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Preface

Cardiovascular diseases (CVD) are the leading causes of global disease burden and

disease-related mortality. The evolution of numerous cardiometabolic risk factors and type 2 diabetes

(T2D) related to CVD is driven by visceral obesity, and behavioral lifestyle weight loss therapies are

crucial preventative measures that can counteract these metabolic changes.

The long-term maintenance of weight loss following low-calorie diets poses a significant

challenge, despite the overwhelming evidence that suggests that the greater the body weight loss,

the greater the preventive effect on cardiometabolic risk factors or diabetes.

Greater adherence to suggested dietary patterns and/or consumption of dietary patterns linked

to a lower risk of cardiometabolic diseases and other chronic diseases are two characteristics of higher

diet quality. There is strong evidence from prospective cohort studies showing that higher food

quality is linked to a decreased risk of CVD and T2D.

Therefore, current dietary advice for overall health and cardiometabolic prevention and

management places a strong emphasis on maintaining a good dietary pattern over the course of a

person’s lifetime. High diet quality is a distinguishing characteristic of all recommended dietary

patterns for general health and cardiometabolic prevention and treatment, despite the fact that there

are minor variations in the precise food- and nutrient-based recommendations made by authorized

organizations. A healthy diet is generally agreed to be one that is high in fruits, vegetables, whole

grains, legumes, nuts, seeds, low-fat dairy, and foods with lean protein and low levels of saturated fat,

added sugar, and sodium. Therefore, rather than arguing over specific food, food group, or nutrient

recommendations, attention should be paid to the overall diet, areas of relative agreement about core

healthy foods, and the creation of techniques that might successfully nudge people toward improved

diet quality.

Changes in diet composition acting on nutrient quality independently of changes in energy

intake may be effective in cardiometabolic and T2D risk prevention, offering a more feasible and

safe alternative treatment to energy restriction.

This book collates articles summarizing recent evidence on “Diet Quality and Risk of

Cardiometabolic and Diabetes”.

The book explores more specifically the impact of diet quality in terms of micro- or macronutrient

composition, beyond the effect of diet restriction, on the prevention of cardiometabolic and diabetes

risk as well as diabetes management. Personalized, quality dietary interventions for cardiometabolic

health and diabetes prevention, as well as possible underlying mechanisms, will also be addressed in

this book.

This book is relevant to any student or practitioner interested in how diet influences our health

in the fields of nutrition, dietetics, medicine, and public health.

In the end, we would like to take this opportunity to express our most profound appreciation

to the MDPI Book staff, the editorial team of Nutrients, the assistant editor of this Special Issue, the

talented authors, and hardworking and professional reviewers.

Giuseppe Della Pepa

Editor
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Abstract: Young-onset type 2 diabetes and prediabetes is a growing epidemic. Poor diet is a known
risk factor for T2D in older adults, but the contribution of diet to risk factors for T2D is not well-
described in youth. Our objective was to examine the relationship of diet quality with prediabetes,
glucose regulation, and adiposity in young adults. A cohort of young adults (n = 155, age 17–22) was
examined between 2014–2018, and 89 underwent a follow-up visit from 2020–2022. At each visit,
participants completed diet and body composition assessments and an oral glucose tolerance test.
Adherence to four dietary patterns was assessed: Dietary Approaches to Stop Hypertension (DASH),
Healthy Eating Index (HEI), Mediterranean diet, and Diet Inflammatory Index (DII). Regression
analyses were used to determine adjusted associations of diet with risk for prediabetes and adiposity.
Each one-point increase in DASH or HEI scores between visits reduced the risk for prediabetes at
follow-up by 64% (OR, 95% CI: 0.36, 0.17–0.68) and 9% (OR, 95% CI: 0.91, 0.85–0.96), respectively.
The DASH diet was inversely associated with adiposity, while DII was positively associated with
adiposity. In summary, positive changes in HEI and DASH scores were associated with reduced risk
for prediabetes in young adults.

Keywords: diet quality; dietary patterns; type 2 diabetes; prediabetes; obesity; body composition;
young adults

1. Introduction

The prevalence of prediabetes, a condition where blood glucose levels are elevated
but below diagnostic cut-offs for type 2 diabetes (T2D) [1], is increasing in adolescents and
young adults in the United States (U.S.) [2,3]. Prediabetes greatly increases the risk for
T2D [4]; therefore, T2D incidence is also increasing in the U.S., following a similar trend [5].
This trend is of considerable concern because T2D is often more aggressive in youth than
in older adults and is associated with higher rates of complications, more comorbidities,
and higher mortality risk [6,7]. Disparities also exist in T2D risk, with Hispanics and other
racial or ethnic minorities at higher risk compared to non-Hispanic Whites [5,7,8]. Lifestyle
is a source of modifiable risk factors frequently targeted in preventive measures [1,9], of
which diet is especially important.

Depending on quality, diet may be either protective against or a risk factor for pre-
diabetes and T2D [10–12]. Healthy dietary patterns high in fruits, vegetables, and whole
grains and low in sodium, saturated fat, and added sugars are associated with reduced risk
for prediabetes and T2D [10,13–15]. In middle-aged and older adults, adherence to healthy
eating patterns such as the Mediterranean diet, Dietary Approaches to Stop Hypertension
(DASH) diet, and federal dietary recommendations reduces the risk for T2D [13,14,16].
The Dietary Inflammatory Index (DII), an alternative dietary pattern that quantifies the

Nutrients 2022, 14, 3734. https://doi.org/10.3390/nu14183734 https://www.mdpi.com/journal/nutrients
1



Nutrients 2022, 14, 3734

inflammatory effects of dietary intake, is linked with prediabetes and T2D, where more
pro-inflammatory diets are associated with increased risk [17,18]. However, most studies
evaluating the relationship between diet and T2D risk have been conducted in middle-aged
or older adults or only incidentally included young adults [11,19,20]. Less is understood
about the impact of diet quality or dietary changes on T2D risk in young adulthood.

Few prospective studies have examined the relationships between the DASH diet,
Mediterranean diet, or other dietary patterns and T2D in youth [21–23]. Findings in chil-
dren and adolescents suggest that increased adherence to the DASH diet may improve
cardiovascular and metabolic risk factors [21] and that weight control is critical in T2D pre-
vention [22,24]. Limited studies exist on the development of T2D in young adults [25–28]
though this life stage may represent a critical window for behavior change and diabetes
prevention, as young people transition from their adolescent years into independent adult-
hood [29].

The purpose of this study was to examine the relationship between diet quality and
risk for T2D in a cohort of primarily Hispanic young adults. Participants were evaluated
for glucose dysregulation and diet quality at age 17–22 and again after approximately
four years. Glucose regulation was assessed using hemoglobin A1c (HbA1c) and 2-h oral
glucose tolerance tests (OGTTs). We hypothesize that higher diet quality will be protective
against glucose dysregulation and that improvement in diet quality between visits will
reduce the risk for prediabetes and type 2 diabetes.

2. Materials and Methods

2.1. Cohort

Between 2014 and 2018, a subset of 158 participants between 17 and 22 years old
were recruited from the Children’s Health Study (CHS) [30] for the Meta-AIR study [31].
Subjects were selected if they had overweight or obesity in early adolescence, had not been
diagnosed with type 1 or type 2 diabetes, had no medical conditions, and were taking
no medications that affect glucose metabolism [31]. Between January 2020 and March
2022, 140 of these participants were invited to participate in a follow-up visit. All but
7 participants underwent follow-up testing during the COVID-19 pandemic. All study
visits were completed at the Diabetes and Obesity Research Institute at the University of
Southern California. This study was approved by the University of Southern California
Institutional Review Board. Written informed consent was obtained from participants at
both baseline and follow-up visits or by participants and their guardians for those under
age 18 at baseline.

Of the 158 participants at baseline, 155 had diet data and data for at least one outcome.
Eighty-six of these participated in the follow-up (Figure S1). An additional three CHS
participants without baseline data completed the follow-up visit.

2.2. Glucose Outcomes

A 2-h oral glucose tolerance test (OGTT) was performed at each visit, using a glucose
load of 1.75 g of glucose per kg of body mass (max 75 g). Blood was sampled before the
glucose challenge and at 30-, 60-, 90- and 120-min post-challenge. Glucose concentrations
at each time point were measured in plasma. Fasting glucose was also measured using a
glucometer before the glucose challenge, and the OGTT was not completed if participants
had a fasting value greater than 126 mg/dL. Hemoglobin A1c (HbA1c) was measured in
fasting whole blood samples. Glucose area under the curve (AUC) was calculated from the
five glucose measurements using the trapezoidal method [32].

Prediabetes and type 2 diabetes were based on clinical cutoffs for HbA1c, fasting
plasma glucose, or 2-h plasma glucose [33]. Participants having either HbA1c values of
6.5% or higher, fasting glucose of 126 mg/dL or higher, or 2-h glucose of 200 mg/dL or
higher were considered to have type 2 diabetes, while those with HbA1c between 5.7%
and 6.4%, fasting glucose between 100 mg/dL and 125 mg/dL, or 2-h glucose between
140 mg/dL and 199 mg/dL were categorized as prediabetic.
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2.3. Adiposity Outcomes

Weight and height were measured at each visit, and BMI calculated as kg per meter
squared (kg/m2). Body composition was assessed using dual-energy X-ray absorptiometry
(DEXA) whole body scans. Baseline scans were performed on either a Hologic QDR
4500W or Horizon W machine at baseline, while all follow-up scans were performed on the
Horizon W. Body composition measures included total body fat percentage, fat mass to
height ratio, fat free mass index (FFMI, kg/m2), android to gynoid ratio, trunk to leg ratio,
trunk to limb ratio, and visceral adipose tissue (VAT, in3). Only body fat percentage and fat
mass to height ratio were measured on the QDR 4500W machine.

2.4. Diet Assessment

At each visit, participants were asked to complete two 24-h dietary recalls on non-
consecutive days: one weekday and one weekend day. Baseline recalls were completed by
trained interviewers using the Nutritional Data System for Research (NDSR) software ver-
sion 2014, developed by the Nutrition Coordinating Center (University of Minnesota, Min-
neapolis, MN, USA) [34], while follow-up recalls used the Automated Self-Administered
24-h (ASA24) Dietary Assessment Tool, version (2018), developed by the National Cancer
Institute, Bethesda, MD, USA [35]. An average of the values from both days was calculated
for each diet component. At baseline, 16 participants (10.3%) completed only one recall,
and 9 (10.2%) completed only one recall at follow-up. If a participant did not complete both
recalls, values from the single recall were used.

Four diet indices were calculated from the recall data at both the baseline and follow-
up visits: the 2015 Healthy Eating Index (HEI), DASH score, Mediterranean Diet Score
(MDS), and DII. The HEI ranges from 0–100, is based on adherence to the United States
Department of Agriculture (USDA) 2015 Dietary Guidelines [36] and contains the following
thirteen elements standardized to calorie intake: total fruit, whole fruit, total vegetables,
greens and beans, whole grains, refined grains, dairy, total protein foods, seafood and plant
proteins, mono- and polyunsaturated fatty acids, saturated fats, sodium, and added sugars.
The DASH scoring method follows the calculation proposed by Mellen et al. [37], using
nutrient goals for DASH diet adherence. This DASH score ranges from 0 to 8 and includes
the following elements standardized to calorie intake: protein, fiber, magnesium, calcium,
potassium, total fat, saturated fat, cholesterol, and sodium. One point was assigned if the
nutrient goal was met, and half of a point was assigned if an intermediate nutrient goal
was met. The MDS was calculated using the method developed by Trichopoulou et al. [38],
which ranges from 0 to 9 with ten components: vegetables, legumes, fruits and nuts,
dairy, cereals, meat, poultry, fish, alcohol, and ratio of mono- to saturated fats. For each
component, one point was assigned for exceeding the sex-specific median. The DII was
adapted from Shivappa et al. [39], with negative values indicating an anti-inflammatory
diet and positive values indicating a pro-inflammatory diet. For each element, a centered
percentile was calculated by comparing the reported intake to a global mean and standard
deviation of intake. This centered percentile was multiplied by the element’s overall
inflammatory effect score, and the scores for all elements were summed to produce the
DII score. Twenty-eight of the forty-five elements from Shivappa et al. [39] were included:
alcohol, beta-carotene, caffeine, carbohydrates, cholesterol, calories, total fat, fiber, iron,
magnesium, folic acid, mono- and polyunsaturated fatty acids, omega-3 and omega-6 fatty
acids, protein, saturated fat, selenium, zinc, and vitamins A, B1 (thiamin), B2 (riboflavin),
B3 (niacin), C, D, and E. The remaining elements were excluded because they are not
specifically captured by the recalls systems used in this study. Trans fats were banned
by the United States Food and Drug Administration in 2015, with a 2018 deadline for
implementation [40], and were excluded from the DII calculation in the follow-up visit.

2.5. Covariates

Questionnaires were administered to collect sociodemographic information, including
age, sex, race and ethnicity, physical activity, and parental education. Ethnicity was

3
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categorized as non-Hispanic White, Hispanic, or Other. Parental education was categorized
as “Did not complete high school”, “Completed high school”, “Completed more than high
school”, or “Don’t know”. At baseline, physical activity was assessed as a binary variable,
where participants responded yes or no to the question “Do you exercise?”. At follow-up,
physical activity was assessed using the International Physical Activity Questionnaire Short
Form [41], and metabolic equivalent of task (MET) minutes were calculated according
to the scoring guidelines. Participants were considered to have “high” physical activity
if they met either of the following criteria: (1) reported vigorous physical activity (VPA)
three or more days per week and 1500 or more MET min per week or (2) seven days
of any combination of VPA, moderate physical activity (MPA), and walking for at least
3000 MET min. Participants were considered to have “moderate” physical activity if they
(1) reported at least 3 days of VPA where the activity lasted at least 30 min or (2) five or
more days of MPA or walking where the activity lasted at least 30 min or (3) five or more
days of some combination of VPA, MPA, and walking for at least 600 MET min. Participants
were categorized as having “low” physical activity if they did not meet any of these criteria.

2.6. Statistical Analysis

Descriptive statistics were calculated for all outcomes and exposures. Pearson’s
correlations were calculated between the four diet scores at each visit separately and
between time points. Independent two-sample t-tests, chi-square tests, or Fisher’s exact
tests were used to test for differences in participant demographics between the baseline
cohort and follow-up cohort. Paired t-tests or McNemar–Bowker tests were used to test
for differences in exposures and outcomes between visits. Due to the small numbers of
participants with values meeting the diagnostic criteria for type 2 diabetes, prediabetes
and diabetes were combined into one category (prediabetes/T2D) for analysis. Primary
outcomes of interest were those related to glucose regulation: prediabetes/T2D, fasting
glucose, 2-h glucose, glucose AUC, and HbA1c. Body composition measurements were
secondary outcomes: BMI, body fat percent, FFMI, fat mass to height ratio, android to
gynoid ratio, trunk to leg ratio, trunk to limb ratio, and VAT.

Cross-sectional analyses were performed for both baseline and follow-up visits, using
multivariable linear regression for continuous outcomes and logistic regression for predia-
betes/T2D. For longitudinal analyses, change in diet indices from baseline to follow-up was
modeled against change in outcome using linear regression for continuous outcomes, or
against diabetes at follow-up using logistic regression. Longitudinal models also adjusted
for baseline diet score. Beta coefficients for exposures were scaled to one standard deviation
(SD) of the exposure to account for the differing scales.

All analyses included the following covariates: age, ethnicity, physical activity, energy
intake, and parental education. Because these factors were not accounted for in the scoring
system, analyses with HEI, DASH, and DII scores additionally controlled for sex, and
analyses with MDS additionally controlled for energy intake. BMI and body fat percent
were presumed to be on the causal pathway between diet and prediabetes and T2D and
were not included as covariates in the main analyses to avoid overadjustment [42].

2.7. Sensitivity Analyses

For all diet indices and glucose outcomes, two additional analyses were performed.
The first did not include physical activity in as a covariate to determine if it had the potential
to confound the relationship between diet and glucose regulation and if it was necessary to
control for this variable in the main analysis. The second analysis controlled for body fat
percent. Though we expect that body fat (or BMI) is on the causal pathway between diet
and T2D, we included it as a covariate to examine the possibility that body fat mediates the
relationship between diet and T2D.

We also performed additional logistic regression analyses to examine the association
between each adiposity measure and risk for prediabetes/T2D at each visit and to examine
the associations between changes in these measures between visits and risk for predia-

4



Nutrients 2022, 14, 3734

betes/T2D at the follow-up visit. Models were adjusted for age, sex, ethnicity, parental
education, energy intake, and physical activity as in the main analyses.

3. Results

Average length of follow-up was 4.1 years (SD = 1.1 years). There were no differences
in participant demographics at each visit (Table 1). HEI, DASH, and DII scores significantly
decreased from baseline to follow-up (Table 2), and mean fasting glucose and glucose
AUC increased (Table 3). Mean BMI and body fat percentage also increased between visits
(Table 4).

Table 1. Descriptive statistics for participant demographics at baseline and follow-up.

Baseline
(n = 155)

Follow-Up
(n = 88) 1

Baseline vs.
Follow-Up p-Value 2

Age (years), Mean (SD) 19.7 (1.2) 24.1 (0.8) -

Sex, n (%)
Female
Male

71 (45.8)
84 (54.2)

46 (52.3)
42 (47.7)

0.40

Ethnicity, n (%)
Hispanic/Latino
Non-Hispanic White
Other

94 (60.6)
52 (33.5)
9 (5.8)

50 (56.8)
30 (34.1)
8 (9.1)

0.60

Parental Education, n (%)
Did not complete high school
Completed high school
More than high school
Don’t know

31 (20.0)
23 (14.8)
96 (61.9)
5 (3.2)

15 (17.0)
12 (13.6)
56 (63.6)
5 (5.7)

0.76

Exercise 3, n (%)
Yes
No

118 (76.1)
37 (23.9)

- -

Physical Activity Category, n (%)
High
Moderate
Low
Missing, n (%)

-
50 (56.8)
21 (23.9)
16 (18.2)
1 (1.1)

-

1 Includes three participants who did not complete the baseline visit. 2 p-values calculated using chi-Square or
Fisher’s exact tests. 3 Response to the question “Do you exercise?”. SD: standard deviation.

Table 2. Descriptive statistics for diet at baseline, follow-up, and change between visits.

Baseline
(n = 155)

Follow-Up
(n = 88)

Change between Baseline
and Follow-Up (n = 85) 1

Baseline vs. Follow-Up
p-Value 2

HEI, Mean (SD)
Range: 0–100 52.7 (13.0) 49.7 (12.5) −4.9 (13.2) <0.001

MDS, Mean (SD)
Range: 0–9 5.03 (1.23) 4.92 (1.53) −0.22 (1.79) 0.25

DASH, Mean (SD)
Range: 0–8 2.26 (1.51) 1.74 (1.31) −0.45 (1.53) 0.009

DII, Mean (SD) 0.81 (1.56) 0.29 (2.05) −0.44 (1.98) 0.044

Energy (kcal), Mean (SD) 2053 (630) 2223 (773) 158 (792) 0.070
1 Three additional CHS participants participated in the second visit without having completed the first. 2 p-values
calculated using paired t-tests. Abbreviations: HEI: Healthy Eating Index—2015; MDS: Mediterranean Diet Score;
DASH: Dietary Approaches to Stop Hypertension; DII: Dietary Inflammatory Index.

5



Nutrients 2022, 14, 3734

Table 3. Descriptive statistics for glucose outcomes at baseline, follow-up, and change between visits.

Baseline
(n = 155)

Follow-Up
(n = 88)

Change between Baseline
and Follow-Up (n = 85) 1

Baseline vs. Follow-Up
p-Value 2

Fasting Glucose, Mean (SD)
Missing: n (%)

91. (14)
1 (0.6)

95 (16)
1 (1.1)

5 (15)
1 (1.2%) 0.003

2-h Glucose, Mean (SD)
Missing: n (%)

123 (37)
1 (0.6)

122 (35)
4 (4.5)

3 (32)
4 (4.7) 0.39

HbA1c, Mean (SD)
Missing: n (%)

5.25 (0.53)
1 (0.6) 5.26 (0.51) 0.042 (0.46) 0.35

Glucose AUC, Mean (SD)
Missing: n (%)

267 (59)
1 (0.6)

269 (44)
6 (6.8)

11 (40)
6 (7.1) 0.023

Diabetes, n (%)

0.17
No Diabetes 109 (70.3) 54 (61.4)
Prediabetes 42 (27.1) 30 (34.1)
Type 2 Diabetes 3 (1.9) 4 (4.5)
Missing 1 (0.6)

1 Three additional CHS participants participated in the second visit without having completed the first. 2 p-
values calculated using paired t-tests for continuous variables and McNemar–Bowker test for diabetes categories.
Abbreviations: SD: standard deviation; HbA1c: hemoglobin A1c; AUC: area under the curve.

Table 4. Descriptive statistics for body composition at baseline, follow-up, and change between visits.

Baseline
(n = 155)

Follow-Up
(n = 88)

Change between Baseline
and Follow-Up (n = 85) 1

Baseline vs. Follow-Up
p-Value 2,3

BMI Category, n (%)
Normal Weight
Overweight
Obese

24 (15.5)
73 (47.1)
58 (37.4)

12 (13.6)
34 (38.6)
42 (47.7)

0.47

BMI (kg/m2), Mean (SD) 29.9 (5.1) 31.7 (7.0) 1.8 (4.3) <0.001

Body Fat %, Mean (SD)
Missing: n (%)

34.8 (8.6)
-

38.5 (8.3)
2 (2.3)

3.1 (4.7)
2 (2.4) <0.001

FFMI (kg/m2), Mean (SD)
Missing: n (%)

18.5 (2.5)
-

17.7 (2.9)
2 (2.3)

−0.6 (1.5)
2 (2.4) 0.001

Fat Mass:Height Ratio, Mean (SD)
Missing: n (%)

10.8 (4.3)
98 (63.2)

12.2 (4.7)
2 (2.3)

1.6 (2.1)
47 (55.3) <0.001

Android:Gynoid Ratio, Mean (SD)
Missing: n (%)

(0.14)
98 (63.2)

1.01 (0.15)
2 (2.3)

0.015 (0.085)
47 (55.3) 0.30

Trunk:Leg Ratio, Mean (SD)
Missing: n (%)

0.95 (0.13)
98 (63.3)

0.97 (0.13)
2 (2.3)

0.016 (0.077)
47 (55.3) 0.20

Trunk:Limb Ratio, Mean (SD)
Missing: n (%)

1.05 (0.20)
98 (63.3)

1.10 (0.23)
2 (2.3)

0.051 (0.11)
47 (55.3) 0.005

VAT Volume (in3), Mean (SD)
Missing: n (%)

592 (301)
98 (63.3)

633 (325)
2 (2.3)

88 (148)
47 (55.3) <0.001

1 Three additional CHS participants participated in the second visit without having completed the first.
2 p-values calculated using t-tests for continuous variables and McNemar–Bowker test for BMI category.
3 Fifty-seven participants completed the DEXA scan on a machine that provided additional body composi-
tion indices. Abbreviations: BMI, body mass index; FFMI, fat free mass index; VAT, visceral adipose tissue; SD,
standard deviation.

3.1. Prediabetes/T2D

Positive change in HEI and DASH scores between the baseline and follow-up visits was
associated with decreased risk for prediabetes/T2D at follow-up (Figure 1). A one-point
increase in DASH score over the follow-up period was associated with a 64% (OR = 0.36,
95% CI: 0.17, 0.68) reduction in risk for prediabetes/T2D at follow-up, while a one-point
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increase in HEI between visits was associated with a 9% decrease in risk (OR = 0.91, 95% CI:
0.85, 0.96). When scaled by standard deviation of diet index, improvements in DASH diet
score reduced the risk for prediabetes/T2D by a greater extent than the HEI (OR = 0.14,
95% CI: 0.03, 0.46; OR = 0.83, 95% CI: 0.72, 0.93, respectively). In the cross-sectional analysis
of the follow-up visit, higher HEI and DASH scores were also associated with reduced
risk for prediabetes/T2D. At baseline, only MDS was associated with reduced risk for
prediabetes/T2D.

Figure 1. Coefficient plots for the effects of diet quality on prediabetes. “Baseline” and “follow-up”
values are the result of cross-sectional analyses of diet quality score and risk of prediabetes/T2D at
the same visit. The value for “change between visits” represents the risk of prediabetes/T2D at the
follow-up visit associated with change in diet score between the baseline and the follow-up visit.
Effects are standardized to one standard deviation of exposure. Covariates: Baseline and follow-up
models. HEI, DASH, and DII models adjusted for age, sex, ethnicity, physical activity, and parental
education. MDS models adjusted for energy intake, age, ethnicity, physical activity, and parental
education. Change between visits models. Baseline and follow-up model covariates + baseline diet score.
Abbreviations: DASH: Dietary Approaches to Stop Hypertension; DII: Dietary Inflammatory index;
HEI: Healthy Eating Index—2015; MDS: Mediterranean Diet Score.

3.2. Fasting Glucose and Glucose Tolerance

There were no statistically significant cross-sectional associations between fasting
glucose and any dietary index at either visit or between change in diet scores and change
in fasting glucose between visits (Figure 2).

Higher HEI scores and higher MDS were associated with lower 2-h glucose values
at baseline in the cross-sectional analyses (HEI: β = −7.01, 95% CI: −12.86, −1.16; MDS:
β = −7.43, 95% CI: −13.25, −1.61) (Figure 2). Follow-up HEI and DASH scores were
inversely associated with 2-h glucose at the same visit (HEI: β = −8.64, 95% CI: −16.16,
−1.12; DASH: β = −8.25, 95% CI: −15.71, −0.78) and with glucose AUC (HEI: β = −11.34,
95% CI: −20.84, −1.84; DASH: β = −10.99, 95% CI: −20.44, −1.53).
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Figure 2. Coefficient plots for the effects of diet quality on glucose measurements. “Baseline” and
“follow-up” values are the result of cross-sectional analyses of diet quality score and each outcome.
The value for “change between visits” represents the association between the change in diet score
between the baseline and the follow-up visit on the change in outcome between visits. Effects are
scaled to one standard deviation of exposure. Covariates: Baseline and follow-up models: HEI, DASH,
and DII models adjusted for age, sex, ethnicity, physical activity, and parental education. MDS models
adjusted for energy intake, age, ethnicity, physical activity, and parental education. Change between
visits models: Baseline and follow-up model covariates + baseline diet score. Abbreviations: DASH:
Dietary Approaches to Stop Hypertension; DII: Dietary Inflammatory Index; HEI: Healthy Eating
Index—2015; MDS: Mediterranean Diet Score.

3.3. Hemoglobin A1c

There were no statistically significant associations between HbA1c and any dietary
index. However, there were consistent inverse relationships between higher HEI and
DASH scores and HbA1c at both visits and between change in HEI or DASH and change in
HbA1c between visits although these did not reach the threshold for statistical significance
(Figure 2).

3.4. Body Composition

The DASH diet was consistently associated with several adiposity measures (Table 5).
At the follow-up visit, higher DASH scores were associated with lower BMI (β = −1.64,
95% CI: −3.17, −0.11), body fat percent (β = −1.79, 95% CI: −3.01, −0.57), and fat mass
to height ratio (β = −1.09, 95% CI: −3.27, −0.61) at the same visit, and increases in DASH
between visits were also inversely associated with change in BMI (β = −1.64, 95% CI: −2.92,
−0.36) and body fat percent (β = −1.62, 95% CI: −2.02, −0.17). Similar inverse associations
were observed between DASH and measures of central adiposity, including trunk to limb
ratio and VAT.

The DII was positively associated with body fat percent in the cross-sectional baseline
analyses (Table 5). Though not statistically significant, the DII was also positively associated
with most adiposity measurements at both visits, and positive change in DII was associated
with positive changes in adiposity from baseline to follow-up.

8



Nutrients 2022, 14, 3734

Table 5. Estimated effect size and 95% CI for the effect of 1 standard deviation increase in diet score
on body composition.

Diet Outcome
Effect Estimate, β (95% CI)

Baseline 1 Follow-Up 1 Change between Visits 2

Healthy Eating Index—2015 (HEI)

BMI (kg/m2) −0.62 (−1.45, 0.21) −1.33 (−2.89, 0.24) −0.38 (−1.62, 0.85)

Body Fat (%) −0.85 (−1.86, 0.16) −1.09 (−2.37, 0.18) 0.40 (−0.92, 1.73)

FFMI (kg/m2) −0.14 (−0.46, 0.17) −0.46 (−1.04, 0.12) −0.23 (−0.64, 0.18)

Fat Mass:Height Ratio −0.56 (−1.74, 0.62) −0.73 (−1.68, 0.22) −0.36 (−1.50, 0.78)

Android:Gynoid Ratio −0.045 (−0.087, −0.0036) −0.043 (−0.071, −0.014) −0.014 (−0.061, 0.034)

Trunk:Leg Ratio −0.040 (−0.077, −0.0028) −0.035 (−0.060, −0.0087) −0.0013 (−0.043, 0.041)

Trunk:Limb Ratio −0.052 (−0.11, 0.010) −0.052 (−0.099, −0.0048) −0.036 (−0.092, 0.020)

VAT (in3) −65.78 (−161.45, 29.49) −60.54 (−132.21, 11.13) −48.05 (−123.33, 27.23)

Dietary Approaches to Stop Hypertension (DASH) Score

BMI (kg/m2) 0.067 (−0.80, 0.94) −1.64 (−3.17, −0.11) −1.63 (−2.91, −0.35)

Body Fat (%) 0.12 (−0.94, 1.18) −1.79 (−3.01, −0.57) −1.61 (−3.01, −0.21)

FFMI (kg/m2) −0.036 (−0.36, 0.29) −0.49 (−1.06, 0.088) −0.41 (−0.85, 0.024)

Fat Mass:Height Ratio 0.50 (−0.89, 1.88) −1.09 (−2.02, −0.17) −1.50 (−2.73, −0.27)

Android:Gynoid Ratio −0.015 (−0.066, 0.035) −0.043 (−0.071, −0.015) −0.047 (−0.098, 0.0045)

Trunk:Leg Ratio −0.023 (−0.068, 0.022) −0.039 (−0.064, −0.014) −0.037 (−0.084, 0.0097)

Trunk:Limb Ratio −0.018 (−0.093, 0.057) −0.052 (−0.099, −0.0057) −0.073 (−0.13, −0.011)

VAT (in3) 42.25 (−70.97, 155.46) −76.57 (−146.46, −6.68) −100.39 (−183.62, −17.17)

Mediterranean Diet Score (MDS)

BMI (kg/m2) −0.090 (−0.91, 0.73) −0.71 (−2.28, 0.86) 0.27 (−0.95, 1.49)

Body Fat (%) −0.45 (−1.69, 0.79) −0.48 (−2.35, 1.39) 1.24 (−0.062, 2.55)

FFMI (kg/m2) 0.078 (−0.32, 0.47) 0.075 (−0.57, 0.72) −0.00040 (−0.42, 0.42)

Fat Mass:Height Ratio −0.37 (−1.49, 0.75) −0.28 (−1.38, 0.83) −0.081 (−1.11, 0.95)

Android:Gynoid Ratio 0.00054 (−0.042, 0.043) −0.0049 (−0.039, 0.030) 0.021 (−0.015, 0.057)

Trunk:Leg Ratio −0.030 (−0.065, 0.0037) −0.0042 (−0.035, 0.027) −0.0030 (−0.041, 0.035)

Trunk:Limb Ratio −0.044 (−0.10, 0.014) −0.0073 (−0.062, 0.047) −0.011 (−0.064, 0.042)

VAT (in3) −21.86 (−109.41, 65.68) −17.16 (−92.10, 57.79) −25.82 (−98.45, 46.81)

Dietary Inflammatory Index (DII)

BMI (kg/m2) 0.86 (0.044, 1.67) −0.67 (−2.32, 0.97) −0.21 (−1.24, 0.83)

Body Fat (%) 2.04 (1.09, 2.99) 1.13 (−0.19, 2.45) 0.44 (−0.66, 1.54)

FFMI (kg/m2) −0.073 (−0.38, 0.23) −0.60 (−1.20, −0.0068) −0.16 (−0.50, 0.18)

Fat Mass:Height Ratio 0.88 (−0.23, 1.99) −0.17 (−1.17, 0.84) 0.52 (−0.33, 1.37)

Android:Gynoid Ratio 0.031 (−0.010, 0.072) 0.014 (−0.017, 0.045) 0.035 (0.0025, 0.068)

Trunk:Leg Ratio 0.027 (−0.010, 0.063) 0.021 (−0.0070, 0.048) 0.017 (−0.014, 0.048)

Trunk:Limb Ratio 0.028 (−0.033, 0.089) 0.023 (−0.027, 0.074) 0.029 (−0.014, 0.071)

VAT (in3) 47.00 (−44.96, 138.95) −22.50 (−97.94, 52.94) 17.77 (−42.53, 78.08)
1 Model A: outcome ~ diet score + covariates. 2 Model B: Δoutcome ~ Δdiet score + covariates. Model A covariates:
HEI, DASH, and DII models adjusted for age, sex, ethnicity, physical activity, and parental education. MDS
models adjusted for energy intake, age, ethnicity, physical activity, and parental education. Model B covariates:
Model A covariates + baseline diet score. Effects were scaled to 1 standard deviation of exposure. Abbreviations:
BMI: body mass index; FFMI: fat-free mass index; VAT: visceral adipose tissue.
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3.5. Sensitivity Analyses

Results from the sensitivity analyses are reported in Supplemental Tables S1–S3.
Models that did not adjust for physical activity had slightly larger effect estimates for the
relationship between HEI and DASH and impaired glucose tolerance compared to models
that did adjust for physical activity. There was little effect on risk for prediabetes/T2D,
and the main findings were the same in the physical activity-adjusted and -unadjusted
models. Adjustment for body fat percent also had little effect on the relationships between
HEI or DASH and prediabetes/T2D, suggesting that it may not mediate the relationship
between diet and prediabetes/T2D. However, in most cases, controlling for body fat percent
attenuated the effects of each diet on all other glucose outcomes.

BMI, body fat percent, FFMI, fat mass to height ratio, and VAT were significantly
associated with increased risk for prediabetes/T2D at all time points (Table S4). At the
follow-up visit only, android to gynoid ratio, trunk to leg ratio, and trunk to limb ratio were
also positively associated with prediabetes/T2D.

4. Discussion

We observed strong inverse associations both in cross-sectional and longitudinal
analyses between the HEI and DASH diet and risk of prediabetes/T2D. We also found
negative associations between the HEI and DASH diet and 2-h glucose, HbA1c, fasting
glucose, and glucose AUC at both visits and in the longitudinal analysis though these
relationships were not all statistically significant. The MDS was not consistently associated
with prediabetes/T2D, glucose measurements, or body composition. We also observed
inverse relationships between HEI, DASH, and MDS with measures of adiposity and
body composition, suggesting that high diet quality may be protective against obesity
and adverse accumulation of adipose tissue. The period between late adolescence to
early adulthood is one of transition, where young people begin to live independently and
gain more control of their lifestyles. However, there are limited assessments of change
in diet quality during this transition [43], and these results emphasize the importance of
considering diet quality in T2D risk within this age group.

To our knowledge, no other study has evaluated the longitudinal relationship between
glucose dysregulation and HEI, DASH, MDS, and DII in young adults. Several meta-
analyses have summarized the relationship between diet quality and type 2 diabetes,
prediabetes, or other measures of glucose dysregulation in older adults. These analyses
consistently report strong protective effects of healthy dietary patterns, including the DASH
and HEI [10,13,15]. However, previous reviews found effects of similar magnitude between
the HEI, DASH, and MDS [14], whereas we report a larger protective effect associated
with increases in DASH diet adherence across both visits compared to either the HEI or
MDS. The DII has been inconsistently associated with risk of T2D in older adults [17,18]
though inflammation is involved in the pathogenesis of type 2 diabetes [44]. Like Vahid
(2017), we observed positive associations between DII and impaired glucose intolerance
and prediabetes.

Diet is also a risk factor for obesity, which is itself a significant driver of the T2D
epidemic in both adults and youth [6,45,46], and increases in body fat greatly increase the
risk for future diabetes [47]. Accumulation of visceral fat is also linked to T2D development
and severity [48,49]. Our study found similar effects, with multiple adiposity indices
significantly associated with increased risk of prediabetes/T2D. Our findings also suggest
an inverse relationship between high diet quality and central obesity, with HEI and DASH
consistently associated with android to gynoid fat ratio, trunk to limb fat ratios, and VAT.
There also appeared to be positive associations between DII and adiposity and visceral
fat measures. These findings suggest that high quality diets may reduce the risk of type 2
diabetes in part by reducing total body and visceral fat.

