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Preface to ”Dietary Intake and Chronic Disease
Prevention”

In this Special Issue, we emphasize the role of lifestyle changes and natural bioactive compounds

in the prevention and clinical managment of non-communicable chronic degenerative diseases (such

as chronic kidney disease, cancer, diabetes mellitus, metabolic syndrome, obesity, neurodegenerative

diseases etc.).

We dedicate this Special Issue to our beloved and esteemed Full Professor Annalisa Romani,

who recently passed away.

Annalisa Noce, Annalisa Romani, and Roberta Bernini
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Non-communicable diseases (NCDs) are non-infectious chronic pathologies. The
most common are diabetes mellitus, obesity, metabolic syndrome, chronic kidney disease
(CKD), cardiovascular (CV) diseases, cancer, and chronic respiratory diseases. Furthermore,
their prevalence is likely to increase over time due to the aging population, urbanization,
and lifestyle changes [1]. In industrialized and high-income countries, several studies
have highlighted a direct correlation between socio-economic factors and health status; in
particular, NCDs affect mainly the population with the lowest socio-economic level [2–5].

Before the COVID-19 pandemic, NCDs had spread all over the world, becoming
an important public health problem even in developing countries. The “epidemiologic
transition” observed from infectious diseases to NCDs in developing countries is related
to a series of risk factors, mainly associated with economic development, such as the
consumption of foods with high contents of saturated fats, salt, and sugars; low intake
of fruit, vegetables, fiber, and ω-3 fatty acids; a sedentary lifestyle; smoking; and the
unmoderated consumption of alcohol [6,7].

NCDs are responsible for high percentages of disability and mortality worldwide [8].
An unhealthy lifestyle, characterized by an unbalanced diet, together with insufficient

sleep, physical inactivity, psychological stress, environmental pollution [9], smoking, or
alcohol abuse contribute to cause metabolic alterations which can lead to the onset of NCDs.

In this context, a correct lifestyle and healthy dietary habits could exert protective
effects, increasing the life expectancy. Then, nutrition plays an important role in NCDs
prevention [10]. In particular, the Mediterranean diet, characterized by a high consumption
of fruit, vegetables, extra virgin olive oil, cereals, legumes, and fish; a moderate intake of
dairy products, eggs, and red wine; and a low intake of animal fats and red meat, represents
a correct approach to prevent NCDs onset [11–16]. Moreover, pasta represents one of the
basic foods of Mediterranean diet and, in this Special Issue, a preliminary study analyzes
the antioxidant compounds present in three types of pasta and their biological activities on
kidney cells, demonstrating that pasta’s natural bioactive compounds play positive role in
the protection of kidney cells from oxidative stress [17].

The beneficial effects are related to the presence of natural bioactive compounds,
including antioxidants [18]. Epidemiological studies have demonstrated that an optimal
daily intake of antioxidants such as polyphenols and vitamins is able to counteract the onset
of NCDs and to slow their progression [18]. Polyphenols are a wide and complex group
of compounds found in plant-derived foods, beverages, and agro-industrial byproducts;
these bioactive molecules have important physiological effects on the prevention of several
chronic diseases. For example, small phenols such as hydroxytyrosol found in extra-virgin
olive oil and olive oil byproducts, catechins such as epigallocatechin found in green tea,
and complex hydrolysable tannins such as punicalagin found in pomegranate peel and
fruit, exhibit strong antioxidant, anti-inflammatory, antidiabetic, anti-obesity, anticancer,
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and antimicrobic activities [19–25]. In this context, an original article of this Special Issue
demonstrated the gender-dependent positive antimicrobial action of Castanea sativa L.
hydrolysable tannins in recurrent urinary infections in CKD patients [26].

The relationship between gut dysbiosis and the onset of NCDs has recently been
highlighted [27,28]. Several studies have shown that polyphenols could influence the com-
position of the gut microbiota by promoting the growth of bacterial classes with positive ef-
fects and by inhibiting bacteria with negative effects on the microbiota composition [29,30].
Moreover, vitamins, and, in particular, vitamin C (ascorbic acid) and E (tocopherols), are
natural compounds that play a pivotal role in preventing the NCDs onset, mainly for their
antioxidant activity. Vitamin C is a water-soluble vitamin, able to protect from the cellular
damage exerted by harmful oxidative compounds [31]. Vitamin E includes a group of
lipid-soluble compounds with the highest antioxidant activity in vivo [32].

This Special Issue has contributed to better evidence of the role of the correct lifestyle
and the natural bioactive compounds in preventing the NCDs onset and their treatment.
In fact, some reviews and original articles have confirmed the cardioprotective role exerted
by different dietary patterns and by natural bioactive compounds [33]. In particular, how a
personalized Mediterranean diet in women can exert a positive action on the cardiovascular
system [34], how ω-3 polyunsaturated fatty acids play a cardioprotective role in male
obesity secondary hypogonadism (MOSH) patients [35], and how a caloric restriction diet
can protect against organ damage induced by arterial hypertension, improving endothelial
dysfunction [36]. Another study evaluated the possible relationship between dietary quality
scores and cardiometabolic risk in a group of older Australian adults, demonstrating that a
high intake of vegetables, grains, and non-processed red meat was associated with a better
cardiometabolic risk profile [37]. An original review stressed a relationship between frailty,
sarcopenia, and cardiovascular risk, underlining how the frail phenotype is associated with
a poor outcome after cardiac surgery [38]. Healthy eating habits reduce also the risk of
developing cancer [39–41] and other chronic NCDs (such as CKD and chronic respiratory
diseases) [42–45], as evidenced by several papers of this Special Issue.

The Guest Editors would like to thank all the authors, reviewers who contributed to the
success of this Special Issue, and the Nutrients team for their precious and constant support.
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Abstract: Urinary tract infections (UTIs) are caused by uropathogenic microorganism colonization.
UTIs often require an antibiotic therapy that can cause the selection of antibiotic-resistant bacterial
strains. A natural bioactive compound may represent a valid therapeutic adjuvant approach, in
combination with drug therapy. In this paper, we present a pilot study, based on the administration
of an oral food supplement (OFS), containing chestnut tannins and anthocyanins, to nephropathic
patients suffering from recurrent UTIs (16 treated patients with 1 cp/day and 10 untreated patients).
We performed laboratory tests and quality of life and body composition assessments, at T0 (baseline)
and T1 (after 6 weeks OFS assumption). The analysis of OFS was performed by HPLC-DAD-MS for its
content in polyphenols and by in vitro tests for its antioxidative and anti-free radical activities. In each
capsule, polyphenol content was 6.21 mg (4.57 mg hydrolysable tannins, 0.94 mg anthocyanosides,
0.51 mg proanthocyanidins, 0.18 mg quercetin derivatives). A significant reduction of erythrocyte
sedimentation rate was observed only in male patients. Urinalysis showed a significant reduction of
leukocytes in both genders, whereas urinary bacterial flora at T1 significantly decreased only in male
subjects. Tannins seem to exert an antimicrobial action according to gender, useful to counteract the
recurrence of UTIs.

Keywords: hydrolysable tannins; anthocyanins; urinary tract infections; chronic kidney disease;
quality of life; cranberry; Sweet Chestnut

1. Introduction

Urinary tract infections (UTIs) are a set of different clinical conditions due to the colo-
nization of the urinary tract by uropathogenic microorganisms able to cause inflammatory
and infective processes in the renal parenchyma or in excretory tract, as well. UTIs are the
most frequent nephro-urological pathologies and represent the most common bacterial
infections [1].

UTIs are a widespread global health problem and their prevalence is estimated at
0.7% worldwide [2]. UTIs occur more frequently in female subjects. In fact, a recent study
observed that 40% of women present at least one episode of UTI during their lifetime and
they have 30 times higher risk than men of developing UTIs [3].

The main UTI risk factors are age, female gender [4], sexual activity and the use of
antibiotics [5]. Factors favoring the pathogenic invasion include anatomical abnormalities,
medical devices such as urinary catheter, and favorable conditions related to the host (im-
munosuppression, diabetes mellitus, pregnancy). UTIs also represent a frequent condition
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in kidney transplant patients [6]. Furthermore, the onset of UTIs could have a genetic
basis. Indeed, patients with a positive family history of UTI in first-degree relatives have
an higher risk of developing them compared to the general population [7].

UTI can be caused by the invasion of various microorganisms, both Gram-negative
and Gram-positive, and the most common pathogenic bacterium is Escherichia coli [8]. The
diagnosis of UTI is made by combining symptoms with a positive urine culture [9]. In most
patients, the threshold for bacteriuria is 1000 colony-forming units (CFU)/mL. However,
in 20% of women with classic urinary symptoms, the urine culture can be negative, which
mainly depends on the laboratory cut-off value [10].

Typical symptoms of UTIs can be systemic or local; the first include fever with chills
and flank pain, and the second include dysuria, stranguria, pollakiuria, suprapubic pain
and hematuria [11].

Recurrent UTIs are identified as two or more episodes of uncomplicated UTI of
the lower urinary tract within the past 6 months, or 3 or more episodes over the past 12
months [12]. UTIs are a relatively frequent condition with a high impact on the quality of life
and on healthcare costs, including visits, diagnostic tests and therapeutic prescriptions [13].

Recent studies have shown that recurrent UTIs are able to cause a worsening of the
quality of life [14]. In fact, recurrent UTIs have a negative impact on daily habits, on sexual
activity, on social and personal relationships, on the possibility of freely practicing sports,
and on a decline in work productivity [15].

UTIs appear to be constantly growing in frequency, and this phenomenon is favored
by the inappropriate use of antibiotics widely employed in both outpatient and hospital
settings. This justifies the attention of research towards studies aimed to identifying new
therapeutic strategies based on natural bioactive compounds, free from side effects such as
nephrotoxicity or hepatotoxicity [16,17], and able to effectively counteract the recurrence
of UTI.

Natural bioactive compounds exhibit well-known beneficial properties (such as an-
tioxidants, anti-inflammatory and antimicrobial) which are mainly found in plant-based
foods, such as fruit and vegetables [15,18–20]. Among these, the most studied are polyphe-
nols, a wide group of substances that can be grouped into over 20 classes of organic
compounds [21]. Recent studies suggest that long-term consumption of polyphenols, both
in the form of fresh foods and oral food supplements, may have positive implications for
human health. Specifically, several studies have demonstrated that polyphenols are able
to reduce the incidence of chronic non-communicable diseases, such as cardiovascular
diseases, obesity, diabetes mellitus, neurodegenerative diseases, chronic kidney disease
(CKD) and some types of cancer [22–25].

Tannins belong to the class of secondary polyphenolic metabolites and they are found
in a wide variety of foods, including cereals (such as sorghum, millet and barley) and
legumes, but also in wine, green tea and coffee [26]. Thanks to their antioxidant and an-
timicrobial properties, tannins can be suitable for several innovative uses in various sectors,
such as foods, cosmetics, phytotherapics, nutraceuticals and agronomics products [27].

Of clinical relevance are Chestnut tannins. In fact, several studies suggest that Chest-
nut tannins seem to have an important effect on human health, as they have known
antioxidant, antitumor, antimicrobial, antifungal effects [28–30]. Tannins can also be in-
volved in the reduction of triglycerides and total cholesterol levels and in the suppression
of lipogenesis by insulin. Moreover, they present important astringent actions in the
gastrointestinal tract [31]. In the literature, several studies are available concerning the
antimicrobial activity of anthocyanins, proanthocyanidins and hydrolysable tannins from
Cranberry and Sweet Chestnut. These studies report in vitro and in vivo actions towards
bacteria and fungi such as Escherichia coli, Klebsiella pneumoniae, Enterococcus faecalis, Pseu-
domonas aeruginosa, Candida spp., which are among the main microorganisms responsible
for UTIs. Moreover, both our and other research groups have previously tested these
compounds in vitro as natural extracts, demonstrating that they can exert synergistic ac-
tivities in combination with the traditional antibiotics or antifungals, or if administered
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as phytocomplexes [32–39]. For this reason, in the present study, an oral food supplement
(OFS) containing extracts from Cranberry and Sweet Chestnut, was formulated and it was
tested in vivo on patients with recurrent UTIs. The aim of our pilot study was to evaluate
the anti-inflammatory, antimicrobial and antioxidant efficacy of hydrolysable Chestnut
tannins and anthocyanins, administered as OFS, in a population of CKD patients affected
by recurrent UTIs.

2. Materials and Methods
2.1. Oral Food Supplement

The studied OFS is referred to by the trade name “prosta-tan” and it is based on
natural extracts rich in hydrolysable tannins obtained from Sweet Chestnut, furnished
by Gruppo Mauro Saviola s.r.l. (Radicofani, Siena, Italy), Saviola Holding S.r.l. (Viadana,
Mantova, Italy). Specifically, the OFS pharmaceutical form is a capsule containing a mixture
of dry extracts from: Castanea sativa Mill. (22% p/p); Serenoa repens (W. Bartram) Small
(20% p/p); Vaccinium macrocarpon, Ait. (11% p/p).

2.2. Chemicals

HPLC-grade solvents, formic acid (ACS reagent) and EGCG are from Sigma Aldrich
Chemical Company Inc. (Milwaukee, WI, USA). Gallic acid and ellagic acid, cyanidin-3-O-
glucoside chloride, quercetin and (±)-catechin hydrate, analytical grade, are from Sigma-
Aldrich (St. Louis, MO, USA). HPLC-grade water was prepared via double-distillation
and purification with a Labconco Water Pro PS polishing station (Labconco Corporation,
Kansas City, MO, USA).

2.3. Extraction

Two extraction procedures at different pHs were optimized for anthocyanosidic and
non-anthocyanosidic polyphenols. The powder present in one capsule was precisely
weighed (416 ± 4 mg) and extracted in 4.0 m of a solution 70:30 EtOH:H2O acidified by
HCOOH (pH 3.2 for non-anthocyanosidic polyphenols, pH 1.8 for anthocyanosides). The
mixtures were kept under stirring at room temperature, protected from light, for 1h, then
centrifuged at 5000 rpm for 5 min to separate the solid matrices from the extracts.

2.4. HPLC-DAD-MS Analysis

The analysis was performed on the extracts without dilution. The extracts were
analyzed with a HP-1260 liquid chromatograph equipped with a DAD detector and a
HP MSD API-electrospray (Agilent Technologies, Santa Clara, CA, USA) in negative and
positive ionization mode. The chromatographic separation was performed by using a
column Luna, C18 250 × 4.60 mm, 5 µm (Phenomenex, Torrance, CA, USA), operating
at 26 ◦C. The eluents were H2O (pH 3.2 by HCOOH) and CH3CN. A four-step linear
solvent gradient from 100% H2O up to 100% CH3CN was applied with a flow rate of
0.8 mL/min over a 55 min period, as previously described [40,41]. Mass spectrometer
operating conditions were: gas temperature 350 ◦C, flow rate of 10.0 L/min, nebulizer
pressure 30 psi, quadrupole temperature 30 ◦C and capillary voltage 3500 V. Fragmentor
120 eV. The identification was performed according to chromatographic, spectrometric and
spectrophotometric data, by comparison with the specific standards available. Five-point
calibration curves (r2 ≥ 0.999) were used, built with the specific standards. The correction
of molecular weights was performed by multiplying each calibration result by the ratio
between the molecular weight of the quantified compound and the molecular weight of the
standard. Gallic acid and its derivatives were calibrated at 280 nm with gallic acid; ellagic
acid and its derivatives were calibrated at 254 nm with ellagic acid; proanthocyanidins
were calibrated at 280 nm with (±)-catechin hydrate, anthocyanosides were calibrated
at 520 nm with cyanidin 3-O-glucoside; quercetin and its derivatives were calibrated at
350 nm with quercetin.
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2.5. In Vitro Assays

Folin-Ciocalteu in vitro antioxidant capacity: Total phenols and polyphenols content
was evaluated by spectrophotometric Folin-Ciocalteu assay, by measuring the absorbance
at 725 nm of a sample solution containing Folin-Ciocalteu reagent, and 20% Na2CO3 after 40
min incubation. The five-point calibration curve was performed in gallic acid. The phenols
content of each sample is reported as GAEs and correlated with the in vitro antioxidant
activity [42,43].

In vitro assay with stable radical DPPH• (1,1-diphenyl-2-picrylhydrazyl): The anti-
radical activity was evaluated by stable radical DPPH• test, according to the previously
reported procedure [44] with slight modifications. The extract was diluted and added 1:1
to an ethanolic solution of DPPH• (0.025 mg/mL).

The absorbance was measured at 517 nm with a DAD 8453 spectrophotometer (Agilent
Technologies) at time 0 and every 2 min for 20 min. Antiradical activity % (AR%) was
obtained through the relationship: [AR% = 100 × (A0 − A20)/A0]. A0 and A20 were the
absorbance of DPPH• at 0 min and 20 min, respectively, after the addition of the diluted
extract. The EC50 was the molar concentration in polyphenols of the solution that inhibits
the DPPH• activity by 50%, determined by measuring the AR% for five different dilutions
of the sample.

2.6. Patients

Twenty-six nephropathic patients affected by recurrent UTIs were recruited for the
in vivo pilot study. Of these, sixteen patients (eight males and eight females) were treated
with the OFS supplementation, as described below, and ten (five males and five females)
represented the untreated subjects (control group). Each group were divided into two
subgroups according to gender, homogeneous for age, body mass index (BMI) and CKD
stage [45].

The inclusion criteria were age over 18 years, both sexes, signature and acceptance of
informed consent, history of recurrent UTIs. The exclusion criteria were neoplastic subjects,
patients with HIV positive infection, patients with liver disease and chronic viral hepatitis,
patients with inflammatory and/or infectious pathologies in the acute phase, malnutrition
(BMI < 18.5 kg/m2); pregnancy and end stage renal disease.

At the time of enrollment, the selected patients with recurrent UTI history allhad a
negative urine culture but increased microbial flora and leukocytes in the urine sediment
examination, in the absence of urinary symptoms.

The patients of the OFS group were instructed to consume 1 capsule per day of OFS
based on Chestnut tannins for six weeks. Blood and urinary parameters and the body
composition assessments were monitored at two times during the study, at T0 (baseline)
and at T1 (after six weeks), in both groups. Figure 1 shows the in vivo study flow-chart.

The study protocol complied with the declaration of Helsinki and was approved
by the Ethical Committee of University Hospital Policlinico Tor Vergata (PTV) of Rome
(project identification code 78/18 on 13 June 2018).

2.7. Laboratory Parameters

At baseline and after six weeks, we assessed the renal function through the evaluation
of creatinine and estimated glomerular filtration rate (e-GFR). At the same time-points
we evaluated the inflammatory status with C-reactive protein (CRP) and erythrocyte sedi-
mentation rate (ESR). All patients underwent urinalysis to check UTIs signs. Furthermore,
Free Oxygen Radical Test (FORT) and Free Oxygen Radical Defense (FORD) test were
performed by CR4000, on capillary blood samples, to evaluate the oxidative stress [46] and
the total antioxidant defense capacity [47], respectively.

A Dimension Vista 1500 (Siemens Healthcare Diagnostics, Milano, Italy) instrument was
used to monitor all parameters. Standard enzymatic colorimetric techniques (Roche Modular
P800, Roche Diagnostics, Indianapolis, IN, USA) were used to assess the lipid profile.
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All other parameters were analyzed according to standard procedures of Clinical
Biochemical Laboratories of University Hospital PTV of Rome.

2.8. Anthropometic and Body Composition Parameters

At the two time-points of the study (T0 and T1), an assessment of anthropometric pa-
rameters, such as height, weight and BMI, was performed. Body weight (kg) was measured
to the nearest 0.01 kg with a balance scale (Seca 711, Hamburg, Germany), height (m) was
measured with stadiometer to the nearest 0.1 cm (Seca 220, Hamburg, Germany). Standard
methods were used to collect the anthropometric parameters [48]. BMI was calculated as
body weight divided by height squared (kg/m2). Moreover, all enrolled patients under-
went the evaluations of body composition by bioelectrical impedance analysis (BIA) using
a BIA 101S instruments, Akern/RIL System-Florence. Resistance, reactance, impedance
and phase angle at 50 KHz frequency were measured at T0 and T1. For the monitoring
of hydration status, we evaluated total body water (TBW), intracellular water (ICW) and
extracellular water (ECW) [49].

2.9. Questionnaires

To assess the possible biases induced by lifestyle changes, at baseline and at T1, we
administered two questionnaires, the Prevención con Dieta Mediterránea (PREDIMED)
questionnaire for the evaluation of adherence to the Mediterranean diet [50] and the
International Physical Activity Questionnaire (IPAQ) for the evaluation of weekly physical
activity [51], to all enrolled patients.

In addition, we administered a questionnaire for the evaluation of quality of life: the
Symptoms Checklist-90 Revised (SCL-90R) [52]. SCL-90R assesses the presence and severity
of psychological distress symptoms. Specifically, the questionnaire consists of 90 items
and allows to detect nine different symptoms spheres: somatization, obsessive-compulsive
disorder, interpersonal sensitivity, depression, anxiety, hostility, phobic anxiety, paranoid
ideation and psychoticism [53]. The analyzed spheres of this study were somatization,
anxiety and depression.

2.10. Statistical Analysis

All parametric variables are reported as means ± standard deviation, while non-
parametric variables are reported as median (range minimum-maximum). We checked
the normality of data for all continuous variables using the Kolmogorov-Smirnov test.
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The significance between T0 and T1 of parametric variables was tested with paired t-test,
while the Wilcoxon test was used for the non-parametric variables. A p-value < 0.05 was
considered statistically significant. The homogeneity of the subgroups was assessed using
univariate ANOVA with a covariate for continuous parametric variables. Moreover, the
short PREDIMED, IPAQ and SCL-90 data matrices were analyzed according to McNemar’s
test [54]. Statistical analysis was performed with the Statistical Package for the Social
Sciences Windows, version 15.0 (SPSS, Chicago, IL, USA). The graphic result visualization
was obtained using GraphPad Prism (La Jolla, CA, USA).

3. Results
3.1. Supplement Characterization and In Vitro Study

The 1 h extraction procedure (see Section 2) was optimized and validated by com-
paring the quali-quantitative compositions of extracts prepared in the same conditions,
but kept under stirring for 24 h, both for anthocyanosides and for the other polyphenols.
Specifically, the OFS powder was extracted at pH 1.9 and pH 3.2 for 1 h and for 24 h.
The HPLC-DAD-MS analyses (not reported here) showed a similar composition for the
extracts at pH 3.2, whereas anthocyanosidic compounds extracted at pH 1.9 underwent a
partial degradation with the longer time of extraction. Figure 2 A, B shows the chromato-
graphic profiles of the two OFS extracts. The first one, acquired at 520 nm, is the profile of
anthocyanosidic compounds extracted at pH 1.9, where six compounds were detected, iden-
tified and quantified (Table 1), the most abundant of which was cyanidin 3-O-arabinoside
(0.435 ± 0.005 mg/g powder). Cyanidin was also found as its 3-O-galactoside and 3-O-
glucoside (compounds 1–3 in Figure 2). Additionally, peonidin 3-O-galactoside, peonidin
3-O-glucoside and peonidin 3-O-arabinoside were present (compounds 4–6); peonidin
3-O-galactoside in the same amount as cyanidin 3-O-arabinoside. Total anthocyanosides
were 1.89 ± 0.03 mg/g powder. These results are consistent with those previously reported
in the literature for cranberry [55,56].

Table 1. Polyphenol content in the tested OFS. Results in mg/g powder, with absolute errors.

Polyphenols mg/g

Cyanidin 3-O-galactoside 0.347 ± 0.004
Cyanidin 3-O-glucoside 0.205 ± 0.003

Cyanidin 3-O-arabinoside 0.435 ± 0.005
Peonidin 3-O-galactoside 0.435 ± 0.006
Peonidin 3-O-glucoside 0.066 ± 0.002

Peonidin 3-O-arabinoside 0.397 ± 0.005
Vescalin 0.51 ± 0.01
Castalin 0.340 ± 0.009

Pedunculagin I 0.705 ± 0.008
Monogalloyl glucose I 0.198 ± 0.005

Gallic acid 1.34 ± 0.03
Monogalloyl glucose II 0.65 ± 0.02

Vescalagin 1.57 ± 0.02
Castalagin 1.15 ± 0.03

Gallic acid derivatives 2.68 ± 0.04
Proanthocyanidins 1.04 ± 0.03

Quercetin derivatives 0.364 ± 0.008

Total polyphenols 12.4 ± 0.2

The second chromatographic profile, acquired at 280 nm, shows the presence of a
large variety of non-anthocyanosidic polyphenols and two peaks of proanthocyanosidic
compounds (“P” peaks). Total polyphenols extracted at pH 3.2 are 10.5 ± 0.2 mg/g
powder: 9.1 ± 0.2 mg/g hydrolyzable tannins, 1.04 ± 0.03 mg/g proanthocyandins,
0.364 ± 0.008 mg/g quercetin derivatives. Gallic acid is the most represented polyphenol
according to the number of moles, but the high molecular weights of the main hydrolysable
tannins of Sweet Chestnut, vescalagin and castalagin, make them very abundant in weight,
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with vescalagin being the highest one (1.57 ± 0.02 mg/g powder) [40,41]. Quercetin
derivatives were present in relatively low amounts, and come from the leaf component
in Sweet Chestnut extract. The other hydrolysable tannins, complex gallic and ellagic
acid esthers with glucose molecules, are typical compounds of Sweet Chestnut wood
extracts, once generally indicated as “tannic acid”. Proanthocyanidins are typical of
cranberry extracts, whereas fatty acids from Serenoa repens, its bioactive compounds,
were not detectable and in any case cannot be efficiently extracted using the described
procedures. Therefore, in one capsule containing 500 mg of powder, the total polyphenol
content is 6.21 mg (4.57 mg hydrolysable tannins, 0.94 mg anthocyanosides, 0.51 mg
proanthocyanidins, 0.18 mg quercetin derivatives, taking into account the absolute errors
reported above).
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13. Vescalagin; 14. Castalagin; G. Gallic acid derivatives; P. Proanthocyanidins; Q. Quercetin deriv-
atives. 

Table 1. Polyphenol content in the tested OFS. Results in mg/g powder, with absolute errors. 

Polyphenols mg/g 
Cyanidin 3-O-galactoside 0.347 ± 0.004 
Cyanidin 3-O-glucoside 0.205 ± 0.003 

Cyanidin 3-O-arabinoside 0.435 ± 0.005 
Peonidin 3-O-galactoside 0.435 ± 0.006 
Peonidin 3-O-glucoside 0.066 ± 0.002 

Peonidin 3-O-arabinoside 0.397 ± 0.005 

Figure 2. Chromatographic profiles of the OFS extracts (see Section 2). (A) pH 1.9, acquired at 520 nm: Anthocyanosidic
compounds. 1. Cyanidin 3-O-galactoside; 2. Cyanidin 3-O-glucoside; 3. Cyanidin 3-O-arabinoside; 4. Peonidin 3-O-
galactoside; 5. Peonidin 3-O-glucoside; 6. Peonidin 3-O-arabinoside. (B) pH 3.2, acquired at 280nm. Non-anthocyanosidic
polyphenols. 7. Vescalin; 8. Castalin; 9. Pedunculagin I; 10. Monogalloyl glucose I; 11. Gallic acid; 12. Monogalloyl
glucose II; 13. Vescalagin; 14. Castalagin; G. Gallic acid derivatives; P. Proanthocyanidins; Q. Quercetin derivatives.

Total antioxidant capacity and total polyphenols were evaluated by spectrophoto-
metric assay with the Folin-Ciocalteu reagent, which allows for the determination of total
phenols and polyphenols content through an electron-transfer (by H+ transfer) reaction be-
tween the sample under examination, in particular compounds with phenolic groups, and
the Folin-Ciocalteu reagent. The results are calculated by using external calibration curves,
usually in gallic acid, and expressed as mg/g GAE (Gallic Acid Equivalents). Thus, this
test evaluates the total phenol compounds by determining the total antioxidant capacity in
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solution. The in vitro antioxidant activity showed a correlation between total phenols and
minor polar compounds, as confirmed by previous studies carried out by comparing differ-
ent electron transfer reaction assays (e.g., ferric reducing ability of plasma-FRAP, trolox
equivalent antioxidant capacity-TEAC and oxygen radical absorbance capacity-ORAC)
and in vitro assays on human low-density lipoproteins (LDL) [43,57]. The total phenol and
polyphenol content in the examined OFS was 69.186 mg/g GAE.

The assay with DPPH• stable radical gave a measure of the antiradical activity of
a sample, expressed as its EC50 (amount of sample inhibiting DPPH• activity to 50%).
The EC50 of the OFS was calculated by measuring the antiradical activity of five different
dilutions of the extract according to the procedure described in the “Materials and Meth-
ods” section, and calculating the molar concentration in polyphenols of the solution that
inhibits the DPPH• activity by 50%. The measured EC50 was 0.251 ± 0.009 mg of OFS
(3 µg polyphenols).

3.2. In Vivo Study

In the present pilot study, 16 patients with recurrent UTIs, 8 males (mean age 70 ± 2.5 years)
and 8 females (mean age 61 ± 1.4 years), were enrolled as the OFS group, and 10 pa-
tients with recurrent UTIs, 5 males (mean age 69 ± 1.8 years) and 5 females (mean age
65 ± 2.0 years), were enrolled as the control group (untreated). The epidemiological pa-
rameters of the study populations and the evaluation of homogeneity based on gender in
the two groups (OFS and control groups) are shown in Table 2.

Table 2. Epidemiological findings of study populations (OFS and control groups) and evaluation of the homogeneity
divided according to gender.

OFS Patients Control Group

Males Females p (ANOVA Test) Males Females p (ANOVA Test)

N 8 8 5 5
Age (years) 70 ± 2.5 a 61 ± 1.4 a ns 69 ± 1.8 a 65 ± 2.0 a ns
Weight (kg) 74.2 ± 4.6 a 73.9 ± 3.5 a ns 73.1 ± 3.9 a 73.5 ± 3.4 a ns

BMI (kg/m2) 26.6 ± 1.8 a 26.0 ± 1.7 a ns 26.1 ± 1.9 a 25.8 ± 1.8 a ns
a Data expressed as mean ± standard deviation; Abbreviations: ns = not significant. OFS = Oral food supplement.

Only five of the eight female treated patients completed the study protocol; three
dropouts were recorded in female sex treated patients who complained of side effects in
the gastrointestinal tract, such as epigastralgia, nausea and heartburn.

The laboratory parameters (T0 vs. T1) of the OFS group (males and females) are
reported in Table 3. Assessment of renal function, monitored by creatinine and e-GRF,
did not show statistically significant changes in either OFS subgroup. The evaluation of
the inflammation indices showed a statistically significant reduction of ESR in male OFS
patients (16.7 ± 2.2 mm/h vs. 11.3 ± 1.5 mm/h, p = 0.0062), while the reduction was not
statistically significant in female OFS patients. In both genders, no significant reduction in
CRP was observed.

Moreover, the urinalysis showed a reduction of leukocytes in the urinary sediment
in both OFS subgroups (male: 43.5 (1–450) n/uL vs. 15 ± 5.7 n/uL, p = 0.0391; female:
28.5 (1–990) n/uL vs. 7 (1–91) n/uL, p = 0.0625). As regards the reduction of the uri-
nary bacterial flora, a significant reduction was observed only in the male OFS subgroup
(428 ± 143.4 n/uL vs. 34 (0–450) n/uL, p = 0.0156).

The laboratory parameters (T0 vs. T1) of the control group (males and females) are
reported in Table 4. No statistically significant differences were shown between T1 and T0.

During the study period (6 weeks), we did not observe any UTI relapse in OFS
population, while we detected three UTI relapses in the control group (two cases of
Escherichia.coli and one case of Enterococcus faecalis).
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Table 3. Laboratory parameters of two subgroups of OFS patients.

Male Patients Female Patients

T0 T1 T0 vs. T1 T0 T1 T0 vs. T1

Creatinine (mg/dL) 1.57 ± 0.8 a 1.51 ± 0.9 a ns b 1.1 ± 0.2 a 0.8 ± 0.1 a ns b

e-GFR (mL/min/1.73 m2) 43.0 ± 2.5 a 46.55 (36 − 49) c ns d 64.5 ± 10.0 a 80.0 ± 12.0 a ns b

CRP (mg/L) 1.0 (0.5 − 7.5) c 0.9 (0.5–3.4) c ns d 1.1 (0.3–10.1) c 1.5 (1.1–8.4) c ns d

ESR (mm/h) 16.7 ± 2.2 a 11.3 ± 1.5 a 0.0062 b 27 ± 7.7 a 28.2 ± 5.3 a ns b

Urine pH 6 (5.5–7.5) c 6.5 (5.5–7.5) c ns d 6.3 ± 1.0 a 5.6 ± 0.4 a ns b

Urinary erythrocytes (n/uL) 10 (0–25) c 7 (4–24) c ns d 4.5 (1–49) c 1 (1–7) c ns d

Urinary leukocytes (n/uL) 43.5 (1–450) c 15 ± 5.7 a 0.0391 d 28.5 (1–990) c 7 (1–91) c 0.0625 d

Urinary bacterial flora (n/uL) 428 ± 143.4 a 34 (0–450) c 0.0156 d 553 (36–22,807) c 559 (16–61,990) c ns d

a Data expressed as mean ± standard deviation; b Applied test: t-test for paired data. c Data expressed as a median and the minimum-
maximum range is shown in brackets; d Applied test: Wilcoxon test; Values of p ≤ 0.05 are considered statistically significant. Abbreviations:
e-GFR, estimated glomerular filtration rate; TC, total-cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; PTH, parathyroid hormone; ns, not significant.

Table 4. Laboratory parameters of control group divided in two subgroups according to gender.

Male Patients Female Patients

T0 T1 T0 vs. T1 T0 T1 T0 vs. T1

Creatinine (mg/dL) 1.60 ± 0.7 a 1.59 ± 0.8 a ns b 1.2 ± 0.1 a 1.1 ± 0.2 a ns b

e-GFR (mL/min/1.73 m2) 43.4 ± 2.7 a 43.6 ± 2.8 a ns b 47.4 ± 9.5 a 52.6 ± 11.2 a ns b

CRP (mg/L) 1.1 (0.6–6.8) c 1.0 (0.4–3.2) c ns d 1.2 (0.3–10.5) c 1.3 (1.0–7.6) c ns d

ESR (mm/h) 11.4 ± 1.9 a 11.0 ± 1.6 a ns b 15.7 ± 5.1 a 14.0 ± 5.2 a ns b

Urine pH 6.2 ± 1.1 a 6.5 ± 1.2 a ns b 6.2 ± 1.0 a 5.9 ± 0.6 a ns b

Urinary erythrocytes (n/uL) 9 (4–25) c 7 (5–21) c ns d 5 (1–30) c 2 (1–9) c ns d

Urinary leukocytes (n/uL) 33.5 (1–45) c 36.0 ± 5.6 a ns d 20.5 (1–70) c 22.9 (1–50) c ns d

Urinary bacterial flora (n/uL) 428 ± 143.4 a 430 ± 140.4 a ns b 543 (46–21,700) c 552 (20–22,980) c ns d

a Data expressed as mean ± standard deviation; b Applied test: t-test for paired data. c Data expressed as a median and the minimum-
maximum range is shown in brackets; d Applied test: Wilcoxon test; Values of p ≤ 0.05 are considered statistically significant. Abbreviations:
e-GFR, estimated glomerular filtration rate; TC, total-cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; PTH, parathyroid hormone; ns, not significant.

The anthropometric parameters and the body composition assessment of OFS group
were reported in Table 5, while those of control group were reported in Table 6. After
six weeks of OFS treatment, no statistically significant differences were highlighted in
either group.

Table 5. Body composition assessment of two subgroups of OFS patients.

Male Patients Female Patients

T0 T1 T0 vs. T1 T0 T1 T0 vs. T1

Weight (kg) 74.2 ± 4.6 a 74.8 ± 4.6 a ns b 73.9 ± 3.5 a 73.0 ± 3.9 a ns b

BMI (kg/m2) 26.6 ± 1.85 a 28.8 ± 1.8 a ns b 26.0 ± 1.7 a 26.0 ± 1.7 a ns b

Resistance (ohm) 493.7 ± 21.3 a 480 ± 12.7 a ns b 566.7 ± 28.6 a 531.0 ± 21.8 a ns b

Reactance (ohm) 46.7 ± 2.8 a 44.0 ± 0.5 a ns b 42.0 ± 2.4 a 50.8 ± 2.0 a ns b

Phase angle (◦) 5.4 ± 0.3 a 5.3 ± 0.2 a ns b 4.3 ± 0.3 a 4.8 ± 0.2 a ns b

Hydration status:
TBW (%) 56.2 ± 1.9 a 56.8 ± 1.6 a ns b 50.8 ± 1,1 a 48.7 ± 2.0 a ns b

ICW (%) 51.2 ± 1.8 a 50.7 ± 1.3 a ns b 45.3 (29.9–51.6) c 47.7 ± 1.3 a ns d

ECW (%) 48.8 ± 1.8 a 49.3 ± 1.1 a ns b 54.7 (48.4–55.7) c 52.3 ± 1.3 a ns d

a Data expressed as mean ± standard deviation; b Applied test: t-test for paired data; c Data expressed as a median and the minimum-
maximum range is shown in brackets; d Applied test: Wilcoxon test; Values of p ≤ 0.05 are considered statistically significant. Abbreviations:
BMI, body mass index; TBW, total body water; ICW, intra cell water; ECW, extra cell water.

At the end of the study, we observed a statistically significant decrease in oxidative
stress monitored by FORT (261.4 ± 26.3 vs. 160 (160–250), p = 0.00391), and an increase in
antioxidant defenses monitored by FORD (0.88 ± 0.1 vs. 1.43 ± 0.03, p = 0.0030) in male
OFS patients, as reported in Table 7. We also observed a statistically significant increase in
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FORT (268 ± 46.2 vs. 312 ± 46.1, p = 0.0172) in female OFS patients. Oxidative parameters
did not show statistically significant differences in the control group (Table 8).

Table 6. Body composition assessment of control group divided into two subgroups according to gender.

Male Patients Female Patients

T0 T1 T0 vs. T1 T0 T1 T0 vs. T1

Weight (kg) 73.1 ± 3.9 a 73.2 ± 4.3 a ns b 73.5 ± 3.4 a 73.4 ± 3.0 a ns b

BMI (kg/m2) 26.1 ± 1.9 a 26.8 ± 1.7 a ns b 25.8 ± 1.8 a 25.6 ± 1.7 a ns b

Resistance (ohm) 489.7 ± 13.3 a 490 ± 11.6 a ns b 570.7 ± 27.5 a 531.0 ± 21.8 a ns b

Reactance (ohm) 45.9 ± 2.6 a 45.3 ± 1.7 a ns b 43.1 ± 2.5 a 45.4 ± 3.4 a ns b

Phase angle (◦) 5.5 ± 0.2 a 5.4 ± 0.2 a ns b 4.4 ± 0.4 a 4.5 ± 0.3 a ns b

Hydration status:
TBW (%) 56.2 ± 1.9 a 56.8 ± 1.6 a ns b 50.8 ± 1,1 a 48.7 ± 2.0 a ns b

ICW (%) 50.6 ± 1.8 a 50.8 ± 1.7 a ns b 47.2 ± 1.5 a 48.1 ± 1.4 a ns b

ECW (%) 49.4 ± 1.9 a 49.2 ± 1.3 a ns b 52.8 ± 1.5 a 51.9 ± 1.3 a ns b

a Data expressed as mean ± standard deviation; b Applied test: t-test for paired data; Values of p ≤ 0.05 are considered statistically
significant. Abbreviations: BMI, body mass index; TBW, total body water; ICW, intra cell water; ECW, extra cell water.

Table 7. Oxidative stress and antioxidant defense mechanism efficiency assessment of the OFS group.

Male Patients Female Patients

T0 T1 T0 vs. T1 T0 T1 T0 vs. T1

FORT (U) 261.4 ± 26.3 a 160 (160–250) c p = 0.00391
d 268 ± 46.2 a 312 ± 46.1 a p = 0.0172 b

FORD (mmol/L Trolox) 0.88 ± 0.1 a 1.43 ± 0.03 a p = 0.0030 b 1.29 ± 0.2 a 1.37 ± 0.1 a ns b

a Data expressed as mean ± standard deviation; b Applied test: t-test for paired data; c Data expressed as a median and the minimum-
maximum range is shown in brackets; d Applied test: Wilcoxon test; Values of p ≤ 0.05 are considered statistically significant. Abbreviations:
FORT, Free Oxygen Radical Test; FORD, Free Oxygen Radical Defense; ns, not significant.

Table 8. Oxidative stress and antioxidant defense mechanism efficiency assessment of the control group.

Male Patients Female Patients

T0 T1 T0 vs. T1 T0 T1 T0 vs. T1

FORT (U) 271.5 ± 27.4 a 269.2 ± 30.3 a ns b 259.1 ± 51.3 a 260.4 ± 40.6 a ns b

FORD (mmol/L Trolox) 0.71 ± 0.3 a 1.10 ± 0.5 a ns b 1.34 ± 0.1 a 1.45 ± 0.7 a ns b

a Data expressed as mean ± standard deviation; b Applied test: t-test for paired data; Values of p ≤ 0.05 are considered statistically
significant. Abbreviations: FORT, Free Oxygen Radical Test; FORD, Free Oxygen Radical Defense; ns, not significant.

We did not reveal any statistically significant differences in the patients’ lifestyle,
monitored by PREDIMED questionnaire and IPAQ, as shown in Table 9.

Table 9. PREDIMED and IPAQ questionnaires of study population.

PREDIMED

T0 T1 p (McNemar’s Test)

Minimal adherence (%) 0 0 ns
Average adherence (%) 52.2 56.5 ns
Maximal adherence (%) 47.8 43.5 ns

IPAQ

T0 T1 p (McNemar’s Test)

Inactive (%) 65.2 60.8 ns
Sufficiently active (%) 34.8 39.2 ns

Very active (%) 0 0 ns
Abbreviation: ns, not significant.

After six weeks, the psychological aspect was also assessed through the administration
of the SCL-90R questionnaire. A statistically significant reduction in anxiety and depression
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spheres (and to a lesser extent in somatization) was observed in the male OFS subgroup. In
female OGS subjects, this result was less evident. The results of SCL-90R of the OFS group
are shown in Figure 3A–C, while the results of SCL-90R of the untreated group are shown
in Figure 4A–C. The untreated group showed a slight worsening of the depressive and
anxiety spheres, probably due to the chronic course of the disease.
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4. Discussion

The hydrolysable tannins from Sweet Chestnut, in combination with the anthocyano-
sides and proanthocyanidins from Cranberry, seem to exert an antimicrobial action in a
gender-dependent manner, useful for countering recurrent UTIs.

The monomers and aromatic acids derived from proanthocyanidins (the main phenolic
metabolites of tannins) are found in the urine. Their absorption occurs at the gastrointestinal
level, through the gut microbiota [26].

Ellagic acid and gallic acid are metabolites of proanthocyanidins and are found in the
plasma, where they undergo conjugation processes with methyl, glucuronyl and sulphate
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groups and then they are excreted in the urine [58]. One hour after its oral intake, ellagic
acid can be detected in the plasma.

A study by Seeram et al. [59] on 18 healthy subjects evaluated the presence of ellagic
acid in the urine after pomegranate juice consumption. The authors highlighted that ellagic
acid was not present in the plasma the previous day, while it was found both on the day and
the day after the juice consumption in 24 h urine. Specifically, the gallic acid metabolites
such as dimethylellagic acid glucuronide (DMEAG) and hydroxy-6H-benzopyran-6-one
derivatives (urolithins) were detected in plasma in both free and conjugated form. Among
the metabolites, the most important was urolithin A-glucuronide, which persisted in the
urine for 48 h. This laid the basis for deducing that the daily intake of anthocyanidins and
hydrolysable tannins for prolonged periods can exert an antimicrobial action in the urinary
apparatus, counteracting relapses of UTIs.

In our pilot study, we administered Chestnut tannins and anthocyanins as OFS to
evaluate their possible antimicrobial action on UTIs. This action was confirmed by the sig-
nificant reduction in the urinary bacterial flora, in leukocyturia and in ESR, in male OFS pa-
tients. Cranberry standardized extracts and juices, rich in anthocyanidin/proanthocyanidin,
demonstrated interesting effects in UTI prevention, as anthocyanidin/proanthocyanidin
inhibit the adherence of P-fimbriated Escherichia coli to eukaryotic cells [32]. More recent
studies have also demonstrated the efficacy of products containing Cranberry in inhibit-
ing the in vitro growth of Escherichia coli strains, whereas the same products showed a
lower activity compared to other pathogens like Klebsiella pneumoniae, Enterococcus faecalis,
Pseudomonas aeruginosa and Proteus mirabilis [35–38,60].

Recent studies showed that Sweet Chestnut extracts and hydrolysable tannins present
an antimicrobial activity against different pathogens. This finding suggests interesting and
sustainable applications for food or feed safety and agronomics products [61–66]. In the
biomedical field, tannic acid, tested in vitro both individually and in combination with
fusidic acid on three strains of Staphylococcus aureus resistant to methycillin, showed a
synergistic effect in preventing of additional adaptive mutations in the bacteria [39]. The
chemical 1-methoxy-2,3-digalloylglucose, in mixture in the two anomeric forms, was tested
both alone and in sub-inhibitory concentrations in combination with amphotericin B on
Candida albicans, Candida glabrata and Issatchenkia orientalis, showing a strong synergistic
activity [67].

A study on some terpenoids and on a wide variety of polyphenols, in particular
hydrolysable tannins, selected among the representative molecules of natural extracts
well known for their antibacterial properties, has confirmed their effectiveness against
Helicobacter pylori of many of the tested compounds, in particular of hydrolysable tannins
with MIC50s in plate between 6.25 and 50 µg/mL [33]. These results, together with those
reported above, suggest the possibility of combining hydrolysable tannins from Sweet
Chestnut and anthocyanosides/proanthocyanosides from Cranberry, for obtaining prod-
ucts with a wider spectrum of antimicrobial action and with possible synergistic effects.
The above-reported in vitro and in vivo results, obtained with active compounds from
Cranberry and Sweet Chestnut on microorganisms responsible for UTIs, by both our and
other research groups, led us to the innovative formulation of the OFS object of the present
pilot study.

In the male OFS subgroup in our study, a statistically significant improvement of the
parameters related to oxidative stress (FORT and FORD) was also described, according to
the high antioxidant activity and the low EC50 antiradical activity, measured using in vitro
assays with Folin-Ciocalteu reactive and stable radical DPPH·, respectively.

Such results can be ascribed to the presence of Serenoa repens present in the OFS in
addition to Chestnut tannins and anthocyanosides. Serenoa repens (also commonly called
saw palmetto) is a ripe berry of the North American dwarf-palm, traditionally used as
treatment for the main male urogenital disturbances. Previous studies have highlighted
that Serenoa repens has an antispastic, anti-edema, anti-proliferative and anti-androgenic
effect [68]. Moreover, Serenoa repens extract, in particular its free fatty acid, such as lauric

16



Nutrients 2021, 13, 591

acid and linoleic acid, seems to exert an anti-inflammatory action through inhibition
the cyclooxygenase activity, 5-lipoxygenase pathway and pro-inflammatory cytokines
biosynthesis [59–62].

However, these promising effects did not seem to be visible in female treated pa-
tients. Furthermore, in these subgroups, the OFS seems to have had side effects in the
gastrointestinal tract. The OFS tested, due to the high content of Serenoa repens, could have
induced nausea, vomiting and other minor gastrointestinal symptoms in female subjects as
a result of overdose with respect to their body weight [69]. The presence of this substance
could explain the reason we observed cases of dropout in female treated subjects. Three
female treated subjects, in fact, did not complete the study due to reported gastrointestinal
disorders, leading us to hypothesize that the amount of Serenoa repens present in the OFS
represented an overdose.

Furthermore, in male OFS patients, we observed a reduction in somatization, anxiety
and depression state at the end of the study (after six weeks of OFS assumption). These
results seem to be in line with the results obtained on the improvement of urinary symp-
toms in male subgroups. Gender differences have been reported for polyphenols and other
bioactive compounds, related to their biotransformation, bioavailability, pharmacodynam-
ics and pharmacokinetics. The metabolism of polyphenolic compounds takes place via
gut microbiota and via endogenous enzymes such as cytochrome P450 mono-oxygenases
in a gender-dependent manner. The specific targets of these bioactive compounds can be
differently expressed in the different genders. Their renal excretion, which is the main
excretion route, presents sex differences [70–74].

Thus, the gender is a variable that must be carefully considered. From this perspec-
tive, and according to the results of this pilot study, the research will continue with the
experimentation of two different OFSs, specific for gender: the OFS (described above) for
male patients and a newly formulated OFS, avoiding the use of Serenoa repens extract, for
female patients.

5. Conclusions

The psychophysical distress induced by UTI recurrence, the possible negative effects
related to repeated antibiotics treatment, and the possibility of antibiotic-resistance, have
led to interest in finding a natural OFS designed to counteract recurrent UTIs and improve
the quality of life of patients. The preliminary results of our pilot study demonstrate
the possible therapeutic and preventive efficacy of a natural OFS based on polyphenols,
specifically based on Sweet Chestnut tannins, in UTI recurrent patients. However, these
results seem to be referable only to male patients. The significant side effects associated
with the poor ability to reduce microbial flora in female patients raises the problem of
finding a natural OFS able to counteract UTIs in female subjects. To confirm the results
obtained for the parameters related to oxidative stress, inflammatory status and gender-
dependent antimicrobial activity, a future study should be planned on a larger sample of
patients selected by gender, also including a placebo group not treated with tannins. This
study should take into account gender differences, formulating two OFS that differ with
respect to the presence of Serenoa repens extract, which is not completely tolerated by the
female population.
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Abstract: We explored the dose-response relations of sodium, potassium, magnesium and calcium
with cardiovascular disease (CVD) risk in the Framingham Offspring Study, as well as the combined
effects of these minerals. Analyses included 2362 30–64 year-old men and women free of CVD at
baseline. Cox proportional-hazards models were used estimate adjusted hazard ratios (HR) and
95% confidence intervals (CIs) for mineral intakes and incident CVD. Cox models with restricted
cubic spline functions were used to examine dose-response relations, adjusting for confounding
by age, sex, body mass index, dietary fiber intake, and time-varying occurrence of hypertension.
Lower sodium intake (<2500 vs. ≥3500 mg/d) was not associated with a lower risk of CVD. In
contrast, potassium intake ≥3000 (vs. <2500) mg/d was associated with a 25% lower risk (95% CI:
0.59, 0.95), while magnesium intake ≥320 (vs. <240) mg/d led to a 34% lower risk (95% CI: 0.51, 0.87)
of CVD. Calcium intake ≥700 (vs. <500) mg/d was associated with a non-statistically significant 19%
lower risk. Restricted cubic spline curves showed inverse dose-response relations of potassium and
magnesium with CVD risk, but no such associations were observed for sodium or calcium. These
results highlight the importance of potassium and magnesium to cardiovascular health.

Keywords: cardiovascular disease; sodium; potassium

1. Introduction

The need for population-wide salt reduction has been a topic of considerable debate
for years. The World Health Organization and others suggest that universal salt reduction
may lead to significant public health gains [1]. While there is general agreement that
sodium reduction will lead to some reduction in blood pressure, there is considerable
disagreement about whether this action will lower cardiovascular risk and mortality. It has
even been suggested by some that there may be harm in strict salt reduction guidelines
for some people due to unanticipated effects of sodium reduction on other pathways
related to cardiovascular disease (CVD) occurrence [2]. As a result, the need for additional
research examining the association between lower sodium intakes and CVD risk in the
general population of healthy adults as well as high-risk segments of the population has
been identified. A 2018 systematic review of several clinical trials, however, examined
the efficacy of lower sodium intakes among individuals with prevalent heart failure and
concluded that there was insufficient evidence to support salt reduction as a strategy for
reducing incident cardiovascular events or mortality in that population [3].

The independent and combined effects of other minerals on CVD risk are of vital
interest as well. Potassium is generally thought to have beneficial effects on cardiovascular
health through its effects on vascular tone, although this effect may not be fully realized
due to widespread under-consumption of potassium among Americans [4]. Evidence for
an inverse dose-response relation between potassium and incident CVD is growing [5] as
well as evidence for a role of potassium in mediating salt sensitivity [6]. In addition, both
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calcium and magnesium have been thought to impact cardiovascular health. However,
evidence from clinical trials of calcium supplementation is generally inconclusive, with
most studies showing no effect on CVD risk [7]. Magnesium is involved in blood pressure
and metabolic regulation and may be important to the prevention and management of CVD
risk, although evidence on this topic is somewhat sparse and inconclusive [8,9]. Finally,
there is also little evidence on the cardiovascular effects of dietary sodium in combination
with intakes of calcium and magnesium. Such data will help to expand the evidence base
informing future Dietary Guidelines [10].

The overall goal of this study is to examine the dose-response relations between
sodium, potassium, magnesium, and calcium and risk of CVD in the prospective Fram-
ingham Offspring Study. A secondary aim is to evaluate the combined effects of dietary
sodium and these other minerals on incident CVD risk.

2. Materials and Methods

The Framingham Offspring Study (FOS) began in 1972 with the enrollment of 5124 off-
spring (and spouses) of the original Framingham Heart Study cohort. Data related to
medical history, cardiometabolic risk factors, lifestyle habits, psychosocial factors, and
physical functioning were collected at repeated examination visits occurring at intervals of
approximately four years. For these analyses, subjects with complete data on diet, CVD
outcomes, and all confounders of interest who were between the ages of 30 and 64 years at
examination visit three (when diet was first assessed) were eligible for inclusion. Those
missing data or who were less than age 30 at exam 3 were included starting at exam 5 (the
next time when dietary intake was assessed).

Of the original 5124 subjects, the following individuals were excluded from the
analyses: 283 who died prior to the baseline dietary assessment, 324 outside of the requisite
age range (<30 or ≥65 years), 497 who failed to attend exams 3–5, 77 with prevalent
cancer at baseline (except non-melanoma skin cancer), 1040 with missing food diaries,
11 with a body mass index (BMI) <18.5 kg/m2, and 1 with missing blood pressure. As has
been done in previous studies, we excluded 389 with implausibly high or low values for
energy intake (men reporting usual energy intake <1200 or >4000 kilocalories (kcals)/d,
women reporting energy intakes <1000 or >3500 kcals/d [11,12]), or subjects reporting more
than 20% of energy intake from alcohol. Finally, 140 with prevalent CVD were excluded,
leaving 2362 subjects for these analyses. The original study protocols were approved by
the Institutional Review Board of the Boston University Medical Center and all subjects
provided written informed consent.

2.1. Dietary Intake

Diet was assessed using two sets of three-day diet records in the third and fifth
examination cycles of the study (1984–1988 and 1991–1995). Nearly 75% of participants
completed the requested records, with most providing all days of dietary data for a total of
approximately 16,000 days of dietary records. Each set of three-day diet records included
two weekdays and one weekend day. All participants were instructed in the completion of
the diet records by a trained study nutritionist. The participants were instructed to write
down everything that they ate or drank for meals and snacks in a 24-h period. They were
asked to document portion sizes, specific brand names, cooking methods, and recipes (for
home-cooked dishes) as well as salt added at the table. The sources of any take-out foods
were also recorded. Fats and seasonings including salt that were added during cooking
were also recorded. Two-dimensional food models were used to aid in the estimation of
correct portion sizes. The study nutritionist reviewed the dietary records and debriefed the
participants as needed for clarification before entering the dietary data into the Nutrition
Data System (NDS) of the University of Minnesota [13].

The NDS program provides detailed nutrient composition data for all food items
including sodium, potassium, magnesium, and calcium. Total intake for each nutrient
from all food sources is then summed over each day. Since adult dietary intakes tend to be
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stable over time [14] and to reduce random variability in intake, average intakes of sodium,
potassium, magnesium, and calcium as well as other nutrients were calculated as a mean
across all available days of dietary records.

