (225.6–278.0) −33.2 (−236.4, 170.0) 5.4 (−36.8, 47.5) 3.1 (−2.8, 9.1) −0.2 (−0.8, 0.3) −1.2 (−3.5, 1.1)

Q3 (>278.0) −32.5 (−232.8, 167.7) 0.5 (−41.0, 42.1) 2.38 (−3.5, 8.2) −0.3 (−0.8, 0.2) −1.3 (−3.5, 1.0)

P for trend 0.75 0.98 0.43 0.25 0.28

Vitamin B6 (µmol/L)

Q1 (<16.5) Ref Ref Ref Ref Ref

Q2 (16.5–21.7) −87.2 (−289.7, 115.4) −15.5 (−57.5, 26.6) 4.7 (−1.3, 10.6) 0.1 (−0.4, 0.7) 0.3 (−2.0, 2.5)

Q3 (>21.7) 0.4 (−199.0, 199.7) −15.8 (−57.2, 25.6) 4.1 (−1.8, 9.9) 0.1 (−0.4, 0.6) −0.4 (−2.6, 1.8)

P for trend 0.97 0.46 0.18 0.66 0.71

Vitamin B9 (nmol/L)

Q1 (<15.1) Ref Ref Ref Ref Ref

Q2 (15.1–19.2) −65.2 (−266.3, 135.9) −2.4 (−44.1, 39.4) 3.4 (−2.6, 9.3) −0.1 (−0.6, 0.5) −0.3 (−2.6, 2.0)

Q3 (>19.2) −95.7 (−296.5, 105.1) −16.6 (−58.3, 25.1) 2.4 (−3.5, 8.3) −0.2 (−0.7, 0.3) −0.7 (−3.0, 1.5)

P for trend 0.35 0.43 0.42 0.46 0.53

Vitamin B12 (pg/mL)

Q1 (<311.6) Ref Ref Ref Ref Ref

Q2 (311.6–418.0) −52.9 (−256.8, 151.0) −33.6 (−75.5, 8.4) 1.7 (−4.3, 7.7) −0.2 (−0.7, 0.4) −0.9 (−3.1, 1.3)

Q3 (>418.0) 18.9 (−180.9, 218.7) −2.7 (−43.8, 38.4) 0.1 (−5.7, 6.0) 0.0 (−0.6, 0.5) 3.0 (0.8, 5.2)

P for trend 0.86 0.89 0.96 0.92 <0.01

Vitamin C (µmol/L)

Q1 (<36.0) Ref Ref Ref Ref Ref

Q2 (36.0–43.0) 5.7 (−200.6, 212.1) −9.5 (−52.4, 33.3) −0.3 (−6.4, 5.8) −0.3 (−0.8, 0.3) 0.2 (−2.1, 2.5)

Q3 (>43.0) 58.0 (−150.4, 266.3) −8.5 (−51.7, 34.8) 0.7 (−5.4, 6.8) 0.2 (−0.4, 0.7) −1.3 (−3.6, 1.0)

P for trend 0.57 0.71 0.81 0.47 0.25

Vitamin A (µmol/L)

Q1 (<0.5) Ref Ref Ref Ref Ref

Q2 (0.5–0.7) −15.4 (−215.6, 184.9) 3.8 (−37.8, 45.3) 1.6 (−4.1, 7.4) −0.3 (−0.8, 0.3) −0.8 (−3.1, 1.5)

Q3 (>0.7) −36.9 (−240.5, 166.7) −3.7 (−45.9, 38.6) −5.9 (−11.8, −0.1) −0.1 (−0.6, 0.5) 0.7 (−1.6, 2.9)

P for trend 0.72 0.87 0.05 0.76 0.56

1,25–(OH)2-D3 (nmol/L)

Q1 (<28.6) Ref Ref Ref Ref Ref

Q2 (28.6–37.0) −16.8 (−222.4, 188.8) −16.9 (−59.8, 26.0) −2.3 (−8.4, 3.8) 0.1 (−0.5, 0.6) 0.8 (−1.5, 3.1)

