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Editorial on the Research Topic
Dietary intake, eating behavior and health outcomes

Dietary intake and eating behaviors are important determinants of non-communicable
diseases (NCDs) and have been widely investigated (1). The association between dietary
intakes (e.g., fruits, vegetables, processed meat, and trans-fat) and NCDs (e.g., obesity,
cardiovascular diseases (CVD), diabetes, and cancer) have been described. The associations
varied by socioeconomic and the burden differed by demographic conditions (2, 3).
Nevertheless, due to the complexity of measuring exposures related to dietary intake,
the evidence base is mainly observational and lacking experimental designs. Additionally,
there is scant evidence on the effectiveness of health promotion strategies focusing dietary
consumption and behavior, on health outcomes.

Bring in mind the complexity of studying dietary intake and its effects in health, the
Frontiers in Nutrition dedicated a specific topic to Dietary intake, eating behavior and health
outcomes. A total of 105 studies were submitted with 35 being selected for publication
after peer-review.

In this editorial, we focus on those 35 studies addressing dietary and nutrition intake
[e.g., fatty acids (Fan et al; Tan and Shin), pro-inflammatory diet (Ruan et al; Schiitte et
al; Wang Q. et al; Yan et al; Zhao et al.), fruit and vegetables (Jin et al; Wang R. et al.),
meat (Chen et al.; Wu et al.), and others (AL-Mohaithef; Buso et al; Jiang et al.; Li et al.; Lei
et al; Liu et al; Sousa et al;; Yu et al.)], dietary patterns and behaviors (Bai et al.; Cui et al;
D’Esposito et al.; Di Maso et al.; Kim and Kim; Nguyen et al.; Palomar-Croset al.; Park; Zhang
et al.) and dietary diversity (Hu et al.; Kim and Kim; Qu et al; Zhou et al.). Also, two studies
focused on socioeconomic disadvantage (Isaura et al.) and on the neighborhood effects on
eating behaviors among elders (Liu and Yu).

In the study of Qu et al. the dietary diversity score was associated with a reduction in
the risk of mortality. Hu et al. in their study with preschool children from poor ethnic
minority areas found significant associations between dietary diversity, nutrient adequacy,
and anthropometric status. Also Isaura et al. comprehensively discussed how childhood and
early socioeconomic disadvantage is related to adult food security status and poor health in
children. Focusing on older adults from China, the investigation of Liu and Yu about the
effects of neighborhood diet quality on the eating behaviors of older adults living in the same
community is sound. The neighborhood effects were manifested in increased consumption
of vegetables and fruits, meat, eggs, and dairy products.

The studies from this Research Topic addressed several health outcomes, namely
diabetes (Yu et al.; Zhao et al.), cancer (Fan et al.; Jiang et al.; Jin et al.; Li et al.; Palomar-Cros
et al; Parks Wang R. et al; Wu et al.), obesity and weight status (AL-Mohaithef; Buso et al;
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Hu et al.; Kim and Kim; Lei et al.; Zhou et al.), CVD (Wang Q. et
al; Xie et al; Zhang et al.), among others (Cui et al;; D’Esposito et
al.; Di Maso et al.; Liu et al.; Ruan et al.; Schiitte et al.; Tan and Shin;
Yan et al.), including psychological issues (Berbegal et al;; Nguyen
et al.; Sousa et al.).

In the Yu et al’s study, intakes of branched-chain amino acids
was associated with higher risk of type 2 diabetes, while Zhao et
al.,, presented positive association between dietary acid load during
early pregnancy and the risk of gestational diabetes mellitus.

In an updated systematic review and meta-analysis, Wang R.
et al. found positive associations between dietary acid load and
cancer risk and prognosis. Fan et al. found significant differences
between dietary fatty acids intake in patients with oral cancer and
controls. A positive association between the saturated fatty acids
pattern and risk of oral cancer was observed, even after adjusting
for potential confounders. Also beholding fatty acid intake, Tan and
Shin discussed the preventative benefit of consuming oily fish and
its fatty acid intake on non-alcoholic fatty liver disease, notably in
South Korean women. In a large U.S. prospective cohort, Jiang et al.
indicated that a moderate consumption of carrots was associated
with a lower colorectal cancer incidence. In their Mendelian
randomization study, Li et al., described direct associations between
coffee and caffeine consumption and renal cell carcinoma, although
suggesting the need to conduct further studies on the matter.
Intake of dried fruit was considered protective on some site-
specific cancers in the study of Jin et al.. The authors emphasized
health education and an adjustment of dietary proportion for
primary prevention of cancer. Regarding vegetable consumption,
Park found inverse associations between their consumption and
colon cancer. In the same study, the author reported positive
associations between red meat and colon cancer and mortality. Also
Wu et al. suggested that intake of processed meat was associated
with an increased risk of lung cancer. In their study, Palomar-Cros
et al. found significant associations between breakfast time and
breast cancer.

Concerning weight status, Buso et al. suggested positive
associations between consumption of both sugar-sweetened
beverages and low/no-calorie beverages and weight-related
outcomes. Dietary diversity was associated with body mass index
in youth in the study of Zhou et al,, while in the study of ITu et al. in
preschool children, dietary diversity was associated with nutrient
adequacy and other health outcomes. In addition, Kim and Kim
suggested that psychosocial stress contributed to abdominal obesity
by interacting with a low dietary variety score. Low carbohydrate
diets and low fat diets had significant effects on metabolic risk
factors and weight loss in the study of Lei et al. in adults with
overweight and obesity, although the long-term effects of various
sources of carbohydrates or fat in both diets need to be further
studied. AL-Mohaithef addressed that vegan and vegetarian diets
have increased in Saudi adults and those with a vegetarian diet
showed a better lifestyle (e.g., higher physical activity level, higher
consumption of fruits, vegetables, dairy products), low intake of
fast-foods and fizzy beverages and was significantly associated with
body mass index.

Concerning CVD, Zhang et al. reported prospective inverse
associations between adherence to the 2015-2020 Dietary
Guidelines for Americans and CVD risk. Also, Wang Q. et
al, found inverse associations between urinary thiocyanate,
a candidate biomarker of cruciferous vegetable intake, and
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CVD and total mortality among non-smoking adults. When
studying people with diabetes, Xic et al. found that higher eating
frequency was independently related to lower all-cause and
CVDs-related mortality.

Anxiety was addressed in the study of Sousa et al. suggesting
that the consumption of fermented dairy products had a positive
effect on reducing anxiety in young university students. Also,
Nguyen et al. found that during the pandemic, fear of COVID-19
and cigarette smoking had adverse impacts on medical students’
psychological health. The results suggested that staying physically
active and having healthy eating behaviors could potentially protect
medical students from anxiety and depressive symptoms. Finally,
Berbegal et al. provided further insights about the importance of
adiposity in health and memory function, reporting that some
measures of adiposity (e.g., weight, BMI, waist-hip ratio index)
were inversely associated with memory function.

In their study, Schiitte et al. found inverse associations between
a pro-inflammatory dietary pattern and atopic outcome in children.
In the same study, it was emphasized that this pattern reduced the
buffering capacity of the individual against harmful environmental
exposures or triggers. Also, D'Esposito et al. showed that age, body
mass index, and lifestyles were associated with specific cytokines,
potential markers for low-grade chronic inflammation.

In their study, Yan et al. confirmed the hypothesis that
proinflammatory diets contribute to increase all-cause mortality
in adults with chronic kidney disease. Concerning breastfeeding
mothers, Di Maso et al.,, on behalf of MEDIDIET Working Group
Members, found that a high adherence to the Mediterranean diet
was associated with human milk composition, namely the milk’s
content of specific fatty acids.

In their study, Liu et al. confirmed a dose-response association
between higher alcohol consumption and inflammatory bowel
disease risk. Concerning other health outcomes, Chen et al.
established associations between red meat, remarkably beef intake,
and risk of rheumatoid arthritis. Ruan et al. when studying
the dietary inflammatory potential, as estimated by the dietary
inflammation index score, found that it is positively associated
with erectile dysfunction among US males. Bai et al. focusing on
some lifestyles determinants such as cigarette smoking, alcohol
abuse, and decaffeinated coffee are associated with gallstone disease,
whereas tea consumption can decrease the risk of gallstones
due to the effect of caffeine metabolism on polyphenol intake.
Interestingly, Cui et al. identified three dietary patterns in their

study (i.e., “high protein pattern,” “snack food pattern,” and
“vegetarian food pattern”), all of them showing a high linear

association with high-altitude polycythemia.
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(SIKT), University of Leipzig, Leipzig, Germany, " Institute for Agricultural and Nutritional Science, Martin Luther University
Halle-Wittenberg, Halle, Germany

Background: Lifestyle and environmental factors are known to contribute to allergic
disease development, especially very early in life. However, the link between diet
composition and allergic outcomes remains unclear.

Methods: In the present population-based cohort study we evaluated the dietary
intake of 10-year-old children and analyses were performed with particular focus
on atopic dermatitis or food allergy, allergic diseases known to be affected
by dietary allergens. Dietary intake was assessed via semi-quantitative food
frequency questionnaires. Based on these data, individual nutrient intake as well as
children’s Dietary Inflammatory Index (C-DII™) scores were calculated. Information
about atopic manifestations during the first 10 years of life and confounding
factors were obtained from standardized questionnaires during pregnancy and
annually thereafter.

Results: Analyses from confounder-adjusted logistic regression models (n = 211)
revealed that having atopic outcomes was associated with having a pro-inflammatory
pattern at the age of 10 years: OR = 2.22 (95% CI: 1.14-4.31) for children with atopic
dermatitis and OR = 3.82 (95% CI: 1.47-9.93) for children with food allergy in the first
10 years of life.
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Conclusion: A pro-inflammatory dietary pattern might worsen the atopic outcome and
reduce the buffering capacity of the individual against harmful environmental exposures
or triggers. For pediatricians it is recommended to test for the individual tolerance of
allergenic foods and to increase the nutrient density of tolerable food items to avoid
undesirable effects of eating a pro-inflammatory diet.

Keywords: atopic dermatitis (AD), food allergy (FA), food frequency questionnaires (FFQ), nutrients, food group
consumption, C-DII, 10-year-old children

Atopic dermatitis /
Food allergy

10 year lifetime prevalence

GRAPHICAL ABSTRACT | Aim and design of the analysed project within the prospective LINA cohort.

Dy

Dietary intake

—

macronutrients, vitamins, minerals,
children’s dietary inflammatory
index (C-DIl), food groups

year 10

INTRODUCTION

In Western countries the increasing prevalence of atopic diseases
has become a major problem in human health. Because allergy
onset and atopic march begin in infancy (1), early prevention
is advisable. Worldwide, approximately 15%-30% of children
live with dermatitis (2, 3) and 4-10% of children suffer from
food allergy (4-6). Both atopic dermatitis and food allergy have
the earliest onset within the atopic march, resulting in highest
prevalence in children before school age (7). Many risk factors
for the development of atopic diseases — acting independently
or in multifactorial combination — have been identified (8, 9).
These include genetic background, individual immune response,
barrier dysfunctions, microbiome alterations, as well as lifestyle
behaviors (10, 11) and environmental conditions (12).

Diet represents a source of components that could affect
atopy in a number of ways. First, diet is a potential source
of allergens. Diet also could provide substrate for components
that interfere with the pathology of atopy. Finally, it is well-
known that diet can modulate inflammatory and related immune
responses that can ameliorate or exacerbate allergic or atopic
reactions. However, the link between diet composition and the
pathogenesis of allergies is complex and not well understood.
Though the important role of breastfeeding and timing/manner

Abbreviations: AD atopic dermatitis, C-DII children’s Dietary Inflammatory
Index, FA food allergy, fx5 specific IgE for food allergen (mix), IL interleukin, sx1
specific IgE for respiratory allergen (mix), OR odds ratio.

of introducing solid food is well understood, there are few
dietary factors consumed in early life that are described to alter
the risk for allergic diseases [e.g., vitamin D, pro/prebiotics or
omega(w)-3 long-chain polyunsaturated fatty acids (13, 14)].
A position paper of the European Association of Asthma, Allergy
and Clinical Immunology (EAACI) outlined that it is of high
importance to understand how diet diversity modulates allergic
outcomes (15). The task force also recommends to use indices
in the future to better describe the allergic potential of foods
or food patterns within the context of diet diversity. There are
several dietary indices available that have been analyzed with
respect to nutritional quality, adherence to dietary guidelines
or recommendations as well as in association with specific
outcomes, such as cardiovascular disease risk (16, 17). Because
allergies are characterized by inflammatory processes (18, 19),
it would be appropriate to apply an index representing the
inflammatory potential of the individual diet in this context
(20, 21).

In addition to the role of specific dietary factors contributing
to the pathogenesis of allergic and atopic conditions, it also
is important to consider that individuals suffering from food
allergen-triggered symptoms develop a specific dietary pattern
due to their mandatory avoidance of causative allergens (7,
22-25). Such dietary restrictions are, themselves, known to
be associated with adverse health issues (22). Knowing the
dietary intake of individuals affected by allergies, in particular
of children, might offer possibilities to improve their immune
response, reduce symptom severity or relapse frequency which
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is even more important in growing individuals. Therefore,
the aim of the present study was to evaluate the nutritional
pattern in a cohort of 10-year-old children with respect to their
development of allergic diseases known to be directly affected
by dietary allergens such as atopic dermatitis or food allergy.
Because of the role of inflammation in these conditions, the
children’s Dietary Inflammatory Index (C-DII) was used to
describe dietary exposure.

MATERIALS AND METHODS

Study Design

Within the population-based, prospective birth cohort study
LiNA (Lifestyle and environmental factors and their Influence
on Newborn’s Allergy risk) 629 mother-child-pairs (622 mothers
and 629 children; 7 twins) were recruited during regular
appointments with their midwife during May 2006 and
December 2008 in Leipzig, Germany. The aim of the study is to
investigate how lifestyle and environmental factors in the pre and
postnatal period influence the immune system of the newborn
and the child later in life with consequences for future allergy risk.
Mothers suffering from chronic immune or infectious diseases
during pregnancy were excluded from the study, as well as
mothers with non-German ancestry/non-Caucasian ethnicity.
Further, only term (> 37th week of pregnancy, > 2,500 g birth
weight) and healthy newborns (without postnatal infections that
needed medical treatment) were included. General characteristics
(such as sex of the child, mothers age at birth, birth mode,
breastfeeding duration, presence of older siblings, parental
school education, environmental tobacco smoke (ETS) exposure,
pet keeping, family history of atopy, etc.) or outcome data
were assessed during pregnancy and annually thereafter using
questionnaires and in-person examinations. All questionnaires
were self-administered by the parents (together with the children
when they were old enough). Study participation was voluntary
and written informed consent was obtained of all participants.
The LiNA study was approved by the Institutional Review
Board of the University of Leipzig and the Saxonian Board of
Physicians (046-2006, 160-2008, 160b/2008, 144-10-31052010,
113-11-18042011, 206-12-02072012, 169/13-ff, 150/14-ff, EK-
allg-28/14-1, 008/17-¢k).

Dietary Assessment

Dietary intake was assessed at the age of 10 years using a
semi-quantitative food frequency questionnaire (FFQ) asking
for children’s intake of foods in the past 12 months. The FFQ
contained 106 food items from 14 different food/beverage groups
(bread and rolls, spreads, cheese and cold sausage, cereals and
cornflakes, milk (-products) and eggs, basic carbohydrates, meat,
fish, vegetables, fruits, cake and desserts, (salty) sweets and nuts,
fats and oils and beverages) with nine non-overlapping frequency
categories (never to >4 times/d) as well as five relative portion
size options (1/4, 1/2, 1, 2, 3) referring to an exemplified or
pictured standard portion size (i.e., Equal to 1). Relevant data
on the fat content and type of preparation were recorded (e.g.,
fat content of milk products/raw or cooked vegetables etc.). The

data based on FFQ where then analyzed using DGExpert (version
1.9, based on codes by the German Food Code and Nutrient
Database — BLS 3.02) which outlined the individual intake of
158 macro- and micronutrients for every child. A comparison
to applicable reference values (D (Germany) -A (Austria) -CH
(Switzerland) reference) is provided by DGExpert considering
the children’s personal data [age, sex, weight, height and Physical
Activity Level (PAL)] to calculate individual energy- and nutrient
requirements. Average PAL was considered to be 1.6 according
to the German Society of Nutrition (DGE) and was further
adopted according to children’s activity on their way to school
(how children went to school (walk/bike/car) and how long this
took). In addition to the nutrient calculation, the consumption
of specific food groups was analyzed according to the optimized
mixed diet (OptimiX) recommendation (beverages [mL/d], bread
and cereals [g/d], pasta, rice and potatoes [g/d], vegetables [g/d],
fruits [g/d], milk and dairy products [g/d], meat and sausages
[g/d], eggs [pieces/week], fish [g/week], fats [g/d] or tolerated
food group [portions/d, sweets, snacks, soft drinks] (26).

Children’s Dietary Inflammatory Index

Using data from the FFQ the inflammatory potential of the
participant’s diet was evaluated by calculating the children’s
Dietary Inflammatory Index (C-DII) for each child. The detailed
C-DII methodology has been established and described earlier
(27). Briefly, the Dietary Inflammatory Index (DII) classifies
human dietary patterns on a continuous scale from anti-
inflammatory (values <0) to pro-inflammatory (values >0) based
on a broad literature database with respect to 45 foods or
nutrients that were described to be associated with inflammatory
markers such as interleukin (IL)-1b, IL-4, IL-6, IL-10, tumor
necrosis factor (TNF)-a and C-reactive protein (CRP) (28). The
DII was further adapted for children (C-DII) using 25 nutrients
or food parameters (27). All parameters except selenium (missing
software database information) were included for the LiNA
C-DIL; Anti-inflammatory parameters included: vitamin A,
thiamine (vitamin B1), riboflavin (vitamin B2), niacin (vitamin
B3), vitamin B6, folic acid (vitamin B9), vitamin D, vitamin
C, vitamin E, beta carotene, fiber, mono-unsaturated fatty acid
(MUFA), poly-unsaturated fatty acid (PUFA), magnesium (Mg)
and zinc (Zn); Pro-inflammatory parameters included: vitamin
B12, energy, carbohydrates, total fat, saturated fat, cholesterol,
protein, alcohol and iron (Fe). Next to data on the inflammatory
potential of the diet, dietary intakes from a wide range of diverse
populations from different countries representing six continents
were used to construct a consumption database that was referred
to as Z-Scores (27).

Atopic Outcomes

Atopic dermatitis and food allergy were used as atopic outcomes
in the present analyses. Atopic dermatitis was recorded annually
via parental report of a doctor-diagnosed atopic dermatitis or as
the diagnosis of the study physician at the annual LiNA medical
examination. For food allergy the annual parental report of a
doctor-diagnosed food allergy was used. Outcome prevalence
was defined as at least one positive indication within the first
10 years of life.
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IgE Measurements

Total immunoglobulin E (IgE), as well as IgE specific for food
allergens (fx5) or inhalative allergens (sx1) were determined
at children’s age of 10 years by Phadia ImmunoCAP system
(Thermo Fisher Scientific, Freiburg, Germany) from serum
samples. Total IgE concentration >34.6 kU/l was classified as
“increased,” as well as specific IgE (sx1 or fx5) >0.35 U/l (29).
Values below the detection limit were included in the analyses
using half of the defined detection limit.

Statistical Analyses

After testing for normal distribution with Shapiro-Wilk test,
descriptive analyses were performed using non-parametric tests
for parameters found not to be distributed normally. Data
are presented as medians with 25-75th percentile (1st to 3rd
quartile) or as frequencies (%). x>-tests were used to compare
characteristics in the analyzed sub-cohort at age 10 years with the
total cohort recruited during pregnancy (sex of the child, mothers
age at birth, birth mode, breastfeeding duration, presence of older
siblings, parental school education (highest level), environmental
tobacco smoke (ETS) exposure during pregnancy, pet keeping
during pregnancy, family history of atopy and body mass index).
Further, these characteristics were compared within the cohort
for analysis with respect to children’s anti-/pro-inflammatory
C-DII. Characteristics known to be associated with atopic
outcomes that were also associated with the C-DII were included
as confounders in the regression models.

The relationship between atopic outcomes and nutrients/C-
DIl/food groups as well as the association between C-DII and
food groups was addressed using the Mann-Whitney U-test.
To adjust for confounders, multiple logistic regression models
were used to calculate the risk of having a pro-inflammatory
C-DII at the age of 10 years (dependent variable) with respect
of the atopic outcome development within the first 10 years
of life (independent variable) while adjusting for potential
confounding factors (sex of the child, breastfeeding duration,
parental school education, pet keeping during pregnancy and
body mass index age 10). Data are presented as odds ratios with
95% confidence interval. All p-values <0.05 were considered to be
significant. Statistical analyses were performed with STATISTICA
for Windows, Version 13 (Statsoft Inc.), R (version 3.6.1; R
development Core Team) or GraphPad Prism (Version 8.1.2.).

RESULTS

Characteristics of the Analyzed LiNA

Sub-Cohort

From the total cohort (n = 629), 268 participated in the 10-
year campaign and 211 of whom were available with complete
FFQ as well as confounding data (Supplementary Figure 1).
Drop outs resulted from loss to follow-up over 10 years
(average annual drop out 8.95%). Reasons for drop out - if
available — were for example family moving or less available time
when kids entered school. General characteristics (sex of the
child, mothers age at birth, birth mode, breastfeeding duration,

presence of older siblings, parental school education (highest
level), environmental tobacco smoke (ETS) exposure during
pregnancy, pet keeping during pregnancy, family history of atopy
and body mass index) of the analyzed sub-cohort compared to the
total LiNA cohort are presented in Table 1 with no differences
seen between the two groups.

Atopic Outcomes

Within the analyzed sub-cohort prevalence of atopic dermatitis
and food allergy during the first 10 years of life was 37.4
and 11.8%, respectively (Supplementary Table 1). From the 79
children diagnosed with atopic dermatitis, 76.2% had increased
total IgE levels measured at the age of 10 years compared to the
allergy-diagnostic reference value of 34.6 kU/I for 10-year-old
children. Further, 25.4% of these children had increased food-
allergen-specific fx5 levels as well as 61.2% increased airway-
allergen-specific sx1 levels. In addition, from the 25 children
with food allergy 90.5% had increased total IgE levels, 33.3%
increased fx5 levels as well as 71.4% increased sx1 levels at the
age of 10 years. For 16 children both atopic dermatitis and food
allergy was reported.

General Dietary Intake

Because it was the first time that nutrients were assessed via FFQ
and DGExpert in the LiNA cohort, a comparison of the final
LiNA nutrient data set was performed with data from a study
with similar design/geographical region as were available from
EsKiMo, a nutritional module from the Robert Koch institute’s
KiGGs study (30). All analyzed macronutrients (% of total energy
intake for fat, carbohydrates and proteins, absolute amounts of
fatty acids, cholesterol, sugar and fibers) or absolute amounts of
consumed minerals or vitamins were in a very similar range and
thus comparable between LiNA and EsKiMo (31) for 10-year-old
boys and girls (Supplementary Table 2; overall median difference
between LiNA and EsKiMo was 8%).

For the following investigations, a representative subset of
35 nutrients (macronutrients, minerals, and fat/water soluble
vitamins) was analyzed. In general, the overall intake of
macro- and micronutrients of the LiNA participants was
displayed as % of total energy intake (carbohydrates, fat,
and proteins) or as absolute values; both compared to the
D-A-CH-reference values which is shown in Supplementary
Figure 2 for all children and in Supplementary Figure 3
for boys/girls separately. For macronutrients in all children,
data exceeded the recommendation for total fat intake (30%
of energy) and total protein intake (0.9 g/kg body weight;
in LINA adequate to an overall 6.6% of the total energy
intake) as pictured in Supplementary Figure 2A, with the
girls being significantly lower in protein intake than the
boys (Supplementary Figure 3A). Children’s minerals intake
exceeded the D-A-CH reference for sodium (Na), chloride (Cl),
magnesium (Mg), zinc (Zn), copper (Cu), and manganese (Mn),
while calcium (Ca), phosphorus (P), iron (Fe) and iodine (I)
and fluoride (F), in particular, were below D-A-CH reference
values (Supplementary Figure 2B). According to sex differences,
girls had a significant lower Na, Cl, K, Ca, P, Mg, Fe, I,
E and Cu intake than the boys (Supplementary Figure 3B).
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TABLE 1 | Study characteristics.

Analyzed Entire LiNA p-value
sub-cohort cohort x2 test
Age 10 Pregnancy
N=2112n (%) N =629?n (%)
Sex of child 0.80
Male 107 (50.7) 330 (52.5)
Female 104 (49.3) 299 (47.5)
Mothers age at birth 0.74
<25 years 16 (7.58) 66 (10.5)
>25- 30 years 72 (34.1) 239 (38.0)
>30 - 35 years 77 (36.5) 214 (34.0)
>35 46 (21.8) 110 (17.5)
Birth mode 0.72
Spontaneous 152 (72.0) 471 (74.9)
Cesarean section 56 (26.5) 132 (21.0)
Others 2 (1.00) 7(1.10
Breastfeeding duration 0.56
No 11 (5.20) 26 (4.10)
3 months 27 (12.8) 112 (17.8)
6 months 60 (28.4) 190 (30.2)
12 months 107 (50.7) 254 (40.4)
Presence of older siblings 0.79
Yes 74 (35.1) 208 (33.1)
No 136 (64.5) 414 (65.8)
Parental school education® 0.64
Low 2 (1.00) 16 (2.50)
Medium 43 (20.4) 142 (22.6)
High 165 (78.2) 464 (73.8)
ETS® exposure pregnancy 0.34
No 168 (81.6) 464 (76.1)
Yes 38 (18.4) 146 (23.9)
Pet keeping pregnancy 0.62
No 128 (61.2) 358 (57.8)
Yes 81(38.8) 261 (42.2)
Family history of atopy 0.97
None 69 (32.7) 212 (33.7)
One 103 (48.8) 296 (47.1)
Both 39 (18.5) 121 (19.2)
Body mass index age 109
Underweight 25 (12.0) -
Normal weight 166 (79.4) -
Overweight/obese 18 (8.6) -

an may differ from 211/629 due to missing data.

bl ow = 8 years school education; medium = 10 years school education; high = at
least 12 years school education.

CEnvironmental tobacco smoke.

9Underweight (body mass index equivalent to <185 kg/m? at 18 years),
normal weight (body mass index equivalent to 18,56 —<25 kg/m2 at 18 years),
overweight/obese (body mass index equivalent to >25 kg/m? at 18 years).
General characteristics of the analyzed sub-cohort compared to the
total LiNA cohort.

Potassium (K) intake was according to the recommendations.
With respect to fat-soluble vitamins shown in Supplementary
Figure 2C for the total sub-cohort, children were above (for
vitamin A and K) and below (for vitamin E and in particular

for vitamin D) the recommendation, with no differences between
girls/boys (Supplementary Figure 3C). Water soluble vitamins
(Supplementary Figure 2D) were all clearly on or above
the recommended intake (for vitamin C, Bl (thiamine), B2
(riboflavin), B3 (niacin), B6, B7 (biotin), B9 (folate) and B12),
with girls being significant lower in B5 (pantothenic acid), B7 and
B12 intake than the boys (Supplementary Figure 3D). According
to our data only vitamin B5 was consumed in amounts below
the current recommendations (Supplementary Figure 2D), in
particular by girls (Supplementary Figure 3D).

Dietary Intake With Respect to Atopic

Diseases

The dietary intake assessed at the age of 10 years was analyzed
with respect to children’s development of atopic dermatitis or
food allergy within the first 10 years of life (Table 2). Children
with atopic dermatitis/food allergy consumed significantly lower
amounts of fiber (in % of the total energy intake) than children
without atopic dermatitis/food allergy. Sugar intake was lower in
children with atopic dermatitis; however, overall sugar intake was
above the recommendation of 10% of the total energy intake in
all children. The intake of minerals was not different in children
with or without atopic dermatitis/food allergy. Children with
atopic dermatitis had a significant lower intake of vitamins C,
E, and B7 compared to children who did not develop an atopic
dermatitis within the first 10 years of life. However, both groups
had either higher (for vitamin C and B7) or lower levels (for
vitamin E) compared to the D-A-CH reference. Vitamin intake
of children with food allergy was not different from those without
food allergy within the first 10 years of life.

Children’s Dietary Inflammatory Index

Children’s dietary inflammatory index scores were calculated
to quantify the inflammatory potential of the diet of LiNA
children. In general, values above 0 indicate a more pro-
inflammatory pattern, whereas values below 0 indicate an
anti-inflammatory pattern. Overall, the LiNA children had a
median C-DII of —0.97 (interquartile range (IQR): —2.06 to
0.26; n = 211), with girls being lower than boys (i.e., —1.22
(IQR: —2.17 to —0.24; n = 104 compared to —0.53 (IQR:
—1.93 to 0.77; n = 107), respectively. Furthermore, general
characteristics were compared between children who had a
more anti-inflammatory (C-DII <0) and those who had a pro-
inflammatory (C-DII > 0) dietary pattern (Table 3). Data revealed
that sex, breastfeeding duration, parental school education and
children’s body mass index at the age of 10 years differed
between children with pro-inflammatory and those with anti-
inflammatory C-DII score. Next, the C-DII was analyzed in
the context of atopic dermatitis and food allergy. As shown
in Table 4, there were no significant differences in C-DII
between children with and those without atopic outcomes,
although C-DII levels tended to be lower (indicating a more
anti-inflammatory diet) in children without atopic outcomes.
When C-DII was grouped into anti-inflammatory (<0) and
pro-inflammatory (>0), regression models revealed that having
atopic outcomes was associated with having a pro-inflammatory
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TABLE 2 | Single nutrients and atopic outcomes.

Atopic dermatitis within the first 10 years

Food allergy within the first 10 years

Without (n = 132) With (n = 79) Without (n = 186) With (n = 25)
Median Q 1st Q 3rd Median Q 1st Q 3rd p-value Median Q 1st Q 3rd Median Q st Q 3rd p-value #

Macronutrients

Energy (kcal) 2109 1780 2590 2152 1715 2719 0.91 2097 1764 2608 2464 1826 2859 0.19
Fat (%E) 35.5 31.2 39.4 36.4 32.9 40.0 0.10 35.8 31.8 39.4 36.3 32.9 40.0 0.36
SFA (%E) 15.3 13.7 17.9 16.0 14.7 18.0 0.07 15.7 14.0 17.9 15.8 141 17.8 0.71
PUFAs (%E) 4.7 41 5.7 4.7 4.3 5.4 0.58 4.7 41 5.5 4.6 4.3 5.3 0.87
MUFAs (%E) 12.3 10.9 13.8 12.6 11.3 14.0 017 12.3 10.9 13.9 12.8 11.7 14.5 0.15
Chol (mg) 286 227 360 293 228 389 0.46 283 225 364 330 255 394 0.08
Carbs (%E) 49.0 45.5 53.5 47.3 44.3 51.6 0.09 48.3 44.5 53.1 47.7 44.4 52.0 0.53
Sugar (%E) 21.9 17.7 26.3 19.5 15.8 25.2 0.05 20.6 17.0 26.0 20.6 17.5 23.2 0.71
Fiber (%E) 2.0 1.7 2.5 1.9 1.5 2.2 0.04 2.0 1.6 2.4 1.7 1.5 2.0 0.02
Protein (%E) 14.4 13.2 15.8 14.9 13.3 16.2 0.23 14.6 13.2 16.1 14.7 13.8 15.5 0.91
Minerals*

Na 210.0 166.4 280.5 209.1 162.7 298.2 0.67 210.0 165.5 286.4 212.7 186.4 300.9 0.39
K 101.0 79.0 121.0 93.4 73.8 117.2 0.23 97.1 75.9 120.7 103.4 84.8 111.0 0.75
Ca 64.5 53.6 89.5 71.8 50.9 91.8 0.92 65.9 51.8 88.2 70.9 55.5 91.8 0.64
Mg 120.0 96.5 151.3 115.2 90.0 154.8 0.36 119.0 95.7 151.3 123.0 96.0 153.2 0.69
P 90.8 74.4 116.8 92.8 72.8 119.2 0.91 91.6 72.8 115.2 91.2 77.6 124.0 0.48
Fe 71.7 56.0 88.9 72.0 54.2 94.2 0.90 68.8 55.0 90.0 78.7 56.0 97.5 0.33
Zn 123.8 94.8 144.3 112.4 93.7 1565.0 0.71 118.5 93.7 147.0 129.7 102.4 144.6 0.83
J 48.3 38.6 60.3 46.7 38.3 61.1 0.48 48.3 38.3 60.0 47.8 38.3 66.7 0.96
Cl 215.9 173.8 293.2 2224 161.2 305.3 0.89 215.9 170.6 288.8 222.4 183.5 315.9 0.42

(Continued)
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TABLE 2 | (Continued)

Atopic dermatitis within the first 10 years

Food allergy within the first 10 years

Without (n = 132) With (n = 79) Without (n = 186) With (n = 25)
Median Q st Q 3rd Median Q 1st Q 3rd p-value Median Q 1st Q 3rd Median Q st Q 3rd p-value #

Fl 33.8 27.8 42.8 325 26.5 44.0 0.66 33.0 27.0 42.5 35.0 30.0 45.5 0.30
Cu 135.5 109.5 165.0 120.0 98.0 180.0 0.20 131.5 106.0 168.0 137.0 109.0 169.0 0.85
Mn 214.8 163.3 286.3 187.0 162.5 281.5 0.21 205.0 157.5 284.5 194.5 161.5 281.0 0.84
Vitamins*

A 125.8 93.8 172.9 124.7 95.7 176.2 0.94 125.1 94.0 175.4 125.0 98.1 161.9 0.92
(¢} 2411 164.8 327.8 180.8 125.7 344.3 0.02 223.1 145.4 327.5 201.2 135.2 352.5 0.84
D 9.0 7.0 13.0 8.5 5.5 13.5 0.59 8.5 6.5 13.0 9.0 5.5 13.5 0.66
E 83.7 68.8 114.3 77.7 60.0 103.6 0.038 81.2 63.6 108.2 80.9 66.2 110.0 0.94
K 303.0 210.4 417.4 252.5 175.3 400.5 0.14 285.6 197.8 411.5 239.8 182.3 396.5 0.68
B1 146.9 116.2 177.9 140.0 105.8 179.9 0.40 143.8 108.0 175.0 156.0 125.0 188.0 0.27
B2 139.5 109.5 169.5 130.9 101.8 169.1 0.43 136.2 106.0 167.0 149.1 120.9 178.2 0.41
B3 240.5 194.5 292.7 230.9 192.3 300.0 0.82 236.7 193.1 300.0 260.8 209.2 293.1 0.39
B5 92.9 74.8 116.8 85.8 66.8 109.4 0.11 151.0 118.0 194.0 162.0 131.0 203.0 0.48
B6 157.0 121.5 194.5 150.0 114.0 196.0 0.53 223.5 181.0 286.5 252.5 171.5 277.5 0.91
B7 236.3 188.3 285.3 201.0 158.5 285.5 0.047 97.9 75.8 135.0 116.7 72.9 133.3 0.85
B9 105.6 80.0 132.3 88.8 724 135.0 0.12 216.0 169.5 303.5 270.5 204.0 322.5 0.12
B12 216.0 162.3 301.8 237.0 177.5 319.5 0.24 89.4 73.2 113.6 96.2 76.0 108.4 0.67

*% of D-A-CH reference.
# p-values from Mann-Whitney U-test, for medians with first/third quartile (Q 1st/Q 3rd).

%E - percentage of energy intake.

Median daily nutritional intake of 10-year old children with or without atopic dermatitis/food allergy within the first 10 years of life.
All Median values are printed in bold.
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TABLE 3 | C-Dll and study characteristics.

C-Dll class 1 C-Dll class 2 p-value
Anti-inflammatory Pro-inflammatory
(n =1513) (n = 602)
n % n % x2 test

Sex of the child
Male 70 46.4 37 61.7 0.02
Female 81 53.6 23 38.3
Mothers age at birth
<25 years 13 8.6 3 5.0 0.45
>25 - 30 years 48 31.8 24 40.0
>30 - 35 years 58 38.4 19 31.7
>35 32 21.2 14 23.3
Birth mode
Spontaneous 108 72.0 44 73.3 0.52
C. section 40 26.7 16 26.7
Others 2 1.3 0 0
Breastfeeding duration
no 10 6.8 0 0 0.047
3 month 18 12.2 9 15.8
6 month 41 27.7 19 33.3
12 months 79 53.4 28 49.1
Presence of older siblings
Yes 52 34.7 22 36.7 0.77
No 98 65.3 38 63.3
Parental school education®
Low 2 1.3 0 0 0.049
Medium 25 16.7 18 30
High 123 82.0 42 70
ETS exposure pregnancy
No 122 83.6 46 76.7 0.22
Yes 24 16.4 14 23.3
Pet keeping during pregnancy
No 97 65.1 31 51.7 0.06
Yes 52 34.9 29 48.3
Family history of atopy
None 47 31.1 22 36.7 0.19
One 72 47.7 31 51.7
Both 32 21.2 7 1.7
Body mass index age 10°
Under weight 17 1.4 8 13.3 0.02
Normal weight 115 77.2 51 85
Overweight/obese 17 1.4 1 1.7

4 n may differ from 151/60 due to missing data.

b [ ow = 8 years school education; medium = 10 years school education; high = at
least 12 years school education.

° Underweight (body mass index equivalent to 18,5 kg/m? at 18 years),
normal weight (body mass index equivalent to 18,5 —<25 kg/m? at 18 years),
overweight/obese (body mass index equivalent to >25 kg/m? at 18 years).

ETS - environmental tobacco smoke.

General characteristics of the analyzed sub-cohort with respect of having an
anti-inflammatory (C-DIl <0) or pro-inflammatory (C-DIl >0) children’s dietary
inflammatory index at the age of 10 years.

pattern at the age of 10 years (Table 5; OR = 2.22, 95% CI: 1.14-
4.31) for children with atopic dermatitis, OR = 3.82 (95% CI:
1.47-9.93) for children with food allergy in the first 10 years

of life). These associations were independent of confounders.
This more pro-inflammatory pattern in children with atopic
outcomes was supported by analyses of specific consumed food
groups: children that developed atopic dermatitis within the
first 10 years of life consumed significantly less fruits and nuts,
children with food allergy consumed significantly more of the
tolerated food group including sweets/snacks etc. (Figure 1).
Children with a pro-inflammatory diet (C-DII >0) consumed
fewer vegetables, fruits and nuts, but more meat/sausages and
more sweets/snacks (Figure 2).

DISCUSSION

In this project we assessed the dietary intake of 10-year-old
children for the first time within the prospective birth cohort,
LiNA. According to participants’ overall dietary intake, we were
able to show that they had an adequate intake of the majority of
nutrients, with some even exceeding the recommendations (e.g.,
for total fat, SFA, protein, sugar, Na and Cl). In contrast, for some
nutrients children did not even reach half of the recommendation
(e.g., vitamin D, E I). When compared to other studies, LINA
results on the intake of specific nutrients, as well as the consumed
food groups [according to the OptiMix recommendation (26)]
were very similar to other studies; for example, compared to the
nutritional assessment within Robert-Koch-Institute’s EsKiMo
module (31). The overall median nutrient difference between
children from LiNA and EsKiMo was 8%, supported by similar
data on food consumption with respect to the recommendation
as shown for 6-11 year-old children from EsKiMo: lower
consumption of vegetables, fruits and carbohydrates (bread,
cereals, pasta, rice and potatoes) as well as higher consumption
of meat (meat, sausages, etc.) and sweets and snacks (31). Further,
our data indicated that girls’ intakes of minerals and water soluble
vitamins was higher than boys’ intakes. Sex-specific differences in
food groups that provide these nutrients such as vegetables were
also described previously (32-34).

In addition to the overall dietary pattern of the LiNA children,
analyses on the intake of single nutrients and atopic outcomes
were performed. We were not able to show a clear allergy-
specific dietary pattern, although there were some changes in
vitamins (B7, C, and E), sugar and fiber. Still, when interpreted
according to the D-A-CH-references, these nutrients were lower
(vitamin E) or higher (vitamin B7 and C and sugar) than
the recommendation values independent of children’s allergy
development. However, children with atopic dermatitis/food
allergy within the last 10 years of life were more likely to
show a less anti-inflammatory/more pro-inflammatory dietary
pattern at the age of 10 years as assessed via the C-DII In
line with this, we were also able to show that children who
developed atopic dermatitis within the first 10 years of life
consumed significantly less fruits and nuts - food groups which,
next to others, provide mostly nutrients that would drive the
C-DII toward an anti-inflammatory pattern. This was supported
by the significantly lower intake of vitamin C, E, and B7 in
LiNA children with atopic dermatitis within the first 10 years
of life. In addition, children with food allergy within the first
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10 years of life consumed significantly more of the tolerated
food group [which emphasizes sweets/snacks etc., according to
Kersting et al. (26)]. This food group provides mostly nutrients
that drive the C-DII toward a pro-inflammatory pattern such as
sugar or saturated fat (with the consequence that these energy-
dense foods result in higher overall energy intake and greater
inflammation). This was confirmed by showing that children’s
pro-inflammatory diet was associated with a lower intake of
vegetables, fruits and nuts and a higher intake of meat products
and sweets/snacks. We hypothesize that children might have
developed this less-anti-inflammatory/more pro-inflammatory
diet due to an avoidance of possible anti-inflammatory — but

allergy triggering — food items. It was described earlier that
therapeutic strategies in atopic dermatitis and food allergy often
involve dietary exclusions, which may be seen as mandatory
in children sensitive to food allergens for whom accidental
and potentially life threatening anaphylactic reactions can occur
(6). It was also described that these exclusions may impact
diet quality, nutrient intake and nutrient demands. It was even
shown that an unsupervised elimination diet in childhood might
lead to malnutrition, growth retardation, vitamin deficiencies
and associated health issues (22, 35). In the context of this
study, a pro-inflammatory diet consumed by the children might
worsen the atopic outcome itself (20) and furthermore reduce

TABLE 4 | C-Dll and atopic outcomes.

Atopic dermatitis within the first 10 years

Without disease outcome

With disease outcome

n Median 1st quartile 3rd quartile n Median 1st quartile 3rd quartile p-value*
All 132 -1.19 —2.13 —0.06 79 -0.53 —2.00 0.79 0.05
Boys 60 -0.97 —2.07 0.17 47 -0.27 —1.58 1.07 0.12
Girls 72 -1.26 -2.15 -0.32 32 -1.19 —-2.18 0.40 0.57

Food allergy within the first 10 years
Without disease outcome With disease outcome

n Median 1st quartile 3rd quartile n Median 1st quartile 3rd quartile p-value
All 186 -1.07 -2.13 0.07 25 -0.25 —-1.79 0.73 0.08
Boys 92 —0.62 —1.98 0.75 15 -0.25 —-1.79 1.07 0.42
Girls 94 -1.31 —2.18 -0.35 10 -0.03 —2.06 0.73 0.12

# p-values from Mann-Whitney U-test, for medians with first/third quartile.

Descriptive data on the children’s dietary inflammatory index (C-Dll) assessed at the age of 10 with respect to their development of atopic dermatitis or food allergy within
the first 10 years of life. Shown among all 211 children from the LiNA-cohort, as well as separately for boys and girls, p-value from Mann-Whitney-U-test.

TABLE 5 | Pro-inflammatory C-DIl and atopic outcomes.

Pro-inflammatory diet age 10 (C-DII >0)

AD Crude Adjusted*

n total n C-DIl >0 OR (95% CI) p-value n total n C-DIl >0 OR (95% CI) p-value
All 211 60 1.89 1.02 3.49 0.04 201 57 2.22 1.14 4.31 0.02
Boys 107 37 1.87 0.83 4.23 0.13 102 36 2.65 1.04 6.72 0.04
Girls 104 23 1.62 0.61 4.31 0.33 99 21 2.52 0.86 7.36 0.09

Pro-inflammatory diet age 10 (C-DII >0)

FA Crude Adjusted*

n total n C-DIl >0 OR (95% CI) p-value n total n C-DIl >0 OR (95% ClI) p-value
All 211 60 2.65 1.13 6.24 0.03 201 57 3.82 1.47 9.93 0.01
Boys 107 37 1.81 0.59 5.53 0.29 102 36 4.57 1.17 17.9 0.03
Girls 104 23 4.22 1.09 16.4 0.04 99 21 7.24 1.51 34.8 0.01

*Logistic regression model adjusted for sex, breastfeeding duration, parental school education, pet keeping pregnancy and body mass index age 10; 10 missing cases
on specific confounders, OR - odds ratio, CI - confidence interval.

Logistic regression models — raw or adjusted for confounders - showing the risk for children consuming a pro-inflammatory diet at the age of 10 years (by having a C-DIl
>0) with respect to having developed atopic dermatitis (AD) or food allergy (FA) within the first 10 years of life.
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FA-, respectively (Mann-Whitney U-test).
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their buffering capacity against harmful environmental exposures
or triggers. An optimal nutritional status was described to be
protective against both communicable and non-communicable
diseases (36).

Because of the design of this study, reverse causality could
not be ruled out. The diet as assessed at the age of 10 years
could be a proxy for children’s lifelong dietary pattern. The C-DII
assessed in LiNA at the age of 10 was associated with markers
of socio-economic status (SES) of their families assessed during
pregnancy (such as parental school education). It has been shown
previously that lower SES is associated with poorer nutrition (37).
Studies also suggest that children begin to assimilate and mimic
their parents’ food choices at a very young age (38) and that
this parent-child-transmission in dietary behaviors is dependent
on SES (39). It was further shown that parental SES impacts
childhood health issues (40) and that healthy lifestyle promotion
alone might not substantially reduce the socioeconomic inequity
in health (41). So, it also should be kept in mind that a pro-
inflammatory diet consumed by the children on a daily basis
throughout infancy also might have contributed to their allergy

development. However, with the data available in our cohort, we
are not able to examine the direction of temporal ordering of
these effects in further detail.

To the best of our knowledge, this is the first use of the
C-DII in association with atopic dermatitis and food allergy.
Both atopic dermatitis and food allergy are characterized
by inflammatory processes (18, 19), similar to other non-
communicable diseases that are characterized by low-grade,
chronic systemic inflammation. It was shown, for example, that
in adults a pro-inflammatory diet (DII >0) was associated with an
increased risk of certain cancers, cardiovascular disease, adverse
mental health outcomes, and musculoskeletal disorders (21). It
also is known that a pro-inflammatory diet is linked to greater all-
cause mortality risk (42). The evidence for an association between
DII and respiratory health, neurodevelopmental outcomes,
metabolic syndrome, diabetes and obesity was described to be
either conflicting or scarce (21). Furthermore, there are limited
data in the context of DII and allergies, and the available data
so far address mainly respiratory issues such as asthma or
wheezing. For example, in children, a pro-inflammatory diet
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was not associated with current asthma or lung function, but in
children with allergic airway inflammation, a higher DII score
was associated with a 2.38 fold higher risk of wheezing (43). In
addition, a pro-inflammatory diet was associated with asthma
(20). Further, it was shown that higher inflammatory potential of
the maternal diet was associated with increased odds of offspring
asthma and/or wheeze by age 4 years, although results attenuated
into non-significance after adjustment for confounders (44).
One strength of our study lies in the well-characterized
participants regarding longitudinal atopic outcomes and
exposure variable assessment, including diet. Therefore, a
possible link between children’s dietary intake of specific
nutrients or specific indices such as the C-DII and allergy

development could be investigated. The use of an index such
as the C-DII offers an insight into the total dietary pattern
compared to interpreting singular effects of specific nutrients.
A limitation of the LiNA study in general is the potential bias by
high rates of participating atopic parents (64.7%), limiting our
ability to extrapolate findings to the general population (with
approximately 30% prevalence of atopic outcomes). This fact is
accumulating even more throughout the 10-year follow up, in
detail 76% of the children positive for AD within our analyzed
sub-cohort show a positive family history of atopy. This shift
was also seen in the high rates of increased IgE levels in children
negative for atopic dermatitis or food allergy. One further
limitation of the study is the low number of cases in certain
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outcomes, in particular when analyses are stratified for sex, which
limited the power of the results. Furthermore, outcome data
were obtained, in part, from parental questionnaire documented
physician diagnosis of outcomes. This might reduce the strengths
of the reported results. However, by including clinical allergy
markers such as the IgE data we may overcome this limitation,
at least in part. Further, the high rates of increased IgE levels at
the age of 10 years in children positive of atopic dermatitis or
food allergy at least once during their first 10 years outlines that
these children have a persistent atopic phenotype also at the age
of 10 years. Another major limitation is the missing questionnaire
information on children’s physical activity in general and in their
leisure time in particular. Therefore, we probably have under-
estimated the energy expenditure in several children. However,
our data are very similar to the study protocol from Eskimo (30)
who also reported this limitation.

CONCLUSION

Children with atopic dermatitis/food allergy within their first
10 years of life were more likely to show a more pro-inflammatory
dietary pattern assessed at the age of 10 years via the C-DII
compared to children without allergic diseases. Because of their
allergy history, these children may have developed a more pro-
inflammatory dietary pattern due to avoidance of possible allergy
triggers such as fruits or nuts for example. Overall, a pro-
inflammatory dietary pattern might worsen the atopic outcome
itself and reduce the buffering capacity of the individual against
harmful environmental exposures or triggers. For pediatricians
it is recommended to test affected children for their individual
tolerance of allergenic foods to avoid a restrict elimination diet.
Furthermore, an increased nutrient density of tolerable food
items should be advised to omit undesirable effects of eating a
pro-inflammatory diet.
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Objective: To investigate the association between dietary fatty acid (FA) patterns and
the risk of oral cancer.

Method: A case-control study which included 446 patients with oral cancer and 448
controls subjects was conducted in Southeast China. A structured food frequency
questionnaire was used to assess the dietary FA consumption before cancer diagnosis.
FA patterns were identified using the principal component analysis, and the relationship
between the dietary FA patterns and oral cancer was analyzed by logistic regression.

Results: General differences in FA intake were observed between the patient and control
groups. The intakes of saturated FAs (SFAs) C14:0, C16:0, C18:0, and monounsaturated
FA C18:1 were higher in the patient group than the control group (p < 0.001).
Four FA patterns were derived by principal component analysis. The “SFA” pattern,
“Polyunsaturated FA” pattern, “Monounsaturated FA” pattern, and “Medium- and long-
chain FA” pattern, which could explain 75.7% of the variance of the dietary FA intake, were
submitted to logistic regression analysis. A positive association was observed between
the “SFA” pattern and oral cancer risk. Compared with the lowest quartile score, the
OR of the highest quartile score was 3.71 (95%C/: 2.31, 5.94, Pyeng < 0.001) in the
multivariate logistic regression model. No significant association was found among the
other three patterns and oral cancer risk.

Conclusions: General differences in dietary FA intake were observed between patients
with oral cancer and controls. A positive association between the “SFA” pattern and risk
of oral cancer was observed after adjusting for potential confounders.

Keywords: fatty acid pattern, saturated fatty acids, oral cancer, principal component analysis, case-control study
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INTRODUCTION

Oral cancer is one of the foremost cancers in head and neck
cancers with nearly 40,000 new cases recognized in China in 2015
(1). According to GLOBOCAN 2018, the incidence and mortality
of oral cancer in China were 2.0/100,000 and 0.97/100,000,
respectively, in 2018 (2). The recognized etiologic factors of
oral cancer consist of smoking, drinking, oral hygiene, human
papillomavirus (HPV), and betel quid consumption (3-9). In
addition to the above-mentioned traditional risk factors, diet is
also involved in the etiology of oral cancer (10-12). Additionally,
the potential role of fatty acids (FAs) in tumorigenesis has got
increased interest.

Fatty acids, including saturated FA (SFA), n-3 and n-6
polyunsaturated FA (PUFA), and trans fatty acid (TFA), have
been reported to be associated with the risk of varied types of
cancer such as prostate cancer (13, 14), pancreatic cancer (15, 16),
colorectal cancer (17, 18), and lung cancer (19). However, reports
about the association between FA and head and neck tumors,
especially oral cancer, are rare.

Most of the previous studies have taken individual FAs as
separate exposures. However, individual FAs were consumed
together and tended to be correlated with each other and to be
interactive or synergistic, partially due to shared food sources
and metabolic pathways (20, 21). Because of the complexity of
diet and the highly interrelated nature of dietary exposures, FA
pattern analysis could instead offer a more comprehensive view of
separate FAs and shed light on the biological interactions between
different FAs and their relation with disease risk (22-24).

Due to the limited evidence of the role of FA in oral cancer,
we performed a case-control study to explore the potential FA
intake patterns in oral cancer and their role in the development
of oral cancer.

MATERIALS AND METHODS

Study Design and Population
In this case-control study from September, 2016, to July, 2020,
446 newly diagnosed patients with oral cancer and 448 control
participants were recruited from the First Affiliated Hospital of
Fujian Medical University in Fujian province, China. Cancers
of the lip, oral cavities, and parotid corresponded to codes
C00 to C07 according to the 10th revision of the International
Classification of Diseases (ICD-10) (25) were referred to as oral
cancer in this study. The inclusion criteria of the patients were
as follows: (1) histologically confirmed primary oral cancer; (2)
Chinese Han population and residence in Fujian Province; (3) age
above 18 years old. Patients with second primary, recurrent, or
metastasized cancer, and previous radiotherapy or chemotherapy
were excluded. Control participants were recruited from the
health examination center of the same hospital during the
same period. Those with a history of cancer were excluded.
Additionally, we excluded those with extreme daily caloric intake
(>4,200 or <700 kcal/day for men; >3,500 or <500 kcal/day
for women).

All participants provided signed informed consent. The
study protocol was approved by the Institutional Review Board

TABLE 1 | Characteristics of the case (n = 446) and control (n = 448) group.

Variable Case Control P
Age <0.001
<49 94 (21.1%) 210 (46.9%)

>49 352 (78.9%) 238 (563.1%)

Sex 0.002
Male 258 (57.8%) 213 (47.5%)

Female 188 (42.2%) 235 (52.2%)

Education <0.001
Low 77 (17.3%) 204 (45.5%)

High 369 (82.7%) 244 (54.5%)

Marital status 0.699
Married 408 (91.5%) 413 (92.2%)

Others 38 (8.5%) 35 (7.8%)

BMI 0.024
<185 39 (8.7%) 19 (4.2%)

18.5~ 284 (63.7%) 297 (66.3%)

>24 123 (27.6%) 132 (29.5%)

Residence 0.008
Rural areas 258 (57.8%) 298 (66.5%)

Urban areas 188 (42.2%) 150 (33.5%)

Occupation 0.231
Farmer and worker 148 (33.2%) 132 (295%)

Others 298 (66.8%) 316 (66.8%)

Tobacco smoking 0.001
No 259 (58.1%) 307 (68.5%)

Yes 187 (41.9%) 141 (31.5%)

Alcohol drinking <0.001
No 294 (65.9%) 349 (77.9%)

Yes 152 (34.1%) 99 (22.1%)

Family history of tumor <0.001
No 374 (83.9%) 413 (92.2%)

Yes 72 (16.1%) 35 (7.8%)

Oral hygiene score <0.001
0-2 79 (17.7%) 167 (37.3%)

3-5 257 (57.6%) 248 (55.4%)

6-8 110 (24.7%) 33 (7.4%)

of Fujian Medical University (Approval number: 2011053;
Approval date: March 10, 2011) and conducted following the
ethical standards described in the Declaration of Helsinki.

Data Collection

A structured questionnaire was used to collect information
through face-to-face interviews conducted by well-trained
interviewers. The questionnaire included socio-demographic
characteristics (age, sex, education, marital status, residence,
occupation, and family history of cancers) and lifestyle indicators
(tobacco smoking, alcohol drinking, and oral hygiene). Subjects
who had smoked at least 100 cigarettes during their lifetime
were considered tobacco smokers. Alcohol drinker was defined
as consuming at least one drink per week and lasting for
more than 6 months continuously (26). A complete description
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FIGURE 1 | Principal components and clusters of 32 fatty acids. (A) The proportion of total variance of 32 fatty acids explained by each principal component.
(B) Association among 32 fatty acids, the hierarchical cluster tree on the left, and the heatmap of fatty acid on the right.
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TABLE 2 | Factor-loading matrix for four fatty acid patterns.

Fatty acids Name Fatty acid patterns*
“SFA” pattern “PUFA” pattern “MUFA” pattern “MLC-FA” pattern
Saturated fatty acids
C6:0 Caproic —0.538
C8:0 Caprylic 0.731
C10:0 Capric 0.596
C11:0 Undecanoic 0.702
C12:0 Lauric 0.783
C13:0 Tridecanoic 0.618
C14:0 Myristic 0.848
C15:0 Pentadecanoic 0.720
C16:0 Palmitic 0.787
C17:0 Heptadecanoic —0.642
C18:0 Stearic 0.792
C19:0 Non-adecanoic 0.586
C20:0 Arachidic 0.559
C22:0 Behenic 0.410
Monounsaturated fatty acids
C14:1 Myristoleic 0.519
C15:1 Pentadecanoic —-0.132
C16:1 Palmitoleic 0.871
C17:1 Heptadecenoic —0.549
C18:1 Oleic 0.355
C20:1 Eicosenoic 0.337
C22:1 Erucic 0.088
Polyunsaturated fatty acids
C16:2 Hexadecatrienoic 0.577
c18:2 Linoleic —0.486
C18:3 Octadecadienoic 0.477
C20:2 Eicosadienoic 0.695 —0.592
C20:3 Eicosatrienoic 0.433
C20:4 Arachidonic 0.769
C20:5 Eicosapentaenoic 0.658
C22:3 Docosatrienoic 0.474
C22:4 Docosatetraenoic 0.651
C22:5 Docosapentaenoic 0.658
C22:6 Docosahexaenoic 0.654

“Four principal components explained 75.7% of the variation in all 32 fatty acids.

of the oral hygiene score is available in our previous study
(3). Oral hygiene score = teeth brushing + the number of
missing teeth + wearing dentures + regular dental visits +
recurrent dental ulceration. The range of oral hygiene score was
0-8, and a higher score indicated worse oral hygiene. Detailed
coding information of variables included in the analysis was
as follows: age (<49 years/>49 years, based on the median
of controls), sex (male/female), marital status (married/others),
residence (rural areas/urban areas), occupation (farmer and
worker/others), tobacco smoking (no/yes), alcohol drinking
(no/yes), oral hygiene (0-2/3-5/6-8), and family history of
cancer (no/yes). Educational was defined as low (lower vocational
training or primary school), or high (secondary school and

above) level groups. Height and weight were measured by the
nurse of the hospital. The body mass index (BMI) was calculated
as weight (in kilograms) divided by the square of the height
(in meters) and was classified into three categories (<18.5/18.5-
23.9/>24).

A validated food frequency questionnaire (FFQ) (27) was
utilized to collect the habitual dietary intake from each
participant. The dietary intake of the year before the interview
was collected. The dietary items were grouped into 8 broad
categories (grains; beans and soy products; vegetables; fruits;
animal food; algal fungi and nuts; beverages and soup; fried
foods and pickled foods) and 17 sub-categories (grains; beans
and soy products; dark vegetables; light color vegetables; purple
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TABLE 3 | Association between fatty acid patterns and oral cancer risk.

