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The relationship between vitamin C nutritional status and inflammation has garnered increasing
attention, but studies in younger populations are limited. This study aimed to investigate the
association between serum vitamin C and high-sensitivity C-reactive protein (hs-CRP) levels in children
and adolescents. A cross-sectional analysis was conducted using data from the National Health and
Nutrition Examination Survey (NHANES). The demographic data of 1766 participants aged 6-19

years were analyzed using t-tests and chi-square tests. The relationship between serum vitamin C and
hs-CRP levels was analyzed using logistic regression, trend tests, and smooth curve fitting. Subgroup
analyses and interaction tests were performed to assess the stability of the relationship across
different populations. Our findings indicated a negative correlation between serum vitamin C and
hs-CRP levels. In the fully adjusted model, each unit increase in serum vitamin C was associated with a
reduction of 0.84 mg/L in hs-CRP levels (B = -0.84, 95% confidence interval [CI]: -1.34, -0.35). The hs-
CRP levels in the vitamin C saturating group were 3.04 mg/L lower than those in the deficiency group (B
=-3.04, 95% Cl: -4.99, -1.08). This correlation was more significant in males, individuals with a family
income to poverty ratio of <1.3, and those with a body mass index of > 30 kg/m?. Serum vitamin C
levels were negatively correlated with hs-CRP levels in American children and adolescents aged 6-19
years. Males, individuals from low-income families, and those who are overweight derived greater
benefits from higher serum vitamin C concentrations.
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NHANES  National health and nutrition examination survey
hs-CRP high-sensitivity C-reactive protein

PIR ratio of income to poverty

BMI body mass index

CI confidence interval

C-reactive protein (CRP) is an acute-phase reactant protein produced in the liver and secreted into the
circulatory system in response to inflammation’. As the plasma concentration increases during inflammatory
states, it is a commonly used marker of inflammation??. Furthermore, CRP levels rise during bacterial infections,
positioning it as a marker for infection?-6. Additionally, elevated CRP is observed in autoimmune diseases such
as rheumatoid arthritis, where it is frequently used to monitor treatment efficacy”®. CRP has also been reported
as a predictor of cardiovascular disease, aiding in the prediction of heart attack and stroke risk®!?. CRP can be
detected at extremely low concentrations using more sensitive analytical methods, referred to as high-sensitivity
CRP (hs-CRP)!..

Vitamin C, also known as L-ascorbic acid, is an essential nutrient thathumans cannot synthesize endogenously.
It acts as a powerful antioxidant that enhances immune defense through its support of diverse cellular functions
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within the immune system!2~!%. Research suggests that vitamin C deficiency ranks as the fourth most common
nutrient deficiency in the United States and is prevalent among Western populations'2. Vitamin C levels fluctuate
with age, peaking between the ages of 6 to 11 years and gradually declining thereafter'®. Plasma vitamin C levels
may fairly reflect vitamin C intake. However, they can also be influenced by factors such as the bioavailability
of the vitamin and conditions affecting its absorption'®. The vitamin C intake requirements for children vary
across different age groups. The average requirement is 25 mg/day for children aged 4-6 years, 40 mg/day for
those aged 7-10 years, and 60 mg/day for those aged 11-14 years'’. Additionally, vitamin C supplementation
has beneficial therapeutic effects on recurrent respiratory infections, respiratory infections in preschool-aged
children, and childhood depression'®-2°. The pharmacokinetics of vitamin C are complex and dose-dependent,
with oral intake from food or supplements being the primary route of administration?!. Even so, the use of
vitamin C supplementation should be determined based on individual serum levels®2.

Recently, the relationship between vitamin C nutritional status and inflammation has garnered increasing
attention. Notably, studies investigating the association between serum vitamin C and hs-CRP have predominantly
focused on adult populations, with a paucity of data available among children and adolescents®*~2>.

Given the critical growth and developmental stages in this younger demographic, the relationship between
serum vitamin C status and hs-CRP levels in this age group concentrations requires additional study. Thus, we
aimed to examine the relationship between serum vitamin C and hs-CRP levels in children and adolescents.

