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Background: Vitamin C, a dietary antioxidant, may influence the risk for cardiovascular disease. This investigation aimed to
examine the association of daily dietary vitamin C intake with heart failure (HF) risk among hypertensive individuals aged ≥50
years.
Methods: We analyzed 7901 hypertensive individuals (aged ≥50 years) from the National Health and Nutrition Examination
Survey (NHANES) (2003–2020). Dietary vitamin C intake was quantified via two 24-hour diet recalls and stratified into quintiles.
Logistic regression models were utilized to examine the link between vitamin C intake and HF risk, yielding data in odds ratios
(OR) and 95% confidence intervals (CI). Restricted cubic spline (RCS) and stratification were executed to evaluate dose-response
relationships and heterogeneity.
Results: Individuals in the highest vitaminC quintile (≥127.15mg/day) demonstrated 62% elevatedOR versus the lowest quintile
(<28.55 mg/day; OR = 1.62, 95% CI: 1.06–2.48, p = 0.030), with a significant linear trend across quintiles (trend test p = 0.015).
RCS analysis confirmed a linear dose-response pattern of vitamin C intake with HF risk (p for overall = 0.002, p for nonlinear
= 0.134). Exploratory subgroup analyses identified significant associations among males (p = 0.027), non-Hispanic Whites (p =
0.029), high school graduates (p = 0.019), married individuals (p = 0.011), never smokers (p = 0.008), non-alcohol consumers (p
= 0.005), and those with diabetes mellitus (DM) (p = 0.002) or hyperlipidemia (p = 0.035). Associations were also significant for
individuals in the highest body mass index (BMI) quintile (p = 0.004), the lowest age tertile (p = 0.004), the highest poverty-to-
income ratio (PIR) quintile (p = 0.021), the highest urinary albumin-to-creatinine ratio (UACR) quintile (p = 0.033), and both the
lowest (p = 0.028) and highest (p = 0.014) estimated glomerular filtration rate (eGFR) quintiles, with no significant interactions
across these subgroups. After further adjustments to the micronutrients in the diet and the prescription of antihypertensive
drugs, this clear association became no longer significant. However, the continuous model still has statistical significance.
Conclusion: Higher dietary vitamin C intake was positively linked to an increased probability of HF in hypertensive individuals
aged 50 years and above. Our findings provide a foundational framework for recommending dietary vitamin C intake for HF
prevention in high-risk groups ≥50 years.
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Introduction

Heart failure (HF) is a complex clinical condition
characterized by impaired cardiac systolic/diastolic func-
tion, typically arising from structural or functional my-
ocardial abnormalities. A prominent clinical manifestation
of this pathophysiological condition is compromised car-
diac output, despite compensatory neurohormonal activa-
tion and elevated left ventricular filling pressures. Based
on epidemiological data documented in 2017, there were
approximately 64.3 million HF cases globally [1]. The in-
cidence of HF among adults is 0.1% to 4.3%, while the
one-year HF mortality rate ranges from 4% to 45% [2].

Oxidative stress contributes to various pathophysiological
processes in HF such as myocyte hypertrophy, apoptosis,
myocardial ischemia, and reperfusion. Antioxidant admin-
istration has demonstrated efficacy in preventing these pro-
cesses, underscoring oxidative stress as a critical mediator
in HF development [3].

Vitamin C (also called ascorbic acid) is widely recog-
nized as an antioxidant, but its paradoxical pro-oxidative
effects become particularly pronounced at high concentra-
tions. The role of vitamin C as an endogenous antioxi-
dant, specifically in neutralizing reactive oxygen species
(ROS), remains contentious. The capacity of vitamin C re-
mains controversial, with in vitro efficacy well documented
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but in vivo effects uncertain. In HF, vitamin C is thought
to exert endothelial effects and improve autonomic ner-
vous system control [4,5]. Elevated plasma vitamin C lev-
els are linked to a reduced risk of coronary artery disease
and cardiovascular mortality. However, this association
is most pronounced when baseline plasma vitamin C lev-
els are insufficient; in contrast, supplementation has min-
imal impact on cardiovascular risk when plasma vitamin
C levels are already adequate [6,7]. Notably, a clinical
trial demonstrated accelerated coronary progression (0.044
vs. 0.028 mm/year) in postmenopausal cardiovascular pa-
tients receiving combined vitamin C (500 mg twice daily)
and E (400 IU twice daily) versus placebo [8]. Moreover,
the prevalence and mortality rates of HF are significantly
higher among older adults than among the total adult pop-
ulation [2]. Given the limited available evidence on the
link between vitamin C intake and HF risk, especially in
middle-aged and elderly individuals with cardiovascular
risk, we intended to analyze data from the National Health
and Nutrition Examination Survey (NHANES) to investi-
gate the relationship between daily dietary vitamin C con-
sumption and HF in hypertensive individuals aged 50 years
and above.

Methods

Study Population
The analytical data for this investigation were ac-

quired from the 2003–2020 National Health and Nutrition
Examination Survey (NHANES), a nationally representa-
tive survey administered by the USA Centers for Disease
Control and Prevention (CDC) (https://www.cdc.gov/nchs
/nhanes/about/). NHANES includes examination, inter-
view, and laboratory data. To ensure the representation
of key demographic subgroups, NHANES applies a strat-
ified multistage probability sampling method and an over-
sampling strategy. Inclusion criteria of this study comprise
the following: (1) those participating in the 2003–2020
NHANES; (2) those aged ≥50 years; and (3) those diag-
nosed with hypertension, either through clinical diagnosis
by physician or meeting diagnostic criteria for hypertension
(systolic≥140mmHg and/or diastolic≥90mmHg). Exclu-
sion criteria for this study are as follows: (1) those younger
than 50 years; (2) those without hypertension or hyperten-
sion diagnosis data; (3) those without data onHF, dietary vi-
tamin C intake at the time of the first and second interviews,
age, sex, ethnicity, education, marital status, poverty-to-
income ratio (PIR), smoking status, alcohol consumption,
stroke history, body mass index (BMI), diabetes mellitus
(DM), hyperlipidemia, urinary albumin-to-creatinine ratio
(UACR), estimated glomerular filtration rate (eGFR), and
nutritional intake such as energy, dietary fiber, vitamin E,
and sodium. Between 2003 and 2020, 86,618 individu-
als participated in NHANES. Following screening crite-
ria, 7901 eligible individuals were enrolled in the analysis

(Fig. 1). This study used de-identified, publicly available
data from the NHANES.

Fig. 1. Flowchart of the participants. Abbreviations: BMI,
body mass index; DM, diabetes mellitus; eGFR, estimated
glomerular filtration rate; PIR, poverty-to-income ratio; UACR,
urinary albumin-to-creatinine ratio; NHANES, National Health
and Nutrition Examination Survey. The figure was created us-
ing EdrawMax version 14.2.2 byWondershare Technology Group
Co., Ltd., Shenzhen, China.
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Assessment of Hypertension
Hypertension was diagnosed through either clinical

diagnosis by physician or fulfillment of the diagnostic crite-
ria for hypertension (systolic ≥140 mmHg and/or diastolic
≥90 mmHg) [9,10].

Assessment of HF
Diagnosis of HF was determined based on response

to the question in the NHANES questionnaire (MCQ160b):
“Has a doctor or other health professional ever told you that
you had congestive heart failure”. Participants who replied
with “yes” to this question were assigned to the HF cate-
gory. Given the fact that self-reported HF data from the
NHANES are included in the American Heart Association’s
annual report on cardiovascular disease and stroke, such HF
data were considered valid and reliable [11]. The speci-
ficity of self-reported HF exceeds 99%, and this result has
been employed in various studies that utilized the NHANES
database [11–13].

Weight Allocation
Given the NHANES sampling design, we incorpo-

rated primary sampling units, strata, and sample weights
in data analysis. The “survey” package in R statistical
software was applied to the weighted analysis to gener-
ate nationally representative estimates. This approach en-
sures the generalizability of results while avoiding over-
estimation of statistical significance. In accordance with
NHANES guidelines, weight selection prioritized variables
representative of small population subgroups, with appro-
priate weights applied accordingly [14,15].

Assessment of Daily Dietary Vitamin C Intake
Due to significant data missing on supplements, this

study only analysed dietary sources of vitamin C. Daily di-
etary vitamin C intake was quantified through two 24-hour
diet recalls. Since the 2003–2004 cycle, each participant
has undergone two interviews: the first one was face-to-
face and the second one was through phone call conducted
3–10 days after the first interview. The vitamin C intake
was quantified as the mean of the two response data points.
Nutrient intake was evaluated using the U.S. Department
of Agriculture database. Further details are accessible at
NHANES (https://www.cdc.gov/nchs/nhanes/).