Model* Quartiles of the fatty acid pattern score* Pirend
1 ] 1] \"

“SFA” pattern

Case/control (n) 138/86 139/84 99/125 72/151

Crude 1.0 (reference) 0.97 (0.66, 1.42) 2.06 (1.39, 2.95) 3.36 (2.28, 4.96) <0.001

Model 1 1.0 (reference) 0.93 (0.60, 1.43) 2.24 (1.46, 3.44) 3.00 (1.93, 4.68) <0.001

Model 2 1.0 (reference) 1.07 (0.68-1.68) 2.56 (1.62, 4.02) 3.71(2.31,5.94) <0.001

“PUFA” pattern

Case/control (n) 116/107 137/87 111/113 84/139

Crude 1.0 (reference) 0.68 (0.47, 1.00) 1.10 (0.76, 1.59) 1.79(1.23.2.62) <0.001

Model 1 1.0 (reference) 0.58 (0.38, 0.89) 0.99 (0.65, 1.15) 1.59 (1.04, 2.44) 0.006

Model 2 1.0 (reference) 0.55 (0.35, 0.85) 0.92 (0.59, 1.42) 1.38 (0.88, 2.16) 0.038

“MUFA” pattern

Case/control (n) 101/123 125/98 119/105 103/120

Crude 1.0 (reference) 0.64 (0.44, 0.94) 0.73(0.50, 1.05) 0.96 (0.66, 1.39) 0.980

Model 1 1.0 (reference) 0.67 (0.44, 1.03) 0.75(0.49, 1.14) 1.08 (0.67, 1.56) 0.762

Model 2 1.0 (reference) 0.68 (0.44, 1.06) 0.78 (0.50, 1.20) 1.15(0.74,1.78) 0.441

“MLC-FA” pattern

Case/control (n) 111/118 117/106 123/101 97/126

Crude 1.0 (reference) 0.89 (0.61, 1.29) 0.81(0.56, 1.17) 1.28 (0.88, 1.85) 0.290

Model 1 1.0 (reference) 0.69 (0.45, 1.05) 0.69 (0.45, 1.06) 0.99 (0.65, 1.52) 0.993

Model 2 1.0 (reference) 0.72(0.46, 1.12) 0.69 (0.45, 1.08) 1.02 (0.66, 1.58) 0.928

"Four categories were obtained by quartiles of the fatty acid pattern scores. Each participant was assigned a fatty acid pattern score for each pattern.
#Mode | adjusted for demographic characteristics including sex, age, marital status, residence, BMI, family history of tumor, occupation, education.
Model 2 adjusted for demographic characteristics and tobacco smoking, drinking, oral hygiene score.

vegetables; fresh beans; fruits; livestock; poultry; fish; processed
meat; red meat; eggs; dairy; algal fungi and nuts; fried foods;
pickled foods). For each food item or food group, participants
were asked how frequently (daily, weekly, monthly, yearly, or
never) they consumed the food or food group, which was
followed by a question on the amount consumed in lians per unit
of time. Lian is a unit of weight in China (1 lian = 50g). The
Chinese Food Composition Tables (28) were used to estimate the
intake levels of macronutrients and FAs for participants.

Statistical Analysis
The intakes of energy and nutrients were log transformed and
then FA intakes were adjusted for total energy intake using the
residuals method (29). The quantitative data were presented as
median with inter-quartile range, while the qualitative variables
were presented as frequency (numbers and percentages). The chi-
square test was used to compare the main characteristics between
patients and controls. The Wilcoxon rank-sum test was used to
analyze the distribution of dietary FAs. The Pearson correlation
coefficients were calculated, and the hierarchical cluster tree and
heatmap were generated to visualize the correlation between
FAs (30). Hierarchical cluster analysis was performed using the
Ward’s method on correlation coeflicient using the pheatmap
package in R software.

Fatty acid patterns were derived by principal component
analysis (PCA) using the intake of 32 FAs and PCs identified were
referred to as FA patterns. The correlation pattern matrix from

PCA was then used to calculate the scores of each pattern which
were then categorized into quartiles, and the lowest quartiles
were used as reference. The FA pattern score was evaluated
categorically in the logistic regression model, and the ORs and
their 95% CIs were calculated. Associations between FA pattern
and intakes of 17 food groups and macronutrients were assessed
by the Spearman correlation analysis. In addition, the restricted
cubic spline (RCS) was used to plot and investigate the possible
non-linear association between FA pattern and oral cancer risk.

All analyses were performed using the R software
(version 4.0.3), with 2-tailed p-values <0.05 considered
statistically significant.

RESULTS

Characteristics of the Study Population

The distributions of the demographical characteristics and
lifestyle factors are shown in Tablel. Compared with
the patient group, the case group was characterized by a
higher proportion of subjects with tobacco abuse, alcohol
consumption, tumor history, and worse oral hygiene. In
addition, the distribution of gender, education levels, BMI,
and residence was significantly different between the patient
and control groups (p < 0.05). General differences in FA
intake were observed between the patient and control
groups. The intake of saturated FAs C14:0, C16:0, C18:0,
and monounsaturated FA C18:1 were higher in the patient
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FIGURE 2 | Odds ratio (OR) based on saturated fatty acid “(SFA) pattern”
score and restricted cubic spline (Pnon—iinearity = 0.097). OR was adjusted for
the same variates as in model 2.

group than the control group (p < 0.001). The distribution of
dietary FAs between the case and control groups are shown in
Supplementary Figure 1.

Identification of FA Patterns

Four FA patterns were identified by applying PCA which
could explain 75.7% of the variance of the dietary FA
consumption, as the scree plot shown in Figure 1. Pattern
1 was characterized with saturated FA (the “SFA” pattern),
which mainly included octanoic acid (C8:0), undecanoic
acid (C11:0), lauric acid (C12:0), muyristic acid (C14:0),
and pentadecanoic acid (C15:0). Pattern 2 (the “PUFA”
pattern) had high factor loading of eicosatrienoic acid (C20:3),
eicosapentaenoic acid (C20:5), docosatrienoic acid (C22:3),
docosatetraenoic acid (C22:4), docosapentaenoic acid (C22:5),
and docosahexaenoic acid (C22:6). Pattern 3 (the “MUFA”
pattern) was characterized with oleic acid (C18:1), eicosenoic
acid (C20:1), and erucic acid (C22:1). Pattern 4 [the “medium-
and long-chain FA (MLC-FA)” pattern] was dominated by
heptadecanoic acid (C17:0), behenic acid (C20:0), myristoleic
acid (Cl14:1), heptadecenoic acid (C17:1), and eicosadicnoic
acid (C20:2). The factor loadings of individual FAs in the four
FA patterns are shown in Table 2. Additionally, a correlation
analysis among individual FAs was performed, and a heatmap
was derived using correlation coefficients among individual
FAs. A similar pattern was identified in the cluster analysis,
as FAs adjacent in the tree had similar loading values
(Figure 1).

Association Between FA Patterns and Oral

Cancer Risk

Crude and multivariable-adjusted OR and 95% CI for oral
cancer across quartile categories of dietary FA pattern scores
are shown in Table 3. A positive association between the “SFA”
pattern and the risk of oral cancer was observed. In the crude
model, those in the highest quartile of the “SFA” pattern had
an increased risk of oral cancer compared with the lowest
quartile, with a statistically significant linear trend (OR = 3.36;
95% CI: 2.28-4.96; Pyepg < 0.001). In model 1, after adjusting
for sex, age, marital status, education levels, residence, BMI,
occupation, and family history of tumor, the individuals in the
highest quartile of the “SFA” pattern tended to have higher
oral cancer risk (OR = 3.00; 95%CI: 1.93-4.68; Pjeng < 0.001)
compared with those in the lowest quartile. In model 2, the
result remained statistically significant after further adjustment
for lifestyle factors, including tobacco smoking, alcohol drinking,
and oral hygiene score (OR = 3.71; 95% CI: 2.31-5.94; Pepa<
0.001). Compared with the lowest quartile, the ORs of the second
quartile of the “PUFA” pattern were 0.58 (95% CI: 0.38-0.89)
and 0.55 (95% CI: 0.35-0.85) in the crude model and model
2. Additionally, the ORs of the highest quartile of the “PUFA”
pattern were 1.79 (95% CI: 1.23-2.62) and 1.59 (95% CI: 1.04—
2.44) compared to the lowest quartile in the crude model and
model 1. However, the result showed no statistical significance
after further adjustment in model 3 (OR = 1.38; 95% CI:
0.88-2.16). Neither the “MUFA” nor the “MLC-FA” pattern was
observed to be associated with oral cancer in all the three models
(P > 0.05).

Additionally, we evaluated the correlations between the “SFA”
pattern with intakes of macronutrients and food groups, the
result of which is shown in Supplement Table 1. The “SFA”
pattern was positively associated with the intake of protein, total
fat (r = 0.207, 0.368, respectively, all p < 0.001), but negatively
related to fiber (r = —0.185, P < 0.001). As for food groups,
the “SFA” pattern was positively correlated with the intakes of
fish, eggs, dairy, and red meat (r = 0.372, 0.320, 0.283, 0.282,
respectively, all p < 0.05), but negatively correlated with grain
and vegetables (r = —0.403, —0.100, respectively, all p < 0.05).

Furthermore, we visualized the association between the “SFA”
pattern score and the risk of oral cancer using restricted cubic
splines. Generally, the risk of oral cancer increased with the
increase of the “SFA” pattern score and there is no evidence of
non-linear association between the score and oral cancer risk
(Phon-—linearity = 0.097). However, the risk of oral cancer was
relatively flat until around —0.68 of the “SFA” pattern scores and
then started to increase rapidly afterward (Figure 2).

Association Between “SFA” Pattern and

Oral Cancer Risk by Stratification Analysis

The association between the “SFA” pattern and oral cancer risk
was stratified by the demographic characteristics and lifestyle
factors, the result of which is shown in Figure3. A positive
association between oral cancer risk and the “SFA” pattern was
observed in all subgroups except for the lower oral hygiene
score group. No effect modification was observed by sex, tobacco
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FIGURE 3 | Association between “SFA” pattern and oral cancer risk by stratification analysis.

smoking, alcohol drinking, or oral hygiene score (Pheterogeneity
> 0.05). The association varied across different age groups
(Figure 3; I* = 87.8%, Pheterogencity = 0.004). The interaction was
further tested by multiplying the variates of “SFA” pattern score
with age in the logistic regression model, and a multiplicative
interaction was observed (Pjureraction < 0.001).

DISCUSSION

In this case-control study conducted in Southeast China, we
observed that the intake of FAs varied between patients with oral
cancer and healthy controls. Four FA patterns, the “SFA” pattern,
“PUFA” pattern, “MUFA” pattern, and “MLC-FA” pattern, were
derived by PCA. The “SFA” pattern was found to be positively
associated with oral cancer risk while no statistically significant
association was found between the other three patterns and
disease risk.

Dietary FAs, especially saturated FAs, have been hypothesized
to increase cancer risk. Kim et al. performed a cross-sectional
study, in which the results showed that the risk of colorectal
cancer increased with higher SFA intake in Korean adults
(31). Several epidemiological studies discovered that increased

consumption of SFA correlated with increased odds of prostate
cancer and may also be directly associated with the risk of
biochemical recurrence and cancer progression (30, 32, 33).
However, there is also evidence supporting that dietary SFA is
not associated with cancer risk or even negatively associated with
cancer risk. Cao et al. performed a meta-analysis of prospective
cohort studies, in which the results showed that the highest vs.
lowest levels of dietary SFA were not associated with the risk of
breast cancer (34). A meta-analysis of prospective cohort research
shows a null association between the SFA intake and colon cancer
risk (35). No associations were observed in the Nurses Health
Study cohort of dietary SFAs and epithelial ovarian cancer risk
(36). In the European Prospective Investigation into Cancer and
Nutrition (EPIC), Aglago et al. (17) found an inverse association
between dietary total SFA and colorectal cancer. To the best of
our knowledge, reports of the association between dietary SFA
and oral cancer are rare. A FA pattern characterized by SFA was
identified in our study and was found to be positively associated
with oral cancer risk. The inconsistent findings across studies
may be partly due to differences in the type of cancer, study design
and population, sample size, and varied measuring of dietary
intake and confounding elimination.
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The mechanism concerning dietary SFA and risk of
cancer had also been widely discussed. It was reported
that SFA intake influenced the risk of oral cancer through
several mechanisms including chronic inflammation, insulin
resistance, and fatty acylation, which were all related to
carcinogenesis. Firstly, dietary SFA, particularly lauric acid and
palmitic acid, were capable of stimulating inflammatory
response through the toll-like receptors 4 (TLR4) (37),
which could be exacerbated by the production of reactive
oxygen species (ROS) in vivo (38). Inflammation was a key
cause of the development and progression of many chronic
diseases, including cancer (39). Moreover, inflammatory
cytokines such as tumor necrosis factor (TNF)-a, induced by
SFA, may influence insulin sensitivity (40), which favored
the establishment of a pro-tumorigenic
(41). Fatty acylation was another potential carcinogenic
mechanism of SFA. It was shown that an SFA-rich diet
could lead to an increase of myristoylated Src kinase and
Src-mediated oncogenic signaling which accelerated tumor
progression (42).

Dietary intake of SFAs consists of both animal and plant
origins. The association between dietary FAs and cancer risk may
depend on types and food sources of FAs (43, 44). The “SFA”
pattern identified in this study was verified by performing a
correlation analysis between the “SFA” pattern score and intakes
of nutrients and food groups. It was found that the intake of red
meat and dairy products was significantly higher in individuals
with higher “SFA” pattern scores, which was consistent with
previous studies about relation between varied food components
and oral cancer. A study from Italy suggested that animal-derived
foods such as dairy products and red meat could increase the
risk of oral cancer (45). Epidemiological evidence from Greece
also indicated that meat products were positively associated
with the risk of oral cancer (46). However, we did not observe
significant food components of plant origin that were related to
SFA intake. So, it was unclear whether the association between
the “SFA” pattern and oral cancer was partially attributed to
the origin of SFA intake. This remains unclear for now and
warrants investigation.

Additionally, in stratification analysis, we found that the
association between the “SFA” pattern and oral cancer risk varied
with age. The “SFA” pattern was positively associated with oral
cancer risk in both age groups, but the association was more
significant in the age group younger than 49 years. Compared
with MUFA and PUFA, SFA is more likely to come from red
meat, processed meat, and dairy products. Red meat is a primary
source of total SFA, which has been identified as a dietary
risk factor closely associated with various cancers (47, 48). In
addition to red meat, excessive intake of dairy products could
also contribute to cancer risks (49). Therefore, the origin of SFAs
may modulate the effect of SFAs on oral cancer risk. Actually, in
this study, we found that the “SFA” pattern was more strongly
associated with dairy products in the younger-age group than the
older-age group (Supplement Table 2). The results indicate that
younger-age groups may consume more saturated FAs from dairy
products, such as cakes, cheese, and ice cream bars, which may be
positively associated with the risk of oral cancer.

environment

There were several limitations in this study. Firstly, the
selection of controls was not well-matched with the case,
which resulted in distribution differences between the case
and control groups in characteristics such as sex, age, and
education. This could imply a selection bias, even when these
variables were adjusted in the models. Secondly, recall bias and
measurement error in dietary assessment using FFQ could be
hardly avoided in a case-control study. Lastly, this was a single-
center study and the sample size was limited. A prospective
study with a large-scale sample size is needed to verify the
current findings

CONCLUSION

In conclusion, the study provides support for a possible positive
relationship between the “SFA” pattern and the risk of oral
cancer. In addition, potential interactions were found between
“SFA” pattern and age in oral cancer risk. Our findings support
previous findings that there is suggestive evidence of a link
between dietary patterns with head and neck cancer, but go
beyond this by highlighting the role of specific FA patterns in oral
cancer susceptibility.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Materials, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by the Institutional Review Board (IRB)
of Fujian Medical University. The patients/participants
provided their written informed consent to participate
in this study.

AUTHOR CONTRIBUTIONS

YE JW, QC, and FL conceptualized the original idea for the study
and have been involved in data collection, data analysis, and
manuscript drafting. YQ, LL, LP, and BS were involved in data
and blood samples collection. SW, YWa, YL, YWe, and JQ carried
out the initial analysis. FC and BH assisted with revisions. All
authors have made substantial contributions to the conception
and design of the study, read and approved the final manuscript,
and agreed to be accountable for all aspects of the work.

FUNDING

This work was supported by the Fujian Natural Science
Foundation Program (grant number: 2020J01639), Technology
Development Fund from the Department of Education of Fujian
Province (grant number: 2019L3006), and Fujian Provincial
Health Technology Project (No. 2018-1-57).

Frontiers in Nutrition | www.frontiersin.org

31

May 2022 | Volume 9 | Article 864098


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Fan et al.

Fatty Acids and Oral Cancer

ACKNOWLEDGMENTS

The  authors appreciate the  patients with  oral
cancer and control participants who contributed to
this study.

REFERENCES

10.

11.

12.

13.

14.

15.

. Chen W, Zheng R, Baade P, Zhang S, Zeng H, Bray F, et al. Cancer statistics in

China, 2015. CA Cancer J Clin. (2016) 66:115-32. doi: 10.3322/caac.21338

. Bray E Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global

cancer statistics 2018: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA Cancer J Clin. (2018) 68:394-
424. doi: 10.3322/caac.21492

. Chen E He B, Yan L, Qiu Y, Lin L, Cai L. Influence of oral hygiene and its

interaction with standard of education on the risk of oral cancer in women
who neither smoked nor drank alcohol: a hospital-based, case-control study.
Br J Oral Maxillofac Surg. (2017) 55:260-5. doi: 10.1016/j.bjoms.2016.11.316

. Gormley M, Dudding T, Sanderson E, Martin R, Thomas S, Tyrrell ], et al.

A multivariable Mendelian randomization analysis investigating smoking and
alcohol consumption in oral and oropharyngeal cancer. Nat Commun. (2020)
11:6071-80. doi: 10.1038/541467-020-19822-6

. Hung L, Kung P, Lung C, Tsai M, Liu S, Chiu L. Assessment of the

risk of oral cancer incidence in a high-risk population and establishment
of a predictive model for oral cancer incidence using a population-
based cohort in Taiwan. Int | Environ Res Public Health. (2020) 17:665—
79. doi: 10.3390/ijerph17020665

. Kadashetti V, Chaudhary M, Patil S, Gawande M, Shivakumar K, Patil S.

Analysis of various risk factors affecting potentially malignant disorders and
oral cancer patients of Central India. ] Caner Res Ther. (2015) 11:280-
6. doi: 10.4103/0973-1482.151417

. Nair U, Bartsch H, Nair J. Alert for an epidemic of oral cancer due to use of the

betel quid substitutes gutkha and pan masala: a review of agents and causative
mechanisms. Mutagenesis. (2004) 19:251-62. doi: 10.1093/mutage/geh036

. Radoi L, Paget-Bailly S, Cyr D, Papadopoulos A, Guida F, Schmaus A, et al.

Tobacco smoking, alcohol drinking and risk of oral cavity cancer by subsite:
results of a French population-based case-control study, the ICARE study. Eur
J Cancer Prev. (2013) 22:268-76. doi: 10.1097/CEJ.0b013e3283592cce

. Rietbergen M, Leemans C, Bloemena E, Heideman D, Braakhuis B, Hesselink

A, et al. Increasing prevalence rates of HPV attributable oropharyngeal
squamous cell carcinomas in the Netherlands as assessed by a validated test
algorithm. Int ] Cancer. (2013) 132:1565-71. doi: 10.1002/ijc.27821

Chen E Yan L, Lin L, Liu E Qiu Y, Wang J, et al. Dietary score and the risk
of oral cancer: a case-control study in southeast China. Oncotarget. (2017)c
8:34610-16. doi: 10.18632/oncotarget.16659

Dalmartello M, Decarli A, Ferraroni M, Bravi E, Serraino D, Garavello W, et
al. Dietary patterns and oral and pharyngeal cancer using latent class analysis.
Int ] Cancer. (2020) 147:719-27. doi: 10.1002/ijc.32769

Shivappa N, Hébert J, Rosato V, Garavello W, Serraino D, La Vecchia
C. Inflammatory potential of diet and risk of oral and pharyngeal cancer
in a large case-control study from Italy. Int J Cancer. (2017) 141:471-
9. doi: 10.1002/ijc.30711

Dahm C, Gorst-Rasmussen A, Crowe F, Roswall N, Tjenneland A, Drogan
D, et al. Fatty acid patterns and risk of prostate cancer in a case-control
study nested within the European Prospective Investigation into Cancer
and Nutrition. Am ] Clin Nutr. (2012) 96:1354-61. doi: 10.3945/ajcn.112.0
34157

Perez-Cornago A, Huybrechts I, Appleby P, Schmidt ], Crowe F, Overvad
K, et al. Intake of individual fatty acids and risk of prostate cancer in the
European prospective investigation into cancer and nutrition. Int ] Cancer.
(2020) 146:44-57. doi: 10.1002/ijc.32233

Ghamarzad Shishavan N, Mohamadkhani A, Ghajarieh Sepanlou S, Masoudi
S, Sharafkhah M, Poustchi H, et al. Circulating plasma fatty acids and risk of
pancreatic cancer: results from the Golestan Cohort Study. Clin Nutr. (2021)
40:1897-904. doi: 10.1016/j.cInu.2020.09.002

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnut.2022.
864098/ full#supplementary-material

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Matejcic M, Lesueur F, Biessy C, Renault A, Mebirouk N, Yammine S,
et al. Circulating plasma phospholipid fatty acids and risk of pancreatic
cancer in a large European cohort. Int ] Cancer. (2018) 143:2437-
48. doi: 10.1002/ijc.31797

Aglago E, Murphy N, Huybrechts I, Nicolas G, Casagrande C, Fedirko V,
et al. Dietary intake and plasma phospholipid concentrations of saturated,
monounsaturated and trans fatty acids and colorectal cancer risk in the EPIC
cohort. Int J Cancer. (2021) 149:865-82. doi: 10.1002/ijc.33615

Nguyen S, Li H, Yu D, Cai H, Gao J, Gao Y, et al. Dietary fatty acids and
colorectal cancer risk in men: a report from the Shanghai Men’s Health Study
and a meta-analysis. Int ] Cancer. (2021) 148:77-89. doi: 10.1002/ijc.33196
Luu H, Cai H, Murff H, Xiang Y, Cai Q, Li H, et al. A prospective study of
dietary polyunsaturated fatty acids intake and lung cancer risk. Int J Cancer.
(2018) 143:2225-37. doi: 10.1002/ijc.31608

Council N. Diet and Health: Implications for Reducing Chronic Disease Risk.
Washington, DC: The National Academies Press (1989).

Hu F. Dietary pattern analysis: a new direction in nutritional epidemiology.
Curr Opin Lipidol. (2002) 13:3-9. doi: 10.1097/00041433-200202000-00002
Edefonti V, Bravi E La Vecchia C, Randi G, Ferraroni M, Garavello W, et al.
Nutrient-based dietary patterns and the risk of oral and pharyngeal cancer.
Oral Oncol. (2010) 46:343-8. doi: 10.1016/j.oraloncology.2009.11.017

Jacques P, Tucker K. Are dietary patterns useful for understanding the role of
diet in chronic disease? Am J Clin Nutr. (2001) 73:1-2. doi: 10.1093/ajcn/73.1.1
Schulze M, Hoffmann K. Methodological approaches to study dietary patterns
in relation to risk of coronary heart disease and stroke. Brit ] Nutr. (2006)
95:860-9. doi: 10.1079/BJN20061731

World Health Organization. ICD-10: International Statistical Classification
of Diseases and Related Health Problems: Tenth Revision. World Health
Organization (2004).

Chen E He B, Yan L, Liu E Huang ], Hu Z, et al. Tea consumption and its
interactions with tobacco smoking and alcohol drinking on oral cancer in
southeast China. Eur J Clin Nutr. (2017) 71:481-5. doi: 10.1038/ejcn.2016.208
Villegas R, Yang G, Liu D, Xiang Y, Cai H, Zheng W, et al
Validity and reproducibility of the food-frequency questionnaire
used in the Shanghai men’s health study. Br ] Nutr. (2007)
97:993-1000. doi: 10.1017/S0007114507669189

Jiang H, Zhang J, Du W, Su C, Zhang B, Wang H. Energy intake and energy
contributions of macronutrients and major food sources among Chinese
adults: CHNS 2015 and CNTCS 2015. Eur J Clin Nutr. (2021) 75:314-
24. doi: 10.1038/s41430-020-0698-0

Willett W, Stampfer M. Total energy intake:
for epidemiologic analyses. Am ]  Epidemiol.
27. doi: 10.1093/oxfordjournals.aje.al14366

Bassett J, Severi G, Hodge A, MacInnis R, Gibson R, Hopper J, et al. Plasma
phospholipid fatty acids, dietary fatty acids and prostate cancer risk. Int J
Cancer. (2013) 133:1882-91. doi: 10.1002/ijc.28203

Kim J, Oh S, Kim Y, Kwon H, Joh H, Lee ], et al. Association between dietary
fat intake and colorectal adenoma in korean adults: a cross-sectional study.
Medicine. (2017) 96:€5759-65. doi: 10.1097/MD.0000000000005759

Brasky T, Darke A, Song X, Tangen C, Goodman P, Thompson I, et al. Plasma
phospholipid fatty acids and prostate cancer risk in the SELECT trial. ] Natl
Cancer Inst. (2013) 105:1132-41. doi: 10.1093/jnci/djt174

Liss M, Al-Bayati O, Gelfond ], Goros M, Ullevig S, DiGiovanni J. Higher
baseline dietary fat and fatty acid intake is associated with increased risk of
incident prostate cancer in the SABOR study. Prostate Cancer Prostatic Dis.
(2019) 22:244-51. doi: 10.1038/s41391-018-0105-2

Cao Y, Hou L, Wang W. Dietary total fat and fatty acids intake, serum fatty
acids and risk of breast cancer: a meta-analysis of prospective cohort studies.
Int ] Cancer. (2016) 138:1894-904. doi: 10.1002/ijc.29938

implications
(1986)  124:17-

Frontiers in Nutrition | www.frontiersin.org

May 2022 | Volume 9 | Article 864098


https://www.frontiersin.org/articles/10.3389/fnut.2022.864098/full#supplementary-material
https://doi.org/10.3322/caac.21338
https://doi.org/10.3322/caac.21492
https://doi.org/10.1016/j.bjoms.2016.11.316
https://doi.org/10.1038/s41467-020-19822-6
https://doi.org/10.3390/ijerph17020665
https://doi.org/10.4103/0973-1482.151417
https://doi.org/10.1093/mutage/geh036
https://doi.org/10.1097/CEJ.0b013e3283592cce
https://doi.org/10.1002/ijc.27821
https://doi.org/10.18632/oncotarget.16659
https://doi.org/10.1002/ijc.32769
https://doi.org/10.1002/ijc.30711
https://doi.org/10.3945/ajcn.112.034157
https://doi.org/10.1002/ijc.32233
https://doi.org/10.1016/j.clnu.2020.09.002
https://doi.org/10.1002/ijc.31797
https://doi.org/10.1002/ijc.33615
https://doi.org/10.1002/ijc.33196
https://doi.org/10.1002/ijc.31608
https://doi.org/10.1097/00041433-200202000-00002
https://doi.org/10.1016/j.oraloncology.2009.11.017
https://doi.org/10.1093/ajcn/73.1.1
https://doi.org/10.1079/BJN20061731
https://doi.org/10.1038/ejcn.2016.208
https://doi.org/10.1017/S0007114507669189
https://doi.org/10.1038/s41430-020-0698-0
https://doi.org/10.1093/oxfordjournals.aje.a114366
https://doi.org/10.1002/ijc.28203
https://doi.org/10.1097/MD.0000000000005759
https://doi.org/10.1093/jnci/djt174
https://doi.org/10.1038/s41391-018-0105-2
https://doi.org/10.1002/ijc.29938
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Fan et al.

Fatty Acids and Oral Cancer

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Kim M, Park KJN. Dietary fat intake and risk of colorectal cancer: a systematic
review and meta-analysis of prospective studies. Int ] Cancer. (2018) 10:1963-
73. doi: 10.3390/nu10121963

Bertone ER, Rosner BA, Hunter DJ, Stampfer M]J, Speizer FE, Colditz GA,
et al. Dietary fat intake and ovarian cancer in a cohort of US women. Am J
Epidemiol. (2002) 156:22-31. doi: 10.1093/aje/kwf008

Hwang D, Kim J, Lee J. Mechanisms for the activation of Toll-like receptor
2/4 by saturated fatty acids and inhibition by docosahexaenoic acid. Eur J
Pharmacol. (2016) 785:24-35. doi: 10.1016/j.ejphar.2016.04.024

Huang S, Rutkowsky J, Snodgrass R, Ono-Moore K, Schneider D, Newman J,
et al. Saturated fatty acids activate TLR-mediated proinflammatory signaling
pathways. J Lipid Res. (2012) 53:2002-13. doi: 10.1194/jlr.D029546

Aggarwal B, Shishodia S, Sandur S, Pandey M, Sethi G. Inflammation
and cancer: how hot is the link? Biochem Pharmacol. (2006) 72:1605-
21. doi: 10.1016/j.bcp.2006.06.029

Calder P. Functional roles of fatty acids
human health. JPEN ] Parenter
328. doi: 10.1177/0148607115595980
Chiefari E, Mirabelli M, La Vignera S, Tanyolac S, Foti DP, Aversa A, et al.
Insulin resistance and cancer: in search for a causal link. Int ] Mol Sci. (2021)
22:11137-66. doi: 10.3390/ijms222011137

Kim S, Yang X, Li Q Wu M, Costyn L, Beharry Z,
Myristoylation of Src kinase mediates Src-induced and high-fat diet-
accelerated prostate tumor progression in mice. J Biol Chem. (2017)
292:18422-33. doi: 10.1074/jbc.M117.798827

Gerber M. Background review paper on total fat, fatty acid intake
and cancers. Ann Nutr Metab. (2009) 55:140-61. doi: 10.1159/0002
29000

Thiebaut AC, Chajes V, Gerber M, Boutron-Ruault MC, Joulin V, Lenoir
G, et al. Dietary intakes of omega-6 and omega-3 polyunsaturated fatty
acids and the risk of breast cancer. Int ] Cancer. (2009) 124:924-
31. doi: 10.1002/ijc.23980

Barasch A, Litaker M. Nutrition and the risk of oral and pharyngeal
cancer: the evidence for any association remains weak and clinical

their effects on
(2015)  39:18-

and

Enteral  Nutr.

et al

significance remains limited. J Evid Based Dent Pract. (2012) 12:263-
4. doi: 10.1016/S1532-3382(12)70050-7

Petridou E, Zavras Al, Lefatzis D, Dessypris N, Laskaris G, Dokianakis G, et al.
The role of diet and specific micronutrients in the etiology of oral carcinoma.
Cancer. (2002) 94:2981-8. doi: 10.1002/cncr.10560

de Lorgeril M, Salen P. New insights into the health effects of dietary saturated
and omega-6 and omega-3 polyunsaturated fatty acids. BMC Med. (2012)
10:50-53. doi: 10.1186/1741-7015-10-50

Pascual JV, Rafecas M, Canela MA, Boatella ], Bou R, Baucells MD, et al. Effect
of increasing amounts of a linoleic-rich dietary fat on the fat composition
of four pig breeds. Part I: backfat fatty acid evolution. Food Chem. (2006)
96:538-48. doi: 10.1016/j.foodchem.2005.02.042

Gallus S, Bravi E Talamini R, Negri E, Montella M, Ramazzotti V, et al.
Milk, dairy products and cancer risk (Italy). Cancer Causes Control. (2006)
17:429-37. doi: 10.1007/s10552-005-0423-2

46.

47.

48.

49.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Fan, Qiu, Wang, Chen, Wang, Wang, Li, Weng, Qian, Chen,
Wang, Shi, Pan, Lin, He and Liu. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Nutrition | www.frontiersin.org

33

May 2022 | Volume 9 | Article 864098


https://doi.org/10.3390/nu10121963
https://doi.org/10.1093/aje/kwf008
https://doi.org/10.1016/j.ejphar.2016.04.024
https://doi.org/10.1194/jlr.D029546
https://doi.org/10.1016/j.bcp.2006.06.029
https://doi.org/10.1177/0148607115595980
https://doi.org/10.3390/ijms222011137
https://doi.org/10.1074/jbc.M117.798827
https://doi.org/10.1159/000229000
https://doi.org/10.1002/ijc.23980
https://doi.org/10.1016/S1532-3382(12)70050-7
https://doi.org/10.1002/cncr.10560
https://doi.org/10.1186/1741-7015-10-50
https://doi.org/10.1016/j.foodchem.2005.02.042
https://doi.org/10.1007/s10552-005-0423-2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

& frontiers | Frontiers in

ORIGINAL RESEARCH
published: 23 May 2022
doi: 10.3389/fnut.2022.881847

OPEN ACCESS

Edited by:
Rafaela Rosatrio,
University of Minho, Portugal

Reviewed by:

Cecilie Kyra,

Danish Cancer Society Research
Center (DCRC), Denmark

Justina Ucheojor Onwuka,
International Agency for Research on
Cancer (IARC), France

*Correspondence:
Jian Zhang
zhangjian@ninh.chinacdc.cn

Specialty section:

This article was submitted to
Nutritional Epidemiology,

a section of the journal
Frontiers in Nutrition

Received: 23 February 2022
Accepted: 25 April 2022
Published: 23 May 2022

Citation:

Yul, Song R Zhu Q, Li Y, Jia S,
Zhang S, Wang Z and Zhang J (2022)
The Dietary Branched-Chain Amino
Acids Transition and Risk of Type 2
Diabetes Among Chinese Adults From
1997 to 2015: Based on Seven
Cross-Sectional Studies and a
Prospective Cohort Study.

Front. Nutr. 9:881847.

doi: 10.3389/fnut.2022.881847

Check for
updates

The Dietary Branched-Chain Amino
Acids Transition and Risk of Type 2
Diabetes Among Chinese Adults
From 1997 to 2015: Based on Seven
Cross-Sectional Studies and a
Prospective Cohort Study

Lianlong Yu', Pengkun Song ™2, Qianrang Zhu', Yugian Li', Shanshan Jia', Shixiu Zhang?,
Zhihong Wang' and Jian Zhang ™

" National Institute for Nutrition and Health, Chinese Center for Disease Control and Prevention, Beijjing, China, ? NHC Key
Laboratory of Trace Element Nutrition, National Institute for Nutrition and Health, Chinese Center for Disease Control and
Prevention, Beijing, China, ® Department of Nutrition and Food Hygiene, School of Public Health, Cheeloo College of
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Background: The situation is grim for the prevention and control of type 2 diabetes (T2D)
and prediabetes in China. Serum and dietary branched-chain amino acids (BCAAs) were
risk factors for T2D. However, there is a lack of information on trends in consumption
of BCAAs and the risk of T2D associated with BCAAs intake, based on nationally
representative data in China. Thus, we aimed to comprehensively describe the dietary
BCAAs transition and risk of T2D, at a national level among Chinese adults from 1997
to 2015.

Methods: The data sources were the China Health and Nutrition Survey (CHNS) and
China Nutrition and Health Survey (CNHS). Cross-sectional data on intake were obtained
from CHNS (1997, n = 9,404), CHNS (2000, n = 10,291), CHNS (2004, n = 9,682),
CHNS (2006, n = 9,553), CHNS (2009, n = 9,811), CHNS (2011, n = 12,686) and
CNHS (2015, n = 71,695). Prospective cohort data were obtained CHNS (1997-2015,
n = 15,508).

Results: From 1997 to 2015, there was a significant decreasing trend in the BCAAs
intake of Chinese adults in all subgroups (P < 0.0001) except for Leu in 80 or
older, and a decreasing trend in the consumption of BCAAs after 40 years old (P
< 0.05). The mean intake of BCAAs in the population of cohort study was 11.83
+ 3.77g/day. The 95% CI was above the HR of 1.0, when the consumptions were
higher than 14.01, 3.75, 6.07, 4.21 g/day in BCAAs, lle, Leu and Val, based on
RCS curves. According to the Cox proportional hazards models, Compared with
individuals with BCAAs consumption of 10.65-12.37 g/day, the multivariable-adjusted
HR for diabetes was 2.26 (95% CI 1.45 to 3.51) for individuals with consumption
of BCAAs more than 18.52 g/day. A statistically significant positive association
between BCAAs intake and risk of T2D was observed in males or participants
aged 45 years and older, but not in females or participants younger than 45 years.
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Conclusion: Our results reveal a trend toward decreased BCAAs intake in Chinese from
1997 to 2015. After 40 years of age, consumption of BCAAs declined with increasing
age. Higher BCAAs intake was associated with higher risk of T2D. This relationship is
more stable among men and middle-aged and elderly people.

Keywords: nutritional epidemiology, branched chain amino acids, transition, nutrient effects, type 2 diabetes, risk

analysis

INTRODUCTION

Branched-chain amino acids (BCAAs), including leucine (Leu),
isoleucine (Ile), and valine (Val), are essential amino acids for
mammals (1) and are supplied considerably from diet. Previous
studies have shown that the main food sources of BCAAs in
the US population were meat (37%), milk (12%), and fish (8%),
while in the Japanese population the main contributors were
cereals, potatoes and starches (23-25%), fish and shellfish (21—
23%) and meat (14-15%) (2). BCAAs were critical components
of dietary protein. Elevations in branched-chain amino acids
(BCAAs) associated with numerous systemic diseases, including
cancer, type 2 diabetes (T2D), and heart failure (3). Reports since
the 1960’s have noted that elevations in circulating BCAAs tightly
associate with insulin resistance (4).

The prevalence of diabetes in China has increased
dramatically in the past two decades (5, 6). Elevated plasma
branched chain amino acids (BCAAs) has been implicated in
development of insulin resistance and T2D. However, whether
consumption of BCAAs contribute to the disease is controversial.
Some studies have shown that high intake of BCAAs is associated
with an increased risk of T2D (2, 7, 8) and may have adverse
effects on the development of IR (9). On the contrary, a study
from a Japanese population reported that high intake of BCAAs
may be associated with reduced diabetes risk (10). Research in
this area has remained relatively limited. Thus, the association
between dietary BCAAs and the risk of T2D in Chinese adults is
unclear. Also, the quantity of BCAAs intake causing risk of T2D
is not clearly defined. It could have significant clinical and public
health implications that finding out exact BCAAs consumption
threshold values of developing diabetes.

In the past few decades, dietary structure and food intakes of
Chinese have undergone substantial changes (11). However, there
is alack of information on trends in BCAAs consumption and the
risk of T2D associated with BCAAs intake, based on nationally
representative data. Using data from 1997 to 2015 China Health
and Nutrition Survey (CHNS) and China Nutrition and Health
Survey (CNHS), the current study was aimed to systematically
describe the changes in dietary BCAAs intake in Chinese adults
from 1997 to 2015 and the risk of T2D caused by BCAAs intake.

METHODS
Study Population

All datasets used in this study were from two independent
national project, CHNS and CNHS. CHNS was an international
collaborative project cohosted by the Carolina Population Center

at the University of North Carolina at Chapel Hill and the
National Institute for Nutrition and Health (NINH) at Chinese
Center for Disease Control and Prevention (CCDC), which
aimed to examine the effects of the healthand nutrition. CNHS
was a national survey conducted by the CCDC to survey the
national health and nutrition status. The sampling method,
dietary survey method, anthropometric measurement method,
and quality control method of CNHS are almost identical to
those of CHNS in terms of cross-section. The provincial staff
for both projects are the same team. The core structure of the
two surveys is the same in terms of cross-section. Both projects
used stratified, multistage, random cluster sampling method, and
further detailed information could be referred elsewhere (12, 13).

In the dietary BCAA transition trend analysis, seven cross-
sectional data were obtained from CHNS (1997), CHNS (2000),
CHNS (2004), CHNS (2006), CHNS (2009), CHNS (2011) and
CNHS (2015). Data were included for analysis if dietary intake
records were available and the age of the study object was 18 years
or older at the time of survey. And data of 9,404, 10,291, 9,682,
9,553, 9,811, 12,686 and 71,695 participants in 1997, 2000, 2004,
2006, 2009, 2011, and 2015 were used for analysis, respectively.

In the BCAAs risk analysis, prospective cohort data were
extracted from CHNS (1997-2015). Participants diagnosed
with diabetes at baseline, those aged <18 years, and those
without dietary records were excluded for analysis, and 15,508
participants with 9.9 £ 5.6 (mean £ SD) follow-up years were
finally included for analysis.

Dietary BCAA Intake Assessment
BCAAs intake were calculated from 24-h dietary recall records
and household condiment weighing records for three consecutive
days (2 working days and 1 weekend). All field staff are
professionally trained nutritionists who work in nutrition in their
own county. BCAAs intakes was estimated by multiplying the
consumed grams of each food by the amino acid contents of
each food (referred from Chinese Food Composition Tables)
(14-16) before BCAAs intake for all food items was summed
by individual.

In the BCAA risk analysis, dietary exposure to BCAAs were
calculated by using the average BCAAs intake values in each
record before the onset of diabetes.

Identification of the New-Onset Diabetes

Since 1997, participants have been asked to report their previous
diabetes history in the form of questionnaire interviews at each
follow-up. Three questions were used to identify the new onset
diabetes in the CHNS project: (1) Have the doctor told you that
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FIGURE 1 | (A-D) Trends in consumption of BCAAs and food sources from 1997 to 2015. P value for the trend, P < 0.0001 (Male, Female, Urban, Rural). (E) Food
sources of dietary BCAAs. (F-I) Average daily BCAAs (lle, Leu and Val) intakes in adults (aged 18-90 years) during 1997-2015. (J) Clustering and correlation heat map
between dietary amino acids and food categories. (K) Comparison of BCAAs intakes between the diabetic onset group and non-onset group in the cohort.

you suffer from type 2 diabetes? (2) How old (age) were you
when this happened? (3) Have you used the following treatment
methods, such as special diet, weight control, oral medication,
insulin injection, Chinese medicine, etc.? The diagnosis of T2D
was based on patient-reported physicians’ diagnoses and/or the
presence of diabetes-specific medication.

Statistical Analysis

We provided the demographic characteristics of each survey year.
We also calculated the mean (SD) of dietary BCAAs by sex, age
group and urban/rural status. A generalized linear model was
used to test trends for consumption of BCAAs from 1997 to 2015,
adjusting for sex, age, BMI and region. Heatmaps were generated
and clustered using hierarchical clustering. For the comparison
between the two groups, t-test was applied in Figure 1K, and
generalized linear model was used in Table 4.

Based on the Cox proportional hazard model, a restricted
cubic spline (RCS) curve was used to assess the association
between dietary BCAAs levels and T2D risk on a continuous
scale. In the statistical analyses, we adjusted for age, sex, energy
intake, BMI, region, smoking status (previous or present, never),
alcohol consumption (yes, no), which were well known risk
factors for diabetes. In the Cox proportional hazards models,
participants with previously diagnosed diabetes, were excluded
when first entry into the survey. To balance best fit and overfitting
in the main splines for incident diabetes, the number of knots,
between three and six, was chosen as the lowest value for the

Akaike information criterion, but if within two of each other
for different knots, the lowest number of knots was chosen (17).
In the non-linearity test, P < 0.1 was considered statistically
significant for data exploration and visualization. Otherwise,
two-sided significance tests were used throughout, and a two-
sided P < 0.05 was considered statistically significant. All
analyses were conducted using SAS software, version 9.4 (SAS
Institute, Cary, NC) and R software, version 4.1.2.

Patient and Public Involvement

Participants were not involved in setting the research question
or the outcome measures, nor were they involved in the design
or implementation of the study. No participants were asked to
advise on interpretation or writing of the manuscript.

RESULTS

From 1997 to 2015, the number of participants in the survey
increased from 9,404 to 71,695, and the proportion of the elderly
and urban residents continued to increase, reflecting increasing
trends of aging and urbanization in China (Table 1). From
1997 to 2015, there was a significant decreasing trend in the
BCAAs intake of Chinese adults in all subgroups (including
the type of BCAAs, age subgroups, sex and urbanization
status) (P < 0.0001) except for Leu in 80 or older, and a
decreasing trend in the consumption of BCAAs after 40 years
old (P < 0.05) (Table 2; Figure 1). From 1997 to 2015, cereals
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TABLE 1 | Sociodemographic distribution of participants in the 1997962015.

1997 2000 2004 2006 2009 2011 2015

Total 9,404 10,291 9,682 9,553 9,811 12,686 71,695
Age group (years)

18-34 3,339 (35.5) 3,019 (29.3) 2,142 (22.1) 1,780 (18.6) 1,692 (17.3) 2,090 (16.5) 8,695 (12.1)

35-49 3,010 (32.0) 3,636 (35.3) 3,237 (33.4) 3,156 (33.0) 3,122 (31.8) 3,967 (31.3) 18,782 (26.2)

50-64 1,949 (20.7) 2,319 (22.5) 2,782 (28.7) 2,989 (31.9) 3,208 (32.7) 4,278 (33.7) 27,697 (38.6)

65-79 956 (10.2) 1,157 (11.2) 1,333 (13.8) 1,412 (14.8) 1,518 (15.5) 2,004 (15.8) 14,739 (20.6)

80 or older 150 (1.6) 160 (1.6) 188 (1.9) 216 (2.3) 271 (2.8) 347 (2.7) 1,782 (2.5)
Sex (%)

Male 4,562 (48.5) 4,980 (48.4) 4,614 (47.7) 4,538 (47.5) 4,676 (47.7) 5,933 (46.8) 34,140 (47.6)

Female 4,842 (51.5) 5,311 (51.6) 5,068 (52.3) 5,015 (52.5) 5,135 (52.3 6,753 (53.2) 37,555 (52.4)
Living area (%)

Urban 2,971 (31.6) 3,256 (31.6) 3,007 (31.1) 2,984 (31.2) 3,082 (31.4) 5,281 (41.6) 29,145 (40.7)

Rural 6,433 (68.4) 7,035 (68.4) 6,675 (68.9) 6,569 (68.8) 6,729 (68.6) 7,405 (58.4) 42,550 (59.4)

continued to be the first primary source for dietary BCAA
intake, but the proportion of its contribute decreased from
55.6% to 34.9%. Similarly, beans decreased from 10.1 to 7.2%.
In contrast, the percent contribution of red meat increased
from 9.5 to 17.5%. In addition, the contribution of fish and
seafoods increased from 6.5 to 8.6%, and eggs increased from 4.7
to 5.4%.

As shown in Figure 1], the types of food were clustered into
three major groups. Fish and seafoods, red meat and poultry were
clustered into one category. Cereals, eggs, vegetables, nuts, beans,
and beverages were clustered into one category. Additionally,
alcohol products, condiments, fruits, snacks, pickles and dairy
products were clustered into one category. Dietary BCAAs
(Leu, Ile, and Val) were clustered together with aspartate (Asp),
histidine (His), glycine (Gly), arginine (Arg), threonine (Thr) and
alanine (Ala). Furthermore, the top 4 types of food, exhibiting the
strongest correlation with dietary BCA As, were fish and seafoods,
red meat, poultry and cereals.

At the endpoint of observation, mean BCAAs intake was
higher in participants with new-onset diabetes onset than in non-
diabetic participants (t = —4.92, P < 0.0001) (Figure 1K). The

same phenomenon were also observed in Ile (f = —4.62, P <
0.0001), Leu (t = —5.11, P < 0.0001) and Val (t = —4.78,
P < 0.0001).

The mean intake of BCAAs in the population of cohort study
was 11.83 & 3.77 g/day (Table 3). The impact of dietary BCAA
intake on risk of T2D was shown in Figure 2. The consumption
of BCAAs and risk of T2D was U-shape-associated and higher
dietary BCAAs (>14.01 g/day) increased the risk of T2D. When
upon a closer look, higher intake of each BCAA also increased
the risk of T2D (Figure 2). The 95% confidence interval (CI) was
above the HR of 1.0, when the consumptions were higher than
14.01, 3.75, 6.07, 4.21 g/day in BCAAs, Ile, Leu and Val. Those
with higher dietary BCAAs (Group B > 14.01 vs. Group A <
14.01 g/day) also consumed more food in amounts (1616.96 +
755.83 vs. 1244.92 + 524.68 g/day, P < 0.0001) (Table 4). The
average food intake of group A was 1244.92 (95% reference value
216.55 to 2273.29) g/day.

Compared with individuals with BCAAs consumption of
10.65-12.37 g/day, the multivariable-adjusted HR for diabetes
was 2.26 (95% CI 1.45 to 3.51) for individuals with consumption
of BCAAs more than 18.52 g/day (Table 5). The same trends were
found in Ile and Leu, except for Val. The results were unaffected
by multivariable adjustments in BCAAs, Ile and Leu.

Sensitivity Analyses

When fractional polynomials was applied, the U-shaped
association between dietary BCAAs intake and T2D risk also
exist, and the BCAAs consumption cut-off that increased the
T2D risk was 18.52 g/day (Table 5). When further stratified by sex
and age, the association between the two was unaltered in men or
in participants aged 45 years and older. However, the association
between BCAAs intake and risk of T2D diminished in females or
in participants younger than 45 years (Figures 2E-H).

DISCUSSION

Using seven large-scale nationally representative survey data, a
decreasing trend in dietary BCAAs intake was observed in the
study population at all ages from 1997 to 2015. Consumption
of BCAAs also declined as age increased for those aged 40
years older. In all food categories, the strongest correlations with
BCAAs were with red meat, poultry, fish and seafoods. And the
risk analysis showed that increased BCA As intake was associated
with an elevated risk of T2D. This association was more stable
among men and among people with middle-age and elder. The
people with risk of T2D accounted for about 23.86% of the total
population due to BCAAs.

To the best of our knowledge, this is the largest study including
the most recent national survey data to first address the dietary
BCAA intake trend and its risk on T2D. The reliability of
our result could be guaranteed by the strict quality control
of the CHNS and CNHS, including standardized protocols,
standardized data collection procedures and standardized
training of the field working stuff. This study contributes to the
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TABLE 2 | Trends in mean BCAAs intake among Chinese adults from 1997962015.

1997 2000 2004 2006 2009 2011 2015 P for trend* A
BCAAs (mg/day) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Total lle 3165.81 (1124.99) 3102.89 (1122.43) 3004.50 (1189.17) 3018.33 (1172.68) 3063.48 (1181.62) 2805.68 (1159.1) 2635.44 (3301.12) <0.0001 530.37
Leu 5449.48 (1995.36) 5277.97 (1947.35) 5140.51 (2076.7) 5115.99 (2036.53) 5261.45 (2065.60) 4995.45 (2110.14) 4746.61 (4820.84) <0.0001 702.87
Val 3657.37 (1282.00) 3520.52 (1242.34) 3456.76 (1344.52) 3427.45 (1305.43) 3489.38 (1313.68) 3248.66 (1314.82) 3128.64 (4268.14) <0.0001 528.73
BCAAs 12272.66 (4363.69) 11901.38 (4280.58) 11601.77 (4573.22) 11561.77 (4487.12) 11814.32 (4532.28) 11049.79 (4554.87) 10510.69 (12334.01) <0.0001 1761.97
Age group (years)
18-34 lle 3277.85 (1127.07) 3174.12 (1128.90) 3015.09 (1157.40) 3054.45 (1149.93) 3206.70 (1228.80) 2965.23 (1196.04) 2812.25 (1441.48) <0.0001 465.60
Leu 5627.67 (2006.46) 5375.61 (1939.71) 5129.59 (2006.18) 5190.55 (1985.61) 5519.91 (2148.54) 5284.22 (2157.42) 5084.05 (2633.88) <0.0001 543.62
Val 3786.87 (1288.29) 3592.22 (1245.41) 3465.16 (1304.44) 3473.67 (1277.97) 3646.99 (1361.33) 3426.45 (1360.96) 3327.38 (1702.73) <0.0001 459.49
BCAAs 12692.39 (4379.5) 12141.95 (4283.15) 11609.85 (4430.17) 11718.68 (4383.86) 12373.61 (4712.2) 11675.9 (4684.62) 11223.68 (5755.53) <0.0001 1468.71
35-49 lle 3290.14 (1125.94) 3226.16 (1099.01) 3159.97 (1200.06) 3171.33 (1176.59) 3192.13 (1132.73) 2891.4 (1154.24) 2791.73 (1454.93) <0.0001 498.41
Leu 5659.13 (1990.15) 5489.12 (1906.01) 5415.63 (2096.72) 5366.09 (2035.04) 5470.76 (1985.76) 5149.94 (2105.13) 5026.23 (2643.82) <0.0001 632.90
Val 3800.32 (1280.56) 3663.71 (1214.83) 3637.73 (1353.41) 3593.17 (1310.39) 3630.29 (1258.27) 3348.39 (1306.01) 3306.51 (1714.99) <0.0001 493.81
BCAAs 12749.59 (4359.19) 12378.99 (4186.5) 12213.33 (4611.5) 12130.59 (4495.47) 12293.18 (4345.43) 11389.73 (4535.5) 11124.47 (5789.78) <0.0001 1625.12
50-64 lle 3081.67 (1089.61) 3070.33 (1119.17) 3026.88 (1197.89) 3066.46 (1156.92) 3102.08 (1188.87) 2811.08 (1140.81) 2651.93 (5023.03) <0.0001 429.74
Leu 5325.64 (1947.39) 5243.37 (1973.22) 5191.05 (2102.94) 5195.02 (2022.77) 5343.00 (2074.06) 5015.5 (2080.58) 4766.21 (7085.95) <0.0001 559.43
Val 3565.45 (1242.93) 3489.68 (1242.32) 3488.43 (1358.41) 3486.48 (1284.42) 3542.52 (1322.31) 3258.84 (1294.74) 3156.31 (6561.03) <0.0001 409.14
BCAAs 11972.77 (4237.81) 11803.38 (4299.01) 11706.36 (4620.93) 11747.96 (4433.15) 11987.6 (4554.36) 11085.43 (4485.39) 10574.45 (18615.04) <0.0001 1398.32
65-79 lle 2693.07 (1012.55) 2709.12 (1066.37) 2666.63 (1105.89) 2653.19 (1127.01) 2699.41 (1105.36) 2561.84 (1123.27) 2357.05 (1164.32) <0.0001 336.02
Leu 4656.38 (1810.65) 4617.87 (1857.61) 4558.38 (1935.65) 4506.80 (1974.96) 4621.23 (1936.37) 4536.59 (2048.59) 4254.54 (2153.32) <0.0001 401.84
Val 3103.42 (1139.38) 3074.82 (1183.03) 3056.87 (1248.90) 3014.44 (1260.65) 3073.02 (1229.80) 2965.56 (1271.8) 2798.81 (1353.3) <0.0001 304.61
BCAAs 10452.88 (3933.61) 10401.81 (4083.21) 10281.88 (4256.11) 10174.43 (4338.58) 10393.67 (4245.9) 10064 (4416.96) 9410.4 (4642) <0.0001 1042.48
80 or older lle 2282.67 (900.67) 2276.84 (964.06) 2271.67 (1057.54) 2206.28 (988.86) 2269.76 (1035.85) 2206.43 (1006.53) 2171.86 (1166.13) 0.0001 110.81
Leu 3939.90 (1536.34) 3912.45 (1682.44) 3907.61 (1833.79) 3735.89 (1733.01) 3857.34 (1755.69) 3892.75 (1822.17) 3918.36 (2169.47) 0.0979 21.54
Val 2631.25 (987.66) 2583.53 (1058.60) 2611.61 (1189.12) 2508.16 (1097.33) 2585.18 (1146.85) 2546.96 (1138.18) 2582.16 (1358.49) 0.0304 49.09
BCAAs 8853.82 (3397.75) 8772.81 (3688.53) 8790.9 (4055.09) 8450.34 (3805) 8712.28 (3920.74) 8646.13 (3944.96) 8672.37 (4668.85) 0.0174 181.45
Sex
Male lle 3409.84 (1168.50) 3321.68 (1145.03) 3233.38 (1210.77) 3249.92 (1213.03) 3327.02 (1210.04) 3033.45 (1189.13) 2891.54 (4583.11) <0.0001 518.30
Leu 5880.03 (2082.90) 5648.08 (1986.64) 5534.46 (2133.91) 5505.95 (2113.17) 5706.89 (2121.96) 5393.28 (2159.4) 5195.51 (6539.97) <0.0001 684.52
Val 3943.19 (1332.62) 3768.90 (1267.69) 3721.41 (1374.79) 3690.08 (1350.08) 3785.64 (1342.90) 3509.78 (1345.81) 3431.11 (5964.2) <0.0001 512.08
BCAAs 13233.07 (4541.18) 12738.66 (4366.18) 12489.25 (4677.37) 12445.96 (4646.04) 12819.56 (4642.75) 11936.51 (4662.03) 11518.16 (17038.23) <0.0001 1714.91
Female lle 2935.88 (1030.95) 2897.74 (1060.69) 2796.13 (1129.64) 2808.77 (1093.56) 2823.50 (1101.69) 2605.57 (1093.67) 2402.64 (1263.12) <0.0001 533.24
Leu 5043.83 (1818.40) 4930.93 (1843.63) 4781.85 (1955.57) 4763.11 (1896.92) 4855.83 (1925.45) 4645.92 (2001.83) 4338.53 (2266.43) <0.0001 705.30
Val 3388.08 (1170.32) 3287.61 (1171.29) 3215.81 (1269.37) 3189.80 (1215.85) 3219.60 (1225.85) 3019.24 (1242.58) 2853.68 (1510.68) <0.0001 534.40
BCAAs 11367.79 (3983.52) 11116.29 (4044.61) 10793.8 (4321.02) 10761.68 (4180.55) 10898.93 (4226.6) 10270.74 (4310.95) 9594.84 (4976.1) <0.0001 1772.95
Region
Urban lle 3218.94 (1116.88) 3184.62 (1104.34) 3158.1 (1227.17) 3046.42 (1137.22) 3103.34 (1164.94) 2938.09 (1193.25) 2738.25 (1387.03) <0.0001 480.69
Leu 5510.39 (1956.58) 5428.92 (1904.09) 5424.62 (2118.00) 5217.25 (1992.88) 5366.65 (2051.88) 5271.77 (2163.02) 4957.73 (2399.85) <0.0001 552.66
Val 3676.81 (1260.35) 3595.33 (1218.96) 3605.08 (1382.04) 3427.72 (1260.11) 3511.99 (1285.59) 3406.9 (1361.22) 3235.19 (1698.24) <0.0001 441.62
BCAAs 12406.13 (4306.65) 12208.87 (4205.73) 12187.8 (4699.57) 11691.39 (4365.89) 11981.98 (4477.58) 11616.77 (4693.54) 10931.17 (56348.8) <0.0001 1474.96
Rural lle 3141.27 (1127.96) 3065.06 (1128.79) 2935.31 (1165.14) 3005.58 (1188.31) 3045.23 (1188.82) 2711.25 (1124.71) 2565.02 (4126.97) <0.0001 576.25
Leu 5421.35 (2012.54) 5208.11 (1963.25) 5012.52 (2045.13) 5069.99 (2054.55) 5213.27 (2070.22) 4798.38 (2049.12) 4602 (5929.87) <0.0001 819.35
Val 3648.4 (1291.88) 3485.90 (1251.59) 3389.94 (1321.95) 3427.32 (1325.60) 3479.02 (1326.32) 3135.8 (1268.79) 3055.66 (5357.86) <0.0001 592.74
BCAAs 12211.02 (4388.75) 11759.07 (4307.65) 11337.77 (4490.58) 11502.89 (4540.22) 11737.53 (4555.39) 10645.43 (4409.33) 10222.68 (156379.57) <0.0001 1988.34

SD, standard deviation. Linear trends in the mean BCAAs intake from 1997 to 2015 were tested using generalized linear model adjusted for sex, age, BMI and region. A1997-2015.
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TABLE 3 | Baseline characteristics of 15,508 individuals in the CHNS Studly.

