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Abstract

Background and  Experimental studies suggest that some preservative food additives may exert adverse cardiovascular effects, yet
Aims human data are lacking. The associations between exposure to these compounds and incidence of hypertension
and cardiovascular diseases (CVD) were investigated in the NutriNet-Santé cohort (France, 2009-2024).

Methods Dietary intakes were assessed using repeated 24-h dietary records (up to 96), including commercial brands.
Exposure to food additives was evaluated through multiple composition databases and ad hoc laboratory assays
in food matrices. Associations between cumulative time-dependent exposures to preservative food additives
during follow-up and outcomes were characterized using multi-adjusted Cox models.

Results Overall, 112 395 participants were included (78.7% women, mean age 42.8 + 14.7 years) with a median follow-
up of 7.9 years. The sum of total preservatives encompassed 58 substances consumed by at least one partici-
pant. Total non-antioxidant preservatives were positively associated with higher incidences of hypertension
[n = 5544; hazard ratio (HR) higher vs. lower consumers: 1.29, 95% confidence interval (Cl) 1.20-1.39] and
CVD (n=2450; HR 1.16, 95% Cl 1.04-1.29), while total antioxidant preservatives were associated with higher
incidence of hypertension (HR 1.22, 95% Cl 1.13-1.31). Out of the 17 individual preservative food additives
consumed by at least 10% of the study population, eight were associated with higher incidence of hypertension
and one with higher incidence of CVD, after multiple test correction.

Conclusions Multiple associations between exposure to preservative food additives widely used in industrial foods and high-
er incidence of hypertension or CVD were observed in this large prospective cohort. Experimental research is
needed to gain insight into underlying mechanisms. If confirmed, these new data call for the re-evaluation of
regulations governing the use of these additives to improve consumer protection.

Trial Registration ClinicalTrials.gov NCT03335644.
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Structured Graphical Abstract

Key Question

Is chronic exposure to preservative food additives associated with hypertension and cardiovascular disease incidence?

Key Finding

This large prospective cohort revealed multiple positive associations between exposure to widely consumed preservative food additives
and higher incidence of hypertension and/or cardiovascular disease, including cerebrovascular and coronary heart diseases, after careful

adjustment for potential confounders.

Take Home Message

This study provides new insights for the assessment of benefit/risk balance between food preservation and cardiovascular health,

supporting utilization of freshly-made, minimally-processed foods.

Population
NutriNet-Santé cohort, France,
2009-2024 (n = 112 395)

Outcome

5544 hypertension cases and 2450
CVD cases, including 1142
cerebrovascular, and 1308 coronary
heart diseases

and extracts of rosemary (E392)

CVD, cardiovascular disease

Hasenbahler A, et al. European Heart Journal.

Introduction

Preservative food additives are substances added to prolong
packaged products’ shelf life, protecting them against deterior-
ation caused by micro-organisms and/or growth of pathogens
and alterations caused by oxidation, such as fat rancidity and
colour changes.! More than 20% of industrial foods and drinks

Exposure

Cumulative time-dependent exposure to preservative
food additives assessed through repeated 24h-dietary
records including specific brands of industrial products

Statistical analysis
Multivariable proportional hazards Cox
models adjusted for potential cofounders

Preservative food additives associated with hypertension

Total preservatives, total non-antioxidant preservatives, total sorbates, potassium sorbate (E202), potassium
metabisulphite (E224), total nitrites, sodium nitrite (E250), total antioxidant preservatives, total ascorbates,
ascorbic acid (E300), sodium ascorbate (E301), total erythorbates, sodium erythorbate (E316), citric acid (E330),

Preservative food additives associated with cardiovascular disease

Total non-antioxidant preservatives, total ascorbates, ascorbic acid (E300), total erythorbates, and sodium
erythorbate (E316). 16.2% (7.2-5.7%) of the association between total non-antioxidant preservative food
additives and CVD incidence was mediated by hypertension

referenced on the Open Food Facts World database contained
at least one of these food additives in 2024.2

Over the past 10 years, 25 food additive re-evaluations con-
ducted by the European Food Safety Authority (EFSA) focused
on preservatives. Among these, 16 resulted in establishing ac-
ceptable daily intake (ADI) reference values for specific additives
or their respective groups.® ADIs were derived from
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Preservative additives and cardiovascular health

experimental data, based on a broad spectrum of toxicological
endpoints, including behavioural, carcinogenic, developmental,
haematological, reproductive, and thyroid toxicity, growth re-
tardation, elevated blood methaemoglobin level, and increased
mortality. A recent in vitro study based on four human cell models
suggested cytotoxic properties of several preservatives.* Recent
experimental data suggest potential effects and properties of
food additive preservatives that may impact blood pressure
and cardiovascular health. While antihypertensive properties
have been suggested for some of them (e.g. sulphur dioxide, citric
or carnosic acids),” " others were suggested to promote oxida-
tive damage (e.g. nitrites”1°) or cytotoxicity (e.g. potassium sor-
bate, sodium nitrite, sodium ascorbate, sodium erythorbate,*) or
to be advanced glycation end product activators in vitro (e.g. po-
tassium sorbate'?l). Besides, several preservative additives’ cor-
responding substances also naturally occur in foods and
beverages (e.g. antioxidant vitamins C/ascorbic acid and E/
alpha-tocopherol). Epidemiological studies generally associated
their consumption through natural dietary sources (e.g. fruits, ve-
getables) with lower cardiovascular disease (CVD) risk.1?> While
one may expect such beneficial properties to apply to the corre-
sponding food additives, other studies detected little to no over-
all effects of their supplementation (at physiological or
supraphysiological doses) in the general population regarding
CVD or hypertension,*® and none of these studies investigated
food additive sources so far. Indeed, except for a few preserva-
tives, such as nitrites and nitrates,**~*¢ mainly used in processed
meats, previous cohort studies lacked food additive exposure
data, due to the absence of brand-specific information and vari-
ability in additive composition across products of the same type
but different brands. Thus, this study aimed, for the first time, to
comprehensively quantify the cumulative time-dependent expo-
sures to total preservatives, total non-antioxidant and total anti-
oxidant preservative food additives (main analyses), and specific
substances (secondary analyses) and examine their associations
with the incidence of CVD [including cerebrovascular accident
(CVA) and coronary heart disease (CHD)] and hypertension, in
a large prospective cohort with detailed dietary data.

Methods

Study population

This study relied on the data from the French NutriNet-Santé
population-based prospective e-cohort, launched in 2009, to investi-
gate the association between nutrition and health.r” All
French-speaking individuals aged at least 15 years with access to
the Internet are eligible. Participants are recruited continuously since
May 2009, following multimedia campaigns, and enrol voluntarily by
registering online on our secure platform (www.etude-nutrinet-
sante.fr). There is no preselection of eligible participants from a data-
base, hence no ‘response rate during recruitment’. Fully aware of the
study design and objectives, participants are invited to regularly an-
swer questionnaires on their dietary intakes, health, anthropomet-

ric,*81? physical activity,?®?! lifestyle, and sociodemographic data.??

