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Abstract 

Background  The role of vitamin C as an antioxidant in guarding against osteoporosis in adults is still debated. This 
research employs both a cross-sectional study and a two-sample bidirectional Mendelian randomization (MR) analysis 
to explore how serum vitamin C levels correlate with the incidence of osteoporosis among adults.

Methods  In this study, we utilized data from the National Health and Nutrition Examination Survey (NHANES) 
database for the years 2003–2006, and 2017–2018 to conduct both a cross-sectional analysis and MR to investigate 
the relationship between serum vitamin C levels and the risk of osteoporosis in adults. We adjusted our analyses 
for essential demographic and lifestyle variables, and applied logistic regression techniques. Genetic determinants 
of vitamin C levels were analyzed through MR, using methods like inverse-variance weighted (IVW) and MR-Egger 
to assess causality. Statistical computations were carried out in R, incorporating visual tools such as restricted cubic 
spline curves (RCS) and forest plots to clarify the dose–response dynamics and variations across different subgroups. 
This study was approved by the NCHS Ethics Review Board, and informed consent was obtained from all participants.

Results  In our investigation, we analyzed data from 3,940 participants, among whom 291 were diagnosed 
with osteoporosis. The logistic regression analysis of serum vitamin C quartiles did not indicate a significant trend. 
The most adjusted model showed a slight, albeit inconsistent, protective effect in the highest quartile (OR = 0.68, 
95% CI: 0.47–0.99, P = 0.22). Mendelian randomization, employing methods such as IVW, reinforced the absence 
of a significant causal relationship between serum vitamin C levels and osteoporosis risk (IVW OR = 1.000, 95% CI: 
0.999–1.001, P = 0.601).Subgroup analyses, visualized through forest plots and restricted cubic spline (RCS) curves, 
supported the primary findings, showing no significant effects or interactions between vitamin C levels and osteo-
porosis risk across different demographic and lifestyle subgroups. The RCS analysis particularly highlighted a lack 
of significant non-linear relationships between serum vitamin C concentration and the odds of osteoporosis (P 
for nonlinear = 0.840).

Conclusions  The cross-sectional study revealed that higher serum vitamin C levels do not consistently corre-
late with a reduced risk of osteoporosis. Meanwhile, the Mendelian randomization analysis confirmed that there 
is no genetic evidence to suggest a causal relationship between vitamin C levels and osteoporosis risk. Recent 
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research highlights the polygenic nature of osteoporosis, with genetic predispositions playing a significant role 
in disease risk. The relationship between serum vitamin C and osteoporosis requires further research. This suggests 
the need for further investigation into the connection between vitamin C and bone health.

Keywords  Serum vitamin C, Osteoporosis, NHANES, Bidirectional mendelian randomization, Causality

Introduction
Vitamin C is widely heralded for its powerful antioxi-
dant properties, lifes and its crucial role in support-
ing the immune system, yet its impact on bone health, 
specifically in the context of osteoporosis, merits closer 
examination [1]. Known scientifically as ascorbic acid, 
vitamin C is essential for collagen synthesis, the founda-
tional protein in bones and connective tissues, suggest-
ing its potential influence on maintaining bone density 
and structural integrity [2]. Vitamin C plays a critical role 
in collagen synthesis, which is essential for maintaining 
bone density and overall bone health. Collagen is the pri-
mary structural protein in bones, and Vitamin C is a key 
co-factor in the enzymatic processes that stabilize and 
cross-link collagen fibers, thereby contributing to bone 
strength. In addition, Vitamin C acts as a powerful anti-
oxidant, neutralizing free radicals that can damage bone 
cells and promoting the overall health of bone tissue. 
These dual functions suggest that Vitamin C could play a 
protective role against osteoporosis.