Assessment of Covariates
The statistical analysis models incorporated socio-

demographic and health-related variables to adjust for po-
tential confounders. These variables comprised age, sex,
history of stroke, ethnicity, PIR, BMI, DM, education, hy-
perlipidemia, UACR, smoking status, marital status, alco-
hol consumption, eGFR, daily dietary intake of energy, di-
etary fiber, vitamin E, and sodium [16,17]. The status of
stroke was determined according to the MCQ160f ques-

tion in the questionnaire [18]. DM was diagnosed based
on the history of diabetes, insulin or hypoglycemic medica-
tion use, glycated hemoglobin levels ≥6.5%, fasting blood
glucose levels ≥126 mg/dL, or postprandial blood glucose
levels ≥200 mg/dL two hours after eating [19,20]. Par-
ticipants were classified as having hyperlipidemia if they
met any of the following criteria: (1) total cholesterol (TC)
≥200 mg/dL, (2) triglyceride (TG) ≥150 mg/dL, (3) low-
density lipoprotein-cholesterol (LDL-C) ≥130 mg/dL, (4)
high-density lipoprotein-cholesterol (HDL-C) ≤40 mg/dL
for males or ≤50 mg/dL for females, or (5) history of us-
ing lipid-lowering medications [21]. The eGFR was calcu-
lated using equations reported in the previous study [22]. A
detailed summary of the demographic data, questionnaires,
and laboratory methods is accessible at NHANES database.
Based on their data distribution, BMI and PIR were catego-
rized into quintiles (Q1–Q5), where Q1 and Q5 represented
the lowest and highest 20% of values, respectively. Simi-
larly, age was grouped into tertiles based on its distribution.

Statistical Analysis
The 18-year survey weights were extracted and ap-

plied to all analyses to characterize the NHANES sampling
design. The Kolmogorov–Smirnov test was used to as-
sess whether the continuous variables were normally dis-
tributed. This test revealed that none of the continuous
variables in Table 1 met the normality assumption. Con-
sequently, characteristics of individuals were illustrated uti-
lizing median and the first and third quartiles for continuous
data and frequency and percentage for categorical data. The
Kruskal–Wallis test was leveraged for the comparison of
continuous variables, while the comparison of categorical
variables was performed using the Rao–Scott Chi-square
test.

To examine the link between vitamin C intake and HF,
we conducted logistic regression analyses, which generated
data in terms of odds ratios (OR) and 95% confidence inter-
vals (CI). Data on Vitamin C levels were subjected to quin-
tile stratification (the lowest quintile as a reference). In the
logistic regression models, adjustments were made for age
(categorized into tertiles), sex, ethnicity, education, mari-
tal status, PIR (categorized into quintiles), smoking status,
and alcohol consumption (model 2), and then further adjust-
ments were made for stroke history, BMI (categorized into
quintiles), DM, hyperlipidemia, UACR, and eGFR on the
basis of model 2 (model 3); and then further adjustments
were made for dietary intake of energy, dietary fiber, vi-
tamin E, and sodium on the basis of model 3 (model 4).
Trend test analyses were employed to assess the linear trend
in HF risk across different categories of vitamin C intake.
Furthermore, the restricted cubic spline (RCS) models with
all covariates adjusted were leveraged to evaluate the dose-
response link between vitamin C intake and HF risk. The
reference value of the RCS model was set at the median
intake, with knot positions determined following the mini-
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Table 1. Characteristics of the study population categorized by levels of daily dietary vitamin C intake.

Variables Total (n = 7901)
Vitamin C intake

Q1 (n = 1609) Q2 (n = 1490) Q3 (n = 1619) Q4 (n = 1565) Q5 (n = 1618) Statistic p

Energy (kCal), median (Q1, Q3) 1818.50 (1418.00,
2285.00)

1612.50 (1212.50,
2047.00)

1781.00 (1410.50,
2292.00)

1816.50 (1440.00,
2230.00)

1848.00 (1479.00,
2269.50)

2049.00 (1623.00,
2541.00)

χ2# = 155.22 <0.001

Dietary fiber (g), median (Q1, Q3) 15.00 (10.90, 20.40) 10.30 (7.45, 13.50) 14.20 (10.65, 18.40) 14.95 (11.75, 20.40) 17.00 (12.70, 21.90) 19.65 (14.80, 25.60) χ2# = 912.81 <0.001
Vitamin E (mg), median (Q1, Q3) 6.80 (4.75, 9.82) 4.79 (3.40, 6.76) 6.29 (4.68, 8.76) 6.96 (5.04, 9.46) 7.79 (5.39, 11.61) 8.72 (6.30, 13.43) χ2# = 518.47 <0.001
Sodium (mg), median (Q1, Q3) 3035.50 (2288.00,

3883.00)
2653.00 (1992.50,

3478.50)
3126.00 (2330.00,

3903.50)
3075.50 (2347.50,

3891.00)
3054.00 (2338.00,

3877.00)
3238.00 (2519.00,

4212.50)
χ2# = 73.60 <0.001

BMI (kg/m2), median (Q1, Q3) 29.27 (25.70, 33.88) 29.75 (26.13, 34.85) 29.89 (26.20, 35.00) 29.20 (25.70, 33.55) 28.73 (25.54, 33.40) 28.34 (25.20, 33.05) χ2# = 16.17 0.004
Age (years), median (Q1, Q3) 64.00 (57.00, 72.00) 62.00 (56.00, 70.00) 63.00 (56.00, 71.00) 65.00 (57.00, 73.00) 65.00 (58.00, 74.00) 64.00 (57.00, 73.00) χ2# = 29.35 <0.001
UACR (mg/g), median (Q1, Q3) 8.73 (5.40, 19.29) 8.73 (5.35, 20.46) 8.41 (5.40, 19.29) 8.94 (5.50, 19.03) 9.14 (5.54, 18.71) 8.60 (5.26, 19.21) χ2# = 1.79 0.775
eGFR (mL/min/1.73 m2),
median (Q1, Q3)

82.42 (66.60, 96.73) 82.17 (65.66, 96.96) 83.00 (64.03, 97.78) 82.42 (65.77, 95.46) 81.40 (66.36, 94.69) 84.51 (69.96, 98.92) χ2# = 12.00 0.022

HF, n (%) χ2 = 1.09 0.979
Yes 594 (6.43) 131 (6.59) 121 (6.35) 114 (6.05) 104 (6.89) 124 (6.29)
No 7307 (93.57) 1478 (93.41) 1369 (93.65) 1505 (93.95) 1461 (93.11) 1494 (93.71)

Stroke, n (%) χ2 = 7.20 0.363
Yes 650 (6.77) 152 (8.01) 134 (7.27) 114 (5.97) 126 (6.26) 124 (6.35)
No 7251 (93.23) 1457 (91.99) 1356 (92.73) 1505 (94.03) 1439 (93.74) 1494 (93.65)

Sex, n (%) χ2 = 28.24 0.021
Male 3789 (45.54) 753 (43.45) 725 (47.34) 735 (41.70) 731 (44.98) 845 (50.19)
Female 4112 (54.46) 856 (56.55) 765 (52.66) 884 (58.30) 834 (55.02) 773 (49.81)

Ethnicity, n (%) χ2 = 32.53 0.049
Mexican American 1038 (4.25) 204 (4.32) 199 (3.86) 234 (4.84) 192 (3.80) 209 (4.43)
Other Hispanic 594 (3.04) 120 (3.23) 121 (2.87) 113 (3.04) 131 (3.34) 109 (2.74)
Non-Hispanic White 4105 (77.20) 810 (74.27) 794 (79.57) 836 (77.50) 843 (78.68) 822 (76.00)
Non-Hispanic Black 1775 (10.61) 415 (13.05) 289 (8.33) 364 (10.74) 327 (9.71) 380 (11.22)
Others 389 (4.89) 60 (5.12) 87 (5.37) 72 (3.89) 72 (4.47) 98 (5.61)

Education, n (%) χ2 = 303.21 <0.001
Less than 9th grade 1125 (7.27) 286 (10.42) 238 (6.89) 231 (6.58) 191 (6.98) 179 (5.50)
9–11th grade 1173 (11.58) 289 (15.13) 232 (12.15) 240 (11.47) 220 (10.38) 192 (8.80)
High school graduate 2036 (26.90) 460 (32.74) 393 (30.65) 418 (25.80) 383 (24.22) 382 (21.08)
Some college/AA degree 2085 (29.44) 403 (28.14) 386 (29.73) 451 (32.23) 413 (27.60) 432 (29.49)
College graduate or higher 1482 (24.81) 171 (13.57) 241 (20.58) 279 (23.93) 358 (30.82) 433 (35.13)
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Table 1. Continued.