Methods

Study population

The NHANES is a population-based cross-sectional survey designed to collect information on the health and
nutritional status of the United States household population. The study protocols for all NHANES received
approval from the ethics review board, and written informed consent was obtained from all participants or from
the parents/legal guardians of participants under the age of 16 years. All data used in this study are publicly
available on the NHANES website. For our analysis, we utilized demographic data and relevant information on
vitamin C and high-sensitivity C-reactive protein (hs-CRP) from the 2017-2018 NHANES cycle. We excluded
participants with missing vitamin C data, followed by those with missing hs-CRP data, and finally those
aged > 20 years. This process resulted in a final sample of 1766 participants, of which 880 (49.83%) were male
and 886 (50.17%) were female (Fig. 1).

Variables

Serum vitamin C levels were measured using isocratic ultra-high performance liquid chromatography with
electrochemical detection at 450 mV (range 200 nA). Detailed laboratory method files, along with quality
assurance and monitoring procedures, are available at https://wwwn.cdc.gov/Nchs/Nhanes/2017-2018/VIC_J
.htm. For this study, serum vitamin C levels were categorized into five groups: deficiency (0-10.99 umol/L),
hypovitaminosis (11-23.99 umol/L), inadequate (24-49.99 umol/L), adequate (50-69.99 pmol/L), and saturating
(=70 umol/L)*. Hs-CRP levels (mg/L) were measured using an immunoturbidimetric assay with a dual reagent
system. Additional information on the assay methods is available on the NHANES website.

Covariates

The covariates considered in this study were gender (male/female), age (years), race (non-Hispanic white, non-
Hispanic black, Mexican American, other Hispanic, other races), the ratio of family income to poverty (family
PIR), and body mass index (BMI, kg/m?). Family PIR was further categorized into three groups: low-income
(<1.3), middle-income (1.3-3.5), and high-income (>3.5)?”?%. Additionally, BMI was classified into three
categories according to World Health Organization standards: normal weight (< 25), overweight (25-30), and
obesity (>30 kg/m?)%.

Statistical analysis

In the analysis of participants’ demographic characteristics, continuous variables were analyzed using t-tests,
whereas categorical variables were examined using chi-square tests. Logistic regression analysis, trend tests, and
smooth curve fitting were used to assess the relationship between serum vitamin C and hs-CRP levels. Subgroup
analyses were conducted to assess the association between serum vitamin C and hs-CRP across different groups
based on gender, age, BMI, and family PIR. The consistency of these associations across different subgroups was
evaluated using interaction tests. All statistical analyses were performed using EmpowerStats (version 4.2). A
two-sided P-value of <0.05 was considered statistically significant.

Results

Baseline characteristics

There were 297 males with vitamin C levels below the adequate level, accounting for 16.82% of the total
participants, and 260 females, accounting for 14.72%. Our findings indicated that as serum vitamin C levels
increased, participant age, BMI, and hs-CRP levels decreased (P<0.001; Table 1). However, the family PIR
level increased with higher serum vitamin C levels (P<0.01; Table 1). In the groups with higher vitamin C
levels, the proportion of participants of non-Hispanic white, other Hispanic, and other races ethnicity decreased
(P<0.01), whereas the proportion of participants of non-Hispanic black and Mexican American ethnicity
increased (P<0.01; Table 1).
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Fig. 1. Flow chart of participant selection NHANES, National Health and Nutrition Examination Survey.

Association between serum vitamin C and hs-CRP

Serum vitamin C was significantly negatively correlated with hs-CRP levels across the crude, minimally adjusted,
and fully adjusted models (Table 2). After adjusting for all covariates, each unit increase in serum vitamin C was
associated with a reduction of 0.84 mg/L in hs-CRP levels (f = — 0.84, 95% CI: — 1.34, — 0.35). Further, when
categorizing serum vitamin C levels, the association remained statistically significant (P <0.05; Table 2). The
hs-CRP levels were 3.04 mg/L lower in the vitamin C saturating group than in the deficiency group (p = -3.04,
95% CI: -4.99, -1.08; Table 2). Additionally, the results of the smooth curve fitting further validated the negative
correlation between serum vitamin C and hs-CRP levels (Fig. 2).