This study has several strengths. Participants were recruited from the Southern
California Children’s Health Study [30], which allowed detailed measures of glucose
metabolism, diet, body composition, and lifestyle factors. OGTT and DEXA provide
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highly detailed information about glucose metabolism and body composition, respectively,
beyond that of fasting plasma glucose, HbA1c, or BMI alone [50,51]. 2-h glucose and
glucose AUC, for example, assess glucose tolerance, and impaired glucose tolerance is an
early sign of glucose dysregulation and type 2 diabetes risk not often captured in clinical
settings [52]. Additionally, exposures and outcomes were assessed at both visits, which
allowed us to examine associations across time. Despite this, we note some limitations.
Two systems were used to collect 24-h dietary recalls: the NDSR at baseline and the ASA24
at follow-up. We are not aware of any evidence that this difference would introduce bias
away from the null, and any misclassification of diet is expected to be nondifferential and
independent of prediabetes/T2D status. It is also common for studies involving multiple
cohorts to integrate different diet assessment measures [53,54]. There is a possibility that
residual confounding contributed to our reported effects; family history of T2D, maternal
obesity, and low birthweight are also associated with young-onset T2D though they are
less likely to be associated with diet. However, the magnitude of the relationships we
report are large, and any confounding by these or other factors are unlikely to account
for the entire effect. Additionally, our sample size for the longitudinal analysis was 85,
limiting the statistical power to detect significant relationships. Limitations of one of the
DEXA machines used at baseline also limited the available sample size for some adiposity
measurements (e.g., android to gynoid fat ratio, trunk to limb fat ratio). However, power
was sufficient to identify strong, statistically significant, protective effects of high-quality
diets on prediabetes risk.

The COVID-19 pandemic may also have affected our recruitment efforts for the follow-
up visit. Our recruitment began as the SARS-CoV-2 virus (COVID-19) was declared first a
Public Health Emergency and then a pandemic [55]. The resulting disruptions to daily life
would have affected our participants and likely impacted lifestyle factors such as physical
activity, sleep, and eating habits as well as stress, social supports, and physical health, all of
which may affect non-communicable disease risk [55–57]. It is possible that the observed
decreases in diet quality between the baseline and follow-up visits may be, in part, due to
the pandemic. Even if some of the change in diet were due to changes in lifestyle associated
with the COVID-19 pandemic, our findings emphasize the importance of maintaining a
healthy diet to reduce the risk for T2D.

Our results indicate that improvements in adherence to the HEI and DASH dietary
patterns may reduce risk for T2D. Though both measure diet quality, the construction of
each index emphasizes different nutrients and food groups, and there are several ways
in which an individual may improve their score and overall diet quality. For example,
the HEI rewards greater adherence to the USDA Dietary Guidelines for Americans with
higher scores on a 100-point scale [36]. To improve a HEI score, one has several options:
(1) increase intake of one or several food groups (fruit, vegetables, seafood, etc.) to the levels
recommend by the USDA; (2) reduce intake of added sugars and salt as recommended by
the USDA; or (3) reduce the proportion of total grains that come from refined sources or
increase the proportion of dietary fats that are mono- or polyunsaturated [58]. Similarly,
improvements in DASH diet score could be achieved by reducing consumption of saturated
fat, cholesterol, or sodium, or by increasing fiber, magnesium, potassium, and calcium
intake [37]. By encouraging changes to overall dietary patterns rather than emphasizing
specific foods or nutrients (i.e., kilocalories, sugar-sweetened beverages), individuals may
have more flexibility in their choice of dietary habits to alter or methods of alteration,
leading to more successful behavior change [59,60].

5. Conclusions

Late adolescence to early adulthood is a period of significant change and represents
an important window in which to establish lifelong habits [29]. To our knowledge, this
study is one of few to evaluate the impact of dietary changes on glucose regulation in
people between the ages of 18 and 30. We found that adherence to the DASH diet and
USDA Dietary Guidelines is associated with reduced risk for prediabetes and better glucose
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tolerance. Improvement in DASH or HEI scores over the follow-up period was also
associated with lower risk for prediabetes or type 2 diabetes, with the strongest effects
observed for the DASH diet. These findings indicate that the DASH dietary pattern may be
a promising target for diabetes prevention efforts in young adults.
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(effects and 95% CIs) for sensitivity analyses at the follow-up visit; Table S3: Results (effects and 95%
CIs) for sensitivity analyses for the effects of change in diet score between visits; Table S4: Estimated
effect size and 95% CI for the relationship between body composition and risk for prediabetes/type
2 diabetes).
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Abstract: Abstract: AimsThe aim of this study was to examine the association between dietary
patterns and high blood glucose in Jiangsu province of China by using structural equation modelling
(SEqM). Methods: Participants in this cross-sectional study were recruited through the 2015 Chinese
Adult Chronic Disease and Nutrition Surveillance Program in Jiangsu province using a multistage
stratified cluster random sampling method. Dietary patterns were defined by exploratory factor
analysis (EFA). Confirmatory factor analysis (CFA) was used to test the fitness of EFA. SEqM was
used to investigate the association between dietary patterns and high blood glucose. Results: After
exclusion, 3137 participants with complete information were analysed for this study. The prevalence
of high blood glucose was 9.3% and 8.1% in males and females, respectively. Two dietary patterns:
the modern dietary pattern (i.e., high in red meats and its products, vegetables, seafood, condiments,
fungi and algae, main grains and poultry; low in other grains, tubers and preserves), and the
fruit–milk dietary pattern (i.e., high in milk and its products, fruits, eggs, nuts and seeds and
pastry snacks, but low in vegetable oils) were established. Modern dietary pattern was found to be
positively associated with high blood glucose in adults in Jiangsu province (multivariate logistic
regression: OR = 1.561, 95% CI: 1.025~2.379; SEqM: β = 0.127, p < 0.05). Conclusion: The modern
dietary pattern—high intake of red meats—was significantly associated with high blood glucose
among adults in Jiangsu province of China, while the fruit–milk dietary pattern was not significantly
associated with high blood glucose.

Keywords: dietary pattern; high blood glucose; structural equation modelling

1. Introduction

Diabetes mellitus (DM) is a chronic metabolic disease characterised by elevated blood
glucose levels. As the disease progresses, it can further damage the heart, eyes and kid-
neys [1–4]. There are approximately 536.6 million people living with diabetes worldwide,
and 6.7 million people die from it each year [5]. In the United States, approximately
32.2 million adults have diabetes, and 36.3 million are expected to have diabetes in 2045 [5].
In China, diabetes is considered a major health issue, with prevalence significantly increas-
ing among adults 18 years and older, rising from 9.7% in 2012 to 11.9% in 2018 [6]. Diabetes
is susceptible to unhealthy lifestyles, such as smoking, alcohol consumption and unhealthy
eating habits [7,8].

Over the past few decades, studies have shown that diet acted as a major factor in the
development of DM. Epidemiological studies suggested that approximately 80% of DM
can be prevented through healthy dietary habits such as regular consumption of fruits and
vegetables and reduced intake of saturated fat, sodium and sugar-sweetened drinks [9,10].
In a meta-analysis, vitamin D supplementation reduced the risk of type 2 diabetes (T2DM)
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and increased the rate of return to normal blood glucose in individuals with prodromal
DM [11]. However, because of the dietary complexity of different populations and the
potential of food–food or food–component interactions, it could be difficult to evaluate the
effect of a single or a few foods or nutrients on DM [12,13]. One study has shown that the
western dietary pattern, as determined by the Gaussian graphical models, had a positive
association with the risk of T2DM in women [14]. In addition, the Mediterranean diet may
reduce the risk of cardiovascular disease (CVD) in patients with DM [15].

A variety of studies on analysing dietary pattern methods have emerged in recent
years [13,16]. Among them, structural equation modelling (SEqM) is an appropriate
approach to statistics that merges the methods of factor analysis and path analysis to
determine the direct and indirect correlations between potential and observed variables. It
can take both errors and individual differences into account [17,18].

To our knowledge, there are no studies explaining the association of direct and indirect
associations with high blood glucose as well as socio-demographics in Jiangsu province,
China. Therefore, the aims of this study were as follows: (i) to determine the final dietary
pattern by exploratory factor analysis (EFA) and confirmatory factor analysis (CFA), and
(ii) to examine the effect of dietary patterns on high blood glucose among adults in Jiangsu
province, China.

2. Participants and Methods

2.1. Study Population

The China Adult Chronic Disease and Nutrition Surveillance Project (2015) in Jiangsu
province covered thirteen surveillance sites, including Qinhuai, Chongan, Yunlong, Wu-
jin, Wuzhong, Zhangjiagang, Rugao, Donghai, Jinhu, Xiangshui, Hanjiang, Jingkou and
Jiangyan. Recruitment of participants using multistage stratified cluster random sam-
pling methods: 1© at each surveillance site, three streets/towns were randomly selected
by using a cluster sampling method proportional to the population size; 2© two further
villages/communities were randomly selected in each street/township using a cluster sam-
pling method; 3© in each village/neighbourhood, one village group was selected by using a
simple random sampling method (at least 60 households); 4© 45 households were randomly
selected, and all residents in the households were enrolled in the survey. After screening,
as shown in Figure 1, a total of 3137 participants (54.8% female, n = 1718) aged ≥18 years
old with complete 3-day and 24 h-dietary recall data were included in this study.

2.2. Anthropometric Measurement

All participants were asked to wear light clothing and no shoes while taking anthropo-
metric measurements. The TANITA HD-390 electronic weight scale (Dongwan, China) was
used for weight measurement. Height measurement was performed using a TZG sit height
gauge (Wuxi, China). All measurements were carried out twice to ensure the stability of the
measurement results [16]. The body mass index (BMI) standard for the Chinese population
was used to define the BMI classification for this study [17]. Central obesity was defined
as ≥90 cm waist circumference in men and ≥85 cm in women.

2.3. Biochemical Indicator

Participants’ blood was collected early in the morning (8–12 h fasting). Oral confirma-
tion of fasting was obtained from the participant prior to the blood sample collection. Then,
the blood was centrifuged and fasting blood glucose (FBG) was measured using the glucose
oxidase method. High blood glucose was defined as: (1) self-reported diabetes or diabetes
that has been diagnosed and treated by doctors (including herbs, western medicine and
insulin injections); (2) FBG ≥ 7.0 mmol/L.
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Figure 1. Flow chart of participants included in the study.

2.4. Dietary Assessment

We used a 3-day intake of various consumed foods, including alcohol consumption,
various condiments, etc., to assess the actual daily intake of individuals. The 3-day and 24-h
dietary recall and food weighing method were the keys to obtaining the individual dietary
intake. Professionally trained investigators recorded the foods participants had eaten in
the past 24 h during the first home visit and taught them how to record their food intake.
All food data were obtained through face-to-face interviews. Participants were required to
record their food consumption for 3 consecutive days (including 2 weekdays and 1 weekend
day). During the survey, food models and household measurement tools were used to help
participants estimate their portion sizes. The collected foods were then combined into food
groups according to the Chinese food composition table (2002). Using the Chinese Dietary
Guidelines and combined with the dietary characteristics of the Jiangsu population, we
classified the food into 22 food groups, as shown in Supplementary Table S1.

2.5. Dietary Pattern Analysis

For dietary pattern analysis, we mainly used factor analysis for exploration. Factor
analysis includes two parts: confirmatory factor analysis and exploratory factor analysis.
In this study, EFA was first used to summarise the main dietary structure of the study
population. The Kaiser–Meyer–Olkin index (KMO) and Bartlett’s spherical test suggested
that the data were suited for EFA. Shared factors were extracted using principal component
analysis, and their number was determined based on the eigenvalues >1.3, scree plot and
interpretability of derived factors. The maximum variance orthogonal rotation method
was used at the same time to make each common factor more obvious and professional.
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The absolute value of the factor loadings >0.25 was used to determine the main food
composition of each common factor. After that, we put the major foods with absolute
values of factor loadings >0.25 into the validation factor analysis to determine whether the
dietary pattern was in compliance.

2.6. Structural Equation Modelling

Structural equation modelling (SEqM), also known as covariance structural modelling,
was developed by Joreskog in the 1970s [19]. SEqM consists of factor analysis and path
analysis. Using this method, the acceptability of the theoretical model under specific factors
can be tested. CFA was used to test the suitability of dietary patterns determined by
EFA. SEqM uses a similar approach to through-path analysis to investigate the structural
relationships between latent variables, and the regression path coefficients reflect the
degree of correlation between latent variables. In this study, we constructed the SEqM to
investigate the relationship between dietary pattern and high blood glucose. Goodness-of-
fit index (GFI), adjusted comparative fit index (ACFI) ≥ 0.90, parsimonious goodness-of-fit
index (PGFI), parsimonious baseline fit index (PNFI) ≥ 0.50 and root mean square error of
approximation (RMSEA) ≤ 0.08 were used to confirm the degree of model fit.

2.7. Statistical Analysis

The mean ± standard deviation (mean ± SD) of continuous variables and frequencies
of categorical variables were used to represent the distribution of general characteristics.
EFA was used to identify the dietary patterns of the individuals, and the factor scores
were divided into quartiles for further analysis. CFA allowed further determination of the
suitability of EFA. Multivariate logistic regression analysis was used to calculate the OR
and 95% CI for high blood glucose in each quartile of the factor scores. Structural equation
modelling was used to investigate the correlation and degree of correlation between dietary
patterns obtained from factor analysis and high blood glucose.

SAS 9.4 (Cary, NC, USA), IBM SPSS 26.0 (Armonk, NY, USA) and Origin (2021,
Northampton, MA, USA) data analysis and plotting software were used for data man-
agement and statistical analysis. All statistical tests were two-sided, and differences were
considered statistically significant when p < 0.05.

3. Results

3.1. Basic Information of Participants

Table 1 shows the basic information for the different gender groups. After exclu-
sion, 3137 participants (54.4% male, n = 1708) with complete data were included in this
study. The average age and energy intake of men were significantly higher than that
of women (p < 0.001). The mean blood glucose level was higher in males than females
(male = 5.5 ± 1.4 mmol/L vs. female = 5.4 ± 1.3 mmol/L, p < 0.05). The prevalence of high
blood glucose in men was not significantly different compared to women (male = 9.3%
vs. female = 8.1%, p > 0.05). Among participants, 45.7% (n = 653) males had smoking
behaviour, which was significantly higher than females (1.4%) (p < 0.001).

3.2. Determination of Dietary Patterns

Figure 2 and Supplementary Table S2 illustrate the dietary patterns identified by the
EFA. Factor loading and interpretability were used to explain the two dietary patterns
generated, namely the “modern dietary pattern” (Pattern I) and the “fruit and milk dietary
pattern”. Then, we put food groupings with higher factor loadings from these two dietary
patterns into the CFA model (Figure 3). Ultimately, we found that the modern dietary
pattern was dominated by red meats and their products, fresh vegetables, seafood, condi-
ments, whole cereals, main cereals, poultry, tubers and starches and their products and
fungi and algae. The fruit–milk dietary pattern was dominated by nuts and seeds, fruits,
eggs, milk and its products, pastry snacks and vegetable oils.
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Table 1. Characteristics of the basic information distribution by gender.

Groups Male Female p-Value

Mean SD Mean SD

Age (years) 56.5 14.5 54.3 14.6 <0.001
Blood glucose
(mmol/L) 5.5 1.4 5.4 1.3 0.031

BMI (kg/m2) 24.9 3.3 24.8 3.6 0.091
Energy intake (kcal/d) 1847.5 540.4 1540.8 440.9 <0.001

n % n % p-value

Age group (years) <0.001
18~34 143 10.0 214 12.5
35~49 269 18.8 375 22.0
50~64 542 37.9 671 39.3
65~ 475 33.2 448 26.2
BMI level <0.001
Thinness 22 1.5 38 2.2
Normal 528 36.9 703 41.2
Overweight 635 44.4 667 39.1
Obesity 244 17.1 300 17.6
Central obesity 0.574
No 865 60.5 1017 59.5
Yes 564 39.5 691 40.5
Smoking behaviour <0.001
No 776 54.3 1684 98.6
Yes 653 45.7 24 1.4
Diabetes 0.223
No 1296 90.7 1570 91.9
Yes 133 9.3 138 8.1

3.3. Analysis of the Relationship between Dietary Patterns and High Blood Glucose by
Multivariate Logistic Regression

Table 2 shows the association between dietary pattern and high blood glucose in
Jiangsu adults by using multivariate logistic regression modelling; the results suggest that
the high intake of modern dietary patterns increased adults’ risk of high blood glucose
(composed of Q1, Q3~Q4 OR = 1.566 and 1.561, 95% CI: 1.063~2.308 and 1.025~2.379, respec-
tively, p < 0.05) and showed a trend toward elevation with increasing intake (Ptrend < 0.05).
However, the fruit–milk dietary pattern had no significant association with high blood
glucose (p > 0.05).

Table 2. Odds ratios (95% confidence intervals) for high blood glucose across quartiles of
dietary patterns.

Groups
OR 95% CI p-Value p for Trend

Modern Dietary Pattern

Q1 1.000 0.021
Q2 1.441 (0.992~2.094) 0.055
Q3 1.566 (1.063~2.308) 0.023
Q4 1.561 (1.025~2.379) 0.038
Fruit–milk dietary pattern
Q1 1.000 0.232
Q2 0.998 (0.687~1.451) 0.992
Q3 1.060 (0.734~1.531) 0.755
Q4 1.269 (0.887~1.814) 0.192
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Figure 2. Radar plot of two dietary patterns by EFA.

Figure 3. Measurement model for two dietary patterns by CFA. RMSEA = 0.050, GFI = 0.966,
ACFI = 0.954, PGFI = 0.717 and PNFI = 0.412. e, error.
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3.4. Structural Model

Figure 4 shows the SEqM plot with standardised estimates of the relationship between
dietary patterns, demographic characteristics and high blood glucose. The final SEqM
model was obtained by increasing residual correlations and modification indices (as shown
in Figure 4 and Table 3). The goodness-of-fit indices of the final model indicated an
acceptable fit (RMSEA = 0.068, GFI = 0.913, ACFI = 0.891, PGFI = 0.727). The modern
dietary pattern was positively associated with the risk of high blood glucose among adults
in Jiangsu province of China. (β = 0.127, p < 0.001).

Figure 4. Final structural models. The path standardised coefficients of variables are presented on
pathways. RMSEA = 0.068, GFI =0.913, ACFI = 0.891, PGFI= 0.727 and PNFI = 0.315. e, error.

Table 3. Parameter Estimates from the SEqM of dietary patterns and high blood glucose
among adults.

Path Analysis
Non-Standardised

Coefficient
Standardised
Coefficients

S.E. C.R. p-Value

Modern dietary
pattern
→diabetes

0.001 0.127 0.000 3.417 <0.001

Fruit-milk dietary
pattern→diabetes −0.003 −0.032 0.003 −0.903 0.366

4. Discussion

Diabetes mellitus is one of the most prominent risk factors affecting the health of the
population [20]. The risk of high blood glucose among adults is on the rise in Jiangsu
province, China [21]. It is suggested that we should be on alert to the further risk of high
blood glucose in the region. Diet, as a controllable lifestyle, has been shown to significantly
influence the development of DM [22]. In our study, two dietary patterns were identified
by exploratory factor analysis and confirmatory factor analysis: modern dietary pattern
and fruit–milk dietary pattern. Multivariate logistic regression and SEqM analysis revealed
that the modern dietary pattern was positively associated with high blood glucose among
adults in Jiangsu province, China, while the fruit–milk dietary pattern was not significantly
associated with high blood glucose.
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The modern dietary pattern, which was rich in red meats and its products, vegetables,
seafood, condiments, fungi and algae, main grains and poultry, but was low in whole
grains and tubers and preserves and was significantly associated with high blood glucose
in adults. It is similar to the modern dietary pattern obtained from the China Health
and Nutrition Survey (CHNS) [23,24]. The survey showed that children and adolescents
aged 6–14 years and the elderly aged 60 years and older who adhere to modern dietary
patterns rich in saturated fat and cholesterol are at increased risk of obesity. Obesity, in
turn, is an important risk factor for diabetes [25]. Besides, we believe that the positive
association between modern dietary patterns and the risk of type 2 diabetes might be partly
attributed to unhealthy dietary components, such as red meats and their products and
main grains. First, red meat and processed meat products, which are rich in saturated fat,
have been found to be significantly and positively associated with chronic diseases such as
diabetes [26,27]. In this study, our analysis classified red meat and processed meat products
as a food group. Their factor loadings were first in the modern dietary pattern, indicating a
high intake of red and processed meat in people who prefer the modern dietary pattern. A
meta-analysis found that consuming an additional 100 g of red meat per day increased the
risk of developing T2DM, while consuming 50 g and more of processed meat products per
day increased the risk of T2DM by 30% [10]. Excessive intake of red meat products may
lead to the overabsorption of heme iron [28]. Internal iron overload may promote insulin
resistance and increase the risk of T2DM [29]. Second, excessive intake of main grains and
low intake of whole grains is another major feature of this dietary pattern. In our study,
main grains refer to refined rice products and wheat products. There is a general consensus
that people with or at risk of type 2 diabetes should avoid carbohydrate-rich foods [30]. A
systematic review and meta-analysis indicated that consuming 200–400 g of refined grains
per day may increase the risk of T2DM by 6−14% [10]. In another one of our studies,
we also found that excess intake of refined carbohydrates could promote elevated blood
glucose [31]. Meanwhile, it is important to pay attention to the quantity of carbohydrates
as well as their source and quality. Numerous studies have found that less processed whole
grain foods could improve blood glucose measurements in adults with type 2 diabetes
more than the same number of refined grains [32,33]. The potential reason for it is that
whole grains are likely to be digested by microbiota in the colon into short-chain fatty
acids, which are absorbed without altering circulating blood glucose levels [34,35]. Results
from the latest prospective cohort study also showed that participants with high whole
grain intakes had a 29% lower incidence of type 2 diabetes, suggesting further support
for the current recommendation to increase whole grain intake as part of a healthy diet to
prevent type 2 diabetes [36]. Higher intake of vegetables was also a key component of this
dietary pattern. Results from the Guangzhou Nutrition and Health Study (GNHS) showed
that vegetables and gut microbiota diversity and composition were not associated with
the risk of developing T2DM [37]. It may be related to the Chinese food culture, where
most vegetables are cooked before consumption. One study showed that a higher intake
of raw vegetables (rather than cooked vegetables) was positively associated with a lower
risk of CVD [38]. Furthermore, the results of meta-analyses showed that a total vegetable
intake of about 100 g per day did not affect the risk of developing T2DM. Increasing
intake to 300 g per day could reduce the risk of developing T2DM by 9% with a non-linear
dose-response association, whereas above this value, no significant benefit of increasing
intake was observed [10,39]. Therefore, it is significant to investigate the potential different
associations of raw vegetables and cooked vegetables and different intakes with T2DM in
future work. Furthermore, high intakes of other meat products such as fish and poultry
were also observed in this dietary pattern. However, a meta-analysis of prospective cohort
studies found that these two food groups did not appear to be strongly associated with
diabetes [10,40]. Finally, the intake of condiments such as salt was considered in the
factor analysis and represented modern dietary patterns with a high factor loading. The
proinflammatory response has an essential effect on the development of T2DM [41]. It
has been shown that increased salt (sodium chloride) intake appeared to affect T2DM by
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enhancing TH17 cell activity through the p38/MAPK pathway and serum/glucocorticoid-
regulated kinase 1 (SGK1) to increase proinflammatory cytokine levels [42]. In addition, a
Japanese cohort study found that high HbA1C and dietary sodium intake had a synergistic
effect, which increased the risk of CVD in patients with T2DM [43].

The fruit–milk dietary pattern, which is high in milk and its products, fruits, eggs,
nuts and seeds and pastry snacks, but is low in vegetable oils, had no association with
high blood glucose. This nonsignificant relationship might be the result of the interaction
of certain healthy and unhealthy food groups. On the one hand, milk and its products,
fruits and nuts and seeds as healthy foods may reduce the risk of developing DM. A
prospective study from Singapore showed a significant 12% reduction in the risk of T2DM
in daily milk drinkers compared to non-milk drinkers [44]. A meta-analysis including
14 cohort studies found a non-linear negative association of total dairy and low-fat dairy
consumption with T2DM risk, with the inverse association appearing to be strongest at an
intake of 200 g/day [39,45]. As the intake increased to 400–600 g/day, the risk was reduced
by 6%. There was no significant benefit for increasing intake above this value [10]. In
addition, total fruits, nuts and seeds were negatively associated with the risk of developing
T2DM [10,37,46,47]. On the other hand, a higher intake of eggs and pastry snacks and a
lower intake of vegetable oils were thought to be positively associated with T2DM [10,39].
Although this dietary pattern did not show a significant association with high blood glucose
in this study, we need to recognise the drawbacks of this dietary pattern. For example,
the huge market for snack foods or ultra-processed foods in China could cause a dramatic
shock to the traditional Chinese diet.

To our knowledge, this is the first study to combine SEqM and multivariate logistic
regression to examine the association between dietary patterns and high blood glucose
in Jiangsu province, China. Moreover, our population was sampled according to strict
criteria, with the results being representative. However, the present investigation has some
shortcomings. First, the cross-sectional study design naturally hinders the inference of
causality. Second, the data of the diet was chosen from a 3-day, 24-h dietary recall and
weighing method, and seasonal factors may have led to biased food choices; third, other
confounding factors, such as physical activity and sleep duration, were not considered in
this study.

5. Conclusions

This study finally identified two dietary patterns through EFA and CFA: the modern
dietary pattern and the fruit–milk dietary pattern. The modern dietary pattern charac-
terised by a high intake of red meats was positively associated with high blood glucose
among adults in Jiangsu province of China, while the fruit–milk dietary pattern was not
significantly associated with high blood glucose.
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Abstract: Mitigating the risk of type 2 diabetes mellitus (T2DM) can be achieved through the mainte-
nance of a healthy weight, the adoption of a healthy diet, and engaging in regular physical activity.
The oxidative balance score (OBS), an integrated measure of pro- and antioxidant exposure conditions,
represents an individual’s overall oxidative balance status. This study aimed to evaluate the asso-
ciation between OBS and T2DM incidence using data from a large, community-based, prospective
cohort study. Data from 7369 participants aged 40–69 years who engaged in the Korean Genome and
Epidemiology Study (KoGES) were analyzed. The hazard ratio (HR) and 95% confidence interval
(CI) for T2DM incidence of sex-specific OBS tertile groups were calculated using univariable and
multivariable Cox proportional hazard regression analyses. During the mean 13.6-year follow-up
period, 908 men and 880 women developed T2DM. The fully-adjusted HR (95% CI) for incident
T2DM of the middle and highest tertile groups, compared with the referent lowest tertile group, were
0.86 (0.77–1.02) and 0.83 (0.70–0.99) in men and were 0.94 (0.80–1.11) and 0.78 (0.65–0.94) in women,
respectively. Individuals with a high OBS are at lower risk for the development of T2DM. This implies
that lifestyle modification with more antioxidant properties could be a preventive strategy for T2DM.

Keywords: oxidative balance score; antioxidant; type 2 diabetes mellitus; Korean genome;
epidemiology study

1. Introduction

Globally, the number of persons with diabetes mellitus is rising, with the International
Diabetes Federation estimating that there were 463 million cases of the disease in 2019
and that there would be 700.2 million cases by 2045 [1]. The prevalence of type 2 diabetes
mellitus (T2DM) among South Korean adults rapidly increased over the past decades from
1.5% in 1971 to 13.7% in 2016 [2]. The economic burden of diabetes mellitus in Korea
was USD 18,293 million in 2019 [3]. Moreover, the per capita cost increased nearly four
times, from USD 3991 to USD 11,965, when the number of complications due to diabetes
mellitus increased from one to three or more [3]. Patients with T2DM are at a higher risk of
cardiovascular mortality, all-cause mortality, and comorbidities, including cardiovascular
disease, cerebrovascular disease, and peripheral vascular disease [4]. Therefore, preventive
strategies for T2DM have been emphasized to reduce this disease burden [4].

The two main characteristics of T2DM are target tissue insulin resistance and a relative
deficiency of insulin production from pancreatic β-cells [5]. Over recent years, numer-
ous studies have demonstrated a synergistic interaction between inflammation-related
insulin resistance [6]. The emerging role of chronic low-grade inflammation in insulin
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resistance and β-cell dysfunction in T2DM has engendered increasing attention in targeting
inflammation to advance the prevention and management of the disease [7].

A recent meta-analysis elucidated that a coalescence of low-risk lifestyle behaviors
(such as appropriate body weight, healthy eating habits, light alcohol consumption, regular
exercise, and smoking cessation) resulted in an 80% reduction in the risk of developing
T2DM [8]. This finding aligns with a previous study emphasizing the balance between
antioxidants and oxidative stress in chronic diseases [9]. Smoking is a powerful pro-oxidant,
and the burden of oxidative stress could be exacerbated through the secondary release of
oxygen radicals from inflammation status [9]. Therefore, several studies proposed a link
between chronic disease and the oxidative balance score (OBS) [10–17]. The OBS evaluates
the oxidative balance of the lifestyle pattern of a subject in terms of the incorporated
consumption of anti- and pro-oxidants [10,12,18]. Lifestyle (cigarette smoking and alcohol
drinking), healthy body weight (obesity and abdominal obesity), and healthy diet (lower
intakes of saturated fatty acid [SFA], omega-6 poly-unsaturated fatty acid [PUFA], iron and
high intakes of vitamin C, vitamin E, omega-3 PUFA, selenium, and beta-carotene) could
be involved as OBS components [10].

To the best of our knowledge, no previous study has comprehensively examined OBS
and the incidence of T2DM in the middle-aged and elderly. Therefore, we prospectively
investigated the development of T2DM according to the OBSs of tertile groups from a
large-population, community-based Korean cohort observed over 16 years.

2. Materials and Methods

2.1. Study Population

We used the Korean Genome and Epidemiology Study (KoGES)-Ansan and Ansung,
embedded in the KoGES, a large, community-based study in Korea. The study design and
procedures were detailed in a previous study [19]. KoGES-Ansan and Ansung included
10,030 adults aged from 40 to 69 years. This survey was conducted between 2001 and 2002
and followed up every two years. For the present study, we included participants with the
eighth follow-up, conducted between 2017 and 2018. Initially, a total of 10,030 participants
received a health examination and questionnaire. Subsequently, we excluded participants
with T2DM at baseline (n = 1351), those with missing data to evaluate T2DM (n = 2), those
with missing data to calculate OBSs (n = 601), and those who did not follow up after the
baseline survey (n = 707). Finally, a total of 7369 participants (3485 men and 3884 women)
were included in this analysis. The flow chart is shown in Figure 1. All participants in this
study provided informed consent. This study protocol was approved by the Nowon Eulji
Medical Center’s Institutional Review Board (approval number: 2021-09-025) and followed
the ethical criteria of the 1964 Declaration of Helsinki and its subsequent amendments.

Figure 1. Flowchart of the study population selection.
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2.2. Assessment of Oxidative Balance Score

The OBS was calculated as the sum of seven pro-oxidant factors and six antioxidant
factors selected based on previous studies [10–17]. The scheme of OBS is described in
Table 1. Pro-oxidant factors include SFA, omega-6 PUFA, total iron intake, smoking status,
drinking status, obesity status, and abdominal obesity status. Each question was scored 0,
1, or 2. The scores for SFA, omega-6 PUFA, and total iron intake were assigned 0 through
2 points according to the sex-specific tertile values of each variable corresponding to low
(score 2), intermediate (score 1), and high (score 0). For smoking status, the scores for never
smoker, former smoker, and current smoker were 2, 1, and 0, respectively. For drinking
status, the scores for a non-drinker, mild drinker (1–19 g/day in men, 1–9 g/day in women),
and moderate drinker (20–29 g/day in men, 10–19 g/day in women) were 2, 1, and 0,
respectively. Zero points were given for people with obesity, one point was given for people
who were overweight, and 2 points were given for people within a normal weight range.
Zero points were given for people with abdominal obesity. Antioxidant factors include
intakes of omega-3 PUFA, vitamin C, vitamin E, selenium, and beta-carotene and physical
activity. The scores for omega-3 PUFA, vitamin C, vitamin E, selenium, and beta-carotene
intake were assigned 0 through 2 points according to the sex-specific tertile values of each
variable corresponding to high (score 2), intermediate (score 1), and low (score 0). Two
points were given for high-intensity physical activity, one for moderate physical activity,
and 0 for low physical activity. The sums of the OBSs ranged from 0 to 26 points. We
classified the participants into sex-specific tertile groups according to OBSs.

Table 1. Oxidative balance score assignment scheme.

OBS Components Assignment Scheme *

1. Saturated fatty acid [P] 0 = high (3rd tertile), 1 = intermediate (2nd tertile), 2 = low (1st tertile)
2. Omega-6 PUFA intake [P] 0 = high (3rd tertile), 1 = intermediate (2nd tertile), 2 = low (1st tertile)

3. Total iron intake [P] 0 = high (3rd tertile), 1 = intermediate (2nd tertile), 2 = low (1st tertile)
4. Smoking status [P] 2 = never smoker, 1 = former smoker, 0 = current smoker

5. Drinking status [P] 2 = non-drinker, 1 = mild-to-moderate drinker (<30 g/day in men, <20 g/day in women),
0 = heavy drinker (≥30 g/day in men, ≥20 g/day in women)

6. Overweight/obese [P] 2 = normal, 1 = overweight, 0 = obese
7. Abdominal obesity [P] 1 = normal, 0 = abdominal obesity

8. Omega-3 PUFA intake [A] 0 = low (1st tertile), 1 = intermediate (2nd tertile), 2 = high (3rd tertile)
9. Vitamin C intake [A] 0 = low (1st tertile), 1 = intermediate (2nd tertile), 2 = high (3rd tertile)
10. Vitamin E intake [A] 0 = low (1st tertile), 1 = intermediate (2nd tertile), 2 = high (3rd tertile)
11. Selenium intake [A] 0 = low (1st tertile), 1 = intermediate (2nd tertile), 2 = high (3rd tertile)

12. Total beta-carotene intake [A] 0 = low (1st tertile), 1 = intermediate (2nd tertile), 2 = high (3rd tertile)
13. Physical activity [A] 0 = low (<7.5 METs-h/wk), 1 = moderate (7.5–30 METs-h/wk), 2 = high (>30 METs-h/wk)

* Low, intermediate, and high categories correspond to sex-specific tertile values among participants in the KoGES
at the baseline survey. Abbreviations: P, pro-oxidant; A, antioxidant; PUFA, poly-unsaturated fatty acid; MET,
metabolic equivalent of task; KoGES, Korean Genome and Epidemiology Study.

2.3. Assessment of T2DM

T2DM was characterized as the presence of one or more of the following criteria:
(1) a fasting plasma glucose level of 126 mg/dL or higher, (2) a 2 h after 75 g oral glucose
tolerance test plasma glucose level of 200 mg/dL or higher, (3) glycosylated hemoglobin of
6.5% or higher, (4) treatment with oral anti-diabetic medicine, or (5) treatment with insulin
therapy [20].

