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Abstract

Background We aim to examine the association between ultra-processed foods (UPF) consumption and cardiovas-
cular disease (CVD) risk and to identify plasma proteins associated with UPF.

Methods This prospective cohort study included 26,369 participants from the Swedish Malmg Diet and Cancer
Study, established in 1991-1996. Dietary intake was assessed using a modified diet history method, and UPF con-
sumption was estimated using the NOVA classification system. A total of 88 selected CVD-related proteins were
measured among 4475 subjects. Incident CVD (coronary heart disease and ischemic stroke) was defined as a hos-
pital admission or death through registers. Cox proportional hazards regression models were performed to analyze
the associations of UPF intake with risks of CVD. Linear regression models were used to identify the plasma proteins
associated with UPF intake.

Results During 24.6 years of median follow-up, 6236 participants developed CVD, of whom 3566 developed coro-
nary heart disease and 3272 developed ischemic stroke. The adjusted hazard ratio (95% confidence interval) in the 4th
versus 1st quartile of UPF was 1.18 (1.08, 1.29) for CVD, 1.20 (1.07, 1.35) for coronary heart disease, and 1.17 (1.03, 1.32)
for ischemic stroke. Plasma proteins interleukin 18, tumor necrosis factor receptor 2, macrophage colony-stimulating
factor 1, thrombomodulin, tumor necrosis factor receptor 1, hepatocyte growth factor, stem cell factor, resistin, C-C
motif chemokine 3, and endothelial cell-specific molecule 1 were positively associated with UPF after correcting

for multiple testing.

Conclusions Our study showed that high UPF intake increased the risk of CVD and was associated with several
protein biomarkers. Future studies are warranted to validate these findings and assess the potential pathways
between UPF intake and CVD.
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Background

Cardiovascular disease (CVD), which includes coronary
heart disease (CHD) and stroke, is the leading cause of
death worldwide, including in Sweden [1]. Given the
enormous burden that CVD causes on individuals, fam-
ilies, communities, systems of care, and society at large
[2], the identification of modifiable risk factors for CVD
enables public health measures to prevent or delay cases
of CVD. According to previous studies, dietary intake is
an important risk factor for CVD (3, 4].

Ultra-processed foods (UPF) are usually defined as
ready-to-eat or heat formulations made by assembling
food substances, mostly commodity ingredients, and “cos-
metic” additives through a series of industrial processes
[5]. They are often characterized by poor nutritional value
and high energy density with low fiber and micronutrient
content, as well as high amounts of sodium, saturated and
trans fats, and simple sugars [5, 6]. In addition, UPF usu-
ally contains a great diversity of additives, many of which
have shown adverse effects on the vascular system in ani-
mals and in vitro studies [7-9]. Nevertheless, few studies
have been carried out to assess the relationship between
UPF consumption and CVD risk [10-12]. Recently, a
study reported that the share of dietary energy coming
from UPF is 41% for men and 44% for women in Sweden,
which is the highest proportion in Europe [13]. However,
no previous study has examined the association of UPF
with CVD risk in Sweden. Thus, we aim to investigate the
association between UPF consumption and CVD risk in a
large Sweden cohort.

Despite these data, the biological mechanisms under-
lying the complex associations between UPF intake and
CVD risk are not yet fully understood. Plasma proteins
are relevant targets for mechanistic study because they
regulate biological processes and are affected by environ-
mental exposures and serve many functions in behaviors
and disease [14—16]. Therefore, understanding the influ-
ence of UPF consumption on plasma proteins may help
evaluate mediators and pathways between UPF con-
sumption and CVD, leading to the identification of novel
biomarkers for risk prediction and targets for interven-
tion. We investigated the relationship between CVD-
related plasma proteins, UPF consumption, and incident
CVD.

Methods

Population

The Malmo Diet and Cancer Study (MDCS) is a large
prospective cohort study on associations between
diet and health outcomes. From 1991 to 1996, all citi-
zens aged 45-73 years at study entry were recruited in
Malmo, a city in southern Sweden. Detailed descriptions
of the cohort and representability have been published
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previously [17]. A sub-cohort, the Malmo Diet and Can-
cer-Cardiovascular cohort (MDC-CC), consisting of a
random sample of 6103 participants, were re-recruited
during 1991-1994 [18]. All participants provided writ-
ten informed consent. The study conformed to the ethi-
cal guidelines of the 1975 Declaration of Helsinki and
was approved by the Lund University Ethical Committee
(LU51/90, LU 2009/633, LU 2011/537 and LU 2012/762).

Among the 30,447 participants in the MDCS, we
excluded those with missing information on covari-
ates (n=2213) and with a history of CVD (n=2829). We
also excluded participants with implausible total energy
intake (men with<800 kcal/day or>4200 kcal/day or
women with <600 kcal/day or > 3500 kcal/day) (n=1036),
leaving 26,369 individuals. For plasma proteins, the anal-
ysis was restricted to the MDC-CC participants. The
available sample was 4475 for identifying the proteins
associated with UPF intake. A flowchart is presented in
Additional file 1: Fig. S1.

Dietary assessment and calculation of UPF intake
At baseline, dietary intake was collected using a modi-
fied diet history method consisting of (1) a 7-day food
diary for registering cooked meals and cold beverages;
(2) a 168-item food-frequency questionnaire (FFQ)
for assessment of consumption frequencies and por-
tion sizes of regularly eaten foods that were not covered
by the 7-day food diary; and (3) a 45—-60-min interview
to ask for cooking methods and usual portion sizes for
foods recorded in the food diary and to check for over-
lap between intakes reported by the food diary and the
FFQ. Each food item and ingredient in the food diary was
coded and summarized into the average amount of food
consumed (g) per day. Information from the FFQ on por-
tion sizes and frequencies was entered into the computer
and converted into grams. All food information from
the two sources was summarized into the average daily
consumption of food groups (grams per day) for each
individual. The food items were aggregated and catego-
rized into 107 food groups. Energy and nutrient intakes
were computed from the Malmo Diet and Cancer Food
and Nutrient Database originated from PC KOST2-93,
based on the Swedish National Food Agency. The validity
of the diet history method has previously been examined
with 18 days of weighted food records in a random sam-
ple of the Malmo6 population in 1984—1985. The valida-
tion study included 206 Malmo residents (101 men and
105 women) in the age range 50-69 years [19]. Energy-
adjusted correlations (men/women) were for total fat
0.64/0.69, saturated fatty acids 0.56/0.68, bread 0.50/0.58,
and cereals 0.74/0.73.

