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This Special Issue of Nutrients “Dietary Influence on Nutritional Epidemiology, Public
Health and Our Lifestyle”, includes nine original articles and one systematic review re-
lated to the associations between some dietary patterns, lifestyle, and socio-demographic
factors, analyzed either separately or in combination, with the risk and management of
cardiovascular diseases and mental health problems, such as depression and dementia.

Dietary habits differ from person to person and usually are determined by cultural
habits and traditions that determine lifestyles linked to the socio-demographic character-
istics associated with ethnicity. It is known that dietary habits, lifestyle, and sociodemo-
graphic factors impact human health. While individual foods and nutrients are important,
overall dietary patterns are more strongly associated with health. The Mediterranean diet
is a compilation of the nutritional and dietary habits of the countries of the Mediterranean
Basin. There is strong evidence from epidemiological studies that increasing compliance
with the Mediterranean diet is associated with a reduction in total and cause-specific mor-
tality. The systematic review by Grao et al. [1] shows that the Mediterranean diet can
improve the quality of high-density lipoproteins (HDL) and prevent HDL dysfunctionality,
which is a protective factor against cardiovascular disease. The principal product of the
Mediterranean Basin is virgin olive oil, which is obtained from different varieties of olives
that confer their individual nutritional and organoleptic properties. Epidemiological studies,
long- and short-term intervention studies, and postprandial studies have found associations
between a diet rich in virgin olive oil and a decrease in cardiovascular risk factors, stroke inci-
dence, and type 2 diabetes. The study by Vazquez-Madrigal et al. [2] suggests that consuming
meals enriched in monounsaturated fatty acids (MUFA) from olive oil can protect against
dendritic cells postprandial differentiation and potentially prevent the development and
progression of inflammatory and autoimmune diseases.

Nowadays, dementia affects about 50 million people globally and is projected to
increase to over 130 million by 2050. When this condition affects people under 65, it is
called early onset dementia. Epidemiological studies suggest that aging and obesity have
negative effects, among other conditions and disease, on cognitive function. Diet is a key
modifiable lifestyle factor that may impact on cognitive function as there is no effective
treatment for the improvement of cognition or delay decline. The study by Filippini et al. [3]
shows that a high intake of cereals and dairy products is associated with an increased
risk of early onset dementia, while the intake of some types of fish, vegetables, fruits, and
chocolate alongside moderate coffee consumption appears to be beneficial. The study
indicates that an increased adherence to the MIND diet (a hybrid of the Mediterranean
and DASH—Dietary Approaches to Stop Hypertension—diets) may decrease early onset
dementia risk.

In contrast to the beneficial effects associated with an adherence to the Mediterranean
and Mediterranean-DASH Intervention for Neurodegenerative Delay (MIND) diets, the
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study by Llanaj et al. [4] revealed an unhealthy nutrient-based dietary pattern and un-
sustainable among Hungarian Roma population, which may contribute to Hungarians
being one of the most obese and malnourished nations in Europe. The study indicates
the identification of nutrient-rich, affordable, healthy, and sustainable dietary patterns
for Hungarian population as a foremost public health priority, while also presenting an
opportunity to recognize and address social inequalities in nutrition and health. Another
study published in this Special Issue also highlighted the importance of a balanced diet
that supplies the nutrients our body needs to be healthy, both physically and mentally. The
study by Wang et al. [5] suggests that poor diet quality, measured by the Healthy Eating
Index (HEI-2015), is associated with elevated depressive symptoms in US adults. This
study highlights the importance of a healthy diet in reducing the risk of depression.

In recent years, and in the current climate crisis, the interest in a sustainable diet/
lifestyle has increased. Vegetarians and vegans tend to consume more fruits and vegetables,
whole grains, legumes, and nuts, and tend to have a lower body mass index and have a
lower risk of diabetes, hypertension, and coronary heart disease compared with meat-eaters.
However, there is limited understanding of the underlying molecular mechanisms that
could help explain the probable ability of vegetarian dietary patterns to prevent chronic
diseases. The study by Miles et al. [6] found modest differences in DNA methylation in
vegans and non-vegetarians, suggesting that diet can influence DNA methylation patterns,
which could have implications for disease risk and prevention linked to lifestyles.

The diet evolves over time, being influenced by food costs, individual preferences and
convictions, cultural traditions, and environmental and geographical aspects. However,
the constant truth remains that a healthy diet must help protect against malnutrition, as
well as prevent noncommunicable diseases. Dietary nutrients play an important role in
maintaining the normal physiological function of the body that is dependent on strict
control of its blood glucose levels, among other factors. Nutritional management of blood
glucose levels is a strategic target in the control of hyperglycemia, a key feature of diabetes.
The study by Yin Bai et al. [7] found that daily total vitamin B6 intake could be a possible
predictor of recent glycemic control status among non-pregnant American adults older
than 20 years of age, supporting its role as a very important molecule necessary for the
health and proper functioning of the human body. Closely related to this study, the work
by Yeh et al. [8] evaluated the effect of dehulled adlay consumption on blood pressure in
spontaneously hypertensive rats and overweight and obese young adults. Hypertension
and hyperglycemia are interrelated and strongly predispose to atherosclerotic disease. This
study found that the daily intake of dehulled adlay, a grain rich in phenolic compounds
popular in Asian cuisine, had beneficial effects in the management of blood pressure, which
was more evident in participants with high basal blood pressure.

Previous studies confirm the importance of a healthy diet. However, the consumption
of high-caloric foods, fats, sugar, and salt has increased, and many people do not eat
enough fruit, vegetables, and fiber in their diets. As a result, obesity has reached epidemic
proportions worldwide. Although obesity is not considered an eating disorder, it frequently
co-occurs with such disorders. Common risk factors linking obesity and eating disorders
include dieting, body dissatisfaction, weight/shape concerns, and unhealthy weight control
behaviors. Both conditions have negative health consequences, which worsen when they
occur together. In the Special Issue, the study by Pedram et al. [9] found that all-cause
mortality of the lifetime self-reported history of eating disorders in the Canadian population
was markedly elevated and considerably higher than that of other self-reported disorders,
highlighting the seriousness of eating disorders and the urgent need for strategies that can
help improve early diagnosis and a long-term plan for adequate interventions.

Finally, the study by Ivey et al. [10] analyzed the influence of the exposome, as a
measure of all exposures of an individual in a lifetime, on the cardiometabolic risk profile.
The study was carried out on a cohort of US Veterans and found evidence of structural
relationships between diet, lifestyle, and demographic exposures and subsequent markers
of cardiometabolic health. This study may provide valuable information toward the
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development of personalized interventions to improve cardiometabolic health outcomes
based on the individual’s exposome. Additionally, it offers the potential to identify key
determinants of cardiometabolic health and guide public health policies toward promoting
healthy lifestyle choices.

Funding: Proyectos I + D + i FEDER Andalucía 2014–2020 (US-1381231), VI and VII Plan Propio de la
Universidad de Sevilla (2023/00000374).
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Abstract: Cardiovascular disease (CVD) is the leading cause of global mortality and the study of
high-density lipoproteins (HDL) particle composition and functionality has become a matter of high
interest, particularly in light to the disappointing clinical data for HDL-cholesterol (HDL-C) raising
therapies in CVD secondary prevention and the lack of association between HDL-C and the risk of
CVD. Recent evidences suggest that HDL composition and functionality could be modulated by diet.
The purpose of this systematic review was to investigate the effect of Mediterranean diet (MD) on
changes in HDL structure and functionality in humans. A comprehensive search was conducted in
four databases (PubMed, Scopus, Cochrane library and Web of Science) and 13 records were chosen.
MD showed favorable effects on HDL functionality, particularly by improving HDL cholesterol efflux
capacity and decreasing HDL oxidation. In addition, HDL composition and size were influenced by
MD. Thus, MD is a protective factor against CVD associated with the improvement of HDL quality
and the prevention of HDL dysfunctionality.

Keywords: high-density lipoprotein; lipidome; proteome; Mediterranean diet; olive oil

1. Introduction

Cardiovascular disease (CVD) remains the leading cause of morbidity and mortal-
ity worldwide. It is well known that high concentrations of circulating high-density
lipoprotein-cholesterol (HDL-C) are inversely correlated with the risk of CVD [1]. While rais-
ing HDL-C is a theoretically attractive target, there is no evidence from randomized trials
that increasing plasma HDL-C concentrations reduces CVD risk [2].

Several studies have shown that high-density lipoproteins (HDLs) are highly het-
erogeneous in size, shape, density, lipid and protein composition [3]. HDL particles
undergo continuous remodeling through interactions with other circulating lipoproteins
and tissues [4]. HDL-associated proteins have been considered until now to predomi-
nate in determining the particle structure and biological functions: cholesterol removal,
anti-inflammatory, antioxidant and endothelial cell protection [5]. For example, paraoxonase 1
(PON1) is a HDL-associated protein mediating HDL functionality that has been negatively
correlated with unfavorable outcome in stroke patients [6]. However, the latest cutting
edge lipidomic technology has revealed important roles of lipid components in HDL
function. Sphingomielin-1-phosphate (S1P) is the most studied bioactive lipid bound to
HDL and it has been negatively correlated with the severity of coronary artery disease [7].
Recent evidence linked increased odds of acute coronary syndrome to low cholesterol
efflux capacity (CEC), pro-oxidant and pro-inflammatory HDL particles and low HDL

Nutrients 2021, 13, 955. https://doi.org/10.3390/nu13030955 https://www.mdpi.com/journal/nutrients5
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levels of S1P [8]. In addition, HDL-C was found to be highly related to cardiovascular risk
when it was carried by small HDLs, suggesting that cardiovascular risk is highly influenced
by HDL size [9]. Taken all together, it is becoming clear that circulating HDL-C plasma
concentrations is not an appropriate marker of CVD risk and therefore do not represent a
reliable therapeutic target. Targeting HDL functionality rather than HDL-C concentrations
may represent a more promising therapeutic target.

Different strategies are followed in order to modify plasma HDL-C and cardiovascular
health. Healthy diets have beneficial effects on lipid profile, replacing saturated fatty acids
(SFA) with either monounsaturated (MUFA) or polyunsaturated fatty acids (PUFA) have
been shown to reduce plasma HDL-C [10]. This objective is achieved with Mediterranean
diet (MD), rich in olive oil (OO) fruits and vegetables, nuts, legumes and whole cereals,
fish and red wine. Data from observational and randomized controlled trials supports that
MD protects against CVD, MD has showed capacity to improve lipid profile related to
HDL-C [11]. The purpose of this systematic review was to investigate the effect of the MD
on changes in HDL structure and functionality in humans.

2. Materials and Methods

This systematic review was conducted following the Preferred Reporting Items for
Systematic reviews and Meta-analysis (PRISMA) [12]. This review was registered on
PROSPERO (Registration No. CRD42020218784). Available from: https://www.crd.york.
ac.uk/prospero/display_record.php?ID=CRD42020218784 (accessed on 23 February 2021).

2.1. Searching Strategy

A comprehensive search was conducted in four databases (PubMed, Scopus, Web of
Science and Cochrane Library), searching all years of record up until October 2020. The lan-
guage restriction was English and Spanish. Search terms were categorized into 3 key
concepts: study population, HDL modulation, and nutritional intervention; specific terms
used were: (adult OR “middle-aged” OR young OR m?n OR wom?n OR obese OR
healthy) AND (“Mediterranean diet” OR “olive oil”) AND (“HDL remodel*” or “HDL
function*” OR “HDL dysfunction*” OR “HDL change” OR “HDL component”), respectively.
Whereas, reference lists of retrieved articles were manually searched for relevant publications
(Table 1).

Table 1. Population, intervention, comparator, outcome, and study design (PICOS) model of eligibility criteria.

Criteria Definition

Population Human studies: adult men and women, including healthy participants, obese and dyslipidemic
patients and not including individuals with genetic diseases

Interventions MD or MD isolated food interventions

Comparator Comparison against baseline or comparison against different interventions

Outcomes
HDL composition changes
HDL functionality changes

HDL components modifications

Study design Human pilot studies and controlled trials

HDL, high-density lipoprotein; MD, Mediterranean diet.

2.2. Selection Criteria

Published studies included in this review were require to adhere to the following
criteria: (1) original research; (2) adult human studies; (3) articles including HDL changes
in composition, HDL component modifications or HDL functionality changes; (4) dietary
intervention with MD or MD-related foods; (5) obese, dyslipidemic and healthy humans.

6
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2.3. Data Extraction and Reliability

The PRISMA recommendations were followed. Firstly, titles were screened and
abstracts were analyzed in order to identify relevant articles. Then, articles chosen were
downloaded and reviewed in detail by different researchers.

3. Results

3.1. Search and Selection of Studies

The searching and selection strategies are detailed in Figure 1. A total of 55 records
were identified through database searching and 38 through other sources, search of refer-
ence list of retrieved articles. Duplicates were removed and a set of 34 records were left to
select the ones to be screened. From these 34, 7 records were excluded due to article type
and 27 records were susceptible of full-text assessment. Consequently, 13 records were
excluded with criteria, and 14 records were assessed for eligibility. Finally, 1 record was
excluded because of the methodology used and 13 records were analyzed.

Figure 1. Flow diagram of record selection.

3.2. Comparison between Studies

Nine different study populations have been found in the records chosen, whereas, ten nu-
tritional interventions were studied (Table 2). Two records studied the same 296 indi-
viduals with three nutritional interventions [13,14]. Otherwise, after the interventions,
Hernaez et al., 2019, made an evaluation of foods consumed by 196 individuals from
the initial study population, in order to create different groups [13]. Individuals in each
study population were different between studies, healthy individuals were included in a
total of 5 study populations [15–19], and the rest of the study populations included high
cardiovascular risk individuals, which suffered from dyslipidemia, obesity or hypercholes-
terolemia [13,14,20–25].

7
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Table 2. Study characteristics.

Authors and
Publication Year

Study Characteristic
Intervention

Sample Age Country Duration Design

A. Hernaez et al., 2019 [13] 196 individuals from the
PREDIMED study 55–80 Spain 1 year Randomized

controlled trial

Traditional MD—VOO
Traditional MD–nuts
Traditional MD—fish
Traditional
MD—legumes
Traditional MD—whole
grains

A. Hernaez et al., 2017 [14] 296 individuals from the
PREDIMED study 55–80 Spain 1 year Randomized

controlled trial

Traditional MD—nuts
Traditional MD—VOO
Low-fat diet

A. Hernaez et al., 2014 [15] 47 individuals from the
EUROLIVE study 20–60

Germany
Spain
Finland

3 weeks Randomized
controlled trial

HPCOO
LPCOO

N. Tanaka et al., 2014 [20] 28 dyslipidemic
individuals 50–85 Japan 4 weeks Randomized trial Low-fat diet enriched

with EPA

R. Sola et al., 2011 [21] 772 individuals from the
PREDIMED study 55–80 Spain 3 months Randomized

controlled trial

Traditional MD—VOO
Traditional MD—nuts
Low-fat diet

J. McEneny et al., 2013 [16] 54 overweight
individuals 45–55 UK 12 weeks Randomized

controlled trial

Lycopene rich diet
Lycopene
supplemented diet

C. Zhu et al., 2019 [17] 10 healthy individuals 18–25 California 4 days Randomized
crossover trial

Fast food diet
MD

O. Helal et al., 2013 [18] 26 healthy individuals 18–75 Canada 12 weeks Randomized trial Extra VOO

M. Farras et al., 2015 [22]
S. Fernandez-Castillejo et al.,
2017 [23]
M. Farras et al., 2018 [24]
A. Pedret et al., 2015 [25]

33 individuals of the
VOHF study 35–80 Spain 3 weeks Randomized

controlled trial

VOO
FVOO
FVOOT

R. Sola et al., 1997 [19] 22 healthy individuals 45–55 8 weeks Randomized
crossover trial

MD rich in oleic
MD rich in linoleic

MD, Mediterranean diet; VOO, virgin olive oil; HPCOO, high-polyphenol content olive oil; LPCOO, low-polyphenol content olive oil;
EPA, eicosapentaenoic acid; FVOO, functional virgin olive oil; FVOOT, functional olive oil with thyme; UK, United Kingdom.

Intervention time varied between studies. The longest intervention time was 1 year [13,14]
and the shortest 4 days [17].

3.3. HDL Functionality Modulation

A set of 7 records measured cholesterol efflux capacity (CEC), CEC measurements
were conducted on THP-1 monocyte-derived macrophages [13–15,18,20], on J-774A.1
macrophages [22–25] and on primary cultures [19]. PON, lecithin cholesterol acyl trans-
ferase (LCAT), and cholesteryl ester transfer protein (CETP) activities were determined
in a set of 5 [13,14,16,20,22–25], 3 [15,16,22–25] and 4 [13–16] populations, respectively,
by enzymatic activity measurements.

Specific MD-related foods were able to modulate HDL functions (Table 3). An increase
of CEC was showed after virgin OO (VOO), whole grains and nuts [13] eicosapentaenoic
acid (EPA) [20] and extra VOO [18] consumption compared to baseline. Enzyme activity
was variable after different interventions: CETP activity was decreased by diets enriched
with legumes, fish and VOO [13]. PON1 activity was increased by nut, legume and
fish enriched diets [13], EPA consumption [20], lycopene rich and supplemented di-
ets [16] and functional VOO with thyme (FVOOT) intervention [22–25]. LCAT activity
increased with lycopene supplemented diets [16]. Although there was no change after VOO,
functional VOO (FVOO and FVOOT) interventions in LCAT activity, it was significantly
higher after FVOOT in comparison with VOO intervention [22–25].
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Table 3. High-density lipoprotein (HDL) functionality.

Author(s) and Publication Year
Measurement

CEC CETP PON1 LCAT

A. Hernaez et al., 2019 [13]

Traditional MD—VOO Increase NS NS

NM
Traditional MD—nuts NS NS Increase
Traditional MD—legumes NS Decrease Increase
Traditional MD—whole-grains Increase NS NS
Traditional—fish Decrease Decrease Increase

A. Hernaez et al., 2017 [14]
Traditional MD—VOO Increase Decrease NS a

NMTraditional MD—nuts Increase NS NS

A. Hernaez et al., 2014 [15]
LPCOO NS NS

NM
NS

HPCOO NS b NS NS

N. Tanaka et al., 2014 [20] Low fat diet—EPA Increase NM Increase NM

R. Sola et al., 2011 [21] NM

J. McEneny et al., 2013 [16] Lycopene rich diet
NM

NS Increase NS
Lycopene supplemented diet NS Increase Increase

C. Zhu et al., 2019 [17] NM

O. Helal et al., 2013 [18] Extra VOO Increase NM NM NM

VOO NS NS NS
FVOO NS NS NS

M. Farras et al., 2015 [22]
S. Fernandez-Castillejo et al.,
2017 [23]
M. Farras et al., 2018 [24]
A. Pedret et al., 2015 [25]

FVOOT Increase
NM

Increase NS c

R. Sola et al., 1997 [19] Oleic acid vs. linoleic acid
rich MD NS NM NM NM

MD, Mediterranean diet; VOO, virgin olive oil; LPCOO, low-polyphenol content olive oil; HPCOO, high-polyphenol content olive oil;
EPA, eicosapentaenoic acid; FVOO, functional virgin olive oil; FVOOT, functional virgin olive oil with thyme; NS, no significant change;
NM, not measured. a Significant change compared to traditional MD—nuts; b significant change compared to LPCOO; c significant change
compared to VOO.

3.4. HDL Oxidation

HDLs are affected by oxidative modifications and the fatty acids contained in HDL-
associated lipids are the most susceptible components to oxidation. HDL oxidation state
(Table 4) is related to HDL functionality. HDL oxidation rate was measured as equivalents
of malondialdehyde production [14,19], and other HDL oxidation-related parameters were
measured by Hernaez et al. 2017: HDL capacity to prevent low-density lipoprotein (LDL)
oxidation and HDL resistance to oxidation in a pro-oxidant environment [14]. After a
VOO-enriched traditional MD, HDL antioxidant properties were improved, lower HDL
oxidation rate, higher HDL resistance to oxidation and higher prevention of LDL oxidation
were found [14]. In addition, linoleic supplemented diet showed capacity to reduce HDL
oxidation rate compared to lycopene rich diet [19].
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Table 4. High-density lipoprotein (HDL) oxidation.

Author(s) and Publication Year HDL Oxidation Rate Variation

A. Hernaez et al., 2017 [14]
Traditional MD—VOO Decreased
Traditional MD—nuts NS

VOO NS
FVOO NS

M. Farras et al., 2015 [22]
S. Fernandez-Castillejo et al., 2017 [23]

M. Farras et al., 2018 [24]
A. Pedret et al., 2015 [25] FVOOT NS

R. Sola et al., 1997 [19] Oleic acid vs. linoleic acid Decreased in oleic acid

MD, Mediterranean diet; VOO, virgin olive oil; FVOO, functional virgin olive oil; FVOOT, functional virgin olive oil with thyme; HP-
COO, high-polyphenol content olive oil; LPCOO, low-polyphenol content olive oil; EPA, eicosapenthaenoic acid; NS, non-significant change.

HDL antioxidant properties were measured after different VOO interventions (VOO,
FVOO and FVOOT) [22–25]. However, no change was found in HDL oxidation rate,
HDL resistance to oxidation and glutathione peroxidase activity. To highlight, HDL oxida-
tion rate was measured as white blood cells production of dihydrorhodamine 123 [22].

3.5. HDL Monolayer Fluidity

HDL monolayer fluidity was analyzed by a determination of steady-state anisotropy of
1,6-diphenyl-1,3,4-hexatriene (DHP) (Table 5). High-polyphenol content olive oil (HPCOO) [15]
and extra VOO [18] consumption were found to increase HDL monolayer fluidity. How-
ever, different VOO interventions (VOO, FVOO and FVOOT) did not show effect over
HDL monolayer fluidity [22–25].

Table 5. High-density lipoprotein (HDL) monolayer fluidity.

Author(s) and Publication Year
HDL Monolayer

Fluidity Variation

A. Hernaez et al., 2014 [15]
LPCOO NS
HPCOO Increased

O. Helal et al. 2013 [18] Extra VOO Increased

M. Farras et al., 2015 [22]
S. Fernandez-Castillejo et al., 2017 [23]

M. Farras et al., 2018 [24]
A. Pedret et al., 2015 [25]

VOO + FVOO + FVOOT NS

R. Sola et al., 1997 [19] Oleic acid vs. linoleic acid NS

LPCOO, low-polyphenol content olive oil; HPCOO, high-polyphenol content olive oil; VOO, virgin olive oil; FVOO, functional virgin olive
oil; FVOOT, functional virgin olive oil with thyme; NS, no significant change.

Correlation models between HDL monolayer fluidity and HDL functionality-related
parameters found that free HDL-C and triglyceride contents and HDL size were the main
determinants of HDL monolayer fluidity [23].

3.6. HDL Composition

HDL lipidome is modulated by diet, even by a short-time dietary intervention. After two
4-day dietary interventions, HDL lipidome was widely modulated and fatty acids con-
tained in HDL phospholipids were the most variable lipids by diet [17]. The 4-day MD
intervention increased the quantity of phosphatidylcholine with very long chain and dou-
ble bonds fatty acids, compared to baseline and to the 4-day fast food diet intervention.
Fatty acid length, which was found to increase after the 4-day MD intervention, was di-
rectly related to MUFA and PUFA consumption [17]. In addition, an oleic acid rich diet,
as MD, increased oleic acid and its derivatives in HDL phospholipids [19,23]. A linoleic
acid rich diet increased linoleic HDL quantity, but linoleic acid binding capacity was lower
than oleic acid [19].
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Phenolic compounds contained in OO were found to present ability to bind to HDL
particles. HDL showed higher phenolic compounds after HPCOO intervention [15] and
after VOO, FVOO and FVOOT diets [23], specifically α-tocopherol, β-cryptoxanthin and
coenzyme Q [23]. Lycopene rich and supplemented diets modulated HDL composition,
higher HDL lycopene quantity was found after lycopene interventions [16].

HDL proteome showed to be influenced by nutritional interventions. After three
interventions with VOO (VOO, FVOO and FVOOT), the HDL proteome was remodeled:
15 HDL metabolism-related proteins were identified as the most importantly modulated
after the interventions, including PON3, apolipoprotein (apo)-AI, apoA-II and apoD [25].
However, no change in apo-AI quantity was found after interventions with HPCOO,
LPCOO [15] and lycopene [16]. While, higher apo-AI quantity was found after a traditional
MD-enriched diet enriched with nuts and VOO [14] and after three diets with VOO (VOO,
FVOO and FVOOT) compared to baseline [25].

3.7. HDL Size

HDL size range between 8–10 nm of diameter and two groups are defined in terms
of HDL size: large and small, also named as HDL3 and HDL2, respectively. The effect
of different OO interventions on HDL size is shown in Table 6. Large HDL number
was found to be increased after a MD enriched with VOO and with nuts [14] and after
HPCOO [15] consumption. In addition, HPCOO consumption showed to decrease small
HDL number. When HPCOO consumption is compared with LPCOO, large HDL number
was increased and small HDL number decreased [15]. However, different VOO enriched
with polyphenols (FVOO and FVOOT) showed to decrease large HDL number and to
increase small HDL number [22–25]. On the other hand, extra VOO did not show capacity
to modulate HDL size [18].

Table 6. High-density lipoprotein (HDL) size variation against baseline.

Author(S) And Publication Year HDL Size Modifications

A. Hernaez et al., 2017 [14]
Traditional MD—VOO Increased levels of large HDLs
Traditional MD—nuts Increased levels of large HDLs

A. Hernaez et al., 2014 [15]
LPCOO NS

HPCOO a Increased levels of large HDLs
Decreased levels of small HDLs

O. Helal et al. 2013 [18] Extra VOO NS

VOO NS
FVOO Increased levels of small HDLs

M. Farras et al., 2015 [22]
S. Fernandez-Castillejo et al., 2017 [23]

M. Farras et al., 2018 [24]
A. Pedret et al., 2015 [25] FVOOT b Decreased levels of large HDLs

MD, Mediterranean diet; VOO, virgin olive oil; LPCOO, low-polyphenol content olive oil; HPCOO, high-polyphenol content olive oil;
FVOO, functional virgin olive oil; FVOOT, functional olive oil with thyme; HDL, high-density lipoprotein; NS, no significant change.
a Significant change compared to LPCOO. b Significant change compared to VOO.

4. Discussion

HDL-C is clinically considered a CVD protective factor. However, pharmacological
strategies that led to an increase in HDL-C did not reduce CVD risk [26]. The lack of effect
of HDL-C raising strategies puts into question HDL-C concentrations as a protective factor
against CVD. HDL-C should be in the spotlight as a CVD lowering risk factor and HDL
modulations should be considered in order to predict CVD risk [3].

HDL composition is demonstrated to change in different physiological and pathologi-
cal conditions [27,28]. Diseases associated to higher CVD risk, such as obesity and diabetes,
remodel HDL composition and functionality. Diabetic people showed glycosylated and
oxidized HDLs that presented lower HDL CEC, antioxidant and anti-inflammatory activi-
ties [29]. Moreover, lifestyle remodels HDLs and influences on their biological activities.
In particular, unhealthy diets contribute to the development of dysfunctional HDLs, even in

11



Nutrients 2021, 13, 955

people without diseases [27]. In addition, healthy diets such as MD, have shown capacity
to remodel HDL functionality even in pathological conditions, like obesity [28].

In a whole view of the data analyzed in this review, MD showed capacity to pro-
duce changes in HDL by modulating HDL functionality, oxidation, composition, and size.
MD-induced changes in HDL are variable between records analyzed and not all data were
comparable because the same measurements were not always performed. This variability
could be influenced by population differences, healthy and high cardiovascular risk popu-
lations. Moreover, despite all records performed interventions with MD, different foods
or dietary patterns were used in each record, which may contribute to different changes
in HDLs, highlighting the need for greater consistency between studies in the amount of
foods and nutrients administered as part of a MD. Interestingly, intervention time in the
studies included in this review was found not to be a limiting factor, because even after
short interventions HDL were remodeled. Several studies were conducted over different
samples of the PREDIMED population, which demonstrated that HDL are widely altered
by diet and that MD improves HDL quality [13,14,21].

A set of 5 studies made an intervention with VOO [13,14,18], OO or components
isolated from OO, specifically polyphenols [15,22–25] and oleic acid [19]. HDL CEC was
the most OO-enhanced HDL function [13–15,18,22–25], due, at least in part, to OO polyphe-
nols [15,22–25]. CETP was not significantly decreased after OO interventions, with the
exception of a traditional MD-enriched with VOO [14]. However, when the study popu-
lation was subdivided, the new VOO group did not show changes in CETP activity [13].
LCAT activity showed significant change only after FVOOT when compared to VOO [22–25],
which suggests that LCAT activity is specially modulated by polyphenols. However, a HP-
COO diet did not increase LCAT activity, against baseline neither against LPCOO [15].
In addition, lycopene rich and supplemented diets were the only interventions that showed
an improvement of LCAT activity compared to baseline [16]. FVOOT differs from FVOO
and HPCOO in that it is enriched in thyme polyphenols. Thus, LCAT activity may be
susceptible to thyme polyphenols when compared to other OO and OO polyphenols.

In regards to antioxidant functions of HDL, a traditional MD enriched with VOO and
an oleic acid enriched diet lowered HDL oxidation [14,19], but no significant change in oxi-
dation rate was found after phenol enriched VOO diets (FVOO and FVOOT).
However, PON1 activity was higher after a FVOOT intervention [22–25], but no sig-
nificant change was found after a traditional MD enriched with VOO [14]. FVOOT was
demonstrated to increase HDL antioxidant function but not to alter HDL oxidation rate.
On one hand, a traditional MD enriched with VOO decreased HDL oxidation but did
not change PON1 activity. PON1 is not the only HDL antioxidant component, so the
reduction on HDL oxidation rate described after a traditional MD-enriched with VOO
could be due to other HDL antioxidant components, or to a MD-induced lower pro-oxidant
environment, which in addition to VOO leads to lower HDL oxidation rate. On the other
hand, PON1 activity could be increased by the higher presence of polyphenols on FVOOT,
not altering other HDL oxidation parameters or the environment. The study population is
not widely differential between interventions, since high cardiovascular risk people were
included in both. However, the number of participants in the traditional MD enriched
with VOO intervention was higher compared to the intervention with FVOOT, and the
HDL oxidation rate was differently measured. It would be necessary to determine HDL
oxidation rate after FVOO and FVOOT interventions as malondialdehyde production to be
able to compare.

A HPCOO diet and an extra VOO intervention increased HDL fluidity [15,18]. There was
no change in HDL monolayer fluidity in phenol enriched VOO (FVOOT and FVOO) and
VOO diets [22–25]. Opposed evidences are exposed in terms of VOO and polyphenols
influence on HDL monolayer fluidity. However, it is important to highlight that there
were differences between the study populations. When the study population was healthy,
HDL monolayer fluidity was increased by OO, but no change was found when the study
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population was hypercholesterolemic. OO does not benefit HDL monolayer fluidity when
hypercholesterolemia is present.

Taken all data together, OO showed ability to modulate HDL functionality, and polyphe-
nols may be very influencing components. Despite controversial results were found in
HDL oxidation and monolayer fluidity, and the missing data of some enzyme activities,
HDL functions could be modulated by OO. The remodeling pattern needs to be clarified,
suggesting the need for further research.

EPA is an essential fatty acid, which has showed anti-inflammatory functions (com-
plete). Fish is an EPA-rich food highly consumed in MD. An EPA enriched diet showed
ability to increase HDL CEC and PON1 activity [20]. In addition, a traditional MD en-
riched with fish increased HDL CEC and PON1 activity and decreased CETP activity [13].
Dyslipidemia did not alter EPA-related HDL functionality improvement. Whereas, the data
is not contradictory compared to interventions with VOO enriched with polyphenols
(FVOO and FVOOT) in hypercholesterolemia, because PON1 activity and CEC were im-
proved after FVOOT intervention and VOO, FVOO and FVOOT, respectively. It would
be interesting to study the effect of EPA in hypercholesterolemic population over HDL
oxidation rate as malondialdehyde production, to clarify if high CVD risk population is
not susceptible to improve HDL oxidation rate by diet.

All records in which HDL compositional change was analyzed, HDL composition was
modulated by a MD. HDL seem to be susceptible to the kind of lipid consumed. HDL lipid
composition was enriched on dietary lipids. However, there is not a HDL composition
change pattern by MD and no correlations could be made between HDL composition and
HDL functionality.

HDL do not only vary in composition and functionality, they are subdivided by size
in different types of HDLs. HDL size is variable due to HDL metabolism, since HDLs
bind different components and modulate their size, as a result of HDL synthesis and
catabolism, and it is also reflected in the HDL functions. HDL type in terms of size seems
to influence CVD risk. Owing to the relation between HDL size and HDL functional-
ity development, MD could change HDL size distribution. Results found by different
researches are controversial, since VOO and nuts enriched diets increased large HDL
quantity [14], and a HPCOO intervention increased large HDL quantity and decreased
small HDL quantity, compared to baseline and to a LPCOO diet [15]. Nevertheless, two
diets based on VOO enriched with polyphenols (FVOO and FVOOT) showed to have
the contrary effect [22–25]. HDL size could be differently modulated when the study
population is hypercholesterolemic, since hypercholesterolemia could alter OO benefits
over HDL functionality.

5. Conclusions

In conclusion, this systematic review shows that MD influences HDL functionality,
composition, and size. HDL functionality is improved by MD, in terms of enzymatic
activity and CEC, also HDL antioxidant properties are improved, as HDL oxidation is
reduced. There is a need to clarify MD-derived modulation of HDL size to determine HDL
components which fundamentally are influenced by MD. In addition, further research
is needed to determine MD specific food HDL-modulating abilities and the effect of the
global MD. While, it would be interesting to clarify the MD abilities over healthy and
hypercholesterolemic or dyslipidemic population separately. Taken together, MD has
demonstrated to be an influencing factor over HDL quality, which indicate that MD could
be a target to improve cardiovascular health via HDL modulation.
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Abstract: Dietary fatty acids have been demonstrated to modulate systemic inflammation and induce
the postprandial inflammatory response of circulating immune cells. We hypothesized that postprandial
triglyceride-rich lipoproteins (TRLs) may have acute effects on immunometabolic homeostasis by
modulating dendritic cells (DCs), sentinels of the immunity that link innate and adaptive immune
systems. In healthy volunteers, saturated fatty acid (SFA)-enriched meal raised serum levels of
granulocyte/macrophage colony-stimulating factor GM-CSF (SFAs > monounsaturated fatty acids
(MUFAs) = polyunsaturated fatty acids (PUFAs)) in the postprandial period. Autologous TRL-SFAs
upregulated the gene expression of DC maturation (CD123 and CCR7) and DC pro-inflammatory
activation (CD80 and CD86) genes while downregulating tolerogenic genes (PD-L1 and PD-L2) in human
monocyte-derived DCs (moDCs). These effects were reversed with oleic acid-enriched TRLs. Moreover,
postprandial SFAs raised IL-12p70 levels, while TRL-MUFAs and TRL-PUFAs increased IL-10 levels in
serum of healthy volunteers and in the medium of TRL-treated moDCs. In conclusion, postprandial
TRLs are metabolic entities with DC-related tolerogenic activity, and this function is linked to the type of
dietary fat in the meal. This study shows that the intake of meals enriched in MUFAs from olive oil,
when compared with meals enriched in SFAs, prevents the postprandial production and priming of
circulating pro-inflammatory DCs, and promotes tolerogenic response in healthy subjects. However,
functional assays with moDCs generated in the presence of different fatty acids and T cells could increase
the knowledge of postprandial TRLs’ effects on DC differentiation and function.

Keywords: fatty acids; postprandial state; chylomicron; olive oil; dendritic cells; myeloid lineage;
triglyceride-rich lipoprotein

1. Introduction

The emerging research topic called immunometabolism investigates mutual interactions between
the immune system and the metabolism [1]. Chronic low-grade inflammation and disturbances in
immune cell population participate in metabolic disorders such as non-alcoholic fatty liver disease,
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type 2 diabetes mellitus, atherosclerosis, and metabolic syndrome [2]. Contrariwise, the dysfunctional
remodeling of intracellular metabolic pathways plays a critical role for the functions of immune cells [3].

Dendritic cells (DCs) are the major antigen-presenting cells, which link the innate and adaptive
immunity, maintaining tolerance to self-antigens. The human-derived DC family are typically
classified into two phenotypically and functionally subsets, plasmacytoid DCs (pDCs) and myeloid
DCs (mDCs) [4]. In bloodstream, in vitro homologous monocyte-derived DCs (moDCs), require the
influence of granulocyte/macrophage colony-stimulating factor (GM-CSF) and interleukin-4 (IL-4) for
differentiation [5]. Upon differentiation, moDCs undergo an activation process that, depending on their
membrane receptors and secreted cytokines, means that moDCs may have either a pro-inflammatory or
tolerogenic function. Pro-inflammatory activation is with CD80 and CD86 surface marker expression
and IL-12p70 cytokine secretion, whereas PD-L1 and PD-L2 surface marker expression and IL-10
cytokine secretion are considered to prompt tolerogenic or anti-inflammatory activation of moDCs [6].
Any microenvironmental disturbance produces dysfunctional mDCs that may initiate inflammatory
or autoimmune diseases. However, all the causes of mDC dysfunction have not been completely
unraveled. One of the recognized causes is lipid accumulation, specifically triglycerides (TGs), in DCs
from patients with cancer and autoimmune diseases, which may disturb DC function [7,8].

Owing to their hydrophobic nature, dietary fatty acids are transported in the form of postprandial
TG-rich lipoproteins (TRLs, mainly chylomicrons) [9]. In healthy subjects, serum TG levels reach
a peak over 1-3 h after eating a fatty meal, resulting in postprandial TRL accumulation in the
bloodstream [10]. In previous studies, our research team has demonstrated the superiority of dietary
oleic acid (i.e., monounsaturated fatty acid, MUFA) over palmitic and stearic acid (i.e., saturated fatty
acids, SFAs) in buffering silent alterations postprandially [11–13]. Postprandial disturbances have
been markedly interconnected with oxidative and inflammatory process linked to the differentiation
and activation of circulating myeloid cells [14]. The binding of postprandial TRLs with their receptor,
the ApoB48 receptor (ApoB48R), modulates TG accumulation in myeloid lineage [13,15], proposing
that activation of immune cells may be the result of TRL uptake via ApoB48R. However, it is scarcely
known whether dietary fatty acids in postprandial TRLs play a role in lipid accumulation in moDCs.

In this study, we assessed the potential role of TRLs rich in MUFAs (olive oil) without or with
omega-3 long-chain polyunsaturated fatty acids (PUFAs)—olive oil + eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA)—compared to TRLs rich in SFAs (cow’s milk cream) in regulating moDC
differentiation and whether dietary fatty acids are implicated in this process.

2. Materials and Methods

This study was conducted according to good clinical practice guidelines and in line with the
principles outlined in the Helsinki Declaration of the World Medical Association. Ethics approval was
obtained from the Human Clinical Research and Ethics Committee of the University Hospital Virgen
Macarena (PI00082017) and all subjects gave written, informed consent.