2.4. Covariates

A well-trained medical staff conducted health examinations and interviews according
to a standard protocol. The detailed protocol of KoGES was available on the website
(http://www.cdc.go.kr/contents.es?mid=a40504010000, accessed on 23 January 2023).
Body mass index (BMI) was calculated as a person’s weight in kilograms divided by
the square of height in meters. Overweight was defined as when a person’s BMI was
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23 kg/m2 or higher, and obesity was defined as when a person’s BMI was 25 kg/m2 or
higher, respectively, based on the 2018 Korean Society for the Study of Obesity (KSSO)
guideline [21]. Abdominal obesity was defined as a person’s waist circumference (WC)
being 90 cm or higher in men and 85 cm or higher in women, based on the 2018 KSSO guide-
line [21]. Mean blood pressure (MBP, mmHg) was calculated as diastolic blood pressure
(DBP) + 1/3 × [systolic blood pressures (SBP)-DBP]. Information about smoking, alcohol
consumption, physical activity, education level, and household income was obtained from
the self-reported questionnaires. A participant who had never smoked or smoked less
than 100 cigarettes in their lifetime was defined as a never smoker. A participant who quit
smoking and smoked more than 100 cigarettes during their lifetime was defined as a former
smoker. A participant who smoked currently and had smoked more than 100 cigarettes
during their lifetime was defined as a current smoker. We calculated each participant’s daily
alcohol intake (g/day). A heavy drinker was defined as a person who drinks alcohol more
than 30 g/day in men and more than 20 g/day in women. A mild-to-moderate drinker
was defined as a person who drinks alcohol below 30 g/day in men and below 20 g/day in
women. A non-drinker was defined as a person who did not drink alcohol. Physical activity
was measured as metabolic equivalent of task (MET)-hours per day (MET-h/day) using
the International Physical Activity Questionnaire [22]. A nutrition survey was conducted
through a face-to-face interview in an individual’s home. Total energy intake and nutri-
tional status were calculated using a validated 103-item food frequency questionnaire [23].
We used the daily total energy intake (kcal/day), omega-6 PUFA, total iron (mg/day),
SFA (g/day), omega-3 PUFA (g/day), selenium (μg/day), vitamin C (mg/day), vitamin
E (mg/day), and beta-carotene (μg/day) intake. The educational levels were classified
as elementary/middle school, high school, and college/university. Monthly household
income was categorized into less than 100 million South Korean Won, 100–200 million
South Korean Won, and more than 200 million South Korean Won. The plasma glucose,
serum insulin, total cholesterol, triglyceride, high-density lipoprotein (HDL) cholesterol,
and C-reactive protein (CRP) were measured after at least 8 h of fasting using a Hitachi
700-110 Chemistry Analyzer (Hitachi, Ltd., Tokyo, Japan).

2.5. Statistical Analysis

After the normality test, variables with normal distribution were presented as
mean ± standard deviations, and those with non-normal distribution were represented
as median (25th, 75th). Continuous variables were compared using the one-way analysis
of variance or using the Kruskal–Wallis test according to the sex-specific OBS tertiles.
All statistical analyses were performed in a sex-specific manner. Categorical variables
were represented as a number (%) and compared using the chi-square test. To determine
cumulative incidence T2DM according to the sex-specific OBS tertiles, Kaplan–Meier
curves with the log-rank test were utilized. We calculated the hazard ratio (HR) and 95%
confidence interval (CI) for incident T2DM in the sex-specific middle tertile (T2) and
highest tertile (T3) groups compared with the referent lowest tertile (T1) group using
univariable and multivariable Cox proportional hazard regression analyses. We included
age, total energy intake, MBP, education level, household income, fasting plasma glucose,
serum insulin, serum total cholesterol, serum triglyceride, and serum CRP levels in the
adjusted model. All statistical analyses were performed with SAS software (version 9.4;
SAS Institute Inc., Cary, NC, USA) and R software (version 4.1.1; R Foundation for Statis-
tical Computing, Vienna, Austria). A p-value less than 0.05 was regarded as statistically
significant.
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3. Results

3.1. Baseline Characteristics of the Study Population

Table 2 shows the baseline characteristics of the study population according to the
OBS tertiles in men and women. In men, the T1 group had higher levels of MBP (p = 0.001),
serum glucose (p = 0.008), insulin (p < 0.001), total cholesterol (p < 0.001), triglyceride
(p < 0.001), CRP (p < 0.001), and total energy intake (p < 0.001) and had lower levels of
HDL cholesterol (p < 0.001). In women, the T1 group had higher levels of MBP (p < 0.001),
serum glucose (p < 0.001), insulin (p < 0.001), total cholesterol (p < 0.001), triglyceride
(p < 0.001), CRP (p < 0.001), and total energy intake (p < 0.001) and had lower levels of HDL
cholesterol (p < 0.001). The proportion of higher education level and household income
was significantly higher in the T3 group in both men and women.

Table 2. Baseline characteristics of the study population.

Oxidative Balance Score

Men Women

Variables
T1

(n = 1007)
T2

(n = 1060)
T3

(n = 1418)
p *

T1
(n = 1391)

T2
(n = 1212)

T3
(n = 1281)

p *

Age, years 50.8 ± 8.5 51.8 ± 8.7 51.1 ± 8.7 0.501 53.9 ± 9.0 52.1 ± 8.9 50.0 ± 8.3 <0.001
MBP, mmHg 98.2 ± 12.0 98.1 ± 12.3 96.5 ± 12.7 0.001 97.4 ± 13.8 95.2 ± 13.6 91.7 ± 13.0 <0.001

Glucose, mg/dL 85.1 ± 9.4 84.9 ± 9.1 84.1 ± 8.7 0.008 81.9 ± 8.0 81.0 ± 7.6 80.5 ± 7.4 <0.001

Insulin, μU/mL 6.8
[4.8; 9.5]

6.5
[4.9; 8.9]

6.1
[4.7; 8.3] <0.001 7.7

[5.8; 10.2]
7.3

[5.5; 9.9]
7.1

[5.3; 9.3] <0.001

Total cholesterol, mg/dL 193.8 ± 34.5 191.7 ± 35.3 188.8 ± 34.1 <0.001 192.6 ± 34.0 189.7 ± 35.1 185.0 ± 32.0 <0.001

Triglyceride, mg/dL 168.0
[124.0; 231.5]

141.5
[109.0; 200.5]

129.0
[95.0; 182.0] <0.001 134.0

[100.0; 182.0]
120.0

[91.5; 163.0]
111.0

[87.0; 150.0] <0.001

HDL cholesterol, mg/dL 42.7 ± 9.6 43.7 ± 9.5 44.6 ± 10.5 <0.001 44.4 ± 9.7 46.4 ± 10.2 47.1 ± 9.9 <0.001

CRP, mg/dL 0.16
[0.08; 0.27]

0.15
[0.07; 0.26]

0.13
[0.06; 0.22] <0.001 0.14

[0.08; 0.24]
0.14

[0.06; 0.23]
0.11

[0.04; 0.20] <0.001

Education level, n (%) 0.595 <0.001
Elementary/middle

school 427 (42.4%) 451 (42.7%) 569 (40.3%) 1052 (76.3%) 797 (66.3%) 724 (56.7%)

High school 366 (36.4%) 378 (35.8%) 514 (36.4%) 274 (19.9%) 317 (26.4%) 436 (34.2%)
College/university 213 (21.2%) 226 (21.4%) 330 (23.4%) 53 (3.8%) 88 (7.3%) 116 (9.1%)

Household income, n (%) 0.005 <0.001
<100 million South

Korean Won 259 (25.9%) 272 (25.8%) 380 (26.9%) 658 (48.1%) 474 (39.6%) 414 (32.9%)

100–200 million South
Korean Won 338 (33.8%) 286 (27.1%) 447 (31.7%) 375 (27.4%) 361 (30.2%) 345 (27.4%)

>200 million South
Korean Won 402 (40.2%) 496 (47.1%) 584 (41.4%) 336 (24.5%) 362 (30.2%) 498 (39.6%)

Energy intake, kcal/day 1798.5 ±
487.5

1979.5 ±
650.1

2250.6 ±
748.2 <0.001 1607.3 ±

513.4
1876.1 ±

656.9
2211.7 ±

858.5 <0.001

* p-value for the comparison of the baseline characteristics among sex-specific tertile groups of oxidative balance
scores at the baseline survey. Significance was set at p < 0.05. Abbreviations: MBP, mean blood pressure; CRP,
C-reactive protein.

Table 3 shows the baseline characteristics of individual components in relation to
sex-specific OBS tertile groups. In both men and women, the T3 group had a higher SFA
(p < 0.001), omega-6 PUFA (p < 0.001), total iron (p < 0.001), omega-3 PUFA (p < 0.001),
vitamin C (p < 0.001), vitamin E (p < 0.001), selenium (p < 0.001), and beta-carotene intake
(p < 0.001). In both men and women, those in the T1 group were more likely to be people
with obesity (p < 0.001), current drinkers (p < 0.001), and current smokers (p < 0.001); had
abdominal obesity (p < 0.001); and had lower physical activity (p < 0.001) than other groups.
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Table 3. Individual components of the score by oxidative balance score tertiles.

Oxidative Balance Score

Men Women

Variables
T1

(n = 1007)
T2

(n = 1060)
T3

(n = 1418)
p *

T1
(n = 1391)

T2
(n = 1212)

T3
(n = 1281)

p *

Saturated fatty acid, g/day 8.7 ± 4.0 10.5 ± 6.2 12.9 ± 7.7 <0.001 7.9 ± 4.5 10.5 ± 6.3 13.9 ± 9.6 <0.001
Omega-6 PUFA intake,

g/day 7.6 ± 4.0 8.6 ± 5.5 9.2 ± 5.4 <0.001 7.5 ± 4.1 8.6 ± 5.6 9.8 ± 6.4 <0.001

Total iron intake, mg/day 16.2 ± 6.1 19.3 ± 8.8 23.5 ± 10.9 <0.001 14.6 ± 6.2 18.8 ± 8.5 24.5 ± 12.9 <0.001
Smoking status, n (%) <0.001 <0.001

Current smoker 647 (64.3%) 519 (49.0%) 471 (33.2%) 86 (6.2%) 30 (2.5%) 7 (0.5%)
Former smoker 273 (27.1%) 352 (33.2%) 442 (31.2%) 27 (1.9%) 12 (1.0%) 4 (0.3%)
Never smoker 87 (8.6%) 189 (17.8%) 505 (35.6%) 1278 (91.9%) 1170 (96.5%) 1270 (99.1%)

Drinking status, n (%) <0.001 <0.001
Heavy drinker 295 (29.3%) 200 (18.9%) 167 (11.8%) 37 (2.7%) 12 (1.0%) 8 (0.6%)

Mild-to-moderate drinker 565 (56.1%) 588 (55.5%) 680 (48.0%) 433 (31.1%) 315 (26.0%) 236 (18.4%)
Non-drinker 147 (14.6%) 272 (25.7%) 571 (40.3%) 921 (66.2%) 885 (73.0%) 1037 (81.0%)

Obesity status, n (%) <0.001 <0.001
Obese 596 (59.2%) 426 (40.2%) 322 (22.7%) 892 (64.1%) 523 (43.2%) 267 (20.8%)

Overweight 228 (22.6%) 301 (28.4%) 411 (29.0%) 345 (24.8%) 298 (24.6%) 384 (30.0%)
Normal weight 183 (18.2%) 333 (31.4%) 685 (48.3%) 154 (11.1%) 391 (32.3%) 630 (49.2%)

Abdominal obesity, n (%) 350 (34.8%) 226 (21.3%) 126 (8.9%) <0.001 755 (54.3%) 374 (30.9%) 199 (15.5%) <0.001
Omega-3 PUFA intake,

g/day 1.1 ± 0.6 1.3 ± 0.9 1.5 ± 0.9 <0.001 1.0 ± 0.6 1.3 ± 0.9 1.6 ± 1.1 <0.001

Vitamin C intake, mg/day 73.8 ± 45.1 109.4 ± 85.9 160.0 ± 116.9 <0.001 81.5 ± 64.8 135.1 ± 116.3 205.6 ± 149.7 <0.001
Vitamin E intake, mg/day 10.5 ± 4.0 13.6 ± 6.6 17.8 ± 8.5 <0.001 9.2 ± 4.4 13.6 ± 7.1 19.2 ± 10.5 <0.001
Selenium intake, μg/day 36.9 ± 18.5 49.5 ± 31.0 66.2 ± 38.4 <0.001 29.6 ± 18.6 46.0 ± 28.6 67.1 ± 47.8 <0.001

Beta-carotene intake,
μg/day

2212.2 ±
1530.4

3409.7 ±
2930.3

4938.1 ±
3940.7 <0.001 1980.8 ±

1415.3
3283.4 ±

2557.0
5325.7 ±

4545.6 <0.001

Physical activity, n (%) <0.001 <0.001
Low (<7.5 METs-h/day) 103 (10.2%) 51 (4.8%) 47 (3.3%) 197 (14.2%) 97 (8.0%) 63 (4.9%)

Moderate (7.5–30
METs-h/day) 682 (67.7%) 629 (59.3%) 774 (54.6%) 847 (60.9%) 787 (64.9%) 770 (60.1%)

High (>30 METs-h/day) 222 (22.0%) 380 (35.8%) 597 (42.1%) 347 (24.9%) 328 (27.1%) 448 (35.0%)

* p-value for the comparison of the baseline characteristics among sex-specific tertile groups of oxidative balance
score at the baseline survey. Significance was set at p < 0.05. Abbreviations: PUFA, poly-unsaturated fatty acid;
MET, metabolic equivalent of task.

3.2. Longitudinal Association of OBS and Incident T2DM

Throughout the average 13.6-year follow-up period, 908 (26.05%) men and 880 (22.66%)
women developed new-onset T2DM.

Figure 2 presents the cumulative new-onset T2DM according to the sex-specific OBS
tertiles as Kaplan–Meier curves. The T3 group showed the significantly lowest cumulative
incident T2DM, followed by the T2 and T1 groups, in both men and women (both p-values
for log-rank test < 0.001) (Figure 2a,b).

Table 4 shows the relationship between OBSs and incident T2DM in men and women.
In men, the incidence rate per 1000 person-years was 27.49 in T1, 23.21 in T2, and 19.61
in T3. Compared with referent T1, the HR and 95% CI for new-onset T2DM were 0.85
(0.72–0.99) in T2 and 0.72 (0.62–0.85) in T3 (p for trend < 0.001). In the adjusted model,
the HR and 95% CI for new-onset T2DM were 0.86 (0.73–1.02) in T2 and 0.83 (0.70–0.99)
in T3 (p for trend = 0.035), compared with referent T1. In women, the incidence rate per
1000 person-years was 22.65 in T1, 19.09 in T2, and 14.48 in T3. The HR and 95% CI for
new-onset T2DM were 0.84 (0.72–0.98) in T2 and 0.64 (0.54–0.75) in T3 (p for trend <0.001),
compared with referent T1. The adjusted HR and 95% CI for new-onset T2DM were 0.94
(0.80–1.11) in T2 and 0.78 (0.65–0.94) in T3 (p for trend = 0.010), compared with referent T1.
The HR and 95% CI for new-onset T2DM per one increment of OBS were 0.94 (0.91–0.96) in
men and 0.91 (0.89–0.94) in women. Similar trends were shown in the adjusted model.
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Figure 2. Kaplan–Meier curves for cumulative incidence of type 2 diabetes mellitus according to the
sex-specific oxidative balance score tertiles in (a) men and (b) women.

Table 4. Cox proportional hazard regression analysis presenting the relationship of oxidative balance
scores with incident type 2 diabetes mellitus.

Oxidative Balance
Score Tertiles

Numbers, n New-Onset
Cases, n

Follow-Up Period,
Person-Year

Incidence Rate Per
1000 Person-Years

Unadjusted Adjusted

HR (95% CI) HR (95% CI)

Men

Continuous
(per 1 increment)

0.94
(0.91–0.96)

0.96
(0.94–0.99)

T1 1007 306 11,130.3 27.49 1 (reference) 1 (reference)

T2 1060 284 12,238.5 23.21 0.85
(0.72–0.99)

0.86
(0.73–1.02)

T3 1418 318 16,218.5 19.61 0.72
(0.62–0.85)

0.83
(0.70–0.99)

p for trend <0.001 0.035

Women

Continuous
(per 1 increment)

0.91
(0.89–0.94)

0.95
(0.92–0.98)

T1 1391 367 16,206.6 22.65 1 (reference) 1 (reference)

T2 1212 281 14,717.9 19.09 0.84
(0.72–0.98)

0.94
(0.80–1.11)

T3 1281 232 16,025.8 14.48 0.64
(0.54–0.75)

0.78
(0.65–0.94)

p for trend <0.001 0.010

Adjusted for age, total energy intake, mean blood pressure, education level, household income, plasma fasting glu-
cose, serum insulin, serum total cholesterol, serum triglyceride, and serum C-reactive protein level. Abbreviations:
HR, hazard ratio; CI, confidence interval.

4. Discussion

From this prospective study of a large, community-based Korean cohort over 16 years,
OBSs were independently and inversely related to incident T2DM even after controlling
confounding variables.

In both men and women, the T3 group had 0.83- and 0.78-fold lower HRs for incident
T2DM compared with T1 group, respectively. These findings agreed with the results of a
previous cross-sectional study, which found that a higher OBS was positively related to
better glycemic control in T2DM patients [24]. These data support the hypothesis that a
healthy balance of pro- and antioxidant exposure has protection effect against T2DM. To the
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best of our knowledge, despite the associations between OBS and various health outcomes,
including chronic kidney disease [25], hypertension [26], and metabolic syndrome [27],
only one cross-sectional study found an association between OBS and glycemic control
until the present [24]. A greater OBS, which denotes a predominance of antioxidant
exposures over pro-oxidant exposures, has been associated with better glycemic control
in Iranian people with T2DM, according to a prior study. [24]. In the prior study, the
multivariable-adjusted mean HbA1c and FSG of participants in the highest tertile of OBS
were noticeably lower than those in the lowest tertile (for HbA1c: mean difference—0.73 %;
for FSG: mean difference—10.2 mg/dL; both p < 0.050). However, causal relationships
cannot be inferred due to the study’s cross-sectional nature. This cross-sectional study was
performed on participants who have already been diagnosed with T2DM. Our prospective
study is the first approach to evaluate the effect of OBS on the incidence of T2DM in the
general population.

In both men and women, the T3 group consumed higher amounts of both antioxidant
components (such as omega-3 PUFA, selenium, vitamin C, vitamin E, and beta-carotene)
and pro-oxidant components (such as saturated fatty acids, omega-6, and iron) compared
with the other groups. This could potentially be attributed to their higher total energy
intake. Considering these findings, it is believed that taking into account the OBS is more
important than considering the individual components alone. Additionally, one important
consideration is that factors like smoking, alcohol consumption, and obesity may have a
greater impact on an OBS.

There are several persuasive mechanisms assisting the noted associations with lower
risk for T2DM in the current study. Healthy diet patterns emphasizing a high consumption
of fruits, vegetables, nuts, and fish are associated with health benefits including improve-
ment of serum glucose and lipid level and weight loss [28]. Fruits, vegetables, nuts, and
fish are rich sources of vitamins, minerals, polyphenols, and healthy fats, which have been
associated with enhancing insulin sensitivity and reducing inflammation [29].

Physical activity yields a range of favorable effects, including enhancements in serum
lipids, peripheral insulin sensitivity, reduction in blood pressure, mitigation of inflamma-
tion, and facilitation of weight loss [30]. Smoking can negatively impact pancreatic β-cell
function and insulin sensitivity, promote inflammation, and contribute to increased visceral
adiposity, in contrast to individuals who do not smoke [31]. Therefore, research groups
have provided evidence that adopting a healthy lifestyle, encompassing reduced alcohol
consumption, weight control, and increased vegetable intake, can effectively mitigate the
risk of developing T2DM among individuals with impaired glucose tolerance and fast-
ing glucose levels [32]. Further recent meta-analysis highlights that combining healthy
lifestyles including healthy diet patterns, physical activity, cessation of smoking, and a
healthy weight is closely associated with lower risk of T2DM [8].

This study has a few limitations. First, selection bias, as in other prospective studies,
could have occurred. The subjects were recruited from 38 health examination centers
and hospitals in the Republic of Korea’s urban district, and only those willing to perform
were enrolled. We could not assess the effects of individual pro- and anti-inflammatory
cytokines, including TNF-α, IL-1β, IL-4, IL-6, and IL-10. Second, there is no information
in the KoGES on detailed prescriptions for antidiabetic medications. Third, in the KoGES
dataset, only the baseline survey data for OBS values were utilized. This was because
follow-up information specifically related to diet was unavailable. It is important to note
that all variables included in the OBS have the potential to change over time. Therefore,
future studies should consider analyzing the impact of changes in OBSs over time on
the incidence of T2DM. Forth, each component comprising the oxidative balance score
may exert unique effects on the incidence of T2DM. Therefore, it is crucial to employ an
analytical approach that incorporates the weights associated with each pro-oxidant and
antioxidant component when evaluating their influence on the development of T2DM.
Further research is needed to clarify the association between OBS and T2DM. Finally,
the indicators included in an OBS can contribute to the development of T2DM not only
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through oxidative stress effects but also through other mechanisms. For instance, high
levels of physical activity have a protective effect against diabetes by improving insulin
resistance in the muscles and liver [33]. On the other hand, obesity can contribute to
T2DM through altered pancreatic hormone secretion, impaired glucose uptake in skeletal
muscles, and hepatic insulin resistance [34]. Therefore, the group with high OBSs may have
been influenced by additional mechanisms, beyond oxidative stress, in the occurrence of
T2DM. Despite the above limitations, the most notable feature of this prospective study was
confirmation of the incidence of T2DM by analyzing FFQ nutritional details on a large scale
over 16 years. As a result, it reduces the possibility of recall bias and provides more reliable
results than case-control studies. This current study is significant for providing evidence
of a positive relationship between OBS and T2DM incidence risk. We anticipate that the
present research will help lower the incidence of T2DM by highlighting the importance
of an antioxidant-rich diet and drawing public attention to the risk of a pro-inflammatory
lifestyle and diet.

5. Conclusions

We found that higher OBS was significantly related to a lower risk of T2DM among
community-dwelling middle-aged and older Korean adults. Maintaining an optimal
weight, physical activity, a non-smoking lifestyle, and a healthy diet pattern could be
effective for lowering T2DM risk.

Author Contributions: Conceptualization, J.-H.L.; methodology, Y.-J.K., H.-M.P., and. J.-H.L.; vali-
dation, Y.-J.K., H.-M.P., and. J.-H.L.; formal analysis, Y.-J.K. and J.-H.L.; investigation, H.-M.P. and
J.-H.L.; resources, H.-M.P.; data curation, J.-H.L.; writing—original draft preparation, Y.-J.K., H.-M.P.,
and. J.-H.L.; writing—review and editing, J.-H.L.; visualization, Y.-J.K., H.-M.P., and. J.-H.L.; supervi-
sion, J.-H.L.; project administration, Y.-J.K., H.-M.P., and. J.-H.L. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by the Korea Institute of Planning and Evaluation for Technology
in Food, Agriculture, and Forestry through the High Value-added Food Technology Development
Program funded by the Ministry of Agriculture, Food and Rural Affairs (321030051HD030).

Institutional Review Board Statement: This study protocol was approved by the Institutional
Review Board of Nowon Eulji Medical Center (Approval number: 2021-09-025).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The Korean Genome and Epidemiology Study data are available through
a procedure described at https://nih.go.kr/ko/main/main.do (accessed on 23 January 2023).

Acknowledgments: Data in this study were obtained from the Korean Genome and Epidemiology
Study (4851-302), National Research Institute of Health, Centers for Disease Control and Prevention,
Ministry for Health and Welfare, Republic of Korea. Informed consent was obtained from all the
participants in the current study.

Conflicts of Interest: No potential conflict of interest was reported by the authors.

References

1. Saeedi, P.; Petersohn, I.; Salpea, P.; Malanda, B.; Karuranga, S.; Unwin, N.; Colagiuri, S.; Guariguata, L.; Motala, A.A.; Ogurtsova,
K.; et al. Global and regional diabetes prevalence estimates for 2019 and projections for 2030 and 2045: Results from the
international diabetes federation diabetes atlas, 9(th) edition. Diabetes Res. Clin. Prac. 2019, 157, 107843. [CrossRef] [PubMed]

2. Bae, J.C. Trends of diabetes epidemic in korea. Diabetes Metab. J. 2018, 42, 377–379. [CrossRef] [PubMed]
3. Oh, S.-H.; Ku, H.; Park, K.S. Prevalence and socioeconomic burden of diabetes mellitus in south korean adults: A population-based

study using administrative data. BMC Public Health 2021, 21, 548. [CrossRef]
4. Cousin, E.; Schmidt, M.I.; Ong, K.L.; Lozano, R.; Afshin, A.; Abushouk, A.I.; Agarwal, G.; Agudelo-Botero, M.; Al-Aly, Z.;

Alcalde-Rabanal, J.E.; et al. Burden of diabetes and hyperglycaemia in adults in the americas, 1990–2019: A systematic analysis
for the global burden of disease study 2019. Lancet Diabetes Endocrinol. 2022, 10, 655–667. [CrossRef] [PubMed]

5. Galicia-Garcia, U.; Benito-Vicente, A.; Jebari, S.; Larrea-Sebal, A.; Siddiqi, H.; Uribe, K.B.; Ostolaza, H.; Martin, C. Pathophysiology
of type 2 diabetes mellitus. Int. J. Mol. Sci. 2020, 21, 6275. [CrossRef]

6. Wu, H.; Ballantyne, C.M. Metabolic inflammation and insulin resistance in obesity. Circ. Res. 2020, 126, 1549–1564. [CrossRef]

37



Nutrients 2023, 15, 2497

7. Rohm, T.V.; Meier, D.T.; Olefsky, J.M.; Donath, M.Y. Inflammation in obesity, diabetes, and related disorders. Immunity 2022,
55, 31–55. [CrossRef]

8. Khan, T.A.; Field, D.; Chen, V.; Ahmad, S.; Mejia, S.B.; Kahleová, H.; Rahelić, D.; Salas-Salvadó, J.; Leiter, L.A.; Uusitupa, M.;
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Abstract: Background: Selenium is a trace element that has been reported to be effective in regulating
glucose and lipid metabolism. However, there is conflicting evidence from different clinical trials
of selenium supplementation in treating cardiometabolic diseases (CMDs). Objective: This meta-
analysis aimed to identify the effects of selenium supplementation on insulin resistance, glucose
homeostasis, and lipid profiles in patients with CMDs. Methods: Randomized controlled trials
(RCTs) of selenium supplementation for treating CMDs were screened in five electronic databases.
Insulin levels, homeostatic model assessment of insulin resistance (HOMA-IR), fasting plasma
glucose (FPG), and glycosylated hemoglobin A1C (HbA1c) were defined as the primary outcome
markers, and lipid profiles were considered the secondary outcome markers. Results: Ten studies
involving 526 participants were included in the meta-analysis. The results suggested that selenium
supplementation significantly reduced serum insulin levels (standardized men difference [SMD]:
−0.53; 95% confidence interval [CI] [−0.84, −0.21], p = 0.001, I2 = 68%) and HOMA-IR (SMD: −0.50,
95% CI [−0.86, −0.14], p = 0.006, I2 = 75%) and increased high-density lipoprotein cholesterol (HDL-C)
levels (SMD: 0.97; 95% CI [0.26, 1.68], p = 0.007, I2 = 92%), but had no significant effect on FPG,
total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL-C), and very
low-density lipoprotein cholesterol (VLDL-C). Conclusion: Current evidence supports the beneficial
effects of selenium supplementation on reducing insulin levels, HOMA-IR, and increasing HDL-C
levels. Selenium supplementation may be an effective strategy for reducing insulin resistance in
patients with CMDs. However, more high-quality clinical studies are needed to improve the certainty
of our estimates.

Keywords: selenium; cardiometabolic disease; insulin resistance; diabetes mellitus; cardiovascular
disease; systematic review; meta-analysis

1. Introduction

Cardiometabolic diseases (CMDs) begin with clinically high-risk states ranging from in-
sulin resistance (IR) to prediabetes states (e.g., obesity) and metabolic syndrome (MS), which
then progress to type 2 diabetes mellitus (T2DM) and cardiovascular disease (CVD) [1].
Most individuals diagnosed with CMDs also experience additional cardiometabolic risks,
including obesity, dyslipidemia, hyperinsulinemia, and thrombosis [2]. Unhealthy diets
and accelerated population aging have resulted in an annual increase in the prevalence
and mortality of CMDs, which places a significant economic burden on the healthcare
systems of various countries [3,4]. Studies have shown that these metabolic disorders may
be influenced by nutrition. Individual nutrient and dietary supplements composed of
sufficient nutrients may be associated with reduced cardiometabolic risks, suggesting that
nutritional intervention measures are effective in managing these diseases [5–8].
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Selenium is a micronutrient that is vital for human health, and its content in soil varies
across different regions. In many countries, including China, selenium-containing soil is
poor, and people are prone to selenium deficiency [9,10]. Selenium can exist in nature
as inorganic forms (e.g., selenate and selenite) and organic forms (e.g., selenocysteine
[Sec]) [11]. Selenium is highly absorbed and distributed throughout the body; in particular,
organic selenium is more stable and bioavailable than inorganic selenium [11]. Sec is the
main form of selenium in cells, and Sec-containing protein, namely selenoprotein (e.g.,
selenoprotein P, glutathione peroxidases [GPxs], and thioredoxin reductase [TrxRs]), is
mainly responsible for the biological role of selenium in the human body [11–14]. Sele-
nium is incorporated into selenoproteins, which have broad pleiotropic functions, such
as antioxidant and anti-inflammatory properties [15]. Oxidative stress, which is an im-
balance between antioxidant defense and prooxidant substances (e.g., reactive oxygen
species [ROS] and reactive nitrogen species [RNS]), causes oxidative damage through
various mechanisms, including lipid peroxidative damage, DNA damage, and protein
oxidation [16,17]. Lately, increasing evidence has shown that the progression of insulin
resistance, the pathogenesis of T2DM, and its microvascular ailments and macrovascular
complications are significantly regulated by oxidative stress [18,19]. Higher oxidative stress
is directly related to the emergence of CMDs [20,21]. Selenium is a well-known antioxidant;
in particular, the selenoproteins GPxs and TrxRs are involved in antioxidant defenses and
protection against oxidative damage [22]. Supplementing selenium could significantly
reduce ROS, increase superoxide dismutase and GPxs activity, and reduce inflammatory
cytokine content [23]. A meta-analysis of 13 trials found that selenium supplementation
alleviated oxidative stress by raising the total antioxidant capacity and GPxs levels and
lowering serum malonaldehyde [17]. It has been proposed that selenium is a hormetic
chemical, a substance with a biphasic dose-response that is poisonous at high levels but
beneficial at low concentrations [22]. Supra-nutritional levels of selenium produce ROS,
which then disturb the redox states of cells [24], increase oxidative stress, and damage
tissues and organs [25]. Therefore, maintaining an optimal selenium status is crucial to
maintaining redox equilibrium.

Numerous studies have highlighted the significance of selenium and selenoproteins
in the prevention and treatment of chronic metabolic diseases such as MS, T2DM, and
CVD [26–28]. Huang et al. [29] reported that low selenium levels were related to an elevated
risk of metabolic disorders, poor prognosis, and mortality. Interestingly, Kamali et al. [30]
observed that selenium supplementation significantly improved glucose metabolism by
decreasing fasting plasma glucose (FPG), insulin, and homeostatic model assessment of
insulin resistance (HOMA-IR), and also increased high-density lipoprotein-cholesterol
(HDL-C) levels, but did not affect other lipid profiles. However, selenium status has been
reported to be positively associated with markers of insulin resistance and lipid profiles by
Cardoso et al. [31] and Ju et al. [32]. On the other hand, a previous meta-analysis reported
that selenium supplementation significantly alleviated oxidative stress and inflammation,
but did not improve the blood lipid status [33]. To the best of our knowledge, the exact
role of selenium in glycolipid metabolism in patients with CMDs remains undetermined.
Therefore, to address these issues, we analyzed the impacts of selenium supplementation
on glucose and lipid metabolism in CMDs, with the aim of verifying whether selenium
supplementation could be a complementary treatment strategy for CMDs.

2. Methods

This meta-analysis strictly followed the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines [34]. The study protocol has been
registered and published in PROSPERO with ID: CRD42022353393.

2.1. Search Strategy

Searches of the literature for this meta-analysis were conducted using PubMed,
Cochrane Library, Embase, Scopus, and Web of Science databases up to 31 July 2022.
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The key search terms for searching the databases included the following: selenium, selenite,
selenate, trace element, cardiometabolic disease, diabetes mellitus, T2DM, coronary heart
disease, heart failure, hypertension, hyperlipidemia, metabolic syndrome, stroke, obesity,
randomized controlled trial, RCT, random*. In some cases, we may have added or changed
the retrieved keywords depending on the characteristics of the databases (Supplementary
Table S1). Moreover, we manually checked the reference lists of the eligible articles to
identify extra pertinent research. Two reviewers (J.O. and Y.C.) conducted the literature
search independently, and any discrepancies were resolved by consensus.

2.2. Study Selection

Two authors (J.O. and Y.C.) individually filtered all eligible studies using strict inclu-
sion and exclusion criteria. Any differences in opinion were settled through consensus
or discussion with Drs. Bai and Wang. The reasons for the exclusion of studies in each
phase were recorded. Eligible studies were required to meet the following inclusion cri-
teria according to PICOS: (1) Types of population (P): patients with diseases related to
CMDs, such as diabetes mellitus, coronary heart disease, heart failure, hypertension, stroke,
metabolic syndrome, and obesity. (2) Types of interventions (I): the experimental group
received selenium supplementation but the control group did not. Selenium supplemen-
tation in all forms, including inorganic, organic, synthetic, and selenium-enriched yeast,
was considered. The treatment dose and period were not limited. (3) Types of comparison
(C): the control group received placebo or conventional treatment. (4) Types of outcomes
(O): primary outcomes: insulin levels, HOMA-IR, FPG, and glycosylated hemoglobin A1C
(HbA1c); secondary outcomes: lipid profiles, including total cholesterol (TC), triglycerides
(TG), low-density lipoprotein cholesterol (LDL-C), very low-density lipoprotein cholesterol
(VLDL-C), and HDL-C. (5) Types of study design (S): randomized controlled trial (RCT)
only. The exclusion criteria were as follows: (1) Repeat published studies; (2) conference
abstracts; and (3) in vitro and animal studies.

2.3. Data Collection Process

Two reviewers (J.O. and Y.C.) independently collected the following data from the
included studies using standardized forms: (1) the characteristics of selected articles, such as
author(s), journal of publication, publication year, study design, study location, registration,
or not, the number of participants, interventions, treatment period; (2) characteristics of
participants, such as disease type, mean age, gender; and (3) clinical outcomes.

2.4. Risk of Bias Assessment

We assessed the risk of bias of the included studies according to the Cochrane Col-
laboration Risk of Bias tool. The assessed domains included the following: methods of
random sequence generation, allocation concealment, blinding of participants and per-
sonnel, blinding of outcome assessment, incomplete outcome data, selective reporting,
and other bias [35]. Each study was classified as low, unclear, or high risk based on
these domains.

2.5. Data Synthesis and Statistical Analysis

The effect of selenium supplementation on relevant outcomes was assessed as the
changes (mean ± standard deviation [SD]) before and after treatment in the experimental
and the control groups. If the mean values of the changes before and after treatment
were unreported, they were calculated by subtracting the mean at the baseline from the
mean at the end of the follow-up. When the SDs of the changes before and after treatment
were not reported, they were computed according to the number of patients, standard
errors, 95% confidence interval (CI), interquartile ranges, or p-values. If the missing
SDs were still unavailable, they were calculated using the correlation formula, and the
correlation coefficient was cautiously assumed to be 0.5 [36,37]. For studies with multiple
intervention groups, we combined relevant groups into a single treatment group. All related
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calculation formulas were referred to the Cochrane Handbook for Systematic Reviews of
Intervention [38].

Data were evaluated using Review Manager version 5.3 and STATA version 17.0
for a more comprehensive assessment of outcomes. The heterogeneity between studies
was assessed using Cochrane’s Q test and was quantified by the I2 test. Heterogeneity
was rated as low, moderate, or high when the value of I2 was <50%, 50–75%, or >75%,
respectively [39]. When the heterogeneity was low (I2 < 50%), data were pooled by applying
the fixed-effects model; otherwise, the random-effects model was applied [40]. Effect sizes
are presented as the standardized mean difference (SMD) with 95% CI. If sufficient studies
(≥10) were included, funnel plots and Egger’s test were applied to determine whether
there was publication bias. A p-value of <0.05 was considered statistically significant.

2.6. Analysis of Subgroups or Subsets

In cases where significant heterogeneity was noted among studies, sensitivity analysis
or subgroup analyses were performed to identify its possible sources. Sensitivity analysis
was performed by removing each study sequentially to evaluate the influence of each study
on the overall effect size. Subgroup analysis was conducted according to the type of disease
of the participants.

3. Results

3.1. Literature Selection

We retrieved 4688 studies from five electronic databases. Two studies were manually
retrieved. Then, 2530 studies were retained after excluding 2160 duplicates, and a further
2503 studies were eliminated after reading the title and abstract, leaving 27 studies that
met the screening criteria for full-text evaluation. Finally, 10 RCTs [30,41–49] were included
in this meta-analysis. The screening process is depicted in Figure 1.