Variables Total (n = 7901)
Vitamin C intake

Q1 (n = 1609) Q2 (n = 1490) Q3 (n = 1619) Q4 (n = 1565) Q5 (n = 1618) Statistic p

Marital status, n (%) χ2 = 90.62 0.003
Married 4470 (62.16) 835 (56.63) 842 (62.82) 948 (63.88) 920 (65.02) 925 (62.42)
Widowed 1419 (14.34) 283 (15.18) 273 (12.72) 264 (13.28) 306 (16.67) 293 (13.83)
Divorced 1085 (13.72) 276 (17.25) 205 (15.27) 214 (12.78) 184 (10.26) 206 (13.04)
Separated 232 (2.03) 47 (3.20) 37 (1.21) 56 (2.80) 43 (1.34) 49 (1.59)
Never married 477 (5.00) 109 (4.93) 96 (5.41) 89 (4.12) 83 (4.45) 100 (6.07)
Living with partner 218 (2.76) 59 (2.81) 37 (2.57) 48 (3.14) 29 (2.26) 45 (3.05)

Smoking status, n (%) χ2 = 214.74 <0.001
Never 3789 (47.47) 665 (41.03) 698 (45.76) 800 (48.85) 765 (49.26) 861 (52.43)
Former 2962 (37.92) 569 (34.21) 558 (37.58) 609 (38.83) 641 (42.06) 585 (36.93)
Current 1150 (14.61) 375 (24.75) 234 (16.66) 210 (12.32) 159 (8.68) 172 (10.64)

Alcohol consumption, n (%) χ2 = 16.64 0.052
No 2670 (29.41) 532 (30.24) 528 (30.38) 573 (31.70) 526 (29.19) 511 (25.55)
Yes 5231 (70.59) 1077 (69.76) 962 (69.62) 1046 (68.30) 1039 (70.81) 1107 (74.45)

DM, n (%) χ2 = 34.41 0.009
No 5168 (70.61) 1015 (68.26) 940 (67.78) 1053 (71.82) 1043 (69.25) 1117 (75.93)
Yes 2733 (29.39) 594 (31.74) 550 (32.22) 566 (28.18) 522 (30.75) 501 (24.07)

Hyperlipidemia, n (%) χ2 = 16.26 0.150
No 1199 (14.00) 222 (11.78) 218 (13.84) 242 (14.48) 236 (13.32) 281 (16.60)
Yes 6702 (86.00) 1387 (88.22) 1272 (86.16) 1377 (85.52) 1329 (86.68) 1337 (83.40)

PIR, n (%) χ2 = 220.76 <0.001
Q1 2429 (19.92) 622 (27.47) 486 (20.02) 478 (18.53) 423 (16.83) 420 (16.75)
Q2 1705 (20.03) 382 (26.30) 316 (18.67) 365 (19.70) 337 (19.79) 305 (15.69)
Q3 1496 (19.89) 267 (17.82) 293 (19.56) 308 (21.09) 292 (20.36) 336 (20.60)
Q4 889 (14.00) 161 (12.26) 163 (16.49) 179 (12.66) 192 (14.37) 194 (14.19)
Q5 1382 (26.17) 177 (16.14) 232 (25.26) 289 (28.01) 321 (28.64) 363 (32.77)

Notes: χ2#, Kruskal–Wallis test; χ2, Rao–Scott Chi-square test; Q1, 1st Quartile; Q3, 3st Quartile; Q1–Q5, variables grouped by quintiles.
Abbreviations: BMI, body mass index; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate; HF, heart failure; AA, associate in arts; PIR, poverty-to-income ratio; UACR, urinary
albumin-to-creatinine ratio.
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mum Akaike information criterion (AIC). Furthermore,
stratified analyses were conducted, dividing UACR and
eGFR into five equal groups (Q1–Q5). Additionally, a sen-
sitivity analysis was conducted.

All analyses were completed by applying R software
(version 4.4.0, R Foundation for Statistical Computing, Vi-
enna, Austria), and the Zstats 1.0 platform (https://www.zs
tats.net) (version 1.0, Zhejiang Chinese Medicine Univer-
sity, Hangzhou, China) was applied to generate statistical
tables and select graphical outputs [23,24]. A p-value <

0.05 was regarded as statistically significant.

Results

Characteristics
Between 2003 and 2020, there were 86,618 partici-

pants in the NHANES. Following screening criteria, 7901
eligible individuals were enrolled in the analysis (Fig. 1).
Characteristics stratified by vitamin C intake are detailed
in Table 1. The enrolled individuals had a median age of
64 years, with women accounting for 54.46% of the entire
cohort. HF was identified in 594 participants. Significant
differences were noted across quintiles of daily dietary vi-
tamin C intake in terms of energy, dietary fiber, vitamin E,
sodium, BMI, age, eGFR, sex, ethnicity, education, marital
status, smoking status, DM, and PIR (p < 0.05).

Association of Daily Dietary Vitamin C Intake With
HF

Table 2 displays the association of vitamin C intake
with HF. The highest quintile of daily vitamin C intake
(≥127.15 mg/day) was linked to higher odds of HF in
model 3 (OR [95% CI] = 1.50 [1.03–2.19], p = 0.038) and
model 4 (OR [95% CI] = 1.62 [1.06–2.48], p = 0.030) ver-
sus the lowest quintile (<28.55 mg/day). There was a clear
dose-response association between vitamin C intake and
HF, as shown by trend testing across intake quintile medi-
ans in model 3 (p for trend = 0.016) and model 4 (p for trend
= 0.015). In addition, higher vitamin C intake was associ-
ated with a higher odds of HF when daily dietary vitamin
C intake was analyzed as a continuous variable in model
3 (OR [95% CI] = 1.0021 [1.0007–1.0036], p = 0.0043)
and model 4 (OR [95% CI] = 1.0024 [1.0008–1.0041], p
= 0.0039).

Moreover, the RCS model demonstrated a clear over-
all correlation between vitamin C intake and HF risk (p for
overall = 0.002), while the nonlinearity test was not statisti-
cally significant (p for nonlinear = 0.134). These results are
indicative of a potential linear association between vitamin
C intake and HF risk (Fig. 2).

Association of Vitamin C Intake With HF Stratified
by Participants’ Characteristics

To examine whether there is population heterogene-
ity in the link between vitamin C consumption and HF,

Fig. 2. The restricted cubic spline (RCS) analysis of daily di-
etary vitamin C intake (mg/day) and heart failure risk, ad-
justed for age (categorized into tertiles), sex, ethnicity, edu-
cation, marital status, PIR (categorized into quintiles), smok-
ing status, alcohol consumption, stroke history, BMI (cate-
gorized into quintiles), DM, hyperlipidemia, UACR, eGFR,
and dietary intake of energy, dietary fiber, vitamin E, and
sodium. Abbreviations: BMI, body mass index; DM, diabetes
mellitus; eGFR, estimated glomerular filtration rate; PIR, poverty-
to-income ratio; UACR, urinary albumin-to-creatinine ratio. The
figure was created using Zstats platform (https://www.zstats.net)
version 1.0 by Zhejiang Chinese Medicine University, Hangzhou,
China.

exploratory subgroup analyses according to baseline char-
acteristics were further conducted, and modification effect
was evaluated by means of interaction test (Fig. 3). In
the subgroup analyses, vitamin C consumption was divided
into lower median intake (LMI) (<66.25 mg/day) and up-
per median intake (UMI) (≥66.25 mg/day). No interaction
was observed in any subgroup (p for interaction> 0.05). In
males, vitamin C intake was associated with HF (OR = 1.62
[1.07–2.46], p = 0.027), whereas no correlation was de-
tected in females (OR = 1.30 [0.82–2.06], p = 0.267). In the
non-Hispanic White subgroup, vitamin C intake was linked
to HF (OR = 1.56 [1.05–2.29], p = 0.029). In the subgroup
of high school graduates, vitamin C intake was related to
HF (OR = 1.70 [1.10–2.61], p = 0.019). In the married sub-
group, vitamin C intake was correlated with HF (OR = 1.83
[1.16–2.89], p = 0.011). In the subgroup of never smokers,
vitamin C intake was related to HF (OR = 1.94 [1.21–3.13],
p = 0.008). In the subgroup of non-drinkers, vitamin C in-
take was also linked to HF (OR = 2.16 [1.27–3.66], p =
0.005). Vitamin C intake also had an association with HF
in DM patients (OR = 1.83 [1.26–2.65], p = 0.002). Simi-
larly, this phenomenon was detected in patients with hyper-
lipidemia (OR = 1.42 [1.03–1.95], p = 0.035). In the highest
quintile of BMI, vitamin C consumption was related to HF
(OR = 2.10 [1.28–3.43], p = 0.004). In the lowest tertile of
age, vitamin C intake was correlated with HF (OR = 2.90
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Table 2. Association between daily dietary vitamin C intake (mg) and heart failure.
Dietary vitamin
C quintile