The food groups (except for alcohol beverages) were
categorized into four NOVA food groups according to
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the extent and purpose of the industrial processing they
undergo [5]: (1) unprocessed or minimally processed
foods, e.g., fresh or dried fruits, fresh juice, vegetables,
eggs, milk, and unprocessed meat; (2) processed culinary
ingredients, e.g., butter and sugar; (3) processed foods,
e.g., cheese, canned fish, high-fiber bread, and fried
potato; (4) UPF, e.g., soft drinks, sweets/candies, choco-
late, snacks, cookies, cakes, low-fiber bread, ice cream,
sausage, and bacon. In this study, we focus on the fourth
NOVA group. The example of foods in each category
were listed in Additional file 1: Table S1.

Plasma protein quantification

Blood samples were stored at—80 °C after collection at
baseline. Proteomic profiling was performed using the
Olink platform (Olink Proteomics, Uppsala, Sweden)
(https://www.olink.com/content/uploads/2015/12/0696-
v1.3-Proseek-Multiplex-CVD-I-Validation-Data_final.
pdf). A total of 92 selected CVD-related proteins were
measured using the Olink proximity extension assay
technology (CVD-I panel, Olink Proteomics, Uppsala,
Sweden). Values were expressed as normalized protein
expression values as arbitrary units on a log2 scale. For
statistical analysis, we excluded four proteins that were
available in less than 75% of the individuals in the present
study sample (BetaNGF, ENRAGE, Interleukin-4, Brain
natriuretic peptide 32). Hence, 88 proteins were available
for the analysis.

Outcome

All participants were followed up from baseline examina-
tion to the diagnosis of CVD, emigration from Sweden,
death, or December 31, 2018, whichever came first. Total
CVD were obtained through the Swedish Hospital Dis-
charge Register [20], the Swedish Cause of Death Reg-
ister, and the Stroke Register of Malmo [21]. Total CVD
was defined as a hospital admission or death using Inter-
national Classification of Diseases (ICD) codes, including
coronary heart disease (CHD) (ICD-9 codes 410A-410X
and ICD-10 code 121), death attributable to ischemic
heart disease (ICD-9 codes: 410—414; ICD-10 codes: 120-
125), and ischemic stroke (ICD-9 code 434 and ICD-10
code 163).

Assessment of covariates

Information on age and sex was collected by the Swedish
personal identification number. Smoking habits (current,
former, or never), educational level (the highest qualifi-
cation attained), and other lifestyle factors were obtained
using a structured questionnaire. The heredity score
was constructed based on the participants’ self-reported
family history of myocardial infarction and stroke
(mother, father, or sibling with disease). Participants were
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categorized as 0: no heredity or no answer in question-
naire; 1-3: heredity from father, mother, and brother/
sister, respectively, contributing with one “point” each.
Leisure-time physical activity (LTPA) was assessed using
questionnaire items adapted from the Minnesota Leisure
Time Physical Activity Questionnaire. The total LTPA
volume was expressed as the weekly metabolic equiva-
lent hours (MET-hour/week). Alcohol consumption was
divided into six categories. Zero consumers reported no
consumption of alcohol in the 7-day food diary or dur-
ing the previous year in the questionnaire. The other
individuals were divided into sex-specific quintiles based
on the reported alcohol intake from the 7-day food diary.
Anthropometric measures were objectively assessed dur-
ing physical examination by trained personnel. Body mass
index (BMI) was calculated as kg/m?. Systolic and dias-
tolic blood pressures were measured after 10 min of rest
in the supine position. Hypertension (HBP) was defined
as systolic/diastolic blood pressures>140/90 mmHg
and/or current use of antihypertensive medications. The
variable for “method” was created based on the interview
time of 60 min before August 1994 and 45 min from 1
September 1994 [22]. A categorical variable (season) was
created based on the season during which the data were
collected. A diet quality index based on the Swedish die-
tary guidelines was calculated using the following factors:
fiber (>10 g/1000 kcal), fruit and vegetables (>400 g/
day), fish (>300 g/week), added sugar (< 10% energy), and
red meat (<500 g/week). Each point was given for each
favorable diet factor, with the total score ranging from
0 to 5 [23]. Energy misreporters were defined as partici-
pants who have a ratio of energy intake to basal metabolic
rate outside the 95% confidence interval (CI) limits of the
calculated physical activity level [22]. The “substantial
change in dietary habits in the past” was derived from the
questionnaire item ‘Have you substantially changed your
eating habits because of illness or some other reasons?
and dichotomized into one variable as non-changers and
changers.