Osteoporosis, characterized by weakened bones and 
an increased risk of fractures, predominantly affects the 
elderly and poses significant public health challenges 
[3]. Despite the well-established benefits of calcium and 
vitamin D in maintaining bone health, the impact of vita-
min C on bone density and osteoporosis prevention has 
been less clear [4]. Research in this area has shown mixed 
results: some studies indicate that higher dietary intake 
of vitamin C correlates with better bone mineral density, 
suggesting a protective effect, while other studies find lit-
tle to no relationship between vitamin C levels and bone 
health [5]. These conflicting findings point to the need for 
more rigorous and comprehensive studies that can offer 
clearer insights into vitamin C’s role in bone metabolism.

To address this gap in knowledge, our research uti-
lizes an extensive dataset from the National Health and 
Nutrition Examination Survey (NHANES) collected dur-
ing the periods 2003–2006 and 2017–2018. By employ-
ing a sophisticated analytical framework that integrates 
both cross-sectional and Mendelian randomization tech-
niques, our study aims to dissect the direct observational 
associations and explore the genetic foundations that 
may link serum vitamin C levels to the risk of develop-
ing osteoporosis. This approach not only provides a more 
thorough investigation of the observational data but 
also allows us to examine whether the relationships seen 

might be driven by genetic predispositions, thereby offer-
ing insights into potential causal mechanisms.

Through this dual methodology, we seek to clarify 
whether the antioxidative and collagen-synthesizing 
properties of vitamin C translate into a tangible benefit 
for bone health. If a causal link is established, this could 
significantly influence public health guidelines and die-
tary recommendations, potentially leading to the devel-
opment of preventive strategies that incorporate vitamin 
C as a key component in combating osteoporosis. This 
study not only aims to contribute to the scientific under-
standing of nutrient-bone interactions but also to inform 
clinical practices and public health strategies aimed 
at reducing the burden of osteoporosis among aging 
populations.

Methods
Participants in NHANES
In our study leveraging the NHANES data from 2003–
2004, 2005–2006, and 2017–2018 (https://​www.​cdc.​gov/​
nchs/​nhanes/​index.​htm), we initially reviewed 29,724 
participants. Through a rigorous exclusion process, we 
removed individuals lacking critical data: 12,052 for miss-
ing bone mineral density, 8,405 for absent serum vitamin 
C levels, and 6,172 for incomplete covariate information. 
After refining the dataset to include only those with com-
plete records, 9,994 participants remained. We further 
narrowed the focus by excluding 6,054 individuals under 
50  years old, targeting an older demographic at higher 
risk for osteoporosis. The final cohort consisted of 3,940 
participants, with 291 diagnosed with osteoporosis, pro-
viding a robust sample for analyzing the impact of vita-
min C on bone health in older adults. Figure 1 illustrates 
the specific procedure.

Exposure variables in NHANES
The primary exposure in this study was serum vita-
min C levels (µmol/L). To analyze serum specimens, 
blood samples were meticulously collected, processed, 
stored, and transported to the Division of Laboratory 
Sciences at the National Center for Environmental 
Health in Atlanta, GA, which is part of the Centers for 
Disease Control and Prevention. The NHANES qual-
ity assurance and quality control (QA/QC) procedures 
adhere to the standards set by the Clinical Laboratory 
Improvement Act (CLIA). Vitamin C quantification in 
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serum was performed using isocratic ultra-high per-
formance liquid chromatography (UPLC) with electro-
chemical detection at 450 mV. The range for detection 
was set at 200 nA. Quantification was achieved by 
comparing the peak area of vitamin C in the unknown 
sample to the peak area of a known amount in a cali-
brator solution. The calibration solution was corrected 
by comparing the peak area of the internal standard to 
that of the unknown sample.

Outcome variable in NHANES
The primary outcome of this study was osteoporosis. 
Referring to previous studies, dual-energy X-ray (DXA) 
scans of the spine (L1-L4) or both hip joints were per-
formed to evaluate an individual’s BMD (QDR 4500A 
fan-beam densitometers [Hologic Inc]) [6, 7]. Osteopo-
rosis was defined as a T-score ≤ − 2.5 at either the fem-
oral neck or the lumbar spine. T-scores were calculated 
as (mean BMD  respondent group—mean BMD  refer-
ence group) / SD reference group. The reference group 
for calculation of the femoral neck consisted of 20–29 
white females from the NHANES III report [6].