Dietary data collection

Upon registration and every 6 months, participants were invited to
complete sequences of three validated?3~2° web-based 24-h diet-
ary records (24HDRs). At each period, 24HDRs were randomly as-
signed to three nonconsecutive days over 2 weeks (two weekdays

and one weekend day). Details on the dietary data collection and
identification of under-/over-energy reports can be found in
Supplementary Method 1. Dietary intakes in energy, fibre, and
macro- and micronutrients (including vitamins C and E) were as-
sessed by merging with the NutriNet-Santé food composition ta-
ble.2® Using multiple sources, participants’ intakes of naturally
occurring acetic and citric acids, nitrites, nitrates, and sulphites
were quantified. Details are available in Supplementary Method 2.

Preservative food additive intakes

Assessment of food additive intake in the NutriNet-santé cohort
through brand-specific data of the 24HDRs has been previously de-
scribed.?”"?° Detailed information is provided in Supplementary
Method 2. Briefly, three composition databases were merged with
the NutriNet-Santé database to determine the presence of any spe-
cific food additive in a given industrial product. Potential reformula-
tions were accounted for through dynamic matching: products were
matched date-to-date, and each participant’s date of consumption of
each food or beverage was used to match the product to the closest
composition data available, thus accounting for potential reformula-
tions. Doses were determined by ad hoc laboratory analyses in food
matrices and doses retrieved from other sources, such as the EFSA,
following an official Public Access to Document request (doses avail-
able in Supplementary materials of another article from our research
group?®). The 80 preservative food additives listed in the Codex
General Standard for Food Additives database®® or the UK Food
Standards Agency>! were eligible for the present study. However,
the occurrence of some of them was very low in the French/
European markets; thus, the proportion of consumers was null; their
list is provided in the footnote to Table 2 and Supplementary data
online, Table S1. We decided to include as food additive preserva-
tives both preservatives per se as defined by Regulation (EC) No.
1333/2008? and antioxidant food additives, as both prevent the
spoilage of food (food additive antioxidants preserving food via an
antioxidant mode of action). In this paper, the term ‘preservative
food additives’ includes both ‘preservative non-antioxidant food ad-
ditives’ and ‘preservative antioxidant food additives’. Some preser-
vative food additives possess additional key properties (e.g.
emulsifiers). All food additives with preservative properties are in-
cluded in the present paper. Primary analyses were conducted on to-
tal preservative, total non-antioxidant, and total antioxidant
preservative exposures. Secondary analyses investigated the
summed individual preservative food additives with similar chemical
structures into the following groups: sorbates (European codes
E200, E202, E203), benzoates (E210, E211, E212), sulphites (E220,
E221,E222,E223, E224, E225, E228), nitrites (E249, E250), nitrates
(E251,E252), acetates (E260,E261,E262, E263), propionates (E280,
E281, E282), ascorbates (E300, E301, E302, E304), tocopherols
(E306, E307, E307b, E307c), erythorbates (E315, E316), butylates
(E319, E320, E321), citrates (E330, E332, E333), and EDTA (E385,
E386). Besides, all individual preservatives consumed by a least
10% were also investigated in association with studied outcomes.
We compared the magnitudes of means of intake of food additive
preservatives in NutriNet-Santé with the estimates of form EFSA re-
ports® (in which SD are not provided).

Cardiovascular disease and hypertension
ascertainment

A multisource approach was used to ascertain CVD and hypertension
cases. Throughout follow-up, participants could report health events,
medical treatment, and examinations via the biannual health question-
naires or at any time, directly via the health interface of their account. A
physician expert committee validated each major health event after re-
viewing the participants’ medical records and collecting additional
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information from the participants’ doctors or medical facilities.
Moreover, the NutriNet-Santé cohort was linked to the national health
insurance system database to collect additional information regarding
medical treatments and consultations and to the French national mor-
tality registry to identify the occurrence and cause of death. Cases
were then classified using the International Classification of
Diseases-10th Revision.®? In this study, we considered as cases all pri-
mary CVD [which included CHD (myocardial infarction, acute coronary
syndrome, angioplasty, and angina pectoris), along with CVA (stroke
and transient ischaemic attack)] and hypertension cases diagnosed be-
tween enrolment and 31 December 2024. Further details are available
in Supplementary Method 3.

Statistical analyses

Participants from the NutriNet-Santé cohort who completed at
least two 24HDRs during their first 2 years of participation, who
were not considered as under- or overreporting for energy, and
who did not report any prevalent CVD or hypertension at their in-
clusion (depending on the studied outcome) were included in the
analysis (flowchart of participants presented in Supplementary
data online, Figure S1). Baseline participants’ characteristics were
described as mean [standard deviation (SD)] for quantitative vari-
ables and n (%) for qualitative variables for the overall population
before exclusion of prevalent cases of CVD/hypertension and per
baseline sex-specific tertiles of total preservative food additive ex-
posure (Table 1). Baseline daily intakes of preservative food addi-
tives were reported as mean (SD) and median (25th to 75th
percentiles), including per kilogram of body weight (Table 2 and
Supplementary data online, Table S1). A correlation matrix was gen-
erated to visualize the Spearman correlations between intakes of in-
dividual food additives and between continuous covariates (see
Supplementary data online, Figures S3 and S4, respectively).
Correlations between categorical covariates were tested using the
Cramer method. For each studied additive or group of additives,
the mean daily intake (continuous variable in mg/d) for each
2-year period of follow-up was calculated, accounting for all avail-
able dietary records in this time frame. Participants were then cate-
gorized into lower, medium, and higher consumers, defined as
sex-specific tertiles if the additive was consumed by at least
two-thirds of participants, and as nonconsumers, and lower/higher
consumers separated by the sex-specific median otherwise (cut-offs
provided in Supplementary data online, Table S2). These categories
of exposure represent intake of specific preservatives and not just
broader dietary patterns. Studied exposures were total preservative
food additives, total non-antioxidant, and total antioxidant preser-
vatives (main analyses), as well as each preservative additive con-
sumed by at least 10% of the population study (secondary
exploratory analyses), coded as cumulative time-dependent vari-
ables. The relationships between these exposures and CVD/hyper-
tension incidence were investigated using multivariable
cause-specific proportional hazard Cox models to account for com-
peting risks®S (e.g. death as a competing event) with age as the time
scale. Hazard ratios (HR) and 95% confidence intervals (95% Cl)
were calculated. Participants contributed person-time to the mod-
els from their age at enrolment in the cohort until their age at the
date of CVD/hypertension ascertainment, death, last contact, or
31 December 2024, whichever occurred first. A counting process
structure was used with cumulative time-dependent dietary vari-
ables updated every 2 years (food additive exposures and dietary
covariates). Exposure during a specific period was computed using
an exponential decay weighted average of the most recent 2-year
period and prior periods (see Supplementary method $4), thereby
using all available dietary record data and allowing for trajectories
of all dietary data. Based on the directed acyclic graph presented
in Supplementary data online, Figure S2, the main model was