2.1. Human Postprandial Study and TRL Isolation

Six volunteers, aged 25 to 35 years, non-smokers, with no medical history of disease known, nor
any abnormality of hematological or biochemical parameters, were recruited in Clinical Biochemistry
Unit at the University Hospital Virgen Macarena (UHVM, Seville). After an overnight fasting period
of 12 h, all of them were given, over three different occasions, an oral fat emulsion containing cow’s
milk cream (meal rich in SFAs), refined olive oil (meal rich in MUFAs) or refined olive oil plus a dose of
omega-3 long-chain PUFAs, which consisted of 920 mg of EPA and 760 mg of DHA (a meal rich in PUFAs).
They also consumed the same test meal without fat as a control meal. Oral fat emulsions were prepared
according to the method described by our Patent WO/2014/191597. They consisted of water, sucrose,
fat (50 g/m2 body surface area), emulsifier, and flavoring. At fasting (0 min) and after the ingestion of
the meals within 10 min, blood samples were collected each hour into K3EDTA-containing Vacutainer
tubes (Becton Dickinson, NJ, USA) over 6 h. Postprandial TRLs were isolated, pooled, and dialyzed
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against cold phosphate-buffered saline (PBS) [16]. TRLs were then immediately stored at −80 ◦C. Lipid
oxidizability of postprandial TRL was checked (Thiobarbituric acid reactive substances level) during
isolation and storage, but oxidation of lipids was not detected. TRLs were tested for lipopolysaccharide
(LPS) contamination using the Pierce LAL Chromogenic Endotoxin Quantification kit (Thermo Scientific,
Madrid, Spain). LPS contamination was always <0.2 EU/mL. TG concentration in postprandial TRLs was
determined by colorimetric assay kit TG GPO-POD (Bioscience Medical, Madrid, Spain).

2.2. Fat and TRL Fatty Acid Composition

The fatty acid composition of cow’s milk cream, refined olive oil, and refined olive oil plus
omega-3 long-chain PUFAs was determined, in triplicate from the same lot, by the method described in
EEC/796/2002 [17] using a gas chromatography system (HP-5890, Hewlett-Packard, Waldbronn, Germany)
equipped with flame ionization detector and a SP-2380 capillary column (Supelco, 30 m × 0.32 mm)
packed with cyanopropylsiloxane (0.25 μm) (Supplementary Materials Table S1). The initial column
temperature was 165 ◦C, which was held for 10 min, then programmed from 165 ◦C to 200 ◦C at 1.5
◦C/min. Injector and detector temperature were 250 ◦C, with the carrier gas H2.

For fatty acid composition in postprandial TRLs (named TRL-SFAs from cow’s milk cream,
TRL-MUFAs from refined olive oil, and TRL-PUFAs from refined olive oil plus omega-3 long-chain
PUFAs), aliquots of 100 μL were lyophilized [18]. A solution composed of methanol: toluene:
dimethoxypropane: sulphuric acid (16.5:5:1:1) and heptane was added on the lyophilized residue.
After shaking and incubating the mixture at 80 ◦C for 1 h, the upper phase was transferred to another
vial and dried with a stream of N2 gas. The resulting extract was dissolved in heptane and the FA
methyl esters were analyzed into a gas chromatography system as described above (Table 1).

Table 1. Fatty acid composition of postprandial TRLs.

Fatty Acid
TRL-SFAs TRL-MUFAs TRL-PUFAs

g/100 g of Fatty Acid

4:0, butyric 0.26 ± 0.03 - -
6:0, caproic 0.19 ± 0.02 - -
8:0, caprylic 0.38 ± 0.14 - -
10:0, capric 1.62 ± 0.52 - -
12:0, lauric 3.52 ± 1.01 - -

14:0, myristic 8.76 ± 1.63 - -
16:0, palmitic 38.10 ± 1.87 11.2 ± 1.52 11.98 ± 1.21

16:1(n-7), palmitoleic 1.03 ± 0.10 0.79 ± 0.21 1.42 ± 0.61
18:0, stearic 18.8 ± 1.32 5.71 ± 0.73 5.54 ± 0.78

18:1(n-9), oleic 20.7 ± 1.76 67.2 ± 2.97 61.3 ± 3,87
18:2(n-6), linoleic 4.04 ± 0.98 8.95 ± 1.32 9,06 ± 1.03

18:3(n-3), α-linolenic 1.96 ± 0.57 3.29 ± 0.74 3.03 ± 0.98
20:4(n-6), arachidonic 0.49 ± 0.09 1.18 ± 0.37 1.79 ± 0.42

20:5(n-3), eicosapentaenoic - 0.78 ± 0.19 2.82 ± 0.29
22:6(n-3), docosahexaenoic - 0.70 ± 0.28 2.63 ± 0.14

Others 0.51 ± 0.13 0.34 ± 0.07 0.56 ± 0.07

Data are expressed as mean ± SD, n = 18. TRL: triglyceride-rich lipoprotein; SFAs:saturated fatty acids; MUFAs:
monounsaturated fatty acids; PUFAs: polyunsaturated fatty acids.

2.3. Monocyte Isolation

The same six volunteers who took part as donors of postprandial TRLs participated as donors of
monocytes. After an overnight fasting period of 12 h, peripheral blood samples were drawn from a large
antecubital vein and collected into K3EDTA-containing tubes (BD). Peripheral blood mononuclear cells
(MNCs) were isolated by centrifugation over a Ficoll–Histopaque (Sigma, Madrid, Spain) gradient [19].
Monocytes were isolated from peripheral blood MNCs using anti-CD14 microbeads and LS columns
on a midiMACS system (MiltenyiBiotec, Madrid, Spain). Monocyte (CD14+) purity was routinely
>90% by flow cytometry analysis (FACSCanto II flow cytometer and FACSDiva software, BD) and cell
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viability >95% by trypan blue exclusion (Sigma). The monocytes were seeded in 24-well culture plates
at a density of 1 × 106 cells/mL and cultured in ultra-low attachment flasks in RPMI 1640 medium
supplemented with L-glutamine, penicillin, streptomycin, and 10% heat-inactivated fetal bovine serum
(complete culture medium).

2.4. MonocyteDerived Dendritic Cell Maturation and Activation

Monocytes were seeded in 24-well plates (1 × 106 cells/well) and induced to differentiate for 6 days
in the presence of human recombinant GM-CSF (50 ng/mL) and IL-4 (20 ng/mL) to obtain moDCs. Degree
of differentiation of the resulting population was determined for CD123 antigen using anti-human CD123
monoclonal antibody (Miltenyi Biotec) by flow cytometry analysis (more than 95% of cells were positive
for CD123) [20–22]. Complete culture medium was replaced every 2 days with fresh medium and the
cytokines. To study the effect of TRLs on moDC differentiation, monocytes were treated for 6 days with
TRL-SFAs, TRL-MUFAs, or TRL-PUFAs at 100 μg TG/mL in presence of GM-CSF and IL-4.

2.5. Monocyte-Derived Dendritic Cell Viability

For cell viability, monocytes were seeded in 96-well plates (1× 105 cells/well) and differentiated into
moDCs as indicated above. At days 1, 2, 4, and 6, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) solution (Sigma) was added to cells for 2 h until a purple precipitate was visible.
MTT–formazan crystals were then solubilized with dimethyl sulfoxide (DMSO) (Sigma) and measured
with a microplate reader at 570 nm corrected to 650 nm. Cell survival was expressed as the percentage
of absorbance compared with that of the control, non-treated cells.

2.6. Triglyceride Quantification

Cellular lipids were extracted using hexane/isopropanol (3:2, v/v). The supernatant was obtained
after centrifugation at 500× g for 5 min. The TG content was measured using the assay kits GPO/PAP
(Axiom Diagnostics, Burstadt and Worms, Germany). To determine the protein content, cells were
sonicated in radioimmunoprecipitation assay (RIPA) buffer, and the lysate was measured using the
Bradford protein assay (Bio-Rad Laboratories, Madrid, Spain).

2.7. RNA Isolation and RT-qPCR

Total RNA was extracted by using Trisure Reagent (Bioline). RNA quality was assessed by A260/A280

ratio in a NanoDrop ND-1000 Spectrophotometer (Thermo Scientific). Briefly, RNA (1 μg) was subjected
to reverse transcription (iScript, Bio-Rad, Madrid, Spain). An amount of 10 ng of the resulting cDNA was
used as a template for real-time PCR amplifications. The mRNA levels for specific genes were determined
in a CFX96 system (Bio-Rad). For each PCR reaction, cDNA template was added to Brilliant SYBR green
QPCR Supermix (Bio-Rad) containing the primer pairs for either gene or for glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and hypoxanthine phosphoribosyltransferase (HPRT) as housekeeping genes
(Supplementary Materials Table S2). All amplification reactions were performed in triplicate and average
threshold cycle (Ct) numbers of the triplicates were used to calculate the relative mRNA expression of
candidate genes. The magnitude of change of mRNA expression for candidate genes was calculated by
using the standard 2−(ΔΔCt) method. All data were normalized to endogenous reference (GAPDH and
HPRT) gene content and expressed as relative fold-change of control.

2.8. Cytokine Quantification

The cytokines GM-CSF, IL-12p70, and IL-10 were determined by enzyme-linked immunosorbent
assay (ELISA), following the indications of the manufacturer (Diaclone, Besançon, France). Cytokine
concentration was expressed in pg/mL, as calculated from the calibration curves from serial dilution of
human recombinant standards in each assay.
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2.9. Statistical Analysis

All values are expressed as arithmetic means ± standard deviations (SD). Data were evaluated
with Graph Pad Prism Version 5.01 software (San Diego, CA, USA). The statistical significance of
any difference in each parameter among the groups was evaluated by one-way analysis of variance
following Tukey’s multiple comparisons test as a post hoc test. The Pearson r value was used
to analyze the statistical significance of correlation test. p values less than 0.05 were considered
statistically significant.

3. Results

3.1. Dietary Saturated Fatty Acids Acutely Increase Serum GM-CSF Levels in the Postprandial State of
Healthy Volunteers

Serum from healthy volunteers was collected at fasting (TG concentration 0.42± 0.1 mmol/L) and at the
postprandial hypertriglyceridemic peak (1–3 h) after SFA-enriched (TG concentration 1.54 ± 0.4 mmol/L),
MUFA-enriched (TG concentration 0.65 ± 0.2 mmol/L), or PUFA-enriched (TG concentration 0.63 ± 0.2
mmol/L) meal ingestion. As depicted in Figure 1a, only the meal rich in SFAs postprandially increased
serum GM-CSF levels when compared to the other fatty acid-enriched and no-fat meals. Thus, the total
area under the curve (AUCTOTAL) values for serum GM-CSF were significantly higher (p = 0.0170) only
after the ingestion of the high-fat meal enriched in SFAs in healthy volunteers (Figure 1b). Interestingly,
serum GM-CSF levels, which is a DC maturation factor, were acutely increased by the SFA-enriched
meal at the postprandial hypertriglyceridemic peak, suggesting that dietary fatty acids present in TRLs
modulate the DC maturation process. In addition, serum TG correlated with the levels of serum GM-CSF
in healthy volunteers (R2 0.9977, p = 0.0308, Figure 1c).

Figure 1. (a) Serum granulocyte/macrophage colony-stimulating factor (GM-CSF) levels at fasting and
at the postprandial period after the administration of a control meal (with no fat) or high-fat meals
enriched in saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs) or MUFAs + omega-3
long-chain polyunsaturated fatty acids (PUFAs) in healthy subjects. (b) Area under the curve of serum
GM-CSF during postprandial period in response to test meals. (c) Correlation between postprandial
serum GM-CSF levels and serum triglycerides (TGs) in healthy subjects after administration of test
meals. Values are presented as means ± SD (n = 6).
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3.2. Triglyceride Rich-Lipoproteins Modulate Maturation and Activation Markers in Human
Monocyte-Derived Dendritic Cells

In gaining deeper insight into the role of postprandial TRLs in DC maturation and activation,
marker gene expressions during human monocyte differentiation into moDCs were studied.
Postprandial TRLs at 100 μg TGs/mL added to the differentiation medium that contained GM-CSF
and IL-4 for 6 days did not induce cytotoxicity (data not shown). In previous reports, postprandial
TRLs were not cytotoxic to human monocyte-derived osteoclasts [9] and macrophages [15] at similar
concentrations. As shown in Figure 2, both transcriptional activity of CD123 (Figure 2a) and CCR7
(Figure 2b), key regulators of DC maturation, were upregulated by TRL-MUFAs and TRL-PUFAs but
more markedly by TRL-SFAs, suggesting that postprandial fatty acids present in TRLs, in a saturation
degree-dependent manner, modulate the DC maturation process. To further explore the possible
pro-inflammatory or tolerogenic effects of postprandial TRLs in human moDCs, gene expression of
CD80 (Figure 2c) and CD86 (Figure 2d) pro-inflammatory activation markers and PD-L1 (Figure 2e)
and PD-L2 (Figure 2f) tolerogenic activation markers were analyzed. Postprandial TRLs affected
the activation status of moDCs. Interestingly, TRL-SFAs upregulated the postprandial-TRL-induced
transcriptional activity of CD80 and CD86 pro-inflammatory gene markers in moDCs. In contrast,
TRL-MUFAs and TRL-PUFAs induced an upregulation in PD-L1 and PD-L2 gene expression, whereas
TRL-SFAs did not induce any changes compared to control gene expression.

Figure 2. In vitro expression of dendritic cell (DC) gene markers in monocyte-derived DCs (moDCs)
after stimulation with TRL-SFAs, TRL-MUFAs and TRL-PUFAs (TRL, triglyceride-rich lipoprotein)
at 100 μg of TGs/mL for 6 days and in presence of GM-CSF and interleukin-4 (IL-4). DC maturation
markers: (a) CD123 and (b) CCR7. DC pro-inflammatory activation markers: (c) CD80 and (d) CD86.
DC tolerogenic activation markers: (e) PD-L1 and (f) PD-L2. Control means non-treated cells in the
presence of GM-CSF and IL-4. Values are presented as means ± SD (n = 6) and those marked with
different letters are significantly different (p < 0.05).
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3.3. Fatty Acid-Enriched Meals Modulate Serum IL-12p70 and IL-10 Postprandial Secretion and
Triglyceride-Rich Lipoproteins Regulate Cytokine Levels and Gene Expression in Human Monocyte-Derived
Dendritic Cells

We also investigated the secretion levels of pro-inflammatory IL-12p70 and tolerogenic IL-10 in
postprandial serum of healthy volunteers. After meal ingestion, postprandial serum levels of IL-12p70
(Figure 3a) were increased by the SFA meal but not by the MUFA or PUFA meal when compared to
the control meal with no fat. Remarkably, IL-12p70 AUCTOTAL was particularly increased by the SFA
meal (p = 0.0125, Figure 3b) over postprandial 6 h. In contrast, IL-10 levels were postprandially lower
after the SFA meal (Figure 3c) and higher after the MUFA and PUFA meal ingestion. Thus, AUCTOTAL

values for serum IL-10 were significantly lower (p = 0.0039) only after the ingestion of the high-fat
meal enriched in SFAs and higher after the ingestion of the MUFA- (p = 0.0054) and PUFA- (p = 0.0170)
enriched meals in healthy volunteers when compared to the control meal with no fat (Figure 3d).

Figure 3. (a) Serum and (b) area under the curve of pro-inflammatory IL12p70 levels and (c) serum
and (d) area under the curve of tolerogenic IL10 levels at fasting and at postprandial period after the
administration of a control meal (with no fat) or high-fat meals enriched in SFAs, MUFAs, or MUFAs +
omega-3 LCPUFAs (PUFAs) in healthy subjects. Values are presented as means ± SD (n = 6) and those
marked with different letters are significantly different (p < 0.05). AUC: area under the curve.
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In line with these results, in vitro experiments showed that TRL-SFAs promoted the secretion and
transcriptional activity of IL12p70 (Figures 4a and 4b, respectively). On the other hand, no changes
were observed on the IL-10 secretion in moDCs (Figure 4c); however, TRL-SFAs downregulated
IL10 transcriptional activity in moDCs (Figure 4d). Contrary to SFAs, TRL-MUFAs and TRL-PUFAs
upregulated tolerogenic IL10 transcriptional activity in moDCs.

Figure 4. In vitro expression and secretion of proinflammatory and tolerogenic cytokines in moDCs
after stimulation with TRL-SFAs, TRL-MUFAs, and TRL-PUFAs at 100 μg of TGs/mL for 6 days and in
presence of GM-CSF and IL-4. (a) IL-12p70 secretion and (b) mRNA expression. (c) IL-10 secretion and
(d) mRNA expression. Values are presented as means ± SD (n = 6) and those marked with different
letters are significantly different (p < 0.05).

3.4. Triglyceride-Rich Lipoproteins Induce Lipid Accumulation and ApoB48R Transcriptional Activity in
Monocyte-Derived Dendritic Cells in a Fatty Acid-Dependent Manner

Finally, we want to establish whether lipid accumulation would function to induce moDC
activation. TRL-SFAs induced higher increase in TG accumulation (Figure 5a) and ApoB48R
transcriptional activity (Figure 5b) compared those induced by TRL-MUFAs and TRL-PUFAs in
moDCs. In addition, intracellular TG correlated with the expression of the ApoB48R (R2 0.9998,
p = 0.0093, Figure 5c) and CD80 (R2 0.9991, p = 0.0192, Figure 5d) activation marker, suggesting that
dietary FAs present in TRLS, in a saturation degree-dependent manner, intervene in the activation
process of moDCs.
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Figure 5. (a) Intracellular TGs accumulation and (b) In vitro apoB48R mRNA induced in moDCs
after stimulation with TRL-SFAs, TRL-MUFAs and TRL-PUFAs at 100 μg of TGs/mL for 6 days and
in presence of GM-CSF and IL-4. (c) Correlation between apoB48R mRNA and (d) CD80 mRNA
(DC activation marker) with intracellular TGs in moDCs. Control means non-treated cells in presence
of GM-CSF and IL-4. Values are presented as means ± SD (n = 6) and those marked with different
letters are significantly different (p < 0.05). TGs: triglycerides.

4. Discussion

The literature often suggests that lifestyle and traditional dietary habits unique to the
Mediterranean region play a role in the prevention of oxidative- and inflammatory-related pathologies,
such as cardiometabolic diseases and cancer [23]. Olive oil, the main dietary fat in the Mediterranean
diet, due to its content of oleic acid (MUFA) and minor constituents, modulate different processes
linked to chronic low-grade inflammation [24]. This view is in contrast to diets rich in SFAs, such as the
“meat-based” or “Westernized” diets, which are inductive of inflammatory states [25]. One of the key
processes of inflammation is the maturation and activation of circulating myeloid cells. These leukocytes
are the first immune cells that respond quickly to injury and their activation, if permanent or chronic,
may cause the increase of the inflammatory response, the perpetuation of the inflammatory state and
the development of obesity or autoimmune disease [26,27]. DCs are professional antigen-presenting
cells within the immune system, that are uniquely capable of priming naïve T cells, and once activated
they have a pivotal ability to induce primary innate and adaptive immune response [28]. However,
little is known about the effect of dietary fatty acids on human moDC [29]. The experimental use of
primary human DCs is limited by their rarity in peripheral blood (less than 1% of MNCs), so to avoid
this, in vitro moDCs are generally selected as a pragmatic model [30].

The postprandial period, the state that comprises and follows a meal, has an important, yet
underrated, role in the onset of several pathologies. After fatty meal intake, dietary fatty acids are
largely integrated into nascent TRLs, which are liberated from the small intestine into the bloodstream.
It has been previously reported that dietary fatty acids have divergent postprandial effects on chronic
disease-related events [31], suggesting that acute outcomes in response to dietary SFA-, MUFA-
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or PUFA-adjustment may be helpful to lightly attenuate, even for preventing, diet-related chronic
diseases [10]. It is essential to mention that the postprandial period is defined by a large number of
metabolic transformations that comprise the raise of circulating TRLs. In response to fatty meal intake,
earlier human studies have demonstrated the association of activated myeloid cells with postprandial
hyperlipidemia [32,33]. Notwithstanding the relevance, studies during the postprandial period on
interaction between human postprandial TRLs and moDCs are still unknown. Our results show for the
first time that, after SFA-enriched meal intake, postprandial hypertriglyceridemia is associated with an
increase of serum GM-CSF in healthy subjects. This effect was regulated by the main fatty acids in
dietary fats, being significantly raised after the ingestion of an SFA-enriched meal when compared to
the ingestion of MUFA-enriched meals. In line with these results, McFarlin et al. demonstrated that
high-calorie meals significant increased postprandial GM-CSF and G-CSF levels in humans [34].

In gaining deeper insight into the role of dietary fatty acids on differentiation of moDCs, we
obtained fresh monocytes from the fasting blood samples of healthy volunteers. Then, cells were
differentiated into moDCs (GM-CSF + IL4 treatment for 6 days) in the absence or the presence of
TRL-SFAs, TRL-MUFAs, and TRL-PUFAs isolated from postprandial serum samples of the same
volunteers. In these experimental setting of autologous interaction, we observed an upregulation
of DC maturation (CD123 and CCR7) and pro-inflammatory activation (CD80 and CD86) markers,
and a downregulation of tolerogenic activation (PD-L1 and PD-L2) markers in human moDCs in
response to postprandial TRL-SFAs. These effects support the notion that dietary saturated fats promote
pro-inflammatory functions in mature DCs through metabolic pathways involving lipoproteins. In line
with these results, Nicholas et al. demonstrated that palmitic acid-stimulated moDCs upregulated the
expression of CD83 and CD86 [35]. Additionally, palmitic acid induced TLR4-dependent secretion of
IL-1β, generated reactive oxygen species, and activated the NFκB canonical pathway in moDCs [35].
Importantly, our study showed a significant attenuation of incremental DC maturation and activation
following the treatment with TRL-MUFAs and TRL-PUFAs, suggesting that the replacement of dietary
SFAs by MUFAs (in combination or not with omega-3 long-chain PUFAs) could be helpful to prevent
excessive DC-associated with postprandial events. Our new data extend the previous in vitro studies
with PUFAs, and emphasize their acute benefits on TRLs to a healthy population. In line with this
notion, moDCs stimulated with DHA and EPA show a reduction in the expression of CD80 and
CD86 and in the secretion of IL-12p70 [36]. To our best knowledge, for the first time, the current
study demonstrates that oleic acid from olive oil decreases, even abrogates, the gene expression of
DC maturation and activation gene markers and the pro-inflammatory cytokine release. However,
functional assays with moDCs generated in the presence of different fatty acids and T cells could
increase the knowledge of postprandial TRLs’ effects on DC differentiation and function.

Finally, in line with previous data in human neutrophils [37], monocytes [15,38], and murine
microglia [13], our study have showed that postprandial TRLs induced DC activation through ApoB48R
upregulation in a FA-dependent manner. Dietary oleic acid, EPA, and DHA attenuated ApoB48R gene
expression while triggering a depletion in intracellular TG accumulation compared to palmitic acid.

5. Conclusions

In conclusion, these findings suggest that dietary fatty acids play a relevant and interrelated role in
protecting against DC postprandial differentiation. Our results open new opportunities for developing
novel nutritional strategies with olive oil as the principal dietary source of MUFAs, notably oleic acid,
to prevent development and progression of inflammatory- and autoimmune-related diseases.
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Abstract: Risk of early-onset dementia (EOD) might be modified by environmental factors and
lifestyles, including diet. The aim of this study is to evaluate the association between dietary habits
and EOD risk. We recruited 54 newly-diagnosed EOD patients in Modena (Northern Italy) and
54 caregivers as controls. We investigated dietary habits through a food frequency questionnaire,
assessing both food intake and adherence to dietary patterns, namely the Greek-Mediterranean,
the Dietary Approaches to Stop Hypertension (DASH), and the Mediterranean-DASH Intervention
for Neurodegenerative Delay (MIND) diets. We modeled the relation between dietary factors and risk
using the restricted cubic spline regression analysis. Cereal intake showed a U-shaped relation with
EOD, with risk increasing above 350 g/day. A high intake (>400 g/day) of dairy products was also
associated with excess risk. Although overall fish and seafood consumption showed no association
with EOD risk, we found a U-shaped relation with preserved/tinned fish, and an inverse relation
with other fish. Similarly, vegetables (especially leafy) showed a strong inverse association above
100 g/day, as did citrus and dry fruits. Overall, sweet consumption was not associated with EOD
risk, while dry cake and ice-cream showed a positive relation and chocolate products an inverse
one. For beverages, we found no relation with EOD risk apart from a U-shaped relation for coffee
consumption. Concerning dietary patterns, EOD risk linearly decreased with the increasing adherence
to the MIND pattern. On the other hand, an inverse association for the Greek-Mediterranean and
DASH diets emerged only at very high adherence levels. To the best of our knowledge, this is the
first study that explores the association between dietary factors and EOD risk, and suggests that
adherence to the MIND dietary pattern may decrease such risk.

Keywords: early-onset dementia; dietary habits; MIND diet; DASH diet; Mediterranean diet;
risk; prevention
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1. Introduction

Dementia is a syndrome, usually of a chronic or progressive nature, characterized by impairment
of cognitive functions beyond what might be expected from normal ageing [1,2]. Early-onset dementia
(EOD) is a heterogeneous group of cognitive disorders characterized by an onset of dementia symptoms
before the age of 65 [3]. Such an age cut-point has not been established based on biological differences
between younger and older subjects, but mainly on the socio-economic implications of dementia
diagnosis at a younger age [3,4]. Indeed, the main feature of EOD compared to late-onset forms is a
higher impact at two levels: First, on affected people, particularly in terms of their social functioning
and working life [5]; second, on family members, especially when young children are still present [6].

EOD prevalence has been estimated to range between 38 and 420 cases per 100,000 inhabitants,
with an annual incidence between 2.4 and 22.6 new cases per 100,000 inhabitants [4], the most common
forms being Alzheimer’s dementia (AD), frontotemporal dementia (FTD), and vascular dementia [7].

Little is known about EOD etiology, not least in comparison with the determinants of
late-onset dementia. Genetic mutations apparently only account for a small percentage of EOD,
around 10% [8,9]. Therefore, the role of environmental factors and modifiable lifestyles including
diet seems particularly relevant [10–14]. Among the dietary habits involved, a high consumption of
vegetables, fruit, and fish [15–17], and adherence to the Mediterranean diet or other dietary patterns
(e.g., the Dietary Approaches to Stop Hypertension (DASH) and the Mediterranean-DASH Intervention
for Neurodegenerative Delay (MIND) diet) have been associated with a slower cognitive decline
and decreased risk of all-age dementia [12,18–21]. Interestingly, recent studies have evaluated the
correlation between AD brain biomarkers and dietary patterns characterized by a higher intake of
fresh fruit and vegetables, whole grains, fish and low-fat dairies, along with a lower intake of sweets,
fried potatoes, high-fat dairies, and meat. Data provided evidence of protective effects against the risk
of developing AD, suggesting that dietary interventions may play a role in the prevention of cognitive
decline [22,23].

In this study, we investigated EOD risk in an Italian population in relation to dietary habits,
including food consumption and adherence to dietary patterns.

2. Methods

Following approval by the Modena Ethics Committee (n. 186/2016), we performed a case-control
study on environmental and lifestyle risk factors for EOD in the province of Modena, Northern Italy.
We recruited EOD cases from newly-diagnosed patients referred to the Cognitive Neurology
Network of Modena province, including the Modena Policlinico-University Hospital Memory
Center (Modena, Italy) and the Carpi Hospital Neurology Department (Carpi, Italy), in the period
October 2016–2019 [7,24]. Cases are referred to this Network by either Neurology Units, primary
care services, or general practitioners through specific pathways activated by the Modena Local
Health Authority to identify and care for subjects with dementia. Inclusion criteria encompassed
EOD diagnosis, residence in the Modena province, and presence of a reliable caregiver. The diagnosis
of EOD subtypes has been established according to the most recent clinical criteria, as previously
described [7]. The gene mutation status was not available for all participants since it is not routinely
part of the clinical workflow. Among those tested, one subject was a carrier of SP1 gene mutation.
We recruited controls from caregivers of subjects with a diagnosis of early or late-onset dementia
referred to the same Cognitive Neurology Network. All subjects provided a written informed consent.

We administered a questionnaire tailored to collect personal characteristics and clinical,
occupational, and environmental factors potentially affecting the central nervous system [25], and a
detailed food frequency questionnaire (FFQ). The latter is a validated semi-quantitative FFQ developed
within the European Prospective Investigation in Cancer (EPIC) project, in a version specifically
validated for the population of Northern Italy [26,27]. The EPIC-FFQ was designed to estimate the
intake of 188 food items over the previous year in terms of frequency and amount. Photos of serving
sizes were also used to assist with proper completion by participants.
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Foods and beverages were categorized into major food groups and subgroups based on the
common EPIC-SOFT classification, as previously reported in detail [28,29]. The final list of food
categories included the following items and subcategories: Cereals and cereal products, meat and
meat products, milk and dairy products, eggs, fish and seafood, vegetables, mushrooms, legumes,
potatoes, fresh and dry fruits, sweet products, oils and fats, and beverages. We also computed alcohol
(ethanol) intake by conversion of all quantities of alcoholic beverages into grams of ethanol per day
using a methodology previously described [30]. We also computed scores for three diet quality patterns
defined a priori: The Greek Mediterranean (GM) diet [31], the Dietary Approaches to Stop Hypertension
(DASH) diet [32,33], based on a methodology described elsewhere [34], and the Mediterranean-DASH
Intervention for Neurodegenerative Delay (MIND) diet [19,35]. In more detail, the GM diet is based
on Mediterranean diet scales [31], and scoring is calculated on median intake levels of nine items:
Vegetables, legumes, fruit and nuts, dairy products, cereals, meat and meat products, fish, alcohol,
and the monounsaturated/saturated fatty acid ratio [34,36]. The range of possible scores was 0–9,
with higher scores indicating higher adherence. The DASH diet was originally designed to reduce blood
pressure [32,33], and it has been suggested to be neuroprotective [37]. DASH diet adherence scores
were calculated according to previous studies [34,38] based on eight components: Fruits, vegetables,
nuts and legumes, low-fat dairy products, whole grains, sodium, sweetened beverages, red and
processed meats. Overall, possible scores ranged from 8 to 40, with higher scores indicating higher
adherence. Eventually, the MIND diet was developed as a hybrid of the Mediterranean and DASH
diets associated with slower cognitive decline and decreased incidence of Alzheimer’s dementia [19,35].
MIND diet scores were based on the intake of 15 items, namely whole grains, green leafy and other
vegetables, berries, red meat, poultry, fish, legumes, nuts, fast/fried food, olive oil and other fats, cheese,
sweets and alcohol/wine. Scores ranged from 0 to 15, with higher scores meaning higher adherence.

In data analysis, we used a multivariable unconditional logistic regression model to estimate
the EOD risk associated with dietary factors and patterns. We performed an analysis on the overall
population for risk of EOD, also performing a stratified analysis according to the type of diagnosis,
namely early-onset Alzheimer’s dementia (EO-AD) and early-onset frontotemporal dementia spectrum
(EO-FTD). Regarding dietary factors, we calculated the odds ratio (ORs) and 95% confidence intervals
(CIs) according to the increasing tertiles based on the distribution in the control group using the lowest
tertile as a reference category. We also modeled the relation between dietary factors and EOD risk
using the restricted cubic spline model with three knots (10, 50, and 90 percentiles). We included
in the multivariable model as potential confounders and effect-modifiers sex, age, educational
attainment (as years of education), and total energy intake (kcal/day). We used “logit”, “mkspline”,
and “xblc” routines of the Stata-16.1 statistical package (Stata Corp., College Station, TX, USA, 2020)
for statistical analyses.

3. Results

3.1. Characteristics of the Study Population

Of the 150 eligible participants, only 144 could be contacted. We recruited 112 subjects, 58 EOD
cases, and 54 controls with an average response rate of 78%. Reasons for non-participation were
unwillingness to contribute to the research and lack of time to fill out the questionnaire. In addition,
four cases were excluded as they did not return a reliable and complete FFQ, leaving 54 cases and
54 controls for the final analysis. Table 1 reports the characteristics of the study participants. The average
age at the questionnaire filling date was 65 years (66 for EOD cases and 64 years for referents), with a
higher proportion of women (57%). The mean age of EOD onset was 59.8 years (59.7 years for EO-AD
and 59.8 for EO-FTD), ranging from 45 to 65 years. Alzheimer’s dementia (EO-AD) was the most
frequent diagnosis (n = 30), followed by frontotemporal dementia spectrum disorders (EO-FTD, n = 18),
vascular dementia (n = 4), or other rarer diseases (Supplemental Table S1).
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Table 1. Characteristics of the study participants. Early-onset dementia (EOD), early-onset Alzheimer’s
dementia (EO-AD), and early-onset frontotemporal dementia spectrum (EO-FTD).

Controls All EOD Cases EO-AD Cases EO-FTD Cases

n (%) n (%) n (%) n (%)

All subjects 54 (100) 54 (100) 30 (100) 18 (100)

Age at questionnaire filling
Mean (standard deviation) 63.8 (9.6) 66.2 (4.6) 65.9 (4.5) 66.6 (4.7)

<65 years 28 (51.8) 19 (35.2) 11 (36.7) 5 (27.8)
≥65 years 26 (48.2) 35 (64.8) 19 (63.3) 13 (72.2)

Sex
Men 23 (42.6) 24 (44.4) 11 (36.7) 10 (55.6)

Women 31 (57.4) 30 (55.6) 19 (63.3) 8 (44.4)

Educational attainment
Primary or less 11 (20.4) 13 (24.1) 6 (20.0) 5 (27.8)
Middle school 11 (20.4) 20 (37.0) 10 (33.3) 8 (44.4)
High school 21 (38.9) 18 (33.3) 12 (40.0) 4 (22.2)

College or more 11 (20.4) 3 (5.6) 2 (6.7) 1 (5.6)

Marital status
Married/unmarried

partner 48 (88.9) 45 (83.3) 23 (76.7) 16 (88.9)

Single 3 (5.6) 1 (1.9) 1 (3.3) 0 (0.0)
Separated/divorced 2 (3.7) 2 (3.7) 0 (0.0) 2 (11.1)

Widowed 1 (1.9) 6 (11.1) 6 (20.0) 0 (0.0)

3.2. Assessment of Dietary Habits

Supplemental Tables S2 and 3 show the average intake of food and beverages for the study
participants. No subjects reported a special dietary regimen for medical purposes. The total energy
intake was slightly higher in cases compared to controls. In regards to cereal products, cases were
shown to have a higher intake compared to controls, in particular EO-FTD subjects. Cases had a
slightly higher intake of meat products compared with controls, including red and white meat, and a
higher intake of dairy products, particularly milk and yogurt, especially in EO-AD compared to
EO-FTD cases. Cases also showed a substantially similar intake of fish and seafood, but a higher
consumption of preserved and tinned fish particularly for EO-FTD cases, a lower intake of piscivorous
fish and crustaceans/molluscs, especially in EO-FTD cases. Cases also showed a lower intake of overall
vegetables, with similar results for all vegetable types but cabbage, and a lower intake of potatoes and
legumes. Overall, fresh fruit intake was somewhat higher in cases than controls, although the former
showed a lower intake of citrus fruits yet a higher intake of all other fruits, with similar results across
EO-AD and EO-FTD. Dry fruit intake was lower in cases than in controls, particularly for nuts and
seeds and especially in EO-FTD, characterized by a much lower intake of both overall dry fruit, nuts,
and seeds. Sweet intake was higher in cases, particularly due to a higher consumption of ice-cream,
biscuits, and dry cakes, while consumption of chocolate-based products was lower. Cases consumed
less oils and fats, with a lower intake of both vegetable oils and olive oil. Concerning beverages,
cases had a lower intake of coffee and tea, but results were the opposite in the subgroup analysis
according to an EOD diagnosis, with a higher intake in EO-AD cases and a much lower one in EO-FTD
cases, who showed very low tea consumption. Wine consumption was substantially similar in cases
and controls, with EO-AD cases reporting a lower intake and EO-FTD a higher one, mainly due to
the higher consumption of white wine. A higher intake of aperitif wines and beers was reported
for controls. The overall alcohol intake was comparable in cases and controls, although EO-FTD
cases showed a much higher intake compared to EO-AD cases. Concerning non-alcoholic beverages,
cases reported a higher intake of fruit juices and a lower consumption of soft drinks.
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3.3. Assessment of the Relation between Dietary Habits and Dementia Risk

In Supplemental Table S4, we report risk estimates associated with increasing tertiles of food and
beverage intake. Overall, about cereals products, we found an inverse association with EOD risk,
although a positive association can be noted for subjects in the third tertile for both pasta and rice
consumption. For meat products, we found a direct association with EOD, with a higher risk in the
second tertile compared to the third one. In the subgroup analyses, however, red, white, and processed
meat showed a very imprecise inverse association in the second tertile, but a null/positive association in
the third tertile. On the other hand, offal intake seemed inversely associated with EOD risk, especially
for subjects in the third tertile. Milk and dairy products were in general positively associated with EOD,
particularly in the third tertile of exposure. Both piscivorous and non-piscivorous fish seemed inversely
associated with EOD risk. For preserved and tinned fish, crustaceans and molluscs, conversely,
we found an inverse association in the second tertile, but a positive one in the third tertile. In general,
vegetables were inversely associated with EOD risk, particularly leafy, root, and other vegetables as
well as mushrooms and potatoes, and an almost substantial null association for legumes. In regards to
fruits, we found an inverse association for fresh fruits, especially citrus fruits, as well as dry fruits.
Conversely, the intake of all other fruits showed a negative association in the second tertile and a positive
one in the third tertile. For overall sweets, we found a positive association with EOD risk, mainly due
to ice-cream, cakes, pies/pastries, and biscuits/dry cakes, while chocolate and other (non-chocolate)
confectionery showed an inverse association. Overall, oils and fats showed an inverse association,
mainly due to the intake of olive and non-olive oils, while we found a positive association with butter
and other animal fats. Concerning beverages, coffee and tea, aperitif wines/beers, and spirits/liqueurs
showed an inverse association with EOD risk. Red wine showed an inverse association for subjects
in the second tertile, and a positive one in the third tertile. Conversely, white wine and soft drinks
showed a higher risk in the second tertile and lower one in the third tertile. Finally, fruit juices seemed
positively associated with disease risk, especially in the second tertile.

In general, we found similar results in the analysis based on the EOD diagnosis, with a few
exceptions (Supplemental Table S4). Bread intake was inversely associated with EOD risk and this
was also true for EO-AD. However, a direct/null association is present in EO-FDT. Fresh cheese intake
showed a positive association with EO-FTD, but a null association for EO-AD. Conversely, aged cheese
intake did not show such an association with EO-FTD and a slight positive association emerged for
EO-AD in the third tertile of exposure. With regard to fish intake, EO-FTD showed a positive association
with preserved and tinned fish, while an inverse one can be noted for EO-AD. In regards to fresh fruit
intake, both EO-AD and EO-FTD showed an inverse association, but we found a positive association
for citrus fruit in EO-FTD and a negative one in EO-AD. In relation to sweet intake, the increased risk
for biscuits and dry cakes was confirmed in EO-AD, while we found a decreased risk for EO-FTD.
Finally, alcohol intake was associated with a slightly increased risk in EO-FTD, but not in EO-AD.

3.4. Assessment of the Relation between Dietary Patterns and Dementia Risk

Moving on to the analysis of adherence to the investigated dietary patterns, cases (overall and
both EO-AD and EO-FTD) generally showed slightly lower mean scores (Table 2). In the risk analysis
according to the tertile distribution (Table 3), we found a lower EOD risk at increasing adherence in all
three dietary patterns, especially for high adherence to MIND dietary patterns.
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Table 2. Adherence to dietary patterns (Greek-Mediterranean (GM) diet; DASH: Dietary Approaches
to Stop Hypertension (DASH) diet); Mediterranean-DASH Intervention for Neurodegenerative Delay
(MIND) diet) in the study population (Early-onset dementia (EOD), early-onset Alzheimer’s dementia
(EO-AD), and early-onset frontotemporal dementia spectrum (EO-FTD). Values reported as mean and
standard deviation.