Statistical analyses

Baseline characteristics are presented as the number
(percentage) for categorical variables and the mean
(standard deviation (SD)) for continuous variables. We
used ¢ tests or y* tests to examine participant charac-
teristics according to participants’ sex-specific quartile
of UPF consumption. The associations between base-
line UPF consumption (as a continuous variable or
quarters with sex-specific cut-offs) and CVD risk were
explored using Cox proportional hazard models to cal-
culate the hazard ratios (HRs) and 95% ClIs. Covariates
were adjusted for multivariable models. In model 1, we
adjusted for age and sex; in model 2, we further included
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education, smoking status, alcohol consumption, LTPA,
method, season, HBP, heredity score, total energy intake,
and diet quality index; in model 3 (full model), we addi-
tionally adjusted for BMI. We also included restricted
cubic spline term for UPF with five knots at 10th, 25th,
50th, 75th, and 90th centiles in model 3 to explore poten-
tial nonlinear relations of UPF consumption to CVD risk.
The nonlinearity P value was estimated with a likelihood
ratio test. The SAS macro named “%RCS_REG” was used
to perform the restricted cubic spline analysis [24]. We
constructed a directed acyclic graph (DAG) to justify the
inclusion of the confounders using the program, DAGitty
[25]. Additional file 1: Fig. S2 shows the DAG was derived
from previous literature and expert knowledge.

The effect of substituting 1 standard deviation (equiv-
alent to 211 g/day) UPF with an equivalent weight of
unprocessed or minimally processed foods was esti-
mated by including both terms as continuous variables
in the same multiple regression model. The difference in
the /5 coefficients for change in UPF and change in the
unprocessed or minimally processed foods was used to
estimate the HR; the corresponding variances and covari-
ance were used to estimate 95% CI [26].

Linear regression models were used to identify the
plasma proteins associated with UPF intake, adjusted for
age and sex. We used the Bonferroni method to account
for multiple testing. P<0.05/88 for plasma proteins were
deemed as statistically significant. In prospective analy-
ses of associations of protein levels with risk of CVD, Cox
proportional hazards models were used to estimate HRs
of CVD per 1-SD higher protein markers adjusted for age
and sex.

We performed stratified analyses to assess potential
modification effects according to sex (female or male),
age (<60 or>60 years), BMI (<24.9 or>24.9 kg/m?),
smoking status (never, former, and current), diet qual-
ity index (<2 or>2), LTPA (<7.5, 7.5-15, 15-25, 25-50,
and>50 MET-hour/week), and HBP (yes or no). The
interactions between these stratified covariates and UPF
consumption were examined using the likelihood ratio
test.

We conducted the following sensitivity analyses: (1) to
consider the other NOVA groups, we examined the asso-
ciation between the percentage of UPF weight in the total
food and the risk of CVD; (2) to consider total energy
intake, we used energy-adjusted UPF (g/1000 kcal) as
an alternate unit to compare results with UPF weight;
(3) to reduce potential reverse causation, we excluded
potential energy misreporters (i.e., non-adequate report-
ers of energy), those who indicated a substantial change
in dietary habits in the past or events occurring during
the first 2 years of follow-up to reduce potential reverse
causation.
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All analyses were performed using SAS software, ver-
sion 9.4 (SAS Institute Inc., Cary, NC, USA). A two-
sided P<0.05 was set as the threshold for statistical
significance. The reporting of this paper was based on the
Strengthening the Reporting of Observational Studies in
Epidemiology-Nutritional Epidemiology (STROBE-nut)
guidelines, an Extension of the STROBE Statement [27].

Results

During 551,124 person-years of follow-up (24.6 years of
median follow-up), 6236 participants developed incident
CVD. At baseline, the median UPF intake in the total
population, in men, and in women was 348 g/day, 423 g/
day, and 308 g/day, respectively. Baseline characteristics
across quartiles of UPF consumption are given in Table 1.
Higher quartiles of UPF consumption included people
with the following characteristics: higher BMI, diastolic
blood pressure, total energy intake, higher proportion of
non-smokers, lower education level, lower alcohol intake,
and lower diet quality index.

The associations between UPF consumption and
risk of CVD were analyzed in three adjustment models
(Table 2). After adjustment for multiple potential con-
founders, participants in the highest UPF consumption
quartile had a greater risk of developing total CVD (HR:
1.18; 95% CI: 1.08-1.29), CHD (HR: 1.20; 95% CI: 1.07—
1.35), and ischemic stroke (HR: 1.17; 95% CI: 1.03-1.32)
compared to those in the lowest quartile. For each addi-
tional SD in UPF consumption (equivalent to 211 g/day),
we observed increased risks of total CVD (HR=1.07
(95% CI: 1.04-1.11); P<0.001), CHD (HR=1.07; 95%
CI: 1.03-1.11; P<0.001), and ischemic stroke (HR =1.08;
95% CI:1.04-1.13); P<0.001). The intake of UPF and risks
of total CVD, CHD, and ischemic stroke were also pre-
sented by the restricted cubic spline (Additional file 1:
Fig. S3).

In substitution analysis, replacing 1 SD UPF with an
equivalent weight of unprocessed or minimally pro-
cessed foods was associated with a 6% lower risk of CVD
(HR 0.94; 95% CI 0.91-0.97; P<0.001), a 7% lower risk
of CHD (HR 0.94; 95% CI 0.91-0.98; P<0.01), and a 6%
lower risk of ischemic stroke (HR 0.93; 95% CI 0.89-0.97;
P<0.001) (Additional file 1: Table S2).

The results were largely consistent when analyses
were stratified by sex (P interaction=0.62), age (P inter-
action=0.06), BMI (P interaction=0.86), smoking
status (P interaction=0.53), diet quality index (P inter-
action=0.24), LTPA (P interaction=0.65), and HBP (P
interaction=0.27) (Additional file 1: Fig. S4).

In the sensitivity analyses using the percentage of UPF
weight in the total food weight, the risk of CVD was simi-
lar to the main results (Additional file 1: Fig. S5). When
we used energy-adjusted UPF (g/1000 kcal), a similar
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Characteristics

All participants

Quartiles of sex-specific ultra-processed food consumption?