Covariates in NHANES
In our study utilizing NHANES data to assess the effects 
of serum vitamin C on osteoporosis, we incorporated a 
variety of covariates to ensure robust and precise analy-
sis [8]. These included demographic details like age, 
gender, race, and body mass index (BMI); socio-eco-
nomic indicators such as education, marital status and 
household income; lifestyle factors like smoking and 
alcohol use; and medical variables including serum cal-
cium levels, Alanine Aminotransferase (ALT) (U/L), 
Aspartate Aminotransferase (AST) (U/L), hypertension, 
and hyperlipidemia. To handle any missing data within 
these covariates, we applied interpolation techniques, 
ensuring a complete and comprehensive dataset for our 
evaluations.

Sample source for MR analysis
According to previous studies, serum vitamin C’s 
genome-wide association study (GWAS) information 
(https://​gwas.​mrcieu.​ac.​uk/​datas​ets/​ebi-a-​GCST9​00261​
26/) was obtained from the IEU Open GWAS website 
(https://​gwas.​mrcieu.​ac.​uk/). A total of 291 samples with 
6,870,007 singlenucleotide polymorphisms (SNPs) were 

Fig. 1  Flowchart of sample selection

https://gwas.mrcieu.ac.uk/datasets/ebi-a-GCST90026126/
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included in this GWAS data [9]. All sample populations 
were European, and thus, ethnic variability was excluded. 
Genetic data about osteoporosis were obtained from the 
GWAS information (https://​gwas.​mrcieu.​ac.​uk/​datas​ets/​
ebi-a-​GCST9​00386​56/) was obtained from the IEU Open 
GWAS website.This GWAS comprised 484,598 samples 
in total, with 9,587,836 SNPs [10].

MR analysis
Figure 2 shows an overview of the present MR study. To 
obtain valid causal estimates, IVs in the MR model need 
to satisfy the three assumptions: (1) genetic variants are 
significantly associated with the serum vitamin C levels; 
(2) they are not influenced by potential confounders; and 
(3) they influence osteoporosis only via serum vitamin C 
levels [7].

We began by identifying genetic variants significantly 
associated with vitamin C levels, using stringent selec-
tion criteria to ensure their suitability as instrumental 
variables. These criteria included a p-value threshold 
of less than 5 × 10–8, an R2 of at least 0.001, and ensur-
ing a genetic distance of less than 10 megabases to mini-
mize linkage disequilibrium [11]. The validity of these 
instruments was further confirmed through the Phe-
noScannerV2 tool to exclude any SNPs associated with 
potential confounders or directly linked to osteoporosis 
[12]. Details of SNPs for serum vitamin C are shown in 
Table S1.

We primarily used the Inverse-Variance Weighted 
(IVW) method for our MR analysis, complemented by 
additional methods like Weighted median, MR-Egger, 

Weighted mode, and Simple mode to test the robust-
ness and consistency of our findings [13]. To ensure the 
reliability of our results, we conducted "Leave-one-out" 
sensitivity analyses and assessed SNP heterogeneity with 
the Cochran Q test, considering significant heterogeneity 
at P < 0.05 [14]. We also evaluated horizontal pleiotropy 
through the MR-Egger intercept, identifying any poten-
tial biases at P < 0.05.

Furthermore, to bolster our causal inference, we per-
formed a reverse MR analysis using the same stringent 
methods to explore if osteoporosis might influence 
serum vitamin C levels [7]. This comprehensive approach 
ensures that our study’s conclusions about the causal 
relationship between serum vitamin C and osteoporosis 
are robust, helping to inform potential dietary recom-
mendations and public health strategies targeting osteo-
porosis prevention.