Dietary Pattern Controls EOD Cases EO-AD Cases EO-FTD Cases

GM diet (range 0–9) 4.4 (1.7) 4.1 (1.5) 4.1 (1.5) 4.1 (1.5)
DASH diet (rang 8–40) 23.7 (5.5) 23.1 (5.0) 23.5 (5.4) 23.6 (4.4)
MIND diet (range 0–15) 7.8 (1.3) 7.1 (1.4) 7.2 (1.4) 7.2 (1.3)

Table 3. Odds ratio (OR) and 95% confidence intervals (CI) of early-onset dementia (EOD), early-onset
Alzheimer’s dementia (EO-AD), and early-onset frontotemporal dementia spectrum (EO-FTD) for
increasing tertiles of adherence to dietary patterns. Greek-Mediterranean (GM) diet, Dietary Approaches
to Stop Hypertension (DASH) diet, and Mediterranean-DASH Intervention for Neurodegenerative
Delay (MIND) diet. A linear trend for 1-unit increase is reported.

All EOD EO-AD EO-FTD

Food Items Median
Cases/
Controls

OR (95% CI)
Cases/
Controls

OR (95% CI)
Cases/
Controls

OR (95% CI)

GM diet
1st tertile (ref.) 3 24/19 1.00 - 14/19 1.00 - 7/19 1.00 -

2nd tertile 5 18/18 0.76 (0.30–1.96) 10/18 0.73 (0.24–2.17) 6/18 0.87 (0.22–3.35)
3nd tertile 6 12/17 0.45 (0.16–1.26) 6/17 0.40 (0.12–1.35) 5/17 0.60 (0.14–2.61)

Linear trend 0.84 (0.65-1.09) 0.84 (0.62–1.13) 0.83 (0.57–1.20)

DASH diet
1st tertile (ref.) 18 21/19 1.00 - 10/19 1.00 - 7/19 1.00 -

2nd tertile 25 22/19 0.87 (0.35–2.15) 13/19 1.08 (0.37–3.17) 7/19 0.80 (0.22–3.00)
3nd tertile 29 11/16 0.60 (0.21–1.72) 7/16 0.79 (0.23–2.74) 4/16 0.71 (0.14–3.52)

Linear trend 0.98 (0.90–1.06) 0.99 (0.91–1.08) 1.01 (0.89–1.14)

MIND diet
1st tertile (ref.) 6.5 30/16 1.00 - 16/16 1.00 - 9/16 1.00 -

2nd tertile 7.5 15/22 0.32 (0.12–0.83) 9/22 0.39 (0.13–1.15) 5/22 0.31 (0.07–1.28)
3nd tertile 9.0 9/16 0.31 (0.11–0.90) 5/16 0.32 (0.09–1.13) 4/16 0.45 (0.10–2.00)

Linear trend 0.66 (0.47–0.91) 0.67 (0.46–0.98) 0.66 (0.41–1.08)

In Figures 1–10, we present data based on the spline regression analysis adjusted for sex, age,
educational attainment, and total energy intake. Due to the very high number of non-consumers,
the spline analysis was not feasible for some offal and several beverages, namely tea, red and white
wine, aperitif wines and beers, and soft drinks. Overall, cereal products showed a U-shaped relation
with EOD, with a lower risk at around 200 g/day, yet a higher one above 350 g/day (Figure 1). A similar
relation was found for bread and rice intake. Conversely, pasta and other grains showed a linear
relation with decreased risk at low intake levels and an increasing one from 50–60 g/day. On the
other hand, pizza, crackers, and other salty snacks showed increased risk in the case of null exposure,
with decreased risk from 40 g/day after which a plateau was reached. Overall meat consumption
did not seem to be associated with EOD (Figure 2), although an increase in risk can be noted for a
high intake of both red (>100/120 g/day) and white meat (>40/50 g/day). In regards to dairy products,
we found null/decreased risk for all products, except for an increase in risk at very high intake
levels, namely >400 g/day for overall dairy products or >350 g/day for milk and yogurt (Figure 3).
Similarly, we found null risk in association with the intake of eggs (Figure 3) and overall fish and
seafood (Figure 4). Interestingly, we found a U-shaped relation with fish intake, with increased risk
for null consumption and above 20 g/day for preserved and tinned fish (Figure 4). Conversely, a high
intake (>20 g/day) of other fish, especially piscivorous fish, appeared to the decreased EOD risk.
All vegetables showed an inverse association with EOD, with increased risk in the case of null intake
and decreasing risk starting from 100 g/day, above which a plateau seems to have been reached
(Figure 5). Such pattern of association can also be noted in all vegetable subgroups, especially leafy
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vegetables showing a slight continuous decrease, while cabbages showed a null association at all intake
levels. Mushrooms showed a U-shape relation, with a lower risk at around 4 g/day. On the other hand,
we found a slight inverse association for potatoes and legumes, albeit a very imprecise one (Figure 6).
In spite of the substantially linear inverse correlation of citrus fruit intake with EOD risk, we found a
U-shaped relation with fresh fruit and all other fruit intake, with a lower risk at approximately 250 and
200 g/day, respectively (Figure 7). Conversely, dry fruit intake showed an increased risk for subjects
reporting null consumption and a decreased risk from 4 g/day of dry fruits and nuts and from 1 g/day
of dry fruits, above which a plateau was reached (Figure 7). Sweet products showed an inverse-U
relation with EOD risk, mainly driven by the lower risk associated with a high intake of chocolate and
other chocolate-based products (Figure 8). However, sugar and other confectionery showed a null
association, while ice-cream, biscuits, and dry cakes showed a positive correlation, with null risk for
non-consumers and an increased risk for intake above 20–30 g/day for both ice-cream and dry cakes,
respectively (Figure 8). In general, oils and fats showed that a linear inverse association with increased
risk starting from null intake, soon reversed above 20 g/day especially for olive oil and other vegetable
oils and fats (Figure 9). For beverages, we found a U-shaped relation with coffee consumption, with a
lower risk at 70 g/day (Figure 10). Conversely, we found almost a null relation with wine and alcohol
intake, while risk increased with fruit juice consumption exceeding 100 g/day (Figure 10).

Figure 1. Spline regression analysis of early-onset dementia (EOD) risk for increasing intake of
cereals and cereal products. The black line indicates odds ratios for dementia risk; dash gray lines
are 95% confidence limits; the reference line at 1.0 with black spikes indicates the distribution of
participant intake.
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Figure 2. Spline regression analysis of early-onset dementia (EOD) risk for increasing intake of meats
and meat products. The black line indicates odds ratios for dementia risk; dash gray lines are 95%
confidence limits; the reference line at 1.0 with black spikes indicates the distribution of participant
intake. Note: spline analysis was not possible for offal due to a few subjects reporting consumption
which is different from a null value.

Spline regression analyses stratified by the EOD clinical type are reported in Supplemental
Figures S1–S10 for EO-AD and in Supplemental Figures S11–S20 for EO-FTD. We generally found
comparable results across EOD forms. Nonetheless, there was evidence of a U-shaped relation between
red meat intake and EO-AD (Supplemental Figure S2), and between processed meat and EO-FTD
(Supplemental Figure S12), with the lowest risk ratio occurring at 60 and at 25 g/day, respectively.
In regards to dairy products, the shape of the relation with cheese intake seemed opposite for
EO-AD and EO-FTD, with an inverse U-shaped relation for EO-AD, especially for fresh-cheese intake
(Supplemental Figure S3), and a U-shaped relation for EO-FTD, especially for overall cheese intake
(Supplemental Figure S13). Moreover, egg intake seemed to establish an inverse-U relation for EO-AD
only (Supplemental Figure S3). In addition, mushroom intake showed a linear inverse association for
EO-AD (Supplemental Figure S6), and a U-shaped one with EO-FTD (Supplemental Figure S16).
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Figure 3. Spline regression analysis of early-onset dementia (EOD) risk for increasing intake of milk,
dairy products, and eggs. The black line indicates odds ratios for dementia risk; dash gray lines
are 95% confidence limits; the reference line at 1.0 with black spikes indicates the distribution of
participant intake.
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Figure 4. Spline regression analysis of early-onset dementia (EOD) risk for increasing intake of fish and
seafood. The black line indicates odds ratios for dementia risk; dash gray lines are 95% confidence
limits; the reference line at 1.0 with black spikes indicates the distribution of participant intake.
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Figure 5. Spline regression analysis of early-onset dementia (EOD) risk for increasing intake of
vegetables. The black line indicates odds ratios for dementia risk; dash gray lines are 95% confidence
limits; the reference line at 1.0 with black spikes indicates the distribution of participant intake.
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Figure 6. Spline regression analysis of early-onset dementia (EOD) risk for increasing intake of
mushrooms, legumes, and potatoes. The black line indicates odds ratios for dementia risk; dash gray
lines are 95% confidence limits; the reference line at 1.0 with black spikes indicates the distribution of
participant intake.
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Figure 7. Spline regression analysis of early-onset dementia (EOD) risk for increasing intake of fresh
and dry fruits. The black line indicates odds ratios for dementia risk; dash gray lines are 95% confidence
limits; the reference line at 1.0 with black spikes indicates the distribution of participant intake.
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Figure 8. Spline regression analysis of early-onset dementia (EOD) risk for increasing intake of sweets
products. The black line indicates odds ratios for dementia risk; dash gray lines are 95% confidence
limits; the reference line at 1.0 with black spikes indicates the distribution of participant intake.
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Figure 9. Spline regression analysis of early-onset dementia (EOD) risk for increasing intake of oils and
fats. The black line indicates odds ratios for dementia risk; dash gray lines are 95% confidence limits;
the reference line at 1.0 with black spikes indicates the distribution of participant intake.

The spline regression analysis carried out for dietary pattern adherence showed no substantial
association between EOD risk and both GM and DASH diets, with a reduction in risk from a score of
≥6 and ≥28, respectively (Figure 11). Conversely, a substantially linear inverse association emerged
for the MIND diet, with a higher risk at very low adherence and decreasing risk above a total
score around 8/9. We found comparable results in the analyses performed by the EOD subtype
(Supplemental Figures S21 and 22), with the exception of adherence to the DASH diet. This dietary
pattern showed an inverse U-shaped relation with EO-FTD risk, with a decreased risk for subjects at
very low and very high adherence levels (Supplemental Figure S22), while no association emerged for
EO-AD (Supplemental Figure S21).
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Figure 10. Spline regression analysis of early-onset dementia (EOD) risk for increasing intake of
beverages. The black line indicates odds ratios for dementia risk; dash gray lines are 95% confidence
limits; the reference line at 1.0 with black spikes indicates the distribution of participant intake.
Note: Spline analysis was not possible for most of the beverages (namely tea, red, white and aperitif
wines and beers, spirits and soft drinks) due to a few subjects reporting consumption which is different
from a null value.
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Figure 11. Spline regression analysis for dietary patterns. Greek-Mediterranean (GM) diet,
Dietary Approaches to Stop Hypertension (DASH) diet, and Mediterranean-DASH Intervention for
Neurodegenerative Delay (MIND) diet. The black line indicates odds ratios for dementia risk; dash gray
lines are 95% confidence limits; the reference line at 1.0 with gray bars shows the dietary-pattern
score distribution.
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4. Discussion

In this study, we found detrimental effects of consumption of high amounts of cereals,
dairy products, and some types of sweets on EOD risk, while the intake of vegetables, dry fruits,
and chocolate appeared to be beneficial, as was a specific dietary pattern, the MIND diet.

The role of dietary habits on cognitive decline has been investigated in previous studies [39],
but the real association between diet and dementia, along with the mechanisms involved in beneficial
and detrimental effects, are still unclear and thoroughly debated. In addition, it should be noted that
previous studies were generally performed among individuals with late-onset dementia, while the
present study specifically focused on younger subjects. Consistent with previous findings, we found
a protective effect on EOD particularly with a higher consumption of leafy vegetables and fresh
fruit. This protective effect on cognitive decline could be linked to the consumption of foods rich
in bioactive substances such as polyphenols, highly present in fruits, vegetables, cereals, coffee/tea,
cacao, and wine [40–42]. In the studies suggesting that vegetable intake showed an inverse association
with cognitive decline [43,44], an apparent beneficial role of consumption of leafy and root vegetables
has been reported [17,45]. Conversely, fruit intake showed contrasting results with null [17,44] or
an inverse association [42], with the latter mainly emerging from the analysis evaluating dry fruit
intake [17,40,46].

Similarly, the intake of omega-3 fatty acids due to fish consumption has been linked to improved
cognition capacities [41,43,47–50]. Interestingly, we found a null association when overall fish and
seafood intake was considered, whereas a slight decrease in risk could be found when considering fish,
particularly fresh fish, only. The association we detected between a high daily intake of preserved
and tinned fish and EOD is of interest, since such an intake in Italy is mainly due to the consumption
of canned tuna [51], a source of heavy metals such as mercury, lead, cadmium, and a metalloid of
potential neurotoxicity such as selenium [51–56].

Contrasting results with detrimental [57,58] or null effects [31,59] have been reported for dairy
products. However, a preventive role has not yet been entirely ruled out, especially considering the
different types of dairy products [60,61]. In particular, we found a dose-dependent association between
dairy products and EOD risk. In addition, a null to negative association was observed for subjects
reporting an intake of up to 350 g/day, when EOD risk starts to increase, thus suggesting adverse
effects only at very high intake levels. A possible beneficial role in the cognitive function of substances
released during fermentation processes, such as oleamide and dehydroergosterol, has been suggested,
following suppression of microglial inflammation, as well as promotion of synaptic extension and
neuronal survival [62].

A high cereal intake seems associated with a sharper cognitive decline [58]. In our study, we found
an optimum cereal intake at approximately 200 g/day with reference to EOD risk. This is not surprising
in that cereals (particularly bread) are fundamental components of the Mediterranean diet [63].
This mainly relates to a beneficial effect of whole grain consumption [64], possibly due to high
concentrations of dietary fiber, resistant starch, and oligosaccharides, as well as several phytochemicals
(phytates and phenolic compounds) characterized by antioxidant activities [65].

Sweets are generally associated with adverse cognitive effects [66,67]. Possible biological
mechanisms of that association may involve generally high fat contents, especially high in saturated
and trans-fats and lower in polyunsaturated and monounsaturated fats leading to blood brain barrier
dysfunction and increased amyloid beta protein aggregation [68]. However, we observed an indication
of beneficial effects from moderate consumption of chocolate products, consistent with previous
studies [69,70]. Such beneficial effects, if real, may be due to the cocoa polyphenol intake [71] that
might slow MCI progression to dementia [72].

We found a clear inverse association between coffee consumption and EOD risk. A recent
dose-response meta-analysis of prospective studies [73] showed a statistically imprecise U-shaped
relation between coffee intake and all-cause dementia risk, with the lowest dementia risk at two
cups/day (RR = 0.90, 95% CI 0.95 to 1.08) and increased risk at and above five cups/day (RR = 1.11,
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95% CI 0.94 to 1.30). Estimate imprecision might be due to the heterogeneity of exposure assessment
methods (i.e., cups), which may correspond to different coffee amounts depending on country.
Nonetheless, we also found a U-shaped association with a lowest risk at 70 g/day, corresponding to
approximately two small (i.e., ‘espresso type’) cups, according to typically Italian habits as assessed in
the EPIC-FFQ [74,75]. Contrary to our expectations based on the epidemiologic literature, we found
no clear and meaningful relation between wine or alcohol intake and disease risk. No consumption
and excessive consumption of wine or alcohol have both been associated with increased dementia
risk [76,77]. In particular, a J-shaped relation has been proposed where low-to-moderate intake was
associated with reduced risk, while both null and elevated intakes were correlated with increased
risk [78–80].

Concerning dietary patterns, our results for EOD are fully consistent with previous studies,
although these were generally carried out in older individuals, suggesting a beneficial effect on the
overall cognitive function at higher adherence levels [19,35,81–86]. In particular, we found an indication
of protective effects on EOD risk only at high adherence levels to the Greek-Mediterranean Diet (≥6)
and DASH index (≥28). On the other hand, the only diet which was strongly and linearly associated
with EOD risk was the MIND pattern. This was not entirely unexpected, since the MIND pattern has
been shown to better predict an incidence of cognitive impairment or cognitive decline as compared to
the Mediterranean Diet and DASH index [87,88]. In addition, the MIND diet has shown beneficial
effects on other neurological diseases [89–91], while a clinical trial about the role of the diet on cognitive
decline and brain neurodegeneration is ongoing [92].

The three dietary patterns under investigation have some similarities, since they emphasize
natural plant-based foods and limit the intake of animal-derived products and high saturated-fats.
Nevertheless, MIND has a distinctive pattern. It was developed as a hybrid of the DASH and
Mediterranean diets with modifications, by reflecting the most compelling scientific evidence on foods
and nutrients that protect the brain [93]. The MIND pattern attributes beneficial effects to the intake
of cheese (<1 serving/week), green leafy vegetables (≥6 servings/week), berries (>1 serving/week),
and fast fried food (<1 time/week) [35,83]. In addition, a high adherence to the investigated dietary
patterns is generally associated with high levels of physical activity and other diet-related lifestyle
factors [63] having beneficial effects on cognitive function [94,95]. These factors were not taken into
account in our study. They might have contributed to a lower EOD risk and to masking the effect of
the diet, which becomes evident only at high adherence levels.

To the best of our knowledge, our study is the first to investigate the role of dietary factors
on early-onset dementia risk. In fact, previous studies focused on late-onset dementia or did not
implement a specific restriction to EOD cases. The use of the validated EPIC-FFQ also allowed for
a comprehensive assessment of dietary habits, including the investigation of single food categories
and overall dietary-pattern adherence. In addition, we included recently-diagnosed EOD cases,
thus limiting the risk of bias related to a long duration of the disease due to disease progression and
increasing disability. Another strength of the present study was the ability to apply stratified analyses
to the investigation of possible selective associations between diet and EOD risk according to the
clinical dementia type.

Some limitations of our study should also be noted. First, the small samples of EOD participants,
mainly due to the low incidence of the disease, affected the statistical precision of the risk estimates,
especially for those food categories characterized by a large number of non-consumers. As a
consequence, such a limited number of subjects hampered our ability to reliably identify weak
associations. This was the case especially in subgroup analyses, which suggest caution in the
interpretation of estimates characterized by a high imprecision, as well as the need to plan larger
studies on the relations between diet and EOD. Secondly, although the EPIC-FFQ was designed and
validated to collect dietary information at least over the previous year, we cannot rule out a possible
misclassification due to changes of dietary habits of study participants, especially with reference to
life-long habits. However, a recent survey comparing adherence to the Mediterranean diet over a long
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time period (1997–2012) showed similar values for the Emilia Romagna population [96], suggesting a
general stability over time of dietary habits. In addition, the use of caregivers as controls could have
led to a risk of overmatching and downplayed the real associations between dietary factors and disease
risk. As a matter of fact, some controls (particularly cases’ family members) may have shared lifestyle
habits including dietary patterns with EOD cases, thus reducing the strength of the associations we
estimated. Finally, a genetic status was unavailable for almost all study participants. In particular,
no data about the referent population could be retrieved, thus hampering the ability to assess their role
in modifying EOD risk in relation to dietary factors.

5. Conclusions

This case-control study provides insights on the role of dietary factors in EOD risk. In particular,
our findings suggest a detrimental effect on EOD risk due to a high intake of cereals, dairy products,
and some types of sweets. Conversely, the intake of some types of fish, vegetables, dry fruits,
and chocolate alongside moderate coffee consumption appear to be beneficial. Finally, our study
indicates that an increasing adherence to the Mediterranean-DASH Intervention for Neurodegenerative
Delay (MIND) may decrease EOD risk.
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the distribution of intake of participants. Note: Spline analysis was not possible for offal and most beverages
due to a few subjects reporting consumption which is different from the null value (tea, red, white, aperitif
wines and beers, spirits and soft drinks); Supplemental Figures S11–S20: Spline regression analysis of risk of
early-onset frontotemporal dementia spectrum (EO-FTD) for an increasing intake of food: Cereals and cereal
products (1); meats and meat products (2); milk, dairy products, and eggs (3); fish and seafood (4); vegetables (5);
mushrooms, legumes, and potatoes (6); fresh and dry fruits (7); sweets, chocolate, cakes, etc. (8); oils and fats (9);
beverages (10). The black line indicates the odds ratio for dementia risk; the dash gray lines are 95% confidence
limits; the reference line at 1.0 with black spikes indicates the distribution of intake of participants. Note: Spline
analysis was not possible for offal and most beverages due to a few subjects reporting consumption which
is different from the null value (tea, red, white, aperitif wines and beers, spirits, fruit juices, and soft drinks);
Supplemental Figure S21: Spline regression analysis of risk of early-onset Alzheimer’s dementia (EO-AD) for
increasing adherence to the Greek-Mediterranean (GM) diet, Dietary Approaches to Stop Hypertension (DASH)
diet, and Mediterranean-DASH Intervention for Neurodegenerative Delay (MIND) diet. The black line indicates
the odds ratio for dementia risk; the dash gray lines are 95% confidence limits; the reference line at 1.0 with gray
bars shows the distribution of dietary pattern scores; Supplemental Figure S22: Spline regression analysis of risk of
frontotemporal dementia spectrum (EO-FTD) for increasing adherence to dietary patterns. Greek-Mediterranean
(GM) diet, Dietary Approaches to Stop Hypertension (DASH) diet, and Mediterranean-DASH Intervention for
Neurodegenerative Delay (MIND) diet. The black line indicates the odds ratio for dementia risk; the dash
gray lines are 95% confidence limits; the reference line at 1.0 with gray bars shows the distribution of dietary
pattern scores.
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Abstract: Nutritional epidemiology studies on Roma people are scarce and, to date, their nutrient-
based dietary patterns with regards to both healthy and sustainable dietary considerations have
never been reported. We report, for the first time, adherence to healthy and sustainable dietary
patterns using scoring and regression models, based on recommendations defined by the World
Health Organization, in the Dietary Approaches to Stop Hypertension (DASH) study and the EAT-
Lancet report, as well as dietary quality based on Dietary Inflammatory Index (DII) among the
Hungarian Roma (HR) population living in North East Hungary, with Hungarian general (HG)
adults as reference. Data were obtained from a complex, comparative health survey involving dietary
assessment, structured questionnaire-based interview, physical and laboratory examinations on
359 HG and 344 HR subjects in Northeast Hungary. Poisson regressions were fit to models that
included DASH, EAT, DII and Healthy Diet Indicator as dependent variables to assess the influence
of ethnicity on healthy and sustainable nutrient-based patterns. Adjusted models controlled for
all relevant covariates using the residual method indicated poor dietary quality with regards to
the selected dietary patterns. These associations were not ethnicity-sensitive, except for DII, where
Roma ethnicity was linked to a decrease of DII score (β = −0.455, 95%CI: −0.720; −0.191, p < 0.05).
Currently, HR dietary patterns appear to be relatively unhealthy and unsustainable, rendering them
vulnerable to elevated risk of ill-health. Nevertheless, their dietary patterns did not strongly differ
from HG, which may contribute to Hungarians being one of the most obese and malnourished
nations in Europe. Further prospective research on the potential public and environmental health
effects of these findings is warranted.

Keywords: nutrition; Roma; Hungary; health; dietary patterns; dietary indicators; sustainability;
dietary recall

1. Introduction

Ethnicity-based health disparities have been central to the public health discourse
in the past decades [1–3] and have remained so, particularly amid the current COVID-19
pandemic [4–7]. Major risk factors for hospitalization, severity and mortality of COVID-19
include diet-related conditions, such as obesity, hypertension and type 2 diabetes, which
have been shown to disproportionally affect the most vulnerable [8–10].

Mounting evidence has consistently shown a strong link between ethnic and socio-
economic disparities with dietary and nutrient patterns [11–13]. Such inequities exist in
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many forms, including in diet composition, nutritional behaviors, intake patterns, etc. often
resulting in substandard dietary quality, poorer health outcomes and disproportionate
burden of disease [14,15]. Along with the growing burden of diet-related noncommunicable
diseases (NCDs), there is also a growing interest in characterizing their association with
dietary and nutrient patterns in specific, particularly among disadvantaged minority
population groups.

In Europe, the Roma population constitutes the largest ethnic minority (estimated
to be between 10–12 million) [16] and has been a target of ethnicity-based studies over
the past decade [17,18]. Results from different European countries, characterizing dietary
aspects of Roma, have revealed inadequate presence of fruits, vegetables [19–32] and
dairy products [23,25–27,33] in their diet, frequent fast-foods consumption [34–37], as well
as high intake of animal fats [28,31,35,38], sugar-sweetened beverages [22,23,28,37] and
sweets [28]. In our previous work, we reported a suboptimal dietary profile and nutritional
status of Hungarian Roma (HR) living in segregated colonies in northeastern Hungary,
with inadequate nutrient composition and anthropometric status estimates, not strongly
different than Hungarian general (HG) population, but occasionally worse among HR. Our
findings indicated small differences in meeting nutrient-based dietary recommendations
between the two populations, with Roma being less likely to comply with health-promoting
nutrient targets [39]. Such information is very useful in informing public health nutrition
preventive interventions among Roma, i.e., identifying effective ways of intervening to
reduce health inequalities. However, further information on dietary patterns is necessary,
in order to gain a higher-resolution and deeper understanding on the current dietary
situation and its relation, not only with health, but sustainability considerations as well.
What we are eating and how we are producing food is also exerting huge environmental
pressures, besides health and nutritional concerns [40]. Diet has emerged as one of the
most promising levers to improve health and environmental sustainability, particularly on
the demand side of the challenge [41]. It has been demonstrated how health-promoting
dietary patterns often have lower environmental impacts, suggesting that dietary shifts
that might reduce the risk of NCDs, have the potential to also support attainment of
environmental sustainability targets [42,43]. To address the needs emerging from a growing
global population, a healthy diet from sustainable food systems was defined by the EAT-
Lancet report, a universal reference diet which aims to promote both human health and
environmental sustainability [43].

It is reasonable to suppose that diversity and inclusion is key to unlocking sustainabil-
ity and in creating the kind of development which meets the needs of current generations
without compromising the ability of future generations to meet their own needs. Therefore,
it is timely and highly relevant to address malnutrition in all its forms and its implications
not only with regards to health, but environmental sustainability considerations as well,
among underserved groups. With that in mind, we attempt to elucidate the association of
Roma ethnicity with regards to dietary patterns shown to strongly influence health (i.e.,
Healthy Diet Indicator (HDI) and Dietary Inflammatory Index (DII)) and environmental
sustainability (i.e., Dietary Approaches to Stop Hypertension (DASH), EAT-Lancet), while
considering HG population as reference. To the best of our knowledge, this is the first study
among Roma, to date, addressing the relevance of diet for human and planetary health.

2. Materials and Methods

2.1. Study Design

For this report, we analyzed data obtained from a three-pillar (questionnaire-based,
physical examination and laboratory examination) complex (health behavior and exami-
nation) survey. Details of sampling and data collection and management are thoroughly
described elsewhere [44]. In brief, individuals aged 20 to 64 years, were selected randomly,
to be representative of the adult HR population living in segregated colonies of northeast
Hungary (Hajdú-Bihar and Szabolcs-Szatmár-Bereg counties), where a great proportion of
the HR population resides, as well as that of the HG population living in the same counties.
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In addition to the demographic, anthropometric, health behavior, physical and laboratory
data collection, two 24 h recalls were also obtained to quantify dietary intake. The in-
tended sample size was 500 participants for both study groups, but the final study sample,
with full recall data, included 797 participants, of whom 410 subjects were of the HG
and 387 individuals of the HR population. The current analysis included 703 participants
(359 HG and 344 HR). Detailed information on design, sampling, piloting and validation of
the dietary instrument are described elsewhere [39]. In brief, dietary intake data were col-
lected in the case of each participant through a double (one non-consecutive weekday and
a weekend day), interviewer-assisted, multiple-pass 24 h dietary recall protocol developed
and validated in our previous study [45].

2.2. Dietary Patterns Indexes

In this analysis we used four different nutrient-based dietary quality indexes: HDI,
DII, the EAT-Lancet and DASH. EAT-Lancet and DASH are considered environmentally
sustainable dietary regimes, in addition to being beneficial to health [46]. The World
Health Organization (WHO) guidelines for the prevention of chronic diseases [47] and the
2020 updated healthy diet fact sheet [48] were used to construct a modified version of the
HDI originally introduced by Huijbregts et al. [49]. Our HDI used seven nutrient standards
and a dichotomous variable was generated for each nutrient according to supplementary
Table S1 coding criteria. Further, individual scores were summed and participants received
a maximum HDI score of 7 points, if all HDI targets were met, and a minimum of 0 points
if none was met. Categories of adherence were created based on the total score (i.e., very
low HDI (0–1 points), low HDI (2,3), moderate HDI (4,5), high HDI (6,7)).

Our DASH diet index, used previously by Mellen et al. [50], was an entirely nutrient-
based version, constructed on the basis of target nutrient values from the DASH diet used
in 2 clinical trials [51,52]. The nine nutrients were those expected to be higher (protein,
fiber, magnesium, calcium, and potassium) or lower (total fat, saturated fatty acids (SFAs),
sodium, and cholesterol). Individual dietary data were compared against each of the
nine dietary component goals. Meeting a dietary component goal received 1 point, while
meeting an intermediate goal (defined as the midpoint between the DASH diet goal and the
nutrient content of the DASH control diet [51]) received 0.5 point, and meeting neither goal
received 0 points. The total score was generated by summing all nine nutrient targets score
for a minimum of 0 and a maximum of 9 points (see supplementary Table S2). Further,
a categorical outcome was evaluated to estimate the number of individuals achieving
modest accordance with the DASH dietary approach. Individuals meeting at least half
of the DASH targets (DASH score ≥4.5) were considered DASH accordant and the rest,
DASH non-accordant.

In 2019, the EAT-Lancet Commission on Healthy Diets from the Sustainable Food Sys-
tems report, defined a universal reference diet to promote human and planetary health [43].
To evaluate the adherence of our subjects to this diet, we constructed a novel, nutrient-
based EAT index (NB-EAT), based on the nutrient composition of the original EAT-Lancet
reference diet. Our NB-EAT included twelve nutrient reference intakes (i.e., α-linolenic
acid, carbohydrates, cholesterol, dietary fibers, mono- and poly-unsaturated fats, proteins,
saturated fats, total fat, calcium, added sugar, magnesium and potassium) [43].

The individual NB-EAT score was calculated as the sum of nutrient targets met: a
value of 1 was given if the participant achieved an EAT-Lancet target for a nutrient and a
value of zero was given if target was not met (with a score range from 0 to 12). Categories
of adherence were coded based on the achieved score and three categories were created,
i.e., low (0–4), moderate (5–8) and high (>8) adherence (supplementary Table S3).

Calculations of dietary inflammatory index (DII) were based on a protocol described
by Shivappa et al. [53], while considering methodological aspects for its use and utility [54].
Briefly, nutrient data obtained by 2-day 24 h dietary recall were first linked to the regionally
representative world database that was created at the University of South Carolina and
provided a robust estimate of a mean and standard deviation for each parameter [53].
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These became the multipliers used to express an individual’s exposure, relative to the
“standard global mean” as a z-score. This was achieved by subtracting the “standard mean”
from the amount reported and then dividing this value by the “standard deviation”. To
minimize the effect of “right skewing”, this value was converted to a centered percentile
score. The centered percentile score for each food parameter was then multiplied by the
respective food parameter effect score. This was derived from the structured review and
scoring of 1943 qualifying research articles, to obtain a food parameter-specific DII score for
the individual. All of the food parameter–specific DII scores were then summed to create
the overall DII score for every participant in the study [53]. Out of 45 possible parameters, a
total of 27 nutrients were available to calculate the DII for our study population. The overall
index obtained by summing the 27 dietary parameters (i.e., total energy, carbohydrate,
protein, total fat, alcohol, fiber, cholesterol, SFAs, caffeine, monounsaturated fatty acids
(MUFAs), polyunsaturated fatty acids (PUFAs), omega-3 and omega-6 fatty acids, niacin,
thiamine, riboflavin, vitamin B12, vitamin B6, iron, magnesium, zinc, vitamin A, vitamin C,
vitamin D, vitamin E, folic acid and beta-carotene), ranged from a minimum of −4.60 (most
anti-inflammatory) to a maximum of 3.12 points, with a median value of −1.33. Since there
is no current consensus on the optimal DII score values, we addressed this challenge by
creating tertiles of the DII score, i.e., statistically dividing our DII score distribution into
three parts (=three quantiles).

2.3. Data Analyses

Descriptive univariate analysis with chi-square test were used to evaluate the asso-
ciation between DASH, HDI, DII and NB-EAT scores, as well as socio-demographic and
anthropometric factors such as age, sex, and BMI. We considered negative binomial and
Poisson regressions for exploring differences between the HG and HR populations with
regards to nutrient patterns. Negative binomial regression was chosen if data showed
over-dispersion. All sociodemographic and nutritional covariates (age, sex, education,
marital status, perceived financial situation, economic activity, BMI and energy intake)
were included in the models in a block manner to determine the Roma ethnicity effect,
independently from sociodemographic and anthropometric data. Initially, regression mod-
els were fit with DASH, HDI, DII and NB-EAT scores as outcome variables and Roma
ethnicity controlled for anthropometric data. Secondly, demographic variables were added
to each model. Finally, the regression models were fitted with demographic, anthropomet-
ric and socioeconomic factors together. Complete regression analysis results and models
are provided in supplementary Tables S4–S7. Statistical analyses were carried out using
SPSS 26.0 (SPSS, version 26.0; IBM Corp., Armonk, NY, USA) software and R Statistics/R
Studio. This work has reported results in accordance with STROBE (STrengthening the
Reporting of OBservational studies in Epidemiology) extension for nutrition and dietary
assessment [55].

2.4. Research Ethics

Approval for the research protocols and methodology was provided by the Ethical
Committee of the Hungarian Scientific Council on Health (61327-2017/EKU). Participants
gave their written informed consent in both study populations in accordance with the
Declaration of Helsinki and the Science Ethics Code of The Hungarian Academy of Sciences.

3. Results

Table 1 shows relevant basic and nutritional characteristics of our samples. There were
no strong statistical differences between the two groups, in terms of basic characteristics
and energy intake. Regarding nutrient intake there were significant differences for sodium
and cholesterol, both which were higher among HG. Sugar and total carbohydrate (both
as percentage of total energy) intakes were significantly higher among HR. Significant
associations were observed between ethnicity and economic activity, educational level
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and perceived financial wellbeing, but there was no association between ethnicity and
marital status.

Table 1. Characteristics of study samples.

Characteristics Variable † Hungarian General
(n = 344)

Hungarian Roma
(n = 359)

p ‡

Ba
si

c
ch

ar
ac

te
ri

st
ic

s

Demographics Age (years)—mean (std. dev.) 44 (12) 43 (12) NS
Females—n (%) 188 (52.4) 248 (72.1) ***

Education
Elementary—n (%) 76 (21.2) 292 (84.9)

***Secondary/Vocational education—n (%) 230 (64.1) 52 (15.1)
University degree or higher—n (%) 53 (14.8) 0 (0)

Economic
activity

Some type of full-/part-time
employment—n (%) 296 (82.5) 256 (74.4)

**Student—n (%) 8 (2.2) 0 (0)
Unable to work/Retired—n (%) 40 (11.1) 32 (9.3)

Unemployed—n (%) 15 (4.2) 56 (16.3)

Marital status
Unmarried/Divorced/Widowed—n (%) 136 (37.9) 113 (32.8)

NSMarried—n (%) 223 (62.1) 231 (67.2)

Perceived
financial

wellbeing

Good or very good—n (%) 115 (32.8) 51 (15.0)

***Fair—n (%) 190 (54.1) 186 (54.7)
Challenging or very challenging—n (%) 46 (13.1) 103 (30.3)

N
ut

ri
ti

on
al

ch
ar

ac
te

ri
st

ic
s

Energy intake Energy (kJ/day) 9146.9 (8824.7; 9469.1) 8836.9 (8537.0; 9136.8) NS
Energy (kcal/day) 2188.3 (2111.2; 2265.3) 2114.1 (2042.4; 2185.8) NS

Anthropometrics BMI (kg/m2) 27.26 (26.7; 27.8) 27.66 (27.0; 28.4) NS

Macronutrient
intake

Fiber (%E) 3.9 (3.7; 4.0) 4.0 (3.8; 4.2) NS
Fiber (g/1000 kcal) 9.7 (9.2; 10.1) 9.9 (9.4; 10.4) NS

Protein (%E) 15.6 (15.2; 15.9) 15.1 (14.7; 15.4) *
Fat (%E) 37.2 (36.3; 38.0) 36.1 (35.2; 37.0) NS
SFA (%E) 10.7 (10.3; 11.1) 10.66 (10.3; 11.0) NS

Carbohydrates (%E) 46.2 (45.3; 47.1) 48.2 (47.2; 49.2) **
Sugar (g) 96.3 (89.0; 103.5) 101.5 (94.1; 108.8) NS

Sugar (%E) 17.0 (16.0; 18.0) 18.8(17.7; 19.8) *
UFA (g) 20.9 (20.4; 21.4) 19.7 (19.1; 20.2) **

Cholesterol (mg/1000 kcal) 172.9 (164.7; 181.0) 159.5 (152.2; 166.8) *

Micronutrient
intake

Magnesium (mg/1000 kcal) 193.1 (166.0; 220.2) 181.6 (173.8; 189.5) NS
Calcium (mg/1000 kcal) 248.5 (233.51; 263.49) 248.0 (234.4; 261.7) NS

Potassium (mg/1000 kcal) 1391.1 (1311.4; 1470.8) 1435.3 (1353.3; 1517.4) NS
Sodium (mg/1000 kcal) 2628.1 (2522.8; 2733.4) 2458.3 (2365.7; 2550.8) *

† All variable values are given with their respective 95% CI, unless otherwise indicated. ‡ * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001: T-test or
Mann–Whitney for differences and Chi-square for associations. Significantly higher values are bolded where appropriate. SFA: saturated
fatty acids; UFA: unsaturated fatty acids; (%E): intake as percentage of total energy; IQR: interquartile range. Note: For “Perceived financial
wellbeing” some responses were missing.

Dietary Pattern Scores and Quality

Further, when accounting for dietary patterns quality, results showed a high rep-
resentation of participants with poorer adherence levels for DASH, HDI and NB-EAT,
independently of the dietary index used, ethnicity or sex (Table 2). DII tertile and score
distribution also showed a considerable representation in the two upper tertiles. Addition-
ally, there was no observed statistical association between sex/ethnicity and the selected
dietary indexes, with regards to score differences.

61



Nutrients 2021, 13, 721

Table 2. Distribution of the dietary indicators among Hungarian general and Roma by sex.