1st quartile (n=6526)

2nd quartile (n=6524)

3rd quartile (n=6524)

4th quartile (n=6526)

Age (years) 58+7.62 58.2+7.65
Sex (men, %) 37.7 37.7
BMI (kg/m?) 25.7+3.96 259+3.92
SBP (mmHg) 141.1£20 141.3+£204
DBP (mmHg) 85.5+£9.95 85.7+10.06
Total energy intake (kcal/day)  2252.2+604.1 1818.5+449.1
LTPA (> 25 MET-hour/week, %) 52.6 520
University degree (%) 320 36.1
Alcohol consumption (%)

Zero 6.20 6.13

Quintile 1 185 16.5

Quintile 2 18.7 16.7

Quintile 3 19.0 17.6

Quintile 4 18.8 20.1

Quintile 5 18.8 23.0
Smoking status (%)

Smoker 28.1 28.7

Ex-smoker 332 357

Non-smoker 387 357

Hypertension (%) 60.8 61.1
Heredity score (>0, %)

Myocardial infarction 373 376

Stroke 269 264

Diet quality index 1.94+1.29 246+1.31

582£767 58+7.59 576+7.57
377 377 377
255£377 256%3.92 258+4.22
1409+19.9 141+£199 141.1+£199
85.5+9.81 854+9.87 85.6+10.0
2141+4556 23914£5199 265816288
527 530 526

335 31.1 275

5.05 6.08 7.55

16.6 17.7 23.1

18.3 19.5 204

200 19.9 18.2

203 19.1 15.9

19.7 17.7 14.8

27.7 273 287

33.6 322 315

38.7 40.5 398

60.2 614 60.3

370 380 36.6

273 269 269
206+1.25 1.82+1.22 144+1.16

BMI body mass index, DBP diastolic blood pressure, LTPA leisure-time physical activity, MET metabolic equivalent, SBP systolic blood pressure

2 Continuous variables are expressed as means * standard deviations and categorical variables are expressed as percentages

association was found (Additional file 1: Table S3). There
was also no substantial change when we excluded par-
ticipants who developed CVD (1=297) during the first
2 years of follow-up (Additional file 1: Table S4), nor after
excluding misreporters or those who indicated a substan-
tial change in dietary habits in the past (Additional file 1:
Table S4).

Figure 1 and Additional file 1: Table S5 show the plasma
proteins associated with UPF intake. After correction for
multiple testing and adjustment for age and sex, among
the 88 plasma proteins, the concentration of ten proteins
was found to be significantly higher among participants
with higher consumption of UPF: interleukin 18 (IL18),
tumor necrosis factor receptor 2 (TNF-R2), macrophage
colony-stimulating factor 1 (CSF-1), thrombomodu-
lin (TM), tumor necrosis factor receptor 1 (TNF-R1),
hepatocyte growth factor (HGF), stem cell factor (SCF),
resistin, C—C motif chemokine 3 (CCL3), and endothelial
cell-specific molecule 1 (ESM-1).

Discussion

In this population-based prospective cohort study, we
found that UPF intake was positively associated with CVD
risk. In addition, UPF intake was associated with a range
of protein biomarkers, covering IL18, TNF-R2, CSF-1,
TM, TNF-R1, HGE, SCE, resistin, CCL3 and ESM-1, which
were also shown to be associated with risk of CVD.

Our findings on the relationship of UPF with CVD, CHD,
and stroke are consistent with those from the Framing-
ham Offspring [11], the French NutriNet-Santé [12], and
the UK Biobank cohort studies [10]. Of note, we addition-
ally included substitution analysis that explicitly compared
UPF with unprocessed or minimally processed foods while
accounting for total energy intake. Our substitution analysis
showed that replacing UPF with unprocessed or minimally
processed foods was associated with a lower risk of CVD.
Similar to our results, a recent cohort study showed that
substitution of 10% UPF weight in diet with an equivalent
proportion of unprocessed or minimally processed foods
was estimated to be associated with a 14% lower risk of
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Table 2 Associations between intake of ultra-processed food and cardiovascular disease (n=26,369)*
Quartiles of sex-specific ultra-processed food consumption® P trend Per SD increase® P value
1st quartile 2nd quartile 3rd quartile 4th quartile
Number 6,593 6,592 6,591 6,593
Median ultra-pro- 199.7 293.8 3979 620.5
cessed food (g/day)
CVD
Cases 1,546 1,553 1,512 1,625
Person-years 136,479 138,352 139,752 136,539
Mode1 14 1 (reference) 0.98 (0.91, 1.05) 0.95 (0.89, 1.02) 1.09 (1.02,1.17) 0.03 1.05 (1.02, 1.08) 0.0002
Mode1 2¢ 1 (reference) 1.03(0.95,1.11) 1.02(0.94,1.11) 1.20(1.10,1.32) <0.01 1.08 (1.05,1.11) <0.001
Mode1 3f 1 (reference) 1.03(0.95,1.11) 1.02 (0.94, 1.10) 1.18(1.08,1.29) <0.01 1.07 (1.04,1.11) <0.001
CHD
Cases 898 884 859 925
Person-years 141,192 142,945 144,431 141,664
Mode1 1 1 (reference) 0.96 (0.87, 1.05) 0.93(0.85,1.02) 1.06 (0.97,1.16) 032 1.04 (1.00, 1.07) 0.04
Mode1 2 1 (reference) 1.04 (0.94,1.14) 1.04 (0.93, 1.16) 1.23(1.09,1.39) <0.01 1.08 (1.04,1.12) <0.001
Mode1 3 1 (reference) 1.04(0.94,1.14) 1.03(0.92,1.15) 1.20(1.07,1.35) <0.01 1.07(1.03,1.11) <0.001
Ischemic stroke
Cases 794 823 792 863
Person-years 141,124 143,235 144,436 141,635
Mode1 1 1 (reference) 1.00 (0.91,1.11) 0.97 (0.88,1.07) 1.12(1.02,1.24) 0.04 1.06 (1.03, 1.10) <0.001
Mode1 2 1 (reference) 1.03(0.93,1.14) 1.00 (0.89, 1.12) 1.18(1.04,1.33) 0.02 1.09 (1.04,1.13) <0.001
Mode1 3 1 (reference) 1.03(0.93,1.14) 1.00 (0.89,1.12) 1.17.(1.03,1.32) 0.03 1.08 (1.04,1.13) <0.001