Subgroup analyses

To assess whether the association between serum vitamin C and hs-CRP varies significantly across different
subgroups, we performed subgroup analyses and interaction tests based on gender, age, the family PIR, and
BMI (Table 3). We also utilized smooth curve fitting to conduct stratified analyses of the association between
serum vitamin C and hs-CRP by gender, age, family PIR, and BMI (Figs. 3, 4, 5 and 6). The results demonstrated
significant differences in the association between serum vitamin C and hs-CRP across gender, the family PIR,
and BMI (P <0.01; Table 3). In males, a significant negative correlation was observed between serum vitamin C
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Serum vitamin C
Deficiency Hypovitaminosis | Inadequat Adequaty Saturating
(<11pmol/L, (11-23.99umol/L, | (24-49.99umol/L, | (50-69.99umol/L, | (=70umol/L, | P-
Characteristics N=33) N=109) N=415) N=518) N=691) value
Age (years) (mean + SD) 15.26+£2.70 14.88+3.16 14.33+£3.41 13.22+3.93 11.19+3.81 <0.001
Gender (n) 0.384
Male 22 (66.67%) 55 (50.46%) 220 (53.01%) 262 (50.58%) 344 (49.78%)
Female 11 (33.33%) 54 (49.54%) 195 (46.99%) 256 (49.42%) 347 (50.22%)
Race/ethnicity (%) 0.001
Non-Hispanic White 61.25 50.95 53.14 50.55 49.85
Non-Hispanic Black 5.24 7.13 13.42 13.63 13.17
Mexican American 65.55 50.95 53.14 50.55 49.85
Other races 18.26 13.02 10.63 12.20 12.80
Family PIR 1.72+1.45 2.58+1.72 236+ 1.64 244+ 1.62 261164 | 0.008
(mean+SD)
BMI (kg/mz) 26.06+8.26 24.04+8.28 24.12+6.23 22.66+5.77 19.83+4.72 <0.001
(mean + SD)
hs-CRP (mg/L) (mean+SD) | 5.03+15.23 2.32+7.07 2.38+5.26 2.22+6.22 1.18+2.32 <0.001

Table 1. Basic characteristics of participants according to the serum vitamin C concentration among
American children. Data are presented as the mean + standard deviation for continuous variables: the P value
was calculated by the weighted linear regression model; percentages for categorical variables: the P value was
calculated by the weighted chi-square test. Abbreviation: PIR, ratio of income to poverty, BMI, body mass
index; hs-CPR, high-sensitivity C-reactive protein.

Vitamin C

hs-CRP p (95% CI)

Crude model (Model 1)

Continuous —1.17 (- 1.59, -0.74)
Categories
Deficiency (< 11pmol/L) 0 (ref)

Hypovitaminosis (11-23.99umol/L)

—2.71 (- 4.68,-0.73)

Inadequate (24-49.99umol/L)

—2.65 (— 4.46, — 0.84)

Adequate (50-69.99umol/L)

—2.81 (—4.60, — 1.02)

Saturating (= 70umol/L)

—3.85(—5.63,—2.07)

P for trend

<0.001

Minimally adjusted model (Model 2)

Continuous —1.06 (- 1.51, — 0.62)
Categories
Deficiency (< 11pmol/L) 0 (ref)

Hypovitaminosis (11-23.99umol/L)

—2.83 (—4.80, — 0.85)

Inadequate (24-49.99pumol/L)

—2.72(-4.53, - 0.91)

Adequate (50-69.99umol/L)

—2.82 (—4.62, — 1.02)

Saturating (= 70umol/L)

—3.74 (- 5.54,— 1.94)

P for trend

<0.001

Fully adjusted model (Model 3)