Dietary Indicator
Hungarian General Hungarian Roma

Both Sexes (A) Females (C) Males (E) Both Sexes (B) Females (D) Males (F)

HDI

Very low 27 (7.5) 13 (6.9) 14 (8.2) 23 (6.7) 18 (7.3) 5 (5.2)
Low 172 (47.9) 91 (48.6) 81 (47.4) 152 (44.2) 113 (45.6) 39 (40.6)

Moderate 140 (39.0) 75 (39.9) 65 (37.0) 158 (45.9) 111 (44.7) 47 (48.9)
High 20 (5.6) 9 (4.6) 11 (6.4) 11 (3.2) 6 (2.4) 5 (5.2)

DASH
Non-accordant 341 (95.0) 177 (94.1) 164 (95.9) 330 (95.9) 240 (96.8) 90 (93.8)

Accordant 18 (5.0) 11 (5.9) 7 (4.1) 14 (4.1) 8 (3.2) 6 (6.2)

NB-EAT
Low 324 (90.3) 171 (91.0) 153 (89.5) 305 (88.7) 223 (89.9) 82 (85.4)

Moderate 35 (9.7) 17 (9.0) 18 (10.5) 39 (11.3) 25 (10.1) 14 (14.6)
High 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

DII
Tertile 1 119 (33.1) 66 (35.1) 53 (31.0) 115 (33.5) 84 (33.9) 31 (32.3)
Tertile 2 109 (30.4) 50 (26.6) 59 (34.5) 126 (36.6) 90 (36.3) 36 (37.5)
Tertile 3 131 (36.5) 72 (38.3) 59 (34.5) 103 (29.9) 74 (29.8) 29 (30.2)

DASH score (0–9):
median (IQR) 1.5 (1.5; 2.0) 1.5 (1.5; 2.0) 1.5 (1.5; 2.0) 1.5 (1.5; 2.0) 1.5 (1.5; 2.0) 1.5 (1.5; 2.0)

NB-EAT score (0–12):
median (IQR) 2.0 (2.0; 3.0) 2.0 (2.0; 3.0) 2.0 (2.0; 3.0) 2.0 (2.0; 3.0) 2.0 (2.0; 3.0) 3.0 (3.0; 4.0)

HDI score (0–7):
median (IQR) 3.0 (3.0; 4.0) 3.0 (3.0; 4.0) 3.0 (3.0; 4.0) 3.0 (3.0; 4.0) 3.0 (3.0; 4.0) 4.0 (4.0; 5.0)

DII score (−4.60–3.12):
median (IQR)

−1.26 (−1.49;
−1.06)

−1.31 (−1.80;
−0.92)

−1.26 (−1.45;
−1.02)

−1.40 (−1.65;
−1.23)

−1.34 (−1.64;
−1.12)

−1.59 (−1.92;
−1.27)

All data are given as n (%) unless otherwise indicated. IQR: Interquartile Range.

Multivariable regression models (Table 3), both adjusted and unadjusted for the
indicated and relevant covariates, showed no significant effect of Roma ethnicity on DASH,
NB-EAT and HDI scores. On the other hand, DII score was significantly and inversely
associated with Roma ethnicity in the adjusted models.

Table 3. Effect of Roma ethnicity on nutrient-based dietary patterns *.

Dietary Score
MODEL 1

(β [95%CI])
MODEL 2

(β [95%CI])
MODEL 3

(β [95%CI])

DASH † −0.023 [−0.176; 0.129] −0.084 [−0.286; 0.117] −0.049 [−0.254; 0.156]

HDI † 0.038 [−0.131; 0.207] −0.003 [−0.229; 0.223] −0.001 [−0.231; 0.230]

DII ‡ −0.147 [−0.344; 0.049] −0.450 [−0.709; −0.191] −0.455 [−0.720; −0.191]

NB-EAT † 0.021 [−0.073; 0.114] −0.024 [−0.183; 0.136] −0.017 [−0.179; 0.144]
† Poisson regression model; ‡ Multiple linear regression model; * Hungarian general population sample is taken
as a reference in these models. Model 1: effect adjusted only for BMI and energy intake; Model 2: effect adjusted
for BMI, age, education level, energy intake and sex; Model 3: effect adjusted for BMI, age, education level,
energy intake, sex, financial status, marital status and economic activity (see supplementary Tables S4–S7 for more
information). Significant effect sizes are bolded. DASH: The Dietary Approaches to Stopping Hypertension; HDI:
Healthy Diet Indicator; DII: The Dietary Inflammatory Index; EAT: Nutrient-based EAT-Lancet score; β [95%CI]:
beta coefficient of the regression model, accompanied by its corresponding 95% confidence interval.

4. Discussion

Our results indicate substandard adherence to established healthy and sustainable
dietary guidelines, as accounted by the nutrient-based dietary indexes used in this work.
Ethnicity did not have a strong influence on adherence to selected dietary guidelines.
However, being Roma was associated with a lower DII score, i.e., lower dietary inflam-
matory potential. These findings are in line with our previous results and reinforce the
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fact that currently the Hungarian population is not close to meeting healthy diet targets,
regardless of ethnic background. The cause of such a substandard quality of diet is highly
likely to be multifactorial. A relevant contributor may be the lack of adequate dietary
guidance/interventions, as nutrition services have not yet been mainstreamed into the
Hungarian health care system.

As a result, dietary patterns such as DASH, EAT-Lancet or dietary evaluation based on
DII and HDI approach have not been widely promoted in Hungary. At present, provision of
general preventive services in primary health care in Hungary is challenging and not based
on evidence-informed dietary guidance, i.e., trained dieticians, nutritional experts, etc. [56].

General practitioners (GPs) constitute a significant component of the Hungarian
primary healthcare system and are in regular contact with both the healthy and ailing
people. According to our data and previous research, lifestyle counselling is the kind of
service that patients need most and one of the leading drivers of medical litigation [57].
Coverage and quality of nutritional counselling services, within primary healthcare settings
are limited and primarily focused on those suffering from diet-related NCDs, particularly
among type 2 diabetes patients [58,59]. People suffering from other diet-related NCDs (e.g.,
Crohn’s disease, gluten sensitivity, etc.) are provided with some dietary advice, only within
the context of outpatient care, with no targeted or tailored preventive dietary counselling
yet. Additionally, dietary assessment is not common in the routine GP’s practice and it
is provided only for small proportion of patients (i.e., 24% and mainly hypertonic and
diabetic), with almost no monitoring on compliance or providing further counselling
and/or follow-up [60].

Dietary services, currently available only in the outpatient and inpatient care, appear
to target only those who are already suffering from diet-related NCDs, hence not as a
preventive approach. On the other hand, there is a limited number of private dietary
and nutritional services, available only in the largest cities, relatively pricy and not clear
whether they are effective or not. However, it is crucial to recognize that optimal health
and well-being is a human right and not a privilege of only those who can afford to pay.
Integrating dietary services within health systems has the potential to generate substantial
health gains, while simultaneously being cost-effective [61].

Another aspect of the inadequate access and/or availability of evidence-based nutri-
tional services that merits attention, is the need to raise the profile of nutrition at national
level, while aligning resource allocation accordingly. Currently, there is a demand for
such services, particularly among high-income, highly-educated Hungarians [62], that
seem to have recognized the value of nutritional guidance and interventions (e.g., bal-
anced nutrition, blood glucose lowering and healthy weight control, etc.), among other
lifestyle changes.

Currently, nutrition services are not widely supported by the Hungarian national
health budget and are typically not delivered by qualified nutrition professionals, since
other professions (e.g., personal trainers, self-proclaimed dietitians, etc.) are currently
attempting to fill the demand gap [63]. The latter phenomenon has been recognized and
there is data showing that such guidance is inadequate and not in line with established
guidelines [63,64]. Consequently, despite efforts to improve nutrition [65], Hungarians
appear to have a limited exposure to professional and evidence-informed dietary and
nutritional preventive services, something which may contribute to our “no difference”
findings with regards to nutrient-based dietary patterns.

Additionally, there was a considerable representation of subjects in the upper tertile
of the DII in our sample, hinting an elevated inflammatory potential of current dietary
patterns. Chronic inflammation plays an important role in the development of several
chronic diseases [66].

Since various nutrients and foods have been shown to modulate inflammation, dietary
patterns play an important role in the regulation of chronic inflammation [67]. Although
the link between diet and disease outcomes needs additional studies to further confirm
the health potential of current dietary patterns, longitudinal epidemiological data have
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already linked poor adherence to healthy dietary patterns to many NCDs and claiming an
attributable global death toll of 11 million from diet-related NCDs [68].

Therefore, there is a compelling case for urgently considering the inclusion of nutrition
and dietary services as an integral component of primary healthcare [69]. The Hungarian
healthcare system has for decades focused on the clinical, pharmacological-oriented model
of disease that may ignore fundamental modifiable causes, such as diet and lifestyle. The
consequences of this approach can be observed in the poor dietary patterns reported here,
with the potential to contribute to an elevated risk of diet-related NCDs. This is further
supported by data showing a very high prevalence of metabolic syndrome in both HG and
HR populations (i.e., 39.8% and 44.0%, respectively), with no significant difference between
the two groups in either females or males [44]. Integrating and mainstreaming nutrition
actions into the Hungarian health care system to promote healthier diet, and prevent and
treat diet-related NCDs, has the potential to generate substantial health gains and can be
highly cost-effective [61].

Furthermore, adherence to sustainable dietary patterns among our participants, can
be viewed, not only as a dietary marker, but as one of behavioral commitment towards
addressing Climate Change as well. The vast majority of nutrient-based EAT-Lancet
reference diet targets were not attained and none of the participants was in the third-upper
category of adherence. Considering the detrimental environmental impact of current food
systems [70], and concerns raised about their sustainability, there is a pressing need to
promote diets that are healthy and have no or low destructive impact on the environment
in Hungary and globally. At present, the ‘Nutritional recommendations for the adult
population in Hungary’ (i.e., national food-based dietary guideline [71]) fails to include
sustainability criteria, although there is mounting evidence linking overconsumption
of, in particular, red and ultra-processed meat products with detrimental human and
environmental health outcomes [42,72,73]. Advocating for plant-based diets in Hungary
is also timely. Recommending dietary shifts towards plant-based diets may be of great
importance in achieving health and sustainability goals [74], as from a food systems point
of view, down-right adoption of plant-based diets has the potential to simultaneously
optimize food supply, improve health, increase environmental sustainability and advance
social justice outcomes [75,76].

Apart from the established health benefits [77–79] DASH diet is also considered an
environmental-friendly dietary pattern [46,80]. Our results indicate an extremely high
“non-accordance” to DASH pattern (95%), independently of ethnicity. This may be an
epidemiological signature, which may signify increased risk for diet-related NCDs, as well
as a low potential of the current diet to contribute in improving climate targets. Thus, our
findings provide novel insights into dietary situation among HR and HG, as well as key
dietary recommendations, which might require special attention during nutrition/public
health education campaigns. Moreover, we advocate for nutrition education and research
to be extensively integrated in health sciences-related academic programs, with an overar-
ching emphasis and regular reinforcement of the importance of higher fiber, fruit, vegetable
and wholegrain intake and substitution of fat sources with beneficial ones, in an energy
balanced manner.

In addition to the above-mentioned challenges, the actual nutrition situation is clearly
neither a mere consequence of inappropriate quantity/quality of foods in the Hungar-
ian diet, nor as a lack of willpower from the individual [81], but as a consequence of a
fundamental global challenge: food systems that have failed in providing healthy, safe,
affordable and sustainable diets [82].

The economic, social and environmental implications of further inaction can impact
the growth and development of individuals and societies for decades to come [83,84].
As the Lancet Series on the “Double Burden of Malnutrition” has shown, the intricate
biological and social pathways of all forms of malnutrition cannot be disrupted through
siloed interventions, therefore requiring society-wide and scalable behavioral shifts that
can be sustained over time [85,86]. Our findings also point towards the need for triple-duty

64



Nutrients 2021, 13, 721

actions, as described by Swinburn et al. [41] as The Lancet Commission report. Such policy
actions have the potential to re-orient major systems of food and agriculture, transport,
urban design, and land use that drive this Syndemic—the three co-existing pandemics:
obesity, undernutrition and climate change. Such actions need to occur locally, nationally
and within a global framework. Implementation of such actions to address these deeper
drivers is politically more difficult to achieve and their outcomes are more uncertain
compared to downstream actions such as health promotion programs or healthcare service
provision. However, their implementation is essential for transformative, systemic changes.
More studies are warranted to determine the food system determinants, social drivers of
poor dietary intake in Hungary, as well as trials investigating how dietary interventions
may effectively influence the current dietary patterns, particularly among Roma.

Finally, the current COVID-19 pandemic has cast a spotlight on longstanding costly
and life-threatening inequities that exist in our global society. Those living in economically
challenged communities, such as ethnic minorities, are bearing the heaviest burden of
COVID-19 infections. It is now accepted that poor metabolic health is one of the most
important immunity-impairing factors underlying cardiovascular disease, type 2 diabetes
and obesity-related cancers, rendering many people vulnerable to COVID-19 severity and
mortality [87]. However, while diet-related NCDs may increase vulnerability to the virus,
limited attention has been paid in improving access to healthy and sustainable diets, that
can both sustain metabolic health, support a vigorous immune system and contribute to
lessening the effect of our footprint on the planet. After this pandemic subsides, a lot more
attention needs to be given to the power that our diets have to ward off, not only future
medical, economic and social calamities from whatever pathogen next comes down the
pike, but to address the bigger “pandemic” as well: climate change.

As governments embark on economic recovery plans in the wake of COVID-19, a great
opportunity exists, within the framework of the UN Decade of Action on Nutrition (2016–
2025), to invest in a green recovery plan that can tackle the health equity and environmental
crises together, to ensure the most effective response to each. Addressing these issues and
building forward better starts with our “plates”.

Limitations, Strengths and Future Outlooks

There are some potential limitations to our observations that should be recognized.
This analysis is based on a double 24 h dietary recall, hence findings need to be interpreted
with caution, as long-term dietary patterns of the population under investigation may not
be fully captured by this approach. Further, the current findings, although insightful, are
relatively incomplete, as linking them with health outcome data (e.g., metabolic syndrome)
is crucial in order to better characterize the current situation, and link health effects of
an environmentally sustainable diet and further confirm these findings. Although diet
is, no doubt, an important modulator of inflammation, it is by no means the only one.
Other indexes, including physical activity and stress, should be derived using similar
methods. If these could be integrated with the DII, then this could validate and confirm the
inflammatory potential of the diet in the current population under investigation. It should
be taken also into consideration that, in our study, the representation of females among HR
was higher than among HG.

This has also been the case in our previous surveys conducted among segregated
Roma colonies in Hungary [88] and also in Roma surveys in other countries [89]. Other
potential limitations related to the composition of our sample are described in detail in
our previous work [39]. Although this is the first attempt, to the best of our knowledge,
to present a nutrient-based index for healthy and sustainable diets based on the rigorous
EAT-Lancet reference diet, we recognize that it may need further validation. The EAT-
Lancet commission’s “healthy and sustainable reference diet” provides values of nutrient
composition, as well as intakes for food groups, with the latter being more informative.
In our attempt to describe dietary sustainability, NB-EAT’s use was chosen due to the
inability to obtain dietary intake data at the level of individual food items or food group
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data—something which we acknowledge that can provide more tangible details on the
healthiness and sustainability aspects of the diet. Nevertheless, it was shown that there is a
poor adherence to healthy and sustainable dietary targets, independently of the dietary
pattern and population group.

Further work on drivers of poor dietary patterns should go beyond measuring the
effect of prescribed (but often not followed) dietary guidelines on population-averaged
cohorts, towards quantifying the efficiency of dietary and lifestyle advice as well. Even
the best dietary advice in the world may be indistinguishable from the worst, when
individuals do not or cannot adhere to it due to specific circumstances, e.g., place of
residence, access to healthy foods, employment conditions and income. Despite the
abovementioned challenges, our findings offer new nutritional insights on dietary aspects
that require particular attention during potential interventions and monitoring their effects,
when attempting to improve the overall quality of the diet among young adults in Hungary.
Decision-makers and experts should approach this issue from a food system’s perspective,
in order to address and transform the complex web of activities involving the production,
processing, transport and consumption of unhealthy diets.

5. Conclusions

Potential nutritional interventions in Hungary, addressing healthy and sustainable
nutrition, are not only necessary among Hungarian Roma population, but on a population-
wide level as well. Unhealthy nutrient-based dietary patterns appear generally indiscrimi-
nate of ethnic background according to our analyses, with both populations (HG and HR)
poorly adhering to healthy and sustainable dietary patterns, with no strong mediation
by any included factor in this analysis. Identifying dietary patterns that are nutrient-rich,
affordable, healthy and sustainable for Hungarians should be a top public health research
priority, as well as an opportunity to discern and address social inequalities in nutrition
and health. Our cross-sectional analysis also indicates that current nutritional trajectory
may not be in line with achieving the sustainable development goals in respect to multiple
dietary targets for public health and environmental sustainability. Research and policy
action therefore need to be integrated between disciplines and domains, starting with the
formulation of integrated national nutrition guidelines, through a sustainability lens and
an outlook of long-term challenges to the food system, as well as an agenda to achieve
the relevant behavioral change. Further research is warranted to elucidate drivers and
ascertain food-based dietary patterns, with sustainability considerations in mind.
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Abstract: Globally, the total estimated number of people living with depression increased by 18.4%
between 2005 and 2015, with the prevalence being 4.8% in 2015. Many nutrient and diet patterns are
proven to be correlated to depression, so we conducted this analysis to explore whether the Healthy
Eating Index 2015 (HEI-2015) score is associated with depression, and possibly to provide dietary
measures to reduce the risk of depression. Data came from the National Health and Nutrition Exami-
nation Survey (2005–2016), a cross-sectional and nationally representative database. The analytic
sample was limited to adults: (1) age ≥20 with complete information of HEI-2015 and depression;
(2) no missing data of demographics, BMI, drinking, smoking, and fasting plasma glucose. HEI-2015
was calculated using the Dietary Interview: Total Nutrient Intakes, First Day data file. Depression
was assessed using the Patient Health Questionnaire-9 (PHQ-9). Weighted logistic regression models
were used to explore the relationship between the HEI-2015 score and depression. The final study
sample included 10,349 adults, with 51.4% of them being men, representing a population of about
167.8 million non-institutionalized U.S. adults. After multivariable adjustment, average HEI status
(OR: 0.848, 95% CI: 0.846–0.849) and optimal HEI status (OR: 0.455, 95% CI: 0.453–0.456) were asso-
ciated with reduced odds of depression. Poor diet quality is significantly associated with elevated
depressive symptoms in U.S. adults. Aligning with the Dietary Guidelines for Americans reduces
the risk of depression.

Keywords: healthy eating index; depression; NHANES; diet pattern; DGA

1. Introduction

Depression, clinically characterized by significant and persistent low mood symptoms,
is a common and growing globally mental health issue linked with considerably diminished
role-functioning and quality of life, medical comorbidity, and mortality [1]. In 2017, about
17.3 million adults aged 18 and over in the US had experienced at least one major depressive
episode. The prevalence was about 7.1%, and highest among adults reporting two or more
races [2]. According to the Depression and Other Common Mental Disorders: Global Health
Estimates published by WHO in 2017, the total number of people living with depression
in the world is 322 million. Nearly half of them live in the South-East Asia Region and
Western Pacific Region, such as China and India. Meanwhile, the prevalence of depression
varies by age, peaking in older adulthood, and was estimated above 7.5% among females
aged 55–74 years [3]. A substantial number of researches have shown strong relationships
between depression and physical health, including cardiovascular disease [4], Parkinson’s
disease [5], metabolic disease [6], dementia [7], type 2 diabetes [8], and cancer [9]. Out of
the mental and addictive disorders, depressive disorders cause most disability-adjusted
life years for both sexes, followed by anxiety disorders in women [10]. In 2015, depressive
disorders led to a global total of over 50 million years lived with disability (YLD), more than
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80% of which occurred in low- and middle-income countries [4]. Studies in recent decades
have shown associations between nutrient intake and the risk of depression, including
minerals like zinc, omega-3 fatty acids, and vitamins such as vitamin D [11–14]. Many
researchers also found adherence to a specific dietary pattern, such as “dietary approaches
to stop hypertension”, was correlated with lower depression risk [15–17]. While most of
them focused on specific diet pattern or food intake, some research explored the relationship
from a macroscopic view. To explore the effect of diet quality in a more macroscopic way,
we adopted the latest edition of the Healthy Eating Index (HEI) to determine whether
diet quality is related to depression. Through this research, we want to answer whether
aligning with the Dietary Guidelines for Americans (DGA) reduces the risk of depression.

2. Materials and Methods

2.1. Sample

Data came from the six continuous National Health and Nutrition Examination Survey
(NHANES) cycles from 2005–2016 (https://wwwn.cdc.gov/nchs/nhanes/ContinuousNhanes/
Default.aspx?BeginYear=2005). NHANES is a nationally representative, population-based
survey for assessing adult and child health and nutritional status in the US. This survey com-
bined health interviews conducted in respondents’ homes with health measurements (e.g.,
DPQ_I, objective physical measures) performed at mobile exam centers (MECs). The exam-
ination components consisted of medical, dental, and physiological measurements, and
laboratory tests supervised by trained medical personnel. Furthermore, the adoption of
various modern equipment enabled the NHANES to collect reliable, high-quality data.
Moreover, compensation and a report of medical findings were given to each participant,
which increased the compliance of participants [18]. The total sample size of adults from the
2005–2016 assessments was N = 10,349. Additional details of the study design, sampling,
and exclusion criteria are described in Figure 1. Only publicly available data was used in
the analysis, and no ethical approval was needed in this study.

2.2. Measures

Diet quality: The Healthy Eating Index (HEI) is a measure for assessing dietary quality,
precisely, the degree to which a set of foods aligns with the Dietary Guidelines for Ameri-
cans [19]. The HEI-2015 components were the same as in the HEI-2010, except saturated
fat and added sugars replaced empty calories, with the result being 13 components [20].
HEI-2015 scores ranged from 0–100, with higher HEI scores reflecting better diet quality.
We utilized the total nutrient intakes on the first day (DR1TOT) to calculate the 13 compo-
nents of HEI-2015. For further weighted Scott–Rao chi-square test and weighted logistic
regressions, an HEI-2015 score less than 50, between 50 and 70, and more than 70 was
categorized as inadequate, average and optimal, respectively [21].

Depression: Current depressive symptoms were measured by the Patient Health
Questionnaire-9 (PHQ-9). The PHQ-9 is a well-validated (Cronbach’s α = 0.89) self-report
instrument that assesses depression symptoms (i.e., sadness, trouble sleeping, fatigue,
problems concentrating) in the past two weeks, and has moderate concordance with
clinical psychiatric interviews. The PHQ-9 questionnaire contains nine items, with each
item being assessed on a four-point Likert scale, ranging from 0 = not at all to 3 = nearly
every day, and summing up a total scale range of 0 to 27. A dichotomous variable indicating
no depression (PHQ-9 score <10) or elevated depressive symptoms (PHQ-9 score ≥10) was
created using a threshold score of 10 [22].
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Figure 1. Flowchart of the study population.

Covariates

Each covariant was categorized into a reference group, and other groups. When
analyzing, all other groups were compared to this reference group to estimate the relative
odds ratio.

Sex: Sex was categorized as male (reference group) and female.
Age: Age was categorized as 20 to 25 years (reference group), 26 to 49 years, and

50+ years [4].
Race: Race was categorized as non-Hispanic white (reference group), non-Hispanic

black, Mexican American, and other races [23].
Education level: Education level was categorized as less than a high school diploma

(reference group), high school graduate/GED, some college/AA degree, and college
graduate or more [24].

Household income: Household income was categorized as ≤130% (reference group),
>130% to 350%, and >350% by the ratio of family income to poverty (FPL) [25].
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BMI status: body mass index was calculated from measured height and weight as
weight/height2 (kg/m2), and then categorized into ≤25 (reference group), >25 to 30, and
>30 [26].

Smoking status: smoking behavior was measured in the “smoking: cigarette use”
questionnaire. In the “smoking: cigarette use” questionnaire, respondents were asked if
s/he had smoked at least 100 cigarettes in their life, and smoked cigarettes when being
questioned. If the respondent had smoked less than 100 cigarettes in their life, s/he was
classified as a never smoker. If the respondent had smoked at least 100 cigarettes in his/her
life and still smoked when s/he answered the questionnaire, s/he was classified as a current
smoker. The respondent was classified as a former smoker if s/he had smoked at least
100 cigarettes in his/her life, and had quit smoking when s/he answered the questionnaire.
Smoking status was categorized into never smoker (reference group), former smoker,
and current smoker [27].

Drinking status: drinking behavior was measured in the “alcohol use” questionnaire.
In the “alcohol use” questionnaire, each respondent was asked how often s/he had drunk
alcoholic drinks in the past 12 months, and the average drinks on those days that s/he drank
alcoholic beverages. According to these questions, the average number of alcoholic drinks
consumed per week in the past 12 months could be calculated. Then it was categorized into
four strata (0, <1, 1–<8, and ≥8 drinks per week) and defined as none (reference group),
light, moderate, and heavy alcohol consumption, respectively. A “drink” was defined as a
12-ounce beer, a 5-ounce glass of wine, or one-and-half ounces of liquor [28].

Diabetes: plasma glucose data were obtained from the plasma fasting glucose laboratory
data. Respondents whose fasting plasma glucose was ≥6.0 mmol/L were thought to be a
diabetic, consistent with American Diabetes Association guidelines [29]. Thus, respondents
were categorized into adults with normoglycemia (reference group), and adults with diabetes.

2.3. Statistical Analysis

Initially, the trends of depression and other characteristics in the six continuous cycles
were estimated with the Cochran–Armitage trend test. Then, the baseline characteristics
of different groups were compared using the weighted Scott–Rao chi-square test [30].
HEI scores were described with a median (P25, P75). Finally, a series of weighted steps for-
ward (likelihood ratio) binary logistic regression models were fit to assess the relationship
between diet quality and depression. Estimates were weighted to be representative of the
general adult population. All p values refer to two-tailed tests. Statistical analyses were
conducted using the SPSS statistical package (Version 23.0; SPSS Inc., Chicago, IL, USA).

3. Results

Figure 1 described the study design, sampling, and exclusion; and 18,006 partici-
pants were excluded because of missing data on any of the covariates. Among them,
2361, 12, 219, 12, 3594, and 11,808 individuals were excluded because of missing data
on income, education, BMI, smoking, drinking, and diabetes, respectively. Our final
sample included 10,349 NHANES participants, representing a population of about 167.8
million non-institutionalized U.S. adults, with 48.6% being female and 72.0% being non-
Hispanic White.

Table 1 described the prevalence of depression and associated characteristics in six
continuous NHANES cycles, in which the trend tests were also conducted. The prevalence
of depression grew with time, from 4.8% in 2005–2006 to 7.4% in 2015–2016. In addition,
there are other points worth noting. For example, the proportion of women and adults
aged over fifty years old increased with time. The proportion of adults with normal
or low weight decreased with time, indicating the urgency of body shape management.
The prevalence of diabetes increased with time, which reminds adults of the significance
of blood glucose control. The proportion of adults with inadequate HEI status decreased
with time, showing the improving diet quality in the six cycles.
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Table 1. US trends in characteristics among adults aged 20 years or older.

Characteristics
2005–2006
(n = 1595)

2007–2008
(n = 1839)

2009–2010
(n = 1913)

2011–2012
(n = 1619)

2013–2014
(n = 1778)

2015–2016
(n = 1605)

p Trend

No. with depressive
symptoms 84 157 166 131 159 139

The prevalence of
depression (Weighted %) 4.8 6.8 7.0 7.4 8.0 7.4 <0.001

Sex (No. Weighted %) <0.001
Male 856 (51.2) 993 (52.7) 983 (51.4) 891 (52.0) 710 (50.7) 856 (50.6)

Female 739 (48.8) 846 (47.3) 930 (48.7) 728 (48.0) 868 (49.3) 749 (49.4)
Age group (No. Weighted

%)
<0.001

20–24 y 151 (8.9) 136 (9.1) 175 (9.3) 171 (9.6) 143 (9.5) 115 (7.2)
25–49 y 746 (51.5) 775 (51.0) 809 (47.6) 709 (46.3) 764 (45.4) 670 (44.8)
50+ y 698 (39.6) 928 (39.9) 929 (43.1) 739 (44.1) 871 (45.0) 820 (45.8)

Race (No. Weighted %) <0.001
Non-Hispanic White 865 (75.2) 932 (72.6) 1023 (73.9) 728 (71.9) 868 (70.2) 646 (68.7)
Non-Hispanic Black 334 (9.7) 364 (10.4) 298 (9.8) 366 (10.1) 339 (10.7) 321 (10.1)
Mexican American 281 (7.2) 304 (8.0) 331 (7.3) 159 (6.6) 224 (8.3) 240 (7.1)

Other races 115 (7.9) 239 (9.0) 261 (9.0) 366 (11.4) 347 (10.8) 398 (14.1)
Education level (No.

Weighted %)
<0.001

<High school 373 (14.8) 509 (17.5) 475 (16.2) 323 (14.0) 345 (14.2) 306 (11.9)
High school/GED 400 (26.2) 453 (23.8) 434 (22.7) 340 (18.7) 384 (20.1) 374 (22.3)

Some college/AA degree 483 (32.8) 478 (29.4) 567 (30.6) 500 (33.1) 557 (33.2) 506 (32.6)
College or more 339 (26.1) 399 (29.4) 437 (31.4) 456 (34.2) 492 (32.5) 419 (33.1)

Household income (No.
Weighted %)

<0.001

0–130% FPL 352 (13.3) 503 (17.3) 598 (20.5) 540 (21.8) 574 (23.1) 463 (18.2)
>130–350% FPL 652 (39.1) 718 (33.6) 711 (36.0) 576 (36.6) 610 (34.3) 665 (37.9)

>350% FPL 591 (47.6) 618 (49.1) 604 (43.4) 503 (41.9) 594 (42.6) 477 (43.3)
BMI status (No. Weighted

%)
<0.001

Normal or low weight 479 (32.0) 538 (31.6) 540 (31.0) 503 (31.2) 535 (30.0) 422 (26.1)
Overweight 537 (31.9) 653 (36.1) 665 (34.0) 528 (33.6) 589 (33.2) 534 (32.5)

Obese 579 (36.2) 648 (32.3) 708 (34.9) 588 (35.2) 654 (36.9) 649 (41.4)
Smoking status (No.

Weighted %)
<0.001

Never 721 (44.6) 863 (50.1) 950 (51.4) 853 (54.1) 911 (53.2) 767 (48.1)
Former 482 (28.5) 528 (26.7) 531 (28.0) 413 (25.5) 481 (26.8) 469 (31.1)
Current 392 (27.2) 448 (23.1) 432 (20.6) 353 (20.5) 386 (20.0) 369 (20.8)

Drinking status (No,
Weighted %)

<0.001

None 394 (19.0) 434 (18.5) 385 (16.1) 315 (15.3) 362 (15.6) 307 (15.7)
Light 516 (33.4) 620 (33.9) 682 (34.0) 591 (34.9) 656 (36.5) 606 (36.0)

Moderate 457 (30.7) 514 (32.1) 546 (33.3) 453 (31.2) 522 (33.3) 483 (34.3)
Heavy 228 (16.8) 271 (15.5) 300 (16.7) 238 (18.6) 238 (14.6) 209 (13.9)

Diabetes (No. Weighted %) <0.001
No 1448 (93.0) 1617 (92.6) 1707 (92.3) 1445 (92.5) 1570 (90.2) 1370 (88.7)
Yes 147 (7.0) 222 (7.4) 206 (7.7) 174 (7.5) 208 (9.8) 235 (11.3)

HEI status (No. Weighted
%)

<0.001

Inadequate 889 (57.2) 959 (55.2) 958 (49.3) 825 (49.7) 895 (50.9) 758 (47.3)
Average 594 (36.4) 751 (38.6) 789 (41.3) 652 (39.8) 704 (40.1) 720 (45.1)
Optimal 112 (6.4) 129 (6.1) 166 (9.4) 142 (10.5) 179 (9.1) 127 (7.5)

Values are survey-weighted percentages. FPL = family income to poverty. HEI = healthy eating index.

Table 2 describes the characteristics of participants with the weighted Scott–Rao chi-
square test. Adults with depression were more likely to be female, non-Hispanic Black,
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obese, over 50 years old, current smokers, diabetic, alcoholic, have less than high school
education, have low household income, and have inadequate HEI scores.

Table 2. Characteristics among adults aged 20 years or older by depression.

Characteristics Adults without Depression Adults with Depression p-Value

No. (Weighted %) 9513 (93.1) 836 (6.9)
Sex <0.001

Male 5159 (52.4) 330 (38.1)
Female 4354 (47.6) 506 (61.9)

Age group <0.001
20–24 y 4129 (9.5) 326 (7.4)
25–49 y 3212 (47.9) 368 (45.6)
50+ y 2172 (42.6) 142 (47.1)
Race <0.001

Non-Hispanic White 4654 (72.3) 408 (69.1)
Non-Hispanic Black 1846 (9.9) 176 (13.5)
Mexican American 1430 (7.5) 109 (6.2)

Other races 1583 (10.3) 143 (11.2)
Education level <0.001

<High school 2052 (14.0) 279 (24.9)
High school/GED 2176 (21.8) 209 (26.3)

Some college/AA degree 2841 (31.8) 250 (34.4)
College or more 2444 (32.4) 98 (14.5)

Household income <0.001
0–130% FPL 2574 (17.4) 456 (42.3)

>130–350% FPL 3667 (36.2) 265 (35.7)
>350% FPL 3272 (46.4) 115 (22.0)
BMI status <0.001

Normal or low weight 2795 (30.4) 222 (28.7)
Overweight 3293 (34.2) 213 (24.8)

Obese 3425 (35.4) 401 (46.5)
Smoking status <0.001

Never 4787 (51.6) 278 (31.8)
Former 2695 (28.0) 209 (24.3)
Current 2031 (20.3) 349 (44.0)

Drinking status <0.001
None 1979 (16.2) 218 (23.0)
Light 3336 (34.6) 335 (37.9)

Moderate 2833 (33.4) 142 (20.6)
Heavy 1365 (15.8) 141 (18.5)

Diabetes <0.001
No 8463 (92.0) 694 (85.6)
YES 1050 (8.0) 142 (14.4)

HEI status <0.001
Inadequate 4783 (50.8) 501 (62.4)

Average 3908 (40.7) 302 (34.3)
Optimal 822 (8.5) 33 (3.2)

Values are survey-weighted percentages. FPL = family income to poverty.

Table 3 shows the results of three weighted logistic regression models. Model 1 was
adjusted for demographics characteristics (i.e., sex, age group, race, income, and education).
Model 2 was adjusted for all Model 1 covariates and BMI, smoking, and drinking status.
Moreover, Model 3 was adjusted for all Model 2 covariates and diabetes. After adjusting for
demographic characteristics, optimal HEI status was associated with 0.378 times lower odds
(95% CI, 0.377–0.379) of current depression, relative to inadequate HEI status. Additional ad-
justment for BMI, smoking, drinking, and diabetes status did not substantially attenuate these
relationships. After multivariable adjustment, adults with average HEI status (OR: 0.848, 95%
CI: 0.846–0.849) and optimal HEI status (OR: 0.455, 95% CI: 0.453–0.456) were associated with
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reduced odds of depression. Adults with diabetes were more likely to suffer from depression,
with the odds ratio being 1.637 (95% CI: 1.634–1.640).

Table 3. Relationship between HEI and Depression among Adults aged 20 years or older.

Variable
OR (95% CI)

Model 1 Model 2 Model 3

Sex (reference, Male)
Female 1.799 (1.787, 1.791) 1.850 (1.847, 1.852) 1.889 (1.887, 1.892)

Age group (reference, 20–24 y)
25–49 y 1.669 (1.665, 1.673) 1.495 (1.491, 1.499) 1.472 (1.468, 1.476)
50+ y 2.128 (2.123, 2.133) 1.968 (1.963, 1.973) 1.827 (1.822, 1.832)

Race (reference, Non-Hispanic White)
Non-Hispanic Black 0.963 (0.961, 0.965) 0.958 (0.956, 0.960) 0.958 (0.956, 0.960)
Mexican American 0.535 (0.534, 0.537) 0.670 (0.668, 0.672) 0.656 (0.655, 0.658)

Other races 0.976 (0.974, 0.978) 1.062 (1.060, 1.064) 1.048 (1.046, 1.050)
Education level (reference, <High school)

High school/GED 0.812 (0.810, 0.813) 0.848 (0.846, 0.849) 0.852 (0.850, 0.853)
Some college/AA degree 0.835 (0.833, 0.836) 0.952 (0.950, 0.953) 0.962 (0.961, 0.964)

College or more 0.479 (0.478, 0.480) 0.647 (0.646, 0.649) 0.655 (0.653, 0.656)
Household income (reference, 0–130% FPL)

>130–350% FPL 0.407 (0.406, 0.407) 0.456 (0.456, 0.457) 0.456 (0.455, 0.457)
>350% FPL 0.230 (0.230, 0.231) 0.274 (0.273, 0.274) 0.277 (0.276, 0.277)

HEI status (reference, Inadequate)
Average 0.766 (0.765, 0.767) 0.842 (0.841, 0.843) 0.848 (0.846, 0.849)
Optimal 0.378 (0.377, 0.379) 0.448 (0.447, 0.450) 0.455 (0.453, 0.456)

BMI (reference, Normal or low weight)
Overweight 0.844 (0.843, 0.846) 0.833 (0.832, 0.835)

Obese 1.341 (1.339, 1.343) 1.265 (1.263, 1.267)
Smoking status (reference, Never)

Former 1.286 (1.284, 1.288) 1.274 (1.272, 1.276)
Current 2.546 (2.542, 2.550) 2.564 (2.560, 2.568)

Drinking status (reference, None)
Light 0.955 (0.954, 0.957) 0.971 (0.969, 0.973)

Moderate 0.702 (0.701, 0.703) 0.722 (0.720, 0.723)
Heavy 1.141 (1.139, 1.144) 1.181 (1.179, 1.184)

Diabetes (reference, No)
YES 1.637 (1.634, 1.640)

FPL = family income to poverty; CI = confidence interval; OR = odds ratio. Model 1 = adjusted for demographics characteristics (i.e., sex,
age group, race, income, and education); Model 2 = Model 1 covariates + BMI, smoking, and drinking status; Model 3 = Model 2 covariates
+ diabetes.

Figure 2 shows the trend of the HEI-2015 score in the form of a violin plot. HEI
score increased from 47.77 (39.39, 56.51) in 2005–2006, to 50.74 (43.13, 59.13) in 2015–2016.
The proportion of adults with inadequate HEI status decreased with time, and that of
adults with optimal HEI status increased with time.

Figure 3 shows the results of three weighted logistic regression models in the form of
a forest plot. As is shown, average and optimal HEI status are both protective factors for
depression, reducing the depression risk by 15.2% and 54.5%. Diabetes is the risk factor of
depression, increasing the depression risk by 63.7%. Cigarette smoking and heavy drinking
are both behavioral risk factors.
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Figure 2. The trends of HEI-2015 score in the six cycles from 2005–2016 in NHANES.

Figure 3. The forest plot shows the odds ratios of analyzing variables in three weighted logistic
regression models.

4. Discussion

The results revealed that a higher HEI score was significantly correlated to less elevated
depression symptoms, so we concluded that higher diet quality was significantly correlated
to a lower risk of depression. Our findings also suggest that Mexican Americans are less
likely to suffer from depression, which needs further analyses of genetic factors.

We analyzed the depression status of participants from nine symptomatic questions
from the PHQ in 2005–2016 NHANES data, and the results revealed a depression preva-
lence of 6.9%. Since the sample is generalizable to the non-institutionalized civilian U.S.
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population, we assume the prevalence to be credible, similar to the data published by the
WHO in 2017.

To our knowledge, many factors are associated with the occurrence of depression,
for instance, alcohol consumption and diabetes. Moreover, it has been found by many
researchers that women are more susceptible to depression than men [31–33], in accordance
with our results (odds ratio, 1.889). Moreover, three logistic regression models were
adopted in this analysis to explore a more appropriate model.