Model 1 Model 2 Model 3 Model 4

β SE OR (95% CI) p β SE OR (95% CI) p β SE OR (95% CI) p β SE OR (95% CI) p

Q1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
Q2 –0.04 0.19 0.96 (0.66–1.40) 0.835 0.10 0.20 1.10 (0.74–1.64) 0.636 0.10 0.21 1.10 (0.72–1.68) 0.651 0.12 0.22 1.13 (0.74–1.74) 0.575
Q3 –0.09 0.22 0.91 (0.59–1.41) 0.678 0.03 0.21 1.03 (0.68–1.56) 0.888 0.22 0.22 1.25 (0.81–1.93) 0.325 0.26 0.23 1.29 (0.82–2.04) 0.269
Q4 0.05 0.24 1.05 (0.65–1.69) 0.842 0.22 0.24 1.25 (0.79–1.99) 0.343 0.35 0.25 1.42 (0.88–2.30) 0.159 0.41 0.25 1.51 (0.92–2.46) 0.107
Q5 –0.05 0.18 0.95 (0.68–1.34) 0.777 0.19 0.18 1.21 (0.85–1.73) 0.293 0.41 0.19 1.50 (1.03–2.19) 0.038 0.48 0.22 1.62 (1.06–2.48) 0.030
p for trend 0.969 0.220 0.016 0.015
Dietary vitamin
C (continuous)

0 0.0008 1.0000
(0.9983–1.0016)

0.9718 0.0009 0.0007 1.0009
(0.9995–1.0023)

0.2205 0.0021 0.0007 1.0021
(1.0007–1.0036)

0.0043 0.0024 0.0008 1.0024
(1.0008–1.0041)

0.0039

Notes: Q1–Q5, daily dietary vitamin C intake grouped by quintiles; β, regression coefficient;
Model 1, univariable logistic regression analysis;
Model 2, multivariable logistic regression analysis adjusted for age (categorized into tertiles), sex, ethnicity, education, marital status, PIR (categorized into quintiles), smoking status, and alcohol
consumption;
Model 3, multivariable logistic regression analysis adjusted for age (categorized into tertiles), sex, ethnicity, education, marital status, PIR (categorized into quintiles), smoking status, alcohol
consumption, stroke history, BMI (categorized into quintiles), DM, hyperlipidemia, UACR, and eGFR;
Model 4, multivariable logistic regression analysis adjusted for age (categorized into tertiles), sex, ethnicity, education, marital status, PIR (categorized into quintiles), smoking status, alcohol
consumption, stroke history, BMI (categorized into quintiles), DM, hyperlipidemia, UACR, eGFR, and dietary intake of energy, dietary fiber, vitamin E, and sodium.
Abbreviations: BMI, body mass index; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate; PIR, poverty-to-income ratio; UACR, urinary albumin-to-creatinine ratio; SE, standard
error; OR, odds ratios; CI, confidence intervals.
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Table 3. Sensitivity analysis.

Dietary vitamin C quintile
Model 5 Model 6 Model 7

β SE OR (95% CI) p β SE OR (95% CI) p β SE OR (95% CI) p

Q1 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)
Q2 0.14 0.22 1.15 (0.74–1.78) 0.540 0.12 0.22 1.12 (0.73–1.74) 0.602 –0.12 0.21 0.89 (0.59–1.33) 0.564
Q3 0.27 0.23 1.31 (0.83–2.07) 0.246 0.25 0.23 1.28 (0.81–2.02) 0.290 –0.07 0.23 0.93 (0.60–1.45) 0.761
Q4 0.41 0.25 1.50 (0.92–2.46) 0.112 0.39 0.25 1.47 (0.89–2.43) 0.132 0.31 0.24 1.36 (0.84–2.20) 0.214
Q5 0.46 0.22 1.59 (1.03–2.44) 0.040 0.45 0.22 1.57 (1.02–2.42) 0.045 0.18 0.25 1.20 (0.74–1.94) 0.454
p for trend 0.021 0.024 0.163
Dietary vitamin C (continuous) 0.0023 0.0008 1.0023 (1.0007–1.0040) 0.0061 0.0023 0.0008 1.0023 (1.0007–1.0040) 0.0068 0.0041 0.0014 1.0041 (1.0014–1.0068) 0.0040
Notes: β, regression coefficient; Q1–Q5, daily dietary vitamin C intake grouped by quintiles; SII is calculated by platelet count × neutrophil count/lymphocyte count.
Model 5, multivariable logistic regression analysis adjusted for age (categorized into tertiles), sex, ethnicity, education, marital status, PIR (categorized into quintiles), smoking status, alcohol
consumption, stroke history, BMI (categorized into quintiles), DM, hyperlipidemia, UACR, eGFR, and dietary intake of energy, dietary fiber, vitamin E, sodium, and uric acid;
Model 6, multivariable logistic regression analysis adjusted for age (categorized into tertiles), sex, ethnicity, education, marital status, PIR (categorized into quintiles), smoking status, alcohol
consumption, stroke history, BMI (categorized into quintiles), DM, hyperlipidemia, UACR, eGFR, energy, and dietary intake of dietary fiber, vitamin E, sodium, and SII.
Model 7, multivariable logistic regression analysis adjusted for age (categorized into tertiles), sex, ethnicity, education, marital status, PIR (categorized into quintiles), smoking status, alcohol
consumption, stroke history, BMI (categorized into quintiles), DM, hyperlipidemia, UACR, eGFR, energy, and dietary intake of dietary fiber, vitamin E, sodium, carotenoids, niacin, total folate,
vitamin B2, vitamin B6, vitamin B12, magnesium, iron, potassium, and prescription for hypertension.
Abbreviations: SE, standard error; OR, odds ratios; CI, confidence intervals; BMI, body mass index; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate; PIR, poverty-to-income
ratio; SII, Systemic Immune-Inflammation Index; UACR, urinary albumin-to-creatinine ratio.
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[1.45–5.82], p = 0.004). In the highest quintile of PIR, vi-
tamin C consumption was related to HF (OR = 2.48 [1.17–
5.27], p = 0.021). In the highest quintile of UACR, vita-
min C intake was linked to HF (OR = 1.68 [1.05–2.67], p
= 0.033). Similarly, in both the lowest and highest eGFR
quintiles, vitamin C intake was associated with HF in both
the lowest (OR = 1.55 [1.06–2.29], p = 0.028) and high-
est eGFR quintiles (OR = 2.88 [1.27–6.54], p = 0.014).
These results showed that a higher daily intake of vitamin C
through diet was associated with an increased OR of HF in
men, non-Hispanic Whites, high school graduates, married
individuals, never smokers, non-drinkers, DM patients, pa-
tients with hyperlipidemia, individuals in the highest BMI
quintile, individuals in the lowest age tertile, individuals in
the highest PIR quintile, individuals in the highest UACR
quintile, and individuals in the lowest and highest eGFR
quintiles. The positive association of vitamin C intake with
HF in these populations suggests that there may be specific
biological mechanisms or unknown confounding factors in
these populations. Further validation of the association of
vitamin C with HF in different populations is needed.

Sensitivity Analysis
To ensure the robustness of the logistic regression re-

sults, we performed sensitivity analyses (Table 3). After
further adjustments to the micronutrients in the diet and the
prescription of antihypertensive drugs, this clear associa-
tion between daily dietary vitamin C intake and HF became
no longer significant. However, the continuous model still
has statistical significance.