Statistical analysis
Quantitative data were analyzed using independent 
t-tests for normally distributed variables, and Mann–
Whitney U tests were utilized for those not meeting nor-
mality assumptions, ensuring the appropriate handling 
of continuous variables. Categorical variables were ana-
lyzed using the Chi-square test to assess distribution dif-
ferences between groups categorized by serum vitamin 
C levels. Multifactorial logistic regression was utilized 
in the preliminary analysis to figure out the relationship 
between exposure factors and outcome indicators. Non-
linear relationships between outcome variables and expo-
sure factors were tested using the Restricted cubic spline 

Fig. 2  An overview of MR analysis

https://gwas.mrcieu.ac.uk/datasets/ebi-a-GCST90038656/
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(RCS). Subgroup analyses were conducted based on 
characteristics like age, sex, BMI, smoking, and alcohol 
consumption. The impact of serum vitamin C on osteo-
porosis risk across different demographic and lifestyle 
groups was examined, with odds ratios and 95% confi-
dence intervals calculated for each subgroup. A forest 
plot was generated to visually summarize the effects of 
vitamin C across different subgroups. Interaction terms 
were included in the regression models to test for statisti-
cal interactions, ensuring a thorough evaluation of how 
serum vitamin C’s effects might vary across subgroups. 
For the Mendelian randomization (MR) analysis, we used 
the TwoSampleMR package in R (version 4.3.2), which 
enabled us to use genetic instruments for serum vitamin 
C levels to assess the causal relationship with osteoporo-
sis risk.

All data analyses were performed using the R.4.3.2 pro-
cedure (http://​www.R-​proje​ct.​org). The available data 
were used to determine the appropriate sample sizes; ex-
ante calculations of sample sizes were not carried out.

Results
Baseline characteristics of NHANES participants
As in Table 1, in our study of baseline characteristics using 
NHANES data, we observed key differences between 
participants diagnosed with osteoporosis (n = 291) 
and those without the condition (n = 3649). Notably, 
the osteoporosis group was older, with an average age 
of 66.51  years compared to 62.69  years in the control 
group, and predominantly female, representing 77% ver-
sus 48.3% in the non-osteoporosis group, with both age 
and gender showing statistically significant differences 
(P < 0.001).The osteoporosis group showed lower edu-
cational attainment, with 47.8% not having completed 
high school, versus 36.7% in the non-osteoporosis group 
(P < 0.001). Additionally, this group was more likely to 
live below the poverty level (23.7% vs. 14.7%, P < 0.001). 
In terms of health conditions, the prevalence of hyper-
tension was comparable between the groups (63.9% in 
the osteoporosis group vs. 66.9% in the non-osteoporosis 
group, P = 0.336), whereas hyperlipidemia was slightly 
more prevalent in the osteoporosis group (23.0% vs. 
18.9%), though this difference did not reach statistical 
significance (P = 0.102).

Lastly, the mean serum vitamin C levels were slightly 
higher in the osteoporosis group at 57.05 ± 30.5 µmol/L, 
compared to 55.43 ± 30.58 µmol/L in the non-osteoporo-
sis group, but this difference was not statistically signifi-
cant (P = 0.384).

Association of serum vitamin C and osteoporosis
In our investigation, we examined the potential 
link between serum vitamin C levels and the risk of 

osteoporosis through logistic regression analysis, cat-
egorizing the population into four quartiles based on 
their vitamin C levels: Q1 (0.6–34.1), Q2 (34.2–55.8), 
Q3 (55.9–72.7), and Q4 (72.8–268.0). Three different 
statistical models were applied to account for a variety 
of demographic and health-related factors. In Model 1, 
which adjusted for basic demographics such as age, sex, 
and race, we found no significant decrease in osteopo-
rosis risk with increasing vitamin C levels, displaying 
odds ratios of [OR:0.95 (95% CI: 0.67–1.36)] for Q2 and 
[OR:0.77 (95% CI: 0.54–1.11, 0.54–1.09)] for Q3 and Q4, 
with a P for trend of 0.08 (Table  2). In Model 2, which 
also considered education, marital status, and income, 
the association slightly weakened, with [OR:1.02 (95% 
CI:0.71–1.45)] for Q2, [OR:0.87 (95% CI:0.60–1.25)] for 
Q3, and [OR:0.88 (95% CI: 0.61–1.26)] for Q4, accompa-
nied by a P for trend of 0.40 (Table 2). Our most thorough 
model, Model 3, included adjustments for BMI, smoking, 
alcohol consumption, serum calcium, hyperlipidemia, 
and hypertension. This model showed a notable protec-
tive effect of higher vitamin C intake, particularly in Q4, 
with [OR:0.68 (95% CI:0.47–0.99)] and a P for trend of 
0.22 (Table 2).