Some results have been widely recognized by many researchers. For example, the re-
sults of the weighted logistic models revealed that the risk of adults aged over 50 years
old suffering from depression was 1.827 times that of adults aged 20–24 years old. The
report from the WHO also concluded that the prevalence varies by age, peaking in older
adulthood, similar to our results [3]. After multivariable adjustment, the odds ratio for
other races changed from less than one, to more than one, which needs more specific classi-
fication. Our results revealed higher education level reduced the depression risk, similar
to other studies [34–36]. In addition, our results revealed a negative correlation between
household income and depression, consistent with other research [37–39]. It is recognized
by many experts that a positive association exists between smoking and depression, as in
our results [40–42]. Among the results, we found some interesting facts. Compared with
normal and low weight participants, overweight adults were less likely to suffer from
depression, contrary to our original thoughts. However, we found that Z Ul-Haq got a
similar result from a cross-sectional study consisting of 37,272 participants, which revealed
that overweight participants had better mental health than the normal-weight group [43].
Generally, overweight and obese adults suffer more ridicule and gossip than normal and
low weight adults, which may be a reason for depression. After further analyses, we found
that overweight adults accounted for about one third of American adults, so were obese
adults. This meant high BMI is typical among American adults, and discrimination in the
US is not as high as in China, leading to less psychological pressure in overweight adults.
At the same time, overweight adults relieve pressure through diet, and are less susceptible
to depression.

Another fact is that light and moderate drinking is a protective factor for depression.
A meta-analysis in 2013 concluded that light drinking increased the risk of cancer of the oral
cavity and pharynx, esophagus, and female breast [44]. However, many researchers have
found that light and moderate drinking also have some health benefits, including reducing
the risk of dementia [45], heart failure [46], ischemic stroke [47], type 2 diabetes [48], and all-
cause mortality [49]. In a cohort study with ten years of follow up, a J-shaped association
was found with increased psychological distress among abstainers and heavy drinkers
compared to light or moderate drinkers [50]. Our analysis believes that light and moderate
drinking helps people deal with emotional issues and refresh themselves, thus reducing
the risk of depression.

Physical activity has been found to be correlated to depression in a substantial number
of studies [51–54]. However, three versions of the physical activity questionnaire were
adopted in 2005–2016, and no identical and detailed information could be used to conduct
an analysis. Therefore, physical activity was not included as a covariant in this analysis.

Diet quality was reported to be correlated to diabetes in many studies, not only in
randomized controlled trials, but also in large population-based cohorts [55,56]. The rela-
tionship between diabetes and depression was recognized by R J Anderson in 2001 [57],
yet whether there is a causal relationship is still under debate.

Thus, we conducted a mediation analysis to figure out whether diet quality influenced
depression through diabetes. The HEI-2015 score was the independent variable, and the
PHQ-9 score was the dependent variable. The result showed a mediating effect, but the
mediating effect’s proportion was only 0.14%. For further mechanism analysis, we need to
explore more possible factors causing the mediation effect.

The present study has several limitations. The cross-sectional design of the study is
the primary limitation, and no causation should be inferred from this study. Second, using
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self-reported 24-h dietary recall data and the PHQ-9 questionnaire is a limitation, as they
are subject to over- or under-reporting. Finally, 18,006 participants were excluded because
of missing data on any of the covariates, which may have affected the results. Despite
these limitations, our study has several strengths. Using a large, nationally representative
database to estimate diet quality is a major strength of the present study. Adopting the
latest edition of HEI is another strength. Moreover, data in six cycles were combined to
increase the sample size.

Since we found that a higher HEI-2015 score is associated with a lower risk of depres-
sion, the next step of our plan is to figure out the pathway by which HEI-2015 influences
depression, with structural equation models.

By virtue of this article, we would like to make the public aware of the significance of
better diet quality on depression. Since better diet quality is associated with less depression
risk, why do we not improve our diet quality to reduce the risk of depression?

5. Conclusions

This study’s primary finding is that depression is rapidly growing in prevalence
among American adults, from 4.8% in 2005–2006, to 7.4% in 2015–2016. Poor diet quality is
significantly associated with elevated depressive symptoms. An optimal HEI-2015 score
reduces the risk of suffering from elevated depressive symptoms by 54.5% compared to an
inadequate HEI-2015 score.
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Abstract: We sought to determine if DNA methylation patterns differed between vegans and
non-vegetarians in the Adventist Health Study-2 cohort. Genome-wide DNA methylation derived
from buffy coat was profiled in 62 vegans and 142 non-vegetarians. Using linear regression,
methylation of CpG sites and genes was categorized or summarized according to various
genic/intergenic regions and CpG island-related regions, as well as the promoter. Methylation of
genes was measured as the average methylation of available CpG’s annotated to the nominated region
of the respective gene. A permutation method defining the null distribution adapted from Storey
et al. was used to adjust for false discovery. Differences in methylation of several CpG sites and genes
were detected at a false discovery rate < 0.05 in region-specific and overall analyses. A vegan diet
was associated predominantly with hypomethylation of genes, most notably methyltransferase-like
1 (METTL1). Although a limited number of differentially methylated features were detected in the
current study, the false discovery method revealed that a much larger proportion of differentially
methylated genes and sites exist, and could be detected with a larger sample size. Our findings
suggest modest differences in DNA methylation in vegans and non-vegetarians, with a much greater
number of detectable significant differences expected with a larger sample.

Keywords: DNA methylation; epigenetics; Adventist Health Study-2; vegetarian diet; linear regression;
permutation

1. Introduction

Findings from the Adventist Health Study-2 (AHS-2) cohort have been prominent among
epidemiologic studies linking a vegetarian dietary pattern to lower risks of diabetes, metabolic syndrome,
and coronary heart disease [1–5] as well as lower risks of gastrointestinal and prostate cancers,
among others [6–8]. Besides avoiding meat, vegetarians and particularly vegans in this cohort have
markedly higher consumption of plant-based foods including fruits, vegetables, whole grains, soy,
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and nuts, but lower consumption of sweets, snack foods, refined grains, and caloric beverages [9],
and healthier profiles of biomarkers of dietary intake, including phytochemicals or bioactive
compounds [10] relative to non-vegetarians. However, there is limited understanding of the underlying
molecular mechanisms that could help explain the probable ability of vegetarian dietary patterns to
prevent chronic diseases, or to buttress causal interpretations.

DNA methylation involves the chemical addition of a methyl group at the 5′ position of a
cytosine residue, and may be influenced by diet, among other lifestyle or environmental factors.
Such modifications can potentially alter gene expression and the development of chronic, autoimmune,
or aging-related diseases [11,12]. Diet may influence gene-specific or global DNA methylation by
(1) providing or modifying the availability of methyl donor compounds or cofactors that regulate one-
carbon metabolism [13], (2) regulating enzymes that catalyze or reverse methylation, such as DNA
methyl transferases (DNMTs) or ten or eleven translocation (TET) enzymes [14,15], and (3) indirectly
regulating inflammation or oxidative stress [16]. Vegetarian or plant-based diets are rich in polyphenols
and secondary plant metabolites that could inhibit the activity of DNMT to prevent cancer [14,17,18].
On the other hand, diets high in animal-based and fatty foods may generate pro-inflammatory
compounds [19–22] and metabolites [15,23] that alter methylation and increase activity of TET enzymes
to promote cancer.

Besides specific dietary components, there is some evidence from animal studies and human
intervention trials that dietary conditions such as high fat content or caloric restriction may alter
genome-wide and gene-specific DNA methylation [24–30]. However, it is not clear how habitual dietary
patterns differing in consumption of plant- and animal-based foods differ in terms of DNA methylation
patterns. The aim of the current study was to examine genome-wide DNA methylation patterns
in long-term vegan and non-vegetarian participants of the AHS-2 cohort to identify differentially
methylated genes. Our approach involved a covariate-adjusted analysis of methylation of individual
CpG sites, as well as of CpGs annotated to their respective genes (gene methylation), considering
various gene regions, and employing an adapted Storey et al. [31,32] permutation method to correct
for false discovery.

2. Materials and Methods

2.1. Study Population

Participants in the current study are members of the larger AHS-2 cohort, established in 2002–2007
as a national study of Seventh-day Adventists, about 1

2 of whom are vegetarian. In this sub-study,
143 participants were Caucasian, and 61 were African-American or Black. Subjects were selected from
the AHS-2 biorepository for DNA methylation analyses conducted at three separate times variably
balanced by age, sex, diet group, and/or ethnic group. All subjects were pooled for the analyses
performed in the current study. Participants were classified a priori into vegetarian diet groups
based on their responses to the food frequency questionnaire (FFQ) completed upon enrollment as
follows: vegans never or rarely (less than once per month) consumed eggs, dairy, fish and other meats,
and non-vegetarians consumed non-fish meats at least once a month and any meat (including but not
only fish) more than once per week.

All investigations were carried out following the rules of the Declaration of Helsinki of 1975,
revised in 2013. The project was originally approved by the Loma Linda University institutional review
board, protocol: 48134.

2.2. Laboratory Analysis and Data Processing

Fasting blood samples were collected at field clinics held in church halls, as described
previously [33]. Buffy coat was removed and diluted to a final volume of 8 mL with phosphate
buffered saline, then aliquoted into straws and frozen at −180 ◦C in nitrogen vapor for storage in the
AHS-2 biorepository. Genomic DNA from buffy coat samples was isolated using the Quick-gDNA
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MiniPrep kit (Zymo Research, Irvine, CA, USA) according to the manufacturer’s protocol. After bisulfite
sequencing, genome-wide methylation analysis was performed using the Infinium MethylationEPIC
(n = 67) and HumanMethylation450 BeadChip (n = 137) arrays at the University of California,
Los Angeles Neuroscience Genomics Core. Raw data were summarized into BeadStudio IDAT files for
further analysis.

Methylation data were processed using R version 3.6.1. Initial preprocessing and normalization
procedures were conducted using the minfi package in R [34]. Raw data generated from methylation
analysis were normalized with the single-sample normal-exponential out-of-band (ssNoob) method
as recommended by Fortin (2017) for combined 450 k and EPIC datasets. Probes were excluded that
were cross-reactive, within 10 bp of single nucleotide polymorphisms (SNPs) [35,36], or present on X/Y
chromosomes. Furthermore, CpG probes with bead counts less than 3 in more than 2% of samples or
detection p values above 0.01 in more than 1% samples were excluded. After these normalization and
processing steps, 313,206 CpG sites (common to both BeadChip arrays) remained for analysis.

As an additional layer of control and primarily to adjust for unwanted variation including batch,
chip, positional, cell heterogeneity, and study effects, a surrogate variable analysis was used from the
SmartSVA R package. With this method, influential principal components of residuals from regressions
of CpG methylation on dietary groups are converted into surrogate variables, and subsequently
included in final regression models, thereby accounting for unwanted variation from other sources
of “error” [37].

2.3. Statistical Analyses

DNA methylation β values were obtained from the BeadChip array, representing the methylation
frequency within an individual sample (ratio of methylated signal divided by the sum of methylated
and unmethylated signals) for each target CpG or gene ranging from 0 (not methylated) to
1 (fully methylated). Subsequently the log2 ratio of the methylated to unmethylated signal was
calculated to obtain M values. Using SmartSVA (39), surrogate variables were created from regression
residuals conditional on covariates, age (continuous), sex (male, female), ethnic group (Black, Caucasian),
and body mass index (BMI; continuous). To examine the association between dietary pattern and
DNA methylation, a linear model was then fitted where the response variable was the residual
when the M values were regressed on these covariates (except BMI) and the surrogate variables [38].
This represents non-BMI covariate-adjusted methylation levels for individual CpG sites [39], or the
average of covariate-adjusted methylation level for CpGs associated with each gene. The independent
variable came from residuals when dietary pattern was regressed on these same covariates, this then
representing covariate-adjusted dietary pattern. Body mass index was not included as a covariate,
given that it may be a mediator in some cases between diet and CpG methylation.

For comparison, separate linear regression models were fitted excluding the SmartSVA method,
where models were additionally adjusted for position on the BeadChip (n = 8 rows), the original
sub-study (n = 3) along with array (450 K, 800 K), and cell type heterogeneity (CD8T, CD4T, NK,
Bcell Mono, Gran) using the approach of Houseman et al. [38].

CpG sites were associated with genes by calculating an unweighted average of covariate-adjusted
M values of all CpG sites in the dataset that were annotated to the gene of interest and in the nominated
gene region, where applicable. When analyzing a particular region, genes were only included where
at least two CpG sites were available in that region. Thus, besides analyzing methylation of all
represented sites, or average methylation across a gene, methylation was also analyzed according to 1)
genic/intergenic region (200 or 1500 base pairs upstream of the transcription start site (TSS200 and
TSS1500, respectively), the 5′ untranslated region (UTR), first exon, gene body, 3′ UTR, and intergenic
regions, 2) in relation to CpG islands (CpG island, north shore, south shore, north shelf, south shelf,
and open sea regions), and 3) in the promoter, including CpG islands within the promoter.

An adapted permutation-identified null distribution (Storey et al. method, references 31, 32) was
used to adjust for multiple comparisons to avoid the risk of severe false discovery. The measure of
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DNA methylation differences by diet pattern for each CpG site or gene is the corresponding partial t
statistic for each CpG site, and for genes a joint t statistic averaging multivariable-adjusted methylation
status across relevant CpGs in a particular gene. The permutation method was used to define the
null distribution of the t scores for CpG sites. Then for genes, in separate analyses, all CpG sites in a
nominated region relevant to that gene were used in the averaging process, not only the CpG sites
that were previously statistically significant. To adjust for covariates when planning a permutation
approach, the residual method was used as has been recommended [40], this being applied to both
the independent variables aside from diet (the exposure of interest) and the dependent variable as
described above. This reduces the independent variables to one for permutation, which already takes
account of covariances between the covariates. Covariances between the residualized dependent M
values are retained as these dependent variables are not permuted. Recognizing that the real data
are a mixture of null and non-null methylation sites/genes, an estimate of the proportion of null
features allows a direct estimate of the false discovery rate (FDR) [32], and hence the more useful
selection of only those with small FDR. The method also allows an estimate of the number of all
differentially methylated sites/genes [31,32]), although only a proportion can be individually identified
with acceptable FDR in this relatively small dataset. All statistical analyses were performed with
R software.

3. Results

3.1. Methylation Differences in Vegans and Non-Vegetarians

Demographic characteristics of study participants are shown in Table 1. There were no statistically
significant differences in the distribution of males and females, or in age, comparing vegans and
non-vegetarians. As expected, vegans had lower BMI relative to non-vegetarians (24.3 vs. 28.0;
p < 0.001). This was viewed as a potentially mediating variable in statistical analyses.

Table 1. Demographic characteristics of study population 1.

Vegan Non-Vegetarian p

Participants (n) 62 142
Sex (%) 0.57

Male 30 (48.4) 61 (43)
Female 32 (51.6) 81 (57.0)

Age (years) 67.3 (9.0) 65.9 (8.4) 0.28
BMI (kg/m2) 24.3 (4.6) 28 (5.1) <0.001
Ethnicity (%) 0.50

Caucasian 46 (74.2) 97 (68.3)
Black 16 (25.8) 45 (31.7)
1 Values presented as mean (SD) or as n (%) where indicated.

For this study, we compared methylation of individual CpG sites and genes in vegans relative
to non-vegetarians, dividing CpG sites into separate categories defined by gene region, namely,
genic/intergenic, relation to CpG islands, and promoter regions.

3.1.1. Differential Methylation of Select Regions Associated with Individual Genes

1. Proportions of Differentially Methylated Gene Regions

There were greater proportions of genes with at least two probes in a related CpG island (74%)
or TSS1500 (72%) region, followed by those with sites in the gene body (65%) (Table 2). The majority
of differentially methylated genes were hypomethylated in vegans. When differential methylation
was analyzed after averaging CpG methylation across an entire gene, within each of the 18,627 genes
(i.e., labelled “All”) represented on the array and in our analytical dataset, a total of 18 genes
(4 hypermethylated, 14 hypomethylated) were found to be differentially methylated after adjustment
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for false discovery (Table 2). When differential methylation was analyzed according to methylation of
genic/intergenic regions, 21 genes (including three identified in the analysis of overall gene methylation,
“All”) showed differential methylation in the gene body, representing the most differentially methylated
genes for any region. Identifying a central linear region of a plot of cumulative probabilities of the
null vs. actual distributions of t scores (adaptation of methods in references [31,32]) revealed that an
estimated 1081 (6%) of the 18,627 genes analyzed are non-null (Table 2 and Appendix A), although the
majority of these cannot be specifically identified here. The greatest proportion of estimated non-null
genes relative to the respective total number of genes for methylation of a given region were genes
defined by methylation of the gene body (9%, see Figure A1 of Appendix A), with relatively high
proportions also noted when defined by methylation of the TSS1500 (7%), north shelf (7%), and open sea
(7%) regions. As only t-scores of non-null sites will systematically increase (in absolute value) as sample
sizes increase, it is possible to estimate the effects of larger sample size on the proportion of differentially
methylated genes that could then be identified (Appendix A). With increasing sample size, the number
of differentially methylated genes comparing vegans with non-vegetarians steadily increases (Table 3).
Fewer differentially methylated genes were observed with exclusion of surrogate variables (SmartSVA)
from the analytical approach (Supplementary Table S1), although greater numbers of differentially
methylated CpG sites than genes (observed and non-null) were noted in analyses excluding surrogate
variables (Supplementary Table S2).

2. Unique Genes Showing Differential Methylation

Methyltransferase-like 1 (METTL1) was significantly and consistently hypomethylated in vegans in
both analyses of promoter methylation (62,398 CpG sites distributed among 9131 genes) and overall
methylation of all genes present on the array and in our analytical set (313,161 CpG sites distributed
among 18,627 genes), this with either the inclusion of SmartSVA (Tables 4 and 5) or the exclusion of
surrogate variables from models (Supplementary Tables S3 and S4). Other genes that were significantly
hypomethylated in the promoter regions in analyses both with and without surrogate variables included
ribosomal protein L38 (RPL38), snurportin 1 (SNUPN), FLVCR heme transporter 2 (FLVCR2), and CKLF-like
MARVEL transmembrane domain containing 7 (CMTM7). Two genes, METTL1 and nei-like DNA glycosylase
2 (NEIL2), were significantly hypomethylated in CpG islands within the promoter, in analyses with
and without SmartSVA (Table 5 and Supplementary Table S4). Besides METTL1, genes showing
differential methylation in analyses of both promoter methylation and overall methylation of all genes
included RPL38 (SmartSVA analysis) (Tables 4 and 5), and FLVCR2 (analysis excluding SmartSVA)
(Supplementary Tables S3 and S4). Differential methylation of D-dopachrome tautomerase-like (DDTL)
and aryl hydrocarbon receptor nuclear translocator 2 (ARNT2) was observed in analyses of genes defined by
methylation of the gene body, as well as of all genes (SmartSVA analysis, Table 4), and the same was true
for LIM homeobox protein 3 (LHX3) in models excluding surrogate variables (Supplementary Table S3).
Glutathione S-transferase theta pseudogene 1 (GSTTP1), detected in analysis of the open sea region showed
the most marked hypomethylation in vegans (fold change of 0.72 and 0.76 in models with and without
SmartSVA, respectively), whereas NACHT and WD repeat domain containing 2 (NWD2), identified in
analysis of methylation of the south shore region, showed the greatest increase in gene methylation
(fold change, 1.12) (Table 5 and Supplementary Table S4).
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Table 4. Differential methylation of genic/intergenic regions associated with individual genes at
FDR < 0.05 (based on SmartSVA method) 1.

Gene ID Gene Symbol Description Fold Change

TSS200
341,350 OVCH1 (1) ovochymase 1 0.93

8499 PPFIA2 PTPRF interacting protein alpha 2 0.96
51,099 ABHD5 abhydrolase domain containing 5, lysophosphatidic acid acyltransferase 0.98
51,205 ACP6 acid phosphatase 6, lysophosphatidic 0.98
9874 TLK1 tousled-like kinase 1 1.02

10,440 TIMM17A translocase of inner mitochondrial membrane 17A 1.02
1132 CHRM4 cholinergic receptor, muscarinic 4 1.03
9570 GOSR2 lgi SNAP receptor complex member 2 1.03

TSS1500
151,313 FAHD2B fumarylacetoacetate hydrolase domain containing 2B 0.95
10,653 SPINT2 serine peptidase inhibitor, Kunitz type 2 0.96

100,302,640 LINC00882 Long Intergenic Non-Protein Coding RNA 882 0.96
84,838 ZNF496 (1) zinc finger protein 496 0.96
4234 METTL1 methyltransferase-like 1 0.98
9054 NFS1 NFS1 cysteine desulfurase 0.98
1263 PLK3 polo-like kinase 3 0.98
8546 AP3B1 adaptor-related protein complex 3 subunit beta 1 1.02

11,267 SNF8 SNF8 subunit of ESCRT-II 1.04
3′ UTR
79,960 JADE1 jade family PHD finger 1 0.97

667 DST dystonin 0.98
54,820 NDE1 nudE neurodevelopment protein 1 1.04

5′ UTR
252,969 NEIL2 nei-like DNA glycosylase 2 0.96

4147 MATN2 matrilin 2 0.97
5928 RBBP4 RB binding protein 4, chromatin remodeling factor 0.97
3792 KEL Kell metallo-endopeptidase (Kell blood group) 0.97
9772 TMEM94 transmembrane protein 94 0.98

63,924 CIDEC cell death-inducing DFFA-like effector c 0.99
51,465 UBE2J1 ubiquitin conjugating enzyme E2 J1 1.02
1374 CPT1A carnitine palmitoyltransferase 1A 1.03
Body

100,037,417 DDTL D-dopachrome decarboxylase-like protein 0.92
154,007 SNRNP48 small nuclear ribonucleoprotein U11/U12 subunit 48 0.95

8120 AP3B2 adaptor-related protein complex 3 subunit beta 2 0.96
89,781 HPS4 HPS4, biogenesis of lysosomal organelles complex 3 subunit 2 0.96
2668 GDNF glial cell line derived neurotrophic factor 0.96

56,666 PANX2 pannexin 2 0.97
91,010 FMNL3 formin-like 3 0.98
117,246 FTSJ3 FtsJ RNA 2’-O-methyltransferase 3 0.98
11,052 CPSF6 cleavage and polyadenylation-specific factor 6 0.98
149,297 FAM78B family with sequence similarity 78 member B 0.98
399,671 HEATR4 HEAT repeat containing 4 0.98
285,987 DLX6-AS1 DLX6 antisense RNA 1 0.99
64,784 CRTC3 CREB regulated transcription coactivator 3 0.99
5361 PLXA1 plexin A1 0.99

Body
9915 ARNT2 aryl hydrocarbon receptor nuclear translocator 2 1.02
5170 PDPK1 3-phosphoinositide dependent protein kinase 1 1.02

10,610 ST6GALNAC2 ST6 N-acetylgalactosaminide alpha-2,6-sialyltransferase 2 1.02
57,459 GATAD2B GATA zinc finger domain containing 2B 1.03
3694 ITGB6 integrin subunit beta 6 1.04

58 ACTA1 actin alpha 1, skeletal muscle 1.05
9963 SLC23A1 solute carrier family 23 member 2 1.06

First Exon
2201 FBN2 fibrillin 2 0.96

100,303,453 TSNAX-DISC1 Disrupted in schizophrenia 1 isoform 51 0.96
10,274 STAG1 stromal antigen 1 0.97
252,969 NEIL2 nei-like DNA glycosylase 2 0.97

3489 IGFBP6 insulin-like growth factor binding protein 6 0.97
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Table 4. Cont.

Gene ID Gene Symbol Description Fold Change

5928 RBBP4 RB binding protein 4, chromatin remodeling factor 0.97
6727 SRP14 signal recognition particle 14 0.97
9167 COX7A2L (1) cytochrome c oxidase subunit 7A2-like 0.97
1802 DPH2(1) diphthamide biosynthesis 2 0.98

23,336 SYNM Synemin 1.07
All

100,037,417 DDTL D-dopachrome tautomerase-like 0.95
284,680 SPATA46 spermatogenesis associated 46 0.96

100,113,403 LIN28B-AS1 LIN28B antisense RNA 1 0.96
64,220 STRA6 signaling receptor and transporter of retinol STRA6 0.97
4234 METTL1 methyltransferase-like 1 0.97

27,179 IL36A interleukin 36 alpha 0.98
90,379 DCAF15 DDB1 and CUL4 associated factor 15 0.98
89,781 HPS4 HPS4, biogenesis of lysosomal organelles complex 3 subunit 2 0.98
136,371 ASB10 ankyrin repeat and SOCS box containing 10 0.98

397 ARHGDIB Rho GDP dissociation inhibitor beta 0.98
6169 RPL38 ribosomal protein L38 0.98

55,222 LRRC20 leucine rich repeat containing 20 0.99
9491 PSMF1 proteasome inhibitor subunit 1 0.99

154,150 HDGFL1 HDGF-like 1 0.99
9915 ARNT2 aryl hydrocarbon receptor nuclear translocator 2 1.02

219,990 OOSP2 oocyte secreted protein 2 1.02
114,757 CYGB cytoglobin 1.02

7284 TUFM Tu translation elongation factor, mitochondrial 1.02
Intergenic

136,371 ASB10 Ankyrin repeat and SOCS box protein 10 0.95
100,113,403 LIN28B-AS1 LIN28B antisense RNA 1 0.96

23,704 KCNE4 Potassium voltage-gated channel subfamily E member 4 0.97
27,319 BHLHE22 Class E basic helix-loop-helix protein 22 0.97
9935 MAFB Transcription factor MafB 0.98
7100 TLR5 Toll-like receptor 5 0.98

154,150 HDGFL1 Hepatoma-derived growth factor-like protein 1 0.99
284,889 MIF-AS1 MIF antisense RNA 1.05

1 Number of differentially methylated CpG sites associated with each gene shown in brackets.

Table 5. Differential methylation of island-related and promoter regions associated with individual
genes at FDR < 0.05 (based on SmartSVA method) 1.

Gene ID Gene Symbol Description Fold Change

Island
80,070 ADAMTS20 ADAM metallopeptidase with thrombospondin type 1 motif 20 0.95

101,409,261 OGFR-AS1 OGFR Antisense RNA 1 0.98
4609 MYC MYC proto-oncogene 1.01

161,145 TMEM229B transmembrane protein 229B 1.02
7284 TUFM Tu translation elongation factor, mitochondrial 1.04
273 AMPH amphiphysin 1.05

North Shelf
4000 LMNA lamin A/C 0.97

123,041 SLC24A4 solute carrier family 24 member 4 0.97
100,534,592 URGCP-MRPS24 URGCP-MRPS24 readthrough 1.02

116,844 LRG1 leucine rich alpha-2-glycoprotein 1 1.04
North Shore

8022 LHX3 LIM homeobox protein 3 0.92
10,653 SPINT2 serine peptidase inhibitor, Kunitz type 2 0.95
6169 RPL38 ribosomal protein L38 0.96

23,200 ATP11B Probable phospholipid-transporting ATPase IF 0.96
7707 ZNF148 Zinc finger protein 148 0.97

26,156 RSL1D1 ribosomal L1 domain containing 1 0.97
9379 NRXN2 Neurexin-2 0.98
9480 ONECUT2 one cut homeobox 2 1.03
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Table 5. Cont.

Gene ID Gene Symbol Description Fold Change

South Shelf
55,608 ANKRD10 ankyrin repeat domain 10 0.95
26,693 OR2V1 olfactory receptor family 2 subfamily V member 1 0.96
2180 ACSL1 acyl-CoA synthetase long chain family member 1 0.96

399,829 LINC01168 long intergenic non-protein coding RNA 1168 0.97
2774 GNAL G protein subunit alpha L 0.97

64,319 FBRS fibrosin 0.97
84,286 TMEM175 transmembrane protein 175 0.97

140,706 CCM2L cerebral cavernous malformation 2-like 1.04
1112 FOXN3 forkhead box N3 1.04

10,410 IFITM3 interferon-induced transmembrane protein 3 1.04
South Shore

41 ASIC1 acid-sensing (proton-gated) ion channel 1 0.94
151,313 FAHD2B fumarylacetoacetate hydrolase domain containing 2B 0.95
84,838 ZNF496 (2) zinc finger protein 496 0.95

116,988 AGAP3 ArfGAP with GTPase domain, ankyrin repeat and PH domain 3 0.95
9735 KNTC1 kinetochore associated 1 0.96

29,993 PACSIN1 protein kinase C and casein kinase substrate in neurons 1 0.96
85,395 FAM207A family with sequence similarity 207 member A 0.97
57,186 RALGAPA2 Ral GTPase activating protein catalytic subunit alpha 2 1.03
55,243 KIRREL1 kirre-like nephrin family adhesion molecule 1 1.03
11,267 SNF8 SNF8 subunit of ESCRT-II 1.04

375,061 FAM89A family with sequence similarity 89, member A 1.06
57,495 NWD2 NACHT and WD repeat domain containing 2 1.12

Open Sea
25,774 GSTTP1 glutathione S-transferase theta 4 0.72

402,381 SOHLH1 spermatogenesis and oogenesis specific basic helix-loop-helix 1 0.96
3034 HAL histidine ammonia-lyase 0.96

64,220 STRA6 signaling receptor and transporter of retinol STRA6 0.97
134,510 UBLCP1 ubiquitin-like domain containing CTD phosphatase 1 0.97

1188 CLCNKB Chloride channel protein ClC-Kb 0.97
1610 DAO D-amino-acid oxidase 0.98
397 ARHGDIB Rho GDP-dissociation inhibitor 2 0.98

27,179 IL36A interleukin 36 alpha 0.98
54,989 ZNF770 zinc finger protein 770 0.98
83,394 PITPNM3 PITPNM family member 3 0.98
79,981 FRMD1 FERM domain containing 1 0.98
55,137 FIGN fidgetin 0.99

114,879 OSBPL5 oxysterol binding protein-like 5 0.99
219,990 OOSP2 oocyte secreted protein 2 1.02

100,130,673 LOC100130673 phosphoribosyl pyrophosphate synthetase 2 pseudogene 1.06
Promoter

55,640 FLVCR2 FLVCR heme transporter 2 0.95
79,695 GALNT12 polypeptide N-acetylgalactosaminyltransferase 12 0.96
6169 RPL38 ribosomal protein L38 0.97
4234 METTL1 methyltransferase-like 1 0.97

112,616 CMTM7 CKLF-like MARVEL transmembrane domain containing 7 0.98
10,073 SNUPN snurportin 1 0.98
80,321 CEP70 centrosomal protein 70 0.98
9167 COX7A2L cytochrome c oxidase subunit 7A2-like 0.99

100,288,142 NBPF20 NBPF member 20 0.99
8546 AP3B1 adaptor-related protein complex 3, beta 1 subunit 1.01

100,506,334 LINC00649 (1) long intergenic non-protein coding RNA 649 1.08
Islands in Promoter

4234 METTL1 methyltransferase-like 1 0.97
252,969 NEIL2 nei-like DNA glycosylase 2 0.97
200,312 RNF215 ring finger protein 215 1.02

1 Number of differentially methylated CpG sites associated with each gene shown in parentheses.
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3.1.2. Differential Methylation of CpG Sites

1. Proportions of Differentially Methylated CpG Sites by Region

Considering CpG sites, the majority of CpG sites are mapped to the gene body (36%), open sea
(34%), and island (32%) regions (Table 6). A large proportion of the promoter region (66%) overlapped
with CpG islands, and the promoter region also showed overlap with the TSS200 and TSS1500 regions
(25% and 24%, respectively) (Supplementary Figure S1). Analysis of individual CpG sites revealed few
identifiable differentially methylated sites and roughly a balance of hypo- and hypermethylated sites
(SmartSVA method, Table 6). In spite of the relatively low numbers of differentially methylated sites,
we estimated that 9% (n = 27,276) of CpG sites were actually non-null. Out of all CpG sites represented
in our analytical dataset (n = 313,161), 4–9% were estimated to be non-null CpG sites across individual
gene regions (Table 6). Relatively fewer numbers of differentially methylated CpG sites were observed
in analyses excluding SmartSVA (Supplementary Table S2).

2. Genes Associated with Differentially Methylated CpGs

Individual CpG sites that were differentially methylated were annotated to many of the genes
identified as differential in the analysis of gene methylation. cg15613340 in protocadherin beta 5 (PCDHB5)
was significantly hypomethylated in vegans in the analysis of methylation of all sites and of the first
exon, with a fold change of 0.81 (analyses with SmartSVA), and cg25026992 in protocadherin beta 7
(PCDHB7) was similarly hypomethylated (fold change, 0.81) in analysis of the 3′ UTR region (analyses
without SmartSVA), representing the most marked hypomethylation observed among CpG sites.
The most marked hypermethylation was that of Cg07967210 in SNF8 subunit of ESCRT-II (SNF8),
identified in the analysis of promoter methylation (fold change, 1.17) (Supplementary Tables S5–S8).
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4. Discussion

DNA methylation is one mechanism that links lifestyle with genomic alterations. The goal of this
study was to determine if habitual vegan and non-vegetarian dietary patterns differentially influenced
DNA methylation. Using a permutation-based adapted Storey et al. [32] approach, and considering
various genomic regions, we could detect a modest number of genes that differed significantly in
their methylation status between vegans and non-vegetarians, noting that much larger proportions of
apparently differentially methylated CpG sites and genes are in fact present, and should be detected
with larger samples.

The majority of differentially methylated genes detected were hypomethylated in vegans,
both when considering gene methylation overall, as well as in various gene regions. The greatest
differences in gene methylation were found when considering the gene body. The region-specific
differences in the number of detected differentially methylated genes are in part a reflection of the
nonuniformity in the distribution of probes selected for the BeadChip array (i.e., a large number of
CpG sites were present in the gene body). However, there were fewer observed and predicted non-null
differentially methylated genes defined by the TSS1500 and CpG island regions, in spite of greater
total numbers of genes with CpG sites in these regions, relative to the gene body. The gene body may
therefore be the most susceptible to diet-induced alterations in methylation. Overall, we have estimated
larger proportions of differentially methylated, non-null genes (6% of all genes) and CpG sites (9% of all
CpG sites) to be detected with sufficiently large samples, using our adapted Storey approach. It should
be noted that results from our permutation-based adapted Storey approach showed strong agreement
with results from the simpler Benjamini–Hochberg approach for false discovery.

There is little other published evidence on the influence of plant-based dietary patterns on
DNA methylation. Global methylation (LINE1) has been associated with consumption of fruits and
vegetables or flavonoids in dietary intervention studies [41,42], as well as with energy restriction in
overweight participants [43,44] although the latter has not been consistently observed [45]. It is unclear
how a vegan diet impacted global (overall) methylation in the current study, given our array-based
approach. However, of the significantly hypermethylated CpG sites, the majority were located in the
intergenic region, which houses many transposable elements, including LINE1. Our findings show
some consistency with those reported by Perfilyev et al., where high fat feeding (both saturated and
polyunsaturated combined) was associated with hypermethylation of genes (>99%) [27]. These findings
seem to complement our results as vegans who have lower fat consumption [9] and lower proportions
of saturated fatty acids in adipose tissue [10], showed decreased gene methylation overall. However,
the differential patterns of methylation between vegans and non-vegetarians in our study was not
merely due to differences in fat, as our findings were only slightly attenuated when adjusted for
total/saturated fat. Additionally, associations persisted when controlling for BMI, which could also be
thought of as a surrogate of long-term energy intake and energy balance.

Many genes differentially methylated in the analysis of overall methylation of all genes have
roles in RNA transport or ribosome assembly/regulation of translation (RPL38, TUFM [46,47]), as well
as lysosome regulation (HPS4 [48]), protein degradation or ubiquitination (DCAF15, PSMF1 [49,50]),
cytokine or B cell receptor signaling (CMTM7, IL36A [51,52]), and metabolism (STRA6, COX7A2L,
GALNT12 [53–56]), among other pathways. Alterations in many of these processes impact protein
synthesis and may have pathophysiological implications [57,58].

We have highlighted methylation differences in the promoter region particularly, as such alterations
may have a greater impact on gene transcription. METTL1 consistently showed hypomethylation in all
relevant analyses—i.e., analyses of methylation of genes defined by CpGs in associated promoter regions,
as well as of overall methylation of all genes, this being in analyses including or excluding SmartSVA
variables, and after adjustment for false discovery. METTL1 encodes a methyltransferase that promotes
methylguanine methylation of RNA, including miRNAs such as let7, which results in processing of the
miRNA [59]. Let-7 miRNA has roles in regulating cell growth and metabolism, and is also considered
a tumor suppressor, showing downregulation in a number of cancers [60]. METTL1 along with NEIL2,
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encoding an enzyme involved in DNA repair [61], were significantly hypomethylated in CpG islands
within the promoter independent of SmartSVA variables. Hypermethylation of CpG islands within
the promoter is associated with silencing of tumor suppressor genes [62–65]. Thus, hypomethylation
and consequent increases in these genes might be associated with sustained expression of tumor
suppressors, and thus cancer prevention.

Besides METTL1 and NEIL2, several of the differentially methylated genes identified by analysis
of associated promoter methylation, or of all genes, have roles in cancer biology. For example,
LIN28B regulates let-7 miRNA [66], CMTM7 is potential tumor suppressor, possibly silenced by
promoter methylation [49,67]), and ARGHDIB, a regulator of Rho family signaling, can be upregulated
in tumors [68]. Interestingly, GALNT12, DDT, and ARNT2 have been found to be over-represented
in cancer, including colorectal cancer among others [69–72], with ARNT2 showing promoter
hypermethylation in hepatoma cells [73]. We have found that vegans and other vegetarians in AHS-2
have lower risk of certain types of cancer and other chronic diseases [2,3,6]. Thus, DNA methylation
alterations in genes with relevance to cancer could help explain some of the differences in cancer
outcomes between dietary groups in the AHS-2 cohort. However, it is unclear if transcriptional changes
are associated with any of the observed methylation alterations.

The observed trend towards hypomethylation of genes in vegans could be explained in part by
inhibition of activity of DNMT enzymes by polyphenols and various secondary plant metabolites [14,74].
We have shown that vegetarians in the AHS-2 cohort have significantly increased consumption
of plant-based foods including fruits, vegetables, legumes, nuts, and seeds [9], which are high
in polyphenols. Furthermore, we recently demonstrated that vegetarians, particularly vegans,
have significantly higher levels of bioactive compounds and phytochemicals-enterolactone, isoflavones,
carotenoids, as well as total omega-3 fatty acids (attributable to alpha linolenic acid) in plasma, urine,
and adipose tissue, many of which could theoretically modulate methylation [75]. Additionally,
methyl donor compounds, folate, choline, methionine and cofactors (vitamin B), which are obtained
from various foods, may influence both gene-specific and global DNA methylation, as demonstrated
through observational and intervention studies; however, activity may be context, dose, or tissue
dependent [13,30,76,77]. It is not clear if any of these methyl donor compounds differ between
vegans and non-vegetarians in the current study. Thus, gene-specific and genome-wide alterations in
methylation may be determined by a complex interplay of methyl donors, micronutrients, polyphenols,
macronutrient composition, and inflammatory status, among other possible factors, including physical
activity and stress.

Methylation activity of CpGs within the same gene, and particularly the same region, may be
coordinated. This correlation of CpG sites could partly explain why our analysis of gene methylation
revealed greater differential alterations than analysis of individual CpG sites, although a much greater
number of sites are estimated to be non-null and detectable with a larger sample. Findings from
our study suggest that methylation alterations associated with dietary patterns (and likely other
environmental exposures) may be characterized by coordinated methylation of CpG sites in a specific
gene and within select regions of the gene. This approach of analyzing CpGs within select regions
after annotation to their respective genes is, in general, similar to the region-centric approach taken by
Bacalini et al. involving the grouping together of probes mapping to the same island or gene [78].

The effect size of methylation differences was low overall, with average regional methylation
differences in the range of 2–4% for significant genes and 4–9% for significant CpG sites (at FDR < 0.05),
though fold changes were much larger for select genes or CpG sites. Effect sizes of low magnitude
(≤1–5%) have been previously reported in dietary studies. Besides the high fat feeding study by Perfilyev
et al. [27], interventions examining alterations associated with a Mediterranean diet or diet enriched
in flavonoids and isothiocyanates also found very subtle but significant changes (~1% methylation
difference in LINE1) [41,44]. Smaller changes in methylation tend to be disregarded [79,80], but the
physiological relevance of such small effects is unclear. It is possible that such changes over the
long-term contribute to sustained, physiologically meaningful epigenetic differences. These “small”
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changes may translate into permanent changes in gene expression, and consequently phenotype,
and be inherited by daughter cells [81]. The location of methylation alterations also holds much
relevance, as methylation of one site can contribute to gene silencing if the methylated site blocks
binding of a transcription factor [82,83].