adjusted for sociodemographic, baseline anthropometric, baseline
lifestyles and behavioural, baseline proxies of genetic predispos-
ition, and number of dietary records (structural) and dietary factors
corresponding to known or suspected risk or protective factors for
cardiometabolic health (detail and coding in footnote to Figure 2). In
addition, when applicable, each model (one preservative exposure
per model) was adjusted for the intake of the corresponding sub-
stance coming from natural sources. Primary analyses were also
run per sex. The proportional hazard assumption was tested using
the Schoenfeld residual method (see Supplementary data online,
Figure Sé). Restricted cubic splines were computed to assess the
potential nonlinearity of dose-response associations (see
Supplementary method 4 for details on restricted cubic splines
models; main model, Supplementary data online, Figure S7).
P-trend values across exposure tertiles (obtained in a model coding
exposure as an ordinal categorical variable 1, 2, 3) were retained
only when the spline analysis did not reject the log-linearity assump-
tion (P for nonlinearity > .05 in the restricted cubic splines models).
Otherwise, when the assumption of log-linearity was not met (P for
nonlinearity <.05), it was not correct/possible to use the P for linear
trend; thus, the likelihood ratio overall P-value was retained (ob-
tained by coding the exposure as a non-ordinal categorical variable
and calculating likelihood ratio test between models with and with-
out the studied food additive exposure variable, not assuming a lin-
ear trend). For exploratory analyses of specific preservative
additives, P-values with and without correction for multiple testing
by the false discovery rate®* were computed; Cls were not cor-
rected. We computed E-values®” to estimate the necessary strength
for unmeasured confounding to have to negate the observed re-
sults. We also tested the associations between food preservative
additive exposures and hip fracture (i.e. outcome with no expected
causal relationship) as a negative outcome control model.
Hypertension and type 2 diabetes being intermediate risk factors
for CVD, we tested the proportion of the association between pre-
servative food additive exposure and CVD incidence that was
mediated by hypertension and type 2 diabetes, using the
CMAverse R package®® and the same adjustment variables as the
main model. Additional information and sensitivity analyses are pre-
sented in Supplementary methods S4 and S5. All methods are re-
ported following STROBE guidelines for cohort studies.®”

Results

Descriptive characteristics

The overall population before exclusion of prevalent cases of the
studied pathologies (n = 112 395) had a mean age at baseline of
42.8(SD 14.7), with 78.7% of women. The median of completed
24HDRs is 18 (25th to 75th percentile = 6-35). Compared to
lower consumers (Tertile 1), higher consumers of total preserva-
tive food additives (Tertile 3) tended to be younger, with a higher
education level and a lower physical activity level and less family
history of cardiometabolic disorder or hypertension and person-
al history of metabolic diseases. They were more likely to con-
sume less alcohol but more ultra-processed foods and drinks
(see Table 1 for descriptive unadjusted comparison of partici-
pants’ profile across categories of exposure to preservatives).
Intakes of preservative food additives are presented in Table 2
and Supplementary data online, Table S1. A total of 99.5% of par-
ticipants had a non-null intake of preservative food additives in
the first 2 years of follow-up. Out of the 58 preservative food ad-
ditives detected and quantified in this population study, 17 were
consumed by at least 10% of the participants and thus were
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individually investigated in association with CVD and hyperten-
sion incidence. In terms of proportion of consumers, the main
preservative food additives were citric acid (91.3% consumers),
lecithins (86.4%), total sulphites (83.5%), ascorbic acid (83.0%),
sodium nitrite (73.3%), potassium sorbate (65.3%), sodium

erythorbate (52.5%), sodium ascorbate (49.7%), potassium
metabisulphite (44.2%), and potassium nitrate (32.3%). No
strong correlation between intakes of preservative food addi-
tives was identified (see Supplementary data online, Figure S3).
We verified the absence of collinearity issues between

Table 1 Baseline characteristics of participants from the NutriNet-Santé cohort, 2009-24 (n = 112 395)

Characteristic overall Sex-specific tertiles of total preservative food P-value®
(n=112395) additive exposure
e Tem I.é 1 .......... Tert,|e2 .......... Teml ; 3 e
(n=37466) (n=37464) (n=37465)

. Age (years) - (SD) ............................................... 428(147) SR (147) ....... s (145) SRR (139) ..... oo
Women, n (%) 88405 (78.7) 29469 (78.7) 29468(78.7) 29468(78.7) NA
Height (cm)®, mean (SD) 166.7 (8.1) 166.2 (8.0) 166.6 (8.1) 167.4 (8.2) <.001
BMI (kg/m?) *, mean (SD) 23.7 (4.5) 23.5(4.3) 23.6 (4.3) 23.9 (4.8) <.001
Family history of cardiometabolic disorder  *, n (%) 67167 (61.0) 22985(62.7) 22577 (61.4) 21605 (58.8) <.001
Family history of hypertension ® *, n (%) 37017 (34.4) 12514 (35.0) 12463 (34.7) 12040 (33.6) <.001
Educational level*, n (%) <.001

Less than a high school degree 19579 (17.7) 7186 (19.5) 6463 (17.5) 5930 (16.0)
<3 years after high school 53065 (47.8) 16995(46.1) 17450(47.2) 18620 (50.3)
>3 years after high school 38271 (34.5) 12705 (34.4) 13075 (35.3) 12491 (33.7)

Smoking status*, n (%) <.001
Never 56218 (50.2) 17 693 (47.5) 19065 (51.0) 19460 (52.0)

Former smoker 36887 (32.9) 13323 (35.7) 12361(33.1) 11203 (30.0)
Current smoker 18923 (16.9) 6273 (16.8) 5935 (15.9) 6715 (18.0)

IPAQ physical activity level*, n (%) <.001
Low 21361 (23.4) 6539 (21.4) 7174 (23.5) 7648 (25.4)
Moderate 39338 (43.1) 12836 (42.0) 13464 (44.0) 13038 (43.4)

High 30521 (33.5) 11193 (36.6) 9949 (32.5) 9379 (31.2)