Continuous —0.84 (— 1.34, - 0.35)
Categories
Deficiency (< 11pmol/L) 0 (ref)

Hypovitaminosis (11-23.99umol/L)

— 247 (- 4.60, — 0.34)

Inadequate (24-49.99umol/L)

—2.34(—4.28,-0.39)

Adequate (50-69.99pumol/L)

—2.33(—4.28,-0.38)

Saturating (= 70pumol/L)

—3.04 (— 4.99, — 1.08)

P for trend

0.012

Table 2. Associations between serum vitamin C and hs-CRP levels in different models. Model 1: no covariates
were adjusted. Model 2: age, gender, and race were adjusted. Model 3: age, gender, race, the family PIR, and
BMI were adjusted. Abbreviations: PIR, ratio of income to poverty, BMI, body mass index; hs-CPR, high-

sensitivity C-reactive protein.
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Fig. 2. Associations between serum vitamin C and high sensitivity C-reactive protein, The solid red line
indicates smooth curve fit between variables. Blue bands indicate the 95% confidence intervals of the fit. Age,
gender, race, the ratio of family income to poverty, and body mass index were adjusted.

Subgroup hs-CRP [B (95%CI)] P for interaction
Gender 0.001
Male — 1.634 (— 2.300, — 0.967)

Female 0.088 (— 0.637, 0.813)

Age 0.150
<12 years —1.627 (— 2.694, — 0.560)

>12 years —0.751 (= 1.306, — 0.196)

Family PIR <0.001
<13 —2.102 (- 2.857, — 1.347)

1.3-3.5 —0.041 (- 0.767, 0.685)

>35 0.148 (= 0.770, 1.066)

BMI <0.001
<24.9 kg/m? —0.250 (- 0.822, 0.321)

25-29.9 kg/m? | — 0.416 (- 1.813, 0.980)

>30 kg/m? —4.418 (- 5.679, — 3.156)

Table 3. Subgroup analysis of the association between serum vitamin C and hs-CRP. Age, gender, race, the
family PIR, and BMI were adjusted. PIR, ratio of income to poverty, BMI, body mass index; hs-CPR, high-
sensitivity C-reactive protein.
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Fig. 3. Associations between serum vitamin C and high sensitivity C-reactive protein stratified by gender, Age,
race, the ratio of family income to poverty, and body mass index were adjusted.

and hs-CRP levels, with each unit increase in serum vitamin C associated with a reduction of 1.634 mg/L in hs-
CRP levels. In contrast, females exhibited a non-significant positive correlation between serum vitamin C and
hs-CRP. Additionally, when the family PIR was <1.3, a significant negative correlation was observed between
serum vitamin C and hs-CRP, whereas a non-significant positive correlation was found when the family PIR
was > 3.5. For participants with a BMI of > 30 kg/m?, a significant negative correlation was noted, with each unit
increase in serum vitamin C resulting in a reduction of 4.418 mg/L in hs-CRP levels.

Discussion

Vitamin C possesses antioxidant properties and can reduce lipid peroxidation and alleviate inflammation®. The
anti-inflammatory mechanisms of vitamin C can be attributed to its inhibition of NF-kappa B activation and
downregulation of hepatic mRNA expression, thereby improving the ability to counteract pro-inflammatory
cytokines including tumor necrosis factor (TNF)-a and interleukin (IL)-6°*-32. The influence of vitamin C on
CRP could be mediated via its modulation of upstream factors, particularly the primary inducers of acute-phase
response IL-6 and TNF-a’?, as a major function of IL-6 is to stimulate the production of CRP and other acute-
phase proteins in the liver>>,