Our RCS analysis sought to identify potential non-lin-
ear dependencies between serum vitamin C levels and 
the risk of osteoporosis. The outcomes revealed no sig-
nificant non-linear relationships, with P-values for over-
all effect and non-linearity at 0.743 and 0.840 (Fig.  3), 
respectively, suggesting a predominantly linear associa-
tion within the studied range of vitamin C levels.

Figure  4 shows the subgroup analysis, the forest plot 
indicated that the protective effect of higher vitamin C 
levels was more pronounced among non-smokers and 
those with higher BMI. Specifically, non-smokers with 
high vitamin C intake showed [OR:0.65 (95% CI:0.42–
0.97)], demonstrating a statistically significant reduction 
in osteoporosis risk, which underscores the interplay 
between lifestyle factors and nutrient impact.

The causal relationship between serum vitamin C 
and osteoporosis
In the previous cross-sectional study, we confrmed a lin-
ear negative connection between serum vitamin C and 
the risk of developing osteoporosis, and to further inves-
tigate whether there was a causal relationship, we con-
ducted a bidirectional MR analysis with two samples.

First, we screened 68 SNPs closely related to serum 
vitamin C (Table  S1). Our Mendelian randomization 
study deployed multiple analytical methods to investigate 
the potential causal impact of serum vitamin C on osteo-
porosis risk, and the results uniformly suggest no signifi-
cant causal association. The Inverse-Variance Weighted 
(IVW) approach, serving as our primary analysis tool, 

http://www.R-project.org
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provided [OR:1.000 (95% CI: 0.999–1.001, P = 0.601)] 
(Table 3 and Fig. S1), indicating that vitamin C levels do 
not causally affect osteoporosis risk. Further support-
ing this, the Weighted Median method, known for its 
robustness even when some genetic instruments might 

be invalid, also showed a negligible effect with [OR:0.999 
(95%CI:0.999–1.001, P = 0.874)]. Additional analyses 
through the Simple Mode and Weighted Mode methods 
consistently reported ORs around 1.000, with P-values 
of 0.808 and 0.411, respectively, reinforcing the absence 

Table 1  Characteristics of participants enrolled in NHANES cross-sectional study

Mean ± SD for continuous variables: the P value was calculated by the weighted linear regression model. (%) for categorical variables: the P value was calculated by the 
weighted chi-square test

Characteristic Non-osteoporosis (n = 3649) Osteoporosis (n = 291) P-value

Age(years) 62.69 ± 9.86 66.51 ± 10.46 < 0.001

Gender < 0.001

  Male 1888 (51.7) 67 (23.0)

  Female 1761 (48.3) 224 (77.0)

Race < 0.001

  Hispanic 608 (3649) 79 (27.1)

  Non-Hispanic white 1907 (52.3) 151 (51.9)

  Non-Hispanic black 739 (20.3) 18 (6.19)

  Other 395 (10.8) 43 (14.8)

Level of education < 0.001

  Under high school 1339 (36.7) 139 (47.8)

  High school or equivalent 919 (25.2) 76 (26.1)

  Above high school 1391 (38.1) 76 (25.1)

Marital status 0.005

  Never married 200 (5.48) 15 (5.15)

  Married or living with partner 2315 (63.4) 159 (54.6)

  Divorced, separated, or widowed 1134 (31.1) 117 (40.2)

Ratio of family income to poverty level < 0.001

  < 1.0 535 (14.7) 69 (23.7)

  1.0 ~ 2.9 1523 (41.7) 131 (45.0)

  ≥ 3.0 1591 (43.6) 91 (31.3)

BMI(kg/m2) < 0.001

  < 25 910 (24.9) 124 (42.6)

  25 ~ 29 1102 (30.2) 92 (31.6)

  ≥ 30 1637 (44.9) 75 (25.8)