Personal history of cardiometabolic disorders®, n (%) 12199 (10.9) 4491.0(12.0) 4214.0(11.2) 3494.0(9.3) <.001
Personal history of cardiovascular disease, n (%) 2039.0 (1.8) 803.0 (2.1) 716.0(1.9) 520.0 (1.4) <.001
Personal history of type 2 diabetes, n (%) 1939.0 (1.7) 696.0 (1.9) 643.0 (1.7) 600.0 (1.6) .026
Personal history of dyslipidaemia, n (%) 1863.0 (1.7) 570.0 (1.5) 619.0 (1.7) 674.0 (1.8) .012
Personal history of hypertension, n (%) 9009.0 (8.0) 3406.0 (9.1) 3121.0 (8.3) 2482.0 (6.6) <.001

Energy intake excluding alcohol (kcal/d)", mean (SD) 1848.6 (454.6) 1726.2(417.2) 1846.2(423.0) 1973.5(486.2) <.001

Alcohol intake, mean (SD) 7.7 (11.8) 8.1(12.3) 7.9 (11.8) 7.1(11.4) <.001

Saturated fat intake (g/d), mean (SD) 33.1(12.1) 29.8 (11.0) 334 (11.3) 36.3(13.1) <.001

Sodium intake (mg/d), mean (SD) 2725 (895) 2590 (881) 2735 (854) 2851 (929) <.001

Potassium intake (mg/d), mean (SD) 3002 (901) 2985 (942) 2996 (865) 3025 (895) <.001

Fibre intake (g/d), mean (SD) 20.2 (10.0) 20.5(11.0) 20.1(9.7) 19.8 (9.3) <.001

Sugar intake (g/d), mean (SD) 92.6 (33.7) 82.6 (31.3) 91.7 (30.0) 103.5(36.1) <.001

Fruit and vegetable intake (g/d), mean (SD) 465.6 (232.0) 477.4(245.1) 466.5(216.3) 452.8(232.9) <.001

Dairy product intake (g/d), mean (SD) 158.1 (147.1) 150.5(147.9) 159.8 (144.0) 164.0 (149.0) <.001

Red and processed meat intake (g/d), mean (SD) 75.7 (52.9) 70.1(53.8) 75.7 (50.0) 81.4 (54.2) <.001

Continued
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Table 1 Continued

Characteristic overall Sex-specific tertiles of total preservative food  P-value®
(n=112395) additive exposure
Tertile 1 Tertile 2 Tertile 3
(n=37466) (n=37464) (n=37465)
Ultra-processed food intake (% of weight intake), mean (SD)  17.3(9.9) 14382 162(83)  214(114) <001
Total preservative food additive exposure (mg/d), mean (SD) 536.4 (613.9) 156.2 (81.6) 407.9 (76.1) 1045.3(835.5) <.001

IPAQ, International Physical Activity Questionnaire; SD, standard deviation.

2Kruskal-Wallis rank sum test for continuous variables; Pearson’s Chi-squared test for categorical variables. Crude (unadjusted) comparisons.
PFamily history of cardiometabolic disorder (i.e. myocardial infarction, angina, stroke, hypercholesterolaemia, diabetes, and hypertension)/hypertension in first-degree

relatives.

“Personal history of metabolic disease was defined as the diagnosis and/or treatment for at least one prevalent metabolic disorder among: type 2 diabetes,

dyslipidaemia, cardiovascular disease and hypertension.

dAll dietary intake data in this table were calculated as the mean daily intake across all records during the first two years of participation in the study (mean number of

24 h records per person = 5.8 (SD 3.2)).

*Missing values: height n=3155 (low consumers, 952; medium consumers, 997; high consumers: 1206); BMI n=3155 (952; 997; 1206); family history of
cardiometabolic disorder n = 2249 (814; 690; 745); family history of hypertension n=4814 (1669; 1538; 1607); education level n = 1480 (580; 476; 424); smoking
status n =367 (177; 103; 87); IPAQ physical activity level n=21 175 (6898; 6877; 7400).

categorical covariates (min-max correlations = 0.04-0.09, data
not tabulated) and between continuous covariates (see
Supplementary data online, Figure $4).

Preservative food additives are ubiquitously found across vari-
ous food groups (Figure 1 and Supplementary data online,
Table S3). Some are nonetheless more specific to given food groups,
e.g. 83.7% of sulphite intake came from alcoholic drinks; 54.0% of
nitrites, 76.8% of nitrates, and 42.1% of erythorbates, from pro-
cessed meat; 43.4% and 30.6% of propionates from refined and
whole grains and cereals, respectively; 51.0% of ascorbates
and 25.9% of citrates from processed fruits and vegetables; and
29.6% of tocopherols from breakfast cereals. For food additive sub-
stances that also naturally occurred in the diet, the relative contri-
bution of the food additive source varied depending on the
compound: from 1% for tocopherols or 5% for acetates to 16%
for citric acid, 29% for ascorbates, and 63% for sulphites on
average.

No participant exceeded the ADI set by EFSAS for sorbates, er-
ythorbates, or nitrates. However, 96 participants exceeded the
ADI (=0.7 mg of sulphur dioxide equivalent/kg body weight per
day) set for sulphites with a mean intake of 0.89 mg of sulphur di-
oxide equivalent/kg body weight per day (SD 0.32, median 0.81,
25th to 75th percentiles: 0.75-0.93) and 54 exceeded the ADI
(=0.07 mg nitrite ion equivalent/kg body weight per day) for ni-
trites with a mean intake of 0.09 mg nitrite ion/kg body weight
per day (SD 0.03, median 0.08, 25th to 75th percentiles: 0.08-
0.10).

For some preservative food additives, EFSA data were avail-
able to compare intake levels in the European Union with those
observed in our population study; the order of magnitude was
consistent overall (further details available in Supplementary
data online, Table 510).

Associations between preservative food
additive intakes and incidence of

cardiovascular disease and hypertension

Participants’ median follow-up time was 7.9 years (25th to 75th
percentiles: 3.2-12.3; n=110356; 870898 person-years) for

the CVD analysis tailored population and 7.6 years (2.9-11.8;
n =103 386; 784 955 person-years) for the hypertension ana-
lysis tailored population. Between 2009 and 2024, 2450 CVD
(including 33 fatal events), 1142 CVA, and 1308 CHD, as well
as 5544 hypertension incident cases, were detected.
Schoenfeld residuals did not refute the proportional hazard as-
sumption (see Supplementary data online, Figure S6).

Restricted cubic spline plots (see Supplementary data online,
Figure S7) generally did not indicate a departure from linearity
(P-values for nonlinearity >0.05); in this case, P-values for trend
are provided in the following paragraph and in Figure 2,
Supplementary data online, Figure S5, and Supplementary data
online, Table S4. For some associations, restricted cubic splines
suggested a dose-response relationship with plateau effect or
inverted U-shape (P-values for nonlinearity <0.05); in this
case, the likelihood ratio overall P-values (requiring no under-
lying hypothesis of linearity) are displayed thereafter and in
Figure 2, Supplementary data online, Figure S5 and
Supplementary data online, Table S4. Both P-trends and overall
P-values are provided for all tested additives in Supplementary
data online, Table 5S4 for the main model and in Supplementary
data online, Table S5 for sensitivity analyses.