Q3 (>37.0) −142.8 (−335.0, 49.5) −18.2 (−58.3, 21.9) 0.6 (−5.1, 6.3) 0.5 (0.0, 1.0) 1.1 (−1.1, 3.3)

P for trend 0.14 0.38 0.81 0.07 0.34

(Continued)
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TABLE 3 (Continued)

Vitamins Total sperm
number

Sperm
concentration

Progressive
motile sperm

Morphologically
normal rate

DFI

β (95% CI) β (95% CI) β (95% CI) β (95% CI) β (95% CI)

Vitamin E (µg/mL)

Q1 (<12.0) Ref Ref Ref Ref Ref

Q2 (12.0–13.0) 86.9 (−122.6, 296.3) 12.3 (−31.0, 55.5) −0.5 (−6.7, 5.7) 0.3 (−0.2, 0.9) 1.5 (−0.9, 3.8)

Q3 (>13.0) 64.1 (−140.4, 268.6) 29.9 (−12.3, 72.1) 1.5 (−4.5, 7.6) 0.4 (−0.2, 0.9) 1.61 (−0.7, 3.9)

P for trend 0.57 0.16 0.58 0.20 0.18

Linear regression models were adjusted for age, BMI, household income, smoke status, and drinking status. P for trend was derived by entering the quartiles of exposure as ordinal categorical

variables (1–3) in the models. The level of 1,25–(OH)2-D3 in serum represents vitamin D status in humans.

Q1, Q2 and Q3 refer to the tertile (1–3) concentrations of the 156 volunteers in this study.

BMI, body mass index; DFI, DNA fragmentation index. The bold values indicated that there is a significant difference.

FIGURE 1

The non-linear associations between (A) vitamin B1 and sperm concentration, (B) vitamin B6 and progressive sperm motility, (C) vitamin A and

morphologically normal, (D) vitamin B12 and DFI, (E) 1,25–(OH)2-D3 and DFI. Models were adjusted for age, BMI, household income, smoke status,

and drinking status. BMI, body mass index; DFI, DNA fragmentation index.

that the beneficial effects of vitamins on sperm quality may be

more complex than previously assumed. These findings highlight

the importance of considering the dose-response relationship and

potential interactions when interpreting the effects of vitamins on

sperm quality.

4.2 Distribution of vitamins

Vitamins are a long-standing concern in human health. The

recommended concentration of vitamin B1 for healthy individuals

was 70–180 nmol/L (29). We found 71 (45.5%) and 88 (56.4%)

participants were below the reference range of vitamin B1. Only 1

(0.6%) male under the definition level of vitamin B9 (7 nmol/L)

and vitamin B12 (203 pg/mL) in serum (30, 31). There are

108(69.2%) subjects who were considered to have vitamin A

deficiency because their serum level of vitamin A was below 0.7

µmol/L (32). The Endocrine Society proposed that 1,25–(OH)2-

D3 level of 75–250 nmol/L was vitamin D sufficiency and 1,25–

(OH)2-D3 level under 50 nmol/L was vitamin D deficiency (31).

In this study, vitamin D deficiency was found in 141 (90.4%)

individuals. No subjects exhibited deficiencies in vitamin B6

(<20 nmol/L) (33), vitamin C (<11 µmol/L) (34), or vitamin

E deficiency (<5µg/mL) (35). Additionally, there is currently

no universally accepted cutoff value for vitamin B2 deficiency in

serum (36). Our study revealed significant vitamin deficiencies

among the participants, particularly in vitamin A and vitamin

D. This is consistent with global trends and highlights the

need for targeted interventions to improve vitamin status in the

population (15, 37).
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FIGURE 2

Estimate e�ects (95% credible intervals) of the mixtures of vitamins on (A) total sperm number, (B) sperm concentration, (C) progressive motile

sperm, (D) morphologically normal rate, (E) DFI by BKMR models when all the vitamin concentrations at particular percentiles were compared to all

the vitamins at their 50th percentile. The BKMR models were adjusted for age, BMI, household income, smoke status, and drinking status. Numerical

values are presented in Supplementary Table S6. BMI, body mass index; BKMR, Bayesian kernel machine regression; DFI, DNA fragmentation index.