ALT (U/L) 25.12 ± 35.64 21.17 ± 9.41 0.059

AST (U/L) 25.73 ± 29.53 24.27 ± 8.29 0.400

Serum calcium 9.50 ± 0.39 9.52 ± 0.41 0.390

Drinking  < 0.001

  Yes 2629 (72.0) 159 (54.6)

  No 1020 (28.0) 132 (45.4)

Smoking < 0.001

  Yes 1928 (52.8) 133 (45.7)

  No 1721 (47.2) 158 (54.3)

Hypertension 0.336

  Yes 2440 (66.9) 186 (63.9)

  No 1209 (33.1) 105 ()36.1

Hyperlipidemia 0.102

  Yes 690 (18.9) 67 (23.0)

  No 2959 (81.1) 224 (77.0)

serum vitamin C (µmol/L) 55.43 ± 30.58 57.05 ± 30.5 0.384
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Table 2  Odds Ratios for associations between serum vitamin C and osteoporosis

Model 1 was adjusted for age, sex, race

Model 2 was adjusted for age, sex, race, education level, marital status

Model 3 was adjusted for age, race, sex, education level, marital status, smoking, BMI, drinking, serum calcium, ALT, AST,hyperlipidemia, hypertension

Model Quartiles of serum vitamin C P for trend

Q1 Q2 Q3 Q4

Model 1 1.00 0.95 (0.67–1.36) 0.77 (0.54–1.11) 0.77 (0.54–1.09) 0.08

Model 2 1.00 1.02 (0.71–1.45) 0.87 (0.60–1.25) 0.88 (0.61–1.26) 0.40

Model 3 1.00 1.04 (0.72–1.49) 0.77 (0.53–1.12) 0.68 (0.47–0.99) 0.22

Fig. 3  Dose–response relationship between serum vitamin C and osteoporosis. The solid line indicates the estimated risk of osteoporosis, 
and the dashed line indicates the fitted 95% CI 

Fig. 4  Association between serum vitamin C and osteoporosis in different subgroups. Age, gender, and bmi,smoking, drinking, hypertension, 
hyperlipidemia were adjusted (the stratified variable was omitted from the model)
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of a causal link. The MR Egger method, which adjusts 
for potential pleiotropic effects of genetic variants, mir-
rored these findings with [OR:1.000 (95% CI:0.999–1.002, 
P = 0.951)] and an intercept close to zero, further validat-
ing the lack of pleiotropic influences. Collectively, these 
rigorous Mendelian randomization analyses affirm that 

changes in serum vitamin C levels do not have a causal 
influence on osteoporosis risk (Table 3).

Figure 5a presents a scatter plot examining the causal 
relationship between serum vitamin C levels and osteo-
porosis risk, evaluated using five different Mendelian ran-
domization (MR) methods. This analysis highlights that 
the MR-Egger intercept is nearly zero, with the Cochran 
Q test yielding a value of 46.8 (P = 0.745). This suggests a 
lack of pleiotropic effects and no horizontal heterogene-
ity across the genetic instruments used in the MR study, 
pointing to a consistent and reliable assessment.

Additionally, the funnel plot depicted in Fig. 5b shows 
a symmetrical distribution of the causal effects when 
individual single nucleotide polymorphisms (SNPs) are 
utilized as instrumental variables (IVs). This symme-
try in the distribution, particularly with 68 SNPs act-
ing as IVs, indicates minimal influence from potential 

Table 3  Mendelian analysis between vitamin C and osteoporos

Mendelian Method OR (95%CI) P-value

Inverse-variance weighted 1.000 (0.999,1.001) 0.601

Weighted median 0.999 (0.999,1.001) 0.874

Simple mode 1.000 (0.998,1.001) 0.808

Weighted mode 0.999 (0.998,1.000) 0.411

MR Egger 1.000 (0.999,1.002) 0.951

Fig. 5  Mendelian randomization analyses the efects of serum vitamin C on osteoporosis. A Scatter plot of serum vitamin C on osteoporosis. B 
Funnel plot of serum vitamin C on osteoporosis
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biases, underscoring the robustness and reliability of the 
findings.