Results of Cox models are presented in Figure 2,
Supplementary data online, Figure S5 and in Supplementary
data online, Table S4 (all studied outcomes). Figure 3 presents
the predicted cumulative hazard curves for exposure tertiles,
estimated from the Cox models. Higher intakes of total non-
antioxidant preservatives were associated with a higher
incidence of CVD [HR higher vs. lower intakes = 1.16 (95% Cl 1.04-
1.29), P=.004] and CHD [1.26 (1.10-1.46), P = .005]. Higher in-
takes of the following additives were associated with a higher
incidence of hypertension: total preservatives [1.24 (1.16-1.34),
P <.001], total non-antioxidant preservatives [1.29 (1.20-
1.39), P<.001], and total antioxidant preservatives [1.22
(1.13-1.31), P < .001]. Figure 4 presents the sex-guided analysis
for the main model. Positive associations of non-antioxidant and
antioxidant food additive preservatives with hypertension were
statistically significant for both sexes, while the positive associ-
ation of non-antioxidant preservatives with CVD and CHD was
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Contribution of food groups to preservative food additive intakes
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Figure 1 Dietary sources of total and groups of preservative intakes among study participants from the NutriNet-Santé cohort, 2009 -
24 (n =112 395) 2. °Groups of preservative food additives were defined as follows (European codes): total sorbates (E200, E202, E203),
total benzoates (E210, E211, E212), total sulphites (E220, E221, E222, E223, E224, E225, E228), total nitrites (E249, E250), total nitrates
(E251, E252), total acetates (E260, E261, E262, E263), total propionates (E280, E281, E282), total ascorbates (E300, E301, E302, E304),
total tocopherols (E306, E307, E307b, E307c), total erythorbates (E315, E316), total butylates (E319, E320, E321), and total EDTA
(E385, E386). Detailed % are presented in Supplementary data online, Table S3

statistically significant only in women. However, no interaction
was detected between these exposures and sex (see
Supplementary data online, Table S12). Several individual pre-
servative additives were associated with higher incidence of
the studied outcomes, in particular the following ones that re-
mained statistically significant after FDR correction, with hyper-
tension: total sorbates [1.39 (1.29-1.49), P < .001, Pepr < 0.001],
potassium sorbate (E202) [1.39 (1.28-1.50), P <.001, Pgpg <
0.001], total sulphites [1.11 (1.02-1.22), P=.02, Prpr = 0.04],
potassium metabisulphite (E224) [1.16 (1.08-1.25), P <.001,
Prpg < 0.001], total nitrites [1.16 (1.08-1.25), P <.001, Pepg <
0.001], sodium nitrite (E250) [1.16 (1.08-1.25), P < .001, Pgpg <
0.001], total ascorbates [1.13 (1.05-1.21), P<.001, Prpr=
0.001], ascorbic acid (E300) [1.14 (1.06-1.22), P <.001, Prpr =
0.001], sodium ascorbate (E301) [1.12 (1.04-1.20), P =.002,
Prpr =0.003], total erythorbates [1.13 (1.06-1.22), P =.001,
Prpr =0.002], sodium erythorbate (E316) [1.14 (1.06-1.22),
P=.001, Pgpr=0.002], citric acid (E330) [1.25 (1.16-1.34),
P <.001, Prpr < 0.001], and extracts of rosemary (E392) [1.10
(1.02-1.18), P=.003, Prpr=0.01], with CVD: ascorbic acid
(E300) with CVD [1.15 (1.04-1.28), P = .005, Prpr = 0.05] (detail
of all associations in Supplementary data online, Figure S5 and
Supplementary data online, Table 54).

These results were similar across all sensitivity analyses (see
Supplementary data online, Tables S5 and S7, Figure S8). All results
of our primary analyses followed the same trends when excluding
transientischaemic attack, angina, and angioplasty from incidences
and in the hypertensive subpopulation; some individual food addi-
tives lost statistical significance, probably due to the loss of statis-
tical power (see Supplementary data online, Tables S6 and S8).
Higher intakes of sodium were associated with a higher incidence
of hypertension [HRertile 3 vs. tertile 1 1.13 (1.04 —1.23), P < .001]; no
significant association was detected with CVD [0.91 (0.80-1.03),
P =.15].*! As expected, no association was detected with the hip
fracture negative control model (613 incident cases, all P > .05).

None of the three identified mixtures of preservative food ad-
ditives reached statistical significance for the associations with
CVD, CVA, or CHD. Mixture 2 (mainly represented by acetic
and tartaric acids, citric acid esters of mono- and diglycerides
of fatty acids, potassium metabisulphite, and potassium sorbate)
and Mixture 3 (mainly characterized by citric and phosphoric
acids, sodium nitrite, sodium erythorbate, and potassium sor-
bate) were associated with higher hypertension incidence (see
Supplementary data online, Table S9).

No interaction with age nor with diet quality was detected. An
interaction was detected between prevalent metabolic
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Figure 2 Associations between exposure to preservative food additives and cardiovascular disease (2450 incident cardiovascular dis-
ease cases, including 1142 cerebrovascular and 1308 CHD cases/110 356 participants) and hypertension (5544 incident hypertension
cases/103 386 participants) incidence among study participants from the NutriNet-santé cohort, 2009-242. Abbreviations: HR, haz-
ard ratio; Cl, confidence interval. ? The three food additive categories of exposure were defined as follows: sex-specific tertiles for total
non-antioxidant preservatives and total antioxidant preservatives. Cut-offs were recalculated for each period and are available in
Supplementary data online, Table S2.® The detail of all investigated associations between food additive preservative intakes and path-
ology incidence with corresponding HRs, 95% Cis, and number of cases/participants per category is provided in Supplementary data
online, Table S4. Based on the linearity test from restricted cubic splines presented in Supplementary data online, Figure S7, the
P-value displayed in the present forest plot is either the P-trend (when P for nonlinearity was > 0.05) or the overall P-value (when P
for nonlinearity was <0.05). Both P-values are provided for all additives in Supplementary data online, Table S4. As recommended for
the presentation of Cox model results,23-%° the overall LRT P-value is provided by the same model as the one used to obtain HR and
their confidence intervals, while the P-trend is obtained via a different model, in which exposure categories were coded 1, 2, and 3
and considered ordinal. © Multivariable Cox proportional hazard models adjusted for age (time scale), sex, height (continuous, m), BMI
(continuous, kg/m?), physical activity (categorical IPAQ variable: high, moderate, low), smoking status (never smoked, former smoker,
current smoker), number of smoked cigarettes in pack-years (continuous), educational level (less than high school degree, <3y after
high school degree, > 3y after high school degree), family history of cardiometabolic disorder/hypertension (yes/no), number of dietary
records (continuous), daily intakes of energy without alcohol (continuous, kcal/d), alcohol (continuous, g/d), saturated fats (continuous,
g/d), sodium (continuous, mg/d), dietary fibre (continuous, g/d), sugars (continuous, g/d), fruits and vegetables (continuous, g/d), dairy
products (continuous, g/d), red and processed meats (continuous, g/d)

disorders and total non-antioxidant preservatives regarding
CVD and CHD incidences. Thus, corresponding stratified ana-
lyses are now presented in Supplementary data online,
Table S12. Associations tended to be stronger in participants
with prevalent metabolic disorder, although direction of the as-
sociations was similar in both strata.