Dietary BCAAs Centile (g/day)

1st-5th 6th-20th 21st-40th 41st-60th 61st-80th 81st-95th 96th-100th All

No. of individuals 778 (5.0) 2,330 (15.0) 3,091 (19.9) 3,113 (20.1) 3,096 (20.0) 2,324 (15.0) 776 (5.0) 15,508
Women 547 (70.3) 1,587 (68.1) 1,949 (63.1) 1,624 (52.2) 1,346 (43.5) 836 (36.0) 268 (34.5) 8,157 (52.6)
Age 50.6 (17.3) 48.3 (16.4) 44 (15) 42.6 (14) 41.7 (13.6) 41(18.2) 41.1 (14) 43.6 (14.9)
Smoker 174 (22.4) 543 (23.3) 803 (26.0) 960 (30.8) 1,115 (36.0) 942 (40.5) 327 (42.1) 4,864 (31.4)
Drinker 177 (22.8) 557 (23.9) 847 (27.4) 1,072 (34.4) 1,299 (42.0) 1,071 (46.1) 397 (51.2) 5,420 (34.9)
Height 157.5 (8.3) 158.3 (8.4) 159.6 (8.2) 161.1 (8.2) 162.4 (8) 163.9 (8.2) 165.7 (7.8) 161.1 (8.5)
Weight 57.3(11.5) 57.3(11.1) 58.4 (10.7) 59.3 (10.7) 60.5 (10.3) 62.6 (11.2) 64.7 (11.6) 59.7 (11.1)
BMI 23(3.9) 22.8(3.5) 22.9(3.4) 22.8(3.2) 22.9(3.2) 23.3(3.5) 23.5(3.5) 22.9(3.4)
Systolic blood pressure (mm Hg) 1254 (20.3)  121.9(19.4)  119.4(18.1)  1189(16.9) 1184 (15.4)  119.4(157)  1209(15.3)  119.9(17.3)
Diastolic blood pressure (mm Hg) 79.1 (11.6) 77.8 (11) 77.4(11.1) 77.3(10.7) 77.3 (10) 77.8(10.3) 78.6 (10.9) 77.6(10.7)
Triceps skin fold (mm) 16.5(8.1) 15.5(8) 15(8.1) 14.5(7.9) 14.5 (8) 15.3(8.4) 16.6 (8.6) 15.1(8.1)
Hip Circumference (cm) 92.7 (9) 92.5 (8.5) 92.8 (8.4) 92.7 (8.3) 93.1 (8) 93.9 (8.2) 94.8 (9.5) 93 (8.4)
Waist Circumference (cm) 80.6 (10.6) 79.5(10.2) 79.3 (10.6) 79.3(9.9) 79.6 (9.9) 81 (10.4) 82.6 (11) 79.9 (10.3)
Upper Arm Circumference (cm) 26.3 (4.5) 26.0 (4.3) 26.0 (3.9) 26.2 (4) 26.4 (4) 26.9 (4) 27.9(5.9) 26.4 (4.2)
BCAAs intake(g/day) 5.14 (1.18) 7.81 (0.66) 9.75 (0.52) 11.49 (0.49) 13.37 (0.61) 16.08 (1.08) 21.44 (2.72) 11.83 (3.77)

Values are means (standard deviation) or number (%). BCAAs, Branched-Chain Amino Acids.

discovery of the relationship between dietary BCAAs and chronic
diseases in the Chinese population.

The declines in BCAAs intake may well have contributed
to the declining T2D morbidity. According to a recent study,
the incidence of diabetes decreased from 2007 to 2017 in
both men and women in China (18). And, the trend in
consumption of BCAAs paralleled with the decreased trend of
T2D incidence, which reduced by 14.36% from 1997 to 2015
in the adult population (Table 2). The declined BCAAs intake
reflected changes of society and behavioral lifestyle in China.
Accompanying with the decreasing BCAAs consumption, it
was also observed that energy and protein intake decreased
substantially from 1992 to 2012 among Chinese adults (11).
One possible reason for these declines could be decreased
physical activity. In China, although leisure-time physical activity
have generally increased since 2000 (19), total physical activity
have dropped sharply from 1991 to 2009 (20), and classical
literatures showed a J-shaped relationship between physical
activity and energy intake (21, 22). However, physical activity
was also inversely related to incident diabetes (23). Still, the age-
standardized incidence rates of diabetes subsequently decreased
from 2007 to 2017 (18).

In dietary BCAA risk analysis of the cohort, increased dietary
BCAAs intake was associated with an elevated risk of T2D. Men
and older people were more sensitive to the risk of diabetes
caused by BCAAs. The conclusions reached in this study were
similar to previous studies in the US and northeastern China
(2, 7, 8). In the prospective cohort study of United States, HR
of diabetes for the highest quintile of BCAAs intake compared
with the lowest quintile were 1.13 (95%CI, 1.07-1.19, P < 0.001)
in leucine, 1.13 (95%CI, 1.07-1.19, P < 0.001) in isoleucine and
1.11 (95%CI, 1.05-1.17, P < 0.001) in valine (2). In Harbin, China
and the American population, it has been observed that higher
dietary BCAA intake will promote the risk of T2D. The Harbin

population study showed that the OR and 95% CI across quartiles
of total BCAA intakes for T2D within the 4th quartile were 1.0,
1.337 (0.940-1.903); 1.579 (1.065-2.343); 2.412 (1.474-3.947) (8).
In a meta-analysis study, higher total intake of BCAAs causes
increased T2DM risk with an OR and 95% CI of 1.32 (1.14, 1.53)
(24). However, the results may seem in contrast to the study from
Japan (10). The Japanese study showed that increased intake of
BCAAs may be associated with a reduced risk of diabetes. The HR
between the highest tertile and the lowest tertile was 0.70 (95%
CI: 0.48-1.02; P for trend = 0.06). In that study, total BCAA,
leucine and valine intakes were inversely associated with T2D risk
in women, and no associations were found in men. Studies have
shown that dietary BCAAs affect human metabolism and the risk
of chronic diseases (25). A study of young people in northern
China showed that a higher dietary BCAA ratio was negatively
correlated with postprandial blood glucose (26). Reducing the
intake of dietary BCAAs can improve glucose tolerance and body
composition (27, 28). Although studies have shown that dietary
BCAAs were closely related to multiple chronic diseases, this
paper bridges a gap in large cohort studies of representative
populations of Chinese.

Of serum BCAAs levels, 80% were determined by protein
or BCAAs from diet or supplements, and the remaining 20%
are related to their catabolites (29, 30). Studies have shown that
oral BCAAs supplementation can affect the leucine content in
blood circulation. The relationship between serum BCAAs levels
and the occurrence and development of chronic diseases were
well established. Studies have found that elevated levels of serum
BCAAs are closely related to weight gain, insulin resistance,
and abnormal glucose metabolism in adults (31, 32). Animal
experiments have shown that in non-obesity, insulin resistance,
and fructose-fed rat models, elevated serum BCAA levels were
associated with insulin resistance (33). Previous studies also
showed higher plasma levels of BCAAs were associated with
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FIGURE 2 | Multivariable adjusted hazard ratios of incident type 2 diabetes according to levels of BCAAs consumption on a continuous scale in the overall population.
Solid blue lines are multivariable adjusted hazard ratios, with dashed blues lines showing 95% confidence intervals derived from restricted cubic spline regressions
with three knots. Reference lines for no association are indicated by solid bold lines at a hazard ratio of 1.0. Dashed yellow curves show fraction of population with
different levels of BCAAs intake. Arrows indicate the lowest consumption of BCAAs and fraction of population with risk of T2D. Analyses were adjusted for age, sex,
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FIGURE 2 | smoking status, alcohol consumption, BMI, physical activity levels and energy intake at baseline. Based on individuals from the CHNS followed for a
mean 9.9 years. (A-D) Representation of restricted cubic spline cox regression models for dietary BCAAs, lle, Leu, Val and risk of type 2 diabetes. (E~H)
Representation of restricted cubic spline cox regression models for dietary BCAAs and risk of type 2 diabetes in different age and gender subgroups.

TABLE 4 | Differences in diet with upper and lower thresholds of BCAAs.

Variables Group A BCAAs < 14.01 g/day (n = 11,808) Group B BCAAs > 14.01 g/day (n = 3,700) X2/F P-value
n (%)/Mean (SD) n (%)/Mean (SD)

Demographic characteristics
Female 6,800 (57.59%) 1,357 (36.68%) 494.1568 <0.0001
Age 44.43 (15.16) 41.07 (13.48) 12.85 <0.0001
>60 years 2,161 (18.30%) 386 (10.43%) 127.0792 <0.0001
BMI 22.85 (3.37) 23.25 (3.45) —6.03 <0.0001
Smoking history 3,371 (28.55%) 1,493 (40.35%) 182.3113 <0.0001
Alcohol consumption history 3,685 (31.21%) 1,735 (46.89%) 304.8290 <0.0001
Energy intake 2,042.12 (707.20) 2593.34 (1215.11) —26.23 <0.0001

Food categories (g/day)
Cereals 451.00 (194.16) 526.54 (262.78) 206.97 <0.0001
Beans 53.51 (64.61) 84.63 (90.13) 329.59 <0.0001
Vegetables 393.83 (196.80) 453.22 (253.42) 166.45 <0.0001
Pickles 3.39 (10.05) 3.77 (10.34) 7.47 0.0063
Fruits 59.74 (104.03) 75.91 (125.65) 27.23 <0.0001
Nuts 4.24 (14.08) 8.69 (23.29) 149.07 <0.0001
Red meat 74.94 (68.94) 121.36 (106.93) 568.14 <0.0001
Poultry 13.75 (29.13) 30.87 (52.40) 445.93 <0.0001
Dairy products 17.19 (68.41) 37.23(91.20) 169.43 <0.0001
Eggs 31.09 (34.04) 45.86 (49.85) 247.45 <0.0001
Fish and seafoods 29.49 (45.91) 66.49 (81.14) 982.46 <0.0001
Snacks 11.24 (37.46) 15.43 (51.95) 8.52 0.0035
Sugar and starch 2.91 (10.40) 3.87 (13.70) 6.75 0.0094
Sauce 0.52 (3.12) 0.43 (2.65) 2.27 0.1321
Alcohol products 10.93 (55.62) 27.27 (104.20) 58.74 <0.0001
Fast food 10.32 (37.51) 17.08 (62.32) 17.47 <0.0001
Beverage 3.26 (60.59) 9.84 (58.11) 21.2 <0.0001
Vegetable oil and condiments 56.17 (32.71) 64.25 (35.98) 72.53 <0.0001
Others 17.43 (38.21) 24.21 (64.06) 26.63 0.0004
Total food intake 1244.92 (524.68) 1616.96 (755.83) 671.59 <0.0001

SD, standard deviation. Demographic characteristics were tested using Chi-square test and student’s t-test. Group differences of food consumption were calculated using the generalized
linear models after adjusting for age, sex, energy intake, BMI, region, physical activity levels, smoking status (previous or present, never), alcohol consumption (yes, no).

an increased risk of T2D (34, 35). Prospective population
studies have proved that serum BCAA levels can predict the
future risk of diabetes (36). In patients with overweight and
metabolic syndrome, there was also a correlation between
plasma BCAA levels and red meat or animal protein (37).
Therefore, control of serum BCAAs can start from dietary
BCAAs intake. Our results link dietary BCAAs with population
health, especially the risk of diabetes. In this study, group B
(BCAAs > 14.01 g/day) was significantly higher than group
A (BCAAs < 14.01 g/day) in total food intake and most
food categories (P < 0.0001), (Table4). From this point of
view, high consumption of BCAAs is accompanied by high
consumption of food. Our results are in accordance with a
recent study. When the quantity of food intake exceeded certain

thresholds, the risks of new-onset diabetes increased or reached a
plateau (38).

In all food categories, the strongest correlations with
BCAAs were with red meat, poultry, fish and seafoods. Our
research found that although BCAA intake is decreasing,
sources have changed over time. Now animal sources are main
sources and previously cereals. Meanwhile, there was also a
correlation between plasma BCAA levels and red meat or animal
protein (37). A similar phenomenon was also found in the
Brazilian population that the main food sources of BCAA were
unprocessed red meat, unprocessed poultry, bread and toast,
beans and rice (39). Epidemiological studies have shown that high
consumption of animal protein, especially red meat with high
levels of methionine and BCAAs, have promoted the progression
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TABLE 5 | Hazard ratios for incident type 2 diabetes according to categories of levels of BCAAs (lle, Leu, Val) intake, sex and age adjusted, and multivariable adjusted.

Centile Consumption Individuals  Events Event rate per Age and sex adjusted Hazard ratio Multivariable Hazard ratio (95% CI)

(g/day) 1,000 person hazard ratio (95% Cl) (95% ClI) adjusted hazard

years ratio (95% CI)

BCAAs
1st-5th <6.44 778 21 4.98 e 1.25 (0.77-2.03) —— 1.72 (1.03-2.88)
6th-20th 6.44-8.82 2,330 61 2.97 B 0.86 (0.62-1.20) L 1.12 (0.78-1.6)
21st-40th 8.82-10.65 3,091 108 3.32 :._ 1.20 (0.91-1.59) .—*— 1.43 (1.05-1.95)
41st-60th 10.65-12.37 3,113 90 2.54 —— 1.0 L 1.0
61st-80th 12.37-14.53 3,096 106 3.05 = 1.27 (0.96-1.68) 2 1.35 (0.99-1.84)
81st-95th 14.63-18.52 2,324 79 3.38 S e, e 1.47 (1.08-1.99) _ 1.27 (0.9-1.78)
96th-100th >18.52 776 31 5.56 04 1 16 22 28 34 2.46 (1.63-3.72) 04 1 1622 28 34 2.26 (1.45-3.51)
lle
1st-5th <1.64 769 22 5.41 § 1.43(0.88-2.30) L —— 1.84 (1.11-3.05)
6th-20th 1.64-2.27 2,332 68 3.38 ) 1.03 (0.74-1.42) g 1.27 (0.89-1.79)
21st-40th 2.27-2.75 3,069 103 3.20 T_ 1.16 (0.88-1.55) :‘_ 1.29 (0.94-1.76)
41st-60th 2.75-3.20 3,124 89 2.50 —— 1.0 —— 1.0
61st-80th 3.20-3.77 3,131 106 3.01 e e 1.27 (0.96-1.68) . o 1.28 (0.94-1.75)
81st-95th 3.77-4.77 2,303 77 3.26 . e 1.45 (1.06-1.97) — 1.24 (0.88-1.74)
96th-100th >4.77 780 31 5.43 04 1 16 22 28 34 2.44 (1.62-3.69) 04 1 16 22 28 34 2.14 (1.38-3.32)
Leu
1st-5th <2.83 783 19 4.34 — 1.07 (0.65-1.78) —_—— 1.37 (0.80-2.35)
6th-20th 2.83-3.88 2,305 62 3.02 = 0.88 (0.63-1.23) T = 1.28 (0.90-1.84)
21st-40th 3.88-4.72 3,126 107 3.22 = 1.18 (0.89-1.57) ._’_ 1.52 (1.11-2.07)
41st-60th 4.72-5.51 3,110 89 2.51 ._,_ 1.0 e, 1.0
61st-80th 5.51-6.49 3,081 107 3.13 —— 1.32 (1.00-1.76) —— 1.46 (1.07-2.00)
81st-95th 6.49-8.34 2,330 78 3.37 et 1.46 (1.07-1.98) r_r_ﬁ 1.32 (0.93-1.86)
96th-100th >8.34 773 34 6.16 04 1 16 22 28 34 2.72 (1.83-4.06) 04 1 16 22 28 34 2.67 (1.74-4.11)
Val
1st-5th <1.93 785 21 4.96 —t— 1.20 (0.74-1.95) et 1.60 (0.96-2.66)
6th-20th 1.93-2.62 2,323 67 3.33 & 0.93 (0.67-1.28) T 1.19(0.84-1.68)
21st-40th 2.62-3.16 3,117 101 3.08 ':_ 1.05 (0.79-1.39) :‘_ 1.21 (0.89-1.65)
41st-60th 3.16-3.66 3,062 93 2.67 10ae 1.0 do— 1.0
61st-80th 3.66-4.30 3,131 108 3.06 —_— 1.21 (0.92-1.60) —— 1.25(0.92-1.70)
81st-95th 4.30-5.44 2,314 77 3.28 e 1.37 (1.01-1.86) r—r—_.:r—r—\ 1.32 (0.95-1.85)
96th-100th >5.44 776 29 5.13 04 1 16 22 28 34 2.17 (1.43-3.31) 04 1 16 22 28 34 1.45 (0.90-2.33)

Muiltivariable adjusted analyses were adjusted for age, sex, smoking status, alcohol consumption, BMI, physical activity levels and energy intake at baseline. Based on individuals from the CHNS followed for a mean 9.9 years. Interaction

with consumption of red meat (P-value for interaction > 0.05), fish and sea foods (P-value for interaction > 0.05), poultry (P-value for interaction > 0.05).
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of age-related diseases (40). And, reducing BCAAs consumption
in the Western diet improved glucose tolerance and relieved
insulin resistance. Previous research has indicated that reducing
dietary BCAAs may represent a highly translatable option for
the treatment of obesity and insulin resistance in animals (41).
According to the results of this study, we propose dietary
recommendations for the population’s diet to prevent diabetes.
The dietary intake should not exceed 2,273 g/day, and the intake
of red meat, poultry, fish and seafoods should be controlled at the
same time.

Our study also has several limitations. First, these surveys
are not carried out annually, which could have allowed more
details in trends. Second, dietary consumption data from the
CHNS survey 2015 was not available. We used the dietary
information from CNHS survey 2015 for make-up. Statistical
processing was used to ensure the quality of the results and
the comparability between the CNHS and CHNS. Third, our
dietary intake estimates are mainly based on 3-day 24-h meal
recall, so measurement errors are inevitable. In order to reduce
selection biases and measurement errors, we averaged three 24-
h dietary recalls for different age groups or urban/rural areas.
The average long-term intakes were used to represent the dietary
exposure level of the participants. Finally, when the CHNS survey
was planned and implemented, the State Statistical Office of
China would not share their sample frame with the CHNS team.
Furthermore, the data sets for public distribution would not be
released if the CHNS team had worked with them. However,
the design used extant census data as best as we could for a
multi-level random sample.

In conclusion, a trend toward decreased BCAAs intake was
observed in Chinese of all subgroups (including age and sex)
from 1997 to 2015. After 40 years of age, consumption of
BCAAs declined with increasing age. In all food categories, the
strongest correlations with BCAAs were with red meat, poultry,
fish and seafoods. Higher BCAAs intake was associated with
higher risk of T2D. This relationship is more stable among men
and middle-aged and elderly people. The people with risk of
T2D accounted for about 23.86% of the total population due to
BCAAs. Based on the results of this study, in order to prevent
diabetes, we recommend that dietary intake should be restricted,
while controlling the intake of red meat, poultry, fish and seafood.
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Guoping Xiong?* and Liping Hao™

! Department of Nutrition and Food Hygiene, Hubei Key Laboratory of Food Nutrition and Safety and the Ministry of
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Background: Growing evidence suggests that dietary acid load plays an important role
in the development of type 2 diabetes. However, prospective studies on the relationship
between dietary acid load and gestational diabetes mellitus (GDM) are limited in the
pregnant population. This study aimed to investigate the effect of dietary acid load during
early pregnancy on the risk of GDM in Chinese pregnant women.

Methods: A total of 1,327 pregnant women were enrolled from an ongoing prospective
study of the Tongji Birth cohort (TUBC) in Wuhan, China. Dietary intake was assessed
before 20 weeks using a 74-item semiquantitative food frequency questionnaire (FFQ).
The dietary acid load was estimated using potential renal acid load (PRAL), net
endogenous acid production (NEAP), and animal protein to potassium ratio (A:P ratio).
A 759 2-h oral glucose tolerance test (OGTT) was performed at 24-28 gestational weeks
to diagnose GDM.

Results: The mean (standard deviation) values for PRAL score, NEAP score, and A:P
ratio were 0.8 + 11.3 mEqg/day, 45.3 + 16.5 mEg/day, and 9.8 + 6.0, respectively.
There was a significant positive correlation of dietary acid load with the intake of red
meat, poultry, fish, and eggs, and a negative correlation with the intake of vegetables,
fruits, nuts, and legumes (all P < 0.05). Compared to the lowest tertile, the highest
tertile of dietary acid load, including PRAL score (odds ratio [OR]: 2.26, 95% confidence
interval [Cl] = 1.38-3.71, P-trend = 0.002), NEAP score (OR: 2.02, 95% CI| = 1.25-
3.27, P-trend = 0.009), and A:P ratio (2.08, 95% Cl = 1.30-3.31, P-trend = 0.005),
significantly increased the risk of GDM. In addition, the dietary acid load was also
significantly associated with an increase in 1-h and 2-h post-load blood glucose
concentrations (all P-trend < 0.05).

Conclusion: We found a significant positive association between dietary acid load
during early pregnancy and the risk of GDM in a Chinese population, suggesting that the
reduction of food sources of dietary acid load may be an effective strategy for preventing
the risk of GDM.

Keywords: dietary acid load, gestational diabetes mellitus (GDM), potential renal acid load (PRAL), net
endogenous acid production (NEAP), animal protein to potassium ratio (A:P ratio), cohort
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INTRODUCTION

Gestational diabetes mellitus (GDM) is defined as glucose
intolerance that is new onset or first recognized during pregnancy
(1). As one of the most common complications of pregnancy,
GDM affects approximately 5.8-20.7% of pregnant women
worldwide (2, 3). A systematic review and meta-analysis showed
that the prevalence of GDM in Chinese pregnant women was
14.8% (95% confidence interval [CI]: 12.8-16.7%) (4). In the short
term, pregnant women with GDM are at higher risk of preterm
birth, macrosomia, and cesarean section (5, 6). In addition, it
can also have long-term effects, leading to overweight (7) and
neurodevelopmental disorders (8) in the offspring and a higher
risk of type 2 diabetes in the mothers (9). Several risk factors
for the development of GDM have been identified in previous
studies, such as maternal age, family history of diabetes, pre-
pregnancy body mass index (pre-pregnancy BMI), gestational
weight gain, and multiple births (10, 11). The identification
of modifiable risk factors that contribute to the prevention
of GDM is of great importance in promoting the health of
mothers and offspring.

In recent years, the role of dietary acid load in the
etiology of insulin resistance and type 2 diabetes has attracted
increasing attention (12-17). It has been suggested that acid-
base disturbance may contribute to the development of
insulin resistance (18, 19). Randomized controlled trials have
demonstrated that a short-term vegan dietary intervention is
effective in reducing dietary acid load and raising 24-h urine
pH in healthy individuals (20, 21). Similarly, observational
studies have shown that Western dietary patterns (high intake
of acidogenic foods including animal products, and low intake
of alkalizing foods including fruits and vegetables) might
lead to excessive production of endogenous acids and dietary
acid-base imbalances, which in turn might contribute to the
development of type 2 diabetes (16, 22). Currently, there are
three main indicators for evaluating dietary acid load produced
by overall diet, including potential renal acid load (PRAL),
net endogenous acid production (NEAP), and animal protein
to potassium ratio (A:P ratio). A recent meta-analysis of
observational studies showed that higher dietary acid load levels,
particularly PRAL scores, were associated with an increased
risk of type 2 diabetes (17). The results of a longitudinal
study suggested that higher diet-dependent acid load, both
PRAL and NEAP scores, is positively associated with the
development of insulin resistance (12). However, prospective
evidence for the effect of dietary acid load on GDM risk is
limited. Only one case-control study in Iran has examined
the association between dietary acid load and GDM risk,
showing that higher dietary acid load was associated with
greater odds of GDM (23). Given the wide variation in dietary
habits across regions, it is valuable to provide additional data
from the Chinese Population to improve the generalizability
of the findings.

Therefore, this study aimed to prospectively evaluate the
relationship between dietary acid load in early pregnancy and the
risk of GDM in Chinese pregnant women using the PRAL score,
NEAP score, and A:P ratio.

MATERIALS AND METHODS
Study Population

Data was used from the prospective cohort study of Tongji
Birth Cohort (TJBC) in Wuhan, China. The TJBC study was
established in 2018 to assess the role of nutritional status and
environmental exposures in maternal and child health. Pregnant
women with a single pregnancy, gestational age < 20 weeks,
planning to deliver at a participating hospital, and agreeing to
complete a face-to-face questionnaire were included in the study
(n = 2261). For the present analyses, we excluded participants
with pre-pregnancy diabetes (n = 7), no dietary data on early
pregnancy (n = 857), extreme energy intake (< 500 kcal/day
or > 3500 kcal/day) (n = 8), and lack of GDM diagnosis (n = 62),
with a total of 1,327 participants finally being included (Figure 1).
Ethical approval was obtained from the Ethics Committee of
Tongji Medical College of Huazhong University of Science
and Technology, and all participants provided written informed
consent before enrollment.

Dietary Assessment

Dietary intake was assessed through face-to-face interviews using
a 74-item semiquantitative food frequency questionnaire (FFQ),
which has been proven in the previous study to be a reasonable
tool for assessing nutrient and food intakes of pregnant women in
China (24). The description of FFQ has been described in detail
in the previous study (25). In brief, pregnant women were asked
about the frequency and amount of the 74 food items consumed
over the past four weeks. The frequency of food intake ranged
from “less than once a month” to “more than three times a day”
among the 13 frequency options. Trained dietitians used a color
food photography atlas containing different portion sizes of all
foods and food models representing the standard portions to
make the estimation more accurate. The daily intake of energy
and nutrients was calculated by FFQ based on the Chinese
Food Composition Tables (26). Food and nutrient intakes were
adjusted according to the energy residual method (27).

Dietary Acid Load
In this study, we calculated the dietary acid load through three
different measures: potential renal acid load (PRAL) (28), net
endogenous acid production (NEAP) (29), and animal protein-
to-potassium ratio (A:P ratio) (30).

The equations are as follows:

(1) PRAL (mEqg/day) = (0.4888 x protein (g/day)) +
(0.0366 x phosphorus (mg/day)) — (0.0205 x potassium
(mg/day)) — (0.0263 x magnesium (mg/day))—(0.0125 x
calcium (mg/day));

(2) NEAP (mEq/day) = 54.5 x protein intake (g/day)/
potassium intake (mEq/day) — 10.2;

(3) A:P ratio = animal protein (g/day)/potassium (g/day).

Outcome Definitions

A 75 g 2-h oral glucose tolerance test (OGTT) was performed
for all pregnant women at 24-28 gestational weeks after at
least 8-h of fasting. Fasting blood glucose (FBG), 1-h post-load
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2261 participants enrolled in the Tongji Birth
Cohort Study from 2018 to 2021

Participants excluded (n =934)
- No dietary data (n = 857)
- Missing data on GDM diagnosis
(n=62)
- With diabetes before pregnancy
n=7)
- Extreme energy intake (<500
or >3500 kcal/day) (n = 8)

v

Participants included in this analysis
(n=1327)

FIGURE 1 | Flow chart for the selection of subjects included in the analysis.

blood glucose (PBG), and 2-h PBG levels were collected from
medical records. According to the criteria established by the
International Association of the Diabetes and Pregnancy Study
Groups, subjects were diagnosed with GDM if they met any of the
following criteria: FBG > 5.1 mmol/L; 1-h PBG > 10.0 mmol/L;
or 2-h PBG > 8.5 mmol/L (31).

Other Variables

Information on covariates was obtained through a structured
questionnaire completed at enrolment, including maternal age,
education level, gravidity, parity, personal and family history of
diabetes, and lifestyle habits before pregnancy such as smoking
status, alcohol intake, and physical activity. Alcohol consumers
(or smokers) were defined as drinking (or smoking) more than
one time a week before pregnancy. Participants were considered
to have regular physical activity if they reported physical activity
at least once a week before pregnancy. We also collected data on
anthropometric measurements, including maternal height and
pre-pregnancy weight. Pre-pregnancy BMI was calculated using
self-reported pre-pregnancy weight (kg) divided by height? (m?).

Statistical Analyses

Data are presented as mean (standard deviation [SD]) for
continuous variables and n (%) for categorical variables. One-
way analysis of variance and the Chi-squared test were used
to compare continuous and categorical variables, respectively.
The PRAL score, NEAP score, and A:P ratio were categorized
in tertiles, with the lowest tertile as the reference group.
Multivariable logistic regression analyses were used to assess the
associations between dietary acid load levels in early pregnancy
and risk of GDM, with the results expressed as odds ratios (ORs)
and 95% ClIs. In order to test the significance of linear trends
across tertiles, the median value of each tertile of dietary acid load
measures was considered to be a continuous variable. Generalized
linear models were conducted to examine the association of
dietary acid load levels with FBG, 1-h PBG, and 2-h PBG, and
the results were presented as coefficients (B) with 95% Cls. All
potential confounders in the multivariable models were chosen

based on both biological and statistical considerations (changed
main effect estimates > 10%). Multivariate models were as
followed: (1) model 1 was the crude model; (2) model 2 adjusted
for maternal age (continuous), pre-pregnancy BMI (continuous),
education years (< 12, 13-15, > 16 years), primiparity (yes/no),
smoking status before pregnancy (yes/no), alcohol intake before
pregnancy (yes/no), regular physical activity before pregnancy
(yes/no), and family history of diabetes (yes/no); (3) model
3 further adjusted for energy-adjusted nutrient intake (i.e.,
carbohydrate, dietary fiber, cholesterol, vitamin A, vitamin C,
vitamin E, saturated fatty acids (SFAs), and Monounsaturated
fatty acids (MUFAs)).

To evaluate the potential modification effect, stratified
analyses were conducted according to the median value of
maternal age (< 29.2 or > 29.2 years), pre-pregnancy BMI
(< 20.5 or > 20.5 kg/m?), primiparity (yes or no), gravidity (yes
or no), regular physical activity (yes or no), and family history of
diabetes (yes or no). The likelihood ratio tests were used to assess
the interactions between stratified variables and freshwater fish
intake. In addition, we performed different sensitivity analyses
to assess the stability of the study results. First, we excluded
participants who were over 30 years old at the time of pregnancy.
Second, we excluded participants with abnormal pre-pregnancy
BMI (< 18.5 or > 24 kg/m?). Third, we separately excluded
participants with smoking or alcohol consumption habits before
pregnancy. All analyses were performed using statistical packages
R (The R Foundation; v. 3.4.3)" and Empower(R) (X&Y Solutions
Inc.)’. We considered P < 0.05 in the two-sided test as significant.

RESULTS

Characteristics of Participants

A total of 1,327 subjects were included in the present study
(Figure 1). The mean (SD) values for PRAL score, NEAP score,
and A:P ratio in the study population were 0.8 & 11.3 mEq/day,
45.3 £ 16.5 mEq/day, and 9.8 = 6.0, respectively. Table 1 shows
the characteristics of study participants by tertiles of the PRAL
score distribution. Compared to those with the lowest tertile of
PRAL scores (< —3.2 mEq/day), individuals with the highest
tertile of PRAL scores (> 5.3 mEq/day) were more likely to be
multiparous and to have a family history of diabetes. For specific
food groups, participants with higher PRAL scores consumed
more grains and animal products (red meat, poultry, fish, eggs)
and fewer vegetables, fruit, and legumes than participants with
lower PRAL scores. In addition, they also had higher intakes
of protein, cholesterol, SFAs, and MUFAs, and lower intakes of
carbohydrates, dietary fiber, vitamin A, vitamin C, vitamin E,
potassium, calcium, and magnesium.

Correlation Between Dietary Acid Load
and Food Intake

Table 2 shows the Pearson correlation coefficients between
dietary acid load scores and food intake. There were statistically

Uhttp://www.r-project.org
Zhttp://www.empowerstats.com
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TABLE 1 | Characteristics of study participants according to tertiles of the PRAL score?.

Variables Overall (n = 1327) Tertiles of PRAL score (mEq/day) P value®
T1 (n = 442) T2 (n = 442) T3 (n = 443)

Maternal Characteristics

Maternal age (years) 29.5+3.3 29.4 £ 3.6 29.5 £ 3.1 29.7 £ 3.4 0.365
Pre-pregnancy BMI (kg/m?) 21.1 £ 31 209+238 21.0+3.2 21.3+3.2 0.170
Education (years), n (%) 0.919
<12 304 (22.9%) 105 (23.8%) 97 (21.9%) 102 (23.0%)

13-15 427 (32.2%) 146 (33.0%) 139 (31.4%) 142 (32.1%)

> 16 590 (44.5%) 189 (42.8%) 2083 (45.9%) 198 (44.7%)

Income (CNY/month), n (%) 0.193
< 4999 189 (14.2%) 60 (13.6%) 70 (15.8%) 59 (13.3%)

5000-9999 734 (55.3%) 240 (54.3%) 242 (54.8%) 252 (56.9%)

> 10000 376 (28.3%) 128 (29.0%) 127 (28.7%) 121 (27.3%)

Gravidity (times), n (%) 0.451

1 789 (59.5%) 266 (60.2%) 270 (61.1%) 253 (57.1%)

>2 538 (40.5%) 176 (39.8%) 172 (38.9%) 190 (42.9%)

Primiparity (yes), n (%) 1069 (80.6%) 362 (81.9%) 366 (82.8%) 341 (77.0%) 0.062
Alcohol intake (yes), n (%) 29 (2.2%) 8(1.8%) 8 (1.8%) 13 (2.9%) 0.418
Smoking status (yes), n (%) 36 (2.7%) 11 (2.5%) 12 (2.7%) 13 (2.9%) 0.920
Regular physical activity (yes), n (%) 503 (37.9%) 177 (40.0%) 167 (37.8%) 159 (35.9%) 0.444
Family history of diabetes (yes), n (%) 150 (11.3%) 31 (7.0%) 56 (12.7%) 63 (14.2%) 0.010
GDM, n (%) 217 (16.4%) 53 (12.0%) 82 (18.6%) 82 (18.5%) 0.010
Food intake®

Grains (g/day) 2452 +58.9 223.8 +58.7 2453 +54.9 266.2 + 55.3 < 0.001
Vegetables (g/day) 309.8 + 139.0 376.0 + 155.7 309.6 + 120.2 244.0 +103.2 < 0.001
Fruits (g/day) 485.7 £ 219.3 649.0 + 229.4 453.0+ 152.5 355.3 + 154.0 < 0.001
Red meats (g/day) 31.3+34.6 18.6 £ 18.1 27.8+£21.2 47.4 +48.9 < 0.001
Poultry (g/day) 74 £11.7 5.3+86 7.4 +£10.8 9.5+ 14.7 < 0.001
Fish (g/day) 27.7 +£27.5 22.8+21.9 26.3 £ 24.7 33.9+ 335 < 0.001
Eggs (g/day) 31.7 £23.9 28.1+24.8 30.6 +21.5 36.4 +24.6 < 0.001
Dairy products (ml/day) 165.2 + 136.0 167.2 £144.0 170.2 £ 131.8 158.2 +131.8 0.394
Nuts (g/day) 13.3 £ 13.2 14.4 £ 145 13.0 £ 12.7 126+ 12.2 0.117
Legumes (g/day) 7.9+82 8.1+6.8 8.1+9.0 75+86 0.473
Nutrient intake®

Energy (kcal/day) 1899.9 + 492.8 1915.5 +£516.0 1923.1 £ 451.6 1861.1 £ 507.1 0.125
Protein (g/day) 57.7 £14.4 51.1+10.0 559+ 8.4 66.1 +18.2 < 0.001
Animal protein (g/day) 21.8+12.9 16.5 + 8.1 20.4 +£8.9 28.4 +16.7 < 0.001
Plant protein (g/day) 359+73 344 +£7.0 35.3+5.8 38.1£8.4 < 0.001
Fat (g/day) 68.8 +15.5 67.3+15.1 701 £15.9 69.2 +15.6 0.022
Carbohydrates (g/day) 289.9 + 35.8 296.8 + 34.2 287.3 + 36.4 2855+ 35.8 < 0.001
Dietary fiber (g/day) 146 £3.5 16.8 + 3.6 143+28 126+2.6 < 0.001
Cholesterol (mg/day) 296.0 + 164.9 260.9 + 165.6 286.4 + 149.0 340.7 + 169.6 < 0.001
Vitamin A (ugRAE/day) 781.3 4+ 331.9 922.7 + 355.3 764.7 + 302.0 656.7 + 278.6 < 0.001
Vitamin C (mg/day) 186.7 £ 68.5 238.9+70.8 179.9 £ 47.4 141.6 £45.0 < 0.001
Vitamin E (mg/day) 39.6 £12.7 42.3+£13.0 39.9 + 13.1 36.8+11.4 < 0.001
Dietary SFAs (g/day) 148 +4.2 13.9+3.9 15.1£4.0 155+ 45 < 0.001
Dietary MUFAs (g/day) 22.7 +8.1 21.7+8.0 23.0 £ 8.1 23.4 + 8.1 0.005
Dietary PUFAs (g/day) 231 +8.7 23.3+9.0 23.5+9.0 22,5 + 8.1 0.156
Sodium (mg/day) 385.4 + 155.8 391.6 + 136.6 381.5+ 1459 383.2 + 181.3 0.589
Potassium (g/day) 23+04 26+04 22+03 20+0.3 < 0.001
Calcium (mg/day) 536.3 + 166.8 576.1 £170.3 535.2 + 161.6 497.7 £ 159.5 < 0.001
Magnesium (mg/day) 314.7 + 46.2 341.0 £ 45.7 310.0 + 40.4 293.0 + 38.6 < 0.001
Phosphorus (mg/day) 937.3 + 119.7 936.6 + 116.8 931.1 £ 120.6 9441 +£121.7 0.266
PRAL score (mEg/day) 0.8 +11.3 —11.0+ 741 11+24 123+77 < 0.001
NEAP score (mEg/day) 453+ 16.5 31.24+6.9 43.4 4+ 4.0 61.1+17.3 < 0.001
AP ratio 9.8+ 6.0 6.2+27 9.0+3.2 141 +£7.7 < 0.001

4Values are expressed as mean + standard deviation or n (%).

bp value was obtained using the chi-square test for categorical variables and ANOVA tests for continuous variables.

CEnergy-adjusted using the residual method.

A:P ratio, animal protein to potassium ratio, pre-pregnancy BMI, pre-pregnancy body mass index; Eq, equivalent; GDM, gestational diabetes mellitus; MUFAs,
Monounsaturated fatty acids; NEAR, net endogenous acid production; PRAL, potential renal acid load; PUFAs, Polyunsaturated fatty acids; SFAs, saturated fatty
acids; T, tertile.
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TABLE 2 | Pearson correlations between food group intake and three dietary acid load measures@.

Food group®

Dietary acid load

PRAL score P value NEAP score P value A:P ratio P value
Grains (g/day) 0.177 < 0.001 0.278 < 0.001 —0.100 < 0.001
Vegetables (g/day) —0.223 < 0.001 —0.305 < 0.001 —-0.197 < 0.001
Fruits (g/day) —0.261 < 0.001 —0.452 < 0.001 —0.263 < 0.001
Nuts (g/day) —0.059 0.132 —0.090 0.002 —0.047 0.104
Legumes (g/day) —0.071 0.065 —0.059 0.040 —0.102 < 0.001
Total meats g/day) 0.140 < 0.001 0.246 < 0.001 0.608 < 0.001
Red meats (g/day) 0.280 < 0.001 0.453 < 0.001 0.571 < 0.001
Poultry (g/day) 0.135 0.002 0.214 < 0.001 0.355 < 0.001
Fish (g/day) 0.086 0.024 0.121 < 0.001 0.360 < 0.001
Eggs (g/day) 0.055 0.144 0.078 0.007 0.253 < 0.001
Dairy products (ml/day) —0.024 0.533 -0.017 0.546 0.281 < 0.001

aFood group intakes and three dietary acid load measures were log10-transformed to improve normality.

bEnergy-adjusted using the residual method.

A:P ratio, animal protein to potassium ratio; NEAF, net endogenous acid production; PRAL, potential renal acid load.

significant positive correlations between intake of most animal
foods (red meats, poultry, fish, and eggs) and dietary acid load
scores (all P < 0.05), except for dairy products. Regarding
plant foods, we observed significant negative correlations of
vegetables, fruits, nuts, and legumes intake with dietary acid load
(all P < 0.05). However, grains intake was positively correlated
with PRAL and NEAP scores, while it was negatively correlated
with the A:P ratio.

Association Between Maternal Dietary
Acid Load and GDM Risk

The associations between indices of dietary acid load and GDM
risk were shown in Table 3. In the multivariable models, PRAL
score, NEAP score, and A:P ratio were all associated with an
increased risk of GDM after adjusting for covariates of maternal
age, pre-pregnancy BMI, education, primiparity, smoking status,
alcohol intake, regular physical activity, family history of diabetes,
and other dietary factors. The multivariable-adjusted ORs (95%
CIs) of GDM for the lowest to the highest tertiles of PRAL score
were 1.00 (reference), 2.06 (1.35, 3.15), and 2.26 (1.38, 3.71) (P-
trend = 0.002). Similar findings were found for the NEAP score
(OR for T3 vs. T1: 2.02, 95% CI: 1.25-3.27; T2 vs. T1: 2.05, 95%
CI: 1.36-3.10; P-trend = 0.009). In addition, those in the highest
tertile of the A:P ratio had a 108% higher risk of GDM than those
in the lowest tertile after controlling for potential covariates (OR:
2.08,95% CI: 1.30-3.31, P-trend = 0.005).

Association Between Maternal Dietary
Acid Load and Blood Glucose

Concentrations

In the crude model, the highest tertile of dietary acid load
(PRAL score, NEAP score, and A:P ratio) in early pregnancy
was associated with an increase in FBG, 1-h PBG, and 2-h PBG
compared to the lowest tertile. After controlling for potential
covariates, we found that women in the highest tertile of the
PRAL score significantly increased FBG by 0.09 mmol/L (95%

CI: 0.02, 0.17, P-trend = 0.017), 1-h PBG by 0.50 mmol/L (95%
CI: 0.19, 0.81, P-trend = 0.002) and 2-h PBG by 0.54 mmol/L
(95% CI: 0.28, 0.80, P-trend < 0.001), respectively, compared to
women in the lowest tertile. Similarly, we identified the significant
positive relationships of NEAP score and A:P ratio with 1-h PBG
(p=0.47,95% CI: 0.17,0.77, P-trend = 0.003 for NEAP; = 0.31,
95% CI: 0.01, 0.61, P-trend = 0.044 for A:P ratio) and 2-h PBG
(B =0.43,95% CI: 0.18, 0.69, P-trend = 0.001 for NEAP; = 0.28,
95% CI: 0.03, 0.53, P-trend = 0.041 for A:P ratio) when the
highest tertile compared to the lowest tertile (Table 4).

Subgroup and Sensitivity Analyses

To assess whether other confounding factors modified the
association between dietary acid load and risk of GDM,
we performed stratified analyses by maternal age (< 29.2
or > 29.2 years), pre-pregnancy BMI (< 20.5 or > 20.5 kg/m?),
primiparity (yes or no), gravidity (< 1 or > 2), regular
physical activity (yes or no), and family history of diabetes (yes
or no). No significant modifications were observed between
dietary acid load and GDM risk (all P juteraction > 0.05)
(Supplementary Table 1). In sensitivity analyses that excluded
participants with age >30 years, abnormal pregnancy BMI,
smoking, and alcohol consumption, the results remained stable
and the significantly positive associations were still observed
(Supplementary Table 2).

DISCUSSION

In this study of pregnant Chinese women, we found that higher
dietary acid load (as reflected by three different dietary acid load
indices) in early pregnancy was associated with an increased
risk of GDM, even after adjustment for characteristics, lifestyle,
and other dietary factors (carbohydrate, dietary fiber, cholesterol,
vitamin A, vitamin C, vitamin E, SFAs, and MUFAs). In addition,
the positive associations tended to be stronger in women with
pre-pregnancy BMI > 20.5 kg/m?, primiparity, gravidity > 2,
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TABLE 3 | Associations between maternal dietary acid load and risk of GDM.

Variables OR (95% CI)

Median (IQR) Cases/N Crude model Multivariate model 12 Multivariate model II°
PRAL score
™ —8.91 (—13.79-6.00) 53/442 1.00 1.00 1.00
T2 1.22 (—0.79-3.23) 82/442 1.67 (1.15, 2.43) 1.69 (1.14, 2.50) 2.06 (1.35, 3.15)
T3 10.15 (7.30-14.48) 82/443 1.67 (1.15, 2.42) 1.64 (1.1, 2.43) 2.26 (1.38, 3.71)
P-trend® 0.007 0.015 0.002
NEAP score
™ 32.74 (27.73-35.92) 52/442 1.00 1.00 1.00
T2 43.47 (40.84-46.31) 86/442 1.81(1.25, 2.63) 1.78 (1.21, 2.63) 2.05 (1.36, 3.10)
T3 55.62 (51.54-64.79) 79/443 1.68 (1.12, 2.38) 1.68 (1.10, 2.42) 2.02 (1.25, 8.27)
P-trend® 0.019 0.025 0.009
A:P ratio
T 5.32 (3.80-6.29) 50/442 1.00 1.00 1.00
T2 8.85(8.11-9.62) 81/442 1.76 (1.20, 2.57) 1.65 (1.11, 2.46) 1.85(1.23, 2.79)
T3 13.75 (12.02-16.34) 86/443 1.89 (1.30, 2.75) 1.77 (1.19, 2.62) 2.08 (1.30, 3.31)
P-trend® 0.002 0.008 0.005

aMultivariate model | was adjusted for maternal age, pre-pregnancy BMI, education, primiparity, smoking status, alcohol intake, regular physical activity, and family

history of diabetes.

bMultivariate model Il was further adjusted for intake of carbohydrate, dietary fiber, cholesterol, vitamin A, vitamin C, vitamin E, SFAs, and MUFAs.
CTests for linear trend were conducted by using the median value for each tertile and treating it as a continuous variable in the logistic regression.
A:P ratio, animal protein to potassium ratio;, GDM, gestational diabetes mellitus; IQR, interquartile range; NEAR, net endogenous acid production; OR, odds ratio;, PRAL,

potential renal acid load, T, tertile.

lack of regular physical activity, and having a family history
of diabetes. After controlling for potential covariates, FBG, 1-h
PBG, and 2-h PBG were all significantly increased in the highest
tertile of PRAL scores compared to the lowest tertile. Also, higher
NEAP scores and A:P ratio increased 1-h PBG and 2-h PBG,
but not FBG levels.

In recent years, the interest of research has focused on the
relationship between diet-induced acid load and type 2 diabetes
and insulin resistance (12, 13, 17, 32). A prospective cohort
study of 66,485 French women and the pooled results from three
prospective cohort studies in the United States both showed
that dietary acid load was positively associated with the risk
of type 2 diabetes (13, 32). Similarly, the results of a meta-
analysis that included 14 studies showed that participants in the
highest categories of PRAL and NEAP scores had a 19 and 22%
increased risk of developing diabetes, respectively, compared to
the lowest categories (17). Another prospective study in a Korean
middle-aged and elderly population found that a higher diet-
dependent acid load was associated with an increased risk of
insulin resistance in the future (12). To our knowledge, however,
research investigating the relationship between dietary acid load
and the risk of GDM has been limited to date. In line with
our findings, a case-control study conducted in Iran reported a
positive association between dietary acid load and risk of GDM
measured by PRAL score and A:P ratio (23). Furthermore, apart
from finding a positive relationship between PRAL scores and
FBG as in the previous study (23), we also identified significant
relationships of dietary acid load with 1-h PBG and 2-h PBG.

Our study used three different methods to calculate dietary
acid load: PRAL, NEAP, and A:P ratio. These methods are

calculated based on the intake of protein, phosphorus, potassium,
magnesium, and calcium. All these nutrients are acid-base
precursors and may be in relation to pH homeostasis in the
body (28, 30, 33). Studies have suggested that foods from
animals, such as cheese, fish, and meat, have more acid
precursors, while fruits and vegetables are net alkalinizing in
nature (20, 21, 34). In the current study, the results showed
that the PRAL score, NEAP score, and A:P ratio were all
strongly positively correlated with the intake of red meat,
poultry, fish, and eggs, while there were significant negative
correlations with the intake of vegetables, fruits, legumes, and
nuts. The findings are consistent with those of previous studies
in other populations (32, 35). Notably, previous studies have only
confirmed that consumption of single acidic foods (e.g., meat,
milk) or alkaline foods (e.g., fruit, vegetables) was associated
with the risk of GDM (36-39); however, taking an integrated
approach considering the balance of acidic and alkaline foods
may be more important than assessing single acidic and
alkaline foods.

The underlying mechanisms linking dietary acid load to
glucose homeostasis and GDM risk remain to be elucidated.
In the current study, we found that individuals in the highest
tertile of dietary acid load had higher protein intakes and
lower potassium, calcium, and magnesium intakes. Studies have
shown that meat and dairy products, as the main sources of
animal protein, were significantly associated with a higher risk of
GDM (36, 37). Moreover, animal protein and cereal grains have
higher contents of sulfur-containing amino acids (methionine,
homocysteine, and cysteine), which produce sulfates with
acidifying effects during their metabolism and constitute the
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TABLE 4 | Associations between maternal dietary acid load and
blood glucose levels.

Variables B (95% CI), mmol/L

Crude model Multivariate Multivariate

model I model II®

PRAL score
FBG
T 0.00 0.00 0.00
T2 0.08 (0.02, 0.14) 0.06 (0.00, 0.12) 0.07 (0.01, 0.14)
T3 0.10(0.04, 0.16) 0.08 (0.02, 0.13) 0.09 (0.02, 0.17)
P-trend® 0.001 0.009 0.017
1-h PBG
™ 0.00 0.00 0.00
T2 0.21 (-0.04,0.46)  0.09 (—0.15, 0.33) 0.26 (—0.01, 0.53)
T3 0.37 (0.12, 0.61) 0.23(0.00, 0.47) 0.50 (0.19, 0.81)
P-trend® 0.003 0.051 0.002
2-h PBG
™ 0.00 0.00 0.00
T2 0.29 (0.09, 0.50) 0.18 (—0.02, 0.38) 0.40 (0.18, 0.63)
T3 0.33(0.13,0.53) 0.23(0.08, 0.42) 0.54 (0.28, 0.80)
P-trend® 0.001 0.022 < 0.001
NEAP score
FBG
T 0.00 0.00 0.00
T2 0.05(-0.01,0.12)  0.03 (—0.03, 0.09) 0.04 (-0.02, 0.11)
T3 0.08 (0.02, 0.14) 0.06 (—-0.00, 0.11) 0.06 (—0.01, 0.14)
P-trend® 0.010 0.053 0.113
1-h PBG
™ 0.00 0.00 0.00
T2 0.27 (0.02, 0.52) 0.15 (—0.09, 0.39) 0.31(0.04, 0.57)
T3 0.36 (0.11, 0.60) 0.25 (0.02, 0.49) 0.47 (0.17,0.77)
P-trend® 0.004 0.034 0.003
2-h PBG
™ 0.00 0.00 0.00
T2 0.36 (0.15, 0.56) 0.25 (0.05, 0.45) 0.43 (0.20, 0.65)
T3 0.29 (0.08, 0.49) 0.21(0.02, 0.41) 0.43(0.18, 0.69)
P-trend® 0.008 0.039 0.001
A:P ratio
FBG
™ 0.00 0.00 0.00
T2 0.08 (0.02, 0.14) 0.05 (—0.01, 0.11) 0.06 (—0.01, 0.12)
T3 0.09 (0.08, 0.15) 0.06 (0.00, 0.12) 0.05 (—-0.03, 0.12)
P-trend® 0.006 0.043 0.309
1-h PBG
T 0.00 0.00 0.00
T2 0.13(-0.12,0.38)  0.01 (—0.23, 0.25) 0.15(-0.12, 0.41)
T3 0.27 (0.08, 0.52) 0.13 (-=0.10, 0.37) 0.31(0.01, 0.61)
P-trend® 0.031 0.245 0.044
2-h PBG
T 0.00 0.00 0.00
T2 0.18(—0.03,0.39)  0.09 (—0.11, 0.29) 0.23 (0.01, 0.45)
T3 0.20 (-0.01,0.40)  0.09 (—0.11, 0.29) 0.28 (0.0, 0.53)
P-trend® 0.075 0.411 0.041

aMultivariate model | was adjusted for maternal age, pre-pregnancy BMI,
education, primiparity, smoking status, alcohol intake, regular physical activity, and
family history of diabetes.

b\Multivariate model Il was further adjusted for intake of carbohydrate, dietary fiber,
cholesterol, vitamin A, vitamin C, vitamin E, SFAs, and MUFAs.

CTests for linear trend were conducted by using the median value for each tertile
and treating it as a continuous variable in the logistic regression.

A:P ratio, animal protein to potassium ratio;, FBG, fasting blood glucose; NEAR, net
endogenous acid production; PBG, post-load blood glucose; PRAL, potential renal
acid load, T, tertile.

main contributor to the daily acid load (33, 40). The main
food sources of potassium are vegetables and fruits, which also
provide other basic cations (e.g., magnesium). A low-potassium
diet can lead to the development of impaired glucose tolerance,
through impairments in insulin secretion from pancreatic p-cells
(41). Also, potassium can involves in acid-base homeostasis by
exchanging hydrogen ions across the cell membrane to assist in
electroneutrality (42). Low blood pH could reduce the uptake
of glucose by muscle tissue, disrupt the binding of insulin to its
receptors (43), and further inhibit insulin signaling pathways,
which could lead to the development of insulin resistance
and diabetes (44). In addition, the high acidity of the diet
may stimulate cortisol secretion from the adrenal cortex, and
chronically elevated cortisol levels may induce insulin resistance
(45, 46). Furthermore, a higher dietary acid load may stimulate
the expression of induced NO synthase and increase levels of
inflammatory factors, which may in turn be triggers for GDM
(47, 48).

The strengths of this study include detailed information on
potential confounders and a prospective design, which greatly
reduces the chance of reverse causality and provides strong
evidence for examining the associations between dietary acid
load and GDM risk. Secondly, we used three indicators, PRAL
score, NEAP score, and A:P ratio, which could provide a more
comprehensive assessment of dietary acid load during pregnancy
from different perspectives. In addition, as dietary habits vary
considerably between populations, this study provides evidence
from the population of Chinese pregnant women, filling a data
gap in the relationship between dietary acid load and GDM in
this population.

The current study also has some limitations that need to
be considered. Firstly, we used the validated FFQ for dietary
assessment, which may still be subject to measurement error
and inaccuracy. To partially control for reporting bias, we
excluded all participants with extreme values of total energy
intake (< 500 kcal/day or > 3500 kcal/day) from the analysis and
also adjusted food and nutrient intakes according to the energy
residual method. Secondly, we only assessed dietary acid load in
early pregnancy, whereas subsequent dietary changes in mid and
late pregnancy may have some influence on the results. However,
diet before the onset of GDM may more accurately reflect
the true causal relationship between exposure and outcome,
which could exclude the effect of changes to diet after the
occurrence of GDM. Finally, we cannot completely exclude the
impact of unmeasured residual factors that may influence the
association between dietary acid load and GDM risk. However,
it is worth noting that our analysis has adjusted for several
confounding factors identified in the previous studies including
maternal age, education level, pre-pregnancy BMI, primiparity,
smoking status, alcohol intake, regular physical activity, and
family history of diabetes.

CONCLUSION

To our knowledge, this is the first prospective cohort study
using a combination of three indicators to assess the association
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between dietary acid load and the risk of GDM. Collectively,
we found that dietary acid load scores in early pregnancy
were positively related to GDM risk in Chinese pregnant
women. Decreasing dietary acid load may be a preventive
strategy to reduce the occurrence of GDM. Underlying biological
mechanisms involved in these associations should be identified
and further explored in future studies. Besides, further large-scale
studies are needed to confirm our findings in other populations.
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Background and Aims: The content of fatty acids (FA) in human milk may be influenced
by maternal nutrition. We evaluated the role of a Mediterranean diet in influencing the
content of FA in human milk among 282 breastfeeding mothers participating in the
MEDIDIET study.

Materials and Methods: Mediterranean Diet Score (MDS), a composite index, was
used to evaluate adherence to the Mediterranean diet. It includes 9 components (i.e.,
vegetables, fruit, cereals, legumes, monounsaturated to saturated FA ratio - MUFA/SFA,
fish, dairy products, meat, and alcohol) and therefore potentially ranges from O (no
adherence) to 9 (complete adherence) points. None of the mothers obtained the highest
score due to the low alcohol consumption in the study population. Mothers were
categorized in approximate tertiles of adherence: 0-3 (34.4%), 4 (26.2%), and 5-8
points (39.4%). The mean content of FA across categories of MDS was compared using
ANOVA and test for trend.

Results: A high adherence of breastfeeding mothers to the Mediterranean diet was
associated with lower content of SFA in human milk (42.58 4+ 4.36 for MDS = 0-3,
42.58 + 4.89 for MDS = 4, and 40.92 + 5.22% of fats for MDS = 5-8 points; p
ANOVA and p for trend = 0.02). Conversely, a high adherence was associated with
higher content of MUFA in human milk (43.27 + 4.27 for MDS = 0-3, 43.27 + 4.47
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for MDS = 4, and 45.24 + 5.22% of fats for MDS = 5-8 points; p ANOVA and p for
trend < 0.01), -3 FA (1.07 £ 0.25 for MDS = 0-3, 1.22 £ 0.49 for MDS = 4, and
1.31 + 0.51% of fats for MDS = 5-8 points; p ANOVA and p for trend < 0.01), and
the major types of w-3 FA (i.e., a-linolenic acid — ALA, eicosapentaenoic acid — EPA,
docosahexaenoic acid — DHA, docosapentaenoic acid — DPA). These associations were
mainly driven by the adherence to the vegetables, MUFA/SFA, fish, and dairy products
components of the Mediterranean diet.

Conclusion: A high adherence to the Mediterranean diet was associated with human
milk showing a lower content of SFA and higher content of MUFA and w-3 FA, including
DHA. The Mediterranean diet may contribute in human milk production with higher
content of specific FA which is directly involved in infant’s neural and visual development,

as reported by previous studies.

Keywords: maternal nutrition, Mediterranean diet, breastfeeding, lipids, fatty acids profile

INTRODUCTION

Human milk is a mixture of nutritive and bioactive compounds
(e.g., nutrients, hormones, antibodies, immune and stem cells,
digestive enzymes, and macrophages) that contribute to the
growth and development of the infant (1). Maternal dietary habits
may influence the composition of human milk, especially the
fatty acids (FA) content (2). In particular, it has been shown that
maternal dietary habits modify the content of polyunsaturated
FA (PUFA) in human milk and, to a lesser extent, the content of
saturated FA (SFA) and monounsaturated FA (MUFA) (3).