2 Obtained by using multivariable Cox regression model

b Hazard ratios (95% confidence interval) (all such values)
1 standard deviation (SD) equal to 211 g/day of UPF intake
9 Model 1 was adjusted for age and sex

€ Model 2 was additionally adjusted for education, smoking status, alcohol consumption, physical activity, season, method, HBP, heredity score, total energy intake,

and diet quality index

fModel 3 was adjusted for the same variables as in model 2 and further for BMI
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Fig. 1 Volcano plot of association between UPF consumption and 88 plasma proteins in full sample analysis (n=4475). Linear regressions were
adjusted for age and sex. Orange, P<0.05/88; Blue, P>0.05/88
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mortality [28]. These findings collectively highlighted that
consumption of unprocessed or minimally processed foods
could be a healthy alternative when compared with food cat-
egorized as ultra-processed using the NOVA classification.

We identified ten proteins, IL18, TNF-R2, CSF-1, TM,
TNE-R1, HGE, SCE, resistin, CCL3, and ESM-1, for which
plasma levels were found to be significantly higher among
participants with higher consumption of UPE. Some of
these proteins have been found to be associated with com-
pounds often found in foods categorized as ultra-processed.
For example, a cross-sectional study has reported a positive
association between sTNFR-2 concentration and trans-fat
[29]. During the 1990s, before the reduction of trans fat in
foods, trans fat could be found in for example biscuits and
margarine. In addition, a cross-sectional study observed
not only a positive association of resistin with saturated fat
intake, but also an inverse association with Mediterranean
diet [30]. Furthermore, experimental evidence from ani-
mal studies indicated that fructose and artificial sweeteners
intake significantly increased plasma resistin [31, 32]. Arti-
ficial sweeteners and fructose, which is part of sucrose, are
added to foods and beverages to make them sweet.

A higher intake of UPF might contribute to chronic
inflammation by altering the production of beneficial
bacterial metabolites such as short-chain fatty acids by
the intestinal microbiota [33, 34]. It can also trigger oxi-
dative stress and induce the transcription process of
inflammatory genes, through the activation of the NF-«xB
and the innate immune system [35].

Plasma IL-18, TNFR2, and resistin play a regulatory
role in inflammation [36-38], which is an underlying
mechanism of CVD. Inflammation pathways may, there-
fore, represent a promising mechanism to explain the
association between UPF consumption and CVD.

UPF are typically wrapped in plastic packages and
may therefore contain endocrine-disrupting chemicals,
such as bisphenol A, which have been associated with
an increased risk of cardiometabolic outcomes [39]. An
experiment study found that bisphenol A increased the
production of inflammatory cytokines, including IL18
and tumor necrosis factor-a [40]. Moreover, chronic
exposure to bisphenol A resulted in prominent inflam-
mation and oxidative stress responses as evidenced by
upregulation of IL-18 expression [41]. Our study showed
that IL-18 was positively associated with UPF intake and
associated with higher CVD risk.

Similar to our previous study, we found that partici-
pants with high levels of SCF have a lower risk of cardi-
ovascular events [42]. SCF is involved in vasculogenesis
and cardiac repair by stimulating the recruitment and
activation of bone marrow-derived stem cells and tis-
sue-resident progenitors [43]. An experiment study
showed that bone marrow-derived stem cells activated

Page 7 of 9

through the SCF/c-kit pathway differentiate into vas-
cular smooth muscle cells that contribute to vascular
repair [44]. Although c-kit expressing smooth muscle cell
could decrease the risk through protection of endothe-
lial function and improved plaque stability, the associa-
tions between high levels of SCF and a lower risk of CVD
events do not prove a causal relationship. Therefore, fur-
ther study needs to investigate this association.

The major strengths of this study include the long dura-
tion of follow-up, large sample size, low loss to follow-up
(<1%), and the outcomes from high-quality national and
local registers. Furthermore, this was the first proteomic
analysis implicated in CVD of UPF consumption. The
present study also has several potential limitations. First,
dietary data were collected once at baseline, and follow-
up period dietary changes were unaccounted for, which
might have attenuated the power to detect an association.
The bias of random measurement errors in estimating diet
intake likely under- or overestimates the true association.
However, a study showed the stability of dietary patterns
over time [45]. Second, although the NOVA classification
is the most widely used, misclassification bias cannot be
ruled. For example, in the NOVA classification, bread can
be classified as both processed food and UPF, depending
on the packaging. We categorized whole grain breads as
processed food and low-fiber breads as UPF. Third, the
intake data has been collected including using a food
diary which might be prone to underreporting. However,
an extensive book of photographs (48 black and white
photographs) was used to estimate the usual portion sizes
of dishes and foods in the food diary. Besides, the com-
bination of FFQ and food diary overcomes the shortcom-
ings of two methods. Fourth, the ethnic homogeneity of
the study may limit the generalizability of the findings to
other nationalities. Fifth, the lack of an external validation
cohort of the plasma proteins in relation to UPF intake is
a potential concern. Sixth, the selected proteins associated
with higher intake of UPF were only based on cross-sec-
tional analyses; it is unlikely to infer causality. Finally, as in
other observational studies, even though we have adjusted
for a wide variety of covariates that relate to CVD, residual
confounding by unidentified confounders is still possible.

Conclusion

Our study showed higher UPF intake was associated
with a higher risk of CVD, while substituting unpro-
cessed or minimally processed foods for UPF was
associated with lower risk of CVD. The plasma prot-
eomic analysis of UPF intake might provide clues to
underlying biological mechanisms. Future studies are
warranted to validate these findings and assess the
potential pathways between UPF intake and CVD.