Total non-antioxidant food additive preservatives being
associated both with hypertension (risk factor for CVD)
and CVD incidence in this study, and with type 2 diabetes
in a previous study in the same cohort,>® we computed me-
diation analyses. In all, 16.2% (95% Cl 7.2-55.7%) of the

association between total non-antioxidant preservative food
additive exposure and CVD incidence was mediated by
hypertension, and 4.7% (95% Cl 1.7-24.8%) was mediated
by type 2 diabetes (see Supplementary data online,
Table S11).

All E-values (see Supplementary data online, Table 54) of stat-
istically significant associations were above or equal to 1.5, the
only exception being the association between extracts of rose-
mary (E392) and incidence of hypertension (E-value = 1.43). It is
therefore unlikely for detected associations to be entirely ruled
out by residual confounding.

920z fe vz uo 1sanb Aq £026.298/80£BeYs/MiBaYINS/S60 L 01 /10P/3[01IB-80UBAPE/LIESYINS /W00 dNo™oIWapeoeR//:sd)y Woll papeojumod


http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag308#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag308#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag308#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag308#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag308#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag308#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag308#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag308#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag308#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehag308#supplementary-data

Preservative additives and cardiovascular health 11

Total Non-Antioxidant Preservatives Total Antioxidant Preservatives

Hypertension Hypertension
0.125
0.09 0.100
0.06 0.075
0.050
0.03 0.025
0.00 0.000
20 40 60 80 20 40 60 80
Cardiovascular Disease Cardiovascular Disease
0.4 0.4
0.3 0.3
0.2 0.2
0.1 0.1
T 0.0 0.0
ﬁ 20 40 60 80 20 40 60 80
©
I
k]
]
et
o
E Cerebrovascular Disease Cerebrovascular Disease
= 0.100 0.100
(&)
0.075 0.075
0.050 0.050
0.025 0.025
0.000 0.000
20 40 60 80 20 40 60 80
Coronary Heart Disease Coronary Heart Disease
0.4 04
0.3 0.3
0.2 0.2
0.1 0.1
0.0 0.0
20 40 60 80 20 40 60 80
Age (timescale) Age (timescale)
Category Q1 — Q2 — Q3 Category Q1 — Q2 — Q3

Figure 3 Predicted cumulative hazard curves for the associations between exposure to preservative food additives and cardiovascular
disease (2450 incident cardiovascular disease cases, including 1142 cerebrovascular and 1308 CHD cases/110 356 participants) and
hypertension (5544 incident hypertension cases/103 386 participants) incidence among study participants from the NutriNet-Santé co-
hort, 2009-24.25¢ HR, hazard ratio; Cl, confidence interval. ? The three food additive categories of exposure were defined as follows:

Continued
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Discussion

In this large prospective cohort, exposure to several widely used
preservative food additives was associated with increased inci-
dence of hypertension and/or major CVD outcomes, including
CVA and CHD. No inverse association was observed, suggesting
a possible involvement of these compounds in cardiovascular
aetiology (Structured Graphical Abstract).

Comparison with other population studies
So far, except for the specific case of nitrite/nitrate food addi-
tives in processed meat, no other cohort study has investigated
the associations between exposures to preservative food addi-
tives and CVD or hypertension incidence, probably due to a
lack of data on specific industrial foods consumed by partici-
pants, while their additive content varies greatly from one brand
to another, rendering comparison with epidemiological litera-
ture challenging.

Our group previously published a study on nitrites and ni-
trates, in association with CVD, CVA, CHD, and hypertension
risks in NutriNet-Santé.** Using a different methodology (time-
dependent cumulative exposure) with longer follow-up (>2
years), we found stable results, suggesting that higher food addi-
tive nitrite exposure is associated with higher incidence of
hypertension while food additive nitrates showed no associa-
tions with cardiometabolic outcomes. While some intervention-
al studies suggest a beneficial role of dietary nitrate naturally
present in vegetables or derived solutions (e.g. in beetroot juice)
on the cardiovascular function,*>*3 our results do not support
cardiovascular benefits from food additive nitrites or nitrates.
Consistently, a recent study within the prospective US Nurses’
Health Study found no independent effect of nitrate dietary in-
take (food additive and mostly naturally occurring) on CHD
risk.1> Results from the US NIH-AARP Diet and Health Study
prospective cohort showed positive associations between ni-
trites and nitrates from processed meat (corresponding almost
exclusively to the additives used in meat processing) and all-
cause and heart disease mortality.*® A 2025 systematic review
and meta-analysis observed lower nitrate and nitrite plasma
concentrations in individuals with cardiometabolic risk, whereas
salivary nitrate showed a significant positive association with
diastolic blood pressure.** However, these biomarkers reflect
overall exogenous exposure (including from natural nitrates/ni-
trites in plant-based foods) and endogenous metabolism, limit-
ing their relevance to food additives specifically.

No epidemiological study investigated the associations be-
tween sorbate additives and CVD or hypertension. Potassium

Figure 3 Continued

sorbate is a trans fatty acid.® The deleterious impact of trans
fat on cardiovascular health is well documented,*® including
on blood pressure elevation and hypertension risk,***” which
is consistent with our findings on hypertension.

In our study, food additives ascorbic acid and erythorbates
(isomer of ascorbic acid) were associated with elevated inci-
dence of CVD and hypertension, while tocopherols showed no
such associations. Systematic reviews and meta-analyses of
prospective studies concluded that, while higher natural food in-
take and/or blood concentrations of ascorbic acid and alpha-
tocopherol tended to be associated with reduced risk of
CVD?'? or hypertension,*® no evidence supports preventive ef-
fects of these substances from other sources. An umbrella re-
view found no overall effects of vitamin C supplementation on
arterial stiffness and other biomarkers of CVD.*® A randomized
controlled trial showed no effect of alpha-tocopherol supple-
mentation on cardiovascular events in high-risk patients.*’
Some studies even suggested an increased risk of CVD or mor-
tality associated with vitamin C/ascorbic acid supplementa-
tion.’®>! However, none of these studies provided data
specifically on preservative antioxidant food additives. Despite
food additive ascorbic acid and alpha-tocopherol having identi-
cal structures to their naturally occurring forms,® their effects
can differ based on factors such as food matrix (composition,
structure, etc.), dosage, and interactions with other food com-
pounds affecting bioavailability.>?