Many studies investigated the relationship between maternal
nutrition and the composition of human milk according to
the intake of single foods or nutrients (4), while a few studies
evaluated the role of a posteriori dietary patterns (5-8). In
particular, only one study from China (7) and one of our
previous analyses (5) investigated the adherence of breastfeeding
mothers to a posteriori dietary patterns concerning the content
of FA in human milk. Two additional studies evaluated the
relationship between the adherence of breastfeeding mothers
to a posteriori dietary patterns and the composition of their
human milk focusing on macronutrients, without taking into
account FA (6, 8).

The traditional Mediterranean diet is a plant-oriented dietary
pattern characterized by a high intake of minimally processed
foods, fresh fruits, bread and other cereals (generally minimally
refined), potatoes, legumes, and nuts; a moderate intake of dairy
products (mostly cheese and yogurt); a moderate to low intake
of fish and poultry; a low intake of red meat; a high intake
of olive oil (especially virgin and extra-virgin olive oils) used
as the main source of fat; and a moderate intake of wine,
consumed with meals (9). Adherence to the Mediterranean diet
has been associated with a range of health benefits, including
a reduced risk of cardiovascular diseases, diabetes, metabolic
syndrome, overweight and obesity, several cancer types, as well as
a lower disease-specific and overall mortality (10-13). However,
no study has investigated so far the association between maternal
adherence to the Mediterranean diet, measured by one of the
proposed scores, and the content of FA in human milk.

The Italian MEDIDIET study aims to evaluate the relationship
between the habitual diet of breastfeeding mothers and the
nutritional composition, as well as oxidative/anti-oxidative
properties of their milk (14). The role of the Mediterranean
diet in influencing human milk composition is at the core of
the MEDIDIET study. Thus, we present here the FA human
milk profile of breastfeeding mothers participating in the
MEDIDIET study according to their adherence to the traditional
Mediterranean diet.

MATERIALS AND METHODS

Study Design and Participants

Between 2012 and 2014, the MEDIDIET study was carried out
in five Italian maternity wards (i.e., Turin, Florence, Rome, San
Giovanni Rotondo - SGR, and Palermo) enrolling 300 healthy
breastfeeding mothers. Information on study design, inclusion
criteria, maternal diet assessment, human milk collection, and
analysis of human milk samples has been provided in detail
elsewhere (14). Briefly, mothers were 25-41 years old and gave
birth to healthy term infants. In particular, inclusion criteria for
mothers were

e not chronically diseased (i.e., free of diabetes, autoimmune
diseases, cardiovascular disease, renal disease, and
hypertension);

e seronegative for hepatitis B, hepatitis C, and human

immunodeficiency viruses;

non-smokers during pregnancy and lactation;

non-abusers of drugs or alcohol;

non-severely obese (i.e., BMI < 35 kg/m2);

not on a restricted diet.

Inclusion criteria for infants were:

e born at >37 gestational weeks;
e weight range of 2,500-4,500 g;
e body length range of 46-56 cm;
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o exclusively breastfed from birth to the day of human milk
collection (i.e., 6 £ 1 week postpartum).

All mothers signed an informed consent form to participate
in the study. The Ethics Committee of participating hospitals
approved the study (protocol number: 31060 MD) as per the
ethical standards of the Declaration of Helsinki.

Human Milk Collection and Analysis

On the day of human milk collection (i.e, 6 £ 1 weeks
postpartum), mothers provided a sample of their foremilk (30-
50 ml) expressed in the morning after breakfast and before lunch,
using a breast pump. The time elapsed since the end of the
previous breastfeeding session ranged from 1 to 3 h. The freshly
expressed human milk was stirred and divided in sterile 10 ml
tubes, overlaid with nitrogen gas to avoid oxidation, and then
stored at —70°. Human milk analyses included macronutrient
composition (i.e., protein, lactose, fat, and energy density),
oxidative parameters, and complete FA profile as reported in
Moro et al. (14). Briefly, FAs with a chain length between 4 and
24 carbon atoms of total lipids of human milk samples were
analyzed as methyl esters by capillary gas chromatography with
flame ionization detection (“GC-FID”) according to the method
proposed by Beermann et al. (15). In addition, the lipid content
was analyzed using the method outlined by Lucas et al. (16) and
Jones et al. (17). In particular, the FA analyzed included SFA,
MUFA, trans-FA (TFA), branched-chain FA (BFA), and PUFA.
Peak identification of SFA, MUFA, TFA, and both w-3 and w-6
FA methyl esters were verified and calibrated by comparison with
authentic standards (NuChek Prep; Elysian, MN, United States:
GLC-463, GLC-473, GLC-642, GLC-643, GLC-674, and Sigma-
Aldrich Ltd., St. Louis, MO, United States: Supelco PUFA3). The
standard mix of BFA methyl esters was originally analyzed by
Danone Nutricia Research, Utrecht, the Netherlands. Lastly, FA
concentrations were recorded as% of fats.

Assessment of Maternal Diet and
Adherence to the Mediterranean Diet

A validated and reproducible food frequency questionnaire
(FFQ) (18-20) was administered by trained interviewers to
investigate the habitual diet of mothers (from partum to the day
of human milk collection). The FFQ included 7 sections to collect
information on the weekly intake of 78 food items, recipes, and
beverages as follows: (1) milk, hot beverages, and sweeteners; (2)
typical Italian first courses (e.g., pasta, risotto, gnocchi, lasagne);
bread, and cereals; (3) second courses (including meat, fish, and
cheese); (4) side dishes (e.g., vegetables); (5) fruits; (6) sweets,
desserts, and soft drinks; and (7) alcoholic beverages. The serving
size was defined in “natural” units (e.g., 1 cup of milk, 1 coffee
spoon of sugar, 1 egg, 1 apple) or as smaller, on average, or larger
than a standard Italian serving (e.g., 80 g of pasta, 100 g of mixed
salad, 175 g of potatoes, and 150 g of beef). Occasional intakes
(i.e., less than once a week, but greater than once per month)
were coded as 0.5 servings per week. Dietary data collected using
the FFQ were used to estimate maternal intake of energy and
nutrients using an Italian food composition database (21). In
this computation, we weighted the fat composition of each food

or recipe according to information on the type of fat used for
cooking or as dressing.

To evaluate the adherence of the maternal diet to the
Mediterranean one, we used an a priori score (i.e., Mediterranean
Diet Score - MDS) developed by Trichopoulou et al. (22, 23).
According to the proposed methodology, the MDS includes
9 dietary components: (1) vegetables; (2) fruit; (3) cereals
(including bread and potatoes); (4) legumes; (5) MUFA to SFA
ratio (MUFA/SFA) as a proxy of olive oil consumption (23); (6)
fish; (7) dairy products (including milk); (8) meat (including
poultry, red and processed meat); (9) and alcohol. Each of the 9
components is assigned a score of 0 or 1 using fixed or median
intakes as cutoffs according to the component considered. In
particular, for components more frequently consumed in the
Mediterranean diet (i.e., vegetables, fruit, cereals, legumes, fish,
and MUFA/SFA), a score of 1 is given if the individual intake is
greater or equal to the median, and 0 if the individual intake is
lower than the median; for components less frequently consumed
(i.e., dairy products and meat), a score of 1 is given if the
individual intake is lower than the median, and 0 if the individual
intake is greater or equal to the median. For alcohol component,
a score of 1 is given for an individual consumption ranging
from 5 to less than 25 g of ethanol/day, and 0 if the individual
consumption is outside this range. The MDS is obtained by
adding up the 9 component scores, and therefore, it potentially
ranges from 0 (no adherence) to 9 (complete adherence) points.

Statistical Analyses

The FA content was not available for 18 human milk samples
due to insufficient milk volume, thus leaving 282 samples for
the present analysis. We categorized the MDS in approximate
tertiles: 0-3 points (n = 97; 34.4%) for a low adherence, 4 points
(n =74;26.4%) for a medium adherence, and 5-8 points (n = 111;
39.4%) for a high adherence to the Mediterranean diet. None of
the mothers obtained the theoretical highest score (i.e., MDS = 9)
mainly due to the common Italian behavior of excluding or
substantially reducing alcohol from the diet during the lactation
period (24). We compared the mean content of FA in human
milk according to categories of MDS using ANOVA adjusting for
the ratio between the maternal energy intake and maternal pre-
pregnancy weight (kcal/day/kg). In addition, we used the test for
trend to evaluate the linear relationship of the mean contents of
FA in human milk across categories of MDS. All analyses were
conducted using R version 4.0.5.

RESULTS

Description of the Study Population and
Dietary Intake of Breastfeeding Mothers
According to the Mediterranean Diet

Score Components

Table 1 reports the demographic characteristics, pre-pregnancy
BMI, and energy intake of the 282 breastfeeding mothers.
Mothers had a mean age of 33 & 4 years, a mean pre-pregnancy
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TABLE 1 | Distribution of 282 Italian breastfeeding mothers according to center,
age, pre-pregnancy weight and BMI, and energy intake.

Variable Descriptive statistic?
Center

Turin 96 (34.0)
Florence 21(7.9)

Rome 46 (16.9)

SGR 99 (35.1)
Palermo 20 (7.1)

Age (years) 28-38;33+t4
Pre-pregnancy weight (kg) 50-71;60 + 9

18.8-26.2;22.3 £ 3.2
1485-2456; 1947 + 443

Pre-pregnancy BMI (kg/m?)
Energy intake (kcal/day)

aCategorical variables are expressed as absolute frequency and relative frequency
in parenthesis; continuous variables are expressed as 10th and 90th percentile
range, and as mean =+ standard deviation.

SGR, San Giovanni Rotondo; BMI, body mass index. MEDIDIET study, 2012-2014.

BMI of 22.3 £ 3.2 kg/m?, and a mean energy intake of
1947 =+ 443 kcal/day.

The distributions of MDS components (10th, 25th, 50th,
75th, and 90th percentile and mean =+ standard deviation) are
reported in Table 2. Overall, the median intakes (servings/week)
of components more frequently consumed in the Mediterranean
diet were 11.0 for vegetables, 15.0 for fruit, 22.0 for cereals,
1.0 for legumes, and 2.0 for fish; the median intake of
the MUFA/SFA component was 1.24. The median intakes
(servings/week) of components less frequently consumed in
the Mediterranean diet were 11.0 for dairy products, and 8.0
for meat; the median intake for the alcohol component was
0.0 g ethanol/day.

Content of Fatty Acids in Human Milk
According to the Adherence of
Breastfeeding Mothers to the
Mediterranean Diet

High adherence to the Mediterranean diet was associated
with a significantly lower content of SFA in human milk (p
ANOVA =0.02 and p for trend = 0.02; Table 3). In particular, the
mean contents of SFA were 42.58 + 4.36% of fats for mothers with
low adherence to the Mediterranean diet (MDS = 0-3 points),
42.58 + 4.89% of fats for mothers with medium adherence
(MDS = 4 points), and 40.92 % 5.22% of fats for mothers with
high adherence (MDS = 5-8 points). Considering the major
types of SFA, a high adherence of breastfeeding mothers to
the Mediterranean diet was associated with a significantly lower
content of palmitic acid (PA) and stearic acid (SA).

Conversely, high adherence to the Mediterranean diet was
associated with a significantly higher content of MUFA in
human milk (43.27 £+ 4.27% of fats for MDS = 0-3 points;
43.27 4+ 4.47% of fats for MDS = 4 points; 45.24 & 5.22% of fats
for MDS = 5-8 points; p ANOVA and p for trend < 0.01). Both
the oleic acid (OA) and the erucic acid (EA), the major types of
MUFA, significantly increased according to the adherence to the
Mediterranean diet.

The content of PUFA in human milk was not associated with
the adherence to the Mediterranean diet (p ANOVA = 0.62 and p
for trend = 0.35). However, considering the major types of PUFA,
a significantly lower content of arachidonic acid (AA) in human
milk was observed among mothers with high adherence to the
Mediterranean diet (0.48 £ 0.09% of fats for MDS = 0-3 points;
0.47 £ 0.09% of fats for MDS = 4 points; 0.46 = 0.07% of fats for
MDS = 5-8 points; p for trend = 0.01). Conversely, a significantly
higher content of w-3 FA in human milk was observed among
mothers highly adherent to the Mediterranean diet (1.07 = 0.25%
of fats for MDS = 0-3 points, 1.22 £ 0.49% of fats for MDS = 4
points, and 1.31 £ 0.51% of fats for MDS = 5-8 points; p ANOVA
and p for trend < 0.01). Likewise, significantly higher content of
the major types of w-3 FA in human milk (i.e., a-linolenic acid -
ALA, eicosapentaenoic acid - EPA, docosahexaenoic acid - DHA,
docosapentaenoic acid - DPA) was observed among mothers
with high adherence to the Mediterranean diet. In addition,
high adherence to the Mediterranean diet was associated with
a significantly lower ratio between w-6 and w-3 FA (p ANOVA
and p for trend < 0.01) and the ratio between LA and ALA (p
ANOVA and p for trend < 0.01) in human milk. Conversely,
high adherence to the Mediterranean diet was associated with
a higher DHA/AA (p ANOVA = 0.01; p for trend < 0.01)
and (EPA + DHA)/AA (p ANOVA and p for trend < 0.01)
in human milk. No clear association was observed for the
others FA considered.

Content of Fatty Acids in Human Milk
According to the Adherence of
Breastfeeding Mothers to Each

Component of Mediterranean Diet Score
Table 4 reports the content of SFA in human milk according
to the adherence of breastfeeding mothers to each component
of MDS. For components more frequently consumed in the
Mediterranean diet, one point (i.e., adherence) corresponded
to an individual intake greater or equal to the median intake
of vegetables, fruit, cereals, legumes, MUFA/SFA, and fish,
respectively; for components less frequently consumed in the
Mediterranean diet, one point corresponded to an individual
intake less than the median intake of dairy products and meat,
respectively; for alcohol component, one point corresponded to
an individual alcohol intake ranging from 5 to less than 25 g of
ethanol/day. Mothers who adhered to the vegetable component
showed human milk with a significantly lower content of SFA
(41.16 £ 5.29% of fats) than the human milk of non-adherent
mothers (42.64 & 4.41% of fats; p = 0.01). Likewise, mothers who
were adherent to MUFA/SFA (41.07 &= 5.15 vs. 42.74 & 4.52% of
fats; p < 0.01) and dairy products (41.24 £ 4.71 vs. 42.58 & 5.01;
p = 0.02) components showed lower content of SFA in human
milk. A similar pattern was observed for PA and SA.

Table 5 reports the content of MUFA in human milk according
to the adherence of breastfeeding mothers to each component
of MDS. A significantly higher content of MUFA was observed
for mothers who adhered to the vegetables (44.73 + 5.34 vs.
4341 + 4.14% of fats; p = 0.02), MUFA/SFA (44.90 £+ 5.03
vs. 43.23 £ 4.42% of fats; p < 0.01), and dairy products
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TABLE 2 | Distribution of components of the Mediterranean Diet Score.

MDS component Percentile Mean + SD
10th 25th 50th 75th 90th
Vegetables (servings/week) 4.5 7.0 1.0 16.0 21.5 120+ 7.0
Fruit (servings/week) 7.0 11.0 15.0 20.0 27.0 16.0+ 8.5
Cereals (servings/week) 13.0 17.0 22.0 28.0 35.5 23.5+10.0
Legumes (servings/week) 0.0 0.0 1.0 2.0 3.0 15+15
MUFA/SFA 1.00 1.12 1.24 1.40 1.57 1.27 £0.28
Fish (servings/week) 0.5 1.0 2.0 2.0 3.0 1.6+1.0
Dairy products (servings/week) 3.5 8.0 11.0 14.0 18.5 11.0+£55
Meat (servings/week) 5.0 6.5 8.0 10.0 12.5 8.5+3.0
Alcohol (grams/day) 0.0 0.0 0.0 1.1 3.6 1.0+25

MDS, Mediterranean Diet Score; MUFA, monounsaturated fatty acids; SD, standard deviation; SFA, saturated fatty acids. MEDIDIET study, 2012-2014.

TABLE 3 | Mean and standard deviation contents of selected fatty acids (expressed as% of fats) in human milk according to the adherence of breastfeeding mothers to
the Mediterranean Diet Score (expressed approximately in tertiles).

FA in human milk Total MDS p-value p-value
(ANOVA)? (trend)?

0-3 points n = 97 (34.4) 4 points n = 74 (26.2) 5-8 points n = 111 (39.4)

Min-max Mean + SD Mean + SD Mean + SD Mean + SD
SFA (% of fats) 27.89-56.11 41.92 +£4.90 42.58 + 4.36 42.58 + 4.89 40.92 £5.22 p=0.02 p=0.02
CPA (% of fats) 0.08-0.51 0.24 +£0.07 0.23 +0.08 0.25 +£0.07 0.25 +0.07 p=0.14 p=0.13
CA (% of fats) 0.01-3.04 1.60 + 0.42 1.43 £ 0.44 1.66 + 0.42 1.563 £ 0.40 p=0.11 p=0.08
LAU (% of fats) 1.90-12.11 518+ 1.92 4.99 + 1.81 554+ 214 511+ 1.85 p=0.15 p=0.62
MA (% of fats) 2.11-11.89 5.45 + 1.65 5.40 + 1.58 5.69 +1.79 5.33 &+ 1.62 p=0.33 p=0.80
PA (% of fats) 15.65-28.61 22.45+2.40 23.18+1.98 22.56 +2.43 21.75+2.53 p < 0.01 p < 0.01
SA (% of fats) 3.26-9.27 5.81+1.04 6.05 + 1.00 5.71 £1.00 5.66 + 1.06 p=0.01 p < 0.01
MUFA (% of fats) 31.12-60.82 44.05 +4.79 43.27 £ 4.27 43.27 +4.47 45.24 £5.22 p < 0.01 p <0.01
OA (% of fats) 26.23-56.63 39.29 + 4.56 38.49 + 4.00 38.61 + 4.19 40.45 +£5.03 p < 0.01 p <0.01
EA (% of fats) 0.04-0.20 0.08 + 0.02 0.07 +£0.02 0.07 +£0.02 0.08 + 0.08 p=0.01 p <0.01
PUFA (% of fats) 9.03-24.32 13.59 £ 2.52 13.71 £2.52 13.71 £ 2.42 13.41 £ 2.61 p=0.62 p=0.35
-6 (% of fats) 8.14-23.10 12.39 £ 2.51 12.64 £ 2.51 12.49 +£2.38 12.10 £2.58 p=0.27 p=0.11
LA (% of fats) 6.41-21.42 10.89 £ 2.43 11.13 £ 2.47 10.97 £ 2.27 10.63 + 2.51 p=0.33 p=0.14
AA (% of fats) 0.27-0.73 0.47 +£0.08 0.48 + 0.09 0.47 £+ 0.09 0.46 + 0.07 p=0.07 p=0.01
-3 (% of fats) 0.68-4.40 1.21 £045 1.07 £0.25 1.22 +£0.49 1.31 £ 0.51 p < 0.01 p <0.01
ALA (% of fats) 0.27-1.15 0.54 +£0.17 0.49 +£0.14 0.54 £0.17 0.57 £0.18 p < 0.01 p <0.01
EPA (% of fats) 0.01-0.38 0.06 + 0.04 0.04 +£0.02 0.06 &+ 0.05 0.06 + 0.05 p < 0.01 p <0.01
DHA (% of fats) 0.09-2.30 0.29 +0.22 0.25+0.12 0.30 £ 0.24 0.33 +£0.26 p=0.03 p=0.01
DPA (% of fats) 0.03-0.59 0.12 + 0.06 0.11 £ 0.03 0.13 £ 0.06 0.13+0.07 p=0.02 p=0.02
-6/w-3 2.50-28.28 1117 £3.70 12.40 £3.79 11.13 £3.57 10.13 £3.39 p < 0.01 p <0.01
LA/ALA 5.95-54.09 21.87 +£7.40 24,05+ 7.21 21.90 + 7.63 19.93 £ 6.92 p < 0.01 p <0.01
AA/LA 0.02-0.09 0.04 + 0.01 0.05 + 0.01 0.04 £+ 0.01 0.04 +0.01 p=0.71 p =067
DHA/ALA 0.12-4.56 0.57 +0.38 0.54 +0.30 0.56 + 0.31 0.59 + 0.46 p=0.63 p=0.35
DHA/AA 0.23-5.25 0.64 +0.48 0.52 +0.23 0.66 + 0.61 0.72 £ 0.53 p=0.01 p < 0.01
(EPA + DHA)/ALA 0.14-5.00 0.67 +0.43 0.64 +0.35 0.67 +£0.37 0.70 £ 0.52 p =0.56 p=0.29
(EPA + DHA)/AA 0.29-6.21 0.76 + 0.57 0.61+0.27 0.79+0.74 0.86 + 0.62 p < 0.01 p <0.01

aAdjusted for maternal energy intake/maternal pre-pregnancy weight (kcal/day/kg).

-3, omega-3; w-6, omega-6; AA, arachidonic acid; ALA, a-linolenic acid; DHA, decosahexaenoic acid; DPA, docosapentaenoic acid; CA, capric acid; CPA, caprylic
acid; EA, euricic acid; EPA, eicosapentaenoic acid; FA, fatty acid; LA, linoleic acid; LAU, lauric acid; MA, myristic acid; MDS, Mediterranean Diet Score; MUFA,
monounsaturated fatty acid; OA, oleic acid; PA, palmitic acid;, PUFA, polyunsaturated fatty acid; SA, stearic acid; SD, standard deviation; SFA, saturated fatty acid.
MEDIDIET studly, 2012-2017.

(44.87 £ 4.47 vs. 43.26 £ 4.97% of fats; p < 0.01) components. Table 6 reports the content of PUFA in human milk
The adherence of such components resulted in human milk with ~ according to the adherence of breastfeeding mothers to
higher contents of OA and EA. each component of MDS. A significantly higher content
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TABLE 4 | Mean and standard deviation contents of major saturated fatty acids in human milk (expressed as% of fats) according to the adherence of breastfeeding

mothers to single components of the Mediterranean Diet Score.

MDS component

FA in human milk (% of fats)

SFA CPA CA LAU MA PA SA

Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD
Vegetables?
0 point 42.64 + 4.41 0.24 £0.07 1.47 £0.43 5.20 +£1.88 5.50 + 1.55 23.02 +£2.29 592 +£1.13
1 point 4116 +£5.29 0.25+0.08 1.53 + 0.41 516 £1.97 539 £1.77 21.84 +£2.38 5.68 + 0.91
p-value (t-test)® p =0.01 p=0.19 p=0.22 p=0.85 p=0.60 p < 0.01 p=0.06
Fruit?
0 point 41.41 +£4.92 0.24 +£0.07 1.44 +£0.43 4.99 +1.91 5.26 +£1.62 22.32 +£2.38 5.85 +1.00
1 point 42.37 + 4.86 0.25 £ 0.07 1.564 £ 0.41 5.34 +1.93 5.61+1.67 22.56 +£2.43 5.76 +£1.06
p-value (t-test) p=0.10 p=0.20 p=0.04 p=0.13 p =0.08 p=0.40 p =047
Cereals?
0 point 41.89 +5.22 0.25 +0.08 1.494+0.44 519 +£2.07 5.45+1.75 22.45 +2.48 5.76 + 0.96
1 point 41.96 + 4.58 0.24 + 0.07 1.50 £ 0.40 517 £1.77 5.44 +1.65 22.46 £2.33 585 +1.11
p-value (t-test)® p=0.91 p =0.60 p =0.90 p=0.92 p=0.95 p=0.98 p=0.46
Legumes?
0 point 41.90 £+ 4.85 0.24 + 0.07 1.46 £ 0.44 5.08 +1.85 537 £ 1.64 22.64 £2.29 5.81 +£1.00
1 point 41.95 +4.97 0.25 +£0.07 1.53 + 0.41 5.28 £ 2.00 552 +£1.67 22.26 +2.50 5.80 +1.08
p-value (t-test)? p=0.93 p=0.07 p=0.18 p=0.40 p=0.46 p=0.19 p=0.89
MUFA/SFA?
0 point 42.74 + 4.52 0.24 +£0.08 149+ 0.45 522 +£1.94 5.58 + 1.66 2297 £ 2.14 5.94 +1.01
1 point 41.07 £ 5.15 0.25 + 0.07 1.51 £0.39 514 +£1.91 5.32 £1.65 21.91 £ 2.54 5.67 +1.05
p-value (t-test)® p < 0.01 p=0.61 p=0.71 p=0.73 p=0.19 p < 0.01 p =0.03
Fish?
0 point 42.38 + 4.34 0.24 £0.07 1.49 4+ 0.38 5.23+1.83 5.49 +£1.51 22.74 +£2.24 5.87 £1.02
1 point 41.52 £ 5.35 0.25 + 0.08 1.50 £ 0.45 5183+ 2.01 541 +1.78 21.19 £ 252 574 +1.05
p-value (t-test)® p=0.14 p=0.58 p=0.86 p=0.67 p=0.66 p =0.06 p=0.29
Dairy products®
0 point 42.58 + 5.01 0.25 + 0.08 1.53 £0.45 525 +1.94 563 +1.73 22.70 £ 2.35 5.88 +1.03
1 point 41.24 £ 4.71 0.24 £0.07 1.47 £ 0.39 510 £ 1.91 5.26 +£1.55 22.19 +£2.43 572 £1.04
p-value (t-test)? p=0.02 p=0.16 p=0.26 p=0.53 p =0.06 p=0.07 p=0.19
Meat®
0 point 41.96 +4.77 0.24 +£0.07 1.48 £ 0.45 512 £2.07 537 £1.73 22.57 +£2.28 5.89 +1.05
1 point 41.89 + 5.05 0.25 +£0.07 1.51 £ 0.39 524 £1.77 5.563 +£1.58 22.33 +£2.52 572 £1.02
p-value (t-test)® p=0.90 p=0.61 p=0.58 p=0.57 p=0.43 p=0.40 p=0.16
Alcohol?
0 point 41.96 + 4.93 0.24 £ 0.07 1.50 + 0.42 519 +1.92 5.46 + 1.66 22.46 + 2.44 5.81+1.04
1 point 41.26 £+ 4.50 0.23 + 0.08 1.47 £0.47 5.05 +£1.97 515 +1.62 22.36 £ 1.61 5.77 £0.97
p-value (t-test) p =0.60 p=0.55 p=0.80 p=0.79 p=0.48 p=0.89 p=0.89

a1 point is assigned to an individual intake greater or equal to the median intake reported in the Table 1; P Adjusted for maternal energy intake/maternal pre-pregnancy
weight (kcal/day/kg); °1 point is assigned to an individual intake less than the median intake reported in the Table 1; 91 point is assigned to an individual intake ranging

from 5 to less than 25 g of ethanol/day.

CA, capric acid; CPA, caprylic acid; FA, fatty acid; LAU, lauric acid; MA, myristic acid; MDS, Mediterranean Diet Score; PA, palmitic acid; SA, stearic acid; SD, standard

deviation; SFA, saturated fatty acid. MEDIDIET study, 2012-2017.

of w-3 FA was observed for mothers who adhered to the
vegetables (1.30 £ 0.48 vs. 1.12 & 0.39% of fats p < 0.01),
MUFA/SFA (1.30 + 0.56 vs 1.12 £+ 0.27; p < 0.01), and
fish (1.29 + 050 vs. 1.12 + 0.36; p < 0.01). Similarly,
the adherence of breastfeeding mothers to vegetables,
MUFA/SFA, and fish components was significantly
associated with human milk with higher contents of ALA,
EPA, DHA, and DPA.

DISCUSSION

We assessed the association between the adherence of
breastfeeding mothers to the Mediterranean diet and the
FA content of their human milk using data from the Italian
MEDIDIET study. High adherence to the Mediterranean diet
was associated with lower content of SFA (including PA and
SA), w-6/w-3, and LA/ALA, and higher content of MUFA
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TABLE 5 | Mean and standard deviation contents of major monounsaturated fatty acids in human milk (expressed as% of fats) according to the adherence of

breastfeeding mothers to single components of the Mediterranean Diet Score.

MDS component

FA in human milk (% of fats)

MUFA OA EA

Mean + SD Mean + SD Mean + SD
Vegetables?
0 point 43.41 £ 4.14 38.65 + 3.84 0.07 £ 0.02
1 point 44,73 £ 5.34 39.98 + 5.15 0.08 + 0.02
p-value (t-test)® p=0.02 p =0.01 p < 0.01
Fruit?
0 point 44.49 + 4.86 39.76 + 4.69 0.07 +£0.02
1 point 43.67 £ 4.72 38.89 + 4.42 0.08 + 0.02
p-value (t-test) p=0.15 p=0.11 p=0.80
Cereals?
0 point 43.90 + 5.02 39.14 + 4.75 0.08 + 0.02
1 point 4419 + 4.57 39.44 + 4.37 0.07 +£0.02
p-value (t-test)® p=0.62 p=0.58 p=0.08
Legumes?
0 point 44.06 + 4.81 39.29 + 4.54 0.08 + 0.02
1 point 44,08 + 4.79 39.29 + 4.59 0.08 + 0.02
p-value (t-test)® p=095 p=0.99 p=0.88
MUFA/SFA?
0 point 43.23 + 4.42 38.47 + 4.11 0.07 +£0.02
1 point 44,90 £+ 5.03 40.14 + 4.85 0.08 + 0.02
p-value (t-test)® p < 0.01 p < 0.01 p < 0.01
Fish?
0 point 43.73 £ 4.15 38.95 + 3.95 0.07 +£0.02
1 point 44.33 + 5.31 39.59 + 5.05 0.08 + 0.02
p-value (t-test)® p=0.29 p=0.24 p=0.34
Dairy products®
0 point 43.26 + 4.97 38.55 + 4.67 0.07 £ 0.02
1 point 44.87 + 4.47 40.07 £ 4.32 0.08 + 0.02
p-value (t-test)? p < 0.01 p < 0.01 p=0.05
Meat®
0 point 43.97 + 4.59 39.18 £ 4.42 0.08 + 0.02
1 point 4413 £ 5.01 39.40 + 4.71 0.07 +£0.02
p-value (t-test)® p=0.78 p=0.69 p=0.76
Alcohol?
0 point 44.00 £+ 4.80 39.24 + 4.58 0.08 + 0.02
1 point 4497 + 4.72 40.24 + 4.23 0.08 + 0.01
p-value (t-test)® p=0.46 p=0.42 p=0.74

a1 point is assigned to an individual intake greater or equal to the median intake reported in the Table 1; P Adjusted for maternal energy intake/maternal pre-pregnancy
weight (kcal/day/kg); ©1 point is assigned to an individual intake less than the median intake reported in the Table 1; 91 point is assigned to an individual intake ranging

from 5 to less than 25 g of ethanol/day.

EA, euricic acid; FA, fatty acid; MDS, Mediterranean Diet Score; MUFA, monounsaturated fatty acid; OA, oleic acid; SD, standard deviation;, SFA, saturated fatty acid.

MEDIDIET studly, 2012-2017.

(including OA and EA), -3 FA (including ALA, EPA, DHA, and
DPA), and DHA/AA and (EPA + DHA)/AA) in human milk.
These associations were mainly driven by the adherence to the
vegetables, MUFA/SFA, fish, and dairy products components of
the Mediterranean diet.

Previous studies investigated the relationship between
maternal intakes of single foods or nutrients and the FA
composition in human milk. A longitudinal Finnish study
(25) reported a weak positive correlation (r = 0.21) between

maternal intake of high-fat dairy products and the content
of SFA in human milk, collected at 3 months of lactation.
Likewise, we observed a lower content of SFA in human milk
for mothers with high adherence to the Mediterranean diet,
which is characterized by a moderate to low consumption of
dairy products. Accordingly, two studies (26, 27) found positive
correlations between maternal intake of SFA and the content of
SFA in human milk (r = 0.60 and r = 0.215, respectively). The
lower content of SFA in human milk observed among mothers
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TABLE 6 | Mean and standard deviation contents of major polyunsaturated fatty acids in human milk (expressed as% of fats) according to the adherence of

breastfeeding mothers to single components of the Mediterranean Diet Score.

MDS component

FA in human milk (% of fats)

PUFA -6 LA AA 0-3 ALA EPA DHA DPA

Mean + SD Mean + SD Mean + SD Mean+SD Mean+SD Mean+SD Mean+SD Mean+SD Mean + SD
Vegetables?
0 point 1352+240 1240+234 1090+227 047+008 1.12+039 050+0.15 0.05+0.04 027+0.18 0.11+0.05
1 point 1867 £2.66 1237 £2.69 10.88+261 046+0.08 1.30+048 057 +0.17 0.06+0.05 0.32+025 0.13+0.06
p-value (t-test)® p=0.61 p=0.93 p=0.94 p=0.26 p < 0.01 p <0.01 p =0.06 p=0.04 p < 0.01
Fruit®
0 point 13.66 £2.43 1248+241 10.99+234 047 +0.09 1.18+0.41 0.53+0.15 0.05+0.04 0.29+0.21 0.12 £ 0.05
1 point 13.53 + 2.61 12.30 + 2.59 10.81 £ 2.52 0.47 + 0.08 1.23 £047 0.54 +£0.18 0.06 + 0.05 0.30 £ 0.23 0.12 £ 0.06
p-value (t-test)® p=0.65 p=0.55 p=0.53 p =043 p=0.39 p =0.50 p=0.49 p=0.62 p=0.49
Cereals?
0 point 13.76 £2.32 1251 +£229 11.02+223 047 +0.08 1.26+0.51 055+0.19 0.06+0.05 032+027 0.12+0.06
1 point 1342 +270 1227+270 10.77+262 047+009 115+036 052+0.14 0.05+0.04 027+0.15 0.12+0.05
p-value (t-test)® p=0.25 p =043 p=0.39 p=0.74 p=0.05 p=0.09 p=0.19 p =0.06 p=0.23
Legumes?
0 point 13.61+251 1242+248 1093+242 047+009 1.19+044 053+0.16 0.06+0.05 029+022 0.12+0.05
1 point 13.57 £ 2.55 12.35 + 2.55 10.85 + 2.45 0.47 + 0.08 1.23 £0.45 0.54 £ 017 0.06 + 0.04 0.30 £ 0.22 0.12 £ 0.06
p-value (t-test) p =0.90 p =0.80 p=0.79 p=0.45 p=0.44 p=0.48 p=0.93 p =0.86 p=0.83
MUFA/SFA2
0 point 13.59 + 2.65 12.47 + 2.65 10.97 + 2.58 0.48 + 0.09 1.12 £ 0.27 0.51 £0.15 0.05 + 0.08 0.26 £ 0.12 0.11 £ 0.04
1 point 13659+240 1230+236 10.81+228 046+008 130+056 057+0.18 0.06+0.06 033+029 0.13+0.07
p-value (t-test)? p=0.98 p=0.57 p=0.60 p=0.24 p < 0.01 p < 0.01 p < 0.01 p =0.01 p =0.01
Fish?
0 point 1345+240 1234+241 1083+234 047+£009 112+036 051+016 0.05+004 025+0.15 0.11+0.05
1 point 13.72+£263 1243+£260 1094+252 047+£008 129+050 055+0.17 0.06+005 033+026 0.13+0.06
p-value (t-test)® p=0.39 p=0.75 p=0.71 p=0.98 p < 0.01 p=0.04 p < 0.01 p < 0.01 p=0.03
Dairy products®
0 point 13.71+£2.76 1250+2.77 1099+270 047+009 120+042 052+0.16 0.06+0.04 0.30+0.21 0.12 £ 0.06
1 point 13.47 £ 2.25 1226 +£2.19 10.79 £ 2.12 0.46 + 0.08 1.21 £ 047 0.55 +0.17 0.05 + 0.05 0.29+0.23 0.12+0.05
p-value (t-test) p=0.44 p=0.42 p=0.49 p=0.39 p=0.87 p=0.16 p=0.61 p=0.83 p=0.32
Meat®
0 point 13.64+236 1242+237 1089+230 048+0.09 1224+048 054+017 0.06+005 029+024 0.12+0.06
1 point 13.54 + 2.68 12.35 + 2.64 10.89 + 2.57 0.45 + 0.08 1.19 £ 0.41 0.53 £ 0.16 0.05 + 0.04 0.29 +0.20 0.12 £ 0.05
p-value (t-test)® p=0.76 p=0.82 p =0.99 p < 0.01 p =0.65 p =0.58 p=0.73 p =0.99 p=0.32
Alcohol
0 point 18.60 + 2.55 12.39 + 2.53 10.90 + 2.46 0.47 + 0.08 1.21 £ 045 0.54 £ 017 0.06 + 0.05 0.29 +£0.23 0.12 +0.06
1 point 1338+1.96 1231 +201 1068+189 051+£010 1.07+0.16 048+0.10 0.05+0.01 0.27 £0.08 0.11 £0.02
p-value (t-test)® p=0.75 p=0.91 p=0.74 p=0.07 p=0.25 p=0.17 p=0.41 p=0.63 p=0.49

a1 point is assigned to an individual intake greater or equal to the median intake reported in the Table 1; bAdjusted for maternal energy intake/maternal pre-pregnancy
weight (kcal/day/kg); °1 point is assigned to an individual intake less than the median intake reported in the Table 1; 91 point is assigned to an individual intake ranging

from 5 to less than 25 g of ethanol/day.

-3, omega-3; w-6, omega-6; AA, arachidonic acid; ALA, a-linolenic acid;, DHA, decosahexaenoic acid;, DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; LA,
linoleic acid; MDS, Mediterranean Diet Score; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; SD, standard deviation; SFA, saturated fatty acid.

MEDIDIET studly, 2012-2017.

with high adherence to the Mediterranean diet could not provide
optimal food for the infant’s needs (2, 28-31). However, the
mean content of SFA in human milk among mothers who
highly adhered to the Mediterranean diet (40.92 4= 5.22% of fats)
was in agreement with the typical human milk composition of
FA, which contains approximately 35-45% of SFA, 45-50% of
MUFA, and 15% of PUFA (32, 33).

The Italian cross-sectional study by Scopesi et al. (26)
reported a positive correlation of 0.63 between maternal

intake of MUFA and the content of MUFA in human milk
(collected during the 1st month of lactation) which is in
agreement with the higher content of MUFA in human
milk observed in this study for mothers who were adherent
to the Mediterranean diet. The higher content of MUFA
in human milk for these mothers likely derives from the
consumption of olive oil, the major fat source of the
Mediterranean diet, which is rich in MUFA, especially in the form
of OA (34).
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A cross-sectional study conducted in Denmark (35) reported
a higher content of w-3 FA (including EPA, DHA, and DPA) in
human milk (collected at 4 months postpartum) for mothers who
had a high intake of fish, as compared to mothers who did not
consume it. A longitudinal Greek study (36) reported positive
correlations between maternal PUFA intake and the contents of
-3 FA (r=0.26) and DHA (r = 0.27) in human milk, collected in
the 1st month of lactation. Likewise, the cross-sectional study of
Kim et al. (27) reported a weak positive correlation (r = 0.211)
between maternal intake of PUFA and the content of w-3 FA
in human milk (collected from 1 to 11 months postpartum) for
South Korean mothers. The cross-sectional study by Olafsdottir
etal. (37) reported a positive correlation of 0.43 between maternal
PUFA intake and the content of ALA in human milk (collected
from 2 to 4 months postpartum) for Icelandic mothers. We
observed a higher content of w-3 FA and the major types of w-
3 FA in human milk for mothers with high adherence to the
Mediterranean diet. The moderate consumption of fish jointly
with the high consumption of vegetables (various of them are
relatively rich in w-3 FA) results in an appreciable intake of w-3
FA for populations belonging to the Mediterranean area (34).

Three Chinese studies assessed the association between a
posteriori dietary patterns of breastfeeding mothers and the
composition of human milk (6-8). Dietary patterns were derived
through principal component analysis based on food group
intakes of mothers. Among the dietary patterns identified in
the cross-sectional study by Hu et al. (6), the “high-in-plant-
foods” dietary pattern was negatively associated with total fats
content in human milk, collected within 2 months postpartum.
We observed a lower content of SFA, a higher content of
MUEFA, and a stationary content of PUFA in human milk for
high adherence to the Mediterranean diet. In the cross-sectional
study by Tian et al. (7), the dietary pattern characterized by
“dairy and soybean products, and nuts” showed higher content
of SFA in human milk; the dietary pattern characterized by
“meats, mushrooms and algae, and marine products” and the
dietary pattern characterized by “vegetables and fruit” showed
higher content of PUFA and w-6 FA in human milk (collected
from 22 days to 6 months postpartum). In our study, neither
the adherence to the Mediterranean diet nor the adherence
to vegetables, fruit, and fish components was associated with
the contents of PUFA and w-6 FA in human milk. No dietary
pattern identified in the cross-sectional study of Huang et al.
was associated with the FA profile in human milk, collected in
the postpartum period from 7 days to 6 months and beyond
(8). In our previous analysis of the same data, we identified
five a posteriori dietary patterns based on nutrient intakes of
breastfeeding mothers (5). The nutritional profile of three out of
five dietary patterns, named “Proteins and FA with legs,” “FA with
fins,” and “FA with leaves,” was consistent with the Mediterranean
diet and therefore they showed similar associations with the
FA content in human milk. In particular, the “Proteins and
FA with legs” dietary pattern, characterized by high maternal
intake of animal proteins (including dairy products), was weakly
positively correlated (r = 0.12) with the content of SFA and weakly
negatively correlated (r = —0.20) with the content of MUFA in
human milk. The “FA with fins” dietary pattern, characterized

by high maternal intake of fish, was weakly positively correlated
(r = 0.23) with the content of w-3 FA (including ALA, EPA,
DHA, and DPA) in human milk. The “FA with leaves,” dietary
pattern characterized by a high intake of vegetables, was weakly
positively correlated (r = 0.17) with the content of MUFA and
weakly negatively correlated (r = —0.19) with the content of
SFA in human milk.

The FA in human milk derives from the endogenous synthesis
in the mammary gland and uptake from maternal plasma. In
both cases, the content of FA in human milk may be influenced
by maternal nutrition (2, 38, 39). Furthermore, the role of FA
in the infant diet is gaining interest because FA is involved in
several growth processes, especially in visual and neural functions
(28, 40). In particular, DHA is selectively enriched in a few specific
membrane lipids, which include the glycerophospholipids of
the retina and brain gray matter (29). High concentrations of
DHA are present in phosphatidylserine and the ethanolamine
phosphoacylglycerols of gray matter and the outer segments of
rod and cone photoreceptors in the retina (41). Considerable
evidence showed that poor maternal DHA status increased the
risk of inadequate transferring of DHA in human milk and
consequently a delayed or reduced neural and visual system
development of the infant (30, 42-44).

Strengths and Limitations

We observed some maternal dietary behaviors diverging from
the typical Mediterranean diet such as an overall low intake of
legumes, an overall quite high intake of dairy products and meat,
and a low intake of vegetables for mothers from Southern Italy
(Supplementary Table 1). This could be partially explained by
the results of a recent internet survey describing the nutritional
behavior of the Italian population and their compliance with the
Mediterranean pyramid recommendations. The authors reported
“a rather low adherence” of participants to some Mediterranean
pyramid recommendations, especially by females and in the
South (45). In addition, we observed that the human milk of
mothers in the South had a lower content of w-6 and ALA
(Supplementary Table 2), likely due to these changing dietary
habits. Nevertheless, we generally did not find other modified
associations between the adherence to the Mediterranean diet
and the content of FA in human milk across the strata of
geographical area (Supplementary Table 2).

Some studies showed differences in the FA profile of human
milk according to maternal pre-pregnancy weight and/or BMI
(46, 47). However, no difference emerged in the distributions
of maternal pre-pregnancy weight and BMI according to the
adherence to the MDS, excluding possible confounding effects of
these variables (Supplementary Table 3). Nevertheless, mothers
highly adherent to the Mediterranean diet tended to be older than
those with low or medium adherence, not excluding a possible
residual confounding due to age (Supplementary Table 3). In
addition, the cross-sectional design of this study did not allow
to establish a causal relationship between the Mediterranean diet
and the content of FA in human milk. Nevertheless, it is unlikely
that differences in the contents of FA in human milk could
have modified the maternal adherence to the Mediterranean diet.
However, it could not be ruled out that the existence of external
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factors (e.g., socioeconomic status or healthy lifestyles) trigger
the adherence to the Mediterranean diet and the composition
of human milk in parallel and causatively influence the content
of FA. Dietary information of breastfeeding mothers was self-
reported and possibly biased from incomplete recall. However,
it was collected by trained interviewers using structured FFQ
which has been validated (18) and tested for the reproducibility
(19, 20) in the Italian adult population, minimizing possible
recall bias. Although we used a validated and reproducible
FFQ, the maternal nutrient intakes could be underestimated.
Nevertheless, we previously compared maternal nutrient intakes
of mothers participating in the MEDIDIET study with those
of mothers from other developed countries in a reviewing
framework. The energy intake of mothers participating in the
MEDIDIET study was lower than the average energy requirement
(i.e., 2,300 kcal/day) recommended during the lactation period,
but it was in agreement with those of the majority of studies
included in the review (48).

Possible systematic and random errors in the assessment of
the content of FA in human milk were reduced by a standard
protocol for the collection and analysis of human milk samples.
In addition, we collected all human milk samples in a short
window of time (i.e., 6 = 1 weeks postpartum) and in the morning
for all mothers participating in the MEDIDIET study, avoiding
the variability due to different lactation stages or different times
of the day. However, we did not collect human milk samples
repeatedly over time making it difficult to make conclusions on
the impact of maternal diet on the composition of human milk in
a comprehensive way.

Another limitation of this study is the lack of information
on follow-up of the infant growth. Thus, we can establish
the relationship between maternal nutrition and human milk
composition and only infer the relationship between human
milk properties and infant outcomes using results from
external studies.

The multicentric design of the MEDIDIET study allowed us
to include mothers from different Italian regions strengthening
the findings of this study. The inclusion of healthy breastfeeding
mothers with healthy infants allowed transferring of these results
to the general population. In addition, another strength includes
the detailed set of FA in human milk provided in this analysis.
Lastly, to the best of our knowledge, this is the first study aimed to
evaluate the relationship between the Mediterranean diet and the
content of FA in human milk using a formal score of adherence.

CONCLUSION

High adherence to the Mediterranean diet was associated with
human milk with lower content of SFA and higher contents
of MUFA, w-3 FA, and the major types of w-3 FA, including
DHA. The Mediterranean diet may contribute to human milk
production with higher content of specific FA which is directly
involved in the growth and development of neural and visual
functions of the infant, as reported by previous studies. If the
results of this study were confirmed by further analyses, possibly
including infant outcomes, this would help in the development

of dietary guidelines for breastfeeding mothers to promote good
dietary practices — such as the Mediterranean diet - and their
positive implications for infants.
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Background: The evidence of dietary carrot/carotene intake’s effect on the association
with colorectal cancer (CRC) risk is conflicted. We sought to examine the association
of carrot/carotene intake with CRC incidence and mortality in the Prostate, Lung,
Colorectal, and Ovarian Cancer (PLCO) Screening cohort.

Methods: In all, 101,680 participants were enrolled between November 1993 and July
2001 from the PLCO cohort. We employed the multivariable Cox regression analyses
to estimate the hazard ratios and 95% confidence interval. Subgroup analyses and
interaction tests were performed to examine the potential effect modifiers. We further
applied the generalized additive model to explore the non-linear trend of the exposure to
cancer-related outcomes.

Results: A total of 1,100 CRC cases and 443 cancer-related deaths were documented.
We noted that the 4th quintile of dietary carrot intakes was associated with a 21%
lower risk of CRC incidence, compared with the lowest quintile group (full-adjusted
HRquintile4vs.quintletr = 0.79, 95%Cl = 0.65-0.97, p for trend = 0.05), while the
adjusted-HR was 0.95 (95%CI = 0.89-1.02) with per SD increment of carrot intakes,
and no statistically significant associations were detected between dietary a-, and g-
carotene intake and CRC incidence. There were no statistically significant associations
observed between carrot/carotene intakes and CRC mortality. Furthermore, there were
no non-linear dose-response relationships between dietary carrot, a-, and p-carotene
intake and CRC incidence and mortality (all Pnonlinearity > 0.05). Of note, smoking status
as a modifier on the association of dietary carrot intakes with CRC incidence but not
mortality was observed.
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Conclusions: In summary, this large U.S. prospective cohort study indicated that a
moderate consumption of carrots was associated with a lower CRC incidence, which
suggested that a certain dose-range of carrots consumed might contribute to a potential
cancer-prevention effect, not the more the better.

Keywords: carrot, carotene, colorectal cancer, cohort, PLCO

INTRODUCTION

Colorectal cancer (CRC) is the third most common cause of
cancer-related death in the United States, with nearly 147,950
incident cases and 53,200 cancer deaths in 2020 (1). Apart
from well-established risk factors (i.e., environmental and genetic
factors) that play a crucial role in the pathogenesis of CRC (2, 3),
more than half of patients can be attributed to other risk factors
including smoking, diet, drinking, obesity, and thus may be
potentially preventable (4). Although emerging evidence implies
that cancer prevention dietary nutrients or food, including
calcium (5, 6), fiber (7), dairy products (8), and whole grain (9)
have been associated with a lower risk of colorectal cancer, it
remains controversial.

Carrots are rich in high amounts of carotenoid antioxidants
(a- and -B-carotene) that might have a potential role in
cancer prevention (10, 11). Several meta-analyses on carrot
consumption have indicated that carrot intake was inversely
associated with the risk of several cancers, including gastric (12),
lung (13), prostate (14), breast (15), and urothelial cancer (16).
However, epidemiological studies depicted an inverse (17-20)
or a null association (21-23) of dietary a-/p-carotene intakes
with the risk of CRC. Recently, a prospective cohort study of
57,053 Danes has shown that the consumption of raw carrots was
associated with a 17% decrease in the risk of CRC (24). Given
the differences in geography and eating habits, it remains unclear
whether the results would be stable for U.S. adults. Meanwhile,
there is no evidence of the effect of dietary carrot intake on
mortality of CRC.

Therefore, to provide the most reliable prospective evidence
on the association of dietary carrot intake with the risk of CRC,
we, respectively, analyze the association of dietary carrot, a- and
-B-carotene intakes with the risk of CRC incidence and mortality
using a multicenter randomized controlled trial data from the
prostate, lung, colorectal, and ovarian (PLCO) screening trial.

METHODS

Data Source and Study Population

The PLCO Cancer Screening Trial is a randomized, controlled
trial conducted to investigate whether certain screening
examinations would reduce the mortality from PLCO cancers.
The specific study design and methods were previously
illustrated elsewhere (25). Approximately 155,000 participants
were recruited from 1993 to 2001 via 10 screening centers
across the United States, through a detailed recruitment plan.
Then, they were randomly assigned to two groups (the control
group receiving usual care, whereas the intervention arm

receiving screening tests). The PLCO study was approved by the
Institutional Review Boards of the US National Cancer Institute
and each study center, and written informed consents were
obtained from all eligible participants.

We established inclusion criteria to identify eligible cases in
our final cohort. They would be further excluded as follows: (1)
no baseline questionnaire returned (BQ) (n = 4,918) and any
history of colorectal cancer before BQ (n = 34); (2) did not
complete Diet History Questionnaire (DHQ) (n = 33,230), and
invalid DHQ for missing the date of DHQ completion, the date
of DHQ completion before the date of death, the presence of >8
missing frequency responses or extreme values of calorie intake
[ie., top 1% or bottom 1%]) (n = 5,221); (3) a history of any
cancer before DHQ entry (n = 9,682), and no follow-up time
after the DHQ (n = 122). At last, 101,680 subjects were included
in our cohort.

Data Collection and Dietary Assessment
The self-reported information of sex, race, trial arm, body
mass index (BMI), educational level, marital status, aspirin
use, cigarette smoking, family history of colorectal cancer, and
diabetes history, were collected from the BQ. Dietary data,
including age at DHQ, alcohol drinking, dietary carrot/carotene
intake, energy intake from diet, and supplemental nutrients
(Beta-Carotene, Calcium, Vitamin A, Vitamin C, Vitamin D, and
Vitamin E), were collected from the DHQ (version 1.0, National
Cancer Institute 2007), which was a self-administered food
frequency questionnaire (FFQ) designed to assess the portion size
and consumption frequency of 124 food items and supplement
use over the past year, and has been validated with better
performance in estimating dietary intake than two widely used
FFQs (26) at the time of PLCO study carried out. The 1994-96
Continuing Survey of Food Intakes by Individuals, available from
the USDA Food Surveys Research Group, and the Nutrition Data
Systems for Research (NDS-R) from the University of Minnesota
was applied to calculate the daily intake of all nutrients in the
database (27). Three exposure variables (dietary carrot, a-, and
dietary B-carotene intakes) were acquired in this study.

Ascertainment of Colorectal Cancer

Incidence and Mortality

The time metric was followed up from the date of DHQ
completion to the date of events that firstly occurred, including
colorectal cancer diagnosis, dropout, colorectal cancer death, or
the end of follow-up (incidence through December 31, 2009;
and mortality through December 31, 2015). CRC diagnosis was
ascertained via an annually updated medical record. Deaths
were mainly identified by (1) annually mailed questionnaires, (2)
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arm or intervention arm in a 1:1 ratio.

154887 US subjects aged 55 to 74 were enrolled in the
PLCO cancer screening trial between November 1993 to
July 2001, and were individually randomized to the control

Subjects were further excluded if they:

(1) did not return a baseline questionnaire (n=4918);

(2) had any history of colorectal cancer before BQ (n=34)
(3) did not complete DHQ (n=33230);

(4) the DHQ was not valid (n=5221);

(4) combined with history of any cancer prior to DHQ entry
(n=9682);
(5) had no follow-up time after the DHQ ; had no follow-up
time after the DHQ (n=122).

101680 subjects were identified in the final cohort.

FIGURE 1 | The flow chart of study participants from the PLCO screening trial.

reports from relatives, friends, or physicians, and (3) periodic
linkage to the National Death Index. Our interested endpoints
were the incidence and mortality of colorectal cancer.

Statistical Analysis

Dietary carrot, a-, and PB-carotene intakes were adjusted for
energy intake with the residual method (28). The distributions
of them were transformed with Z-score as continuous variables,
and then were divided into quintiles as categorical variables, and
the lowest quintile was as the referent. Continuous variables are
expressed as median (IQR, interquartile range), and categorical
variables are presented as numbers (frequency). We applied
the Kruskal-Wallis H test and Pearson’s chi-squared test to
compare the baseline differences, if appropriate. Multivariable
Cox regression analyses were employed to estimate the hazard
ratios (HR) and 95% confidence interval (CI). The proportional
hazard assumption of baseline covariates for the Cox model
was verified using the Schoenfeld residuals (29) (all p >
0.05). Potential confounders were selected according to the
change-in-estimate strategy (30) (more than 10% change in
effect estimates) and literature-known risk factors. Missing
values of covariates were treated as dummy variables in the
multivariable Cox regression analyses. Specifically, the full-
adjusted model included age, sex, race, trial arm, marital status,
BMI, educational level, aspirin use, cigarette smoking, alcohol
drinking, diabetes, family history of colorectal cancer, and

energy intake from the diet, and supplemental use of Beta-
Carotene, Calcium, Vitamin A, Vitamin C, Vitamin D, and
Vitamin E. We also analyzed the linear trend of each quintile
of energy-adjusted dietary carrot, a-, and P-carotene intakes,
by entering the median value as a continuous variable in
the model.

Subgroup analyses were performed, including age, sex, race,
trial arm, marital status, BMI, educational level, aspirin use,
cigarette smoking, alcohol drinking, diabetes, and family history
of colorectal cancer. The interaction effect on each stratum
was compared using likelihood-ratio tests. To address the dose-
response trend between dietary carrot/carotene intakes and
colorectal cancer incidence and mortality, the smooth curve
fitting was conducted with a multivariable Cox regression model
using the generalized additive model (GAM, Restricted Cubic
Spline Functions). Here, we excluded subjects with <1st or >90th
percentile values of energy-adjusted dietary carrot/carotene
intakes (i.e., to reduce the potential impacts on the association
of dose-response analyses).

The following sensitivity analyses were conducted: (1)
excluding cases diagnosed or died within the first 5 years of
follow-up; (2) excluding the extreme values of energy intake
from the diet (<800/>4,000 kcal/day for men and <500/>3,500
kcal/day for women); (3) additional adjusted for other factors,
including fruit (continuous), dietary Magnesium (continuous),
dietary Sodium (continuous), dietary Potassium (continuous),
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TABLE 1 | Baseline characteristics of study population according to quintiles of energy-adjusted dietary carrot intake in 101680 US participants.