3.2. Study Characteristics

All 10 studies included in this meta-analysis were randomized, double-blind, placebo-
controlled trials, with 526 participants, including 272 in the selenium group (experimental
group) and 254 in the control group. The treatment period ranged from 4 to 24 weeks. All
10 studies were conducted in Iran. Except for Faghihi 2014 [48], the remaining nine studies
have completed clinical trial registration. Faghihi 2014 [48] reported participants’ selenium
concentration as deficient state at baseline, and the remaining studies did not report partici-
pants’ selenium status. In the included studies, the forms of selenium supplementation
were mainly selenium yeast and sodium selenite, but three studies did not mention the
form of selenium supplementation. Five studies [37,41,43,45,48] recruited patients with
diabetes mellitus or complications of diabetes mellitus (e.g., diabetic nephropathy), three
studies [30,42,44] recruited patients with cardiovascular disease, one study [46] recruited
patients with diabetes mellitus combined with coronary heart disease, and one study [49]
recruited obese patients (Table 1).
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Figure 1. PRISMA flow chart for selection and screening of the studies.
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3.3. Risk of Bias Assessments

All except two studies [46,49] were rated as having a low risk of selection bias for
adopting appropriate random sequence generation and allocation concealment methods.
Farrokhian 2016 [46] and Alizadeh 2012 [49] were assessed as having an unclear risk of
selection bias because they reported random sequence generation methods, but did not
report allocation concealment methods. All of the 10 studies were rated as carrying a
low risk of performance bias and concealment bias due to complete reporting of blinding
implementation. Eight studies [30,41,42,44–47,49] were rated as having a low risk of
attrition bias, but Najib 2020 [43] and Faghihi 2014 [48] were rated as high risk due to
unbalanced and unexplained loss at follow-up. Farrokhian 2016 [46] and Alizadeh 2012 [49]
were rated as high risk of reporting bias because the primary outcomes were changed after
the protocol registration. Due to the lack of a registered protocol [48] or the inability to
report several secondary outcomes [41–43,45], five studies were rated as unknown risks
of report bias. Farrokhian 2016 [45] was rated a high risk of other bias because of the
inconsistency in the types of hypoglycemic drugs taken between the selenium and control
groups, which may have affected the effect evaluation (Figures 2 and 3).

Figure 2. Summary of the risks of bias.

3.4. Meta-Analysis
3.4.1. Primary Outcomes

All 10 studies with 526 participants evaluated the effects of serum insulin levels
and HOMA-IR. The heterogeneity of serum insulin levels and HOMA-IR were moderate
(I2 = 68%, I2 = 75%). Pooled results obtained by employing a random-effects model demon-
strated that selenium supplementation remarkably lowered serum insulin levels (SMD:
−0.53, 95% CI [−0.84, −0.21], p = 0.001) and decreased HOMA-IR (SMD: −0.50, 95% CI
[−0.86, −0.14], p = 0.006) (Figures 4 and 5). To resolve heterogeneity, sensitivity analysis
was conducted by excluding the studies one by one. The pooled results were broadly con-
sistent with the above analysis (Supplementary Figures S1 and S2), and the heterogeneity
was largely affected by Faghihi 2014 [48], which was excluded. Nine studies [30,41–47,49]
remained after the exclusion, with no heterogeneity in the pooled results (all I2 = 0%),
indicating that Faghihi 2014 [48] was a major factor in the source of heterogeneity of insulin
levels and HOMA-IR. This may be due to a baseline difference in the hypoglycemic drugs
taken between the selenium and control groups in Faghihi’s study. An analysis was then
conducted with the fixed-effects model, and the result confirmed the previous observation
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that supplementing with selenium was associated with lower serum insulin levels (SMD:
−0.67, 95% CI [−0.86, −0.48], p < 0.0001) and HOMA-IR (SMD: −0.67, 95% CI [−0.86,
−0.48], p < 0.0001) (Figures 6 and 7).

Figure 3. Risks of bias graph expressed as percentages.

Figure 4. Forest plot of insulin levels [30,41–49].

Figure 5. Forest plot of HOMA-IR [30,41–49].
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Figure 6. Forest plot of insulin levels after excluding Faghihi 2014 [30,41–47,49].

Figure 7. Forest plot of HOMA-IR after excluding Faghihi 2014 [30,41–47,49].

The effect of selenium supplementation on FPG was assessed in 492 participants
through nine studies [30,41–48]. The heterogeneity between studies was high (I2 = 91%).
Pooled analysis from the random-effects model indicated that the selenium group and
the control group had similar effects on FPG (SMD: 0.06, 95% CI [−0.56, 0.68], p = 0.86)
(Supplementary Figure S3). To resolve heterogeneity, sensitivity analysis was conducted by
excluding the studies one by one. The results showed that although the pooled results were
stable, the heterogeneity was not resolved (Supplementary Figure S4). Then, subgroup
analysis was conducted based on the underlying diseases of the participants. As shown in
Figure 8, the FPG levels in patients with cardiovascular disease were significantly lower in
the selenium group than in the control group (SMD: −0.42, 95% CI: [−0.77, −0.07], p = 0.02),
with no heterogeneity (I2 = 0%). However, there was no statistical difference in terms of
FPG between the selenium and control groups in the other two subgroups (Figure 8).

Only two studies [43,48], including 114 participants, assessed the effect of selenium
supplementation on HbA1c. The heterogeneity between studies was high (I2 = 85%). Thus,
we did not perform a meta-analysis of HbA1c. Both studies reported reductions in HbA1c
after treatment in both the selenium and control groups, in which Najib 2020 [43] reported a
more significant reduction in HbA1c in the selenium group compared to the control group.
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Figure 8. Subgroup analysis of FPG [30,41–48].

3.4.2. Secondary Outcomes

Nine studies [30,41,42,44–49] with 492 patients evaluated the effects of TC, TG, and
LDL-C, and five studies [30,41,44–46] with 259 patients evaluated the effects of VLDL-C.
The heterogeneity of TC, TG, and VLDL-C was insignificant (all I2 = 0). Unfortunately, the
pooled results from the fixed-effects model demonstrated that selenium supplements did
not significantly lower TC, TG, and VLDL-C in patients with CMDs (SMD: −0.07, 95% CI
[−0.25, 0.12], p = 0.48, SMD: −0.12, 95% CI [−0.30, 0.06], p = 0.20, and SMD: −0.08, 95%
CI [−0.33, 0.16], p = 0.51, respectively) (Figures 9–11). The heterogeneity of LDL-C was
high (I2 = 79%). Pooled results from the random-effects model demonstrated no significant
difference in LDL-C between the two groups (SMD: −0.35, 95% CI [−0.76, 0.06], p = 0.10)
(Figure 12).

Figure 9. Forest plot of TC [30,41,42,44–49].
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Figure 10. Forest plot of TG [30,41,42,44–49].

Figure 11. Forest plot of VLDL-C [30,41,44–46].

Figure 12. Forest plot of LDL-C [30,41,42,44–49].

A total of nine studies [30,41,42,44–49], including 492 patients, evaluated the effects of
HDL-C. The pooled results from the random-effects model indicated that selenium supple-
mentation remarkably increased HDL-C levels (SMD: 0.97, 95% CI [0.26, 1.68], p = 0.007),
with high heterogeneity across studies (I2 = 92%) (Supplementary Figure S5). To resolve
heterogeneity, a sensitivity analysis was conducted by excluding each study separately.
The results showed that the pooled results were broadly consistent with the above analysis
(Supplementary Figure S6), and the heterogeneity was largely affected by Ghazi 2021 [42].
Eight studies [30,41,44–49] remained after excluding Ghazi 2021 [42], and pooled results
showed that the heterogeneity between studies was decreased (I2 = 58%) (Supplementary
Figure S7). The participants of Ghazi 2021 [42] were patients with atherosclerosis, and
dyslipidemia is closely related to atherosclerosis. Therefore, considering that the source of
heterogeneity may be related to the participants’ underlying disease, the included stud-
ies were divided into subgroups based on the participants’ disease type. As shown in
Figure 13, the HDL-C levels were significantly increased in the diabetes mellitus subgroup
and cardiovascular disease subgroup (SMD: 0.50, 95% CI [0.10, 0.91], p = 0.02 and SMD:
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4.22, 95% CI [1.06, 7.37], p = 0.009), with significant heterogeneity among studies (I2 = 59%
and I2 = 97%). However, there was no statistical difference between the selenium and
control groups in the other two subgroups (Figure 13).

Figure 13. Subgroup analysis of HDL-C [30,41,42,44–49].

3.5. Publication Bias

Funnel plots of insulin levels and HOMA-IR were drawn with Review Manager
version 5.3, and Egger’s test was conducted to quantify the publication bias with Stata
version 17.0. The two funnel plots were substantially symmetrical (Figure 14). The results
of Egger’s test for insulin levels and HOMA-IR were p = 0.678 and p = 0.908, respectively,
indicating that there was no publication bias.

Figure 14. Funnel plot of insulin levels and HOMA-IR. (A) Insulin levels, (B) HOMA-IR.
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4. Discussion

Over the last decade, increasing attention has been paid to the selenium status in
patients with various cardiometabolic diseases and the association between selenium status
and mortality risk of various cardiometabolic diseases. Several meta-analyses have indi-
cated that individuals with cardiometabolic diseases tend to have lower selenium levels
than healthy individuals [50–52], and that selenium levels are negatively associated with
mortality among patients with MS, T2DM, and CVD [53–55]. Alterations in the metabolism
of glucose and lipids characterize metabolic disorders [56]. Insulin has regulatory effects
on glucose, which are mainly classified into two aspects: promoting glucose absorption
into liver cells, muscle cells, and adipose tissue, and inhibiting glycogenolysis and glu-
coneogenesis in the liver [57]. Insulin resistance is a common pathophysiological status
in which individuals have decreased insulin sensitivity and impaired glucose regulation
by insulin, resulting in glucose intolerance [58]. It is well-established that insulin resis-
tance underpins many chronic metabolic diseases [59], and cardiometabolic risks such as
obesity and dyslipidemia can exacerbate insulin resistance and impel the progression of
CMDs [1]. Studies have shown that the micronutrient selenium can regulate the human
body’s insulin sensitivity, and selenium in the form of selenate is known to act as an insulin
mimetic with a role in maintaining blood sugar homeostasis [60,61]. Expression of seleno-
protein P plays a crucial role in pancreatic β-cell function by preventing ferroptosis and
thus maintaining glutathione peroxidase 4 (Gpx4) and cell viability, and also by inhibiting
stress-induced degradation of nascent granules, a novel regulatory pathway for insulin [62],
thus maintaining cellular proinsulin levels [63]. Furthermore, a meta-analysis performed
by Tabrizi et al. [64] supported the positive effect of selenium supplements on lipid profiles.
Of note, that selenium supplementation makes the most sense when there is deficit of
selenium [14,65].

In this meta-analysis, we examined the impact of selenium supplementation on the
markers of insulin resistance, glucose, as well as blood lipid profiles in patients with CMDs.
The level of glucose in the blood is one of the most significant homeostatic indicators and
is strictly regulated [66]. The pathways and regulation of glucose metabolism include
glycolysis/glycogenolysis, gluconeogenesis, pentose phosphate pathway (PPP), insulin
signaling pathway, and many others [67], some of which can be regulated by insulin [57].
HOMA-IR is often used in investigating and quantifying insulin resistance because of
the simplicity of the underlying mathematical model (HOMA-IR = fasting glucose [mg]
× fasting insulin [mu/L]/22.5) [68]. Furthermore, HbA1c is an essential marker of long-
term glycemic control that reflects a cumulative glycemic level over the past two to three
months [69]. Therefore, insulin levels, HOMA-IR, FPG and HbA1c were used to eval-
uate the selenium supplementation on glycemic control. In this study, comprehensive
pooled results from 10 RCTs involving 526 patients supported the favorable effects of
selenium supplementation in decreasing serum insulin levels and HOMA-IR. Moreover,
selenium supplementation may increase HDL-C levels, but the effectiveness of selenium
supplementation on FPG, TC, TG, LDL-C, and VLDL-C levels was unclear. The current
results suggest that selenium supplementation may be an effective treatment for reducing
insulin resistance.

The findings reveal that selenium supplementation could reduce insulin levels and
HOMA-IR in patients with CMDs, but the effect on FPG was ambiguous. This result is
similar to that of the meta-analysis conducted by Strozyk et al. in 2017, which included
four RCTs [70]. Their study focused on assessing the efficacy of selenium supplementation
in T2DM, and the results supported that selenium supplementation significantly improved
insulin resistance. However, our study also focused on other cardiometabolic diseases, such
as cardiovascular disease, and collected RCTs that have been updated recently. Therefore,
10 RCTs were included in this meta-analysis. The pooled results derived from the included
studies are in line with those of previous animal studies [71–73], in that supplemental
selenium therapy had a significantly protective anti-diabetic effect. Selenium nanoparticles
(selenium-NPs) are a new supplemental form of selenium that is readily absorbed and
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has low toxicity. According to Abdulmalek et al. [74], treating diabetic rats with selenium-
NPs (0.1 and 0.4 mg/kg) and/or metformin (100 mg/kg) separately or together, led to a
remarkable decrease in FBG and insulin levels, suggesting that selenium and its derivatives
play a significant role in the maintenance of glucose homeostasis. There is a lack of
positive evidence regarding the effect of selenium supplementation on HbA1c. A cross-
sectional study reported that obese participants with lower selenium intakes exhibited
higher concentrations of HbA1c [75]. In this regard, the effect of selenium supplementation
on long-term glycemic control deserves further attention.

The pooled results of this study also demonstrated that selenium supplementation
increased HDL-C levels, but had little effect on other blood lipids. In addition, in the
subgroup of disease types, we found that selenium supplementation increased HDL-C
levels more significantly in participants with cardiovascular disease, followed by those
with diabetes mellitus. HDL-C is essential for reverse cholesterol transport and has anti-
inflammatory, anti-atherogenic, and anti-thrombotic effects [76]. The interaction of these
properties contributes to the cardioprotective properties of HDL-C. Thus, appropriate
selenium supplementation may contribute to the improvement of CMDs, particularly
cardiovascular disease.

Some statistical heterogeneity was discovered in the pooled analysis of insulin levels,
HOMA-IR, FPG, and HDL-C. The results were similar before and after sensitivity analysis,
suggesting that the results were stable and reliable. In terms of insulin levels and HOMA-
IR outcomes, we considered that Faghihi’s study [48] administered inconsistent types
or combinations of antidiabetic drugs at baseline, which might be an essential source of
heterogeneity in the pooled analysis. In Faghihi’s study [48], approximately 85.2% of
participants in the control group received combined antidiabetic medication, compared
to only 66.6% of participants in the selenium group. Additionally, subgroup analysis
suggested that the inconsistency of participants’ underlying diseases is a major source of
heterogeneity in terms of FPG and HDL-C. In the future, more evaluable studies should
be included in the analysis to better systematically evaluate the effectiveness of selenium
supplementation in different types of CMDs.

This meta-analysis has several strengths. First, two reviewers independently used
a comprehensive search strategy to identify all trials evaluating the effect of selenium
supplementation in patients with CMDs and used standardized templates to extract data
from included trials to guarantee data accuracy and reduce the impact of study design
faults. Second, most included RCTs were high-quality with appropriate randomization,
allocation concealment, and double-blinding methods. Third, no publication bias was
found in this meta-analysis. Furthermore, we performed a thorough sensitivity analysis to
examine the stability of our results. However, there are several limitations that should be
considered. First, as the control group was placebo instead of different doses of selenium,
the optimal dose of selenium supplementation cannot be accurately determined in this
study. Second, the number of participants in the included RCTs was relatively small, with
none having more than 100. Third, as only two studies evaluated HbA1c and there was high
heterogeneity in the pooled analysis results, we could only perform a systematic review,
which may affect the reliability and comprehensiveness of the evaluation of the efficacy
of selenium supplementation on the HbA1c control. Fourth, although trials of the effects
of selenium supplementation on CMDs have been conducted in countries other than Iran,
trials in which other nutritional supplements were supplemented in addition to selenium
in the intervention [77], and trials in which markers related to glucolipid metabolism were
not reported [78] were excluded from this meta-analysis, and the final relevant included
studies were all conducted in Iran, which may limit the generalizability. According to
this, the recommendations of potential effects of selenium supplementation conclusions
should be drawn with caution. Finally, we suggest that future clinical trials should pay
more attention to the different doses of selenium supplements and the baseline level of
serum selenium of CMDs patients, in order to further illuminate the therapeutic effects of
selenium supplementation on CMDs.
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5. Conclusions

This meta-analysis demonstrated that selenium supplementation may reduce the
levels of serum insulin and HOMA-IR, and increase serum HDL-C levels, suggesting that
selenium supplementation may be beneficial for reducing insulin resistance in patients
with CMDs. This finding may provide support to prospective studies looking into sele-
nium supplementation to manage cardiometabolic risk factors. However, in the case of
selenium excess, the efficacy of selenium supplementation on glucolipid metabolism needs
further evaluation.
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Abstract: Dietary inflammatory potential has been proven to be correlated with the incidence of
diabetes and cardiovascular diseases. However, the evidence regarding the impact of dietary inflam-
matory patterns on long-term mortality is scarce. This cohort study aims to investigate the dietary
inflammatory pattern of the general US individuals by baseline glycemic status and to estimate its as-
sociation with long-term mortality. A total of 20,762 general American adults with different glycemic
statuses from the National Health and Nutrition Examination Survey were included. We extracted
24-h dietary information, and the dietary inflammatory index (DII) was calculated. The outcomes
were defined as 5-year all-cause and cardiovascular mortality. Compared with the normoglycemia
group, individuals with prediabetes and type 2 diabetes had higher DII scores (overall weighted
p < 0.001). Compared with low DII scores, participants with high DII scores were at a higher risk of
long-term all-cause mortality (HR: 1.597, 95% CI: 1.370, 1.861; p < 0.001) and cardiovascular mortality
(HR: 2.036, 95% CI: 1.458, 2.844; p < 0.001). The results were stable after adjusting for potential
confounders. Moreover, the prognostic value of DII for long-term all-cause mortality existed only in
diabetic individuals but not in the normoglycemia or prediabetes group (p for interaction = 0.006). In
conclusion, compared to the normoglycemia or prediabetes groups, participants with diabetes had a
higher DII score, which indicates a greater pro-inflammatory potential. Diabetic individuals with
higher DII scores were at a higher risk of long-term all-cause and cardiovascular mortality.

Keywords: diabetes mellitus; prediabetes; dietary inflammation index; nutrition; inflammatory diet;
NHANES

1. Introduction

Globally, the number of patients with diabetes and its devastating complications is
increasing persistently in the past three decades, which is a major health threat to both
developed and developing countries [1,2]. Due to the damage to the vascular smooth
muscle cell and endothelial cell function [3], vascular diabetic complications cover almost
all types of blood vessels and contribute to most of the mortality, hospitalization, and
morbidity in patients with diabetes [4,5]. Obesity, decreased physical activity, population
aging, and energy-dense diets are the primary causes of the rising diabetes rate [6]. Among
those risk factors, the relationship between diabetes and nutrition or diet has received
considerable attention [7–10].

Chronic inflammation plays a significant role in the etiology of diabetes [11,12]. Diet
may interfere with the development of diabetes, which may be achieved through the influ-
ence of chronic inflammation. Many studies have demonstrated the correlation between
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pro-inflammatory food and diabetic risk [13,14]. A cross-sectional study of diabetes-free
women revealed that red meat consumption was associated with elevated plasma inflam-
matory factors, fasting insulin, and glycated hemoglobin [13]. Moreover, an increasing
number of studies have found that the Mediterranean diet, which was proven to have an
anti-inflammatory effect [15–17], was associated with a lower diabetic risk [18–21].

The dietary inflammatory index (DII) was a dietary assessment tool developed based
on the summary of published literature and aimed to estimate the inflammatory poten-
tial of an individual’s diet [22]. A high DII score, which was associated with elevated
inflammatory markers, such as C-reactive protein (CRP), indicates a pro-inflammation diet
and has been reported to be correlated with an increased risk of obesity, type 2 diabetes,
and cardiovascular diseases [23–27]. Moreover, populations with higher DII scores were
proven to have higher cardiovascular mortality [28,29]. However, currently, evidence about
the relationship between DII and long-term mortality of subjects with different glycemic
statuses is scarce. Therefore, our study aims to investigate the long-term prognostic value
of DII among participants with normoglycemia, prediabetes, and type 2 diabetes, which
may contribute to precise prognosis prediction and diabetes management.

2. Materials and Methods

2.1. Study Population

This cohort study was conducted following the Strengthening the Reporting of Ob-
servational Studies in Epidemiology (STROBE) reporting guideline for cohort studies [30].
The participants included in our analysis were extracted from the National Health and
Nutrition Examination Survey (NHANES), a periodically conducted survey that obtains
nationally-representative samples of the general Americans with a complex, multistage
probability design [31]. In this study, we extracted participants from the 2007–2014 cycle.
Adults with complete 24-h dietary data were included. The exclusion criteria included:
(1) age <20 years old; (2) participants with pregnancy; and (3) participants without end-
point information.

2.2. Dietary Information

Dietary information was extracted from NHANES, which was collected through
24-h dietary recall interviews in the mobile examination center and was validated by
the Nutrition Methodology Working Group [32]. Following the DII calculating protocol
reported by N. Shivappa et al. [22], 28 food parameters in NHANES were used to calculate
the DII, including carbohydrates, protein, total fat, alcohol, fiber, cholesterol, saturated
fat, monounsaturated fatty acids (MUFAs), polyunsaturated fatty acids (PUFAs), niacin,
vitamin A, thiamin, riboflavin, vitamin B6, vitamin B12, vitamin C, vitamin D, vitamin
E, Fe, Mg, Zinc, Selenium, folic acid, β-carotene, caffeine, energy, n-3 fatty acids, and n-6
fatty acids. Previous studies have reported that DII calculated based on less than 30 food
parameters kept its predictive ability [33,34].

A lower negative DII score suggests an anti-inflammatory effect, while a higher
positive DII score means a pro-inflammatory effect of diet. According to the methods of N.
Shivappa et al. [22], the DII calculation should be standardized to a world database that
contains standard mean and standard deviation for each food parameter. The database was
constructed by examining the relationship between parameters, including food components,
and inflammation, in 1943 published articles. A parameter with proof of anti-inflammation
effect would obtain a score of “−1”, while a food parameter would receive a score of “+1”
if it was reported to be correlated with a reduced level of anti-inflammatory cytokines or
increased level of proinflammatory cytokines.

These values were further weighted according to the study design. For each included
parameter, we first extracted the individualized consumption value and then subtracted it
from the standard mean and divided this value by the standard deviation. To minimize
the effect of right skewing, these values were converted to a centered percentile score. To
achieve a symmetrical distribution with values centered around 0 and bounded between
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−1 and +1, each percentile score was doubled, and then we subtracted “1”. This centered
percentile value for each food parameter was then multiplied by its corresponding inflam-
matory effect score to obtain the DII score for each food component. Finally, 28 food-specific
DII scores were summed to create the overall DII score for each participant.

2.3. Diseases and Endpoint Definitions

Type 2 diabetes was defined as a self-reported physician diagnosis of diabetes, glycated
hemoglobin A1c (HbA1c) ≥ 6.5%, fasting glucose ≥ 7.8 mmol/L, or use of insulin or oral hy-
poglycemic medication. Prediabetes was defined as HbA1c 5.7%–6.4% (39–46 mmol/mol)
or impaired fasting glucose (IFG) [fasting plasma glucose (FPG): 110–125 mg/dL
(6.1–6.9 mmol/L)], or impaired glucose tolerance (IGT) [Oral glucose tolerance test 2-h
glucose value ≥ 140 mg/dL (7.8 mmol/L) but < 200 mg/dL (11.1 mmol/L) and FPG < 126
(7.0 mmol/L)]. Hypertension was diagnosed as a self-reported physician diagnosis of hy-
pertension, use of antihypertensive drugs, or systolic blood pressure ≥ 140 mmHg and/or
diastolic blood pressure ≥ 90 mmHg (at least three times).

Participants who met at least one of the following criteria were diagnosed with hy-
perlipidemia: (1) elevated total cholesterol ≥ 200 mg/dL (5.18 mmol/L); (2) high triglyc-
eride level (≥150 mg/dL); (3) low density lipoprotein-cholesterol (LDL-c) ≥ 130 mg/dL
(3.37 mmol/L); (4) high density lipoprotein-cholesterol (HDL-c) < 40 mg/dL (1.04 mmol/L)
in men and 50 mg/dL (1.30 mmol/L) in women; and (5) use of cholesterol-lowering drugs.
We set the time of follow-up time as 5 years. The primary endpoint of follow-up was
all-cause death, which was extracted from the records of the National Death Index (NDI).
The secondary endpoint was cardiovascular death, which was defined according to the
International Classification of Diseases-10 codes (I00–I09, I11, I13, I20–I51) and was also
extracted from NDI.

2.4. Statistics

To represent the overall US population, all analyses incorporated oversampling, clus-
tering, and stratification as recommended by the NHANES data analysis guideline [31].
Continuous variables are listed as the weighted mean and 95% confidence interval (CI),
while categorical variables are presented as weighted proportions. Basic characteristics are
compared by baseline glycemic status using the adjusted Wald test for continuous variables
and Rao-Scott χ2 test for categorical variables.

The weighted Cox proportional hazard regression models were adopted to assess
the impact of DII on participants’ long-term mortality, which were adjusted for age, sex,
educational level, BMI, smoke, hypertension, hyperlipidemia, glycemic status, recreational
activity, and alcohol consumption. In addition to estimating DII as a continuous variable,
we equally classified participants into three groups: low DII, medium DII, and high DII.
Similar Cox regression models as well as weighted Kaplan-Meier curves were adopted
to estimate the correlation between all-cause and cardiovascular mortality and different
DII groups.

Furthermore, to test whether the impact of DII on prognosis is different across patients
with different glycemic statuses, the weighted Cox regression model and interaction p value
were used to estimate the relationship between DII (continuous/categorical variable) and
participants’ long-term mortality in participants with normal glucose status, prediabetes,
and type 2 diabetes. The regression model was adjusted for age, sex, educational level,
BMI, smoke, hypertension, hyperlipidemia, recreational activity, and alcohol consumption.

All analyses were conducted by the R software (version 4.1.2, R Foundation for
Statistical Computing, Vienna, Austria) and Stata (version 16.0, StataCorp, College Station,
TX, USA). A two-sided p value < 0.05 was considered statistically significant.
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3. Results

3.1. Basic Characteristics by Baseline Glycemic Status

Following the pre-specified inclusion and exclusion criteria, a total of 20,762 partici-
pants were included in our study, among which 3859 were diagnosed with type 2 diabetes,
5489 with prediabetes, and 11,417 with normal glucose status (Figure 1). Table 1 lists the
comparison of basic characteristics by glycemic status. Many variables showed an increas-
ing relationship among patients with normoglycemia, prediabetes, and type 2 diabetes,
such as age, BMI, waist, systolic blood pressure, HbA1c, and triglycerides, which may
indicate a worse health status in patients with prediabetes or type 2 diabetes. Similarly,
we also found that patients with abnormal glucose metabolism were more likely to have a
combination of hypertension or hyperlipidemia.

Figure 1. Flowchart of participant selection from NHANES database. NHANES: National Health
and Nutrition Examination Survey.

Interestingly, compared with the normoglycemia group [113.94 (112.40,115.48) mg/dL],
patients with prediabetes had a high level of LDL-c [122.04 (119.84, 124.24) mg/dL], while
patients with type 2 diabetes had a better control of LDL-c [106.52 (103.97, 109.06) mg/dL].
As for the living habits, the percentage of former smokers was higher while the percentage
of current smokers was lower in the diabetic population. The proportion of moderate or
heavy drinking was also lower in participants with prediabetes or type 2 diabetes. Moreover,
participants with type 2 diabetes were less likely to participate in recreational activity.

3.2. Comparison of DII Score by Baseline Glycemic Status

Compared with the normoglycemia group (0.883, 95% CI: 0.793, 0.973), participants
with prediabetes (1.081, 95% CI: 0.981, 1.181) and type 2 diabetes (1.249, 95% CI: 1.151, 1.346)
had higher DII scores (overall weighted p < 0.001). Figure 2 presents the distribution of DII
scores among three groups. The proportion of high DII scores was higher in participants
with prediabetes or type 2 diabetes. Moreover, we compared the component of DII scores
among the three groups to find the main cause of the difference.
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Figure 2. DII distribution by baseline glycemic status. DII: dietary inflammatory index.

Participants with type 2 diabetes had higher scores in alcohol, fiber, MUFA, PUFA,
niacin, thiamin, riboflavin, vitamin B6, vitamin C, vitamin E, Mg, Zinc, Selenium, folic acid,
N-3 fatty acids, and N-6 fatty acids (Figure 3, Table 2). We also noticed lower scores of
participants with type 2 diabetes in certain components, such as carbohydrates, protein,
total fat, saturated fat, vitamin B12, Fe, and energy. When compared to the normoglycemia
group, the DII component scores remained consistent between participants with prediabetes
and type 2 diabetes but to a lesser extent in the former.

Figure 3. Comparison of the DII component scores by baseline glycemic status. Data are presented as
the weighted mean value and 95%CI. DII: dietary inflammatory index; MUFA: monounsaturated
fatty acids; and PUFA: polyunsaturated fatty acids.
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3.3. Association between Dietary Inflammation and Long-Term Mortality

The overall weighted 5-year all-cause mortality was 4.56%, and the weighted 5-year
cardiovascular mortality was 1.17%. The Cox regression models revealed that higher DII
scores were associated with higher long-term all-cause mortality (HR per 1 score increase:
1.105, 95% CI: 1.065, 1.147; p < 0.001) and cardiovascular mortality (HR per 1 score increase:
1.172, 95% CI: 1.092, 1.258; p < 0.001) (Table S1 in the Supplementary Materials).

The association was stable after adjusting for age, sex, educational level, BMI, smoke,
hypertension, hyperlipidemia, glycemic status, recreational activity, and alcohol consump-
tion. Compared with participants with low DII scores, participants with mediate or high
DII scores had higher risk of all-cause death (Mediate DII: adjusted HR: 1.181, 95% CI: 1.009,
1.381; p = 0.038; high DII: adjusted HR: 1.240, 95% CI: 1.053, 1.459; p = 0.010) and cardio-
vascular death (adjusted HR: 1.442, 95% CI: 1.051, 1.979; p = 0.023; high DII: adjusted HR:
1.423, 95% CI: 1.006, 2.013; p = 0.046) (Figure 4, Table S1 in the Supplementary Materials).

Figure 4. Association between DII scores and long-term (a) all-cause mortality and (b) cardiovascular
mortality. HR was adjusted for age, sex, educational level, BMI, smoke, hypertension, hyperlipidemia,
glycemic status, recreational activity, and alcohol consumption. CI: confidence interval; DII: dietary
inflammatory index; HR: hazard ratio; and Ref: reference.
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3.4. Dietary inflammation and Long-Term Mortality across Participants with Different
Glycemic STATUSES

To estimate the impact of baseline glycemic status on the long-term prognostic value
of DII, we performed adjusted Cox regression models in three groups: normoglycemia,
prediabetes, and type 2 diabetes groups. As shown in Table 3, the association between
DII scores and 5-year all-cause mortality was only significant in participants with type 2
diabetes (adjusted HR per 1 score increase 1.083, 95% CI: 1.014, 1.156; p = 0.017). DII was
a better long-term all-cause mortality indicator in the type 2 diabetes group than was the
normoglycemia or prediabetes group (p for interaction = 0.030).

Table 3. Association between DII and the long-term mortality of participants by baseline glycemic status.

Normoglycemia
(n = 11,417)

Prediabetes
(n = 5486)

Type 2 Diabetes
(n = 3859)

p for
Interaction

All-cause
mortality

Continuous,
per 1 score 1.004 (0.937, 1.075); p = 0.919 1.047 (0.967, 1.133); p = 0.255 1.083 (1.014, 1.156); p = 0.017 0.030

1st tertile
(−5.54, 0.35] Ref Ref Ref 0.006

2nd tertile
(0.35, 2.26] 1.119 (0.834, 1.502); p = 0.455 0.878 (0.640, 1.204); p = 0.418 1.683 (1.266, 2.237); p < 0.001

3rd tertile
(2.26, 5.11] 1.011 (0.728, 1.404); p = 0.947 1.210 (0.848, 1.726); p = 0.295 1.626 (1.208, 2.188); p = 0.001

Cardiovascular
mortality

Continuous,
per 1 score 1.102 (0.958, 1.269); p = 0.175 1.032 (0.900, 1.184); p = 0.654 1.104 (0.962, 1.265); p = 0.158 0.867

1st tertile
(−5.54, 0.35] Ref Ref Ref 0.455

2nd tertile
(0.35, 2.26] 1.548 (0.978, 2.449); p = 0.062 0.986 (0.527, 1.845); p = 0.965 1.864 (1.036, 3.353); p = 0.038

3rd tertile
(2.26, 5.11] 1.476 (0.725, 3.007); p = 0.283 0.934 (0.501, 1.739); p = 0.829 1.980 (1.043, 3.761); p = 0.037

The data are presented as the adjusted HR and 95% CI. The Cox regression models are adjusted for age, sex, body mass
index, smoke, hypertension, educational level, hyperlipidemia, recreational activity, and moderate or heavy drinker.

When treated as a categorical variable, a high DII score of participants with type 2
diabetes was associated with higher 5-year all-cause (adjusted HR 1.626, 95% CI: 1.208,
2.188; p = 0.001) and cardiovascular mortality (adjusted HR 1.980, 95% CI: 1.043, 3.761;
p = 0.037) compared with low DII score. Participants with mediate DII scores in the
type 2 diabetes group had a similar risk of long-term mortality. However, there was no
significant correlation between DII and long-term mortality in the normoglycemia and
prediabetes groups. The superiority of DII’s prognostic value for long-term all-cause
mortality in the type 2 diabetes group over the normoglycemia or prediabetes group was
robust. (Continuous DII: p for interaction = 0.030; categorical DII: p for interaction = 0.006)

4. Discussion

Our study included a total of 20,762 participants, which represented 218,988,071 of
the general US population, and we found that prediabetic or diabetic participants had a
more pro-inflammatory diet compared with the normoglycemia group. Participants with
mediate or higher DII scores were at higher risk of long-term all-cause and cardiovascular
mortality. The prognostic effect of DII was only significant in diabetic participants and not
in the prediabetic or normoglycemia group.

Many studies have shown that certain diet patterns, such as advanced glycation end
products (AGEs), antioxidant diet, and the Mediterranean diet, can affect the low-level
inflammation or body composition, and thus influence the incidence and development of
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some chronic diseases [15,35,36]. Previous research has suggested that dietary patterns
may influence the incidence of diabetes. An analysis of 200,727 US participants from three
prospective cohort studies conducted over 20 years revealed that eating more healthy plant
foods and eating fewer animal foods was associated with a 20% reduction in diabetic
risk [37].

A 20-year prospective cohort of 70,991 women discovered that a higher anti-inflammatory
diet (as measured by DII) was linked to a reduced risk of type 2 diabetes [26]. Our study
confirmed this relationship and found a sequentially increasing DII score across the normo-
glycemia, prediabetes, and type 2 diabetes groups. Moreover, component analysis in our
results revealed that participants with prediabetes or type 2 diabetes had higher scores in
alcohol, fiber, MUFA, PUFA, niacin, thiamin, riboflavin, vitamin B6, vitamin C, vitamin E, Mg,
Zinc, Selenium, folic acid, N-3 fatty acids, and N-6 fatty acids compared with participants
with normoglycemia.

Interestingly, diabetic participants had lower scores in some key nutritional indicators,
such as carbohydrates, protein, total fat, saturated fat, and energy. This dietary pattern may
come from the active adjustment after the diagnosis of prediabetes or diabetes. Another
study based on the NHANES database discovered that participants with diagnosed predia-
betes or diabetes were more likely to be concerned about nutrition fact labels when making
daily food purchases [38].

However, rather than simple calorie calculations, we should be concerned about the
complex and long-term influences of different foods on health [39]. Nutrition science found
that overall dietary patterns and specific foods, instead of single isolated nutrients were
more important for cardiometabolic health [40,41]. In participants with prediabetes or
diabetes, a shortage of vitamins, critical micronutrients, and unsaturated fatty acids, as
shown in our study, may lead to poor health and disease progression, which requires
attention in diabetic care.

Dietary patterns are linked not only to the occurrence of chronic diseases but also to
disease prognosis. A meta-analysis of 14 research articles found that individuals in the
highest DII group had a higher risk of cardiovascular disease incidence as well as cardio-
vascular mortality [42]. Park et al. estimated the relationship between dietary inflammatory
potential and prognosis in participants with different metabolic phenotypes [34]. They
included 3733 adults from the NHANES III database (1988–1994) and revealed that the DII
score was correlated with elevated all-cause and cardiovascular mortality in individuals
with metabolically unhealthy obesity, which has not been observed in metabolically healthy
obese individuals.