To our knowledge, there was no epidemiological study with
which we could compare our results on other preservative
food additives and CVD/hypertension risk.

Mechanistic evidence

As shown in Supplementary data online, Figure S9, many me-
chanisms may explain the observed associations. A recent in vi-
tro study suggested no cytotoxicity or genotoxicity for lecithins,
but cytotoxicity (potentially playing a role in atherosclerosis®)
for potassium sorbate, sodium nitrite, sodium ascorbate, and so-
dium erythorbate and enhanced cell proliferation by potassium
metabisulphite, ascorbic acid, and citric acid in different loca-
tions, including the liver for the two latter.* In a human
microbiota-associated mouse model, the combined consump-
tion of 10% fructose (weight/volume) and potassium sorbate
for 11 weeks may increase the risk of development and progres-
sion of metabolic dysfunction-associated steatotic liver disease
(MASLD).>* The liver and cardiovascular system are closely
linked,”® and the trans configuration of potassium sorbate®
may play a role. Moreover, in vitro studies suggest trans C18:1

sex-specific tertiles for total non-antioxidant preservatives and total antioxidant preservatives. Cut-offs were recalculated for each per-
iod and are available in Supplementary data online, Table 52. ® The detail of all investigated associations between food additive preser-
vative intakes and pathology incidence with corresponding HRs, 95% Cis, and number of cases/participants per category is provided in
Supplementary data online, Table S4. Based on the linearity test from restricted cubic splines presented in Supplementary data online,
Figure S7, the P-value displayed in the present forest plot is either the P-trend (when P for nonlinearity was > .05) or the overall P-value
(when P for nonlinearity was <.05). Both P-values are provided for all additives in Supplementary data online, Table S4. As recommended

for the presentation of Cox model results,38-4°

the overall LRT P-value is provided by the same model as the one used to obtain HR and

their confidence intervals, while the P-trend is obtained via a different model, in which exposure categories were coded 1, 2, and 3 and
considered ordinal. © See footnote of Figure 2 for the adjustment strategy for multivariable Cox proportional hazard models
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Figure 4 Sex-guided analysis on the associations between exposure to preservative non-antioxidant and preservative antioxidant food
additives and cardiovascular disease (2450 incident cardiovascular disease cases, including 1142 cerebrovascular and 1308 CHD cases/
110 356 participants) and hypertension (5544 incident hypertension cases/103 386 participants) incidence among study participants
from the NutriNet-santé cohort, 2009-24.2P< HR, hazard ratio; Cl, confidence interval.  The three food additive categories of exposure
were defined as follows: sex-specific tertiles for total non-antioxidant preservatives and total antioxidant preservatives. Cut-offs were
recalculated for each period and are available in Supplementary data online, Table S2. ® The detail of all investigated associations be-
tween food additive preservative intakes and pathology incidence with corresponding HRs, 95% Cis, and number of cases/participants
per category is provided in Supplementary data online, Table S4. Based on the linearity test from restricted cubic splines presented in
Supplementary data online, Figure S7, the P-value displayed in the present forest plot is either the P-trend (when P for nonlinearity was >
.05) or the overall P-value (when P for nonlinearity was <.05). Both P-values are provided for all additives in Supplementary data online,
Table S4. As recommended for the presentation of Cox model results,3®~° the overall LRT P-value is provided by the same model as the
one used to obtain HR and their confidence intervals, while the P-trend is obtained via a different model, in which exposure categories
were coded 1, 2, and 3 and considered ordinal. © Multivariable Cox proportional hazard models adjusted for age (time scale), sex, height
(continuous, m), BMI (continuous, kg/m?), physical activity (categorical IPAQ variable: high, moderate, low), smoking status (never
smoked, former smoker, current smoker), number of smoked cigarettes in pack-years (continuous), educational level (less than high
school degree, < 3y after high school degree, > 3y after high school degree), family history of cardiometabolic disorder/hypertension
(yes/no), number of dietary records (continuous), daily intakes of energy without alcohol (continuous, kcal/d), alcohol (continuous, g/d),
saturated fats (continuous, g/d), sodium (continuous, mg/d), dietary fibre (continuous, g/d), sugars (continuous, g/d), fruits and vegeta-
bles (continuous, g/d), dairy products (continuous, g/d), red and processed meats (continuous, g/d). No interaction was detected be-
tween these exposures and sex (see Supplementary data online, Table S12)

fatty acids are more potent than their cis isomers at stimulating
glucagon®® and insulin secretion®” and not inhibiting glucose
oxidation as much,?” potentially altering pancreatic functions
and increasing the risk of type 2 diabetes and consequently of
hypertension or CVD.

Sulphites can trigger allergic or pseudo-allergic reactions in
sensitive individuals (mandatory declaration of allergen),’® lead-
ing to vasodilation and hypertension at high exposure levels.
The evidence of sulphites elevating blood pressure is lacking,
with some studies suggesting potential hypotensive effects.®
Similarly, citric and carnosic acid (from extracts of rosemary)
showed potential antihypertensive effects in hypertensive ani-
mal models.®” Low-level exposure in humans might lead to long-
term adaptation balancing initial hypotensive reactions with
hypertensive responses. Further research is needed on how
these additives affect vascular function.

Mechanisms involving nitrites and nitrates have been dis-
cussed previously.'* Briefly, the positive associations with
hypertension might relate to nitrites promoting oxidative dam-
age”° and N-nitroso compounds (essentially formed during

meat processing), which increase the risk of insulin resistance,”’
and itself exacerbating hypertension risk.6°

Type 2 diabetes is an important risk factor for CVD and hyper-
tension. Studies showed that potassium sorbate activates ad-
vanced glycation end products in vitro,'! nitrites can increase
insulin resistance in rats,*”% propionate impairs insulin action
via glucagon and FABP4 production in mice and humans,?
and chronic pharmacological doses of vitamins C and E in ro-
dents increased fasting blood glucose, insulin, and homeostasis
model assessment index for insulin resistance (HOMA).¢®
However, authorized doses of additives are physiological and
not pharmacological.

Hypertension is a risk factor for CVD. In this study, total non-
antioxidant preservative exposure was associated with higher
incidences of both CVD and hypertension, with a substantial
proportion of the CVD association mediated by hypertension.