Discussion

This study examined the association of dietary vitamin
C intake with HF among hypertensive patients aged ≥50
years based on the 2003–2020NHANES data. Our research
indicated that higher vitamin C intake was associated with a
higher OR of HF in hypertensive individuals aged 50 years
and above. Individuals in the highest quintile of vitamin C
intake (≥127.15 mg/day) displayed a 62% greater OR of
HF versus those in the lowest quintile (<28.55 mg/day) in
the model adjusted for all covariates (model 4). This rela-
tionship, however, may be influenced by the intake of un-
known levels of specific nutrients. In addition, models 1
and 2 are not statistically significant, but models 3 and 4
show significance. This may be because health indicators
such as BMI, DM, and hyperlipidemia impact the relation-
ship between daily vitamin C intake andHFmore than other
factors do. The association between higher daily dietary vi-
tamin C consumption and a higher OR of HF among hyper-
tensive individuals aged 50 years and above persisted across
exploratory subgroup analyses. However, there was no in-
teraction among all subgroups. A study found that female
sex is consistently associated with poorer reported health-
related quality of life (HRQoL) in HF populations, patient

groups affected by other chronic conditions, and the gen-
eral community [25]. However, our subgroup analysis re-
vealed a statistically significant correlation between daily
vitamin C intake and HF in men only. This may be at-
tributed to nitric oxide synthesis promoted by estrogen in
women, which improves vasodilatory function. This func-
tion may attenuate cardiovascular damage caused by oxida-
tive stress, masking the association between high vitamin C
intake and HF in women. Additionally, the correlation de-
tected in Settergren et al.’s study [25] could be attributed
to the conspicuous gender differences in the Swedish popu-
lation. After making further adjustments to micronutrients
in the diet and prescribing antihypertensive drugs, the clear
association was no longer significant. However, the contin-
uous model remains statistically significant. These findings
underscore the significant disparities in dietary habits and
nutritional risks across different populations, underscoring
the pressing need for more research involving ethnically di-
verse groups. In short, our findings revealed that the rec-
ommended dietary intake of vitamin C for hypertensive pa-
tients aged 50 and above should be carefully assessed.

Epidemiological studies examining vitamin C’s con-
nection with HF have yielded conflicting results. The heart-
protective effects of vitamin C vary in clinical trials. Ran-
domised controlled trials have shown that vitamin C sup-
plementation can enhance endothelial function and lower
blood pressure in patients with primary hypertension, par-
ticularly when combined with vitamin E; however, other
studies have produced inconsistent results [26]. Some tri-
als have indicated that vitamin C has no sustained car-
diovascular benefits, particularly in critically ill patients
or those receiving high-dose intravenous treatment without
close monitoring [27,28]. Therefore, the therapeutic effect
of vitamin C remains uncertain when used as a single drug,
and the debate continues. One study reported that consump-
tion of vitamin C supplements was connected with elevated
cardiovascular mortality risk in diabetic postmenopausal
women [29]. Besides, high red blood cell folate levels or
folate deficiency may increase the risk of HF [11]. Recent
research indicated that long-term daily multivitamin use ex-
erts no beneficial effects on all-cause or heart disease mor-
tality among U.S. adults without chronic conditions [30].
Additionally, a cohort study has failed to establish a connec-
tion between vitamin supplement consumption and overall
mortality and cardiovascular mortality in populations with-
out vitamin deficiencies. However, prolonged use of these
supplements in women may lower the overall mortality risk
while elevating the risk for coronary heart disease [31]. In
a 2021 Mendelian randomisation study, Chen et al. [32]
found that adequate vitamin C intake did not reduce the risk
of HF. High doses of ascorbic acid can lead to an increased
concentration of free radicals through oxidative reactions.
These free radicals then enter cancerous cells and produce
oxidative stress. In this case, ascorbic acid can induce the
death of cancerous cells and cellular arrest through an in-
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Fig. 3. Association of daily dietary vitamin C intake with heart failure stratified by participants’ features, adjusted for age
(categorized into tertiles), sex, ethnicity, education, marital status, PIR (categorized into quintiles), smoking status, alcohol con-
sumption, stroke history, BMI (categorized into quintiles), DM, hyperlipidemia, UACR, eGFR, and dietary intake of energy,
dietary fiber, vitamin E, and sodium. Notes: Q1–Q5, variables grouped by quintiles; T1–T3, variables grouped by tertiles. Abbrevi-
ations: LMI, lower median intake; UMI, upper median intake; OR, odds ratios; CI, confidence intervals; BMI, body mass index; DM,
diabetes mellitus; eGFR, estimated glomerular filtration rate; PIR, poverty-to-income ratio; UACR, urinary albumin-to-creatinine ratio.
The figure was created using Zstats platform (https://www.zstats.net) version 1.0 by Zhejiang Chinese Medicine University, Hangzhou,
China.
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tense process of oxidation [33]. This process may also oc-
cur in endothelial cells and cardiomyocytes, resulting in cell
death, hypertension and HF. These indicate a range of po-
tentially safe doses for vitamin C intake. Vitamin C defi-
ciency may have adverse health effects, while excessive in-
take, especially in individuals with pre-existing conditions,
may be harmful. Moreover, administering doses beyond the
physiological needs of healthy individuals may not result in
further benefits.

Oxidative stress denotes a biochemical imbalance
where reactive species oxidatively modify cellular con-
stituents, including nucleic acids, proteins, and membrane
lipids [34]. Combining vitamin C with cisplatin in cervical
cancer cells has been found to markedly elevate intracel-
lular levels of ROS and hydrogen peroxide, demonstrating
that vitamin C acts as an oxidizing agent at pharmacological
doses [35].

The positive association of higher vitamin C intake
with increased HF OR in hypertensive individuals aged 50
years and above may be explained by several biological
mechanisms, particularly related to the dual role of vita-
min C (antioxidant/pro-oxidant) [36]. The enediol part of
ascorbic acid enables its dual functionality as an antioxi-
dant and a pro-oxidant through redox cycling, a process
influenced by dosage and context. At physiological con-
centrations ranging from 10 to 200 µM, it acts by donating
electrons or hydrogen atoms to counteract reactive oxygen
species (ROS) like superoxide and peroxyl radicals. This
action results in the formation of a stable ascorbate radical
(Asc- ⁻) that undergoes harmless dismutation, concurrently
replenishing other antioxidants such as glutathione and vita-
min E. Conversely, at elevated pharmacological levels ex-
ceeding 1–5 mM, it rapidly reduces transition metals like
Fe3+ to Fe2+, leading to the generation of H2O2 via an
oxygen-mediated pathway. This process overwhelms cellu-
lar catalase, initiating Fenton chemistry and yielding highly
toxic hydroxyl radicals (•OH). Consequently, this cascade
triggers lipid peroxidation, DNA impairment, and selective
apoptosis, particularly in cancer cells characterized by el-
evated labile iron levels and compromised defense mecha-
nisms [36]. In vitro studies have shown that high pharma-
cological concentrations of vitamin C (>5 mM) can cause
ROS-mediated cell death in sensitive cell lines [37,38]. The
outcome hinges on the availability of metal ions, the ac-
tivity of enzymes, and the cellular redox status, illustrat-
ing how the identical reducing property can shield normal
cells while exerting cytotoxic effects on stressed cells. At
high concentrations, vitamin C participates in the redox cy-
cle, generating hydroxyl radicals via the Fenton reaction
in the presence of transition metal, depleting intracellular
glutathione (GSH) and nicotinamide adenine dinucleotide
phosphate (NADPH) pools [39,40]. This process intensi-
fies oxidative stress and lipid peroxidation, leading to my-
ocardial cell damage and dysfunction, which elevates the
OR for HF, especially in people with hypertension [41,42].