The target population of our study consists of 20,762 participants who participated in
the NHANES project in the near twenty years (2007–2014). Similarly, our results demon-
strated that a higher DII score was associated with higher long-term all-cause and cardio-
vascular mortality in participants with type 2 diabetes. The correlation was not identified
in the prediabetes or normoglycemia group. Our findings imply that dietary inflammatory
potential has a major influence on the long-term prognosis of diabetic patients, a topic that
requires further attention in diabetes management.

To our knowledge, this is the first work that compares the long-term prognostic value
of DII in the general American participants by baseline glycemic status. There are several
limitations to our study. First, DII was calculated from self-reported dietary data, and recall
bias was inevitable. Secondary, we extracted the 24 h dietary information to represent
the daily pattern, which may change over time. Second, the DII used in our study was
calculated from 28 food parameters due to the limitation of dietary data in the NHANES
database. Previous studies have reported that DII calculated based on less than 30 food
parameters kept its predictive ability [33,34].

Thirdly, we discovered that participants with prediabetes had higher LDL-c levels
than the normoglycemia group, whereas patients with type 2 diabetes had better LDL-c
control. This phenomenon could be explained by the fact that people with diabetes are
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more likely to visit the hospital and undergo laboratory tests, allowing their complications,
such as hyperlipidemia, to be better managed.

However, this is our hypothesis, and because therapy data is limited, a specific reason
should be investigated in future research. Finally, although we adjusted the potential
risk factors including age, sex, body mass index, smoke, hypertension, educational level,
hyperlipidemia, glycemic status, recreational activity, and moderate or heavy drinker in the
multivariable Cox regression models, cardiovascular pathology and medication therapy
were not involved due to the limitation of database, which may have an important impact
on the cardiovascular mortality.

5. Conclusions

Our study identified a more pro-inflammatory diet in the diabetic participants com-
pared with the general Americans. Participants with a higher DII score were at higher risk
of 5-year all-cause and cardiovascular mortality. The prognostic value of DII existed only
in individuals with type 2 diabetes but not in the normoglycemia or prediabetes group.
The result calls for a comprehensive assessment of the dietary inflammatory potential in
diabetic patients. Moreover, whether an anti-inflammatory dietary adjustment can improve
the long-term prognosis of diabetes should be assessed in future trials.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Waśkiewicz, A.; Zujko, M.E.;

Cicha-Mikołajczyk, A.;
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Abstract: Dietary cholesterol has been suggested to increase the risk of cardiovascular disease (CVD).
Phytosterols, present in food or phytosterol-enriched products, can reduce cholesterol available
for absorption. The present study aimed to investigate the association between habitual intake of
total and individual plant sterols (β-sitosterol, campesterol, and stigmasterol) or a diet combined
with phytosterol-enriched products and CVD in a cross-section of Polish adults, participants of the
Multicenter National Health Survey II (WOBASZ II). Among men (n = 2554), median intakes of plant
sterols in terciles ranged between 183–456 mg/d and among women (n = 3136), 146–350 mg/d in
terciles. The intake of phytosterols, when consumed with food containing phytosterols, including
margarine, ranged between 184–459 mg/d for men and 147–352 mg/d for women. Among both men
and women, beta-sitosterol intake predominated. Plant sterol intake was lower among both men
and women with CVD (p = 0.016) compared to those without CVD. Diet quality, as measured by the
Healthy Diet Index (HDI), was significantly higher in the third tercile of plant sterol intake for both
men and women and the entire study group (p < 0.0001). This study suggests that habitual dietary
intake of plant sterols may be associated with a lower chance of developing CVD, particularly in men.

Keywords: cardiovascular diseases; diabetes mellitus; humans; adult; phytosterols; diet; margarine

1. Introduction

Cardiovascular disease (CVD) is a global health problem and a leading cause of
death [1]. CVD risk factors are associated with poor lifestyle, including smoking, physical
inactivity, obesity, unhealthy diet, and excessive alcohol consumption, leading to hyperten-
sion, hyperglycemia, and high LDL cholesterol [2,3]. Studies indicate a link between CVD
and diabetes [3,4].

Type 2 diabetes mellitus (T2DM) predisposes patients to cardiovascular disease and
cardiovascular mortality [5]. The development and progression of T2DM are strongly
influenced by diet, physical inactivity, and increased body weight; therefore, intensive
lifestyle modification is recommended for T2DM [6]. In patients with diabetes, the addition
of soluble dietary fiber and phytosterols is recommended as a primary measure to prevent
CVD before considering non-statin therapy [7].

Phytosterols (plant sterols and plant stanols) are natural bioactive plant substances
with a structure similar to cholesterol. In the intestine, phytosterols and cholesterol com-
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pete for the same absorption mechanisms [8]. As a result, phytosterols can affect blood
cholesterol concentrations by reducing the amount of cholesterol available for absorption.
Studies have shown that consumption of 0.6–3.3 g of plant sterols per day reduces serum
LDL-C concentrations by approximately 6–12%, and this effect was dose-dependent [9].

The diet typically provides 150–400 mg of plant sterols [10–15]. The phytosterols found
in the highest amounts in plant-based foods, and, thus, in the human diet, are β-sitosterol,
campesterol, and stigmasterol [16]. Food sources with the highest plant sterol content are
vegetable oils, mainly corn oil, and sesame seeds [17]. Phytosterols isolated mainly from
vegetable oils and their commercially produced esters can be ingredients of fortified foods
and supplements as a non-pharmacological therapy of hypercholesterolemia. In European
Union countries, products enriched in plant sterols are mainly milk and yogurt, margarine,
and spreadable fats [18]. Plant sterol-enriched foods that provide 2 mg of phytosterols daily,
combined with a healthy lifestyle, in patients with mild to moderate hypercholesterolemia
have been found to reduce LDL-C levels by 10% [19,20]. However, the effect of long-term
use of phytosterol-enriched foods on cardiovascular risk factors is unknown [21].

A few population-based studies, but not in the Polish population, have analyzed the
effects of dietary phytosterol intake on CVD [10,11,14], but none included phytosterol-
enriched products. Therefore, the present study aimed to investigate whether there is
an association between habitual intake of total phytosterols and individual phytosterols
(β-sitosterol, campesterol, and stigmasterol), or a diet combined with phytosterol-enriched
products, and CVD in a cross-section of Polish adults.

2. Materials and Methods

2.1. Study Group

The study group consisted of 2554 men and 3136 women, of the National Multicenter
Health Survey II (in Polish—WOBASZ II). WOBASZ II is a cross-sectional study represen-
tative of the Polish population of adults aged 20 years and older, which was conducted by
the Institute of Cardiology (at present National Institute of Cardiology), Warsaw, Poland,
in 2013–2014, in collaboration with five national medical universities. The design and
methods of the WOBASZ II study have been described in detail elsewhere [22]. Approval
for the WOBASZ II study was obtained from the Bioethics Committee at the National
Institute of Cardiology (No. 1344), and was approved for the current study (No. 1837).
Written informed consent was obtained from all participants.

Data on participants’ demographics, diseases, leisure-time physical activities, tobacco
use, and alcohol intake, were collected using a standardized questionnaire developed for
the WOBASZ II study. The classification of cardiovascular disease (CVD) was adopted
according to World Health Organization guidelines [23]. Respondents were defined as
having CVD if they had a reported history of any of the following: coronary heart disease,
myocardial infarction, stroke, atrial fibrillation and/or other cardiac arrhythmias, periph-
eral vascular disease of the lower limbs, heart failure, coronary angioplasty or coronary
artery bypass grafting, and implanted pacemaker or cardioverter-defibrillator. The crite-
rion for diabetes, according to the American Diabetes Association [24], was a glucose level
≥ 7.0 mmol/L and/or use of glucose-lowering medication. Blood pressure (BP) was mea-
sured three times on the right arm after 5 min of rest in a sitting position at 1 min intervals,
and the final BP was reported as the mean of the second and third measurements. Hyper-
tension was diagnosed when systolic blood pressure was ≥140 mmHg and/or diastolic
blood pressure ≥ 90 mmHg and/or when antihypertensive drugs were used. Height and
weight measurements were taken by personnel trained in standard procedures. Body mass
index (BMI) was calculated from body weight in kilograms divided by the square of height
in meters. Biochemical analyses were performed at the Central Laboratory “Diagnostyka”
at the National Institute of Cardiology in Warsaw.
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2.2. Food Intake and Nutritional Assessment

Data on daily food intake were collected by trained interviewers using the single 24-h
dietary recall method. To reduce the possibility of bias, individuals who described their
diet as atypical were excluded. Based on the different types of food consumed, energy and
dietary fiber of each patient’s diet were calculated using Polish food composition tables [25].
Polyphenols and antioxidants were calculated using previous studies [26–29].

2.3. Assessment of Healthy Diet Index (HDI) Score

Diet quality was determined by scoring the Healthy Diet Indicator (HDI), which was
in accordance with the World Health Organization (WHO) dietary guidelines [18] and
described in Fransen et al. [30]. HDI is based on six components—intake of saturated
fatty acids (% total energy, %TE), intake of polyunsaturated fatty acids (%TE), dietary
cholesterol (mg/d), dietary protein (%TE), fiber (g/d), and free sugars (%TE)—and fruits
and vegetables (g/d), within the recommended range [31]. The final HDI score was the
sum of all components, ranging from zero (minimal compliance with recommendations) to
seven (maximum compliance with recommendations).

2.4. Assessment of Dietary Phytosterol Intake and the Intake of Plant Sterols from Enriched Margarine

Phytosterol intake was calculated as previously described using a developed database [12].
Total and individual phytosterol intakes were determined by multiplying the daily intake
of each food by the total and individual phytosterol content of that food, respectively.
Dietary recalls were reviewed by checking for consumption of phytosterol-enriched prod-
ucts. Based on the dietary history it was found that among the products enriched with
phytosterols, only phytosterol-enriched margarine was consumed by 1.96% of men and
1.85% of women [12]. Manufacturers were identified and asked to report the plant sterol
content of their products.

2.5. Statistical Analysis

The study population was divided into three groups according to the tercile distribu-
tions of plant sterol intakes (separately for total and individual phytosterols). All analyses
were performed according to gender and overall. Quantitative variables were presented as
mean (standard deviation) and/or median (interquartile range), while qualitative variables
were presented as percentages. Mean values of plant sterol intake with a 95% confidence
interval (95% CI), adjusted for age, were calculated using the general linear model and the
Tukey-Kramer test was chosen for multiple comparisons, if appropriate. The odds ratios
(ORs) with 95% CI for CVD were evaluated using logistic regression analysis in relation to
total and particular phytosterol intake. Two models were applied: model 1, unadjusted
in men and women but adjusted for sex, and combined, and model 2, adjusted for age,
consumption of lipid-lowering drugs, HDI, BMI, alcohol intake, and, additionally, for sex,
for the entire population. The first tercile (T1) in each model was adopted as a reference.
Statistical analyses were carried out using SAS software version 9.4 (SAS Institute Inc.,
Cary, NC, USA). A p-value less than 0.05 was considered statistically significant.

3. Results

The general characteristics of the study participants are shown in Table 1. The mean age
of the entire study group was 49.58 years. The highest percentage of the study participants
had hypercholesterolemia 67.3% and hypertension 45.22%. CVD was diagnosed in 20% of
the studied population, while diabetes in 10.82%.

Table 2 shows the phytosterol intake according to age, presence of diabetes, and CVD.
The results are presented for men, women, and the entire study group. Dietary phytosterol
content was found to be age-dependent and generally highest among the youngest age
group and lowest among those aged 65 years and older. Among men and in the entire
study group, sterol intake was significantly lower among people with diabetes (results were
adjusted for age). No significant differences were found for women. With respect to CVD,
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plant sterol intake was lower among both men and women with CVD (p = 0.0016) and for
both genders (p < 0.0001). With regard to diabetes, such a relationship was observed for
men and the entire group, but not for women. With respect to individual plant sterols, we
found that dietary intake of phytosterols was lower among both men with CVD and women
and among men with diabetes (except campesterol in men with diabetes). No differences
were found between women with diabetes and healthy women. For the whole group, only
campesterol was not statistically significant. The intake of individual plant sterols with
the fortified margarine was not considered, because manufacturers only reported the total
phytosterol content. Thus, it was not possible to determine what the individual plant sterol
content of the margarine was.

Table 3 shows terciles of plant sterol intake with food, and with food including
phytosterol-enriched margarine. Terciles of individual plant sterol intake for the entire
study group and by gender were used as means (crude, adjusted), medians, and ranges
for particular phytosterols intake. Among men, the median plant sterol intake in the first
tercile was 183, in the second tercile 292, and in the third tercile 456 mg/d. For food
intake, including margarine with phytosterols, the values were 184; 294, and 459 mg/d,
respectively. Among women, the median intakes of plant sterols with diet were: 146 in the
first tercile, 231 in the second tercile, and 350 mg/d in the third tercile. For food intake,
including margarine with phytosterols, these values for women were, respectively: 147;
232, and 352 mg/d. For individual plant sterols, they are ranked in Table 3 by the volume of
intake. Among both men and women, beta-sitosterol intake predominated, with a median
range of 112–280 mg/d per tercile among men and 91–222 mg/d among women. For
campesterol, the median range was 31–107 mg/d among men and 24–78 mg/d among
women, and for stigmasterol, 12–39 mg/d among men and 12–34 mg/d for women.

The odds ratio of developing CVD was related to phytosterol intake with diet (Figure 1).
In the crude model, it was found that in both men and women, and in the entire study
group (adjusted for gender), OR of CVD were significantly lower in the second and third
terciles compared to the first terciles, with the lowest incidence of CVD in the third tercile.
After adjusting for confounding factors, among men statistical significance was maintained,
except for the second tercile of beta-sitosterol intake. Among women, only the intake of
total plant sterols from the diet and their total intake together with margarine in the third
tercile, and the intake of beta-sitosterol in the third tercile remained statistically significant.
In the entire study group, significant values were observed in the third tercile of total
plant sterol intake (without and with phytosterol-enriched products), and for all individual
plant sterols.

Table 1. General characteristics of the studied population.

Trait
Men

n = 2554
Women
n = 3136

Total
n = 5690

Age (year), mean ± SD 48.79 ± 16.27 50.23 ± 16.54 49.58 ± 16.43
BMI (kg/m2), mean ± SD 27.42 ± 4.55 26.96 ± 5.65 27.17 ± 5.19

CVD, (%) 19.34 20.54 20.00
Hypertension, (%) 1 49.56 41.69 45.22

Hypercholesterolemia, (%) 2 68.86 66.03 67.30
Diabetes, (%) 3 11.86 9.96 10.82

1 Hypertension: systolic blood pressure SBP ≥ 140 mmHg or diastolic blood pressure DBP ≥ 90 mmHg, or use of
antihypertensive drugs. 2 Hypercholesterolemia: total cholesterol ≥ 5 mmol/L or LDL cholesterol ≥ 3 mmol/L
or the participant was taking lipid-lowering medication. 3 Diabetes: blood glucose level was ≥7.0 mmol/L or
diabetes was declared in an interview.
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Table 2. Phytosterol intakes depending on age, diabetes, and CVD.

Men Women Total

n = 2554 n = 3136 n = 5690

Mean (95% CI) p Mean (95% CI) p Mean (95% CI) p

Total plant sterol intake from food (mg/d)
Age (years)

20–44 344.3 (333.0–351.9) <0.0001 258.5 (251.7–265.2) <0.0001 300.0 (294.3–305.6) <0.0001
45–64 323.0 (313.1–332.8) 263.1 (256.5–269.7) 293.5 (287.8–299.2)
65+ 264.1 (249.7–278.4) 217.8 (208.5–227.1) 242.5 (234.3–250.7)

Diabetes (mg/d)
no 323.3 (316.6–330.1) 0.0379 253.6 (249.0–258.2) 0.1289 288.4 (284.4–292.4) 0.0077
yes 301.7 (282.6–320.8) 241.9 (227.5–256.2) 271.3 (259.6–283.1)

CVD (mg/d)
no 326.1 (319.1–333.1) 0.0016 255.9 (251.1–260.7) 0.0016 290.9 (286.8–295.0) <0.0001
yes 298.6 (283.5–313.6) 237.8 (227.9–247.7) 268.3 (259.7–277.0)

Total phytosterols intake from food and enriched margarine (mg/d)
Age (years)

20–44 344.3 (334.7–353.9) <0.0001 258.9 (252.1–265.7) <0.0001 301.1 (295.4–306.9) <0.0001
45–64 326.0 (316.0–336.0) 264.9 (258.3–271.6) 295.9 (290.1–301.7)
65+ 266.6 (252.0–281.2) 219.6 (210.2–229.0) 244.8 (236.4–253.1)

Diabetes (mg/d)
no 325.3 (318.4–332.2) 0.0789 255.1 (250.4–259.7) 0.0941 290.1 (286.1–294.2) 0.0121
yes 306.6 (287.2–326.1) 242.0 (227.5–256.4) 273.9 (261.9–285.8)

CVD (mg/d)
no 328.2 (321.1–335.3) 0.0034 257.2 (252.4–262.1) 0.0016 292.7 (288.5–296.9) <0.0001
yes 302.3 (286.9–317.6) 238.9 (228.9–248.9) 270.6 (261.8–279.4)

Beta-sitosterol (mg/d)
Age (years)

20–44 209.7 (204.0–215.5) <0.0001 160.9 (156.8–165.0) <0.0001 185.0 (181.5–188.5) <0.0001
45–64 200.1 (194.1–206.2) 165.9 (161.9–170.0) 183.3 (179.8–186.8)
65+ 164.5 (155.7–173.3) 137.0 (131.3–142.6) 151.6 (146.6–156.6)

Diabetes (mg/d)
no 199.3 (195.2–203.4) 0.0468 159.1 (156.3–161.9) 0.0840 179.2 (176.7–181.6) 0.0065
yes 186.6 (175.0–198.3) 150.9 (142.2–159.7) 168.5 (161.3–175.7)

CVD (mg/d)
no 200.7 (196.4–205.0) 0.0062 160.4 (157.5–163.3) 0.0016 180.5 (178.0–183.1) <0.0001
yes 186.1 (176.9–195.3) 149.4 (143.3–155.4) 167.7 (162.4–173.0)

Campesterol
Age (years)

20–44 75.6 (72.8–78.4) <0.0001 52.6 (50.7–54.5) <0.0001 63.9 (62.3–65.6) <0.0001
45–64 68.4 (65.5–71.4) 52.9 (51.0–54.7) 60.8 (59.1–62.5)
65+ 55.3 (51.0–59.6) 43.3 (40.7–45.9) 49.7 (47.4–52.1)

Diabetes (mg/d)
no 69.5 (67.5–71.5) 0.3479 50.9 (49.7–52.2) 0.6694 60.2 (59.1–61.4) 0.2715
yes 66.6 (60.9–72.3) 50.0 (46.1–54.0) 58.2 (54.8–61.6)

CVD (mg/d)
no 70.6 (68.5–72.6) 0.0044 51.9 (50.5–53.2) 0.0015 61.2 (60.0–62.4) <0.0001
yes 63.2 (58.7–67.7) 46.9 (44.1–49.6) 55.1 (52.6–57.5)

Stigmasterol
Age (years)

20–44 28.0 (27.0–28.9) <0.0001 24.1 (23.4–24.8) <0.0001 26.0 (25.4–26.6) <0.0001
45–64 27.0 (26.0–28.0) 24.5 (23.8–25.2) 25.8 (25.2–26.3)
65+ 21.2 (19.8–22.7) 19.0 (18.0–20.0) 20.2 (19.4–21.0)

Diabetes (mg/d)
no 26.8 (26.2–27.5) 0.0007 23.4 (22.9–23.9) 0.1717 25.1 (24.7–25.5) 0.0004
yes 23.3 (21.4–25.2) 22.3 (20.8–23.8) 22.8 (21.6–24.0)

CVD (mg/d)
no 26.9 (26.2–27.6) 0.0017 23.6 (23.1–24.1) 0.0023 25.2 (24.8–25.7) <0.0001
yes 24.2 (22.6–25.7) 21.7 (20.7–22.8) 23.0 (22.1–23.9)

Results adjusted for age in men and women and additionally for sex in total; adjustment not applicable to the
age groups.
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Figure 1. Odds ratio (95% confidence interval) for CVD in relation to total and individual phytosterol
intake (relative to 1st tercile). T2—2nd tercile; T3—3rd tercile; OR—odds ratio; AOR—adjusted odds
ratio; ORs were unadjusted in men and women but adjusted for sex combined; AORs—adjusted for
age, lipid-lowering medication, HDI, BMI, alcohol, and additionally for sex in total.

We also investigated whether the results obtained could be biased by diet (Table 4).
For this purpose, data from the extreme terciles of total and single plant sterol intake
before and after energy adjustment were presented by sex and the entire study group. It
was found that both before and after adjustment the results were significant for total and
single dietary plant sterol. For intakes of phytosterol-enriched margarine, a significant
difference was found between the first and third terciles before energy adjustment, which
did not occur after adjustment. Intakes of polyphenols, antioxidants, dietary fiber, and HDI
were also divided according to the tercile of total and individual plant sterol intake, with
polyphenols, antioxidants, and dietary fiber adjusted for energy value. It was found that
before adjustment, dietary polyphenol, antioxidant, and fiber contents were higher in the
third tercile among both men and women and in the group as a whole (p < 0.0001). After
adjustment for energy, differences were not observed. Diet quality, as measured by HDI,
was significantly higher in the third tercile of plant sterol intake for both men and women
and for the entire study group (p < 0.0001).

Intakes of atherogenic and antiatherogenic products were also examined in the first and
third terciles of total and individual phytosterol intake (Table 5). For atherogenic products,
butter and animal fat consumption was found to be higher in the third tercile of plant sterol
intake, but after adjustment for energy there was an inverse difference, i.e., with higher plant
sterol intake, animal fat and butter consumption was lower. For red meat and meat products
before and after adjustment for energy, consumption was higher in the third tercile. All the
above observations were true for both men and women and for the entire study group.
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In the case of intake of antiatherogenic products, it was found that in both sexes and in
the entire study group, both before and after adjustment for energy, the intake of vegetable
oils, vegetable fats, fish, fruits, legumes, nuts, and seeds was higher in the third tercile of
plant sterol intake. For soft margarine and vegetables, there were similar differences among
men and the overall study group, but not among women. In women, after adjustment,
differences were not observed. For whole grain bread, higher consumption by both sexes
and in the entire study group was observed in the third tercile, but after adjusting for
energy, differences were not significant.

4. Discussion

The prevalence of CVD and its risk factors among Poles is high [32]. CVD in this
present population-based cross-sectional study was found in one fifth of the participants,
which is concordant with the literature. This population requires interventions to re-
duce the incidence of CVD. One of the non-pharmacological treatment measures is a
dietary modification to improve the quality of nutrition. Phytosterols, present in food and
phytosterol-enriched food products, depending on the dose, can be effective in reducing
LDL cholesterol, which is one of the risk factors for CVD [9].

Scientific evidence based on supplementation studies shows that the intake of 2 g
of phytosterols is effective in lowering LDL cholesterol [20]. The relationship between
dietary phytosterols and CVD is, however, controversial, as foods provide phytosterols in
lower doses than dietary supplements do. The usual intake of phytosterols is generally
less than 400 mg/day [10–15], and higher levels have been found only in vegans [33]. In
this study, intakes higher than 400 mg/day were observed only in the highest tercile of
phytosterol consumption, both in men and women. Previous evidence indicates, however,
that phytosterols from natural foods may have an LDL cholesterol lowering effect [9]. In
this study, both men and women with CVD were found to have lower intakes of total and
individual plant sterols from diet and from diet and phytosterol-enriched margarine, than
their healthy counterparts.

Diabetes predisposes one to CVD and people identified with diabetes are at a greater
risk of developing cardiovascular diseases [5]. Scientific evidence shows that plant sterols
can have beneficial effects on diabetes by reducing insulin resistance [34]. In this study,
men with diabetes had significantly lower intakes of total and individual plant sterols, but
no significant difference was observed in women.

Recent studies conducted in Poland support the belief that it is men who require
special preventive measures to reduce cardiovascular risk factors, especially hypertension,
dyslipidemia, diabetes, excessive body weight, and smoking [32,35]. Our cross-sectional
study suggests that it is men who may benefit from habitual plant sterol intake. This is
particularly evident after adjusting plant sterol intake for confounding variables, which
were age, lipid-lowering medication, HDI, BMI, and alcohol. Among women, the findings
are ambiguous because, after adjusting for confounders, most of the previously significant
differences were not further observed for the second tercile of total and individual plant
sterol intake. This might be due to the generally lower intake of plant sterols among women
relative to that observed among men, and in the second quartile, it is low enough to observe
beneficial effects. It is only in the third tercile of total and individual plant sterol intake that
a lower incidence of CVD is observed among women.

The results of our study are in line with those of a Swedish study, which found that
consumption of naturally occurring plant sterols was associated with a lower risk of a first
heart attack in men, but not among women [10]. It is possible that women may benefit not
from a single dietary component, but from a combination of foods and nutrients, which,
for example, can be found in the Mediterranean diet or Dietary Portfolio [36]. Dietary
recommendations to date regarding the consumption of a varied diet, and particularly
emphasizing the consumption of plant-derived products, are reasonable in terms of pro-
viding various compounds of importance in the prevention of noncommunicable diseases.
The contribution of phytosterols to the diet is highlighted by the Dietary Portfolio, which
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uses a combination of established nutritional approaches to lowering cholesterol, such
as consumption of plant protein, nuts, soluble fiber, and monounsaturated fats and phy-
tosterols [37,38]. It has been shown to improve LDL cholesterol fraction and other CVD
risk factors [37–39]. In several other studies, lower levels of total cholesterol and LDL
cholesterol were observed in relation to dietary phytosterols [40–42]. A recent study found
that closer adherence to a plant-based diet was significantly associated with a lower risk
of total CVD, coronary heart disease, and heart failure in postmenopausal women [36]. In
contradiction to the Swedish study is the Danish study, which found no reduced CVD risk
despite lower LDL-C concentrations in men [14]. However, the authors concluded that the
study population had a narrow range of phytosterol intake.

Our study suggests that, in terms of intake of substances with beneficial effects on
CVD, such as polyphenols, antioxidants, and dietary fiber, individuals with low and high
intakes of plant sterols do not differ. However, they do differ in their intake of foods
considered pro- and anti-atherogenic. It was found that study participants who had higher
plant sterol intakes consumed more anti-atherogenic foods and fewer animal fats.

Phytosterol-enriched foods are recommended for people with hypercholesterolemia
for the prevention of CVD [19]. However, in the WOBASZ II study, consumption of
phytosterol-enriched foods was observed in a small proportion of the study group (less
than 2% of participants). This translated into similar intakes of plant sterols and plant
sterols along with phytosterols from fortified products.

Limitations

The main limitation of the study was its cross-sectional nature, as a result of which
causal inferences cannot be drawn. Another limitation was the use of a single 24-h recall
method, which may not reflect the usual pattern of food consumption. To reduce the
possibility of bias, subjects who described their diet as atypical were excluded.

The strengths of this study are its representativeness to the Polish population and the
assessment of diet quality, which may act synergistically with plant sterols, which has not
been studied before. To minimize the synergistic effect of plant sterols on the association
with CVD, the results were adjusted for the Healthy Diet Index (HDI) score. A strength of
the study was its consideration of phytosterol-enriched foods.

5. Conclusions

This study suggests that habitual dietary intake of plant sterols may be associated
with a lower chance of developing CVD, particularly in men. However, this finding should
be treated with caution because of the difficulty in separating the effects of plant sterols
from the effects of other dietary components that may have synergistic effects.
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Abstract: Background: There are still open questions with respect to the optimal dietary treatment in
patients with type 2 diabetes (T2D) and coexisting non-alcoholic steatohepatitis (NASH). The aim of
this study is to investigate, in patients with T2D, the association between NASH, dietary component
intake, food groups and adherence to the Mediterranean diet. Methods: Cross-sectional analysis
of 2026 people with T2D (1136 men and 890 women). The dietary habits were assessed with the
European Prospective Investigation into Cancer and Nutrition (EPIC) questionnaire. NASH was
identified by the Index Of NASH (ION). Based on the cluster analysis two dietary patterns were
identified: the NASH and the NO-NASH pattern. Results: The macronutrient composition of the diet
was similar in the two patterns. However, the NASH pattern compared with the NO-NASH pattern
was characterized by a significantly lower content of fibre (p < 0.001), β-carotene (p < 0.001), vitamin C
(p < 0.001), vitamin E (p < 0.001), polyphenols (p = 0.026) and antioxidant capacity (p < 0.001). With
regard to food consumption, the NASH pattern compared with NO-NASH pattern was characterized
by higher intake of rice (p = 0.021), potatoes (p = 0.013), red (p = 0.004) and processed meat (p = 0.003),
and a lower intake of wholegrain bread (p = 0.019), legumes and nuts (p = 0.049), vegetables (p = 0.047),
fruits (p = 0.002), white meat (p = 0.001), fatty fish (p = 0.005), milk and yogurt (p < 0.001). Conclusions:
NO-NASH dietary pattern was characterized by a food consumption close to the Mediterranean
dietary model, resulting in a higher content of polyphenols, vitamins, and fibre. These finding
highlight the potential for dietary components in the prevention/treatment of NASH in people
with T2D.

Keywords: type 2 diabetes; NASH; micronutrients; macronutrients; dietary habits; foods groups;
Mediterranean diet; dietary patterns

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) represents the most common liver disease
worldwide affecting approximatively 20–30% of the general population [1]. The histopatho-
logical and clinical abnormalities of NAFLD spectrum ranges from the accumulation of
triglycerides in the liver, i.e., non-alcoholic fatty liver (NAFL), to the inflammation and
cellular damage of the hepatocytes, i.e., non-alcoholic steatohepatitis (NASH), that may
progress to liver fibrosis and advanced cirrhosis [2]. The most serious clinical manifesta-
tions of NAFLD, i.e., NASH and cirrhosis, have very recently become the fastest growing
indications for liver transplantation in western countries, heavily impacting on patient
health, economic aspects and quality of life [3].

Interestingly, NAFLD is strictly associated with the features of metabolic syndrome
such as obesity, type 2 diabetes (T2D), dyslipidaemia and hypertension [4]. In particular, the
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association between NAFL/NASH and T2D is well established and there appears to exist
an intricate interrelationship whereby the existence of one drives progression to the other.
T2D seems to be the most important risk factor for NAFLD and the most important clinical
predictor of the advanced forms of NAFLD [5,6]. On the other hand, NAFLD is associated
with a worse metabolic profile [7,8] and a higher prevalence of microvascular and macro-
vascular complications of diabetes, independently of other known risk factors [9–11]. From
an epidemiological point of view, it is not surprising that there is a high prevalence of
NAFL and NASH in T2D, estimated at 55–70% and 20–40%, respectively [12], and higher
in T2D with obesity [13].

Although liver biopsy represents the gold standard for the diagnosis of NASH, it
is not feasible in large epidemiological studies. Several indices, based on non-invasive
measures easily performed in clinical practice, have been proposed for the diagnosis of
NASH [14], although none of these has been validated in people with diabetes. Among
others, we used the Index Of NASH (ION), an algorithm constructed from the combination
of triglycerides, visceral obesity, alanine aminotransferase (ALT) and Homeostatic Model
Assessment (HOMA-IR), and validated against liver biopsy in an obese population sharing
several metabolic and clinical features with T2D (i.e., obesity, excess of visceral fat, insulin
resistance and high prevalence of NASH) [15]; in this population, the ION has shown a
good diagnostic accuracy (AUC = 0.88 [95%CI 0.82–0.95]), with a sensitivity of 92% and a
specificity of 60% [15].

No pharmaceutical approaches for NAFLD have been approved to date, and the
cornerstone in the prevention and treatment of NAFLD and its severe forms is represented
by lifestyle modifications, including diet-related factors [14,16]. Some attempts have
been made to clarify the association between dietary components and NAFLD in the
general population. Outside the context of clinical trials, epidemiological studies show that
high glycaemic index foods and intake in saturated fats and simple sugars—fructose in
particular—are associated with a higher prevalence in NAFLD [17–21]; whereas the intake
of n-3 and n-6 polyunsaturated fatty acids (PUFA), monounsaturated fatty acids (MUFA),
and fibre [22] appears to be associated with a lower prevalence of NAFLD [18,21,22].
Among micronutrients, intake of vitamins [23] and polyphenols is associated with a lower
prevalence of NAFLD and might beneficially impact on the progression from NAFL to
NASH [24].

In individuals with coexisting T2D and NAFL/NASH, hypocaloric diets promoting a
weight loss of 7–10% are effective in improving metabolic parameters of both diseases [14],
but they are not feasible in the long term and the optimal dietary model for people with
T2D and NASH, not subjected to caloric restriction, remains ill-defined [25,26]. Nutritional
guidelines for the treatment of diabetes recommend 45–60% of carbohydrates, selecting
those with a low glycaemic index and high in fibre, 25–35% of fats, preferring MUFA and
PUFA, 15–20% of proteins, and limiting/avoiding the intake of free sugars, sugar-sweetened
beverages and added fructose [26,27]. These recommendations are designed with the main
focus on correction of hyper-glycaemia; furthermore, the patient’s compliance is generally
low/very low. Indications based on food consumption, rather than on nutrients, may
improve adherence, but evidence regarding the possible association between habitual food
consumption and NASH in T2D is lacking.

The aim of this study is to investigate in a large population of patients with T2D the as-
sociation of habitual diet (i.e., diet composition and food consumption) with NASH, in order
to expand knowledge on the potential for dietary components in the prevention/treatment
of NASH in people with T2D.

2. Materials and Methods

2.1. Study Design and Population

We conducted a cross sectional study within the framework of the TOSCA.IT study
(NCT00700856), a randomized controlled trial designed to evaluate the effects of sulfony-
lurea or pioglitazone, in add-on to metformin, on cardiovascular events in people with T2D.
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For the aim of the present study, we used data collected at baseline, prior to randomization
to the study treatments.

The study participants were people with T2D, aged 50–75 years, on stable treatment
with a full dose of metformin (2–3 g per day), and with a glycated hemoglobin (HbA1c)
between 7% and 9%. Participants with incomplete data sets, those with alcohol intake
exceeding 30 g/day if men and 20 g/day if women, or taking n-3 supplements were ex-
cluded from the analyses [28]; other exclusion criteria were severe hepatic dysfunction
(plasma ALT values > 2.5 times the upper normal limit), serum creatinine > 1.5 mg/dL,
history of congestive heart failure, (NYHA class I or higher), ulcer or gangrene of the lower
extremities, cancer, substance abuse, and any health problem requiring special dietary
treatments. Details of the study protocol have been published [29,30]. NASH was defined
based on ION ≥ 50. To identify the association of the habitual diet with NASH, dietary
patterns associated with ION ≥ 50 or <50 were derived using the K-means cluster analysis
by which the sample population is classified into homogenous groups presenting different
characteristics using a specific variable as the comparison criterion, in our case the ION. To
perform this analysis, firstly the 248 food items were categorized into 59 food groups based
on their similarity in term of nutrient composition. Then, the K-means clustering method
was performed and the algorithm utilized to identify within each cluster the smallest vari-
ation. Two clusters were produced using a non-hierarchical K-means clustering method,
with the random seed and 10 iterations to refine and optimize the classifications, and par-
ticipants were grouped according to Euclidean distances. Two clusters were identified, one
associated with an ION ≥ 50, the other associated with an ION < 50, respectively defined in
the text and tables as cluster NASH or cluster NO-NASH. The anthropometric, metabolic
and nutritional variables were compared in these two patterns. The study protocol has
been approved by the Ethics Review Committee of the Coordinating Center and of each
participating center. All participant provided written informed consent before entering
the study.