Restricted cubic splines revealed that some tested associa-
tions presented a P-value for nonlinearity <0.05. Plots for the
following associations suggested a plateau effect, indicating
the possibility of a receptor saturation®*: total preservative
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food additives with hypertension (turning point = 609.07 mg/d),
total non-antioxidant preservative food additives with CHD
(60.45 mg/d) and hypertension (60.86 mg/d), total sorbates
and potassium sorbate (E202) with hypertension (30.29 mg/d
and 26.29 mg/d, respectively), total antioxidant preservative
food additives with hypertension (543.24 mg/d), ascorbic acid
(E300) with hypertension (87.45 mg/d), total erythorbates and
sodium erythorbate (E316) with hypertension (14.97 and
14.97 mg/d, respectively), and citric acid (E330) with hyperten-
sion (366.87 mg/d). In turn, plots for associations of total pro-
pionates and calcium propionate (E282) with hypertension
suggested inverted U-shaped associations (turning points =
40.00 and 111.43 and 40.00 and 111.32 mg/d, respectively).
This could suggest that at low doses of exposure to these addi-
tives (i.e. Category 2, since Category 1 are nonconsumers), de-
toxification systems may not be activated yet but become so
when reaching a certain threshold.®> An additive could have
several targets, some of which are activated at low concentra-
tions (triggering deleterious effects) and others at higher con-
centrations, including the receptors that trigger the adaptive
response, favouring their elimination. The potential nonlinearity
of some associations should be further investigated in future
studies to confirm or refute these trends.

Strengths and limitations

To our knowledge, this is the first prospective epidemiological
study investigating the links between a wide range of preserva-
tive food additives and cardiovascular health. It relied on a large
cohort with highly detailed, brand-specific, and repeatedly col-
lected 24HDRs over 15 years of follow-up, enabling time-
dependent cumulative exposure assessment. These data were
linked to multiple food composition databases, ad hoc laboratory
assays in food matrices, and dynamic matching accounting for
reformulations, providing access to unique information on ex-
posure to preservative food additives.

Several limitations should nevertheless be acknowledged.
First, the observational design precludes causal inference based
on this study alone, and residual confounding cannot be entirely
ruled out. However, models were adjusted for a wide range of
potential confounders and remained robust across multiple sen-
sitivity analyses. Although some preservatives are more preva-
lent in certain food groups, most are ubiquitous rather than
specific to a single category. Models were therefore adjusted
for major food groups associated with cardiovascular risk or pro-
tection (e.g. fruits and vegetables, red and processed meats,
ultra-processed foods), and associations remained statistically
significant. This limits the likelihood that the observed associa-
tions are solely driven by the foods themselves rather than by
the preservatives studied. In addition, although information on
industrial processing methods is not systematically available, re-
sults were similar after adjustment for the proportion of ultra-
processed foods (Nova classification), and preservatives are
used across products with diverse processing levels.
Mechanistic evidence from in vivo and in vitro studies further
supports a potential causal role for several of these compounds.
Second, as in other volunteer-based nutritional cohorts, partici-
pants were more often women and more highly educated and
had healthier lifestyles than the general French population,®4%”
and between 11.5% and 11.9% (depending on the studied

population) of the participants dropped out during follow-up,
main motive being burden related to questionnaires. The pro-
portion of participants who received nutritional advice from a
healthcare professional was unknown. Ethnic, racial, and reli-
gious data were unavailable due to strict French regulations.
Caution is therefore warranted when generalizing the findings.
However, energy intake, proportion of energy from ultra-
processed foods, and geographical distribution were compar-
able to national estimates.?®%8-7° Importantly, for aetiological
research, exposure contrast and population diversity are more
critical than strict representativeness. NutriNet-Santé captured
substantial contrasts in preservative exposure across a wide
range of lifestyle profiles. Moreover, the preservatives studied
are authorized across the European Union but also widely
used in other regions, including North America. Third, demo-
graphic characteristics of the cohort and the young minimum
enrolment age likely contributed to the relatively low proportion
of participants with hypertension (5% in this study against 30%
in France’?). Although the combination of multisource case as-
certainment from proactive participant declaration and monitor-
ing via medico-administrative databases reduced the risk of
missing diagnosed cases, undiagnosed hypertension cannot be
excluded. This limitation should be interpreted in light of nation-
al data indicating a substantial prevalence of undiagnosed
hypertension in France (6 million in 2023),”* but with higher
diagnostic awareness among women,’? who comprised the ma-
jority of the cohort. Besides, the observation of well-established
associations with major risk factors (e.g. sodium intake and
smoking) supports the validity of case ascertainment in this co-
hort. Moreover, if differential healthcare access had substantial-
ly biased the results, a higher incidence of diagnosed
hypertension would be expected among participants with
healthier lifestyles”; this was not observed. Any remaining mis-
classification would more likely have attenuated associations ra-
ther than generated spurious positive findings. Finally, although
exposure assessment was highly detailed, some degree of mis-
classification is possible. Nonetheless, dietary intake assessment
in NutriNet-Santé is among the most accurate in large cohort
studies, based on validated,?3 2> repeatedly collected, brand-
specific 24HDRs linked to multiple food composition databases
and laboratory analyses, with dynamic updates for reformula-
tions. While validation against biomarkers of preservative ex-
posure was not feasible due to the lack of specific biomarkers
for most additives, estimated intakes were generally consistent
with EFSA data. Some limitations remain regarding the estima-
tion of naturally occurring compounds for some substances
(e.g. natural lecithins), and the inability to study rarely consumed
preservatives; however, these reflect their low prevalence on
the market and limited potential public health impact.

Conclusions

This large prospective cohort revealed multiple positive associa-
tions between exposure to widely consumed preservative food
additives, which were long considered safe under current regu-
lation, and higher incidence of hypertension and/or CVD, CVA,
and CHD. These findings may have important public health im-
plications as consumers are exposed to these compounds via
thousands of foods and drinks. These results need to be
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confirmed by other epidemiological studies, and additional ex-
perimental data are needed to depict the mechanisms under-
lying potential adverse CVD- and hypertension-related effects
of these substances. These results do not call into question
food-based dietary guidelines or results based on scores for
compliance to these diets (DASH, Mediterranean diet) but ra-
ther complement them. It is not only important to consume suf-
ficient amounts of fruit and vegetables, fish, legumes, and fibre
and to limit intake of processed meats, salt, etc., to prevent
hypertension and CVD, but it would also seem preferable to fa-
vour ‘fresh and minimally processed’ versions of these products
as officially recommended for consumers and patients in the
French nutritional health programme.”* These are two comple-
mentary dimensions that are not opposed to each other but are
rather complementary.”> This study provides new insights for
revisiting the evaluation of the safety of these food additives,
which should consider the benefit/risk balance between food
preservation with these additives and their potential impact
on cardiovascular health.
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