2.2. CVD Outcomes

All Framingham participants were monitored on an on-going basis for CVD events
including fatal and nonfatal myocardial infarction, unstable angina (defined as ischemic
episodes with reversible ST-segment changes), heart failure, and ischemic or hemorrhagic
stroke. A panel of three investigators adjudicated all possible CVD events and diagnoses
using standard long-standing Framingham guidelines. Atherosclerotic cardiovascular
disease (ASCVD) cases excluded intracerebral or subarachnoid hemorrhage, ischemic
cardiomyopathy, and congestive heart failure.

2.3. Potential Confounders

A wide range of CVD risk factors were routinely assessed in Framingham. Factors
explored as potential confounders in these analyses included age, sex, height, education
level, BMI, physical activity, cigarette smoking, alcohol intake, a wide range of individual
dietary factors, a Dietary Approaches to Stop Hypertension (DASH) eating pattern score,
prevalent hypertension and use of anti-hypertensive medications, as well as time-varying
development of hypertension or use of anti-hypertensive medications. Blood pressure was
measured twice at each examination following a standardized protocol using a mercury-
column sphygmomanometer and an appropriate-sized cuff. Modified JNC-7 criteria for
defining prevalent hypertension at baseline as well as incident hypertension during follow
up have been previously described and, briefly, include those with either a mean systolic
blood pressure (SBP) ≥ 140 mm Hg, diastolic blood pressure (DBP) ≥ 90 mm Hg at
2 consecutive exams, or both, or taking blood pressure lowering medication at any exam,
or either an SBP ≥ 160, DBP ≥ 95, or both, at a single exam) [15].

Height and weight were measured at each exam visit using a standard balance beam
scale with a stadiometer. Education was determined by self-report and categorized as less
than college vs. some college or more. For those who smoked, the number of cigarettes
smoked per day at each exam was recorded. Physical activity was derived from a standard-
ized Framingham questionnaire in which the self-reported hours usually spent per day in
sleep, sedentary, light, moderate, and heavy physical activity were determined. Moderate
and vigorous activities were weighted for energy expenditure determined by estimated
oxygen consumption and summed to obtain an estimate of usual moderate/vigorous
physical activity [16]. Alcohol intake (g/d) was based on self-report of usual consumption
of beer, wine, and spirits.

2.4. Statistical Analysis

Mineral intakes are often expressed per 1000 kilocalories of intake. However, energy
intake is frequently misreported, typically by under-reporting intakes of foods and bev-
erages that are perceived to be less healthy [17], and this under-reporting is differential
by body size [18]. As a result, we chose to normalize the intakes of sodium, potassium,
magnesium, and calcium for body weight, as a means of accounting for differences in
energy intake and overall body size, using the residuals from linear regression models [19].
Each mineral was regressed on body weight; residuals for each subject were then added to
the median intakes of that mineral in the FOS population to express the weight-adjusted
mineral intakes on the original scale.

For some analyses, mineral intakes were categorized on the basis of dietary recom-
mendations for that mineral [20] as well as power considerations and the sensitivity of
the results to changes in the cutoff values. For magnesium and calcium, the current
Recommended Dietary Allowance (RDA) values informed the categorization of these
variables. However, for sodium or potassium, the lack of an established RDA led to the
use of adequate intake (AI) levels to inform the categorizations [20]. Since only 15.8%
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of men and 27.8% of women met the AI of <2300 mg/d level for sodium, we chose the
following categories to enhance statistical power: <2500, 2500 to <3500, and ≥3500 mg/d.
The current AI for potassium is ≥3400 mg/d for men and ≥2600 mg/d for women, with
25.5% of men and 44.9% of women meeting these guidelines. To capture the effects of
low potassium consumption, we classified intake for these analyses as <2500, 2500 to
<3000, and ≥3000 mg/d. To evaluate the combined effects of adequate intakes of both
sodium and potassium, we dichotomized intakes initially based on the established AI
levels but since only 1.7% of subjects met the guidelines for both nutrients, we chose to
define inadequate intake (referent group) as a sodium level ≥2500 mg/d with a potassium
intake of <2500 mg/d, a category comprising approximately 23% of subjects. We similarly
chose categories for magnesium and calcium based on the RDA values, power consider-
ations, and sensitivity analyses. Only 10.6% of men and 20.2% of women met the RDA
for magnesium (≥420 mg/d for men; ≥320 mg/d for women) while only 21.8% of men
and 7.8% of women met the calcium RDA (≥1000 mg/d for men and women 31–50 years
of age; ≥1200 mg/d for women ≥51 years of age). The categories for magnesium were
<240, 240 to <320, and ≥320 mg/d while those for calcium were <500, 500 to <700, and
≥700 mg/d to enhance statistical power.

Cox proportional hazards models were used to estimate the risk of total CVD and
ASCVD associated with categories of intake for each of the four minerals. Only those
factors that were found to be actual confounders (as defined by a 5% change or more in the
overall effect estimate when included in the model) of the relation between mineral intake
and CVD were retained in the final models. Final models for risk of CVD included age,
sex, BMI, dietary fiber (for sodium models), and prevalent and time-varying occurrence of
hypertension as confounders of the effects. There was no confounding by height, education
levels, cigarette smoking, physical activity levels, alcohol intake, energy intake, a DASH
eating score, or energy-adjusted macronutrient intakes. Certain dietary variables such as
dietary fiber were strongly collinear with some minerals and therefore not included in
the final models. To evaluate the dose-response relation between mineral consumption
(on a continuous scale) and risk of CVD, we used Cox proportional hazards models
with restricted cubic spline functions. Three knots at the 25th, 50th, and 75th percentiles
were used, with the 25th percentile serving as the reference point. All analyses were
carried out with SAS version 9.4. Figures were created using GraphPad Prism version 8.0
(www.graphpad.com).

3. Results

Table 1 describes the baseline characteristics of the subjects according to weight-
adjusted sodium and potassium intakes. Subjects with the lowest intakes of sodium were
slightly older, had a higher BMI, were more frequently female, and had lower education
levels. They also tended to have lower intakes of potassium, magnesium, and calcium.
Those with lower intakes of potassium had a higher BMI, lower education levels, and
more were frequently female. There was little to no association between cigarette smoking
and sodium or potassium intakes. Notably, those with higher intakes of both sodium and
potassium had higher intakes of fruits and vegetables and dairy foods.

Table 2 shows the rates and hazard ratios for CVD and ASCVD associated with intake
of each of the four minerals. During the 41,170 person-years of total follow-up (median
follow-up time of 19.7 years) there were 404 cases of incident CVD, 367 of which were
atherosclerotic in nature. The majority of subjects in this study had moderate sodium
intakes (median intake 2927 mg/d). Within the range of usual intake in Framingham, there
was no association between sodium and risk of CVD or ASCVD. In contrast, both potassium
and magnesium intakes were inversely associated with risks of CVD and ASCVD. For
example, those consuming ≥3000 mg/d (vs. <2500 mg/d of potassium had a 25% lower
risk of total CVD (hazard ratio (HR) = 0.75; 95% CI: 0.59, 0.95) and a 28% reduction in risk of
ASCVD. Consumption of at least 320 mg/d of magnesium (vs. <240 mg/d) was associated
with a 34% reduction in risk of total CVD and a 38% reduction in risk of ASCVD. Calcium
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intake ≥500 mg/d was associated with a 17–19% non-statistically significant (95% CIs:
0.65–1.07 and 0.63–1.08) decreased risks of CVD and ASCVD, respectively.

To assess dose-response relations between minerals and CVD, we utilized Cox propor-
tional hazards models with restricted cubic spline functions. In Figure 1, panels A–D show
the dose-response relations between each of the four minerals and risk of total CVD over
12 years of follow-up. In these analyses, only potassium and magnesium were inversely
associated with cardiovascular risk in a dose-dependent manner.
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Finally, to determine whether the intakes of potassium, magnesium, or sodium on
CVD risk were modified by the daily intake of sodium, we explored the combined intakes
of these minerals (Table 3). Here, we dichotomized and then cross-classified intakes of
sodium (higher vs. lower) with other minerals. The referent group for each of these
analyses was chosen to be that group with the highest expected risk of CVD (i.e., higher
sodium plus lower intakes of potassium, magnesium, or calcium). Compared with the
referent category, those with higher potassium intakes (when sodium intake was also
high) had a 27% lower risk (95% CI: 0.57, 0.93) of CVD while higher potassium intake
combined with lower sodium intakes was associated with a 31% lower risk (95% CI: 0.48,
0.99). Higher magnesium intake (≥240 mg/d), regardless of sodium intake, was associated
with substantially lower risks of total CVD (HR = 0.72, 95% CI: 0.56, 0.94; HR = 0.61, 95% CI:
0.42, 0.88 among those with higher and lower sodium intakes, respectively). Finally, there
were no statistically significant reductions in risk of CVD or ASCVD associate with a lower
sodium intake alone.

Table 3. Rates and Hazard Ratios for Risk of CVD Associated with Categories of Mineral Intakes in the Framingham
Offspring Study.

Unadjusted Adjusted b

Mineral Intakes (mg/d) a n I/1000 py HR 95% CI I/1000 py HR 95% CI

Na ≥ 2500, K < 2500 532 11.18 1.00 ref 10.14 1.00 ref
Na ≥ 2500, K ≥ 2500 1169 9.21 0.73 0.57, 0.93 8.41 0.73 0.57, 0.94
Na < 2500, K < 2500 422 9.55 0.78 0.57, 1.07 8.43 0.80 0.57, 1.11
Na < 2500, K ≥ 2500 239 10.27 0.69 0.48, 0.99 9.28 0.70 0.48, 1.02

Na ≥ 2500, Mg < 240 399 11.41 1.00 ref 10.48 1.00 ref
Na ≥ 2500, Mg ≥ 240 1302 9.34 0.72 0.56, 0.94 8.48 0.70 0.53, 0.92
Na < 2500, Mg < 240 359 10.64 0.85 0.61, 1.19 9.61 0.87 0.61, 1.24
Na < 2500, Mg ≥ 240 302 8.88 0.61 0.42, 0.88 7.73 0.59 0.40, 0.86

Na ≥ 2500, Ca < 700 737 10.41 1.00 ref 9.50 1.00 ref
Na ≥ 2500, Ca ≥ 700 964 9.37 0.96 0.76, 1.20 8.52 0.94 0.73, 1.19
Na < 2500, Ca < 700 498 10.35 0.95 0.72, 1.25 9.15 0.96 0.71, 1.28
Na < 2500, Ca ≥ 700 163 8.19 0.72 0.46, 1.12 7.47 0.74 0.46, 1.18

Abbreviations: CVD, cardiovascular disease;; CI, confidence interval; I/1000 py, incidence per 1000 person years; Na, sodium; K, potassium;
Mg, magnesium; Ca, calcium; ref, reference. a Weight-adjusted mineral intakes; b hazard ratios for all minerals adjusted for age, sex, BMI,
and prevalent hypertension (a time varying covariate).

4. Discussion

In these analyses, we first sought to determine the dose-response relations between
sodium, potassium, magnesium, and calcium and risk of CVD. In these analyses, sodium
intake was not associated with risk of CVD at the levels consumed by this generally healthy
community-based population of adults. Both potassium and magnesium were consistently
inversely associated with the risk of incident CVD in a dose-dependent manner. While
potassium consumption at or above 3000 mg/d (vs. <2500 mg/d) was linked with at least
a 25% reduction in risk of both total and atherosclerotic CVD, we also observed that risks
declined steadily throughout the distribution for intakes up to 5000 mg/d. Similarly, CVD
risks declined steadily with intakes of magnesium ranging from 100 to 600 mg/d. Higher
intakes of potassium and magnesium were both associated with reduced risks of CVD
regardless of sodium intake while lower intakes of sodium had no independent beneficial
effects on CVD risk.

The association between dietary sodium intake and CVD risk is controversial [21].
There have been several prospective studies evaluating the relation between urinary
sodium and incident CVD or CVD mortality. One study of subjects in their mid-40s
who were overweight and tended to have elevated blood pressure levels had a higher
risk of non-fatal CVD associated with increasing sodium intakes [22]. Thus, it is possible
that CVD risk may be different among individuals with prevalent obesity and high blood
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pressure. However, our results are consistent with those from the Health, Aging, and Body
Composition (Health ABC) study which found no association between sodium intake and
incident CVD even after controlling for prevalent hypertension [23]. Since hypertension
may be part of the causal pathway to CVD, we also ran all statistical models excluding
those with prevalent and time-varying hypertension from the models and the results were
virtually identical. Some studies have observed a non-linear (i.e., J-shaped) relation be-
tween urinary sodium and CVD risk. A 2014 meta-analysis of largely prospective cohort
studies concluded that lower sodium intakes (<2645 mg/d) were associated with higher
risks of all-cause mortality as well as CVD incidence than were more moderate intakes
(2645–4945 mg/d) [24]. In Framingham, we had too few subjects with sodium intakes
above 5000 mg/d to evaluate intakes at that level. Further, only 15.8% of men and 27.8% of
women met the current dietary guidelines for sodium of less than 2300 mg/d, limiting our
assessment of risk at this intake level.

It is possible that the lack of a beneficial effect of lower sodium intake on cardiovascular
risk in this and other studies may be due to other adverse effects associated with reducing
dietary sodium intake. Some randomized clinical trials targeting dietary sodium reduction
have shown unintended results—that is, increases in renin, aldosterone, catecholamines,
total cholesterol, and triglycerides [5,25]. Since all of these effects are linked with higher
risks of heart disease and death, these findings could explain the absence of a beneficial
effect of lowering sodium intakes.

Analyses from the Prevention of Renal and Vascular End-Stage Disease (PREVEND)
study found that every additional 598 mg of potassium was associated with a 13% reduction
in CVD risk [26]. These results are consistent with a 2011 meta-analysis in which every
additional 966 mg/d of potassium was associated with a 26% lower risk of total CVD and
a 21% lower risk of stroke [27]. Our results in Framingham were similar. We found that
for every additional 600 mg/d of potassium consumed, CVD risk declined by 12% (data
not shown).

The association between dietary magnesium and risk of CVD dates back to early
epidemiologic observations in which water “hardness,” a measure of calcium and mag-
nesium content, was inversely associated with CVD risk [28]. Early observations from
the Atherosclerosis Risk in Communities (ARIC) study showed that those with prevalent
hypertension, CVD, or diabetes had lower serum magnesium levels [29]. In the European
Prospective Investigation into Cancer (EPIC)-Norfolk Study, dietary magnesium was also
inversely associated with risk of stroke [30]. Our results for CVD are consistent with these
earlier findings.

In recent years, concerns about calcium supplements and elevated cardiovascular
risk [31] have led to declines in usage. However, dietary calcium may have very different
effects than supplements. Data from the large Melbourne Collaborative Cohort Study
suggest inverse linear associations between dietary calcium and risk of incident CVD and
stroke [32]. However, a meta-analysis of prospective observational studies found that the
lowest CVD mortality was at intakes of approximately 800 mg/d, restricted cubic spline
analyses in that study suggested that the relation between calcium and CVD mortality may
be U-shaped [33]. In the current Framingham analyses, calcium intakes above 500 mg/d
were associated with nearly a 20% (non-statistically significant) reduction in risk of CVD.
We found no particular benefit of higher total calcium intakes.

The mechanisms by which these dietary minerals may be associated with CVD are
complex. For sodium, it seems likely that the effects on blood pressure are mechanistically
different for individuals who are salt sensitive and those who are not. Salt sensitivity has
been acknowledged for many years but the mechanisms underlying this phenomenon are
incompletely understood [34]. Since salt sensitivity varies markedly by race, the largely
northern European Caucasian ancestry of the Framingham Study participants suggests
that salt sensitivity levels are probably somewhat low in this cohort.

There are a number of mechanisms by which potassium may reduce cardiovascular
risk. First, sufficient potassium intake promotes negative sodium balance by inducing
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sodium excretion [35]. Increased plasma potassium levels also have beneficial effects on
endothelial cells, thereby reducing vascular stiffness and enhancing nitric oxide-mediated
vasodilation [36,37]. In addition to these independent effects on blood pressure and other
cardiovascular outcomes, potassium has been shown to suppress the effects of sodium
on blood pressure among salt sensitive individuals [6]. Magnesium regulates numerous
biochemical processes, many of which control blood glucose, blood pressure, and inflam-
mation [38]. It also acts as a calcium antagonist and inhibits coagulation. Magnesium
deficiency has been associated with increased oxidative stress [39].

It is important to note that since potassium and magnesium are strongly correlated
with one another and strongly associated with consumption of fruits and vegetables and
dairy products (and hence, a DASH dietary pattern), it is difficult to separate the effects
of these minerals from one another and their underlying food sources. In Framingham,
29% of potassium intake and 21% of magnesium intake was derived from vegetables, while
19% of potassium and 11% of magnesium came from fruit consumption and 16–17% of
both potassium and magnesium from dairy intake. In summary, these data from the FOS
confirm that dietary potassium and magnesium have important roles in the prevention of
CVD. This finding may provide additional support for the value of a DASH eating pattern
in the reduction of CVD risk. Finally, sodium intake had no independent effect on risk of
CVD and dietary calcium had only weak beneficial effects.

There are important strengths and limitations to the present study. One limitation is
that we had very few individuals with sodium intakes above 5000 mg/d (n = 88, 3.7%)
or below 2000 mg/d (n = 210, 8.9%), preventing accurate estimation of the dose-response
relations at extremes of the distribution. Nonetheless, we found no adverse effect of
sodium intake on CVD risk at the usual levels of intake (mean intake = 2977 mg/d) in this
population. Further, we were unable to examine the potential role of kidney dysfunction
in this study due to having too few individuals with creatinine measures at baseline.
However, when we examined the proportion of individuals with renal failure at exam 7,
when nearly all individuals had serum creatinine levels, the proportions were not different
across sodium or potassium intake categories. Additionally, we did not consider the effects
of supplemental calcium in this study. The FOS population is largely of European descent,
limiting the generalizability of these results to more racially-diverse populations. Finally,
self-reported dietary records are an imperfect measurement of salt intake, and may be
subject to reporting bias and underreporting of sodium intake among high-risk individuals.
There also may be non-differential error in reporting of the intakes of these minerals, which
would result in estimates of effect that were biased towards the null. There are many
important strengths of this study. Even though we did not have urinary biomarkers for
mineral intakes, the dietary recalls have been shown to have stronger correlations with
more objective measures of sodium and potassium intake than have other methods of
dietary assessment [40]. Additionally, the FOS’s well-characterized population, carefully-
adjudicated cardiovascular outcomes, and thorough measurement of a wide range of
potential confounding factors allow for more accurate assessment of outcomes and control
of confounding.

5. Conclusions

Our data provide no evidence for sodium reduction in a healthy population as a
means of reducing risk of CVD in a population with moderate sodium intake. It does
however support the importance of increasing potassium and magnesium for the purpose
of reducing cardiovascular risk. Interventions focused on the promotion of potassium-
and magnesium-rich foods in the diet may be effective targets for reducing the occurrence
of CVD. To improve generalizability and expand these findings, future studies should
examine broader ranges of intakes in more ethnically diverse cohorts.
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Abstract: Frailty is the major expression of accelerated aging and describes a decreased resistance
to stressors, and consequently an increased vulnerability to additional diseases in elderly people.
The vascular aging related to frail phenotype reflects the high susceptibility for cardiovascular
diseases and negative postoperative outcomes after cardiac surgery. Sarcopenia can be considered
a biological substrate of physical frailty. Malnutrition and physical inactivity play a key role in the
pathogenesis of sarcopenia. We searched on Medline (PubMed) and Scopus for relevant literature
published over the last 10 years and analyzed the strong correlation between frailty, sarcopenia and
cardiovascular diseases in elderly patient. In our opinion, a right food intake and moderate intensity
resistance exercise are mandatory in order to better prepare patients undergoing cardiac operation.

Keywords: frailty; vascular aging; age related syndrome; sarcopenia; malnutrition

1. Introduction

The concept of frailty was first evidenced in the 1979 [1] and entered in the common
medical language, thanks to recognized value in predicting the risk to many chronic dis-
eases in old population, evidencing the marked differences in the two sexes (especially in
female people), with respect to the traditional risk factors for these diseases, and in facili-
tating (or precisely quantifying) the increase of health age-related deficits. Nevertheless,
its definition remains uncertain, although three researchers have advanced some major pro-
posals: (1) Fried [2] defines frailty as the process that decreases the physiological reserves
and results in a major vulnerability to stressors (pathologies, surgery); (2) Rockwood [3] de-
scribes it as the result of the presence of adverse variables in old people, including those of
cardiovascular nature (i.e., hypertension, heart attack and arrhythmia); (3) Gobbens [4] sug-
gests that damages in the psychosocial sphere of an individual cause some adverse effects
to the health. Currently, advances in the field propose frailty as major phenotype of accel-
erated aging characterized by a multiorgan dysfunction and/or significantly associated
with an increased vulnerability to diverse diseases (multimorbidity) in elderly people [5].
Sarcopenia can be considered a biological substrate of physical frailty [6]. Muscle loss
typically begins in the fifth decade of life and proceeds at a rate of decline of 0.8% years [7].
Epidemiological data suggest a wide variability in the prevalence of sarcopenia, depending
on the type of population studied, sex, age and diagnostic criteria used. The prevalence
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of sarcopenia is between 7.5% and 77.6% [8]. There are numerous factors responsible for
this muscle loss: the aging process, genetic susceptibility, environmental factors, such as
suboptimal diet, prolonged bed rest, sedentary lifestyle, chronic diseases and drugs [9,10].
In most cases the etiology of sarcopenia is multifactorial and sarcopenia is considered PRI-
MARY (age-related) when the only obvious cause is aging [11–14]. Malnutrition plays a key
role in the pathogenesis of sarcopenia and frailty. The malnutrition refers to an imbalance
condition of protein or other nutrient imbalance, responsible for negative effects on body
composition, physical function and clinical outcome [15]. Although, malnutrition is not in-
evitably associated with the aging process. Numerous causes can contribute to a decline in
nutritional status: anorexia, edentulism, dysgeusia, dysphagia, motor and visual disability
represent physiological and physical causes that can compromise an adequate intake of nu-
trients [16]. We will see in this narrative review the correlation between frailty, sarcopenia
and malnutrition in the management of the elderly patient. At the same time, we proposed
a right food intake in order to better prepare patients undergoing cardiac surgery.

2. Materials and Methods
2.1. Data Sources and Search Strategy

Current literature investigating frailty, sarcopenia and malnutrition is analyzed and
contextualized in this review. Specifically, research was conducted on Medline (Pubmed)
and Scopus. To review recent studies on frailty, sarcopenia, malnutrition, and cardiovascu-
lar disease, we selected scientific papers published in English 10 years since the European
Working Group on Sarcopenia in Older People (EWGSOP) was published in 2010 [17].
We used the search term frailty, sarcopenia, malnutrition, cachexia, cardiovascular disease,
mortality and morbidity, cardiac surgery.

2.2. Study Selection
2.2.1. Inclusion Criteria

The inclusion criteria for the included studies in this review were as follows: (1) as-
sessment of frailty and sarcopenic patients; (2) inclusion of both gender and all races;
(3) examination of the impact of undernutrition, sarcopenia and frailty on clinical outcomes;
(4) frailty evaluation; (5) evaluation of muscle strength and/or muscle mass for diagnosing
sarcopenia; (6) evaluation of the correlation between frailty/sarcopenia and cardiovas-
cular diseases; (7) identification of frailty biomarkers in predicting vascular aging and
cardiovascular disease; (8) morbidity and mortality in frailty patients underwent cardiac
surgery; (9) application of a specific dietary intake in order to prevent sarcopenia in cardiac
surgery patients.

2.2.2. Exclusion Criteria

Editorial, case report, letters to editor, and conference abstracts were excluded from
this review.

3. Frailty Definition and Quantification

Two main models have been proposed for the frailty evaluation: the phenotypic (pri-
mary frailty) or the deficits accumulation model (secondary frailty). Different instruments
have been proposed for measuring frailty. Of note are the data from the Cardiovascular
Health Study [18] that evidenced in about 25% of older participants signs of frailty with-
out either multiple comorbidities or disabilities (physiological ageing). In this context,
frailty has been defined as “primary frailty”, with a phenotypic presentation involving
the decline in physical functions and psychological status, without taking into considera-
tion associated diseases or pathological conditions. In measuring the primary frailty, the
Fried’s phenotype frailty index has been widely adopted [2]. It derived from an analysis
of five health factors: nutrition; physical exhaustion; low energy expenditure (or inactive
status); mobility and muscular strength. Deterioration in one of these examined factors
was scored as 1 if present or 0 if absent, giving a potential score spanning from 0 to 5.
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The phenotypic model permitted to classify three groups of individuals: robust (no de-
terioration); pre-frail (one or two altered factors); or frail (three or more altered factors).
This classification was independently correlated with outcomes, such as survival, falls,
disability, and institutionalization. The secondary frailty considered the accumulation of
multiple deficits, including symptoms, signs, disabilities, pathological conditions, and
abnormal laboratory values. Furthermore, its evaluation was based on frailty index based
on the defects accumulation’s model [19]. Every deficit has been coded as binary (1 or 0)
or ordinal (0, 0.5, 1), consequently the frailty index was the sum of the deficit’s values
divided by the total number of deficits listed. This approach evidenced an important issue
on measurement of frailty based on phenotypic or deficits accumulation model, that has
revealed it is complex and time consuming. Alternative and easier instruments have
been, subsequently, proposed for fragility assessment both in general population or in
clinical practice [20]. For frailty estimation in general population, two simple scales and
multifaceted tools requiring comprehensive geriatric assessment (CGA) have been intro-
duced. Among the scales, the most important tool adopted is the Edmonton frailty scale
(EFS) [21]. It examines nine domains of frailty (cognition, general health status, functional
independence, social support, medication usage, nutrition, mood, continence, functional
performance). The results have been reported in a scale ranging from 0 to 17 values and
the participants have been conventionally classified into three categories. A higher score
has been associated with a higher degree of frailty. The same nine domains of frailty have
been also assessed by using a specific tool requiring comprehensive geriatric assessment.
For example, this is the case of the Mini-Mental State Examination (MMSE) [22] or the
Geriatric Depression Scale (GDS) [23,24]. In contrast, the functional performance has been
detected by using the Handgrip strength test [25,26]: handgrip measurement is assessed
on the dominant hand using a Jamar dynamometer adhering to the standardized protocol
recommended by the American Society of Hand Therapists and the average value of the
handgrip in the two genders is used to define the scores. Thus, a lower score than 30 kg
for man and lower than 20 kg for women is considered weak [27]. The valuation of the
nutritional status has been performed using the Mini Nutritional Assessment (MNA) [28].
The MNA is composed of 18 items divided in four categories: anthropometric assessment,
general state, dietary assessment, and self-assessment. A score ≥24 points indicates a good
nutritional status. A score from 17 to 23.5 points is an indicator of a risk of malnutrition,
while a score ≤17 points indicates malnutrition. In the appraisal of the general health
status, the assessment of the sarcopenia [29], osteoporosis [30], and serum albumin [31] is
important. Beside the instruments used to estimate fragility in general population, it is nec-
essary to mention the main tests used in hospital environment. Among these the SHARE-FI
scale [32] (Survey on Health, Ageing and Retirement in Europe Frailty Instrument) is one
of the most counted. This instrument is based on the first wave of the Survey of Health,
Ageing and Retirement in Europe, a large population-based survey (n = 31,115) conducted
in 2004–2005 in 12 European countries. It measures five variables approximating Fried’s
frailty definition (exhaustion, weight loss, weakness, slowness, and low activity) with
different coefficients for men and women. Another important scale is the SPPB [33] (Short
Physical Performance Battery). This battery analyzes physical performance features as
4-m gait speed, balance capacity and sit-to-stand time. The lower extremity performance
is a long-term mortality predictor independent of NYHA class and ejection fraction in
elderly hospitalized patients. The EFT [34] (Essential Frailty Instrument) is a specific scale
used in cardiac surgery. This scale includes biological, physical and mental state thus it
may identify subclinical frailty; in fact, its features are albumin and hemoglobin blood
values, sit-to-stand time and MMSE test. In the context of cardiac surgery two important
risk scores have been introduced in order to predict 30-day mortality and 1-year mortality:
respectively, the Comprehensive assessment of frailty [35] (CAF) and the Frailty predicts
death One years after Elective Cardiac Surgery Test (FORECAST) [36]. The CAF is com-
posed of different items to quantify the physical performance and coordinative abilities
of the patients in addition to scores that are already used to define frailty in medicine.
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In addition, several laboratory tests result as creatinine and FEV1. The FORECAST is a
simple version of the CAF with a higher predictive power. It is composed of those five test
items (chair rise, weak, stair, clinical frailty scale from the Canadian Study of Health and
Aging, serum creatinine level).

4. Sarcopenia as Biological Substrate of Physical Frailty

Sarcopenia is considered the biological substrate of physical frailty. The prevalence
of sarcopenia is higher in male with low body max index (BMI) [37,38]. Sarcopenia is
a common condition in the elderly but can also be seen in younger patients. It is de-
fined primary or age related when no cause is highlighted, other than the aging process.
It is considered secondary when one or more causes are identifiable and in this case it is
called activity-related, disease-related, nutrition-related [39]. Sarcopenia is a syndrome
characterized by the progressive and generalized loss of mass, muscle strength, physi-
cal performance, which leads to an increased risk of disability, poor quality of life, falls,
numerous complications, and death [40]. Muscle trophism is a consequence of a balance
between anabolic triggers (insulin, physical exercise, amino acids, adrenaline, testosterone)
and catabolic triggers (cortisol, catecholamines, glucagon, cytokines, intense exercise) [41].
In the elderly, the catabolic state is associated with the normal aging process, which be-
comes predominant when particular conditions of comorbidity are concomitant. In these
cases, the muscle mass suffers the effects of the general catabolic state in which the body is
found. Several factors contribute to the pathophysiology of sarcopenia [42]. In particular
the main factor are reduction of sex hormone levels, reduction of growth hormone levels,
increased production of cytokines, interleukin-1 (IL-1), interleukin-6 (IL-6), Tumor Necrosis
Factor-Alpha (TNF-alpha), alteration of the cellular redox-status, neuromuscular changes,
physical inactivity, and malnutrition [43,44]. Drugs can also play a protective or causative
role in the development of sarcopenia. Statins, sulfonylureas, glinides have a potential
harmful effect on muscle metabolism; while ACE inhibitors, allopurinol, Vitamin D play
a protective role on muscle function [45,46]. The muscle is formed of different types of
muscle fibers: slow fibers (type I) and fast fibers (types IIa and IIb). With aging, especially
in sarcopenic patients, there is a reduction in the diameter of muscle fibers, as well as a
progressive loss of fast fibers which results in a reduction in strength, coordination of move-
ments, and walking speed. This happens because the lost fast muscle fibers are replaced by
slow fibers. Given the dynamic nature of neuromuscular remodeling, it has been seen that
the muscle of the elderly subject under certain triggers maintains the ability to respond and
to adapt to the new state. It has been shown that even lifestyle alone can greatly influence
the development of muscle mass. This means that effective therapeutic intervention could
be applied in order to reverse the processes that lead to sarcopenia [47,48].

5. Sarcopenia Diagnosis

The simultaneous presence of muscle mass loss associated with reduced muscle
strength or physical performance is recommended for the diagnosis of sarcopenia. There are
various methods for the assessment of the sarcopenia.

The muscle mass usually is calculated using the Impedancemetry [49]. This is a valid
and recognized alternative to more complex and expensive methods, such as magnetic
resonance imaging (MRI), dual X-ray absorptiometry (DEXA) and computed tomography
(CT). The exam lasts a few minutes, is absolutely painless, safe and allows you to know
the body areas in terms of fat, lean tissue and water content. It is based on the principle
that tissues full of water and electrolytes offer less resistance to the passage of an electric
current than adipose tissue. The result is then compared with the reference values obtained
according to normalization formulas for race, age, sex, body weight. Muscle strength is
measured through the Handgrip (dynamometer), a simple tool that evaluates the force
developed by gripping the hand; usually three tests are performed, of which the best is
chosen [50]. The result is compared with threshold values calculated according to age,
sex and BMI. Physical performance can be assessed through the quick and easy walking
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speed test [51]. The main symptoms related to sarcopenia are muscle weakness and fatigue.
This concept does not only concern the bedridden people but also the person who has
functional autonomy. This condition does not only concern the thin and undernourished
patient, but even obese patient with increased body max index that have a reduction in
muscle mass. This scenario is called sarcopenic obesity [52]. Sarcopenic obesity is related to
an increased cardiovascular risk, due to the unfavorable metabolic effects of the increased
visceral adipose component. The muscle tissue is one of the major contributors to the
peripheral action of insulin on the uptake of circulating glucose. The sarcopenic patient also
has a condition of insulin resistance which can contribute to establishing and maintaining
harmful metabolic circulation.

6. Role of Frailty and Sarcopenia in Cardiovascular Disease

Cardiovascular disease (CVD), both clinical and subclinical, has been proposed as one
of the pathological conditions associated with frailty [53]. The Women’s Health Initiative
Observational Study has been the first and largest study to confirm that CVD was a risk
factor for developing frailty [54]. The relationship between these conditions indicates a com-
mon pathophysiological mechanism characterized by an abnormal inflammatory response,
resulting in an increase in inflammatory markers, leading to chronic inflammation [55].
On the other hand, chronic inflammation is the main cause of endothelial dysfunction that
leads to onset of cardiovascular diseases. The association between endothelial dysfunction
and frailty confirms the role of CVD in frailty. This suggests its relevance since the early
stages of vascular dysfunction (in case of only functional impairment) are apparent [56].
The endothelial dysfunction has been associated with a lot of cardiovascular risk factors:
hypertension, hypercholesterolemia, diabetes mellitus, obesity, smoking. Ricci et al. [57] in
a population-based study assessed that frail and pre-frail older people corresponded to a
substantial proportion of those with greater CVD risk factor. In particular, diabetes mellitus
(DM) seems to be the most prevalent CVD risk factor in frail and pre-frail older people.
It has been demonstrated that DM is one of the strongest risk factors for atherosclerosis and,
consequently, diabetic individuals present an increased risk, 3–4 times higher, of develop-
ing CVD and a double risk of mortality when compared to general population. Cacciatore
et al. [58] in a 12-year survival analysis study, showed that frail individuals were 2.6 times
more likely to have a complication related to DM, regarding age, sex, and number of years
living with this pathology. The relationship between DM and frailty seems to be influenced
by the sarcopenia. The muscle impairment in diabetic people is the result of fat infiltration
in the muscle tissue, higher insulin resistance levels, the increased levels of cytokines, and
reduction in motor and plates. Other important CVD risk factors in older people are hyper-
tension and smoking, regardless of the frailty classification. No relationship has been found
between frailty, obesity and waist circumference. Anyway, the concept of sarcopenic obesity
behind the BMI has been introduced: frail people are characterized by sarcopenia and fat
infiltration of muscle. This increased fat tissue allows the production of proinflammatory
cytokines and mediators, such as interleukin-6 and C-reactive protein, which induces a
state of chronic inflammation present in the frailty syndrome [59]. Therefore, it is interest-
ing to note that aging per se induces endothelial dysfunction, in absence of cardiovascular
risk factor and CVD related to increased oxidative stress and proinflammatory profile [60].

7. Crosstalk between Frailty and Cardiovascular Diseases in Molecular
Mechanisms Level

Recent literature data suggest considering the pathophysiological mechanisms in-
volved in the development or progression of a frailty status, for identifying frailty biomark-
ers [61,62]. In the context of vascular aging related to frail phenotype, several mechanisms
are strongly associated with the onset of cardiovascular disease [63]. For example, inflam-
mation is the predominant mechanism in vascular aging that induces the activation of
endothelial and vascular smooth muscle cells and the migration in the wall of leukocytes.
They may evolve in atherosclerosis condition or in other degenerative pathological age-
related conditions. According a recent review, there are 44 most important biomarkers
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related to frailty. They propose a core panel of 19 high priority markers and an expanded
panel with 22 medium priority markers [64]. In addition, three low priority markers are
reported. These markers might be assembled in different groups according the mechanism
in which they are involved: inflammation, mitochondria and apoptosis, calcium homeosta-
sis, fibrosis, neuromuscular junction and neurons, cytoskeleton and hormones, and others.
Alterations in immune system seem to be one of the most important triggers related to vas-
cular aging. According Monti et al. [65], the aging process is related to a systemic increase
in proinflammatory mediators from various sources. In addition, aging induces important
changes in immune cell phenotypes and function, called “immunosenescence”. It is charac-
terized by a shift from lymphoid to myeloid differentiation was described for B and T cell
populations. Equally, there is a change in the function and receptor signaling (i.e., Toll-like
receptors and RAGE) in monocytes, macrophages, dentritic cells, and neutrophils. More-
over, immune cells go through “immunosenescence” process [66]. These cells change their
surface marker expression, reduce the production of reactive oxygen species (ROS) and their
migration capacity, increase the production of proinflammatory over anti-inflammatory
cytokines. All these events induce the release of inflammatory molecules that might be
used as vascular aging and fragility biomarkers. The most important inflammatory mark-
ers are CD14 antigen also known as myeloid cell-specific leucine rich glycoprotein [67];
CX3CL1 (C-X3-C motif chemokine ligand 1, aka fractalkine) [68,69]; pentraxin [70,71];
sVCAM (soluble vascular cell adhesion molecule 1/soluble intercellular adhesion molecule
1) [72,73]; IL-6 (interleukin 6) [74,75]; CXCL 10 (C-X-C motif chemokine 10) [76]; defensins
(a large family of antimicrobial and cytotoxic peptides involved in host defense and in im-
munomodulation) [77]. Among these seven potential inflammatory biomarkers for frailty,
three seem to have high priority (IL-6, CXCL10, CX3CL1), three medium priority (pen-
traxin, sVCAM/sICAM, defensin), and one low priority candidate (CD14) [64]. The other
group of frailty biomarkers is related to the impairment of mitochondrial function and
apoptosis typical of several ageing disorders [78]. Among these the most important are
GDF15 (growth differentiation factor 15 or myomitokine) [79]; FNDC5 (fibronectin type
III domain containing 5) [80]; Vimentin (type III intermediate filament protein) [81]; APP
(amyloid precursor protein beta) [82]; LDH (lactate dehydrogenase) [83]. From the five
markers in the mitochondria and apoptosis category, the profile of GDF15, FNDC5 and
vimentin are considered high priority biomarkers [64]. In addition, because in aged people
the calcium homeostasis is usually altered, changes in calcium signaling and/or binding
proteins have been proven to be effective markers of cellular and tissue dysfunction in
these patients. The three “calcium homeostasis” biomarkers of fragility are S100B (S 100
calcium binding protein B) [84]; SMP30 (senescence-marker protein 30) [85]; calreticulin (a
multifunctional protein initially identified as a Ca2+ storage protein) [86]. Both regucalcin
and calreticum reached high priority. Another important group of biomarkers is related
to fibrotic changes that various tissues show with age. One of the most important factors
involved in the fibrosis is the transforming growth factor-ß (TGF-ß) [87]. A higher concen-
tration of TGF-ß seems to be related to various diseases associated to age and fragility such
as atherosclerosis, acute and chronic liver and kidney disease, autoimmunity, osteoarthritis,
and neurodegenerative diseases [88]. Other fibrosis markers related to the TGF-ß pathway
activation are PAI-19 (plasminogen activator inhibitor1) [89]; PLAU (urokinase plasmino-
gen activator) [90]; MMP7 (matrix metalloproteinases 7) [91]; TGM2 (transglutaminase
2) [92]; THBS2 (thrombospondin 2) [93]; AGT100 (angiotensinogen) [94]. Yet, with the
aging syndrome there is a damage of the cell cytoskeleton that leads to hormones dysreg-
ulation [95]. Consequently, a lot of hormones could likely be used as frailty biomarkers,
such as the GH (growth hormone), IGF (insulin-like growth factor-1), FGF23 (fibroblast
growth factor 23), resistin, adiponectine, leptin, and ghrelin.

8. Clinical Impact of Frailty and Sarcopenia

Frailty is emerging as a new and more specific predictor of morbidity and mortality
in patients with CVD [96] (acute myocardial infarction, heart failure, heart valve disease).
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On the other hand, frailty seems to be a more accurate perioperative risk score than those
currently used in patients underwent cardiac surgery and transcatheter aortic valve replace-
ment. Recently, Graham et al. [97] analyzed the prognostic significance of frailty measure by
the EFS in patients ≥65 years of age admitted to the hospital with acute coronary syndrome.
Patients with higher EFS scores (i.e., more frailty) were older, had greater comorbidity, and
were less suitable for revascularization. An EFS ≥7 was related to a longer duration of hos-
pitalization and mortality compared with those with an EFS score ≤3. In a cohort of older
patients hospitalized with non-ST-elevation myocardial infarction, Ekerstand et al. [98]
assessed that frailty, quantified by the clinical frailty score (CFS), was an independent
predictor of major adverse events (death, reinfarction, revascularization, major bleeding,
stroke or renal replacement therapy, rehospitalization) at 1 month. In a follow up, Sanchis
et al. [99] analyzed the relationship between clinical factors and laboratory parameters
(i.e., inflammation, coagulation activation, hormonal dysregulation, nutritional status, kid-
ney and cardiac function), frailty and a composite of death/myocardial infarction among
survivors of ACS at the time of hospital discharge. Four clinical variables (age ≥75 years, fe-
male sex, ischemic heart disease, heart failure) and three laboratory variables (hemoglobin
≤125 g/L, vitamin D level ≤9 mg/dL, cystatin Clevel ≥1.2 mg/dL) had a predictor power
similar to that of the Fried criteria for the composite outcome. Frailty might also have
important prognostic implications also in patients with heart failure (HF). About 18–54%
of patients with heart failure (HF) are frail [100]. A baseline frail state was found to in-
dependently predict incident HF [101]. Frailty was associated with higher likelihood of
hospitalization for HF decompensation and 1-year mortality [102]. On the other hand, the
presence of frailty at the time of left ventricular assist device implantation in patients with
end stage-HF was shown to be associated with longer recovery time, a risk for rehospital-
ization and mortality [103]. Frailty has been increasingly recognized to have significance
in predicting the risk of perioperative complications, resource use, and outcomes after
cardiac surgery. In a lot of studies, frailty seems to improve and outperform conventional
perioperative risk scores for predicting adverse outcomes [104]. A recent systematic review
showed a significant association with postoperative mortality and major cardiac and cere-
brovascular events (MACCE) and frailty [105]. In addition, Sudermann et al. [35] assessed
a moderate correlation of the frailty with the EuroSCORE and the Society of Thoracic
Surgeons (STS) scores to predict mortality in patients aged ≥74 years who were referred to
cardiac surgery. In conditions where new scale is used (SHARE-FI scale), frailty seems to be
better than the EuroSCORE II in predicting 1-year mortality. The role of frailty evaluation
in predicting morbidity and mortality after cardiac surgery has been studied in different
types of surgical procedures: aortic valve replacement [106], mitral valve surgery [107],
coronary artery bypass surgery [108]. Finally, the most important application of the frailty
evaluation in terms of prognostic factor is the transcatheter aortic valve replacement (TAVR)
field [109]. In fact, patients undergoing TAVR are generally older, have multimorbidities
and are frail. Stortecky et al. evaluated the association between preoperative multidimen-
sional geriatric assessment (MGA) and 30-day and 1-year risk of MACCE and mortality
among 100 patients undergoing TAVR. Nearly all domains of the MGA evaluated showed
association with MACCE and death [110].

9. Dietary Intake to Prevent Sarcopenia in Patients Undergoing Cardiac Surgery

The cardiac operation is a moment of stress for ill patients. Metabolic demands and
muscle breakdown are accelerated by bedrest and poor oral intake causing an important
loss of muscle mass. This is particularly deleterious for frail older patients, who have lower
reserves of muscle mass and strength [111]. Frailty increases the age-related changes in
protein and muscle metabolism by increasing the rate of protein catabolism and decreas-
ing the response to anabolic factors. A correct protein intake is necessary in particular
in ill patients [112] (Table 1). The American Society for Parenteral and Enteral Nutri-
tion (ASPEN) advised a protein intake of 2.0 g per kilogram of body weight per day
(g/kg/d) [112]. Instead the European Society for Parenteral and Enteral Nutrition (ESPEN)
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recommends 1.5 g/kg/d [113]. On the other hand, these guidelines recommended aggres-
sive postoperative nutritional support, including early enteral nutrition when necessary
to meet the postoperative caloric and protein needs. In fact, in the 6 weeks after cardiac
surgery, older adults lose on average 5% of their body mass, and this increased the risk of
readmission in the hospital [114]. A study of patients admitted to the surgical intensive
care unit showed that those with a postoperative protein deficit were less likely to be
discharged home [115]. A multinational study revealed that consuming close to the recom-
mended protein intake was associated with 60-day survival and ventilator free days [116].
A prospective interventional study demonstrated that aggressive protein supplementation
was associated with a 66% reduction in infectious complications in the surgical intensive
care unit [117]. A retrospective study of 1007 postsurgical patients at eight hospitals found
that those with sufficient protein intake, defined as >60% of the recommended protein
intake, had decreased length of stay and hospital costs [118]. The Nutrition Care in Cana-
dian Hospitals (NCCH) study showed that surgical patients who ate less than half of the
provided food had signs of malnutrition and increased length of stay [119]. To improve
the nutrition of patient candidates for surgery, one of the core components of the ERAS
program is a recommendation to liberally prescribe oral nutritional supplements in the pre-
and postoperative periods [120]. Exercise plays a key role in the prevention and treatment
of sarcopenia and today it is the most effective approach. Through the stimulus given
by physical activity, numerous pathways are activated at the muscle level that converge
towards anabolic pathways, with positive consequences on trophism and muscle quality.
In particular, it is the moderate intensity resistance exercises that produce the most results.
Intense exercise does not bring further benefits, if not actually harmful [121].

Table 1. Dietary protein intake and sarcopenia.

Study Type Duration of the Study Material and Methods References Main Findings

Review
The articles were

conducted from January
2010 until April 2015

The first group, containing
eight articles, discussed
protein or amino acid

supplementation alone on
sarcopenia. The second group,

containing six articles,
discussed exercise alone on
sarcopenia. The last group,

containing six articles,
discussed both protein or

amino acid supplementation
and exercise on sarcopenia

Naseeb MA et al.
[122]

Protein intakes should exceed
the current recommended

dietary allowance RDA
(0.8 g/kg body mass per day)

The European Society
for Clinical Nutrition

and Metabolism
(ESPEN) hosted a

Workshop on Protein
Requirements in

the Elderly

Healthy older people for older
people who are malnourished

or at risk of malnutrition
because they have acute or

chronic illness.
Older adults above 65 years

Deutz NE et al.
[121]

Higher protein intakes in older
adults in relation to the current

protein
RDA: a 25–50% increase for

healthy individuals, a 50–90%
increase those suffering from
acute or chronic disease, and

greater than 50% increase above
the RDA for those experiencing

severe illness or injury

Observational and
cross-sectional study

Noninstitutionalized
participants from the
2005-2014 National

Health and Nutrition
Examination Survey

Data from 11,680 adults were
categorized into 51–60

years (n = 4016), 61–70 years
(n = 3854), and 71 years and
older (n = 3810) for analysis

Krok-Schoen JL et al.
[123]

Over 30% failed to meet the
current protein RDA

Parallel-group
randomized trial,

protein consumption at
the current RDA or

twice the RDA (2RDA)
affects skeletal muscle

mass and physical
function in elderly men

Before treatment and
after 10 wk of
intervention

29 men aged > 70 y
(mean ± SD) body mass index

(in kg/m2): 28.3 ± 4.2

Mitchell CJ et al.
[124]

Increasing protein intake to
twice RDA (1.6 g/kg per day)
resulted in significant gains in

lean tissue mass in healthy
older men
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Table 1. Cont.

Study Type Duration of the Study Material and Methods References Main Findings

The current evidence
related to dietary

protein intake and
muscle health in

elderly adults

/ Elderly population of the
United State Baum JI et al. [125]

The consumption of dietary
protein consistent with the

upper end of the AMDRs (as
much as 30–35% of total caloric

intake) may prove to be
beneficial, although practical

limitations may make this level
of dietary protein intake difficult
The consumption of high-quality
proteins that are easily digestible
and contain a high proportion of

EAAs lessens the urgency of
consuming diets with an

extremely high protein content

A meta-analysis of
randomized controlled

trials to investigate
effect of whey protein
supplementation on

long- and
short-term appetite

/

Eight publications met
inclusion criteria, five records
were on short-term and three
records on long-term appetite

Mollahosseini M
et al. [126]

Increasing daily protein intake to
twice the RDA translates to an
80 kg older adult consuming

about 130 protein daily. Given
that protein increases satiety in a

dose-dependent manner

Review Seniors over 50 with reduced
protein intake

Paddon-Jones D
et al. [127]

Results from muscle protein
anabolism, appetite regulation

and satiety research support the
contention that meeting a

protein threshold
(approximately 30 g/meal)

represents a promising strategy
for middle-aged and older

adults concerned with
maintaining muscle mass while

controlling body fat

A multicenter,
randomized,

double-blinded,
controlled trial with

evaluation the effects of
two high-quality oral

nutritional supplements
(ONS) differing in

amount and type of key
nutrients in older adult

men and women

A 24-week intervention
period with two

energy-rich (330 kcal)
ONS treatment groups

Malnourished and sarcopenic
men and women, 65 years and

older (n = 330)

Cramer JT et al.
[128]

The recommendation to increase
protein intake while

simultaneously maintaining, and
in many cases increasing,

energy intake can present a
protein paradox. Dietary

supplementation strategies to
increase protein intake may

unintentionally result in partial
energy redistribution, which
may negatively affect both
protein and energy intake

Experimental protocol
that compared the
stimulatory role of

leucine, BCAA and EAA
ingestion on anabolic

signaling
following exercise

/

Eight healthy male volunteers
with mean (± E) age 27 ± 2 yr,
body weight 84 ± 3 kg, height
181 ± 3 cm, and maximal leg

strength 430± 13 kg

Moberg M et al.
[129]

The capacity of resistance
exercise to sensitize muscle to

the anabolic potential of dietary
protein is primarily achieved

through a timely supply of EAA

All trials were
single-blind,

randomized, and
counterbalanced

All laboratory visits
were separated by a
minimum of 7 days

Seven (n = 7) younger
(18–45 years; four males, three

females) and seven (n = 7)
older (60–80 years; four males,

three females) volunteers

Lees MJ et al. [130]

The ingestion of a novel,
gel-based, leucine-enriched EAA
supplement results in substantial

aminoacidemia and anabolic
signaling in younger and older
individuals. This formulation
can augment dietary protein
consumption, intracellular

anabolic signaling, and
aminoacidemia in older adults
without deleterious effects on

appetite and subsequent
energy intake
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Table 1. Cont.

Study Type Duration of the Study Material and Methods References Main Findings

A systematic review of
interventional evidence
was performed through

the use of a
random-effects

meta-analysis model

The effect of dietary
protein supplementation

during prolonged
(>6 wk) resistance-type

exercise training

680 subjects Cermak NM et al.
[131]

Gains in lean tissue mass were of
greater magnitude in both

younger and older adults when
combining resistance training

with protein supplementation vs.
resistance training alone.

Increases in type II muscle fiber
cross-sectional area in older

adults following
resistance training

A systematic review,
meta-analysis and
meta-regression

Only randomized
controlled trials with

RET ≥6 weeks in
duration and dietary

protein supplementation

49 studies with
1863 participants

Morton RW et al.
[132]

Protein supplementation
augmented muscle growth

during resistance training when
habitual dietary protein intakes

were, on average, below 1.6 g/kg
body mass per day in younger
adults. However, the impact of

protein supplementation on
muscle mass was reduced with

advancing age

Available studies
linking protein intake
with physical function
and health parameters
in elderly 80 years old

or older

/
Elderly cohorts including very
old participants aged 80 years

and older

Franzke B et al.
[133]

The amino acid composition of a
given protein source can
influence the extent and

amplitude of postprandiam
MPS, and induce varying

patterns of aminoacidemia

Studies assessing the
relation between dietary

protein intake and
indexes of muscle mass,

physical function,
distribution, and muscle

mass and function

/ Persons aged > 80 y sarcopenic Traylor DA et al.
[134]

The leucine content of a given
protein source is particularly

important in attenuating
declines in a muscle mass when

consumed alongside other
essential amino acid EAA

Clinical trials anabolic
response to essential

amino acid plus whey
protein composition is

greater than whey
protein alone in young

healthy adults

/

16 healthy male and females.
Characteristics: age, body

weight, body mass index, lean
body mass, fat mass

Park S et al. [135]

Provision of ample dietary EAA
and leucine are necessary to

support a skeletal muscle
anabolic response in older adults.

Nutritional supplementation
with EAA and leucine alongside

meals containing suboptimal
protein content (i.e., breakfast
and lunch) could assist older
adults in achieving their per

meal protein intake

Study time-dependent
concordance and

discordance between
human muscle protein

synthesis and
mTORC1 signaling

Recruitment for healthy
young men

(n = 8; 21 ± 2 y old
(mean ± SEM); body

mass index (in kg/m2):
22.9 ± 0.9) began in

January 2008

Eight postabsorptive healthy
men (≈21 y of age) were

studied during 8.5 h of primed
continuous infusion of
[1,2-13C2]leucine with

intermittent quadriceps
biopsies for determination of
muscle protein synthesis MPS

and anabolic signaling

Atherton PJ et al.
[136]

When skeletal muscle is
refractory to the anabolic effects

of leucine during the
postprandial ‘muscle-full’

period, it would be prudent that
protein-based snacks or

supplements are administered
between meals when additional
nutritional supplementation is

required to reach their daily
protein goal

Protocol study that
demonstrates the

refractoriness of muscle
to nutrient-led anabolic

stimulation in the
postprandial period

/

Healthy, recreationally active
older males (n = 16,

70.3 ± 2.6 years, BMI 25.5 ± 1.8
(mean ± SD) were recruited by

mail and local advertising

Mitchell WK et al.
[137]

Supplements may be most likely
to be effective when taken in

between meals, perhaps in the
form of low dose EAA mixtures,

rather than leucine alone; the
efficacy of which may be limited

in the absence of exogenous
EAA to promote whole body

and skeletal muscle net balance
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10. Conclusions

Frailty is the major expression of a decreased resistance to stressors, and consequently
an increased vulnerability to additional diseases in elderly people. Sarcopenia can be
considered a biological substrate of physical frailty. The vascular aging related to frail
phenotype reflects the high susceptibility for cardiovascular diseases and negative postop-
erative outcomes after cardiac surgery. For this reason, a frail phenotype is a risk factor
of mortality and morbidity for several diseases. A lot of biomarkers have been identified
as expression of the crosstalk between frailty and cardiovascular diseases in molecular
mechanisms level.

Malnutrition plays a key role in the pathogenesis of sarcopenia and frailty. Malnutri-
tion is defined as an imbalance condition of protein or other nutrient imbalance, responsible
for negative effects on body composition, physical function and clinical outcome. An opti-
mal nutrition status and protein intake, as well as a moderate intensity resistance exercise
are the key points. Accordingly, in the future the role of a specialized team-workers will be
very important in the management of cardiac surgery patients. Cardiac surgeons, cardi-
ologists, geriatricians, physiatrists, and dieticians should work in a complementary way
in order to better prepare patients undergoing cardiac surgery and reduce postoperative
mortality and morbidity.

Author Contributions: Conceptualization C.P., D.P., C.F., G.R.; methodology, C.P., C.R.B.; software,
C.P., D.P., C.R.B.; validation: C.F., G.R.; formal analysis: C.P., D.P., C.R.B.; investigation, C.A., D.P.,
P.N., F.B., D.T., L.A., M.S.F., D.B.; resources: C.P.; data curation, C.P., D.P.; writing—original draft
preparation, C.P., D.P., C.R.B.; writing—review and editing, C.F., G.R.; visualization, C.P., C.R.B.;
supervision, G.R., C.F.; project administration, C.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of Tor Vergata University (protocol
code 134/19 and date of approval 17 July 2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Malaguarnera, M.; Vacante, M.; Frazzetto, P.M.; Motta, M. What is the frailty in elderly? Value and significance of the multidi-

mensional assessments. Arch. Gerontol. Geriatr. 2013, 56, 23–26. [CrossRef]
2. Fried, L.P.; Tangen, C.M.; Walston, J.; Newman, A.B.; Hirsch, C.; Gottdiener, J.; Seeman, T.; Tracy, R.; Kop, W.J.; Burke, G.; et al.