2.2. Assessment of Anthropometric and Laboratory Parameters

Body weight was measured by mechanic balance (Seca 721), height with bar-altimeter,
waist and hip circumference using an anelastic meter. Waist circumference was measured
halfway between the lower ribs and the iliac crest and hip circumference was measured at
the largest point around the buttocks. All measures were taken with an accuracy to the near-
est 0.1 kg and 0.1 cm, respectively, and with the patient in light clothing and no shoes. Body
mass index (BMI) was calculated as weight (kg)/height (m2). Blood pressure was measured
in the sitting position by a standard protocol. Blood samples were obtained in the morning
after an overnight fast and all biochemical parameters were analyzed in a central laboratory.
Plasma glucose, total cholesterol, HDL-cholesterol, triglycerides, liver enzymes—ALT,
aspartate aminotransferase (AST), and gamma-glutamyl-transpeptidase (GGT)—and high
sensitivity C-reactive protein were detected by standard methods. LDL-cholesterol was cal-
culated according to the Friedewald equation for triglyceride values < 400 mg/dL. HbA1c
was measured with high liquid performance chromatography standardized according to
IFCC. Plasma insulin was detected by ELISA (DIAsource ImmunoAssays S.A., Nivelles,
Belgium) on a Triturus Analyser (Diagnostics Grifols, S.A., Barcelona, Spain). Insulin
resistance was evaluated by the HOMA method calculated as follows: fasting glucose
(mg/dL) × fasting insulin (μU/mL)/405.

2.3. Assessment of Dietary Intake, Food Consumption and Adherence to the Mediterranean Diet

The evaluation of eating habits was performed through the Italian version of the European
Prospective Investigation into Cancer and Nutrition (EPIC) questionnaire, a validated food
frequency questionnaire (FFQ) for the assessment of dietary habits in large epidemiological
studies [31,32]. Details have been reported elsewhere [33,34]. Briefly, the FFQ is based on
248 items for which the respondent has to report (1) the absolute frequency of consumption in
terms of per day, week, month, or year, and (2) the quantity by selection of pictures showing the
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portion size as small, medium and large, with additional quantifiers (i.e., “smaller than the small
portion” or “between the small and medium portion”, etc . . . ). Incomplete questionnaires
and questionnaires with energy intake less than 800 or greater than 5000 kcal/day were
excluded. A specific software (Nutrition Analysis of food frequency questionnaire—FFQ)
was used to obtain the average daily amounts of foods (g/day) [31,32] and the energy and
nutrient composition of the habitual diet [35,36]. The intake of polyphenols was evaluated
using the USDA database [37] in combination with the Phenol-Explorer®database [38], as
reported in more detail elsewhere [33,34]. In order to evaluate the adherence to the Mediter-
ranean Diet, the relative Mediterranean Diet (rMED) score was used [39] as described
in a prior publication [40]. Briefly, the average daily intake of fruits, vegetables, cereals,
legumes, fish, olive oil, meat and meat products, dairy products and alcohol was divided
in tertiles and assigned a score of 0, 1 or 2 to the first, second or third tertile, respectively,
for the groups fitting the Mediterranean model, whereas for meat and dairy products, we
assigned a score of 0, 1 or 2 to the third, second and first tertile, respectively. Regarding
alcohol intake, 2 points for moderate intake (i.e., 5–25 g/day for women and 10–50 g/day
for men, respectively) and 0 points for a consumption at or below the sex-specific range
were assigned. The rMED score ranged from 0 to 18.

2.4. Assessment of Non-Alcoholic Steatohepatitis

NASH was calculated as indirect index by the ION according to the following for-
mula: 1.33 waist to hip ratio + 0.03 × triacyclglycerols (mg/dL) + 0.18 × ALT (U/l)
+ 8.53 × HOMA − 13.93 for men; 0.02 × triacyclglycerols (mg/dL) + 0.24 × ALT (U/l)
+ 9.61 × HOMA − 13.99 for women. NASH was identified by an ION score of ≥50 [15].

2.5. Statistical Analysis

Data are presented as means ± standard deviation, frequencies and percentages, as
appropriate. The t-test for independent samples was used to compare group means; for
skewed variables, log transformed values were used. The χ2 test vas used to compare
frequencies. A p-value < 0.05, two-tailed, was considered significant and all analyses were
conducted with the SPSS Statistics software 28.0 (SPSS/PC; IBM, Armonk, NY, USA).

3. Results

The study population consists of 2026 people with T2D (1136 men and 890 women)
with a mean age of 62.1 ± 6.5 years, a mean BMI of 30.3 ± 4.5 kg/m2 and a mean duration
of diabetes of 8.5 ± 5.7 years. The prevalence of NASH according to the ION was 32%.

In Table 1 are reported the general characteristics and the cardio-metabolic profile for
participants in the two clusters. The BMI, waist and hip circumference, waist/hip ratio,
systolic and diastolic blood pressure, HbA1c, fasting plasma glucose and insulin, HOMA-
IR, plasma LDL-cholesterol, plasma triglycerides, and liver enzymes were significantly
higher among people in the cluster NASH as compared with those in the cluster NO-
NASH, while age, diabetes duration and plasma HDL-cholesterol values were significantly
lower. The proportion of smokers was similar in the two clusters, and a high proportion
of the population was taking lipid lowering medications (62%) and/or antihypertensive
medications (93%), with no significant differences between the two clusters.

In Table 2 are reported the energy intake and the nutrient composition of the diet in
the participants in the two clusters. A significantly lower intake of energy, fibre, vitamin C,
ß-carotene, vitamin E and polyphenols, was observed in the cluster NASH; accordingly
the antioxidant capacity of the diet, estimated as Trolox Equivalent Antioxidant Ca-
pacity (TEAC), Total Radical-Trapping Antioxidant Parameter (TRAP), Ferric Reducing-
Antioxidant Power (FRAP) was significantly lower. No differences were detected for the
other components of the diet between the groups.
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Table 1. General characteristics and metabolic profile in the clusters NASH or NO-NASH.

Cluster NASH
(n. 642)

Cluster NO-NASH
(n. 1384)

p-Value

Age (years) 62 ± 7 63 ± 6 0.006
Smoking (%) 34.4 32.6 0.209

Diabetes duration (years) 8 ± 5 9 ± 6 0.004
BMI (kg/m2) 32 ± 4 29 ± 4 <0.0001

Waist circumference (cm) 108 ± 11 102 ± 11 <0.0001
Hip circumference (cm) 109 ± 11 105 ± 10 <0.0001

Waist/Hip ratio 0.99 ± 0.98 0.96 ± 0.91 0.003
Systolic blood pressure (mm/Hg) 136 ± 16 134 ± 15 0.004
Diastolic blood pressure (mm/Hg) 81 ± 9 80 ± 9 0.002

HbA1c (%) 7.8 ± 0.5 7.6 ± 0.5 <0.0001
Plasma Glucose (mg/dL) 185 ± 39 159 ± 32 <0.0001
Plasma Insulin (μU/mL) 23.5 ± 12.2 9.4 ± 3.6 <0.0001

HOMA-IR 10.7 ± 7.0 3.6 ± 1.4 <0.0001
Plasma HDL-cholesterol (mg/dL) 43 ± 12 48 ± 12 <0.0001
Plasma LDL-cholesterol (mg/dL) 104 ± 30 101 ± 36 0.045

Plasma Triglycerides (mg/dL) 184 ± 114 137 ± 66 <0.0001
C-reactive protein (mg/dL) 0.5 ± 2.3 0.4 ± 1.7 0.246

eGFR (ml/min/1.73 m2) 91.4 ± 2.6 92.7 ± 2.5 0.311
AST (U/L) 24 ± 12 18 ± 9 <0.0001
ALT (U/L) 25 ± 15 17 ± 10 <0.0001
GGT (U/L) 47 ± 54 31 ± 28 <0.0001

Use of antihypertensive drugs (%) 95.3 91.2 0.652
Use of Lipid lowering drugs (%) 63.6 61.1 0.441

Data are means ± SD. BMI: body mass index; HbA1c: glycated hemoglobin; HOMA-IR, homeostatic model assess-
ment; eGFR: estimated glomerular filtration rate; AST: aspartate aminotransferase; ALT: alanine aminotransferase;
GGT: gamma-glutamyl-transpeptidase.

Table 2. Energy intake and nutrient composition of the habitual diet in in the clusters NASH or NO-NASH.

Cluster NASH
(n. 642)

Cluster NO-NASH
(n. 1384)

p-Value

Energy (Kcal/day) 1755 ± 618 1843 ± 692 0.006
Total Proteins (% TEI) 18.4 ± 2.6 18.2 ± 2.6 0.272

Proteins from animal food sources (% TEI) 12.7 ± 3.2 12.5 ± 3.2 0.276
Proteins from vegetable

food sources (% TEI) 5.7 ± 1.1 5.7 ± 1.1 0.574

Total Lipids (% TE) 37.1 ± 6.2 36.6 ± 6.1 0.089
Saturated fatty acids (% TEI) 12.2 ± 2.5 12.0 ± 2.5 0.179

Monounsaturated fatty acids (% TEI) 18.3 ± 3.8 18.0 ± 3.8 0.105
Polyunsaturated fatty acids (% TEI) 4.5 ± 1.1 4.5 ± 1.1 0.253

n-3 (% TEI) 0.55 ± 0.11 0.55 ± 0.12 0.930
n-6 (% TEI) 3.60 ± 1.03 3.56 ± 1.03 0.394

Total cholesterol (mg/1000 kcal/day) 185 ± 53 181 ± 54 0.130
Total Carbohydrates (% TEI) 44.4 ± 7.7 45.1 ± 7.4 0.081

Added sugars (% TEI) 2.37 ± 3.01 2.24 ± 3.24 0.376
Fibre (g/1000 kcal/day) 10.5 ± 2.6 11.0 ± 2.7 <0.0001

Glycemic Index 51.6 ± 3.5 51.9 ± 3.4 0.172
Glycemic Load (%) 105.1 ± 46.6 111.4 ± 50.1 0.019

Alcohol (g/day) 9.9 ± 15.2 11.0 ± 15.3 0.146
Vitamin-C (mg/day) 105 ± 49 115 ± 58 <0.0001
β-carotene (mg/day) 2286 ± 1307 2649 ± 1830 <0.0001
Vitamin E (mg/day) 6.42 ± 2.27 7.00 ± 2.90 <0.0001
Vitamin D (mg/day) 2.47 ± 1.29 2.53 ± 1.53 0.398

TEAC 5.47 ± 2.25 6.00 ± 2.42 <0.0001
TRAP 8.15 ± 3.64 8.91 ± 3.76 <0.0001
FRAP 17.04 ± 7.11 18.46 ± 7.45 <0.0001

Total polyphenols (mg/1000 kcal/day) 377.4 ± 163.1 386.1 ± 165.4 0.026
Data are means ± SD. TEI: total energy intake; TEAC: trolox equivalent antioxidant capacity; TRAP: total
radical-trapping antioxidant parameter; FRAP: ferric reducing-antioxidant power.

Coherent with these findings, the rMED score, an indicator of the overall quality of
the adherence to the Mediterranean dietary pattern, was significantly lower in the cluster
NASH (Table 3). This data was due to significant differences in individual foods and
food group consumption (Table 3). People in the cluster NASH showed a significantly
higher consumption of pasta, rice, potatoes, total meat, red meat, processed meat and a
lower consumption of wholegrain bread, legumes and nuts, vegetables, fruits, white meat,
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fatty fish, total dairy products, milk and yogurt. The consumption of total cereals, white
bread, total fish, lean fish, cheese, eggs, vegetable oils and fats from animal origin was not
significantly different between the groups.

Table 3. Consumption of specific food items (g/1000 Kcal/day), in the clusters NASH or NO-NASH.

Cluster NASH
(n. 642)

Cluster NO-NASH
(n. 1384)

p-Value

Cereals 97.9 ± 35.1 94.8 ± 36.6 0.075
Pasta 28.2 ± 17.7 26.8 ± 16.3 0.016
Rice 3.55 ± 4.36 3.09 ± 4.04 0.021

Bread 35.6 ± 31.1 36.1 ± 32.6 0.738
Wholegrain Bread 6.7 ± 15.8 8.7 ± 17.6 0.019
Legumes and Nuts 13.6 ± 10.6 14.7 ± 11.8 0.049

Vegetables 95.7 ± 49.6 97.4 ± 49.7 0.047
Potatoes 11.7 ± 12.5 10.1 ± 14.0 0.013

Fruits 151.1 ± 86.1 164.3 ± 92.9 0.002
Meat 73.7 ± 30.7 68.4 ± 29.1 <0.0001

Red meat 56.3 ± 26.8 52.7 ± 25.8 0.004
White meat 1.5 ± 0.9 1.9 ± 0.5 0.001

Processed meat 15.6 ± 11.2 14.0 ± 10.1 0.003
Fish 23.7 ± 18.8 23.0 ± 17.1 0.390

Fatty fish 14.6 ± 12.1 16.3 ± 11.8 0.005
Lean fish 8.5 ± 6.0 8.2 ± 6.5 0.147

Dairy products 100.4 ± 54.9 125.3 ± 60.1 <0.0001
Cheese 20.1 ± 13.0 20.0 ± 13.4 0.965

Milk and Yogurt 80.6 ± 76.0 102.9 ± 88.0 <0.0001
Eggs 10.6 ± 7.2 10.4 ± 7.5 0.543

Vegetable oils 14.0 ± 6.0 13.9 ± 6.0 0.897
Oils from animal origin 1.56 ± 1.54 1.43 ± 1.42 0.067

rMED score 8.1 ± 2.6 9.7 ± 2.5 0.001
Data are means ± SD. rMED: relative Mediterranean Diet.

4. Discussion

To the best of our knowledge, this is the first large cross-sectional study evaluating
the association between NASH and habitual diet in a well-characterized sample of adults
with T2D.

The prevalence of NASH in the study population was high (32%) and in line with
recent epidemiological data, as was the more adverse cardiovascular risk factors profile
observed in the cluster NASH [12]. The association between nutrient composition of
the diet and NAFLD, particularly NAFL, has been reported in prior epidemiological
studies [41], but less is known regarding the association with more advanced stages of
NAFLD (i.e., NASH) and no data are available on the association between habitual diet
and NASH in patients with T2D. Here, we provide data on this association, thus expanding
current knowledge.

The first remarkable finding is that the nutrient distribution was largely similar in the
NASH or NO-NASH cluster. This is at variance with studies assessing the relation between
NAFDL and diet composition in non-diabetic people which describe higher intakes of
cholesterol, saturated fat [42,43] and added sugars [44,45] in individuals with NAFLD in
comparison with matched controls without NAFLD. This inconsistency might be related
to differences in the study design; in fact, we studied a population consisting of patients
with T2D regularly attending diabetes clinics and who, therefore, may have restricted the
consumption of the above-mentioned items as a result of medical advice, thus diluting
the association.

The second relevant finding of this study is the association between fibre, micronutrient
intake and NASH. Interestingly, despite the composition in macronutrients being similar
between groups, the overall quality of the diet was very different between groups; with
this regard, the intake of fibre, vitamins and polyphenols was significantly lower in the
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cluster NASH. These results are in line with epidemiological and clinical studies performed
in patients without T2D [23,46,47]. All together, available evidence suggests that vitamins
and polyphenols might prevent the advance of steatosis to NASH, probably restoring
oxidative stress and reducing the transcription of the pro-inflammatory cytokines, which
are the main drivers in the progression from NAFL to NASH [24,48,49]. Furthermore,
dietary fibre might positively influence NAFL by acting on postprandial metabolic state,
decreasing glucose absorption with a consequent reduction of the hepatic influx of glucose
and de-novo lipo-genesis [22]. In addition, dietary fibre might stimulate a healthy gut
microbiota, consequently decreasing the development of tissue inflammation and liver
injury that led to NASH [50,51] and expanding also to NASH the interest in bioactive food
compounds for T2D.

In terms of food groups, the cluster NASH was characterized by a lower consumption
of whole grain bread, legumes and nuts, vegetables, fruits, fatty fish, milk and yogurt and
a higher consumption of pasta, rice, potatoes, red meat and processed meat, providing
data on the relation between food groups, NASH and T2D in line with those available for
people without diabetes [43,52,53].

These data indicate that overall the NO-NASH dietary pattern is close to the Mediter-
ranean dietary model, contributing to the growing evidence suggesting this model as the
reference nutritional pattern to prevent and treat NAFLD [14,54], also in people with T2D.
The beneficial effects of the Mediterranean diet on NAFLD might be related to dietary
components such as dietary fibre, polyphenols and vitamins, that lead to the enhancement
in the most important risk factors of NAFLD, such as BMI, insulin resistance and serum
triglycerides [54], which are also key pathogenic factors for the development of T2D and
major determinants of blood glucose control once diabetes has developed.

To our knowledge, this is the first epidemiological study on a large population of
patients with T2D to evaluate the association between NASH and different dietary compo-
nents and food groups, in a real-life setting.

There are still many open questions with respect to dietary treatment in individuals with
both NASH and T2D. Importantly, in spite of the intimate relation between NAFLD and
T2D, there are few nutritional intervention trials in which patients with coexisting T2D and
NASH have been included. Therefore, it is unclear whether results from the numerous trials
performed in patients with NASH and without T2D can be generalized to patients with both
diseases. This study, by including a detailed analysis of both vegetable-based and animal-based
foods, raises hypotheses on the overall dietary approach for NASH in people with diabetes,
which could require confirmation in future large randomized-controlled trials.

Some limitations of the study must be acknowledged. First, the causal relationship
between dietary components, Mediterranean dietary score and NASH cannot be proven
due to the cross-sectional study design. Second, potential confounding from unmeasured
lifestyle factors, such as physical activity level, might exist. Furthermore, data regarding
dietary habits were collected only once and, consequently, could be prone to seasonal
fluctuation and recall bias. Finally, NASH was detected by an indirect index currently
accepted by NAFLD guidelines [16,55]. This index, although not specifically developed for
people with diabetes was, however, validated in people with obesity who share several
metabolic and clinical features with T2D (obesity, excess of visceral fat, insulin resistance
and high prevalence of NASH), [15].

These limitations are counterbalanced by several strengths: a large sample size, a
well-defined population of patients with T2D studied within the context of real-life clinical
practice, the collection of nutritional and clinical data according to standard methods and
biochemical measurements performed in a centralized laboratory.

5. Conclusions

In conclusion, this is one of the first epidemiological studies to investigate the dietary
correlates of NASH in free living people with T2D focusing on foods and food groups. The
results provide insights regarding habitual food consumption and dietary components
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as correlates of NASH in people with coexisting diabetes, showing that the NO-NASH
dietary pattern is characterized by a higher intake of whole grain-based foods, legumes,
nuts, fruits, vegetables, fatty fish, milk and yogurt, translating into a higher intake of
polyphenols, vitamins and fibre and a higher Mediterranean dietary score. These findings
expand current knowledge by highlighting the potential for dietary components in the
prevention/treatment of NASH in people with T2D.
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Abstract: Background: Recent studies suggest the positive role of flavonols on blood pressure (BP)
values, although there are not many conducted on humans. The aim of this study was to examine
the relationship between flavonol intake and their main sources of consumption, and systolic (SBP)
and diastolic (DBP) BP values in coronary artery disease (CAD) patients. Methods and results: forty
CAD patients completed a food-frequency questionnaire dedicated to flavonol-intake assessment.
The analysis revealed significant correlation between isorhamnetin intake and SBP values—absolute
(R: −0.36; 95% CI: −0.602 to −0.052; p = 0.02), and related to body mass (R: −0.38; 95% CI: −0.617
to −0.076; p = 0.02. This effect was observed in male participants (R: −0.65; 95% CI: −0.844 to −0.302;
p = 0.001 and R: −0.63; 95% CI: −0.837 to −0.280; p = 0.002 respectively), but not in female patients.
The main contributors were onions, tomatoes, blueberries, apples, tea, coffee and wine. White onion
(R: −0.39; 95% CI: −0.624 to −0.088; p = 0.01) consumption was inversely correlated with SBP, and
tomato consumption (R: −0.33; 95% CI: −0.581 to −0.020; p = 0.04) with DBP. The comparison
between patients with BP < 140 mmHg and ≥140 mmHg revealed significant differences in white
onion (p = 0.01) and blueberry (p = 0.04) intake. Conclusions: This study revealed the relationship
between long-term dietary isorhamnetin intake and SBP values. The analysis of specific food intake
showed that onion, tomato and blueberry consumption could impact BP values. This may suggest
that a dietary approach which includes a higher intake of isorhamnetin-rich products could possibly
result in BP lowering in CAD patients.

Keywords: flavonols; quercetin; hypertension; blood pressure; isorhamnetin

1. Introduction

Elevated blood pressure (BP) is the leading cardiovascular disease (CVD) in Poland
and it is present in 9.94 million adults, which is about 26% of total Polish population [1]. The
overall prevalence of hypertension in adults is around 30–45% [2]. It is also a recognized
cardiovascular risk factor, which is why finding a pattern leading to this condition is the
main target of primary and secondary prevention. Apart from pharmacological treatment,
which is introduced after a hypertension diagnosis, lifestyle changes including dietary
approach are essential to prevent this condition, and as the first-line treatment [3]. The
European Society of Cardiology recommendations for hypertension management include a
diet rich in vegetables and fruit, although they are not very precise [3]. Vegetables and fruits
are the sources of flavonoids which are investigated in varying contexts of human health,
due to their antioxidative properties. Flavonols are the group of flavonoids distinguished
by their chemical structure including a 3-hydroxyflavone backbone. They differ in the
presence and position of hydroxyl and methyl groups. The main flavonols are quercetin,
kaempferol, isorhamnetin and myricetin, although there is a large group of flavonols which
are less abundant in the everyday diet, e.g., morin, galangin, fisetin, kaempferide, azaleatin,
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natsudaidain, pachypodol and rhamnazin [4–6]. The bioactivity of each compound depends
on the number and type of functional groups. Quercetin, kaempferol and myricetin differ
in the number of hydroxyl groups, while isorhamnetin is O-methylated in the R3 position,
compared to quercetin.

The products particularly rich in flavonols are onions, tea, and apples, although kale,
lettuce, tomatoes, broccoli, grapes, berries and red wine are also known to be flavonol-
rich [6–8]. The main dietary contributors for quercetin intake are tomatoes, kale, apples and
tea; for an intake of kaempferol, kale, beans, tea, spinach, and broccoli; for isorhamnetin,
pears, olive oil, wine, and tomato sauce; for myricetin intake, tea, wine, kale, oranges, and
tomatoes [9].

The most investigated flavonol is quercetin. The interventional studies in humans
suggest the impact of its supplementation in BP regulation [10–13]. The other flavonols
have not been the subject of interventional studies in humans yet, although the stud-
ies on animal models also suggest a positive role for isorhamnetin supplementation in
hypertension management [14]. What is more, its potential role as a cardioprotective,
neuroprotective, anti-tumor and anti-obesity agent was also suggested in in vitro and
animal model studies [15–18]. Nonetheless, the results from the only observational human
study which investigated the relationship between dietary-antioxidant habitual intake and
hypertension are not consistent with this, as there was no observed correlation between
flavonol (quercetin, kaempferol, isorhamnetin and myricetin) intake and hypertension
incidence [7]. Nonetheless, it is worth noting that general hypertension diagnosis is based
on crossing the limit of 140 mmHg for systolic BP (SBP) and/or 90 mmHg for diastolic BP
(DBP) [3]. There has not yet been any study investigating the linear relationship between
flavonol intake and BP values in coronary artery disease (CAD).

The consumption of apples, which are a main source of flavonols, is generally advised
in terms of health benefits (“an apple a day keeps a doctor away”); however, there have not
been any studies which have analyzed the impact of apple consumption on BP values [19].
On the other hand, patients are often discouraged from drinking coffee, which is also a
good source of flavonols, due to its potential negative impact on BP values, even though
the recent studies do not confirm this [20].

The aim of this study was to analyze the impact of long-term dietary intake of the
selected flavonols (quercetin, kaempferol, isorhamnetin and myricetin) and their main
dietary sources, on levels of SBP and DBP among patients with CAD. Additionally, the
impact of long-term consumption of apples and coffee, which are sources of flavonols, on
BP values, was also investigated.

2. Materials and Methods

Forty adult patients hospitalized between March and July 2022 due to CAD were
enrolled in this study. Inclusion criteria were: (1) CAD diagnosis (2) age ≥ 18 years
(3) written consent (4) mental condition that enabled a one-year retrospective dietary
interview. The food-frequency questionnaire dedicated to specific flavonol one-year-intake
assessment was administered to the patients [21]. On the basis of this, the mean daily intake
for quercetin, kaempferol, isorhamnetin, myricetin and total flavonols was calculated for
each patient. The information about mean daily intake of flavonol sources was also derived
from the questionnaire.

Patient weight was measured to 0.05 kg accuracy using the WTL-150A scale (Lubelskie
Fabryki Wag), by a trained professional. The patient was allowed to wear only underwear
for this measurement. BP was measured by a trained professional to 1 mmHg accuracy with
the Omron M3 monitor (Omron Healthcare). The measurement was performed according
to the European Society of Cardiology recommendations [22].

The study was approved by the local Bioethics Committee of the Medical University
of Lublin (consent no. KE-0254/9/01/2022). The study was conducted in line with the
directives of the Declaration of Helsinki on Ethical Principles for Medical Research. All
participants signed a written consent agreement.
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Statistical analyses were performed with the RStudio software v. 4.2.0. The normality
of the distribution of each parameter was checked by the Shapiro–Wilk test. The variables
were presented as means (SD). Pearson correlation was used to analyze the association be-
tween selected flavonol mean daily-intake and SBP or DBP, and between selected products
mean daily-intake and SBP or DBP. The cut-off points used for correlation coefficient were
as follows: <0.20 as low, 0.20–0.49 as moderate and ≥0.50 as high correlation. A p value
below 0.05 was considered significant.

The patients were also divided into two groups due to SBP value—below 140 mmHg
and 140 mmHg or higher. The differences in selected flavonol mean daily-intake and
selected mean daily products between the groups were investigated by the Mann–Whitney
test. A p value below 0.05 was considered significant.

3. Results

A total of 40 patients (21 men and 19 women) were enrolled in the study. The mean age
was 68 (±9) years and mean weight was 80.40 (±10.30) kg. The mean daily total flavonol
intake was 62.64 (±33.98) mg/day, and for specific flavonols: 29.77 (±22.18) mg/day for
quercetin, 14.86 (±8.56) mg/day for kaempferol, 2.46 (±2.02) mg/day for isorhamnetin
and 5.55 (±4.16) mg/day for myricetin. When the values were referred to body mass,
the mean daily intake was 0.80 (±0.45) mg/kg for total flavonols, 0.51 (±0.29) mg/kg for
quercetin, 0.19 (±0.11) mg/kg for kaempferol, 0.03 (±0.02) mg/kg for isorhamnetin and
0.07 (±0.05) mg/kg for myricetin. The mean measured SBP was 134.23 (±25.49) mmHg
and DBP was 73.50 (±11.29) mmHg. The main contributors to flavonol intake were onions
(white and red), tomatoes, blueberries, apples, tea, coffee and wine.

The results revealed a significant moderate correlation between daily isorhamnetin
intake and SBP values. The relation was present in both absolute daily intake (R: −0.36;
95% CI: −0.602 to −0.052; p = 0.02) and daily intake related to body mass (R: −0.38; 95% CI
−0.617 to −0.076; p = 0.02). The detailed results for all analyzed flavonols are presented in
Table 1.

Table 1. The correlation between selected flavonol daily intake and systolic and diastolic blood
pressure.

Systolic Blood Pressure Diastolic Blood Pressure

R 95% CI p R 95% CI p

Quercetin daily intake −0.23 −0.506; 0.087 0.15 0.05 −0.264; 0.357 0.75
Kaempferol daily intake 0.02 −0.292; 0.331 0.89 0.19 −0.125; 0.477 0.23
Isorhamnetin daily intake −0.36 −0.602; −0.052 0.02 0.05 −0.263; 0.359 0.74
Myricetin daily intake −0.08 −0.379; 0.241 0.64 0.09 −0.230; 0.388 0.59
Total flavonol daily intake −0.18 −0.462; 0.143 0.28 0.10 −0.222; 0.396 0.55
Quercetin daily intake/body mass −0.28 −0.542; 0.037 0.08 0.04 −0.272; 0.350 0.79
Kaempferol daily intake/body mass −0.05 −0.354; 0.268 0.77 0.18 −0.138; 0.466 0.26
Isorhamnetin daily intake/body mass −0.38 −0.617; −0.076 0.02 0.07 −0.250; 0.370 0.68
Myricetin daily intake/body mass −0.13 −0.426; 0.187 0.41 0.07 −0.247; 0.374 0.67
Total flavonol daily intake/body mass −0.23 −0.503; 0.091 0.16 0.09 −0.232; 0.387 0.60

The analysis of the male and female subgroup revealed that this effect was observed
only in male participants (R: −0.65; 95% CI: −0.844 to −0.302; p = 0.001 for absolute
isorhamnetin intake and R: −0.63; 95% CI: −0.837 to −0.280; p = 0.002 for related-to-body-
mass isorhamnetin intake). The detailed results are presented in Tables 2 and 3.
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Table 2. The correlation between selected flavonols daily intake and systolic and diastolic blood
pressure in male participants.

Systolic Blood Pressure Diastolic Blood Pressure

R 95% CI p R 95% CI p

Quercetin daily intake −0.32 −0.661; 0.128 0.16 −0.14 −0.542; 0.307 0.53
Kaempferol daily intake 0.11 −0.340; 0.515 0.64 0.01 −0.422; 0.441 0.96
Isorhamnetin daily intake −0.65 −0.844; −0.302 0.001 −0.12 −0.515; 0.340 0.64
Myricetin daily intake −0.06 −0.478; 0.383 0.80 −0.11 −0.518; 0.336 0.63
Total flavonol daily intake −0.27 −0.626; 0.187 0.24 −0.13 −0.530; 0.323 0.58
Quercetin daily intake/body mass −0.27 −0.628; 0.183 0.24 −0.08 −0.497; 0.361 0.72
Kaempferol daily intake/body mass 0.16 −0.292; 0.554 0.49 0.11 −0.338; 0.517 0.63
Isorhamnetin daily intake/body mass −0.63 −0.837; −0.280 0.002 −0.07 −0.491; 0.369 0.75
Myricetin daily intake/body mass −0.03 −0.457; 0.405 0.89 −0.08 −0.491; 0.369 0.75
Total flavonol daily intake/body mass −0.21 −0.585; 0.248 0.37 −0.05 −0.470; 0.392 0.84

Table 3. The correlation between selected flavonol daily intake and systolic and diastolic blood
pressure in female participants.

Systolic Blood Pressure Diastolic Blood Pressure

R 95% CI p R 95% CI p

Quercetin daily intake −0.17 −0.580; 0.308 0.49 0.30 −0.180; 0.663 0.21
Kaempferol daily intake −0.09 −0.521; 0.381 0.72 0.34 −0.136; 0.687 0.16
Isorhamnetin daily intake 0.01 −0.447; 0.461 0.97 0.34 −0.130; 0.691 0.15
Myricetin daily intake −0.14 −0.556; 0.339 0.58 0.37 −0.101; 0.706 0.12
Total flavonol daily intake −0.14 −0.556; 0.339 0.58 0.32 −0.157; 0676 0.18
Quercetin daily intake / body mass −0.27 −0.643; 0.213 0.27 0.27 −0.206; 0.647 0.26
Kaempferol daily intake / body mass −0.19 −0.591; 0.292 0.44 0.30 −0.179; 0.664 0.21
Isorhamnetin daily intake / body mass −0.06 −0.502; −0.404 0.80 0.37 −0.105; 0.703 0.12
Myricetin daily intake / body mass −0.23 −0.618; 0.252 0.35 0.32 −0.161; 0.674 0.19
Total flavonol daily intake / body mass −0.24 −0.625; 0.242 0.33 0.29 −0.192; 0.656 0.23

The analysis of the main flavonol sources mean daily intake showed that onion
(R: −0.38; 95% CI −0.616 to −0.074; p = 0.02) and white onion (R: −0.39; 95% CI: −0.624 to
−0.088; p = 0.01) intake is correlated with SBP values, while tomato intake (R: −0.33; 95%
CI: −0.581 to −0.020; p = 0.04) is correlated with DBP values. The detailed results for all
analyzed products are presented in the Table 4.

Table 4. The correlation between selected product daily intake and systolic and diastolic blood
pressure.

Systolic Blood Pressure Diastolic Blood Pressure

p 95% CI R p 95% CI R

White onion 0.01 −0.624; −0.088 −0.39 0.87 −0.335; 0.288 −0.03
Red onion 0.15 0.508; 0.084 −0.23 0.34 −0.166; 0.444 0.15
Onion (total) 0.02 −0.616; −0.073 −0.38 0.76 −0.265; 0.357 0.05
Tomatoes 0.31 −0.454; 0.153 −0.17 0.04 −0.581; −0.020 −0.33
Blueberry 0.21 −0.483; 0.116 −0.20 0.79 −0.349; 0.273 −0.04
Apples 0.39 −0.431; 0.181 −0.14 0.68 −0.371; 0.249 −0.07
Black tea 0.58 −0.228; 0.391 0.09 0.22 −0.121; 0.480 0.20
Green tea 0.57 −0.393; 0.225 −0.09 0.25 −0.132; 0.472 0.19
Coffee 0.97 −0.306; 0.317 0.01 0.96 −0.318; 0.305 −0.01
Wine 0.89 −0.337; 0.294 −0.02 0.52 −0.215; 0.409 0.11

The subgroup analysis revealed significant differences in isorhamnetin intake related
to body mass (p = 0.048), white onions (p = 0.01) and blueberries (p = 0.04) among the
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patients with normal BP (<140 mmHg) and elevated BP (≥140 mmHg). The detailed results
for all compounds and food are presented in the Table 5 and Figure 1. The additional
analysis between the patients consuming less than 1 apple a day and ≥1 apple daily did
not show any significant differences in terms of SBP (p = 0.55) or DBP (p = 0.95). A similar
observation was made for coffee consumption (p = 0.64 for SBP and p = 0.43 for DBP).

Table 5. Differences in flavonol and selected product daily intake in patients with normal systolic
blood pressure (<140 mmHg) and elevated systolic blood pressure (≥140 mmHg).

Systolic Blood Pressure

<140 mmHg ≥140 mmHg

Mean SD Mean SD p

Quercetin [mg/day] 42.02 ±24.81 36.73 ±17.24 0.61
Kaempferol [mg/day] 13.91 ±8.66 16.14 ±8.24 0.39
Isorhamnetin [mg/day] 2.88 ±2.20 1.90 ±1.53 0.08
Myricetin [mg/day] 5.66 ±4.80 5.39 ±3.02 0.59
Total flavonols [mg/day] 72.09 ±39.77 67.57 ±30.94 0.94
Quercetin [mg/kg*day] 0.55 ±0.33 0.45 ±0.22 0.55
Kaempferol [mg/kg*day] 0.18 ±0.12 0.20 ±0.10 0.52
Isorhamnetin [mg/kg*day] 0.04 ±0.03 0.02 ±0.02 0.048
Myricetin [mg/kg*day] 0.07 ±0.06 0.07 ±0.04 0.94
Total flavonols [mg/kg*day] 0.94 ± 0.54 0.83 ±0.40 0.68
White onion [portion/day] 0.31 ±0.25 0.17 ±0.25 0.01
Red onion [portion/day] 0.09 ±0.21 0.07 ±0.06 0.51
Tomatoes [portion/day] 0.58 ±0.82 0.34 ±0.27 0.64
Blueberries [portion/day] 0.24 ±0.31 0.06 ±0.06 0.04
Apples [portion/day] 0.68 ±0.51 0.56 ±0.47 0.65
Black tea [portion/day] 1.26 ±1.22 2.27 ±2.03 0.10
Green tea [portion/day] 0.49 ±0.77 0.45 ±1.08 0.44
Coffee [portion/day] 0.76 ±0.88 0.39 ±0.47 0.37
Wine [portion/day] 0.05 ±0.10 0.11 ±0.29 0.82

Figure 1. Box-plots presenting differences in flavonol intake and their main dietary source con-
sumption among patients with systolic blood pressure <140 mmHg and ≥140 mmHg (significant
differences are marked with *).
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4. Discussion

Flavonols are the subgroup of flavonoids which share a 3-hydroxyflavone backbone.
Individual flavonols differ in their chemical structure (i.e., presence and position of hy-
droxyl and methyl groups) which impacts their bioactivity [23,24]. The most investigated
flavonol is quercetin, and the studies in humans suggest the positive role of its supple-
mentation in BP regulation [10–13]. The other flavonols are not as widely analyzed in this
context. Most of the interventional studies about isorhamnetin impact on BP come from
animal models, where isorhamnetin restored vasodilatation in hypertensive rats [14]. The
mechanisms of this effect are still under investigation. However, the role of modification of
protein kinases (C and Rho) activity, cytosolic H2O2 production or angiotensin-converting
enzyme inhibition potential are suggested by other authors [14,25–27]. On the other hand,
in the only observational human study which analyzed the impact of dietary antioxi-
dant intake on hypertension, there was no correlation between general habitual dietary
flavonoid intake and a reduction in incidents of hypertension [7]. A similar observation
was also made in this study for specific flavonols (quercetin, kaempferol, isorhamnetin and
myricetin) [7]. It is worth noting that the study was conducted on a very large population (a
total of 156 957 participants from the Nurses’ Health Study and Health Professionals follow-
up study); nonetheless, it was based on patients’ self-assessment and self-reporting, and
analyzed the impact of the above-mentioned dietary agents only on hypertension incidence,
without taking exact BP-value measurements into consideration [7]. The flavonol intake in
that study was also calculated on the basis of a general semiquantitative food-frequency
questionnaire, and not by the dedicated tool [7]. That is why it could possibly omit some of
the subtle relationships between isorhamnetin intake and BP values shown in this study.
The products particularly rich in isorhamnetin are onions (white and red), kale, asparagus,
elderberry, dill and parsley [6,8].