This is the first study to our knowledge analyzing differences in DNA methylation between vegans
and non-vegetarians. The AHS-2 cohort is unique in its relatively large number of vegans (~9% of
cohort), thereby enabling such a study, although it should be noted that AHS-2 non-vegetarians tend
to have lower meat consumption relative to the general population. The examination of habitual,
long-term dietary patterns is a major strength, as epigenetic marks are more stable, reflecting long-term
dietary conditions. We have shown that the majority of cohort members remain in the same diet
group from one decade to the next [84]. Because of the habitual, a priori-classified dietary patterns,
there was likely minimal measurement error in the classification of diet group. Additionally, our study
was strengthened by leveraging multiple analytical approaches, comparing the SmartSVA method
which adjusts for surrogate variables and thus unwanted variation, with linear regression models not
including these surrogate variables but adjusting for other known technical variations.

Our study has some noteworthy limitations. Methylation alterations are best paralleled with
gene expression data. In the absence of such data there are limitations in the interpretation of our
findings. As mentioned, it is not clear how other dietary or lifestyle influences (exercise, methyl donors)
may have altered results. Furthermore, we do not know how methylation alterations in leukocytes
correlate with those in other tissues, although there is evidence that methylation patterns or alterations
in blood may be reflective of patterns in other tissues [85–87]. Additionally, the two dietary groups
examined were somewhat heterogeneous in terms of consumption of animal- and plant-based foods.
For example, it is not clear how methylation patterns differ comparing individuals with very high
consumption of red or processed meat with individuals following a diet comprised largely of fruits,
vegetables, and whole plant foods.

5. Conclusions

In summary, modest specific differences in methylation of genes and CpG sites were detected,
comparing vegans and non-vegetarians, with clear indication that many more such differences exist,
but are yet to be specifically identified with larger studies. This study thus lays the foundation
for the identification of transcriptional alterations and molecular functions associated with these
diet-influenced methylation patterns.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/12/3697/s1.
Figure S1: Overlap of promoter with gene- or island-related regions, Table S1: Estimated non-null and observed
differentially methylated genes (FDR < 0.05) summarized according to genic/intergenic region or in relation to
CpG islands in vegans relative to non-vegetarians (without SmartSVA method), Table S2: Estimated non-null and
observed differentially methylated CpG sites (at FDR < 0.05) summarized according to genic/intergenic region or
in relation to CpG islands in vegans relative to non-vegetarians (without SmartSVA), Table S3: Genes differentially
methylated at FDR < 0.05 according to genic/intergenic region, Table S4: Genes differentially methylated at
FDR < 0.05 in island-related and promoter regions, Table S5: CpGs differentially methylated at FDR < 0.05
according to genic/intergenic region (based on SmartSVA method), Table S6: CpGs differentially methylated at
FDR < 0.05 in island-related and promoter regions (based on SmartSVA method), Table S7: CpGs differentially
methylated at FDR < 0.05 according to genic/intergenic region, Table S8: CpGs differentially methylated at
FDR < 0.05 in island-related and promoter regions.

Author Contributions: The authors’ responsibilities were as follows: Conceptualization and design, G.E.F., F.L.M.,
K.S. and P.D.-H.; Methodology, A.M., V.F., G.E.F., F.L.M., C.W., K.S. and X.C.; Data analysis, A.M., G.E.F. and F.L.M.;
Writing—Original Draft Preparation, F.L.M. and G.E.F.; Data curation, A.M., G.E.F. and V.F.; Writing—Review and
Editing, G.E.F., F.L.M., K.S., M.J.O., P.D.-H., A.M. and C.W. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Ardmore Institute of Health, the National Institute of Health (National
Cancer Institute, R01 CA094594, National Institute of Aging, 1R01AG026348, and by Loma Linda University
through Grants for Research and Partnerships awards (2120211, 2130279, 2170322).

97



Nutrients 2020, 12, 3697

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

Appendix A

A Method of Power Calculations, Estimating Ability to Detect Differentially Methylated Sites with a Given
False Discovery Rate

First, in what follows, p values are defined as the cumulative probabilities of the chosen test
statistics when the null hypothesis is satisfied, thus ranging from 0 to 1.0. As noted by Storey et al. [32],
a plot of the density of p values for a central t distribution (or other distributions) is a uniform plot,
when the data conform to the null (the hypothesis that the p value is defined to represent). Then, it is
assumed that the observed data to be evaluated (consisting of a large number, say R, independent t
statistics), represent a mix from two types of CpG (or gene) populations. Namely, these are a population
of true null data, and a second population where the true distribution for each t statistic is non-null
(non-central), but not otherwise specified.

In that situation the density plot of p values (estimated, say, from a central t distribution) should
devolve into a central uniform portion, at a density less than 1.0, say R0/R, and tails at either end
that slope upward from the uniform region represent an excess of p values in regions more sparsely
populated under the null. The total area under the curve must, as usual, equal 1.0, by the definition
of density. One can compare this to a plot that would be expected if all values came from a null
distribution, which would be a uniform plot at a value of 1.0. It is easy to show that the value R0/R
represents the proportion of the t values in the real data that come from a null distribution. Then R—R0

is the estimated number of t statistics that come from non-null distributions.
To gain some extra stability, we have simply translated this same rationale to cumulative

distributions of p values from both observed data and hypothetical null data. In the null situation
the cumulative distribution is a diagonal line from lower left to upper right. In the observed data,
the central uniform density cumulates to a straight line that can be shown to have slope R0/R. Relative
excess densities at small p values cumulate to push the left end of the curve higher than the diagonal
with slopes that exceed 1.0, thus flattening the straight line null portion that begins at the end of this
elevated segment. Unless there are no non-null data at the right-hand higher-valued end, the central
straight portion necessarily crosses the diagonal. Then later, at the end of the null straight portion,
again develops slopes greater than 1.0, representing non-null high-value P statistics, finally meeting
the diagonal again when p = 1.0. In these plots the slope of the straight line portion estimates the
proportion of underlying null distributions, and of course again (R—R0)/R is the proportion that
are non-null.

An example from the DNA methylation data (average of CpG sites in gene body regions) described
in this paper is shown as Figure A1. Here, the deviation in slope of the central linear region from
the diagonal is relatively small, but important, and in part due to large numbers, is not due to
chance (p < 2 × 10−16). The size of the population studies, and the relatively small fold change values
(that translate to smaller non-centrality parameters for the non-null t distributions) account for the
modest deviation from the diagonal in the figure. Increasing n (the number of subjects) will change
this (see Table 4). An example from a metabolomics dataset—also comparing non-vegetarians to
vegans—includes t distributions with much greater non-centrality parameters and is shown below for
illustrative purposes (Figure A2).

98



Nutrients 2020, 12, 3697

Figure A1. Plot of cumulative p values from real data (dark line), and from a hypothetical data where all
data are null (fine line). Differential methylation: average of CpG sites in gene body regions, comparing
non-vegetarians to vegans.

Figure A2. Cumulative p plots (real and hypothetical null data) for a metabolomics panel comparing
non-vegetarians to vegans.

This situation can be used to estimate power, and how, in a particular dataset, this depends
on n. Power is here expressed as the false discovery rate (FDR) associated with sample size n2,
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where n1 is the size of the observed data, and where critical t statistic values are nominated for
exploratory purposes. This is dependent on the observation that as n increases, the distribution of t
statistics from null sites does not change. The reason for this is that the numerator of each t value is
(mean(non-vegetarians)—mean(vegans)) for that site or gene, and its expectation by definition under
the null, is zero. Thus, the underlying random errors in these means will shrink as n increases according
to the inverse square root law, decreasing the range of the random differences between the two means
(the numerator). The denominator that measures the standard error of this difference between means
shrinks by an exactly equivalent amount; however, the ratio t statistic remains unchanged, with other
things being equal.

However, the situation for non-null t values is different—the numerators, again by definition,
have a non-zero expected value (that differs from methylation site to methylation site). As n increases,
this expected value does not change, but the denominator (Standard Error of the difference) shrinks
as usual, driving the non-null t statistics to ever more extreme values. This has the most helpful
consequence of drawing the non-null results ever more toward the tails of the observed distribution
as numbers increase. So, for any nominated critical t value, the tails will contain the usual number
of randomly extreme t statistics from null sites, but an increasing number from non-null sites with
increasing numbers of subjects, thus improving the FDR.

Specifically, it can be shown that, for the left-hand tail,

FDR(n2) = FDR(n1).R.cp(Tcl){
R.cp(Tcl. √(n1/n2) ) – R0.[p(Tcl. √(n1/n2) ) − p(Tcl)]

} , where Tcl is the nominated critical t

value for the left-hand tail; p(Tcl) refers to the cumulative probability under the null corresponding to
this t value; cp(Tcl) refers to the cumulative probability of this Tcl value in the observed data.

For the right-hand tail where Tcu is the critical value for significance in the upper tail,
the expression is

FDR(n2) =
FDR(n1).R.(1− cp(Tcu)){

R.
(
1− cp

(
Tcu. √(n1/n2)

))
– R0.

[
p(Tcu) − p

(
Tcu. √(n1/n2)

)]} .
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Abstract: Background: Although daily total dietary nutrient intakes were potentially important
factors in maintaining glycemic balance, their overall effect on glycemic control was still unclear
among American adults. Objectives: We aimed to examine the association between daily total dietary
nutrient intake and recent glycemic control status (RGCS). Methods: This cohort was composed of
41,302 individuals from the National Health and Nutrition Examination Survey (NHANES). The
daily total intake of dietary nutrients and RGCS were independent and dependent variables, respec-
tively. To evaluate their association, we carried out binary logistic regression, model fitting, linear
discriminant analysis, and the receiver operator characteristic (ROC) analysis. Results: The result of
robust check model showed that only the daily total dietary vitamin B6 intake (adjusted OR = 0.848;
95% CI: 0.738, 0.973; p-value = 0.019) was significantly negatively correlated with RGCS. When daily
total dietary vitamin B6 intake and glycosylated hemoglobin (HbA1c) were used as independent
variables and dependent variables, respectively, to fit the curves and lines, the established robust
check model could distinguish American adults with different RGCS well. Moreover, the robust
check model results of ROC analysis indicated that daily total dietary vitamin B6 intake might be a
potential predictor for RGCS (AUC = 0.977; 95% CI: 0.974, 0.980; p-value < 0.001). Conclusions: This
study showed that only daily total dietary vitamin B6 intake was a beneficial factor in RGCS, but it
might need further multicenter or prospective studies to verify whether vitamin B6 had biological
implications and public health meaning for glycemic control among American adults (specifically
referred to non-pregnant participants over 20 years old).

Keywords: daily total intake of dietary nutrients; RGCS; HbA1c; NHANES; odds ratio

1. Introduction

Dietary nutrients play an important role in maintaining the balance of blood glu-
cose as a necessary substance to regulate the normal physiological function of the body,
being roughly divided into macronutrients [1–3], dietary fiber (as an independent factor
that distinguishes carbohydrates, included in this study) [4–6], minerals [7–9], and vita-
mins [10–13]. Many studies have shown that there was a positive correlation between
recent glycemic control status (RGCS) and serum chromium, zinc, and magnesium lev-
els [7,14–20]. Glycosylated hemoglobin (HbA1c), an irreversible product of blood glucose
and hemoglobin, could provide information for long-term glycemic control [21]. Moreover,
after the relationship between RGCS and HbA1c concentration was widely confirmed, the
serum index was applied to diabetes diagnosis and glycemic monitoring practice [21,22].
Therefore, it was appropriate to use HbA1c as a predictor for RGCS among American
adults (specifically referred to non-pregnant participants over 20 years old).
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At present, most of the research conclusions on the association between daily total
nutrient intake and RGCS have been one-sided. They did not analyze the overall effect of
various nutrients on RGCS but analyzed minerals, vitamins, and macronutrients separately,
which was not complete and systematic, and might have even led to obtaining inconsistent
conclusions [23,24]. Although findings on the association between daily total dietary
nutrient intake and RGCS were inconsistent and not enough to prove the relationship,
these results, to a certain extent, could supply research hypotheses for future large-scale
prospective or multi-center verification. Therefore, if we further explored the association
between the adults’ RGCS and daily total dietary nutrient intakes, it was necessary to
construct a holistic and optimal model to combine the macronutrients, minerals, and
vitamins of daily total nutrient intake, as well as demographic characteristics, in order to
draw a reliable conclusion.

In addition, most studies on dietary factors affecting glycemic control have been
conducted on diabetes patients [5,11,25–27], and therefore these conclusions could not be
suitable for American adults to control blood glucose. Moreover, it is worth noting that
insufficient sample size might also lead to biased conclusions, for instance, in the study of
Intra et al. [26], the sample size of cases group was very small (cases group, n = 84; controls
group, n = 2745), and therefore the results of this study might have a larger systematic bias.
Therefore, we conducted the follow-up sampling survey study to estimate the association
between daily total nutrient intake and RGCS among non-pregnant adults 20+ years old
using a large-scale database from National Health and Nutrition Examination Survey
(NHANES 1999–2018, except for 2003–2004).

2. Methods

2.1. Database and Study Population

We used the NHANES database, a nationally representative survey database collected
biennially by the National Center for Health Statistics (NCHS), and employed a complex,
multistage, probabilistic sampling design [28]. The database was publicly available on the
Internet and can be downloaded by researchers around the world. All details about the
database could be efficiently acquired at http://www.cdc.gov/nchs/nhanes/ (accessed
on 27 May 2021), including relevant information such as strict quality control measures
for the questionnaire data undertaken by NHANES. The 24 h dietary recall data from
non-pregnant adults 20+ years of age participating in NHANES 1999–2002 and 2005–2018
surveys were followed biennially for all analyses. The database for analysis consisted
of five parts: demographics data, dietary data, examination data, laboratory data, and
questionnaire data.

During the 1999–2018 NHANES survey cohorts, 101,316 preliminary participants were
included in the study. Individuals without physical examination data (n = 2096), under
20 years of age (n = 47,208), pregnant (n = 2527), without an unusual diet compared food
consumed yesterday and without reliable data (n = 6431), and 2003–2004 survey cycle
data with the missing outcome variable (n = 1752) were excluded. Those with complete or
reliable 24 h recall data (only day 1 data used) as judged by the United States Department
of Agriculture’s (USDA) Food Surveys Research Group staff were included in the analyses.
In addition, of the 41302 participants, 58 of the dietary survey data contained some missing
indices (such as the intake of dietary fiber and folic acid), and we used the median to
fill them. Finally, 41,302 subjects (20,458 males and 20,844 females, 50.0 ± 17.9 years for
males and 50.2 ± 17.8 years for females) were certainly included in this study (Figure S1).
All serum samples were collected under fasting condition. HCHS obtained the written
informed consent from all participants and the ethical review committee approved all
NHANES protocols.

2.2. Variables

In this study, the independent variables were daily total dietary nutrient intakes,
containing protein, carbohydrate, total fat, dietary fiber, vitamin B1, vitamin B2, vitamin
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B6, total folate, vitamin B12, vitamin E, calcium, magnesium, iron, zinc, and copper. It
is worth mentioning that the dietary energy value different from the category of dietary
nutrients was also included in the follow-up analysis as an independent important pa-
rameter. The dependent variable was RGCS (HbA1c < 6.5% represents good RGCS, and
HbA1c ≥ 6.5% represents poor RGCS). All variables involved in this study were divided
into continuous variables and categorical variables. Continuous variables included energy,
protein, carbohydrate, dietary fiber, total fat, total folate, vitamin B1, vitamin B2, vitamin
B6, vitamin B12, vitamin E, calcium, magnesium, iron, zinc, copper, poverty income ratio
(PIR), insulin, glucose, and hemoglobin. Categorical variables included gender, age, race,
education level, body mass index (BMI), moderate or severe physical activity, hypertension,
the doctor informing them they had diabetes, having at least 12 cups of alcoholic drink per
year, consuming over 100 cigarettes in their lifetime, and adult food security. Details of all
variable acquisition procedures can be found at http://www.cdc.gov/nchs/nhanes/.

2.3. Statistical Analysis

The results of normality test showed that it could not be considered that all continuous
variables obeyed normal distribution. Therefore, in the stages of statistical description and
single variable analysis, all continuous variables and categorical variables were expressed
as median (25% percentile–75% percentile) and percentage (proportion), respectively. We
used a nonparametric test (Mann–Whitney U test) for all continuous variables that did
not obey normal distribution, as well as Pearson’s chi-squared test for all categorical
variables. Then, in the multivariate analysis stage, we controlled different confounders and
established four binary logistic regression models with the RGCS as the dependent variable
to adjust the potential bias. Eventually, we performed model fitting with the HbA1c
index as the dependent variable, and receiver operator characteristic (ROC) analysis was
performed to calculate the area under the curve (AUC). The result of the collinearity
diagnosis showed that there was no collinearity (variance inflation factor, VIF < 10) among
the independent variables studied. Statistical significance was considered when p-value
was below 0.05 (two-tailed). Data processing, statistical analysis, and graphic drawing were
carried out with Stata version 13.1, IBM SPSS version 26.0, GraphPad Prism version 7.00, R
version 4.0.2 (http://www.R-project.org, The R Foundation), and EmpowerStats software
version 2.1 (http://www.empowerstats.com, X&Y Solutions, Inc., Boston, MA, USA).

3. Result

3.1. Baseline Characteristics

The description of demographic and medical characteristics is shown in Table 1.
Among the participants, 49.5% (n = 20,458) were male, 44.6% (n = 18,404) were non-Hispanic
White, 20.5% (n = 8458) were non-Hispanic Black, and 17.3% (n = 7153) were Mexican
American. In addition, the statistical description of daily dietary nutrient intakes in our
study showed that their distribution fluctuated over time (Figure 1). Therefore, the time
effect was often a potential confusion factor, which should be placed in subsequent analysis.

Table 1. Characteristics by RGCS of non-pregnant adults 20+ years old from NHANES 1999–2018 (except for 2003–2004).

Characteristics
Good RGCS

(HbA1 < 6.5%) #

n = 36,594

Poor RGCS
(HbA1 ≥ 6.5%) #

n = 4708
χ2/Z Value p-Value

Gender (%) 21.006 <0.001
Male 17,978 (87.9) 2480 (12.1)
Female 18,616 (89.3) 2228 (10.7)

Age (%) 2119.291 <0.001
≥60 years old 11,414 (80.1) 2843 (19.9)
40–59 years old 12,125 (88.6) 1554 (11.4)
<40 years old 13,055 (97.7) 311 (2.3)
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Table 1. Cont.

Characteristics
Good RGCS

(HbA1 < 6.5%) #

n = 36,594

Poor RGCS
(HbA1 ≥ 6.5%) #

n = 4708
χ2/Z Value p-Value

Race (%) 322.688 <0.001
Non-Hispanic White 16,857 (91.6) 1547 (8.4)
Non-Hispanic Black 7201 (85.1) 1257 (14.9)
Mexican American 6140 (85.8) 1013 (14.2)
Other Races 6396 (87.8) 891 (12.2)

Education level (%) † 255.723 <0.001
≤High School 17,597 (86.1) 2845 (13.9)
College or above 18,955 (91.1) 1855 (8.9)

BMI (Kg/m2) *† 219.213 <0.001
≥30.0 102 (87.9) 14 (12.1)
25.0–29.9 12,455 (90.5) 1304 (9.5)
<25.0 11,298 (95.3) 557 (4.7)

Moderate/severe physical activity (%) † 162.861 <0.001
Yes 14,859 (91.1) 1457 (8.9)
No 21,719 (87.0) 3249 (13.0)

Hypertension (%) † 537.915 <0.001
Yes 14,672 (84.7) 2648 (15.3)
No 19,138 (92.2) 1611 (7.8)

The doctor told you that you had diabetes (%) 18,424.978 <0.001
Yes 1711 (33.1) 3462 (66.9)
Borderline 676 (76.2) 211 (23.8)
No 34,207 (97.1) 1035 (2.9)

Had at least 12 cups of alcoholic drink per year (%) ‡† 157.612 <0.001
Yes 25,714 (89.8) 2932 (10.2)
No 8981 (85.2) 1559 (14.8)

Consumed over 100 cigarettes in lifetime (%) † 26.543 <0.001
Yes 16,589 (87.7) 2321 (12.3)
No 19,979 (89.3) 2383 (10.7)

Food security (%) 38.584 <0.001
Yes 26,893 (89.4) 3174 (10.6)
No 5300 (86.7) 812 (13.3)

PIR *† 2.2 (1.2–4.2) 1.8 (1.0–3.3) 6.236 <0.001
Energy (kcal) 1948.0 (1441.1–2612.0) 1725.0 (1257.0–2329.0) 7.599 <0.001
Protein (gm) 72.3 (51.8–100.7) 69.0 (49.3–94.0) 3.809 <0.001
Carbohydrate (gm) 236.6 (170.6–319.7) 204.5 (147.4–278.1) 8.295 <0.001
Total fat (gm) 71.3 (47.6–102.3) 64.6 (42.7–96.2) 4.666 <0.001
Dietary fiber (gm) 14.3 (9.3–21.2) 14.1 (9.3–20.8) 1.140 0.148
Thiamin (Vitamin B1) (mg) 1.4 (1.0–2.0) 1.4 (0.9–1.9) 2.685 <0.001
Riboflavin (Vitamin B2) (mg) 1.8 (1.3–2.6) 1.7 (1.2–2.3) 4.151 <0.001
Vitamin B6 (mg) 1.7 (1.1–2.5) 1.6 (1.1–2.3) 4.416 <0.001
Total folate (mcg) 341.0 (230.0–496.0) 320.0 (215.0–459.0) 3.558 <0.001
Vitamin B12 (mcg) 3.7 (2.1–6.2) 3.4 (1.9–5.6) 3.452 <0.001
Vitamin E (mg) 6.5 (4.2–10.0) 6.1 (3.8–9.3) 3.294 <0.001
Calcium (mg) 779.0 (496.0–1151.0) 713.0 (468.0–1040.8) 4.185 <0.001
Magnesium (mg) 265.0 (190.0–363.0) 249.0 (180.0–336.0) 4.041 <0.001
Iron (mg) 12.8 (8.9–18.4) 12.3 (8.5–17.5) 2.466 <0.001
Zinc (mg) 9.7 (6.6–14.1) 8.9 (6.1–13.0) 3.824 <0.001
Copper (mg) 1.1 (0.8–1.5) 1.0 (0.7–1.4) 4.124 <0.001
Insulin (uU/mL) † 9.5 (6.2–15.2) 14.7 (8.8–25.0) 10.705 <0.001
Glucose (mg/dL) † 91.0 (85.0–99.0) 149.0 (118.0–149.0) 45.353 <0.001
Hemoglobin (g/dL) † 14.2 (13.2–15.2) 13.9 (12.8–15.0) 5.840 <0.001

# The statistical description of the two groups was expressed in the form of a number (%)/median (25% percentile–75% percentile). † There
were missing values in the two groups. ‡ One cup of alcoholic drink is equivalent to 12 ounces of beer, 4 ounces of wine, or an ounce of
liquor. * BMI, body mass index; PIR, poverty income ratio; RGCS, recent glycemic control states.
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Figure 1. Distribution of daily total dietary energy and nutrient intakes in different investigation periods ((A) Energy (kcal);
(B) Protein (gm); (C) Carbohydrate; (D) Total Fat (gm); (E) Dietary Fiber (gm); (F) Vitamin B1 (mg); (G) Vitamin B2 (mg);
(H) Vitamin B6 (mg); (I) Total Folate (mg); (J) Vitamin B12 (mg); (K) Vitamin E (mg); (L) Calcium (mg); (M) Magnesium
(mg); (N) Iron (mg); (O) Zinc (mg); (P) Copper (mg)).

3.2. Binary Logistic Regression Analysis
3.2.1. The Association between RGCS and Daily Total Dietary Energy, Macronutrients,
Vitamins, and Minerals

For the crude model and adjusted model I, we found that energy, protein, total fat,
dietary fiber, vitamin B1, vitamin B6, vitamin E, iron, and zinc intake were associated with
RGCS, including good RGCS and poor RGCS (Figure 2A,B). However, after controlling
of all covariates and time fixed effect (Figure 2C,D), opposite results were obtained from
the former two models, for instance, three kinds of macronutrients, minerals, and dietary
fiber actually had no statistical association with RGCS. Eventually, the statistical results
in the robust check model (Figure 2D and Table 2), after controlling for the potential
confounders and years fixed effect, suggested a significantly negative correlation between
daily total dietary vitamin B6 intake and RGCS (adjusted OR = 0.848; 95% CI: 0.738, 0.973;
p-value = 0.019).
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Figure 2. Forest plot for odds ratio (OR) and 95% confidence interval (CI) of daily total dietary nutrient and energy intake
((A) without covariates; (B) gender, age, and race were controlled; (C) all potential confounders in the study were controlled;
(D) all potential confounders and the years fixed effect in the study were controlled).

Table 2. Binary logistic regression analysis between RGCS and dietary nutrient and energy intake among non-pregnant
adults 20+ years old from NHANES 1999–2018 (except for 2003–2004).

Variables
Crude Model a Model I b Model II c Robust Check Model d

β (SE) β (SE) β (SE) β (SE)

Energy (kcal) −0.001 (0.0002) *** −0.001 (0.0002) ** −0.00003 (0.0003) −0.00006 (0.0003)
Protein (gm) 0.007 (0.002) *** 0.006 (0.002) ** 0.001 (0.003) 0.001 (0.003)

Carbohydrate (gm) −0.001 (0.001) −0.0005 (0.001) 0.0001 (0.001) 0.0003 (0.001)
Total fat (gm) 0.011 (0.002) *** 0.010 (0.002) *** −0.0005 (0.003) −0.0001 (0.003)

Dietary fiber (gm) 0.025 (0.005) *** 0.011 (0.005) * 0.004 (0.009) 0.003 (0.009)
Thiamin (Vitamin B1) (mg) 0.120 (0.049) * 0.162 (0.053) ** −0.011 (0.107) −0.011 (0.108)

Riboflavin (Vitamin B2) (mg) 0.034 (0.045) −0.012 (0.050) 0.017 (0.085) 0.026 (0.085)
Vitamin B6 (mg) −0.091 (0.037) * −0.058 (0.039) −0.157 (0.070) * −0.165 (0.070) *
Total folate (mcg) −0.0004 (0.0002) −0.0003 (0.0002) 0.001 (0.0004) 0.001 (0.0004)
Vitamin B12 (mcg) −0.001 (0.005) −0.005 (0.006) 0.006 (0.008) 0.005 (0.008)

Vitamin E (mg) −0.017 (0.007) * −0.012 (0.007) −0.013 (0.013) −0.014 (0.013)
Calcium (mg) −0.00008 (0.00008) 0.0001 (0.00008) 0.00002 (0.0001) −0.00002 (0.0001)

Magnesium (mg) −0.001 (0.0005) −0.001 (0.0005) 0.001 (0.001) 0.001 (0.001)
Iron (mg) 0.022 (0.006) ** 0.015 (0.007) * −0.002 (0.012) 0.0004 (0.012)
Zinc (mg) −0.020 (0.007) ** −0.015 (0.007) * −0.007 (0.013) −0.005 (0.013)

Copper (mg) −0.027 (0.058) −0.002 (0.057) −0.077 (0.086) ** −0.061 (0.090)
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Table 2. Cont.

Variables
Crude Model a Model I b Model II c Robust Check Model d

β (SE) β (SE) β (SE) β (SE)

Age (<40 years old) - Reference Reference Reference
Age (40−59 years old) - 2.211 (0.103) *** 0.985 (0.190) *** 0.978 (0.191) ***
Age (≥ 60 years old) - 1.561 (0.104) *** 0.792 (0.189) *** 0.782 (0.189) ***

Gender (male) - 0.230 (0.058) *** 0.322 (0.117) ** 0.311 (0.118) **
Race (other races) - Reference Reference Reference

Race (Mexican American) - −0.551 (0.083) *** −0.269 (0.150) −0.229 (0.151)
Race (non-Hispanic Black) - 0.298 (0.089) ** 0.342 (0.163) * 0.396 (0.164) *
Race (non-Hispanic White) - 0.209 (0.091) * −0.024 (0.170) 0.043 (0.172)

Education level (≤ high school) - - 0.179 (0.107) 0.187 (0.108)
BMI † (<25.0) - - Reference Reference

BMI (25.0–29.9) - - 0.726 (0.146) *** 0.714 (0.146) ***
BMI (≥30.0) - - 0.081 (0.156) 0.076 (0.156)

Moderate/severe physical
activity (no) - - 0.114 (0.103) 0.076 (0.104)

Hypertension (yes) - - 0.296 (0.100) ** 0.323 (0.100)
The doctor told you that you had

diabetes (no) - - Reference Reference

The doctor told you that you had
diabetes (borderline) - - 2.501 (0.106) *** 2.491 (0.106) ***

The doctor told you that you had
diabetes (yes) - - 1.167 (0.196) *** 1.141 (0.196) ***

Had at least 12 cups alcoholic
drink per year (yes) - - −0.057 (0.112) −0.077 (0.113)

Consumed over 100 cigarettes in
their lifetime (yes) - - −0.085 (0.103) −0.073 (0.104)

Food security (no) - - 0.076 (0.135) 0.047 (0.137)
PIR † - - −0.049 (0.036) −0.048 (0.036)

Insulin (uU/mL) - - 0.003 (0.002) 0.003 (0.002)
Glucose (mg/dL) - - 0.061 (0.002) *** 0.061 (0.002) ***

Hemoglobin (g/dL) - - −0.095 (0.036) ** −0.086 (0.036) *
Years fixed effect - - - Included

a A total of 15 dietary variables were entered in the crude model: protein, carbohydrate, total fat, dietary fiber, vitamin b1, vitamin b2,
vitamin b6, total folate, vitamin b12, vitamin e, calcium, magnesium, iron, zinc, copper. b Three variables were adjusted in model I: gender,
age, race. c A total of 17 variables were adjusted in model II: gender, age, race, education level, BMI, moderate or severe physical activity,
hypertension, the doctor informing them that they had diabetes, having at least 12 cups of alcoholic drink per year, consuming over
100 cigarettes in their lifetime, food security, PIR, energy, insulin, glucose, hemoglobin. d Robust check model: Based on model II, years
fixed effect was adjusted. * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001. † BMI, body mass index; PIR, poverty income ratio; RGCS,
recent glycemic control states; SE, standard error.

3.2.2. The Association between Adjusted Covariates and RGCS

The statistical results of the robust check model, all covariates, and time fixed effect being
adjusted demonstrated that age (taking “<40 years old” as a reference, OR[40–59 years old] = 2.659,
p-value < 0.001; OR[≥60 years old] = 2.186, p-value < 0.001), gender (taking “female” as a
reference, OR[Male] = 1.365, p-value = 0.008), race (taking “other races” as a reference,
OR[Mexican American] = 0.796, p-value = 0.131; OR[Non-Hispanic Black] = 1.486, p-value = 0.016;
OR[Non-Hispanic White] = 1.044, p-value = 0.804), education level (taking “>high school” as
a reference, OR[≤High School] = 1.205, p-value = 0.083), BMI (taking “<25.0” as a reference,
OR[25.0–29.9] = 2.042, p-value < 0.001; OR[≥30.0] = 1.079, p-value = 0.626), hypertension
(taking “no” as a reference, OR[Yes] = 1.381, p-value = 0.001), the doctor informing them
that they had diabetes (taking “no” as a reference, OR[Borderline] = 12.072, p-value < 0.001;
OR[Yes] = 3.130, p-value < 0.001), insulin (OR = 1.003, p-value = 0.132), glucose (OR = 1.063,
p-value < 0.001), and hemoglobin (OR = 0.918, p-value = 0.017) were significantly associated
with RGCS in Table 2.
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3.3. Model Fitting, Linear Discriminant Analysis, and ROC Analysis
3.3.1. Model Fitting and Linear Discriminant Analysis of Daily Total Dietary Vitamin B6
Intake, Glycohemoglobin, and RGCS

After smooth curve fitting of daily total dietary vitamin B6 intake and glycohe-
moglobin being conducted in Figure 3, the robust check model, a linear discriminant
analysis of daily total dietary vitamin B6 intake and RGCS, was also fitted in Figure 4. The
statistical analysis graphs showed that the established robust check model could not only
distinguish American adults with different RGCS well, but pointed out that the negative
correlation between daily total dietary vitamin B6 intake and RGCS did exist. It was
indicated that daily total dietary vitamin B6 intake might have a potential predictive value
for RGCS of American adults.

Figure 3. The model fitting processes of non-linear regression curve ((A,B), scatter plots; (C), the optimal smooth curve).

 
Figure 4. The linear discriminant analysis of daily total dietary vitamin B6 intake, glycohe-
moglobin (A), and RGCS (B).

3.3.2. ROC Analysis of Daily Total Dietary Vitamin B6 Intake

ROC analysis of daily total dietary vitamin B6 intake was performed to calculate
the area under the curve (AUC), which was used to evaluate the discrimination accuracy
among people with good and poor RGCS. As shown in Figure 5, after controlling for all
potential confounders and the years fixed effect, the predictive potential or accuracy of
the multivariate logistic regression robust check model (AUC = 0.977; 95% CI: 0.974, 0.980;
p-value < 0.001) was higher than those of the crude model (AUC = 0.535; 95% CI: 0.519,
0.550; p-value < 0.001), adjusted model I (AUC = 0.710; 95% CI: 0.697, 0.723; p-value < 0.001),
and adjusted model II (AUC = 0.975; 95% CI: 0.974, 0.979; p-value < 0.001). The test results
of DeLong between robust check model and crude model, and adjusted model I and
adjusted model II showed that there were two statistically significant results (robust check
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model vs. crude model, Z = 53.54, p-value < 0.001; robust check model vs. adjusted
model I, Z = 39.542, p-value < 0.001; robust check model vs. adjusted model II, Z = 0.751,
p-value = 0.452).

Figure 5. Receiver operator characteristic (ROC) curve indicator of poor RGCS (crude model: without
covariates; adjusted model I: gender, age, and race were controlled; adjusted model II: all potential
confounders in the study were controlled; robust check model: all potential confounders in the study
were controlled, and the years fixed effect in the study was included).

4. Discussion

Although the reliable data of our study were from the national representative sample
published by the Centers for Disease Control and Prevention of the United States, there
were still some missing values in our collected data, which might have a subtle influence on
our results of the statistical analysis. However, given the sufficient sample size of this study,
the deviation caused by missing values could be reduced. Therefore, the reliability and
authenticity of our findings were within acceptable limits. In addition, we did not ignore
the interactions among nutrients when fitting the saturation model, but these interactions
that might have biological significance (such as the interaction between vitamin B6 and
vitamin B12) were not statistically significant when they were included in the robust
check model.

The statistical model constructed in our research combined the specific macronutrients,
minerals, vitamins, dietary fiber, and energy of the daily total diet, demographic, and
medical indicators of American adults, because some statistical models mentioned in
other studies might only be relevant for a small group of people with diabetes and not be
suitable for American adults in terms of predicting their RGCS. Thus, our robust check
model was closer to the real-world results than the models established by those research
institutes [27,29].

Eventually, we found only daily total dietary vitamin B6 intake negatively correlated
with RGCS, that is, the higher the daily total intake of dietary vitamin B6 was accompanied
with better RGCS. Similarly, Mascolo et al. also concluded that the vitamin B6 level was
significantly negatively associated with diabetes mellitus in diabetic people and suggested
that vitamin B6 had a significantly protective effect on diabetic complications [30]. In
addition, although covariates adjusted in our robust check model could not answer our
research issues, they could still provide the theoretical foundation and scientific guidance
for our health education related to glycemic control for American adults, which had a
valuable public health significance.

The establishment of the robust check model of nutrients and RGCS was only the
preliminary step of this study, which was mainly used to qualitatively find the associated
factors affecting the RGCS. After screening the statistically significant daily total dietary
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vitamin B6 intake with this model, we further performed linear discriminant model and
ROC analysis between RGCS and daily total dietary vitamin B6 intake as well as HbA1c,
respectively (Figures 4 and 5), which could provide a quantitative reference and prediction
accuracy of daily total dietary vitamin B6 intake for American adults who need to control
blood glucose.

Vitamin B6 was an intriguing molecule that was involved in a wide range of metabolic,
physiological, and developmental processes. Its active form, 5’-pyridoxal phosphate (PLP),
was a co-factor for approximately 150 metabolic responses to glucose, lipid, amino acids,
DNA, and neurotransmitters [30–34]. These studies showed that vitamin B6 had a potential
to regulate body metabolism (including blood glucose). Although the United States,
South Korea, and Japan published the recommended total dietary intake of vitamin B6
(fluctuating around 1.1~1.6 mg/d) for specific populations [35–37], it might not be suitable
for American adults who need to control blood glucose. Therefore, it was necessary for the
relevant health management agencies in the United States to formulate the recommended
value of the total daily dietary vitamin B6 intake of RGC for American adults, so as to
provide an effective way for them to obtain better RGCS. However, the formulation of total
daily dietary vitamin B6 recommended intake remains to be further explored.

5. Conclusions

In summary, our results indicated that only daily total dietary vitamin B6 intake
was significant negatively associated with RGCS among all dietary nutrients we studied.
Although this study provided a ROC prediction result of daily total dietary vitamin B6
intake for RGCS, we might require further validation of whether it would have a positive
and effective preventive effect and biological implications on RGCS of American adults.
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Abstract: High blood pressure is a crucial risk factor for many cardiovascular diseases, and a diet rich
in whole-grain foods may modulate blood pressure. This study investigated the effects of dehulled
adlay consumption on blood pressure in vivo. We initially fed spontaneous hypertensive rats diets
without (SHR group) or with 12 or 24% dehulled adlay (SHR + LA and SHR + HA groups), and
discovered that it could limit blood pressure increases over a 12-week experimental period. Although
we found no significant changes in plasma, heart, and kidney angiotensin-converting enzyme
activities, both adlay-consuming groups had lower endothelin-1 and creatinine concentrations than
the SHR group; the SHR + HA group also had lower aspartate aminotransferase and uric acid levels
than the SHR group did. We later recruited 23 participants with overweight and obesity, and they
consumed 60 g of dehulled adlay daily for a six-week experimental period. At the end of the study,
we observed a significant decrease in the group’s systolic blood pressure (SBP), and the change in SBP
was even more evident in participants with high baseline SBP. In conclusion, our results suggested
that daily intake of dehulled adlay had beneficial effects in blood-pressure management. Future
studies may further clarify the possible underlying mechanisms for the consuming of dehulled adlay
as a beneficial dietary approach for people at risk of hypertension.