Quintiles of energy-adjusted dietary carrot intake, g/day

Variables?® Overall Q1 (<1.95) Q2 (1.95-3.88) Q3 (3.88-7.60) Q4 (7.60-15.30) Q5 (>15.30)
Number of 101,680 20,336 20,336 20,336 20,336 20,336
participants
Age at DHQ 65.0 (61.0, 70.0) 64.0 (60.0, 69.0) 65.0 (61.0, 70.0) 66.0 (61.0, 70.0) 66.0 (61.0, 70.0) 65.0 (61.0, 70.0)
(years)
Sex
Male 49,441 (48.6) 14,802 (72.8) 10,366 (51) 8,618 (42.4) 8,299 (40.8) 7,356 (36.2)
Female 52,239 (51.4) 5,534 (27.2) 9,970 (49) 11,718 (57.6) 12,037 (59.2) 12,980 (63.8)
Trial arm
Intervention 51,767 (50.9) 10,432 (51.3) 10,362 (51) 10,308 (50.7) 10,384 (51.1) 10,281 (50.6)
Control 49,913 (49.1) 9,904 (48.7) 9,974 (49) 10,028 (49.3) 9,952 (48.9) 10,055 (49.4)
Race
White, 92,465 (90.9) 17,726 (87.2) 17,982 (88.4) 18,563 (91.3) 19,034 (93.6) 19,160 (94.2)
Non-Hispanic
Black, 3,352 (3.3) 1,269 (6.2) 947 (4.7) 521 (2.6) 322 (1.6) 293 (1.4)
Non-Hispanic
Hispanic 1,493 (1.5) 418 (2.1) 342 (1.7) 272 (1.3) 215(1.1) 246 (1.2)
Others® 4,333 (4.3) 912 (4.5) 1,055 (5.2) 974 (4.8) 759 (3.7) 633 (3.1)
Missing 37 (0.0) 11(0.1) 10 (0) 6 (0) 6 (0) 4(0)
Marital status
Married 79,578 (78.3) 15,647 (76.9) 15,742 (77.4) 15,851 (77.9) 16,351 (80.4) 15,987 (78.6)
Unmarried 21,916 (21.6) 4,648 (22.9) 4,553 (22.4) 4,445 (21.9) 3,951 (19.4) 4,319 (21.2)
Missing 186 (0.2) 41(0.2) 41 (0.2) 40(0.2) 34 (0.2) 30 (0.1)
Education level
College below 64,704 (63.6) 13,517 (66.5) 13,500 (66.4) 13,408 (65.9) 12,499 (61.5) 11,780 (57.9)
College graduate 17,838 (17.5) 3,466 (17) 3,372 (16.6) 3,385 (16.6) 3,724 (18.3) 3,891 (19.1)
Postgraduate 18,941 (18.6) 3,314 (16.3) 3,418 (16.8) 3,500 (17.2) 4,080 (20.1) 4,629 (22.8)
Missing 197 (0.2) 39(0.2) 46 (0.2) 43(0.2) 33(0.2) 36 (0.2)
Aspirin use
No 53,472 (52.6) 10,082 (49.6) 10,763 (52.9) 10,849 (53.3) 10,789 (53.1) 10,989 (54)
Yes 47,775 (47.0) 10,148 (49.9) 9,475 (46.6) 9,401 (46.2) 9,467 (46.6) 9,284 (45.7)
Missing 433 (0.4) 106 (0.5) 98 (0.5) 86 (0.4) 80 (0.4) 63 (0.3)
Diabetes
No 94,3583 (92.8) 18,702 (92) 18,695 (91.9) 18,867 (92.8) 19,002 (93.4) 19,087 (93.9)
Yes 6,801 (6.7) 1,536 (7.6) 1,625 (7.5) 1,353 (6.7) 1,241 (6.1) 1,146 (5.6)
Missing 526 (0.5) 98 (0.5) 116 (0.6) 116 (0.6) 93 (0.5) 103 (0.5)
Cigarette smoking
Never 48,532 (47.7) 7,396 (36.4) 9,063 (44.6) 10,071 (49.5) 10,674 (52.5) 11,328 (55.7)
Current 9,393 (9.2) 3,132 (15.4) 2,151 (10.6) 1,768 (8.7) 1,322 (6.5) 1,020 (5)
Former 43,742 (43.0) 9,805 (48.2) 9,120 (44.8) 8,493 (41.8) 8,337 (41) 7,987 (39.3)
Missing 13(0.0) 3(0) 2(0) 40 3(0) 1(0)
BMI, kg/m?
<25 34,426 (33.9) 5,729 (28.2) 6,550 (32.2) 7,066 (34.7) 7,269 (35.7) 7,812 (38.4)
<25 65,915 (64.8) 14,318 (70.4) 13,507 (66.4) 12,988 (63.9) 12,823 (63.1) 12,279 (60.4)
Missing 1,339 (1.3) 289 (1.4) 279 (1.4) 282 (1.4) 244 (1.2) 245 (1.2)
Family history of colorectal cancer
No 88,113 (86.7) 17,659 (86.8) 17,603 (86.6) 17,649 (86.8) 17,668 (86.9) 17,534 (86.2)
Yes 10,300 (10.1) 1,894 (9.3) 2,014 (9.9) 2,039 (10) 2,127 (10.5) 2,226 (10.9)
Possibly 2,493 (2.5) 625 (3.1) 554 (2.7) 495 (2.4) 408 (2) 411 (2)
Missing 774 (0.8) 158 (0.8) 165 (0.8) 153(0.8) 133(0.7) 165 (0.8)
(Continued)
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TABLE 1 | Continued

Quintiles of energy-adjusted dietary carrot intake, g/day

Variables?® Overall Q1 (<1.95) Q2 (1.95-3.88) Q3 (3.88-7.60) Q4 (7.60-15.30) Q5 (>15.30)
Energy intake from 1607.0 (1222.0, 2132.0 (1727.0, 1372.0 (1083.0, 1300.0 (991.6, 1610.0 (1299.0, 1597.0 (1236.0,
diet, kcal/day 2101.0) 2668.0) 1721.0) 1868.0) 1985.0) 2118.0)
Alcohol drinking

Never 10,110 (9.9) 1,370 (6.7) 1,941 (9.5) 2,153 (10.6) 2,188 (10.8) 2,458 (12.1)
Former 14,746 (14.5) 3,304 (16.2) 3,088 (15.2) 2,991 (14.7) 2,656 (13.1) 2,707 (13.3)
Current 73,944 (72.7) 15,125 (74.4) 14,707 (72.3) 14,569 (71.6) 14,943 (73.5) 14,600 (71.8)
Missing 2,880 (2.8) 537 (2.6) 600 (3) 623 (3.1) 549 (2.7) 571 (2.8)
Supplemental 142.9 (0.0, 200.0) 57.1 (0.0, 200.0) 142.9 (0.0, 200.0) 142.9 (0.0, 200.0) 200.0 (0.0, 200.0) 200.0 (0.0, 200.0)
Beta-Carotene,

mcg/day

Supplemental 3571.0 (0.0, 1429.0 (0.0, 3571.0 (0.0, 3571.0 (0.0, 5000.0 (0.0, 5000.0 (0.0,
Vitamin A, i.u./day 5000.0) 5000.0) 5000.0) 5000.0) 5000.0) 5000.0)
Supplemental 20.1 (0.0, 288.1) 20.1 (0.0, 268.0) 20.1 (0.0, 268.0) 20.1 (0.0, 288.1) 50.2 (5.7, 288.1) 115.8 (14.4,
Vitamin E, mg/day 288.1)
Supplemental 60.0 (0.0, 400.0) 60.0 (0.0, 310.0) 60.0 (0.0, 310.0) 60.0 (0.0, 400.0) 60.0 (1.0, 500.0) 60.0 (17.1, 500.0)
Vitamin C, mg/day

Supplemental 4.1 (0.0, 500.0) 0.0 (0.0, 171.4) 0.0 (0.0, 500.0) 16.4 (0.0, 500.0) 33.2 (0.0, 600.0) 142.9 (0.0, 600.0)

Calcium, mg/day

aData are presented as median (IQR) or number (percentage). ® “Others” refers to Asian, Pacific Islander, or American Indian. DHQ, dietary history of questionnaire; BMI, body mass index.

whole grain (continuous), vegetables (continuous), added sugars
(continuous), fiber (continuous), and saturated fatty acids
(continuous). All analyses were performed using R Statistical
Software (http://www.R-project.org, The R Foundation) and the
Free Statistics analysis platform (31). Tests were two-tailed, and
the significance level was set at 0.05.

RESULTS

Participant Characteristics

Accordingly, 101,680 subjects were selected for the final data
analysis (Figure 1). The baseline characteristics are presented
in Table 1. The median value of dietary carrot intake (without
adjustment for energy intake) was 4.3 g/day, ranging from 0 to
205.3 g/day. Compared to participants with the highest quintile
(Q5) of dietary carrot consumption, participants with the lowest
quintile (Q1) showed a higher proportion of males (72.8% vs.
36.2%), Black race, aspirin usage, higher BMI (70.4% vs. 60.4%),
and higher energy intake (2132.0 kcal/day vs. 1597.0 kcal/day),
and former/current cigarette smoking (48.2% vs. 39.3%;15.4%
vs. 5.0%).

Energy-Adjusted Dietary Carrot/Carotene

Intakes and Colorectal Cancer Incidence

A total of 1,100 participants were diagnosed with CRC after
a median follow-up of 9.4 years (896,327.8 person-years), and
the incidence rate was 12.27 per 10,000 person-years. As shown
in Table 2, we observed an inverse effect on the association
between carrot intakes and CRC incidence at the quintile 4
level, which showed the multivariable-adjusted HR was 0.79
(95%CI = 0.65-0.97, p trend = 0.05), compared with the referent
group; and corresponding adjusted HR of cancer risk was 0.95

(95%CI = 0.89-1.02) with per SD increment of carrot intakes.
However, no statistical association was detected between dietary
a- and PB-carotene intakes and CRC incidence after adjusting
for covariates.

The results of subgroup analyses indicated that the
associations between dietary carrot intakes and the risk of CRC
were stable in almost all subgroups (Supplementary Table 1).
An exception of significant effect modifier was represented by
smoking status, which showed a stronger association for the
participants who never smoked than those with a history of
smoking (p for interaction = 0.027). Sensitivity analyses revealed
that the results of the correlation between carrot/carotene intake
and CRC risk were substantially robust to the findings in Table 2
and Supplementary Table 3. The smooth curve fitting plots of
carrot/carotene intakes with CRC risk revealed no evidence of a
non-linear trend (all p for non-linearity > 0.05, Figures 2A-C).

Energy-Adjusted Dietary Carrot/Carotene

Intakes and Colorectal Cancer Mortality

A total of 443 cases died from CRC after a median follow-up
of 14.5 years (1,353,326.28 person-years), and the mortality rate
was 3.27 per 10,000 person-years. As shown in Table 3, in the
fully-adjusted Cox model, only a suggestive but no significant
association with cancer mortality was noted for carrot intakes
(HR quintilesvs.quintilel = 0.87, 95%CI = 0.64-1.18, pireng = 0.297),
and corresponding adjusted HR was 0.94 (95%CI = 0.84-1.05),
with per SD increment of carrot intakes. Similar results on the
association of dietary a-carotene intake with colorectal mortality
were obtained (model 3: HRguintilesvs.quintile1 = 0.91, 95%CI =
0.62-1.35, p trend = 0.417; and HR with per SD increment = 0.94,
95%CI = 0.8-1.11); and for dietary p-carotene intake (model
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TABLE 2 | Association between energy-adjusted dietary carrot/carotene intakes and colorectal cancer incidence risk in the PLCO cancer screening trial.

Incidence rate per

HR (95%Cl), p-value

Variable Cohort (n) Cases (n) Person-years 10,000 person-years Unadjusted Model 1 Model 2 Model 3

Dietary carrot intakes, g/day

Q1 (<1.95) 20,336 239 175,653.87 13.61 1 (Ref) 1 (Ref) 1 (Ref) 1 (Ref)

Q2 (1.95-3.88) 20,336 240 177,803.05 13.50 0.99 (0.83-1.19), p = 0.928 0.99 (0.82-1.18),p =0.874  1(0.82-1.21), p = 0.997 1(0.82-1.21), p = 0.995
Q3 (3.88-7.60) 20,336 235 179,671.94 13.08 0.96 (0.8-1.15), p =0.668  0.96 (0.8-1.16), p = 0.701  0.99 (0.82-1.2), p = 0.922 1(0.82-1.21), p = 0.968
Q4 (7.60-15.30) 20,336 185 181,363.20 10.20 0.75 (0.62-0.91), p = 0.003 0.75(0.62-0.91), p = 0.004 0.79 (0.64-0.96), p = 0.019  0.79 (0.65-0.97), p = 0.025
Q5 (>15.30) 20,336 201 181,935.76 11.05 0.81(0.67-0.98), p = 0.08  0.83 (0.69-1.01), p =0.062 0.88 (0.73-1.08), p = 0.225 0.9 (0.74-1.1), p = 0.306
Trend 0.001 0.004 0.029 0.05

Per SD increment 101,680 1,100 896,327.81 12.27 0.91 (0.85-0.98), p = 0.011  0.93 (0.87-0.99), p = 0.034 0.95(0.88-1.01), p =0.117  0.95 (0.89-1.02), p = 0.169
Dietary «-carotene intakes, mcg/day

Q1 (<317.9) 20,336 236 176,237.15 13.39 1 (Ref) 1 (Ref) 1 (Ref) 1 (Ref)

Q2 (317.9-475.86) 20,336 238 178,171.74 13.36 1(0.83-1.19), p = 0.981 1(0.83-1.19), p = 0.961 1.02 (0.84-1.24), p =0.84  1.02 (0.84-1.24), p = 0.82
Q3 (475.86-697.34) 20,336 233 179,5632.58 12.98 0.97 (0.81-1.16),p = 0.74  0.97 (0.8-1.16), p =0.717  1.01(0.83-1.23), p = 0.928 1.01 (0.83-1.23), p = 0.892
Q4 (697.35-1135.29) 20,336 188 180,743.42 10.40 0.78 (0.64-0.94), p = 0.01  0.77 (0.63-0.94), p = 0.009  0.82 (0.67-1.02), p = 0.076  0.83 (0.67-1.03), p = 0.087
Q5 (>1135.37) 20,336 205 181,642.92 11.29 0.84 (0.7-1.02), p = 0.0756  0.85(0.7-1.03), p = 0.107  0.96 (0.75-1.24), p =0.773 0.97 (0.76-1.25), p = 0.832
Trend 0.006 0.01 0.217 0.249

Per SD increment 101680 1,100 896327.81 12.27 0.93 (0.87-0.99), p = 0.027  0.94 (0.88-1), p = 0.059 0.99 (0.89-1.1), p =0.814  0.99 (0.89-1.1), p = 0.833
Dietary pB-carotene intakes, mcg/day

Q1 (<1707.28) 20,336 238 176,127.95 13.51 1 (Ref) 1 (Ref) 1 (Ref) 1 (Ref)

Q2 (1707.28-2389.73) 20,336 250 177,981.12 14.05 1.04 (0.87-1.24), p = 0.668 1.04 (0.87-1.25), p = 0.651 1.06 (0.88-1.28), p = 0.513 1.07 (0.89-1.29), p = 0.477
Q3 (2389.74-3239.34) 20,336 199 180,083.18 11.05 0.82 (0.68-0.99), p = 0.037  0.83 (0.69-1.01), p =0.062 0.86 (0.7-1.05), p = 0.147  0.87 (0.71-1.07), p = 0.177
Q4 (3239.4-4920.97) 20,336 227 180,603.16 12.57 0.93(0.78-1.12), p = 0.44  0.95(0.79-1.15), p = 0.59 1(0.81-1.23), p = 0.991 1.01 (0.83-1.24), p = 0.893
Q5 (>4921.39) 20,336 186 181,5632.41 10.25 0.76 (0.63-0.92), p = 0.005 0.78 (0.64-0.95), p = 0.015 0.82 (0.63-1.07), p = 0.151  0.84 (0.64-1.1), p = 0.197
Trend 0.002 0.009 0.181 0.243

Per SD increment 101,680 1,100 896327.8137 12.27 0.92 (0.86-0.98), p = 0.013  0.93(0.87-1), p = 0.036 0.96 (0.86-1.07), p = 0.44  0.97 (0.87-1.07), p = 0.519

PLCO, prostate, lung, colorectal, and ovarian; HR, hazard ratio; Cl, confidence interval; SD, standard deviation.

Unadjusted was the crude model.

Model 1 adjusted for age (continuous) and sex (male vs. female).
Model 2 adjusted for model 1 plus trial arm (intervention vs. control), race (white, non-Hispanic vs. black, non-Hispanic vs. Hispanic vs. others), marital status (married vs. unmarried), education level (college below vs. college graduate
vs. postgraduate), aspirin use (yes vs. no), diabetes (yes vs. no), cigarette smoking (never vs. current vs. former), BMI (<25 vs. <25 kg/m?),family history of colorectal cancer (yes vs. no vs. possibly), energy intake from diet (continuous),
alcohol drinking (never vs. former vs. current), supplemental Beta-Carotene (continuous).
Model 3 adjusted for model 2 plus supplemental vitamin A (continuous), supplemental vitamin E (continuous), supplemental vitamin C (continuous), supplemental calcium (continuous).
For the association of dietary a-carotene intake with colorectal cancer incidence, model 2 was further adjusted for energy-adjusted dietary B-carotene intake (mcg/day). For the association of dietary B-carotene intake with colorectal
cancer incidence, model 2 was further adjusted for energy-adjusted dietary a-carotene intake (mcg/day).
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FIGURE 2 | Does-response analyses for the associations between energy-adjusted dietary carrot intake (A), dietary a-carotene intake (B), dietary B-carotene intake
(C) and colorectal cancer incidence; and the associations between energy-adjusted dietary carrot intake (D), dietary a-carotene intake (E), dietary B-carotene intake
(F) and colorectal cancer mortality were performed with smooth curve fitting using the generalized additive model. Hazard ratios and 95% confidence interval were
calculated by the fully-adjusted multivariable Cox regression model, including age, sex, race, trial arm, marital status, BMI, educational level, aspirin use, cigarette
smoking, alcohol drinking, diabetes, family history of colorectal cancer, energy intake from diet, supplemental Beta-Carotene, supplemental Calcium, supplemental
Vitamin A, supplemental Vitamin C, supplemental Vitamin D, and Supplemental Vitamin E. Solid lines represent point estimates and dashed lines represent
corresponding 95% confidence intervals. The histograms show the percentage of participants belonging to each level of specific energy-adjusted dietary
carrot/carotene intake.

3: HR quintile 5 vs. quintile 1 = 0.91, 95%CI = 0.61-1.36, p  association of dietary carrot intakes was modified by smoking
trend = 0.344; and HR with per SD increment = 1.00, 95%CI  status with colorectal cancer incidence but not mortality.

= 0.86-1.17). Results of subgroup analyses showed no significant Although the effect of carrot consumption on multiple types
effect modifies in the prespecified groups (all p for interaction  of cancer risk has been widely investigated, the findings were
> 0.05, Supplementary Table 2). In the sensitivity analyses, the = mixed. In our analysis, except for the quintile 4 group of carrot
null associations of dietary carrot/carotene intakes were robust  intakes, however, there were no significant associations shown in
to colorectal cancer mortality (Supplementary Table 4). Dose-  other quintile groups. The observed inverse association of our
response analyses suggested no non-linear relationship between  study was close to a previous prospective cohort from Danes
carrot/carotene intakes and colorectal cancer mortality (all p for ~ (17), in which they illustrated that a higher intake of raw carrots

non-linearity > 0.05, Figures 2D-F). (>32 g/day) was related to a 17% lower risk of CRC, compared
with no intake of raw carrots (HR = 0.83, 95%CI = 0.71-
DISCUSSION 0.98), but as for the raw carrot intakes <32 g/day, no significant

association was observed with decreased risk of CRC (HR = 0.93,
In this prospective cohort of 101,680 U.S. adults, we found that ~ 95%CI = 0.82-1.06). Of note, there were also some differences.
only the quintile 4 group of dietary carrot intakes but not  Our results, based on a large prospective cohort of 101,680 US
dietary a-, and B-carotene intakes, had a lower risk of colorectal ~ adults, found that moderate consumption of carrots (Q4, >7.60~
cancer, compared with the referent group. Meanwhile, the null ~ 15.30 g/day) but not the highest consumption of carrots (Q5,
associations were also detected between dietary carrot, a-, and f-  >15.30 g/day) was associated with a lower risk of CRC incidence,
carotene intakes and colorectal cancer mortality. Similar results ~ compared with the lowest consumption of carrot (Q1, <1.95
were supported in several sensitivity analyses. Of note, the  g/day), while the Danes cohort showed that a higher raw carrots
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TABLE 3 | Association between energy-adjusted dietary carrot/carotene intakes and colorectal cancer mortality risk in the PLCO cancer screening trial.

Mortality rate per

HR (95%Cl), P-value

Variable Cohort (n) Cases (n) Person-years 10,000 person-years Unadjusted Model 1 Model 2 Model 3

Dietary carrot intakes, g/day

Q1 (<1.95) 20,336 103 264,449.34 3.90 1 (Ref) 1 (Ref) 1 (Ref) 1 (Ref)

Q2 (1.95-3.88) 20,336 92 267,822.85 3.44 0.88 (0.66-1.17), p = 0.374 0.88 (0.66-1.17), p = 0.377 0.94 (0.69-1.28), p =0.695  0.94 (0.7-1.28), p = 0.71
Q3 (3.88-7.60) 20,336 87 270,611.78 3.22 0.82 (0.62-1.09), p = 0.178 0.83 (0.62-1.12), p = 0.223 0.9 (0.67-1.23), p = 0.522  0.91 (0.67-1.24), p = 0.569
Q4 (7.60-15.30) 20,336 82 274,063.17 2.99 0.76 (0.57-1.02), p = 0.067 0.77 (0.57-1.08), p = 0.082 0.85 (0.63-1.15), p = 0.296 0.87 (0.64-1.18), p = 0.359
Q5 (>15.30) 20,336 79 276,379.15 2.86 0.73(0.54-0.97), p = 0.033  0.76 (0.56-1.02), p = 0.07  0.84 (0.62-1.14), p = 0.27  0.87 (0.64-1.18), p = 0.376
Trend 0.019 0.044 0.199 0.297

Per SD increment 101,680 443 1,353,326.28 3.27 0.89 (0.79-0.99), p = 0.034 0.9 (0.81-1.01), p = 0.081  0.93(0.83-1.03), p = 0.173  0.94 (0.84-1.05), p = 0.248
Dietary «-carotene intakes, mcg/day

Q1 (<317.9) 20,336 102 265,741.25 3.84 1 (Ref) 1 (Ref) 1 (Ref) 1 (Ref)

Q2 (317.9-475.86) 20,336 91 268,878.31 3.38 0.88 (0.66-1.17), p = 0.375 0.88 (0.66-1.18), p = 0.402 0.95(0.71-1.29), p =0.755 0.95(0.7-1.28), p = 0.742
Q3 (475.86-697.34) 20,336 90 269,982.27 3.33 0.87 (0.65-1.15), p = 0.319 0.87 (0.65-1.17), p = 0.358 0.96 (0.71-1.31), p =0.811  0.96 (0.7-1.3), p = 0.772
Q4 (697.35-1135.29) 20,336 78 272,597.94 2.86 0.74 (0.55-1), p = 0.046 0.74 (0.55-1), p = 0.053 0.85(0.6-1.19), p =0.347  0.83 (0.6-1.16), p = 0.277
Q5 (>1135.37) 20,336 82 276,126.51 2.97 0.77 (0.57-1.03), p = 0.073 0.79 (0.58-1.06), p =0.115  0.98 (0.6-1.61), p = 0.947  0.91 (0.62-1.35), p = 0.649
Trend 0.035 0.057 0.531 0.417

Per SD increment 101,680 443 1,353,326.28 3.27 0.9 (0.81-1), p = 0.06 0.92 (0.82-1.02), p =0.113  0.94 (0.8-1.11), p = 0.475 0.94 (0.8-1.11), p = 0.49
Dietary pB-carotene intakes, mcg/day

Q1 (<1707.28) 20,336 103 264,087.73 3.90 1 (Ref) 1 (Ref) 1 (Ref) 1 (Ref)

Q2 (1707.28-2389.73) 20,336 101 267,252.54 3.778 0.97 (0.73-1.27), p = 0.806  0.98 (0.74-1.29), p =0.866  1.05(0.78-1.4), p =0.759  1.06 (0.79-1.42), p = 0.705
Q3 (2389.74-3239.34) 20,336 76 271,162.62 2.80 0.71(0.53-0.96), p = 0.026  0.74 (0.54-1), p = 0.048  0.81(0.59-1.11), p = 0.184  0.82 (0.6-1.13), p = 0.225
Q4 (3239.4-4920.97) 20,336 82 273,732.67 3.00 0.76 (0.57-1.02), p = 0.064 0.79 (0.58-1.06), p = 0.116  0.88 (0.63-1.21), p = 0.422 0.9 (0.65-1.25), p = 0.521
Q5 (>4921.39) 20,336 81 277,090.73 2.92 0.74 (0.55-0.99), p = 0.042 0.77 (0.57-1.04), p = 0.093  0.88 (0.58-1.31),p =0.52  0.91 (0.61-1.36), p = 0.64
Trend 0.01 0.033 0.253 0.344

Per SD increment 101,680 443 1,353,326.28 3.27 0.92 (0.83-1.02), p = 0.096  0.93 (0.84-1.04), p = 0.192 0.99 (0.85-1.16), p = 0.915 1.00 (0.86-1.17), p = 0.959

PLCO, prostate, lung, colorectal, and ovarian; HR, hazard ratio; Cl, confidence interval; SD, standard deviation.

Unadjusted was the crude model.

Model 1 adjusted for age (continuous) and sex (male vs. female).
Model 2 adjusted for model 1 plus trial arm (intervention vs. control), race (white, non-Hispanic vs. black, non-Hispanic vs. Hispanic vs. others), marital status (married vs. unmarried), education level (college below vs. college graduate
vs. postgraduate), aspirin use (yes vs. no), diabetes (yes vs. no), cigarette smoking (never vs. current vs. former), BMI (<2 vs. =25 kg/m?), family history of colorectal cancer (yes vs. no vs. possibly), energy intake from diet (continuous),
alcohol drinking (never vs. former vs. current), supplemental Beta-Carotene (continuous).
Model 3 adjusted for model 2 plus supplemental vitamin A (continuous), supplemental vitamin E (continuous), supplemental vitamin C (continuous), supplemental calcium (continuous).
For the association of dietary a-carotene intake with colorectal cancer mortality, model 2 was further adjusted for energy-adjusted dietary p-carotene intake (mcg/day). For the association of dietary B-carotene intake with colorectal
cancer mortality, model 2 was further adjusted for energy-adjusted dietary a-carotene intake (mcg/day).
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intake was associated with a lower risk of CRC incidence. We
further categorized the dietary carrot intake into three groups
(0, 0-32 g/day, and >32 g/day), and the highest carrot intake
was also null associated with CRC incidence (HR >32 g/day vs.
none = 0.75, 95%CI = 0.46-1.24) after fully-adjustment. The
small size of events might reduce the statistical power, in which
only 56 (0.8%) incident cases and 26 (0.4%) CRC deaths were in
the group of carrot intake >32 g/day, and lower the association
with CRC risk. Some residual confounders, such as dietary habits,
and assessment of exposure may account for the difference
between the dose-response analyses of carrot consumption and
CRC incidence in a different population and thus needed to
interpret cautiously. In addition, we explored the association
of carrot intake with CRC mortality, but no significant
correlation was detected in the multivariable Cox models and
other analyses.

The cancer-prevention effect of carrot intake might be
explained that carrots are rich in carotenoid antioxidants such
as a- and P-carotene, which showed a potential prevention
effect on cancer development. Hence, we further examined
the association between dietary a-, and B-carotene intakes and
CRC incidence, and mortality, but no statistically significant
inverse associations were observed, respectively. That was in
line with the results of a meta-analysis of nine randomized
controlled trials (32), in which no significant association was
found between dietary intakes of a- and B-carotene and colorectal
cancer incidence. However, another two case-control studies in
the Chinese population (18, 19) noted an inverse association
of dietary a- and B-carotene intake with the risk of colorectal
cancer. The differences in retrospective study design, number
of samples, exposure assessment, potential recall bias, and
the unadjusted confounders may contribute to the conflict
findings. Another biological interpretation might be that carrots
are also a major source of falcarinol (FaOH), falcarindiol
(FaDOH), which have been demonstrated to inhibit neoplastic
transformations in the rat models with a prevention effect on
the development of colorectal cancer (33, 34). Thus, our findings
supported that the potential cancer-prevention effects on CRC
might derive from other specific components, rather than o-,
and B-carotene.

Interestingly, we found that smoking status was an effect
modifier on the relationship between carrot intake and colorectal
cancer incidence (p for interaction = 0.027). In the strata of
never smokers, the HR of the risk of CRC was 0.99 (95%CI
= 0.99-1, p < 0.01), even though the association was weak.
The result was constant with the previous research that smoking
as a well-established risk factor could attenuate or reversed
the observed protective effect of dietary carotenoids on CRC
occurrence (17).

There have several inevitable limitations in the current study.
First, the nature of observational studies resulted in residual
confounding that could not be fully ruled out. Second, the
generalizability of conclusions may limit by the geographical
location and population differences. Third, we could not take
into account the dynamic change data because of the absence of
repeated measurements of dietary nutrients. Forth, we lack the
data on raw, cooked carrots, and carrot juice due to the limited

raw data, thus we were impossible to further distinguish and
analyze their effect on colorectal cancer risk. In addition, some
epidemiological studies published inconsistent results about the
association of serum «-, and P-carotene concentration with
CRC incidence (18, 35). We were interested in this, but for
the limited raw data, thus we were unable to further analyze
the association between serum carrot/carotene and the risk
of CRC.

In summary, this U.S. prospective cohort indicated that
moderate consumption of dietary carrots was associated
with a lower risk of CRC incidence, while no statistically
significant associations were observed between dietary a-,
and PB-carotene intakes and CRC incidence. Dietary carrot,
a-, and B-carotene intakes were null associated with CRC
mortality. Furthermore, we found smoking status modified the
association of dietary carrot intakes with CRC incidence but not
mortality. The results added evidence for the potential cancer-
prevention effect of dietary carrot intakes on CRC incidence but
should be cautiously interpreted. More large, prospective, well-
designed cohort studies are warranted to verify the findings in
other populations.
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Background/Methods: Prospective studies investigating sweet beverages and body
weight associations show inconsistent results. Within the SWEET project, we
examined prospective dose-response associations of sugar-sweetened beverages
(SSB), low/no-calorie beverages (LNCB), and fruit juice with body weight-related
outcomes among 78,286 Dutch adults followed for ~4 years. Baseline intakes were
assessed using a validated food-frequency questionnaire (FFQ) with 150 ml representing
a standard serving. Outcome variables were body weight change, waist circumference
change, overweight/obesity, and abdominal obesity. Associations were investigated by
using linear and non-linear dose-response analysis, as well as substitution models while
adjusting for multiple socio-demographic, lifestyle, health, and dietary variables.

Results: Participants were 46 + 13 (mean £ SD) years old and 60% were women.
Adjusted dose-response analyzes indicated an association between SSB and LNCB,
and both body weight (+0.02 kg/year; SE 0.01 and +0.06 kg/year; SE 0.01) and
waist circumference changes (+0.04 cm/year; SE: 0.01 and +0.11 cm/year; SE: 0.01).
Associations for overweight/obesity and abdominal obesity incidence were +3% (95%Cl:
1.00-1.06) and +2% (95%ClI: 0.99-1.06) for SSB and +8% (95%Cl: 1.06-1.11) and
+5% (95%CI: 1.03-1.07) for LNCB, respectively. Substitution of SSB with LNCB was
associated with higher weight change (+0.04 kg/year), waist circumference change
(+0.09 cm/year), overweight/obesity incidence (+6%), but not abdominal obesity
incidence. For fruit juice, we observed beneficial associations for intake levels below ~1
serving/day with weight, waist circumference change, and overweight/obesity incidence,
and no association with abdominal obesity. Subsequent substitution analyzes indicated
a small beneficial association for the replacement of SSB with fruit juice on weight
(—0.04 kg/year) and waist circumference (—0.04 cm/year), but not with other outcomes.
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Conclusions: Overall, our results suggest that habitual consumption of both SSB and
LNCB may adversely affect weight-related outcomes. In contrast, fruit juice consumption
<150 ml may be beneficial with respect to weight and waist circumference.

Keywords: waist circumference, overweight, abdominal obesity, population study, non-calorie sweeteners

INTRODUCTION

From 1975 to 2016, the prevalence of obesity among adults
increased from 100 million to 671 million worldwide (1). As
obesity has been associated with major health consequences,
such as type 2 diabetes and cardiovascular diseases (2), effective
interventions to decrease prevalence of overweight and obesity
are urgently needed. Weight gain has been partly attributed to
higher caloric intakes, including the consumption of added sugar
in the form of high-calorie sugar-sweetened beverages (SSB) (3—
5). Consequently, major efforts have been made to replace sugars
with low/no-calorie sweeteners such as aspartame, acesulfame-
K, saccharin, and sucralose (6), and to develop low/no-calorie
beverages (LNCB) (7, 8).

Despite the large body of research on alternatives for SSB, their
impact on body weight remains a topic of sustained debate due to
inconsistent findings. Available randomized control trials (RCTs)
and meta-analyzes of RCTs on weight loss generally indicate a
beneficial impact of consuming LNCB instead of SSB (9-13). In
contrast, meta-analyzes of observational studies observed either
no association (9) or a modest positive association between
LNCB consumption and body mass index (BMI) (12, 13). Similar
inconsistencies have also been observed for fruit juice (14, 15).
Thus, although limited SSB consumption is recommended, there
is insufficient evidence on whether or not LNCB and fruit juice
could serve as healthier alternatives.

The conflicting findings in current literature may be
explained by several methodological aspects. Although RCTs
have better internal validity and are often considered superior
over observational studies, the majority of the RCTs had small
sample sizes and were short-term (<6 months) (9, 13). Here,
observational studies offer the benefit to explore long-term
associations between SSB, LNCB, fruit juice, and body weight.
Nevertheless, so far only few observational studies explored
both linear and non-linear dose-response associations of SSB
and LNCB consumption with weight-related outcomes (16, 17).
Exploration of non-linear dose-response associations for fruit
juice and weight-related outcomes is even lacking while such
associations have been reported for fruit juices, cardiovascular
diseases (CVD), and type 2 diabetes (18, 19). Moreover, existing
large-scale prospective studies on body weight mostly used self-
reported measures, and few investigated outcomes beyond body
weight such as waist circumference. Finally, only a limited
number of studies have conducted substitution analyzes to
investigate the replacement of SSB with other beverages on body
weight (20-22).

Therefore, we examined prospective dose-response
associations of habitual SSB, LNCB, and fruit juice consumption
with measured changes in body weight and waist circumference,

and incidence of overweight/obesity and abdominal obesity, and
evaluated the theoretical substitution of SSB with LNCB and
fruit juices while using data of 78,286 Dutch adults followed for
~4 years.

MATERIALS AND METHODS

The SWEET Project

The SWEET project is a Horizon 2020 funded project that
aims to develop and review evidence on long-term benefits
and potential risks involved with replacing sugars with low or
non-calorie sweeteners and sweetness enhancers in the context
of public health and safety, obesity, and sustainability (https://
sweetproject.eu/). The current study using data from the Lifelines
Cohort Study was conducted as part of a work package that
aims to investigate long-term associations between sweeteners
and health outcomes in population studies.

Study Population and Design

The Lifelines Cohort Study is a multi-disciplinary prospective
population-based cohort study examining in a unique three-
generation design, the health and health-related behaviors of
167,729 persons living in the North of The Netherlands,
including children (0-18 years old), adults (18-65 years old)
and older adults (>65 years old) (23). It employs a broad range
of investigative procedures in assessing the biomedical, socio-
demographic, behavioral, physical, and psychological factors
which contribute to the health and disease of the general
population, with a special focus on multi-morbidity and complex
genetics. Participants were recruited between 2006 and 2013
and will be followed for over 30 years. Potential participants
with severe psychiatric or physical illness, limited life expectancy
(<5 years), or insufficient knowledge of the Dutch language were
not eligible for participation. Every 1.5 years, participants are
invited to complete a follow-up questionnaire, and on average
every 5 years, several physical measurements are performed
and additional questionnaires are administrated. At the time
of the current analysis, baseline data of 152,728 adults were
available. After excluding those with unreliable dietary data, i.e.,
total energy intakes <500 and >3,500 kcal/day for women and
<800 and >4,000 kcal/day for men (24, 25), 128,612 adults
were included of which 84,545 had data on body weight and
waist circumference change. A total of 78,286 adults met the
inclusion criteria for the prospective analysis after the exclusion
of missing data for covariates (Supplementary Figure 1). These
78,286 participants had their first follow-up exam between 1 and
9 years after baseline, with a median of 4 years after baseline.
The Lifelines Cohort Study was conducted in accordance with
the principles of the Declaration of Helsinki and the research
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code University Medical Center Groningen (UMCG). The
Lifelines Cohort Study has been approved by The Medical
Ethical Review Committee of the University Medical Center in
Groningen. All participants provided written informed consent
before participation.

Anthropometry

Measurements of body weight, waist circumference, and
BMI were carried out at baseline and follow-up by trained
professionals. Body weight was measured to the nearest
0.1kg with a digital scale (SECA 761) after participants were
asked to wear light clothing and remove shoes. Height and
waist circumference were measured to the nearest 0.1cm,
with a stadiometer (SECA 222) and measuring tape (SECA
200), respectively. BMI was obtained by dividing the weight
of participants by height squared (kg/m?). Weight change
(kg/year) and waist circumference change (cm/year) were
calculated by subtracting the baseline measure to the follow-up
measurements and dividing by the follow-up time, (i.e., weight
follow-up - weight baseline)/years of follow-up). Incidence
of overweight/obesity were defined by a BMI >25 kg/m? at
follow-up and abdominal obesity with a waist circumference
>94cm for men and >80cm for women, based on the
World Health Organization (WHO) cuts offs points (26).
Additionally, participants were asked whether they wanted
to lose weight, which we interpreted as “desire to lose
weight (yes/no).”

Dietary Assessment

In the Lifelines Cohort Study, dietary intake was assessed with a
semi-quantitative 110-item food-frequency questionnaire (FFQ).
A detailed description of the FFQ can be found elsewhere
(23, 27). In short, average energy and nutrient intakes were
calculated by multiplying the frequency of consumption by
portion size and nutrient content per gram using the 2011
Dutch food composition table (28). For the current analyzes,
SSB was defined as soda sugar drinks or lemonade (both
carbonated and non-carbonated). Fruit juice corresponded to
100% fruit juice and other fruit drinks. LNCB was defined as all
items covering “diet soda or light soda.” Baseline measurement
of the diet was performed between 2006 and 2013. For this
analysis, a standardized serving of 150 g (~150 ml) was calculated
in all studies based on the smallest standard packaging for
soft drinks.

Covariates

Covariates, including age (years), sex (men/women), educational
level (low, medium, or high), smoking status (never, former or
current), and medical history (yes/no), were assessed with either
self- or interview-administered questionnaires (23). Educational
level was categorized into less than secondary school qualification
(low), secondary school diploma up to university classes but
no Bachelor’s degree (medium), and Bachelor, Master or PhD
degree (high). Participant history of diseases (type 2 diabetes,
CVD, hypertension, and hypercholesterolemia) were assessed by
self-report or medical staff at recruitment and subsequent visits.
Physical activity was assessed using the Short Questionnaire to

Assess Health (SQUASH) (29) and the Activity Questionnaire
for Adults and Adolescents (AQuAA) (24) and physical activity
is thus reported as MET-min/week for light, moderate and
intense exercise and in min/week for sedentary behavior (i.e.
watching TV).

Statistical Analyzes

Baseline characteristics are presented by mean (SD), median
(25th, 75th percentile), or n (%) where appropriate. To evaluate
the nature of the dose-response relationships between beverages
and weight related-outcomes, restricted cubic spline analysis
(three knots) was performed (30). The fit of the spline model
was tested against a linear model with a likelihood-ratio test.
To evaluate the association between beverage consumption
and weight and waist circumference changes, multiple linear
regression was used. To evaluate the associations between
beverage consumption and incidence of overweight/obesity and
abdominal obesity, Cox proportional hazards regression with
robust variance estimation and a constant follow-up time was
used to obtain unbiased incidence proportion ratios (IPR) (31,
32). To investigate the association with weight-related outcomes
when replacing each serving of SSB with a serving of either
LNCB or fruit juice, theoretical substitution analyzes were
conducted by means of a leave-one-out model (33). This model
included the sum of all beverages as one variable followed
by the beverages defined as replacement, as well as all other
covariates as modeled in the analyzes. In a sub-sample of
Lifelines where water consumption was available (N = 22,859),
we additionally studied the replacement of SSB and LNCB
with water for comparaison purposes. In all models, potential
confounders were identified based on a priori knowledge.
Models were adjusted for sex and age (model 1) + height
and baseline weight (or baseline BMI for overweight/obesity
incidence models) or baseline waist circumference (for models
with waist circumference or abdominal obesity as outcome;
model 2), + education (low, medium, and high), physical activity
(light, moderate and intense in METs-min/week), sedentary
behavior (min/week), alcohol intake (ethanol categories: non-
consumers, <10g, >10-20g, and >20 g/day), smoking (never,
former or current), dietary variables (g/day), namely meat,
dairy, legumes, vegetables, nuts, fruits, potatoes, fats, grains, tea,
coffee, sugary food intakes and other beverages (servings/day,
ie, SSB adjusted for fruit juice and LNCB and vice-versa)
and history of diseases (self-reported diabetes and history of
CVD, hypertension, and hypercholesterolemia; model 3). As total
energy may mediate and thus attenuate the associations under
investigation, particularly in the case of SSB and fruit juice, the
final models were tested with and without adjustment for total
energy intake (model 4). Additional analyzes were performed
adjusting for desire to lose weight (yes/no) and sensitivity
analyzes were conducted by excluding participants with any
self-reported health conditions at baseline (i.e., diabetes type 2,
CVD, hypercholesterolemia, or hypertension). We also tested the
interaction for BMI (<25 and >25 kg/m?), sex and age (<46 years
old and >46 years old) and studied the stratified data accordingly.
All analyzes were performed using R 3.6.1 and RStudio 1.0.
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TABLE 1 | General characteristics of the Lifelines Cohort Study.

Characteristics? Overall BMI < 25 kg/m? BMI > 25 kg/m?
N 78,286 35,202 43,084
Women, n (%) 46,663 (59.6) 23,617 (67.1) 22,046 (53.5)
Age, years 45.9 (12.7) 43.1(12.9) 481 (12.1)
Education, n (%)

Low 3,077 (3.9) 1,073 (3.0) 2,004 (4.7)
Intermediate 50,690 (64.7) 20,931 (59.5) 29,759 (69.1)
High 24,519 (31.3) 13,198 (37.5) 11,321 (26.3)
Height (cm) 174.7 (9.3 174.6 (9.0) 174.8 (9.5)
Body weight, kg 79.5(15.0) 69.1 (9.1) 88.1 (13.3)
Waist circumference, cm 90.1 (12.2) 81.3(7.7) 97.3 (10.9)
BMI, kg/m? 26.0 (4.2) 226 (1.7) 28.8 (3.5)
Desire to lose weight® 44,411 (56.8) 10,331 (29.4) 34,080 (79.2)
Physical activity (METs min/week)

Intense 010,630] 0 [0, 840] 0.0 [0, 420]
Moderate 1,665 [806, 2,948] 1,605 [788, 2,847] 1,702 [818, 3,045]

Sedentary (min/week)
Smoking, n (%)

840 [630,1,260]

Never 36,461 (46.6)
Former 27,376 (35.0)
Current 14,449 (18.5)
Alcohol (ethanol) intake, n (%)

No alcohol 1,919 (2.5)
Medium (0-<10g) 55,888 (71.4)
High (10-<20g) 15,032 (19.2)
Very high (>20g) 5,447 (7.0)
Total energy, g/day 1,977 [1,640, 2,380]
SSB servings/day 0.11[0.0, 0.62]
LNCB servings/day 0.07 [0.0, 0.61]
Fruit Juice servings/day 0.18[0.04, 0.64]
Type 2 diabetes, n (%) 1,853 (2.4)
CVD, n (%) 1,805 (2.3)
Hypertension, n (%) 17,499 (22.4)
Hypercholesterolemia, n (%) 11,070 (14.1)
Body weight change (kg/year) 0.02 (1.58)
Waist circumference change (cm/year) 0.01 (2.04)

Overweight/obesity incidence -
Abdominal obesity incidence -

840 [630, 1,260]

1,050 [840, 1,470]

18,020 (51.2) 18,441 (43.8)
10,337 (29.4) 17,039 (39.5)
6,845 (19.4) 7,604 (17.6)
702 (2.0) 1,217 (2.8)
25,925 (73.6) 29,963 (69.5)
6,593 (18.7) 8,439 (19.6)
1,982 (5.6) 3,465 (8.0)
1,997 [1,665, 2,387] 1,959 [1,619, 2,373]
0.14[0.00, 0.63] 0.09 [0.00, 0.60]
0.04 0.0, 0.36] 0.12 0.0, 0.71]
0.1810.04, 0.71] 0.1810.00, 0.64]
297 (0.8) 1,556 (3.6)
541 (1.5) 1,264 (2.9)
4,841 (13.8) 12,647 (29.4)
3,226 (9.2) 7,834 (18.2)
0.21 (1.20) —0.13(1.82)
0.10 (1.88) —0.07 (2.15)

4,884/35,202 (13.9) -
6,896/31,292 (22.0) -

aMean (SD), median [25th-75th percentile] or n (%).
bAJl P-values for the difference between BMI categories were <0.01.
®Data was missing for 134 participants.

BMI, body mass index; SSB, sugar-sweetened beverages; LNCB, low/no-calorie beverages; CVD, cardiovascular diseases.

RESULTS

Participants (n = 78,286) had a mean age of 45.9 (SD 12.7) years
and 60% were women (Table 1). Baseline mean BMI was 26.0
(SD 4.2) kg/m? and 45% of the participants had a normal BMI
< 25 kg/m?. Mean body weight change during follow-up was
+0.02 (SD 1.58) kg/year and mean waist circumference change
was +0.01 (SD 2.04) cm/year. On average, participants with
normal BMI gained weight and waist circumference [4-0.21 (SD
1.20) kg/year and + 0.10 (SD 1.88) cm/year], while participants

with higher BMI lost weight and waist circumference [—0.13
(SD 1.82) kg/year; and —0.07 (SD 2.15) cm/year]. Participants
with overweight/obesity also reported a higher desire to lose
weight at baseline (79 vs. 29% in participants with normal BMI).
Of the 35,202 participants with normal BMI at baseline, 4,884
(14%) developed overweight or obesity and out of the 31,292
participants with normal waist circumference at baseline, 6,896
(22%) developed abdominal obesity (Table 1).

Overall, 62% of participants consumed SSB, 57% LNCB, and
77% fruit juice. Median [25th—75th percentile] baseline intakes
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FIGURE 1 | Adjusted dose-response associations of SSB, LNCB, and fruit juice consumption with body weight change (kg/year) (A) and waist circumference change
(cm/year) (B) in the Lifelines Cohorts Study; Models were adjusted for age, sex, height, baseline weight or baseline waist circumference (for models with waist
circumference as outcome), education, alcohol intake, smoking, physical activity, all dietary factors, total energy intake and history of diseases. SSB, sugar-sweetened
beverages; LNCB, low/no-calorie beverages.

were 0.1 [0.0; 0.6] servings/day for SSB and LNCB, and 0.2 [0.0;
0.6] servings/day for fruit juices. In general, those consuming the
highest levels of SSB and fruit juice were more likely to be men,
were younger, had less often a chronic disease history, and had a
slightly lower BMI and higher energy intake (all P-trend < 0.001;
Supplementary Table 1). Concerning LNCB, those consuming
the highest levels were more likely to be women, to be younger,
and to have a higher BMI (all P-trend <0.001). SSB and fruit
juice consumption were both positively correlated with energy
intake (r = 0.34 and r = 0.21 respectively; P <0.001), while no
correlation was observed between LNCB use and energy intake
(r = 0.005).

Dose-response analyzes suggested a weak non-linear
association between SSB and body weight (P non-linear = 0.04),
but not with waist circumference (P non-linear = 0.24),
overweight/obesity incidence (P non-linear = 0.27) or abdominal
obesity incidence (P non-linear = 0.70; Figures 1, 2). Each
increase in SSB serving/day was associated with a +0.03 (SE
0.01) kg/year increase in weight change and a 40.05 (SE 0.01)
cm/year increase in waist circumference change after adjusting
for height and baseline weight or waist circumference (model
2). Further adjustment for lifestyle variables and total energy
intake slightly attenuated this association, +0.02 (SE 0.01)
kg/year and 0.04 (SE 0.01) cm/year (Table 2). Similarly, each
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FIGURE 2 | Adjusted dose-response associations of SSB, LNCB, and fruit juice consumption with overweight/obesity incidence (A) and abdominal obesity incidence
(B) in participants with normal values at baseline (i.e., <25 kg/m? for overweight/obesity and <94 cm in men and <80cm in women for abdominal obesity) in the
Lifelines Cohort Study; Models were adjusted for age, sex, baseline BMI or baseline waist circumference and height (for models with abdominal obesity as outcome),
education, alcohol intake, smoking, physical activity, all dietary factors, total energy intake and history of diseases; SSB, sugar-sweetened beverages; LNCB,
low/no-calorie beverage; IPR, incidence proportion ratio.

SSB serving/day increase was associated with a 5% increase in  associated with neither changes in body weight nor waist
incidence of overweight/obesity (IPR 1.05, 95%CI: 1.03-1.08)  circumference after adjusting for age and sex (model 1;
and a 5% increase in abdominal obesity incidence (IPR: 1.05,  Table 2). However, in fully adjusted models, each increase of
95%CI: 1.02-1.07; model 2). After adjustment for dietary and  one serving/day LNCB was associated with a 4-0.06 (SE 0.01)
lifestyle variables, these associations were attenuated to 3% (IPR:  kg/year body weight change and a +0.11 (SE 0.01) cm/year
1.03, 95%CI: 1.00-1.06) and 2% (IPR: 1.02, 95%CI: 0.99-1.05),  waist circumference change. Moreover, after adjustment for age
respectively (Table 2). and sex, each LNCB serving/day increase was associated with

Dose-response analyzes showed linear associations between  a 20% increase in incidence of overweight/obesity (IPR: 1.20,
LNCB consumption and weight and waist circumference  95%CI: 1.17-1.22) and a 12% higher incidence of abdominal
(P = 075 and P = 0.07; Figurel), and a non-linear  obesity (IPR: 1.12, 95%CI: 1.04-1.09; model 1; Table 2), which
association between LNCB and overweight/obesity incidence  attenuated to an 8% (IPR: 1.08, 95%CI: 1.06-1.11) and a 5%
(P non-linear = 0.04; Figure2). LNCB consumption was (IPR: 1.05, 95%CI: 1.02-1.07) increase after full adjustment
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TABLE 2 | Linear associations between sugar-sweetened beverages, low/no-calorie beverages, fruit juice consumption, and weight-related outcomes in the Lifelines

Cohort Study.

Outcomes? Total N/cases N

SSB (serving/day)

LNCB (serving/day)

Fruit Juice (serving/day)

Body weight change (kg/year)

Model 1

Model 2

Model 3

Model 4

Waist circumference change (cm/year)
Model 1

Model 2

Model 3

Model 4

Overweight/obesity incidence (IPR, 95%CI)°
Model 1

Model 2

Model 3

Model 4

Abdominal obesity incidence (IPR, 95%CI)¢
Model 1

Model 2

Model 3

Model 4

78,286

78,286

35,202/4,884

31,292/6,896

0.03 (0.01) 0.01 (0.01) —0.01 (0.01)
0.03 (0.01) 0.07 (0.01) ~0.02 (0.01)
0.02 (0.01) 0.06 (0.01) ~0.02 (0.01)
0.02 (0.01) 0.06 (0.01) ~0.02 (0.01)
0.03 (0.01) 0.02 (0.01) ~0.00 (0.01)
0.05 (0.01) 0.13 (0.01) ~0.00 (0.01)
0.03 (0.01) 0.11 (0.01) —0.01 (0.01)
0.04 (0.01) 0.11 (0.01) ~0.00 (0.01)
1.02 (0.99-1.05) 1.20 (1.17-1.22) 0.98 (0.94-1.08)
1.05 (1.03-1.08) 1.10 (1.07-1.13) 1.00 (0.96-1.04)
1.02 (0.99-1.05) 1.08 (1.05-1.11) 0.99 (0.95-1.08)
1.03 (1.00-1.06) 1.08 (1.06-1.11) 1.00 (0.96-1.04)
1.04 (1.01-1.07) 112 (1.10-1.14) 1.03 (1.00-1.06)
1.05 (1.02-1.07) 1.06 (1.04-1.09) 1.03 (0.99-1.06)
1.01 (0.99-1.04) 1.05 (1.02-1.07) 1.03 (0.99-1.06)
1.02 (0.99-1.05) 1.05 (1.02-1.07) 1.03 (1.00-1.07)

@Results given are B (SE) for body weight and waist circumference changes or as IPR (95%Cl) for overweight/obesity and abdominal obesity incidences.

bin participants with normal BMI (<25 kg/m?) at baseline.

CIn participants with normal waist circumference (<94 cm for men and <80 cm for women) at baseline.

Model 1: adjusted for age and sex, Model 2: model 1 + height and baseline weight (or baseline BMI for overweight/obesity incidence models) or baseline waist circumference (for
models with waist circumference or abdominal obesity as outcome). Model 3: model 2 + education (categorical), physical activity (continuous), sedentary behavior (continuous),
smoking (categorical), alcohol intake (categorical) + intakes of fruits, vegetables, legumes, nuts, meat, dairy, sugary foods, potatoes, fats, grains, coffee and tea (g/day) + LNCB and
Fruit juice (if model SSB and vice versa) + history of diseases. Model 4: model 3 + total energy intake (kcal/day).

BMI, body mass index; SSB, sugar-sweetened beverages; LNCB, low/no-calorie beverages; CVD, cardiovascular diseases; IPR, incidence proportion ratio.

(model 4). The non-linear association between LNCB and
overweight/obesity incidence showed a steeper increase in risk
<1 serving/day intake and a more gradual increase at higher
levels (Figure 2 and Table 3).

Dose-response analyzes also indicated non-linearity for
the associations between fruit juice with weight and waist
circumference (P < 0.001 and P = 0.01, respectively; Figure 1).
Below an intake of ~1 serving fruit juice/day, body weight
and waist circumference decreased, while no associations were
observed above this threshold (Table 3). Accordingly, a J-shaped
association was present for the association between fruit juice
intake and overweight/obesity incidence (P non-linear = 0.02;
Figure 2). Compared to non-users, participants consuming <1
serving/day had an 11% reduced overweight/obesity risk (IPR:
0.89, 95%CI: 0.83-0.95) while no association was observed at
higher intake levels (Table 3). A weak linear association was
observed for fruit juice and abdominal obesity incidence (IPR:
1.03, 95%CI 1.00-1.06; P non-linear = 0.49; Figure2 and
Table 3).

Adjusting for or excluding participants with “desire to lose
weight” or participants with self-reported health conditions
at baseline (ie. type 2 diabetes, CVD, hypertension, and
hypercholesterolemia) did not substantially alter the associations
for any beverage (Supplementary Tables 2, 3).

Substitution analyzes are shown in Figures 3, 4. Replacing
one serving SSB with an equal amount of water or fruit
juice was associated with decreased weight (—0.02 kg/year,
SE 0.01 and —0.04 kg/year, SE 0.01, respectively) and waist
circumference (—0.04 cm/year, SE 0.02; for both beverages)
(Figure 3). Substituting LNCB with water also showed an inverse
association with weight (—0.05 kg/year, SE 0.01) and waist
circumference (—0.08 cm/year, SE 0.01). In contrast, replacing
SSB with LNCB was positively associated with increased weight
(4+0.04 kg/year, SE 0.01) and waist circumference (40.08
cm/year, SE 0.01). Only the substitution of one serving SSB
with an equal amount of LNCB was associated with higher
overweight/obesity incidence (IPR: 1.06; 95%CI: 1.02-1.10) while
the substitution of one serving LNCB with one serving water was
associated with reduced overweight/obesity incidence (IPR: 0.91;
95%CI: 0.86-0.97) (Figure 4). None of the other substitution
analyzes related to overweight or abdominal obesity incidences
showed any association.

Stratified analyzes are included as Supplementary Tables 4-6.
Analyzes stratified by BMI category showed an interaction for
SSB consumption and body weight change (P interaction <
0.001; Supplementary Table 4). In participants with normal
BMI (< 25 kg/mz), each increase in SSB serving/day was
associated with a +0.04 (SE 0.01) kg/year change in body
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TABLE 3 | Adjusted associations between sugar-sweetened beverages, low/no-calorie beverages, fruit juice consumption, and weight-related outcomes categorized by intake levels.

Outcomes? SSB LNCB Fruit Juice
None <1 1-2 >2 None <1 1-2 >2 None <1 1-2 >2
serving/day servings/day servings/day serving/day  servings/day servings/day serving/day servings/day  servings/day

N total/cases 29,637 36,967 8,134 3,548 33,938 33,497 7,697 3,154 18,220 51,831 6,945 1,290
Body weight 78,286 ref —0.04 —0.03 (0.02) 0.04 (0.03) ref 0.08 (0.01) 0.09 (0.02) 0.20 (0.03) ref —0.07 (0.01)  —0.07 (0.01) —0.09 (0.05)
change (0.01)
(kg/year)
Waist 78,286 ref —0.03 —0.01 (0.03) 0.09 (0.04) ref 0.08 (0.02) 0.20 (0.03) 0.40 (0.04) ref —0.06 (0.02)  —0.03 (0.03) —0.02 (0.03)
circumference (0.02)
change
(cm/year)
Overweight/ 35,202/4,884 ref 0.94 0.92 1.16 ref 1.06 1.18 1.26 ref 0.89 0.94 1.00
obesity? (0.88-1.00)  (0.83-1.01) (1.04-1.28) (1.01-1.11) (1.10-1.26) (1.13-1.38) (0.83-0.95) (0.84-1.03) (0.82-1.18)
Abdominal 31,292/6,896 ref 0.99 1.01 1.06 ref 1.06 1.12 1.13 ref 0.99 1.05 1.04
obesity © (0.95-1.04)  (0.93-1.08) (0.95-1.16) (1.02-1.10) (1.05-1.19) (1.02-1.25) (0.94-1.04) (0.97-1.13) (0.90-1.21)

4Results given are B (SE) for body weight and waist circumference changes or as IPR (95%CI) for overweight/obesity and abdominal obesity incidences.

bFor overweight/obesity incidence in each intake category n = 11,858; n = 177,740; n = 3,861 and n = 1,743 for SSB; n = 16,935; n = 14,745; n = 2,658 and n = 864 for LNCB, and n = 7,124; n = 24,230; n = 3,255 and n = 593
for Fruit Juice.

CFor abdominal obesity incidence in each intake category n = 9,631, n = 16,187, n = 3,731 and n = 1,743 for SSB; n = 14,927, n = 13,042, n = 2,436 and n = 887 for LNCB and n = 6,128, n = 24,446, n = 3,113, and n = 605 for
Fruit Juice.

All models were adjusted by age, sex, height, and baseline weight (or baseline BMI for overweight/obesity) or baseline waist circumference (for models with waist circumference and abdominal obesity models as outcome), education
(categorical), physical activity (continuous), sedentary behavior (continuous), smoking (categorical), alcohol intake (categorical), intakes of fruits, vegetables, legumes, nuts, meat, dairy, sugary foods, potatoes, fats, grains, coffee and tea
(9/day), LNCB and Fruit juice (if model SSB and vice versa), history of diseases (diabetes, CVD, hypertension, and hypercholesterolemia) and total energy intake (kcal/day) (model 4).

BMI, body mass index; SSB, sugar-sweetened beverages, LNCB, low/no-calorie beverage; CVD, cardiovascular diseases; IPR, incidence proportion ratio.
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FIGURE 3 | Adjusted substitution associations of one serving of beverage with another with body weight change (kg/year) and waist circumference change (cm/year)
in the Lifelines Cohorts Study; Models were adjusted for age, sex, height, baseline weight or baseline waist circumference (for models with waist circumference as
outcome), education, alcohol intake, smoking, physical activity, all dietary factors and history of diseases. Error bars represent the 95% Cls. SSB, sugar-sweetened
beverages; LNCB, low/no-calorie beverages.