Alternatively, vitamin C effectively scavenges lipid peroxyl
radicals; however, its activity against other oxidants, such
as superoxide, peroxynitrite, and hypochlorite, is relatively
limited. Collagen is essential for maintaining the structural
integrity of blood vessels and connective tissues. Vitamin
C plays a role in collagen synthesis by acting as a cofac-
tor for prolyl and lysyl hydroxylases, which catalyze the
formation of hydroxyproline and hydroxylysine. These hy-
droxylation reactions depend on vitamin C to maintain the
redox state of iron [5]. Electrons derived from vitamin C
have the capacity to reduce iron, which can lead to the for-
mation of superoxide and hydrogen peroxide, subsequently
resulting in the generation of reactive oxidant species [40].
Therefore, under certain conditions, vitamin C acts as a re-
ducing agent that can produce oxidants. This may alter
the normal antioxidant action of vitamin C, affecting col-
lagen synthesis, leading to damage to the integrity of the
blood vessels, inflammatory cell infiltration and atheroscle-
rotic plaque formation, and ultimately inducing HF. Fur-
thermore, in vitro studies using human colon cancer (HT29)
cell models have demonstrated that enhanced hydrogen per-
oxide (H2O2) production cannot be offset by altered ex-
pression of antioxidant genes following vitamin C treat-
ment. This suggests that increased preservation of H2O2,
a type of ROS, may also lead to heart failure under the in-
fluence of vitamin C. Vitamin C exhibits dual roles as both
an antioxidant and a pro-oxidant, highlighting the com-
plexity of its function. In addition, ascorbic acid also has
nephrotoxicity and hepatotoxicity. Despite being a potent
antioxidant, ascorbic acid can lead to nephrotoxicity post-
administration. Ascorbic acid is converted to Ascorbate ion
by losing an electron, followed by conversion to DHA upon
losing two more electrons. DHA is then transformed into
Diketogluconic acid, an unstable compound. This com-
pound irreversibly converts to Diketogluconic acid, which
breaks down into L-erythrulose and Oxalic acid. The com-
bination of Oxalic acid with calcium ions results in its depo-
sition in renal tubules, leading to acute tubular necrosis and
the development of “oxalate nephropathy”. Additionally,
the decrease in GSH levels enhances ROS production, trig-
gering an increase in TGF-β and CTGF, ultimately promot-
ing fibrosis [43]. This could eventually lead to irreversible
end-stage renal failure [44]. Ascorbic acid also has a hep-
atotoxic effect similar to its nephrotoxic effect. Adminis-
tering a high dose of ascorbic acid to liver cells can de-
plete NAD+ levels, damage DNA and cause apoptosis. The
nephrotoxicity and hepatotoxicity of ascorbic acid could fi-
nally lead to the development of HF. Our research indicated
that higher vitamin C consumption may elevate the proba-
bility for HF in hypertensive individuals aged 50 years and
above. This finding emphasizes the need for large-scale
clinical trials to pinpoint the safe daily vitamin C intake lev-
els, especially in populations with comorbidities like hyper-
tension, DM, or renal insufficiency.
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Until now, there is still no consensus on the recom-
mended dosage of Vitamin C for daily consumption. The
conflicting guidelines on recommended vitamin C intake
published by the World Health Organization (WHO) and
the National Academy of Medicine (NAM) illustrate this
disagreement. Panels writing for the WHO and countries
such as the UK, Australia, New Zealand, and India have
concluded that there is no consistent evidence indicating
that vitamin C provides health benefits besides preventing
scurvy. Writing panels from these countries have recom-
mended a daily vitamin C intake in the range of 40–45 mg.
On the contrary, writing panels for the NAM and countries
such as Japan, Germany, Switzerland, and Austria have
concluded that recommending higher vitamin C intake may
help prevent certain pathological conditions in addition to
scurvy. An average daily vitamin C intake of 75–110 mg
is recommended by the writing panels for these countries
[45]. Individuals aged 50 years and above with cardiovas-
cular risk factors should strictly adhere to the recommended
daily intake of vitamin C to minimize the HF risk. With
more and more consumers showing an interest in health and
wellness maintenance, incorporating vitamins into diet has
become commonplace. In fact, it is estimated that 60% of
consumers worldwide take vitamin supplements daily, with
cardiovascular disease prevention cited as the prime motive
in the majority of these people [46]. Based on our find-
ings, individuals aged 50 years and abovewith hypertension
may not benefit from high-dose vitamin C consumption in
the context of HF prevention. Thus, rather than unneces-
sarily consuming higher-than-recommended dosages of vi-
tamin C, this patient cohort should adopt other cardiovas-
cular health-promoting behaviors, such as regular exercise
and adequate rest, and should consume a balanced diet to
achieve better health.

This investigation pioneers the application of
NHANES data to appraise the association of dietary
vitamin C consumption with HF. The usage of nationally
representative data from NHANES enhances reliability
of the current analysis. Nonetheless, several limitations
warrant acknowledgment. The cross-sectional design
precludes causal inference regarding association between
vitamin C and HF. There is a possibility of reverse causal-
ity. For instance, patients with hypertension complicated
by HF might be more likely to consume more vitamin C as
part of their healthmanagement regimen. Thus, prospective
studies are needed to determine the causality between daily
dietary vitamin C intake and HF. Geographical restriction
to U.S. participants may limit the external validity of our
results. Therefore, more research in diverse populations
is needed. Due to the limited availability of HF-related
variables in the NHANES, HF was determined by means
of self-report, which unfortunately elevated the risk of
misclassification. Future studies should employ alternative
definitions of HF, such as those based on hospitalization
records, laboratory test results, or imaging confirmation.

Furthermore, reliance on self-reported 24-hour diet recalls,
which reflect only the short-term intake, may introduce
measurement inaccuracies, potentially compromising their
capacity to represent the long-term nutritional patterns.
For assessing vitamin C intake in this study, the partici-
pants underwent a 24-hour diet recall process, which was
consistent with the standardized process in the NHANES.
However, there is still a risk of recall bias. The participants
may have omitted or misreported food intake, or they may
have adjusted their reporting due to social desirability
bias (e.g., overstating their fruit intake). This type of
bias can lead to misclassification of exposure, which may
affect the true association between vitamin C intake and
HF. Hence, the use of food frequency questionnaires
(FFQs) in future studies is suggested. This study may also
introduce selection bias. For example, the NHANES study
design may have missed hypertensive patients who were
hospitalized or in poor health, affecting the extrapolation
of the results to the overall hypertensive population. Future
studies need to include a broader hypertensive population,
including hospitalized patients. Additionally, there may be
unmeasured confounding factors, such as healthy dietary
behaviors. For example, individuals who consume higher
levels of vitamin Cmay also engage in other cardiovascular
health-promoting practices, all of which are confounders
that need to be controlled for in future studies.

Conclusion

Higher daily consumption of dietary vitamin C is asso-
ciated with a higher probability of HF among hypertensive
individuals aged 50 years and above. These findings under-
score the significance of precision dietary interventions in
preventing and managing HF. Further studies are essential
to elucidate the role of vitamin C in HF among middle-aged
and elderly hypertensive patients, for the purposes of ex-
ploring the causal relationship and establishing appropriate
dietary recommendations.

Availability of Data and Materials

The research data analyzed in this investigation were
sourced from the NHANES database (https://www.cdc.go
v/nchs/nhanes/about/).

Author Contributions

Conceptualization, YZX; methodology, YZX and
QC; software, YZX; validation, YZX and QC; formal anal-
ysis, YZX and QC; investigation, YZX and QC; resources,
YZX and QC; data curation, YZX and QC; writing—
original draft preparation, YZX; visualization, YZX; super-
vision, QC; project administration, QC. Both authors have
been involved in revising it critically for important intellec-
tual content. Both authors gave final approval of the version
to be published. Both authors have participated sufficiently

https://www.discovmed.com/
https://www.cdc.gov/nchs/nhanes/about/
https://www.cdc.gov/nchs/nhanes/about/


1995

in the work to take public responsibility for appropriate por-
tions of the content and agreed to be accountable for all as-
pects of the work in ensuring that questions related to its
accuracy or integrity.

Ethics Approval and Consent to Participate

Not applicable.

Acknowledgment

Not applicable.

Funding

This research received no external funding.

Conflict of Interest

The authors declare no conflict of interest.

References

[1] Savarese G, Becher PM, Lund LH, Seferovic P, Rosano GMC,
Coats AJS. Global burden of heart failure: a comprehensive
and updated review of epidemiology. Cardiovascular Research.
2023; 118: 3272–3287. https://doi.org/10.1093/cvr/cvac013.

[2] Emmons-Bell S, Johnson C, Roth G. Prevalence, incidence and
survival of heart failure: a systematic review. Heart (British Car-
diac Society). 2022; 108: 1351–1360. https://doi.org/10.1136/
heartjnl-2021-320131.

[3] Rotariu D, Babes EE, Tit DM, Moisi M, Bustea C, Stoicescu
M, et al. Oxidative stress - Complex pathological issues con-
cerning the hallmark of cardiovascular and metabolic disorders.
Biomedicine & Pharmacotherapy. 2022; 152: 113238. https:
//doi.org/10.1016/j.biopha.2022.113238.

[4] Weggen JB, Darling AM, Autler AS, Hogwood AC, Decker KP,
Imthurn B, et al. Impact of acute antioxidant supplementation
on vascular function and autonomic nervous system modulation
in young adults with PTSD. American Journal of Physiology.
Regulatory, Integrative and Comparative Physiology. 2021; 321:
R49–R61. https://doi.org/10.1152/ajpregu.00054.2021.

[5] Xu Y, Zheng H, Slabu I, Liehn EA, Rusu M. Vitamin C
in Cardiovascular Disease: From Molecular Mechanisms to
Clinical Evidence and Therapeutic Applications. Antioxidants
(Basel, Switzerland). 2025; 14: 506. https://doi.org/10.3390/an
tiox14050506.

[6] Granger M, Eck P. Dietary Vitamin C in Human Health. Ad-
vances in Food and Nutrition Research. 2018; 83: 281–310.
https://doi.org/10.1016/bs.afnr.2017.11.006.