Frailty in older adults: Evidence for a phenotype. J. Gerontol. A Biol. Sci. Med. Sci. 2001, 56, M146–M156. [CrossRef]
3. Rockwood, K.; Mitnitski, A. Frailty defined by deficit accumulation and geriatric medicine defined by Frailty. Clin. Geriatr. Med.

2011, 27, 17–26. [CrossRef]
4. Gobbens, R.J.; Luijkx, K.G.; Wijnen-Sponselee, M.T.; Schols, J.M. In search of an integral conceptual definition of frailty: Opinions

of experts. J. Am. Med. Dir. Assoc. 2010, 11, 338–343. [CrossRef]
5. Chang, S.F.; Yang, R.S.; Lin, T.C.; Chiu, S.C.; Chen, M.L.; Lee, H.C. The discrimination of using the short physical performance

battery to screen frailty for community-dwelling older people. J. Nurs. Scholarsh. 2014, 46, 207–215. [CrossRef] [PubMed]
6. Petermann-Rocha, F.; Gray, S.R.; Pell, J.P.; Ho, F.K.; Celis-Morales, C. The joint association of sarcopenia and frailty with incidence

and mortality healthoutcomes: A prospective study. Clin. Nutr. 2020. [CrossRef] [PubMed]
7. Bose, C.; Alves, I.; Singh, P.; Palade, P.T.; Carvalho, E.; Børsheim, E.; Jun, S.R.; Cheema, A.; Boerma, M.; Awasthi, S.; et al.

Sulforaphane prevents age-associated cardiac and muscular dysfunction through Nrf2 signaling. Aging Cell 2020, 19, e13261.
[CrossRef]

8. Inoue, T.; Maeda, K.; Nagano, A.; Shimizu, A.; Ueshima, J.; Murotani, K.; Sato, K.; Tsubaki, A. Undernutrition, Sarcopenia, and
Frailty in Fragility Hip Fracture: Advanced Strategies for Improving Cliniccal Outcomes. Nutrients 2020, 12, 3743. [CrossRef]
[PubMed]

9. Bielecka-Dabrowa, A.; Ebner, N.; Dos Santos, M.R.; Ishida, J.; Hasenfuss, G.; von Haehling, S. Cachexia, muscle wasting,
and frailty in cardiovascular disease. Eur. J. Heart Fail. 2020. [CrossRef] [PubMed]

43



Nutrients 2021, 13, 517

10. Krysztofiak, H.; Wleklik, M.; Migaj, J.; Dudek, M.; Uchmanowicz, I.; Lisiak, M.; Kubiela, G.; Straburzyńska-Migaj, E.; Lesiak, M.;
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Abstract: The most common manifestation of cardiovascular (CV) diseases is the presence of arterial
hypertension (AH), which impacts on endothelial dysfunction. CV risk is associated with high
values of systolic and diastolic blood pressure and depends on the presence of risk factors, both
modifiable and not modifiable, such as overweight, obesity, physical exercise, smoking, age, family
history, and gender. The main target organs affected by AH are the heart, brain, vessels, kidneys,
and eye retina. AH onset can be counteracted or delayed by adopting a proper diet, characterized
by a low saturated fat and sodium intake, a high fruit and vegetable intake, a moderate alcohol
consumption, and achieving and maintaining over time the ideal body weight. In this review,
we analyzed how a new nutritional approach, named caloric restriction diet (CRD), can provide
a significant reduction in blood pressure values and an improvement of the endothelial dysfunction.
In fact, CRD is able to counteract aging and delay the onset of CV and neurodegenerative diseases
through the reduction of body fat mass, systolic and diastolic values, free radicals production, and
oxidative stress. Currently, there are few studies on CRD effects in the long term, and it would be
advisable to perform observational studies with longer follow-up.

Keywords: arterial hypertension; endothelial dysfunction; organ damage; caloric restriction diet;
intermittent fasting

1. Introduction

As is well known, high blood pressure (BP) is one of the most important public
health problems worldwide. High BP values may be caused by elevated cardiac output,
enhancement of peripheral vascular resistance, or by a combination of both, and they
negatively impact on the average life expectancy [1,2]. In fact, it is estimated that the
prevalence of arterial hypertension (AH) among adults will increase from 26.4% to 29.2%
in the year 2025. Currently, the World Health Organization (WHO) states that it affects one
in four men and one in five women, meaning more than 1 billion people [3]. Therefore,
cardiovascular (CV) diseases are one of the main causes of death in the word, together
with newly arising infectious causes such as SARS-CoV-2 [4]. The most frequent CV
diseases are myocardial infarction and stroke [5]. The affected target organs by AH are
heart, brain, kidneys, vessels, and eye retina [3]. According to the degree of AH, clinicians
should provide the most appropriate pharmacological and non-pharmacological therapy, as
well [6]. The latter include undertake a healthy lifestyle, practice habitual physical exercise,
avoid smoke, follow a diet with low-sodium intake (<100 mEq/day), and lose weight (in
case of overweight or obese subjects). If lifestyle changes are not able to normalize BP, it is
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mandatory to begin a pharmacological treatment in order to restore BP values in the range
of normality [7].

Currently, it is speculated that one of the possible nutritional strategies useful for the
management of AH is a caloric restriction diet (CRD) [8,9].

Numerous studies have shown that eating habits are able to modify CV risk
factors [10–12]. These impact on endothelial function, favoring the inflammatory processes
underlying atherosclerosis [13]. In physiological conditions, the vascular endothelium
maintains its tone through the release of signaling molecules with vasodilator (such as
nitric oxide- (NO)) and vasoconstrictor (such as angiotensin II) action [14]. The endothelial
dysfunction occurs when there is an abnormal production of reactive oxygen species
(ROS) of pro-inflammatory cytokines, such as interleukin (IL)-1 and tumor necrosis factor
(TNF)-α, and a decrease release of NO [15]. This condition triggers the atherosclerosis
process [14]. For this reason, it is important, if not essential, undertake a nutritional
treatment in patients with high BP. In this review, we focused on the possible beneficial
effect of CRD on the BP control, highlighting the main antihypertensive mechanisms
exerted by this nutritional approach.

2. Definition, Classification, and Management of Arterial Hypertension

AH is defined as a “condition characterized by increased blood pressure in the blood
vessels” and when it becomes too high, and persists over time, it can damage the arteries
and organs, leading the heart to a greater cardiac output [16]. Therefore, a condition in
which systolic BP (SBP) is higher than 140 mm Hg and/or diastolic BP (DBP) is more than
90 mm Hg is defined as AH, as reported by the latest 2018 European Society of Cardiology
(ESC) and European Society of Hypertension guidelines (ESH) [17].

Specifically, BP is optimal when SPB values are <120 mm Hg and DBP values are
<80 mm Hg, and it is normal when SPB values are between 120 and 129 mm Hg and
DBP values are between 80 and 84 mm Hg. BP is considered high-normal for SBP values
between 130 and 139 mm Hg and for DPB values between 85 and 89 mm Hg. It defines
grade 1 AH when SPB values are between 140 and 159 mm Hg and/or DPB values are
between 90 and 99 mm Hg; grade 2 AH when SPB values are between 160 and 179 mm Hg
and/or DPB values are between 100 and 109 mm Hg; grade 3 AH when SPB values are
≥180 mm Hg and/or DPB values are ≥110 mm Hg [17].

High BP can cause left ventricular hypertrophy and then heart failure, renal fail-
ure (nephroangiosclerosis), accelerated atherosclerosis, and hypertensive retinopathy
(Figure 1). AH arises from the combination of genetic and environmental factors. Therefore,
it should be useful to identify predisposed patients and instruct them to lifestyle changes.
Such lifestyle changes concern to the adoption of healthy diet, in order to avoid high
alcohol consumption, to promote regular physical activity, to maintain the normal BW, to
stop smoking and to avoid passive smoking [18]. In Italy, it is estimated that there are about
15 million hypertensive subjects; in fact, 28.3% of the population is affected by AH [19,20].
Several clinical trials have shown that a lifestyle change can delay or prevent AH onset in
people who are not hypertensive, delay or prevent drug therapy in subjects with grade I
AH, contribute to the BP reduction in hypertensive individuals already in pharmacological
therapy, and reduce the number and dosage of antihypertensive drugs [21].

The wide availability of drugs offers the possibility to obtain a fast-hypotensive effect
and to act positively on the mechanisms that predispose to CV events.
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Figure 1. Main target organs of arterial hypertension.

3. Arterial Hypertension and Endothelial Alterations

AH is the most important risk factor for CV diseases [22]. In fact, vascular alterations
(such as endothelial dysfunction) are a pathophysiological response mechanism to the
development of organ damage, and they should be taken into account for the global CV risk
assessment. The endothelium plays a pivotal role, and it consists of 1.2 billion cells, with a
weight exceeding 1.5 kg and an area of 400 m2 [23]. It forms a thin cellular lamina in direct
contact with the bloodstream, representing the innermost layer of the vessel wall. The most
important functions performed by endothelium are the modulation of the inflammation,
the regulation of the vasomotor tone, the promotion and inhibition of cell proliferation and
the modulation of the coagulative cascade [24–26]. The main physiological mediator of
endothelium is NO, but it displays also other important functions at the level of the central
nervous and immune systems. Endothelial cells produce NO through the enzyme NO-
synthase (NOS), which transforms L-arginine amino acid into citrulline [27]. The activity
of NOS is stimulated by numerous mediators, such as bradykinin and acetylcholine, or by
mechanical forces, mainly “shear stress” [27]. NO is a volatile gas that has few seconds
half-life and that, spreading towards the vessel wall smooth muscle cells, causes the release
of cyclic guanosine-monophosphate (cGMP) with the consequent reduction of intracellular
calcium [28].

The term “endothelial dysfunction” identifies a pathophysiological condition char-
acterized by anatomically intact endothelial cells, but when stimulated, instead of solely
determining the production of NO, activates in parallel the production of ROS, which
causes the degradation of NO [29]. Although the endothelial dysfunction is mainly caused
by increased destruction of NO, it may also depend on its reduced production due to
L-arginine substrate deficiency, or by vasoconstriction induced by factors derived from
cyclooxygenase [23].

The endothelial damage is instead represented by the destruction of endothelial cells,
where the regeneration of these cells is difficult to achieve [30]. The BP increase causes
an enhancement in the production of superoxide and a decrease in the bioavailability of
NO [31]. There is also another mechanism involving the renin–angiotensin–aldosterone
system (RAAS). The angiotensin conversion enzyme (ACE) acts on the endothelium by
converting angiotensin I to angiotensin II, an endocrine vasoactive peptide. The latter is
an active protein able to induce vasoconstriction through the calcium-dependent myosin
phosphorylation with the contraction of arterial smooth cells, inducing an enhancement
of BP levels. Moreover, angiotensin II stimulates in the kidneys the sodium reabsorption
which, in turn, induces water retention. Angiotensin II promotes also the production of
endothelin, a class of proteins with paracrine/vasoconstrictive action, causing an increase
in blood pressure [32,33]. Endothelin is synthetized in the endothelial cells through two dif-
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ferent pathways. The first is named “constitutive”, and it is characterized by a continuous
release of endothelin from macrovesicles which, in turn, interact with their own receptors,
maintaining the vascular tone. The second is defined as a “regulated” mechanism and is
activated by external physiological or pathophysiological stimuli. In fact, the endothelin
that is released by the endothelial cells through this system, interacts with two types of
receptors, namely, ETA, placed on the smooth muscle layer of the vessel, and, to a lesser
extent, with ETB, which mediate the vasoconstrictive action [34].

Normally, there is a balance between vasoconstrictive and vasodilating substances in
the bloodstream, but in the case of AH, the bioavailability of endothelin can be increased
in parallel with a reduction in the bioavailability of NO. Angiotensin conversion enzyme
inhibitors (ACE-I) and angiotensin receptor blockers (ARB) represent the first-line therapies
for AH [7,17]. Dysfunctional endothelium shows a poor vasomotor function, which leads
to an elevated BP at rest [35]. To date, it is speculated that there is a correlation between
AH and endothelial dysfunction, but the issue is still unresolved due to the few studies in
this regard [36–39].

4. Methods

PubMed, Web of Science, and Scopus online libraries were searched up until Novem-
ber 2020 in order to assess the most interesting and recent evidences about CRD and AH.
The search was performed manually, using a combination of MeSH terms and keywords
such as “caloric restriction diet”, “arterial hypertension”, “endothelial dysfunction”, and
“dietary protocol”. All the studies were in the English language.

5. Caloric Restriction Diet

The CRD innovative approach consists of a chronic reduction in daily caloric intake
of about 25–30% compared to the normal caloric intake, without any exclusion of food
groups [40]. Although this regimen is not standardized, numerous studies show its ef-
fectiveness. Currently, according to the Calorie Restriction Society, subjects who follow
a self-imposed CRD regimen are characterized by an increase in life expectancy. This
regime consists of a caloric restriction with a daily consumption lower than 1800 kcal
for an average period of 15 years and with an energy intake 30% lower than a group of
individuals (homogeneous for age, gender, and socio-economic status) who consumed a
Western diet model [40,41].

The first animal study to assess the beneficial effects of the CRD was carried out
in rats in the 1900s [42]. Following studies showed that restricting food intake in mice
delayed their growth but also extended their lifespan by to two times. Compared to a group
that did not follow any restrictions, the CRD mice group showed anti-aging effects [43].
The most reliable hypothesis of the anti-aging effect of CRD is associated with reduced
oxidative stress (OS). During the cellular respiration, oxygen is converted into ROS. ROS
are able to react with macromolecules within cells causing the process of cellular aging.
Therefore, CRD was initially designed for its antioxidant effect and consequently for its
anti-aging action [44]. At this regard, numerous studies have been carried out, although
contrasting results have been obtained. In fact, in some mice, without the superoxide
dismutase enzyme, there was not increase in the aging, despite the enhanced of oxidative
damage [45,46]. Animal studies on CRD showed that initial food restriction followed
by alternating fasting acted positively on glycemic control, body weight (BW) reduction,
insulin sensitivity, and BP control [47]. Anisimov and Bartke confirmed that serum values
of glycemia and insulin were lower under CRD treatment [48]. In this context, the key
role exerted by CRD is due to the decrease in insulin and insulin-like growth factor-1
(IGF-1) release and to the insulin sensitivity enhancement, observed both in rodents and
in monkeys [49,50]. The results obtained in these studies confirm that the aging-related
pathologies’ arose later in the CRD group compared to ad libitum diet group [51].

In recent years, many theories have been developed to explain the CRD beneficial
effects. Most of them focused their attention on the sirtuin family. Sirtuins are proteins
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nicotinamide dinucleotide (NAD+)-dependent deacylases able to prevent some diseases
and to modulate several aspects of cellular aging, promoting DNA integrity through the
maintenance of the normal degree of chromatin condensation and repairing promptly DNA
damage [52–55]. In mammals, sirtuin1 (SIRT1) cytoplasmatic protein acts on the control of
cell cycle, particularly on the apoptosis and on the mitochondrial metabolism [56]. Several
studies showed that sirtuins levels after CRD increased in some specific tissues such as
the gut, brain, kidney, adipose tissue, and skeletal muscle [57–59]. In a study conducted
by Meyer et al., the authors demonstrated a significant effect of CRD on cardiovascular
aging [60]. Twenty-five healthy subjects (mean age 53 ± 12 years) that followed CRD were
matched with 25 subjects homogeneous for age and gender (control group) that followed a
typical Western diet. All enrolled subjects underwent to diastolic function evaluation by
transmitral flow, Doppler tissue imaging, and model-based image processing (MBIP) of
E waves and inflammatory status assessment thanks to C-reactive protein (CRP), TNF-α,
and transforming growth factor-beta1 (TGF-β1) blood sampling. Results showed that
parameters such as Doppler flow diastolic function mean indexes, BP, CRP, TNF-α, and
TGF-β1 were significantly lower in the CRD subject, compared to the control group. The
results of this study highlighted that CRD is able to ameliorate cardiac function, slowing the
cardiac-aging process and decreasing systemic inflammation and BP values. Furthermore,
it is confirmed that CRD increases life expectancy.

Following a CRD, it is possible counteract aging in all living forms, lengthening both
the median and the maximum duration of life, and delaying over time the appearance of
CV and neurodegenerative diseases [61,62].

Human’s life span has increased considerably due to the improvement of hygienic
conditions and greater availability of pharmacological therapies. Taking into account the
idea that the caloric restriction prolongs the life span, the mechanism of action by which this
is possible, is not fully understood yet. Recent studies have shown that CRD can determine
the damaged DNA repair and decrease fat mass, SBP and DBP values, the production of
free radicals. The results obtained from the CRD can occur quickly, but they can mitigate in
case of its suspension [63].

6. Caloric Restriction Diet and Arterial Hypertension

The CRD would seem to exert a beneficial effect against AH (Table 1) and for this
reason represents a useful tool for its clinical management (Figure 2).

Figure 2. Beneficial effects of caloric restriction diet (CRD) on arterial hypertension. BMI, body mass
index; BW, body weight; DBP, diastolic blood pressure; FM, fat mass; SBP, systolic blood pressure;
WC, waist circumference, ↓ decrease.
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An important study conducted in this regard was the CALERIE (Comprehensive
Assessment of Long-term Effects of Reducing Intake of Energy) [85]. The CALERIE study
was a randomized controlled trial with a two-year follow up. This study was divided
in two phases: CALERIE-1 and CALERIE-2 [73,75]. CALERIE-1 study was performed
to assess the possible effects induced by a reduction of 10-30% of caloric intake on body
composition parameters and lipid profile after 6 and 12 months in a population of middle-
aged non-obese subjects. CALERIE-1 results showed an improvement in lipid and glycemic
profile and a reduction in BW and fat mass. CALERIE-2 was the largest multi-center study
on CRD, involving three centers, namely the Pennington Biomedical Research Center
(Baton Rouge, LA, USA), Tufts University (Boston, MA, USA), and Washington University
School of Medicine (St. Louis, MO, USA), and was coordinated by Duke Clinical Research
Institute (Durham, NC, USA). A total of 2020 subjects were enrolled randomly with a
2:1 allocation into two subgroups: 145 in the CRD group and 75 in the ad libitum group.
The CRD group followed 25% caloric restriction for two-years [78]. After two years of
diet treatment, cardiometabolic risk factors such as low-density lipoprotein cholesterol
(LDL-c), total cholesterol/high-density lipoprotein cholesterol (HDL-c) ratio, SBP and
DBP decreased. Moreover, serum biomarkers such as CRP, insulin sensitivity index and
metabolic syndrome score were reduced. Moreover, BW was significantly lower in the
CRD group when compared to the ad libitum group (average weight loss in CRD group
was 7,5 kg vs average BW increase of 0,1 kg in ad libitum group). These data showed that a
period of two–years of CRD was able to decrease cardiometabolic risk factors in middle-
aged non-obese subjects. For this reason, it is possible to consider CRD as nutritional
therapeutic approach to enhance life expectation and reduce the onset of chronic non-
communicable diseases such as diabetes mellitus, cancer, chronic kidney disease, and AH,
among others [86,87].

Other studies have been conducted to investigate the role of CRD in the control of
AH. In particular, a study performed by Most et al. on caloric restriction (25%), with two
years follow–up, evaluated the possible reduction of CV risk factors and insulin resistance
in non-obese subjects and whether the results obtained were maintained over time or were
limited to the period study. The authors showed a significant weight loss associated to a
decrease in SBP and DBP and an improvement in other parameters, such as lipid profile and
insulin resistance. These improvements, with the exception of insulin sensitivity, appeared
to be maintained over time [77].

Another study examined the impact of CRD (25%) for six–month follow-up period
in patients affected by type 2 diabetes mellitus, AH, and glomerular hyperfiltration. The
results were positive, since the authors observed that the CRD reduced glomerular hy-
perfiltration and, improved insulin sensitivity and SBP and DBP values, compared to the
control the group that followed a standard diet. In general, it is speculated that CRD
ameliorates CV risk factors [76]. To explain the mechanism underlying the reduction in
BP induced by CRD, it has been hypothesized that it may act through the activation of
the autonomic nervous system. This hypothesis was investigated by Nakano et al, who
observed a reduction in SBP and DBP in obese hypertensive patients in CRD treatment
(800 kcal/day) with normal sodium content for two weeks [71]. In obese individuals, CRD
would appear to improve the balance of night activation between the vagal/sympathetic
system. In fact, in obese subjects, there is an alteration of the autonomic control of the heart
due to a prevalence of the sympathetic component over the parasympathetic component
one in the autonomic equilibrium. A subsequent study confirmed the effects of short-term
CRD (three weeks) in combination with a high–intensity exercise program on heart rate
variability (HRV) in normotensive obese subjects, demonstrating that a short-term pro-
gram of CRD associated with high intensity exercise can positively change the autonomic
profile, leading to a reduction in HRV and an increase of parasympathetic activity [72].
The long-term effects of CRD on autonomic nervous system activity are relevant. In an
animal study, long-term CRD intake would appear to be able to slow down age-related
functional changes in the autonomic system. In fact, in male rats, CRD causes an increase
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in HRV of the highest frequency components (biomarkers of parasympathetic nervous
system activity) and reduces the low-frequency component of diastolic pressure variability
(biomarkers of sympathetic tone) [84].

7. Caloric Restriction Diet and Hypertensive Organ Damages

The damage caused by AH is directed to important target organs and develops
essentially as a direct and/or indirect consequence of vascular pathology (Figure 3) [88].
In the majority of patients with high BP, the increased values may not be too severe, and
the direct damage may develop after years of the AH onset. As previously mentioned,
the organs most affected by AH are the heart, kidneys, eye retina, vessels and brain. The
pathogenesis of organ damages is complex and varied [89].

Figure 3. Improvement of caloric restriction diet on hypertensive organ damage. CRD, caloric
restriction diet; eNOS, endothelial nitric oxide synthase; NADPH, nicotinamide adenine dinucleotide
phosphate hydrogen; OS, oxidative stress; SIRT1, sirtuin 1; SOD, superoxide dismutase, ↑ increase, ↓
decrease.

Increased BP, in addition to the direct damage to the vessel walls, can cause additional
pathogenic pathways that include endothelial dysfunction, inflammation, and OS, as
well as, all the changes that induce vascular structure alteration, namely arterial rigidity,
already underlining to the aging. Therefore, AH is considered to be an accelerated form of
cardiovascular aging. Several studies have highlighted a protective action exerted by CRD
against hypertensive organ damage.

7.1. Left Ventricular Hypertrophy

Over time, in hypertensive patients, the left ventricular becomes increasingly rigid
and diastolic filling is compromised. Left ventricular hypertrophy (LVH) can be described
as the thickening of the ventricular wall caused to cope with the overload imposed to the
heart for offset peripheral resistances, hence the increase in BP. LVH may occur in both
sexes and leads to an increase in either oxygen consumption or energy expenditure of
cardiac output [90,91].

It has recently been observed that in hypertensive subjects, LVH is related to hemo-
dynamic and non-hemodynamic mechanisms, which are observed in particular in obese
and overweight subjects. In fact, LVH is observed mainly in these patients. The non-
hemodynamic mechanisms involve an impairment of lipid metabolism but also the pro-
duction by adipose tissue of adipokines, such as adiponectin, leptin, and TNF-α [92]. In
confirmation of this, recent animal studies have demonstrated that leptin-deficient and
leptin-resistant mice exhibit obesity, insulin resistance, and LVH, although the mechanisms
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that related LVH and alteration of leptin metabolism are not fully understood [93]. Most
obese and hypertensive subjects show leptin resistance, and their leptin plasma level is
directly related to cardiac hypertrophy [94]. Leptin is involved in heart complications
typical of obesity, including AH. It has been shown that an acute increase in leptin does
not appear to have any effect on the BP values. On the contrary, a chronic enhancement
in leptin increases BP values, stimulating the sympathetic nervous system and simultane-
ously altering the mechanisms designed to counteract it, such as the natriuresis and the
synthesis of NO [95]. Finally, chronic hyperleptinemia appears to be directly related with
BP levels [96].

However, leptin may play also a cardioprotective role, related to BW reduction and
improvement of myocardial metabolism. Leptin avoids an excessive accumulation of lipids
in the heart in obese subjects and inhibits the formation of toxic lipid derivatives, which
induce a condition called “cardiac lipotoxicity” [97]. This cardioprotective role exerted by
leptin in obese patients, was confirmed only in a study conducted on 1172 black obese
women, which revealing an inverse correlation between leptin and LVH severity [98].

CRD is capable of reducing leptin blood levels [74]. This reduction would initially
seem to be related to the degree of caloric restriction, but in the long time it appears
to be related to the reduction of BW and visceral fat [70]. The CRD seems to exert a
cardioprotective action derived from the decrease of OS and inflammation, from the
cellular regulation of iron homeostasis and from cardiac remodeling. For these reasons,
CRD is definitely a new adjuvant treatment, in combination with pharmacological therapy,
for cardiomyopathy in hypertensive patients [99].

Moreover, CRD helps to improve the picture of cardiac hypertrophy through SIRT1
and peroxisome proliferator-activated receptor gamma coactivator 1(PGC1)-α pathways [68].
In fact, as previously reported, CRD would seem to increase the activity of SIRT1, which
in turn stimulates PGC1-α, involved in inflammatory signaling pathways. The protective
action induced by SIRT1 is related to glucose metabolism as it counteracts the accumulation
of cardiac fatty acids, exerting a protective action against cardiotoxicity [68]. Another CRD
cardioprotective effect is related to suppression of OS present in AH condition. In fact,
recent studies show how ROS production is involved in cardiomyocyte hypertrophy and
cardiac fibrosis [100]. Kobara et al., demonstrated that CRD reduces ROS production at the
cardiac level, improving the condition of OS and ameliorating cardiac hypertrophy and
fibrosis in hypertensive mice, subjected to a 40% reduction in caloric intake compared to
the control group, after four weeks [67]. Finally, the last cardioprotective effect induced
by CRD is related to the regulation of cellular iron homeostasis. The authors observed a
reduction in inflammation, OS, and LVH, associated with a normalization of iron overload
in leptin-resistant obese mice subjected to 12 weeks of CRD. This effect would appear to be
due to the modulation of gene expression induced by CRD of the genes involved in iron
homeostasis at the level of heart tissue [69].

Further studies will be needed for demonstrate if factors such as age and period of
following CRD impact on obtained results.

7.2. Kidney Damage—Nephroangiosclerosis

Classically, the term nephroangiosclerosis (NAS) refers to the presence of non-immune-
mediated vascular lesions and it is a very common condition in presence of high BP
values [101]. The organ damage caused by AH on the renal parenchyma shows up by the
increase in plasma creatinine and in early stage by the presence of albuminuria [102]. The
classic definition has been revised as the immune cells contribute to determining kidney
organ damage. In fact, it has been highlighted how different stimuli, including an increase
in angiotensin II production or a diet with a high salt content, can induce a response by
the immune system that causes an inflammatory reaction mainly at the level of the organs
involved in the control of BP values (such as kidneys, heart and nervous system) [103–105].
This observation is confirmed by the fact that hypertensive patients usually present a
low-grade chronic inflammatory state. It has also been shown that a high salt diet can
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stimulate cells of the immune system, including T lymphocytes, which in turn produce pro-
inflammatory cytokines, while the activation of monocytes and macrophages can induce
both vasoconstriction and renal sodium retention [106]. The three mechanisms described
above, taken together, contribute to producing organ damage at the level of the kidney, such
as NAS [107]. In terms of NAS, it is important to reduce BP values and proteinuria since
they are related to the progression of the nephropathy and to cardiovascular events [108].

According to a recent meta-analysis that examined 27 studies, CRD appears to exert a
protective effect against renal damage induced by AH [109]. This meta-analysis demon-
strated that in chronic kidney disease (CKD) rat models undergoing CRD, there was a
higher reduction in BP, creatinine, azotemia, and proteinuria, compared to a control group
fed ad libitum [109]. The authors also demonstrated a survival rate increase at 700-800 days.
This nephroprotective effect of CRD would seem to be exerted through the activation of
AMP-activated protein kinase (AMPK) and the modulation of the SIRT1 pathways, the
latter having been previously described [110]. In particular, the CRD seems to impact, in
CKD rat models, on the activity of the AMPK and of the mammalian target of rapamycin
(m-TOR) pathways, both implicated in cellular energy metabolism. Increased expression
of m-TOR has been shown to accelerate kidney aging, while phosphorylation of AMPK
inhibits this process. A short-term, CRD has been seen to induce an up-regulation of AMPK
and a down-regulation of m-TOR, resulting in slowing the aging process of renal tubular
cells [111]. Therefore, CRD in combination with a reduced sodium intake could be a valid
nutritional alternative in the treatment of NAS patients.

In fact, a meta-analysis conducted by D’Elia et al. [112] confirmed the nephroprotective
role of sodium restriction, pointing out the relation among dietary sodium restriction and
urinary albumin excretion (UAE), a biomarker of CKD progression. The authors considered
a total of 11 studies who agreed on the close association between the reduction of UAE
induced by a decrease of dietary sodium intake. Moreover, as previously demonstrated in
the literature, the authors confirmed that this nutritional approach could ameliorate the
therapy based on RAAS-blocking drugs in hypertensive patients. In this perspective, the
reduction of UAE induced by low dietary sodium intake could impact on slowing down
the progression of CKD, rather than reducing cardiovascular morbidity and mortality.

7.3. Arterial Stiffness

Arterial stiffness (AS) is an important CV risk factor [108], and it induces the rigidity
of the arterial wall [113,114]. BP is the main determinant of AS, and the aortic rigidity is
accentuated by other concomitant diseases such as diabetes mellitus, metabolic syndrome,
CKD, and obesity [115].

The aortic pulsating wave velocity (PWV) correlates with the presence of organ dam-
age and in the heart, an increased AS induces ventricular afterload, ventricular hypertrophy,
and reduced coronary perfusion [116]. Sustained increases in BP promote collagen matrix
synthesis, causing subsequent vascular thickening and vasal stiffening [117].

The protective role of CRD on AS has been extensively studied. Specifically, CRD
seems to exert a protective effect on the endothelium through an antioxidant action and
thanks to an increased NO bioavailability [64]. Rippe et al. observed an improvement in
carotid artery endothelium-dependent dilation mediated by the enhancer of the expression
of endothelial nitric oxide synthase (eNOS) in mice undergoing CRD (approximately 30% of
caloric restriction) compared to the control group (fed ad libitum) after 8 weeks [65]. Similar
results were observed in a subsequent study, where the authors demonstrated a reduction
in nicotinamide adenine dinucleotide phosphate hydrogen (NADPH) oxidase activity
and an increase in superoxide dismutase (SOD) and in catalase activities, confirming that
the CRD has an important antioxidant action, in animal models [66]. The effect on the
increase of NO availability would seem to be exerted by the action of CRD on SIRT1, which
deacetylases and activates eNOS and increases the expression of antioxidant genes [118].

A recent meta-analysis [119] examined 11 clinical trials on the correlation between
dietary salt restriction and AS. In the analyzed studies, an average decrease in dietary salt
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restriction highlighted a 2.38% reduction of PWV. This data would seem of great interest,
but there are some concerns, common to all the studies examined, such as the duration of
the intervention (ranging from a minimum of 1 to a maximum of 6 weeks) and the small
samples of enrolled subjects in each study.

7.4. Hypertensive Retinopathy

Hypertensive retinopathy is an ocular disease involving the arteries and veins of the
retina, the optic nerve, and the choroid. The cause of this condition is AH. In subjects that
have high BP values, over the time, a modification of the retinal arteries takes place, which
tends to shrink, and the retinal veins instead tend to assume a different course, no longer
linear. These changes can impair normal vision and lead to the formation of ischemic areas
of the retina, with the formation of exudates [120]. In more advanced forms, the vision can
be compromised and become blurred or distorted. The diagnosis is made by examining
the ocular fund which allows the physician to assess the vision, or to see if there are small
bleeding or edema. Depending on what can be observable, it can be possible to evaluate
the stage of the disease. When AH is associated with diabetes mellitus, both increase the
risk of CV complications and the retinopathy becomes more severe. Since the retina is one
of the organs most sensitive to changes in microcirculation, signs of damage to this organ
have a high prognostic value for myocardial ischemia, carotid sclerosis and coronary artery
damage [121].

The role of CRD on the eye has been extensively investigated, especially with regard
to age-related eye diseases [122], but no studies have been conducted to investigate the
in vivo effect of CRD on hypertensive retinopathy. However, as reported above, it is
well known that the control of BP within the normal range, also through CRD, exerts a
preventive role against the onset of eye microvascular abnormalities leading to hypertensive
retinopathy [123].

8. Secondary AH: Traditional Dietary Nutritional Protocols

To date, secondary AH affects about 5-10% of the hypertensive subjects. In the greater
percentage of these cases, it is possible to observe reversible causes [124]. In the population
over 65 years of age, the etiology of secondary AH is due to conditions such as renal
artery stenosis, CKD, hypothyroidism, hyperaldosteronism, obstructive sleep apnea, and
Cushing syndrome [125]. Resistant AH is a condition characterized by high levels of BP (i.e.
>140/90 mmHg in the general population and 130/80 mm Hg in diabetic or nephropathic
patients) that could not be controlled by medications (for example the combination of three
or more antihypertensive drugs belonging to different classes, including diuretics at their
maximum tolerated dosage), according to current guidelines [126].

A large number of scientific evidences supports the notion that multiple dietary
factors influence BP levels in the general population both in cases of primary and secondary
AH [127]. Secondary forms of AH are relatively rare, but their recognition is very important
if we consider that some of them can heal permanently after the removal of the cause.

The suspicion of a AH secondary form should raise if (i) AH is resistant to a triple
drug therapy that includes a diuretic drug, (ii) AH, characterized by particularly high BP
values, diagnosed in young people (about 30 years of age), especially in women, (iii) in case
of accelerated or malignant hypertension (renovascular hypertension), (iv) AH becomes
suddenly uncontrollable with poly-pharmacological therapy or (v) there is an excessive BP
values reduction after administration of RAAS blocking drugs [128]. For the prevention
and treatment of secondary AH, as well as for the primary, is used a dietary model similar
to the Mediterranean diet called DASH diet is used, which stands for “Dietary approaches
to Stop Hypertension”. The DASH diet was developed by studies supported by the U.S
National Institute of Health (NIH), as a nutritional approach for the treatment of AH that
could be of valuable assistance in terms of reaching optimal BP values, with minimal use
of antihypertensive drugs (Figure 4) [129]. The purpose of the DASH diet is to restore
homeostasis in all AH patients with an incorrect and unhealthy lifestyle. The DASH
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diet is considered to be the dietary “gold standard” approach by the American Society
of Hypertension in reducing multiple CV risk factors, related to primary and secondary
AH [130]. The DASH diet is characterized by a high intake of fish, fruit, and vegetables; a
drastic reduction of the consumption of foods rich in saturated fats, such as red meat and
aged cheeses; and a complete elimination of alcohol and “kitchen salt” assumption. While
CRD, previously discussed, focuses on the number of calories consumed, reducing them
by 25–30%, the DASH diet mainly focuses on the quality of micro- and macro-nutrients
assumed. Numerous studies have shown that the DASH diet induces a greater reduction
in BP values than other dietary interventions or physical exercise programs [131].

Figure 4. Traditional vs. innovative nutritional approaches for arterial hypertensions and endothelial
dysfunction treatment. AH, arterial hypertension.

Most of the studies on salt reduction and weight loss were carried out on middle-
aged subjects. In particular, the Trial of Nonpharmacological Interventions in The Elderly
(TONE) study showed that, in AH subjects, a moderate salt restriction and weight loss
allow the reduction of the number and dosage of antihypertensive drugs [131].

The study carried out by Harsha et al. on 459 adults with SBP values lower than
160 mm Hg and DBP values between 80 and 95 mm Hg demonstrated that the DASH diet
reduced BP and represent a nutritional approach to prevent and treat AH [79].

For this reason, the Joint National Committee for Prevention, Treatment and Eval-
uation of High Blood Pressure strongly recommends following this dietary-nutritional
approach to counteract high BP values [132].

Moreover, a recent meta-analysis conducted by D’Elia et al. [133] examined the impact
of dietary sodium restriction on central blood pressure (cBP). In fact, if the effects of sodium
restriction on peripheral BP are well known, its effects on cBP are scarce. The authors
found a statistically significant association between the reduction of BP and central pulse
pressure, speculating that sodium restriction also impacts on central BP values. For this
reason, a diet with a low sodium intake is a useful tool to counteract the onset and/or
the progression of CV disease, especially in normotensive subjects and in prehypertensive
patients. This effect supports previous studies that exhort the benefits of a low sodium
intake diet for the optimal control of BP values.

9. Other Innovative Nutritional Approaches for Essential AH Treatment

Among the innovative nutritional approaches for AH, considerable interest was
aroused by intermittent fasting (IF) [134], which is less restrictive when compared to
CRD [135]. IF consists in the assumption of the normal daily caloric quote in a well-defined
time gap, daily or weekly [136]. In the IF panorama, two basics scenarios are commonly
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used. The first one is time-restricted feeding (TRF), and it can be applied in three different
alternatives: (i) 16/8, (ii) 18/6, or (iii) 20/4. For example, in the case of “16/8” the first
value indicates 16 hours of fast, and 8 indicates the nutritional window. This scheme can
be applied to the different variants [136]. An alternative to TRF is a 24-h fasting period
(meaning caloric assumption of around 400-600 kcal/day) followed by a 24-h eating period
twice or three times per week. In this scenario, there are two possible combinations: (i) 5/2
or (ii) 4/3. For instance, in the “5/2” plan caloric restriction is applied for two days, while
normal diet is followed for five days [137].

The overview of the mechanisms that have been hypothesized to assess the correlation
between IF and human health are the reduction of OS, improvement of cognition function,
and anti-inflammatory effects. With regard to the cardioprotective effects, research has
observed a reduction of adipose tissue (visceral); an increased concentration of adiponectin;
a decrease of leptin and LDL-c; and prevention of CV diseases, particularly AH [138].

According to recent studies, it is assumed that there are mechanisms to assess the
correlation between IF and human health [139], namely circadian rhythm (if disturbed, it
can cause an energy imbalance and it means an enhanced risk of chronic non-communicable
diseases onset [140]) and gut microbiota dysbiosis (if the microbiota is altered there is
an impaired gut permeability, with the promotion of systemic inflammation [141–143]).
Fasting regiments can also impact on modifiable CV risk factors such as energy intake [144],
energy expenditure, [145] and sleep quality [146].

The IF diet has shown positive effects in lowering BP, with a recent study conducted
by Erdem et al. [81] evaluating, in 60 subjects, the possible effects on BP values. The
obtained results showed that IF significantly reduced 24-hour urinary sodium excretion,
being associated with a decrease in SBP (p < 0.001) and DBP (p < 0.039) values. The authors
concluded that this reduction is partly related to the decrease sodium consumption during
the IF period.

Another interesting study was conducted by Wilhelmi de Toledo et al. [83] on 1422 sub-
jects with one-year follow-up. IF period was comprised between 4 and 21 days, and the
enrolled patients were instructed to perform a moderate-intensity physical exercise. En-
rolled patients were grouped into four subgroups of 5, 10, 15, and 20 ± 2 days of IF. Every
meal contained 200–250 kcal on average. The authors observed a decrease of SBP and DBP
in patients who followed IF for a longer period of time; however, in this study, the authors
did not specify the amount of salt introduced during the IF period and in particular whether
there were any changes in its intake respect to the non-fasting period. They speculated that
the drop of BP was due to the enhancement of parasympathetic nervous system activity,
of norepinephrine excretion by the kidney and natriuretic peptides, and greater insulin
sensitivity. Moreover, it has been observed that the positive effects induced by IF were
limited to the nutritional intervention time; in fact, when the nutritional treatment was
suspended, the BP values returned to their initial values [84]. To understand whether the
reduction of the BP values during the IF are related to reduced caloric intake or reduced salt
intake, further randomized clinical trials are needed to assess the impact of each variable
on BP values.

During IF, the concentration of plasma glucose decreases. The glycogen reserves in
the liver are consumed, and at the same time the gluconeogenesis process is activated.
Insulin and IGF-1 levels are reduced in the bloodstream, while glucagon levels are increased.
During the lipolysis process, fatty acids are released to be converted through beta oxidation,
to be released in the blood and used as a source of energy [147]. An IF nutritional plan
improves glucose metabolism even in patients with type 2 diabetes mellitus. As reported
in a study conducted by Furmili et al. [82], after 12 weeks of almost 850 kcal daily meals,
enrolled subjects showed a weight loss with a normalized fasting glycemia, reduced values
of glycated hemoglobin (Hba1c) and increased insulin sensitivity [80].

In animal and in human studies, it has been showed that IF is able to improve physical
function, moreover, in mice kept in an IF state, showed greater resistance to running. Other
parameters such as balance and coordination were also positive [148].
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10. Conclusions

In recent years, there has been a growing interest in identifying an alternative food
strategy for achieving and maintaining weight loss in overweight people and to counteract
the onset of CV disease. The high BP is one of the main risk factors of serious disabling
diseases such as stroke, myocardial ischemia, and heart and kidney failure. In all AH forms,
from the milder ones to those refractories to the pharmacotherapy, the correct nutritional
approach turns out to be effective in order to reduce in a short period of time the BP values
until the target range is obtained. The use of CRD, as an innovative nutritional-dietary
approach, highlighted a significant reduction in BP values, an improvement in endothelial
dysfunction, causing a decrease in metabolic and inflammatory parameters related to
chronic non-communicable diseases. The results of the clinical intervention studies do not
allow us to reach solid and definitive conclusions about the long-term efficacy and safety
of this nutritional approach, especially in terms of the risk of developing side effects and
nutritional inadequacy from lack of macro and micronutrients.
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ACE angiotensin conversion enzyme
AH arterial hypertension
AMPK AMP-activated protein kinase
ARB angiotensin receptor blockers
AS arterial stiffness
BMI body mass index
BP blood pressure
BW body weight
CALERIE Comprehensive Assessment of Long-term Effects of Reducing Intake of Energy
cBP central blood pressure
cGMP cyclic guanosine monophosphate
CKD chronic kidney disease
CRD caloric restriction diet
CRP c-reactive protein
CV cardiovascular diseases
DBP diastolic blood pressure
eNOS endothelial nitric oxide synthase
ESC European Society of Cardiology
ESH European Society of Hypertension
HDL-c high-density lipoprotein cholesterol
HRV heart rate variability
IF intermittent fasting
IGF-1 insulin-like growth factor-1
IL interleukin
LDL-c low-density lipoprotein cholesterol
LVH left ventricular hypertrophy
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m-TOR mammalian target of rapamycin
MBIP model-based image processing
MDRD modification of diet in real disease study
NAD nicotinamide dinucleotide
NAS nephroangiosclerosis
NIH National Institute of Health
NO nitric oxide
NOS nitric oxide-synthase
OS oxidative stress
PGC1-α peroxisome proliferator-activated receptor gamma coactivator 1-α
PWV pulsating wave velocity
RAAS renin–angiotensin–aldosterone system
ROS reactive oxygen species
SBP systolic bloody pressure
SIRT1 sirtuin1
SOD superoxide dismutase
TGF- β1 transforming growth factor-β1
TNF tumor necrosis factor
TRF time-restricted feeding
UAE urinary albumin excretion
WHO World Health Organization
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Abstract: To investigate associations between dietary patterns and the risk of impaired kidney
function, we analyzed data from 14,732 participants (40–89 years) who completed the baseline diet
questionnaire of The Fukushima Health Management Survey in 2011. The incidence of chronic
kidney disease (CKD) (estimated glomerular filtration rate (eGFR) <60 mL/min/1.73 m2 or pro-
teinuria (≥1+ by dipstick test)) and annual changes in eGFR were assessed from 2012 to 2015.
Three major dietary patterns were identified. The adjusted cumulative incidence ratio of the highest
vs. lowest tertile of a vegetable diet scores was 0.90 (95% confidence interval (CI): 0.82, 1.00) for
eGFR < 60 mL/min/1.73 m2, 0.68 (95% CI: 0.52, 0.90) for proteinuria, and 0.88 (95% CI: 0.80, 0.97)
for CKD (P for trend = 0.031, 0.007, and 0.005, respectively). The incident risk of CKD in the highest
tertile of juice diet scores was 18% higher than the lowest tertile. The odds ratio of the highest vs.
lowest tertile of vegetable diet scores was 0.85 (95% CI: 0.75, 0.98) in the rapidly decreasing eGFR
group (P for trend = 0.009). We did not observe significant associations for the meat dietary pattern.
A Japanese vegetable diet could reduce the risk of developing impaired kidney function and CKD.

Keywords: chronic kidney disease; dietary pattern; eGFR; Fukushima Health Management Survey;
proteinuria; trajectory analysis
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1. Introduction

In 2017, the global prevalence of chronic kidney disease (CKD) was 9.1% (697.5 million
cases), and deaths from CKD were 1.2 million, which was an increase of 41.5% from 1990 [1].
Approximately 7.6% (1.4 million) of deaths from cardiovascular disease (CVD) could be
attributed to impaired kidney function. Patients with CKD have similar mortality risks and
medical costs compared to those with CVD [2,3]. Between 1990 and 2017, CVD mortality
declined by 30.4%; however, a decline in CKD mortality was not observed [1].

CKD is rarely diagnosed in the early stages, and the health-related quality of life
in patients decreases with CKD progression [4]. Patients with CKD, especially those
with dialysis treatment, are at increased risk of osteoporosis and suffering from bone
pain and fractures [5]. Most patients with CKD 3 to 5 stages show an increased serum
parathyroid hormone level [6]. In CKD-mineral and bone disorders, circulating factors
released from vessels may affect bone metabolism, while the bone disease may increase
vascular calcification, highlighting the mortality risk [6,7].

In kidney function impairment, the persistent low-grade inflammation has a promi-
nent feature, and gut microbiota dysbiosis is a source of microinflammation [8]. Studies
indicated that the most harmful uremic toxins produced by the gut microbiota are protein-
bound and are recalcitrant to removal by dialysis [9]; the function of uremic toxins such as
indoxyl sulfate may play roles in CVD development through altered monocytes activation,
intensified inflammatory process, and augmented oxidative stress [10,11]. In addition,
CKD and Type 2 diabetes have similar negative effects on both intestinal microbiota and
function [12]. A recent animal study reported an increase in concentrations of uremic toxins
in serum associated with a stronger impairment in cognition and higher permeability of
the blood–brain barrier [13].

For the prevention of CKD, dietary control is among the modifiable factors receiving in-
creasing attention. Dietary balance between acid-producing foods and alkaline-producing
foods is important [14]. Given than some nutrients are highly correlated or interactive,
studies on dietary patterns focusing on multiple food groups provide results resembling
actual eating behaviors more than those studies based on a single dietary product or
nutrient [15–17].

Dietary patterns such as the Mediterranean diet (higher intake of fruits, vegetables,
legumes, cereals, and fish) [18–20], the Dietary Approaches to Stop Hypertension (DASH)-
style diet (higher intake of fruits, vegetables, and whole grains) [21], and other diets [22]
have been reported to be associated with a lower risk of estimated glomerular filtration
rate (eGFR) in healthy adults in Western countries. Only a few studies on dietary patterns
associated with loss of kidney function have been performed in Asian populations [23–25].

In Japan, CKD mortality is the eighth leading cause of death [1]. The Great East Japan
Earthquake in March 2011 affected the health status of the residents in Fukushima, with
increased cardiometabolic (e.g., overweight/obesity, hypertension, diabetes mellitus, and
dyslipidemia) and possibly CKD risks [26,27]. In a previous study, we elucidated that
a vegetable diet was inversely associated with cardiometabolic risks [28]. However, the
association between dietary patterns and CKD risk has not been intensively investigated in
general populations in Japan.

In this study, we investigated the associations between dietary patterns identified by
the Fukushima Health Management Survey (FHMS) in 2011 and the risks of developing
impaired kidney function and CKD in the follow-up years until 2015 in Fukushima, Japan.

2. Materials and Methods
2.1. Study Participants

The FHMS was initiated in 2011 after the Great East Japan Earthquake. The target
population comprised 210,189 residents living in evacuation zones along with the radi-
ation disclosure areas [29]. The FHMS included a self-administered questionnaire on
socio-economic and demographic information, medical history and clinical treatment,
lifestyle behaviors, and a food frequency questionnaire (FFQ) (n = 88,613). We used data
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from individuals aged between 40 and 90 years who had completed both the FFQ and
a comprehensive health checkup in the 2011 fiscal year (n = 28,602). Partial participants
who completed the health checkup in 2014 and 2015 were also utilized in the previous
study [28].

2.2. Dietary Intake Assessment

We used a short-form FFQ with 19 food items to determine the participant’s food intake
during the 6 months preceding the survey date. The FFQ was a validated and modified
version of the Hiroshima and Nagasaki Life Span Study [30]. In the validation study of
the original FFQ, the frequency of food intake as measured by the FFQ was moderately
correlated with food intake as measured by the 24-h recall records; for example, the
Spearmen correlation coefficient of fruit, milk, miso soup, beef/pork, rice, and bread was
between 0.14 and 0.34 [30]. The food items included non-juice fruits, non-juice vegetables
(green vegetables, red and orange vegetables, and light-colored vegetables), fruit juice,
vegetable juice, meat (chicken, beef/pork, and ham/sausages), soybean product (fermented
soybean, soy milk, miso soup, tofu, and boiled beans), fish (raw and cooked), dairy
(milk, yogurt, and lactobacillus drinks), rice, and bread. We asked the participants how
often they consumed individual food items, with 6 response choices for frequency: none,
<1 time/week, 1–2 times/week, 3–4 times/week, 5–6 times/week, or every day.

2.3. End-Point Determination

We retrieved data on participants with at least 1 comprehensive health checkup
conducted between the 2012 and 2015 fiscal years. Urinalysis by the dipstick method was
conducted for a single spot urine specimen. The results of proteinuria testing were recorded
based on the guidelines of the Japanese Committee for Clinical Laboratory Standards
(http://jccls.org/) [27]. Serum creatinine was assayed using the enzymatic method. We
calculated the eGFR using the Modification of Diet in Renal Disease formula recommended
by the Japanese Society of Nephrology [31]: eGFR (mL/min/1.73 m2) = 194 × Cr−1.094 ×
age−0.287 × 0.739 (if female). We defined CKD as an impaired kidney function with an
eGFR < 60 mL/min/1.73 m2 and/or proteinuria (≥1+ by dipstick test) [32].

2.4. Other Variables

Concerning covariates at baseline in 2011, we classified education status as “less or
more than vocational university”; smoking history as “never, former, or current”; and
alcohol consumption as “never, occasional, or regular”. We grouped physical activity into
“none, 1 time/week, 2–4 times/week, or every day” and resident status at post-earthquake
into “living in a shelter or temporary house, an apartment or rental house, or at relatives”
or own house”. We assessed the mental health status of the participants with the Japanese
version of the Kessler Psychological Distress Scale (K6). Scores ranged from 0 to 24, and we
defined nonspecific distress as corresponding to a K6 score of ≥13 [33].

Blood pressure was measured with a standard sphygmomanometer or an automated
device by medical staff at local institutes. We defined the participants’ cardiometabolic
factors as follows: overweight as body mass index (BMI) ≥25 kg/m2; hypertension as
systolic blood pressure (SBP) ≥140 mm Hg, diastolic blood pressure as ≥90 mm Hg, or
the use of antihypertensive medication; and diabetes mellitus as fasting plasma glucose
≥126 mg/dL, hemoglobin A1c (HbA1c) ≥6.5% or the use of insulin or other medications.
Participants who met the following criteria were diagnosed with dyslipidemia: hypo-high-
density lipoprotein (HDL) cholesterolemia (as HDL-C < 40 mg/dL), hyper-low-density
lipoprotein (LDL) cholesterolemia (as LDL-C ≥ 140 mg/dL), or hypertriglyceridemia (as
high triglycerides ≥ 150 mg/dL).

2.5. Statistical Analysis

In the FFQs, we excluded pregnant women, participants with more than 3 missing
FFQ answers [34], those with underlying kidney disease or abnormal kidney function, and
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those with missing estimated glomerular filtration rate (eGFR). In all, 14,732 individuals
underwent the baseline survey and a health checkup in 2011 and at least 1 health checkup
in the follow-up years (Figure 1).

Figure 1. Flow diagram of study participants, Fukushima Health Management Survey, 2011–2015. CKD, chronic kidney
disease; eGFR, estimated glomerular filtration rate; FFQ, food frequency questionnaire.

For the remaining participants, those who did not answer some dietary questions
(12.4% missed 1 and 4.2% missed 2 in the FFQ), we replaced the missing values with the
sex-specific median value of that food item frequency [34]. For the intake frequency of
each food item, we used the daily midpoint for the frequency category; e.g., we assessed
“3–4 times/week” as 0.5 times/day [34].

We derived dietary patterns from food items using the principal component method
of factor analysis. To achieve a simpler structure with greater interpretability, a varimax
rotation was performed. We selected factor numbers mainly according to eigenvalues > 1.5,
scree plots, and factor interpretability concerning food items, with absolute factor loadings
≥ 0.3 to account for each component [35]. Among 5 factors that satisfied the criteria, a
3-factor solution appeared to describe the most meaningfully distinctive dietary patterns
of the study population. We labeled derived dietary patterns as “vegetables”, “juice”, and
“meat” based on food items with high factor loadings on each pattern. Eigenvalues of the
vegetable, juice, and meat patterns were 4.02, 1.72, and 1.55, respectively. The cumulative
variance explained was 38.4%. Cronbach’s alpha coefficient for each dietary pattern
indicated higher internal reliability of these measures: 0.79 for vegetables, 0.80 for juice,
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and 0.81 for meat. Given we derived almost the same factors from the factor analysis by
sex, we only reported dietary patterns for total participants. We assigned each participant a
pattern-specific score, which we calculated as the sum of the products of the factor loading
coefficients and the standardized intake of food items. The factor scores reflect how closely
a participant’s diet resembles each identified pattern, with higher scores representing closer
resemblance [21]. We categorized the dietary pattern scores into tertiles for further analysis.

We calculated the annual eGFR change rate by the differences between baseline and
final measurements and divided them by the follow-up time [36]. In the trajectory analysis
for eGFR changes over time, the participants were classified into 3 groups: the group in
which the eGFR level decreased most was defined as the early decliner group [37].

To compare baseline characteristics across groups, we used the chi-squared test for
categorical data and an analysis of variance Kruskal–Wallis test (for median) and F test
(for means) for continuous variables. We used the Poisson regression model to estimate
the cumulative incidence ratio (CIR) between means of dietary pattern scores (with the
first tertile as the reference) and the risk of impaired kidney function in the follow-up
years. We applied the multiple linear regression model to measure the annual eGFR
decline rate associated with dietary patterns. Finally, we performed a polytomous logistic
regression analysis to examine the association between dietary pattern scores and groups
of eGFR decliners, using the moderate lowering eGFR group as a reference [36]. We
input the tertiles of each dietary pattern score simultaneously in the model, and the
associations with outcomes were adjusted for age (continuous) and sex (Model 1); further
adjustments were made for education, smoking history, alcohol consumption, physical
activity, resident status, distress scale, BMI, diabetes, hypertension, and dyslipidemia by
categories as mentioned above (Model 2). We selected these variables for adjustment
based on previous publications for FHMS and clinical relevance [26–28,34,38,39]. Tests for
trend were performed using median pattern scores in the tertile categories as continuous
variables. Given that age is a strong factor in kidney function progression, we also added an
age square for adjustment in modeling when both the age and age square were statistically
significant. We performed a sensitivity analysis for participants who attended all the
follow-up health checkups and for participants without cardiometabolic risk factors.