To our knowledge, this is the first large-scale study assessing the relationship between serum vitamin C
and hs-CRP levels in children and adolescents in the United States. In a study involving 396 adults, vitamin C
treatment reduced the levels of CRP in subjects at increased cardiovascular risk®. In another study, vitamin
C supplementation was found to lower plasma CRP concentrations in smokers, with the effect of vitamin C
alone being superior to the combination of multiple vitamins®®. Church et al.*” investigated the use of multiple
vitamins in reducing CRP levels, concluding that only vitamins B6 and C were negatively correlated with CRP
levels in a population with an average age of 53 years. Recently, Talikoti et al.’® recruited 60 prehypertensive
subjects aged 25-45 years and found that supplementation with water-soluble vitamins (with vitamin C being
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Fig. 4. Associations between serum vitamin C and high sensitivity C-reactive protein stratified by age, Gender,
race, the ratio of family income to poverty, and body mass index were adjusted.

the most prominent) reduced their hs-CRP levels. These conclusions from small-scale adult studies are similar
to ours in that serum vitamin C was negatively correlated with CRP levels.

Notably, our further subgroup analyses indicated gender disparities in the association between serum vitamin
C and hs-CRP levels among individuals aged 6-19 years in the United States, wherein higher serum vitamin
C levels were associated with lower hs-CRP levels in males but not in females. We analyzed the association
between vitamin C intake and gender. The data on vitamin C intake were obtained from the total nutrient
intake questionnaires, and the calculation was based on the average vitamin C intake from food on the first
and second days of the participants. Our results showed a significant difference, with males consuming more
vitamin C from their diet than females (P <0.05; Supplementary Table 1). We speculate that this could be the
reason for the significant negative correlation between serum vitamin C and hs-CRP observed in males. A study
conducted by Oliveira et al.*® among Spanish adults found a similar association between higher vitamin C intake
and lower levels of hs-CRP in males, which was not observed in females. Moreover, we found that the family
PIR modified the association between serum vitamin C and hs-CRP, particularly in low-income families, where
increasing serum levels of vitamin C were significantly linked to reduced hs-CRP levels. This suggests that low-
income families benefit more from the increase in serum vitamin C. Additionally, we observed a significant
negative correlation between serum vitamin C and hs-CRP among obese children and adolescents. Numerous
studies have demonstrated that obesity is associated with chronic low-grade inflammation, characterized by
elevated CRP levels in subjects with obesity and related diseases**-*3. Mazaheri-Tehrani et al.** demonstrated an
inverse association between serum vitamin C levels and BMI. Vitamin C may be involved in the suppression of
obesity-associated inflammatory states and play a beneficial role in the obese population by reducing NF-kappa
B-mediated inflammatory responses®>4>46,
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Fig. 5. Associations between serum vitamin C and high sensitivity C-reactive protein stratified by the ratio of
family income to poverty, Age, gender, race, and body mass index were adjusted.

This study has several notable strengths. First, previous research on the relationship between vitamin C and
hs-CRP has primarily focused on adults, while our study specifically targeted children and adolescents. Second,
our data are nationally representative and our sample size was large. Third, we adjusted for confounding factors
to improve the reliability of the study results. Finally, subgroup analyses were performed to assess the robustness
of the association between serum vitamin C and hs-CRP across different populations. However, this study also
has limitations that should be addressed. Due to the cross-sectional design, we were unable to establish a causal
relationship between serum vitamin C and hs-CRP. Additionally, despite considering multiple covariates, we
cannot completely eliminate the influence of all confounding variables.

Conclusions

In American children and adolescents aged 6-19 years, serum vitamin C is negatively associated with hs-CRP
levels. This negative association is more pronounced in males, individuals from low-income families, and those
classified as obese. Elevated serum vitamin C levels may offer protective effects by reducing inflammation within
these groups. Nonetheless, further research is required to investigate the causal relationships and underlying
mechanisms of these associations. Our results of the study open the perspectives of supplementing with vitamin
C in certain categories of children. Such insights could inform clinical practices and nutritional guidelines to
mitigate inflammation-related health risks in children and adolescents.
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. 6. Associations between serum vitamin C and high sensitivity C-reactive protein stratified by body mass

index, Age, gender, race, and the ratio of family income to poverty were adjusted.

Data availability

The survey data were obtained from publicly available online sources(www.cdc.gov/nchs/nhanes/).
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