The presented results revealed also significant differences between male and female
participants in terms of the size of the effect of isorhamnetin consumption. These effects
were observed only in the male subgroup, while the correlation was not significant in the
female subgroup. This is an interesting observation, as in the study by Knekt et al. the effect
of flavonoid intake on general CAD mortality was observed in women, but not in men [28].
It is worth noting that hypertension is a CAD risk factor, but in the study by Knekt et al. the
direct BP values were not taken into consideration. However, in the studies which analyzed
the impact of other flavonol intake (quercetin) directly on hypertension, it was shown that
quercetin supplementation results in antihypertensive effects in men [29]. Nonetheless, the
present study is the first study which has investigated the antihypertensive potential of
dietary isorhamnetin in humans.

The results showed that the main contributors to flavonol intake were onions, toma-
toes among the vegetables; blueberries and apples among the fruit; and tea, coffee and
wine among the beverages, which matches the observations made in the Zutphen Elderly
study [30]. The analysis showed that among these selected products, only onions and
tomato mean daily-intakes were significantly correlated with SBP and DBP, respectively.
The subgroup analysis confirmed this observation, as the patients with elevated SBP were
characterized by significantly lower white onion consumption. Onion extract was already
proven to have potential in BP-lowering, although the doses used in the study by Brull et al.
and Kalus et al. were higher than reachable in an everyday diet [31,32]. The impact of onion
and apple intake on cardiovascular mortality was shown in the study by Knekt et al. and
Hertog et al. [28,30]. The subgroup analysis showed that patients with elevated and normal
BP also significantly differed in terms of blueberry consumption. This relationship was not
presented for berries in the above-mentioned study; however, it could be explained that in
the presented study berries were divided into species, and only blueberry intake was taken
into consideration, in contrast with the other studies [28]. Even though the studies did not
analyze the direct values of BP, it is worth noting that hypertension is a cardiovascular risk
factor. The relation between the intake of food rich in flavonoids such as onions, apples
or tea, and cardiovascular risk factors (including BP) was also shown in French women,
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although the authors of the SU.VI.MAX study did not reveal the exact correlations [33].
The important factor could be also the preparation of the meals, including the products
mentioned, as boiling could decrease the antihypertensive potential in onions [34].

Apples consumption is popular, due to the beneficial role for health. The term “an
apple a day keeps a doctor away” was examined in the course of this study, and it revealed
that patients who consume one apple a day or more do not have significantly lower SBP
or DBP, compared to the patients with lower apple-consumption. This observation might
be caused by the lower border for the minimal apple-consumption impact, as the study
investigating the impact of fresh fruit intake and acute coronary syndrome proved that
the level of consumption of 25 g/day reduces the risk of acute coronary syndromes [19].
What is more, coffee consumption, which is suggested to elevate BP, did not present such
properties in CAD patients. The patients who drink one coffee a day or more did not have
significantly higher SBP or DBP compared to the patients who drink less than one coffee a
day. This observation matches the results from other studies regarding CVD risk and coffee
consumption [20].

On the basis of the presented results, we can suggest that incorporating products such
as onion, tomatoes and blueberries into the everyday diet could be possibly beneficial in
terms of BP values. Nonetheless, a longer observation on a larger population, or ideally, a
controlled prospective study is needed to support this.

In our observational study, the mean daily intake of quercetin was much lower
(29.77 [±22.18] mg/day) than the supplementation doses used in randomized controlled
studies in humans (50 mg to 730 mg/day), so this may explain why the results from this
observation do not match the results from the meta-analysis, which showed that quercetin
supplementation could decrease BP values [12]. It is also worth noting that bioavailability
from an artificial supplement can differ from that from a dietary source.

Apart from the mentioned study, there are no other available observational or inter-
ventional studies focused on the impact of other flavonols (kaempferol and myricetin) on
BP level.

5. Conclusions

This study revealed the relationship between long-term dietary isorhamnetin con-
sumption and SBP values in male patients. The correlation was not proved for other
flavonols or for DBP. The analysis of specific foods showed that onion, tomato and blue-
berry intake could impact BP values. This may suggest that a dietary approach which
includes a higher intake of products rich in this compound could possibly result in BP
lowering.
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Abstract: The aim of this study was to assess the effect of the level of adherence to the DASH diet on
hypertension risk by conducting a systematic review and meta-analysis. A systematic literature search
was performed. Two independent investigators performed the study selection, data abstraction,
and assessment of the included studies. The meta-analysis was performed separately with the
adjusted hazard (HR) or incident rate ratios (IRR) and the odds ratios (OR) of the highest compared
to the lowest DASH diet adherence scores using a random effects model. A total of 12 studies were
included in the qualitative and quantitative synthesis. When cohort studies reporting HR were pooled
together, high adherence to the DASH diet was associated with a lower risk of hypertension (HR: 0.81,
95% CI 0.73–0.90, I2 = 69%, PI 0.61–1.08) compared to the low adherence. When cross-sectional
studies reporting OR were combined, high adherence to the DASH diet was also related to a lower
risk of hypertension (OR: 0.80, 95% CI 0.70–0.91, I2 = 81%, PI 0.46–1.39). The findings suggest that
high adherence to the DASH diet has a positive effect on reducing hypertension risk compared to
low adherence. These data strengthen and are in line with all hypertension guidelines, indicating
that lifestyle changes should start early even in populations with normal blood pressure.

Keywords: blood pressure; compliance; DASH diet; systematic review; meta-analysis; hypertension

1. Introduction

The prevalence of hypertension doubled in adults older than 30 from 1990 to 2019 [1].
According to the World Health Organization (WHO) [2], it is estimated that almost 50%
of adults with hypertension are undiagnosed. Prediction models project that in 2030
approximately 40% of adults in the U.S.A. will develop some form of cardiovascular
disease (CVD), including hypertension [3]. To tackle this public health issue, the WHO set
a global target to ameliorate the prevalence of hypertension by 1

4 by 2025 [4].
High blood pressure is the leading cause of disability-adjusted life years (DALY) [5]

and accounts for most of the CVD events worldwide [6] and premature deaths [7]. Even
though prevention policies are of fundamental importance to mitigate the tremendous
increase in hypertension rates and reduce the development of related comorbidities, most
clinical practice guidelines focused primarily on the treatment of this condition [8,9]. The
recommendations for preventing hypertension include the amendment of dietary devi-
ations from guidelines and physical inactivity [10]. Decreasing the amount of sodium
intake and the achievement of weight loss for adults with overweight or obesity are strate-
gies that will prevent hypertension-attributed deaths and reduce the risk of hypertension,
respectively [6].
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The most studied dietary pattern for high blood pressure is the Dietary Approaches to
Stop Hypertension (DASH) eating plan. The DASH diet has been proposed for the man-
agement of high blood pressure due to the inclusion of food groups with antihypertensive
properties [11]. More specifically, the DASH diet emphasizes the consumption of fruits,
vegetables, whole grains, legumes, nuts, lean protein, and low-fat dairy products. Further-
more, it focuses on limited intakes of salt, added sugar, and saturated fat. Many studies
have assessed whether the level of adherence to the DASH diet can reduce hypertension
risk among the adult population, with inconclusive results [12–15].

To the best of our knowledge, there is not a published systematic review and meta-
analysis assessing the effect of the level of adherence to the DASH diet on the development
of hypertension. Hence, the objective of this work was to synthesize all the data from the
available primary studies to shed light on the inconclusive results.

2. Materials and Methods

2.1. Protocol and Registration

The present systematic review and meta-analysis has been conducted according to the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA 2020) [16]
and Meta-analysis Of Observational Studies in Epidemiology (MOOSE) [17] statements
(Supplementary Tables S1 and S2). A pre-specified protocol has been registered in the
Prospero repository (CRD42022344686).

2.2. Search Strategy

A comprehensive literature search was conducted in MEDLINE via PubMed, Scopus,
and Web of Science Core Collection databases from inception to November 2022 by two in-
dependent reviewers. Furthermore, we inspected the references of the included studies
for relevant articles. The grey literature was also searched for potential records. Finally,
we consulted experts in the field of nutrition and hypertension for the provision of eligible
studies. We used search terms such as “hypertension”, “blood pressure”, “DASH diet”,
and “dietary adherence”. The full search string can be found in Supplementary Table S3.

2.3. Study Selection

We included records that met the following criteria: (1) observational and/or in-
terventional studies, (2) including adult population without a hypertension diagnosis,
(3) comparing the effect of high and low adherence to the DASH diet, (4) on the risk of
developing hypertension.

Adherence to the DASH diet is defined as the degree to which an individual follows
the DASH diet. We defined hypertension according to ESC/ESH guidelines [8], namely,
systolic blood pressure (SBP) ≥ 140 or/and diastolic blood pressure (DBP) ≥ 90 or the use
of antihypertensive medication.

Studies including pregnant or pediatric populations or those written in a non-English
language were excluded.

2.4. Data Extraction

We independently abstracted data regarding study characteristics including the first
author’s name, publication year, the country in which the study took place, study de-
sign, study population details, comorbidities, DASH diet assessment tool, and the use of
anti-hypertensive medication. As far as statistical data are concerned, we independently
extracted risk estimates with their corresponding 95% confidence intervals (CI) regarding
the risk of hypertension based on the level (high or low) of adherence to the DASH diet.

2.5. Risk of Bias in Individual Studies

Two independent researchers assessed the risk of bias in the included observational
studies using the Newcastle–Ottawa scale (NOS) and checklists for cross-sectional or cohort
studies developed by the Joanna Briggs Institute (JBI). The JBI checklist for the cohort
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studies includes 11 items regarding the study design, while the checklist for the cross-
sectional studies comprises 8 questions. There are three available options to respond to
these items, “yes” indicating high quality, “no” indicating poor quality, or “unclear”.

2.6. Data Synthesis

To answer our research question, we conducted two statistical analyses, one including
only cohort studies and another one including only cross-sectional studies. The meta-
analysis was performed separately for the adjusted hazard ratios (HR) or incident rate ratios
(IRR) and odds ratios (OR) of the highest compared to the lowest DASH diet adherence
score using a random effects model. The heterogeneity was estimated using the estimator
proposed by Paule and Mandel [18], and measured using the I2 index, which describes
the percentage of variability due to heterogeneity rather than sampling error, and the
τ2 [19]. We present the prediction interval (PI), which facilitates clinical interpretation of
the heterogeneity and quantifies the range of the effect size that a future study will fall [20].
Funnel plots and publication bias tests for assessing their asymmetry were not calculated
due to the few included studies [21]. We also performed a subgroup and sensitivity analysis
in order to explain heterogeneity and assess the robustness of our findings, respectively.
Data were analyzed using the R Studio software (version 2023.06.0) and meta package.
Statistical significance was set at p < 0.05.

2.7. Quality of the Evidence

The certainty of the evidence of our findings was assessed using the Grading of
Recommendations, Assessment, Development, and Evaluations (GRADE) approach, as
recommended by the Cochrane Handbook [19].

3. Results

3.1. Database Search and Study Characteristics

An electronic literature search was performed on MEDLINE via PubMed, Scopus,
and Web of Science Core Collection, and a total of 4319 articles were retrieved. After the
duplicate removal process, 628 records remained for further evaluation. After title and
abstract screening, 136 articles were assessed for eligibility. The final sample of the study
incorporated 12 individual studies [14,15,22–31]. Figure 1 presents the details of the study
search and selection process.

3.2. Definitions of the DASH Diet

Four studies used the definition of the DASH diet based on the DASH score con-
structed by Fung and colleagues [32], while six studies provided their own definition of
the DASH diet score based either on food groups or types of macro- and micronutrients
using different cut points for low and high adherence. One study defined the DASH diet
according to recommended and restricted food groups as well as sodium consumption
based on the guide published by the National Institutes of Health and the National Heart
Lung and Blood Institute. In one study, the DASH diet was described as the sum of three
food groups, namely, vegetables, fruit, and milk products using the hypothesis-oriented
pattern variable.

3.3. Outcome of Interest

When the cohort studies reporting HR were pooled together (Figure 2), high ad-
herence to the DASH diet was associated with a lower risk of hypertension (HR: 0.81,
95% CI 0.73–0.90, I2 = 69%, PI 0.61–1.08) compared to low adherence. Based on the
Cochrane Handbook, the heterogeneity appears to be substantial.
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Figure 1. Flow diagram of the eligibility process.

The main characteristics of the included studies are summarized in Tables 1 and 2.
Briefly, of the total 12 studies, three were cross-sectional and nine were cohort studies. The
total number of participants exceeded 115,000 and their mean age ranged from 36.3 to
61.0 years old.

112



Nutrients 2023, 15, 3261

T
a

b
le

1
.

C
ha

ra
ct

er
is

ti
cs

of
th

e
in

cl
ud

ed
st

ud
ie

s.

S
tu

d
y

ID
,

C
o

u
n

tr
y

S
tu

d
y

D
e

si
g

n
,

E
ff

e
ct

S
iz

e
P

o
p

u
la

ti
o

n
N

o
o

f
P

a
rt

ic
ip

a
n

ts
(L

o
w

/H
ig

h
A

d
h

e
re

n
ce

)

M
e

a
n

A
g

e
±

S
D

E
x

cl
u

si
o

n
C

ri
te

ri
a

D
A

S
H

A
ss

e
ss

m
e

n
t

T
o

o
l

H
y

p
e

rt
e

n
si

o
n

D
ia

g
n

o
si

s

Ba
ie

ta
l.,

20
17

[2
2]

,
C

hi
na

Lo
ng

it
ud

in
al

-c
oh

or
t,

H
R

C
hi

ne
se

ad
ul

ts
-

42
±

9.
3

Yo
un

ge
r

th
an

18
ye

ar
s

ol
d,

m
is

si
ng

av
er

ag
e

SB
P

or
D

BP
,i

de
nt

ifi
ed

hy
pe

rt
en

si
on

,a
nt

ih
yp

er
te

ns
iv

e
m

ed
ic

at
io

n,
ex

is
ti

ng
di

ag
no

si
s

of
di

ab
et

es
,m

yo
ca

rd
ia

li
nf

ar
ct

io
n,

or
ap

op
le

xy

D
A

SH
di

et
sc

or
e

Fu
ng

et
al

.(
20

08
)[

32
]

SB
P
≥

14
0

or
D

BP
≥

90
or

an
ti

hy
pe

rt
en

si
ve

m
ed

ic
at

io
n

us
e

C
am

õe
s

et
al

.,
20

10
[2

3]
,P

or
tu

ga
l

Lo
ng

it
ud

in
al

co
ho

rt
st

ud
y,

H
R

Po
rt

ug
ue

se
ad

ul
ts

,
re

si
de

nt
in

Po
rt

o
an

d
at

ri
sk

of
de

ve
lo

pi
ng

hy
pe

rt
en

si
on

24
6/

25
6

-
A

ge
<

39
ye

ar
s

ol
d,

m
is

si
ng

in
fo

rm
at

io
n

on
BP

m
ea

su
re

m
en

ts
,h

yp
er

te
ns

iv
e

D
ev

el
op

ed
D

A
SH

di
et

sc
or

e

SB
P
≥

14
0

or
D

BP
≥

90
or

an
ti

hy
pe

rt
en

si
ve

m
ed

ic
at

io
n

us
e

C
he

rf
an

et
al

.,
20

19
[3

0]
,F

ra
nc

e
C

ro
ss

-s
ec

ti
on

al
an

al
ys

is
,O

R
A

du
lt

w
or

ke
rs

or
re

ti
re

d
37

09
/2

9,
34

2
-

BM
I<

18
kg

/m
2

C
on

st
ru

ct
ed

D
A

SH
di

et
sc

or
e

ac
co

rd
in

g
to

Fu
ng

et
al

.(
20

08
)[

32
]

SB
P
≥

14
0

or
D

BP
≥

90
or

an
ti

hy
pe

rt
en

si
ve

m
ed

ic
at

io
n

us
e

Fo
ls

om
et

al
.,

20
07

[2
4]

,U
.S

.
C

oh
or

ts
tu

dy
,H

R
A

du
lt

w
om

en
50

17
/4

04
1

61
.0

H
is

to
ry

of
ph

ys
ic

ia
n-

di
ag

no
se

d
hy

pe
rt

en
si

on
,h

ea
rt

at
ta

ck
,a

ng
in

a,
he

ar
t

di
se

as
e,

di
ab

et
es

,m
or

e
th

an
29

bl
an

k
it

em
s

on
FF

Q
,E

I<
50

0
kc

al
or

>5
00

0
kc

al
,m

is
si

ng
co

va
ri

at
es

D
ev

el
op

ed
D

A
SH

di
et

in
de

x
sc

or
e

Se
lf

-r
ep

or
to

f
hy

pe
rt

en
si

on

Fr
an

ci
sc

o
et

al
.,

20
20

[2
5]

,B
ra

zi
l

Lo
ng

it
ud

in
al

co
ho

rt
st

ud
y,

H
R

A
du

lt
s

ac
ti

ve
or

re
ti

re
d

ci
vi

ls
er

vi
ce

s
of

hi
gh

er
re

se
ar

ch
in

st
it

ut
io

ns
lo

ca
te

d
in

Br
az

il

49
87

/6
45

49
.9
±

8.
3

H
yp

er
te

ns
io

n,
an

ti
hy

pe
rt

en
si

ve
dr

ug
s,

C
V

D
,c

ha
ng

ed
di

et
ar

y
ha

bi
ts

in
th

e
la

st
6

m
on

th
s,

se
lf

-r
ep

or
te

d
th

ei
r

ra
ce

/s
ki

n
co

lo
r

as
A

si
an

,B
ra

zi
lia

n
in

di
ge

no
us

,
m

is
si

ng
in

fo
rm

at
io

n
on

BP
va

lu
es

D
as

h
di

et
sc

or
e

ca
lc

ul
at

ed
by

N
at

io
na

l
In

st
it

ut
es

of
H

ea
lt

h,
N

at
io

na
lH

ea
rt

Lu
ng

an
d

Bl
oo

d
In

st
it

ut
e

SB
P
≥

14
0

or
D

BP
≥

90
or

an
ti

hy
pe

rt
en

si
ve

m
ed

ic
at

io
n

us
e

Ji
an

g
et

al
.,

20
15

[1
4]

,
U

.S
.

Lo
ng

it
ud

in
al

co
ho

rt
st

ud
y,

H
R

U
.S

.a
du

lt
s

58
5/

33
1

52
.5
±

9.
4

M
ed

ic
at

io
n,

no
SB

P
or

D
PB

re
co

rd
ed

at
fo

llo
w

-u
ps

,n
o

va
lid

FF
Q

,m
is

si
ng

in
fo

rm
at

io
n

fo
r

hy
pe

rt
en

si
on

m
ed

ic
at

io
n

D
ev

el
op

ed
D

A
SH

di
et

sc
or

e
us

in
g

sc
or

e
by

Fo
ls

om
et

al
.(

20
07

)[
24

]

SB
P
≥

14
0

or
D

BP
≥

90
or

an
ti

hy
pe

rt
en

si
ve

m
ed

ic
at

io
n

us
e

K
an

au
ch

ie
ta

l.,
20

15
[1

5]
,J

ap
an

C
ro

ss
-s

ec
ti

on
al

,O
R

M
al

e
w

or
ke

rs
-

45
.3
±

6.
9

D
ia

be
te

s,
C

K
D

,i
m

pl
au

si
bl

y
lo

w
or

hi
gh

es
ti

m
at

ed
EI

,m
is

si
ng

in
fo

rm
at

io
n

D
ev

el
op

ed
D

A
SH

di
et

sc
or

e
SB

P
≥

14
0

or
D

BP
≥

90

Le
lo

ng
et

al
.,

20
17

[2
6]

,F
ra

nc
e

Pr
os

pe
ct

iv
e

co
ho

rt
st

ud
y,

H
R

A
du

lt
s

in
te

rn
et

us
er

vo
lu

nt
ee

r
19

,9
67

/
19

,3
23

41
.9
±

14
.0

En
er

gy
un

de
r

re
po

rt
er

s,
w

it
h

<
3

24
h

va
lid

re
ca

lls
,p

re
va

le
nt

hy
pe

rt
en

si
on

,
ca

nc
er

,d
ia

be
te

s
m

el
lit

us
,a

nd
ca

rd
io

va
sc

ul
ar

di
se

as
e,

pr
eg

na
nt

w
om

en
,m

is
si

ng
or

in
va

lid
da

ta
on

he
al

th
st

at
us

,a
nt

hr
op

om
et

ri
c

m
ea

su
re

m
en

ts
,o

r
ph

ys
ic

al
ac

ti
vi

ty

D
A

SH
di

et
sc

or
e

Fu
ng

et
al

.(
20

08
)[

32
]

Se
lf

-r
ep

or
to

f
hy

pe
rt

en
si

on

Li
et

al
.,

20
16

[2
7]

,U
.S

.
C

oh
or

ts
tu

dy
,H

R
A

du
lt

w
om

en
70

6/
74

7
36

.5
±

4.
3

H
is

to
ry

of
ca

rd
io

va
sc

ul
ar

di
se

as
e,

ca
nc

er
,m

ul
ti

pl
e

ge
st

at
io

ns
or

pr
eg

na
nc

ie
s

la
st

in
g

<6
m

on
th

s,
hi

st
or

y
of

G
D

M
,h

is
to

ry
of

hy
pe

rt
en

si
on

be
fo

re
th

e
di

ag
no

si
s

of
G

D
M

or
w

it
h

m
is

si
ng

da
ta

on
po

st
-p

re
gn

an
cy

di
et

D
A

SH
di

et
sc

or
e

Fu
ng

et
al

.(
20

08
)[

32
]

Se
lf

-r
ep

or
to

f
hy

pe
rt

en
si

on

113



Nutrients 2023, 15, 3261

T
a

b
le

1
.

C
on

t.

S
tu

d
y

ID
,

C
o

u
n

tr
y

S
tu

d
y

D
e

si
g

n
,

E
ff

e
ct

S
iz

e
P

o
p

u
la

ti
o

n
N

o
o

f
P

a
rt

ic
ip

a
n

ts
(L

o
w

/H
ig

h
A

d
h

e
re

n
ce

)

M
e

a
n

A
g

e
±

S
D

E
x

cl
u

si
o

n
C

ri
te

ri
a

D
A

S
H

A
ss

e
ss

m
e

n
t

T
o

o
l

H
y

p
e

rt
e

n
si

o
n

D
ia

g
n

o
si

s

Sc
hu

lz
e

et
al

.,
20

03
[2

8]
,G

er
m

an
y

C
oh

or
ts

tu
dy

,H
R

W
om

en
in

th
e

EP
IC

-P
ot

sd
am

St
ud

y
-

-

Pr
ev

io
us

di
ag

no
si

s
of

hy
pe

rt
en

si
on

,
an

ti
hy

pe
rt

en
si

ve
m

ed
ic

at
io

n
w

it
hi

n
a

4-
w

ee
k

pe
ri

od
pr

io
r

to
th

e
ba

se
lin

e
ex

am
in

at
io

n,
m

is
si

ng
in

fo
rm

at
io

n
on

di
et

ar
y

in
ta

ke
,e

st
im

at
ed

ba
sa

l
m

et
ab

ol
ic

ra
te

,p
hy

si
ca

la
ct

iv
it

y,
lif

es
ty

le
ch

ar
ac

te
ri

st
ic

s,
an

d
an

th
ro

po
m

et
ri

c
m

ea
su

re
m

en
ts

;c
ur

re
nt

pr
eg

na
nc

y
or

br
ea

st
fe

ed
in

g,
ou

tl
yi

ng
to

ta
le

ne
rg

y
in

ta
ke

,w
it

h
no

fo
llo

w
-u

p,
po

ss
ib

le
hy

pe
rt

en
si

on
fo

r
w

ho
m

w
e

di
d

no
th

av
e

co
m

pl
et

ed
ve

ri
fic

at
io

n,
pr

ev
al

en
to

r
se

co
nd

ar
y

hy
pe

rt
en

si
on

D
A

SH
di

et
sc

or
e

ba
se

d
on

hy
po

th
es

is
-o

ri
en

te
d

pa
tt

er
n

va
ri

ab
le

-

To
le

do
et

al
.,

20
10

[2
9]

,S
pa

in
Pr

os
pe

ct
iv

e
co

ho
rt

st
ud

y,
H

R
U

ni
ve

rs
it

y
gr

ad
ua

te
s

64
87

/1
58

36
.3
±

11
.0

Se
lf

-r
ep

or
te

d
pr

ev
al

en
th

yp
er

te
ns

io
n

w
it

h
ex

tr
em

e
to

ta
lE

I,
pr

ev
al

en
tC

V
D

at
ba

se
lin

e

D
ev

el
op

ed
D

A
SH

di
et

sc
or

e
Se

lf
-r

ep
or

to
f

hy
pe

rt
en

si
on

Ya
ng

et
al

.,
20

22
[3

1]
,

C
hi

na
C

ro
ss

-s
ec

ti
on

al
,O

R
C

hi
ne

se
ad

ul
ts

12
,2

98
/1

1,
86

2
-

In
co

m
pl

et
e

di
et

ar
y

in
fo

rm
at

io
n,

in
co

m
pl

et
e

ba
si

c
in

fo
rm

at
io

n,
in

co
m

pl
et

e
ph

ys
ic

al
ex

am
in

at
io

n
an

d
la

bo
ra

to
ry

te
st

,i
m

pl
au

si
bl

e
di

et
ar

y
EI

<
50

0
kc

al
/d

or
>5

00
0

kc
al

/d
,a

nd
pr

e-
di

ag
no

se
d

co
ro

na
ry

he
ar

td
is

ea
se

or
st

ro
ke

D
ev

el
op

ed
D

A
SH

di
et

sc
or

e

SB
P
≥

14
0

or
D

BP
≥

90
or

an
ti

hy
pe

rt
en

si
ve

m
ed

ic
at

io
n

us
e

B
M

I:
B

od
y

M
as

s
In

d
ex

;B
P:

B
lo

od
Pr

es
su

re
;C

K
D

:C
hr

on
ic

K
id

ne
y

D
is

ea
se

;C
V

D
:C

ar
d

io
va

sc
ul

ar
D

is
ea

se
;D

A
SH

:D
ie

ta
ry

A
pp

ro
ac

he
s

to
St

op
H

yp
er

te
ns

io
n;

D
B

P
:D

ia
st

ol
ic

B
lo

od
P

re
ss

u
re

;
E

I:
E

ne
rg

y
In

ta
ke

;
E

P
IC

:E
u

ro
p

ea
n

P
ro

sp
ec

ti
ve

In
ve

st
ig

at
io

n
in

to
C

an
ce

r
an

d
N

u
tr

it
io

n;
E

SC
/

E
SH

:E
u

ro
p

ea
n

So
ci

et
y

of
C

ar
di

ol
og

y/
Eu

ro
pe

an
So

ci
et

y
of

H
yp

er
te

ns
io

n;
FF

Q
:F

oo
d

Fr
eq

ue
nc

y
Q

ue
st

io
nn

ai
re

;G
D

M
:G

es
ta

ti
on

al
D

ia
be

te
s

M
el

lit
us

;H
R

:H
az

ar
d

R
at

io
;O

R
:O

dd
s

R
at

io
;

SB
P:

Sy
st

ol
ic

Bl
oo

d
Pr

es
su

re
;S

D
:S

ta
nd

ar
d

D
ev

ia
ti

on
.

T
a

b
le

2
.

Pa
ti

en
ts

’h
ea

lt
h

ch
ar

ac
te

ri
st

ic
s

of
th

e
in

cl
ud

ed
st

ud
ie

s.

F
ir

st
A

u
th

o
r,

Y
e

a
r

B
M

I
S

B
P

D
B

P
P

h
y

si
ca

l
A

ct
iv

it
y

S
m

o
k

in
g

S
ta

tu
s

S
o

d
iu

m
In

ta
k

e
P

o
ta

ss
iu

m
In

ta
k

e
(L

o
w

/H
ig

h
)

(L
o

w
/H

ig
h

)
(L

o
w

/H
ig

h
)

(L
o

w
/H

ig
h

)
(L

o
w

/H
ig

h
)

(L
o

w
/H

ig
h

)
(L

o
w

/H
ig

h
)

Ba
ie

ta
l.,

20
17

[2
2]

N
A

N
A

N
A

N
A

N
A

N
A

N
A

C
am

õe
s

et
al

.,
20

10
[2

3]
N

A
N

A
N

A
N

A
N

A
N

A
N

A
C

he
rf

an
et

al
.,

20
19

[3
0]

N
A

N
A

N
A

N
A

N
A

N
A

N
A

Fo
ls

om
et

al
.,

20
07

[2
4]

26
.3

/2
5.

3
N

A
N

A
16

.0
%

/4
0.

0%
C

ur
re

nt
sm

ok
er

s
=

22
.0

%
/1

0.
0%

21
24

.0
m

g/
d

22
75

.0
m

g/
d

11
47

.0
m

g/
d

14
37

.0
m

g/
d

hi
gh

PA
*

Fr
an

ci
sc

o
et

al
.,

20
20

[2
5]

25
.8
±

4.
2/

24
.9
±

3.
8

11
4.

5
±

11
.5

/
11

4.
5
±

11
.8

72
.7
±

8.
1/

71
.4
±

8.
2

Lo
w

A
dh

er
en

ce
:

Lo
w

A
dh

er
en

ce
:

4.
6
±

14
.4

g/
d

3.
5
±

3.
0

g/
d

39
82

.0
±

16
07

.0
m

g/
d

52
60

.0
±

16
64

.0
m

g/
d

Li
gh

t=
78

.6
%

N
on

-s
m

ok
er

=
58

.8
%

M
od

er
at

e
=

14
.1

%
Fo

rm
er

sm
ok

er
=

25
.8

%
H

ig
h

=
7.

3%
Sm

ok
er

=
15

.4
%

H
ig

h
A

dh
er

en
ce

:
H

ig
h

A
dh

er
en

ce
:

Li
gh

t=
62

.8
%

N
on

-s
m

ok
er

=
65

.3
%

M
od

er
at

e
=

24
.8

%
Fo

rm
er

sm
ok

er
=

25
.4

%
H

ig
h

=
12

.4
%

Sm
ok

er
=

9.
3%

114



Nutrients 2023, 15, 3261

T
a

b
le

2
.

C
on

t.

F
ir

st
A

u
th

o
r,

Y
e

a
r

B
M

I
S

B
P

D
B

P
P

h
y

si
ca

l
A

ct
iv

it
y

S
m

o
k

in
g

S
ta

tu
s

S
o

d
iu

m
In

ta
k

e
P

o
ta

ss
iu

m
In

ta
k

e
(L

o
w

/H
ig

h
)

(L
o

w
/H

ig
h

)
(L

o
w

/H
ig

h
)

(L
o

w
/H

ig
h

)
(L

o
w

/H
ig

h
)

(L
o

w
/H

ig
h

)
(L

o
w

/H
ig

h
)

Ji
an

g
et

al
.,

20
15

[1
4]

27
.1

/2
5.

9
12

1.
1/

11
9.

0
73

.6
/7

1.
7

35
.6

/3
4.

6
PA

I
35

.9
%

/7
.0

%
11

45
.3

/1
00

0
kc

al
14

68
.3

/1
00

0
kc

al
11

46
.0

/1
00

0
kc

al
19

02
.2

/1
00

0
kc

al
K

an
au

ch
ie

ta
l.,

20
15

[1
5]

N
A

N
A

N
A

N
A

N
A

N
A

N
A

Le
lo

ng
et

al
.,

20
17

[2
6]

23
.8
±

4.
7/

22
.7
±

3.
6

N
A

N
A

Lo
w

A
dh

er
en

ce
:

Lo
w

A
dh

er
en

ce
:

29
07

.0
±

95
8.

0
m

g/
d

24
54

.0
±

85
7.

0
m

g/
d

26
23

.0
±

72
6.

0
m

g/
d

34
09

.0
±

88
4.

0
m

g/
d

Lo
w

=
31

.3
%

N
ev

er
=

48
.7

%
M

od
er

at
e

=
41

.5
%

Fo
rm

er
Sm

ok
er

=
25

.8
%

H
ig

h
=

27
.3

%
C

ur
re

nt
=

25
.6

%
H

ig
h

A
dh

er
en

ce
:

H
ig

h
A

dh
er

en
ce

:
Lo

w
=

17
.4

%
N

ev
er

=
53

.6
%

M
od

er
at

e
=

44
.1

%
Fo

rm
er

Sm
ok

er
=

36
.1

%
H

ig
h

=
38

.5
%

C
ur

re
nt

=
38

.5
%

Li
et

al
.,

20
16

[2
7]

26
.8
±

6.
5/

25
.8
±

5.
7

N
A

N
A

12
.5
±

18
.3

/2
1.

9
±

25
.4

19
.0

%
/7

.0
%

N
A

N
A

(M
ET

×
h/

w
ee

k)
Sc

hu
lz

e
et

al
.,

20
03

[2
8]

N
A

N
A

N
A

N
A

N
A

N
A

N
A

To
le

do
et

al
.,

20
10

[2
9]

23
.0
±

3.
0/

23
.0
±

3.
0

N
A

N
A

23
.5
±

20
.9

/3
2.

1
±

30
.1

(M
ET

×
h/

w
ee

k)

Lo
w

A
dh

er
en

ce
:

3.
4
±

2.
2

g/
d

3.
1
±

1.
5

g/
d

4.
3
±

1.
2

g/
d

7.
3
±

2.
1

g/
d

C
ur

re
nt

=
25

.0
%

Ex
-s

m
ok

er
s

=
25

.0
%

H
ig

h
A

dh
er

en
ce

:
C

ur
re

nt
=

15
.0

%
Ex

-s
m

ok
er

s
=

30
.0

%
Ya

ng
et

al
.,

20
22

[3
1]

N
A

N
A

N
A

N
A

N
A

N
A

N
A

M
ET

:M
et

ab
ol

ic
Eq

ui
va

le
nt

of
Ta

sk
;N

A
:N

ot
A

va
ila

bl
e;

PA
:P

hy
si

ca
lA

ct
iv

it
y;

PA
I:

Ph
ys

ic
al

A
ct

iv
it

y
In

de
x.

*
N

o
de

fin
it

io
n

of
hi

gh
PA

.

115



Nutrients 2023, 15, 3261

Figure 2. Forest plot for the hypertension risk when cohort studies were pooled together. Bai et al.,
2017 [22], Camões et al., 2010 [23], Folsom et al., 2007 [24], Francisco et al., 2020 [25], Jiang et al.,
2015 [14], Lelong et al., 2017 [26], Li et al., 2016 [27], Schulze et al., 2003 [28], Toledo et al., 2010 [29].

When cross-sectional studies reporting OR were combined (Figure 3), high adherence
to the DASH diet was not related to the risk of hypertension (OR: 0.80, 95% CI 0.70–0.91,
I2 = 81%, PI 0.46–1.39). A considerable heterogeneity was observed for the DBP outcome.

Figure 3. Forest plot for the hypertension risk when cross-sectional studies were pooled together.
Cherfan et al., 2019 (M) [30], Cherfan et al., 2019 (W) [30], Kanauchi & Kanauchi, 2015 [15], Yang et al.,
2022 [31].

3.4. Risk of Bias Assessment

The results of the assessment using the NOS are presented in Supplementary Tables S4
and S5. The quality assessment of the cross-sectional and cohort studies based on the JBI
checklists are presented in Supplementary Tables S6 and S7, respectively. For the cross-
sectional studies, the articles did not provide enough information about the study subjects
and the setting. Regarding the appraisal of the cohort studies, only two studies [22,27] had
sufficient follow-up time for the outcome of interest to occur.