Li et al. BMC Medicine (2023) 21:415
Abbreviations

BMI Body mass index

CCL3 C-C motif chemokine 3

@] Confidence interval

CHD Coronary heart disease

CSF-1 Colony stimulating factor 1

CVD Cardiovascular disease

DAG Directed acyclic graph

ESM-1 Endothelial cell-specific molecule 1
FFQ Food frequency questionnaire

HBP Hypertension

HR Hazard ratio

HGF Hepatocyte growth factor

ICD International Classification of Diseases
IL18 Interleukin-18

LTPA Leisure-time physical activity

MDCS The Malmo Diet and Cancer Study

MDC-CC  The Malm¢ Diet and Cancer-Cardiovascular Cohort
MET Metabolic equivalent task

SD Standard deviation

SCF Stem cell factor

TNF-R1 Tumor necrosis factor receptor 1

TNF-R2 Tumor necrosis factor receptor 2

™ Thrombomodulin

UPF Ultra-processed food

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512916-023-03111-2.

Additional file 1: Table S1. Examples of food products considered in
each food category according to the NOVA classification. Table S2. Asso-
ciations of substituting ultra-processed foods (g/day) with unprocessed or
minimally processed foods in relation to incident cardiovascular disease.
Table S3. Associations between intake of energy adjusted ultra-processed
food ((g/1000 kcal) and cardiovascular disease. Table S4. Sensitivity
analysis for associations of ultra-processed food consumption with
cardiovascular disease. Table S5. Plasma proteins associated with UPF
intake. Table S6. Association between plasma protein and CVD. Fig. S1.
Flowchart of participant selection from the Malmo Diet and Cancer Study.
Fig. S2. Directed acyclic graph (DAG) derived from previous literature and
expert knowledge. Fig. $3. Restricted cubic spline plots to assess associa-
tion between UPF consumption and CVD. Fig. S4. Association between
UPF intake and incident CVD among different subgroups. Table S1. Exam-
ples of food products considered in each food category according to the
NOVA classification. Table S2. Associations of substituting ultra-processed
foods (g/day) with unprocessed or minimally processed foods in relation
to incident cardiovascular disease. Table S3. Associations between intake
of energy adjusted ultra-processed food ((g/ 1000 kcal) and cardiovascular
disease. Table S4. Sensitivity analysis for associations of ultra-processed
food consumption with cardiovascular disease. Table S5. Plasma proteins
associated with UPF intake. Table S6. Association between plasma protein
and CVD. Fig. S1. Flowchart of participant selection from the Malmé Diet
and Cancer Study. Fig. S2. Directed acyclic graph (DAG) derived from
previous literature and expert knowledge. Fig. S3. Restricted cubic spline
plots to assess association between UPF consumption and CVD. Fig. S4.
Association between UPF intake and incident CVD among different sub-
groups. Figure S5. Associations between intake of ultra-processed food
proportion and cardiovascular disease.

Acknowledgements
The authors would like to thank all the Malmo Diet and Cancer Study partici-
pants and staff for their contribution to the study.

Authors’ contributions

Y.B. conceptualized and designed the study, and H.L. performed the data
analysis. H.L. drafted the manuscript. H.Y, Y.B, and E.S. contributed to the
analysis and interpretation of data. YW, ESS., and Y.B. contributed to the

Page 8 of 9

revision of the manuscript and approved the final draft. Y.B. obtained funding
for the study and was involved in study supervision. All authors contributed
to the intellectual content and critical revisions to the drafts of the paper and
approved the final version.

Funding

Open access funding provided by Lund University. This study was funded by
Crafoord Foundation (20220887) and Albert Phlsson Foundation; HL got sup-
port from the China Scholarship Council.

Availability of data and materials

The data that support the findings of this study are available from the Malmo
Population-Based Cohorts Joint Database but restrictions apply to the avail-
ability of these data, which were used under license for the current study,

and so are not publicly available. Data are however available from the authors
upon reasonable request and with permission of the Malmo Population-Based
Cohorts Joint Database.

Declarations

Ethics approval and consent to participate

The study was approved by the Ethical Review Board at the Faculty of Medi-
cine at Lund University, Sweden (LU 51/90) and was carried out in accordance
with the Helsinki Declaration. All participants provided written informed
consent.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'School of Medicine, Northwest University, Taibai North Road, Beilin District,
Xi'an 710069, China. >School of Public Health, Tianjin Medical University, Qixi-
angtai Road, Heping District, Tianjin 300070, China. >Nutritional Epidemiology,
Department of Clinical Sciences Malmg, Lund University, Jan Waldenstroms
Gata 35, 21428 Malmo, Sweden.

Received: 18 June 2023 Accepted: 12 October 2023
Published online: 03 November 2023

References

1. Collaborators GBDCoD. Global, regional, and national age-sex-specific
mortality for 282 causes of death in 195 countries and territories,
1980-2017: a systematic analysis for the Global Burden of Disease Study
2017. Lancet. 2018;392(10159):1736-88.

2. Schwalm JD, McKee M, Huffman MD, Yusuf S. Resource effective
strategies to prevent and treat cardiovascular disease. Circulation.
2016;133(8):742-55.

3. YuE Malik VS, Hu FB. Cardiovascular disease prevention by diet modifica-
tion: JACC Health Promotion Series. J Am Coll Cardiol. 2018;72(8):914-26.

4. Mozaffarian D. Dietary and policy priorities for cardiovascular dis-
ease, diabetes, and obesity: a comprehensive review. Circulation.
2016;133(2):187-225.

5. Monteiro CA, Cannon G, Levy RB, Moubarac JC, Louzada ML, Rauber F,
Khandpur N, Cediel G, Neri D, Martinez-Steele E, et al. Ultra-processed
foods: what they are and how to identify them. Public Health Nutr.
2019;22(5):936-41.