We analyzed all the data using SAS statistical software version 9.4 for Windows (SAS
Institute, Cary, NC, USA). All p-values reported were 2-sided, and p < 0.05 was considered
statistically significant.

3. Results

Table 1 shows three independent dietary patterns with a minor overlapping of food
group loadings. The vegetable diet pattern includes vegetables (white, green, red, and
yellow vegetables), fish, fruits, bean products (tofu, fermented beans, boiled beans, and
miso soup), and rice. The juice dietary pattern includes vegetable juice, fruit juice, yogurt,
soymilk, fruits, milk, boiled beans, bread, and red/yellow vegetables. The meat dietary
pattern includes chicken, beef/pork, and ham/sausage, and bread.

Table 2 shows the social and demographic characteristics and health checkups of
participants at the baseline. Comparing with men, women had higher education, less
current smokers, less current alcohol drinkers, and higher dietary pattern scores but less
frequent physical activity and more depression. The health checkup conditions were better
in women than men, except for the LDL level. The elderly were more likely to follow
vegetable and juice diets, not a meat diet. Those with higher consumption of the juice
and meat diets were likely to have higher education and to exercise frequently. Current
smokers and alcohol drinkers were less likely to follow vegetable and juice diets, with an
inverse tendency of following a meat diet. Residents in temporary houses or shelters were
likely to have lower consumption of vegetables (Table S1).

The SBP level, hypertension proportion, and fasting blood glucose level were higher
in participants with a higher intake of vegetables but lower in participants with a higher
intake of meat. Furthermore, participants with hyper-LDL-C showed an inverse tendency
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in consumption of a vegetable and juice diet. Participants with higher triglyceride levels
declined along the ascendant tertiles of all the dietary patterns.

Table 1. Factor loadings of dietary patterns identified by principal component method of factor
analysis, FHMS, 2011 (n = 14,732).

Food Groups Vegetable Juice Meat

White vegetables 0.69 0.14 0.22
Green vegetables 0.65 0.20 0.18

Tofu 0.64 0.13 0.06
Miso soup 0.63 −0.12 −0.09

Red/yellow vegetables 0.63 0.30 0.25
Fish 0.51 0.06 0.23

Fermented beans 0.48 0.14 −0.13
Fruit 0.45 0.41 0.01

Boiled beans 0.38 0.37 0.08
Rice 0.34 −0.22 −0.05

Vegetable juice −0.02 0.71 0.004
Fruit juice −0.01 0.68 0.08

Yogurt 0.22 0.53 0.004
Soybean milk 0.08 0.40 −0.04

Bread −0.23 0.35 0.31
Milk 0.19 0.34 0.06

Beef/pork 0.15 −0.05 0.74
Ham/sausage −0.01 0.07 0.69

Chicken 0.16 0.04 0.68
% Variance explained 3.26 2.21 1.81

FHMS, Fukushima Health Management Survey. Loadings with an absolute value more than 0.30 are shown
in bold.

Table 2. Characteristics of participants at baseline in 2011, FHMS (n = 14,732).

All Men (n = 5964) Women (n = 8768) p Value

Age (years), mean (SD) 61.4 (10.0) 62.6 (9.9) 60.5 (9.9) <0.001
Education ≥ vocational university, % 20.9 19.3 22.1 <0.001

Current smoker, % 13.3 24.9 5.4 <0.001
Current alcohol drinking, % 45.3 71.8 27.2 <0.001

Physical activity ≥ 2 times/week, % 42 45.1 39.9 <0.001
Distress scale ≥ 13, % 14.6 11.1 16.9 <0.001

Live at shelter/temporary house, % 39.8 39.1 40.3 0.094
BMI (kg/m2), mea(SD) 23.7 (3.4) 24.2 (3.1) 23.3 (3.5) <0.001

BMI ≥ 25 kg/m2, % 32.2 38.2 28.1 <0.001
Hypertension, % 50.5 58.1 45.4 <0.001

SBP (mmHg), mean (SD) 131 (15.8) 133.5 (15.0) 129.3 (16.1) <0.001
DBP (mmHg), mean (SD) 78.6 (10.1) 80.6.0 (9.9) 77.2 (10) <0.001

Fast blood glucose (mg/dL), median (IQR) 97 (90, 105) 100 (93, 110) 95 (89, 102) <0.001
Fast blood glucose ≥ 126 mg/dl, % 7 10 4.9 <0.001

HbA1C1 ≥ 6.5%, % 6.6 9.1 5 <0.001
LDL-C (mg/dL), mean (SD) 126.8 (31.7) 122.6 (31.9) 129.7 (31.3) <0.001

LDL-C ≥ 140 mg/dL, % 33.2 29.1 36 <0.001
HDL-C (mg/dL), mean (SD) 60.8 (15.2) 56.1 (14.5) 64 (14.9.0) <0.001

HDL-C < 40 mg/dL, % 5.7 9.8 2.8 <0.001
Triglycerides (mg/dL), median (IQR) 97 (69, 136) 106 (75, 152) 91 (66, 126) <0.001

Triglycerides ≥ 150 mg/dL, % 19.5 25.9 15.1 <0.001
eGFR, mL/min/1.73 m2, median (IQR) 74 (67, 82) 73 (67, 82) 74 (68, 82) <0.001
Vegetable pattern score, median (IQR) 0.01 (−0.68, 0.73) −0.09 (−0.77, 0.65) 0.08 (−0.61, 0.78) <0.001

Juice/milk pattern score, median (IQR) −0.17 (−0.69, 0.47) −0.33 (−0.84, 0.29) −0.06 (−0.58, 0.58) <0.001
Meat pattern score, median (IQR) −0.21 (−0.67, 0.46) −0.31 (−0.71, 0.34) −0.14 (−0.63, 0.54) <0.001

BMI, body mass index; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; FHMS, Fukushima Health Management
Survey; HDL-C, high-density lipoprotein cholesterolemia; IQR, interquartile; LDL-C, low-density lipoprotein cholesterolemia; SBP, systolic
blood pressure; SD, standard deviation.
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The mean (standard deviation) eGFR at baseline was 75.7 (11.0) mL/min/1.73 m2;
then, it gradually declined to 70.8 mL/min/1.73 m2 in 2015 (2.7 ± 1.2 follow-up years)
(Table 3). Participants with eGFR 60–90 mL/min/1.73 m2 decreased from 89.1% in 2011 to
78.7% in 2015; in contrast, participants with eGFR < 60 mL/min/1.73 m2 increased to 14.9%
in 2015. Compared with impaired eGFR level, proteinuria occurred much less frequently,
showing a slight increase over time. The mean annual changes in eGFR rate during the
follow-up years declined.

Table 3. Kidney function in participants at follow-up years, 2012–2015, FHMS.

2011 2012 2013 2014 2015
p Value

(n = 14,732) (n = 10,999) (n = 9597) (n = 8713) (n = 8477)

eGFR (mL/min/1.73 m2),
mean (SD)

75.7 (11.0) 73.9 (11.9) 72.3 (11.5) 71.0 (11.5) 70.8 (11.7) <0.001

eGFR (mL/min/1.73 m2)
category, n (%)

<0.001

<60 0 889 (8.1) 1060 (11.1) 1195 (13.7) 1262 (14.9)
60–90 13,131 (89.1) 9035 (82.1) 7777 (81.2) 6981 (80.1) 6673 (78.7)
≥90 1601 (10.9) 1075 (9.8) 733 (7.7) 536 (6.1) 541 (6.4)

Proteinuria 0.049
Negative 14,602 (99.4) 10,771 (97.9) 9358 (97.7) 8528 (97.8) 8254 (97.4)

Trace 91 (0.6) 123 (1.1) 100 (1.0) 79 (0.9) 102 (1.2)
Positive 0 95 (0.9) 104 (1.1) 97 (1.1) 115 (1.4)

eGFR < 60 mL/min/1.73 m2

or proteinuria, n (%)
0 973 (8.8) 1143 (11.9) 1270 (14.6) 1350 (15.9) <0.001

2011–2012 2012–2013 2013–2014 2014–2015
p Value

(n = 10,999) (n = 7342) (n = 6612) (n = 6337)

Annual change of eGFR
(mL/min/1.73 m2 per year), mean (SD) −1.8 (7.3) −1.2 (6.9) −1.3 (6.2) −0.3 (6.0) <0.001

Annual change category, n (%) <0.001
<−30% 6589 (59.9) 3954 (41.3) 3715 (42.6) 3034 (35.8)

−30—< 15% 666 (6.1) 507 (5.3) 457 (5.2) 479 (5.6)
≥15% 3744 (34.0) 2881 (30.1) 2440 (28.0) 2824 (33.3)

eGFR, estimated glomerular filtration rate; FHMS, Fukushima Health Management Survey; SD, standard deviation.

Table 4 shows the associations between dietary pattern scores and the risk of impaired
kidney function. In Model 2, the highest vs. lowest tertile of a vegetable diet had a 10–32%
reduced risk of development of eGFR < 60 mL/min/1.73 m2 and/or proteinuria with
significant decreasing trends. The highest vs. lowest tertile of a juice diet increased the
risk of developing impaired kidney function by 18–19% with significant increasing trends.
No significant associations between a meat diet and impaired kidney function or CKD
were observed.

Changes of eGFR in participants in the follow-up years were divided into three groups
by trajectory analysis (Figure 2). We classified eGFR variance as an increasing group (20.3%),
a moderate decline group (64.6%), and a rapid decline group (15.1%). The trajectory of
the increasing group and the rapid decline group were approximately quadratic curves,
whereas that of the moderate decline group was an almost straight line. Among the rapid
decline group, most participants had higher risk categories, such as hypertension (14.7% vs.
12.6% nonhypertension), diabetes (17.9% vs. 13.1% nondiabetes), and living at temporary
house or shelter (15.4% vs. 12.5% living in other places) (Table S2). For the yearly declines
in eGFR, the highest vs. lowest tertile of a vegetable diet could prevent 15% of participants
from rapid decline compared with the moderate decline eGFR group (Table 5).
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Table 4. Cumulative incidence ratios (95% confidence intervals) of impaired kidney function among dietary patterns,
2012–2015, FHMS.

eGFR < 60 (mL/min/1.73 m2) Proteinuria eGFR < 60 (mL/min/
1.73 m2) or Proteinuria

CIR a 95% CI CIR a 95% CI CIR a 95% CI

Vegetable
Model 1 T1 (lowest) 1.00 Referent 1.00 Referent 1.00 Referent

T2 0.97 0.88, 1.07 0.80 0.61, 1.04 0.95 0.87, 1.05
T3 0.89 0.81, 0.98 0.67 0.51, 0.88 0.87 0.79, 0.95

P for trend 0.013 0.005 0.001
Model 2 T1 (lowest) 1.00 Referent 1.00 Referent 1.00 Referent

T2 0.98 0.89, 1.08 0.80 0.62, 1.04 0.96 0.88, 1.06
T3 0.90 0.82, 1.00 0.68 0.52, 0.90 0.88 0.80, 0.97

P for trend 0.031 0.007 0.005
Juice

Model 1 T1 (lowest) 1.00 Referent 1.00 Referent 1.00 Referent
T2 1.08 0.98, 1.19 0.97 0.74, 1.26 1.07 0.97, 1.17
T3 1.20 1.09, 1.32 1.08 0.83, 1.41 1.19 1.09, 1.30

P for trend <0.001 0.543 <0.001
Model 2 T1 (lowest) 1.00 Referent 1.00 Referent 1.00 Referent

T2 1.07 0.97, 1.18 0.94 0.72, 1.22 1.05 0.96, 1.15
T3 1.19 1.08, 1.31 1.04 0.79, 1.36 1.18 1.08, 1.29

P for trend <0.001 0.738 <0.001
Meat

Model 1 T1 (lowest) 1.00 Referent 1.00 Referent 1.00 Referent
T2 0.97 0.89, 1.06 1.00 0.77, 1.31 0.97 0.89, 1.06
T3 0.96 0.88, 1.06 1.17 0.90, 1.52 0.98 0.90, 1.08

P for trend 0.459 0.214 0.809
Model 2 T1 (lowest) 1.00 Referent 1.00 Referent 1.00 Referent

T2 0.97 0.89, 1.07 1.02 0.78, 1.33 0.98 0.90, 1.06
T3 0.98 0.89, 1.07 1.20 0.92, 1.55 1.00 0.92, 1.09

P for trend 0.695 0.158 0.898

CIR, cumulative incidence ratio; eGFR, estimated glomerular filtration rate; FHMS, Fukushima Health Management Survey; T, ter-
tile. a Poisson regression, Model 1: adjusted for age (continuous), age2 (continuous) and sex; Model 2: model 1+ smoking history
(never/former/current), alcohol drinking (never/occasional/regular), education (<occasional university/≥occasional university), physical
activity (none/1 time per week/2–4 times per week/every day), distress scale (K6<13/≥13), residence (temporary house or shelter/others),
overweight (no/yes), diabetes (no/yes), hypertension (no/yes), hyper-low-density lipoprotein cholesterolemia (no/yes), hypo-high-density
lipoprotein cholesterolemia (no/yes), and hypertriglyceridemia (no/yes).

In the sensitivity analysis for participants with all available kidney function data in
the follow-up years (n = 4440), we observed similar significant associations between each
dietary pattern and impaired kidney function or CKD. In the multivariable adjustment
models, the CIR of CKD in the highest vs. lowest tertile was 0.83 (95% CI: 0.71, 0.97) (P for
trend = 0.006) for the vegetable diet; 1.16 (95% CI: 1.00, 1.34) (P for trend = 0.038) for the
juice diet; and 0.95 (95% CI: 0.83, 1.10) (P for trend = 0.507) for the meat diet.

We repeated the regression analysis for participants with normal BMI, without hyper-
tension, diabetes, or hyperlipidaemia; we observed similar significant associations between
the vegetable and the juice dietary patterns and impaired kidney function (Tables S3–S5).
However, the significant associations (CIRs) in participants with a normal BMI or without
hypertension were attenuated to nonsignificance for the vegetable pattern. Other results in
participants with hypertension had similar significant associations (CIRs) with CKD as in
the main analysis. Participants with overweight and dyslipidemia showed similar signifi-
cant associations (CIRs) with CKD for the juice pattern as in the main analysis, whereas the
significant associations in participants with diabetes were attenuated to nonsignificance
(data not shown).
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Figure 2. Trajectory groups of eGFR change over time, Fukushima Health Management Survey, 2011–2015. Solid lines were
observed trajectory groups and short-dash lines indicate the model estimates. eGFR, estimated glomerular filtration rate.

Table 5. Associations between dietary patterns and annual eGFR change, rising eGFR, and decreasing eGFR groups,
2012–2015, FHMS.

Annual Change in eGFR
(mL/min/1.73 m2 Per Year) Increasing eGFR Rapid Decline in eGFR

β a 95% CI OR b 95% CI OR b 95% CI

Vegetable
Model 1 T1 (lowest) 0 Referent 1.00 Referent 1.00 Referent

T2 0.24 0.03, 0.44 0.96 0.86, 1.06 0.86 0.76, 0.98
T3 0.27 0.06, 0.49 0.95 0.85, 1.06 0.83 0.73, 0.94

P for trend 0.012 0.4 0.006
Model 2 T1 (lowest) 0 Referent 1.00 Referent 1.00 Referent

T2 0.23 0.02, 0.43 0.96 0.86, 1.06 0.88 0.77, 1.00
T3 0.26 0.04, 0.47 0.94 0.84, 1.06 0.85 0.75, 0.98

P for trend 0.019 0.422 0.009
Juice

Model 1 T1 (lowest) 0 Referent 1.00 Referent 1.00 Referent
T2 −0.08 −0.28, 0.12 0.92 0.82, 1.02 1.11 0.98, 1.26
T3 0.08 −0.12, 0.28 0.92 0.83, 1.03 0.99 0.87, 1.13

P for trend 0.553 0.204 0.836
Model 2 T1 1.00 Referent 1.00 Referent 1.00 Referent

T2 −0.08 −0.28, 0.12 0.92 0.83, 1.03 1.10 0.98, 1.25
T3 0.07 −0.13, 0.28 0.94 0.85, 1.05 1.00 0.88, 1.14

P for trend 0.607 0.284 0.937
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Table 5. Cont.

Annual Change in eGFR
(mL/min/1.73 m2 Per Year) Increasing eGFR Rapid Decline in eGFR

β a 95% CI OR b 95% CI OR b 95% CI

Meat
Model 1 T1 (lowest) 0 Referent 1.00 Referent 1.00 Referent

T2 −0.06 −0.26, 0.14 0.93 0.83, 1.03 1.04 0.92, 1.18
T3 0.04 −0.16, 0.24 1.07 0.96, 1.19 1.08 0.95, 1.23

P for trend 0.62 0.099 0.256
Model 2 T1 (lowest) 0 Referent 1.00 Referent 1.00 Referent

T2 −0.07 −0.27, 0.13 0.92 0.83, 1.02 1.04 0.92, 1.18
T3 0.03 −0.18, 0.23 1.06 0.96, 1.18 1.09 0.96, 1.23

P for trend 0.732 0.095 0.176

eGFR, estimated glomerular filtration rate; FHMS, Fukushima Health Management Survey; T, tertile. a Multiple linear regression,
Model 1: adjusted for age (continuous) and sex; Model 2: model 1+ smoking history (never/former/current), alcohol drinking
(never/occasional/regular), education (<occasional university/≥occasional university), physical activity (none/1 time per week/ 2–4 times
per week/every day), distress (no/yes), residence (temporary house or shelter/others), overweight (no/yes), diabetes (no/yes), hyper-
tension (no/yes), hyper-low-density lipoprotein cholesterolemia (no/yes), hyper-low-density lipoprotein cholesterolemia (no/yes), and
hypertriglyceridemia (no/yes). b Polytomous logistic regression, covariates were the same as the analysis for the overall change of eGFR,
with adding age2 and baseline eGFR level for an adjustment (continuous).

4. Discussion

In this large population-based prospective study, we observed significant inverse
associations between the vegetable dietary pattern and risks of impaired kidney func-
tion or CKD, and significant positive associations between the juice dietary pattern and
eGFR < 60 mL/min/1.73 m2 or CKD. We also elucidated that the intake of a vegetable diet
was inversely associated with annual eGFR changes, particularly in the rapid decline group.

The three dietary patterns identified in this study were similar to those in other
Japanese studies [40–43]; particularly, the vegetable pattern had the most similar charac-
teristics of high intake in the reproducible healthy/prudent patterns, i.e., the combination
of vegetables, fish, fruits, bean products, and rice, in the typical Japanese diet [44–46]. In
the Nurses’ Health Study in the USA, the DASH-style diet was inversely associated with
eGFR decline ≥30% [21]. In a Swedish population, the medium and high adherents to the
Mediterranean Diet were 23% and 42% less likely, respectively, to have CKD compared
with the low adherents [19]. A recent meta-analysis has reported that the adherence to
a healthy dietary pattern (rich in whole grains, vegetables, fruit, legumes, nuts, and fish,
and a lower intake of red and processed meats, sodium, and sugar-sweetened beverages)
was associated with lower odds of incident CKD and albuminuria [47]. Our study re-
sults support these findings and add evidence to these favorable associations in a general
Japanese population.

The anti-inflammatory mechanism underlying the beneficial effects of these diets could
help reduce the incidence of chronic diseases, improving cardiometabolic profiles [11,18,48]
and reducing metabolic acidosis [12,49]. A diet high in cereal fiber was protective against
the development of moderate CKD among older adults [50]. High polyunsaturated fatty
acid intake has been considered to be renal-protective [50,51]. Japanese and Mediterranean
diets similarly feature seafood, vegetables, and fruits, as well as the soybean and soy
products that are popular among the Japanese [52,53]. The Japanese dietary pattern is
reportedly associated with the intake of antioxidant vitamins, minerals, dietary fiber, and
omega-3 fatty acids [46,53]. Dietary intakes of omega-3 marine polyunsaturated fatty
acids [54], soy, and isoflavones [55] were inversely associated with the incident risk of
ischemic heart disease. Soybeans, a major source of plant protein, are associated with
lower CVD mortality [56]. Moreover, the low consumption of sweeteners and the high
consumption of green tea could be related to obesity status [57]. Therefore, the adoption of
a healthy dietary lifestyle, lowering inflammatory markers, and/or dietary acid loading as
mediators of cardiometabolic factors, e.g., preventing or stopping the vicious cycle between
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the gut microbiota and the cardiovascular/renal systems, might better preserve renal
function, thus decreasing the morbidity and mortality of CVD and CKD [10,11,19,21,47,58].

We observed a significant positive association between the juice dietary pattern and
eGFR < 60 mL/min/1.73 m2 and CKD. These results were similar to an Iranian study in
which the dietary pattern of high fat and sugar was associated with a significant 46% in-
creased risk of incident CKD [24]. Our results were also similar to the Nurses’ Health Study,
in which the Western diet showed a positive association with microalbuminuria [21]. This
result might be attributable to the higher intake of dairy products and sugar-based juices,
such as the high-dairy [43] and bread [59] dietary patterns. The juice pattern in this study
can be considered the reverse of the traditional Japanese staple food pattern [59]. The signif-
icant relationships between dietary patterns and inflammatory markers such as C-reactive
protein could explain the direct association of the juice pattern with proteinuria [14,21].

High saturated fatty acid intake can deteriorate kidney function by affecting plasma
creatinine [21]. The Western diet is rich in advanced glycation end products, formed when
food is processed at increased temperatures, which is independently associated with the
GFR [60]. Of note, the low saturated fat (meat) and high omega-3 polyunsaturated fat (fish)
in the Japanese diet contribute to the low prevalence of hypercholesterolemia [61]. Serum
levels of advanced glycation end products might be reduced through changes in diet [60] or
in cooking practices. This reduction could explain the nonsignificant associations between
the meat diet and the eGFR decline in this study, which was similar to those found in the
Northern Manhattan Study [18].

In the subgroup analysis, significant associations for the vegetable pattern did not
remain in participants without overweight or hypertension. This result might be due to
the fact that the prevalence of cardiometabolic risk was high in this population; more
than 50% of the participants had hypertension at baseline. Thus, those with hypertension,
whether in treatment or not, were on a more cautious diet [62] and might have increased
their consumption of vegetables [42]. High salt intake is an established risk factor for
kidney function decline, mainly through its adverse effect on blood pressure and vascular
health. Vegetables and fruit are high in potassium, and high potassium intake could also
positively affect kidney function [14]. Hypertension might also be considered partially
mediated by obesity [63] or sodium [41]; however, we did not have data on sodium or
the sodium–potassium ratio for analysis. Additionally, although participants living in
temporary houses or shelters had lower vegetable pattern scores, higher juice pattern
scores, and the same meat pattern scores compared with other residents, we observed
similar significant associations when stratified by post-disaster residence.

One of the strengths of this study was that it had a large sample with repeated
longitudinal measurements of kidney function, and the associations measured were more
robust than in simple cross-sectional surveys. Further, we applied not only the eGFR
cut-off level and proteinuria as the outcomes for measuring the associations but also yearly
changes based on the trajectory analysis; both showed prominent significant results.

This study had a few limitations. First, FHMS response rates remained at ≈27%; thus,
the representativeness of the results might not be generalizable to the entire prefecture or the
country’s population. Second, we could not compute the food amounts or nutrient amounts
with energy adjustment, which would have helped us better elucidate the underlying
mechanisms [63]. Meanwhile, a total of 19 food group items might not be able to determine
correlations between specific foods [43]. Third, we computed the dietary pattern scores
arising from FFQ surveys at baseline; thus, we could not clarify whether changes in the
residence, employment, or dietary habits of participants during follow-up years impacted
the associations measured [18,47]. Finally, the presence of residual confounding was
possible, as in any observational study [27].

5. Conclusions

Our study suggests that the vegetable dietary pattern could be inversely associated
with risk of impaired kidney function, including lower eGFR and proteinuria, whereas
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the juice dietary pattern could be positively associated with the risk of impaired kidney
function. Continuous promotion of a balanced diet, particularly a vegetable diet rich
in traditional Japanese foods, might be necessary to prevent the progression of impaired
kidney function, thus reducing the burden of CKD with aging. Further validation studies or
randomized controlled trials on these associations are needed, examining how individual
foods influence kidney function.
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Abstract: Cereals are one of staple foods in human diet, mainly consumed as refined grains. Nonethe-
less, epidemiological data indicate that whole grain (WG) intake is inversely related to risk of type
2 diabetes, cardiovascular disease, and several cancer types, as well as to all-cause mortality. Par-
ticularly responsive to WG positive action is the gastrointestinal tract, daily exposed to bioactive
food components. Herein, we shall provide an up-to-date overview on relationship between WG
intake and prevention of gastrointestinal tumors, with a particular focus on colorectal, stomach, and
esophagus cancers. Unlike refined counterparts, WG consumption is inversely associated with risk
of these gastrointestinal cancers, most consistently with the risk of colorectal tumor. Some WG effects
may be mediated by beneficial constituents (such as fiber and polyphenols) that are reduced/lost
during milling process. Beside health-promoting action, WGs are still under-consumed in most
countries; therefore, World Health Organization and other public/private stakeholders should co-
operate to implement WG consumption in the whole population, in order to reach nutritionally
effective intakes.

Keywords: dietary fiber; esophagus; stomach and colorectal cancer; nutrition; polyphenols; refined
grains; whole grains

1. Introduction

Cereals, plant species belonging to the Poaceae family, are grasses producing edible
grains (wheat, corn, rice, oats, barley, rye, millet, teff, sorghum, canary seed, triticale, and
Job’s tears). Usually, the term also includes grains from non-herbaceous plants, known as
pseudocereals (quinoa, buckwheat, amaranth, and wild rice), which have a composition
similar to “real” grains [1–3].

Rice, maize, and wheat are the most common farmed cereals with a production
of 2646 million tons in 2018–2019 [4]. As a primary source of carbohydrates, cereals
provide about 60% of food energy worldwide and are mostly consumed as refined grains
(RGs). However, health effects of cereals are mainly attributed to whole grains (WGs), and
therefore governmental authorities are increasingly encouraging WG consumption.

Scientific interest in health properties of WGs began in the late 1970s, when the sur-
geon Denis Parsons Burkitt, noting the difference in disease incidence in rural Africa
and the UK, brought together data coming from several disciplines and launched the
dietary fiber hypothesis; he and other researchers, indeed, noted that a diet highly re-
fined and lacking WG foods might be involved in several diseases, including coronary
heart disease, obesity, diabetes, dental caries, as well as in some cancer types, such as
gastric and colon tumors [5]. Since then, both epidemiological and interventional studies
have reported potential health effects of unrefined grains [6–14]. Nonetheless, most of
the population does not consume WGs, much likely due to several factors, including
lack of nutritional education programs, low variety and palatability of WG-containing

91



Nutrients 2021, 13, 81

products, poor identification, and high purchase costs of WG foods. In addition, national
dietary guidelines generally provide qualitative statements, such as “choose WG ver-
sions/varieties” or “increase WG intake”, and only few countries provide quantitative
recommendations: i.e., 48 g/day (corresponding to 3 servings/day) in USA [15], ≥75 g/day
in Denmark [16], and 70–90 g/day in Norway and Sweden [17,18]. In addition, among
WG consumers, daily intake of unrefined grains is still below recommended levels, except
for few countries, such as Denmark [19]. As emerged from National Health and Nutrition
Examination Survey (NHANES, 2001–2012), mean WG intakes are 15.52 g/day for adults
and 11.84 g/day for children in USA, and less than 8.0 and 1.0% of adults and children,
respectively, meets WG recommendations [20]. Low mean intakes have also been reported
by National Adults Nutrition Survey (NANS, 2008–2010), National Children’s Food Sur-
vey (NCFS, 2003–2004) and National Teens’ Food Survey (NTFS, 2005–2006) in Ireland:
27.8 g/day for adults (only 19% satisfies recommendations) [21] and 18.5–23.2 g/day for
children/adolescents (just 17–39% met recommendations) [22]. Similar findings have been
reported for Australia [23] and UK [24], while in other countries, WG intakes are even
lower. For example, in France, as emerged from Comportements et Consommations Ali-
mentaires en France survey (CCAF, 2009–2010), averages are 4.7 g/day for adults/older
adults and 4.1 g/day for children/adolescents [25]. Finally, the Italian National Food
Consumption Survey (INRAN-SCAI, 2005–2006) reported average values of 3.7 g/day
for adults/older adults and 2.1 g/day for children/adolescents [26]; as recently emerged
from the Italian Nutrition and Health Survey (INHES, 2010–2013), only 27.2% of adults
and 21.9% of children/adolescents consume WG foods (mainly bread) at least once per
week [27].

2. Whole Grains: An Overview
2.1. Definition

Each country or organization uses different WG definitions that are constantly up-
dated [1,28,29]. The widely used International Definition was provided in 1999 by Ameri-
can Association for Cereal Chemists (AACC), which states: “whole grain shall consist of
the intact, ground, cracked or flaked caryopsis, whose principal anatomical components—
the starchy endosperm, germ, and bran—are present in the same relative proportions as
they exist in the intact caryopsis” [30]. As unambiguous definition is essential for dietary
recommendations, nutritional research, flour manufacturing process and labeling, in 2010
the European HEALTHGRAIN Consortium has developed, in line with AACC, a new
definition: “whole grain shall consist of the intact, ground, cracked or flaked kernel af-
ter the removal of inedible parts, such as the hull and husk. The principal anatomical
components—the starchy endosperm, germ and bran—are present in the same relative
proportions as they exist in the intact kernel. Small losses of components—that is, less
than 2% of the grain/10% of the bran—that occur through processing methods consistent
with safety and quality are allowed”. Moreover, due to different composition of WG
products, HEALTHGRAIN proposed that a product is labelled as WG food if “one for
which the product is made with >30% whole-grain ingredients on a dry-weight basis and
more whole-grain ingredients than refined-grain ingredients” [29].

2.2. Chemical Composition of Cereal Kernels

Starchy endosperm, germ, and bran are the three principal fractions in cereal ker-
nels [31]. Endosperm represents the most abundant fraction (constituting over 80% of
caryopsis) containing large amounts of starch to supply energy and 75% of needed proteins
for plant germination, some fiber, and micronutrients (especially iron, riboflavin, niacin,
and thiamin). Germ (i.e., the embryo) occupies a small fraction of the seed (2–3% of ker-
nel); particularly rich in proteins, fiber, and fats, it also contains significant amounts of
mineral, B and E vitamins. Bran, consisting of multiple layers (pericarp, spermoderm, and
perisperm), is the outer portion of the seed (13–17% of kernel); it contains fiber (more than
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50%), proteins, starch (as “contamination” from endosperm), B vitamins, minerals, and
several bioactive compounds, such as polyphenols (Figure 1) [31–33].

Figure 1. Nutritional composition of wheat kernel. Values are reported as percentage of dry matter.

During milling process of refined flours, bran and germ are removed (and used for
food and non-food applications) [33,34]; as a result, RG products contain fewer nutrients
than WG counterparts. For example, in refined wheat flour, pantotenic acid, folate, iron
and copper content and fiber are reduced, while some vitamins, potassium, magnesium,
and manganese are even lost [35]; however, this loss can be compensated by fortifications,
such as mandatory folate addition in USA [36].

2.3. Whole Grains and Health

As above mentioned, compared to refined counterparts, WG are associated with
benefits for human health [30]. Among mechanisms of action, effects on postprandial
glycemia, appetite and ad libitum energy intake have been proposed. In a randomized
crossover study enrolling twenty young subjects (10 females and 10 males; Body Mass
Index (BMI) = 21.7 ± 2.2 kg/m2), Kristensen and co-workers [37] reported that, with
respect to refined counterparts, WG wheat bread ingestion led to increased satiety and
reduced hunger, without modifying energy intake at the subsequent meals. The same group
obtained similar results for WG pasta ingestion in overweight/obese (25 < BMI < 40 kg/m2)
subjects [38]. Accordingly, WG food intake appears to be closely associated with reduced
risk of obesity: cross-sectional dietary data from NHANES 2001-12 (which included 15,280
children and 29,683 adults) documented that WG intake inversely related to BMI, waist
circumference and percentage of overweight/obese individuals [20]. Besides its beneficial
role in obesity, WG consumption is closely associated with reduced risk of other chronic
diseases, including cardiovascular disease, type II diabetes, metabolic syndrome, and
several cancer types [8,10–14].

An important role in chronic diseases seems to be played by gut microbiota, whose
composition is influenced not only by genetics and age, but also by diet [39]. A strong link
between microbiota composition and food intake exists, as a consequence of long-term di-
etary habits [40]. In particular, high consumption of WG, vegetables and fruits is associated
with greater microbial variety, while diet rich in RG and fats and low in fiber is associated
with lower biodiversity [41,42]. An observational study has shown that high adherence to
the Mediterranean diet (MD), a typical eating pattern of the Mediterranean basin character-
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ized by high consumption of cereals, fruits, vegetables, and legumes, was associated with
increased levels of anti-inflammatory compounds (such as short chain fatty acids, SCFAs)
in fecal samples and reduced atherogenic compounds (such as trimethylamine N-oxide)
in urine samples [43]. As MD recommends daily consumption of cereals, preferably as
unrefined grains [44–46], it is conceivable that WGs cooperate with fruits and vegetables to
change microbiota composition. Accordingly, in a randomized controlled, six-week trial,
high WG consumption displayed better positive effects than high RG consumption, in
terms of gut microbiota and immune responses [47].

In this context, it should be underlined that, unlike RG eaters, WG consumers generally
follow health and diet recommendations and ingest few, if any, non-recommended, indul-
gent foods. For this reason, studies on WG intake must take into account all confounders,
in order to remove potential bias from data.

3. Dietary Fiber and Polyphenols as Functional Compounds in Whole Grains

Fiber and polyphenols (or phenolic compounds) are the main dietary bioactive com-
pounds studied for prevention of chronic diseases; they have different chemical struc-
tures, physical and biological properties, and ability to activate distinct metabolic path-
ways [48,49].

The definition of dietary fiber is constantly evolving and, although AACC has pro-
posed that it is: “the remnants of the edible part of plants or analogous carbohydrates
that are resistant to digestion and absorption in the human small intestine, with complete
or partial fermentation in the large intestine” [50], the more recently accepted definition
is that provided by Codex Alimentarius (CAC), i.e., “carbohydrate polymers with ten or
more monomeric units, which are not hydrolyzed by the endogenous enzymes in the small
intestine of humans” [51].

In WG, dietary fiber primarily derives from the outer portion of cereal kernel (although
it can also be found in endosperm of some grains, like wheat and barley) and mainly
consists of non-starch polysaccharides, distinguished by fermentability to SCFAs, solubility
in water, viscosity, and cation exchange capacity [52,53]. Cellulose, galactomannans,
xylans, xyloglucans, and lignin are part of insoluble dietary fiber, while arabinoxylans,
arabinogalactans, β-glucans, and pectins of soluble dietary fiber [52]. Among cereals,
wheat, triticale, and rye are rich in arabinoxylans, while oats and barley mainly contain β-
glucans [54] (Table 1). As it will be discussed, high dietary fiber intake improves intestinal
health, increases satiety, and reduces risk of some chronic diseases, including cancer [55,56].

Table 1. Content of polyphenols and fiber in some whole grains commonly consumed worldwide.

Compound 1 Wheat Oat Corn Rice Refs

Dietary fiber 9.7–13.1 7.6–10.6 2–7.3 1.4–3.75 [57,58]
Total polyphenols 538 471.7 497.1 421.8 [59]

Total phenolic acids 1342
(75%) 2

472
(75%) 2

601
(85%) 2

197–376
(62%) 2 [60,61]

Ferulic acid 11.6–870 249.4–1044.9 97–584.0 68.2–301.7 [62]
p-coumaric acid 3.5–293.0 607.3 97.0–584.0 22.8–85.0 [62]

Gallic acid 6.5–195.0 1.7–241.2 0.5–116.5 5.5–115.6 [62]
Caffeic acid 0.5–51.9 3.6–9.2 5.7–24.4 1.0–3.5 [62]

Total flavonoids 95.8–212 n.r. 607.1–1277 94–3274 [63]
1 All data are expressed as µg/g dry weight, except for dietary fiber, expressed as g/100 g of grain and total polyphenols, expressed as mg
of Gallic Acid Equivalent/100 g dry weight. 2 Percentage of bound form. n.r.: not reported by authors.

Polyphenols, secondary metabolites found in plant tissues, are heterogeneous com-
pounds, possessing one or more aromatic rings with one or more hydroxyl groups. Polyphe-
nols can be subdivided into (i) phenolic acids, (ii) flavonoids, (iii) stilbenes, and (iv) lig-
nans [59,64]; they can also be distinguished in soluble (free molecules in cell vacuoles)
and insoluble (bound to cell wall elements, such as dietary fiber) compounds [32]. These
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phytochemicals are important for plant growth, defense, reproduction, and color; conse-
quently, beyond genetics, also environmental factors significantly affect their levels, that
vary greatly even between cultivars of the same species. Therefore, it is not possible to
establish precise amounts of each compound in different plant-foods, and several polyphe-
nols are still unidentified; therefore, literature data on polyphenol content in plant foods,
including grains, is incomplete, difficult to compare and often contradictory. According
to available data, WGs seem to contain polyphenol amounts similar to those found in
fruits and vegetables, with some highly active phenolic compounds more represented
(Table 1) [60–62,65,66]. Because of frequency of consumption [4], it has been estimated that
WGs provide for about one-third of total polyphenol dietary intake [67].

Ferulic, p-cumaric, vanillic, siryngic, gallic, and caffeic acids are the most common
phenolic acids of grains (Table 1) [60–62,65,66,68]. Some of them are present as esters or
amides; this is the case of γ-oryzanol, a blend of ferulic acid esters and phytosterols, mostly
found in rice [69] and avenanthramides, phenolic amides containing anthranilic acid and
hydroxycinnamic acid moieties, exclusively found in oats [70]. Significant differences in
phenolic acid amounts exist, depending on grain dimension and species, as well as on
fiber type and content; ferulic acid, for example, is more abundant in smaller than in larger
grains, and the higher the fiber content, the higher the ferulic acid content (Table 1) [61,71].

As above mentioned, WGs also represent a source of flavonoids, among which there
are the two flavones apigenin and luteolin and the two flavanones naringenin and eriodic-
tyol [60,63]. Additionally, anthocyanins have been reported in pigmented varieties of some
WGs, such as barley, rice, rye, and wheat [63,72]; finally, among lignans, secoisolariciresinol
is present in buckwheat and pinoresinol in oats [73].

Phenolic compounds might play a role in chronic diseases and, due to their antioxidant
properties and ability to modulate specific signaling pathways involved in cell survival and
death, are particularly beneficial in cancer [74–76]. However, physiological effects of these
WG components strictly depend on their bioavailability, in turn influenced by binding
to dietary fiber [77–79]. In cereals, most polyphenols (95%) are indeed covalently linked
to polysaccharide chains of dietary fiber, mainly arabinoxylans [64]. As a consequence,
although dietary fiber properties are generally attributed to non-starch polysaccharides,
the “dietary fiber concept” is changing towards the “antioxidant dietary fiber concept” [80].
When gut microbiota ferments fiber, phenolic compounds are released into the intestinal
lumen and absorbed by enterocytes. Non-fermented and non-absorbable polyphenols
counteract the pro-oxidant effects of ingested foods, by scavenging free radicals [48],
and meanwhile they synergize with bacteria-derived SCFAs in modulating cell death and
differentiation [64,81]. Furthermore, dietary fiber-polyphenol association can downregulate
energy metabolism, nuclear receptor signaling and lipid biosynthesis (via tumor necrosis
factor-α and peroxisome proliferator-activated receptor-α), pathways involved not only in
obesity, but also in cancer (especially of the gastrointestinal tract) [64,82,83].

4. Whole Grains and Gastrointestinal Cancers: An Overview

According to global cancer statistics, 19.3 million new cancer cases and 10 million
all cancer deaths occurred in 2020 worldwide; more than one-third of cancer victims
suffered from gastrointestinal tumors [84]. Based on molecular phenotype and histological
characteristics, these tumors include cancers affecting upper and lower gastrointestinal
tract, as well as salivary gland, liver and bile ducts, gallbladder, and exocrine pancreas [85].
Although a geographic description of cancer- and sex-specific incidence and mortality
patterns exists, overall more than 60% of gastrointestinal cancer cases and deaths occurred
in Asia, followed by Europe and North America [84].

Clinical management of gastrointestinal cancers remains a major challenge for clini-
cians, especially because most cases are diagnosed in advanced stages, when treatment
options are limited [86]. A variety of etiological factors have been identified; it has been
estimated that genetic defects account only for 5–10%, while harmful environmental condi-
tions and unhealthy lifestyle represent 90–95% of risk factors [87]. Consequently, primary
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and secondary prevention strategies, including promotion of healthy lifestyle aimed at
deeply modifying some risk behaviors (e.g., tobacco use, physical inactivity, unhealthy
diet, and alcohol abuse), are particularly relevant for reducing cancer risk and outcomes.

Consumption of WGs is strongly recommended for gastrointestinal health. A large
body of literature data concerning WG effects on gastrointestinal cancers are available,
although WG action is not equal (and even absent) in different gastrointestinal organs. To
the best of our knowledge, no epidemiological studies about WG intake and risk of gall-
bladder and bile duct carcinomas have been published, while only one study demonstrated
inverse association between WG (and possibly bran and cereal fiber) intake and risk of
hepatocellular carcinoma, the predominant histological form of primary liver cancer [88].
As emerged by a meta-analysis of case-control and cohort studies, high intake of WGs
was also associated with reduced risk of pancreatic cancer [89]; nonetheless, lack of more
prospective cohort studies prevents to draw robust conclusions.

Similarly, literature data on association between unrefined grains and oral cavity
and oropharynx cancers are scarce, not updated and just based on few case-control and
cohort studies. Some investigations highlighted that WG intake was favorably related
to risk of upper aerodigestive tract cancers [90–95]. Conversely, other studies reported
no [96–99] or even positive associations [100–102]. Due to these controversial results, data
on WGs and oropharyngeal cancer risk are less consistent than those for other plant-derived
foods. Finally, except for a large US prospective cohort study showing a marginal inverse
relationship between WG food consumption and small intestinal cancer [103], also data
referred to small bowel tumors are sparse and difficult to interpret.

Based on this evidence, we focused on colorectal, gastric, and esophageal tumors,
the most diagnosed and severe gastrointestinal cancers, for which investigations are more
extensive and continuously updated.

5. Whole Grains and Colorectal Cancer

In 2020, 1.9 million of individuals were diagnosed for colorectal cancer, the second
mostly incident cancer and the third leading cause of cancer death worldwide. It has slightly
higher incidence in males (1,065,960 cases) than females (865,360 cases) [84]; although
incidence (10% of all cancer cases) is decreasing in developed countries, cases are increasing
among younger adults, especially in USA [104].

Depending on location (proximal colon, distal colon and rectum), colorectal cancer
varies in terms of etiology and sensitivity to specific risk factors [49,105]. Only 1–2%
of cases have been associated with ulcerative colitis, Crohn disease and inflammatory
conditions [106], while modifiable lifestyle factors, typical of industrialized countries
(tobacco smoking, physical inactivity, red/processed meat and alcohol consumption, low
intake of fruits and vegetables), are long-established risk factors [107].

In this context, WGs represent protective factors, as high intakes have been associated
with significant decrease of cancer risk (Table 2). In a 14-year case-control study, conducted
in Northern Italy and including 11,990 patients with several cancer types (among them,
955 colon and 625 rectum tumors), multivariate odd ratios (ORs) for the highest category
of WG intake (>3 day per week) were 0.5 (95% CI 0.4–0.6) and 0.6 (95% CI 0.4–0.8) for
colon and rectum cancers, respectively [108]. Intriguingly, Um and collaborators found
sex-related differences in terms of WG association: the prospective CPS-II Nutrition Cohort
study enrolling 50,118 men and 62,031 women (1742 incident colorectal cancer cases during
the follow-up) found that the highest vs. lowest quintile of WG intake was associated with
23% and 43% lower risk of colorectal and rectal cancer, respectively, among men, but no
association was found for women. Moreover, authors did not find any evidence of increased
risk with consumption of RGs, grain-based sweets, or desserts [109]. Several meta-analyses
have reinforced potential benefits of WGs against colorectal tumors [110–113]. For example,
the World Cancer Research Fund International (WCRF) Continuous Update Project (CUP)
has updated the systematic review and meta-analysis (until the end of May 2015) of
prospective studies reporting 17% decreased risk for each 90 g/day WG increase [110].
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Similarly, Schwingshackl and co-workers found 20% decreased risk of colorectal cancer
with increasing WG intake up to 120 g/day [112]. Noteworthy, a recent meta-analysis from
Zhang’s group found that WG/colorectal cancer association was significant only for sample
size ≥500 [113]. Finally, as emerged from a Chinese 10-year follow-up study (enrolling
369 colon cancer subjects) high WG consumption (more than 17 g/day) also appears to be
correlated with prognosis and survival rates [114]. Although all these findings highlight the
positive role of WGs in cancer onset and/or outcomes, nonetheless no randomized clinical
trials have tested the long-term impact of WG consumption on colorectal tumorigenesis up
until now.

Table 2. Some epidemiological studies on whole grains/whole grain fiber and colorectal cancer.

Study Type and Design Main Findings * Refs

Whole grains

14-year US prospective population-based
case-control study (112,149 participants
(1742 CRC) from the Cancer Prevention Study-II
Nutrition Cohort 1999–2013)
Quintiles of WG intake (g/day):

Q1: <19 for men; <18 for women
Q5: 116.7–1296 for men; 117.1–1255 for women

Similar WG intake in women (mean:
72.8 g/day; 10th–90th percentile distribution:
10.6–168 g/day) and men (mean: 74.5 g/day;
10th–90th percentile distribution:
9.2–174 g/day)
High WG intake associated with low CRC
risk among older men, but not women
(HR = 0.77, 95% CI 0.61–0.97; p = 0.03 for
men; HR = 1.10, 95% CI 0.88–1.36; p = 0.14 for
women; p interaction by sex = 0.01)
Men in the highest quintile: 43% reduced risk
(HR = 0.57, 95% CI 0.35–0.93, p = 0.04)
No association of RG with CRC risk

[109]

10-year prospective population study (369 CRC
patients, 154 deaths during the follow-up)
Quartiles of WG intake (g/day)

Q1: ≤7.1
Q2: 7.1–10.7
Q3: 10.7–17.9
Q4: >17.9

High WG intake associated with risk of
mortality (HRQ4 vs. Q1 = 0.56, 95% CI
0.35–0.89; p for trend 0.05)

[114]

Meta-analysis of 11 prospective studies for WG
consumption and 3 reports for RG consumption

Inverse association between CRC risk and
WG intake (RR = 0.88, 95% CI 0.83–0.94,
I2 = 35%, p = 0.13) (10 studies with 9223 CRC
cases; overall intake range: 0–374 g/day)
Each additional daily 30 g of WGs inversely
associated with CRC risk (RR = 0.95, 95% CI
0.93–0.97, I2 = 58%, p = 0.02); 20% decreased
risk with WG intake up to 120 g/day
No association for RG intake (RR = 1.46, 95%
CI 0.80–2.67, I2 = 71%, p = 0.06) (900 CRC
cases, overall intake range: 15–585 g/day)

[112]

Meta-analysis of 34 studies of WG intake and
risk of digestive tract cancer [CRC: 7 case-control
and 10 cohort studies (1,489,581 participants and
19,424 cases)]

Inverse association between CRC risk and
WG intake (RR = 0.89, 95% CI 0.84–0.93;
p < 0.001; I2 = 38.2%, p = 0.029).
Positive effects of WGs only in studies with
sample size ≥500 (RR = 0.91, 95% CI
0.88–0.94, p < 0.001)
No statistically significant heterogeneity in
women (I2 = 0%, p = 0.619), European
(I2 = 0%, p = 0.732), before 2010 publication
year (I2 = 0%, p = 0.622) and adjustment for
energy (I2 = 4.6%, p = 0.399) studies

[113]
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Table 2. Cont.

Study Type and Design Main Findings * Refs

Whole grains/
whole grain fiber

Spanish observational case-control study
(308 CRC and 308 controls)

Tertiles of WG fiber intake not defined, but
referred to Healthy Eating Index for Spanish Diet
(HEISD) (T1: 69; T2: 69–74.5; T3: >74.5) and
MedDietScore (MDS) (T1: <35; T2: 35–37;
T3: >37)

WG intake lower in CRC patients than
controls (14.4 ± 19.9 vs. 18.8 ± 23.4 g/day,
p = 0.012).
Inverse association between WG intake
and CRC risk (ORT3 vs. T1 = 0.62, 95% CI
0.39–0.98)
Consumption of fiber-containing foods,
especially WG, associated with lower CRC
risk (ORT3 vs. T1 = 0.65, 95% CI 0.35–1.21).

[115]

US Prospective NIH-AARP Diet and Health
Study (1995–2011) including 478,994 subjects
(285,456 men and 193,538 women) cancer free at
the beginning; 10,200 incident cases (6712 men
and 3488 women) at the end.
Quintiles of WG intake (servings/1000 kcal/day)

Q1: 0.2
Q2: 0.4
Q3: 0.6
Q4: 0.8
Q5: 1.8

Quintiles of WG fiber intake (g/1000 kcal/day)

Q1: 1.7
Q2: 2.5
Q3: 3.2
Q4: 4.0
Q5: 5.7

Positive association for both WGs
(HRQ5 vs. Q1 = 0.69, 95% CI 0.64–0.73;
p < 0.001) and dietary fiber
(HRQ5 vs. Q1 = 0.70, 95% CI 0.66–0.75;
p < 0.0001)
After adjustment for potential confounders:
HRQ5 vs. Q1 = 0.83 (95% CI 0.78–0.89;
p < 0.001) for WGs and HRQ5 vs. Q1 = 0.92
(95% CI 0.86–0.99; p < 0.03) for dietary fiber
intake. The association remained statistically
significant after adjustment for folate
(HRQ5 vs. Q1 = 0.84, 95% CI 0.79–0.90;
p < 0.001) and dietary fiber intake (HRQ5 vs.
Q1 = 0.84, 95% CI 0.78–0.90; p < 0.001)
Only fiber from grains was inversely
associated with CRC (HRQ5 vs. Q1 = 0.89, 95%
CI 0.83–0.96; p < 0.001)
No sex-dependence (p = 0.13 for interaction)

[116]

963 US females from Nurses’ Health Study
cohort (NHS; 1980–2010) and 612 US males from
Health Professionals Follow-up Study cohort
(HPFS; 1986–2010) diagnosed stage I to III CRC
throughout follow-up.
Quintiles of WG fiber intake (g/1000 kcal/day)

Q1: 1.7
Q2: 2.5
Q3: 3.2
Q4: 4.0
Q5: 5.7

WG intake associated with low CRC-specific
mortality (HR per 20 g/day increment = 0.72,
95% CI 0.59–0.88; p = 0.002), also after
adjusting for fiber intake (HR = 0.77, 95% CI
0.62–0.96; p = 0.02), and all-cause mortality
(HR = 0.88, 95% CI 0.80–0.97; p = 0.008
for trend).
Cereal fiber intake associated with
low CRC-specific mortality (HR per 5 g/day
increment = 0.67, 95% CI 0.50–0.90; p = 0.007)
and all-cause mortality (HR = 0.78, 95% CI
0.68–0.90; p < 0.001).
Vegetable fiber associated with low all-cause
mortality (HR = 0.83, 95% CI 0.72–0.96;
p = 0.009), but not CRC-specific mortality
(HR = 0.82, 95% CI 0.60–1.13; p = 0.22); no
association for fruit fiber.
Patients with increased fiber intake after
diagnosis: lower mortality rate [each 5 g/day
increase associated with 18% decrease
in CRC-specific mortality (95% CI 7–28%;
p = 0.002) and 14% decrease in all-cause
mortality (95% CI 8–19%; p = 0.001)].

[117]
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Table 2. Cont.

Study Type and Design Main Findings * Refs

1902 US females from Nurses’ Health Study
cohort (NHS; 1980–2012) and 1276 US males
from Health Professionals Follow-up Study
cohort (HPFS; 1986–2012) diagnosed CRC
throughout follow-up.
Deciles of total fiber intake (g/day):

D1: 9.56 in women; 13.1 in men
D10: 24.8 in women; 33.7 in men

Deciles of cereal/WG fiber intake (g/day):

D1: 1.60/6.54 in women; 2.58/9.70 in men
D10: 7.43/39.01 in women; 12.0/58.3 in men

Deciles of fruit/vegetable fiber intake (g/day):

D1: 1.03/2.79 in women; 1.10/3.30 in men
D10: 8.50/9.87 in women; 10.2/13.1 in men

No association between total fiber
and CRC risk.
No association for fruit or vegetable fiber.
Inverse association between cereal fiber
intake and CRC risk only in men
(HRD10 vs. D1 = 0.75, 95% CI 0.57–1.00).
Inverse association between intake of WG
fiber and risk of CRC only in men
(HRD10 vs. D1 = 0.72, 95% CI 0.54–0.96).

[118]

* Findings on WG intake per se, after adjusting for confounding factors (e.g., age, sex, education, smoking, dietary habits, alcohol, physical
activity, etc.) through multivariate models. CI: Confidence interval; CRC: colorectal cancer; HR: Hazard Rate; OR: Odd ratio; RG: refined
grain; RR: Relative Risk; WG: whole grain.

The American Institute for Cancer Research and the World Cancer Research Fund
stated that eating at least 90 g/day WG reduces colorectal cancer risk, mainly due to its
high fiber content [119]. Among mechanisms involved in WG protective effects, fiber-
mediated reduction of fecal transit time, dilution, and removal of carcinogens (especially
heterocyclic amines), maintenance of epithelial cell integrity and stimulation of bacterial
fermentation (and, therefore, SCFA production that inhibits colon carcinogenesis) can be
identified [120,121]. Accordingly, among all fiber containing foods, WGs are most consis-
tently associated with incidence of colorectal cancer. Indeed, two large recent prospective
US cohort studies did not find any association for total dietary fiber intake, but when dif-
ferent food sources were examined, lower risk for colorectal tumors was observed only in
high cereal (especially unrefined) consumers. Moreover, such association was observed in
men, but not in women; this sex-disparity might depend on lower fiber intake registered for
women (mean fiber intake of 14 g/day for women and 20.0 g/day for men) [118]. Alegria-
Lertxundi and co-workers [115] investigated the relationships between food groups, diet
quality and colorectal cancer risk and reported no significant differences of intake between
control and patient groups for the majority of food classes, except for lower WG intake
(and higher egg consumption) in tumor cases; coherently, the observed protective effects of
fiber-containing foods appeared to be mainly ascribed to WGs. A recent, large US cohort
analysis (with more than 10,000 incident colorectal cases and more than 15 years of follow-
up) further confirmed that fiber from grains, but not from other sources, was associated
with lower incidence, especially for distal colon and rectal cancers [116]. High fiber and
WG intake after diagnosis also leads to lower death rate, and this positive association again
depends on fiber sources, with cereal fiber (especially from WG) showing the strongest
link [117]. These data apparently disagree with the European Prospective Investigation
into Cancer and Nutrition (EPIC) study that observed a significant lower risk of CRC in
higher total fiber consumers [122,123]. Such a discrepancy may depend on less fiber in
a typical American diet (with respect to the European one), as well as less proportional
contribution of WG foods to total dietary fiber intake; indeed, about 39% of dietary fiber
derives from grain foods containing no WGs, but RGs that have few amounts of fiber and
are consumed in large quantities [124]. Therefore, further studies are necessary to evaluate
dose-response relationship and influence of different fiber sources, taking into account that
range of fiber intake widely varies depending on the examined population.
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Concerning phenolic compounds, these phytochemicals exert anti-cancer activities
in colon-cancer cells, mainly by inducing cell-cycle arrest and apoptosis. Just an example,
ferulic and p-coumaric acids modulate S and G2/M phase transitions, respectively [125]; the
two compounds also inhibit cancer cell proliferation, by inhibiting expression of epidermal
growth factor receptor, one of the most relevant biomarkers in colorectal cancer [126],
and related mitogenic signaling pathways [127,128]. Likewise, in human colon cancer
cells, secoisolariciresinol diglycoside and its metabolites (enterolactone and enterodiol)
induce S-phase cell cycle arrest, by modulating key regulatory proteins (cyclin A and cyclin-
dependent kinase 4) [129–131]. By possessing estrogenic activity, some flavonoids (such
as apigenin, naringenin, luteolin, and eriodictyol) contribute to colon cancer prevention,
through activation of estrogen receptor-β in colonocytes [132–135]. Finally, some miRNAs
involved in colorectal cancer are sensitive to phenolic compounds: for example, miRNA384
is up-regulated by luteolin, thus resulting in decreased expression levels of pleiotrophin, a
cytokine upregulated in colorectal tumors [136–138].