Substitution of SSB with LNCB R

Substitution of SSB with fruit juice

Substitution of SSB with water

®

Substitution of LNCB with water

©
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FIGURE 4 | Adjusted substitution associations of one serving of beverage with another with overweight/obesity incidence (IPR, 95%Cl) and abdominal obesity
incidence (IPR, 95%Cl) in participants with normal values at baseline (i.e., <25 kg/m? for overweight/obesity and <94 cm in men and <80 cm in women for abdominal
obesity) in the Lifelines Cohort Study; Models were adjusted for age, sex, baseline BMI or baseline waist circumference and height (for models with abdominal obesity
as outcome), education, alcohol intake, smoking, physical activity, all dietary factors, and history of diseases; SSB, sugar-sweetened beverages; LNCB, low/no-calorie
beverage; IPR, incidence proportion ratio.

weight while in participants with overweight/obesity no  overweight/obesity (Supplementary Tables4, 5). Additional
association was observed (0.00 kg/year, SE 0.01). Moreover,  stratification by sex indicated that the association of LNCB
the impact of substituting one serving SSB with an equal  with abdominal obesity was slightly more pronounced in men
amount of LNCB was more pronounced in overweight/obese  (IPR: 1.06, 95%CI: 1.03-1.10) than in women (IPR: 1.03, 95%CI:
participants (+0.06 kg/year, SE 0.01) compared to participants ~ 1.00-1.06, P-interaction = 0.04; Supplementary Table 4)
with normal BMI (+0.02 kg/year; SE 0.01, P interaction < 0.001;  with a similar observation for the substitution analysis
Supplementary Table 6). Stratification by BMI also showed an  (Supplementary Table 6). In contrast, the beneficial association
interaction for fruit juice and body weight (P interaction < 0.01)  observed between fruit juice and body weight change at moderate
with a stronger inverse association among participants with ~ doses was stronger in women than in men (P interaction = 0.03).
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We did not observe any other substantial evidence of effect
modification with BMI, sex, or age.

DISCUSSION

In our study among 78,286 Dutch adults, habitual intakes of SSB
and LNCB were linearly associated with most weight outcomes.
A J-shaped association was observed for fruit juice showing a
beneficial consumption below ~1 serving/day for all outcomes
except abdominal obesity incidence. In addition, the theoretical
substitution of SSB with LNCB was associated with an increase in
weight and waist circumference. Replacing one serving SSB with
an equal amount of fruit juice was associated with decreases in
weight and weight circumference.

The positive associations observed between SSB and weight
outcomes in our study are generally in line with earlier studies
(4,16,17). A meta-analysis including 174,252 adults, mostly from
the US, showed that each daily serving (= 250 ml) increase in SSB
was associated with a 0.22kg (95%CI: 0.50-1.20) higher weight
gain over 1 year (4). Furthermore, the positive associations
between SSB consumption and overweight/obesity incidence
align with recent meta-analyzes by Schlesinger et al. (16) and
Qin et al. (17), which reported an increased overweight/obesity
and obesity risk with each additional SSB serving, i.e., 5% (RR:
1.05, 95%CI:1.00-1.11) (16) and 12% (RR: 1.12, 95%CI:1.05-
1.19), respectively (17). However, it needs to be emphasized that
our results are rather modest compared to these — predominantly
US - studies, which may be explained by lower SSB intake levels
in our population (4, 16, 17) and a relatively short follow-up time
of ~4 years in our study. More consistent results may be observed
once the follow-up time exceeds 5 years (34).

We also observed positive associations between LNCB
consumption and body weight outcomes; stratifying the data
for those with normal vs. overweight showed similar results.
Moreover, substitution analyzes, showed that the replacement of
SSB by LNCB was adversely associated with weight and waist
circumference changes. Previous meta-analyzes of prospective
studies on Low/No calorie sweeteners and weight outcomes
generally report either no association or positive associations (9,
12,13, 17, 35). To illustrate, a recent meta-analysis of prospective
studies reported a 21% (RR: 1.21) increased risk of obesity
for each 250 ml LNCB increment (17). The latest WHO report
also acknowledges observed positive prospective associations of
LNCB consumption with incidence obesity and BMI, but not
with other adiposity measures (36). However, meta-analyzes of
RCTs do not support these observational findings and generally
report a beneficial impact of LNCB on body weight measures
(9-11, 13, 36, 37). Conflicting findings between observational
studies and RCTs might be due to differences in design and
follow-up time where potential reverse causation or residual
confounding may explain adverse findings in observational
studies. It may be that overweight participants consume LNCB
instead of SSB to manage their weight, while their overall
weight management strategy is not sufficiently effective. This
phenomenon of reverse causality may explain why the adverse
association of replacing SSB with LNCB in our study was
slightly stronger in the higher BMI category and why replacing
LNCB - but not water — for SSB showed an adverse association

with incidence overweight/obesity. To date, only a few other
prospective studies have investigated the theoretical substitution
of different beverages (20-22). In our study, substituting both
SSB and LNCB with water was associated with less weight
and waist circumference gain. Other studies have found similar
beneficial results for the replacement of SSB with water and
associations with weight change (20) or incidence obesity (21).
However, substituting LNCB with water was not associated with
any adiposity measures in other prospective analyzes (21, 22).

Interestingly, we found J-shaped associations between fruit
juice and weight, waist circumference, and incidence of
overweight/obesity during follow-up. Non-linear continuous
dose-response associations between fruit juice consumption
and weight-related outcomes have not been reported before.
However, our results are in line with previous findings for
CVD risk (18, 19). Khan et al. (19) observed a non-linear
J-shaped curve with a beneficial association between 100%
fruit juice and CVD incidence at moderate doses (~150ml)
but no association at higher doses. D’Elia et al. (18) reported
similar results in prospective studies of 100% fruit juice with
CVD incidence. However, the borderline linear association
observed with abdominal obesity incidence suggests that the
consumption of fruit juice, even at moderate intake, might still
be recommended against. Thus, further research on the potential
beneficial effect of fruit juice is warranted.

Mechanically, the adverse association between SSB and
increased body weight can be supported by several biological
mechanisms (28, 29). The high-calorie content of SSBs and
the lack of energy compensation can lead to a disturbed
energy balance and thus weight gain. SSBs also contain rapidly
absorbable carbohydrates that affect insulin secretion and blood
glucose and possibly later insulin resistance (30). In contrast,
biological mechanisms for the association between LNCB and
weight are unclear. Factors other than energy intake may
explain the adverse associations found with habitual LNCB
and future weight gain. LNCB has been suggested to indirectly
affect intestinal glucose absorption, appetite, and hormone
dysregulation through activation of sweet taste receptors (38,
39). Other potential mechanisms include altered gut microbiota
leading to glucose intolerance and insulin resistance (38, 39).
Nevertheless, evidence for these mechanisms in human RCTs
is limited and was not demonstrated by other studies when
compared to water or unsweetened products (9, 40-42) or when
used as a control in RCTs of SSB (43, 44). In contrast to
SSB or LNCB, Fruit juices contain health-promoting nutrients
such as antioxidants (i.e., polyphenols) and other bioactive
substances (i.e., vitamins and minerals) (45). These nutrients
could explain the benefits observed with moderate consumption
of fruit juice on certain health outcomes as they may play a role in
lowering oxidative stress, inflammation, and improving glucose
metabolism (46, 47). After a certain level, these benefits may be
counterbalanced by the sugar and calorie content of fruit juice
leading to a detrimental effect on body weight measures through
similar mechanisms as SSB. However, such a phenomenon
remains a hypothesis (46).

An important strength of our study is the large sample
size allowing for well-powered stratification and adjustment
for multiple covariates. Our study is one of the largest
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studies on the association and replacement of sweet beverages
conducted in European adults so far. In addition, we used
prospective measures of body weight and waist circumference,
rather than self-reported anthropometrics. Furthermore, we
included a variety of outcome measures, i.e., continuous
waist circumference change, obesity, and abdominal obesity
incidence. And last but not least, we evaluated both measures of
continuous and dichotomous weight and waist-related outcomes
together with the exploration of non-linear dose-response and
substitution associations. A limitation of this study is that
habitual dietary intake is only assessed at baseline. Dietary
assessment at multiple time points might have provided more
insight into whether the adverse associations observed in
observational studies are caused by the beverage itself or other
associated behaviors. Second, we were not able to distinguish
between different types of fruit juice and different types of
LNCB, and, therefore, we were not able to investigate potential
differential effects of consumed sweeteners on weight gain. For
example, a recent study demonstrated increased weight gain and
hunger with saccharin intake but no change in energy intake,
indicating that mechanisms other than energy intake might be
implicated for this specific sweetener (48). With the use of
different blends of sweeteners on the market, it is particularly
relevant to further investigate specific effects in the future. Third,
our questionnaire included 100% fruit juice along with other
fruit drinks, which limits comparison with other studies that
used specifically 100% fruit juice. However, according to the
last consumption survey in the Netherlands, pasteurized orange,
apple, and mixed juices composed 90% of the total fruit juice
consumption in the Netherlands in the same time period as our
study (49). Thus, we assume that the fruit juices consumed in this
study were mostly 100% fruit juice.

To conclude, our study indicates that habitual consumption
of both SSB and LNCB may adversely affect weight-related
outcomes. In contrast, consumption of moderate amounts of
fruit juice (<150 ml) may be beneficial with respect to body
weight and waist circumference.
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Low-grade chronic inflammation (LGCI) is a common feature of non-communicable
diseases. Cytokines play a crucial role in LGCI. This study aimed to assess how LGCI risk
factors [e.g., age, body mass index (BMI), smoke, physical activity, and diet] may impact
on specific cytokine levels in a healthy population. In total, 150 healthy volunteers were
recruited and subjected to questionnaires about the last 7-day lifestyle, including smoking
habit, physical activity, and food frequency. A panel of circulating cytokines, chemokines,
and growth factors was analyzed by multiplex ELISA. BMI showed the heaviest impact
on the correlation between LGCl-related risk factors and cytokines and was significantly
associated with CRP levels. Aging was characterized by an increase in IL-1b, eotaxin,
MCP-1, and MIP-1a. Smoking was related to higher levels of IL-1b and CCL5/RANTES,
while physical activity was related to MIP-1a. Within the different eating habits, CRP levels
were modulated by eggs, red meat, shelled fruits, and greens consumption; however,
these associations were not confirmed in a multivariate model after adjusting for BMI.
Nevertheless, red meat consumption was associated with an inflammatory pattern,
characterized by an increase in IL-6 and IL-8. IL-8 levels were also increased with the
frequent intake of sweets, while a higher intake of shelled fruits correlated with lower levels
of IL-6. Moreover, IL-6 and IL-8 formed a cluster that also included IL-1b and TNF-a. In
conclusion, age, BMI, smoke, physical activity, and dietary habits are associated with
specific cytokines that may represent potential markers for LGCI.

Keywords: cytokines, low-grade chronic inflammation, biomarkers, body mass index, inflammaging

INTRODUCTION

Low-grade chronic inflammation (LGCI) is a common characteristic of many non-communicable
diseases, such as obesity, type 2 diabetes, cardiovascular disease, chronic respiratory disease, and
cancer. These frequent disorders are chronic conditions and are responsible for ~71% of all global
deaths (1, 2).
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The LGCI has been recognized as a distinct type of
inflammation. It is not accompanied by inflammatory classical
signs and is not usually driven by pathological stimuli. LGCI is
triggered by sentinel cells (i.e., macrophages and dendritic cells)
that monitor for tissue stress and malfunction and, together with
cells and molecules of the innate immune response, orchestrate
the restoration of the normal/optimal homeostatic state (3).
However, LGCI often does not resolve in a timely and controlled
way and becomes chronic and smoldering (4).

Multiple cytokines preside over LGCI evolution. The cytokine
network is a highly complex system that includes not only
interleukins, chemokines, interferons, and tumor necrosis factors
but also cellular and soluble receptors and serum mediators.
Cytokines are small, non-structural proteins with pleiotropic
effects. They have pro-inflammatory and/or anti-inflammatory
functions, and some of them are able to control their own
production (4-6).

Obesity, aging, tobacco use, physical inactivity, and unhealthy
diets are considered the main risk factors for LGCI. These
physiologic, environmental, and/or behavioral stimuli modify the
cellular homeostasis, leading to cell stress and to the production
of cytokines (3, 4, 7).

The association between obesity and LGCI is the most
largely documented. Obesity drives the pathological expansion
of the adipose tissue, which harbors enlarged hypertrophic
adipocytes, impaired vasculogenesis, and enhanced fibrosis and
hypoxia. Dysfunctional adipose tissue secretes pro-inflammatory
cytokines that promote local and systemic inflammation,
contributing to the onset of obesity-related diseases (8-10). The
loosening of the cytokine balance between the pro-inflammatory
and anti-inflammatory control is a characteristic feature also
of aging. It has been defined as “inflamm-aging” and takes
part in all aging-related diseases (4). In addition, smoking
was found independently involved in the progression of LGCI,
while physical activity has been recognized as an instrument to
modulate LGCI (11, 12), although intense physical exercise is
often paralleled by enhancement of inflammatory factors (13).
Finally, it is now clear that dietary intake regulates inflammation
through the complex interactions between foods and nutrients
with bioactive properties. In this regard, several dietary indexes
have attempted to assign inflammatory scores to specific
foods/nutrients (14-16). Some nutrients have been classified as
anti-inflammatory, and other nutrients have been defined as pro-
inflammatory, according to their ability to promote the release of
specific mediators (1, 7, 15).

Thus, cytokine levels may vary upon a plethora of stimuli.
To date, critical levels of cytokines as biomarkers have
not been defined, both in classical inflammatory diseases
and in LGCI. Furthermore, only few studies have been
performed to investigate cytokine levels in healthy subjects,
and a limited number of LGClI-related risk factors have
been explored when considering healthy subjects’ cytokine
profiles (5, 6, 17).

In this study, we have analyzed the cytokine profile in a cohort
of healthy volunteers. We have assessed how gender, age, BMI,
smoking, physical activity, and diet may modify specific cytokine
levels potentially contributing to LGCI.

MATERIALS AND METHODS

Population Enrollment and Serum

Collection

In total, 150 blood donors were recruited at the Transfusion
Medicine Unit, Azienda Sanitaria Locale, Caserta, Italy, from
January to July 2019. Exclusion criterion was ineligibility to
donate blood, as indicated in D.M. 2/11/2015 (i.e., documented
infectious diseases or other proliferative, degenerative, and
autoimmune diseases; altered blood count and blood pressure;
and drug assumption). The sample size was representative of the
population of eligible donors, calculated on annual base. Since
this is a pilot study with an exploratory nature, the power analysis
has not been performed. All volunteers enrolled underwent
detailed clinical phenotyping, including measurement of height,
weight, and waist. Body mass index (BMI) was calculated as
ratio of body weight (kg)/height (m?). Moreover, a detailed
questionnaire about anamnestic and anthropometric data,
smoking habit, physical activity, and weekly food frequency was
administrated to each subject (as described below). A serum
sample from all donors was obtained and stored at —20°C.
Transfusion Medicine Unit performed cytometric blood counts
and biochemical analyses (AST, ALT, cholesterol, triglycerides,
iron, total proteins, creatinine). Investigations were carried out
following the rules of the Declaration of Helsinki of 1975, revised
in 2013. Informed consent was obtained from every volunteer
before the procedure. The protocol was approved by the ethical
committee of the University of Naples (protocol no. 349/18).

Lifestyle Questionnaire

Lifestyle questionnaire was face-to-face administered by an
expert nutritionist and included information about the last 7 days
of physical activity and food frequency. The physical activity of
enrolled volunteers was recorded and analyzed with the short
form of the International Physical Activity Questionnaire (IPAQ)
(18). The questionnaire reports the activity of four intensity
levels: (1) vigorous-intensity activity, such as aerobics; (2)
moderate-intensity activity, such as leisure cycling; (3) walking;
and (4) sitting. For each activity, the Metabolic EquivalenT
(MET), a unit used to express energy spent and oxygen burned,
was automatically calculated. MET value is given by the following
equation (19):

B 3.5ml (0y)
 bodyweight [Kg]| x time [h]

MET

Based on the MET data analysis, as suggested by Craig et al. (18)
and by the Guidelines for Data Processing and Analysis of the
IPAQ (www.ipaq.ki.se), and considering MET value distribution
in the enrolled population, volunteers have been classified into
three groups, namely, volunteers with low or null physical activity
(MET < 1,000), volunteers with an average physical activity
(1,000 < MET < 3,000), and volunteers with an intense physical
activity (MET > 3,000).

Dietary information was collected with a weekly food-
frequency questionnaire (FFQ) conceived on that used in the
framework of the Italian EPIC study (20, 21). Accordingly, a list
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TABLE 1 | Clinical phenotyping of the population enrolled (N = 150).

Parameters [unit] Total population Female population Male population p-value
(N = 150) (N = 63; 42%) (N = 87; 58%)
Age [years] 409 £ 11.2 40.33 + 11.84 39.62 + 10.88 0.7072
Weight [kg] 75 [50; 120] 65 [50; 94] 82 [64; 120] <0.0001 @
Height [m] 170 [145; 186] 165 [145; 177] 175 [160; 186] <0.0001 @
BMI [kg/m?] 25.92 [19.16; 37.87] 23.44[19.16; 36.51] 26.42 [20.98; 37.87] 0.0004 @
Smoker; yes (%) 43 (28.66%) 22 (34.92%) 21 (24.14%) 0.2°
Physical activity [MET] 1,026 [0; 12,000] 1,026 [0; 11,784] 1,026 [0; 12,000] 0.8282

Age is expressed as mean + SD. Smokers are indicated as number and percentage. Other data are expressed as median and range [min; max]. MET, Metabolic EquivalenT, an indicative

unit of physical activity (refer to the “MATERIALS AND METHODS” section).
a\Welch's test.
bChi-square test.

of foods was developed in line with the local food availability,
culturally specific and dietary habits (Mediterranean diet). Food
frequency type with portion size was estimated by means of
pictures. The participants were asked to report the frequency of
consumption of food items listed in Supplementary Table S1.
Pictures showing different portion sizes - arranged by increasing
amount - followed the question on frequency and corresponded
to a specific portion in grams. Additional questions addressed
issues such as habitual cooking practices and types of cooking
fats. Questionnaires were finally digitalized, and data relative to
the weekly total consumption of each food item, expressed in
grams, were gathered and analyzed.

Determination of Cytokines, Chemokines,

and Growth Factors

Serum samples were screened for the concentration of
interleukin (IL)-1ra, IL-1b, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8,
IL-9, IL-10, IL-12 (p70), IL-13, IL-15, IL-17A, basic fibroblast
growth factor (FGF), eotaxin, granulocyte-colony stimulating
factor (G-CSF), granulocyte-macrophage colony-stimulating
factor (GM-CSF), interferon-y (IFN-y), interferon-y inducible
protein 10 (IP-10), monocyte chemoattractant protein-1
(MCP-1), macrophage inflammatory protein-1 (MIP-1) a,
MIP-18, C-C motif chemokine ligand 5 (CCL5)/RANTES,
TNF-q, platelet-derived growth factor (PDGE-BB), and vascular
endothelial growth factor (VEGF) using the Bio-Plex Multiplex
Human Cytokine, Chemokine, and Growth Factor Kit (cat.
n. M500KCAFOY, Bio-Rad, Hercules, CA, USA) according to
the manufacturer’s protocol, as previously described (17, 22).
The magnetic bead-based assay was performed on a Bio-Plex
200 System (Bio-Rad, Hercules, CA, USA). All the values
obtained were included within the detection limits indicated
by the manufacturer (bio-rad.com/Bio-Plex/AnalyteGuide).
High sensitivity C-reactive protein (CRP) assay (cat. n. L2ZKCR2,
Siemens, USA) was performed using the IMMULITE® 2000
Analyzer (DPC, Los Angeles, CA, USA), according to the
manufacturer’s protocol.

Statistical Analysis
Statistical analyses were performed using the R statistical
platform (https://www.R-project.org/) and the GraphPad 7.0

software (GraphPad Software Inc., La Jolla, Ca). D’Agostino-
Pearson normality test was used to evaluate whether the
continuous data were normally distributed, and according to
the results, a Welch’s two-tailed ¢-test for independent samples
(for normally distributed data) or a Mann-Whitney U-test (for
non-normally distributed data) was used. Multiple comparisons
among more than two groups were made using the ANOVA
test with Tukey’s correction or the Kruskal Wallis test. The
non-parametric Jonckheere-Terpstra test was used to analyze
the trend between an ordinal independent variable. Categorical
values were described by the number of occurrences and
percentages and were compared using the chi-square test.
Outliers have been detected and removed according to the ROUT
method with Q coefficient 1%. To assess a correlation between
cytokine levels and risk factors, a canonical correlation analysis
(CCA) was performed (23). To investigate the collinearity effects
among risk factors and food groups, data were analyzed with
multivariate linear regression analysis. Generated models were
analyzed with an ANOVA test to evaluate the goodness of fit.
Regression coefficients were reported as an estimate and 95%
confidence interval. Cytokine correlation matrix was obtained
with Pearson’s correlation test. Box plots denote median and 25th
to 75th percentiles (boxes) and Tukey whiskers. p-value of <0.05
was considered statistically significant.

RESULTS

Anthropometric and Clinical

Characteristics of the Study Population
The enrolled population was represented by 150 blood
donors, with 63 female participants and 87 male participants.
Overall, the mean age was 40.9 years, while the BMI
median was 25.92; 43 (28.66%) individuals were smokers
(Table 1). Female and male populations did not display
statistically significant differences for age, smoker percentage,
physical activity (Table1), cytometric blood counts, and
biochemical analyses (Supplementary Table S2). However, the
male population showed statistically significant higher weight,
height, and BMI compared with the female population (Table 1).
Serum samples of blood donors were then screened for
the concentration of a panel of cytokines, chemokines, and
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growth factors and of C-reactive protein (hsCRP). Overall, all ~ Table 2); 22% of total individuals had hsCRP concentrations >3
factors were detectable in serum specimens, with a defined  mg/L. However, these subjects did not display any significant
cytokine/chemokine profile for every individual (Figurel; difference in cytokine concentration, compared to those with
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FIGURE 1 | Cytokine-based pattern of volunteers. Star plot obtained by multivariate data analysis of the whole cytokinome of every subject, consisting of a sequence
of equi-angular spokes (radii), with each spoke representing one cytokine, as indicated in the figure on the right. Data length of a spoke is proportional to the
magnitude of the variable for the data point relative to the maximum magnitude of the variable across all data points. A line is drawn connecting the data values for
each spoke. Blue stars represent male subjects, and red stars represent female subjects.
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TABLE 2 | Serum concentration of cytokines, chemokines, and growth factors.

Cytokine Concentration Concentration Concentration p-value
(total) (female) (male)
IL-1b 1.89 [1.81; 2.22] 1.89[1.81; 2.22] 1.89 [1.81; 2.22] 0.74
IL-1ra 352.5[288.1; 463.6] 381.8 [284.4; 546.7] 341.7 [289.3; 400] 0.16
IL-2 15.46 [14.84; 17.20] 16.07 [14.52; 17.58] 15.46 [14.84; 16.68] 0.97
IL-4 5.93[5.21;7.22] 6.1[5.27; 7.4] 5.81[5.21;7.04] 0.39
IL-5 55.51 [50.69; 61.5] 55.51 [49.42; 61.5] 55.51 [50.69; 61.5] 0.17
IL-6 7.85[7.18; 8.91] 7.85[7.29;9.17] 7.85[7.01; 8.91] 0.09
IL-7 43.69 [40.38; 46.93] 43.69 [40.38; 46.93] 43.69 [40.79; 48.52] 0.88
IL-8 18.82 [16.34; 23.02] 19.86 [16.19; 25.51] 18.56 [16.34; 20.98] 0.17
IL-9 252.1 [233.6; 264.4] 252.4 [234.6; 263.7] 251.3 [232.6; 266.2] 0.87
IL-10 24.85 [22.65; 26.9] 24.85 [22.65; 27.56] 24.85 [22.65; 26.73] 0.48
IL-12 11.26 [10.84; 12.88] 12.08 [11.26; 14.05] 11.26 [10.41; 12.08] 0.27
IL-13 5.41[4.72; 6.08] 5.41[4.72; 6.08] 5.41[4.81;6.16] 0.78
IL-15 354.9 [338.4; 379.4] 360.1 [344.1; 390.6] 349.6 [338.4; 372.4] 0.34
IL-17 26.28 [23.78; 30.3] 26.28 [23.56; 31.67] 26.69 [23.78; 29.51] 0.92
EOTAXIN 47.79 [33.82; 63.48] 47.62 [29.51; 59.58] 47.88 [36.96; 67.44] 0.4
b-FGF 78.43 [73.34; 85.86] 78.43 [73.34; 87.07] 78.43 [73.34; 83.41] 0.25
G-CSF 293.3[260.3; 353.7] 283.8 [249; 360.1] 293.3 [263.1; 352.4] 0.75
GM-CSF 12.89 [12.45; 13.47) 12.97 [12.45; 13.96] 12.75[12.3; 13.18] 0.3
IFN-y 12.44 [11.43; 13.47) 12.78 [11.56; 14.36] 12.24 [11.36; 13.84] 0.13
IP-10 250.5 [203.5; 306.5] 260.8 [202.8; 333.6] 242.5[203.8; 281.1] 0.09
MCP-1 33.63 [26.58; 44.53] 33.74 [25.94; 43.64] 33.32 [27.65; 44.77] 0.72
MIP-1o 2.6[2.39; 2.91] 2.66 [2.39; 3] 2.53[2.39; 2.82] 0.36
MIP-18 81.52 [75.51; 90.01] 81.72 [74.91; 87.94] 81.37 [76.52; 91.43] 0.5
PDGF 1,538 [1,180; 1,994] 1,497 [1,180; 2,114] 1,553 [1,151; 1,956] 0.92
RANTES/ CCL5 6,573 [4,951; 7,858] 6,843 [4,825; 8,706] 6,251 [5,150; 7,557] 0.32
TNF-o 48.87 [44.63; 55.39] 48.49 [44.63; 56.91] 49.26 [45.4; 55.39] 0.27
VEGF 416.9 [398.7; 446.9] 421.4 [402.2; 455] 412.5 [397.5; 436.5] 0.29
CRP 1.22[0.57; 2.59] 1.11[0.47; 2.61] 1.29[0.76; 2.47] 0.99

Cytokine, chemokine, and growth factor concentrations are expressed as pg/ml. hsCRP values are expressed as mg/L. Results are indicated as median and IQR [25th percentile;

75th percentile].

hsCRP <3 mg/L (Supplementary Table S3). No statistically
significant differences between the male and female participants
were observed for all circulating factors (Figure 1; Table 2).

Cytokines and LGCI Risk Factors

Next, we investigated the correlation between LGCI risk factors
(age, BMI, smoke, physical activity) and the inflammatory
cytokines IL-1b, IL-6, IL-8, IL-9, eotaxin, IFN-y, IP-10, MCP-1,
MIP-1a, MIP-1B, RANTES, TNF-a, and CRP. The CCA revealed
that LGCI risk factors and inflammatory cytokines displayed
a correlation coefficient of 0.521 (95% CI: 0.382-0.66), with a
goodness of fit equal to 0.501 (Figure 2A). The standardized
weights for the single risk factors indicated a stronger relevance
of BMI, which concurred for 78.27% of the correlation;
smoke contributed to 13.28%, while age and physical activity
contributed to 8.44% and <0.002%, respectively (Figure 2B).
The standardized weights for the single inflammatory cytokines
showed that IL-1b, CRP, IFN-y, and IL-6 were the principal
components of the correlation, concurring for 47.83, 23, 11.23,
and 7.88%, respectively (Figure 2C).

Next, the association between specific cytokines and LGCI-
risk factors was investigated. Interestingly, IL-1b, eotaxin, MCP-
1, and MIP-1a displayed a significant overall difference among
four age-related groups (i.e., 20-29, 30-39, 40-49, and 50-
59 years). Eotaxin and MCP-1 showed also an increasing
trend associated with age (20-29 < 30-39 < 40-49 < 50-
59 years; Figure 3). In smokers, a significant increase in IL-
1b and RANTES/CCL5 was detected (Figure 3). Overweight
individuals (BMI: 25-30) showed significantly higher levels of
CRP, compared with normal weight individuals (BMI: 20-24.9).
Finally, physical activity was associated with higher levels of
MIP-1a (Figure 3).

Cytokines and Diet

Dietary information was collected with a weekly food-frequency
questionnaire, as described in the “Materials and Methods”
section and in Supplementary Table S1. Data relative to the
weekly total consumption of each food item (in g) were collected,
included in 11 food groups, and analyzed. The main components
of the dietary intake of the volunteers were “Grains,” “Greens,’
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FIGURE 2 | Canonical correlation analysis of cytokines and risk factors. (A) Two-way CCA setting; each subject is described by two canonical variates per mode,
represented on a scatter plot. The two variate groups are maximally correlated, and their linear regression slope corresponds to the canonical correlation coefficient.
(B) Risk factors’ standardized weights and (C) cytokines’ standardized weights are represented as absolute values and as percentage in the color legends.

“Fresh Fruits,” and “Milk and Dairy,” which accounted for
29.79, 18.07, 17.17, and 11.01% of the total food consumption,
respectively (Figure 4).

Food groups and inflammatory cytokines displayed a
correlation coefficient of 0.462 (95% CI: 0.319-0.607), with a
goodness of fit equal to 0.482 (Figure 5A). The standardized
weights for the single food items indicated a stronger relevance
of Red Meats and Shelled Fruits, which concurred for the 28.7
and 28.15% of the correlation, respectively (Figure 5B). Among
the inflammatory cytokines, IFN-y, IL-1b, and IL-6 were the
principal components of the correlation, contributing to 36.62,
29.5, and 20.5%, respectively (Figure 5C).

At univariate analysis, individuals with a weekly grain intake
higher than the 75th percentile displayed significantly higher
levels of circulating IFN-y, MCP-1, and TNF-a (Figure 6). The
intake of red meat was associated with a significant increase in
IL-6, IL-8, and CRP (Figure 6). Moreover, subjects who ate more
fruits showed higher levels of IL-8, IFN-y, and IP-10 (Figure 6).

Increased levels of IL-8 were detected also in subjects consuming
more sweets (Figure6). A significant reduction in CRP was
observed in individuals who ate more eggs, greens, or shelled
fruits. In these latter subjects, a significant reduction of IL-1b and
IL-6 was also found (Figure 6).

Multivariate Analysis and Cytokine

Correlations in Healthy Subjects

In multivariate analysis, all significant associations among
cytokines and lifestyle factors or food groups found at univariate
analysis (Figures 3, 6) were still retained upon adjusting for BMI
(Supplementary Table S4).

Among all cytokines, MCP-1, IL-1b, and CRP levels
were significantly associated both with risk factors and
with specific food groups (Figures3, 6). As shown in
Table 3, the association between MCP-1 and the intake of
grains was not significant after adjusting for age; similarly,
the association between IL-1b and shelled fruits was not

Frontiers in Nutrition | www.frontiersin.org

96

June 2022 | Volume 9 | Article 913176


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

D’Esposito et al.

Lifestyle and Cytokines

Age Age
49pa=0.009 2007, < 0.0001
pg = 0.352 P < 0.001
=3 C Z 150
= £ "
E . . ®
g, % % = 100
i £
= £
i . 3
i k4 » id P > ° g
L LN ® S o (3 &
Smoke Smoke
*Ipc =0.004 200007, - 0,029
.
5 T 15000 : i
£ &
2 -
g, & 10000
4 £
21 < 5000
x
T T + +
6‘6‘3} 6‘6‘@ @s‘g} é‘ég}
& & & &
& &

distributions.
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significant when adjusted for age and smoke. Interestingly,
CRP levels were not associated with the consumption of
red meat, shelled fruits, eggs, and greens after adjusting for
BMI (Table 3).

Finally, a correlation matrix based on cytokines significantly
associated with at least one LGCl-related risk factor
(age, BMI, smoke, physical inactivity, diet) indicated
positive and significant correlations among all selected
inflammatory cytokines, except for CRP, for which almost
no correlations with cytokines were observed (Figure 7).
Interestingly, IL-1b, TNF-a, IL-6, and IL-8 established a
cluster of cytokines with r-values ranging from 0.88 (CL:
0.84-0.91) to 095 (CL: 0.93-0.96), thus representing a
potential LGCl-related cytokine pattern biomarker (Figure 7,
Supplementary Table S5).

DISCUSSION

Cytokines are key mediators in inflammatory, viral, and
autoimmune diseases, as well as in LGCI (4-6, 10, 17, 24).
However, it is still difficult to use cytokines as diagnostic or
prognostic tools due to the problem of establishing “normal”
vs. “abnormal” cytokine levels. Few studies investigated cytokine
concentrations in healthy subjects, and often a limited number of
variables have been examined.

In this study, we have analyzed the cytokine profile of a cohort
of 150 healthy blood donors. We have addressed how age, BMI,
smoke, physical activity, and dietary habits impact on specific
cytokines, modulating their concentrations. We have shown that
each individual has a peculiar cytokine pattern, influenced at
a different degree, by physiologic and behavioral factors. No
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differences between male and female participants were detected,
despite the different BMI. These results are in agreement with
other studies performed with different populations (25, 26) and
suggest that other factors, such as hormones, may balance the
control elicited by BMIL.

The BMI has the heaviest impact on the correlation between
LGClI-related risk factors and cytokines. Indeed, many studies
have characterized the cytokine profile in subjects with obesity
and/or severe obesity detecting differences compared with
normal weight individuals (10, 27, 28). In this study, we have
found that, despite the removal from the analysis of subjects
with obesity, BMI was still significantly associated with CRP
levels. Interestingly, we have observed that CRP levels correlated
also with the consumption of specific foods, i.e., eggs, red meat,
shelled fruits, and greens; however, when corrected for BMI, all

these associations were lost, thus highlighting the impact of the
body mass.

The second most involved factor in the control of cytokine
profile is tobacco use. Smokers displayed higher levels of IL-
1b and CCL5/RANTES. These findings are in line with in vivo
studies showing that cigarette smoke induces murine emphysema
with lung inflammation and DNA injury/apoptosis via IL-1b and
CCL5-CCRS5 (29, 30). However, CCL5 exerts also regenerative
functions, mainly through CCR1 (31). Thus, its increase may also
suggest the activation of tissue repair mechanisms.

Age contributes 8.4% to the correlation between LGCI
risk factors and inflammatory cytokines. Inflamm-aging is a
dysregulation of the cytokine network well described at cellular
levels, where cell senescence is associated with a defined secretory
phenotype (SASP) characterized by specific cytokines, such as
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TABLE 3 | Multivariate linear regression analyses between risk factors and food groups for MCP-1, IL-1b, and CRP.

Interaction

Food group

Risk factor

Intercept

ANOVA model comparisons

Estimate p-Value

(95% Cl)

p-Value

Estimate
(95% CI)

p-Value

Estimate
(95% CI)

Model 2 p-Value Best fitting Estimate p-Value

Model 1

(95% ClI)

model

07
07

0.

3.06 (—0.213 to 6.33)

0.356 (0.130 —0.581)  0.0022
Age 0.007

0.0025
<016

16.76 (5.98 - 27.5)
1.66 (1.48 —1.85)

Model 1
Model 1

0.486
0.158

MCP-1 ~ age + grains MCP-1 ~ age * grains

0.

Age 0.0029 3.06 (—0.219 to 6.34)

IL-1b ~ (age + smoke)

* shelled fruit

IL-1b ~ age + smoke

+ shelled fruit

(0.0023-0.012)
Smoke 0.141

Smoke 0.014

(0.03-0.252)

Shelled fruit
0.082

0.356 (0.132-0.58) 0.022 Shelled fruit —0.32
(~1.07 to 1.05)

0.413

—0.662 (—2.24 10 0.92)

Model 1

0.301

CRP ~ BMI * (shelled

CRP ~ BMI + shelled

fruit+ eggs + red meat fruit + eggs + red meat

+ greens)

+ greens

Eggs —0.054 (—1.67 to Eggs 0.77

0.432)

Red meat
0.574

Red meat —0.12

(—0.263 to 2.65)
Greens —0.243

Greens 0.061

(~0.577 10 0.92)

For each linear regression, two models have been evaluated and compared: Model 1 considering variables without interactions and Model 2 considering both variables and interactions. Models have been compared with an ANOVA test,
whose output revealed if the differences among the two models were statistically significant (p-value < 0.05). The best-fitting model has been chosen accordingly, Coefficients for intercept, risk factor(s), and food group(s) have been

shown for the best-fitting model.

IL-6, IL-8, and VEGF (32). At serum levels, data are sometimes
conflicting since some studies have enrolled different aged
people, without considering health status. Other studies have
been performed on very old people, such as non-agenarians and
centenarians (33). In this study, we have shown that 20-60 years
old healthy subjects display an age-associated increase of IL-1b,
eotaxin, MCP-1, and MIP-1a. Accordingly, eotaxin levels have
been found to increase in 21-86 and in 7-17 years old subjects,
compared with 1-6 years old children (26).

Finally, the contribution of physical activity has been
evaluated. A general idea coming from recent literature
data indicates that exercise stimulates both pro- and anti-
inflammatory cytokines (IL-6, IL-8, IL-10, TNF-a), whose levels
return to baseline sometime from 5 to 24 h after exercise (13).
The dual response depends also on the type of exercise (aerobic
or anaerobic) and whether it comes from short-term or long-term
physical activity (34). In this study, we have observed that people
who in the 7 days before the questionnaire consumed more
Metabolic EquivalenT (MET), a unit used to express energy spent
and oxygen burned, had higher levels of MIP-1a, a protein mainly
produced by macrophages and involved in leucocyte recruitment
(35). Its increase may in part explain the mobilization of different
leukocyte populations to the blood observed in diverse studies
focused on the effect of exercise on blood cells and molecules (13).

Healthy diets are commonly considered protective for LGCI.
Anti-inflammatory properties have been conferred to single
foods (i.e., almonds, yogurt, nuts, dark chocolate, and extra
virgin olive oil), functional foods (i.e., omega-3 fatty acids,
polyphenols, and fibers), and whole diets, such as Mediterranean
diet (1, 7, 36-38). To quantify the dietary quality, various
dietary indices or scores have also been reported. For instance,
the Dietary Inflammatory Index (DII®) is a literature-derived
method based on 45 food parameters (39), the Healthy Eating
Index-2015 (HEI-2015) is a measure of dietary quality according
to the Dietary Guidelines for Americans (DGA) (15), the
polyphenol antioxidant content (PAC) score is an index of the
total content of diet in polyphenols (16), and the empirical
dietary inflammatory pattern (EDIP) is a score based on the
reduced rank regression approach, developed in the United States
and validated across nations (40). Moreover, some indices
have been conceived around specific dietary patterns, such as
the Mediterranean diet and the Dietary Approaches to Stop
Hypertension (DASH) (14, 41).

The main result of our work is the finding that 7-day
consumption of particular food items is associated with increased
levels of specific cytokines. All volunteers were from Southern
Italy, a place where the food culture adheres to the Mediterranean
diet. Indeed, the main components of the dietary intake of
the volunteers were grains followed by greens, fresh fruit,
milk and dairy, and white meat. The beneficial effect of this
diet is represented by the result that in this population, no
associations were detected between specific food consumption
and CRP levels (when adjusted for BMI). At present, there are
few studies and some discrepancies about the intake of grains.
Some studies reported an anti-inflammatory effect of whole
grains for their nutrients and fibers; other studies, performed
with healthy subjects, displayed no effects (42, 43). Moreover,
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FIGURE 7 | Cytokine correlation matrix and hierarchical clustering. Pearson’s correlation coefficients for cytokine’s scaled measurements are visualized by both
tile-color intensity (according to the legend on the right) and by the r-values inside the tiles. r-values closer to 1 show a positive correlation; r-values closer to —1 show
a negative correlation; r-values closer to 0 denote the absence of a correlation among the considered variables. All values not labeled with a black X are statistically
significant (p-value < 0.05). Dendrograms on the left and on top of the matrix show the hierarchical clustering.

the daily consumption of wheat products and cereals has been
reported to contribute to chronic inflammation and autoimmune
diseases (42). Our data indicate that volunteers with grain
consumption over the 75th percentile had higher levels of
TNF-a and IFN-y, compared with those in the IQR range,
representing 50% of the population. TNF-a increase may be
associated with carbohydrate-related hyperglycemia, which has
been shown to increase circulating cytokine concentrations by an
oxidative mechanism (44). IFN-y was increased also in subjects
with grain consumption under the 25th percentile. This low
inflammatory profile may be due to the large use of cereals and
of whole-wheat pasta and bread. Red meat and shelled fruit,
even though represented a small percentage of the whole dietary
intake, showed the greatest influence on the correlation between
foods and inflammatory cytokines. Subjects with red meat

consumption over the 75th percentile displayed the most striking
inflammatory pattern, characterized by the increase in IL-6 and
IL-8. These data are in agreement with other reports showing that
ahigher intake of meat, as in Western-like diets, is associated with
inflammation and detrimental health outcome (7).

Fruits and vegetables, rich in flavonoids and antioxidants, have
been associated with a lower risk of LGCI-related diseases and
low levels of some markers of inflammation (45, 46). Surprisingly,
volunteers who had a large consumption of fresh fruits displayed
higher circulating levels of IL-8, IFN-vy, and IP-10, compared to
those with a moderate or low intake. Different studies suggest an
anti-inflammatory role for polyphenols, elicited mainly through
the modulation of NF-kB and MAPK pathways at multiple levels
(46). However, clinical trials are somewhat contradictory, and in
vitro studies have also reported an induction of IL-8 expression by
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resveratrol, a polyphenol contained in many fruits, thus opening
new questions (46, 47). Moreover, IL-8 and IP-10 release may
be induced by IFN-y, whose increase could suggest an immuno-
stimulatory effect of the fruit. Interestingly, the intake of shelled
fruits was associated with a significant decrease of the most pro-
inflammatory molecules IL-1b and IL-6. These results are in
line with previous studies showing an anti-inflammatory and
antioxidant role for almonds and nuts (48, 49).

Thus, in a healthy population, age, BMI, smoke, physical
activity, and certain dietary habits are associated with
specific cytokines. These associations remained also upon
the adjustment for BMI. However, CRP, the classical marker
of acute inflammation, was associated only with the BMI and
did not correlate with the other cytokines. Thus, although
CRP is a valuable indicator of inflammation, other molecules
may be useful as markers, particularly to identify the relative
weight of specific factors involved in the progression of
LGCI. This is of particular importance when considering
dietary habits. In this study, we have identified IL-1b and
IL-6 as the cytokines with the strongest relevance in the
correlation between the cytokinome and LGCI risk factors.
These molecules are considered inflammatory markers for
multiple conditions (17, 50) and, together with TNF-a and IL-8,
establish a cluster that may represent a potential LGCI-related
cytokine biomarker.

In conclusion, within this study, we have provided evidence
for the measurement of multiple cytokines in a well-defined and
characterized healthy population and how lifestyle factors and
aging affect specific cytokines.

Future research directions will expand the dietary analysis
by considering the percentage of macronutrients, mainly the
type of fats (i.e., omega 3 and omega 6) that have displayed
a relevant impact on circulating cytokine concentrations
(51, 52). Moreover, the impact of lifestyle/dietary factors
in the framework of international studies on healthy and
pathological populations will be addressed. Finally, intervention
studies will further define the contributions of the examined
factors on cytokine levels. Results will allow to envision
new technological tools and digital platforms to early detect
mediators and risk factors of LGCI and to encourage healthy
lifestyle behaviors.
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This study aimed to examine the association between red meat (RM) and
death from all types of cancer, as well as its association with the incidence
of colon cancer in developed countries. We selected RM, vegetable, tobacco,
alcohol consumption, and socioeconomic status as the dependent variables’
risk factors and performed ordinary least squares (OLS) and a fixed-effect
model (FEM) analysis. Data from 1989 to 2013 for 37 Organization for
Economic Cooperation and Development (OECD) countries. According to
the FEM, cancer death had statistically significant associations with education
level (Coef = —0.022, P = 0.009), total health expenditure (Coef = —0.049,
P = 0.000), aging rate (Coef = —0.178, P = 0.000), tobacco consumption
(Coef = 0.096, P = 0.000), RM consumption (Coef = 0.107, P = 0.000),
and vegetable consumption (Coef = —0.034, P = 0.000). A similar trend was
also observed in the 3 and 5-year lagged models. RM consumption also
demonstrated a significantly positive association with the incidence of colon
cancer in the OLS. According to the scatter plots and fitted lines based on the
recommended allowance RM consumption, cancer deaths and incidence of
colon cancer increased as consumption increased in the excess consumption
group. Regarding vegetable consumption, cancer deaths and incidence of
colon cancer decreased as consumption increased in the group exceeding
the recommended allowance level. RM consumption was found to be higher
than the recommended allowance level. RM consumption increased cancer
deaths and the incidence of colon cancer. There is justification for public health
interventions to limit RM consumption in major developed countries.
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Introduction

Red meat consumption

From a nutritional perspective, red meat (RM) is rich in
essential nutrients, such as proteins, vitamin B, heme iron, and
zinc. Furthermore, fatty acids found in lean tissue, such as
n_3 polyunsaturated and conjugated linoleic acids, are known
for their health benefits (1, 2). Nevertheless, there have been
several reports that inappropriate intake of RM is not good for
health. Saturated fats found in RM increase levels of low-density
lipoprotein (LDL) and cholesterol, which have adverse effects on
cardiovascular health (3). Since the 1950s, the American Heart
Association has recommended reducing the intake of dietary
cholesterol and saturated fats to prevent cardiovascular disease.
Current guidelines suggest that saturated fats should account
for < 7-8% of the total daily calories, and the consumption of
cholesterol should be < 300 mg per day (4). Furthermore, the
genotoxicity and oxidative stress from RM consumption can
induce the destruction of DNA and adenoma formation, which
can lead to cancer (5). RM consumption increases the incidence
of colon and rectal cancers and is associated with breast (6),
prostate, and pancreatic cancers (7). In 2007, the World Cancer
Research Fund (WCRF) recommended < 71 g of daily intake of
RM (8), while the International Agency for Research on Cancer
(TARC) officially named RM as a group 2A carcinogen in 2015.
Particularly, heme iron from RM has been identified as a risk
factor for colon carcinogenesis (9).

Opverall, although RM is a major food category that provides
essential nutrients, excessive consumption of RM has been
recognized in modern society as posing negative effects on
health, including its association with cancer. However, the effect
of over-consumption of RM on cancer from a public health
perspective is unclear. This is because most related studies thus
far have presented findings at the individual level rather than at
the population or national level. However, clinical or individual
studies do not lead to population-level health outcomes due
to a combination of ecological factors (10). Individual-level
studies suggest that people who consume more meat are more
likely develop cancer and die. However, they do not conclude
that cancer death and incidence are higher in countries with
high meat consumption. Therefore, it is not free from an
individualistic fallacy to claim that RM should be restricted at the
community or country level through studies using individuals
as a unit (11, 12). As such, study findings can differ within
the same variables, depending on the research methods and
scope of analysis. Nevertheless, most findings thus far have
been at the individual level (13), and additional research is
needed to examine associations at a nationwide level. A study
by Ranabhat. et al. examined the association between RM
consumption and life expectancy in 164 countries. The findings
demonstrated a positive association between RM consumption
and life expectancy in developing countries but a negative
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association with high-income countries (11). Nonetheless, the
limitation that life expectancy can be affected by many factors
other than RM was discussed, suggesting the need for additional
analysis of health indicators such as cancer, which are more
closely related to RM, as a dependent variable.

Vegetable, tobacco, and alcohol
consumption

Vegetables are known to reduce cancer, stroke, heart disease,
cataracts, and hypertension, and have a positive effect on health
outcomes (12, 14). Vegetable intake is considered an important
aspect of cancer prevention through diet, especially that of
colon cancer (15). Tobacco smoke, the most common cause of
death, is a Group 1 carcinogen that causes 7 million premature
deaths each year worldwide (16). Mortality from smoking
alone is greater than the combined effect of all other causes,
including alcohol consumption, traffic accidents, and acquired
immune deficiency syndrome (AIDS) (17). While the effect of
consumption of small amounts of alcohol on health is debatable,
with regards to cancer, alcohol is known to increase the risk of
liver, prostate, and several other types of cancers (18-20).

Aims and goals

This study aimed to examine the association between RM
and death from all types of cancer, as well as the incidence of
colon cancer in Organization for Economic Cooperation and
Development (OECD) countries between 1989 and 2013. For
this, diet-related behavioral variables of vegetable, tobacco, and
alcohol consumption and socioeconomic status (SES) were set
as control variables.

Methods and materials

Subject and data

Our study subjects were OECD countries. Statistics of OECD
member countries are relatively well established. Therefore, to
compare statistics for policymaking, member states are required
to regularly submit statistics in various fields, such as economy,
society, and health. In this context, the OECD publishes annual
reports in each field, including health at a glance.

The Food Agriculture Organization (FAO) provides RM and
other food-related statistics. We used data from 1989 to 2013
from 37 countries that had joined the OECD. In this study, data
on RM and vegetable consumption were collected from FAO
STAT (http://www.fao.org/faostat), and other data provided by
OECD STAT (https://stats.oecd.org/ and https://data.oecd.org/)
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were used. Both OECD and FAO data are provided by country
and year.

Dependent variables

In this study, deaths due to all types of cancer were included.
The number of cancer deaths per 100,000 people was selected
as the main dependent variable. Among cancers, colon cancer
has already been proven to be closely related to RM. In the case
of colon cancer in the OECD STAT, only the incidence can be
downloaded. Therefore, we selected the incidence rate of colon
cancer as the dependent variable. In the OECD, cancer-related
statistics are officially reported by the health ministries of each
country, and cancer death is noted based on ICD-10 (C00-C97)
and colon cancer based on the diagnosis of C18. The unit was
the incidence per 100,000 people.

Explanatory variables

In FAO STAT, total meat consists of meat obtained from
bovine animals, aquatic mammals, mutton, goat, pig, and
poultry. Except for poultry, the rest were defined as RM
(21). Total vegetable consumption was the sum of onions,
peas, potatoes, roots, tomatoes, and others. RM and vegetable
consumption were measured in grams per capita day. Tobacco
consumption in grams per capita year and alcohol consumption
in liters per capita year; both variables are at age >15 years.

Consumption is the starting stock plus imports and
production, minus exports, seeds, animal feed, disposal, and
other non-food uses and ending stock. FAO defines this as food
available for consumption (22).

10.3389/fnut.2022.929553

Data analysis

A descriptive analysis was conducted on the data pertaining
to 24 years in 37 countries for all variables. Furthermore, some
variables had missing values, and replacing them improved
the predictive power of the model when analyzing panel data
(29, 30). As such, multiple imputations using the Markov
chain Monte Carlo were performed. Although there are no set
standards for the proportion of missing data, substitution was
not performed when the proportion of missing data was <50%
in this study (29, 31). Particularly, substitution was difficult
in this study as the proportion of missing data was higher
in colon cancer than in other variables, and data from some
countries were unavailable. A correlation analysis was conducted
with cancer death, the incidence of colon cancer, and RM,
vegetable, tobacco, and alcohol consumption. Moreover, pooled
ordinary least squares (OLS) and a fixed-effect model (FEM)
were used to determine whether independent variables affected
dependent variables. FEM is a widely used model for panel data
in units of countries. Furthermore, since independent variables
are expected to affect cancer with some time lag, an additional
analysis was conducted with a lag of 3 and 5 years. However,
there were many missing values in the case of colon cancer, so
FEM was not performed, and only OLS was analyzed. Lastly,
the regression line may not necessarily be straight, and it may
affect the dependent variable only when it is at a certain level.
Therefore, we divided the recommended daily allowance into
groups of 71 grams or less and excess in the RM (18). In the
case of vegetables, the average daily consumption of < 500 grams
and excess (32). And scatter plots and quadratic curves were
checked according to this subgroup. In the analysis, the entity
is a country, and the time unit is a year. In addition, all variables
were converted to natural logarithms.

Food available for consumption = starting stocks + (quantity imported + quantity produced) — (quantity exported + seed

+ animal feed + waste + other non-food uses) — ending stocks

SES is closely related to cancer (23, 24) and is the
factor that most affects health outcomes at the national level
(25). The most widely used indicator at the national level
is gross domestic product (GDP) per capita (USD). Health
expenditure is known to positively affect population health, such
as longevity and child mortality (25, 26). Education level is
highly correlated with health (27), and we used the percentage of
tertiary education completed in the 25-64-year-old population.
Total health expenditure (THE) is a concept that encompasses
investment costs of goods and health services, administration,
and health, including medical treatment services, such as
treatment, rehabilitation, and long-term care, and is widely used
as a factor that determines health at a macroscopic level. We
used THE per capita (USD). Finally, we selected the percentage
of the older people over 65 years (aging rate), which affects the
overall socioeconomic factors (28).
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Results

Descriptive statistics

The average number of cancer deaths per 100,000 was 229.5,
of which Mexico (138.7) had the lowest and Hungary (320.3)
had the highest number of deaths. The average incidence of
colon cancer was 29.3 people per 100,000, with Hungary (43.4)
having the highest and Mexico (7.3) having the lowest incidence.
The average GDP per capita was $24,888, with Luxembourg
(58,860.6) having the highest and Colombia (7,924.1) the lowest
GDP. The average of education level was 24.0%, with Canada
(40.8%) having the highest and Turkey (11.8%) having the lowest
rate. The THE averaged $2,086.4, with the USA (5,308.0) having
the highest and Turkey (481.6) the lowest THE. The average
aging rate was 13.6%, with Italy (18.3%) having the highest
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TABLE 1 Summary for dependent and explanatory variables of 37 OECD countries, average from 1989 to 2013.

10.3389/fnut.2022.929553

Cancer Colon GDP Education THE Aging rate Tobacco Alcohol RM Vegetable
(SD) (SD) (SD) (SD) (SD) (SD) (SD) (SD) (SD) (SD)

OECD 229.5(36.9) 29.3(8.3) 24,888.1(13,349.7) 24.0(9.4) 2,086.4 (1,390.5) 13.6 (3.7) 1,976.3 (588.0) 9.4 (3.1) 149.1 (49.4) 511.8 (170.4)
Australia 221.6 (17.4) 33(3.6)  30,604.5(9,595.2) 29.6(6.8) 2,393.5(954.1) 12.5(0.9) 1,402.9 (315.1)  10.3(0.3) 209.1 (14.7) 446.8 (20.2)
Austria 229.1(21) 32.7(2.8) 31,317.2(9,117.7)  22.6(5.6) 2,945.6 (1,060.4) 16 (1.1) 1,954.2 (302.2) 13.3(0.9) 216.6(21.7) 437.2(35.3)
Belgium 244.5(26.7) 34.3(2.7)  29,355.2(8,212)  27.2(5.9) 2,589.9 (1,020.9) 16.5(0.9) 2,023.4(339.1) 11(0.7) 1653 (13) 622.2(72.2)
Canada 233.8(16.8) 35(2.7) 30,808.8(8,201.2) 40.8(8.3)  2,822.2(937) 12.7 (1.1) 1,437.8(279.2) 7.9(0.5) 168.5(10.5) 589.1(27.4)
Chile 220.9(14.9) 24.5(3.8) 11,502.7 (5,427.4)  21.3(2.6) 758.2 (431) 7.9(1.2) 2,188.8(305.1) 7.3(0.8) 103.9(16.5) 448.1(42.6)
Colombia 172.2 (14.8) 14.1(2.5)  7,924.1(2457.7)  18.0 (4.0) 683 (311.3) 5.9 (0.7) 2,277.5(220.8) 5.4 (1.3) 59.5 (5) 286.5 (29.8)
Czechia 287.8(29.2) 36.7(4) 19,2225(6,767.4) 12.7(3.3)  1,230.7 (622.2) 14 (1.2) 2,468.8 (276.7) 11.7(0.3) 159.7(17.5) 497 (101.1)

Denmark 275.1(18.6) 39.2(3)  30,541.6(9,365.1) 26.2(7.4) 2,665.5(1,038.3) 15.6 (0.9) 1,605.4 (176.3) 11.7(1.1) 188.5(41.9) 501 (37.2)

Estonia 2435(11) 24 (4.2) 15,020 (7,106.8)  29.5(6.1)  2,128.5(2,424) 153 (2.1) 2,208.7(251.2) 10.6 (2.2) 131.3(31.9) 622.8(69.8)
Finland 197.9 (16.4) 257 (2.5) 28,160.7 (8866.7)  28.1(8.7)  2,208.9 (923) 15.4 (1.6) 1,090.1(236.9) 9.2(0.7)  144.6 (5.6) 435.5(20.9)
France 231.4(18.4) 33.3(25) 27,173.6(7,211.1) 23.8(5.2) 2,833.5(972.3) 15.7 (1.1) 1,718.5(388.4) 13.8(1.3) 180.9 (10)  511.1(48.9)
Germany 232.3(22.3) 33.4(3.5) 29,887.3(7,969.5) 23.5(2.8) 3,096.7 (987.8) 17.5(2.3) 2,074.3(298.7) 12.5(1.1) 215.5(26.7) 479.6 (16.5)
Greece 207.2(6.3)  20.8(4) 21,249 (6,042.6)  18.6(5.3)  1,696.6 (646.4) 17.1(2) 3,060.6 (587.7)  9.1(1)  168.5(16.4) 958.5(70.8)
Hungary 320.3(23.3) 40.3(3) 14,184 (5,893.6)  17.8(3.6)  1,150.5 (418.1) 15.2(1.2) 1,924.1(257.9) 12.5(0.9) 111.3(18.9) 492.5(59.4)
Iceland 2262 (18.9) 32.8(41) 31,933.8(7,949.1) 27.6(3.9)  2,668.4 (787) 11.6 (0.6) 1,761 (458.7) 6(1) 147.9(9.8)  335.6 (40.3)
Ireland 258.6 (19.8) 36.3(2.1) 31,006.7 (12,499.1) 24.9 (9.4) 2,304.8 (1,288.8)  11.3(0.3)  2,002.2 (470.5) 12.3(1.3) 1753 (14.4) 600.8 (34.4)
Israel 207.7(15.7) 28.2(4.3)  24,607.4(4,031)  33.8(9.8) 1,463 (529.4) 9.7 (0.4) 1,503.3 (247.8) 2.3(0.4) 72.6(14.5) 699.2(93.8)
Ttaly 232.1(19.9) 32.1(22) 27,547.5(6,175)  13.1(5.9) 2,137.5(677.1) 18.3(2.1) 1,797.2(262.9)  9(1.2) 173.2(5.8)  599.3 (53.4)
Japan 200.7 (11.3) 27.5(3.8) 28,137.8(6,028.4) 34.4(8.5) 2,156.1 (931.3) 18 (4.1) 2,709 (539.1)  8.3(0.7) 76.8 (5) 388.8 (22.6)
Latvia 243.5(6.5) 16.6(7.5) 9,918 (7,556.8) 18.1(7.3)  1,215(954.8) 15.4(2.3) 2,547.2 (484.6) 8.9 (1.5) 106.1(28.9) 670.4 (56.8)
Lithuania 236.8(5.6)  20.4(3) 11,361 (6,000) ~ 23.2(10.8) 1001.4 (368.7) 12.6 (1.5) 2494.7 (280.7) 11.6(2.5) 129.5(19)  673.5(52)

Luxembourg 235.2(29.3) 355(2.6) 58,860.6(2,2375.3) 28.1(6.2) 3,656.6 (1,364.1) 13.9(0.2) 1,121.8 (560.6) 13 (1.1)  198.2(27.4) 468.9 (85.2)
Mexico 138.7(13.7) 8.6(2.7) 11,421.9(3,268.5) 17.0(4.7)  982.1(316.1) 5.2(0.8) 1,831.2(384.5) 4.8(0.5)  79.4(7.2) 2029 (27.4)
Netherlands 256.6 (16.9) 35.8(3.3) 32,941.8(10,349.3) 25.0 (6.6) 2,952.4 (1,237.6) 14.1(1.2) 2,2482(519.5) 9.7(0.4) 192.3(25.1) 537 (36.5)

New Zealand 242.5(20.4) 36.2(3.6) 23,128.7(6,648.6) 30.1(6.6) 1,952.5(784.3) 12 (0.8) 1,246.4 (338.4)  9.3(0.4) 201.7 (24.7) 592.4(95.1)
Norway 223.6 (11.6) 32.4(4.1) 39,201.1(16,567.9) 29.8(7.1)  3,100.9 (1,378) 15.4 (0.6) 1,455 (341.6)  5.7(0.7) 132.6(6.4) 425.1(13.1)
Poland 255.3(9.5) 26.2(42) 12,623.1(5964)  15.7 (4.8) 786.8 (436) 12.3(1.3) 2,157.4(366.8) 9.1(0.9) 156 (14.7)  773.7(53.1)
Portugal 206.5(9.6) 253(5) 19,613.6(5715.8) 13.8(4.8) 1,610.2(678.9) 16.3 (1.9) 2,446.3 (474.9) 12.3(1.3) 157.9(16.5) 787.1(86.5)
Republic of Korea 200.5(15.7) 20.8 (5.4)  20,550.2 (8,644)  25.9 (10.6) 997 (590.4) 7.9(2.2) 2,695.9 (486.2) 9(0.3)  94.7(244) 625.7 (36.7)
Slovakia 264.9 (15.1) 30.1 (3.5) 15,048 (6905.6) 13.6(3.1) 1,106.3 (578.1) 115(0.8)  2,337.7(365.7) 11(L1) 135.6(26.5) 470.9 (67.9)
Slovenia 261(8.8) 34.6(3.4) 21,884.8(5430) 18.8(4.8) 1,711.3(503.2) 14.1(2.2) 2,068.1(316.2) 11.7(1.5) 168.7(18.2) 414.7 (78)

Spain 213.9(12.5) 27.4(2.7) 23,185.4(7,340.9) 23.4(7.1) 1,770.9 (730.5) 16 (1.3) 2,089.3(387.1) 11.3(1.1) 203.8(21.2) 697.9 (104.5)
Sweden 203.5(89) 29.3(24) 31,1683(9,038.4) 29.5(5.0) 2,544.4 (1045.4) 17.7 (0.6) 1,521.7 (294.8) 6.6 (0.5)  158(12.9)  419.1 (27)

Switzerland 208.7(25.9) 30.3(3.1) 38,986.1(10,925.9) 26.9(5.5) 3,676 (1,168.3) 15.6 (0.9) 2,341 (452.1)  11.1(1) 162.4(13.7) 417 (22.7)

Turkey 186.5(24.5) 15(4.5)  12,045.9 (4,180.6) 11.0(3.8) 481.6 (279) 6.2 (1) 2,103 (274) 1.5(0.1)  32.6(5.4) 413 (24.5)

UK 249.5(19.4) 37.4(23) 27,639(7,862.1)  28.3(7.7) 2,151.3(1,036.8) 16 (0.4) 1,515.7 (460.1) 10.2(0.7) 138.3(7.2)  211.7(9.4)

USA 224.4(20.6) 34.7(2.2) 37,455.9(9,822.1) 359(5.9) 5,308 (2,006.9) 12.7 (0.4) 1,826.8 (272.7) 85(0.3) 196.1(8.9) 226.7 (13.4)

The results were calculated after multiple imputations of missing values; SD: standard deviation; Cancer: death from cancer per 100,000; Colon: colon cancer incidence per 100,000; GDP:

gross domestic product per capita (US dollars); Education: Percentage of tertiary education completed (25-64 year); THE: total health expenditure per capita (US dollars); Aging rate: rate

in a 65+ population; Tobacco: tobacco consumption (grams per capita/year, +15), alcohol consumption (liters per capita/year, +15), RM: red meat consumption (grams per capita/day),

Vegetable: vegetable consumption (grams per capita/day). All variables were converted to natural logarithms.

and Mexico (5.2%) having the lowest aging rate. The average
tobacco consumption per capita was 1,976.3 grams per capita
year, with Greece (3,060.6) having the highest and Luxembourg
(1,121.) the lowest. The average alcohol consumption was 9.4
liters per capita/year, with France (13.8) having the highest and
Turkey (1.5) the lowest. The average RM consumption was
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149.1 g/capita/day. Austria had the highest RM consumption
at 209.1 g/capita/day, and Turkey (32.6 g/capita/day) had
the lowest. The average vegetable consumption was 511.8
g/capita/day. Greece had the highest vegetable consumption
at 958.5 g/capita/day, with Mexico having the lowest at 202.9
g/capita/day (Table 1).
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TABLE 2 Correlation matrix of cancer death, the incidence of colon cancer, GDP, education, THE, aging rate, tobacco, alcohol, RM, and vegetable

consumption (coefficient and P value).