6. Louzada ML, Martins AP, Canella DS, Baraldi LG, Levy RB, Claro RM, Moubarac
JC, Cannon G, Monteiro CA. Impact of ultra-processed foods on micronutri-
ent content in the Brazilian diet. Rev Saude Publica. 2015;49:45.

7. Jang W, Jeoung NH, Cho KH. Modified apolipoprotein (apo) A-I by artificial
sweetener causes severe premature cellular senescence and atherosclerosis
with impairment of functional and structural properties of apoA-lin lipid-
free and lipid-bound state. Mol Cells. 2011;31(5):461-70.


https://doi.org/10.1186/s12916-023-03111-2
https://doi.org/10.1186/s12916-023-03111-2

Li et al. BMC Medicine (2023) 21:415

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Singh K, Ahluwalia P. Effect of monosodium glutamate on lipid peroxidation
and certain antioxidant enzymes in cardiac tissue of alcoholic adult male
mice. J Cardiovasc Dis Res. 2012;3(1):12-8.

Zhang Q, BaiY, Yang Z, Tian J, Meng Z. The molecular mechanisms of
sodium metabisulfite on the expression of K ATP and L-Ca2+ channels in rat
hearts. Regul Toxicol Pharmacol. 2015;72(3):440-6.

Chen X, Chu J,HuW, Sun N, He Q, Liu S, Feng Z, LiT, Han Q, Shen Y. Associa-
tions of ultra-processed food consumption with cardiovascular disease and
all-cause mortality: UK Biobank. Eur J Public Health. 2022;32(5):779-85.

. Juul F,Vaidean G, Lin Y, Deierlein AL, Parekh N. Ultra-processed foods and

incident cardiovascular disease in the Framingham Offspring Study. J Am
Coll Cardiol. 2021;77(12):1520-31.

Srour B, Fezeu LK, Kesse-Guyot E, Alles B, Mejean C, Andrianasolo RM, Cha-
zelas E, Deschasaux M, Hercberg S, Galan P, et al. Ultra-processed food intake
and risk of cardiovascular disease: prospective cohort study (NutriNet-
Sante). BMJ. 2019;365:11451.

Mertens E, Colizzi C, Penalvo JL. Ultra-processed food consumption in adults
across Europe. Eur J Nutr. 2022,61(3):1521-39.

Williams SA, Kivimaki M, Langenberg C, Hingorani AD, Casas JP, Bouchard C,
Jonasson C, Sarzynski MA, Shipley MJ, Alexander L, et al. Plasma protein pat-
terns as comprehensive indicators of health. Nat Med. 2019;25(12):1851-7.
Emilsson V, Ilkov M, Lamb JR, Finkel N, Gudmundsson EF, Pitts R, Hoo-

ver H, Gudmundsdottir V, Horman SR, Aspelund T, et al. Co-regulatory
networks of human serum proteins link genetics to disease. Science.
2018;361(6404):769-73.

Sun BB, Maranville JC, Peters JE, Stacey D, Staley JR, Blackshaw J, Burgess

S, Jiang T, Paige E, Surendran P, et al. Genomic atlas of the human plasma
proteome. Nature. 2018;558(7708):73-9.

Manjer J, Carlsson S, Elmstahl S, Gullberg B, Janzon L, Lindstrom M, Mat-
tisson I, Berglund G. The Malmo Diet and Cancer Study: representativity,
cancer incidence and mortality in participants and non-participants. Eur J
Cancer Prev. 2001;10(6):489-99.

Muhammad IF, Borne Y, Bao X, Melander O, Orho-Melander M, Nilsson PM,
Nilsson J, Engstrom G. Circulating HER2/ErbB2 levels are associated with
increased incidence of diabetes: population-based cohort study. Diabetes
Care. 2019;42(8):1582-8.

Elmstahl S, Riboli E, Lindgarde F, Gullberg B, Saracci R. The Malmo Food
Study: the relative validity of a modified diet history method and an exten-
sive food frequency questionnaire for measuring food intake. Eur J Clin Nutr.
1996;50(3):143-51.

Ludvigsson JF, Andersson E, Ekbom A, Feychting M, Kim JL, Reuterwall C,
Heurgren M, Olausson PO. External review and validation of the Swedish
national inpatient register. BMC Public Health. 2011;11:450.

Jerntorp P, Berglund G. Stroke registry in Malmo. Sweden Stroke.
1992;23(3):357-61.

Wirfalt E, Mattisson |, Johansson U, Gullberg B, Wallstrom P, Berglund G. A
methodological report from the Malmo Diet and Cancer study: develop-
ment and evaluation of altered routines in dietary data processing. Nutr J.
2002;1:3.

Gonzalez-Padilla E, Tao Z, Sanchez-Villegas A, Alvarez-Perez J, Borne Y, Son-
estedt E. Association between adherence to Swedish dietary guidelines and
Mediterranean diet and risk of stroke in a Swedish population. Nutrients.
2022;14(6):1253.

Desquilbet L, Mariotti F. Dose-response analyses using restricted cubic
spline functions in public health research. Stat Med. 2010,29(9):1037-57.
Shrier |, Platt RW. Reducing bias through directed acyclic graphs. BMC Med
Res Methodol. 2008;8:70.

Song M, Giovannucci E. Substitution analysis in nutritional epidemiology:
proceed with caution. Eur J Epidemiol. 2018;33(2):137-40.

Lachat C, Hawwash D, Ocke MC, Berg C, Forsum E, Hornell A, Larsson C, Son-
estedt E, Wirfalt E, Akesson A, et al. Strengthening the Reporting of Observa-
tional Studies in Epidemiology-Nutritional Epidemiology (STROBE-nut): an
extension of the STROBE statement. PLoS Med. 2016;13(6):e1002036.
Romero Ferreiro C, Martin-Arriscado Arroba C, CancelasNavia P, Lora Pablos
D, de la Camara AG. Ultra-processed food intake and all-cause mortality:
DRECE cohort study. Public Health Nutr. 2021;25(7):1-10.