[7] Moser MA, Chun OK. Vitamin C and Heart Health: A Re-
view Based on Findings from Epidemiologic Studies. Interna-
tional Journal of Molecular Sciences. 2016; 17: 1328. https:
//doi.org/10.3390/ijms17081328.

[8] Waters DD, Alderman EL, Hsia J, Howard BV, Cobb FR, Rogers
WJ, et al. Effects of hormone replacement therapy and an-
tioxidant vitamin supplements on coronary atherosclerosis in
postmenopausal women: a randomized controlled trial. JAMA.
2002; 288: 2432–2440. https://doi.org/10.1001/jama.288.19.
2432.

[9] McEvoy JW, McCarthy CP, Bruno RM, Brouwers S, Canavan
MD, Ceconi C, et al. 2024 ESC Guidelines for the management
of elevated blood pressure and hypertension. European Heart

Journal. 2024; 45: 3912–4018. https://doi.org/10.1093/eurheart
j/ehae178.

[10] Sansom K, Reynolds A, Dhaliwal SS, Walsh J, Maddison
K, Singh B, et al. Cross-sectional interrelationships between
chronotype, obstructive sleep apnea and blood pressure in a
middle-aged community cohort. Journal of Sleep Research.
2023; 32: e13778. https://doi.org/10.1111/jsr.13778.

[11] Wang L, Yu F, Shi J, Ye T, Zhou Y, Sun Z, et al. Folate in the
United States Population and its Association with Congestive
Heart Failure. Reviews in Cardiovascular Medicine. 2024; 25:
39. https://doi.org/10.31083/j.rcm2502039.

[12] Zhang F, Hou X. Association between the triglyceride glucose
index and heart failure: NHANES 2007–2018. Frontiers in En-
docrinology. 2024; 14: 1322445. https://doi.org/10.3389/fendo.
2023.1322445.

[13] Zheng H, Yin Z, Luo X, Zhou Y, Zhang F, Guo Z. Associa-
tions between systemic immunity-inflammation index and heart
failure: Evidence from the NHANES 1999–2018. International
Journal of Cardiology. 2024; 395: 131400. https://doi.org/10.
1016/j.ijcard.2023.131400.

[14] Fang M, Wang D, Coresh J, Selvin E. Trends in Diabetes Treat-
ment and Control in U.S. Adults, 1999–2018. The New England
Journal of Medicine. 2021; 384: 2219–2228. https://doi.org/10.
1056/NEJMsa2032271.

[15] Johnson CL, Paulose-Ram R, Ogden CL, Carroll MD, Kruszon-
Moran D, Dohrmann SM, et al. National health and nutrition
examination survey: analytic guidelines, 1999–2010. Vital and
Health Statistics. Series 2, Data Evaluation and Methods Re-
search. 2013; 1–24.

[16] Hou W, Chen S, Zhu C, Gu Y, Zhu L, Zhou Z. Associations
between smoke exposure and osteoporosis or osteopenia in a
US NHANES population of elderly individuals. Frontiers in En-
docrinology. 2023; 14: 1074574. https://doi.org/10.3389/fendo.
2023.1074574.

[17] Xiao Q, Cai B, Yin A, Huo H, Lan K, Zhou G, et al. L-shaped
association of serum 25-hydroxyvitamin D concentrations with
cardiovascular and all-cause mortality in individuals with os-
teoarthritis: results from the NHANES database prospective co-
hort study. BMC Medicine. 2022; 20: 308. https://doi.org/10.
1186/s12916-022-02510-1.

[18] Wang L, Li S, Sanika GHA, Zhao J, Zhang H, Zhao L, et al.
Association between Serum 25-Hydroxyvitamin D Level and
Stroke Risk: An Analysis Based on the National Health and
Nutrition Examination Survey. Behavioural Neurology. 2021;
2021: 5457881. https://doi.org/10.1155/2021/5457881.

[19] Cosentino F, Grant PJ, Aboyans V, Bailey CJ, Ceriello A, Del-
gado V, et al. 2019 ESC Guidelines on diabetes, pre-diabetes,
and cardiovascular diseases developed in collaboration with the
EASD. European Heart Journal. 2020; 41: 255–323. https://doi.
org/10.1093/eurheartj/ehz486.

[20] Yang Y, Liu Z, Lin B, Huang Y, Deng H, Yang X, et al. The
association between new insulin resistance indices and all-cause
mortality in elderly patients with diabetes: a prospective cohort
study. Diabetology & Metabolic Syndrome. 2025; 17: 181. http
s://doi.org/10.1186/s13098-025-01732-6.

[21] National Cholesterol Education Program (NCEP) Expert Panel
on Detection, Evaluation, and Treatment of High Blood Choles-
terol in Adults (Adult Treatment Panel III). Third Report of the
National Cholesterol Education Program (NCEP) Expert Panel
on Detection, Evaluation, and Treatment of High Blood Choles-
terol in Adults (Adult Treatment Panel III) final report. Circula-
tion. 2002; 106: 3143–3421.

[22] Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF, 3rd,
Feldman HI, et al. A new equation to estimate glomerular fil-
tration rate. Annals of Internal Medicine. 2009; 150: 604–612.
https://doi.org/10.7326/0003-4819-150-9-200905050-00006.

https://www.discovmed.com/
https://doi.org/10.1093/cvr/cvac013
https://doi.org/10.1136/heartjnl-2021-320131
https://doi.org/10.1136/heartjnl-2021-320131
https://doi.org/10.1016/j.biopha.2022.113238
https://doi.org/10.1016/j.biopha.2022.113238
https://doi.org/10.1152/ajpregu.00054.2021
https://doi.org/10.3390/antiox14050506
https://doi.org/10.3390/antiox14050506
https://doi.org/10.1016/bs.afnr.2017.11.006
https://doi.org/10.3390/ijms17081328
https://doi.org/10.3390/ijms17081328
https://doi.org/10.1001/jama.288.19.2432
https://doi.org/10.1001/jama.288.19.2432
https://doi.org/10.1093/eurheartj/ehae178
https://doi.org/10.1093/eurheartj/ehae178
https://doi.org/10.1111/jsr.13778
https://doi.org/10.31083/j.rcm2502039
https://doi.org/10.3389/fendo.2023.1322445
https://doi.org/10.3389/fendo.2023.1322445
https://doi.org/10.1016/j.ijcard.2023.131400
https://doi.org/10.1016/j.ijcard.2023.131400
https://doi.org/10.1056/NEJMsa2032271
https://doi.org/10.1056/NEJMsa2032271
https://doi.org/10.3389/fendo.2023.1074574
https://doi.org/10.3389/fendo.2023.1074574
https://doi.org/10.1186/s12916-022-02510-1
https://doi.org/10.1186/s12916-022-02510-1
https://doi.org/10.1155/2021/5457881
https://doi.org/10.1093/eurheartj/ehz486
https://doi.org/10.1093/eurheartj/ehz486
https://doi.org/10.1186/s13098-025-01732-6
https://doi.org/10.1186/s13098-025-01732-6
https://doi.org/10.7326/0003-4819-150-9-200905050-00006


1996

[23] Zhang X,Wu L, Li H, Zhang S, HuaW. Association between the
dietary index for gut microbiota and female infertility: a cross-
sectional study of NHANES 2013-2018. Frontiers in Nutrition.
2025; 12: 1583805. https://doi.org/10.3389/fnut.2025.1583805.

[24] Zhou Z, Li X, Xiong M, He Y, Cheng X, Deng J, et al. Associa-
tion between the dietary inflammatory index, bowel habits, and
systemic serum inflammatory markers: insights from NHANES
(2005–2010). Frontiers in Nutrition. 2025; 12: 1543715. https:
//doi.org/10.3389/fnut.2025.1543715.

[25] Settergren C, Benson L, Dahlström U, Thorvaldsen T, Savarese
G, Lund LH, et al. Health-related quality of life across heart fail-
ure categories: associations with clinical characteristics and out-
comes. ESC Heart Failure. 2025; 12: 1977–1991. https://doi.or
g/10.1002/ehf2.15206.

[26] Rodrigo R, Prat H, Passalacqua W, Araya J, Bächler JP. De-
crease in oxidative stress through supplementation of vitamins
C and E is associated with a reduction in blood pressure in
patients with essential hypertension. Clinical Science (London,
England: 1979). 2008; 114: 625–634. https://doi.org/10.1042/
CS20070343.