Keywords: adlay; hypertension; blood pressure; ACE; ET-1

1. Introduction

Hypertension is associated with mortality and morbidity related to various cardio-
vascular diseases [1]. Long-term high blood pressure may lead to cardiorenal remodeling
and increased the risk of tissue injuries [2]. In a 2014 evidence-based guideline on the
management of adult high blood pressure, adults with systolic blood pressure (SBP) and
diastolic blood pressure (DBP) greater than 140 and 90 mmHg, respectively, were de-
termined to have hypertension [3]. In addition, according to the American College of
Cardiology/American Heart Association (ACC/AHA) 2017 Guideline for the Prevention,
Detection, Evaluation, and Management of High Blood Pressure in Adults, adults with
SBP and DBP above 130 and 80 mmHg, respectively, were defined as having hypertension,
and individuals with SBP of 120–139 mmHg and DBP less than 80 mmHg were defined
as having elevated blood pressure [4]. These guidelines served to increase awareness of
hypertension; encourage proper antihypertensive medication usage, such as medications
blocking the renin-angiotensin system; and lifestyle modification, such as adherence to the
Dietary Approaches to Stop Hypertension (DASH) recommendations [5].
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According to a 2019 meta-analysis survey, dietary consumption of whole grains rather
than refined grains may aid in the prevention of non-communicable diseases [6]. The
prospective study demonstrated that greater consumption of whole grains decreased the
risk of hypertension in the Japanese population [7]. The blood-pressure-lowering DASH
diet also recommends whole-grain foods because they contain fiber, minerals, vitamins,
and other bioactive chemical components with health benefits [8,9]. Adlay (Coix lachryma-
jobi L. var. ma-yuen Stapf) is a popular grain in Asian cuisine, and has been used as a
traditional Chinese medicine for its antioxidative and anti-inflammatory potential [10].
Recent studies have also reported that adlay bran, which is rich in phenolic compounds,
had beneficial effects on lipid metabolism and inflammatory responses in vivo [11,12].
Daily consumption of 60 g of adlay was also found to improve plasma lipid profiles in
hyperlipidemic male patients [13]. However, evidence of adlay’s effectiveness in blood-
pressure modulation remains limited. Only one study reported that enzymatic hydrolyzed
peptides derived from adlay seed exhibited the potential to inhibit angiotensin-converting
enzyme (ACE) activity and to reduce blood pressure in rats [14]. Therefore, we aimed to
investigate the effects of a diet rich in dehulled adlay instead of other refined cereals on
blood-pressure regulation in both spontaneously hypertensive animals and in overweight
and obese adults.

2. Materials and Methods

2.1. Animal Study

We purchased dehulled adlay powder (Taichung No. 3) from the Nantou County
Tsao-Tun Production Association (Nantou County, Taiwan). Eight-week-old Wistar Kyoto
(WKY) rats and spontaneously hypertensive rats (SHRs) were purchased from the National
Laboratory Animal Breeding and Research Center. Rats were housed in the Experimental
Animal Center as per guidelines reviewed by the Institutional Animal Care and Use
Committee of I-Shou University (Approval ID: AUP-105-43-01). Rats were maintained in
an environment with a constant temperature (23 ± 2 ◦C) and humidity (55 ± 10%) and were
exposed to a 12 h light–dark cycle in accordance with the Animal Protection Act and the
regulations of the Animal Care and Use Committee of the Council of Agriculture, Executive
Yuan. Rats were fed a standard rat chow diet for 1 week for acclimatization. Then, SHRs
were randomly assigned to three groups: an SHR group fed a standard AIN-93M rodent
diet (n = 10), an SHR + LA group fed AIN-93M with a low dose of 12% adlay powder
(w/w), and an SHR + HA group fed AIN-93M with a high dose of 24% adlay powder (w/w),
WKY rats were used as the normotensive control and also received a standard AIN-93M
rodent diet (n = 10). We used adlay powder substituted for part of the components from the
standard AIN-93M diet to ensure equal nutrient composition among the diets, as shown
in Table 1. During the 12-week experimental period, food and water were provided ad
libitum. Rats’ food intake was recorded daily and their body weights recorded weekly. At
the end of the study, we collected the previous 24 h of urine of rats using metabolic cages,
and thereafter sacrificed the rats to obtain blood, heart, and kidney samples for analysis.

2.1.1. Measurement of Blood Pressure

SBP and DBP were measured using a noninvasive tail-cuff system (MK-2000ST, Muro-
machi Kikai, Tokyo, Japan) every 4 weeks. Rats were placed in restrainers, and we recorded at
least five readings to calculate the mean of blood pressure over the course of the measurement.
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Table 1. Dietary compositions (g/kg) of groups in the murine trial.

WKY SHR SHR + LA SHR + HA

Casein 140 140 118.2 96.3
Dextrin 155 155 155 155

Corn starch 465.7 465.7 389.4 313.1
Sucrose 100 100 100 100
Soy oil 40 40 38.4 36.9

Cellulose 50 50 29.7 9.4
L-cystine 1.8 1.8 1.8 1.8

AIN-93M mineral mix 35 35 35 35
AIN-93M vitamin mix 10 10 10 10

Choline bitartrate 2.5 2.5 2.5 2.5
Dehulled adlay 0 0 120 240

Corn starch, dextrin, casein, soy oil, cellulose (non-nutritive bulk), AIN-93M vitamin and mineral mixture were
obtained from ICN Biochemicals (Aurora, OH, USA). Choline bitartrate and cystine were obtained from Sigma (St.
Louis, MO, USA). Dehulled adlay (Taichung No. 3) powder was purchased from the Nantou County Tsao-Tun
Production Association (Nantou County, Taiwan). SHR + LA, low-dose (12%, w/w) dehulled adlay powder in
diet; SHR + HA, high-dose (24%, w/w) dehulled adlay powder in diet.

2.1.2. Blood Analysis

Blood samples were collected and centrifuged at 1500× g and 4 ◦C for 15 min for
plasma separation. Plasma samples were collected to analyze the aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT), creatinine (Cr), uric acid, and phosphorus
concentrations by using a Roche Modular P800 Autoanalyzer (Diagnostics Roche, Basel,
Switzerland). ACE activity was analyzed according to the method previously described by
Vermeirssen et al. [15]. C-reactive protein (CRP; Invitrogen, CA, USA), plasminogen acti-
vator inhibitor-1 (PAI-1; HYPHEN BioMed, Neuville-sur-Oise, France), and endothelin-1
(ET-1; Enzo Life Sciences, New York, USA) were analyzed using commercial kits as per the
manufacturer’s instructions.

2.1.3. Urine Analysis

The 24 h of urine samples were collected using metabolic cages. Urinary protein
excretion, urine urea nitrogen (UUN), and Cr levels were analyzed using a Roche Modular
P800 Autoanalyzer (Diagnostics Roche, Basel, Switzerland). All urine values were corrected
in accordance with the Cr level.

2.1.4. Heart and Kidney Analysis

Heart and kidney samples were homogenized in a buffer solution (50 mM Tris-HCl,
150 mM NaCl, 0.1% SDS, 1% NP-40, pH 7.5), and suspensions were centrifuged at 1000× g
at 4 ◦C for 10 min. ACE activity levels of the hearts and kidneys were determined using
the method described by Yang et al. [16].

2.2. Human Study

Participants were recruited through announcement posters at the I-Shou University
(Kaohsiung, Taiwan). People with diagnoses of diabetes, cardiovascular diseases, eating
disorders, or liver, kidney, or other digestive diseases; medications and supplement users;
pregnant or lactating individuals; and people with an adlay allergy were excluded. We
recruited 25 volunteers, and among them, 23 participants with a body mass index (BMI,
kg/m2) within the range of 25 to 35 (inclusive) or waist circumference within an indicated
sex-specific range (>90 cm for men and >80 cm for women) were included in the experiment
as shown in Figure 1. We explained the purpose and design and of the study, as well as the
risks involved to all participants, and obtained their written informed consent.
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Figure 1. Flowchart illustrating the number of volunteers who were screened, included, and com-
pleted the study.

2.2.1. Experimental Design

We implemented this study following the protocol approved by the Institutional
Review Board (IRB) of E-Da Hospital according to the guidelines in the Declaration of
Helsinki (IRB No.: EMRP41104N). During the 6-week experimental period, 23 participants
were asked to consume two packages (30 g/package) of dehulled adlay powder per day
to replace three corresponding portions of cereal, according to the Food Exchange List
of Taiwan and the dosage consumed daily in a previous study [13]. Those participants
came to our center weekly to receive dietary consultation, bring back the used container,
and obtain their adlay powder packages for the coming week. During the experimental
period, the consumption of other supplements and foods not specified in the study was
prohibited, and all participants were asked to maintain their normal dietary habits and
physical activities.

2.2.2. Blood Pressure Measurement

Participants visited our research center at 07:30 a.m. at the baseline and the end of the
study after a fasting period of at least 8 h. Blood pressure was measured using an automatic
blood-pressure monitor on their right arm (Microlife, Taipei, Taiwan) after participants
sat in a chair for at least 10 min. SBP and DBP were calculated as the average of three
separate measurements.

2.2.3. Blood Analysis

At the baseline and end of the study, we collected plasma samples after blood-pressure
measurement to measure ET-1 concentrations as described before.

2.3. Statistical Analysis

All data are presented as mean ± standard deviation (SD). Data from the animal study,
and on changes in blood pressure among the three subgroups according to the guideline [4]
(<120, 120–130, >130 mmHg) in the human study, were analyzed using one-way analysis
of variance (ANOVA) with a post hoc Tukey test in SAS version 9.3. The differences
in body weight and in blood pressure of animals at different time points and among
groups were analyzed using repeated-measures ANOVA and Duncan’s multiple-range
test. The blood pressure and plasma ET-1 levels of participants at baseline and the end of
the study were evaluated using a paired t-test. A p-value of <0.05 indicated a statistically
significant difference.
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3. Results

3.1. Effects of Dehulled Adlay Intake on Body Weight in SHRs

The results of the animal experiment demonstrated that using a diet containing
dehulled adlay did not affect food and energy intake among groups. In addition, we also
discovered no significant differences in body weight among the groups over the experiment
period (Figure 2a).

Figure 2. Food intake (a), SBP (b), and plasma and tissue ACE activities (c) of rats in different groups. Values are presented
as mean ± SD (n = 10). abc Different superscript letters indicate a significant difference (p < 0.05). SBP, systolic blood pressure;
ACE, angiotensin-converting enzyme. WKY, Wistar Kyoto) rats fed an AIN-93M diet; SHR, spontaneously hypertensive rats
fed an AIN-93M diet; SHR + LA, SHRs fed an AIN-93M diet containing 12% dehulled adlay powder; SHR + HA, SHRs fed
an AIN-93M diet containing 24% dehulled adlay powder.

3.2. Effects of Dehulled Adlay Intake on Blood Pressure and ACE Activity in SHRs

The SHR, SHR + LA, and SHR + HA groups all had higher SBP levels than the WKY
group throughout the 12-week experimental period. Both the SHR + LA and SHR + HA
groups had lower SBP than the SHR group after the fourth week, and this difference was
maintained until the end of the study (Figure 2b). Although the SHR group had higher
renal ACE activity than the WKY group (WKY vs. SHR, p = 0.0004), we found no significant
difference in plasma, heart, and kidney ACE activity among the SHR, SHR + LA, and
SHR + HA groups (Figure 2c). The results indicated that daily dehulled adlay intake in
replacement of part of the diet composition could prevent blood-pressure increases among
SHRs, but these effects may not be explained by the inhibition of ACE activity alone.

3.3. Effects of Dehulled Adlay Intake on AST, ALT, and Renal Functions in SHRs

At the end of the study, we found that the SHR group had higher plasma AST (WKY
vs. SHR, p < 0.0001; SHR + LA vs. SHR, p = 0.0011; SHR + HA vs. SHR, p = 0.0076) and
ALT (WKY vs. SHR, p < 0.0001) activities than the WKY group did, and that both the SHR +
LA and SHR + HA groups had lower AST activities than the SHR group did (Figure 3a). In
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addition, plasma Cr concentrations (WKY vs. SHR, p = 0.0289) and the total protein-to-Cr
ratios in the rat urine were significantly higher in the SHR groups than in WKY (WKY
vs. SHR, p = 0.0042). Both dehulled adlay groups had lower plasma Cr concentrations
than the SHR group did (SHR + LA vs. SHR, p = 0.0020; SHR + HA vs. SHR, p < 0.0001),
but no significant differences were observed in total protein/Cr, UUN/Cr, and plasma
phosphorus concentrations in urine among the three SHR groups. Additionally, plasma
uric acid levels were significantly higher in the SHR group and lower in the HA group
(WKY vs. SHR, p = 0.0022; SHR + HA vs. SHR, p = 0.0002) (Figure 3b,c). The results also
indicated that elevation of blood pressure may increase the risk of renal tissue injuries, and
that dehulled adlay consumption may ameliorate these risks.

Figure 3. Plasma hepatic (a), renal function parameters (b), and urine analysis (c) of rats in different groups. Values are
presented as mean ± SD (n = 10). abc Different superscript letters indicate a significant difference (p < 0.05). AST, aspartate
aminotransferase; ALT, alanine aminotransferase; UUN, urine urea nitrogen. WKYWistar Kyoto rats fed an AIN-93M diet;
SHR, spontaneously hypertensive rats fed an AIN-93M diet; SHR + LA, SHRs fed an AIN-93M diet containing 12% dehulled
adlay powder; SHR + HA, SHRs fed an AIN-93M diet containing 24% dehulled adlay powder.

124



Nutrients 2021, 13, 2305

3.4. Effects of Dehulled Adlay Intake on Indicators of Endothelial Function in SHRs

Over the course of the experiment, plasma CRP and PAI-1 levels tended to decrease
in both the SHR + LA and SHR + HA groups when compared with the SHR group. Both
dehulled-adlay-consuming groups also had lower plasma ET-1 levels than did the SHR
group (SHR + LA vs. SHR, p = 0.0164; SHR + HA vs. SHE, p = 0.0345), and no significant
difference in ET-1 level was observed compared with the WKY group (Figure 4). The
results showed that adlay may retard the elevation of blood pressure through improving
endothelial function.

 

Figure 4. Plasma CRP, PAI-1, and ET-1 levels of rats in different groups. Values are presented as the mean ± SD (n = 10).
ab Different superscript letters indicate a significant difference (p < 0.05). CRP, C-reactive protein; PAI-1, plasminogen
activator inhibitor-1; ET-1, endothelin-1. WKYWistar Kyoto rats fed an AIN-93M diet; SHR, spontaneously hypertensive
rats fed an AIN-93M diet; SHR + LA, SHRs fed an AIN-93M diet containing 12% dehulled adlay powder; SHR + HA, SHRs
fed an AIN-93M diet containing 24% dehulled adlay powder.

3.5. Effects of Daily Dehulled Adlay Intake on Blood Pressure and Endothelial Function
in Participants

Furthermore, we performed an interventional human study to observe the effects
of a dehulled adlay-rich dietary pattern on blood-pressure regulation in participants.
During the experimental period, participants were asked to maintain their normal dietary
and physical activity, but to replace 60 g of refined grain products with dehulled adlay
powder either in their beverage or meal under the guidance of a dietitian; subjects brought
back the used and empty containers to our center every week, and no subjective adverse
effects were reported. We learned that the SBP of our participants decreased over the
6-week experimental period (6-week vs. 0-week, p = 0.006) (Figure 5a). Additionally, we
categorized participants into subgroups according to their baseline SBP (<120 mmHg, n = 5;
120–130 mmHg, n = 11; >130 mmHg, n = 7), and discovered that the effects of dehulled
adlay consumption on blood-pressure change were more obvious in the participants with
higher baseline SBP (ΔSBP: >130 vs. <120, p = 0.0243) (Figure 5b). We also noted a trend of
decreasing plasma ET-1 levels in participants (p = 0.07) (Figure 5c). These results indicated
a beneficial effect of dehulled adlay on blood-pressure modulation, and that these effects
may be related to baseline SBP.
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Figure 5. Baseline and end SBP (a) and ET-1 (b) levels, and changes in SBP and DBP (c) of participants subgrouping by
baseline SBP after the 6-week dehulled adlay intervention. Values are presented as mean ± SD (n = 23). ab Different
superscript letters indicate a significant difference (p < 0.05). SBP, systolic blood pressure; DBP, diastolic blood pressure;
ET-1, endothelin-1.

4. Discussion

In this study, we found that dehulled adlay consumption retarded the elevation of
blood pressure in SHRs, and may be beneficial in blood pressure modulation in over-
weight and obese adults. Dietary intake of whole-grain foods may lower cardiovascular
risks. A randomized controlled trial concluded that daily consumption of whole grains
(50 g/1000 kcal) resulted in greater improvements in blood pressure than a refined grain
diet did in adults with overweight and obesity [17]. Results from the Furukawa Nutri-
tion and Health Study also indicated that higher intake of whole-grain foods may reduce
hypertension risk [7]. Adlay is a common grain in Asian diets, and is used in tradi-
tional Chinese medicines to treat cardiovascular diseases. Studies have also reported that
adlay has various beneficial effects. For example, adlay bran was discovered to have
anti-inflammatory [18] and anti-tumor effects [19], and dehulled adlay also had a gastro-
protective effect in vitro [20]. Although one previous study reported that adlay-derived
peptides may have antihypertensive effects [14], studies focused on adlay’s influence on
blood-pressure management remains scarce. To our knowledge, this is the first study to
explore the potential effects of daily consumption of dehulled adlay in reducing blood
pressure in hypertensive rats and in overweight and obese participants.

Increased daily whole-grain consumption has positive effects on blood-pressure con-
trol. The 2020 International Society of Hypertension’s Global Hypertension Practice Guide-
lines also include a suggestion to eat a healthy diet rich in whole grains to treat hyper-
tension [21]. Dehulled adlay is one of the ingredients recommended to replace polished
rice in some Asian diets. According to the Nutrient Composition Database of the Food
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and Drug Administration of the Ministry of Health and Welfare, every 100 g of adlay seed
contains 199 mg of magnesium, which is approximately 10 times of the level in white
rice. Magnesium has been shown to regulate blood pressure through directly stimulating
prostacyclin and nitric oxide production [22]. These blood-pressure-reducing effects may
be caused by endothelium-dependent and endothelium-independent vasodilation [23,24].
Furthermore, magnesium may also prevent vascular injury due to its antioxidant and
anti-inflammatory effects [25]. In the present study, we discovered that in hypertensive rats,
partial dietary replacement with dehulled adlay could limit the progression of hypertension
without affecting food intake or body weight in hypertensive rats. We also found that
daily intake of 60 g dehulled adlay could lower blood pressure in human participants with
high baseline SBP. These results suggested that dehulled adlay has potential use for the
treatment or prevention of hypertension.

Blood pressure is regulated by numerous mechanisms in vivo, and the renin-angiotensin
system is one of such major regulatory mechanism. Increased ACE activity reveals the
formation of angiotensin II, which leads to vessel constriction and elevated blood pres-
sure. In 2017, Li et al. [14] observed potent anti-hypertensive peptides in Coix glutelin.
However, we found no significant effect of dehulled adlay on plasma, kidney, and heart
ACE activities in SHRs; these rats did, however, have significantly lower SBP at the end of
the 12-week experimental period. Therefore, the lowered blood pressure associated with
consuming dehulled adlay cannot be explained by its ACE inhibitory activity. Conversely,
we found that both dehulled adlay intervention groups had significant lower plasma ET-1
and Cr concentrations than the non-treated SHR group did. Studies have indicated that
ET-1 secretion raises blood pressure and accelerates the progression of nephropathy by
stimulating vasoconstriction and the retention of water and sodium [26]. Therefore, our
results indicated that dehulled adlay may not only retard the elevation of blood pressure
in hypertensive rats, but also reduce the risk of kidney injury. In addition, we discovered,
through human trials, that replacing part of daily staple food intake with dehulled adlay
intake for up to six weeks produced positive effects of lower blood pressure. However,
no significant change in ET-1 was found six 6 weeks. On the basis of these results, future
studies should extend the experimental period or increase the sample size to further clarify
the mechanisms underlying such outcomes.

Recent studies have found that uric acid is strongly linked to high blood pressure. A
cross-sectional study reported that each 1 mg/dL increase in plasma uric acid increases
the risk of hypertension by 20% [27]. Uric acid may directly cause endothelial dysfunc-
tion. When uric acid crystals are deposited in blood vessels, vascular inflammation and
endothelial damage arise [28]. Moreover, uric acid could also affect vascular function
through crystalline-independent pathways. Otani et al. [29] revealed that uric acid has the
potential to reduce the phosphorylation of endothelial nitric oxide synthase and to damage
endothelial function. Furthermore, hyperuricemia leads to increased ET-1 expression and
renal injury [30]. In a hyperuricemic rat model, dehulled adlay extract effectively decreased
serum uric acid levels by inhibiting xanthine oxidase [31]. In this study, we observed
that rats fed high-dose dehulled adlay exhibited lower plasma uric acid levels than the
SHR group, but the level was not significantly different from those of the WKY group.
In addition, we ascertained that levels of the inflammatory-response indicators CRP and
PAI-1 tended to decline as a result of consumption of an adlay-rich diet. These results
indicated that the blood-pressure reduction associated with dehulled adlay may be related
to moderating effects on uric acid and ET-1 levels.

This is the first study to apply dehulled adlay intake in the daily diet of participants
with a high risk of hypertension, and we observed that replacing 60 g of staple food in daily
diet with dehulled adlay helped moderate high blood pressure. In the animal study, we
also discovered that dehulled adlay intake curbed blood-pressure elevation and lessened
uric acid and ET-1 levels. However, some limitations were present in our study and may
be rectified by further studies. First, we used a non-invasive tail-cuff method with a
four-week interval to investigate the change of blood pressure in this study. A telemetry
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system may be more ideal, and could be used to record more hemodynamic information
in future long-lasting experiments. Second, the number of human participants in this
study was limited and lacked a control group. The single-arm study design followed by
a pre-post evaluation can only offer preliminary information, and may not completely
exclude the placebo effects of the intervention [32]. Although there currently are not
enough previous references available about the effects of adlay on blood pressure, the
results of this study can be used as a basis for further research. Future studies may increase
the number of participants, extend the duration of the intervention period, use a control
group consuming refined cereals, and measure dietary intake throughout the intervention
to better observe more influential results and to clarify the related underlying mechanisms.
Third, we used participants with high risks of cardiovascular diseases, such as overweight
and obesity, in this study, and discovered that the effects of dehulled adlay intake on
blood-pressure reduction was more evident in participants with high basal blood pressure.
Therefore, future studies also could focus on patients diagnosed as having hypertension to
further explore whether combining drug treatment with daily dehulled adlay consumption
would have synergistic effects. The pathways related to uric acid and ET-1 also could be
emphasized in future investigations.

5. Conclusions

In conclusion, our results suggested that daily intake of 60 g dehulled adlay had
beneficial effects on blood-pressure management. Future studies could further clarify
the possible underlying mechanisms for the consuming of dehulled adlay as a beneficial
dietary approach for people at risk of hypertension.
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Abstract: Eating disorders (EDs) are often reported to have the highest mortality of any mental health
disorder. However, this assertion is based on clinical samples, which may provide an inaccurate view
of the actual risks in the population. Hence, in the current retrospective cohort study, mortality of
self-reported lifetime history of EDs in the general population was explored. The data source was the
Canadian Community Health Survey: Mental Health and Well-Being (CCHS 1.2), linked to a national
mortality database. The survey sample was representative of the Canadian household population
(mean age = 43.95 years, 50.9% female). The survey inquired about the history of professionally
diagnosed chronic conditions, including EDs. Subsequently, the survey dataset was linked to the
national mortality dataset (for the date of death) up to 2017. Cox proportional hazards models
were used to explore the effect of EDs on mortality. The unadjusted-hazard ratio (HR) for the
lifetime history of an ED was 1.35 (95% CI 0.70–2.58). However, the age/sex-adjusted HR increased
to 4.5 (95% CI 2.33–8.84), which was over two times higher than age/sex-adjusted HRs for other
mental disorders (schizophrenia/psychosis, mood-disorders, and post-traumatic stress disorder). In
conclusion, all-cause mortality of self-reported lifetime history of EDs in the household population
was markedly elevated and considerably higher than that of other self-reported disorders. This
finding replicates prior findings in a population-representative sample and provides a definitive
quantification of increased risk of mortality in EDs, which was previously lacking. Furthermore,
it highlights the seriousness of EDs and an urgent need for strategies that may help to improve
long-term outcomes.

Keywords: eating disorder; all-cause mortality; epidemiology; hazard ratio; general population; Canada

1. Introduction

Eating disorders (EDs) are serious and persistent psychiatric disorders characterized
by severe disturbance in body weight and eating behavior [1]. Based on the Diagnostic and
Statistical Manual of Mental Disorders-Fifth Edition (DSM-5) classification, EDs include
anorexia nervosa, bulimia nervosa, binge eating disorder, other specified feeding or eating
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disorders, and avoidant/restrictive food intake disorder [2]. Based on the systematic
review of 33 studies, the lifetime prevalence of EDs (total) is 8.4% for women and 2.2%
for men [1], that of anorexia nervosa is 1.4% for women and 0.2% for men, that of bulimia
nervosa is 1.9% for women and 0.6% for men, and finally, that of binge eating disorder
is 2.8% for women and 1.0% for men [1]. EDs are associated with significantly impaired
health-related quality of life compared with the healthy population and even with those
with other psychiatric conditions [3]. These disorders encompass a range of problematic
behaviors, including starvation, binge eating, and purging, leading to an increased risk of
premature death [4]. Many factors in these patients have also been identified as predictors
of mortality, such as type of ED diagnosis, low body mass index (BMI), suicide behaviors,
alcohol abuse, and comorbidities [5–7]. In addition, the age of onset and age of treatment
are also two important death-predictive factors in patients with EDs, as evidence has
shown that older individuals (25–44 age group) have an elevated risk of mortality for
all types of EDs compared to youth (15–24 age group) [8]. Mortality data on EDs are
important and considered an indicator of illness severity [9]. Most mortality studies in EDs
have focused on anorexia nervosa; however, a few studies of bulimia nervosa and other
specified feeding or eating disorders, and even fewer for binge eating disorder, have been
published [4]. The standard measures for mortality are the crude mortality rate (CMR)
(CMR is the proportion of death within the study population over a specific period) [10], the
standardized mortality rate (SMR) (SMR is calculated using the number of observed deaths
in a targeted population at a certain point of time divided by the number of expected deaths
in the general population while taking into account certain demographic variables) [11],
and hazard ratios (HR) (the HR in survivorship curves is the temporal progression of death
within a group and defined as the hazard in the groups with EDs divided by the hazard in
the control groups) [12,13].

The ED mortality studies are largely based on cohorts from inpatient settings or
case registers covering a circumscribed geographical area, such as the catchment area
of a hospital, while relatively less is known about the general population [9,14,15]. For
example, a retrospective Canadian cohort study, using administrative healthcare data of
19,041 individuals with ED from 1990–2013, showed that individuals with EDs identified
in hospital settings had roughly a five-fold higher mortality rate relative to the general
population [16]. The age, sex, and place of residence-adjusted HR for all-cause mortality of
EDs in a longitudinal study in Finland among 2450 adults referred to a tertiary care-level
ED unit was 3.54 (95%CI 2.52–4.96) [14]. The mortality associated with different types of
mental disorders, including EDs, schizophrenia, mood disorders, personality disorders,
and behavioral disorders, was also investigated in a recent population-based cohort study
in Denmark on 7,369,926 people (23,196 persons with ED) younger than 95 years of age
from 1995–2015. Similar to the previous studies, diagnosed individuals in this study also
only included those with mental disorders registered in psychiatric inpatient, outpatient,
and emergency settings. Therefore, one of the limitations of this cohort was a vulnerability
to selection bias arising from a lack of representation of patients who are only treated by
a general practitioner or who do not seek specialized help for their mental health. The
CMR per 1000 person-year for EDs in this study was 3.0; however, those for schizophrenia
and mood disorders were higher (28.1 and 31.2, respectively) [17]. Nevertheless, these
aforementioned findings on mortality of EDs may not be representative of a general
population and may not be generalizable to a greater range of cases of EDs. They may
represent a very small and distinct proportion of the wider EDs population [18–20]. Since it
has been revealed that despite the elevated contact with health care services among people
with EDs, somewhere between 67% and 83% of cases fail to engage with treatment after
referral [21,22]. A wide range of factors lead to this unmet need for treatment, such as
difficulty accessing specialist services, the financial cost of treatment, perceived shame,
and stigma attached to EDs [19,21]. Therefore, an important question to be answered is
whether EDs are associated with higher mortality in the general population.
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For epidemiological surveys of EDs in the general population, a self-reported current
and lifetime screening tool using single-item questions, such as “Have you ever had
anorexia”, has been shown to have a reliable specificity and sensitivity [23]. Moreover, the
validity of self-reported health in population-based studies has repeatedly been confirmed
and even found to be a stronger predictor of associated mortality than instruments explicitly
designed for this purpose [24]. However, to our knowledge, there is no empirical research
available to assess the mortality of EDs based on the self-reported current and lifetime
history of EDs in the general population. Nevertheless, these findings will assist health
care providers and policymakers in public health messages about the serious consequences
of eating disorders. While this study was conducted in Canada, the results are likely to
apply to the general populations of other developed countries. However, to the extent that
cultural, health system, or other between-country differences may affect the association of
EDs with mortality, the results are most directly supportive of a need to address the issue
of mortality in people with EDs in Canada. Hence, the main objective of the current study
was to investigate the mortality of self-reported lifetime history of EDs among participants
in the population-representative Canadian Community Health Survey linked to national
mortality data, which covers all of the general Canadian population.

2. Materials and Methods

2.1. Data Source

The data source was the Canadian Community Health Survey (CCHS) 1.2, also known
as the CCHS mental health and well-being survey conducted by Statistics Canada [25].
The CCHS is a cross-sectional survey that collects information related to mental health
status, mental health care utilization, and mental health determinants for the Canadian
population. This survey was conducted in 2002 (between May and December), and the
sample size was 36,984 with a 77% response rate (Figure 1) [26]. The sampling method
was a multi-stage stratified cluster design. The inclusion criteria in this national survey
consisted of noninstitutionalized people aged 15 years or older living in private dwellings
in the 10 Canadian provinces [26,27]. The exclusion criteria contained individuals residing
in the three territories, on reserves and other Aboriginal settlements in the provinces, the
clientele of institutions, children aged 15–17 that are living in foster care, the full-time
members of the Canadian Forces, and residents of some remote areas, groups that, in
total, exclude less than 3% of the general population [26,28]. A “share file” that included
the participants who provided consent for their data to be linked to other data sources
was subsequently linked, by Statistics Canada, to the Canadian Vital Statistics Database
(CVSD), allowing confirmation of vital status and, where relevant, and date of death, see
Figure 1. A detailed description of data linkage procedures and their quality assessment
has been reported elsewhere [29,30]. The linked data are available to researchers through
the Canadian Research Data Centres Network. The current analysis took place in the
Prairie Regional Data Centre on the University of Calgary Campus [29,31].
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Figure 1. Flow diagrams for data linkage (estimates are rounded in keeping with Statistics Canada
data release guidelines). † CVSD, Canadian Vital Statistics Database.

2.2. Measures

The demographic information of the entire population, including age, sex, employ-
ment status (currently working versus not employed), the highest educational level, and
marital status in three groups: “Married/Common-law” (in Canada, common-law and
legally married spouses have very similar legal standing [29]), “Single”, i.e., never married,
and “Widow/Separated/Divorced” were collected using field-tested items. Diagnosis of
the EDs, schizophrenia, and mood disorders such as depression, bipolar disorder, mania
or dysthymia, and post-traumatic stress disorder (PTSD), were assessed in each survey’s
“chronic conditions” module. The wording of the item was similar in each survey: “Re-
member, we’re interested in conditions diagnosed by a health professional”. For example:
“Do you have an eating disorder such as anorexia or bulimia?”. The interview questions for
these disorders were those of a Canadian adaptation of the World Mental Health version of
the Composite International Diagnostic Interview (WMH-CIDI) [26]. The WMH-CIDI is a
lay-administered psychiatric interview that generates a lifetime profile of a person with a
disorder defined partly according to both the 10th version of the International Statistical
Classification of Diseases and Related Health Problems (ICD-10) and the Diagnostic and
Statistical Manual of Mental Disorders, 4th Edition (DSM-IV) [26].

BMI was calculated by dividing the self-reported participants’ weight in kilograms by
the square of their self-reported height in meters (kg/m2). The low BMI for participants
younger than 18 years old was defined as less than the tenth percentile for age and sex [32],
and for older participants below 18.5 kg/m2, as recommended by the World Health
Organization (WHO) criteria [33,34]. Binge drinking was assessed with a question in the
CCHS survey “How often in the past 12 months have you had five or more drinks on one
occasion?”. Binge drinking was defined if the response was “more than once a month”.
Smoking to cope with stress was determined based on the question “When dealing with
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stress, how often do you try to feel better by smoking more cigarettes than usual?” if the
response was “sometimes” or more.

All of the variables mentioned above were assessed using field-tested survey modules
developed by Statistics Canada, which were made available in multiple languages. Detailed
information on each of the surveys, questionnaires, and user guides are available from the
2002 mental health survey documentation [25,29,35].

2.3. Data Analysis

The interview date for each participant is recorded in the survey, which is considered
the baseline time point. The participants were classified as exposed or not exposed to EDs
according to their answers in the survey. Time to death was calculated as the difference
between the date of death and the interview date. In the linked data, both the date and
underlying cause of death for those who subsequently died were recorded. Time to the
event (death) was calculated by subtracting the date of the baseline interview from the date
of death [29]. Those surviving up to the linkage date (31 December 2017) were censored
at that date. Covariates were derived from the survey dataset and were, therefore, all
recorded at baseline. No information on time-varying covariates was available.

The stratified multi-stage sampling procedure used in CCHS leads to unequal selection
probabilities. Therefore, the estimates should be analyzed using a set of 500 replicate
bootstrap-sampling weights to ensure population representativeness. A procedure for
bootstrap-weighting recommended by Statistics Canada was used in this analysis [28].

As in most studies of mortality, a time-to-event method of analysis was considered
most appropriate due to its ability to address differing person time contributions by
study participants. Therefore, after confirming the proportional hazard assumption, a Cox
proportional hazards model was used to estimate hazard ratios from the time to event
data [36] using Stata version 16. An unadjusted HR (crude HR) was estimated using a
model that contained EDs but not covariates. While the CCHS dataset contains a rich set
of covariates, the number of participants with EDs who died was too small to produce
models with multiple covariate adjustments; therefore, covariates in this study included
age (treated as a continuous variable) and sex. Confounding was observed only by age;
however, to be consistent with other EDs mortality studies, the impact of sex and both age
and sex were also assessed by adding each variable (along with an interaction term) one at
a time to the model. For all analyses, the alpha level was set at 0.05.

3. Results

This study sample was restricted to respondents age 15 years and older at the time of
the survey (consisting of approximately 31,130 respondents and mean age = 43.95 years).
As shown in Table 1, 0.5% reported a positive lifetime history of EDs. About 14.4% of these
individuals died, 89% were female, 52.5% were single, most had a post-secondary graduate
degree (64.4%), and 11.5% reported a low BMI.

A Cox proportional hazard model showed that the unadjusted HR (crude HR) for the
lifetime history of an ED was 1.35 (95% CI 0.70–2.58). When the model was adjusted for
age and then both age and sex, the HR increased to 4.4 (95% CI 2.2–8.0) (data not shown)
and 4.54 (95% CI 2.33–8.84, Table 2), respectively.
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Table 1. Characteristics of the population †.

Entire Population
(95% CI)

History of Eating Disorder
(95% CI)

History of an Eating Disorder (%) 0.47
(0.47–0.47) -

Mean Age (Year) 43.95 32.96

All-Cause Death (%) 12.9
(12.9–13)

14.4
(14.2–14.6)

Sex (%)
Male 49.15

(49.13–49.17)
11.86

(11.68–12.05)

Female 50.85
(50.83–50.87)

88.98
(88.80–89.16)

Marital Status (%)
Married/Common-law 62.04

(62.02–62.06)
29.66

(29.40–29.92)

Single 25.11
(25.09–25.12)

52.54
(52.26–52.83)

Widow/Separated/Divorced 12.85
(12.84–12.87)

17.8
(17.58–18.02)

Employment Status in the
Past Week (%)

Working 63.84
(63.82–63.86)

44.44
(44.16–44.73)

Absent 4.73
(4.72–4.74)

6.83
(6.69–6.98)

No job/Permanently Unable to Work 31.44
(31.42–31.46)

47.86
(47.58–48.15)

Education (%)

<Secondary Graduate 11.54
(11.53–11.56)

15.25
(15.05–15.46)

Secondary Graduate 13.15
(13.13–13.16)

11.02
(10.83–11.20)

Some Post-Secondary 7.08
(7.07–7.09)

10.17
(10.00–10.34)

Post-Secondary Graduate 68.23
(68.21–68.25)

64.41
(64.13–64.68)

Low BMI (%) 1.98
(1.98–1.99)

11.54
(11.32–11.76)

† CI—Confidence Interval, BMI—Body Mass Index (definition of low BMI: for ages <18, below the 10th percentile for age and sex, and for
ages >18, below 18.5 kg/m2).

Table 2. Crude and age/sex-adjusted effect of the self-reported major mental health problems on mortality †.

Crude HR
(95% CI)

Age/Sex-Adjusted HR
(95% CI)

Eating Disorder 1.35
(0.70–2.58)

4.54 *
(2.33–8.84)

Schizophrenia/Psychosis 1.44 *
(1.04–1.99)

2.02 *
(1.24–3.31)

Mood disorder 0.60
(0.26–1.39)

1.07
(0.49–2.35)

PTSD 1.11
(0.80–1.55)

1.45 *
(1.03–2.03)

Binge Drinking 0.55
(0.49–0.63)

1.39 *
(1.20–1.62)

Smoking to Cope with Stress 0.91
(0.83–0.99)

1.82 *
(1.65–2.00)

Low BMI 1.92 *
(1.27–2.90)

2.97 *
(1.93–4.59)

† CI—Confidence Interval, HR—Hazard Ratio, PTSD—Post-Traumatic Stress Disorder, BMI—Body Mass Index (definition of low BMI: for
ages < 18, below the 10th percentile for age and sex, and for ages >18, below 18.5 kg/m2). * Indicates statistical significance at the p < 0.05 level.
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For purposes of comparison, we generated unadjusted and age/sex-adjusted HR for
other self-reported history of mental health disorders and low BMI in the same population. As
shown in Table 2, the unadjusted HR for schizophrenia/psychosis (1.44, 95% CI 1.04–1.99) was
higher than the crude HR for ED, however, the age/sex-adjusted HR (2.02, 95% CI 1.24–3.31)
was smaller than the age/sex-adjusted HR for EDs. Similarly, the age/sex-adjusted HR
for the self-reported history of mood disorder and PTSD was lower than that of eating
disorders. For comparison, age/sex-adjusted HRs for other potential determinants of
mortality are also presented in Table 2: binge drinking, smoking to cope with stress (which
is here considered a proxy for smoking), and low BMI.

4. Discussion

To our knowledge, this is the first study that evaluated all-cause mortality of self-
reported lifetime history of all EDs in a general population. This study confirms the
high mortality in individuals with a lifetime history of ED that is not due to the selection
of severely ill respondents as in prior studies of clinical individuals. However, as the
prevalence of EDs was low, it is likely that these general population estimates also reflect
a subset of the entire population with EDs. Previous studies reported mortality in a
broad category of EDs [8,16,17] or with DSM or ICD diagnosis of anorexia nervosa [37,38],
bulimia nervosa [37,38], other specified feeding or eating disorders [37], or binge eating
disorder [14] based on a selective population, such as health-administrative data, inpatients-
settings, or outpatients care. Therefore, the generalization of these results to all patients
with EDs was limited only to those in treatment settings [14]. The current study helps to
confirm that mortality is substantially elevated in members of the general population who
report that they have been diagnosed with an ED, including those with subclinical eating
disorders or those who failed to engage with treatment once referred. There is widespread
stigma toward people affected by EDs by the general public, medical professionals, and
service users due to the attribution of personal responsibility for illness behaviors [39].
Therefore, the seriousness of EDs may be underreported as a result of individuals who
trivialize and minimize associated psychological and medical challenges [40]. There is
also a self-stigma in people with EDs that leads them to deny, minimize, or assign positive
meaning to their behaviors [39,41]. The effect of public/self-stigma may lead people to
be reluctant to seek treatment, leave treatment prematurely, or experience a loss in the
necessary components of recovery [42]. The current findings could be integrated into
psychoeducation material for adolescents/adults with ED and their caregivers to help
challenge the view that these illnesses are not serious, necessitating treatment. Public
health campaigns could further highlight the high mortality rate of EDs [43].