In order to overcome challenges in polyphenol delivery to target tissues, recent stud-
ies have attempted to find novel strategies for improving bioavailability and anti-tumor
efficacy of these phytochemicals. For example, the novel stable ferulic derivative trib-
utyltin(IV) ferulate has been designed and found to potently exert anti-tumor activity; this
synthetic compound, indeed, triggers autophagic cell death through generation of reactive
oxygen species and endoplasmic reticulum stress in colon cancer cells [139]. Similarly, a
novel nanoparticle system, consisting of encapsulated gallic acid and gum arabic as coat-
ing material, has shown promising anti-cancer properties: the formulated nanoparticles,
indeed, were selectively internalized by cancer cells, thus exerting potent anti-oxidant and
anti-neoplastic effects, as assessed by cytotoxic, migration, and apoptosis assays [140].

6. Whole Grains and Gastric Cancer

Gastric cancer is the fourth cause of tumor-related deaths. Incidence (5.6% of all cancer
cases) is higher in males (719,523 cases) than females (369,580 cases); 75.3% of cases occur
in Asia, followed by Europe (12.5%) and Latin America and Caribbean (6.2%) [84].

Generally, gastric cancer is classified into non-cardiac gastric cancer, originating from
distal regions of stomach, and cardiac gastric cancer, arising near the esophageal-gastric
junction [141]; both forms are associated with cigarette smoking and Helicobacter pylori infec-
tion, while cardiac gastric cancer is also related to other risk factors, including esophageal
reflux, Barrett’s esophagus, and obesity [142–149].

Among factors affecting cancer onset, dietary habits play an important role [150–152]:
salt-preserved foods and smoked meats potentiate carcinogenic effects of H. pylori in-
fection [153], whereas fruits, vegetables, and WGs are protective factors [154,155]. A
prospective population-based case-control study reported in men, but not in women, a
modestly lower risk of stomach cancer with diet patterns high in WGs, only when com-
bined with citrus fruit and vegetables [156]. Several meta-analyses have been published on
WG/gastric cancer association, relying primarily or entirely on case-control studies and
without dose-response analyses. However, all studies reported that increasing WG con-
sumption was notable in showing a negative association with stomach cancer risk (ranging
from 13 to 50% lower risk for highest WG consumers) and/or RG intake generally appeared
to be a dose-dependent risk factor (63–65% increment of the risk) (Table 3) [92,157–163].
However, it should be recalled that RG-rich diet is usually poor in WGs (and other dietary
fiber sources) and associated with unfavorable lifestyles. Therefore, for gastric cancer, nutri-
tional and lifestyle combination, rather than RG alone, may account for direct associations
observed in the studies.
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Table 3. Some epidemiological studies on whole grains/whole grain fiber and gastric cancer.

Study Type and Design Main Findings * Refs

Whole grains

Prospective 14-year population-based case-control
Cancer Prevention Study [533,391 women (439
deaths for GC) and 436,654 men (910 deaths for GC)]
Tertiles of WG intake (days/week):

T1: < 1
T2: 1–4 (4.5 for women)
T3: > 4 (4.5 for women)

Men: high WG consumption associated with
decreased risk only in age-adjusted model
(RRT2 vs. T1 = 0.87, 95% CI 0.74–1.03;
RRT3 vs. T1 = 0.77, 95% CI 0.66–0.90; p < 0.001),
but not in multivariate-adjusted model
(RRT2 vs. T1 = 0.94, 95% CI 0.79–1.11;
RRT3 vs. T1 = 0.90, 95% CI 0.77–1.06; p = 0.17).
More than 4 times/week cold cereal intake
related to lower risk with respect to low
(<once/week) intake (RR = 0.83, 95% CI
0.68–1.00; p = 0.03 for trend).
Men with positive family GC history,
consuming WG products >4 days/week,
showed lower risk (RR = 0.31, 95% CI
0.15–0.64) with respect to men with no family
GC history.
Women: no association between WGs and
GC risk.
Women consuming brown rice, whole wheat or
barley 6 to 7 times/week were at greater risk of
fatal stomach cancer with respect to women
with no intake (RR T3 vs. T1 = 1.41, 95% CI
1.04–1.91; p for trend = 0.05).

[156]

Retrospective 10-year hospital-based case-control
study (745 GC patients and 3526 controls)
Tertiles of WG food intake (simple score
of consumption):

T1: low
T2: intermediate
T3: high

Tertiles of RG food intake (portions/week):

T1: 0–14
T2: 15–21
T3: ≥22

Whole meal consumption negatively
correlated with GC risk
For WG foods: ORT3 vs. T1 = 0.5, 95% CI 0.4–0.7
For RG foods: ORT2 vs. T1 = 1.24, 95% CI 1.0–1.5
and ORT3 vs. T1 = 1.54, 95% CI 1.2–2.0

[92]

Retrospective 3-year hospital-based case-control
study (143 GC patients and 328 controls)
Tertiles of whole-meal bread intake (simple score of
consumption):

T1: low
T2: intermediate
T3: high

Whole meal consumption negatively
correlated with GC risk
RRT2 vs. T1 = 1.26, 95% CI 0.79–2.01
RRT3 vs. T1 = 0.48, 95% CI 0.28–0.82

[160]

Meta-analysis of 5 hospital-based case-control, 4
population-based case-control and 2 prospective
cohort studies (2920 GC cases and 527,256 controls)

WG consumption inversely related to GC in
Europe (OR = 0.72, 95% CI 0.19–1.24) and
America (OR = 0.61, 95% CI 0.38–0.85), both in
hospital-based case-control (OR = 0.50, 95% CI
0.35–0.65) and cohort (OR = 0.61, 95% CI
0.38–0.85) studies

[158]
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Table 3. Cont.

Study Type and Design Main Findings * Refs

Meta-analysis of 34 studies of WG intake and risk of
digestive tract cancer [GC: 9 case-control and 2
cohort studies (1,021,955 participants and
8274 GC cases)]

WG consumption: 36% decrease in GC risk
(RR = 0.64, 95% CI 0.53–0.79; p < 0.001), with a
significant heterogeneity (I2 = 78.2%, p = 0.001)
WG intake was a protective factor for
case-control (RR = 0.55, 95% CI 0.41–0.74;
p < 0.001) and European (RR = 0.64, 95% CI
0.53–0.79; p < 0.001) studies
No significant association in cohort (RR = 0.89,
95% CI 0.78–1.01; p = 0.070) and American
(RR = 0.70, 95% CI 0.50–1.00; p = 0.051) studies

[113]

Meta-analysis of 19 studies (17 case-control and 2
cohort studies; 994,258 participants)
Consumption of WGs or RGs:

Low: <1/month
Moderate: 1–2 times/week
High: >3 times/week

WG consumption:
13% decrease in GC risk (OR = 0.87, 95% CI
0.79–0.95; p = 0.003)
High consumption: 44% reduced risk (OR
high vs. low = 0.56, 95% CI 0.45–0.69; p < 0.001)
No significant correlation for moderate
consumption
RG consumption:
36% increase in GC risk (OR = 1.36, 95% CI
1.21–1.54; p < 0.001)
63% increased GC risk in high consumers
(OR = 1.63, 95% CI 1.49–1.79; p < 0.001)
28% increased GC risk in moderate consumers
(OR = 1.28, 95% CI 1.18–1.39; p < 0.001)
53% increased GC risk in rice consumers
(OR = 1.53, 95% CI 1.31–1.79; p < 0.001)
28% increased GC risk in RG, not-rice
consumers (OR = 1.28, 95% CI 1.11–1.49;
p = 001)
No correlation between small amounts of RG
intake and GC risk

[159]

Whole grain
fiber

Prospective 14-year cohort Iowa Women’s Health
Study (34,651 initially free-cancer women; 56 GC)
Tertiles of WG fiber intake (g/day):

T1: 0–1.49
T2: 1.50–3.98
T3: 3.99–35.75

Tertiles of RG fiber intake (g/day):

T1: 0–1.37
T2: 1.37–2.35
T3: 2.35–16.93

WG fiber intake inversely related to GC risk
(HRRT3 vs. T1 = 0.53)
No association for RG fiber intake

[95]

* Findings on WG intake per se, after adjusting for confounding factors (e.g., age, sex, education, smoking, dietary habits, alcohol, physical
activity, etc.) through multivariate models. CI: Confidence Interval; GC: gastric cancer; HRR: Hazard Rate Ratio; OR: Odds Ratio; RG:
refined grain; RR: Relative Risk; WG: whole grain.

To date, no conclusions on the role of fiber in WG/gastric cancer association can be
drawn since available investigations are somehow misleading and difficult to interpret.
Except for the cohort Iowa Women’s Health Study (demonstrating strong protective effects
of WG fiber against stomach cancer) [95], almost all studies consider only total dietary fiber
intake and/or report no association at all for fiber from grains [55,161,162].

Among polyphenols, gallic acid has been shown to inhibit H. pylori proliferation, as
well as invasion and metastasis of cancer cells [164]. Similarly, Ho and colleagues [165]
demonstrated that gallic acid can in vitro reduce migration of human gastric carcinoma
cells, through inhibition of RhoB expression and modulation of Akt signaling. Polyphenols
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also activate apoptosis: caffeic acid induces cell death by modulating cellular Ca2+ home-
ostasis [166], ferulic acid activates caspase-3 and caspase-9 [75], and apigenin modulates
expression of pro- (Bax and caspase-3) and anti-apoptotic (Akt and Bad) proteins [167,168].
Lastly, polyphenols are able to modulate activity of specific miRNAs: luteolin inhibits Bcl-2
expression by upregulating miR-34a, while p-coumaric acid exerts antitumor effects by
regulating hsa-miR-30a-5p, hsa-miR-125a-5p, and hsa-miR-7-5p [169–172].

7. Whole Grains in Esophageal Cancer

According to Globocan 2020, 508,585 cancer victims (5.3% of all cancer cases) were
affected by esophageal cancer, the sixth cause of cancer deaths [84]. Incidence of esophageal
cancer (3.1% of all cases) is higher in males than females; the highest mortality (78.2%) is
registered in Asian continent [84].

Esophageal tumors are distinguished into esophageal squamous cell carcinomas, af-
fecting upper layer cells lining esophagus, and adenocarcinomas, arising in glandular cells
located between the esophagus–stomach junction [173,174]; esophageal squamous cell
carcinomas are more frequent in developing countries, while esophageal adenocarcinomas
predominate in eastern Asia and Africa [175]. Distinct risk factor profiles have been identi-
fied: tobacco smoking and alcohol abuse are main risk factors for esophageal squamous
cell carcinoma, while obesity and gastro-esophageal reflux disease are key risk factors
for adenocarcinoma. Specific dietary items and nutrients impact risk of both types of
cancer [176]: for example, red, pork and processed meat, moldy food and pickled vegetable
consumption are risks attributable to the entire population, while more varied diet, raw
and cooked vegetables, vitamins, fiber, and carbohydrates are included among protective
dietary factors [157,177–180].

Higher frequency of WG food consumption may be accounted among indicators of
reduced risk of esophageal cancer (Table 4). In a small case-control study, for example, Levi
and co-workers reported significant decrease in cancer risk in individuals consuming high
amounts of WG foods (whole wheat bread and cereals), while cancer onset was directly
related to consumption of RG items (white bread and biscuits, pizza, pasta, and rice) [91].
Decreased risk for high WG intake has been reported by retrospective and prospective
studies, although with different ratios: for example, the above mentioned Italian case-
control study from La Vecchia’s group [108] reported 60% decreased risk for the highest
WG intake, while the recent HELGA cohort study from Skeie and co-workers showed
35–45% reduction [181]. Noticeably, authors observed that such association varied with
cereals and food products, with WG wheat and bread being associated with lower risk.
This finding can be explained considering that cereals and cereal-based foods have different
composition and concentration of nutrients and bioactive compounds, which cooperate
to exert positive effects [182,183]. In this context, dietary fiber may play a crucial role, as
inverse correlation exists between dietary fiber intake and risk of both Barrett’s esophagus,
an intermediate pre-neoplastic lesion, and esophageal cancer [180,184]. Potential mecha-
nisms of protective action include modification of gastroesophageal reflux and/or weight
control, neutralization of carcinogens contained in food, amelioration of cancer-associated
esophageal dysbiosis, and direct action on cancer cells [180,184–188]. The prospective
14-year Iowa Women’s Health Study, enrolling a cohort of 34,651 post-menopausal, initially
cancer-free women, reported that malignancy incidence was inversely associated with WG
intake, as well as with total fiber intake. In this context, some interesting data emerged: (i)
none of inverse associations observed for fruit fiber, vegetable fiber, and total grain fiber
was statistically significant; (ii) no protective effect was found for fiber from RGs (according
to the evidence that milling process lowers content of fiber and bioactive compounds);
(iii) the relationship with dietary fiber was driven by strong inverse association for WG
fiber [95]. In the light of these findings, it should be advised to distinguish WGs or RGs as
source of fiber, in order to avoid biased data [55,180].
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Table 4. Some epidemiological studies on whole grains/whole grain fiber on esophageal cancer.

Study Type and Design Main Findings * Refs

Whole grains

Swiss 7-year retrospective hospital-based
case-control study (349 controls and 101 EC patients).
Whole (whole wheat bread and cereals) and refined
(white bread and biscuits, pizza, pasta and rice)
grain foods
Tertiles for WG intake (times/week):

T1: <4
T2: 4–10
T3: >10

Tertiles for RG intake (times/week):

T1: <9
T2: 9–17
T3: 17

EC risk inversely correlated to WG intakes
(ORT3 vs. T1 = 0.30, CI 95% 0.1–0.6) and directly
correlated to RG intakes (ORT2 vs. T1 = 2.6, CI
95% 1.1–6.2; ORT3 vs. T1 = 3.7, CI 95% 1.8–7.9)

[91]

Italian 14-year hospital-based case-control studies
(1983–1997)
10058 controls and 11.990 cancer patients
(410 EC cases).
Tertiles for WG food intake (day/week):

T1: no or rare consumption
T2: 1–3
T3: >3

WG consumption associated with reduced risk
(OR T3 vs. T1 = 0.4, 95% CI 0.2–0.7 and
ORT2 vs. T1 = 0.4, 95% CI 0.3–0.7)

[108]

Meta-analysis of 34 studies of WG intake and risk of
digestive tract cancer (EC: 4 case-control studies and
2 cohort studies (151,742 participants and 1223
EC cases))

WG consumption associated with reduced risk
(RR = 0.54, 95% CI 0.44–0.67, p < 0.001)
No statistically significant heterogeneity
(I2 = 27.7%, p = 0.217)

[113]

Scandinavian 11-year prospective population-based
case-control study (113,993 members from HELGA
cohort including 56 EAC patients and 54 ESCC
patients; 73.2% male and 33.8% women)
Sex-specific tertiles of total WG intake (g/day):

T1: F: 0–37.6; M: 0–37.8
T2: F: 37.7–60.5; M: 37.9–62.1
T3: F: 60.6–160.0; M: 62.2–160.0

Sex-specific tertiles of WG wheat intake (g/day):

T1 F: 0–6.1, M: 0–2.5 71
T2 F: 6.2–32.1, M: 2.6–8.0
T3 F: 32.2–94.0, M: 8.1–65.7

Sex-specific tertiles of WG bread intake (g/day):

T1: 0–59.6 for men; 0–65.8 for women
T2: 62.0–125.0 for men; 68.2–113.2 for women
T3: 129.6–520.0 for men; 113.8–520.0 for women

Inverse correlation between EC risk and total
WGs (HR T3 vs. T1 = 0.55, 95% CI 0.31–0.97) and
WG products (HR T3 vs. T1 = 0.51, 95% CI
0.30–0.88 per 25 g)
Only wheat showed significant associations in
adjusted models (adjusted HRT3 vs. T1 = 0.32,
95% CI 0.16–0.63)
Only WG bread showed significant
associations in adjusted model (adjusted HR
T3 vs. T1 = 0.88, 95% CI 0.80–0.96 per 25 g
WG bread)
EAC: adjusted HR = 0.81, 95% CI 0.65–1.02 per
50 g WG products and HR = 0.85, 95% CI
0.66–1.09 per 20 g WGs
ECCS: adjusted HR = 0.66, 95% CI 0.51–0.86
per 50 g WG products and adjusted HR = 0.75,
95% CI 0.56–1.00 per 20 g WGs

[181]
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Table 4. Cont.

Study Type and Design Main Findings * Refs

Whole
grains/whole

grain fiber

Prospective 14-year cohort Iowa Women’s Health
Study (34,651 initially free-cancer women; 21 EC and
56 GC)
Tertiles of WG intake (servings/week):

T1: 0–6.5
T2: 6.9–12.5
T3: 13.0–108.5

Tertiles of WG fiber intake (g/day):

T1: 0–1.49
T2: 1.50–3.98
T3: 3.99–35.75

Inverse correlation between EC risk and WG
(HRR T3 vs. T1 = 0.47) or WG fiber (HRR
T3 vs. T1 = 0.35) intake

[95]

* Findings on WG intake per se, after adjusting for confounding factors (e.g., age, sex, education, smoking, dietary habits, alcohol, physical
activity, etc.) through multivariate models. CI: Confidence Interval; EAC: esophageal adenocarcinoma; EC: esophageal cancer; ESCC:
esophageal squamous cell carcinoma; HR: Hazard Rate; HRR: Hazard Rate Ratio; OR: Odds Ratio; RG: refined grain; RR: Relative Risk;
WG: whole grain.

Additionally, polyphenols could be beneficial in esophageal cancer, thanks to their
antioxidant activity, ability to improve esophageal reflux-related inflammation, and mod-
ulation of cell proliferation and survival [189,190]. Gallic acid, for example, induces cell
death in human squamous esophagus carcinoma cells, much likely by activating both
extrinsic and intrinsic apoptotic pathways, as well as by downregulating the Akt/mTOR
survival signaling cascade [191]. Recently, protective roles of apigenin have been con-
firmed in esophageal tumors: in in vitro and in vivo experimental models, this flavonoid
has been reported to (i) induce apoptosis of tumor cells, (ii) inhibit tumor-dependent
angiogenesis, and (iii) attenuate inflammatory responses, by inhibiting gene expression
of the pro-inflammatory cytokine interleukin-6, whose levels are elevated in tumor tis-
sues [192,193].

8. Conclusions and Future Perspectives

Cancer onset, progression, and outcome are strictly dependent on interaction among
genetic, metabolic, and environmental factors. Remarkably, besides some unhealthy habits
(such as tobacco use, alcohol abuse, and sedentary lifestyle), consumption of harmful
foodstuff and nutrients increases cancer risk; coherently, healthy dietary behaviors, which
involve consumption of healthy foods (fruits, vegetables, cereals, legumes, fish, olive oil)
and nutrients (antioxidants, phytochemicals, fiber, vitamins, mono- and poly-unsaturated
fatty acids), are worldwide recognized as a valid strategy for primary cancer prevention.
Scientific organizations of several countries encourage WG intake in maintaining health
and reducing risk of chronic diseases, such as type 2 diabetes, cardiovascular disease, and
cancer [119,194–197]. It has been estimated, in fact, that low WG intake resulted in almost
270,000 avoidable deaths and almost 4 million disability-adjusted life years in the European
Union in 2015 [198].

Herein, we focused on inverse relationship between WGs, whose consumption is
increasingly recommended, and gastrointestinal cancer onset and outcomes. What emerged
is that WGs, unlike refined counterparts, consistently protect against gastrointestinal cancer,
especially colorectal type; such differences can mainly be ascribed to reduction (or loss) of
beneficial nutrients and phytochemicals during milling process. WG is indeed a complex
food matrix containing different bioactive compounds, which synergistically act in chronic
disease prevention. It is therefore difficult to identify which constituent is responsible for
protection; for this reason, attention should be shifted not to single compounds, but instead
to WG food matrix. For example, some WG positive effects essentially depends on fiber,
but fiber varies from grain to grain and is present in other food items (vegetable, fruits,
and legumes) that are equally consumed by high WG users. Thereby, although both fiber
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and WGs have healthy benefits, they are not interchangeable and consumers should pay
particular attention to high-fiber products, sometimes containing bran or other added fiber
without actually having much, if any, WG.

Noteworthily, WG consumers are more likely to consume less sugar, alcohol, fat, red
meat, and indulgent foods, while consuming more fruits, vegetables, and fish; moreover,
they have high education and socioeconomic status, as well as healthy lifestyle (physically
active, no smoking). For this reason, most of studies investigated WG effects after accurate
statistical adjustments for all of these possible confounders, thus removing potential
bias from data and providing authentic and real relationship between WG intake and
gastrointestinal cancer. Nonetheless, several elements point out that we are far from a
solid, scientific-based knowledge for developing individualized WG-based regimens to
prevent and manage cancer. WG consumption, indeed, reduces risk of digestive tract
tumors with significant heterogeneity because of additional confounding factors, including
differences in (i) type, duration, quality, and sample size of investigations; (ii) methods of
collecting WG intake (food-frequency questionnaires vs. more quantitative questionnaires);
(iii) type of WG foods; (iv) racial and ethnic demographic groups displaying different
nutritional habits.

Despite all these limitations, beneficial effects of WGs cannot be denied, and there-
fore programs aimed at increasing WG consumption should be implemented through a
broad partnership involving both public (Government authorities) and private (industries)
stakeholders. Several barriers to WG consumption should, indeed, be removed by effective
strategies: (i) univocal, quantitative, and international recommendations; (ii) nutritional
education programs; (iii) improvement of sensory characteristics and increase of variety of
WG foods (in order to satisfy different eating habits of consumers of all ages); (iv) better
identification of WG-containing products; (v) reduction of purchase costs.
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Abstract: Pasta is one of the basic foods of the Mediterranean diet and for this reason it was chosen for
this study to evaluate its antioxidant properties. Three types of pasta were selected: buckwheat, rye
and egg pasta. Qualitative–quantitative characterization analyses were carried out by HPLC-DAD to
identify antioxidant compounds. The data showed the presence of carotenoids such as lutein and
polyphenols such as indoleacetic acid, (carotenoids from 0.08 to 0.16 mg/100 g, polyphenols from
3.7 to 7.4 mg/100 g). To assess the effect of the detected metabolites, in vitro experimentation was
carried out on kidney cells models: HEK-293 and MDCK. Standards of β-carotene, indoleacetic acid
and caffeic acid, hydroalcoholic and carotenoid-enriched extracts from samples of pasta were tested
in presence of antioxidant agent to determine viability variations. β-carotene and indoleacetic acid
standards exerted a protective effect on HEK-293 cells while no effect was detected on MDCK. The
concentrations tested are likely in the range of those reached in body after the consumption of a
standard pasta meal. Carotenoid-enriched extracts and hydroalcoholic extracts showed different
effects, observing rescues for rye pasta hydroalcoholic extract and buckwheat pasta carotenoid-
enriched extract, while egg pasta showed milder dose depending effects assuming pro-oxidant
behavior at high concentrations. The preliminary results suggest behaviors to be traced back to the
whole phytocomplexes respect to single molecules and need further investigations.

Keywords: pasta; Mediterranean diet; polyphenols; carotenoids; antioxidant compounds; kidney
health; HPLC/DAD analyses

1. Introduction

Despite that there is no unique definition of the Mediterranean diet—due to the
variations and adaptations in culinary traditions not only around the Mediterranean area
but also around the world [1]—the Mediterranean diet may be thought of as having several
components that meet important criteria for a healthy diet: low content of saturated fatty
acids, high content of composite carbohydrates, dietary fiber and antioxidant molecules,
and abundance in vegetables.

It is difficult to establish which foods, or active ingredients therein contained, of the
Mediterranean diet are most responsible for the health benefits; accumulating data suggest
that its main benefits lie in the combination of the complex and wide variety of different
nutrients interacting synergistically and additively [2].

In recent years, the growing literature (observational studies and randomized con-
trol trials) has demonstrated the health benefits associated with the Mediterranean diet,
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reducing risk of developing multiple chronic diseases as cardiovascular diseases [3–5],
diabetes [6–10], cancer [11,12], obesity [13–15] or cognitive health [16–19] and increasing
life expectancy [20].

Improvements in blood pressure [21], lipid profile [22,23], insulin resistance [24], and
protection against oxidative stress, inflammation, platelet aggregation and endothelial
dysfunction [25–28] seem to be the mechanisms of action responsible for the beneficial
effects on the general health. All these biological effects promoted by the adherence to
the Mediterranean lifestyle could be relevant not only for the above-mentioned chronic
diseases, but also for the prevention of renal decay in general population. Chronic kidney
disease (CKD) represents a global public health problem, affecting over 750 million per-
sons worldwide and acts often silent and unhindered thanks to its asymptomatic clinical
presentation. Different lines of evidence have underlined the strong relationship between
Mediterranean diet and renal preservation [29].

Considering all the above-mentioned effects as risk factors for the decline of the renal
function, the kidney can be considered one of the primary targets.

A recent meta-analysis of cohort studies has shown that plant-based diets such as
the Mediterranean diet or dietary approach to stop hypertension (DASH) diet was asso-
ciated with a lower risk of incident CKD and albuminuria in the general population [30].
One explanation could be that fruit and vegetables contain bioactive compounds protect-
ing against inflammation and endothelial dysfunction that promote dynamic changes of
filtration fraction, resulting in a progressive reduction of the glomerular filtration rate,
extracellular fluid volume expansion, abnormal ion balance, and renal hypoxia, ultimately
leading to loss kidney function [31–33]. Moreover, the increase of vegetable, fruit, cereal
and legumes consumption may have led to a decrease in animal protein consumption
positively influencing acid-base balance and glomerular hemodynamics of the kidney,
protecting it to glomerular sclerosis and loss of function [34–37].

Despite this, there are several studies with contrasting data for the impact of a high
protein diet on renal function decline in the general population [38–41] growing evidence
suggest that the protein source plays an important role to preservation of renal function,
and that a shift from animal to plant source of protein might be beneficial [42,43].

Pasta is one of the most consumed foods in the world and is one of the staple foods of
the Mediterranean diet. Traditionally, Italy is the main producer and leader of the pasta
consumption, even if pasta is consumed worldwide for low cost, palatability, and the
longer shelf life than other bakery products [44]. Pasta is a good source of carbohydrates
and energy (100 g of cooked pasta contains about 31 g of carbohydrates and about 158 kcal)
but it is typically low in lipids, proteins, phosphorus and potassium that are nutrient
components restricted in the most renal diets for kidney disease (available online at
https://fdc.nal.usda.gov, accessed on 1 December 2020). Naturally enriched wheat pastas,
which represent the majority of commercially available pastas, also offer good levels of
thiamin, riboflavin, niacin, folate, iron, and selenium, as well as polyphenols. Furthermore,
pasta is always consumed in combination with other food items that could be considered
as a stronger source of polyphenols, such as olive oil and vegetables. Pasta is usually
produced with durum wheat semolina, due to its excellent rheological properties, the
superior color of the pasta, the quality of cooking and the acceptance by the consumer,
but lately pasta can also be produced starting from other cereals such as rice, buckwheat,
rye, spelled.

In recent years, consumers have become more aware that a balanced diet, such as the
Mediterranean one, can positively affect health, which is why the food industry tries to
meet these demands by producing quality and functional foods and food ingredients.

Despite fortified foods have been produce for healthy purpose, people could be
induced to assume them instead of a balanced diet. This is a so important topic to prompt
the FDA to publish an ad hoc document entitled “FDA’s fortification policy” to give an
answer on one side to the food industry and on the other to the academic world [44].
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Balanced, adequate and varied diet is an important step towards a happy and healthy
lifestyle without the risk of overloading with some added component contained in forti-
fied food. Precisely for this reason non-traditional cereals and pseudo-cereals have been
rediscovered which have paved the way for their use as functional food ingredients as they
possess some nutritional and functional qualities that are absent or lacking in traditional
cereals. Buckwheat and rye are a rich source of phytochemicals such as polyphenols,
compounds that are strongly correlated with antioxidant activities [45,46].

Launched in March 2005, the MOLI-SANI Project involved about 25,000 citizens
residing in Molise (Italy), to evaluate environmental and genetic factors underlying cardio-
vascular diseases, tumors and neurodegenerative diseases. According to a study from the
MOLI-SANI project, pasta intake is associated with a lower BMI and lower levels of central
obesity. Many studies have confirmed that high calorie diets lead to weight gain and not
a diet that includes carbohydrates. In fact, if the portion of pasta is correct and the sauce
is not too caloric, a plate of pasta can have a caloric content that respects the daily energy
requirement [47]. Pasta is held in high regard as its characteristics have been associated
not only with body weight control, but also with several positive health properties [48].
A randomized, controlled study conducted on healthy subjects showed that rye-based
products improve glycemic regulation, increase intestinal hormones involved in the regula-
tion of appetite and metabolism. Rye reduces postprandial appetite levels by reducing the
desire to eat at subsequent meals, increasing satiety and reducing hunger by increasing
the satiety hormones GLP-1 (glucagon-like peptide-1) and peptide YY (PYY). A lower
postprandial glucose response was observed in a group of people consuming rye-based
foods compared to a group of subjects consuming refined wheat. This happens because
rye is a low glycemic index cereal that can also be used in diabetic patients [49]. Rye can
improve the plasma lipid profile, in fact the intake of whole rye is inversely associated
with the concentration of LDL cholesterol, the LDL/HDL ratio and the concentration of
triglycerides. This effect is due to the presence of fibers and β-glucans [50].

Pasta is well known as a source of carbohydrates, but it can also contain minor
compounds, such as carotenoids [51], especially lutein, and other antioxidant species such
as polyphenols. These bioactive molecules can be enriched in different types of pasta,
depending on the raw materials. For instance, the carotenoids content of durum wheat
is higher than that of bread wheat [52] and the level of antioxidants can be increased
by incorporating bran fraction and entire kernel of durum wheat to pasta products [53].
Buckwheat is a substantial source of phenolic compounds, vitamins and essential amino
acids [54], while the addition of egg in the preparation of the pasta conveys carotenoids
and lutein. Carotenoids participate in prevention activity, especially in inflammation
syndrome and their role is due to their antioxidant properties [55] against free radicals and
singlet oxygen [56]. Pasta contains different types of antioxidant molecules and for the
frequent consumers, large consumption can be considered an important source of such
healthy compounds.

Here we show that different types of pasta namely buckwheat, rye and egg pasta,
contain various amounts of antioxidant compounds, which have a role to improve renal
cell viability at a steady state or upon the induction of oxidative stress.

2. Materials and Methods
2.1. Samples

Three samples of cooked pasta were analyzed and tested: one sample of wholemeal
buckwheat pasta (1), one sample of wholemeal rye pasta (2) and one sample of egg pasta
of stone-ground durum wheat flour (3).

2.2. Pasta Samples Preparation

Totals of 50 g of whole meal buckwheat pasta or whole meal rye pasta were cooked
in 500 mL of water for 7 min; 50 g of egg pasta of stone-ground durum wheat flour were
cooked in 500 mL of water for 1 min, as indicated by the manufacturer.
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To obtain extracts enriched in carotenoids, 10 g of cooked pasta were dissolved in
100 mL acetone, cold sonicated for 30 min. The sample was centrifuged for 5 min at
5000 rpm, the supernatant has been dry evaporated with a rotary evaporator and the
residue was dissolved in acetone or DMSO depending on the downstream analysis. To
obtain extracts enriched in polyphenols, 10 g of each sample of cooked pasta were dissolved
in 50 mL of 70:30 EtOH/H2O at pH 3.2. The samples were shaken for 24 h, centrifuged for
5 min at 1400 rpm. The sample was centrifuged for 5 min at 5000 rpm and the supernatant
was collected and analyzed in HPLC-DAD, while an aliquot was dry evaporated, and the
residue dissolved in DMSO for cell treatment.

2.3. HPLC-DA-MS Analysis

Quali-quantitative analyses of carotenoids and polyphenols were carried out using
an HP 1100 liquid chromatography equipped with a DAD detector and managed by
an HP 9000 workstation (Agilent Technologies, Palo Alto, CA, USA) and linked to a
mass spectrometer with an API/electrospray interface (Agilent Technologies). The mass
spectrometer operating conditions were as follows: gas temperature, 350 ◦C; nitrogen flow
rate, 11.0 L/min; nebulizer pressure, 40 psi; quadrupole temperature, 100 ◦C; and capillary
voltage, 4000 V. The mass spectrometer was operated in positive and negative modes at
80–180 eV.

Compounds were separated using a 250 × 4.6 mm i.d, 5 µm LUNA C18 column
(Phenomenex, Torrance, CA, USA). UV/Vis spectra were recorded in the 190–600 nm range
and the chromatograms were acquired at 250, 280, 330, 350 and 450 nm. The samples
were analyzed by gradient elution at a flow rate of 0.8 mL/min. The mobile phase for
carotenoids was a multistep linear solvent gradient system (solvent A: acetone, solvent B:
H2O, pH 3.2 by formic acid), starting from 80% acetone up to 100% in 30 min. polyphenols
were eluted using the following gradient: from 90% H2O (adjusted to pH 3.2 by formic
acid) to 100% CH3CN in 40 min. All solvents used were of HPLC grade purity (BDH
Laboratory Supplies, Poole, UK).

2.4. Quantitative Analysis

Quantification of individual polyphenolic compounds was directly performed by
HPLC-DAD using a five-point regression curve (R2 ≥ 0.998) in the range of 0–30 µg on
the basis of authentic standards. In particular, flavonols were determined at 350 nm
using quercetin 3-O-glucoside as reference compound while caffeic acid derivatives were
determined at 330 nm using clorogenic acid as reference compound and indoleacetic
acid derivative at 280 nm using 3 indoleacetic acid (Sigma-Aldrich, St. Louis, MO, USA).
Carotenoids were determined at 450 nm using β beta-carotene as reference compound
(Extrasynthese, Lione, Francia). In all cases, actual concentrations of the derivatives were
calculated after applying corrections for differences in molecular weight.

2.5. Total Phenolic Content

The total phenolic content was determined using the Folin–Ciocalteu method, de-
scribed by Singleton et al. [57] and slightly modified according to Dewanto et al. [58]. To
125 µL of the suitably diluted sample extract, 0.5 mL of deionized water and 125 µL of the
Folin–Ciocalteu reagent were added. The mixture was kept for 6 min and then 1.25 mL of a
7% aqueous Na2CO3 solution were added. The final volume was adjusted to 3 mL with
water. After 90 min, the absorption was measured at 760 nm against water as a blank. The
amount of total phenolics is expressed as gallic acid equivalents (GAE, mg gallic acid/100 g
sample) through the calibration curve of gallic acid. The calibration curve ranged from 20
to 500 µg/mL (R2 = 0.9969) [57,58].
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2.6. Cell Culture

Human Embryonic Kidney 293 (HEK-293) cells and Madin–Darby canine kidney
(MDCK) cells were cultured in DMEM supplemented with GlutaMAX, 10% (v/v), fetal
bovine serum, 100 U/mL penicillin and100 µg/mL streptomycin at 37 ◦C with 5% CO2.

2.7. MTT Assay

5000 cells/well MDCK and HEK-293 cells were seeded in 96 well plates and allowed
to adhere for 24 h. For viability studies, cells were incubated for 24 h to 72 h with beta-
carotene, indole-3-acetic acid, caffeic acid (in DMSO) and pasta extracts alone or in presence
of magnesium monoperoxyphtalate (MMPP, Sigma-Aldrich, St. Louis, MO, USA). DMSO
in the medium at equal concentrations to those used for the tested compounds was used
for untreated samples. The tested concentration for the standards were ranging from 2 pM
to 10 µM, while for MMPP from 0.001 to 0.05 mg/mL. Cell viability were measured 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, Sigma-Aldrich, St. Louis,
MO, USA). The plates were incubated at 37 ◦C for 1 h and then the Formazan produced by
the MTT reduction was solubilized in DMSO. Absorbance was determined on a micro plate
reader (Mithras LB 940-Berthold) at 570 nm. The percentage of cell viability was calculated
using the ratio AbsTEST/AbsCTRL.

2.8. Statistical Analysis

Each experiment was performed in quadruplicate and repeated at least three times.
Differences in viability percentages were assessed using paired Student’s t test and two-way
ANOVA followed by a post-hoc test with Holm’s correction for multiple comparison over
concentrations metabolites (p < 0.05). Results were expressed as mean ± standard error
and the analysis were performed by R-Studio environment [59] for R version 3.6.3 [60]
using the package “Tidyverse” [61].

3. Results and Discussion
3.1. Determination of the Chemical Quality of Pasta Samples

The nutritional information of a food allows making informed food and dietary
choices. Pasta is traditionally prepared from semolina but even with other cereals, all
contain starch as a principal constituent followed by protein, fat, vitamins, minerals and
bioactive compounds [62]. In Table S1 are reported the nutritional data.

To compare the nutritional values of several types of pasta enriched in bioactive
compounds due to the different source of cereals or to the supplementation of specific
ingredients, we analyzed buckwheat pasta, rye pasta and egg pasta. In order to obtain
extracts enriched in the various subclasses of compounds present in the pasta samples,
both hydroalcoholic and acetone extractions were carried out and analyzed. Individual
polyphenols were tentatively identified using data from HPLC-DAD-MS analysis by com-
parison and combination of their retention times and mass spectrometry and UV spectra
(see Figures S1–S5 for same example of MS spectra) and comparing results with stan-
dards (kaempferol, quercetin, rutin and ferulic acid) and previous bibliographic works.
In particular, in hydroalcoholic extracts, flavonoids, caffeic and indoleacetic acid deriva-
tives were identified (Table 1): the indoleacetic acid derivative is the main compound as
described before even for semolina. [63]. Considering relative compositions, buckwheat
pasta showed higher levels of flavonoids, in particular quercetin derivatives are the main
flavonols as previously reported in buckwheat [64,65], and negligible presence of caffeic
acid derivatives; rye pasta showed higher levels of caffeic acid derivatives, in particular
ferulic acid [66] and low content of flavonoids; egg pasta presented only low concentration
of flavonoids (apigenin derivative [67]) and no presence of caffeic acid derivatives.
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Table 1. Caffeic derivatives (caffeic der), flavonoids and indoleacetic acid derivative (IAA der) content
in cooked pasta samples. Data are the mean of three determinations (standard deviation < 5%). The
percentage of single classes of identified compounds is shown in brackets.

IAA der
mg/100 g (%)

Flavonoids
mg/100 g (%)

Caffeic der
mg/100 g (%)

buckwheat pasta (1) 2.7 ± 0.086 (37) 4.1 ± 0.114 (56) 0.6 ± 0.025 (7)
rye pasta (2) 1.6 ± 0.041 (44) 0.6 ± 0.019 (17) 1.5 ± 0.052 (39)
Egg pasta (3) 4.8 ± 0.110 (85) 0.8 ± 0.021 (15) -

As an example, the chromatographic profiles of cooked pasta samples, recorded at
350 nm, are presented in Figure 1. The figure reveals the qualitative composition of the
samples analyzed.
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Figure 1. Chromatographic profile (Relative abundance as y axis vs. Retention time as x axis)
acquired by HPLC-DAD (350 nm) of the hydroalcholic extracts of cooked buckwheat pasta, rye
pasta, egg pasta. Identified compounds: 1 = indoleacetic acid derivative, 2,2′ = apigenin diglicosides,
3 = rutin, 4 = ferulic acid, 5 = quercetin, 6 = kaempferol, f = flavonoids.

Even carotenoids were pointed out in egg pasta and buckwheat pasta, and Figure 2
shows the HPLC-DAD chromatogram (450 nm) of the acetone extract of cooked egg
pasta sample.
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Lutein was the main carotenoid identified in the acetone extracts, with similar relative
content with respect to the overall carotenoids species, as shown in Table 2, in line with
previous studies [68]. Carotenoids were not detected in rye pasta.

Table 2. Carotenoids and lutein content in cooked pasta samples. Data are the mean of three
determinations (standard deviation < 5%).

Carotenoids mg/100 g Lutein mg/100 g

buckwheat pasta (1) 0.08 ± 0.002 0.06 ± 0.002

Egg pasta (3) 0.16 ± 0.006 0.11 ± 0.004

The presence of antioxidant secondary metabolites has been evaluated in the pasta
samples as well (Table 3). The total antioxidant capacity of biocomponents, likely due
to the activity of phenol/polyphenol was assessed and the amount of such molecules
was deduced.

Table 3. Total phenolic content (GAE, mg gallic acid/100g, Folin–Ciocalteu method) in cooked pasta
samples. Data are the mean of three determinations (standard deviation < 5%).

GAE, mg Gallic Acid/100 g Pasta

buckwheat pasta (1) 33.23 ± 0.598
rye pasta (2) 21.03 ± 0.273
egg pasta (3) 11.55 ± 0.1848

Buckwheat pasta sample has higher values than other pasta’s samples in terms of total
phenolic content.

3.2. Effect of Indole-3-Acetic Acid, β-Carotene and Caffeic Acid on Cells Viability

Mediterranean diet has been recognized as a source of anti-oxidant molecules, which
protect the organism against oxidative stress and support the healthy status [2]. Therefore,
we wondered whether the biomolecules detected in our pasta samples can affect cell
viability and at which extent. We used HEK-293 and MDCK healthy kidney cells to
determine the activity of indoleacetic acid, β-carotene and caffeic acid standard compounds.
The kidney is especially susceptible to oxidative stress and the accumulation of free radicals
leads to renal impaired function [69]. Cells were incubated with scalar concentration of the
standard compounds and the cell viability was measured at different time points (Figure 3
and Figure S6).

Nutrients 2021, 13, x FOR PEER REVIEW 7 of 17 
 

 

Lutein was the main carotenoid identified in the acetone extracts, with similar rela-
tive content with respect to the overall carotenoids species, as shown in Table 2, in line 
with previous studies [68]. Carotenoids were not detected in rye pasta. 

Table 2. Carotenoids and lutein content in cooked pasta samples. Data are the mean of three deter-
minations (standard deviation < 5%). 

 Carotenoids mg/100 g Lutein mg/100 g 
buckwheat pasta (1)  0.08 ± 0.002 0.06 ± 0.002 

Egg pasta (3) 0.16 ± 0.006 0.11 ± 0.004 

The presence of antioxidant secondary metabolites has been evaluated in the pasta sam-
ples as well (Table 3). The total antioxidant capacity of biocomponents, likely due to the activ-
ity of phenol/polyphenol was assessed and the amount of such molecules was deduced. 

Table 3. Total phenolic content (GAE, mg gallic acid/100g, Folin–Ciocalteu method) in cooked 
pasta samples. Data are the mean of three determinations (standard deviation < 5%). 

 GAE, mg Gallic Acid/100 g Pasta  
buckwheat pasta (1) 33.23 ± 0.598 

rye pasta (2) 21.03 ± 0.273 
egg pasta (3) 11.55 ± 0.1848 

Buckwheat pasta sample has higher values than other pasta’s samples in terms of 
total phenolic content. 

3.2. Effect of Indole-3-Acetic Acid, β-Carotene and Caffeic Acid on Cells Viability 
Mediterranean diet has been recognized as a source of anti-oxidant molecules, which 

protect the organism against oxidative stress and support the healthy status [2]. Therefore, 
we wondered whether the biomolecules detected in our pasta samples can affect cell viabil-
ity and at which extent. We used HEK-293 and MDCK healthy kidney cells to determine the 
activity of indoleacetic acid, β-carotene and caffeic acid standard compounds. The kidney is 
especially susceptible to oxidative stress and the accumulation of free radicals leads to renal 
impaired function [69]. Cells were incubated with scalar concentration of the standard com-
pounds and the cell viability was measured at different time points (Figure 3 and Figure S6). 

 
Figure 3. Detection cell viability of HEK-293 (A) and MDCK (B) incubated with increasing amount 
of indoleacetic acid, β-carotene and caffeic acid for 24 (B) or 72 h (A). Reported values correspond 
to mean of cell viability with standard error over three biological replicates. The percentage of cell 
viability was calculated using the ratio AbsTEST/AbsCTRL. 

They were found not to exert any toxic effect on HEK-293 cells for all the tested con-
centrations at times of incubation. Only β-carotene reduced cell viability in a u-shape man-

Figure 3. Detection cell viability of HEK-293 (A) and MDCK (B) incubated with increasing amount
of indoleacetic acid, β-carotene and caffeic acid for 24 (B) or 72 h (A). Reported values correspond
to mean of cell viability with standard error over three biological replicates. The percentage of cell
viability was calculated using the ratio AbsTEST/AbsCTRL.
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They were found not to exert any toxic effect on HEK-293 cells for all the tested concen-
trations at times of incubation. Only β-carotene reduced cell viability in a u-shape manner
on HEK-293 cells and in a dose-dependent manner in MDCK cells (Figure 3). Remarkably,
the concentrations likely reached in body after the consumption of a standard pasta meal
(usually 80 gr) are in the range of the lowest tested (2 × 10−5–2 × 10−4 µM, [70,71]), which
provided a weak enhancement of the viability on both cell lines. On the other hand, at
higher concentrations above 0.2 µM, which can be obtained only pharmacologically, caffeic
acid showed a significant improvement of the cell viability, while indoleacetic acid and
β-carotene showed comparable effects along the increase of concentration (2–20 µM) in
HEK-293 cells along the time.

3.3. Effect of Indole-3-Acetic Acid, β-Carotene and Caffeic Acid on MMPP-Treated Cells

We next wondered if indoleacetic acid, β-carotene and caffeic acid can counteract a
stress induced by the oxidizing agent MMPP. First, we tested the MMPP effect by exposing
HEK-293 and MDCK cells to serial dilutions (0.005–0.05 mg/mL) to the drug and the
cell viability was determined. A dose-dependent decrease following MMPP treatment
was noticed and the IC50 was comparable in the two cell lines tested. After incuba-
tion with 20–25 µg/mL MMPP the cell viability was significantly decreased to around
50–60% (Figure 4) and the half maximal inhibitory concentration (IC50) was calculated to
be 26 µg/mL for HEK-293 and 22 µg/mL for MDCK.
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Figure 4. Effect of magnesium monoperoxyphtalate (MMPP) on cell viability of HEK-293 (A) and
MDCK (B) after 24 (B) or 72 (A) hours incubation.

Then, we tested the protective activity of our anti-oxidant molecules on MMPP-
treated cells, by supplementing the cell media with 2 × 10−5 nM indoleacetic, β-carotene
or caffeic acid. A slightly positive effect on cell viability of both HEK-293 and MDCK was
confirmed by employing the standards as such at the dose likely derived from a pasta
portion (Figure 5).

As expected, MMPP reduced the call viability to 60–65%; the treatment with in-
doleacetic acid or β-carotene counteract the MMPP effect and rescued the cell viability
by 30% (p < 0.001) and 27% (p > 0.01) respectively on HEK-293 cells, while caffeic acid
did not exert any significant effect. In the presence of an oxidant agent, beta-carotene and
indoleacetic acid showed a protective effect on the cells at a low concentration, whereas
caffeic acid did not counteract oxidative stress at the concentration needed to enhance cell
viability. Those positive effects are likely due to the antioxidant properties of indoleacetic
acid and carotenoids that can significantly counterbalance the MMPP-mediated cytotoxi-
city at the dose used in this experimental condition. Nevertheless, no significant rescue
was observed on MMPP-treated MDCK cells, suggesting that, even of standards alone
displayed a significantly positive effect on cell viability, they are not sufficient to tackle
the MMPP-induced oxidative stress. Embryonal HEK-293 cells seem to be more prompt
to arrange a defense line against stress than adult MDCK, presumably due to additional
cellular redox homeostasis systems.
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Figure 5. Effect of indoleacetic acid, β-carotene and caffeic acid on the cell viability of HEK-293 (A)
and MDCK (B) in the absence or presence of MMPP after 24 (B) or 72 (A) hours incubation. Reported
values correspond to mean of cell viability with standard error over three biological replicates. The
percentage of cell viability was calculated using the ratio AbsTEST/AbsCTRL. * p < 0.05; ** p < 0.01.

3.4. Effect of the Pasta-Derived Carotenoid-Enriched Fraction on MMPP-Induced Cytotoxicity

To evaluate the effects of the carotenoid-enriched fractions derived from the acetone
extraction of buckwheat pasta and egg pasta on renal cells in the presence of oxidative
stress, HEK-293 cells were incubated with different concentrations of extracts ranking from
2 × 10−6 µM to 2 × 10−3 µM in presence of MMPP for 72 h (Figure 6 and Table S2). The
concentration used refers to the of β-carotene concentration detected in the extract (Table 2).
The lutein content ranged from 1.5 × 10−6 µM to 1.5 × 10−3 µM in Buckwheat pasta and
from 1.34 × 10−6 µM to 1.34 × 10−3 µM in egg pasta.
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Figure 6. Effect of the pasta-derived carotenoid-enriched fractions on the cell viability of HEK-293
in the absence (left, red) or presence (right, blue) of MMPP after 72 h incubation. Reported values
correspond to mean of the difference in cell viability between tested phytocomplexes and reference
(medium in red, and MMPP in blue) with standard error over three biological replicates. The
percentage of cell viability was calculated using the ratio AbsTEST/AbsCTRL.

In both acetone extracts, the presence of natural phytocomplexes, showed different
effects with respect to the single standard, resulting more active at lower concentrations.
As the concentration of extracts from egg pasta increases, a reduction of cell viability was
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observed. The lowest concentration of carotenoid extracts (2 × 10−6 µM) induced a modest
positive effect alone or in the presence of MMPP on HEK-293 cells. Buckwheat pasta extract
generated an enhancement of cell viability as the extract alone, but also in the presence of
MMPP ranging from 32 ± 5% at lowest concentration to 21 ± 9% for 2 × 10−4 µM.

The activity of acetone extracts was assessed also on MDCK cells in presence or absence
of MMPP and compared with that obtained in HEK-293 cells (Figure 7 and Table S2).
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Figure 7. Effect of the pasta-derived carotenoid-enriched fractions on the cell viability of Madin–
Darby canine kidney (MDCK) in the absence (left, red) or presence (right, blue) of MMPP after 24 h
incubation. Reported values correspond to mean of the difference in cell viability between tested
phytocomplexes and reference (medium in red, and MMPP in blue) with standard error over three
biological replicates. The percentage of cell viability was calculated using the ratio AbsTEST/AbsCTRL.

Carotenoids-enriched extracts gave an overall pro-viability effect at all the tested
concentrations for both types of pasta. With respect to HEK-293 buckwheat pasta extract
gave a better rescue upon MMPP treatment for all the doses ranging from 50 ± 7% to
82 ± 5% compared to HEK-239 cells; extracts from egg pasta exerted a small rescue only at
the lowest concentration of carotenoids 2 × 10−6 µM in the presence of MMPP, suggesting
that the specific composition of extracts plays a key role in the response. Thus, buckwheat
pasta showed a greater rescue capacity on the cell viability with respect to egg pasta and
since the experiments were performed using the same amount of β-carotene, the difference
could be due to the presence of minor compounds, such as flavonoids compounds, higher
in the former.

Carotenoids species are involved in different chemical reactions exerting a dual nature
of oxidant and anti-oxidant depending the biological context and their concentrations: this
high reactivity is due to the presence of the conjugated double bounds [72]. Their antiox-
idant role was associated with the ability to delocalize the electrons given by oxidative
species and radicals [73,74]. In the presence of high oxidative conditions their activity may
be converted to pro-oxidant [75]. In our cases, this finding was observed in egg pasta for
HEK-293 (both alone and in presence of MMPP) and MDCK cells in presence of MMPP,
where different doses of acetone extract produced opposite effects.

3.5. Effect of Hydroalcoholic Extract on MMPP-Induced Cytotoxicity

Afterwards, we evaluated the effects of the hydroalcoholic extracts from of buckwheat
pasta, rye pasta and egg pasta on renal cells by testing different concentrations ranking from
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5× 10−5 µM to 5× 10−1 µM with or without MMPP (Figure 8 and Table S3). The concentra-
tion used refers to the concentration of total phenolic content detected in the extract (Table 3).
According to the content of the pasta samples reported in Table 1, for Buckwheat pasta the
concentration of Indoleacetic acid was ranking from 1.85 × 10−5 µM to 1.85 × 10−1 µM, for
caffeic acid derivates was ranking from 3.5 × 10−6 µM to 3.5 × 10−2 µM and for flavonoids
content was ranking from 2.8 × 10−5 µM to 2.8 × 10−1 µM; for rye pasta the concentra-
tion of Indoleacetic acid was ranking from 2.2 × 10−5 µM to 2.2 × 10−1 µM, for caffeic
acid derivates from 1.95 × 10−5 µM to 1.95 × 10−1 µM and for flavonoids species from
8.5 × 10−6 µM to 8.5 × 10−2 µM; for egg pasta the concentration of Indoleacetic acid was
ranking from 4.25× 10−5 µM to 4.25× 10−1 µM, for flavonoids species from 7.5 × 10−6 µM
to 1.85 × 10−2 µM while no caffeic acid derivatives were present.

Nutrients 2021, 13, x FOR PEER REVIEW 11 of 17 
 

 

3.5. Effect of Hydroalcoholic Extract on MMPP-Induced Cytotoxicity 
Afterwards, we evaluated the effects of the hydroalcoholic extracts from of buck-

wheat pasta, rye pasta and egg pasta on renal cells by testing different concentrations 
ranking from 5 × 10−5 µM to 5 × 10−1 µM with or without MMPP (Figure 8 and Table S3). 
The concentration used refers to the concentration of total phenolic content detected in 
the extract (Table 3). According to the content of the pasta samples reported in Table 1, for 
Buckwheat pasta the concentration of Indoleacetic acid was ranking from 1.85 × 10−5 µM 
to 1.85 × 10−1 µM, for caffeic acid derivates was ranking from 3.5 × 10−6 µM to 3.5 × 10−2 µM 
and for flavonoids content was ranking from 2.8 × 10−5 µM to 2.8 × 10−1 µM; for rye pasta 
the concentration of Indoleacetic acid was ranking from 2.2 × 10−5 µM to 2.2 × 10−1 µM, for 
caffeic acid derivates from 1.95 × 10−5 µM to 1.95 × 10−1 µM and for flavonoids species from 
8.5 × 10−6 µM to 8.5 × 10−2 µM; for egg pasta the concentration of Indoleacetic acid was 
ranking from 4.25 × 10−5 µM to 4.25 × 10−1 µM, for flavonoids species from 7.5 × 10−6 µM to 
1.85 × 10−2 µM while no caffeic acid derivatives were present. 

 
Figure 8. Effect of the pasta-derived hydroalcoholic extracts on the cell viability of HEK-293 in the 
absence (left, red) or presence (right, blue) of MMPP after 72 hours incubation. Reported values 
correspond to mean of the difference in cell viability between tested phytocomplexes and refer-
ence (medium in red, and MMPP in blue) with standard error over three biological replicates. The 
percentage of cell viability was calculated using the ratio AbsTEST/AbsCTRL. 

Hydroalcoholic extract from egg pasta did not exert any significant effect on HEK-
293 viability independently on the presence of oxidative stress. Extract from buckwheat 
pasta showed an enhancement of cell viability upon MMPP treatment only at the highest 
concentration (28 ± 6%). Rye pasta extract alone showed a general enhancement of the cell 
viability for all the doses ranging from 14 ± 7% to 18 ± 1% as well as in the presence of 
MMPP from 27 ± 3% to 13 ± 3%. The phytocomplex presented in the extracts, resulted to 
be more active than single standards, exerting an effect on cell viability at lower concen-
trations compared to the latter. These results suggest that in the hydroalcoholic extracts, 
the major role in the rescue could be attributed to the presence of caffeic acid derivatives, 
observing higher rescue for rye pasta and lower/negligible effect for egg past, in which 
they are not detectable. 