[27] Hill A, Clasen KC, Wendt S, Majoros ÁG, Stoppe C, Adhikari
NKJ, et al. Effects of Vitamin C on Organ Function in Cardiac
Surgery Patients: A Systematic Review andMeta-Analysis. Nu-
trients. 2019; 11: 2103. https://doi.org/10.3390/nu11092103.

[28] Yanase F, Fujii T, Naorungroj T, Belletti A, Luethi N, Carr AC, et
al. Harm of IV High-Dose Vitamin C Therapy in Adult Patients:
A Scoping Review. Critical Care Medicine. 2020; 48: e620–
e628. https://doi.org/10.1097/CCM.0000000000004396.

[29] Lee DH, Folsom AR, Harnack L, Halliwell B, Jacobs DR, Jr.
Does supplemental vitamin C increase cardiovascular disease
risk in women with diabetes? The American Journal of Clini-
cal Nutrition. 2004; 80: 1194–1200. https://doi.org/10.1093/aj
cn/80.5.1194.

[30] Loftfield E, O’Connell CP, Abnet CC, Graubard BI, Liao LM,
Beane Freeman LE, et al. Multivitamin Use and Mortality Risk
in 3 Prospective US Cohorts. JAMA Network Open. 2024;
7: e2418729. https://doi.org/10.1001/jamanetworkopen.2024.
18729.

[31] Lourenço R, Vidal PM. Vitamin and dietary supplements are
not associated with total or cardiovascular mortality in Switzer-
land: the CoLaus|PsyCoLaus prospective study. European
Journal of Nutrition. 2025; 64: 81. https://doi.org/10.1007/
s00394-025-03593-1.

[32] Chen L, Sun X, Wang Z, Lu Y, Chen M, He Y, et al. The impact
of plasma vitamin C levels on the risk of cardiovascular diseases
and Alzheimer’s disease: A Mendelian randomization study.
Clinical Nutrition (Edinburgh, Scotland). 2021; 40: 5327–5334.
https://doi.org/10.1016/j.clnu.2021.08.020.

[33] Roa FJ, Peña E, Gatica M, Escobar-Acuña K, Saavedra P, Mal-
donadoM, et al. Therapeutic Use of Vitamin C in Cancer: Phys-
iological Considerations. Frontiers in Pharmacology. 2020; 11:
211. https://doi.org/10.3389/fphar.2020.00211.

[34] Forman HJ, Zhang H. Targeting oxidative stress in disease:

promise and limitations of antioxidant therapy. Nature Reviews.
Drug Discovery. 2021; 20: 689–709. https://doi.org/10.1038/
s41573-021-00233-1.

[35] Leekha A, Gurjar BS, Tyagi A, Rizvi MA, Verma AK. Vitamin
C in synergism with cisplatin induces cell death in cervical can-
cer cells through altered redox cycling and p53 upregulation.
Journal of Cancer Research and Clinical Oncology. 2016; 142:
2503–2514. https://doi.org/10.1007/s00432-016-2235-z.

[36] Kaźmierczak-Barańska J, Boguszewska K, Adamus-Grabicka
A, Karwowski BT. Two Faces of Vitamin C-Antioxidative and
Pro-Oxidative Agent. Nutrients. 2020; 12: 1501. https://doi.org/
10.3390/nu12051501.

[37] Alberts A, Moldoveanu ET, Niculescu AG, Grumezescu AM.
Vitamin C: A Comprehensive Review of Its Role in Health, Dis-
ease Prevention, and Therapeutic Potential. Molecules (Basel,
Switzerland). 2025; 30: 748. https://doi.org/10.3390/molecule
s30030748.

[38] Zhao H, Fu W, Yang X, Zhang W, Wu S, Ma J, et al. High-
dose vitamin C: A promising anti-tumor agent, insight from
mechanisms, clinical research, and challenges. Genes & Dis-
eases. 2025; 13: 101742. https://doi.org/10.1016/j.gendis.2025.
101742.

[39] Jakubek P, Suliborska K, Kuczyńska M, Asaduzzaman M,
Parchem K, Koss-Mikołajczyk I, et al. The comparison of an-
tioxidant properties and nutrigenomic redox-related activities of
vitamin C, C-vitamers, and other common ascorbic acid deriva-
tives. Free Radical Biology & Medicine. 2023; 209: 239–251.
https://doi.org/10.1016/j.freeradbiomed.2023.10.400.

[40] Padayatty SJ, LevineM. Vitamin C: the known and the unknown
and Goldilocks. Oral Diseases. 2016; 22: 463–493. https://doi.
org/10.1111/odi.12446.

[41] Dubois-Deruy E, Peugnet V, TurkiehA, Pinet F. Oxidative Stress
in Cardiovascular Diseases. Antioxidants (Basel, Switzerland).
2020; 9: 864. https://doi.org/10.3390/antiox9090864.

[42] Touyz RM, Rios FJ, Alves-Lopes R, Neves KB, Camargo LL,
Montezano AC. Oxidative Stress: A Unifying Paradigm in Hy-
pertension. The Canadian Journal of Cardiology. 2020; 36: 659–
670. https://doi.org/10.1016/j.cjca.2020.02.081.

[43] Kocot J, Luchowska-Kocot D, Kiełczykowska M, Musik I,
Kurzepa J. Does Vitamin C Influence Neurodegenerative Dis-
eases and Psychiatric Disorders? Nutrients. 2017; 9: 659. https:
//doi.org/10.3390/nu9070659.

[44] Lin WV, Turin CG, McCormick DW, Haas C, Constantine G.
Ascorbic acid-induced oxalate nephropathy: a case report and
discussion of pathologic mechanisms. CEN Case Reports. 2019;
8: 67–70. https://doi.org/10.1007/s13730-018-0366-6.

[45] Hujoel PP, Kato T, Hujoel IA, Hujoel MLA. Bleeding tendency
and ascorbic acid requirements: systematic review and meta-
analysis of clinical trials. Nutrition Reviews. 2021; 79: 964–975.
https://doi.org/10.1093/nutrit/nuaa115.

[46] Tappia PS, Shah AK, Dhalla NS. The Efficacy of Vitamins in
the Prevention and Treatment of Cardiovascular Disease. Inter-
national Journal of Molecular Sciences. 2024; 25: 9761. https:
//doi.org/10.3390/ijms25189761.

https://www.discovmed.com/
https://doi.org/10.3389/fnut.2025.1583805
https://doi.org/10.3389/fnut.2025.1543715
https://doi.org/10.3389/fnut.2025.1543715
https://doi.org/10.1002/ehf2.15206
https://doi.org/10.1002/ehf2.15206
https://doi.org/10.1042/CS20070343
https://doi.org/10.1042/CS20070343
https://doi.org/10.3390/nu11092103
https://doi.org/10.1097/CCM.0000000000004396
https://doi.org/10.1093/ajcn/80.5.1194
https://doi.org/10.1093/ajcn/80.5.1194
https://doi.org/10.1001/jamanetworkopen.2024.18729
https://doi.org/10.1001/jamanetworkopen.2024.18729
https://doi.org/10.1007/s00394-025-03593-1
https://doi.org/10.1007/s00394-025-03593-1
https://doi.org/10.1016/j.clnu.2021.08.020
https://doi.org/10.3389/fphar.2020.00211
https://doi.org/10.1038/s41573-021-00233-1
https://doi.org/10.1038/s41573-021-00233-1
https://doi.org/10.1007/s00432-016-2235-z
https://doi.org/10.3390/nu12051501
https://doi.org/10.3390/nu12051501
https://doi.org/10.3390/molecules30030748
https://doi.org/10.3390/molecules30030748
https://doi.org/10.1016/j.gendis.2025.101742
https://doi.org/10.1016/j.gendis.2025.101742
https://doi.org/10.1016/j.freeradbiomed.2023.10.400
https://doi.org/10.1111/odi.12446
https://doi.org/10.1111/odi.12446
https://doi.org/10.3390/antiox9090864
https://doi.org/10.1016/j.cjca.2020.02.081
https://doi.org/10.3390/nu9070659
https://doi.org/10.3390/nu9070659
https://doi.org/10.1007/s13730-018-0366-6
https://doi.org/10.1093/nutrit/nuaa115
https://doi.org/10.3390/ijms25189761
https://doi.org/10.3390/ijms25189761

	Introduction
	Methods
	Study Population
	Assessment of Hypertension
	Assessment of HF
	Weight Allocation
	Assessment of Daily Dietary Vitamin C Intake
	Assessment of Covariates
	Statistical Analysis

	Results
	Characteristics
	Association of Daily Dietary Vitamin C Intake With HF
	Association of Vitamin C Intake With HF Stratified by Participants' Characteristics
	Sensitivity Analysis

	Discussion
	Conclusion
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