Cancer Colon GDP Education THE Aging rate Tobacco Alcohol RM Vegetable
Cancer 1
Colon 0.592 (0.000) 1
GDP —0.076 (0.000)  0.541 (0.000) 1
Education 0.164 (0.000)  0.369 (0.000)  0.417 (0.000) 1
THE —0.059(0.074)  0.457(0.000)  0.358 (0.000) —0.369 (0.000)
Aging rate 0.370(0.000)  0.566 (0.000)  0.226 (0.000) —0.410(0.000)  0.580 (0.000) 1
Tobacco 0.166 (0.000) —0.296 (0.000) —0.317 (0.000)  0.108 (0.000) —0.455(0.000) —0.144(0.000) 1
Alcohol 0.488 (0.000)  0.441(0.000)  0.105(0.002) —0.288(0.000)  0.305 (0.000) 0.556 (0.000)  0.054 (0.101) 1
RM 0.421 (0.000)  0.566 (0.000)  0.222 (0.000) —0.197 (0.000)  0.541 (0.000)  0.629 (0.000) —0.197 (0.000)  0.741 (0.000) 1
Vegetable 0.290 (0.000)  0.094 (0.004) —0.088 (0.007)  0.089 (0.007) —0.135(0.000)  0.294 (0.000)  0.204 (0.000) ~ 0.198 (0.000)  0.192(0.000) 1

Cancer: death from cancer per 100,000; Colon: colon cancer incidence per 100,000; GDP: gross domestic product per capita (US dollars); Education: Percentage of tertiary education
completed (25-64 year); THE: total health expenditure per capita (US dollars); Aging rate: rate in a 65+ population; Tobacco: tobacco consumption (grams per capita/year, +15), alcohol

consumption (liters per capita/year, +15), RM: red meat consumption (grams per capita/day), Vegetable: vegetable consumption (grams per capita/day). All variables were converted to

natural logarithms.

Estimates from pearson’s correlation,
pooled OLS and fixed effect regression

Almost all the variables correlated with each other. The RM
consumption was correlated with all variables. Cancer death
had a statistically significant correlation with all other variables
except THE, and colon cancer was statistically correlated with all
variables (Table 2).

The pooled OLS data from 1989 to 2013 showed that the
cancer death rate was associated with GDP [Coefficient (Coef)
= —0.007, P = 0.028], THE (Coef = —0.092, P = 0.000), aging
rate (Coef = 0.159, P = 0.000), alcohol consumption (Coef
= 0.072, P = 0.000), and RM consumption (Coef = 0.123,
P = 0.000). Colon cancer incidence was associated with GDP
(Coef = 0.102, P = 0.000), education level (Coef = 0.081, P
0.003), THE (Coef = —0.066, P = 0.001), aging rate (Coef
= 0.366, P = 0.000), tobacco consumption (Coef = —0.107,
P =0.001), and RM consumption (Coef = 0.248, P = 0.000)
(Table 3).

Longitudinal analysis was performed using FEM (non-

lagged) and 3- and 5-year lagged analyses. Cancer death had
statistically significant associations with education level (Coef
—0.022, P = 0.009), THE (Coef = —0.049, P = 0.000), the
aging rate (Coef = —0.178, P = 0.000), tobacco consumption
(Coef = 0.096, P = 0.000), RM consumption (Coef = 0.107,
P = 0.000), and vegetable consumption (Coef = —0.034, P =
0.000). In the 3-year lagged model, education level (Coef =
—0.030, P = 0.003), THE (Coef = —0.040, P = 0.000), aging
rate (Coef = —0.157, P = 0.000), tobacco consumption (Coef
= 0.094, P = 0.000), and RM consumption (Coef = 0.071, P =
0.000) were statistically related. In the 5-year lagged model, THE
(Coef = —0.043, P = 0.000), aging rate (Coef = —0.077, P =
0.015), tobacco consumption (Coef = 0.083, P = 0.001), alcohol

Frontiersin Nutrition

109

consumption (Coef = 0.068, P = 0.001), and RM consumption
(Coef = 0.043, P = 0.027) were related (Table 4).

Scatter plots and fitted lines by
sub-group analysis of red meat and
vegetable consumption

In the case of RM, the slope did not change as consumption
increased in the group below the recommended allowance.
However, in the excess group, as consumption increased,
cancer death also increased, and when it was above a
certain level, the slope decreased. In the case of vegetables,
the death rate increased as consumption increased in the
group below the recommended level. However, the death
rate decreased as consumption increased in the group above
the recommendation, as was the incidence of colon cancer
(Figure 1).

Discussion

Processed meat is a Group 1 carcinogen that should
be avoided. In contrast, RM is considered a limiting food
instead of an avoidable food (21). For this reason, whether the
consumption of RM should be as restricted as processed meat
remains debatable. In general, in developed countries, health
problems caused by the overconsumption of meat receive more
attention than those caused by a lack of nutrition. In this study,
OECD countries were found to have consumed an average of
149g of RM per day. This is approximately twice the daily
recommended intake of 71 g (8), and a consumption rate higher
than this was observed in all countries except Turkey.
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TABLE 3 Association between cancer death and incidence of colon cancer and each independent variable by pooled OLS analysis, 1989-2013.

Cancer death Incidence of colon cancer

Coef. (T) P value Coef. (T) P value
GDP —0.007 (—2.20) 0.028 0.102 (15.49) 0.000
Education —0.015(—1.13) 0.257 0.081(2.97) 0.003
THE —0.092 (—9.30) 0.000 —0.066 (—2.97) 0.001
Aging rate 0.159 (8.08) 0.000 0.366 (9.20) 0.000
Tobacco 0.015 (1.00) 0.318 —0.107 (—3.49) 0.001
Alcohol 0.072 (4.96) 0.000 0.058 (1.95) 0.051
RM 0.123 (6.78) 0.000 0.248 (6.77) 0.000
Vegetable 0.010 (0.69) 0.489 —0.015(—0.53) 0.595
F 75.51 148.29
Adj. R-square 0.394 0.562
Number of observations 918 918

Cancer: death from cancer per 100,000; Colon: colon cancer incidence per 100,000; GDP: gross domestic product per capita (US dollars); Education: Percentage of tertiary education
completed (25-64 years); THE: total health expenditure per capita (US dollars); Aging rate: rate in an 65+ population; Tobacco: tobacco consumption (grams per capita/year, +15), alcohol
consumption (liters per capita/year, +15), RM: red meat consumption (grams per capita/day), Vegetable: vegetable consumption (grams per capita/day). All variables were converted to
natural logarithms.

TABLE 4 Association between GDP, education, THE, aging rate, RM, vegetable consumption and cancer death by fixed-effect model, 1989-2013.

Fixed effect Lagged 3 year Lagged 5 year

Coef. (T) P value Coef. (T) P value Coef. (T) P value
GDP 0.001 (0.78) 0.437 —0.000 (—0.03) 0.977 —0.003 (—0.88) 0.380
Education —0.022 (—2.62) 0.009 —0.030 (—3.00) 0.003 —0.019 (—1.58) 0.115
THE —0.049 (—9.74) 0.000 —0.040 (—7.13) 0.000 —0.043 (—6.82) 0.000
Aging rate —0.178 (—8.20) 0.000 —0.157 (=5.78) 0.000 —0.077 (—2.43) 0.015
Tobacco 0.096 (10.34) 0.000 0.094 (9.70) 0.000 0.083 (8.43) 0.000
Alcohol 0.016 (0.94) 0.349 0.034 (1.71) 0.087 0.068 (3.26) 0.001
RM 0.107 (7.40) 0.000 0.071 (3.91) 0.000 0.043 (2.22) 0.027
Vegetable —0.034 (—1.80) 0.000 —0.014 (—0.53) 0.527 —0.021 (—1.00) 0.315
F 124.89 114.07 117.03
Adj. R-square 0.539 0.432 0.396
Number of observations 918 807 733
Groups 37 37 37

Cancer: death from cancer per 100,000; Colon: colon cancer incidence per 100,000; GDP: gross domestic product per capita (US dollars); Education: Percentage of tertiary education
completed (25-64 year); THE: total health expenditure per capita (US dollars); Aging rate: rate in a 65+ population; Tobacco: tobacco consumption (grams per capita/year, 4-15), alcohol
consumption (liters per capita/year, +15), RM: red meat consumption (grams per capita/day), Vegetable: vegetable consumption (grams per capita/day). All variables were converted to
natural logarithms.

In OLS, RM was positively associated with cancer death, RM also demonstrated a statistically positive association with the
while non-lagged, 3-year, and 5-year lagged models of FEM incidence of colon cancer in the pooled OLS analysis.
showed a positive association with cancer death. Within Moderate meat intake is not yet a matter of concern
OECD countries, RM demonstrated a positive association with for increased cancer incidence, and the WCRF recommends
nationwide cancer death rates, which suggests that RM is consuming no more than 350 to 500 grams of RM per week
a health threat that requires appropriate control for cancer for cancer prevention (13, 18). Although RM consumption in
prevention and that public health control for RM has not been most countries included in this study exceeded this level, the
well implemented in major developed countries. However, an average consumption was significantly lower than the 200 g per
FEM analysis of colon cancer incidence was not performed in day considered as ‘high consumption, and only 5 countries
this study due to limitations in data collection. Nevertheless, had most countries included. Nevertheless, it is clear that
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FIGURE 1

Correlation between red meat consumption, cancer death, and incidence of colon cancer; sub-group analysis by a recommended allowance of
red meat a day (71 grams). Scatter plots and quadratic curves for red meat consumption and (A) cancer death, and (B) incidence of colon
cancer. All variables were converted to natural logarithms. Correlation between vegetable consumption, cancer death, and incidence of colon
cancer; sub-group analysis by recommended vegetable requirements a day (500 grams). Scatter plots and quadratic curves for vegetable
consumption, (C) cancer death, and (D) incidence of colon cancer. All variables were converted to natural logarithms.

RM consumption increases cancer incidence (including colon
cancer) and mortality.

We can obtain more information through sub-group
analysis according to the consumption of RM. In the case of RM,
the positive association between cancer death and incidence of
colon cancer was more clearly confirmed in the group exceeding
the recommended allowance. Except for a few countries,
the recommended allowance was exceeded in many OECD
countries. Therefore, to respond more sensitively to cancer
prevention policies, it is necessary to implement a nutrition
policy that restricts RM consumption in most OECD countries
and high RM consuming countries. However, the implications of
this study do not involve the restriction of RM consumption in
developing countries. This study involved developed countries,
and considering that RM remains important from a public
health nutrition standpoint following previous research, there
will be no need to control consumption in developing countries
(11, 33, 34). In this study, vegetable consumption was negatively
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associated with cancer deaths in FEM, but it was not significant
in OLS and lagged models. The association with vegetable
consumption could be obtained more clearly through scatter
plots through sub-groups. It was confirmed that the dependent
variable decreased as the consumption of vegetables increased in
the group above the recommended consumption amount.

This is consistent with previous findings that indicate the
effectiveness of vegetable consumption above certain levels in
reducing cancer incidence (35). However, although vegetable
consumption has been demonstrated to reduce the risk of several
types of cancer, including colon cancer (36), some studies have
demonstrated no association (15, 36). Our findings suggest that a
policy intervention to increase consumption of vegetables above
the recommended intake may be necessary to prevent cancer,
with vegetable consumption in OECD countries averaging 511.8
grams per day, indicating that vegetable consumption is still
insufficient in half of the countries. The effects of vegetables
on cancer may also vary depending on the type of vegetable
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consumed (36). However, the type of vegetable is not considered
in this study. More interesting findings may be derived from a
more curated analysis of the amount of consumption and types
of vegetables.

In the FEM and lagged 3 and 5-year model, the number of
cancer deaths decreased as the level of education increased. It
has been consistently studied that education level has a positive
relationship with better health conditions at the individual as
well as the national level. Although this mechanism is somewhat
complicated, it may be because the higher the education level,
the higher the social class or economic level (37) or the education
may have affected health by increasing health literacy (27).
Meanwhile, the incidence of colon cancer death decreased in
both OLS and FEM among SES as the THE increased. THE has
been reported to be positively associated with national health
level in many studies (25), including a study on OECD countries,
where it was deemed to have a negative association with cancer
mortality (38, 39). Traditionally, colon cancer has been known
as a major health problem in developed countries (40). In the
OLS of this study, GDP demonstrated a positive association
with the incidence of colon cancer, which is supported by a
previous study on 11 Balkan countries (41). Furthermore, a
positive association was observed between cancer death and
the incidence of colon cancer in the aging rate. Aging is the
most well-known cause of cancer, and the aging population is
a common cause of increased cancer incidence in developed
countries (39).

Smoking is another major risk factor for cancer. Although
the incidence of colon cancer demonstrated a negative
association with tobacco consumption in the OLS, a positive
association was observed in the simple correlation analysis. This
may be a problem caused by the lack of data and limitations of
the analysis method. Tobacco smoking increases the incidence
and mortality rates of colon cancer (42). In most studies thus
far, a high level of association was observed between smoking
and rectal cancer, but relatively lower or, in some cases, no
level of association with colon cancer (42, 43). Furthermore,
few studies have assessed this association at the country level.
As such, additional research on tobacco consumption and
colon and rectal cancer at the national level is needed with
supplementary data.

Alcohol consumption was positively associated with cancer
death and the incidence of colon cancer in OLS and the
lagged 5-year model. Alcoholic beverages have been classified
as group 1 carcinogens by the IARC and can cause various
types of cancer, including breast, liver, and esophageal cancer
(18). Avoiding excessive alcohol consumption is key to cancer
prevention, not absolute abstinence (42). Nevertheless, it was
clear throughout this study that the level of alcohol consumption
in major developed countries contributed to increased cancer
incidence and mortality. It is estimated that approximately 4%
of the incidence of all cancers worldwide is due to alcohol
consumption (44). A previous study stated that even small
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amounts of alcohol increase the risk of some cancers, and
there is no safe level of alcohol consumption (18). Therefore,
it is imperative that policies to reduce alcohol consumption be
further strengthened for cancer prevention, regardless of the
level of consumption.

It is possible to limit excessive intake of RM in terms of
individual disease prevention through individual unit research.
However, whether these interventions affect health outcomes at
the population level is another matter and does not justify a
policy to limit consumption at the national level. Our findings
indicate that nutritional policies to limit RM consumption may
be needed at the national level in OECD countries.

Limitations and future study

This study is one of the first to confirm the association
between RM and national cancer incidence using panel
data from 37 countries. Nevertheless, this study had several
limitations. First, our research design could not explain the
causal relationship between RM and cancer. Second, the findings
of this study cannot be generalized at the individual level, as
the study was conducted at the country level (ecological fallacy).
Likewise, most previous studies have been on individual intake
(individualistic fallacy), whereas this study focused on national
level consumption, meaning that one must be wary of direct
comparisons. Third, results may vary from country to country
depending on consumption and food culture. To overcome
this limitation, we provided supplementary figures showing
the correlation with the dependent variable according to the
consumption level by country. This may help understand the
relationship between cancer and RM and vegetable consumption
in each country. Finally, the reproducibility or reliability of the
results is not high for colon cancer due to limitations in the
available data. Thus, in the case of colon cancer, data should
be sufficiently supplemented and analyzed using more advanced
techniques than OLS. Furthermore, setting rectal cancer as a
dependent variable will enable more robust research.

Conclusion

The RM consumption in 37 OECD countries was found to
be higher than the recommended intake but lower than the “high
consumption” level. The consumption of RM was positively
related to deaths due to cancer and the incidence of colon cancer.
This finding suggests that an increase in consumption of RM
is highly likely to increase cancer death and incidence of colon
cancer. Our results justify public health interventions to limit
RM consumption in major developed countries. Moreover, the
current level of alcohol consumption is likely to contribute to
an increase in cancer, and policies to reduce its consumption are
necessary. Vegetable consumption was not found to be related to
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cancer in this study, but consumption above a certain level may
effectively prevent cancer.
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a Biomarker of Cruciferous
Vegetable Intake, Were Associated
With Lower Risks of Cardiovascular
Disease and All-Cause Mortality
Among Non-smoking Subjects
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Background: Epidemiologic studies on cruciferous vegetable (CV) intake and
cardiovascular disease (CVD) were inconclusive.

Objective: To investigate the associations of urinary thiocyanate, a biomarker of CV
intake, with CVD and all-cause mortality among non-smoking adults.

Methods: This prospective cohort study comprised 10,489 non-smoking adults
(weighted mean age, 46.8 years; 43.4% male) from the National Health and Nutrition
Examination Survey 2001-2014. Non-smokers were defined as subjects with serum
cotinine < 3 ng/mL. Urinary thiocyanate was measured with ion chromatography
tandem mass spectrometry at baseline, and CVD and all-cause mortality were identified
through linkage to National Death Index until December 31, 2015. Cox proportional
hazards model was applied to estimate the hazard ratios (HRs) with 95% confidence
intervals (Cls) for CVD and all-cause mortality.

Results: A total of 800 deaths, of which 136 died of CVD, were ascertained within a
median 7.8 years of follow-up. Urinary thiocyanate was positively correlated with total
CV intake among non-smoking adults (rs = 0.088, P < 0.001). Comparing extreme
quartiles, the multivariate-adjusted HRs for CVD and all-cause mortality were 0.50 (95%
Cl: 0.29-0.85) and 0.75 (95% ClI: 0.60-0.92), respectively. Each 1 ng/g creatinine
increment of log-transformed urinary thiocyanate was associated with a 25% (HR: 0.75;
95% Cl: 0.62-0.91) reduced CVD mortality risk and 12% (HR: 0.88; 95% Cl: 0.81—
0.96) reduced all-cause mortality risk. The documented inverse associations persisted
in sensitivity analyses.
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Urinary SCN and Mortality Risk

Conclusion: Increased levels of urinary thiocyanate, a candidate biomarker of CV
intake, were associated with low risks of CVD and total mortality among non-smoking
adults. This prospective biomarker-based study provided further evidence to support
the cardiovascular benefits of CVs.

Keywords: thiocyanate, biomarker, cruciferous vegetable, cardiovascular disease, mortality, National Health and

Nutrition Examination Survey

INTRODUCTION

Immense health and economic burdens are produced by
cardiovascular disease (CVD) globally (1, 2). Despite the fact
that fatalities attributable to CVD in United States declined
during the 1980s to the 2010s, CVD remains the leading cause
of death worldwide, and the global death toll of CVD was
expected to exceed 23.6 million by 2030 (1). It was estimated
by the American Heart Association in 2016 that nearly half
of the American population would be affected by CVD to
some extent and total costs of CVD would reach 1.1 trillion
dollars by 2035 (1). Hence, much concern had been raised
about developing effective strategies, such as healthy diets
(3), to prevent CVD.

Cruciferous vegetables (CVs) are featured by their high
glucosinolates contents (4) and had been recognized as part
of healthy diet (5). Nonetheless, human studies on CV intake
and CVD were inconclusive, with some prompting protective
effects while others reporting no significant associations
(Supplementary Table 1). Joshipura et al. (6) observed no
significant association between CV intake and risk of ischemic
CVD among 70,870 females from the Nurses’ Health Study
(NHS) and 38,918 males from the Health Professionals’
Follow-Up Study (HPFS). However, a pooled analysis of two
prospective cohort studies comprising 134,796 Chinese adults
reported that higher CV intake was associated with a lower
risk of mortality from CVD (7). Food frequency questionnaires
(FFQs) were applied to estimate CV intake in previous studies
(Supplementary Table 1), making the results susceptible to
measurement error and misclassification. Hence, biomarker-
based studies are anticipated to have a better understanding of
the association between CV intake and risk of CVD.

Thiocyanate, a metabolite of cyanide from tobacco or
glucosinolates from CVs (8), could be ubiquitously detected
in urine samples (9). Elimination of thiocyanate occurs in
the kidneys, and the half-life of thiocyanate is 3 days in
individuals without renal insufficiency (8). Cigarette smoking
makes considerable difference in the major source of thiocyanate,
and thiocyanate primarily originates from tobacco for smokers
and diet for non-smokers, respectively (10). Moreover, urinary
thiocyanate levels vary between smokers and non-smokers, and
smokers have much higher urinary thiocyanate measurements
(11, 12). These facts provide a clue that urinary thiocyanate might
be a biomarker of CV intake among non-smokers.

In this prospective cohort study of non-smoking adults, we
aimed to investigate the associations of urinary thiocyanate
with CVD and all-cause mortality. We hypothesized that higher
levels of urinary thiocyanate, a biomarker of CV intake, may be

associated with lower risks of CVD and all-cause mortality among
non-smoking subjects.

MATERIALS AND METHODS

Study Population

National Health and Nutrition Examinations Survey (NHANES)
is a series of nationally representative surveys enrolling
approximately 5,000 non-institutional civilians in the
United States each year (13). This program had been approved by
the National Center for Health Statistics (NCHS) Ethics Review
Board and gained informed consent from participants. Details
on the program were described elsewhere (13).

We used data from NHANES 2001-2014 cycles, from
which a total of 69,236 participants with medical examination
data were preliminarily selected. 33,004 adults were left after
participants aged < 20 years, without mortality data, or
having CVD at baseline were excluded. A total of 14,500
participants with complete urinary thiocyanate and creatinine
and serum cotinine measurements were further identified.
Benowitz et al. (14) recommended 3 ng/mL as the cut-off point to
distinguish smokers and non-smokers based on a US nationally
representative sample of 3,078 smokers and 13,078 non-smokers.
Hence, 10,489 adults with serum cotinine < 3 ng/mL were
identified as non-smokers and included in this prospective cohort
study (Supplementary Figure 1).

Urinary Thiocyanate Measurement

Spot urine specimens were collected into sterile 250-mL
containers, following the instructions described in the NHANES
Laboratory Procedures Manual (15). Urinary thiocyanate levels
were determined with ion chromatography coupled with
electrospray tandem mass spectrometry in the National Center
for Environmental Health (16). Chromatographic separation
of compounds was carried out in IonPac AS16 column with
sodium hydroxide as the eluant (16). Details of laboratory
methodology, quality control, and quality assurance were
described elsewhere (16). The limit of detection (LOD) was 20
ng/mL for thiocyanate, and the detection limit divided by the
square root of two was assigned as the corresponding value for
the measurements below LOD.

Outcomes Assessment

The outcomes of interest in our study were CVD and all-cause
mortality, which were identified through linkage to the National
Death Index until December 31, 2015 (17). Causes of death had
been ascertained according to the International Classification of
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Diseases, Tenth Revision (ICD-10) by the NCHS. In the current
study, CVD deaths were defined as deaths attributed to heart
disease or cerebrovascular diseases (ICD-10 codes 100-109, 111,
113, 120-151, 160-169). Follow-up duration was defined as the
interval from the mobile examination center date to the date of
death or December 31, 2015, whichever occurred first.

Covariates Assessment

Demographic, socioeconomic, lifestyle, and dietary information
was collected with questionnaires by trained interviewers.
Race/ethnicity was categorized as non-Hispanic white, non-
Hispanic black, Mexican American, and others (10, 18). Family
poverty income ratio (PIR), a measure of family income,
was classified into three categories (<1.3, 1.3- < 3.5, > 3.5).
Participants who had less than 12 alcohol drinks in their lifetime
were classified as never drinkers; those who had at least 12 alcohol
drinks but avoided alcohol in the past 12 months were defined as
former drinkers; and individuals who drank alcohol in the past
12 months when surveyed were categorized as current drinkers.
Physical activity was classified into never, moderate, and vigorous
according to replies of respondents to the items related to daily,
recreational, and sedentary activities. Vigorous activities were
defined as activities that cause large increases in breathing or
heart rate for at least 10 min, and moderate activities were defined
as activities that cause small increases in breathing or heart rate
for at least 10 min (19). Dietary information was obtained with
24-h dietary recall interviews by trained dietary interviewers, and
total energy intake was calculated with the automated multiple
pass method. Healthy Eating Index-2015 (HEI-2015), which
comprises nine adequacy and four moderation components, was
used to indicate overall diet quality (20). HEI-2015 ranged from
0 to 100, and a higher score indicated a better diet quality
(20). A 139-item FFQ, which was developed from the validated
National Cancer Institute Diet History Questionnaire (DHQ)
(21), was added to NHANES 2003-2004 and 2005-2006 to obtain
information on food and food group consumption patterns
during the past year. The FFQ contained two items related to
CV, “Did you eat broccoli?” and “Did you eat cauliflower?”
and the answers ranged from “never” to “two or more times
per day.” Total CV consumption (times/week) was calculated
by summing the consumption of broccoli and cauliflower, two
common Brassica species. The arithmetic mean of the upper
and lower limits was used as the corresponding consumption.
If the highest intake category interval was right-open (e.g., > 7
times/week), the corresponding intake was set at 1.2 times
the lower boundary (e.g., 8.4 times/week) (22). If the lowest
intake category interval was left-open (e.g., < 1 time/week), the
corresponding intake was set at half the upper boundary (e.g.,
0.5 time/week) (23). Anthropometric information was collected
by trained health technicians, and body mass index (BMI) was
calculated as weight (kg) divided by height (m) squared. Cotinine,
the metabolite of nicotine, has a half-life of 15-20 h in plasma,
and was preferred as the biomarker of smoking in previous
studies (14, 24, 25). Serum cotinine was measured with an isotope
dilution-high performance liquid chromatography/atmospheric
pressure chemical ionization tandem mass spectrometry (26).
The detection limit of serum cotinine was 0.015 and 0.011 ng/mL

was assigned as the corresponding value for the results below
the detection limit (26). Second-hand smoking was defined as
serum cotinine between LOD and 3-ng/mL cut-off point in this
study. Blood pressure measurements were collected by examiners
who had been certified through a training program with mercury
sphygmomanometers. Hypertension was defined as systolic
blood pressure (SBP) > 140 mmHg, diastolic blood pressure
(DBP) > 90 mmHg, or currently taking prescribed medicine
for hypertension (27). Urinary concentrations of creatinine were
measured with an enzymatic method based on Jaffe rate reaction
(28). Urinary iodine was measured with inductively coupled
plasma-mass spectrometry (29) and categorized into low iodine
excretion (<100 pg/L) and high iodine excretion (> 100 pg/L)
according to the classification recommended by the World
Health Organization (30).

Statistical Analysis

Missing values of covariates were imputed with medians and
missing indicators for continuous and categorical variables,
respectively. Number and proportion of missing covariates
were shown in Supplementary Table 2, and a total of 4,827
missing values were imputed. Urinary thiocyanate was divided
by creatinine concentration to adjust for urine dilution, and
log-transformed to alleviate the skewed distribution. Geometric
means of urinary thiocyanate measurements according to
population characteristics were calculated. Taking the complex,
multistage, and probability sampling design of NHANES into
account, we applied sampling weights and sample design
variables in formal analyses.

Participants were categorized according to quartiles of
urinary thiocyanate. Continuous variables were expressed with
weighted means and standard errors, and categorical variables
were expressed with numbers and weighted proportions.
The baseline characteristics across thiocyanate quartiles were
compared with linear regression for continuous variables and
logistic regression for categorical variables. Partial Spearman
correlation coefficient between urinary thiocyanate and total
CV intake was calculated in a pilot study among NHANES
2005-2006. Cox proportional hazards regression model was
applied to investigate the associations of urinary thiocyanate
with risks of CVD and total mortality. The proportional
hazards assumptions were tested with Schoenfeld residuals
method, and no violation was observed. Confounders, including
age (years, continuous), sex (male, female), race/ethnicity
(non-Hispanic white, non-Hispanic black, Mexican American,
others), secondhand smoking (yes, no), BMI (< 25, 25-
< 30, > 30 kg/m?), education attainment (under high school,
high school, above high school), family PIR (< 1.3, 1.3-
< 3.5, > 3.5), alcohol consumption (never, former, current),
physical activity (never, moderate, vigorous), total energy intake
(kcal, continuous), HEI-2015 score (continuous), urinary iodine
(< 100, > 100 pg/L), and hypertension (yes, no), were adjusted
in the multivariate models. The P-value for linear trend was
calculated by introducing medians of quartiles as continuous
variables into the model. We additionally calculated the
multivariate-adjusted hazard ratios (HRs) with 95% confidence
intervals (CIs) for CVD and total mortality associated with
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each 1 pg/g increment in log-transformed urinary thiocyanate.
Restricted cubic splines with 3 knots at the 5th, 50th, and 95th
percentiles of log-transformed urinary thiocyanate distribution
were further plotted to examine the log-linear dose-response
relationships between urinary thiocyanate and CVD and total
mortality, and the reference value was set at the 10th percentile.

Stratified analyses by age (< 50 years, > 50 years), sex (male,
female), race/ethnicity (non-Hispanic white, others), obesity
(yes, no), secondhand smoking (yes, no), current drinking
(yes, no), hypertension (yes, no), and diet quality (lower,
higher) were performed to examine whether these factors
modified the association between urinary thiocyanate and CVD
mortality. Potential interaction between urinary thiocyanate and
stratification factor was evaluated by introducing a multiplicative
term between urinary thiocyanate and stratification variable as
continuous variables into the multivariate models, and testing
whether the coefficient of the interaction term was equal to zero.
Taking increased false positive in multiple hypothesis testing into
account, we adjusted P-value with Bonferroni correction, and
statistical significance was set at P < 0.006 (0.05/8 subgroups).
We also calculated the false discovery rate (FDR) to identify
as many significant interactions as possible while controlling a
relatively low proportion of false positives, and FDR < 0.05 was
considered as significant.

Moreover, several sensitivity analyses were conducted to
evaluate the robustness of our results. First, we introduced
urinary creatinine as a covariate into the multivariate models
rather than divided thiocyanate by creatinine to adjust for urine
dilution. Second, participants with daily energy intake < 500
or > 5,000 kcal were excluded to examine whether our results
were sensitive to extreme daily energy intake. Third, we excluded
the total vegetables component from the HEI-2015 score and
precluded the adjustment of BMI to avoid potential over-
adjustment, and introduced fasting plasma glucose into models.
Fourth, dietary fiber, B-carotene, folate, vitamin K, total fruits,
total dairy, and whole grains intake, rather than HEI-2015 score,
were adjusted in multivariate models. Fifth, we adjusted SBP,
DBP, and antihypertensive therapy rather than hypertension in
models, considering the evidence that antihypertensive drug
treatment could affect the cardiovascular outcomes (31, 32).
Finally, multiple imputed data sets for missing covariates were
generated under the missing-at-random assumption since single
imputation did not reflect the uncertainty about the predictions
of the missing values.

We used STATA 15.1 (StataCorp LLC, Texas, United States)
and SAS 9.4 (SAS Institute, NC, United States) for statistical
analysis. All tests were bilateral, and P-values lower than 0.05
were recognized as statistical significance unless otherwise stated.

RESULTS

Characteristics of Study Population

This cohort comprised 10,489 non-smoking subjects (weighted
mean age, 46.8 years; 43.4% male). The mean urinary thiocyanate
was 1.28 mg/L. The geometric mean of urinary thiocyanate
was 0.94 and 0.95 mg/g creatinine in never and secondhand

smokers (Supplementary Table 3), respectively. Higher urinary
thiocyanate levels were observed among female and non-
Hispanic white participants (Supplementary Table 3). Non-
smoking subjects with higher urinary thiocyanate levels were
more likely to be current drinkers, have high family incomes
and education attainments, exercise regularly, and have higher
intakes of total vegetables, total dairy, whole grains, fiber, -
carotene, folate, and vitamin K (Table 1). There was no significant
difference in serum cotinine levels across thiocyanate quartiles
(P = 0.31). Urinary thiocyanate was positively correlated with
total CV intake (r; = 0.088, P < 0.001) in this non-smoking
population (Supplementary Table 4).

Associations of Urinary Thiocyanate
With Cardiovascular Disease and
All-Cause Mortality

During 78,095 person-years of observation (median follow-
up, 7.8 years), a total of 800 deaths, of which 136 died of
CVD, were ascertained. Comparing extreme thiocyanate
quartiles, the multivariate-adjusted HRs for CVD and all-
cause mortality were 0.50 (95% CI: 0.29-0.85, P-trend = 0.02)
and 0.75 (95% CI: 0.60-0.92, P-trend = 0.009), respectively
(Table 2). Inverse log-linear dose-response relationships
between urinary thiocyanate and risks of CVD (P-non-
linearity = 0.86) and total (P-non-linearity = 0.14) mortality
were depicted in the restricted cubic splines (Figure 1). Each
1 pgl/g creatinine increment of log-transformed urinary
thiocyanate was associated with a 25% (HR: 0.75; 95%
CI: 0.62-0.91) reduced risk of CVD mortality and 12%
(HR: 0.88, 95% CI: 0.81-0.96) reduced risk of all-cause
mortality (Table 2).

Subgroup and Sensitivity Analyses

The association of urinary thiocyanate with CVD mortality
stratified by several important confounders was depicted, and
a stronger inverse association between urinary thiocyanate
and CVD mortality was observed among non-Hispanic
white participants (P-interaction = 0.002, FDR = 0.016)
(Supplementary Figure 2). After directly introducing urinary
creatinine as a covariate into the multivariate model to
adjust for urine dilution, we consistently observed the inverse
associations (Supplementary Table 5). Moreover, neither
excluding extreme values of daily energy intake nor excluding
the total vegetables component from HEI-2015 score distorted
the documented inverse associations of thiocyanate exposure
with CVD and all-cause mortality (Supplementary Tables 6, 7).
The inverse associations persisted after excluding BMI from
the multivariate models and further adjusting fasting plasma
glucose in models (Supplementary Table 7). Comparing
extreme quartiles, the HRs for CVD and all-cause mortality
were 0.50 (95% CI: 0.29-0.85) and 0.75 (95% CI: 0.61-0.92) in
the multivariate models where dietary fiber, -carotene, folate,
vitamin K, total fruits, total dairy, and whole grains intake were
adjusted (Supplementary Table 8). In the multivariate model
where SBP, DBP, and antihypertensive drug treatment were
controlled, HRs (95% ClIs) for CVD and all-cause mortality risk
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TABLE 1 | Characteristics of study population according to quartiles of urinary thiocyanate?®.

Characteristics Total Quartiles of urinary thiocyanate P-value
1 (lowest) 2 3 4 (highest)

No. of participants 10,489 2,623 2,624 2,620 2,622

Age, years 46.8+0.3 47.6+0.5 45.6 £ 0.5 46.1 £ 0.5 478 £ 0.4 <0.001

Men, n (%) 4,519 (43.4) 1,296 (47.9) 1,148 (43.9) 1,045 (41.8) 1,030 (41.3) <0.001

Race/ethnicity, n (%) <0.001

Non-Hispanic white 4,640 (68.7) 809 (54.1) 1,034 (63.6) 1,254 (72.1) 1,543 (79.8)

Non-Hispanic black 1,917 (9.7) 547 (12.6) 507 (11.2) 448 (9.1) 415 (7.0)

Mexican American 2,212 (9.6) 730 (14.9) 588 (11.1) 528 (8.7) 366 (5.5)

Others 1,720 (12.0) 537 (18.4) 495 (14.0) 390 (10.0) 298 (7.6)

Family poverty income ratio, n (%) <0.001

<1.3 2,448 (15.0) 758 (19.2) 646 (17.6) 539 (12.9) 505 (11.8)

1.3- <35 3,670 (32.3) 970 (35.4) 918 (32.6) 896 (30.5) 886 (31.5)

>3.5 3,614 (47.1) 700 (39.9) 863 (43.7) 999 (51.4) 1,052 (51.0)

Education attainment, n (%) <0.001

Under high school 2,580 (14.4) 894 (21.2) 646 (15.3) 552 (11.8) 488 (11.2)

High school 2,166 (20.5) 526 (20.7) 543 (20.5) 512 (19.8) 585 (21.1)

Above high school 5,737 (65.0) 1,198 (57.8) 1,435 (64.2) 1,655 (68.4) 1,649 (67.7)

Smoking status®, n (%) 0.10

Never 3,058 (30.7) 718 (29.4) 784 (30.6) 829 (33.0) 727 (29.6)

Secondhand 7,431 (69.3) 1,905 (70.6) 1,840 (69.4) 1,791 (67.0) 1,895 (70.4)

Alcohol consumption, n (%) <0.001

Never 1,741 (13.3) 535 (17.5) 452 (14.8) 367 (11.3) 387 (11.0)

Former 1,769 (14.0) 501 (16.0) 423 (13.9) 423 (13.5) 422 (13.2)

Current 6,235 (66.4) 1,362 (58.6) 1,560 (64.8) 1,648 (69.0) 1,665 (70.6)

Physical activity, n (%) <0.001

Never 3,485 (26.3) 1,027 (31.7) 881 (27.7) 801 (24.3) 776 (23.1)

Moderate 3,337 (33.0) 765 (30.0) 818 (33.1) 851(33.2) 903 (34.9)

Vigorous 3,583 (40.0) 800 (37.0) 904 (38.6) 948 (41.8) 931 (41.6)

Hypertension, n (%) 3,437 (28.8) 952 (32.5) 800 (27.7) 790 (26.2) 895 (29.4) 0.003

BMI, kg/m? 28.7 £ 0.1 28.4+0.2 28.8+0.2 28.5+0.2 289 +0.2 0.007

Urinary creatinine, mg/dL 11565 +1.0 148.3+2.3 1295 +1.9 109.2 +1.8 87.0+1.3 <0.001

Urinary thiocyanate, pg/L 1282.7 £ 231 458.4 £ 9.4 877.5+12.7 1261.0 £ 20.2 2208.6 + 43.6 <0.001

Urinary iodine, pg/L 331.6 £ 94.9 222.7 £8.7 268.1 +28.4 244.5 +29.2 538.1 + 320.4 0.47

Serum cotinine, ng/mL 0.14 £ 0.01 0.13 £ 0.01 0.14 £ 0.01 0.14 £ 0.01 0.15 £ 0.01 0.31

Total energy intake, kcal 2133.7 £ 13.3 1995.2 +£25.5 2121.0 £ 24.0 2179.8 £ 24.1 2199.2 £21.9 <0.001

HEI-2015 score 548 +£0.2 543 +0.3 545+ 0.3 55.0 £ 0.3 55.3 +0.4 0.04

Total fruits® 2.67 £0.03 2.83+£0.05 2.65 +£0.05 2.67 £0.05 2.57 £0.05 <0.001

Total vegetables® 3.42 +£0.02 3.27 £ 0.04 3.39 + 0.03 3.45 +0.03 3.52 +0.03 <0.001

Total dairy® 5.50 + 0.06 5.15 + 0.08 5.40 +£0.10 5.56 + 0.09 5.75 + 0.08 <0.001

Whole grains® 2.77 £0.05 2.56 + 0.08 2.68 +0.08 2.86 +0.08 2.92 +0.09 <0.001

Dietary fiber, g 17.2+0.2 16.3+0.3 16.9+ 0.3 176 +£0.3 17.8+0.3 <0.001

B-carotene, mg 2201.6 + 58.8 1872.1 £88.9 2132.7 £95.3 2267.3 £126.2 2428.4 £ 1141 <0.001

Folate, g 420.1 £ 3.8 3942+ 6.8 4127 +£7.7 429.9+5.8 435.3 +£5.9 <0.001

Vitamin C, mg 90.1+£1.4 89.3+2.3 89.6 + 2.6 929+ 23 88.6 £ 2.0 0.32

Vitamin K, mg 107.9+24 945+ 4.2 104.4 £ 3.6 107.7 £ 3.8 1204 £ 4.4 <0.001

aContinuous variables were expressed as weighted means and standard errors and categorical variables were expressed as numbers and weighted percentages. The
sums of percentages may not reach 100%, owing to the rounding of decimals and missing values. Baseline characteristics across thiocyanate quartiles were compared
with linear regression for continuous variables and logistic regression for categorical variables.

bparticipants with serum cotinine < 0.015 mg/dL and 0.015- < 3 mg/dL were considered as never and secondhand smokers, respectively.

CTotal vegetables, total fruits, total dairy, and whole grains intake were estimated with HEI-2015 total vegetables, total fruits, total dairy, and whole grains components,
respectively.

BMI, body mass index; HEI, Health Eating Index.

comparing extreme thiocyanate quartiles were 0.52 (0.30-0.91) DISCUSSION

and 0.75 (0.59-0.95), respectively (Supplementary Table 9).

Similar results were observed after missing values of covariates In this prospective cohort of non-smoking adults, we
were handled with multiple imputation (Supplementary observed inverse associations of urinary thiocyanate with
Table 10). CVD and total mortality. Comparing extreme quartiles, the
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TABLE 2 | Associations between urinary thiocyanate and cardiovascular disease and all-cause mortality among non-smoking adults.

Quartiles of urinary thiocyanate

Continuous®

P-value for trend

1 (n =2,623) 2 (n =2,624) 3 (n = 2,620) 4 (n =2,622)
Range, mg/g <0.50 0.50-0.89 0.89-1.51 >1.51
CVD mortality
No. of death 46 28 37 25
Model 12 1.00 (reference) 0.71(0.42-1.22) 0.89 (0.57-1.40) 0.51(0.30-.57) 0.77 (0.64-0.92) 0.02
Model 2° 1.00 (reference) 0.68 (0.40-1.15) 0.89 (0.56-1.43) 0.50 (0.29-0.85) 0.75 (0.62-0.91) 0.02
All-cause mortality
No. of death 262 166 187 185
Model 12 1.00 (reference) 0.78 (0.61-0.99) 0.83 (0.68-1.02) 0.70 (0.57-0.86) 0.86 (0.80-0.94) 0.001
Model 2P 1.00 (reference) 0.77 (0.61-0.97) 0.86 (0.70-1.05) 0.75 (0.60-.92) 0.88 (0.81-0.96) 0.009

aModel 1: adjusted for age (years, continuous), sex (male, female), race/ethnicity (non-Hispanic white, non-Hispanic black, Mexican American, others), secondhand
smoking (yes, no).

bModel 2: further adjusted for body mass index (< 25, 25- < 30, > 30 kg/m2 ), education attainment (under high school, high school, above high school), family poverty
income ratio (< 1.3, 1.3- < 8.5, > 3.5), alcohol consumption (never, former, current), physical activity (never, moderate, vigorous), total energy intake (kcal, continuous),

Healthy Eating Index-20156 score (continuous), urinary iodine (< 100 ng/L, > 100 wg/L), and hypertension (yes, no).

CPer 1 wg/g creatinine increment in log-transformed urinary thiocyanate.
CVD, cardiovascular disease; HR, hazard ratio.
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FIGURE 1 | Associations of urinary thiocyanate levels with (A) cardiovascular disease and (B) all-cause mortality among non-smokers. Hazard ratio was represented
by solid line and 95% confidence intervals were represented by dashes. Model was adjusted for age (years, continuous), sex (male, female), race/ethnicity
(non-Hispanic white, non-Hispanic black, Mexican American, others), secondhand smoking (yes, no), body mass index (< 25, 25- < 30, > 30 kg/m?), education
attainment (under high school, high school, above high school), family poverty income ratio (< 1.3, 1.3- < 3.5, > 3.5), alcohol consumption (never, former, current),
physical activity (never, moderate, vigorous), total energy intake (kcal, continuous), Healthy Eating Index-2015 score (continuous), urinary iodine (< 100 wg/L, > 100
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multivariate-adjusted HRs for CVD and all-cause mortality
were 0.50 (95% CI: 0.29-0.85) and 0.75 (95% CI: 0.60-0.92),
respectively. Moreover, each 1 pg/g creatinine increment
of log-transformed wurinary thiocyanate was associated
with a 25% (HR: 0.75; 95% CI: 0.62-0.91) reduced CVD
mortality risk and 12% (HR: 0.88; 95% CI: 0.81-0.96) lower
all-cause mortality risk.

To our knowledge, this cohort represents the first
biomarker-based study to examine the associations of CV intake
with CVD and all-cause mortality. Our findings were consistent

with emerging studies that suggested the cardiovascular benefits
of CVs (5, 7, 33, 34). An inverse association between CV intake
and incident ischemic stroke was observed in a pooled analysis of
two prospective cohort studies, which comprised 75,596 females
in the NHS and 38,683 males in the HPFS (34). Zhang et al.
(7) reported that higher CV intake was associated with a lower
risk of mortality from CVD in two large Chinese prospective
cohorts. Moreover, two recent meta-analyses of prospective
studies provided the evidence of inverse association between CV
intake and CVD (5, 35).
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Estimating CV intake with quantitative biomarkers has
received increasing attention (36, 37). Urinary isothiocyanate,
another decomposed product of glucosinolates, had been
applied in previous studies (36-38). A positive correlation
between urinary isothiocyanate and self-reported CV intake
(rs = 0.1149, P < 0.0001) was observed in 3,589 females and
1,015 males from Shanghai (37). It should be noted that nearly
half of isothiocyanates were eliminated after 2-4 h of CVs
administration (38). The reproducibility, namely the correlation
between samplings within the same individual on independent
occasions (39), of a biomarker is determined by its half-life and
the stability of individual intake of certain food/nutrient (39).
Hence, the reproducibility of isothiocyanate might be poor in
populations where CVs are less frequently or stably consumed.
Compared with isothiocyanates, thiocyanates have a half-life
of 3 days in healthy individuals (8). However, the validity
of the urinary thiocyanate biomarker was questionable among
smokers, and we observed no significant correlation between
urinary thiocyanate and CV intake in smoking adults. In the
current study, smokers had much higher urinary thiocyanate
measurements than non-smokers in US adults (data not shown),
consistent with previous studies (11, 12). A cross-sectional
sample of 2027 females from NHANES 2003-2008 suggested that
urinary thiocyanate levels among smokers were approximately
five times higher than among non-smokers (11). After controlling
environmental tobacco smoke, urinary thiocyanate was positively
correlated with self-reported CV intake (r; = 0.086, P < 0.001)
among those with serum cotinine < 3 ng/mL in this study.

The underlying mechanisms of the documented inverse
associations remain unclear, however, there are several possible
explanations. First, CVs are important sources of dietary fiber,
vitamins, and various phytochemicals, such as flavonoids (40)
and sulforaphane (41), and these components are likely to act
synergistically to enhance the cardiovascular benefits. There was
convincing evidence of inverse association between dietary fiber
and CVD mortality (42). A pooled analysis of 21 prospective
studies provided evidence of inverse association between dietary
vitamin K consumption and risk of coronary heart disease
(43). A meta-analysis of 11 prospective cohort studies suggested
that higher dietary flavonoid intake was associated with a
lower risk of stroke (44). Moreover, sulforaphane had been
suggested to protect against CVD due to its antioxidant
and anti-inflammatory properties (45). Second, thiocyanate
had been validated to play an important role in the host
defense and protect cells against hypochlorous acid (HOCI), a
powerful oxidant (8, 46). Hypothiocyanous acid, a product of
hydrogen peroxide and thiocyanate catalyzed by peroxidases,
is a potent antimicrobial agent and has the capability to cross
the bacterial cell wall and inhibit the activity of glycolytic
enzymes and urease (8, 46). Moreover, a previous in vitro
study found that thiocyanate could exert influence on the
extent and nature of HOCI-induced macrophage damage,
and reported a protective effect of thiocyanate intervention
on the development of chronic inflammation (47). Third,
higher CV intake had been suggested to be associated
with a lower risk of diabetes (48), a major risk factor
for CVD (1).

Strengths of our study included the large sample of non-
smoking adults and prospective and biomarker-based study
design. Compared with interviews or self-reported FFQs,
the quantitative biomarker could minimize the measurement
error and misclassification introduced by biased recall, limited
food items in questionnaires, and inaccurate portion-size
estimation. Moreover, variability in glucosinolates contents
across Brassica species, storage conditions, and preparing
methods was allowed for with the measure of internalized
exposure to Brassica thiocyanates.

Limitations of this prospective cohort study should be
also acknowledged. First, we limited our analyses to those that
were eligible for mortality linkage. Hence, internal validity of
estimates derived from this cohort study is threatened due to
follow-up bias (49). Second, urinary thiocyanate was measured
with spot urine specimens at baseline. Hence, measurement
error and potential misclassification might arouse due to
variable hydration of participants and temporal variability. Single
measurement of urinary thiocyanate might not reflect long-
term exposure due to within-individual variability. Moreover,
reproducibility of the urinary thiocyanate biomarker could
not be examined with single measurements. Nonetheless, it
was burdensome to collect repeated 24-h urine samples in
large-scale surveys, and we performed conventional creatinine
standardization as well as covariate adjustment to adjust for urine
dilution and observed consistent results. Further longitudinal
studies with repeated measurements are expected to validate
the reproducibility of the biomarker and replicate our results.
Third, although total CV intake was obtained from the FFQ
developed from the validated DHQ, the FFQ only included
two commonly consumed Brassica species. A previous cross-
sectional study conducted in Korea, where residents consume
large amounts of CVs, revealed that daily intake of thiocyanate
through CVs varied across species (50). Moreover, portion
size information was not collected with the FFQ, hence, we
failed to obtain a more accurate estimate of CV intake.
Hence, further validation studies with species and portion-
size considered are needed. Fourth, low levels of thiocyanate
could also be found in milk and cassava (10, 51, 52), hence,
urinary thiocyanate is not perfectly specific for CVs in this
non-smoking population. However, the inverse associations
were not significantly altered by adjusting the total dairy
adequacy component. Moreover, considering previously reported
no significant associations of starchy vegetable intake with
CVD and total mortality (53), the observed inverse associations
in the current study may be attenuated. Finally, our results
should be interpreted with caution due to residual confounding.
Although we have adjusted total energy intake in multivariate
models, consistent with the isocaloric diet/disease relationship
of greatest interest, the standard multivariate model failed to
completely adjust for confounding from common causes of
dietary intake and composition (54). In addition, there are
numerous nutrients and non-nutrients in foods due to the
complexity of human diet, and residual confounding of other
dietary factors could not be eliminated, although we have
adjusted some nutrients and foods intake in multivariate models
and observed unaltered results.
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CONCLUSION

This prospective cohort study suggested that higher levels of
urinary thiocyanate, a biomarker of CV intake, were associated
with lower risks of CVD and all-cause mortality among non-
smoking adults. Our findings supported recommendations to
increase CV consumption to promote cardiovascular health, and
further studies are warranted to validate our results.
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Background and Aims: Dietary factor plays an important role in the prevention of
cardiovascular disease (CVD). The healthy eating index-2015 (HEI-2015), an indicator of
the overall dietary quality, has been introduced to reflect adherence to the 2015-2020
Dietary Guidelines for Americans (DGA). This study aims to explore the associations of
the HEI-2015 with predicted 10-year CVD risk and heart age among United States
adults aged 30-74 years old using data from the National Health and Nutrition
Examination Survey (NHANES) 2011-2014.

Methods and Results: We conducted a cross-sectional analysis among 6,614
participants aged 30-74 years old. The HEI-2015 scores were calculated from 2-days
24-h dietary recall interviews. The 10-year CVD risk and heart age were derived from
the sex-specific Framingham general cardiovascular disease risk score. We defined
high cardiovascular disease risk as a predicted 10-year cardiovascular disease risk
of > 20%. Multiple linear regression and binary logistic regression models were used to
investigate the associations of the HEI-2015 with predicted 10-year CVD risk and heart
age. Compared with participants in the lowest HEI-2015 quartile, those in the highest
quartile had lower predicted 10-year CVD risk (B = —2.37, 95% CI: —3.09 to -1.65,
P < 0.0001), lower heart age (p = —2.63, 95% ClI: —3.29 to —-1.96, P < 0.0001) and
lower odds for high risk of CVD (OR = 0.62, 95% CI: 0.49 to 0.80, P-trend < 0.0001)
after adjusting for multiple covariates.

Conclusion: Higher adherence to the 2015-2020 Dietary Guidelines for Americans is
associated with lower predicted 10-year cardiovascular disease risk and lower heart age
among United States adults.

Keywords: HEI-2015, 10-year CVD risk, heart age, cross-sectional study, NHANES

Abbreviations: CVD, cardiovascular disease; HEI, healthy eating index; DGA, Dietary Guidelines for Americans; NHANES,
National Health and Nutrition Examination Survey; CHD, coronary heart disease; AUC, Area Under Curve; US,
United States; NCHS, National Center for Health Statistics; CDC, Centers for Disease Control and Prevention; HDL-C, high-
density lipoprotein cholesterol; SBP, systolic blood pressure; HbAlc, glycated hemoglobin Alc; WWEIA, What We Eat in
America; USDA, United States Department of Agriculture; DHHS, United States Department of Health and Human Services;
AMPM, Automated Multiple-Pass Method; MEC, Mobile Examination Center; TC, total cholesterol; HHS, Department of
Health and Human Services; BMI, body mass index; SE, standard error; OR, odds ratio; CI, confidence interval; SFA, saturated
fatty acid; MedDiet, Mediterranean diet; DASH, Dietary Approach to Stop Hypertension; USFA, unsaturated fatty acid; NHS,
Nurses’ Health Study; HPFS, Health Professionals Follow-up Study; MEC, Multiethnic Cohort; HDI, Healthy Diet Indicator;
GDR, Global Dietary Recommendations; AHEIL, Alternative Healthy Eating Index; WHO, World Health Organization.
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INTRODUCTION

Cardiovascular disease (CVD) remains the leading cause of death
in the United States in 2018, with coronary heart disease (CHD)
leading the list (42.1%), followed by stroke (17%), hypertension
(11%), heart failure (9.6%), and arterial disease (2.9%) (1). Age,
sex, high blood pressure, smoking, high cholesterol, and diabetes
are recognized as risk factors for CVD (1-4). To help with the
primary prevention of persons at high CVD risk, D’Agostino et al.
developed a model based on the Framingham Heart Study to
assess a person’s absolute risk of developing CVD in the next
10 years. This general CVD risk prediction model was well-
discriminative and calibrated, with a C statistic ranging from
0.76 to 0.79. The C statistic is similar to the area under the
receiver operating characteristic curve (AUC) and it is usually
used to reflect the predictive value for a prediction model (5).
The predicted 10-year CVD risk score is useful for clinicians to
provide treatment recommendations to patients with CVD and
for patients to conduct self-cardiac assessments based on this
model (6). As a new concept derived from the Framingham risk
score, heart age was defined as the chronological age of a person
with the same CVD risk score but other risk factors at the normal
level (5). Compared with 10-year CVD risk, heart age is more
likely to prompt and motivate people to understand CVD risk
factors and improve life behaviors to arouse emotional resonance
(7, 8).