Lopez-Garcia E, Schulze MB, Meigs JB, Manson JE, Rifai N, Stampfer

MJ, Willett WC, Hu FB. Consumption of trans fatty acids is related to

plasma biomarkers of inflammation and endothelial dysfunction. J Nutr.
2005;135(3):562-6.

Page 9 of 9

30. de Cabrera Leon A, Almeida Gonzalez D, Gonzalez Hernandez A,
Dominguez Coello S, Marrugat J. Juan Aleman Sanchez J, Brito Diaz B,
Marcelino Rodriguez I, Perez Mdel C: Relationships between serum resistin
and fat intake, serum lipid concentrations and adiposity in the general
population. J Atheroscler Thromb. 2014;21(5):454-62.

31. Martinez-Carrillo BE, Rosales-Gomez CA, Ramirez-Duran N, Resendiz-Albor
AA, Escoto-Herrera JA, Mondragon-Velasquez T, Valdes-Ramos R, Castillo-
Cardiel A. Effect of chronic consumption of sweeteners on microbiota
and immunity in the small intestine of young mice. Int J Food Sci.
2019;2019:9619020.

32. Rodrigues DF, Henriques MC, Oliveira MC, Menezes-Garcia Z, Marques PE,
Souza Dda G, Menezes GB, Teixeira MM, Ferreira AV. Acute intake of a high-
fructose diet alters the balance of adipokine concentrations and induces
neutrophil influx in the liver. J Nutr Biochem. 2014;25(4):388-94.

33. Garcia-Montero C, Fraile-Martinez O, Gomez-Lahoz AM, Pekarek L, Castel-
lanos AJ, Noguerales-Fraguas F, Coca S, Guijarro LG, Garcia-Honduvilla N,
Asunsolo A, et al. Nutritional components in Western diet versus Mediter-
ranean diet at the gut microbiota-immune system interplay Implications for
Health and Disease. Nutrients. 2021;13(2):699.

34. Zhu C, Sawrey-Kubicek L, Beals E, Rhodes CH, Houts HE, Sacchi R, Zivkovic
AM. Human gut microbiome composition and tryptophan metabolites
were changed differently by fast food and Mediterranean diet in 4 days: a
pilot study. Nutr Res. 2020;77:62-72.

35. Calder PC, Albers R, Antoine JM, Blum S, Bourdet-Sicard R, Ferns GA, Folkerts
G, Friedmann PS, Frost GS, Guarner F, et al. Inflammatory disease processes
and interactions with nutrition. Br J Nutr. 2009;101(Suppl 1):51-45.

36. Badimon L. Interleukin-18: a potent pro-inflammatory cytokine in athero-
sclerosis. Cardiovascul Res. 2012,96(2):172-5. discussion 176-18.

37. Mizoguchi E, Mizoguchi A, Takedatsu H, Cario E, de Jong YR, Ooi CJ, Xavier RJ,
Terhorst C, Podolsky DK, Bhan AK. Role of tumor necrosis factor receptor 2
(TNFR2) in colonic epithelial hyperplasia and chronic intestinal inflamma-
tion in mice. Gastroenterology. 2002;122(1):134-44.

38. Taouis M, Benomar . Is resistin the master link between inflamma-
tion and inflammation-related chronic diseases? Mol Cell Endocrinol.
2021,533:111341.

39. Ranciere F, Lyons JG, Loh VH, Botton J, Galloway T, Wang T, Shaw JE, Magli-
ano DJ. Bisphenol A and the risk of cardiometabolic disorders: a systematic
review with meta-analysis of the epidemiological evidence. Environ Health.
2015;14:46.

40. Feng D, Zhang H, Jiang X, Zou J, Li Q Mai H, Su D, Ling W, Feng X. Bisphenol
A exposure induces gut microbiota dysbiosis and consequent activation
of gut-liver axis leading to hepatic steatosis in CD-1 mice. Environ Pollut.
2020;265(Pt A):114880.

41. Abedelhaffez AS, EI-Aziz EAA, Aziz MAA, Ahmed AM. Lung injury induced by
Bisphenol A: a food contaminant, is ameliorated by selenium supplementa-
tion. Pathophysiology. 2017,24(2):81-9.

42. Bjorkbacka H, Yao Mattisson |, Wigren M, Melander O, Fredrikson GN, Bengts-
son E, Goncalves |, Almgren P, Lagerstedt JO, Orho-Melander M, et al. Plasma
stem cell factor levels are associated with risk of cardiovascular disease and
death. J Intern Med. 2017;282(6):508-21.

43. Lennartsson J, Ronnstrand L. Stem cell factor receptor/c-Kit: from basic sci-
ence to clinical implications. Physiol Rev. 2012,92(4):1619-49.

44. Wang CH, Anderson N, Li SH, Szmitko PE, Cherng WJ, Fedak PW, Fazel S, Li
RK, Yau TM, Weisel RD, et al. Stem cell factor deficiency is vasculoprotec-
tive: unraveling a new therapeutic potential of imatinib mesylate. Circ Res.
2006;99(6):617-25.

45. EdefontiV, De Vito R, Salvatori A, Bravi F, Patel L, Dalmartello M, Ferraroni M.
Reproducibility of a posteriori dietary patterns across time and studies: a
scoping review. Adv Nutr. 2020;11(5):1255-81.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Associations of ultra-processed food consumption, circulating protein biomarkers, and risk of cardiovascular disease
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Population
	Dietary assessment and calculation of UPF intake
	Plasma protein quantification
	Outcome
	Assessment of covariates
	Statistical analyses

	Results
	Discussion
	Conclusion
	Anchor 18
	Acknowledgements
	References