The hydroalcoholic extract were then tested on MDCK cells in the same conditions 
as before and the cell viability was assessed (Figure 9 and Table S4). 

Figure 8. Effect of the pasta-derived hydroalcoholic extracts on the cell viability of HEK-293 in
the absence (left, red) or presence (right, blue) of MMPP after 72 h incubation. Reported values
correspond to mean of the difference in cell viability between tested phytocomplexes and reference
(medium in red, and MMPP in blue) with standard error over three biological replicates. The
percentage of cell viability was calculated using the ratio AbsTEST/AbsCTRL.

Hydroalcoholic extract from egg pasta did not exert any significant effect on HEK-
293 viability independently on the presence of oxidative stress. Extract from buckwheat
pasta showed an enhancement of cell viability upon MMPP treatment only at the highest
concentration (28 ± 6%). Rye pasta extract alone showed a general enhancement of the cell
viability for all the doses ranging from 14 ± 7% to 18 ± 1% as well as in the presence of
MMPP from 27± 3% to 13± 3%. The phytocomplex presented in the extracts, resulted to be
more active than single standards, exerting an effect on cell viability at lower concentrations
compared to the latter. These results suggest that in the hydroalcoholic extracts, the major
role in the rescue could be attributed to the presence of caffeic acid derivatives, observing
higher rescue for rye pasta and lower/negligible effect for egg past, in which they are
not detectable.

The hydroalcoholic extract were then tested on MDCK cells in the same conditions as
before and the cell viability was assessed (Figure 9 and Table S4).

The hydroalcoholic extract from buckwheat and egg pasta displayed contrasting
effects on cell viability: the first increases it, while the latter reduces it; no effect upon
MMPP treatment was detected for both. Extract from rye pasta alone did not show any
notable effect on cells viability, but it reveals a strong protective effect against MMPP-
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mediated oxidative stress at all the concentrations ranging from 50 ± 7% to 61 ± 21%. In
standard conditions.
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Figure 9. Effect of the pasta-derived hydroalcoholic extracts on the cell viability of MDCK in
the absence (left, red) or presence (right, blue) of MMPP after 24 h incubation. Reported values
correspond to mean of the difference in cell viability between tested phytocomplexes and reference
(medium in red, and MMPP in blue) with standard error over three biological replicates. The
percentage of cell viability was calculated using the ratio AbsTEST/AbsCTRL.

In the absence of MMPP, the high content of indoleacetic acid in the extract from egg
pasta seems to exert a toxic effect on cell viability. Comparing the two cells models, we
observed different behaviors with respect to the buckwheat and rye pasta in the absence of
MMPP. In particular, HEK-293 showed an increase of viability with the latter, while MDCK
with the former. The differences are related to the action of the phytocomplexes which are
characterized by a higher content of flavonoids for the buckwheat pasta. The rescue on
cell viability among samples, as observed for both cell lines, corresponds to the increase
content of caffeic acid derivatives in rye pasta.

The study of the interaction between polyphenols containing phytocomplexes and
renal cells, could help to investigate the known important effects on renal physiology
exerted by those compounds [76], focusing on one of possible vehicle, pasta, typically
associated with renal healthy diet. As a general rule, the metabolites of polyphenols have a
plasma half-life of a few hours and are rapidly eliminated by the kidney and by the liver:
the urinary and the biliary excretion route. The total amount of polyphenol metabolites
excreted in urine is correlated not only with their maximum plasma concentration but also
with their ability to be excreted by biliary rather than urinary tract. For example, urinary
excretion of quercetin and its glycosides accounts for 0.3–1.4% of the ingested dose [77];
for caffeic acid and for ferulic acids accounts for 5.9% and 27% respectively. Therefore,
pasta-derived polyphenols can have a positive impact on renal cells depending on their
amount and metabolism. Further studies are needed to better define their contribution to
kidney health.

4. Conclusions

The consumption of pasta is nowadays so diffused and accessible that this food could
be one of the most common carriers for important metabolites, such as carotenoids and
polyphenols that have been associated to general health and to protective mechanisms for
kidney. In this study, we assessed the positive effects of bioactive compounds by comparing
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different type of pasta, highlighting how it represents an unconventional source of them.
The comparison of the different cell responses between single molecules and extracts
suggests considering the exerted activity as derived from the whole phytocomplex whit the
presence of carotenoids such as lutein and polyphenols such as indoleacetic acid, respect
to the individual species and the consequential attention to the raw materials. The scope
of this study was (1) to strengthen the role of pasta as a food for the promotion of renal
health in the healthy population and (2) for it to be a starting point for the improvement
of the micronutrient profile in aproteic pastas. The results of this study suggest that the
antioxidant species present in pasta play a major role in the protection of kidney cells from
oxidative stress and reinforces the healthy role of quality organic pasta in the Mediterranean
diet. High oxidative stress characterizes CKD and an anti-oxidant compounds can be
beneficial to counteract it.

Even though the WHO and the FDA consider pasta as the most adequate food for
fortification, in agreement with the very definition of fortified food (which is supplementing
food with what is deficient in the population), we believe that pasta fortification is necessary
only for special medical purpose, including protein-free pasta for CKD patients. For
these patients, the micronutrient deficit in protein-free food and the necessary dietary
restrictions to which they are subjected could generate nutritional deficiencies. In all the
other cases, pasta fortification may not be necessary since pasta is naturally rich in complex
carbohydrates and protein and low in fat and is therefore an already highly nutritious food
by itself, especially if it is whole wheat based. Our study was meant to be an explorative
preliminary study aimed at evaluating the possible beneficial effect that the polyphenolic
components present in pasta could elicit on renal cells.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nu13041131/s1, Table S1: Nutritional Table. Table S2—Detection of cell viability variation
of HEK-293 and MDCK incubated with increasing amount of carotenoid-enriched fraction from
Buckwheat pasta and Egg pasta on medium and MMPP for 72 (HEK-293) and 24 (MDCK) hours.
* p < 0.5, ** p < 0.01, *** p < 0.001. Table S3—Detection of cell viability variation of HEK-293 incubated
with increasing amount of hydroalcoholic extract from Buckwheat pasta, Rye pasta and Egg pasta on
medium and MMPP for 72 h. * p < 0.5, ** p < 0.01, *** p < 0.001. Table S4—Detection of cell viability
variation of MDCK incubated with increasing amount of hydroalcoholic extract from Buckwheat
pasta, Rye pasta and Egg pasta on medium and MMPP for 24 h. * p < 0.5, ** p < 0.01, *** p < 0.001.
Figure S1: MS spectra of Kaempferol in Buckwheat cooked pasta hydroalcoholic extract. Figure S2:
MS spectra of quercetin in Buckwheat cooked pasta hydroalcoholic extract. Figure S3: MS spectra of
rutin in cooked pasta hydroalcoholic extract. Figure S4: MS spectra of ferulic acid one in rye cooked
pasta hydroalcoholic extract. Figure S5: MS spectra of apigenin diglicosides in egg cooked pasta
hydroalcoholic extract. Figure S6: Detection cell viability of HEK-293 incubated with increasing
amount of Indoleacetic acid, β-carotene and caffeic acid for 24 (A) and 48 (B) hours Reported
values correspond to mean of cell viability with standard error over three biological replicates. The
percentage of cell viability was calculated using the ratio AbsTEST/AbsCTRL.
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69. Gyurászová, M.; Gurecká, R.; Bábíčková, J.; Tóthová, L’. Oxidative Stress in the Pathophysiology of Kidney Disease: Implications
for Noninvasive Monitoring and Identification of Biomarkers. Oxidative Med. Cell. Longev. 2020, 2020, 5478708. [CrossRef]

70. Haskell, M.J. The challenge to reach nutritional adequacy for vitamin A: β-carotene bioavailability and conversion—Evidence in
humans. Am. J. Clin. Nutr. 2012, 96, 1193S–1203S. [CrossRef]

71. Olthof, M.R.; Hollman, P.C.H.; Katan, M.B. Chlorogenic acid and caffeic acid are absorbed in humans. J. Nutr. 2001, 131, 66–71.
[CrossRef]

72. Ribeiro, D.; Freitas, M.; Silva, A.M.S.; Carvalho, F.; Fernandes, E. Antioxidant and pro-oxidant activities of carotenoids and their
oxidation products. Food Chem. Toxicol. 2018, 120, 681–699. [CrossRef]

73. Jomova, K.; Valko, M. Health protective effects of carotenoids and their interactions with other biological antioxidants. Eur. J.
Med. Chem. 2013, 70, 102–110. [CrossRef]

74. Rao, A.V.; Rao, L.G. Carotenoids and human health. Pharmacol. Res. 2007, 55, 207–216. [CrossRef] [PubMed]
75. Kikugawa, K.; Hiramoto, K.; Tomiyama, S.; Asano, Y. β-Carotene effectively scavenges toxic nitrogen oxides: Nitrogen dioxide

and peroxynitrous acid. FEBS Lett. 1997, 404, 175–178. [CrossRef]
76. Mafra, D.; Borges, N.A.; Lindholm, B.; Shiels, P.G.; Evenepoel, P.; Stenvinkel, P. Food as medicine: Targeting the uraemic

phenotype in chronic kidney disease. Nat. Rev. Nephrol. 2020, 17, 153–171. [CrossRef] [PubMed]
77. Graefe, E.U.; Wittig, J.; Mueller, S.; Riethling, A.K.; Uehleke, B.; Drewelow, B.; Pforte, H.; Jacobasch, G.; Derendorf, H.; Veit, M.

Pharmacokinetics and bioavailability of quercetin glycosides in humans. J. Clin. Pharmacol. 2001, 41, 492–499. [CrossRef]
[PubMed]

130



nutrients

Article

Adherence to Dietary Guidelines in Adults by
Diabetes Status: Results From the 2012 Mexican
National Health and Nutrition Survey

Nancy López-Olmedo 1 , Satya Jonnalagadda 2 , Ana Basto-Abreu 1 , Alan Reyes-García 1,
Carolyn J. Alish 2, Teresa Shamah-Levy 3 and Tonatiuh Barrientos-Gutierrez 1,*

1 Center for Population Health Research, National Institute of Public Health, Cuernavaca,
Morelos 62100, Mexico; nancy.lopez@insp.mx (N.L.-O.); ana.basto@insp.mx (A.B.-A.);
rega.nutri@gmail.com (A.R.-G.)

2 Abbott Nutrition, Columbus, OH 43219, USA; satya.jonnalagadda@abbott.com (S.J.);
calish@columbus.rr.com (C.J.A.)

3 Evaluation and Surveys Research Center, National Institute of Public Health, Cuernavaca,
Morelos 62100, Mexico; tshamah@insp.mx

* Correspondence: tbarrientos@insp.mx; Tel.: +52-5487-1015

Received: 26 September 2020; Accepted: 23 October 2020; Published: 12 November 2020

Abstract: The aims of the present study were to compare the adherence to dietary guidelines and
evaluate potential differences in nutrient profiles among adults by diabetes status. We used the
Mexican Alternate Healthy Eating Index (MxAHEI) to evaluate adherence to dietary guidelines.
We calculated the MxAHEI scores (total and by dietary component) with scales from 0 (non-adherence)
to 100 (perfect adherence) based on a food frequency questionnaire. Mean daily intakes of
macronutrients and micronutrients (g, mg, mcg/1000 kcal per day) were also estimated by diabetes
status. Sex-specific, multivariable linear regression models were estimated to test whether MxAHEI
scores as well as nutrient intakes were different by diabetes status. Mexican adults had low adherence
to the dietary guidelines irrespective of their diabetes status (score < 50 points). Among men,
the MxAHEI score was 2.6 points higher among those with diabetes than those without diabetes (46.9;
95% confidence intervals (CI): 44.6, 49.2 vs. 44.3; 95% CI: 44.2, 45.6, respectively). Among women,
the total MxAHEI score was similar in individuals with diabetes compared to those without diabetes.
Lower intakes of carbohydrates and added sugars and higher intakes of protein, calcium, and zinc
were observed in individuals with diabetes. Our findings support the development of strategies
focused on promoting dietary patterns that can help to prevent and control the disease.

Keywords: dietary patterns; diabetes; Mexican adults

1. Introduction

In 2016, type 2 diabetes was declared an epidemiological emergency in Mexico. Diabetes is the
second cause of death in the country, where it accounts for 15.2% of all deaths annually and is the
leading cause for years of life lost [1]. The prevalence of diagnosed diabetes in Mexico is 9.4% of all
adults, representing 6.5 million people with diabetes. Complications of diabetes are frequent, 21.1% of
people with type 2 diabetes mellitus experience microvascular complications (diabetic foot, retinopathy,
or nephropathy), and 3.4% have macrovascular complications [2]. In 2011, diabetes costs in Mexico
were estimated to be 7.7 billion US dollars each year [2], of which 44% were direct healthcare costs [3].

Nutrition therapy is a cornerstone of the management and prevention of diabetes. Recent updates
to the American Diabetes Association (ADA) nutrition guidelines states that treatment and prevention
of the disease should be focused on the overall diet more than a single nutrient or food group [4].
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In individuals with diabetes, higher adherence to healthy dietary patterns have been associated with
lower glycated hemoglobin levels and lower risk of diabetes complications [3]. However, adherence to
healthy diets among people with diabetes can be challenging and remains a fundamental barrier to
diabetes management worldwide [5,6].

Dietary indices have been recommended to evaluate adherence to dietary recommendations
among individuals or populations. The Alternate Healthy Eating Index (AHEI) represents a measure of
diet quality in relation to nutrition guidelines to manage and prevent chronic diseases such as diabetes
because it was developed on evidence-based recommendations that specific foods and nutrients
can have synergistic or antagonistic effects in the development or management of chronic diseases,
particularly cardiometabolic diseases [2,7–9].

In Mexico, 22% of the population with diabetes reported modifying their diets as part of their
diabetes management [2]. However, no study has evaluated the diet quality of adults with diabetes
or examined whether diet quality differs based on diabetes status at the national level in Mexico.
We aimed to compare the diet quality between adults with and without self-reported diabetes using
food frequency data from the 2012 Mexican National Health and Nutrition Survey (ENSANUT),
and the AHEI adapted to the Mexican context [10]. We also evaluated the intake of macronutrients
and micronutrients by diabetes status as a secondary aim. Conducting this type of analysis is useful to
understand the dietary behaviors of people with diabetes and could provide a platform to develop
food and nutrition policies for this population.

2. Materials and Methods

2.1. Data Source and Population

The 2012 ENSANUT is a cross-sectional, multistage, stratified, and cluster-sampled survey
representative of urban and rural areas, at the national, regional, and state levels in Mexico.
The design and methods are described elsewhere [11]. Briefly, the 2012 ENSANUT was conducted
between October 2011 and May 2012 and obtained information about sociodemographic, nutrition,
and health characteristics from 96,031 people. Dietary information was obtained using a validated
Semi-Quantitative Food Frequency Questionnaire (SFFQ) [12,13] applied to a random subsample of
11% of the sample. This study was conducted according to the guidelines in the Declaration of Helsinki,
and all procedures involving human participants were approved by the Ethics Committee of the
Mexican National Institute of Public Health (project number 1033, approval 1108). Written informed
consent was obtained from all participants under study.

We included males and non-pregnant and non-lactating females >18 years (n = 7 512) and excluded
individuals with incomplete health, anthropometric, or sociodemographic information (n = 400).
We also excluded 56 individuals with extreme total energy intake (expressed as the ratio of total
energy intake to estimated energy requirement in logarithmic scale +/−3 standard deviations (SD)),
as previously described [14]. The analytical sample was composed of 2762 participants, who were
stratified by sex and diabetes status.

2.2. Dietary Information

Trained interviewers collected dietary information using the 140-item Semi-Quantitative Food
Frequency Questionnaire (SFFQ) adapted by the Mexican National Institute of Public Health. For each
food, participants reported the frequency and the number of standard portions consumed over seven
days prior to the interview. We then converted the reported intake into grams or milliliters per day.
We considered edible portion and density factor to obtain net grams of solid food consumed and
milliliters consumed from beverages, respectively. It is relevant to notice that the SFFQ has individual
foods and mixtures (dishes with sets of default ingredients). For the present analysis, we disaggregated
these mixtures into their component ingredients using standard recipes. Energy and nutrient values
were estimated using a Food Composition Table compiled by the Mexican National Institute of Public
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Health in Morelos, Mexico [15]. Added sugar values were estimated with methodology used by
Sánchez-Pimienta et al. [16]. The portion sizes of each SFFQ item were estimated based on the Mexican
Equivalent Food System [17].

2.3. Mexican Healthy Eating Index (MxAHEI)

We evaluated the adherence to dietary guidelines using the Mexican Alternate Healthy Eating
Index (MxAHEI) [10], which is based on the original AHEI-2010 components and criteria for maximum
and minimum scores [8,18]. Briefly, we identified portion intakes of 12 components: seven for which
higher intakes are recommended (vegetables, whole fruit, fiber from cereals, legumes, nuts, and long
chain omega-3 (n-3) fatty acids (eicosapentaenoic acid—EPA and docosahexaenoic acid—DHA),
and polyunsaturated fats), and five that must be limited or avoided (sugar-sweetened beverages (SSBs),
red and processed meats, sodium, trans fats, and alcohol). Each component was scored on a 0 to 5-
or 9-point scale. The component scores were summed to obtain the total MxAHEI score, which can
range from 0 (non-adherence) to 100 (perfect adherence). Details of the index components and the
score standards are summarized in Table 1.

Table 1. Mexican Alternate Healthy Eating Index. Components and scoring criteria.

Food Component MxAHEI

Maximum Score Criteria for Minimum Score (0) Criteria for Maximum Score

Higher Intake Recommended
Vegetables 9 0 servings ≥5 servings
Whole fruit 9 0 servings ≥4 servings
Fiber from cereals 9 0 g ≥15 g
Legumes 5 0 servings ≥1 serving
Nuts 5 0 servings ≥1 serving
Long-chain (n-3) fatty acids
(EPA + DHA) 9 0 mg ≥250 mg

Polyunsaturated fats a 9 ≤2% of total energy intake ≥10% of total energy intake
Limited Intake Recommended
SSBs 9 ≥1 serving 0 servings
Red and processed meat 9 ≥1.5 serving 0 servings
Sodium 9 >2 g ≤1.5 g
Trans fats 9 ≥4% of total energy intake ≤0.5% of total energy intake
Alcohol
Women 9 ≥2.5 drinks 0.5–1.5 drinks
Men ≥3.5 drinks 0.5–2.0 drinks
Total score 100

a Excluding long-chain (n-3) fatty acids. MxAHEI, Mexican Alternate Healthy Eating Index; DHA, docosahexaenoic
acid; EPA, eicosapentaenoic acid; SSBs, sugar-sweetened beverages.

2.4. Health and Anthropometric Information

We determined self-reported diabetes status (yes/no) from responses to the question “Have you
ever been told by a physician that you have diabetes or high sugar in your blood? Self-reported
hypertension status was defined from responses to the question “Have you ever been told by
a physician that you have high blood pressure or hypertension? Smoking status was self-reported and
categorized as “current”, for study participants who reported smoking at least 100 cigarettes during
their lifetime and having smoked during the last 30 days; “former”, for those who reported smoking
at least 100 cigarettes during their lifetime and who did not currently smoke; and “never” for those
who never smoked. We calculated the Metabolic Equivalents (MET) per week for each individual
based on reported measures of minutes per week of walking, and moderate and vigorous physical
activities. Trained personnel obtained anthropometric measurements using standard procedures [19].
Body weight was measured with participants wearing light clothing using digital scales (Seca ©
872 digital floor scale, Gmbh & Co., Hamburg, Germany); stadiometers (Dyna-top ©, model E-1,
Multimed, Monterrey, Mexico) were used to measure height. We calculated the body mass index (BMI)
using the standard equation and categorized the results into normal, overweight, and obese based on
World Health Organization classification [20].
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2.5. Sociodemographic Variables

We defined rural areas as locations with < 2500 inhabitants and urban areas as locations with
≥ 2500 inhabitants, and we defined regions as North, Center, and South. A wealth index was constructed
using principal components analysis that was applied to household characteristics and assets [21].
The index was then classified into three categories (low, medium, and high) using tertiles of the
distribution of index as cut-off points. Education level was categorized as elementary, middle,
high school, and college or more, according to the last grade of studies completed.

2.6. Statistical Analysis

We conducted a descriptive analysis by sex and diabetes status using means or percentages
and 95% confidence intervals (CI). To test whether the MxAHEI diet scores (total and by dietary
component) were different between individuals with and without diabetes, we performed a sex-specific
linear regression models unadjusted and adjusted for age, hypertension status, BMI, smoking status,
educational level, wealth index, rural/urban area and geographic region. We also estimated daily
intakes of macronutrients, fiber and micronutrients (g, mg, or mcg per 1000 kcal per day). Similarly,
we compared intakes of nutrients between adults with and without diabetes using sex-specific linear
regression models unadjusted and adjusted for the same variables used to analyze the MxAHEI
diet score.

Mean values and 95% confidence intervals were used to present the average dietary scores and
nutrient intakes for men and women with and without diabetes. We used population weighted factors
for all the statistical analyses and considered the survey’s complex sampling design. Statistical tests
were two-tailed and considered significant at P < 0.05. All analyses were carried out using Stata version
13 (StataCorp, Stata Statistical Software, Release 13, 2013. College Station, Texas, United Stated of
America: StataCorp LP) [22].

3. Results

Participant characteristics are presented in Table 2. The 2762 individuals analyzed represent
62.1 million adults, of whom 41.3% were men; 7.2% of men and 9.8% of women reported being
diagnosed with diabetes. Compared to participants without diabetes, participants with diabetes were
older, less educated, and had lower physical activity. They also had a higher prevalence of hypertension
and being overweight and had lower energy intake. In addition, among adults with diabetes, the time
since diagnosis was longer among women than men. Moreover, regardless of the diabetes status,
the mean of total MxAHEI score was less than half of the maximum score (100).

Among men, using the unadjusted models, the score of total MxAHEI and whole fruit and SSBs
components were higher in those with diabetes than those without diabetes (Table S1). Similar results
were observed in adjusted models (Table 3). The adherence to the total MxAHEI was higher in
individuals with diabetes than those without diabetes (46.9; 95% CI: 44.6, 49.2 vs. 44.3; 95% CI:
44.2, 45.6, respectively). Specifically, participants who had diabetes had higher intakes of fruits than
those without diabetes. Also, those with diabetes had lower intakes for SSBs (higher MxAHEI score)
than men without diabetes. The intakes of the remaining components were similar between those with
diabetes and those without diabetes. However, the intakes of most dietary components were slightly
higher (higher MxAHEI score) among individuals with diabetes compared to those without diabetes.
Inversely, the dietary components where the recommendation is to limit intake showed slightly lower
intakes (higher MxAHEI score) among men with diabetes than those without diabetes, except for red
and processed meats and sodium, where the intake observed was in the opposite direction.
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Table 2. Sex-stratified characteristics of Mexican adults by diabetes status (n = 2762) a.

Variables Men Women

Diabetes Non-Diabetes Diabetes Non-Diabetes

n 82 1060 159 1461
N (millions) 2.5 26.3 3.7 29.5

Mean SE Mean SE Mean SE Mean SE
Age (years) 61.3 3.9 41.8 0.7 56.9 1.9 41.1 0.6
Time since

diagnosis (years) 8.9 0.9 11.1 1.4

BMI (kg/m2) 28.1 0.8 27.3 0.2 29.2 0.7 29.1 0.3
Total energy

intake (kcal/day) 1936 92.7 2216 41.7 1695 82.7 1817 33.6

Total MxAHEI 48.0 1.2 44.4 0.3 46.6 0.6 45.1 0.4
Physical Activity
(MET-min/week) 3273.4 855.8 7048.5 432.1 2847.7 635.4 4422.1 324.6

% SE % SE % SE % SE
Hypertension 53.6 9.0 9.5 1.4 45.0 5.6 17.1 1.5

BMI Categories
Normal 23.0 7.0 37.0 2.3 23.5 5.8 27.8 1.8

Overweight 50.0 9.2 35.5 2.2 38.1 5.4 33.0 1.7
Obesity 27.0 6.9 28.0 2.2 38.4 5.5 39.2 1.9

Area
Urban 83.6 4.3 75.4 1.8 85.4 3.5 75.0 1.5
Rural 16.4 4.3 24.6 1.8 14.6 3.5 25.0 1.5

Region
North 16.2 4.4 19.8 1.5 23.4 4.3 19.4 1.3

Central 61.8 7.7 47.9 2.5 44.4 6.8 48.9 2.0
South 22.0 6.1 32.3 2.1 32.2 5.3 31.7 1.8

Tertiles of Wealth Index
Low 17.3 5.9 27.3 1.9 29.6 5.5 25.2 1.6

Medium 17.5 4.6 31.5 2.1 31.1 4.7 33.2 2.2
High 65.2 7.6 41.2 2.1 39.3 6.4 41.6 2.2
Education level

Elementary
School or less 61.4 8.5 41.3 2.3 81.4 4.0 42.6 2.1

Middle School 13.1 4.5 32.5 2.7 12.3 3.1 25.9 1.7
High School 11.5 4.9 14.0 1.6 3.8 2.1 18.1 1.4

College or more 14.0 6.4 12.2 1.5 2.5 1.3 13.4 1.7
Smoking status

Never 35.2 10.0 45.8 2.4 74.9 5.8 81.0 1.7
Former 39.1 10.7 28.0 2.6 12.6 3.2 10.0 1.3
Current 25.7 6.9 26.2 2.6 12.5 5.1 9.0 1.2

a Values are presented as means or percentages and SEs. Estimates were weighted to adjust for unequal probability of
sampling and to be nationally representative. MET—Metabolic Equivalents; BMI—Body Mass Index. SE—standard
error; MxAHEI—Mexican Alternate Healthy Eating Index.

Among women, the total MxAHEI score was similar in individuals with diabetes compared to
those without diabetes (45.3; 95% CI: 43.9, 46.7 vs. 45.1; 95% CI: 44.5, 45.7, respectively). There were
significant differences in omega-3 and SSBs scores. Women with diabetes had lower intakes for
omega-3 (lower MxAHEI score); and SSBs (higher MxAHEI score) compared to those without diabetes
in both, unadjusted and adjusted models (Tables S1 and S2, respectively). The intakes of most dietary
components were similar across diabetes categories. Nevertheless, the intakes of most dietary healthy
components were lower (lower MxAHEI score) among individuals with diabetes than among those
who did not have diabetes.

Table S3 and Table 4 present sex-specific unadjusted and adjusted proportional macronutrient
intakes by diabetes status. Among men with diabetes, we observed higher intakes of protein and total,
monounsaturated and saturated fatty acids, and lower intakes of carbohydrates and added sugars
compared to men without diabetes. Although not significant, the intakes of the remaining nutrients
were higher among individuals with diabetes versus those without diabetes. The intake of total and
monounsaturated fatty acids was not statistically different between men with and without diabetes in
adjusted models.
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Women with diabetes had lower intakes of total and added sugars than women without diabetes.
On the other hand, total protein intake was higher in women with diabetes than women without
diabetes. While not significant, the intakes of carbohydrates, monounsaturated, and polyunsaturated
fatty acids were lower in women with diabetes than those without diabetes. Conversely, the intakes of
fiber, total and saturated fatty acids, and omega-3 were higher among women with diabetes versus
those without diabetes. The difference in total protein intake between women with and without
diabetes was no longer statistically significant in the adjusted models.

Table S3 and Table 5 show sex-specific unadjusted and adjusted proportional mean daily
micronutrient intakes by diabetes status. Men with diabetes had higher daily intakes of vitamins
A, D, B6, and B12 and folate, calcium, magnesium, zinc, and potassium than did men who did
not have diabetes. While not significant, similar trends were observed for intakes of the remaining
micronutrients. In the adjusted model, the difference in the intakes of vitamins A, D, B6, and B12
between men with and without diabetes was no longer significant.

Table 5. Sex-stratified adjusted intakes of micronutrients in Mexican adults by diabetes status (n = 2762) a.

Variables
Men Women

Diabetes No Diabetes Diabetes No Diabetes

N 82 1060 159 1461

Mean 95% CI Mean 95% CI Diff Diab vs
Non-diab p-Value Mean 95% CI Mean 95% CI Diff Diab vs.

Non-Diab p-Value

Micronutrients (Intake Per Day)

Vitamin A (RAE)
(µg/1000 kcal) 336.5 295.9, 377.0 314.6 298.2, 331.0 21.9 0.345 428.4 373.8, 483.1 404.2 386.6, 421.8 24.2 0.390

Vitamin D *
(µg/1000 kcal) 2.3 1.8, 2.8 1.8 1.7, 1.9 0.5 0.065 2.2 1.8, 2.5 2.0 1.9, 2.1 0.2 0.274

Vitamin E
(mg/1000 kcal) 3.5 3.1, 3.9 3.1 3.0, 3.2 0.4 0.072 3.2 3.0, 3.4 3.4 3.3, 3.5 −0.2 0.087

Folate (µg/1000 kcal) 164.4 151.9, 177.0 149.7 144.6, 154.9 14.7 0.043 179.1 163.0, 195.3 177.7 172.4, 182.9 1.4 0.854
Vitamin C

(mg/1000 kcal) 91.5 74.2, 108.8 79.6 74.0, 85.3 11.9 0.209 95.6 81.7, 109.6 102.5 95.9, 109.0 −6.9 0.370

Vitamin B-6
(mg/1000 kcal) 0.9 0.9, 1.0 0.9 0.9, 0.9 0.0 0.244 1.4 0.6, 2.1 1.0 0.9, 1.1 0.4 0.321

Vitamin B-12
(µg/1000 kcal) 2.3 1.9, 2.6 2.1 2.0, 2.2 0.2 0.314 2.4 2.1, 2.7 2.2 2.1, 2.3 0.2 0.254

Calcium
(mg/1000 kcal) 494.9 450.2, 539.7 424.6 413.7, 435.4 70.3 0.005 549.7 508.5, 591.0 469.5 458.0, 481.0 80.2 0.000

Magnesium
(mg/1000 kcal) 207.0 191.6, 222.3 188.1 184.1, 192.1 18.9 0.022 215.3 200.2, 230.4 197.1 193.4, 200.8 18.2 0.022

Zinc (mg/1000 kcal) 5.3 5.0, 5.6 5.0 4.9, 5.0 0.3 0.037 5.5 5.3, 5.7 5.1 5.0, 5.2 0.4 0.000
Potassium

(mg/1000 kcal) 1420.1 1320.8,
1519.4 1223.7 1190.0,

1257.4 196.4 0.001 1428.1 1331.5,
1524.8 1370.1 1340.9,

1399.3 58.0 0.252

Sodium
(mg/1000 kcal) 1155.0 1060.5,

1249.5 1081.6 1048.7,
1114.4 73.4 0.164 1103.2 1010.3,

1196.1 1134.2 1107.3,
1161.1 −31.0 0.541

a Sex-specific multivariable linear regression models were used to predict macronutrient intakes according to diabetes
status and adjusting for age, hypertension status, body mass index, smoking status, educational level, wealth index,
rural/urban area, and geographic region. Estimates were weighted to adjust for unequal probability of sampling
and to be nationally representative. * p-value < 0.05, CI—confidence intervals; RAE—retinol activity equivalents.

Among women, the average intakes of calcium, magnesium, zinc, and potassium were higher
among participants who had diabetes than among those who did not have diabetes. For the remaining
micronutrients, although the results were not significant, the intakes were higher among women with
diabetes versus women without diabetes, except for vitamin E, C, and sodium. The potassium intake
was not different between women with and without diabetes in adjusted models.

4. Discussion

We compared the diet quality of self-reported declared Mexican adults with and without diabetes.
Overall, the adherence to the MxAHEI was poor among Mexican adults, with a score below 50 out of
100, regardless of the diabetes status. We found a higher adherence to the MxAHEI among men with
diabetes than among men who did not have diabetes (score of 46.9 vs. 44.3, respectively). Specifically,
adherence to the recommended intakes for fruits and SSBs was greater among men with diabetes
versus those without diabetes. Among women, the total MxAHEI score was similar in individuals with
diabetes compared to those without diabetes. Specifically, women with diabetes had lower intakes
of omega-3 and SSBs than did those who did not have diabetes. We also found higher intakes of
protein, saturated fatty acids, folate, calcium, magnesium, zinc, and potassium, and lower intakes of
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carbohydrates and added sugars among men with diabetes compared to those without diabetes. Finally,
among women, the intakes of total and added sugars were lower, while calcium and magnesium were
higher among individuals with diabetes versus those without diabetes.

In our study, we found that overall adherence to the MxAHEI was poor in both men and women,
a finding consistent with previous studies that reported low adherence to dietary recommendations
in the general population, characterized by low consumption of fruits and vegetables and high
consumption of meat [23–25]. In addition, our results are in line with the findings of a cross-sectional
study conducted in Spain, where it was found that adherence to the AHEI in adults was low, regardless of
diabetes status [26].

The difference in the total MxAHEI score among men by diabetes status can be attributed to
different intakes of some dietary components, particularly a higher intake of fruits and a lower
intake of SSBs among individuals with diabetes than among those without diabetes. Similar to men,
the consumption of SSBs was significantly lower among women with diabetes compared to their
counterparts who did not have the disease. However, adherence to recommended consumption
was slightly lower in women with diabetes than women who did not have diabetes in most dietary
components, particularly in omega-3 fatty acids, which may explain our finding that there was no
significant differences in the total MxAHEI among women who had diabetes and those who did not.

These findings are consistent with other population-based studies that analyzed dietary behaviors
by diabetes status. Fitzgerald et al. and Nöthlings et al., found lower intakes in SSBs and slight increases
in intakes of food groups considered healthy among individuals with diabetes than in those without
diabetes [27,28]. The better adherence to recommendations of fruits and SSBs among individuals with
diabetes was an expected result in our study. As part of medical nutrition therapy, individuals with
diabetes are encouraged to increase their consumption of fruits, vegetables, and legumes while reducing
the consumption of foods containing refined carbohydrates and saturated fats [29]. In our study,
both men and women with diabetes had a better score for SSBs, however, their consumption was far
below the perfect adherence (zero consumption of SSBs). The SSBs score in men and women was
3.9 and 5.7, respectively, from a maximum of 9.

We also observed that the overall adherence to dietary recommendations was higher in men with
diabetes versus women with diabetes. Despite changes in gender roles over the last decades in Mexican
society, a considerable gender gap remains in the time spent on unpaid work, such as household
chores (6.4 h for Mexican women, 2.3 h for Mexican men) [30]. It has also been reported that women,
rather than men, spend more time as caregivers. [31]. We can postulate that women who spend more
time engaged in unpaid work and in caregiver roles may perceive they have limited ability to engage in
self-care behaviors to manage their diabetes or other chronic diseases. These gender inequalities might
decrease the ability for women to take care of their own, and this may hamper their lifestyle changes,
including dietary behaviors, when diagnosed with diseases. Also, it has been observed that women
may not be willing to change their lifestyles to not disrupt the family [32]. Future studies should
examine dietary change dynamics after chronic disease diagnosis with a gender perspective, as social
roles could play an important role in dietary modifications. For instance, studies could compare the
similarity of diets in members of the same household, to assess if men have more dissimilar diets when
diagnosed with diabetes than women under the same disease conditions.

Our findings of reduced intakes of carbohydrates and added sugars among adults with diabetes
are consistent with previous studies in adults from several European countries and among women in
the United States [33–35]. These results are expected given the link between dietary sugar and serum
glucose or “blood sugar” levels [36]. Reducing the consumption of foods with a high glycemic index is
a key nutritional recommendation of many international diabetes associations [37,38], including those
in Mexico [39]. Part of this recommendation involves evenly distributing carbohydrate intake across
meals and snacks throughout the day. Because carbohydrates have the greatest impact on blood
glucose levels in diabetes, individuals may opt to limit foods containing carbohydrates as a way to
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manage their diabetes. In our study, the findings for added sugar and SSBs were in the same direction,
which was foreseeable given that SSBs are the greatest contributor to added sugar intake in Mexico [16].

We observed that protein intake was higher in men and women with diabetes than those who
did not have diabetes, in line with findings among adults from European countries [33–35]. However,
we also found that the intake of total fat, and specifically the intakes of saturated and monounsaturated
fatty acids, were higher among men with diabetes than in men without diabetes. Only the study by
Virtanen et al. found a higher intake of total fatty acids among men with diabetes from Finland and
the Netherlands [33]. Given that the reduction of one macronutrient is substituted with others [40],
we hypothesize that among individuals in our study, the reduction in carbohydrates was replaced by
additional proteins and fatty acids.

We observed differences in select micronutrients based on diabetes status. In general, the intakes
of calcium, magnesium and zinc were higher in adults with diabetes than in those without diabetes.
However, the trend in these micronutrients are not generalized to the consumption of the components
of the MxAHEI, particularly in vegetables, legumes, nuts, and red meat. The inconsistency in findings
between nutrient intakes and dietary components can be partly explained by the truncated nature of the
index score. In other words, the probable variability in food intake among individuals with the lowest
or highest scores was no longer considered when the score is assigned. Furthermore, the MxAHEI
does not consider dairy, which contributes to the intake of several micronutrients, particularly calcium.
We also observed that potassium and folate intakes were higher among men with diabetes than in men
without diabetes. This is similar to a previous study carried out in European populations with and
without diabetes, where similar trends were observed [33]. These results are linked with the higher
consumption of fruits among men with diabetes because dietary potassium and folate can be found in
a wide variety of fruits [41]. Lower intakes of folate and potassium among individuals with diabetes,
particularly among women, raises the issue of improving intakes in this population in view that these
micronutrients play a significant role in insulin synthesis and sensitivity [42–44].

Our analysis has several limitations that are important to acknowledge. First, even though the SFFQ
provides a good estimation of usual intake and therefore of diet quality, it is not the optimal instrument
for estimating absolute nutrient intakes. We addressed this limitation by reporting proportional intakes.
Second, there is a potential loss of accuracy to detect differences between micronutrient intake and
MxAHEI components due to the truncated nature of the latter. However, the MxAHEI is an adapted
version of the AHEI-2010, which is the only diet quality index validated against different chronic
diseases, including diabetes [8,18,45–47]. Specifically, the MxAHEI and AHEI-2010, unlike other dietary
indices, include the SSBs component, which largely accounted for the differences found by diabetes
status, as also observed in a previous study [9]. Third, we cannot rule out the possibility of social
desirability bias [48], which may impact the reported dietary intake data of adults who have diabetes,
relative to those who do not have diabetes. People who have diabetes are more likely to receive dietary
counseling and education about diet than are individuals who do not have diabetes. Fourth, participants
were not asked to respond whether they were diagnosed with type 1 or type 2 diabetes. However,
since type 1 diabetes is usually diagnosed in children and adolescents [49] and is a less common type
of diabetes [50], a low proportion of Mexican adults likely have type 1 diabetes. In our representative
sample, 2.7% was diagnosed with diabetes during childhood or adolescence. Therefore, it is more
likely that our results characterize adults with type 2 diabetes. Moreover, diet recommendations are
similar between people with type 1 and type 2 diabetes [49]. Fifth, the duration or time since diagnosis
is another factor that can affect the adherence to dietary recommendations. However, we could not
conduct analyses among men and women with diabetes by time since diagnosis because the sample
size is limited. Future studies with larger samples will help to understand the role of time since
diagnosis on dietary recommendations adherence. Finally, we did not include physical activity in the
regression models due to the poor validity of the International Physical Activity Questionnaire short
form for assessing physical activity among Mexican adults [51]. Despite these limitations, the results
presented provide an overview of the adherence to dietary guidelines in adults and how this adherence
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may be different by diabetes status in a representative sample of Mexican men and women. This offers
information to understand the disparities in diet and health in Mexico.

5. Conclusions

In conclusion, we observed higher adherence to dietary recommendations among Mexican adults
with diabetes than adults who did not have diabetes, especially among men. These findings suggest
that Mexican adults with diabetes are adhering to the dietary guidelines in some extent. However,
we emphasize that MxAHEI scores, total and by component, were well below the recommendations.
Therefore, it is necessary to reinforce the implementation and evaluation of programs that promote
healthy dietary patterns in the Mexican population. It is also important to consider in such strategies
the potential gender inequalities for reaching the dietary recommendations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/11/3464/s1,
Table S1. Sex-stratified unadjusted Mexican Alternate Healthy Eating Index Score and components in Mexican
adults by diabetes status. Table S2. Sex-stratified unadjusted intakes of micronutrients in Mexican adults by
diabetes status. Table S3. Sex-stratified unadjusted intakes of macronutrients in Mexican adults by diabetes status.

Author Contributions: N.L.-O. and T.B.-G. were responsible for study design, results interpretation, and drafting
and editing of the manuscript; A.B.-A. was responsible for results interpretation and writing the manuscript;
A.R.-G. was responsible of performing statistical analysis, results interpretation, and writing the manuscript;
N.L.-O., A.B.-A., A.R.-G., T.S.-L., and T.B.-G. contributed to study design; S.J. and C.J.A. were responsible for results
interpretation and editing the manuscript, and all authors contributed to critical revision of the manuscript. T.B.-G.
has final responsibility of this study. All authors have read and agreed to the published version of the manuscript.

Funding: Funding for conducting this research was provided by Abbott Nutrition, Columbus, Ohio, United States
of America.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Institute for Health Metrics and Evaluation (IHME). Mexico Profile; IHME, University of Washington: Seattle,
WA, USA, 2018; Available online: http://www.healthdata.org/mexico (accessed on 13 June 2019).

2. Rojas-Martínez, R.; Basto-Abreu, A.; Aguilar-Salinas, C.A.; Zárate-Rojas, E.; Villalpando, S.; Barrientos-Gutiérrez, T.
Prevalence of previously diagnosed diabetes mellitus in Mexico. Salud Publica Mex. 2018, 60, 224–232.

3. Arredondo, A.; Reyes, G. Health Disparities from Economic Burden of Diabetes in Middle-income Countries:
Evidence from México. PLoS ONE 2013, 8, e68443. [CrossRef]

4. Evert, A.B.; Dennison, M.; Gardner, C.D.; Garvey, W.T.; Lau, K.H.K.; MacLeod, J.; Mitri, J.; Pereira, R.F.;
Rawlings, K.; Robinson, S.; et al. Nutrition Therapy for Adults With Diabetes or Prediabetes: A Consensus
Report. Diabetes Care 2019, 42, 731–754. [CrossRef] [PubMed]

5. Ahola, A.J.; Groop, P.-H. Barriers to self-management of diabetes. Diabet. Med. 2013, 30, 413–420. [CrossRef]
6. Han, C.Y.; Chan, C.G.B.; Lim, S.L.; Zheng, X.; Woon, Z.W.; Chan, Y.T.; Bhaskaran, K.; Tan, K.F.; Mangaikarasu, K.;

Chong, M.F.-F. Diabetes-related nutrition knowledge and dietary adherence in patients with Type 2 diabetes
mellitus: A mixed-methods exploratory study. Proc. Singap. Heal. 2020, 29, 81–90. [CrossRef]

7. Kennedy, E.T.; Ohls, J.; Carlson, S.; Fleming, K. The healthy eating index: Design and applications. J. Am.
Diet. Assoc. 1995, 95, 1103–1108. [CrossRef]

8. Chiuve, S.E.; Fung, T.T.; Rimm, E.B.; Hu, F.B.; McCullough, M.L.; Wang, M.; Stampfer, M.J.; Willett, W.C.
Alternative Dietary Indices Both Strongly Predict Risk of Chronic Disease. J. Nutr. 2012, 142, 1009–1018.
[CrossRef] [PubMed]

9. Al-Ibrahim, A.A.; Jackson, R.T. Healthy eating index versus alternate healthy index in relation to diabetes
status and health markers in U.S. adults: NHANES 2007–2010. Nutr. J. 2019, 18, 26. [CrossRef] [PubMed]

10. López-Olmedo, N.; Popkin, B.M.; A Mendez, M.; Smith, T.L. The association of overall diet quality with
BMI and waist circumference by education level in Mexican men and women. Public Health Nutr. 2019,
22, 2777–2792. [CrossRef] [PubMed]

11. Gutiérrez, J.P.; Rivera-Dommarco, J.; Shamah-Levy, T.; Villalpando-Hernández, S.; Franco, A.; Cuevas-Nasu, L.;
Gutiérrez, J.P.; Rivera-Dommarco, J.Á. Encuesta Nacional de Salud y Nutrición 2012; Resultados Nacionales;
Instituto Nacional de Salud Pública (MX): Cuernavaca, Mexico, 2012.

141



Nutrients 2020, 12, 3464

12. Ramírez-Silva, I.; Jiménez-Aguilar, A.; Valenzuela-Bravo, D.; Martínez-Tapia, B.; Rodríguez-Ramírez, S.;
Gaona-Pineda, E.B.; Angulo-Estrada, S.; Shamah-Levy, T. Metodología para la estimación de información
dietética del cuestionario semicuantitativo de frecuencia de consumo de alimentos de la Encuesta Nacional
de Salud y Nutrición 2012. Salud Publica Mex. 2016, 58, 629–638. [PubMed]

13. Denova-Gutiérrez, E.; Ramírez-Silva, I.; Rodríguez-Ramírez, S.; Jiménez-Aguilar, A.; Shamah-Levy, T.;
A Rivera-Dommarco, J. Validity of a food frequency questionnaire to assess food intake in Mexican adolescent
and adult population. Salud Publica Mex. 2016, 58, 617–628. [CrossRef] [PubMed]

14. López-Olmedo, N.; Carriquiry, A.L.; Rodríguez-Ramírez, S.; Ramírez-Silva, I.; Espinosa, J.; Hernandez, L.;
Campirano, F.; Martínez-Tapia, B.; A Rivera, J. Usual Intake of Added Sugars and Saturated Fats Is High
while Dietary Fiber Is Low in the Mexican Population. J. Nutr. 2016, 146, 1856S–1865S. [CrossRef]

15. Instituto Nacional de Salud Publica. Base de Datos de Valor Nutritivo de los Alimentos; [National Institute of
Public Health. Food Composition Table.]; Compilación del Instituto Nacional de Salud Pública Cuernavaca
(Mexico); National Institute of Public Health: Cuernavaca, Mexico, 2012.

16. Sánchez-Pimienta, T.G.; Batis, C.; Lutter, C.K.; A Rivera, J. Sugar-Sweetened Beverages Are the Main Sources
of Added Sugar Intake in the Mexican Population. J. Nutr. 2016, 146, 1888S–1896S. [CrossRef]

17. Pérez, L.A.; Palacios, G.B.; Castro, B.A.; Flores, G.I. Sistema Mexicano de Alimentos Equivalentes, 4th ed.;
Fomento de Nutrición y Salud A.C.: Mexico City, Mexico, 2014.

18. McCullough, M.L.; Feskanich, D.; Stampfer, M.J.; Giovannucci, E.L.; Rimm, E.B.; Hu, F.B.; Spiegelman, D.;
Hunter, D.J.; A Colditz, G.; Willett, W.C. Diet quality and major chronic disease risk in men and women:
Moving toward improved dietary guidance. Am. J. Clin. Nutr. 2002, 76, 1261–1271. [CrossRef]

19. Habitch, J.P. Estandarización de Métodos Epidemiológicos Cuantitativos Sobre el Terreno. Boletín de la Oficina
Sanitaria Panamericana 1974, 76, 375–385.

20. World Health Organization. Physical Status: The Use and Interpretation of Anthropometry; Technical Report
Series 894; WHO: Geneva, Switzerland, 1995.

21. Gutiérrez, J.P. Clasificación socioeconómica de los hogares en la ENSANUT 2012. Salud Publica Mex. 2013,
55, S341–S346. [CrossRef]

22. StataCorp. Stata Statistical Software: Release 13; StataCorp LP: College Station, TX, USA, 2013.
23. Moreira, P.R.S.; Rocha, N.P.; Milagres, L.C.; De Novaes, J.F. Análise crítica da qualidade da dieta da população

brasileira segundo o Índice de Alimentação Saudável: Uma revisão sistemática. Ciência & Saúde Coletiva
2015, 20, 3907–3923. [CrossRef]

24. Ayele, A.A.; Emiru, Y.K.; Tiruneh, S.A.; Ayele, B.A.; Gebremariam, A.D.; Tegegn, H.G. Level of adherence to
dietary recommendations and barriers among type 2 diabetic patients: A cross-sectional study in an Ethiopian
hospital. Clin. Diabetes Endocrinol. 2018, 4, 1–7. [CrossRef] [PubMed]

25. Rivellese, A.A.; Boemi, M.; Cavalot, F.; Costagliola, L.; De Feo, P.; Miccoli, R.; Patti, L.; Trovati, M.; Vaccaro, O.;
Zavaroni, I.; et al. Dietary habits in type II diabetes mellitus: How is adherence to dietary recommendations?
Eur. J. Clin. Nutr. 2008, 62, 660–664. [CrossRef] [PubMed]

26. Alcubierre, N.; Granado-Casas, M.; Real, J.; Perpiñán, H.; Rubinat, E.; Falguera, M.; Castelblanco, E.;
Franch-Nadal, J.; Mauricio, D. Spanish People with Type 2 Diabetes Show an Improved Adherence to the
Mediterranean Diet. Nutrients 2020, 12, 560. [CrossRef]

27. Fitzgerald, N.; Damio, G.; Segura-Pérez, S.; Pérez-Escamilla, R. Nutrition Knowledge, Food Label Use,
and Food Intake Patterns among Latinas with and without Type 2 Diabetes. J. Am. Diet. Assoc. 2008,
108, 960–967. [CrossRef] [PubMed]

28. Nöthlings, U.; Boeing, H.; Maskarinec, G.; Hutri-Kähönen, N.; Teucher, B.; Kaaks, R.; Tjønneland, A.;
Halkjaer, J.; Dethlefsen, C.; Overvad, K.; et al. Food intake of individuals with and without diabetes across
different countries and ethnic groups. Eur. J. Clin. Nutr. 2011, 65, 635–641. [CrossRef]

29. Secretaría de Salud. NOM-015-SSA2-1994, Para la Prevención, Tratamiento y Control de la Diabetes.
Diario Oficial de la Federación 2000. Available online: http://www.salud.gob.mx/unidades/cdi/nom/m015ssa24.
html (accessed on 22 March 2020).

30. Organization for Economic Co-operation and Development (OECD). Gender Equality. Balancing Paid Work,
Unpaid Work and Leisure. Paris, France. 2018. Available online: https://www.oecd.org/gender/balancing-paid-
work-unpaid-work-and-leisure.htm# (accessed on 20 June 2020).

31. Swinkels, J.; Tilburg, T.V.; Verbakel, E.; van Broese Groenou, M. Explaining the Gender Gap in the Caregiving
Burden of Partner Caregivers. J. Gerontol. B Psychol. Sci. Soc. Sci. 2019, 74, 309–317. [PubMed]

142



Nutrients 2020, 12, 3464

32. A Siddiqui, M.; Khan, M.F.; E Carline, T. Gender Differences in Living with Diabetes Mellitus. Mater. Sociomed.
2013, 25, 140–142. [CrossRef]

33. Virtanen, S.M.; Feskens, E.; Räsänen, L.; Fidanza, F.; Tuomilehto, J.; Giampaoli, S.; Nissinen, A.; Kromhout, D.
Comparison of diets of diabetic and non-diabetic elderly men in Finland, The Netherlands and Italy. Eur. J.
Clin. Nutr. 2000, 54, 181–186. [CrossRef]

34. Shimakawa, T.; Herrera-Acena, M.G.; Colditz, G.A.; E Manson, J.; Stampfer, M.J.; Willett, W.C.; Stamper, M.J.
Comparison of Diets of Diabetic and Nondiabetic Women. Diabetes Care 1993, 16, 1356–1362. [CrossRef] [PubMed]

35. Gauthier-Chelle, K.; Mennen, L.; Arnault, N.; Rigalleau, V.; Hercberg, S.; Gin, H. Comparison of the diet of
self-declared diabetics with non-diabetic patients in the SU.VI.MAX study: Did the diabetics modify their
nutritional behavior? Diabetes Metab. 2004, 30, 535–542. [CrossRef]

36. Clay, D. Public Perceptions of Sugar and Health: Implications for Consumption. In Proceedings of the Sugar
Cuba Conference; FAO: La Habana, Cuba, 1999. Available online: http://www.fao.org/3/x4988e/x4988e11.htm
(accessed on 24 May 2019).

37. American Diabetes Association. 4. Lifestyle management: Standards of Medical Care in Diabetes 2018.
Diabetes Care 2018, 41 (Suppl. S1), S38–S50. [CrossRef]

38. World Health Organization. Diet, Nutrition and the Prevention of Chronic Diseases; Report of a Joint WHO/FAO
Expert Consultation, WHO Technical Report Series No. 916; WHO: Geneva, Switzerland, 2003.

39. Instituto Mexicano del Seguro Social. Tratamiento de la Diabetes Mellitus tipo 2 en el primer nivel de Atención;
Instituto Mexicano del Seguro Social: Mexico City, Mexico, 2014; Available online: http://www.cenetec.salud.
gob.mx/interior/catalogoMaestroGPC.html (accessed on 2 July 2019).

40. Willett, W. Nutritional Epidemiology, 2nd ed.; Oxford University Press: New York, NY, USA, 1998.
41. National Institutes of Health. Office of Dietary Supplements. In Folate. Fact Sheet for Health Professionals;

Office of Dietary Supplements. Available online: https://ods.od.nih.gov/factsheets/Folate-HealthProfessional/
(accessed on 11 March 2020).

42. Valdes-Ramos, R.; Laura, G.-L.A.; Elina, M.-C.B.; Donají, B.-A.A. Vitamins and Type 2 Diabetes Mellitus.
Endocrine Metab. Immune Disord.Drug Targets 2015, 15, 54–63. [CrossRef]

43. Martini, L.A.; Catania, A.S.; Ferreira, S.R.G. Role of vitamins and minerals in prevention and management of
type 2 diabetes mellitus. Nutr. Rev. 2010, 68, 341–354. [CrossRef]

44. Durlach, J.; Collery, P. Magnesium and potassium in diabetes and carbohydrate metabolism. Review of the
present status and recent results. Magnesium 1984, 3, 315–323.

45. Jannasch, F.; Kröger, J.; Boeing, H. Dietary Patterns and Type 2 Diabetes: A Systematic Literature Review
and Meta-Analysis of Prospective Studies. J. Nutr. 2017, 147, 1174–1182. [CrossRef] [PubMed]

46. Chen, G.-C.; Koh, W.-P.; Neelakantan, N.; Yuan, J.-M.; Qin, L.; Van Dam, R.M. Diet Quality Indices and Risk
of Type 2 Diabetes Mellitus: The Singapore Chinese Health Study. Am. J. Epidemiol. 2018, 187, 2651–2661.
[CrossRef] [PubMed]

47. McCullough, M.L.; Willett, W.C. Evaluating adherence to recommended diets in adults: The Alternate
Healthy Eating Index. Public Health Nutr. 2006, 9, 152–157. [CrossRef] [PubMed]

48. Kipnis, V.; Midthune, D.; Freedman, L.; Bingham, S.; E Day, N.; Riboli, E.; Ferrari, P.; Carroll, R.J. Bias in
dietary-report instruments and its implications for nutritional epidemiology. Public Health Nutr. 2002,
5, 915–923. [CrossRef] [PubMed]

49. International Diabetes Federation. About Diabetes. Type 1 Diabetes. 2020. Available online: https://www.idf.
org/aboutdiabetes/type-1-diabetes.html (accessed on 9 January 2020).

143



Nutrients 2020, 12, 3464

50. International Diabetes Federation. IDF Diabetes Atlas, 9th ed.; International Diabetes Federation: Brussels,
Belgium, 2019.