It indicates that the results obtained with 68 SNPs as 
IVs are less likely to be afected by potential bias, and the 
results were stable and reliable. Similarly, the outcomes 
of the “leave-one-out” analysis revealed that after phasing 
out each SNP, the results of the remaining 67 SNPs analy-
sis were found to be similar to the results of the full inclu-
sion of 68 SNPs analysis, and no SNP loci with strong 
efects on the results were found in the IVs (Fig. S2). 
Moreover, a reverse MR analysis explored whether there 
is an inverse causal relationship between serum vitamin 
C and osteoporosis risk, as depicted in Fig. S3. This anal-
ysis found no evidence of such a relationship, providing 
additional support for the directionality and integrity of 
the initial causal findings.

Together, these comprehensive sensitivity analyses 
affirm the stability and credibility of the results, convinc-
ingly demonstrating that variations in serum vitamin C 
levels do not causally influence osteoporosis risk, based 
on the genetic data analyzed.

Discussion
Our comprehensive study combining a cross-sectional 
analysis and Mendelian randomization (MR) investi-
gates the relationship between serum vitamin C levels 
and the risk of osteoporosis. This dual approach enabled 
us to explore not only the direct associations but also 
the potential genetic underpinnings that could influence 
these relationships.

The cross-sectional part of our study, leveraging 
NHANES data, did not find a significant association 
between serum vitamin C levels and decreased osteopo-
rosis risk across quartiles. Even the most adjusted logistic 
regression model showed only a slight, inconsistent pro-
tective effect in the highest quartile of vitamin C intake 
(OR = 0.68, 95% CI:0.47–0.99, P = 0.22). This finding is 
in line with research by Kim et  al., which reported that 
while higher dietary intake of vitamin C correlated with 
better bone health, the effects were not uniformly signifi-
cant across different populations [15].

These findings align with a systematic review by Malmir 
et al., which assessed multiple studies and concluded that 
there is no consistent evidence that higher dietary vita-
min C intake is associated with improved bone mineral 
density or reduced fracture risk across different popula-
tions [16]. This suggests that while vitamin C is crucial 
for collagen synthesis and antioxidant defense, its impact 
on bone mineral density might be moderated by other 
nutritional or genetic factor.

Our subgroup analyses, illustrated through forest plots 
and restricted cubic spline (RCS) curves, highlighted 
no significant effects or interactions between vitamin C 

levels and osteoporosis risk across different demographic 
and lifestyle subgroups, including age, sex, BMI, smok-
ing, and alcohol consumption. This finding is particu-
larly interesting when considering the study by Aghdassi 
et  al., which suggested dietary vitamin C had a more 
pronounced impact in older adults and smokers due to 
its role in countering oxidative stress [17]. Krajčovičová-
Kudláčková et  al. have indicated that higher vitamin C 
intake is associated with lower levels of oxidative damage 
in DNA, proteins, and lipids, emphasizing its protective 
role [18]. Additionally, short-term vitamin C supplemen-
tation has been found to significantly reduce lipid per-
oxidation in smokers, further supporting its antioxidative 
benefits [19]. Our findings are consistent with Ratajc-
zak’s conclusions on the pleiotropic effects of Vitamin 
C. Ascorbic acid influences both collagen synthesis and 
acts as an antioxidant, protecting bone tissue from oxi-
dative damage. Ratajczak also noted that Vitamin C may 
help prevent osteoporosis, particularly in patients with 
inflammatory conditions, though the exact mechanisms 
remain unclear and require further study [20]. The dis-
parity between these findings suggests that other factors, 
such as overall dietary patterns or concurrent nutrient 
deficiencies, might play pivotal roles.