According to the global burden of disease study, the health
care cost of CVD continues to rise in recent years (9, 10). The
direct cost of CVD in the United States was estimated to be as
high as $216 billion in 2016-2017, while cancer costs only $105.6
billion (11). Improving unhealthy dietary behaviors provides
crucial new insights into reducing the risk of CVD and alleviating
the healthcare burden caused by CVD (12, 13). The Healthy
Eating Index (HEI) is updated every 5 years as a comprehensive
measure of diet quality. HEI-2015, the latest version of the HEI,
was developed to evaluate adherence to the 2015-2020 Dietary
Guidelines for Americans (DGA) (14). To date, few studies have
investigated the association between the HEI-2015 score and
CVD risk in the general population (15-17). In this study, we
provide the most recent estimates of the associations between
HEI-2015 and predicted 10-year CVD risk, as well as heart age,
in a representative United States population aged 30-74 years
old, based on combined data from the 2011-2012 and 2013-2014
National Health and Nutrition Examination Surveys (NHANES).

MATERIALS AND METHODS
Study Population

National Health and Nutrition Examination Surveys is a
nationally representative cross-sectional survey conducted by the
National Center for Health Statistics (NCHS) of the Centers for
Disease Control and Prevention (CDC) (18). The Framingham
general CVD risk score was recommended for use in the
30-74 age range (5). Of the participants who completed the
interview (19,931 in the NHANES 2011-2014), we included
8,240 participants aged 30-74 in this study. We further excluded

participants with missing HEI-2015 data (n = 1,043), missing
data for variables for the construction of 10-year CVD risk
score [high-density lipoprotein cholesterol (HDL-C), systolic
blood pressure (SBP), and glycated hemoglobin Alc (HbAlc)]
(n =508), and missing data on covariate (n = 75). A total of 6,614
participants were included in the final analysis. A flow chart of
the sample selection is shown in Figure 1.

Healthy Eating Index-2015 Assessment

The dietary interview component of the National Health and
Nutrition Examination Survey was collected for What We Eat
in America (WWEIA). WWEIA is conducted as a partnership
between the United States Department of Agriculture (USDA)
and the United States Department of Health and Human Services
(DHHS). DHHS is responsible for the survey sample design
and data collection, while USDA is responsible for the dietary
data collection methodology, maintenance of the databases used
to code and process the data, and data review and processing.
The USDA Automated Multiple-Pass Method (AMPM) is used
for collecting 24-h dietary recalls in WWEIA (19). The first
day was conducted face-to-face in the dietary interview room
of the Mobile Examination Center (MEC) and the second day
was collected via telephone 3-10 days later. The food group
of the diet calculation was determined by the USDA Food
Patterns Equivalence Database, and energy or nutrient content
was determined by the USDA Food and Nutrient Database for
Dietary Studies.

The calculation of the HEI-2015 score was not based on the
absolute amount of ingredients but was based on the energy
density per 1,000 kcal (except fatty acids). Fatty acids were scored
as unsaturated fatty acids divided by saturated fatty acids. The
index with a total score ranging from 0 to 100 consists of 13
components: total fruits, whole fruits, total vegetables, greens
and beans, whole grains, dairy, total protein foods, seafood and
plant proteins, fatty acids (nine recommended components to
include in a healthy diet) and refined grains, sodium, added
sugars, and saturated fats (four components that should be
consumed sparingly). Each component is scored separately and
added together to obtain the HEI-2015 total score. Adequacy
components intake is proportional to score, while the moderation
components are the opposite.

Estimation of the 10-Year Cardiovascular

Disease Risk and Heart Age

The endpoint used in the Framingham Heart Study for predicting
CVD risk was a composite outcome including CHD (coronary
death, myocardial infarction, coronary insufficiency, and angina),
cerebrovascular events (including ischemic stroke, hemorrhagic
stroke, and transient ischemic attack), peripheral artery disease
(intermittent claudication), and heart failure (20). The sex-
specific Framingham general CVD risk score is based on age,
sex, total cholesterol (TC), HDL-C, SBP, hypertension treatment
or not, diabetes mellitus, and smoking status (5). Regarding the
CVD risk, the population was further stratified into two risk
categories: low (predicted 10-year CVD risk score of < 20%)
and high (predicted 10-year CVD risk score of > 20%) (5).
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FIGURE 1 | Flow diagram of the study participant selection. NHANES, National Health and Nutrition Examination Survey; HEI-2015, Healthy Eating Index-2015;
HDL, high-density lipoprotein; SBP, systolic blood pressure; HbA1c, glycated hemoglobin A1c; BMI, body mass index.

time) (n=75)

Meanwhile, heart age, defined as the age of a person with the
same predicted risk of CVD but with all other risk factors at
the normal level, was also estimated using the sex-specific-based
Framingham general CVD risk score, and the risk factors used
in the calculation were fully consistent with the predicted 10-year
CVD risk. Briefly, we first calculated the CVD points for men and
women based on the CVD risk factors mentioned above. Then,
the predicted heart age was determined by converting the CVD
points according to the “heart age” sheet published previously (5).

Definition of Covariates

Sociodemographic, lifestyle factors, and physical examination
data were obtained through household questionnaires by
bilingual trained study staff. The self-reported demographic
covariates included sex (male or female), educational level
(<high school, high school, or > high school), ethnicity
(Hispanic, non-Hispanic White, non-Hispanic Black, or others),
and family economic situation (income-to-poverty ratio < 1.30,
1.31-1.85, and > 1.85). The family monthly poverty level index
(income-to-poverty ratio) represents household income as a
ratio of total family income to the poverty level defined by the
Department of Health and Human Services (DHHS).

As for lifestyle factors, smokers were defined as those who had
smoked at least 100 cigarettes in life. Drinkers were defined as
participants who consumed alcohol 12 or more times in any given
year. Sedentary time is an indicator of sedentary behavior refers to
the amount of time spent sitting during the day other than sleep.

All anthropometric data were measured by highly trained
medical personnel to minimize errors in the measurement
process. SBP and diastolic blood pressure were the averages
of three consecutive readings of measurements in a sitting
position after a 5-min quiet rest. A fourth blood pressure
measurement was taken if one reading was incomplete. Standing
height was measured by a stadiometer and body weight was
measured by a digital weight scale requiring participants to wear
a standard examination gown and no jewelry. Body mass index
(BMI) (kg/m?) was defined as weight (kg) divided by height
squares (m?).

Diabetes was diagnosed as HbAlc > 6.5% or currently
using insulin or diabetes medications. Tosoh Automated
Glycohemoglobin Analyzer HLC-723G8 was used to determine
the content of % HbAlc in whole blood (21). The analysis of
serum HDL-C and serum TC was carried out by Roche/Hitachi
Modular P Chemistry Analyzer, for measurement of HDL-C
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by a magnesium/dextran sulfate method and serum TC by a
completely enzymatic method (22, 23).

Statistical Analysis

Considering the complex sampling design and multi-year data
of NHANES 2011-2014, the sample weights for both cycles were
used for statistical analysis. The results are presented as weighted
mean =+ SE for continuous variables and weighted percentages
for categorical variables. To compare characteristics by HEI-
2015 quartile groups, we conducted weighted one-way analyses of
variance for continuous variables and weighted chi-square tests
for categorical variables. The associations of HEI-2015 with 10-
year CVD risk and heart age were estimated using multivariable
linear regression models according to quartiles of the HEI-2015,
in which the lowest quartile was used as the reference category.
The binary logistic regression models were also used to determine
the odds ratio (OR) and 95% confidence interval (CI) for the
high predicted 10-year risk of CVD, with adjusting for potential
confounders. We also used the HEI-2015 score as a continuous
variable in the analysis. Model 1 adjusted for age and sex. Model
2 additionally adjusted for ethnicity, drinking status, education
level, family monthly poverty level, and sedentary time. In Model
3, we adjusted for all the covariates in Model 2 plus BMI as
a continuous variable. To test the overall trend, we used the
median of HEI-2015 in each quartile as a continuous variable in
the regression model. In addition, the interactions between HEI-
2015 and various covariates have also been tested, and stratified
analyses were performed. Statistical significance for all analyses
was two-tailed P < 0.05. All analyses were performed using SAS
version 9.4 (SAS Institute, Cary, NC, United States).

RESULTS

Characteristics of Study Participants

We identified 6,614 participants with sufficient information to
predict the 10-year CVD risk (3,211 men and 3,403 women). The
general characteristics of the participants are shown in Table 1.
Participants with higher HEI-2015 scores were more likely to
be older, female, more likely to have higher educational level
and family monthly poverty level index, and less likely to be
a drinker. In contrast, weighted mean BMI was higher among
participants who had a lower HEI-2015 score. No statistically
significant differences were found between groups for the variable
of sedentary time.

The Association of the HEI-2015 Score
With Predicted 10-Year Cardiovascular
Disease Risk and Heart Age

Results of multivariable linear regression analyses for the
association of HEI-2015 score with 10-year CVD risk and heart
age are shown in Table 2. There were significant negative
associations of HEI-2015 with 10-year CVD risk and heart
age after adjusting for age, sex, ethnicity, drinker, education
level, family monthly poverty level, sedentary time, and BMI.
The corresponding regression coefficients of the highest quartile

group of the HEI-2015 score were —2.05 (95% CI: —2.76 to -1.33,
P < 0.0001) for 10-year CVD risk and —2.19 (95% CI: —2.85 to
-1.53, P < 0.0001) for heart age, with the lowest quartile group as
the reference. In addition, linear trends were also observed in the
associations of HEI-2015 with 10-year CVD risk (P-trend<0.05)
and heart age (P-trend<0.05).

The Association of HEI-2015 With High
10-Year Cardiovascular Disease Risk
Among United States Adults Aged

30-74 Years Old

The ORs and 95% ClIs for high 10-year CVD risk (predicted
10-year risk > 20%) are presented in Table 3. In the age and
sex-adjusted model (model 1), participants who had the highest
quartile of HEI-2015 score had lower odds of high 10-year
CVD risk compared to those who had the lowest quartile of
HEI-2015 score (OR: 0.51; 95%CI: 0.40-0.64; P-trend<0.0001).
The significant association remained when further it is adjusted
for ethnicity, drinking status, education level, family monthly
poverty level, sedentary time, and BMI, and the corresponding
OR (95% CI) was 0.62 (0.49-0.80). In addition, the interactions
between other covariates and HEI-2015 scores, except for BMI
(P for interaction = 0.0335), were not significant (Figure 2).
The variables adjusted for subgroup analysis in Figure 2 were
consistent with Model 3 in Table 3, except for the subgroup
variables that were not included in the model. A subgroup
analysis according to normal or wasting (BMI < 25 kg/m?),
overweight (25 < BMI < 30 kg/mz), and obese (BMI > 30 kg/mz)
showed that participants with normal BMI and the highest HEI-
2015 score had 61% lower odds of high 10-year CVD risk
(OR = 0.39, 95% CI: 0.22-0.69) compared with those with the
lowest HEI-2015 score.

DISCUSSION

In this cross-sectional study, we found that a higher HEI-2015
score was associated with a significantly lower predicted 10-year
CVD risk and lower heart age in United States general population
aged 30-74 years old.

Numerous studies have shown that some foods and dietary
ingredients were associated with the risk of CVD (24-27), and
those studies usually draw inconsistent conclusions. For example,
several studies found that saturated fatty acid (SFA) intake was
positively associated with cardiovascular events (28-30), but
a recent review reported that there is a lack of association
between SFA consumption and non-communicable diseases (31).
Although the research on the effect of a single food or nutrient on
CVD risk has extensive and profound significance, people’s daily
diet is a mixture of multiple foods and nutrients. In recent years,
the impact of complete dietary patterns on CVD has aroused
widespread interest, such as the Mediterranean diet (MedDiet),
the Dietary Approach to Stop Hypertension (DASH) diet, the
vegetarian dietary pattern, etc. The Mediterranean diet, which is
rich in whole grains, vegetables, fruits, and olive oil (replace SFA
with USFA), etc., has strong relevance for reducing the incidence
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TABLE 1 | Characteristics of study participants according to HEI-2015 quartile (weighted analysis).

Characteristic Quartile of HEI-2015 P-value?
Q1 (19.0-44.8) Q2 (44.8-54.4) Q3 (54.4-64.4) Q4 (64.4-95.8)

N 1,653 1,654 1,654 1,653

Age (years) 475+0.3 50.0 £0.3 50.5+0.3 529 +0.3 <0.0001

Sex, n (%) <0.0001

Male 889 (54.4) 840 (52.7) 789 (47.3) 693 (40.5)

Female 764 (45.6) 814 (47.3) 865 (52.7) 960 (59.5)

Ethnic, n (%) <0.0001

Hispanic 306 (12.5) 367 (14.0) 413 (14.8) 382 (12.5)

Non-Hispanic white 778 (69.7) 665 (68.4) 628 (67.9) 605 (70.0)

Non-Hispanic black 431 (12.8) 415 (11.5) 376 (10.4) 295 (7.5)

Other races 138 (5.1) 207 (6.2) 237 (6.9) 371(9.9)

Education, n (%) <0.0001

<High school 434 (20.2) 371 (15.2) 361 (14.9) 253 (8.9)

High school 428 (25.8) 415 (24.7) 315 (16.3) 262 (14.0)

>High school 791 (54.0) 868 (60.1) 978 (68.8) 1,138 (77.1)

Family monthly poverty level category, n (%) <0.0001

<1.30 720 (31.9) 580 (24.9) 510 (20.1) 371 (14.5)

1.31-1.85 274 (14.5) 253 (11.9) 285 (14.1) 252 (10.6)

>1.85 659 (53.6) 821 (63.2) 859 (65.8) 1030 (74.9)

Drinker, n (%) <0.0001

Yes 1,214 (77.7) 1,172 (77.4) 1,148 (77.1) 1,108 (75.2)

No 439 (22.3) 482 (22.6) 506 (22.9) 550 (24.9)

BMI (kg/m?) 30.4 +£0.2 30.4 +£0.2 29.3+0.2 27.9 £ 0.1 <0.0001

Sedentary time (h/day) 6.6 + 0.1 6.7 +0.1 6.8+ 0.1 6.8+ 0.1 0.3891

"Values are presented as weighted mean + SE or number (weighted %); HEI-2015, healthy eating index-2015; BMI, body mass index; Q, quartile; Q1 refer to the
unhealthiest diet quality; Q4 refer to the healthiest diet quality. Weighting factors were used in calculating P-values to account for the complex survey design of NHANES.
One-way analyses of variance were used for continuous variables and the chi-square test was used for categorical variables.

TABLE 2 | Regression coefficients and 95% confidence intervals of HEI-2015 for 10-year CVD risk and heart age.

HEI-2015 Predicted 10-year CVD risk Heart age
Unstandardized coefficients B (95%CI) P-value P trend® Unstandardized coefficients B (95%Cl) P-value P trend
Model12
HEI-20156 —0.09 (-0.10, —0.07) <0.0001 —0.10 (-0.11, —0.08) <0.0001
Q1 0O (reference) - <0.0001 0 (reference) - <0.0001
Q2 —0.44 (—1.14, 0.25) 0.2110 —0.85 (—1.49, —0.21) 0.0096
Q3 —1.46 (-2.15, —0.76) <0.0001 —1.76 (—2.41, —1.12) <0.0001
Q4 —3.13 (—3.83, —2.43) <0.0001 —3.48 (—4.14, —2.83) <0.0001
Model23
HEI-2015 —0.07 (-0.08, —0.05) <0.0001 —0.07 (-0.09, —0.06) <0.0001
Q1 0O (reference) - <0.0001 0 (reference) - <0.0001
Q2 —0.18 (-0.87, 0.51) 0.6160 —0.57 (-1.21,0.07) 0.0791
Q3 —1.08 (—1.78, —0.38) 0.0023 —1.31 (—1.95, —0.66) <0.0001
Q4 —2.37 (-3.09, —1.65) <0.0001 —2.63 (—3.29, —1.96) <0.0001
Model3*
HEI-2015 —0.06 (—0.07, —0.04) <0.0001 —0.06 (—0.08, —0.04) <0.0001
Q1 0O (reference) - <0.0001 0 (reference) - <0.0001
Q2 —0.15(—0.83, 0.53) 0.6664 —0.54 (-1.17, 0.09) 0.0934
Q3 —0.92 (—1.61, —0.23) 0.0093 —1.09 (—1.72, —0.45) 0.0008
Q4 —2.05 (-2.76, —1.33) <0.0001 —2.19 (-2.85, —1.53) <0.0001

THEI-2015, healthy eating index-2015; Q, quartile; Q1 refers to the unhealthiest diet quality; Q4 refers to the healthiest diet quality; B, unstandardized regression coefficient;
Cl, confidence interval. Unstandardized coefficients B and 95% Cl from Multivariable linear regression models with adjustment as follows: 2Model 1 adjusted for age, and
sex. Model 2 adjusted for variables in model1 + ethnicity, drinker, education level, family monthly poverty level, and sedentary time. *Model 3 adjusted for variables in
model 2 + BMI. °P trend, Test for trend was a sequential test of the quartiles of dietary quality scores. SHEI-2015 as a continuous variable.
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TABLE 3 | Odds ratios (OR) and 95% confidence intervals (Cl) of HEI-2015 for high predicted 10-year CVD risk.’

HEI-2015 P trend®
Continuous® Q1 Q2 Q3 Q4
Total 6,614 1,653 1,654 1,654 1,653
No of participants at high risk (>20%) 1,474 362 412 356 344
Model 12 0.98 (0.97, 0.99) 1 (reference) 1.08 (0.86, 1.36) 0.69 (0.54, 0.86) 0.51 (0.40, 0.64) <0.0001
Model 23 0.984 (0.98, 0.99) 1 (reference) 1.14 (0.91, 1.44) 0.73(0.57, 0.92) 0.59 (0.47, 0.76) <0.0001
Model 34 0.986 (0.98, 0.99) 1 (reference) 1.13(0.89, 1.42) 0.75 (0.59, 0.95) 0.62 (0.49, 0.80) <0.0001

THEI-2015, healthy eating index-2015; Q, quartile; Q1 refer to the unhealthiest diet quality; Q4 refer to the healthiest diet quality. OR and 95% CI from a binary logistic
regression model with adjustment as follows: °Model 1 adjusted for age, and sex. SModel 2 adjusted for variables in model 1 + ethnicity, drinker, education level, family
monthly poverty level, and sedentary time. “Model 3 adjusted for variables in model 2 + BMI. °P trend, Test for trend was a sequential test of the quartiles of dietary

quality scores. 6 HEI-2015 as a continuous variable.

Total(Weighted% Adjusted
Subgroup of High Risk) HEI-2015 OR(95%CI)  P-interaction
Overall 6614(19.2) —-— 0.62(0.49,0.80) .
Age 0.2779
<60 4651( 8.9) — 1.38(0.99,1.91)
>=60 1963(48.7) —— 0.77(0.57,1.06) :
Sex 0.1537
Male 3211(31.1) —— 0.67(0.49,0.93)
Female 3403(7.9) —— 0.61(0.42,0.89) .
Ethnic 0.7927
Hispanic 1468(14.9) —a— 0.56(0.34,0.92)
Non-Hispanic white 2676(20.3) —a— 0.77(0.52,1.16)
Non-Hispanic black 1517(19.0) —— 0.46(0.29,0.75)
Other races 953(16.7) —.— 0.66(0.32,1.38) .
Drink 0.1905
Yes 4637(21.1) —— 0.67(0.50,0.89)
No 1977(12.8) —a— 0.50(0.32,0.80) .
Education 0.6640
<High school 1419(23.6) —a— 0.68(0.42,1.08)
High school 1420(22.2) —a— 0.74(0.44,1.23)
>High school 3775(17.2) —— 0.72(0.51,1.01) .
Family monthly poverty level category 0.8009
<=1.30 2181(19.1) —— 0.70(0.46,1.06)
1.31-1.85 1064(19.6) —a— 0.56(0.31,1.01)
>1.85 3369(19.1) —a— 0.75(0.53,1.07) ;
BMI 0.0335
<25 1758(12.0) —— 0.39(0.22,0.69)
25-29 2200(17.9) —— 0.66(0.44,1.01)
>=30 2656(25.0) —— 0.92(0.64,1.33)
T T T T
0.0 0.5 1.0 1.5 2.0
FIGURE 2 | Associations of the highest quartile of HEI-2015 score with high predicted 10-year CVD risk for subgroups. HEI-2015, Healthy Eating Index-2015; BMI,
Body Mass Index; OR, odds ratio; Cl, confidence interval. The variables adjusted for in the subgroup analysis were consistent with Model 3 in Table 3, except for the
subgroup variables that were not included in the model. P-interaction refers to the interaction analysis between HEI-2015 and various covariates.

and mortality of CVD and preventing the occurrence of various
chronic diseases (32-34). The DASH diet is generally used to
reduce high blood pressure, one of the risk factors for CVD, and,
thus, it also makes a significant contribution to the prevention
of CVD (34-36). A systematic review and meta-analysis of the
DASH diet have shown that there was a significant inverse linear
relationship between DASH diet consumption and CVD risk,
and the changes in blood pressure and cholesterol concentration
caused by the DASH diet would reduce the predicted 10-year

CVD risk by approximately 13% (37, 38). Some previous studies
have examined the relationship between dietary patterns based
on dietary guidelines and CVD, but most of them have focused
on revealing the occurrence of specific cardiovascular outcome
events (such as CHD, stroke) and CVD mortality (15-17).
A recent analysis of the relationship between HEI-2015 and CVD
based on the Nurses’ Health Study (NHS), NHS II, and Health
Professionals Follow-up Study (HPFS) has shown that higher
diet scores were significantly associated with a lower risk of
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cardiovascular events (15), which is similar to our findings. Our
study population was more comprehensive and representative of
the United States population of all races and genders than the
study population, which included only female nurses and male
health professionals. Our study of the HEI-2015 in the NHANES
2011-2014 is consistent with previous findings in the Multiethnic
Cohort, linking HEI-2015 with reduced CVD risk (39). HEI-
2015 has also demonstrated the predictive criterion validity
for all-cause, cancer, and CVD mortality in the United States
Participants, with the highest diet quality had a 13% to 21%
decreased risk of CVD mortality compared with the lowest diet
quality (40).

Apart from the aforementioned studies on CVD, only two
studies focused on the relationship between dietary guideline-
based dietary indices and predicted 10-year CVD risk and
showed mixed results. A randomized study of Iranian male
military personnel found no significant relationship between
10-year CVD risk and the Healthy Diet Indicator (HDI)-2020
(41). HDI-2020, based on the Global Dietary Recommendations
(GDR), is the latest version of the WHO publication for
the prevention of chronic diseases, and its components are
calculated as a percentage of energy (42). Results from the
randomized sample study of Iranian employees also showed
no significant association between the Alternative Healthy
Eating Index (AHEI) and predicted 10-year CVD risk (43).
The AHEI is also designed to reduce food and nutrient
intake associated with chronic disease risk (44). Different
from the above two studies, our study used HEI-2015,
an index reflecting the dietary guidelines for United States
residents, in a nationally representative United States population.
We found that there was a significant inverse association
between HEI-2015 and the predicted 10-year CVD risk (OR:
0.62; 95%CI: 0.49-0.80; P-trend<0.0001). Furthermore, similar
results were also found when we replaced predicted 10-year
CVD risk with heart age as the outcome in the analysis.
Compared with 10-year CVD risk, the psychological impact
of the concept of heart age on the general population will
be more intuitive.

There are several strengths in our study. First, we used
the latest version of HEI to explore the relationship between
the overall diet quality and the predicted 10-year CVD risk.
HEI-2015, a comprehensive dietary index, can better reflect
Americans’ compliance with the 2015-2020 DGA. Second,
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Background: Observational studies have revealed that dried fruit intake
may be associated with cancer incidence; however, confounding factors
make the results prone to be disturbed. Therefore, we conducted a two-
sample Mendelian randomization (MR) study to explore the causal relationship
between dried fruit intake and 11 site-specific cancers.

Materials and methods: Forty-three single nucleoside polymers (SNPs)
with robust genome-wide association study (GWAS) evidence, strongly
correlated with dried fruit intake, were used as instrumental variables
(IVs) in this study. The summary-level genetic datasets of site-specific
cancers were obtained from the Oncoarray oral cavity and oropharyngeal
cancer consortium, International Lung Cancer Consortium, Breast Cancer
Association Consortium (BCAC), Ovarian Cancer Association Consortium,
PanScanl, and GWAS of other scholars. We analyzed the causality between
dried fruit intake and 11 site-specific cancers using the inverse-variance-
weighted (IVW) and weighted median (WM) methods. For the results of the
MR analysis, Cochran’s Q test was used to check for heterogeneity, and
multiplicative random effects were used to evaluate the heterogeneity further.
Gene pleiotropy was tested using MR-Egger regression and MR-PRESSO
methods. In addition, the main results of this study were validated by using
the summary statistical data from the FinnGen and UK Biobank databases,
and adjusted body mass index (BMI), years of education, fresh fruit intake,
and vitamin C using multivariable MR analysis to ensure the stability of the
research results.

Results: The evidence from IVW analyses showed that each increase of
dried fruit intake by one standard deviation was statistically significantly
associated with 82.68% decrease of oral cavity/pharyngeal cancer incidence
risk (P = 0.0131), 67.01% decrease of lung cancer incidence risk (P = 0.0011),

frontiersin.org
134


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2022.899137
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2022.899137&domain=pdf&date_stamp=2022-07-18
mailto:chen.gang@wmu.edu.cn
mailto:wang.yi@wmu.edu.cn
https://doi.org/10.3389/fnut.2022.899137
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnut.2022.899137/full
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

Jin et al.

10.3389/fnut.2022.899137

77% decrease of squamous cell lung cancer incidence risk (P = 0.0026),
53.07% decrease of breast cancer incidence risk (P = 4.62 x 10~°), 39.72%
decrease of ovarian cancer incidence risk (P = 0.0183), 97.26% decrease of
pancreatic cancer incidence risk (P = 0.0280), 0.53% decrease of cervical
cancer incidence risk (P = 0.0482); however, there was no significant effect
on lung adenocarcinoma (P = 0.4343), endometrial cancer (P = 0.8742),
thyroid cancer (P = 0.6352), prostate cancer (P = 0.5354), bladder cancer
(P = 0.8996), and brain cancer (P = 0.8164). In the validation part of the
study results, the causal relationship between dried fruit intake and lung
cancer (P = 0.0043), squamous cell lung cancer (P = 0.0136), and breast
cancer (P = 0.0192) was determined. After adjusting for the potential impact
of confounders, the causal relationship between dried fruit intake and lung
cancer (P = 0.0034), squamous cell lung cancer (P = 0.046), and breast cancer
(P = 0.0001) remained. The sensitivity analysis showed that our results were
stable and reliable.

Conclusion: The intake of dried fruits may have a protective effect
against some site-specific cancers. Therefore, health education and a
reasonable adjustment of dietary proportions may help in the primary
prevention of cancer.

dried fruit intake, site-specific cancers, causal relationship, Mendelian randomization,

incidence risk

Introduction

Cancer is a major global health problem and the second
leading cause of morbidity and mortality, resulting in a heavy
disease burden (1). In recent years, significant progress has been
made in cancer treatment (2), early detection (3, 4), and control
of specific risk factors, such as smoking (5), polycyclic aromatic
hydrocarbon (6), cyclophosphamide (7), and carcinogenic
infection (8, 9); however, the harm of cancer to human health
and quality of life still exists. Generally, cancer prevention
focuses on specific risk factors, such as tobacco use, diet, living
habits, and carcinogen infection, which is determined by its
high complexity and heterogeneity (10). Studies have shown that
more than 30% of cancers are caused by dietary factors (11,
12). Therefore, adjusting dietary patterns and changing dietary
habits can effectively prevent cancer development.

Traditional observational epidemiological studies have
shown that tumor incidence is associated with insufficient intake
of fruits and vegetables. For instance, increased dietary fiber
consumption may have additional benefits in patients with
colorectal cancer after diagnosis (13). Fruits and vegetables are
considered protective factors in the etiology of lung cancer, even
though the confounding effects of smoking cannot be ruled
out (14). The risk of prostate cancer is significantly reduced
when the intake of fruits and vegetables is high (15). However,
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most observational studies on the relationship between diet
and cancer do not distinguish between dried fruit and raw
fruit or do not mention the impact of dried fruit on cancer.
Dietary guidelines in many countries also encourage people to
choose non-juice-form fruits as much as possible, including
dried fruit (16). Dried fruit is a stable form of fruit that
remains fresh through drying technology; however, it mainly
appears in the human diet as a snack, accounting for a
relatively small proportion. Some clinical and laboratory studies
have reported that the intake of dried fruit is related to the
progression or occurrence of some cancers. Nevertheless, the
discussion on the relationship between dried fruit intake and
the risk of cancer is only based on animal models or laboratory
data (17, 18), and there is a lack of reliable epidemiological
causality assessments.

Traditional observational studies may lead to deviation
and even misjudgment of the research results due to various
observable and unobservable residual confounding factors,
reverse causality, and bias; meanwhile, they mainly focus
on the correlation between exposure factors and outcomes
rather than the actual causal relationship. Mendelian
randomization (MR) is a new epidemiological method
that imitates the design of randomized controlled studies
(19). It uses single nucleotide polymorphisms (SNPs) as
instrumental variables (IVs) to infer causality between the
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risk factors and outcomes of interest. SNP is randomly
assigned to individuals with gametes during meiosis
(20), which is similar to the requirements of randomized
controlled trials. Simultaneously, genetic variation precedes the
occurrence of diseases, which avoids the potential impact of
reverse causality.

Therefore, MR is an ideal method to explore the causal
relationship between dried fruit intake and pan-cancer. This
study used a two-sample MR design to investigate whether dried
fruit intake has a causal relationship with 11 site-specific cancers
and estimate its effect to provide scientific evidence for cancer
primary prevention.

Materials and methods

Study design

A two-sample MR design was used to evaluate the causal
effect of dried fruit intake on cancer risk (Figure 1). The
MR design is based on the following three core assumptions:
First, genetic IVs must be closely related to dried fruit intake
(Assumption 2). Second, confounding factors cannot affect the
selected IVs that influence the association between dried fruit
intake and cancer (Assumption 1). Third, IVs can only affect
cancer risk through dried fruit intake (Assumption 3).

Dried fruit intake exposure data source

The genome-wide association study (GWAS) summary
statistics of dried fruit intake were obtained from the UK
Biobank, which is a large cohort of approximately 500,000
individuals aimed at collecting the genotype and various
phenotypic data and was approved by the Research Ethics
Committee (21, 22) (REC reference is 11/NW/0382). All
participants in the cohort were invited to the local evaluation
center to obtain corresponding data using a touch-screen
questionnaire or anthropometry with standardized procedures.
Dried fruit intake, as an exposure factor was obtained
by questioning the frequency of dried fruit intake in the
questionnaire. Participants were asked, “how many pieces
of dried fruit would you eat per day?” (Count one prune,
one dried apricot, and ten raisins as one piece; put "0" if
you do not eat any). Answer with the average (integer) of
participants’ intake in the past year. Other options are "10,"
"1," or "3," representing less than one, do not know, and
prefer not to answer, respectively. Finally, 421,764 participants
of European ancestry obtained dried fruit intake as the
exposure factor through the questionnaire’s frequency of
dried fruit intake.
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Site-specific cancers outcome data
sources

We considered 11 site-specific cancers as the outcomes of
this study (lung cancer selected three datasets: lung cancer, lung
adenocarcinoma, and squamous cell lung cancer). The sources
and corresponding information for all the aggregated statistical
datasets used in this study are listed in Supplementary Table 1.

The GWAS summary statistics of oral/pharyngeal
cancer were obtained from the Oncoarray oral cavity and
oropharyngeal cancer consortium, included 2,342 cases and
2,329 controls mainly from the International Head and Neck
Cancer Epidemiology Consortium (INHANCE), as well as
a European cohort study (EPIC) and the United Kingdom
case-series (HN5000) (23); GWAS summary data for lung
cancer (27,209 participants including 11,348 patients and
15,861 controls) squamous cell lung cancer (18,313 participants
with 3,275 cases and 15,038 controls) and lung adenocarcinoma
(18,336 participants with 3,442 cases and 14,894 controls) were
from the International Lung Cancer Association (ILCCO),
and the patient data were based on previously reported
GWAS: IARC-GWAS, NCI-GWAS, ICR-GWAS, and MDACC-
GWAS (24-27); the GWAS summary data of breast cancer
on 33,832 participants (15,748 breast cancer patients and
18,084 controls) came from the Breast Cancer Association
Consortium (BCAC), included 8 (C-BCAC) and a subset of
BPC3 GWAS (CGEMS) (28-31); participants in epithelial
ovarian cancer were from the Ovarian Cancer Associations
Consortium (OCAC, including 25,509 population-based
patients and 40,941 controls) (32); the pancreatic cancer
summary data of PanScanl consortium included 1,896 cases
and 1,939 controls, this is a GWAS based on 12 prospective
cohort (33); the summary statistics of endometrial cancer
were obtained in meta-GWAS of O’Mara et al. (34), including
12,906 cases of endometrial cancer and 108,979 country-
matched controls; the controls were from 17 studies of the
Endometrial Cancer Association Consortium (ECAC), the
Epidemiology of Endometrial Cancer Consortium (E2C2),
and the UK Biobank; the summary data of thyroid cancer
were from Kohler et al. (35), a GWAS based on 649 patients
with thyroid cancer and 431 controls; the summary data
of prostate cancer generated in GWAS by Schumacher
et al. (36), including 79,148 patients and 61,106 controls;
the summary statistics for bladder cancer included 1,279
patients and 372,016 controls; summary statistics for brain
cancer included 606 patients and 372,016 controls; and
summary statistics for cervical cancer included 563 patients and
198,523 controls.

All of the above cancer datasets were acquired from
individuals of European ancestry. All consortiums obtained
informed consent from the participants and the approval
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FIGURE 1

Directed acyclic graph of Mendelian randomization (MR) framework showing the hypothesis of dried fruit intake on site-specific cancers, the
dotted line indicates that there has pleiotropic or direct causal relationship between exposure and outcome.

of the
participated in the study.

relevant ethics committees when participants

Selection of instrumental variables

To explore the causal relationship between dried fruit intake
and site-specific cancers better, SNPs were used as IVs. The
criteria selected for SNPs were as follows: (i) the SNPs were
highly correlated with dried fruit intake, which is significant
for whole-genome research, that is, P < 5 X 1078, (ii) SNPs
are independent of each other to avoid offset caused by linkage
disequilibrium (LD). When R? of the LD was greater than 0.001,
one of them was eliminated. (iii) Genetic distance refers to the
length of the region, considering LD. Here, we set the genetic
distance as 10,000 kb; within 10,000 kb, remove the SNP with

2 greater than 0.001 with the most significant SNPs. SNPs
characteristics of dried fruit intake were extracted, including
SNP number, chromosome location, effective allele, effective
allele frequency (EAF), effect value, standard error, and P-value
of the effective allele and dried fruit intake.

The F-statistic of each SNP was used to judge the correlation
strength and avoid bias caused by weak IVs to ensure a strong
correlation between IVs and exposure factors. When the F value
was greater than 10, it was considered that there was no bias
in weak IVs. The following formula was used to calculate the
F-statistic for each SNP:

RZ
1 — R?

N-K-1
K

F =

where N is the sample size of the exposure dataset, K is
the number of SNPs, and R? represents the proportion of
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variation explained by IVs in the exposure dataset; specifically,
the calculation formula of R? is:

B

2 _ _ P2
R =2 x (1 —MAF) x MAF x (SD) (1)

here, MAF is the secondary allele frequency, equivalent to
EAF when calculating R2, P is the allele effect value, and SD is
the standard deviation.

In addition, IVs identified for inclusion in this study were
searched on the PhenoScanner website! to detect pleiotropic
effects for the selected IVs, if there was any SNP correlated
with the outcomes, they should be excluded from the IVs prior
to perform MR analysis. The detailed results of the search are
presented in Supplementary Table 2. We found that IVs were
strongly associated with body mass index (BMI) and years of
education; therefore, these two factors were also included in the
multivariate MR analysis to exclude their effects on the causal
relationship between exposure and outcome.

Univariate two-sample Mendelian
randomization analysis

This study used two MR methods to estimate the
relationship between dried fruit intake and cancer: inverse-
variance-weighted (IVW) and weighted median (WM). The
premise of the IVW method is that all the IVs are effective. If
any SNP does not meet the assumption of IV, the result will be
biased. Multiple SNPs can enhance the statistical ability of MR
analysis. However, due to the existence of pleiotropy, when some

1 http://www.phenoscanner.medschl.cam.ac.uk/
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SNPs do not meet the hypothesis of IV, the causal relationship
between dried fruit intake and cancers will deviate. However,
when 50% of SNPs are effective IV, the estimation obtained
by the WM method should be consistent with the actual effect
(37, 38).

The intercept term of the MR-Egger regression model
was used to test whether there was gene pleiotropy. If the
intercept term was close to 0 (P < 0.05), it was considered
that the influence of genetic pleiotropy was small. IVs were
not directly related to outcome events, then Assumption 3
is valid. The MR-Pleiotropy RESidual Sum and Outlier (MR-
PRESSO) method, which corrects the estimate by eliminating
outliers, was also used to detect the existence of gene
pleiotropy. Cochran’s Q test was used to assess IV heterogeneity
to evaluate further the impact of heterogeneity on causal
estimation. When heterogeneity was present in the results,
a multiple random effects model was used to re-estimate
causality. Simultaneously, SNPs are removed one by one,
and the remaining SNPs continue to be analyzed by MR,
using the leave-one-out analysis method to investigate the
sensitivity of the results.

Multivariate Mendelian randomization
analysis

According to the results of the search on the PhenoScanner
website and possible confounding factors between dried fruit
intake and outcomes (fresh fruit intake and vitamin C), we
used a multivariate MR analysis with the addition of fresh fruit
intake, vitamin C, BMI, and years of education to adjust for
causal effects between exposure and outcome in five rounds of
adjustment: (i) fresh fruit intake alone, (ii) vitamin C alone, (iii)
BMI alone, (iv) years of education alone, and (v) a combination
of fresh fruit intake, vitamin C, BMI, and years of education.

Mendelian randomization in validation
datasets

To validate the main findings, 12 cancer datasets from the
FinnGen database and two cancer datasets from the UK Biobank
database (endometrial cancer and oral cavity/pharyngeal cancer
were not available in the FinnGen database, and summary
statistics from the UK Biobank database were used) were used
as outcomes for the two-sample MR analysis. As the summary
statistics for dried fruit intake were also obtained from the UK
Biobank database, the results of the [IVW method were corrected
for endometrial cancer and oral cavity/pharyngeal cancer using
the MRIap function to avoid any possible overlap of samples
affecting the causality. The sources of all datasets used in the
validation are listed in Supplementary Table 1.
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Statistical analyses

All analyses were performed using R software (version
4.0.5) under the Windows environment. The R packages used
for all MR-related analyses and image plotting included
"vefR,"  "TwoSampleMR," "MR-PRESSO," "MRlap,"
"forestplot." A two-sided P < 0.05 was considered a statistically

and

significant difference.

Results
Details of instrumental variables

After screening, 43 SNPs that were closely related to
dried fruit intake (P < 5 x 10~%) and independent of each
other (R? < 0.001) were identified (Supplementary Table 3).
A Manhattan plot of these 43 SNPs is shown in Figure 2.
The average F-statistic was 24.7464 (range, 17.4989-47.9013),
indicating that the results are less likely to deviate owing the
influence of weak IVs, consistent with Assumption 1. Based on
the search results on the PhenoScanner website, there were no
cancer-associated SNPs among these 43 IVs; therefore, we used
these 43 SNPs as I'Vs to estimate the causal effects of dried fruit
intake and 11 site-specific cancers in the subsequent analysis.

Causal effect analysis between dried
fruit intake and site-specific cancers

Causal correlation analysis of dried fruit intake and 11 site-
specific cancers used inverse variance weighting (IVW) and
weight median (WM) methods. The results of the IVW method
supported the causal relationship between dried fruit intake
and oral cavity/pharyngeal, lung, squamous cell lung, breast,
ovarian, pancreatic, and cervical cancers. The higher the dried
fruit intake, the lower the cancer incidence risk. The risk of oral
cavity/pharyngeal cancer decreased by 82.68% (OR = 0.1732,
95% CI: 0.0433-0.6922, P = 0.0131) for every increase of
dried fruit intake by one standard deviation; lung cancer risk
was reduced by 67.01% (OR = 0.3299, 95% CI: 0.1695-0.642,
P =0.0011); the risk of squamous cell lung cancer was reduced
by 77.00% (OR = 0.2300, 95% CI: 0.0884-0.5986, P = 0.0026);
the risk of breast cancer was reduced by 53.07% (OR = 0.4693,
95% CI: 0.3261-0.6753, P = 4.62 x 1072); the risk of ovarian
cancer was reduced by 39.72% (OR = 0.6028, 95% CI: 0.3960-
0.9177, P = 0.0183); the risk of pancreatic cancer was reduced by
97.26% (OR = 0.0274, 95% CI: 0.0011-0.6784, P = 0.0280); the
risk of cervical cancer was reduced by 0.53% (OR = 0.9947, 95%
CI: 0.9897-0.9998, P = 0.0482). The WM method also supported
a causal relationship between dried fruit intake and lung,
squamous cell lung, breast, and pancreatic cancers. However, for
lung adenocarcinoma, endometrial, thyroid, prostate, bladder,
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FIGURE 2

Manhattan plot of 43 SNPs identified as instrumental variables (IVs) from exposure dataset. SNP, single nucleotide polymorphism.

and brain cancers, neither the IVW nor WM method showed
statistical significance. The details of the results are presented in
Figure 3 and Table 1.

The scatter plots show the estimated effect of IVs on
exposure and outcomes, and the rising slope in the plot
indicates a negative correlation between dried fruit intake
and the risk of site-specific cancer (Supplementary Figure 1).
In addition, because of the results extracted from different
outcome datasets and the deletion of palindrome SNPs with
intermediate allele frequencies, the number of IVs used in the
causal analysis between dried fruit intake and various types of
cancer was not equal.

The funnel plot (Supplementary Figure 2) shows that
when a single SNP was used as an IV, the causal effects were
symmetrically distributed, indicating that the results were less
likely to be affected by potential bias and that the results were
stable and reliable.

Sensitivity analysis on results of
univariate two-sample Mendelian
randomization

The existence of gene pleiotropy was tested using MR-Egger
regression analysis. Among the 11 site-specific cancers (oral
cavity/pharyngeal, lung, squamous cell lung, breast, ovarian,
cervical, endometrial,

lung adenocarcinoma, pancreatic,

thyroid, prostate, bladder, and brain), all of the intercept
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term was close to zero (P > 0.05), indicating that the results
may be less affected by potential bias. At the same time, the
MR-PRESSO method also obtained results consistent with the
MR-Egger regression; that is, gene pleiotropy did not exist.
Although in lung, squamous cell lung, breast, endometrial,
and prostate cancers, the P-values of the MR-PRESSO analysis
were less than 0.05, the results of the MR-PRESSO destruction
test were supported by the absence of horizontal pleiotropy
(P > 0.05). The MR-PRESSO distortion test here refers to
whether there is a difference between the results after removing
outlier SNP and the initial results (39). The detailed results are
presented in Table 2.

Leave-one-out analysis was used to analyze the results of the
IVW method. After removing each SNP individually, the results
were consistent with the IVW method in causal effect analysis,
indicating that no single SNP affected the causal estimation
results. The results are presented in Supplementary Figure 3.
Cochran’s statistical test showed no statistically significant
heterogeneity effect (Q-value > 0.05) of the SNP related to dried
fruit intake between oral cavity/pharyngeal, ovarian, pancreatic,
cervical, lung adenocarcinoma, thyroid, bladder, and brain
cancers. Although the results for lung, squamous cell lung,
breast, endometrial, and prostate cancers showed heterogeneity
(Q-value < 0.05), the results of the multiple random effects
model were consistent with MR estimates, indicating that
there was a causal effect between dried fruit intake and lung,
squamous cell lung, and breast cancers (P < 0.05); while
no association with endometrial cancer, and prostate cancer

frontiersin.org


https://doi.org/10.3389/fnut.2022.899137
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

Jin et al.

10.3389/fnut.2022.899137

No. of Hazard Ratio P-value MR-Egger MR-PRESSO MR-PRESSO
Outcomes SNPs (95% CI) P-value P-value DT P-value
Oral cavity and pharyngeal cancer
Inverse variance weighted 34 0.1732(0.0433,0.6922) 0.0131 0.2976 0.65 —_——
Weighted median 34 0.2656(0.0379,1.8616) 0.1821 5
Lung cancer
Inverse variance weighted 39 0.3299(0.1695,0.6420) 0.0011 0.6153 0.005 0.686
Weighted median 39 0.3597(0.1585,0.8160) 0.0144
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Inverse variance weighted 39 0.2300(0.0884,0.5986) 0.0026 0.3199 0.046 0.757 —_—T
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Weighted median 37 1.0013(0.9953,1.0073) 0.6756
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Inverse variance weighted 37 1.0004(0.9972,1.0035) 0.8164 0.6709 0.157
Weighted median 37 1.0003(0.9962,1.0045) 0.8786 :

FIGURE 3

Forest plot of two-sample Mendelian randomization (MR) estimation
number of single nucleotide polymorphisms; Cl, confidence interval.

(P > 0.05). The reliability of the results of this study can be
explained further. The specific results are listed in Table 3.

Multivariate Mendelian randomization
analysis

Multivariate MR analysis for each cancer found that: for
lung cancer, after adjusting for fresh fruit intake (OR = 0.2383,
95% CI: 0.1085-0.5233, P = 0.0004), vitamin C (OR = 0.3958,
95% CI: 0.1794-0.8732, P = 0.0217), BMI (OR = 0.3419, 95% CI:
0.1858-0.6291, P = 0.0006), years of education (OR = 0.2946,
95% CI: 0.1295-0.6701, P = 0.0036), and all of these four
(OR = 0.2931, 95% CI: 0.129-0.6659, P = 0.0034), dried fruit
intake remained causally associated with lung cancer, and the
effect size for causality was slightly enhanced in multivariate MR
compared with univariate MR (Figure 4A); for squamous cell
lung cancer, after adjusting for fresh fruit intake (OR = 0.2586,
95% CI: 0.0841-0.7954, P = 0.0183), vitamin C (OR = 0.2278,
95% CI: 0.0727-0.7135, P = 0.0111), BMI (OR = 0.285, 95% CI:
0.1145-0.7094, P = 0.007), years of education (OR = 0.2156,
95% CI: 0.0665-0.6993, P = 0.0106), and all of these four
(OR = 0.2804, 95% CI: 0.0804-0.9778, P = 0.046), though the
effect of causality was slightly attenuated in multivariate MR
compared to univariate MR, dried fruit intake and squamous
cell lung cancer remained causally associated (Figure 4B); for
breast cancer, after adjusting for fresh fruit intake (OR = 0.4911,
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95% CI: 0.3166-0.7618, P = 0.0015), vitamin C (OR = 0.5601,
95% CI: 0.3129-0.8185, P = 0.0055), BMI (OR = 0.3393, 95% CI:
0.229-0.5028, P =7.12 x 1079), years of education (OR = 0.574,
95% CI: 0.365-0.9029, P = 0.0163), and all of these four
(OR = 0.339, 95% CI: 0.1971-0.5829, P = 0.0001), dried fruit
intake remained causally associated with breast cancer, and the
effect size for causality was slightly enhanced in multivariate
MR compared to univariate MR (Figure 4C). However,
for oral cavity/pharyngeal, ovarian, cervical, pancreatic, lung
adenocarcinoma, endometrial, thyroid, prostate, bladder, and
brain cancers, after adjustment for multivariate MR, the causal
relationship between dried fruit intake and outcome was not
statistically significant (Supplementary Figure 4).

Validation

In the validation cohort, the results of the IVW method
supported a causal relationship between dried fruit intake and
lung, squamous cell lung, and breast cancers. The higher the
dried fruit intake, the lower the cancer incidence risk. For
every increase in dried fruit intake by one standard deviation,
lung cancer risk was reduced by 76.86% (OR = 0.2314,
95% CI: 0.0847-0.6323, P = 0.0043); squamous cell lung
cancer risk was reduced by 93.11% (OR 0.0689, 95%
CI: 0.0082-0.5773, P = 0.0136); and breast cancer risk was
reduced by 45.24% (OR = 0.5476, 95% CI: 0.3307-0.9067,
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TABLE1 Two-sample Mendelian randomization (MR) analyses of the association between dried fruit intake and eleven site-specific cancers.

Outcome IVW method WM method

OR 95% CI of OR P-value OR 95% CI of OR P-value
Oral cavity and pharyngeal cancer 0.1732 (0.0433, 0.6922) 0.0131* 0.2656 (0.0379, 1.8616) 0.1821
Lung cancer 0.3299 (0.1695, 0.6420) 0.0011* 0.3597 (0.1585, 0.8160) 0.0144*
Squamous cell lung cancer 0.2300 (0.0884, 0.5986) 0.0026* 0.1794 (0.0550, 0.5848) 0.0044*
Breast cancer 0.4693 (0.3261, 0.6753) 4.62 x 1075+ 0.3520 (0.2247, 0.5512) 5.04 x 10~ *
Ovarian cancer 0.6028 (0.3960, 0.9177) 0.0183* 0.7575 (0.4363, 1.3153) 0.3239
Pancreatic cancer 0.0274 (0.0011, 0.6784) 0.0280* 0.0128 (0.0002, 0.9969) 0.0498*
Cervical cancer 0.9947 (0.9897,0.9998) 0.0428* 0.3045 (0.1731, 1.7297) 0.3045
Lung adenocarcinoma 0.7079 (0.2976, 1.6831) 0.4342 1.2855 (0.6510, 2.5385) 0.4694
Endometrial cancer 0.9586 (0.5679, 1.6180) 0.8742 0.1525 (3.32 x 1072, 699.9797) 0.6620
Thyroid cancer 0.1854 (0.0001, 195.8003) 0.6352 1.3370 (0.9383, 1.9048) 0.1080
Prostate cancer 1.1424 (0.7498, 1.7406) 0.5354 1.3370 (0.9383, 1.9048) 0.1080
Bladder cancer 1.0003 (0.9956,1.0050) 0.8996 1.0013 (0.9953,1.0073) 0.6756
Brain cancer 1.0003 (0.9972,1.0035) 0.8164 1.0003 (0.9961,1.0045) 0.8786
OR, odds ratios; 95% CI, 95% confidence interval; IVW, inverse-variance-weighted; WM, weighted median.
*Indicate P < 0.05. The bold values represent the statistically significant P-values.
TABLE 2 Horizontal pleiotropic test between dried fruit intake and eleven site-specific cancers.
Outcome Horizontal pleiotropy test MR-PRESSO

Intercept SE P-value P-value DT P-value

Oral cavity/pharyngeal cancer 0.041 0.0388 0.2976 0.65
Lung cancer —0.0095 0.0187 0.6153 0.005 0.686
Squamous cell lung cancer —0.0268 0.0265 0.3199 0.046 0.757
Breast cancer —0.0103 0.0101 0.3132 0.013 0.633
Ovarian cancer 0.0118 0.0116 0.3145 0.205
Pancreatic cancer 0.1324 0.1593 0.4377 0.563
Cervical cancer —0.0001 0.0001 0.4277 0.461
Lung adenocarcinoma —0.0085 0.0244 0.7263 0.18
Endometrial cancer 0.0159 0.0146 0.2847 0.038 0.202
Thyroid cancer 0.1141 0.2848 0.7051 0.305
Prostate cancer 0.0148 0.0117 0.2134 <0.001 0.452
Bladder cancer —0.00001 0.0001 0.8845 0.067
Brain cancer 0.00004 0.0001 0.6709 0.157

SE, standard error; DT, distortion test.

P
cervical,

0.0192); however, for oral cavity/pharyngeal, ovarian,

pancreatic, lung adenocarcinoma, endometrial,
thyroid, prostate, bladder, and brain cancers, neither the
IVW nor WM methods showed statistical significance. The
details of the results are shown in Figure 5. The MR-Egger
regression analysis and MR-PRESSO method excluded the
effect of horizontal multiplicity on causality to some extent
(Figure 5). Cochran’s statistical test found no significant
statistical effect of heterogeneity on causality estimates,
ensuring the robustness of the results (Supplementary Table 4).
For endometrial cancer (corrected P value = 0.4793) and oral

cavity/pharyngeal cancer (corrected P value = 0.9565), the
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analysis results of "MRIlap" showed that after adjusting for the
impact of sample overlap, the causal effects between dried fruit
intake and these two cancers were consistent to the results
of two-sample MR.

Discussion

This study used a two-sample MR method to explore
the relationship between dried fruit intake and 11 site-
specific cancers in the European population. The results
showed a causal relationship between dried fruit intake and
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oral cavity/pharyngeal, lung, squamous cell lung, breast,
ovarian, pancreatic, and cervical cancers. However, no
causal relationship was observed with lung adenocarcinoma,
endometrial, thyroid, prostate, bladder, and brain cancers. In
addition, the causal relationships between dried fruit intake and

lung, squamous cell lung, and breast cancers were validated

10.3389/fnut.2022.899137

using the validation datasets. To our knowledge, this is the first
study to focus on the causal relationship between dried fruit
intake and cancer by using MR analysis.

Dried fruits are favored because of their sweet taste,
stability, and ease of preservation. By drying fresh fruit, it
retains as many nutrients as possible from the original food,

TABLE 3 Heterogeneity test between dried fruit intake and eleven site-specific cancers.

Outcome and method Cochran’s Q test

Multiplicative random effects

Q Q_df Q-value Beta SE P-value
Oral cavity/pharyngeal cancer
MR-Egger 28.012 32 0.6688
wvw 29.1333 33 0.6602
Lung cancer —1.1091 0.3397 0.0011
MR-Egger 62.9339 37 0.0049
IVW 63.3708 38 0.006
Squamous cell lung cancer —1.4697 0.488 0.0026
MR-Egger 54.303 37 0.033
vw 55.7951 38 0.0313
Breast cancer —0.7566 0.1857 4.62 x 107°
MR-Egger 61.4347 39 0.0124
vw 63.0793 40 0.0114
Ovarian cancer
MR-Egger 45.9324 38 0.1765
vw 47.1886 39 0.1727
Pancreatic cancer
MR-Egger 5.6025 6 0.4692
vw 6.2934 7 0.5059
Cervical cancer
MR-Egger 36.2438 35 0.4104
vw 36.9106 36 0.4266
Lung adenocarcinoma
MR-Egger 45.6275 37 0.1562
IVW 45.7808 38 0.1805
Endometrial cancer —0.0423 0.2671 0.8742
MR-Egger 56.3945 39 0.0353
IVW 58.0962 40 0.032
Thyroid cancer
MR-Egger 7.2731 5 0.2011
wvw 7.5067 6 0.2765
Prostate cancer 0.1331 0.2148 0.5354
MR-Egger 128.1553 39 1.9813 x 10711
VW 133.4129 40 5.5721 x 10~ 12
Bladder cancer
MR-Egger 48.6025 35 0.063
vw 48.6322 36 0.0778
Brain cancer
MR-Egger 45.3404 35 0.1132
IVW 45.5783 36 0.1316

Q, Cochran’s Q statistic; df, degrees of freedom; SE, standard error; IVW, inverse-variance-weighted.

Frontiers in Nutrition

frontiersin.org


https://doi.org/10.3389/fnut.2022.899137
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

Jin et al.

FIGURE 4

Hazard Ratio

10.3389/fnut.2022.899137

Exposure (95% CI) P-value Lung cancer
Adjusted for fresh fruit intake
Dried fruit intake 0.2383(0.1085,0.5233) 4E-04 L]
Fresh fruit intake 2.6949(1.0422,6.9686) 0.0408 ——————————————————
Adjusted for Vitamin C
Dried fruit intake 0.3958(0.1794,0.8732) 0.0217 et
Vitamin C 0.0357(0.00002,74.0486) 0.3923
Adjusted for body mass index
Dried fruit intake 0.3419(0.1858,0.6291) B6E-04 [ ]
Body mass index 1.1503(1.0034,1.3187) 0.0446 it
Adjusted for years of education
Dried fruit intake 0.2946(0.1295,0.6701) 0.0036 Lot ]
Years of education 1.3324(0.4021,4.4143) 0.6387
Adjusted for four confounders
Dried fruit intake 0.2931(0.129,0.6659) 0.0034 s
Fresh fruit intake 1.6309(0.6061,4.3889) 0.3328
Vitamin C 2.8307(0.0954,83.9658) 0.5474 nd
Body mass index 1.14(0.982,1.3235) 0.0852 - —t
Years of education 1.0917(0.757,1.5744) 0.6387 |
T T T T T 1
0 0.5 1 1.5 2 25 3
Hazard Ratio
Hazard Ratio
P-value
Exposure (95% Cl) Squamous cell lung cancer
Adjusted for fresh fruit intake
Dried fruit intake 0.2586(0.0841,0.7954) 0.0183 ——
Fresh fruit intake 1.022(0.5028,2.0773) 0.952
Adjusted for Vitamin C
Dried fruit intake 0.2278(0.0727,0.7135) 0.0111 L |
Vitamin C 1.0713(2E-5,6.66E+04) 0.9902
Adjusted for body mass index
Dried fruit intake 0.285(0.1145,0.7094) 0.007 S et
Body mass index 1.2504(1.0201,1.5329) 0.0315 (o |
Adjusted for years of education
Dried fruit intake 0.2156(0.0665,0.6993) 0.0106 e
Years of education 1.1805(0.2118,6.5805) 0.8499
Adjusted for four confounders
Dried fruit intake 0.2804(0.0804,0.9778) 0.046 —_——
Fresh fruit intake 1.6005(0.3562,7.191) 0.5396
Vitamin C 2.1414(0.0126,363.541) 0.7713
Body mass index 1.2477(0.9952,1.5642) 0.0551 [ e |
Years of education 0.9593(0.5508,1.6709) 0.8834 I-]
T T T T T T T T T 1
0 02 04 06 08 1 12 14 16 18
Hazard Ratio
Hazard Ratio
P-value
Exposure (95% CI) Breast cancer
Adjusted for fresh fruit intake
Dried fruit intake 0.4911(0.3166,0.7618) 0.0015 [ |
Fresh fruit intake 0.9617(0.567,1.631) 0.8846
Adjusted for Vitamin C
Dried fruit intake 0.5061(0.3129,0.8185) 0.0055 L |
Vitamin C 0.4031(0.0045,35.9425) 0.6917 =
Adjusted for body mass index
Dried fruit intake 0.3393(0.229,0.5028) 7.12E-08 ——
Body mass index 0.7896(0.7229,0.8624) 1.55E-07 -
Adjusted for years of education
Dried fruit intake 0.574(0.365,0.9029) 0.0163 e |
Years of education 0.6334(0.3392,1.1827) 0.1518 | e ma |
Adjusted for four confounders
Dried fruit intake 0.339(0.1971,0.5829) 1.00E-04 [ |
Fresh fruit intake 0.9962(0.522,1.9012) 0.9909 L
Vitamin C 5.5391(0.5951,51.5586) 0.1326
Body mass index 0.7916(0.7183,0.8723) 2.40E-06 ——
Years of education 0.8426(0.6649,1.0679) 0.1565 —_—
T T T T T 1
0 0.3 0.6 0.9 1.2 1.5

Hazard Rati<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>