51. Medina, C.; Barquera, S.; Janssen, I.I. Validity and reliability of the International Physical Activity
Questionnaire among adults in Mexico. Rev. Panam. Salud Publica. 2013, 34, 21. [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

144



nutrients

Article

Mediterranean Personalized Diet Combined
with Physical Activity Therapy for the Prevention
of Cardiovascular Diseases in Italian Women

Laura Di Renzo 1,2,*,† , Giulia Cinelli 3,4,† , Maria Dri 5, Paola Gualtieri 1 , Alda Attinà 3,
Claudia Leggeri 3, Giuseppe Cenname 6, Ernesto Esposito 7, Alberto Pujia 2, Gaetano Chiricolo 2,
Chiara Salimei 8 and Antonino De Lorenzo 1

1 Section of Clinical Nutrition and Nutrigenomic, Department of Biomedicine and Prevention,
University of Rome Tor Vergata, 00133 Rome, Italy; paola.gualtieri@uniroma2.it (P.G.);
delorenzo@uniroma2.it (A.D.L.)

2 Department of Biomedicine and Prevention, University of Rome Tor Vergata, 00133 Rome, Italy;
albpujia@gmail.com (A.P.); nucciochiricolo@gmail.com (G.C.)

3 School of Specialization in Food Sciences, University of Rome Tor Vergata, 00133 Rome, Italy;
giuliacinelli88@gmail.com (G.C.); alda.attina@gmail.com (A.A.); claudialeggeri@gmail.com (C.L.)

4 Predictive and Preventive Medicine Research Unit, Bambino Gesù Children’s Hospital, IRCCS, 00165 Rome, Italy
5 Department of Surgical Sciences, School of Applied Medical-Surgical Sciences,

University of Rome Tor Vergata, 00133 Rome, Italy; marystenr@hotmail.it
6 Comando Generale Arma Carabinieri, Direzione di Sanità, 00197 Rome, Italy;

giuseppe.cenname@carabinieri.it
7 Department of Human Policies (General Directorate) of Basilicata Region, 85100 Potenza, Italy;

ernesto.esposit1962@gmail.com
8 Department of Systems Medicine, University of Rome Tor Vergata, 00133 Rome, Italy;

chiara.salimei@gmail.com
* Correspondence: laura.di.renzo@uniroma2.it; Tel.: +390-672-596-855
† These authors contributed equally to this work.

Received: 20 October 2020; Accepted: 9 November 2020; Published: 11 November 2020

Abstract: Cardiovascular diseases (CVDs) and inflammatory risk indexes are used to calculate the
exposure to morbidity. Most of them are suggested by the American College of Cardiology/American
Heart Association to predict the risk of CVDs diagnosis in primary prevention, instead of treating
the ongoing pathology. Prevention starts from habit changes with the prescription of diet and
physical activity (PA). The aim of the study is to investigate the effectiveness of a personalized
Mediterranean Diet (MD) and a PA intervention, on the risk indexes Atherogenic Index of Plasma
(AIP), Lipid Accumulation Product (LAP) and Fatty Liver Index (FLI) in a population of women at risk
of CVDs with different pathological conditions. After treatment, patients achieved the best results in
body composition (BC) and laboratory tests. The BC analysis showed a significant reduction of total
body Fat Mass (FM). CVDs risk indexes significantly decreased, except for Neutrophil/Lymphocyte
(NLR) and Platelet/Lymphocyte Ratios (PLR). The reduction of the CVDs indexes associated with
lipid profile was linked to both weight and FM decrease. AIP and LAP were significantly reduced
when losing fat mass and body weight, respectively. A personalized MD therapy plus a PA program
led to body weight loss, BC remodelling and risk indexes reduction.

Keywords: cardiovascular disease; Mediterranean diet; non-communicable disease; obesity;
physical activity
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1. Introduction

The World Health Organization (WHO) declares obesity as a risk factor for non-communicable
diseases (NCD) [1,2], consisting of a multifactorial pathology and chronic low-grade inflammatory
disease [3]. Obesity is a complex, heterogeneous and multifactorial morbid condition, to which both
environmental and genetic factors contribute. It occurs due to an imbalance between caloric intake
and energy expenditure, with consequent accumulation of an excess of adipose tissue, such as to
increase the risk of morbidity and mortality of the individual himself [4]. As adiposopathy consisting
not so much in weight gain rather in excess fat mass [5], the Body Mass Index (BMI) cannot define
obesity [6,7], and it is not sufficient to evaluate the risk of developing a chronic disease. Therefore,
obesity must be evaluated with tools that measure the amount of fat mass and consider the relationship
between environment-genes and metabolic diseases [8].

Obesity may worsen metabolic disease in adverse endocrine and immune responses triggered
by body fat dysfunction [9]. Among the most known pathologies caused by fat mass accumulation,
there is dyslipidemia and cardiovascular diseases (CVDs) [10].

According to the most recent guidelines on the management of obesity, prevention must start from
therapeutic lifestyle changes, which include the prescription of personalized diet therapy following the
evaluation of the nutritional status, the prescription of a physical activity (PA) program and behavioural
therapy to maintain and strengthen patient’s adherence to the treatment [11].

A key goal of cardiovascular disease prevention efforts is to predict events over medium to long
periods of time [12]. Valid predictive indexes of cardiovascular and Myocardial Infarction (MI) risk,
atherosclerosis and coronary heart disease have been determined: the total cholesterol/high-density
lipoprotein cholesterol (cHDL) ratio [13], the triglycerides (TG)/cHDL ratio [14]; the low-density
lipoprotein cholesterol (cLDL)/cHDL ratio [15]; the Atherogenic Index of Plasma (AIP) [16];
the Lipid Accumulation Product (LAP) [17,18]; Fatty Liver Index (FLI) [19]. Among different
inflammatory markers, such as C-Reactive Protein (CRP) and Erythrocyte Sedimentation Rate (ESR) [20],
the evaluation of Neutrophil/Lymphocyte Ratio (NLR) and the Platelet/Lymphocyte Ratio (PLR) may
have a high value in predicting the prognosis of different CVDs including MI, acute coronary syndrome,
Heart Failure (HF) and Atherosclerosis [21,22]. Moreover, to predict the risk and recommend
management strategies for those at risk of Atherosclerotic Cardiovascular Diseases (ASCVD), a specific
Risk Algorithm was standardized (ASCVD risk Algorithm) [23,24]. In addition, the BARD score
(BMI, Alanine aminotransferase (ALT)/Aspartate aminotransferase (AST) ratio (AAR), Diabetes Mellitus
(DM)), one of the most used algorithms for fibrosis evaluation, could be useful to predict a CVDs risk
linked to the cHDL value in patients with hepatic fibrosis [25,26].

The guidelines of the American College of Cardiology/American Heart Association (ACC/AHA)
for the prevention of ASCVD focus on the evaluation of cardiovascular risk [23,24], the implementation
of a healthy lifestyle, the management of overweight and obesity and the treatment of high blood
pressure and hypercholesterolemia.

Di Renzo et al. highlighted the personalization of the Mediterranean Diet (MD) plays a key role
in the prevention and treatment of Non-Communicable Chronic Diseases (NCCDs) [11]. Moreover,
numerous studies evaluated the role of MD on different parameters and confirmed that adherence
to the MD was associated with a reduced incidence, prevalence and mortality from coronary heart
disease, as well as with other CVDs and a reduced all-cause mortality [27]. As reported by Martini et al.,
the positive action of MD on the cardiometabolic risk was due to the capability of decreasing the risk
of diabetes and metabolic-related conditions [28]. Study on gene–diet interaction showed that MD
represented a good nutritional treatment to reduce the body fat mass [29]. Moreover, several parameters,
i.e., BMI, waist circumference, waist-to-hip (WHR) ratio, liver enzymes, serum glucose and CVDs risk
indexes, were impaired by MD and a more active lifestyle [30].

For a therapeutic change in lifestyle, in addition to a healthy diet, an increase in motor activity is
also necessary, from walking to endurance activity. Regular PA is indicated to either prevent or delay
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the onset of CVDs [31]. Different types of PA, increased walking, and to a lesser extent, exercise intensity,
were independently associated with a lower risk of CVDs.

Considering this scientific evidence, the main aim of this prospective observational study was to
evaluate, for the first time, the effectiveness of a combined MD therapy intervention and a PA plan,
on the adipocyte risk indexes AIP, LAP, BARD score and FLI, in a population of women at risk of CVDs
and with different pathological conditions.

The secondary purpose was to evaluate the effects on cardiovascular and inflammatory risk
indexes (ASCVD, total cholesterol/cHDL, TG/cHDL, cLDL/cHDL, NLR and PLR), the changes of the
body composition, evaluated through anthropometry, Dual-energy X-ray absorptiometry (DXA) and
Bioelectrical Impedance Analysis (BIA).

2. Materials and Methods

2.1. Subjects and Study Design

The prospective observational study in a single cohort of adult women, at the Section of Clinical
Nutrition and Nutrigenomics, Department of Biomedicine and Prevention of the University of Rome Tor
Vergata (Rome, Italy) was conducted between May 2018 and July 2019. We consecutively enrolled all the
women, who voluntarily came up at the Section of Clinical Nutrition and Nutrigenomics, Department
of Biomedicine and Prevention of the University of Rome Tor Vergata, for nutritional-medical check-up.

To be eligible, each woman had to be Caucasian, Italian, older than 18 years old and had to be
affected by at least one pathological condition in absence of drug treatment (obesity, pre-diabetes,
diabetes, metabolic syndrome, osteopenia, arterial hypertension, dyslipidemia, ischemic heart disease,
hepatosteatosis, hyperuricemia, Obstructive Sleep Apnea Syndrome (OSAS), chronic kidney disease).
Patients with a diagnosis of cancer, hepatitis, viral infections, underweight or in therapy with antioxidant
supplements were excluded.

All the patients had a specialist nutritional consultation for the evaluation of their nutritional
status at baseline (T0), and after 6 months (T1). The nutritional evaluation consisted of a medical
examination, anthropometric measurements, laboratory tests, the determination of body composition
analysis carried out using both BIA (BIA 101S, Akern/RJL Systems, Pontassieve, Florence, Italy) and
DXA (I-DXA, GE Medical Systems, Milwaukee, WI, USA). All the measurements were performed after
a 12 h overnight fast.

For what concerns weight, the population was divided according to a loss of the initial body
weight equal to or greater than 10% and lower than 10%. The choice of the cut-off of 10% was taken in
relation to the well-known data of the scientific literature according to which a 10% reduction of the
initial body weight is sufficient to reduce the risk of complications and mortality from NCCDs [32].
Conversely, concerning the FM loss from the DXA analysis, the cut-off of 15% was chosen considering
the sample’s median fat loss at T1.

A personalized dietetic plan and a scheduled physical activity were prescribed for each patient
and the follow-up consultations were carried out after 6 months. To ensure adherence to the diet and
PA plan, patients were monitored during the 6 months by monthly telephone interviews or e-mails.

2.2. Body Composition Assessmen

2.2.1. Anthropometric Assessment

After a 12-h overnight fast, all subjects underwent a body composition assessment. Anthropometric
parameters were measured for all participants according to standard methods: body weight, height,
hip and waist circumferences. Candidates were instructed to take off their clothes and shoes before
performing all the measurements.
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Body weight and height were evaluated using a scale and a stadiometer (Invernizzi, Rome, Italy),
while the subject was standing and wearing underwear. Data were collected to the nearest 0.1 kg and
0.1 cm, respectively. BMI was calculated according to the following formula:

BMI = body weight/height2 (kg/m2)

Body circumferences (neck, abdomen, waist and hip) were measured with flexible and
non-extensible metric tape [33], according to the International Society for the Advancement of
Kinanthropometry protocol and National Institute of Health Guidelines [34].

The WHR was calculated as a predictor of MI risk [35].

2.2.2. Bioelectrical Impedance Analysis (BIA)

BIA allowed for measuring the impedance of the human body to the passage of an alternating
current, with constant intensity (400 µA) and frequency (50 KHz), according to the amount of water
and electrolytes in the body. It generates Resistance (Rz) and Reactance (Xc) values for each patient
that are processed through the BIA Akern software with validated algorithms, providing graphical
and numerical data on the analysis of body composition [36].

BIA was used to evaluate resistance (Rz), reactance (Xc), hydration, total body water (TBW),
extracellular water (ECW), intracellular water (ICW) and phase angle (PA).

2.2.3. Dual-Energy X-ray Absorptiometry (DXA)

DXA was performed to assess total body FM (percentage and kg), total body lean mass (LM) (kg),
and total body bone mass (TBBone) [7]. Before each session, the standard DXA instrument quality
control and calibration measures were conducted. They laid supine on the DXA, without moving for
20 min when the DXA scan recorded their results. The coefficient of variation (CV% = 100 × SD/mean)
intra and inter subjects ranged from 1% to 5%. The coefficient of variation for bone measurements was
less than 1%; CVs on this instrument for five subjects scanned six times over a nine-month period were
2.2% for FM and 1.1% for lean body mass (LM). The radiation dose of the procedure was 0.01 mSv.

FM% was calculated as FM (kg) divided by the total mass of all tissues, including the LM and
TBBone, as the following [37]:

FM% = (FM/(FM + LM + TBBone)) × 100.

In order to define muscle mass status the Appendicular Skeletal Muscle Mass Index (ASMMI)
was calculated using the following formula [29,38]:

Legs Muscle Mass (kg) + Arms Muscle Mass (kg)/Height2 (m2).

Subjects with the percentage of total body fat mass (FM) <30% were considered normal weight,
otherwise they were considered pre-obese/obese [39].

2.3. Laboratory Tests, Cardiovascular and Inflammatory Risk Indexes

The evaluated parameters were blood count, glycemia, insulinemia, hepatic transaminases,
γ-glutamyl transferase, creatinine, lipidemic profile (total cholesterol, cLDL, cHDL, TG), C-reactive
protein (CRP) and Erythrocyte Sedimentation Rate (ESR).

Blood tests were prescribed by clinicians of the Section of Clinical Nutrition and Nutrigenomics,
Department of Biomedicine and Prevention of the University of Rome Tor Vergata, and subjects
were asked to perform them at the same accredited laboratory of Tor Vergata Hospital (Rome, Italy).
To assess the cardiovascular and inflammatory risk, the following indexes and ratios were calculated.

Currently, the ACC/AHA guidelines, updated in June 2019, define severe hypercholesterolemia
when the plasma Low-Density Lipoprotein cholesterol (cLDL) value is greater or equal to 190 mg/dL
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or 4.9 mmol/L. In this condition, the recommendation is to undergo high-intensity statin therapy
immediately without calculating 10-year ASCVD risk [24].

To assess the cardiovascular and inflammatory risk, the following indexes and ratios
were calculated:

(1) Total cholesterol/cHDL ratio was calculated according to the formula [13,40].

Total cholesterol/cHDL ratio = Total cholesterol (mg/dL)/cHDL (mg/dL), (1)

with normal values <3.
(2) Lipoproteins cholesterol (cLDL/cHDL) ratio was calculated according to the formula [15]:

cLDL/cHDL ratio = cLDL (mg/dL)/cHDL (mg/dL), (2)

with normal values <2.
(3) Triglycerides (TG) /cHDL ratio was calculated according to the formula [14]:

TG/cHDL ratio = TG (mg/dL)/cHDL (mg/dL), (3)

with normal values <1.
(4) AIP was calculated according to the formula [16,41]:

AIP = log (TG/cHDL) (4)

(5) The Fatty Liver Index (FLI) was calculated according to the formula [42]:

FLI = (e0.953 × loge(triglycerides) + 0.139 × BMI + 0.718 × loge(ggt) + 0.053 ×
waistcircumference − 15.745)/(1 + e0.953 × loge(triglycerides) + 0.139 × BMI + 0.718 ×

loge(ggt) + 0.053 ×waistcircumference − 15.745) × 100,

(5)

with absence of steatosis for values <30.
(6) ASCVD Risk Algorithm was calculated using the ACC/AHA calculator [23].
(7) LAP was calculated according to the formula [17]:

LAP = (WC-65) × TG for men and (WC-58) × TG for women. (6)

(8) BARD score consists of the weighted sum of three variables: body mass index ≥28 represents
1 point, the Aspartate Aminotransferase (AST)/Alanine Aminotransferase (ALT) ratio ≥0.8
represents 2 points, and diabetes mellitus represents 1 point. A score of 2–4 had an odds ratio of
17 (confidence interval: 9.2–31.9) to determine advanced fibrosis and a negative predictive value
of 96% [43].

(9) NLR is easily calculated by dividing the absolute neutrophil count by the absolute lymphocyte
count from a complete blood count with differential [22]. The values for Low risk <1.6, Medium risk
1.6–2.4 and High risk >2.4.

(10) PLR is calculated by dividing the platelet count by the lymphocytes [44]. The cut off is <150.
(11) CRP and ESR were used to evaluate inflammatory risk [45].

2.4. Personalized Diet Therapy

At baseline, subjects were instructed to record weight and/or measures of foods and beverages
consumed for a 3-day food intake assessment [46]. The estimated intake of macronutrients was
calculated by using Dietosystem dietary software (DS Medica S.r.l., Milan, Italy).
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Considering the results of the food intake, food tastes and calculating the daily energy expenditure,
a personalized MD was prescribed to each patient. The diet was personalized, considering a caloric
restriction of 20% compared to the daily energy expenditure for overweight and obese patients, while an
isocaloric diet was prescribed to normal weight ones. The daily energy expenditure was calculated
estimating Basal Metabolism according to the De Lorenzo Formula [47].

Daily macronutrient intake was distributed as follows: 55% of total kcal/day of carbohydrates,
20% of total kcal/day of protein (>50% of vegetable derivation), <25% of total kcal/day of lipids (on total
daily energy intake: saturated fat <10%, 6–10% polyunsaturated fatty acids (PUFA), n-6/n-3 PUFA ratio
of 3:1, 15% of monounsaturated fatty acids (MUFA); <1% trans-fatty acids) and 25 g of fiber.

The MD was balanced starting from the daily protein amount, with a protein intake of 2 g/Kg of
total LM, according to Colica et al. [48,49]. The diet therapy prescribed was formulated according to the
MD model based on whole grains, fresh fruits and vegetables (5 portions per day), legumes, nuts and
daily use of olive oil. Plant proteins and fresh fish were preferred to red meat. Processed foods were
excluded from the diet. A small amount (125 g) of red wine was allowed once a day. The adherence
to the diet therapy was assessed remotely through a complete dietetic anamnesis, including the 24 h
recall method and a specific food and beverages consumption investigation.

2.5. Planned Physical Activity

The levels of physical activity (PA) in diverse domains, such as working activity, leisure time
activity and sedentary activities and participation in organized sport, were evaluated for each patient,
requesting them to answer the question of the Finnish Diabetes Risk Score (FINDRISC) [16]: “Do you
exercise during your free time and/or for work for at least 30 min almost every day?” All patients
were recommended to engage in physical activity for 150 min per week of moderate-intensity aerobic
activity (50–70% Heart Rate max) and/or 90 min per week of high-intensity activity (>70% HR max)
distributed in at least three days a week, with no more than 2 consecutive days between bouts of
aerobic activity, according to the American College of Sports Medicine and the American Diabetes
Association [50]. PA was considered moderate when the time/week spent was on 60 min. To estimate
sedentary PA, we considered the h/day spent on sedentary behaviours. To estimate vigorous PA,
we considered time/week spent on 20 min of high-intensity activity PA. The level of physical activity
was monitored and self-reported by patients during the monthly interviews.

2.6. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics V15.0 (SPSS, Chicago, IL, USA).
The Kolmogorov–Smirnov test was performed to evaluate variables in distribution. Continuous
variables are represented as mean and standard deviation. The paired t-test and the Wilcoxon
signed-rank test were performed to compare normal and skewed continuous variables, respectively,
between pre- (T0) and post- (T1) treatment. The McNemar test was performed to compare dichotomous
data between T0 and T1. Pearson’s correlation analysis was carried out to evaluate a possible linear
correlation between the risk indexes compared to the weight loss and the loss of body fat mass.
Results were significant for p-value < 0.05.

2.7. Ethics Approval

All participants enrolled in the study approved their participation after studying and signing the
informed consent, carried out in accordance with the Helsinki Declaration of 1975 as revised in 1983.
The study protocol was approved by the ethical committee of the Calabria Region Center Area Section
(Register Protocol No. 146 17/05/2018).
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3. Results

3.1. Subjects

A total of 71 patients were invited to participate to the study. Of those, 11 declined the invitation,
while 8 were not eligible because already in pharmacological treatment. Finally, 52 of them met the
criteria for eligibility (age 47.3 ± 12.5 years) and completed the study after 6 months (T1). At baseline,
the 94% of the studied population was obese, and comorbidities of obesity were highlighted: mainly
prediabetes, metabolic syndrome, dyslipidemia and arterial hypertension. In total, 54% had MS,
31% pre-diabetes, 13% T2DM, 37% arterial hypertension, 69% dyslipidemia, 4% ischemic heart disease,
29% hepatosteatosis, 8% hyperuricemia, 15% OSAS, 73% hypovitaminosis D, 6% chronic kidney disease
and 38% osteopenia.

Considering the subjects on the basis of the number of comorbidities, the prevalence of
multimorbidity of the sample was also assessed on the basis of the number of pathologies found at
baseline for each patient: 15% of the population had 2 comorbidities, 25% had 3, 10 % had 4, 17% had 5
and 6 and 4% had 7.

During the study, the patients showed a good compliance to the diet and PA prescription,
according to the self-report data collected through the monthly interviews.

3.2. Anthropometry and Body Composition

Table 1 summarizes the anthropometric and body composition’s characteristics of the population
both at T0 and T1. At T1, after the nutritional and physical activity intervention, weight, BMI, as well
as all the circumferences, significantly decreased (p < 0.0001). The TBW was significantly reduced,
in particular for what concerned the extracellular compartment.

Table 1. Anthropometric and body composition’s characteristics at T0 and T1.

T0 T1 p-Value *

Weight 88.4 ± 24.9 79.7 ± 18.7 <0.0001
BMI 32.3 ± 8.0 29.2 ± 6.0 <0.0001

Neck circumference 38.8 ± 4.4 37.1 ± 3.9 <0.0001
Waist circumference 98.6 ± 18.0 90.7 ± 13.6 <0.0001

Abdomen circumference 109.3 ± 19.6 100.0 ± 13.2 <0.0001
Hip circumference 113.3 ± 14.6 107.3 ± 11.1 <0.0001

WHR 0.869 ± 0.098 0.846 ± 0.093 0.0002
Rz 470 ± 79 468 ± 76 0.85
Xc 50 ± 10 52 ± 10 0.21

PA◦ 6.17 ± 1.11 6.38 ± 1.07 0.1
TBW (L) 42.6 ± 9.3 41.5 ± 8.6 0.004
TBW (%) 49.3 ± 7.3 52.4 ± 6.7 <0.0001
ECW (L) 19.2 ± 4.1 18.3 ± 3.7 0.003
ECW (%) 45.4 ± 5.0 44.5 ± 4.6 0.11
ICW (L) 23.4 ± 6.1 23.3 ± 5.8 0.8
ICW (%) 54.6 ± 5.0 55.5 ± 4.6 0.10
FM (kg) 36.75 ± 17.16 29.80 ± 12.24 <0.0001
FM (%) 40.3 ± 9.1 36.5 ± 8.8 <0.0001
LM (kg) 48.56 ± 10.71 47.42 ± 10.14 <0.0001
ASMMI 8.32 ± 1.82 8.06 ± 1.71 0.003

ASMMI, appendicular skeletal mass index; BMI, body mass index; ECW, Extra-Cellular Water; FM, fat mass; ICW,
intracellular index; LM, lean mass; PA, Phase Angle; Rz, Resistance; TBW, Total Body Water; WHR, waist-to-hip ratio;
Xc, Reactance. * The paired t-test and the Wilcoxon signed-rank test were performed in order to compare normal
and skewed continuous variables, respectively, between pre- (T0) and post- (T1) treatment. Statistical significance
for p < 0.05.

Patients after diet and physical activity therapies achieved the best results in terms of body
composition and laboratory parameters. Bone mineral density remained almost unchanged in this
period and did not undergo statistically significant changes.
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Moreover, the DXA analysis showed a statistically significant reduction of the total body FM
(kg and %). Bone Mineral Density (BMD) has been maintained from T0 to T1 (data not shown). Finally,
the loss of FM is associated with a slight decrease in LM (p < 0.0001), according to the reduction of
ECW measured by BIA.

When dividing the population into two groups according to the percentage of weight loss (less than
10% or equal/greater than 10%) LM resulted to be significantly reduced in subjects with a weight loss
≥10%, corresponding to a mean value of 2.4 kg (p < 0.0001).

Conversely, when considering the population according to an FM loss greater than or equal to 15%
or lower than 15% of the initial FM, we found LM to be significantly decreased in both groups at T1
(subjects ≥15% FM loss: −1.2 kg of LM, p < 0.005; subjects <15% of FM loss: −1.1 kg of LM, p < 0.0004).

3.3. Cardiovascular Risk Indexes

At T0 most of the study population showed altered risk indexes, especially the ones associated
with plasma lipoproteins. In particular, 98%, 92% and 81% of them had an impaired TG/cHDL,
Total cholesterol/cHDL and cLDL/cHDL ratio, respectively; while 46%, 35% and 32% of them showed
altered AIP, PLR and ASCVD risk, respectively. At T1, all risk indexes showed a significant statistical
reduction, except for NLR, PLR and BARD (Table 2).

Table 2. Modification of risk markers after nutritional intervention and prescription of physical activity.

Cardiovascular Risk Indexes T0 T1 p Value *

ASCVD risk 6.27 ± 7.21 2.84 ± 3.44 0.0001
NLR 1.73 ± 0.74 1.84 ± 0.57 0.31
PLR 116.24 ± 37.58 125.78 ± 65.29 0.29

Total cholesterol/cHDL 4.64 ± 1.38 3.50 ± 0.87 <0.0001
cLDL/cHDL 2.95 ± 1.09 2.12 ± 0.69 <0.0001

TG/cHDL 3.38 ± 2.53 1.89 ± 1.07 <0.0001
AIP 0.06 ± 0.27 −0.14 ± 0.22 <0.0001
FLI 59.74 ± 32.26 42.06 ± 30.73 <0.0001
LAP 58.66 ± 42.79 34.72 ± 23.43 <0.0001

BARD 3.42 ± 0.11 2.89 ± 0.23 0.06

ASCVD, Atherosclerotic Cardiovascular Diseases, AIP, Atherogenic Index of Plasma; BARD, (BMI, Alanine
aminotransferase (ALT)/Aspartate aminotransferase (AST) ratio (AAR), Diabetes Mellitus (DM), cLDL/cHDL,
low-density lipoprotein cholesterol-to-high density lipoprotein cholesterol ratio; FLI, Fatty Liver Index; LAP,
Lipid Accumulation Product; NLR, neutrophils-to-lymphocytes ratio; PLR, platelets-to-lymphocytes ratio; Total
cholesterol/cHDL, total cholesterol-to-high density lipoprotein cholesterol ratio; TG/cHDL, triglycerides-to-high
density lipoprotein cholesterol ratio. * The paired t-test was performed to compare continuous variables between
pre- (T0) and post- (T1) treatment. Statistical significance for p < 0.05.

The ASCVD risk reduction was positively correlated to the decrease of both weight and FM
(p < 0.0001, p = 0.004), regardless of the extent of the loss. When considering a reduction of body
weight ≥ 10% and FM ≥ 15%, a switch from a higher to a lower risk class was observed (p < 0.0001
and p = 0.001, respectively). The FLI index significantly decreased with body weight and FM loss,
regardless of the extent of the loss. Moreover, when considering a reduction of body weight ≥ 10%
and FM ≥ 15 a switch from a higher to a lower risk class was observed (p < 0.0001). The AIP was
significantly reduced with the loss of FM (p = 0.001), and more markedly with a loss greater than
15% (p < 0.0001). Conversely, a significant reduction of the AIP with a body weight loss of≥ 10%
(p = 0.1) was not observed. Finally, the LAP index significantly decreased with the reduction of body
weight (p < 0.0001). The cardiovascular risk indexes associated with the lipid profile were significantly
reduced with both the decrease of body weight and FM, regardless of the amount of decrease. A greater
reduction was observed with a loss of FM ≥ 15% (p < 0.0001) (Figure 1).
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Figure 1. Modification of Cardiovascular Diseases and lipid profile-related risk indexes before (T0) and
after the intervention (T1) according to Body Weight Loss (BWL) <10% and ≥10% and Fat Mass Loss
(FML) <15% or ≥15%. (a) ASCVD, Atherosclerotic Cardiovascular Diseases; (b) FLI, Fatty Liver Index;
(c) AIP, Atherogenic Index of Plasma; (d) LAP, Lipid Accumulation Product; (e) Total cholesterol/cHDL,
total cholesterol-to-high density lipoprotein cholesterol ratio (f) cLDL/cHDL: low-density lipoprotein
cholesterol-to-high density lipoprotein cholesterol ratio; (g) TG/cHDL, triglycerides-to-high density
lipoprotein cholesterol ratio. The dotted lines refer to the cut-off for each index.

4. Discussion

In recent literature, the CVDs risk reversibility has been widely demonstrated. Around 80% of
cardiovascular events can be avoided by adopting a correct lifestyle consisting of eating healthy and

Figure 1. Modification of Cardiovascular Diseases and lipid profile-related risk indexes before (T0) and
after the intervention (T1) according to Body Weight Loss (BWL) <10% and ≥10% and Fat Mass Loss
(FML) <15% or ≥15%. (a) ASCVD, Atherosclerotic Cardiovascular Diseases; (b) FLI, Fatty Liver Index;
(c) AIP, Atherogenic Index of Plasma; (d) LAP, Lipid Accumulation Product; (e) Total cholesterol/cHDL,
total cholesterol-to-high density lipoprotein cholesterol ratio (f) cLDL/cHDL: low-density lipoprotein
cholesterol-to-high density lipoprotein cholesterol ratio; (g) TG/cHDL, triglycerides-to-high density
lipoprotein cholesterol ratio. The dotted lines refer to the cut-off for each index.
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4. Discussion

In recent literature, the CVDs risk reversibility has been widely demonstrated. Around 80% of
cardiovascular events can be avoided by adopting a correct lifestyle consisting of eating healthy and
staying physically active [51]. Nevertheless, the improvement of strategies aimed at controlling risk
factors is still unsatisfactory today.

In the United States, in the context of modifiable risk factors, high blood pressure is the primary
cause of atherosclerotic cardiovascular diseases [52].

Consequently, in all adults with high blood pressure, a non-pharmacological intervention is
recommended in the first instance, while in hypertensive patients already in drug therapy, a pressure
target of 130/80 mmHg must be pursued [53].

Therefore, it underlines the necessity of a multidisciplinary approach. It would be aimed at
controlling risk factors through the implementation of preventive strategies, the importance of sharing
decisions with patient and paying a deep look to the social determinants of health (obstacles to care,
educational level, economic difficulties, environmental and socio-economic factors) [11].

The most recent epidemiological studies on nutrition have shown how dietary models instead of
isolated nutrients can be a more accurate tool for studying eating habits and preparing a therapeutic
plan for the prevention and treatment of NCD [54]. Healthy, personalized nutrition can reduce
cardiovascular risk factors, such as obesity, diabetes, dyslipidemia and high blood pressure and
therefore plays a crucial role in preventing the recurrence of chronic ischemic heart diseases [55].
Among dietary models, MD was associated with a lower risk of CVDs incidence and mortality,
including coronary heart disease and MI [56].

Moreover, it has been shown that engaging in regular physical activity reduces the risk of
developing and dying from cardiovascular outcomes [57,58].

However, to date, there are few clinical studies aimed at understanding the independent and even
synergistic impacts of the effect of a dietary plan adhering to MD with physical inactivity [58].

Therefore, we set up a dietary and PA plan, aimed at improving the risk indexes of adiposity,
inflammatory and cardio-vascular diseases, as well as weight loss of < 10% or ≥ 10% of the initial body
weight and reduction of fat mass.

We analysed the statistical relationship between the improvement of risk indexes at baseline (T0)
and after 6 months of therapy (T1). The reduction in the evaluated indexes was statistically associated
with bodyweight regardless of the extent of the loss. The reduction of most of the evaluated indexes
reflects a positive health change linked to the amelioration of laboratory tests from T0 to T1.

Considering the ASCVD risk index, which is a predictor for forecasting the potential impact
of different interventions on patient risk [59], we observed an effective 10-year risk reduction for
cardiovascular atherosclerotic disease when patients lost at least 10% of body weight or at least 15%
of FM. In this context, the ASCVD risk reduction was strongly significant, leading to a transition
from the higher to a lower risk category. Currently, the ACC/AHA guidelines, updated in June 2019,
define severe hypercholesterolemia when the plasma cLDL value is greater or equal to 190 mg/dL
or 4.9 mmol/L. In this condition, the recommendation is to undergo high-intensity statin therapy
immediately without calculating 10-year ASCVD risk [14].

In our study, the dietary treatment with MD combined with a physical activity plan, resulted in a
significant reduction of all blood parameters of the lipid profile, even in the absence of drug therapy.

In our study, we observed a statistically significant reduction of plasma lipoproteins, TG and total
cholesterol, especially in subjects with reduced FM by at least 15%.

Total cholesterol/cHDL and cLDL/cHDL ratios are risk indicators with greater predictive value
than isolated parameters used independently, particularly cLDL. The total cholesterol/cHDL ratio,
known as the atherogenic or Castelli risk index [13], and the cLDL/cHDL ratio are two important
components and indicators of cardiovascular risk, the predictive value of which is greater than the
isolated parameters [11]. TG/cHDL ratio is a deputy marker of LDL particle size (small and dense) to
observe the link with insulin resistance and thyroid co-morbidity [12].The reduction of most of the
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evaluated indexes reflects a positive health change linked to the amelioration of laboratory tests from
T0 to T1.

The ratios between plasma lipoproteins showed a statistically significant reduction, thanks to the
proper nutritional intervention, and were marked in subjects with reduced FM by at least 15%.

The same trend was also observed for the LAP, AIP and FLI index. Both LAP and FLI reflected
the metabolic health of the patient. It is known that LAP is strongly correlated with visceral fat [60]
and it is associated with metabolic syndrome [61], type-2 diabetes mellitus [17], hypertension [62]
and CVDs [63]. FLI particularly is a simple and accurate predictor of hepatic steatosis in the
general population [64]. Furthermore, AIP is a predictive indicator for the coronary artery disease
in postmenopausal women [65] and it is a strong marker to predict the risk of atherosclerosis and
coronary heart disease [40]. For what concerns the inflammation milieu, both NLR and PLR have
the potential to be inflammatory markers that reflect the activity of many inflammatory diseases [66].
Obese subjects undergo a chronic inflammatory condition due to the adipose tissue dysfunction of
immune-related activities, involving a transient infiltration of neutrophils within the abdominal fat
and their binding to adipocytes. NLR and PLR are considered cost-effective markers for the detection
of subclinical inflammation [67]. Nevertheless, the result was not statistically significant for the two
indexes. This latter probably considering that dietary intervention should be followed for longer in
order to show a higher effect on neutrophils, platelets, lymphocytes and liver transaminases.

The BARD score was established specifically for assessing and predicting Non-alcoholic Fatty
Liver Disease (NAFLD). It is widely used to predict liver fibrosis in NAFLD patients and requires
simple clinical data [68]. A BARD score of 2–4 was associated with an OR for advanced fibrosis of
17 (confidence interval 9.2 to 31.9) and a negative predictive value of 96% [26]. It was developed
to exclude the presence of advanced fibrosis in patients with NAFLD [27]. However, in our study,
the values of BARD score were in the moderate risk cut-off, and no significant changes were observed
at T1 (p = 0.06).

After MD and PA therapy, we observed an improvement of the main anthropometric and body
composition parameters. The LM remains stable in subjects who reduce FM <15%. In patients who lost
more than 15% of FM, the reduction of LM observed could be linked to extracellular liquids, occurring
mostly at the beginning of weight loss, and therefore also could be related to fat loss.

The proof of the above conditions can be demonstrated with the PA. Indeed, PA is a deep marker
for sarcopenia, fragility and risk of mortality in obese people [69]. In our study, the PA reveals a
slight improvement, even if it cannot be considered as significant data, due to the restricted period of
intervention. Significant maintenance of LM after nutritional and physical interventions is undoubtedly
a clinically important factor due to the preservation of muscle mass achieved to the dietetic nutritional
composition in terms of proteins and amino acids. Future investigations should focus on ASMMI as
a marker for the prevention of sarcopenia obesity [38]. It would be important to consider this effect
when a nutritional and physical intervention is prescribed to a patient.

Finally, we can assume that the combination of diet therapy and PA lead to the best results in
terms of body composition and laboratory tests.

The strength of the present study is that data are observed on a population with concomitant risk
factors, and that it is the first one monitoring AIP, LAP and FLI during a combination between MD
personalized diet therapy and PA program. Conversely, the main limitations are the small sample size,
the lack of a longer follow-up and the self-report data about diet and PA adherence.

5. Conclusions

In conclusion, our findings suggest that a combination of both personalized MD diet therapy
and PA program lead to body weight loss, body composition remodelling and risk indexes reduction.
The evaluation of specific pathologies risk indexes, such as adiposity (AIP, LAP, FLI) and CVDs risk
indexes, may represent a predictor factor to guide clinicians in the nutritional status assessment and
improve the personalization of diet and PA prescription. As the main limitations of the study are
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the small sample size and the lack of a longer follow-up, additional investigations are needed in this
field. Furthermore, future clinical studies should apply innovative and objective physical activity
measurement methods, during the time of examination.
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Abstract: Long-chainω-3 polyunsaturated fatty acids (PUFAs) are fundamental biocomponents of
lipids and cell membranes. They are involved in the maintenance of cellular homeostasis and they are
able to exert anti-inflammatory and cardioprotective actions. Thanks to their potential beneficial effects
on the cardiovascular system, metabolic axis and body composition, we have examined their action
in subjects affected by male obesity secondary hypogonadism (MOSH) syndrome. MOSH syndrome
is characterized by the presence of obesity associated with the alteration of sexual and metabolic
functions. Therefore, this review article aims to analyze scientific literature regarding the possible
benefits ofω-3 PUFA administration in subjects affected by MOSH syndrome. We conclude that there
are strong evidences supportingω-3 PUFA administration and/or supplementation for the treatment
and management of MOSH patients.

Keywords: male obesity secondary hypogonadism (MOSH) syndrome;ω-3 PUFA; adipose tissue;
body weight; testosterone

1. Introduction

It is truly fascinating to study how lifestyle modification can alter the course of a disease by
modifying genetic expression and protein synthesis patterns. Thanks to modern epigenetics, researchers
have found that changes in daily habits coupled with healthy nutrition can literally modulate our
gene expression, in order to achieve better metabolic profiles and decrease the risk of developing an
array of diseases [1]. Exploring the properties of natural compounds such as ω-3 polyunsaturated
fatty acids (PUFAs) and how they can be optimally integrated in the diet is of paramount importance.
Obesity represents a major public health burden and it can be defined as a pathological increase in
weight and therefore in body mass index (BMI).

PUFA ω-3 would seem to exert a cardioprotective role as they improve heart rate variability,
a non-invasive marker of cardiac autonomic system function, with a subsequent reduction in the risk
of sudden cardiac death and arrhythmias [2]. A further beneficial effect induced by PUFAs is linked to
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their anti-inflammatory capacity [3] and their ability to modulate the inflammatory response. Moreover,
their effects in terms of improving body composition have also been recently demonstrated [4].

Obesity is defined as a condition characterized by a pathological increase in weight and therefore
in body mass index (BMI). Its interpretation is based on weight status groupings, calculated by
weight in kg divided by the square of the height in meters. A BMI exceeding 30 kg/m2 is indicative
of obesity, as BMI rises, its values can be further subdivided into different classes correlating with
different degrees of severity and cardiovascular disease (CVD) risk (class I between 30 and 34.9 kg/m2,
class II between 35 and 39.9 kg/m2 and class III ≥40kg/m2) [5]. A BMI greater than 40 kg/m2 is
defined as extreme, severe or morbid, whilst having a BMI between 25 and 30 kg/m2 is described
as being in a state termed pre-obesity [6,7]. A sedentary lifestyle coupled with unhealthy eating
habits, characterized by the excessive consumption of high energy foods, are the root of the growing
prevalence of obesity worldwide. The mechanisms which have led to such a dramatic increase in the
incidence and prevalence of obesity are complex and are intertwined with environmental and societal
trends [8]. It is not uncommon nowadays to see the term obesity flanked by the term epidemic or even
pandemic. This is due to the sheer statistics regarding obesity, which estimate that in 2016 there were
1.9 billion overweight adults worldwide [9,10]. Obesity is the pathophysiological state determined by
weight and adipose excess, which is characterized by the alteration of body composition starting from
peripheral tissues such as adipose tissue, liver and muscles [11]. These alterations lead to an increased
risk of the onset of arterial hypertension, CVDs and other chronic non-communicable degenerative
diseases (CNCDs), such as type 2 diabetes mellitus (T2DM), male obesity secondary hypogonadism
(MOSH), respiratory diseases, cancer, chronic kidney disease and psychopathological alterations that
negatively impact on both quality of life and longevity [12–15].

In obese men, MOSH syndrome leads to a plethora of symptoms such as impaired fertility and
sexual function, deficient bone mineralization, altered fat metabolism and body composition and the
deterioration of muscle mass [16]. Epidemiological data obtained by population studies state that
the prevalence of MOSH syndrome is above 45–57.5% of male obese subjects and it correlates with
high-rate morbidity and mortality [17,18].

In this review article we analyzed the possible beneficial effects ofω-3 PUFA on clinical signs and
symptoms of MOSH syndrome.

2. Methods

Current literature investigating the possible positive impact ofω-3 PUFA consumption on MOSH
syndrome is analyzed and contextualized in this review. Specifically, research has been conducted
on Medline (Pubmed) and Scopus. Such a review article analyzes studies (both in vivo and in vitro
studies) published up to June 2020.

3. Structure, Metabolic Pathways and Dietary Sources of PUFA

Fatty acids (FAs) are fundamental biocomponents of lipids and cell membranes. They are made
up by a hydrocarbon backbone and a carboxylic head group. FAs are classified according to the length
of the hydrocarbon backbone (generally 12 to 24 carbon atoms long), and according to the presence
and the number of double bonds. We can distinguish between saturated fatty acids (SFAs), which are
characterized by the absence of double bonds, monounsaturated fatty acids (MUFAs), which only have
one double bond and PUFAs, in which more than one double bond may be found. FAs can be further
classified according to the position of the first double bond compared to carbonω (the furthest carbon
from the carboxylic group), forming two classes: ω-3 andω-6 PUFA [19,20].

The human body can produce almost all fatty acids, except α-linolenic acid (ALA, C18:3ω-3) and
linolenic acid (LA, C18:2ω-6) which are precursors ofω-3 andω-6 PUFAs. These are termed “essential
fatty acids” because they can only be obtained through diet [21]. Through endogenous conversion
(elongation and desaturation) the organism is capable of synthesizing longer-chain counterparts such
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as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) in the ω-3 family, and γ-linolenic
acid (GLA), dihomo-γ-linolenic acid (DGLA) and arachidonic acid (AA) in theω-6 family [20,22].

Long-chainω-3 PUFAs and long-chainω-6 PUFAs are precursors of molecules with important
biological activity called eicosanoids such as prostaglandins (PG), thromboxanes (Tx), leukotrienes
(LTS), lipoxins (LXS) and resolvins. Depending on which precursor family they belong to, PUFAs can
perform different biological functions. In fact, while ω-3 PUFAs carry out an anti-inflammatory
function,ω-6 PUFAs elicit a proinflammatory function.

The ω-3 and ω-6 long-chain PUFAs compete to bind enzymes such as cyclooxygenase,
lipoxygenase and epoxygenases, which are responsible for the release of inflammatory mediators.
Thus, the equilibrium betweenω-3 andω-6 PUFA intracellular concentrations is fundamental for the
maintenance of cellular homeostasis and cardiovascular (CV) protection [20,23,24]. In order for them
to perform their correct biological actions, it is necessary to have a balanced PUFA intake. Recent
studies suggest that an ideal ratio between ω-6/ω-3 is between 1:1 and 1:5, whilst the actual intake
ratio in Western countries is of 15:1–16.7:1. Therefore, it appears necessary to maintain an adequate
and balanced intake ofω-6/ω-3 in order to prevent CVD onset [25–27].

Regarding main food sources, PUFAs are present as precursors (ALA and LA) in plant-based
products and as derivatives (EPA, DHA, AA) in meat (Tables 1 and 2). Fish is the main source of
long-chain ω-3 PUFAs, including EPA, DHA and docosapentaenoic acid (DPA), while ALA is a plant
and ω-3 PUFAs are mainly found in seeds and nuts and their oils. Plant sources of ω-3 PUFAs cannot
currently be considered as a replacement for seafood-derived ω-3 PUFAs. This suggests that ω-3
PUFAs, derived from different sources, have their own specific effects. Therefore, it appears necessary
to have a varied and balanced diet [20,27].

Table 1. Main dietary sources ofω-3 fatty acids.

Ω-3 Series Foods

ALA
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Table 2. Main dietary sources of ω-6 fatty acids. 

Ω-6 series Foods 

LA 
Olive oil, seed oil

GLA 
Borage oil, black currant oil

DGLA 
Human milk 

AA 
Meat, dairy, shelfish, human milk
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EPA Fish oil(herring, salmon, sardine, cod liver), Fish(caviar black and red, herring, salmon)

DHA
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Table 2. Main dietary sources of ω-6 fatty acids. 
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Fish oil, herring, caviar black and red, salmon
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Table 2. Main dietary sources ofω-6 fatty acids.

Ω-6 Series Foods

LA
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Table 2. Main dietary sources of ω-6 fatty acids. 
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Olive oil, seed oil
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GLA
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Abbreviations: ALA, 𝛼-linoleic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid. 

Table 2. Main dietary sources of ω-6 fatty acids. 

Ω-6 series Foods 

LA 

GLA 

DGLA 
 

AA 

Abbreviations: AA, arachidonic acid; LA, linoleic acid; DGLA, dihomo-𝛾-linolenic acid; GLA, 𝛾-linolenic acid. 

Borage oil, black currant oil
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DGLA
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ω-3 PUFAs are also known as “vitamin F”, not only are they needed for basic cellular functions
such as cell signaling, membrane fluidity and structural integrity, but also for nervous system
regulation [28,29]. They have a role in regulating blood pressure, clotting, glucose metabolism and
inflammation [28]. Moreover, they have been related to be preventative in the occurrence of CVevents
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and to slow down the progression of CVDs. These concepts will be further explored in the following
section [30].

4. Male Obesity Secondary Hypogonadism (MOSH) Syndrome Definition

MOSH syndrome is a clinical condition found in obese middle-aged men and epidemiological
reports assert that in the last 10 years its prevalence has enhanced, even if it is currently an
underestimated and underdiagnosed condition [31].

In MOSH syndrome, obesity corroborates hypogonadism to give rise to reduced levels of
testosterone (T). This reduction is due to the alteration of metabolic patterns such as lipid metabolism,
chronic inflammation and insulin resistance (Figure 1) [32].
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MOSH SYNDROME 

Impaired Body Composition 

 ↓ muscle mass 
 ↓  bone 

mineralization 
 ↑ visceral fat 

 ↓ Testosterone 

Metabolic Impairment 

 insulin resistance 
 leptin resistance 
 ↑ TNF-α, IL-1 and 

IL-6

 lipoproteine lipase alteration 
 ↑ triglycerides storage 

Lipid Profile 

Figure 1. Impact of male obesity secondary hypogonadism (MOSH) syndrome on body composition,
lipid profile and metabolic pathways. Abbreviations: TNF-α, tumor necrosis factor-α; IL, interleukin;
↑: increase; ↓: decrease.

The pathophysiological mechanisms linking obesity with hypogonadism are complex and
multifactorial [32]. Obese male subjects show a significant reduction of T levels caused by an increase
of aromatase enzymes levels, released by the adipose tissue and enhanced by estrogen hormones [33],
coupled with the negative feedback produced by the estrogen on the hypothalamic-pituitary axis,
this is another factor decreasing the circulating T levels. Such pattern affects the lipid profile through
the alteration of lipoprotein lipase presence on adipocytes and increase triglycerides (TG) storage,
leading to an increase in visceral adipose deposition and total body fat. These alterations are considered
particularly harmful and are highly associated with CV disease risk [33]. Moreover, these lipid profile
alterations create a sort of self-perpetuating cycle between obesity and hypogonadism.

The hypertrophy of adipose tissue, characteristic of obese subjects, leads to the lowering of T
levels. Metabolic impairment caused by body fat enhancement is responsible for insulin and leptin
resistance, and for the increase of pro-inflammatory cytokines (such as Tumor Necrosis Factor-α -
TNF-α, interleukins 1 and 6 - IL-1,IL-6) which influence hypothalamic function, in particular decreasing
kisspeptin signaling [34]. Such a decrease entails the reduction of gonadotropin-releasing hormone
(GnRH), which in turn decreases luteinizing hormone (LH) and follicle-stimulating hormone (FSH)
secretion by anterior pituitary gonadotrophs, resulting in a T reduction and in the alteration of
fertility [35].
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Subjects affected by MOSH are often characterized by reduced osseous mineral density, which can
be explained by the T deficiency that is strongly involved in the modulation of bone mineralization,
as T is implicated in the regulation of the proliferation and differentiation of osteoblasts [16].

T induces skeletal muscle hypertrophy through numerous mechanisms including its effects in
modulating pluripotent mesenchymal cell engagement. Studies have shown that elevated T levels
are associated with an increase in the size of motor neurons [36]. Therefore, in subjects with MOSH,
the reduction of T levels can lead to a reduction in muscle mass.

MOSH syndrome is potentially reversible. Its treatment, in addition to exogenous T administration,
includes lifestyle changes such as diet therapy and physical activity aimed to reduce obesity [16,37,38].

4.1. Role of PUFA in Cardiovascular Disease

In the last few years, the role of ω-3 PUFAs has been widely debated within the scientific and
medical communities in virtue of the possible role they may play in contrasting CV diseases (Table 3).

On the one hand observational studies reported an inverse association between CV diseases and
dietary intake or plasma concentrations of ω-3 PUFAs (primarily EPA and DHA), suggesting that
their supplementation might exert cardio protective effects, on the other hand successive clinical trials
and metanalyses have speculated the absence of true benefits induced byω-3 PUFA consumption on
the CV system [39–42]. This discrepancy may be justified by the multiple variables that influence CV
diseases which may lead to contrasting results. These variables render CV diseases quite heterogeneous,
resulting in different responses to ω-3 PUFA treatment. We must take into consideration that this
kind of treatment does not carry out the action of a “pharmaceutical” drug, but rather acts by
producing a modulatory effect on the subject’s metabolism which can be more or less susceptible
to a response, depending not only on the degree and type of pathological involvement but also
on the subject’s genetic susceptibility. This renders the task even more articulated, particularly as
an individual’s genetic susceptibility is determined by the genotype and by environmental and
epigenetic changes. Even if the debate onω-3 PUFAs is currently unresolved, it is worth underlining
that their consumption has never been associated with deleterious effects on health and therefore
their use can either induce positive CV effects, or in the worst case scenario, can induce a neutral
effect [43]. For such reason, the following section will comment on the possible beneficial health
effects induced by PUFA consumption in subjects with an elevated CV risk and in patients affected
by MOSH syndrome. The cardioprotective role of ω-3 PUFAs was hypothesized for the first time
in the 1950s in the Eskimo population, which presented elevated levels of plasma cholesterol but an
exiguous CV mortality rate [44]. Successively, such observation was also made in the Japanese and
Icelandic populations, in which there was an evidently low mortality from CV pathologies compared to
Western populations [45,46]. This cardio protective effect was attributed to eating habits, in particular
to elevated fish consumption. Further epidemiological studies confirmed this correlation and described
the cardioprotective effects induced by ω-3 PUFA consumption [47]. In light of the data published
by two large clinical randomized trials, the American Heart Association (AHA) in 2002 suggested
the consumption of 1g/day EPA+DHA in patients with coronary artery disease in virtue of their
cardioprotective potential [48–50]. Successively, the Gruppo Italiano per lo Studio della Streptochinasi
nell’Infarto (GISSI) [50,51] and Diet And Reinfarction Trial (DART) [48] studies have demonstrated
a reduction in CV risk following treatment with ω-3 PUFAs, representing the milestones of clinical
recommendations forω-3 PUFA treatment in cardiopathic subjects since it was observed that the benefits
outweighed any possible side effect related to their consumption [52,53]. The main cardio protective
effects induced byω-3 PUFA consumption are achieved through actions such as the reduction of plasma
TG and of chronic low-grade inflammatory status, an improvement of endothelial function, cardiac
functional remodeling and of cardiac contractility [51,54,55]. An in vitro study conducted in bovine
aortic endothelial cells demonstrated that treatment with adiponectin is able to increase nitric oxide (NO)
production by 3-fold in endothelial cells. This action is due to the phosphorylation of endothelial-nitric
oxide synthase (e-NOS) by phosphatidylinositol 3-kinase-dependent pathways [56]. In 2002, the AHA
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affirmed that a dose between 2 and 4 g/day ofω-3 PUFA was able to treat hypertriglyceridemia [57].
In the wake of this finding, one of the principal studies, aimed at underlining an improvement in
plasma TG, was conducted by Harris et al. [58] These authors observed a dose-dependent plasma
TG reduction after ω-3 PUFA administration, especially in subjects who presented basal TG levels
>500 mg/dL [58]. This was confirmed in subsequent clinical trials performed on subjects presenting
very high triglyceride (VHT) levels (TG > 500 mg/dL) and high triglyceride (HT) levels (TG between
200 and 499 mg/dL). Results showed a 30% reduction in plasma TG in the VHT group and a reduction
between 20 and 30% in the HT group following the consumption of 4 g/day ofω-3, confirming that the
reduction in percentage of TG correlated with their plasma levels before treatment [59–61]. ω-3 PUFAs
are able to contrast chronic inflammation via the reduction of macrophage-monocyte adhesion, caused
by oxidized low-density lipoprotein (LDL) to the endothelial lining of the coronary vessels. This effect
is coupled with the increased expression of e-NOS induced by DHA, with a consequent increase in NO
release and therefore, vasodilation [62]. DHA is also able to modulate endothelial function by inducing
the transcription of the gene coding for the proinflammatory cytokine TNF-α, and the inhibition of
the pathway generated by nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB),
which causes a reduction in vascular cell adhesion molecule-1 (VCAM-1) [63]. Therefore, the actions
carried out by DHA at the endothelial level suggest its vasoprotective role.

Moreover, ω-3 PUFAs induce the suppression of thromboxane A2 (a factor responsible for
platelet aggregation, vasoconstriction and fibrinogen reduction) synthesis, and favor the synthesis of
thromboxane A3 [64–66]. In this context, animal models highlighted that EPA consumption also plays
a role in stabilizing the atheromatous plaque [67].

EPA and DHA inhibit a series of processes linked to inflammation, such as leukocyte chemotaxis,
adhesion interactions between leukocytes and the endothelium, eicosanoid production and T cell
reactivity [68]. Finally, an increase in EPA and DHA availability modifies the equilibrium betweenω-3
andω-6 PUFAs, favoring anti-inflammatory eicosanoid synthesis [69].

ω-3 PUFA consumption is associated with a better vascular function, playing a protective role
in atherosclerosis, in which endothelial dysfunction is at the basis of the pathogenic process [62,70].
ω-3 PUFAs improve arterial wall rigidity [71] and it was observed that their supplementation induces
a reduction in endothelial damage biomarkers such as E-selectin [72].

ω-3 PUFA supplementation was also associated with the reduction of heart rate at rest [73,74],
the reduction of systolic and diastolic blood [75,76], and the increase in early and late left ventricular
ejection fraction [77].