The MR component of our study provided more defini-
tive insights, employing multiple methods like IVW, MR-
Egger, and Weighted Median. These analyses consistently 
showed no significant causal relationship between serum 
vitamin C levels and osteoporosis risk (IVW OR = 1.000, 
95% CI:0.999–1.001, P = 0.601) (Burgess et al., 2015). This 
supports findings from a study by Jiaqi Yuan et al., which 
used similar genetic tools to explore the impact of nutri-
ents on complex diseases, suggesting that the presumed 
benefits of vitamin C on bone health may not be directly 
causal [14]. This is consistent with recent genome-wide 
association studies (GWAS) findings by Semba et  al., 
which suggested that genetic determinants of vitamin C 
were not directly linked to changes in BMD or the devel-
opment of osteoporotic fractures [21].

The absence of a significant causal relationship in our 
study suggests that increasing serum vitamin C alone is 
unlikely to be an effective strategy for osteoporosis pre-
vention [22]. This aligns with current dietary recom-
mendations by the National Osteoporosis Foundation, 
which emphasize a balanced intake of multiple nutrients, 
including calcium and vitamin D, rather than a single-
nutrient focus [23].

While our study and other scholarly works like those 
by Rizzoli et al. and Semba et al. have not established a 
direct protective role of vitamin C against osteoporo-
sis, they underscore the complexity of nutrient-bone 
interactions [21, 24]. These findings advocate for a more 
nuanced understanding that considers genetic factors, 
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dietary patterns, and possibly the synergistic effects of 
other micronutrients [25].

Calcium Ascorbate is often considered gentler on the 
gastrointestinal tract and is associated with higher bio-
availability due to the slower and sustained release of 
Vitamin C. However, Ascorbic Acid, which is the more 
common form, is also effective at increasing serum 
Vitamin C levels. While there are minor differences in 
absorption rates, further research is needed to determine 
the clinical advantages of one form over the other."

The inconsistent findings across studies highlight the 
potential influence of demographic variables and lifestyle 
factors, such as age, smoking status, and overall nutri-
tional status, which may modulate the impact of vita-
min C on bone health [26]. This complexity is echoed 
in studies by Aghajanian et al. and Mangano et al., sug-
gesting that vitamin C’s effects on bone health could be 
significant in specific subpopulations, particularly those 
at greater oxidative stress or with dietary deficiencies [27, 
28].

Strengths and limitations
Our study’s insights must be considered in light of several 
limitations. The cross-sectional design limits the ability 
to establish causative links, as it captures only a snap-
shot in time, potentially missing the nuanced long-term 
impacts of vitamin C on bone health. Furthermore, while 
the NHANES data set provides a robust sample from the 
U.S. population, these findings may not extend to global 
populations with differing dietary patterns and genetic 
backgrounds [29]. Additionally, serum vitamin C levels, 
which can fluctuate based on short-term dietary intake, 
may not accurately reflect long-term nutritional status. 
Finally, the potential for unmeasured confounders, such 
as physical activity or sunlight exposure, could skew the 
relationships observed between vitamin C and bone 
health outcomes [30]. Addressing these gaps in future 
research will enhance our ability to craft targeted nutri-
tional strategies for osteoporosis prevention.

To further our understanding of vitamin C’s impact on 
bone health, there is a clear need for longitudinal studies 
that track changes in bone mineral density over time in 
response to varied vitamin C intake. Additionally, rand-
omized controlled trials could clarify the potential syn-
ergistic effects of vitamin C with essential bone health 
nutrients like calcium and vitamin D [23]. Exploring 
genetic and epigenetic influences in greater depth could 
also shed light on how vitamin C interacts with other 
metabolic factors at the genetic level, potentially influ-
encing bone health outcomes. Investigating these ave-
nues will provide a more comprehensive understanding 
of how dietary nutrients, lifestyle choices, and genetic 
predispositions converge to affect bone health.

Conclusions
The cross-sectional study revealed that higher serum 
vitamin C levels do not consistently correlate with a 
reduced risk of osteoporosis. Meanwhile, the Men-
delian randomization analysis confirmed that there 
is no genetic evidence to suggest a causal relationship 
between vitamin C levels and osteoporosis risk. Recent 
research highlights the polygenic nature of osteoporo-
sis, with genetic predispositions playing a significant 
role in disease risk. This suggests the need for further 
investigation into the connection between vitamin C 
and bone health.
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