4.3 Comparison with previous studies

Vitamin D is the most focused vitamin in previous studies.

In this study, we found that vitamin D was only associated with

normal sperm morphology and had no correlation with other

outcomes in multiple regression models and may have a non-

linear relationship with DFI. Consistent with our results, a cohort

study included 1,308 men reported that elevated serum 1,25–

(OH)2-D3 was associated with a higher percentage of normal

sperm morphology. They also found that total sperm count was

increased with serum 1,25–(OH)2-D3 among participants with

impaired semen quality (38). A study conducted in Iran reported no

association between serum vitamin D levels and semen parameters

in normospermic men (39). However, a cross-sectional study

with 350 infertile men showed that higher serum vitamin D

levels are positively associated with higher semen volume, sperm

count, sperm total motility, and normal morphology rate (40).

A prospective cohort study among 102 participants showed that

vitamin D was not associated with parameters of sperm quality

or DFI (41). As to animal models, vitamin D deficiency mice

exhibited decreasedmotility andmorphological abnormalities (42).

And supplementation of 1,25–(OH)2-D3 significantly improved

perfluorooctanesulfonate acid induced sperm quality decline

and testicular damage (43). Vitamin D exerts both calcium-

dependent and calcium-independent effects. This implies that

certain effects of vitamin D can be mitigated by a calcium-rich

diet, which is likely accessible to the majority of people (44, 45).

Considering that calcium level was not measured in our study,

the variation in calcium concentration might be a contributing

factor to the divergent results. These discrepancies may also be

attributed to differences in study populations, sample sizes, and

statistical methods.

Our study also demonstrated positive associations between

higher level of vitamin B1 and total sperm number, sperm

concentration, and DFI in males. However, a study involving 210

men found an inverse association between vitamin B1 and semen

normality (46). It is worth note that their data about vitamin B1

levels were acquired from the questionnaire and the participants

were limited to unexplained or idiopathic infertility men. Mice

with mutations in the high-affinity vitamin B1 transporter gene

SLC19A2 are infertile with small testes and spermatogenesis

arrested (47). The highest tertile of vitamin B12 and vitamin A

showed a negative correlation with sperm quality in our results.

Conversely, previous studies indicated that the levels of vitamin A

inmen with abnormal sperm parameters were either comparable to

or lower than those of normospermic men (48, 49). Nevertheless,

they classified sperm quality according to the 4th edition of the

World Health Organization (WHO) laboratory manual, which

has changed a lot now. Crude statistical analyses and small

sample sizes also reduced the credibility of their results. Another

study with 29 infertile men found a positive association between

vitamin B9 and sperm parameters, while there is no association

between vitamin B12 and sperm quality (20). The non-linear

association, interaction effect, and sample size may contribute to

those differences. Additionally, a multicenter randomized clinical

trial involving 2,370 men reported that supplementing with folic

acid did not improve semen quality (50). In-vivo studies in mice

have demonstrated that nearly all vitamin deficiencies can result

in the deterioration of sperm parameters (44, 51). Although

some studies suggest that supplementing with some vitamins may
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improve sperm quality (12, 52, 53), null association was found in

this study between the other vitamin levels and sperm quality.

4.4 Interpretation

The potential mechanisms underlying the associations between

vitamins and sperm quality are complex and multifactorial. We

found that vitamin B1, B6, B12, D, and A may have an impact

on sperm quality. However, little is known about the mechanisms

between vitamin B1 and sperm quality. Vitamin B1 undergoes

phosphorylation to form thiamine diphosphate. This compound

is essential for the oxidative catabolism of carbohydrates and

the synthesis of ATP within mitochondria (54). We speculate

that vitamin B1 exerts dual effects on sperm quality, which

are attributed to alterations in mitochondrial energy metabolism

and the oxidative stress response (55). Vitamin B6, B9, and

B12 have been reported to play crucial roles in the carbon

cycle and methylation processes. These vitamins participate in

the methionine synthase reaction, a key step within the one-

carbon metabolism pathway, to synthesize S-adenosylmethionine.