3.5. Subgroup and Sensitivity Analysis

We conducted a subgroup analysis based on the hypertension diagnosis (i.e., SBP ≥ 140
and/or DBP ≥ 90 or antihypertensive medication use versus self-report of hypertension).
The results of the subgroup analysis indicate that there is no difference between the two
methods used for hypertension diagnosis. Specifically, the pooled estimate for diagnosis of
hypertension based on values of SBP ≥ 140 and/or DBP ≥ 90 or the use of antihypertensive
medication was HR: 0.85 (95% CI 0.77–0.95, I2 = 0%). On the other hand, the summary
effect for the self-report of hypertension method was HR: 0.75 (95% CI 0.60–0.95, I2 = 88%)
(Supplementary Figure S1).
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A sensitivity analysis has also been conducted to assess the robustness of the findings. In
this analysis, cohort studies with a NOS score < 7 were removed. The results of the sensitivity
analysis were HR: 0.81, 95% CI 0.71–0.92, I2 = 4%, PI 0.64–1.01 (Supplementary Figure S2).

3.6. Certainty of the Evidence

According to the GRADE approach, the quality of our evidence was deemed very
low for both effect sizes (i.e., HR and OR). Risk of bias, inconsistency, indirectness, and
imprecision were the domains that both comparisons were downgraded by one level.

4. Discussion

The present systematic review and meta-analysis aimed to evaluate the effect of the
level of adherence to the DASH diet on hypertension risk. The findings suggest that, based
on the pooled estimate from the cohort studies, high adherence to the DASH diet has a
positive effect on hypertension prevention compared to low adherence. This observation
is in line with the findings resulting from the data of the cross-sectional studies that were
also synthesized.

With respect to potential antihypertensive mechanisms of the DASH diet, decreased
sodium and increased potassium intake are among the most well-studied factors. Specifi-
cally, the DASH diet is rich in fruits and vegetables with high amounts of potassium, which
shows vasoactive properties and possibly reduces blood pressure through a decrease in
vascular smooth muscle contraction [33]. On the other hand, potassium increases urinary
sodium excretion and reduces insulin resistance and oxidative damage [25]. Insulin resis-
tance with compensatory hyperinsulinemia and reactive oxygen species that influence the
homeostasis of the vascular wall could lead to hypertension [34,35].

On the contrary, high sodium diets lead to water retention, which, in turn, causes
an expansion in circulating volumes, a rise in cardiac output, and an increase in kidney
perfusion pressure [36]. Moreover, high kidney perfusion pressure prompts a rise in the
glomerular filtration rate and sodium excretion in order to restore body fluids. Another
plausible mechanism is that excessive sodium intake elicits a reduction in vascular nitric
oxide concentration, which is responsible for endothelium-dependent dilation [37].

High dietary sodium intake is associated with arterial stiffness mainly due to a modi-
fication in the extracellular matrix of the arterial wall [38,39]. A J-shaped curve has been
found to resemble the relationship between sodium or potassium intake and vascular
structure and function [40]. Evidence supports that arterial stiffness is related to a higher
risk of hypertension incidence [41].

An increase in dietary fiber intake has also been associated with a reduction in both
systolic and diastolic blood pressure [42]. The reduction in blood pressure depends on
the type of dietary fiber, where β-glucan appears to be the most effective one [43]. An
improvement of insulin sensitivity and endothelial function, stimulation of the absorption
of minerals in the gastrointestinal tract, and reduction in body weight are among the
mechanisms that have been proposed to link fiber intake and blood pressure control [44].

A systematic review and meta-analysis of randomized controlled trials demonstrated that
the DASH diet reduces blood pressure in both normotensive and hypertensive adults [11]. This
study also showed that the blood pressure-lowering effect of the DASH diet was more promi-
nent in participants aged <50 years and among those with a sodium intake >2400 mg/d [11].
Another recently published systematic review and meta-analysis of randomized controlled
trials found that a modified DASH diet is effective in decreasing blood pressure and some car-
diometabolic markers, such as waist circumference and triglyceride concentration in patients
with hypertension [45]. From this study, a higher baseline blood pressure is linked to more
pronounced systolic and diastolic blood pressure decreases [45]. Finally, another systematic
review and dose-response meta-analysis by Soltani and colleagues [46] indicated that even
a low adherence to the DASH diet was associated with lower all-cause, cardiovascular, and
cancer mortality.
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Our findings showed that high adherence to the DASH diet has a protective role on the
risk of hypertension in comparison with low adherence. Even though the pooled estimates
from the cohort and cross-sectional studies are in agreement, findings derived from the
cross-sectional studies should be interpreted with more caution, as they are at a lower level
of the evidence hierarchy compared to the cohort studies [47]. Hence, these studies may
have less methodological rigor and more biases affecting their conclusions. This is also
supported by the wider PI emerging from the synthesis of the cross-sectional studies when
compared to the PI resulting from the pooling of the cohort studies [48].

To further explore the substantial heterogeneity presented in the synthesis of the cohort
studies, a subgroup analysis based on the hypertension diagnostic method was performed.
The results of this analysis showed that there was no statistical heterogeneity between
studies that used the most accurate diagnostic method for hypertension. Contrarily, high
heterogeneity was still present in the studies that used self-reporting of hypertension as the
method of their choice.

The results of the sensitivity analysis are in line with the results of our primary analysis,
indicating that our findings are robust. Furthermore, upon exclusion of the cohort studies
deemed of low quality based on the NOS assessment, a reduction in the heterogeneity of
the summary effect to an I2 = 4% was observed. This reduction indicates the absence of
heterogeneity among the included studies.

The findings of the present systematic review indicate the beneficial effect of high
adherence to the DASH diet on the risk of developing hypertension in subjects with
normal blood pressure values. Healthcare professionals including doctors, dietitians,
and nurses, as well as policy-makers, should recommend early compliance to the basic
guidelines of the DASH diet in order to reduce the incidence of hypertension and the
related comorbidities. Future studies should prioritize the development and validation of
an instrument assessing adherence to the DASH diet, which could be utilized in research
trials. Upon such a successful acceptance from the scientific society, it could then be also
applied to the clinical setting. Additionally, larger sample sizes studies encompassing
diverse participants are welcomed.

Compliance with the Cochrane guidelines, the rigor of statistical and methodological
aspects used, and that this is the first systematic review and meta-analysis assessing the
effect of the level of adherence to the DASH diet on hypertension risk in normotensive in-
dividuals are some of the strengths of our study. However, there are limitations that should
be accounted for. Firstly, the low quality of the included observational studies reduces the
certainty of the evidence. Furthermore, some studies reported hazard ratios while others
reported odds ratios; hence, we could not pool data from all the available studies. Another
limitation is that the included studies defined hypertension and DASH diet adherence
based on different thresholds and scores, respectively. Lastly, the inclusion of studies
written in the English language can only comprise a limitation of our study. However, two
meta-epidemiologic studies showed that restricting evidence synthesis to English-language
articles has a modest effect on effect estimates and the study’s conclusion [49,50].

5. Conclusions

The findings suggest that high adherence to the DASH diet has a positive effect on
reducing hypertension risk compared to low adherence. These data strengthen and are
totally in line with all hypertension guidelines, i.e., European, American, and International,
independent of the cut-off points used to define hypertension, pointing out that lifestyle
modifications should start early before the establishment of hypertension, even in subjects
with normal blood pressure levels.
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Abstract: This randomized, controlled clinical trial examined the impact of a web-based weight loss
intervention on diet quality. Furthermore, it was investigated whether corresponding changes in diet
quality were associated with changes in measures of cardiovascular risk profile. Individuals with
a body mass index (BMI) of 27.5 to 34.9 kg/m2 and an age of 18 to 65 y were assigned to either an
interactive and fully automated web-based weight loss program focusing on dietary energy density
(intervention) or a non-interactive web-based weight loss program (control). Examinations were
performed at baseline (t0), after the 12-week web-based intervention (t1), and after an additional 6
(t2) and 12 months (t3). Based on a dietary record, the Healthy Eating Index-NVS (HEI-NVS) was
calculated and analyzed using a robust linear mixed model. In addition, bootstrapped correlations
were performed independently of study group to examine associations between change in HEI-NVS
and change in dietary, anthropometric, and cardiometabolic variables. A total of n = 153 participants
with a mean BMI of 30.71 kg/m2 (SD 2.13) and an average age of 48.92 y (SD 11.17) were included
in the study. HEI-NVS improved significantly in the intervention group from baseline (t0) to t2
(p = 0.003) and to t3 (p = 0.037), whereby the course was significantly different up to t2 (p = 0.013) and
not significantly different up to t3 (p = 0.054) compared to the control group. Independent of study
group, there was a significant negative association between change in HEI-NVS and dietary energy
density. A higher total score in HEI-NVS did not correlate with improvements in cardiovascular risk
profile. The interactive and fully automated web-based weight loss program improved diet quality.
Independent of study group, changes in HEI-NVS correlated with changes in energy density, but
there was no association between improvements in HEI-NVS and improvements in cardiovascular
risk profile.

Keywords: dietary quality; weight loss; cardiometabolic risk factors; body composition; dietary
energy density; web-based intervention; fully automated; overweight; obesity

1. Introduction

A high-quality diet, together with adequate physical activity, is a cornerstone in the
prevention and treatment of overweight or obesity and related non-communicable diseases
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such as cardiovascular disease, cancer or type 2 diabetes [1]. Thus, on the one hand, the
increasing sedentary lifestyle has crucial negative health effects [2]. On the other hand, the
excessive consumption of high energy density foods rich in sugar and fat, such as sweets,
high-fat meat or cheese, has been shown to promote higher energy intake, weight gain
and the risk of overweight and obesity [3–6]. It has been suggested that lowering dietary
energy density, in addition to reducing dietary quantity [7,8], may also have a positive
impact on diet quality [9–11]. A central role of a high-quality and low-energy-dense diet is
the consumption of fruits and vegetables, which, with their low energy density and high
amount of fiber, can make an important contribution to satiety and the supply of essential
micronutrients [8,12]. In this regard, a high intake of fruits and vegetables is associated
with a lower risk of cardiovascular disease, cancer, and all-cause mortality in observational
studies [13,14]. Nevertheless, only few individuals meet the national recommendations for
their intake. In Germany, according to the National Nutrition Survey II (NVS II), 87.4%
of those examined fall below the 400 g recommendation for daily vegetable intake of the
German Nutrition Society (DGE) and 59% of the people did not reach the recommendation
of 250 g fruit per day [15,16].

A balanced diet according to the recommendations of the DGE [17], the Dietary Guide-
lines for Americans [18] or the Mediterranean diet [19] with sufficient intake of fruit, vegeta-
bles, protein dairy products, fish and whole grains as well as moderation in spreadable fats,
alcohol and meat should prevent overweight and non-communicable diseases [1,20,21].
Due to the multidimensionality of health aspects in nutrition, the Healthy Eating Index
(HEI) is a useful tool to evaluate nutrition in its entirety. At the same time, a HEI allows
assessment of whether dietary patterns are consistent with dietary recommendations. With
regard to the DGE recommendations, the HEI-NVS [17,22] was developed based on the
HEI-1995 [23] and HEI-EPIC [24], to assess whether dietary patterns are consistent with
national recommendations. Studies on this are relevant because, in addition to weight loss
in overweight and obesity, a healthy diet allows direct beneficial effects, through bioactive
substances such as unsaturated fats, phytochemicals, fiber or micronutrients [25–27] and
should therefore be additionally evaluated as part of a nutritional intervention.

Dietary quality indices such as the HEI are commonly used in cross-sectional and
observational studies to examine associations between scores and various health outcomes
or parameters. However, in order to evaluate the effectiveness of a dietary intervention, its
use is also becoming increasingly important in intervention studies to assess the quality
of nutrition over the course of an intervention [28,29]. While the association between diet
quality indices and anthropometric or cardiometabolic variables has been well studied in
cross-sectional studies [30–32] as well as the health outcomes in long-term cohort stud-
ies [1], the health-related effects of diet quality changes have been less well studied in
comparatively short-term intervention studies. Limited evidence suggests that behavioral
weight loss interventions can improve diet quality [29]. Whether changes in a diet quality
index are associated with changes in cardiometabolic, anthropometric or other dietary
variables during an intervention is sparsely studied.

The results of the NVS II showed that adherence to national nutrition recommenda-
tions in Germany, surveyed using the HEI-NVS, was low. On average, men had 67 and
women 69 out of a possible 110 points [33]. Experience has demonstrated that interventions
with a high reach and long duration are needed to support long-term behavior change [34].
Web-based interventions could provide a cost-effective alternative to face-to-face programs
and meet outreach and accessibility requirements [35–37], but according to recent reports
on fitness trends from the American College of Sports Medicine, the popularity of such
web-based interventions is still comparatively low [38,39]. Increased technical capabilities
and a more robust scientific base mean that web-based interventions are becoming more
interactive and tailored, which improves the effectiveness [40]. Emerging evidence sug-
gests that web-based interventions can promote healthy eating behavior [41–44], while
studies failed to show significant effects during a web-based weight loss intervention [45].
Therefore, further research is needed to examine the interplay of web-based interventions
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for weight loss on diet quality and whether changes in dietary quality are associated with
changes in other nutritional or physiological variables.

This intervention study aims to evaluate the effects of two different web-based weight
loss programs on diet quality assessed by the HEI-NVS. The intervention group received
a fully automated and interactive web-based weight loss program focusing on dietary
energy density, while the control group was exposed to a non-interactive web-based weight
loss program (informative website) which addressed the same topics. We hypothesize
that the interactive web-based weight loss program would have a statistically significant
positive effect on HEI-NVS and that this effect would be significantly greater than in
non-interactive web-based weight loss program. Furthermore, this analysis will exam-
ine whether, independent of group allocation, changes in HEI-NVS are associated with
changes in energy density, energy intake, anthropometric or cardiometabolic variables.
This manuscript was prepared according to the CONSORT-EHEALTH checklist (File S1).

2. Materials and Methods

2.1. Study Design

This randomized controlled clinical trial contained two groups running in parallel,
which were allocated by permuted block randomization in a 1-to-1 ratio [46]. Participants
in the online questionnaire study, which examined German-language web-based weight
loss programs independent of location, were eligible to participate in this clinical sub-
study if they resided in southwestern Germany (postal code beginning with 79). In this
clinical study, participants were invited to the Department of Sport and Sports Science
and underwent medical examinations. In addition to medical variables, the dietary and
physical activity behavior of the participants was investigated. All variables were collected
at baseline (t0), after the 12-week web-based intervention (t1), and after additional 6 (t2)
and 12-month (t3) follow-up.

2.2. Participants and Recruitment

Participants in the online questionnaire study were notified of the opportunity to
take part in the clinical substudy after enrollment if they provided the place of residence
with postal code beginning with 79 [46,47]. For the clinical trial, people of any gender,
age between 18 and 65 years, and body mass index from 27.5 to 34.9 kg/m2 were eligible
to participate. Reasons for exclusion were breastfeeding or pregnancy as well as health
problems or diseases. If existing health problems did not speak against participation in the
program, this had to be certified with a medical certificate. Since the registration for the
online questionnaire study as well as the registration for the clinical substudy took place
online, appropriate computer skills were necessary. These were also required to use the
web-based programs.

Various print and online media were used to recruit subjects for the clinical trial.
Before study participants of southwestern Germany could register in the clinical substudy,
they received the information on the study and had to provide written informed consent.
After successful registration, randomization in the clinical substudy took place. In the
subsequent telephone screening, potential study participants were again informed in detail
about the study and the inclusion and exclusion criteria were reviewed. If the inclusion and
exclusion criteria were not violated, an appointment was made for the baseline examination
(t0). There, the final review of the criteria took place. Study participants received the Fitbit
Charge 3 activity tracker (Fitbit, Inc.; San Francisco, CA, USA) as an incentive, which served
as a measurement tool to record physical activity. Detailed information on participants and
recruitment can be found in the study protocol [46].

2.3. Intervention

The intervention group’s interactive web-based program was divided into three sec-
tions. In the first section, diet could be documented and appropriate feedback was provided
in terms of energy density, energy intake, and macronutrients. In addition, various activities
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could be selected to pursue personal goals. These activities were aimed at making the
diet healthier, reducing energy intake and increasing physical activity. If an activity was
selected, it was scheduled accordingly in the personal calendar.

The second section included evidence-based information on energy density, weight
loss, and healthy eating. Topics were divided into articles and some were part of weekly
tasks. The third area included personal statistics and feedback. Through this section, the
own progress could be monitored.

In contrast, the control group received a non-interactive web-based program that
covered the same topics by means of pure knowledge transfer. The information was
divided into short articles, but there was no algorithm-controlled feedback and the diet
could not be recorded. A detailed description of the intervention can be found in the
study protocol [46].

2.4. Outcome

A seven-day dietary record, which was to be maintained at all measurement time
points, was used to calculate HEI-NVS [46]. The HEI-NVS consists of 10 components (fruits,
vegetables, grains, milk, meat, fish, eggs, spreadable fats, beverages and alcohol) and allows
a maximum of 110 points. The components and scoring standards of the HEI-NVS can be
found in Table S1 based on Wittig and Hoffmann [22]. While a maximum score of 15 is
possible for the fruits and vegetables components, 10 points are possible for the remaining
8 components. Dietary records were obtained using the nutritional software NutriGuide
Plus (Version 4.8, Nutri-Science GmbH; Freiburg, Germany). The logged food entries were
assigned to the different components according to the logic of the HEI-NVS and the score
for each component was calculated. The total HEI-NVS score was calculated from the sum
of the component scores. According to the logic of the HEI, a higher score represents a
healthier diet and a diet closer to the recommendations of the DGE. Thus, the full HEI-NVS
score of 110 corresponds to a dietary behavior within the recommendations of the DGE.

In addition to dietary data, anthropometric and cardiometabolic variables were col-
lected [46]. Body weight, fat mass, fat free mass and body height were analyzed with the
validated bioelectrical impedance analysis scale Seca mBCA 515 [48–50] and the stadiometer
Seca 274 (Seca GmbH & Co. KG; Hamburg, Germany). In addition, the waist circumference
was measured with the Seca 201 (Seca GmbH & Co. KG; Hamburg, Germany) measuring
tape. Study staff took standardized measurements between the lowest rib and the iliac
crest [46]. Blood pressure was assessed using a clinically validated device (Boso Medicus
Exclusive, BOSCH + SOHN GmbH & Co. KG; Jungingen, Germany). Furthermore, blood
samples were taken and analyzed by the Clotten Medical Care Center (MVZ) in Freiburg.
Blood lipids (total cholesterol, HDL cholesterol, LDL cholesterol), blood glucose (fasting
blood glucose, HbA1c) and other variables not relevant in this analysis were collected. A
detailed description of the measurements and outcomes has been described elsewhere [46].

2.5. Sample Size, Randomization and Blinding

Sample size was calculated using the primary outcome of body weight with an estimated
dropout rate of 15%. The calculation resulted in a sample size of 150 (75 + 75) participants.
Participants were randomly assigned to the two interventions in a 1:1 allocation ratio
using permuted block randomization with variable blocks. The allocation sequence was
generated by the Section of Health Care Research and Rehabilitation Research of the
University Freiburg (SEVERA) using RITA software (version 1.50, University of Lübeck;
Lübeck, Germany). Allocation of subjects was automated upon their registration for
the study.

Because subjects could figure out their allocated program based on study information,
blinding of subjects was not possible. Outcome assessors were blinded, whereas data
analysts were not. Details on sample size calculation, randomization and blinding have
been described elsewhere [46,47].
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2.6. Data Analysis

All statistical analyses were performed using R (Version 4.1.3) and RStudio (Ver-
sion 2021.09.1). Two analyses were conducted. First, a per protocol analysis (PP analy-
sis) was performed with the complete cases (cases without missing values). Second, an
intention-to-treat analysis (ITT analysis) was carried out using multiple imputation (in
total 50 imputations), with all randomized cases included. For multiple imputation, the R
package micemd [51] was used. In both analyses, the total HEI-NVS score was analyzed
with a robust linear mixed model and a significance level at 0.05. The R packages lme4 [52]
and robustlmm [53] were used for this purpose. Visualization of the descriptive results was
performed using the R package ggplot2 [54]. Because the results of the PP and ITT analyses
were comparable, only the ITT analysis is presented here, which is the primary analysis
according to the CONSORT-EHEALTH checklist.

To examine the association between changes in HEI-NVS and changes in dietary,
anthropometric and cardiometabolic variables independent of group, bootstrapped Pearson
correlation was performed and a biased corrected 95% confidence interval calculated using
the R package boot [55]. For this purpose, the difference of the corresponding variables
of t1 minus t0 as well as t3 minus t0 was calculated. A bootstrap sample size of 5000 was
used to investigate associations in the imputed data (ITT analysis). Due to the imputed
data set, all of the n = 153 subjects could be included and bootstrapping was performed
with replacement to draw with n = 153 cases.

3. Results

3.1. Recruitment, Drop-Outs and Baseline Characteristics

From January to July 2020, n = 257 interested individuals registered for the clinical
substudy (Figure 1). Registered individuals were contacted by phone and checked for
inclusion and exclusion criteria. If these criteria were not violated, the individuals were
invited to the baseline examination, where a final screening of the criteria took place. After
these screenings, n = 153 individuals successfully completed the baseline examination.
During the course of the study, n = 35 (22.9%) dropouts were observed. In both groups,
dietary data were available for n = 52 subjects each across all measurement time points.
These n = 104 subjects could therefore be included in the PP analysis of the dietary data. The
baseline characteristics of participants in the two study groups were consistently similar
and are shown in Table 1.

Table 1. Baseline (t0) characteristics of the study participants 1.

Variables
All

(n = 153)
Intervention

(n = 78)
Control
(n = 75)

Age [years] 48.92 (11.17) 49.12 (11.36) 48.72 (11.05)
Sex

Male [n] 44 (28.8%) 20 (25.7%) 24 (32.0%)
Female [n] 109 (71.2%) 58 (74.3%) 51 (68.0%)

Body weight [kg] 88.39 (10.65) 88.42 (10.15) 88.36 (11.21)
Body height [m] 1.69 (0.08) 1.69 (0.07) 1.70 (0.08)

BMI [kg/m2] 30.71 (2.13) 30.88 (2.2) 30.54 (2.05)
1 Data are presented as mean (SD) and frequencies (%).
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Figure 1. CONSORT flow chart depicting participant recruitment and drop-outs.

3.2. Effects of Web-Based Weight Loss Programs on HEI-NVS

The total HEI-NVS score increased significantly within the intervention group from
baseline (t0) to t2 and t3, but not to t1 (Figure 2 and Table 2. Descriptively, the intervention
group improved over the course of the study, particularly in the vegetables, fish and meat
component (Table 3). The increase of the total score corresponded to a small effect from
baseline to every measurement timepoint (Table 4). Compared with the control group,
which deteriorated slightly from a descriptive point of view (Table 4), the statistical analysis
showed a significantly different course from baseline to t2 and non-significant to t1 and
t3 (Table 2). An analysis on the effects of the web-based programs on weight loss can be
found elsewhere [56].
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Figure 2. Mean and 95% confidence interval of the HEI-NVS for intervention (n = 78) and control
(n = 75) (ITT analysis).

Table 2. Results of the robust linear mixed model of the HEI-NVS (ITT analysis) 1.

Predictors HEI-NVS p

Intercept 77.33 (2.66) <0.001
Time
t0–t1 5.23 (2.81) 0.063
t0–t2 9.06 (3.04) 0.003
t0–t3 5.90 (2.82) 0.037

Group (Control) −1.10 (1.69) 0.513
Time * group (Control)

t0–t1 −2.84 (1.79) 0.113
t0–t2 −4.96 (2.00) 0.013
t0–t3 −3.50 (1.81) 0.054

1 Unstandardized regression coefficients with standard errors in parentheses.

Table 3. Descriptive statistics of components of the HEI-NVS (ITT analysis) 1.

Group t0 t1 t2 t3

Vegetables [score], max. 15 points
Intervention 6.24 (3.41) 7.71 (4.06) 7.36 (3.01) 7.60 (3.51)

Control 6.15 (3.15) 6.67 (3.10) 5.72 (2.54) 6.57 (3.08)
Fruits [score], max. 15 points

Intervention 7.95 (4.37) 7.89 (4.36) 7.75 (3.96) 7.34 (4.41)
Control 7.31 (4.69) 7.20 (4.63) 6.42 (3.61) 6.77 (3.99)
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Table 3. Cont.

Group t0 t1 t2 t3

Grains [score], max. 10 points
Intervention 6.67 (2.35) 6.42 (2.19) 6.98 (2.05) 6.56 (2.05)

Control 6.71 (2.33) 6.35 (2.04) 7.00 (1.94) 6.84 (2.30)
Dairy [score], max. 10 points

Intervention 7.08 (2.15) 6.80 (1.95) 7.14 (1.75) 7.01 (2.05)
Control 7.15 (1.82) 7.33 (1.57) 7.27 (1.66) 7.14 (1.55)

Fish [score], max. 10 points
Intervention 3.29 (3.90) 3.87 (3.85) 4.07 (3.36) 4.15 (3.39)

Control 4.31 (3.93) 3.18 (3.53) 3.52 (3.24) 3.13 (3.33)
Beverages [score], max. 10 points

Intervention 8.93 (2.08) 8.97 (2.17) 8.87 (2.00) 8.75 (2.09)
Control 8.19 (2.52) 8.10 (2.84) 8.24 (2.48) 8.22 (2.59)

Eggs [score], max. 10 points
Intervention 8.79 (1.92) 8.91 (1.82) 8.89 (1.62) 8.84 (1.75)

Control 8.72 (2.10) 8.31 (2.31) 8.90 (1.75) 8.62 (2.10)
Spreadable fats [score], max. 10 points

Intervention 9.83 (0.82) 9.92 (0.43) 9.94 (0.37) 9.95 (0.22)
Control 9.76 (1.03) 9.91 (0.57) 9.93 (0.24) 9.90 (0.41)

Alcohol [score], max. 10 points
Intervention 9.23 (1.79) 9.29 (1.54) 9.57 (1.17) 9.45 (1.17)

Control 9.04 (1.93) 9.11 (1.75) 9.30 (1.57) 9.18 (1.65)
Meat [score], max. 10 points

Intervention 7.96 (2.43) 8.52 (1.98) 8.85 (1.51) 8.15 (1.94)
Control 7.95 (2.31) 8.13 (2.14) 8.08 (1.94) 7.83 (2.26)

1 Intervention (n = 78) and control (n = 75) over four measurement time points (t0: 0 months, t1: 3 months,
t2: 6 months after t1, t3: 12 months after t1). Data are presented as mean values (SD).

Table 4. Effect sizes (Cohen’s d) with 95% confidence interval of the HEI-NVS (ITT analysis) 1.

Group t0–t1 t0–t2 t0–t3

HEI-NVS
Intervention 0.24 [−0.08, 0.55] 0.38 [0.06, 0.70] 0.24 [−0.07, 0.56]

Control −0.07 [−0.39, 0.25] −0.09 [−0.41, 0.23] −0.15 [−0.48, 0.17]
1 Interpretation: |d| = 0.2: small effect, |d| = 0.5: medium effect, |d| = 0.8: large effect.

3.3. Associations between HEI-NVS and Dietary, Anthropometric and Cardiometabolic Variables

The relationship between changes in HEI-NVS and other variables over the study
period is presented in Table 5. Descriptive statistics of all variables used in the analysis
can be found in Table S2. The changes in total HEI-NVS score correlated inversely with
changes in energy density independent of group. Moreover, a weak positive correlation
was observed between the change in HEI-NVS and the change in fasting blood glucose
as well as a weak negative correlation with fat-free mass from t0 to t3. Apart from these
findings, the analysis showed no further correlations between changes in HEI-NVS and
other cardiovascular risk profile variables.

Table 5. Association between changes in HEI-NVS and changes in dietary, anthropometric, and
cardiometabolic variables (ITT analysis) 1.

Δt0–t1 Δt0–t3

Variables Correlation Coefficient 95% Confidence Interval Correlation Coefficient 95% Confidence Interval

Energy density −0.228 * −0.359, −0.097 −0.312 * −0.451, −0.165
Energy intake 0.089 −0.079, 0.256 0.076 −0.098, 0.247
Body weight −0.052 −0.203, 0.122 −0.070 −0.235, 0.101
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Table 5. Cont.

Δt0–t1 Δt0–t3

Variables Correlation Coefficient 95% Confidence Interval Correlation Coefficient 95% Confidence Interval

Waist
circumference 0.068 −0.086, 0.216 −0.014 −0.203, 0.189

Fat mass 0.040 −0.103, 0.226 0.042 −0.111, 0.193
Fat free mass −0.045 −0.209, 0.148 −0.190 * −0.334, −0.041

Total cholesterol −0.041 −0.185, 0.127 −0.018 −0.177, 0.133
HDL-cholesterol −0.013 −0.165, 0.159 0.011 −0.163, 0.189
LDL-cholesterol −0.087 −0.228, 0.065 0.001 −0.137, 0.151

Fasting blood
glucose −0.116 −0.258, 0.056 0.161 * 0.038, 0.275

HbA1c −0.083 −0.217, 0.059 −0.055 −0.166, 0.081
Systolic blood

pressure 0.104 −0.057, 0.264 −0.042 −0.221, 0.125

Diastolic blood
pressure 0.176 −0.009, 0.365 −0.117 −0.297, 0.033

1 Bootstrapped Pearson correlation with biased corrected confidence interval. * Statistically significant correlation.

4. Discussion

The main finding of the present study was that a fully automated and interactive
web-based health program focusing on the dietary energy density improved the total HEI-
NVS score, thereby shifting participants’ diets toward the DGE dietary recommendations.
Descriptively, these improvements were primarily due to improvement in the vegetables,
fish, and meat components and resulted in a small effect in HEI-NVS from baseline to
all three measurement timepoints. Compared to the non-interactive web-based weight
loss program, however, there was only a significant advantage after 6-month follow-up
(t0 to t2) and a non-significant difference after the 12-week intervention (t0 to t1) and after
12-month follow-up (t0 to t3). According to the meta-analysis published by Beleigoli and
colleagues [45], none of the investigated web-based weight loss intervention demonstrated
a significant advantage in diet quality over the control group. It should be noted that
the included studies used very different instruments to measure dietary quality [45],
which makes comparability difficult. Another meta-analysis on individuals with non-
communicable diseases [44] showed benefits of eHealth interventions on healthy eating
behaviors. The definition of healthy eating behaviors used in the studies included in
this analysis had little overlap with diet quality. Thus, the outcomes used for inclusion
were energy intake, macronutrient composition, and core food groups such as fruits or
vegetables. While core food groups are often part of diet quality indices, diet quality is
otherwise distinct from diet quantity and can only be represented to a limited extent, if at
all, by macronutrient composition.

A recent systematic review demonstrated that weight loss interventions can improve
diet quality as measured by a HEI [29]. Included studies covered in-person and mobile
health interventions, which mostly resulted in an improvement between 4 to 7 points. In
our study, mean improvements in the intervention group from baseline ranged from about
2.5 to 3.8 points, depending on the time of measurement. Thus, the improvement in this
study tended to be lower than in the analysis by Cheng and colleagues [29]. However, it
should be noted that the values cannot be directly compared because the review includes
only studies using the U.S. versions HEI-2005, HEI-2010, and HEI-2015. These differ from
each other and also from the HEI-NVS partly in components and evaluation system.

Besides the effect on the HEI-NVS of the web-based weight loss program focusing
on reducing energy density, it was another important finding of the study that the change
in HEI-NVS showed a weak to moderate inverse correlation with the change in energy
density. An inverse relationship between energy density and diet quality has already been
demonstrated in cross-sectional studies in various countries, e.g., Spain, Iran or Brazil [9–11],
but to the best of our knowledge not yet in an intervention study. In contrast, improvements
in HEI-NVS were not correlated with improvements in cardiovascular risk profile variables
or changes in energy intake [57]. In contrast, the German National Nutrition Survey II,
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a representative cross-sectional study, found a positive association between HEI-NVS and
BMI in women and in the 5th quintile in men [57]. In this longitudinal weight loss study,
however, this was not confirmed with regard to body weight. Based on the absolute
reference values of the HEI-NVS, it seems plausible that a higher score is associated with
a higher energy intake and therefore a higher body weight or BMI. Also, with regard to
the correlation between change in energy intake and HEI-NVS, this was not confirmed in
this analysis.

Interestingly, this analysis revealed a weak positive correlation of change in HEI-NVS
with change in fasting blood glucose as well as a weak negative correlation with change
in fat-free mass. These results are surprising because it is assumed that improvement
in a diet quality index is associated with better outcomes in cardiometabolic variables.
There are several possible explanations for the lack of association between HEI-NVS
and improvements in cardiometabolic variables. As previously reported, the observed
effects on cardiometabolic variables by the two interventions were small. The effects on
cardiometabolic variables have already been studied in the context of weight loss in people
with overweight or obesity [58] and are consistent with the effects found in this study.
Weight loss may already explain these effects, and the influence of diet quality may be
insignificant and minor in the context of a weight loss intervention.

Furthermore, the construction of a diet quality index influences whether it correlates
with diet quantity and thus with body weight and possibly other anthropometric variables.
A negative association was shown between the change in HEI-NVS and the change in en-
ergy density, but not the change in energy intake. It is plausible that energy intake/dietary
quantity and dietary quality may overlap if a diet quality index is not constructed appro-
priately. It is in fact possible that the HEI-NVS does not reflect diet quality independent
of quantity. Due to the lack of reference to dietary quantity, as for example in the Healthy
Eating Index-2015, a complete delineation to dietary quantity is compromised, as shown
by the positive association between BMI and total score in women and partly in men [57].
Thus, the HEI-NVS measures compliance with the absolute amounts recommended in
the German dietary guidelines rather than independent diet quality based on component
reference values, which may tend to result in higher total scores if energy intake is high [57].

The following limitations must be considered when interpreting the results. First,
the reference values of the HEI-NVS and the DGE, respectively, are based on systematic
literature research and thus represent an important aspect for the preventive and therapeutic
effects of nutrition in addition to the dietary quantity. However, considering other dietary
indices and current findings in nutritional science, it is clear that important components
of dietary quality such as sodium intake or carbohydrate quality such as intake of whole
grains, refined grains, or added sugars are missing. The components and construction of
the HEI-NVS may ultimately be responsible for the fact that improvements in HEI-NVS
were not associated with improvements in cardiometabolic variables or, on the contrary,
are partly even associated with negative effects on fasting blood glucose and fat-free mass.
Thus, a differently constructed diet quality index might yield a different result.

Second, the reliability of self-reported data such as dietary records is limited. Recent
data with reference data based on the doubly labeled water method suggests frequent
underreporting, especially among people with overweight and obesity [59,60].

Third, compared to the real-world setting, both study groups may have been addition-
ally motivated due to the activity tracker received as incentives as well as the free medical
examinations provided by the study. In addition, complete blinding was not possible
as subjects were likely to recognize their assigned program based on study information
received in advance.

Fourth, the COVID-19 pandemic may also have influenced both groups in their
dietary behavior. Because the COVID-19 pandemic and its limitations took a seasonal
course, changes in dietary behavior are difficult to differentiate from seasonal changes and
influence of the COVID-19 pandemic. The consumption of numerous food groups such
as fruits, vegetables, or cereals, as well as energy intake, follows a seasonal pattern [61].
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Simultaneously, an influence on dietary behavior could also be observed due to COVID-19
restrictions [62].

The elaborate implementation of seven-day dietary protocols is a strength of the
present study. In addition, numerous anthropometric and cardiometabolic variables
could be collected in a standardized manner in the clinical study. Therefore, this ran-
domized controlled clinical trial provides more detailed insights into diet quality during
web-based weight loss interventions and the association with dietary, anthropometric, and
cardiometabolic variables.

5. Conclusions

Although the effect on HEI-NVS was small in the intervention group, this study
demonstrated that a fully automated web-based weight loss intervention with focus on
dietary energy density improved compliance with the national dietary recommendation.
This result is relevant for all people aiming to reduce their body weight and eat healthier
at the same time, but do not have access to personal care. Furthermore, the change
in HEI-NVS showed an inverse correlation with the change in dietary energy density.
Improvements in HEI-NVS were not associated with improvements in anthropometric
and cardiometabolic variables. Interestingly, improvements in HEI-NVS were associated
with only weak unfavorable effects on fat-free mass and fasting blood glucose. One might
speculate that a diet quality index addressing other components, such as whole grains
or salt, would have found more beneficial relationships. In the future, more intervention
studies should address the association of diet quality and cardiovascular risk factors to
examine the short-term effects of diet quality. This would provide a better understanding
of the health effects of diet quality or related indices.
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