Evidence has shown that mortality in EDs is influenced by age, sex, and case sever-
ity [6,9,16,44]. Generally, older individuals have an elevated risk of mortality for all types
of EDs compared to the mortality of younger individuals [8], probably reflecting the strong
effect of age and chronicity of illness on mortality. Consistent with this, age-adjusted esti-
mates show a strong association with mortality. In a dataset of English national Hospital
Episode Statistics, the SMR for the 15–24 age group diagnosed with anorexia nervosa or
bulimia nervosa was found to be 11.5 and 4.1, respectively [8]. The SMR for the 25–44 age
group diagnosed with anorexia nervosa or bulimia nervosa was found to be 14.0 and 7.7,
respectively [8]. A number of studies have also reported sex differences in ED mortal-
ity [44–46]. Although the lifetime prevalence of EDs among males is lower than females,
the CMR and SMR observed in males are almost two-fold higher than in females [16,17].
These provide evidence for the potential impact of age and sex as covariates in the all-cause
EDs mortality assessment. Therefore, in the current study, the HR for eating disorders was
reported as adjusted for age, sex, and both age and sex.

A naïve interpretation of crude HRs suggests only a weak effect of EDs (1.35, 95% CI
0.70–2.58, since the low end of the interval is below one); however, the age/sex-adjusted
HR for EDs is much higher than that of other major mental health problems. This indicates
that the unadjusted estimates were strongly confounded by age and sex, information that
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will be useful in planning the analysis of future studies. The direction of the confounding
is predictable, since EDs were reported more often by younger people and by women (see
Table 1), both of whom have lower rates of mortality.

In this study, only for the purpose of comparison, the mortality associated with some
self-reported lifetime major mental health problems, and low BMI calculated based on self-
reported height and weight were also evaluated. Evidence shows that low BMI associated
with EDs may affect mortality [4,7,47]. About 12% of the individuals with a self-reported
lifetime history of ED and 2% of the entire population reported a low BMI. However,
the causes of this low BMI are not distinguishable between those who were initially
underweight and those who became underweight due to malnutrition, over-exercising,
or other comorbidities [48]. The present study aimed to evaluate all-cause mortality of
self-reported history of EDs; however, numerous previous studies have reported a different
degree of malnutrition in patients with EDs [49–51]. Several lines of evidence on the effect
of low BMI caused by malnutrition on mortality meets the key Bradford Hill’s criteria to
establish this causal relationship [52–55].

In the current study, the age/sex-adjusted HR for lifetime history of EDs was over two-
fold higher than the age/sex-adjusted HR for self-reported lifetime schizophrenia/psychosis.
In this study, the self-reported lifetime schizophrenia/psychosis was based on the question
asking whether they have schizophrenia or any other psychosis as diagnosed by a health
professional (response options, yes or no). A previous study on the CCHS1.2 survey has
shown that the prevalence estimates of these two self-report survey items provide what
appears to be a plausible epidemiologic pattern [56]. Accordingly, the mortality associated
with these two items might also follow the same pattern. A nationally representative
cohort study in the UK using primary care electronic health records on over 11 million
people reported a very similar adjusted HR (accounting for age, gender, calendar year,
area-level deprivation, ethnicity, and the average number of visits to the physician per year
of follow-up) for schizophrenia (2.08, 95% CI 1.98–2.19) to our study [57]. In the current
study, the results in the general population are in line with the previous studies on the
clinical samples that observed lower crude HR and higher sex/age-adjusted HR in EDs
than schizophrenia [8,17,58,59].

Although the sex ratio of the participants in this study was 1:1, males reported a history
of lifetime ED nearly eight times less than females (11.86% vs. 88.98%). This difference is
much larger than the existing literature on the lifetime prevalence of EDs among different
sexes measured with a standardized tool (2.2% vs. 8.4%) [1]. This discrepancy may be
associated with the difference between females and males in diagnosis, self-identifying,
and self-reporting lifetime EDs due to the immense stigmatization toward males with
EDs, stereotypes linked to EDs, and a misdiagnosis by a specialist treatment center [60–62].
These current findings may indicate the importance of gendered issues in diagnosing and
treating patients with EDs and the necessity of tailored services to the patient’s need, such
as the same-sex therapeutic groups [61].

In the current study, mood disorders were not associated with mortality, which is
surprising since CCHS respondents (linking data from four surveys: CCHS 1.1 (2000/2001),
CCHS 1.2 (2002), CCHS 2.1 (2003/2004), and CCHS 3.1 (2005/2006)) with symptoms of
major depressive episodes (according to versions of Composite International Diagnostic
Interview, a structured interview that does not depend on help-seeking) do have elevated
all-cause mortality [29]. As the variable included in this analysis was self-reported diag-
noses of mood disorders, it is possible that help-seeking and potentially treated individuals
with major depression do not have elevated mortality, in contrast to what was reported
here for EDs.

Limitations

In this study, not all the potential confounding effects in the analysis were consid-
ered. Relevant variables include the age of onset and duration of EDs, specific type of
ED, information on treatment, dietary intake, suicidal ideation/attempts, and potential
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comorbidities. Prior studies on ED patients suggested that these factors predicted the time
to death [4,63]. According to Statistics Canada regulations, the number of these variables
in the current study was insufficient to release the data (such as suicidal ideation/attempts)
or were not measured in the data source. However, the current study was not designed to
make a causal statement of the effects of EDs, independent of other variables, on mortality,
but rather to describe the pattern of mortality in this population.

Another limitation is the lack of information regarding if the EDs cases also include
binge eating disorder and other specified feeding or eating disorders, since in this study,
the screening of current and lifetime EDs was based on a dichotomous question “Do you
have an eating disorder such as anorexia or bulimia?”. While the self-reported current
and lifetime-screening questions have a reliable specificity and sensitivity, bulimia nervosa
compared to other ED types has poorer reliability in identifying true cases [23], which
might be one of the reasons that the prevalence of EDs in our population is lower than
other reports based on psychometric questionnaires. However, another possible reason
for this prevalence discrepancy might be because they represent more severe groups, i.e.,
those who have sought professional help [23].

CCHS in Canada represents over 97% of the Canadian population aged ≥15, which
covers the ten provinces and the three territories, while excluding those persons who
meet the exclusion criteria [25,26]. Therefore, these findings cannot be generalized to
these groups. Furthermore, in Canada, health care is based on a universal healthcare
system, meaning that it is largely based on need rather than the ability to pay, permitting
Canadians to have access to most healthcare services [64]. A universal healthcare system
reduces, though does not eliminate, the potential inequalities in accessing care for the initial
diagnosis of EDs by a healthcare provider among people with different socioeconomic
backgrounds [64,65].

5. Conclusions

To our knowledge, the current study, for the first time, has reported the all-cause
mortality of self-reported lifetime history of EDs in a population-based study. This finding
highlights the seriousness of these disorders and supports the idea that there is an urgent
need for strategies that may help to improve long-term outcomes, such as a need for public
education for early diagnosis and a long-term plan for adequate early intervention. Differ-
ent types of research would be needed to understand the underlying causal mechanism
and, consequently, formulate a preventive strategy.
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Abstract: The exposome represents the array of dietary, lifestyle, and demographic factors to which
an individual is exposed. Individual components of the exposome, or groups of components, are
recognized as influencing many aspects of human physiology, including cardiometabolic health.
However, the influence of the whole exposome on health outcomes is poorly understood and may
differ substantially from the sum of its individual components. As such, studies of the complete
exposome are more biologically representative than fragmented models based on subsets of factors.
This study aimed to model the system of relationships underlying the way in which the diet, lifestyle,
and demographic components of the overall exposome shapes the cardiometabolic risk profile. The
current study included 36,496 US Veterans enrolled in the VA Million Veteran Program (MVP) who
had complete assessments of their diet, lifestyle, demography, and markers of cardiometabolic health,
including serum lipids, blood pressure, and glycemic control. The cohort was randomly divided
into training and validation datasets. In the training dataset, we conducted two separate exploratory
factor analyses (EFA) to identify common factors among exposures (diet, demographics, and physical
activity) and laboratory measures (lipids, blood pressure, and glycemic control), respectively. In the
validation dataset, we used multiple normal regression to examine the combined effects of exposure
factors on the clinical factors representing cardiometabolic health. The mean ± SD age of participants
was 62.4 ± 13.4 years for both the training and validation datasets. The EFA revealed 19 Exposure
Common Factors and 5 Physiology Common Factors that explained the observed (measured) data.
Multivariate regression in the validation dataset revealed the structure of associations between the
Exposure Common Factors and the Physiology Common Factors. For example, we found that the
factor for fruit consumption was inversely associated with the factor summarizing total cholesterol
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and low-density lipoprotein cholesterol (LDLC, p = 0.008), and the latent construct describing light
levels of physical activity was inversely associated with the blood pressure latent construct (p < 0.0001).
We also found that a factor summarizing that participants who frequently consume whole milk are
less likely to frequently consume skim milk, was positively associated with the latent constructs
representing total cholesterol and LDLC as well as systolic and diastolic blood pressure (p = 0.0006
and <0.0001, respectively). Multiple multivariable-adjusted regression analyses of exposome factors
allowed us to model the influence of the exposome as a whole. In this metadata-rich, prospective
cohort of US Veterans, there was evidence of structural relationships between diet, lifestyle, and
demographic exposures and subsequent markers of cardiometabolic health. This methodology could
be applied to answer a variety of research questions about human health exposures that utilize
electronic health record data and can accommodate continuous, ordinal, and binary data derived
from questionnaires. Further work to explore the potential utility of including genetic risk scores and
time-varying covariates is warranted.

Keywords: exposome; diet; lifestyle; demographics; cardiovascular disease; cholesterol; triglycerides;
blood pressure; glycemic control

1. Background

Cardiovascular disease (CVD) is the leading cause of adult mortality globally [1]
Strategies aimed at reducing CVD rates involve modulation of markers of CVD risk. In
particular, elevated circulating cholesterol and triglyceride levels are associated with higher
CVD risk and mortality and are principal targets for risk reduction [2,3]. Further, elevated
blood pressure is one of the leading non-communicable disease risk factors [4], and elevated
glycated hemoglobin is also a predictor of cardiovascular disease [5–8]. As such, strategies
aimed at improving lipid profile, blood pressure, and glycemic control are urgently needed.

The array of external factors an individual is exposed to, referred to as the exposome,
represents a complex network of interrelationships within and between different compo-
nents comprising diet, lifestyle, and demographics. Despite the well-documented ability
of individual exposome components, or groups of exposome components, to influence
many aspects of human physiology [9–11], surprisingly little is known about how the
complex array of exposures as a whole shape the cardiometabolic risk profile. Reduction-
ist approaches, such as single-exposure models, are unable to account for the complex
interactions between the many potential exposome components and their effect on physiol-
ogy [12]. The absence of models that integrate the many different components undermines
the capacity of current studies of exposome components to draw robust generalizations.
This project therefore aims to model the system of relationships underlying the way in
which the exposome, as a whole, shapes the cardiometabolic risk profile. To achieve this
aim, we utilized a truly unique dataset generated from an exposome assessment, as well as
longitudinally assessed markers of cardiometabolic health in the Million Veteran Program.

2. Methods

2.1. Study Population

Between January 2011 and November 2019, approximately 800,000 Veterans enrolled
in the Million Veteran Program (MVP) [13]. The current prospective study draws from
the approximately 350,000 Veterans that had enrolled in the MVP between January 2011
and 2016. Of the 297,937 participants that had exposure data, 182,363 participants were ex-
cluded if they were using antilipemic, antihypertensive, and/or hypoglycemic medications
during either the exposure-assessment or outcome-assessment periods (Supplementary
Table S1). A further 79,078 participants were excluded as they had incomplete exposure
and/or physiology data. Consequently, the final analysis included 36,496 MVP participants.
Consent was obtained in accordance with all VA policies and under the authority of the VA
Central IRB [13].
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2.2. Exposome Assessment

Variables representing the exposome were observed (measured) using various ques-
tionnaires. At enrollment, participants completed a baseline questionnaire in which they
reported their date of birth, height, smoking status, gender, ethnicity, and race. Participants
also completed a lifestyle questionnaire in which they reported body weight, frequency of
light, moderate, and vigorous physical activities both during and outside of work hours,
smoking status, and number of hours per week spent in sedentary activities (watching
television, DVDs, or videos, using a computer, or playing video games). Body mass index
(BMI) was calculated as weight (kg)/height (m) [2].

A food frequency questionnaire (FFQ) was used to assess habitual dietary intake
over the year preceding lifestyle questionnaire administration. Participants were asked to
describe the average consumption frequency of 67 different foods. “For each food listed,
please mark the column indicating how often, on average, you have used the amount
specified during the past year”. Pre-specified answers were as follows: “Never or less than
once a month; 1 to 3 per month; once a week; 2 to 4 per week; 5 to 6 per week; once (1) a
day; 2 to 3 per day; 4 to 5 per day; or 6+ per day”.

For this study, we included 83 measured (observed) variables to represent the expo-
some. This is a large number of individual variables, many of which are not independent
from one another due to patterns of behaviors amongst participants. In order to make sense
of the numerous individual measured (observed) exposome variables, it was imperative
that we reduce the dimensionality of the exposome variables to a smaller set of common
factors representing groups of covarying measured (observed) variables. The methods to
achieve this dimension reduction are detailed in the statistical analysis section.

2.3. Assessment of Physiological Markers of Cardiometabolic Health

A panel of clinicians reviewed lab measurements across all VA locations and ad-
judicated discrepancies to ensure lab measure consistency. Electronic medical records,
adjudicated by two clinicians, were used to ascertain the markers of cardiometabolic health,
which included systolic and diastolic blood pressures, as well as the concentration of
total cholesterol, low-density lipoprotein cholesterol (LDLC), high density lipoprotein
cholesterol (HDLC), triglycerides, HbA1c, and glucose.

This study included the physiological variables that were assessed during the 1–4 years
post lifestyle questionnaire administration. For each individual marker of cardiometabolic
health, analyses utilized the mean measurement of all of the assessments taken during this
period, as well as the maximum recorded measurement during this time period. For each
physiology parameter, measurements were excluded if they were taken within 4 days of a
previous measurement [14], if they had negative values, or if they had values that were
three interquartile ranges from the 25th and 75th percentiles. Data from casually obtained
specimens were used in the analysis without regard to fasting status.

2.4. Assessment of Medication Usage

Electronic medical records were used to ascertain antilipemic agent usage during the
1 year preceding exposure assessment and during the outcome assessment period. Two
clinicians adjudicated the list of antilipemic agents and included specific medications and
doses from the following Generic Adjudication Classes: alirocumab; atorvastatin; atromid;
bezafibrate; bezalip retard; cholestyramine; choloxin; clofibrate; colesevelam; colestipol;
dextrothyroxine; evolocumab; ezetimibe; ezetimibe/simvastatin; fenofibrate; fenofibric
acid; fish oil; gemfibrozil; icosapent ethyl; lomitapide; mevacor; mipomersen; niacinamide;
omega-3; omega-3 acid; probucol; rosuvastatin; and statin. The same method of adjudi-
cation was used to ascertain usage of antihypertensive medications and combinations, as
well as use of hypoglycemic agents.
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2.5. Statistical Analysis

Before analysis, participants were randomly divided into one of two groups: a training
dataset containing 66.6% of participants (n = 24,411) or a validation dataset containing the
remaining 33.3% of participants (n = 12,085). See Supplementary Figure S1 for details.

The advent of multidimensional cohorts that both assess the exposome and are linked
to electronic health records has resulted in large and complex datasets that comprise nor-
mally and non-normally distributed data that can be continuous, ordinal, categorical, and
binary. There are many techniques available for reducing data dimensionality, which can
be broadly categorized into supervised analyses (such as decision trees) and unsupervised
analyses. Of the unsupervised analytic approaches, methods such as cluster analysis were
not implemented as they would have reduced the number of observations (participants) by
grouping them into a smaller set of clusters. Instead, we were aiming to achieve a reduction
in the number of variables by grouping them into a smaller set of factors. We achieved this
aim through implementation of common exploratory factor analysis. In fact, the use of com-
mon exploratory factor analysis in biomedical research is well-tested and effective [15,16],
representing an established method whereby “hidden” relationships between the assumed
latent variables and the initial observed (measured) variables can be uncovered [17]. To
make sense of these data, this study aimed to (i) holistically examine the complex networks
of interrelationships that define the exposome and clinical cardiometabolic risk profile;
(ii) represent theoretical constructs that are unmeasurable or unmeasured; (iii) include
parameter-specific measurement error; and (iv) integrate a number of techniques into
one framework, accounting for the range of distributions, units, and relations within and
between exposures and cardiometabolic health. Through applying tetrachoric and poly-
choric, common exploratory factor analysis followed by multivariable-adjusted regression
analysis, our methods allowed us to observe the structure of relationships within and
between the human exposome and subsequent markers of cardiometabolic health in this
large, metadata-rich, prospective cohort of adult US Veterans.

The first stage of the analysis identified the latent constructs (common factors) that
best described the shared covariance of the observed (measured) exposures and the physio-
logical variables in the training dataset. These unobservable latent constructs are essentially
hypothetical constructs that are used to represent groups of interconnected measured vari-
ables [18]. Exploratory factor analyses were used to evaluate the latent constructs and
underlying structure because there were multiple hypotheses and extremely limited a priori
knowledge of how observed (measured) variables might cluster, and because we aimed
to develop a measurement model of latent variables, and not to merely identify a linear
combination of variables, as is the case in principal component analysis.

For exposure variables, the exploratory factor analysis used tetrachoric and polychoric
correlation coefficients between measures of exposure and oblique promax rotation and
the varimax prerotation method to make exposure factors more parsimonious [19]. For
physiology variables, Spearman’s correlation coefficients were estimated and utilized a
common exploratory factor analysis using the orthogonal parsimax rotation [20]. Factors
were estimated with maximum likelihood methods [20,21]. As a sensitivity analysis, we
implemented an alternative method for extracting factors: iterated principal factor analysis.
We determined the number of factors to extract through parallel analysis, where each
of the eigenvalues of the input correlation matrix was compared against an empirical
distribution of eigenvalues. The empirical distribution of eigenvalues was obtained from
10,000 simulations of generated random correlation matrices. We retained all factors with
corresponding eigenvalues that exceeded the one-sided critical value (α = 0.01) of the
empirical eigenvalue distribution [20,22].

The eigenvalues and vectors were then used to compute the standardized (mean = 0,
standard deviation = 1) latent constructs in the validation dataset, upon which multivariable-
adjusted regression analysis that simultaneously adjusted for all of the exposure latent
constructs could be applied to identify the structure of relationships between exposure
latent constructs and latent constructs representing cardiometabolic health. These inter-
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relationships were visualized using Cytoscape Version 3.7.2, with the following criteria
dictating which associations were displayed: rotated factor pattern (standardized regres-
sion coefficients ≥ 0.5); uniqueness (display = all); inter-factor correlations (correlation
coefficient ≥ 0.4); and multivariable-adjusted regression coefficients (significance under
the Bonferroni criterion).

All analyses were conducted using SAS version 9.4, maintenance release #6.

3. Results

3.1. Participant Characteristics

All of the exposome variables that were included in the models are detailed in Table 1
and Supplementary Table S2. Of the 36,496 MVP participants analyzed, 86% were men,
85% were Caucasians and 11% were African-Americans (Table 1). The mean ± SD body
mass index was 28 ± 5 kg/m2 (Supplementary Table S2). Markers of cardiometabolic
health are presented in Table 2.

Table 1. Key baseline characteristics of all Million Veteran Program participants included in this study.

Value

DEMOGRAPHICS
Age (years) 62.40 ± 13.41

Gender (% males) 86
Caucasian (%) 85

Current smoking (number of cigarettes smoked/day) 0.26 ± 0.77
SUPPLEMENT USE

Omega-3 supplement use (%) 23
Vitamin D supplement use (%) 36

Multivitamin supplement use (%) 54
DIETARY INTAKE

Dairy
Whole milk (serves/day) 0.17 ± 0.55
Skim milk (serves/day) 0.51 ± 0.87

Meat
Red meat in main dish (serves/day) 0.20 ± 0.28

Red meat in mixed dish (serves/day) 0.19 ± 0.26
Hamburgers (serves/day) 0.16 ± 0.24

Processed meat (serves/day) 0.16 ± 0.28
Hot dogs (serves/day) 0.08 ± 0.19

Bacon (serves/day) 0.15 ± 0.29
Sweets and other foods

French fries (serves/day) 0.12 ± 0.23
Potato chips (serves/day) 0.18 ± 0.32

Cake (serves/day) 0.06 ± 0.15
Home-made pie (serves/day) 0.05 ± 0.13
Ready-made pie (serves/day) 0.05 ± 0.14

Alcoholic beverages
Liquor (serves/day) 0.15 ± 0.52

Beer (serves/day) 0.31 ± 0.84
Wine (serves/day) 0.17 ± 0.49

Fruit
Peaches (serves/day) 0.13 ± 0.32
Oranges (serves/day) 0.19 ± 0.37
Apples (serves/day) 0.27 ± 0.43

Vegetables
Peas (serves/day) 0.14 ± 0.25

Spinach (serves/day) 0.15 ± 0.32
Yams (serves/day) 0.09 ± 0.23

Squash (serves/day) 0.07 ± 0.21
Cooked carrot (serves/day) 0.13 ± 0.25
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Table 1. Cont.

Value

Corn (serves/day) 0.15 ± 0.25
String beans (serves/day) 0.17 ± 0.26

Beans (serves/day) 0.18 ± 0.32
Cabbage (serves/day) 0.14 ± 0.28
Broccoli (serves/day) 0.19 ± 0.31

PHYSICAL ACTIVITY
Vigorous physical activity during leisure time (hours/day) 0.85 ± 1.68
Moderate physical activity during leisure time (hours/day) 1.20 ± 1.92

Vigorous physical activity at home (hours/day) 0.85 ± 1.51
Moderate physical activity at home (hours/day) 1.14 ± 1.75
Vigorous physical activity at work (hours/day) 0.9 ± 1.87
Moderate physical activity at work (hours/day) 1.77 ± 2.53

Light physical activity during leisure time (hours/day) 2.37 ± 2.65
Light physical activity at home (hours/day) 2.93 ± 2.71
Light physical activity at work (hours/day) 2.96 ± 3.19

Number of participants: 36,496. Results are mean ± standard deviation or %, where appropriate.

Table 2. Physiological markers of cardiometabolic health in all included Million Veteran
Program participants.

Mean ± SD

Total cholesterol
Mean of measurements (mg/dL) 177.40 ± 33.96

Maximum measurement (mg/dL) 187.28 ± 36.98
Low-density lipoprotein cholesterol

Mean of measurements (mg/dL) 104.57 ± 29.36
Maximum measurement (mg/dL) 113.15 ± 31.90

Triglycerides
Mean of measurements (mg/dL) 123.48 ± 63.96

Maximum measurement (mg/dL) 145.81 ± 80.31
High-density lipoprotein cholesterol

Mean of measurements (mg/dL) 49.79 ± 13.94
Maximum measurement (mg/dL) 53.02 ± 15.10

Systolic blood pressure
Mean of measurements (mmHg) 130.27 ± 12.43

Maximum measurement (mmHg) 145.71 ± 17.93
Diastolic blood pressure

Mean of measurements (mmHg) 76.72 ± 7.67
Maximum measurement (mmHg) 85.74 ± 10.24

HbA1c
Mean of measurements (DCCT %) 5.64 ± 0.58

Maximum measurement (DCCT %) 5.74 ± 0.66
Glucose

Mean of measurements (mg/dL) 101.92 ± 17.70
Maximum measurement (mg/dL) 113.45 ± 26.93

Number of participants: 36,496. Mean of measurements reflects mean value for all measurements, whereas
maximum measurement reflects the maximum value for all measurements.

Two-thirds of participants (n = 24,411) were randomly assigned to the training dataset
and the remaining one-third (n = 12,085) were randomly assigned to the validation dataset.
The mean ± SD age of the participants in the training and validation datasets was identical
(62.4 ± 13.4 years).

3.2. Latent Constructs Describing the Exposure Variables in the Training Dataset

Tetrachoric and polychoric, common exploratory factor analysis in the training dataset
revealed 19 common factors that explained shared exposure observed (measured) variable
covariance. The common factors could be broadly categorized according to the measured
(observed) variables they represented (Figure 1 and Supplementary Figure S2). For example,
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the Common Exposure Factor E1 represented shared covariance in the intakes of many
commonly consumed vegetables. Furthermore, Common Exposure Factor E17 had strong
positive weighting for intake of whole milk but a strong negative weighting for intake of
skim milk, representing the fact that, in this cohort, participants who frequently consumed
whole milk were less likely to frequently consume skim milk.

Different types of physical activity were grouped together in three separate Common
Exposure Factors. In particular, Common Exposure Factor E6 represented moderate and
vigorous physical activity at home and during leisure time, Common Exposure Factor
E7 represented moderate and vigorous physical activity at work, and Common Exposure
Factor E10 represented light levels of physical activity at home, during leisure and at work.

Figure 1. Rotated factor pattern based on tetrachoric and polychoric, common exploratory factor analysis of measured
exposure variables in the training dataset; limited to observed (measured) variables that had a standardized regression
coefficient ≥ 0.5 for at least one latent construct. These latent constructs (common factors) are those that best described
the shared covariance of the observed (measured) exposures in the training, dataset.Number of participants: 24,411.
Standardized regression coefficient.
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3.3. Latent Constructs Describing the Physiological Variables in the Training Dataset

Common exploratory factor analysis in the training dataset revealed 5 common factors
that explained shared physiology variable covariance. These broadly represented (i) total
cholesterol and LDLC; (ii) glycemic control; (iii) blood pressure; (iv) HDLC; and (v) triglyc-
erides (Figure 2). Common Physiology Factor P1 had positive loadings for all measures of
total cholesterol and LDLC, and Common Physiology Factor P3 had high loadings for all
of the measures of blood pressure. In fact, the final model applied similar loadings to mean
and maximum values of the observed (measured) variables. As sensitivity analysis, we
implemented an iterated principal factor analysis as the extraction method and observed
similar factor loadings with the exception of mean and maximum glucose, which went from
having a factor loading < 0.5 for Common Physiology Factor P2 in the primary analysis to
having a factor loading > 0.5 (0.64 and 0.60, respectively) for Common Physiology Factor
P2 in the sensitivity analysis.

Figure 2. Rotated factor pattern based on common exploratory factor analysis of measured physiology
variables in the training dataset. These latent constructs (common factors) are those that best
described the shared covariance of the observed (measured) physiology variables in the training
dataset.Number of participants: 24,411, “Mean” represents the mean measurement of all assessments.
“Max” represents the maximum value of all the assessments. Abbreviations: LDLC: low-density
lipoprotein cholesterol; HDLC: high-density lipoprotein cholesterol; HbA1c: glycated hemoglobin.
Key:Standardized regression coefficient.
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3.4. Relationships between Human Exposures and Physiology in the Validation Dataset

Identification of the 19 Common Exposure Factors was done without knowledge of
the physiological variables. Likewise, the creation of the 5 Common Physiology Factors
was independent of the exposure variables. In Figure 3a–e, we present the complex pat-
terns underlying the structure of relationships between Common Exposure Factors and
Common Physiology Factors that remain after taking into account the non-independence
of the assessed exposome. Some Common Exposure Factors had no association with the
Common Physiology Factors, whereas others showed a strong association, both inversely
and positively. Specifically, even though the Common Exposure Factor describing intake of
processed meat and fried potato (E2) was associated with the Common Physiology Factors
describing total cholesterol and LDLC (P1), triglycerides (P5), blood pressure (P3), and
glycemic control (P2), the Common Exposure Factor representing red meat intake from
main and mixed dishes (E14) was not associated with any of the physiological common fac-
tors. Similarly, although the Common Exposure Factor describing intake of moderate and
vigorous physical activity at home and during leisure (E6) was associated with the Com-
mon Physiology Factors describing total cholesterol and LDLC (P1), triglycerides (P5), and
HDLC (P4), the Common Exposure Factor representing moderate and vigorous physical
activity at work (E7) was not associated with any of the physiological common factors.

When considering individual physiology factors, the fruit latent construct (Common
Exposure Factor E3), but not the vegetable latent constructs (Common Exposure Factors
E1 and E19) was inversely associated (estimate: −0.03, P: 0.0077) with the latent construct
summarizing total cholesterol and LDLC (Common Physiology Factor P1) (Figure 3a).
Conversely, the latent construct with a positive weighting for intake of whole milk but a
strong negative weighting for intake of skim milk (Common Exposure Factor E17) had a
positive association with Common Physiology Factor P1, as well as with Common Physiol-
ogy Factor P3, the latent construct summarizing measures of blood pressure (Figure 3d).
The latent construct describing light levels of physical activity (Common Exposure Factor
E10) was inversely associated with the blood pressure latent construct.
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Figure 3. Common exploratory factor analysis (training dataset) and multiple regression analysis (validation dataset)
outlining the interrelationships between human exposures and markers of cardiometabolic health. (a) Association of latent
constructs representing exposure to various dietary and lifestyle common factors with the latent construct that explains
the shared covariance in total cholesterol and low-density lipoprotein cholesterol (LDLC) concentrations. (b) Association
of latent constructs representing exposure to various dietary and lifestyle common factors with the latent construct
representing triglyceride concentrations. (c) Association of latent constructs representing exposure to various dietary and
lifestyle common factors with the latent construct representing high-density lipoprotein cholesterol (HDLC) concentrations.
(d) Association of latent constructs representing exposure to various dietary and lifestyle common factors with the latent
construct representing blood pressure. (e) Association of latent constructs representing exposure to various dietary
and lifestyle common factors with the latent construct representing glycemic control. Number of participants for the
common exploratory factor analysis that was conducted in the training dataset: n = 24,411. Number of participants for the
multivariable-adjusted regression analysis that was conducted in the validation dataset: n = 12,085. Observed (measured)
exposure and physiology variables are presented in the order in which they appear in Figures 1 and 2, respectively.
Criteria for displaying measured (observed) variables: rotated factor pattern: Standardized regression coefficient ≥ 0.5.
Criteria for displaying association lines: uniqueness (display all); inter-factor correlations (correlation coefficient ≥ 0.4);
and multivariable, adjusted regression coefficients (p value significant using the Bonferroni threshold). For multivariable-
adjusted regression coefficients, the line thickness represents the value of the -log10(p value), range: 2.11, 9.05.
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4. Discussion

In this prospective cohort study of U.S. male and female Veterans, we reported an
association between the exposome and markers of cardiometabolic health. Specifically,
using factors identified in a training dataset, multiple multivariable-adjusted regression
analyses revealed significant positive and inverse associations between exposure latent
constructs and latent constructs describing observed (measured) physiology variables when
applied to a separate validation dataset containing different participants. This provided
us with critical insights and observations that represent steps forward in enhancing our
understanding of how the exposome, as a holistic entity, shapes human physiology.

We employed common exploratory factor analysis to reveal the structure of interrela-
tionships between individual exposures and physiology variables in a way that substan-
tially advances our understanding of how observed (measured) exposome variables relate
to the cardiometabolic risk profile. For example, a Common Exposure Factor was created
to reflect the close relationship in study participants between high levels of moderate and
vigorous physical activity at home and high levels of moderate and vigorous physical
activity during leisure time. This relationship was not strongly correlated with levels of
moderate and vigorous physical activity at work, which was represented by a different
Common Exposure Factor. This suggests that the amount of moderate to vigorous physical
activity participants perform at work did not covary with the amount of moderate to
vigorous physical activity performed during leisure and at home [23]. By unveiling “hid-
den” relationships between the latent constructs and the observed (measured) variables
they represent that matched our understanding of biology and variable representation,
the utility of common exploratory factor analysis for both questionnaire-derived assess-
ments of exposome and electronic medical record-derived assessments of cardiometabolic
health was highlighted. However, it is unclear what the causal implications for these
relationships are.

Very few studies have attempted to determine the influence of the exposome as a
whole on cardiometabolic risk (as determined through electronic medical records). Mod-
elling the system of relationships underlying the way in which the exposome, as a whole,
shaped the cardiometabolic risk profile was therefore an important aim of our investigation.
In addition to revealing the structure of the exposome and the structure of physiology
variables, this study also revealed the structure of relationships between the exposome and
cardiometabolic risk profile through multiple regression of latent constructs. An example
of this was the creation of a latent construct in the training dataset that represented the
reciprocal relationship between consumption of whole and skim milk. In other words, any
associations of whole milk with cardiometabolic disease risk could not be separated from
the effects of skim milk and should not be interpreted in isolation. When applied to sepa-
rate validation datasets, this milk-based latent construct was positively associated with the
latent constructs representing total cholesterol and LDLC as well as systolic and diastolic
blood pressure. This observation is supported by randomized controlled trials directly
comparing non-fermented whole milk to non-fermented skim milk that suggest adverse ef-
fects of whole milk, compared to skim milk, on total cholesterol and LDLC [24,25]. Further,
skim but not whole milk has been shown to exhibit antihypertensive properties [26,27]. It
is not yet clear whether dairy fat intake increases cardiovascular disease risk [28]. Despite
this, results of our exposome analysis support the 2006 American Heart Association to
Diet and Lifestyle Recommendations and the 2015–2020 Dietary Guidelines for Americans,
which both encourage adults to select milk products that are either fat-free or low in fat
rather than whole milk products [29,30]. The finding that individual components of the
exposome are both numerically and biologically intertwined highlights the urgent need
to implement analytic techniques that holistically examine the complex networks of in-
terrelationships within and between observed (measured) variables. This was achieved
through the representation of unmeasurable or unmeasured theoretical constructs as well
as parameter-specific measurement error in order to draw robust generalizations regarding
the complex interactions between the many exposome components and human physiology.

155



Nutrients 2021, 13, 1364

The use of latent factors to describe interrelationships between individual exposome
and physiology components was able to shed light on hypothesized relationships. For
example, the factor describing fruit consumption was inversely associated with the factor
describing concentrations of total cholesterol and LDLC. This is supported by (i) our
previous findings from the National Heart, Lung, and Blood Institute Family Heart Study,
which found that consumption of fruit and vegetables was inversely related to LDLC in both
men and women [31] and (ii) results from other cohort studies and randomized controlled
trials [32,33]. Although the benefits of fruit consumption on cholesterol concentrations
are not conclusive, with some studies showing no benefit of fruit consumption [34], the
high fiber content of fruit has been attributed to its cholesterol-lowering capacity [35,36].
In this study, peaches, oranges, and apples contributed to the fruit factor. Apples have
been shown to increase the clearance of plasma cholesterol by enhancing the fecal excretion
of bile acids and cholesterol [37], and the peel of peaches has been shown to lower total
cholesterol and LDLC in rats fed a high-sucrose diet. Further, the polyphenols in apples
have been shown to have beneficial effects on cholesterol metabolism [38–41], as too have
the pectins of apples and oranges [42]. A randomized controlled trial testing the effect
of the combination of peaches, oranges, and apples on serum lipid profile is needed in
order to ascertain causality of this observed association. It is important to note that there
were cases where hypothesized relationships were not observed. For example, despite
vegetables being a rich source of dietary fiber and higher consumption of vegetables being
associated with lower risk of all-cause mortality and cardiovascular mortality [43], the
vegetable consumption factors in this study were not significantly associated with the factor
describing total cholesterol and LDLC. The absence of confirmatory findings regarding
vegetables in this study may be explained by the absence of data on intake of nutrients, such
as fiber, which can summarize contributions from many different foods that are biologically
important. Another reason may be that the measurement error may be lower in fruits
as opposed to vegetables. However, another interpretation may be that, after controlling
for other exposome components, vegetables are not associated with total cholesterol and
LDLC concentrations in this cohort. Further studies using longitudinal data are needed to
confirm these findings.

Although the methods implemented were well-tested and effective, it is important
to note that diet was self-reported, health outcomes were captured through electronic
medical records, there was a lack of data on medication adherence, and there were a limited
number of women and non-whites in this U.S. Veteran cohort. Additionally, causality of
observed relationships could not be established due to the observational nature of the
study. Nevertheless, it is important to note that the exposome was measured at least
one year prior to any of the physiologic variables being assessed, which, although not
ruling it out, does reduce the likelihood and impact of reverse causation. An additional
factor to consider when interpreting the results is the possibility of false-positive findings,
which was reduced through implementation of the conservative Bonferroni correction [44].
Furthermore, although residual or unmeasured confounders cannot be ruled out, the
common exploratory methods implemented in this study do aim to represent unmeasured
and/or immeasurable variables through the creation of latent constructs. This analytic
approach also enabled us to model the measurement error inherent when using self-
reported exposome assessments as well as collations from electronic medical records,
even when there are some exposome variables, such as environmental variables, that are
not measured directly. By conducting the analysis in both a training and a validation
dataset, we were able to demonstrate the utility of our analytic strategy for use in the
increasingly prevalent type of cohort that has extensive questionnaire-based assessments
of the exposome as well as markers of human physiology derived from electronic medical
records. However, further replication in separate datasets is warranted.

It is becoming increasingly recognized that studies of the complete exposome are more
biologically representative than fragmented models based on subsets of factors. There is
no more clear example of this than the position of the Academy of Nutrition and Dietet-
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ics, which plainly states that the “total diet or overall pattern of food eaten is the most
important focus of healthy eating” [45]. In recognition of this, as opposed to focusing on
individual nutrient recommendations, the Dietary Guidelines for Americans highlight key
elements of healthy eating patterns [30]. Some patterns, such as the Mediterranean Dietary
Pattern, are based on a priori knowledge of how individual dietary components influence
human health, and are often represented by a pattern score that reflects relative adher-
ence to the dietary pattern, as is the case for the Healthy Eating Index [46,47]. Although
hypothesis-driven, there is no general consensus in the scientific or clinical community
as to what is the ideal dietary pattern for optimal health [48]. Importantly, these dietary
patterns typically reflect only a select group of dietary components, and not necessarily
the diet as a whole [46,47]. Given that the aim of the present paper was to identify the
importance of the entire exposome in influencing cardiometabolic health, we chose to adopt
a data-driven approach which allowed us to identify existing patterns in the population,
and how individual foods, lifestyle factors, and demographic features related to each other
at a population level. In this study, the measured exposome variables were represented by
19 common factors that were created independently from the physiological variables. We
observed heterogeneous patterns of association of exposome constructs with each of the
physiological constructs, which represented measured biomarkers that are important indi-
cators of cardiometabolic health. As such, even though the exposome overall contributed
to cardiometabolic health, each facet of the exposome had differential implications for
different aspects of cardiometabolic health. It is evident that the overall complex exposome
that individuals are exposed to needs to be studied more in order to more fully understand
what is contributing to cardiometabolic risk profiles in communities of free-living indi-
viduals. To be more comprehensive, a logical extension to this current work would be to
incorporate more environmental exposome variables, such as air pollution and access to
green space, into the current models.

In conclusion, we observed a complex pattern of associations between the exposome
and markers of cardiometabolic health. Given that we are increasingly recognizing the
potential of the exposome as a whole to have far-reaching health implications beyond the
effects associated with the sum of its parts, it is more important than ever that we make
available analytic tools and approaches that are capable of dealing with this directly. It
should be noted that the analytic strategy implemented in this paper could be applied to
address a range of research questions that utilize data from questionnaire and electronic
health record data, thus bringing us one step closer to understanding how the exposome,
as a whole, impacts human health.
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