This compound is then engaged in a vast array of methylation

reactions, playing a crucial role in various biological processes

(56, 57). Vitamin D receptor and associated metabolizing enzymes

in the human male reproductive tract suggests a crucial role of

vitamin D in spermatogenesis (58). Vitamin D deficiency and

Vdr-null mouse models indicated that lipid metabolism, calcium

imbalance, sex hormones, and DNA damage may mediate the

effect of vitamin D on sperm quality (10, 42, 59). Vitamin D

deficiency was also reported to disrupt the one-carbon cycle

and transsulfuration pathway, increasing circulating homocysteine,

thus affecting sperm quality (44). Vitamin A is also indispensable

for spermatogenesis since most germ cells were arrested at the

undifferentiated stage in vitamin A-deficient mice (60). It seems

that vitamin A serves as a trigger of the meiosis process for

spermatogonia. Almost all the vitamins are reported to act as

antioxidants and reduce oxidative damage to maintain the integrity

of the sperm DNA (61, 62). In addition to vitamin deficiency,

excessive vitamins also need attention. Chronic vitamin A excess

in mice could impair sperm motility and head morphology in

mice (63). As a fat-soluble vitamin, vitamin D is absorbed and

stored in the body’s adipose tissues and liver. This characteristic

is closely related to the risk of vitamin D toxicity, which may

lead to hypercalcemia (64). While Ca²+ is a key second messenger

in regulating sperm physiological processes like capacitation,

hyperactivation, and the acrosome reaction (65). The detailed

mechanism of vitamins in the spermatogenesis process is still

unclear. Further research is needed to fully understand the

mechanisms and dose-response relationships between vitamins and

sperm parameters.

4.5 Strengths and limitations

The strength of our study lies in the use of BKMR methods to

explore both joint and individual relationships between multiple

vitamin levels and sperm quality. While the cross-sectional design

precludes causal inference, the robust dose-response trends (e.g.,

P for trend = 0.05 for vitamin A and progressive sperm motility)

strongly justify prospective cohort tracking vitamin levels and

semen parameters over time. Additionally, we just measured the

vitamin and sperm quality in one spot, which neglected the

variations in vitamin levels and sperm analysis within individuals.

The limited sample size also reduced the persuasiveness of our

results. Larger prospective studies with multiple measurement

points are warranted in the future. A previous study found

inconsistent levels of 1,25–(OH)2-D3 in seminal plasma and

serum, suggesting that seminal plasma vitamin D is involved

in regulating sperm motility (66). Unfortunately, we did not

measure vitamin levels in seminal plasma. Another limitation of

this study was the absence of other relevant variables that could

potentially influence sperm quality, such as genetic testing (i.e.,

karyotype and microdeletions of the Y Chromosome). Absence

of data regarding the actual intake levels of individual vitamins

also weakens the robustness of the conclusions. Future research

could combine longitudinal serum monitoring with validated

dietary surveys and supplement inventories to delineate the relative

contributions of intake, metabolism, and genetic factors to vitamin-

associated sperm alterations. Moreover, the baseline information

obtained from the questionnaire may induce a recall bias for

the results.

5 Conclusion

This study provides valuable insights into the joint and non-

linear relationship between vitamin levels and sperm quality, holds

the potential to guide clinical trials on vitamin supplementation

strategies. Certain vitamins, such as B1, B6, B12, and D,

appear to have a potential dose-dependent dual effect on sperm

quality. While vitamin A might play a detrimental role. Overall,

the BKMR models revealed null association between multiple

vitamin levels and sperm quality parameters, suggesting that

increased of personalized vitamins may be more effective than

multivitamins in improving sperm quality. In the future, the role

of vitamin supplements in the treatment of male infertility can be

further explored.
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