ω-3 PUFA treatment can lead to a reduction in hospitalization and CV mortality incidence [52].
Finally, the study OMEGA-REMODEL has demonstrated a reduction in cardiac remodeling and fibrosis
markers in patients with acute myocardial infarction (AMI), following a supplementation ofω-3 PUFAs
(4 g/day) in the diet [78]. It is hypothesized that this beneficial effect is correlated with the reduction
of macrophage activation and with the inhibition of galectin-3 (Gal-3), a factor which reflects cardiac
function impairment and remodeling [79]. In an elderly population in which subjects had recently
undergone an AMI, there were significant inverse correlations betweenω-3 PUFA content in serum
phospholipids and serum levels of Gal-3, confirming the beneficial effects of ω-3 PUFAs on cardiac
remodeling [79].
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4.2. Impact of PUFA Consumption on Body Weight

The Mediterranean diet is known to provide a balanced supply of PUFAs [14]. In vivo studies have
demonstrated that the consumptionω-3 FA is correlated with the improvement of body composition.
Specifically, it is observed that there is a reduction in adipose tissue thanks to the interactions with
metabolic pathways, including the glucose one [80]. A meta-analysis conducted in 2014 [4] has
explored the relationship between the consumption of long-chainω-3 PUFAs and body composition
in Caucasian subjects (Table 4). The study examined 934 subjects who were getting long-chain ω-3
PUFAs from fish or from supplements. The authors have found statistically significant variations
comparing results obtained between the study group and healthy subjects. The examined parameters
were: body weight; BMI; fat mass (FM) %; and waist circumference (WC). Moreover, the authors
have also investigated the possible gender effect tied to the consumption of long-chain ω-3 PUFAs,
highlighting that in male subjects the WC diminished significantly more than in females.

There is considerable evidence showing that, at the cellular level, PUFAs are potent transcription
regulators of genes involved in lipid metabolism. In fact, PUFAs have an important role in the inhibition
of genes involved in lipogenesis, and in the promotion of genes involved in lipid oxidation [81].
Other than being prone to rapid oxidation and peroxidation, PUFAs are able to favor the synthesis
of proteins involved in detoxification processes that counteract oxidative stress [82]. A study by Di
Nunzio et al. [83] has shed light on the antioxidant and pro-oxidant properties of different PUFAs.
The authors have demonstrated that only DHA is able to diminish susceptibility to hydrogen peroxide,
which stimulates the transcription and the activation of the peroxisome proliferator-activated receptor
α (PPARα). PPARα is able to favor the activity of antioxidant enzymes, such as Catalase- CAT and
superoxide dismutase- SOD [83]. Therefore, the consumption of PUFAs, specifically DHA, allows an
adequate antioxidant protection at the cellular level if theω-3/ω-6 at 1:5 ratio is followed [84].

The enhancement in lipid oxidation, and the increased use of lipids as an energy source,
can translate into a reduction in FM. In fact, some studies demonstrate that increased PUFA intake is
associated with substantial FM loss, especially in the abdominal region [85].

Couet et al. have examined a population of lean and healthy individuals who were administered
6 g/day of visible fat for 3 weeks followed by a wash-out period lasting 10–12 weeks, followed in
turn by the administration of 6 g/day of fish oil for 3 weeks. The authors have reported a statistically
significant reduction in FM, whilst body weight was maintained [86].

A study by Huang et al. [87] has examined the possible genetic–dietary interactions in a population
of 24,357 subjects. The authors have analyzed all known 77 single-nucleotide polymorphisms (SNPs)
correlated with BMI. The data showed that consumption of fish-derived long-chain ω-3 are able to
modulate gene expression related to weight gain and BMI modifications. In fact, long-chainω-3 PUFAs
were able to modify the genetic associations that determine adipose tissue accumulation in various
body regions [88]. Therefore, the consumption of long-chain ω-3 PUFAs plays an important role in
phenotype manifestation, modulating the expression of weight regulatory genes.

The notion that adipose tissue is simply an inert tissue that stores fat has become obsolete. On the
contrary, it is now recognized as a metabolically active endocrine organ, which has the capacity to
synthesize biological mediators called adipocytokines, which regulate the body’s metabolic status and
influence homeostasis [89]. Adipose tissue is not solely comprised of adipocytes, but also of blood
vessels and stroma, which contain the precursor cells. It is also useful to distinguish white adipose
tissue (WAT) from brown adipose tissue (BAT). WAT is made up of unilocular adipocytes and is better
suited for storage, while BAT adipocytes are multilocular, contain copious amounts of mitochondria
and are involved in thermogenesis [90]. Diet-induced thermogenesis is a metabolic process linked
with energy expenditure following the ingestion of various macronutrients (such as carbohydrates,
proteins, fats and alcohol). A study by Casas-Agustench et al. has examined a population of 29 healthy
males and compares the thermogenic effects induced by three isocaloric meals: the first contained high
levels of PUFAs from walnuts, the second contained high levels of MUFAs from olive oil and the third
contained high levels of fat from dairy products. Thermogenesis induced 5 hours after the first meal
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was 28% greater than the one induced by the third meal. Therefore, the quality of fats can influence the
thermogenic response, even if the properties which influence lipid substrate oxidation are still not
known [91].

A further feature of obese subjects is the low-grade chronic inflammatory state. The postulation
that obesity is inherently linked to the latter goes hand in hand with the notion that adipose tissue in an
obese individual undergoes compelling alterations in both composition and function, a process named
“adipose tissue remodeling” [92]. The inflammatory status is characterized by pro-inflammatory
molecules such as TNF-α, interleukin (IL)-1β, IL-6, IL-8, transforming growth factor-β, nerve growth
factor and acute phase response molecules such as plasminogen activator inhibitor-1, haptoglobin;
serum amyloid A, has been recognized as a driver of metabolic disease in obese subjects [93]. Therefore,
a reduction of the low-grade chronic inflammatory status, consequent to a decrease of body weight,
would lead to an improvement in the clinical conditions of MOSH syndrome.

A study by Lund et al. [94], other than attaining positive results regarding BMI, WC and hip
circumference (HC) reduction following PUFA consumption, has highlighted an inverse correlation
between ALAω -3 consumption and levels of macrophage inflammatory protein (MIP)-1α. The latter is
a chemokine which is overexpressed in obese subjects who present abdominal visceral fat accumulation.
Therefore, PUFAs are able to act beneficially on MIP-1α levels, and therefore on central adiposity.
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4.3. PUFA and Metabolic Axis

Long-chain ω-3 PUFAs are able to regulate numerous metabolic mechanisms apt to contrast
weight gain. They enable better control of the hunger and satiety mechanism and allow better perfusion
of metabolically active tissues (such as skeletal muscle) through the modulation of gene expression.
They also induce fatty acid oxidation and can cause an increase in energy expenditure associated with
a reduction in fat deposits [95].

Several studies suggest that long-chain ω-3 PUFAs can suppress appetite and regulate
thermogenesis by inducing an increase in blood concentration of adipocyte hormones such as leptin and
adiponectin [80,96,97] (Table 5). Leptin was the first hormone to be recognized for having a regulatory
action at the hypothalamic level [98]. Its principal function is to control food-intake, undertaking an
anorexigenic effect, however, it can also regulate energy expenditure and body weight [99]. Leptin acts
upon the metabolism and food consumption, reducing appetite and increasing energy expenditure [100].
The expression and release of this hormone are positively correlated with the amount of fat mass and
adipocyte dimension, and they are stimulated by hormones such as cortisol and insulin [101].

Different studies report that the reduction in leptin plasma concentration represents a short-term
adaptation to the mechanism of hunger or fasting and therefore, in response to diet-induced weight loss,
the levels of leptin decrease significantly [102,103]. In normal weight subjects, leptin is released into
circulation and acts through hypothalamic and extra-hypothalamic brain receptors (arcuate nucleus and
dorsomedial hypothalamus, respectively), inhibiting hunger and increasing thermogenesis following
food intake. Moreover, in non-obese subjects, leptin acts through hypothalamic receptors, inhibiting
the hunger mechanism and increasing thermogenesis during the fasting period. Decreased leptin levels
provoke a reduction in central sympathetic nervous outflow and mobilize stored adipose tissue through
glucocorticoid stimulation [104]. Whereas in obese subjects, even if plasma leptin concentration seems
to be increased, it does not decrease food consumption and increase energy expenditure. Such a
phenomenon suggests that obese subjects become leptin-resistant as reported by different authors since
the 1990s [98,104]. The “leptin resistance hypothesis” was demonstrated by Enriori et al. and observed
an attenuation of the phosphorylation of signal transducer and activator of transcription 3 (STAT3) in
obese mice, which is a crucial factor for the action of leptin on the hypothalamic arcuate nucleus [105].

Hyperleptinemia is also associated with an increased production and release into the bloodstream
of pro-inflammatory cytokines (such as TNF-α, C- reactive protein- CRP, etc.) [106,107] and to an
increase of platelet aggregation and thrombosis [108]. Thus, the persistent condition of hyperleptinemia
could play an unfavorable role in different organs and systems such as the CV system.

A study by Pérez-Matute et al. [109] investigated the potential anti-obesogenic and insulin-sensitizing
properties associated with long-chain ω-3 PUFA consumption in an animal model, this was done
by feeding the animals two different dietary regimens for the duration of 5 weeks. The control
group was administered a standard laboratory diet, whilst the study group was administered a
fat-rich hyperenergetic diet. These groups were further divided into two subgroups, differentiated
by whether or not they were administered EPA. Results showed that EPA consumption during a
fat-rich hyperenergetic diet is able to restrain weight gain and consequently leads to an increase
in fat mass. This effect could be correlated with an increase in leptin levels, which causes reduced
hunger. Another finding shows that the group consuming a fat-rich hyperenergetic diet and EPA
supplementation showed significant weight loss, greater than the standard laboratory diet and
EPA supplementation group. It can be speculated that the metabolic effects related to a fat-rich
hyperenergetic diet could be correlated to its bromatological composition.

Adiponectin is a protein which regulates the endocrine functions of adipocytes, which perform
autocrine and paracrine functions. Adiponectin seems to improve lipid storage, contrasting ectopic
deposition of lipids [110] favoring healthy adipose tissue composition. Moreover, it can regulate energy
homeostasis by modulating lipid and the glucose metabolism as well as fatty acid oxidation. A study
highlighted that adiponectin is able to ameliorate insulin sensitivity in the liver and in skeletal muscles,
regulating healthy adipose tissue expansion [111,112]. A study was conducted by Dimiter [113] to
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investigate the relationship between ω-3 PUFA consumption and circulating adiponectin levels on
35 subjects with metabolic syndrome. The subjects were subdivided into two groups: one was treated
withω-3 PUFA supplements and the control group was given a placebo for a period of three months.
The results showed that the treated group demonstrated a statistically significant increase in plasma
adiponectin and high-density lipoprotein (HDL) cholesterol, with a concomitant decrease in TGs,
Homeostatic model assessment - insulin resistance (HOMA-IR) and CRP. These findings highlighted
that supplementation withω-3 PUFAs can contribute to a bettering of the clinical profile of metabolic
syndrome patients by reducing inflammation, improving dyslipidemia and endocrine function through
adiponectin-dependent mechanisms.

Long-chain ω-3 PUFAs can alter gene expression in skeletal muscle, suppressing catabolic
pathways and upregulating anabolic ones. These mechanisms attenuate muscular mass loss while
maintaining muscular functionality and metabolic rate [95]. The restriction of energetic intake results
in efficacious fat mass reduction; however, it can often cause the loss of fat-free mass and skeletal
muscle. This may negatively impact on physical performance and cause a reduction in metabolic rate
by reducing lipid oxidation capacity [114]. The principal pathway responsible for muscle catabolism
during energetic intake restriction is the ubiquitin-proteasome pathway [115]. EPA is able to inhibit
the activity of such a pathway during periods of severe energy intake restriction. In this context,
long-chainω-3 PUFAs can augment the activation of the Protein kinase B (Akt)—Mammalian target
of rapamycin (mTOR)—the Ribosomal protein S6 kinase beta-1 (S6K1) anabolic pathway in skeletal
muscle-promoting anti-catabolites and anabolites [116]. In a study by Howe et al. [117], long-chain
ω-3 PUFAs were able to attenuate muscle mass loss during an energy restriction diet. Moreover,
an improvement of lean mass and energy balance was observed [95,118]. Successively, the same
authors have observed an increase in lean mass percentage, suggesting a direct relationship between
the consumption ofω-3 PUFAs and lean mass improvement [117].
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5. Summary and Future Perspectives

In conclusion, there seems to be evidence thatω-3 PUFA consumption may be clinically beneficial
in the treatment and clinical management of MOSH patients.

The ability of ω-3 PUFAs to act on some pathological aspects of MOSH, such as obesity,
inflammation, metabolic and cardiovascular disorders, coupled with their optimal safety profile,
leads us to the postulation that ω-3 PUFA assumption could be a valuable tool in ameliorating the
clinical manifestations of MOSH syndrome.

In pursuance to assess this conclusion in a definitive manner and in order to define the most
advantageous dosage, randomized clinical trials on a large population sample are required. Moreover,
it would be interesting and useful to conduct experimental studies exploring the possible effects
of ω-3 PUFA consumption on hormone profile, on the sexual sphere (T concentrations) and on
body composition.
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Abbreviation List

AA Arachidonic acid
AHA American Heart Association
Akt Protein kinase B
ALA α-linoleic acid
AMI Myocardial infarction
BAT Brown adipose tissue
BMI Body mass index
CAD Caspase-activated DNase
CAT Catalase
CNCD Chronic non-communicable degenerative disease
CRP C-reactive protein
CV Cardiovascular
CVD Cardiovascular disease
DART Diet And Reinfarction Trial
DGLA Dihomo-γ-linoleic acid
DHA Docosahexaenoic acid
DPA Docosapentaenoic acid
eNOS Endothelial nitric oxide synthase
EPA Eicosapentaenoic acid
FAs Fatty acids
FM Fat mass
FSH Follicle-stimulating hormone
Gal-3 Galectin-3
GISSI Gruppo Italiano per lo Studio della Streptochinasi nell’Infarto
GLA γ-linoleic acid
GnRH Gonadotropin-Releasing Hormone
HC Hip circumference
HDL High-density lipoprotein
HOMA-IR Homeostatic model assessment-insulin resistance
HT High triglyceride
IL Interleukin
LA Linoleic acid
LDL Low-density lipoprotein
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LH Luteinizing hormone
LTS Leucotriens
LXS Lipoxines
MIP Macrophage inflammatory protein
MOSH Male obesity secondary hypogonadism
mTOR Mammalian target of rapamycin
MUFAs Monounsaturated fatty acids
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
PG Prostaglandins
PPARα Peroxisome proliferator- activated receptor α
PUFA Polyunsaturated fatty acid
S6K1 Ribosomal protein S6 kinase beta-1
SFAs Saturated fatty acids
SNPs Single-nucleotide polymorphism
SOD Superoxide dismutase
STAT3 Signal transducer and activator of transcription 3
T Testosterone
T2DM Type 2 diabetes mellitus
TG Triglycerides
TNF-α Tumor necrosis factor- α
Tx Thromboxanes
VCAM-1 Vascular cell adhesion molecule-1
VHT Very high triglyceride
WAT White adipose tissue
WC Waist circumference
WHO World Health Organization
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Abstract: Background and Aims: Literature highlights the role of risk factors like age, body mass
index (BMI), tobacco smoking, alcohol intake and diet in the pathogenesis of several cancer types
but little is known for non-melanoma skin cancers (NMSC). The aim of this epidemiological study
was to evaluate the correlation between modifiable risk factors (BMI, metabolic panel, diet, lifestyle,
medical history) and not modifiable risk factors (gender, age) and NMSC development. Methods:
From February 2018 to September 2019, 162 patients affected by NMSC were compared to a group of
167 controls. A univariate and multivariate analysis was conducted to elaborate the data collected
through face-to-face interviews. Results: While our evidence did not always reach statistical
significance, NMSC study group patients exhibited high rates of analyzed risk factors (male gender
aging over 55 years, high BMI, reduced physical activity) compared to the control group. Conclusions:
Our study indicates that practicing more than 30 min of physical activity daily could be a protective
factor against the NMSC onset. Other risk factors were not correlated with NMSC, but more evidence
is needed to establish a possible link.

Keywords: NMSC; lifestyle; smoking; alcohol; diet

1. Introduction

The incidence of non-melanoma skin cancer (NMSC), including predominantly basal cell carcinoma
(BCC) and squamous cell carcinoma (SCC), has risen significantly among white populations, sparking
an increasing scientific interest in these types of tumors [1,2].

Genetic factors and behavioral changes are known to promote skin cancer.
However, high frequency of UV radiation (UVR) exposure remains the predominant causative

agent, altering cell genetic and immunological profile, leading to DNA damage, oxidative stress,
free radical production and photo aging [3].

An additional well-established risk factor for NMSC includes Fitzpatrick I-II skin type.
Modifiable lifestyle risk factors, such as diet, exposure to exogenous hormones, alcohol intake,

and tobacco smoking, generally noted to be linked to carcinogenesis, have not definitively been
confirmed as risk factors for NMSC.
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Recently, extensive research has highlighted the role of correct eating habits in controlling skin
carcinogenesis and tumor growth in other models; nevertheless, a comprehensive immunological
evaluation implicated in this relationship is still pending [4].

Moreover, obesity has increased alarmingly in the Western world during recent decades, becoming
a risk factor for several cancers [5].

However, evidence for an association between obesity and malignant melanoma (MM) and
non-melanoma skin cancer (NMSC) has not been fully established yet.

Currently, results from a large meta-analysis showed that males with high body mass index (BMI)
had a high risk for MM, whereas this association was not found among females [6].

Fewer studies have addressed the associations between BMI and risk for NMSC but the results
are conflicting [7].

In order to investigate how much lifestyle affects the risk of developing NMSC, we conducted an
epidemiological study evaluating the metabolic syndrome indices, eating behavior, smoking habits,
alcohol consumption and physical activity in NMSC patients in correlation with a control study group.

2. Materials & Methods

From February 2018 to September 2019, a community-based case-control was carried out enrolling
162 cases of NMSC outpatients of a dermatological ambulatory service and 167 clinically healthy
NMSC-free subjects, as controls.

Data collection was carried out through structured face-to-face interviews.
Primarily, anamnestic data were collected regarding age, gender, work activity, health status

and medications.
The second part of the interview concerned the dietary habits.
Normal eating habits of participants were assessed using the validated food frequency

questionnaire (FFQ), which included 12 items corresponding to the 12 elemental characteristics
of the Mediterranean diet: carbohydrates, vegetables, fruit, milk, extra virgin olive oil, white meat,
red meat, sausages, fish, eggs, legumes and sweets [8].

For each participant, a score was constructed by adding the scores obtained for the 12 groups of
foods. Adherence to the Mediterranean diet was assessed by a score created by Trichopoulou et al. [9].

Finally, participants were asked about their smoking habits and daily physical activity (for more
or less than 30 min).

Furthermore, BMI was calculated for each patient complete with a metabolic panel (glycemia,
cholesterolemia and triglyceridemia).

3. Statistical Analysis

The statistical analysis was carried out using SPSS (IBM Corp. Released 2017. IBM SPSS Statistics
for Windows, Version 25.0. Armonk, NY, USA: IBM Corp), release 25.0.

The univariate analysis was conducted using the chi-square test in order to compare the cases and
controls for different dichotomous variables.

The multivariate analysis was performed using a logistic model. The results are presented as
odd ratio (OR) (95% CI). Two types of model were created, the first model including all the variables
(full model), and the second one using a stepwise approach (backward elimination).

The significance level was set at p value < 0.05.
Since the variables used for the multivariate analysis were not continuous, no multicollinearity

was present.
No missing data were present.
Composite scores based on the items were constructed.
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4. Results

The survey included 326 patients: 162 (96 males and 66 females) affected by NMSC (BCC, actinic
keratosis (AK), SCC), with a mean age of 68 years (range 36–95); the control group consisted of
164 subjects not suffering from skin cancers (82 males and 82 females), with a mean age of 57 years
(range 32–88) (Tables 1 and 2). Male gender and age < 55 years were found to be associated with
a higher risk of developing NMSC (p value > 0.05). BMI was used to categorize each person as
underweight, normal weight, overweight or obese: the NMSC group was 1% underweight, 31% normal
weight, 44% overweight, 20% first grade obesity, 4% second grade obesity and 0% third grade obesity;
the control group was 1% underweight, 52% normal weight, 29% overweight, 15% first grade obesity,
2% second grade obesity and 1% third grade obesity. The condition of obesity or overweight was
significantly higher in the NMSC group (p value < 0.001). There were no statistically significant
differences between the two groups in the frequency and the amount of consumption of the aliments
examined. Nevertheless, cold meat (p value = 0.055) and sugary drinks (p value = 0.076) were found to
be widely consumed in the NMSC group. As far as concerns the Mediterranean diet score, levels of the
score equal to or over 10 were associated with a lower risk of NMSC (p = 0.056).

Concerning the metabolic panel assessment (glycemia, cholesterolemia and triglyceridemia),
blood tests were over the limits in 76 NMSC patients (46.9%) and in 74 (44.3%) control study group
subjects. This difference was not statistically significant (p value = 0.636), although considerably high
levels of glycemia were observed in the NMSC group. In the NMSC group 83 patients (51.2%) declared
themselves to have never smoked and 79 patients (48.8%) declared themselves to be smokers or former
smokers. In the control group, on the other hand, 96 patients (58.5%) reported never having smoked
and 68 patients (41.5%) claimed to be smokers or former smokers. These data were not statistically
significant (p value = 0.185). Differences in the frequency of alcohol consumption were minimal and not
statistically significant. Among NMSC patients, only 33 (20.4%) claimed to practice physical activity
for more than 30 min daily, as opposed to 60 patients (36.6%) from the control group.

Table 1. Univariate analysis table.

Cases Controls p Value

Age
<0.001<55 years 16 (9.9) 0 (0)

≥55 years 146 (90.1) 167 (100)

Sex
0.03Females 65 (40.1) 94 (56.3)

Males 97 (59.9) 73 (43.7)

Tobacco smoking
0.142Non-smokers 83 (51.2) 99 (59.3)

Smokers/ex-smokers 79 (48.8) 68 (40.7)

Metabolic panel
0.636Normal 86 (53.1) 93 (55.7)

Not normal 76 (46.9) 74 (44.3)

Body mass index
<0.001Normal 52 (32.1) 89 (53.3)

Overweight/obesity 110 (67.9) 78 (46.7)

Physical activity
0.002<30 min daily 129 (79.6) 107 (64.1)

≥ 30min daily 33 (20.4) 60 (35.9)

Mediterranean diet score ≥ 10
0.056<10 (reference) 157 (96.9) 151 (92.1)

≥10 5 (3.1) 13 (7.9)
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Table 2. Multivariate analysis table.

Full Model Backward Elimination Model

OR CI 95% OR CI 95%

Sex
Females 0.59 0.36–0.96 0.59 0.37–0.94

Males (reference) 1 1

Tobacco smoking
Non-smokers (reference) 1

Smokers/ex-smokers 1.01 0.62–1.63

Metabolic panel
Normal (reference) 1

Not normal 0.80 0.50–1.28

Body mass index
Normal (reference) 1 1
Overweight/obesity 1.94 1.20–3.15 1.90 1.18–3.05

Physical activity
<30 min daily (reference) 1 1

≥30 min daily 0.50 0.29–0.75 0.52 0.31–0.86

Mediterranean diet score > 10
<10 (reference) 1 0.13–1.14 1 0.12–1.05

≥10 0.38 0.36

5. Discussion

Skin cancer represents one of the most common worldwide malignancies and its incidence exhibits
no signs of plateauing [10].

Whereas different types of cancers are causally related to a variety of endogenous and exogenous
modifiable risk factors, the concept that lifestyle behavior may play a role in modulating cancer
incidence has become largely investigated, recently, upon indirect epidemiologic evidences.

However, few studies have found correlations of dietary fat intake with NMSC incidence [11].
Commonly, dietary history and lifestyle habits questionnaires and surveys are widely used

procedures for collecting epidemiological data about this relation. Nevertheless, with regard to NMSC,
only a few epidemiological investigations found no association between its incidence and dietary
intake [12,13].

Through the interviews performed, we observed a suggestive pattern of elevated risk of NMSC in
male subjects, aged over 55 years. This trend reflects the recent incidence data [14].

No statistically significant correlation has been observed between the foods investigated, neither those
typical of the Western diet nor those characteristic of the Mediterranean diet.

Despite the Mediterranean diet showing a favorable impact on some chronic inflammatory skin
conditions such as acne, rosacea, hidradenitis suppurativa, psoriasis as well as certain malignancies,
presumably due to its anti-inflammatory and antioxidant effects, more high-quality research is needed
to verify a presumable correlation with NMSC [15–17].

Physical activity influences the risk of several types of malignancies. There is much evidence
sustaining the role of regular physical activity in reducing risk of colorectal cancers, breast cancers,
endometrial cancers, testicular cancers and minorly, lung and pancreas tumors [18–20].

Suggested biological pathways by which physical activity may influence cancer risk include
changes in hormones, growth factors, inflammatory cytokines, and immune function.

Regarding skin cancer, physical activity explicates its beneficial effects by improving immune
function, increasing detoxification and DNA repair, thus reducing sun exposure-induced DNA
damage [21].
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Nevertheless, some authors indicate a potential positive association between outdoor physical
activity and keratinocyte cancer, due to high UV radiation exposure levels while performing outdoor
sports [21].

Other studies also highlight existing sex differences in the association between recreational
physical activity and the development of SCC due to more outdoor exercise, less clothing, and less use
of sunscreens in men than women [22].

Our data suggest a possible protective effect of physical activity, for at least 30 min daily, on NMSC
onset. In fact, among 162 NMSC patients, only 33 (20.4%) claimed to practice physical activity for more
than 30 min daily, as opposed to 60 subjects (35.9%) of the control group.

The limit of this observation is attributable to the fact that these data were not adjusted for outdoor
sun exposure or any other risk factor pertaining to sun exposure.

Although not statistically significant, higher BMI was observed in NMSC patients than in the
control group. In addition, the obesity condition was significantly increased in the NMSC study
population (p value <0.0001).

The BMI of adults and the global obesity prevalence is trending higher. Numerous epidemiologic
studies reported, constantly, that severe and morbid obesity are associated with elevated risks of
adverse health outcomes and highlighted a high BMI as a potential risk factor for many types of
malignancies [23].

Recent evidence suggests that adipocytes could play an important role in the proliferation of
cancers, although the mechanism underlying promotion of carcinogenesis is not fully established [24].

Specific to NMSC, the association with high BMI is controversial, since various studies reported
an inverse relationship, while others have not found significant results [25].

Regarding skin cancer, the conflicting association with being overweight or obese could have both
behavioral and biological explanations: on one side, presumably, overweight subjects are less likely to
be exposed to UV light in public settings, the primary risk factor for skin cancer [26,27].

On the other side, a potential mechanism is due to the alterations in hormones and growth factors
induced by high caloric intake, that lead either to height or to an increased number of cells that could
potentially have an abnormal proliferation.

In support of this evidence, studies conducted in obese leptin-deficient mice skin tissue revealed
stronger inflammatory response to UV radiation and greater oxidative stress resulting in altered cellular
signaling [28].

Therefore, our observation of a suggestive positive association between high BMI and NMSC
development could sustain this position.

6. Limitations of the Study

Regarding the role of physical activity as a presumable protective factor against NMSC
development, the limit of our observation is attributable to the fact that our data were not adjusted for
outdoor sun exposure or any other risk factor pertaining to sun exposure.

7. Conclusions

In these past years, NMSCs have acquired a clinical relevance that parallels their steadily
increasing incidence.

Moreover, many patients often exhibit two or more types of NMSC simultaneously.
In fact, the main limitation of our study is the lack of stratification regarding the three main

epithelial tumors (AK, BCC, SCC), as they often coexist in the same subject.
As in all malignancies, for NMSC it is advisable to investigate possible modifiable risk factors in

order to act promptly on their prevention.
Our study has revealed the existence of some risk factors such as high BMI, male gender aging

over 55 years and lack of physical activity, as potentially related to a high risk of developing NMSC.
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Although the correlation of these factors and the development of NMSC is still controversial,
additional studies are necessary to confirm or disprove our hypotheses.

Author Contributions: Conceptualization, C.P., N.S. and I.P.; methodology, C.P. and N.S.; software, G.L.T.;
validation, N.S. and I.P.; data curation, N.B. and A.M. (Alessandra Mambrin); writing—original draft preparation,
A.M. (Anna Marchesiello) and S.V.; writing—review and editing, V.B. and S.M.; visualization, E.T. and P.M.;
supervision, N.S. and I.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Han, S.H.; Kim, S.H.; Kim, C.K.; Jo, D.I. Multiple nonmelanocytic skin cancers in multiple regions.
Arch. Craniofac. Surg. 2020, 21, 188–192. [CrossRef] [PubMed]

2. Kune, G.A.; Bannerman, S.; Field, B.; Watson, L.F.; Cleland, H.; Merenstein, D.; Vitetta, L. Diet, alcohol,
smoking, serum beta-carotene, and vitamin A in male nonmelanocytic skin cancer patients and controls.
Nutr. Cancer 1992, 18, 237–244. [CrossRef] [PubMed]

3. Corona, R.; Dogliotti, E.; D’Errico, M.; Sera, F.; Iavarone, I.; Baliva, G.; Chinni, L.M.; Gobello, T.; Mazzanti, C.;
Puddu, P.; et al. Risk factors for basal cell carcinoma in a Mediterranean population: Role of recreational sun
exposure early in life. Arch. Dermatol. 2001, 137, 1162–1166. [CrossRef] [PubMed]

4. Zheng, Y.Y.; Viswanathan, B.; Kesarwani, P.; Mehrotra, S. Dietary agents in cancer prevention:
An immunological perspective. Photochem. Photobiol. 2012, 88, 1083–1098. [CrossRef]

5. Nathan, A. Berger Young Adult Cancer: Influence of the Obesity Pandemic Obesity (Silver Spring) Author
manuscript; available in PMC 1 April 2019. Obesity (Silver Spring) 2018, 26, 641–650. [CrossRef]

6. Sergentanis, T.N.; Antoniadis, A.G.; Gogas, H.J.; Antonopoulos, C.N.; Adami, H.O.; Ekbom, A.; Petridou, E.T.
Obesity and risk of malignant melanoma: A meta-analysis of cohort and case-control studies. Eur. J. Cancer
2013, 49, 642–657. [CrossRef]

7. Præstegaard, C.; Kjær, S.K.; Christensen, J.; Tjønneland, A.; Halkjær, J. Obesity and Risks for Malignant
Melanoma and Non-Melanoma Skin Cancer: Results from a Large Danish Prospective Cohort Study.
J. Investig. Dermatol. 2015, 135, 901–904. [CrossRef]

8. Martin-Moreno, J.M.; Boyle, P.; Gorgojo, L.; Maisonneuve, P.; Fernandez-Rodriguez, J.C.; Salvini, S.;
Willett, W.C. Development and validation of a food frequency questionnaire in Spain. Int. J. Epidemiol. 1993,
22, 512–519. [CrossRef]

9. Trichopoulou, A.; Kouris-Blazos, A.; Wahlqvist, M.L.; Gnardellis, C.; Lagiou, P.; Polychronopoulos, E.;
Vassilakou, T.; Lipworth, L.; Trichopoulos, D. Diet and overall survival in elderly people. BMJ 1995, 311,
1457–1460. [CrossRef]

10. Gordon, R. Skin cancer: An overview of epidemiology and risk factors. Semin. Oncol. Nurs. 2013, 29, 160–169.
[CrossRef]

11. Black, H.S. Can diet prevent nonmelanoma skin cancer progression? Expert. Rev. Anticancer Ther. 2005, 5,
801–808. [CrossRef] [PubMed]

12. Graham, S. Results of case-controlled studies of diet and cancer in Buffalo. N. Y. Cancer Res. 1983, 43,
2409–2413.

13. Hunter, D.J.; Colditz, G.A.; Stampfer, M.J.; Rosner, B.; Willett, W.C.; SpeizerDiet, F.E. Risk of basal cell
carcinoma of the skin in a prospective cohort of women. Ann. Epidemiol. 1992, 2, 231–239. [CrossRef]

14. Leiter, U.; Keim, U.; Eigentler, T.; Katalinic, A.; Holleczek, B.; Martus, P.; Garbe, C. Incidence, Mortality,
and Trends of Nonmelanoma Skin Cancer in Germany. J. Investig. Dermatol. 2017, 137, 1860–1867. [CrossRef]
[PubMed]

15. Barrea, L.; Fabbrocini, G.; Annunziata, G.; Muscogiuri, G.; Donnarumma, M.; Marasca, C.; Colao, A.;
Savastano, S. Role of Nutrition and Adherence to the Mediterranean Diet in the Multidisciplinary Approach
of Hidradenitis Suppurativa: Evaluation of Nutritional Status and Its Association with Severity of Disease.
Nutrients 2018, 11, 57. [CrossRef] [PubMed]

190



Nutrients 2020, 12, 3459

16. Skroza, N.; Tolino, E.; Semyonov, L.; Proietti, I.; Bernardini, N.; Nicolucci, F.; La Torre, G. Mediterranean diet
and familial dysmetabolism as factors influencing the development of acne. Scand. J. Public Health 2012, 40,
466–474. [CrossRef] [PubMed]

17. Sánchez-Sánchez, M.L.; García-Vigara, A.; Hidalgo-Mora, J.J.; García-Pérez, M.Á.; Tarín, J.; Cano, A.
Mediterranean diet and health: A systematic review of epidemiological studies and intervention trials.
Maturitas 2020, 136, 25–37. [CrossRef]

18. Oruç, Z.; Kaplan, M.A. Effect of exercise on colorectal cancer prevention and treatment. World J.
Gastrointest. Oncol. 2019, 11, 348. [CrossRef]

19. Lahart, I.M.; Metsios, G.S.; Nevill, A.M.; Carmichael, A.R. Physical activity for women with breast cancer
after adjuvant therapy. Cochrane Database Syst. Rev. 2018, 1, CD011292. [CrossRef]

20. Huang, S.; Signal, V.; Sarfati, D.; Shaw, C.; Stanley, J.; McGlynn, K.; Gurney, J. Physical activity and risk of
testicular cancer: A systematic review. BMC Cancer 2018, 18, 189. [CrossRef]

21. Lahmann, P.H.; Russell, A.; Adèle, C. Green Prospective study of physical activity and risk of squamous cell
carcinoma of the skin. BMC Cancer 2011, 11, 516. [CrossRef] [PubMed]

22. Schnohr, P.; Grønbaek, M.; Petersen, L.; Hein, H.O.; Sørensen, T.I. Physical activity in leisure-time and risk
of cancer: 14-year follow-up of 28,000 Danish men and women. Scand. J. Public Health 2005, 33, 244–249.
[CrossRef] [PubMed]

23. Bosy-Westphal, A.; Reinecke, U.; Schlörke, T.; Illner, K.; Kutzner, D.; Heller, M.; Müller, M.J. Effect of organ
and tissue masses on resting energy expenditure in underweight, normal weight and obese adults. Int. J.
Obes. Relat. Metab. Disord. 2004, 28, 72–79. [CrossRef] [PubMed]

24. Dirat, B.; Bochet, L.; Dabek, M.; Daviaud, D.; Dauvillier, S.; Majed, B.; Wang, Y.Y.; Meulle, A.; Salles, B.;
Le Gonidec, S.; et al. Cancer-associated adipocytes exhibit an activated phenotype and contribute to breast
cancer invasion. Cancer Res. 2011, 71, 2455–2465. [CrossRef] [PubMed]

25. Zhang, Y.; Cartmel, B.; Choy, C.C.; Molinaro, A.M.; Leffell, D.J.; Bale, A.E.; Mayne, S.T.; Ferrucci, L.M.
Body mass index, height and early-onset basal cell carcinoma in a case-control study. Cancer Epidemiol. 2017,
46, 66–72. [CrossRef]

26. Pothiawala, S.; Qureshi, A.A.; Li, Y.; Han, J. Obesity and the incidence of skin cancer in US Caucasians.
Cancer Causes Control. 2012, 23, 717–726. [CrossRef]

27. Gerstenblith, M.R.; Rajaraman, P.; Khaykin, E.; Doody, M.M.; Alexander, B.H.; Linet, M.S.; Freedman, D.M.
Basal cell carcinoma and anthropometric factors in the U.S. radiologic technologists cohort study. Int. J. Cancer
2012, 131, E149-55. [CrossRef]

28. Sharma, S.D.; Katiyar, S.K. Leptin deficiency-induced obesity exacerbates ultraviolet B radiation-induced
cyclooxygenase-2 expression and cell survival signals in ultraviolet B-irradiated mouse skin.
Toxicol. Appl. Pharmacol. 2010, 244, 328–335. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

191





nutrients

Article

Association between Nutrient-Based Dietary Patterns
and Bladder Cancer in Italy

Valeria Edefonti 1 , Carlo La Vecchia 1 , Matteo Di Maso 1, Anna Crispo 2, Jerry Polesel 3 ,
Massimo Libra 4, Maria Parpinel 5 , Diego Serraino 3 , Monica Ferraroni 1,† and
Francesca Bravi 1,*,†

1 Department of Clinical Sciences and Community Health, Università degli Studi di Milano, via A. Vanzetti, 5,
20133 Milan, Italy; valeria.edefonti@unimi.it (V.E.); carlo.lavecchia@unimi.it (C.L.V.);
matteo.dimaso@unimi.it (M.D.M.); monica.ferraroni@unimi.it (M.F.)

2 Epidemiology and Biostatistics Unit, Istituto Nazionale Tumori—IRCCS “Fondazione G. Pascale”,
via M. Semmola, 80131 Naples, Italy; a.crispo@istitutotumori.na.it

3 Cancer Epidemiology Unit, Centro di Riferimento Oncologico di Aviano (CRO) IRCCS, via F. Gallini, 2,
33080 Aviano, Italy; polesel@cro.it (J.P.); serrainod@cro.it (D.S.)

4 Laboratory of Translational Oncology & Functional Genomics, Department of Biomedical and
Biotechnological Sciences, Università di Catania, Via Santa Sofia, 97, 95123 Catania, Italy; m.libra@unict.it

5 Department of Medicine, University of Udine, via Colugna, 50, 33100 Udine, Italy; maria.parpinel@uniud.it
* Correspondence: francesca.bravi@unimi.it; Tel.: +39-02-5032074; Fax: +39-02-50320866
† M.F. and F.B. equally contributed to the study.

Received: 14 April 2020; Accepted: 25 May 2020; Published: 28 May 2020

Abstract: Limited knowledge is available on dietary patterns and bladder cancer risk. We analyzed
data from an Italian case-control study carried out between 2003 and 2014, including 690 incident
bladder cancer cases and 665 hospital-controls. We derived nutrient-based dietary patterns applying
principal component factor analysis on 28 selected nutrients. We categorized factor scores according
to quartiles, and estimated the odds ratios (ORs) and the corresponding 95% confidence intervals
(CIs) through logistic regression models, adjusted for major confounding factors. We identified
four dietary patterns named “Animal products”, “Vitamins and fiber”, “Starch-rich”, and “Animal
unsaturated fatty acids”. We found an inverse association between the “Vitamins and fiber” pattern
and bladder cancer (OR = 0.70, 95% CI: 0.48–0.99, IV versus I quartile category). Inverse relationships
of borderline significance were also found for the “Animal products” and the “Animal unsaturated
fatty acids” dietary patterns. No significant association was evident for the “Starch-rich” pattern.
The current study allowed us to identify major dietary patterns in this Italian population. Our study
confirms available evidence and shows that scoring high on a fruit-and-vegetables pattern provides
beneficial effects on bladder cancer risk.

Keywords: bladder cancer; case-control study; dietary patterns; diet; factor analysis

1. Introduction

Bladder cancer accounted for about 550,000 new cases worldwide in 2018 and ranked 15th among
the causes of cancer mortality [1]. Tobacco smoking is the major recognized risk factor for this neoplasm,
accounting for 28% of male cases and 18% of female cases in Europe, and 21% and 16%, respectively,
in the USA [2]. Other well-known risk factors are past occupational exposures to aromatic amines,
high level of arsenic in drinking water, and Schistosoma haematobium and other urinary tract infections,
whereas the role of other lifestyle factors needs to be clarified [3–5]. Diet has been involved in the
development of bladder cancer because the metabolites of the ingested foods have direct contact with
bladder mucosa [6]. However, the role of specific foods and nutrients is still unclear, and the World
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Cancer Research Fund updated report indicates that only limited/suggestive evidence has been reached
for a favorable role of vegetables and fruit consumption and tea drinking, while limited/non-conclusive
evidence was available for the other dietary items [7].

Most studies have investigated single foods or nutrients, while only a few studies have used
a priori [8–11] or a posteriori dietary patterns [12,13] to describe dietary habits as a complex behavior
and to assess their relationship with bladder cancer risk. Previous analyses of selected aspects of
diet in the present Italian population showed an unfavorable role of meat consumption (particularly
stewed and roasted meat) [14], carbohydrates and glycaemic load [15], and an inverse relationship
with vegetables, milk/yogurt [14], and flavones and isoflavones [16]. Considering dietary habits as
a whole in the same population, bladder cancer was positively associated with a pro-inflammatory
diet [17] and inversely related to a Mediterranean diet [18].

A national food consumption survey conducted in Italy in early 2000 showed that cereals
represented the primary source of energy (providing ~38% of energy), followed by oils and fats
(~17%, mainly from oils), and milk products (~13%); meats and fish provided a limited contribution
(~9% and 2% of energy, respectively) [19]. Cereals were the primary source of fiber, providing a fiber
intake comparable to the one given by the sum of fruit and vegetables [19]. However, the mean daily
intake of vegetables, legumes, and fruit was below the recommendations provided by the World
Cancer Research Fund [20].

To further investigate the role of overall dietary habits on bladder cancer risk, we derived
a posteriori dietary patterns—using an exploratory principal component factor analysis—in an Italian
case-control study.

2. Materials and Methods

2.1. Design and Participants

A hospital-based case-control study was carried out between 2003 and 2014 in four Italian areas
—i.e., Milan, Pordenone, Naples, and Catania. The study design and inclusion criteria have been
described in detail elsewhere [21]. Briefly, cases were 690 patients (including 595 men and 95 women)
younger than 85 (age range: 25–84, median: 67) years with incident urothelial carcinoma of the
bladder, recruited in major teaching and general hospitals of the study areas, and with no previous
history of other neoplasms. Almost all cancer cases (n = 645, 93%) were confirmed by histology or
cytology. Cases were classified on the basis of the 2016 World Health Organization (WHO) grading
system [22]: 268 cases (38.8%) were non-muscle invasive (i.e., TNM pTis/pTa), 192 (27.8%) were pT1,
159 (23.0%) were muscle-invasive (i.e., pT2–pT4); as to the grading, 307 cases (44.5%) were moderately
or well-differentiated (i.e., G1–G2), and 312 (45.2%) were undifferentiated or poorly differentiated
(i.e., G3–G4). Controls were 665 patients (including 561 men and 104 women), selected among subjects
admitted to the same hospital networks of cases for acute non-neoplastic diseases unrelated to alcohol
drinking or tobacco smoking, and not associated with long-term dietary modifications. The median
age of controls was 66, range 27–84 years. Among controls, 39.9% were admitted to hospital for
acute surgery, 28.9% for traumas, 22.1% for nontraumatic orthopedic conditions, and 9.8% for other
miscellaneous diseases. Less than 5% of cases and controls approached did not participate. The
study protocol was submitted to the Board of Ethics of the participating hospitals and received the
approval required at the time of data collection. The Ethics Committee of the National Cancer Institute
“Centro di Riferimento Oncologico, IRCCS”, Aviano, updated the study approval on 14 December 2012
with the protocol number IRB-15-2012. The Ethics Committee of the Hospital “Niguarda Ca’ Granda”,
Milan, provided the study approval on 23 March 2012, with register number 99_03/2012.

Details on selected characteristics of the study participants are provided in Table S1.
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2.2. Data Collection

Participants’ data were collected during their hospital stay by centrally trained interviewers
through a structured questionnaire assessing information on sociodemographic characteristics,
anthropometric factors, tobacco smoking, a personal medical history of selected diseases,
and occupational exposures. Dietary habits in the two years before cancer diagnosis (or before
interview for controls) were also assessed with a food frequency questionnaire (FFQ), including
80 foods and recipes, and a list of different beverages. The FFQ included the following sections: (I) milk
and sweeteners, (II) bread, cereals, and first courses, (III) second courses, (IV) side dishes (i.e., raw and
cooked vegetables), (V) fruit, and (VI) sweets and desserts. Additional sections concerned lifetime
consumption of beverages, including (a) alcoholic beverages, (b) hot beverages, (c) soft drinks, and
(d) tap and bottled water [14,23]. Participants were asked to recall their usual frequency of consumption
per week for each dietary item. Occasional consumption (defined as frequency >1 per month and
<1 per week) was coded as 0.5 per week. For each participant, we estimated total energy, selected
nutrient intakes, and the amount of condiments (e.g., butter and different types of oil) used in the
recipes, through an Italian food composition database [24,25]. The validity and reproducibility of the
FFQ were tested using a 7-day dietary record repeated twice [26,27].

2.3. Statistical Analysis

2.3.1. Factorability of the Original Matrix

The analyses were carried out on a comprehensive list of 28 macronutrients, micronutrients,
and minerals. We examined the potential relationships among nutrients to avoid over-representing
any single nutrient or specific profiles of consumption, thus resulting in artificially higher correlation
coefficients. We evaluated the factorability of the correlation matrix of the original nutrients (including
both cases and controls) by visual examination of the matrix and through statistical procedures,
namely Bartlett’s test of sphericity, overall (Kaiser–Meyer–Olkin) and individual measures of sampling
adequacy [28]. Since we obtained satisfactory results (see Table 1), we used an exploratory principal
component factor analysis to derive the a posteriori dietary patterns.

Table 1. Factorability of the correlation matrix of the original nutrients: Bartlett’s test of sphericity and
measures of sampling adequacy.

Bartlett’s Test of Sphericity: p-Value < 0.001

Overall Measure of Sampling Adequacy (Kaiser–Meyer–Olkin statistic) 1: 0.86

Individual Measures of Sampling Adequacy:

0.60–0.69 retinol, linoleic acid

0.70–0.79 total fiber, starch, vitamin E, monounsaturated fatty acids, vitamin D

0.80–0.89 lycopene, vegetable protein, other polyunsaturated fatty acids, riboflavin, animal
protein, saturated fatty acids, sodium, calcium, iron, vitamin C, potassium, folate

≥0.90 phosphorus, niacin, zinc, thiamin, cholesterol, soluble carbohydrates, linolenic acid,
vitamin B6, beta-carotene equivalents

1 Overall and individual measures of sampling adequacy range between 0 and 1, with values > 0.60 indicating
a satisfactory size.

2.3.2. Dietary Pattern Identification

We carried out a principal component factor analysis [29] on the correlation matrix of the 28 selected
nutrients (including cases and controls together) to describe the variance–covariance structure of
these variables in terms of a smaller number of underlying unobservable and randomly varying
factors, which can be interpreted as dietary patterns. We selected the number of factors to retain,
taking into account the following criteria: factor eigenvalue >1, scree-plot visual inspection, and factor
interpretability [29]. We applied a varimax rotation to obtain a simpler and more interpretable loading
structure. Each factor’s interpretation and labeling were based on nutrients with rotated factor loadings
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≥0.63 in absolute value. We set this cut-off because it implies a minimum contribution of any factor to
any nutrient’s total variance of approximately 40% (i.e., 0.632) [30]. Nutrients with such factor loadings
are called “dominant nutrients” hereafter. Factor scores, as continuous measures, were calculated for
each participant and each pattern, and quantify the degree of adherence of each subject’s diet to the
identified pattern. Factor scores were computed using the weighted least squares method [31].

2.3.3. Reproducibility, Reliability, and Validity of Dietary Patterns

To evaluate the internal reproducibility of the identified dietary patterns, we performed additional
analyses using a different procedure for estimating factor scores (namely, multiple regression method),
and different estimation methods (namely, principal axis factor analysis with generalized least squares
estimation method, and maximum likelihood factor analysis, after logarithmic transformation of the
original nutrients) [29]. Moreover, following a split-half approach, we split the original dataset into
2 randomly selected subsamples (with cases and controls equally distributed), and carried out the
principal component factor analysis procedure separately in each subsample; this procedure was
repeated several times using different starting seeds for the random assignment, in order to verify
the stability of the identified patterns [31]. As a sensitivity analysis, the principal component factor
analysis procedure was also carried out among controls only.

Since all these checks were satisfactory, we performed all the subsequent analyses on factor scores
obtained from the main analysis based on principal component factor analysis performed on cases and
controls together, with varimax rotation and weighted least squares method.

To evaluate factor reliability and refine the identified dietary patterns, we calculated the
standardized Cronbach’s coefficient alpha for those nutrients with a factor loading ≥0.40 in absolute
value on any factor [32]. For each factor, we computed an overall coefficient alpha and several
nutrient-specific coefficient alphas when-item-deleted, which assessed the importance of each nutrient
within the corresponding pattern.

To further describe and interpret the identified dietary patterns, we calculated the Spearman rank
correlation coefficients between the continuous factor scores derived from principal component factor
analysis and the weekly intake of selected food groups and condiments, defined on the same data and
derived from the original 80 food items [31].

2.3.4. Risk Estimates

For each dietary pattern, we categorized participants into 4 groups according to the quartiles
of the distribution of factor scores among cases and controls combined. We estimated the odds
ratios (ORs) and the corresponding 95% confidence intervals (CIs) for quartile categories of factor
scores compared to the reference category (i.e., the lowest quartile category for patterns characterized
by positive factor loadings, and the highest quartile for patterns characterized by negative factors
loadings), using unconditional multiple logistic regression models. We fitted both separate models
for each factor and a composite model, including all the factors simultaneously. We included in each
model the following potential confounding variables: age (<55, 55–59, 60–64, 65–69, 70–74, 75–79,
≥80 years), sex, center of recruitment, education (<7, 7–11, ≥12 years), cigarette smoking status and
intensity (never, former, current <15, current 15–25, current ≥25 cigarettes/day), alcohol drinking
intensity (<1, 1–<2, 2–<4, ≥4 drinks/day), history of occupational exposure (yes vs. no) in selected
sectors relevant for bladder cancer risk, history of diabetes, history of cystitis, family history of bladder
cancer, year of interview, and body mass index (BMI, <20, 20–24, 25–29, ≥30 kg/m2). The tests for
linear trends were computed for all these models, scoring the quartile categories as numbers from
1 to 4. Moreover, we fitted a composite model including the factor scores of the identified dietary
patterns in continuum (with measurement unit equal to 1 standard deviation), which estimates the
mean variation in bladder cancer risk per 1 standard deviation increment of factor scores, accounting
for the aforementioned confounding variables.
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Calculations were performed using the open-source statistical computing environment R
(Ihaka and Gentleman, 1996; R Core Team, 2019), with its libraries psych [33] and GPArotation [34].

3. Results

Visual inspection of the correlation matrix of the original nutrient variables (among cases and
controls) indicated that it was adequate to carry out a factor analysis. Table 1 shows the results from
statistical procedures for checking matrix factorability. In particular, the Bartlett’s test of sphericity
was statistically significant (p-value < 0.001), allowing to reject the null hypothesis that the correlation
matrix is the identity matrix. The overall measure of sampling adequacy (Keiser–Meyer–Olkin statistic)
was 0.86, thus indicating that the sample size was adequate compared to the number of nutrients
included in the analysis. In addition, the individual measures of sampling adequacy were satisfactory
for all considered variables, since 9 nutrients had measures ≥0.90, 12 had measures between 0.80 and
0.89, 5 had measures between 0.70 and 0.79, and only 2 nutrients had measures between 0.60 and 0.69.

Table 2 gives the factor loading matrix of the four selected dietary patterns and the corresponding
communalities. The retained dietary patterns explained about 78% of the variance of the original
nutrient variables. All the examined nutrients had one or more factor loadings ≥0.30, thus indicating
that all the selected nutrients were relevant in this analysis. The greater (in absolute value) was the
loading of a given nutrient to a factor, the higher was the contribution of that nutrient to the factor.
The first dietary pattern was named “Animal products” and was characterized by high positive factor
loadings on calcium, saturated fatty acids, riboflavin, animal protein, cholesterol, phosphorus, and
zinc. The second one, labeled “Vitamins and fiber”, was characterized by high negative factor loadings
on vitamin C, total fiber, beta-carotene equivalents, vitamin E, potassium, and total folate. The third
dietary pattern, named “Starch-rich”, had high negative factor loadings on starch, vegetable protein,
and sodium. The fourth one was labeled as “Animal unsaturated fatty acids” and showed high positive
factor loadings on other polyunsaturated fatty acids and vitamin D.

Table 2. Factor loading matrix 1, communalities, and explained variances for the four major dietary
patterns identified by principal component factor analysis.

Nutrient

Dietary Patterns

CommunalitiesAnimal
Products

Vitamins
and Fiber Starch-Rich Animal Unsaturated

Fatty Acids

Animal protein 0.79 −0.23 −0.20 0.43 0.90
Vegetable protein 0.13 −0.45 −0.85 0.18 0.97

Cholesterol 0.78 −0.12 −0.22 0.42 0.84
Saturated fatty acids 0.82 −0.26 −0.25 0.16 0.82

Monounsaturated fatty acids 0.48 −0.57 −0.24 0.33 0.72
Linoleic acid 0.46 −0.27 −0.25 0.45 0.54

Linolenic acid 0.60 −0.29 −0.23 0.31 0.59
Other polyunsaturated fatty acids 0.28 −0.19 −0.12 0.87 0.89

Soluble carbohydrates 0.43 −0.61 −0.16 − 0.59
Starch 0.13 −0.20 −0.93 0.14 0.94

Sodium 0.42 − −0.82 − 0.87
Calcium 0.83 −0.30 −0.17 − 0.82

Potassium 0.48 −0.72 −0.30 0.25 0.90
Phosphorus 0.77 −0.39 −0.37 0.22 0.93

Iron 0.45 −0.49 −0.36 0.35 0.69
Zinc 0.66 −0.39 −0.43 0.42 0.94

Thiamin (vitamin B1) 0.56 −0.56 −0.41 0.25 0.85
Riboflavin (vitamin B2) 0.82 −0.40 −0.18 0.12 0.88

Vitamin B6 0.53 −0.61 0.29 0.39 0.89
Total folate 0.48 −0.68 −0.34 0.22 0.85

Niacin 0.40 −0.47 −0.33 0.58 0.83
Vitamin C 0.20 −0.88 − − 0.82

Retinol 0.47 − − 0.13 0.25
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Table 2. Cont.

Nutrient

Dietary Patterns

CommunalitiesAnimal
Products

Vitamins
and Fiber Starch-Rich Animal Unsaturated

Fatty Acids

Beta-carotene equivalents 0.17 −0.80 − 0.23 0.73
Lycopene − −0.45 −0.22 0.37 0.40
Vitamin D 0.17 −0.18 − 0.82 0.74
Vitamin E 0.35 −0.73 −0.19 0.41 0.86

Total fiber (Englyst) 0.10 −0.81 −0.33 0.13 0.80

Proportion of explained variance (%) 26.59 24.31 13.88 13.31
Cumulative explained variance (%) 26.59 50.90 64.78 78.09
1 Estimates from a principal component factor analysis carried out on 28 nutrients, as measured among cases and
controls together. For each factor, loadings greater or equal to 0.63 (in absolute value) indicated important or
“dominant nutrients” in the current paper and were shown in bold typeface; loadings smaller than 0.1 in absolute
value were suppressed.

The factor loading matrix derived from the sensitivity analysis on controls only is presented
in Table S2. Visual inspection of the two-factor loading matrices provided reassuring results, with
all the dominant nutrients highlighted in Table 2 being confirmed in Table S2. In addition, the single
component and overall explained variances were comparable across the two solutions.

Standardized Cronbach’s coefficient alphas were high (at least 0.93) for all the factors, and most
standardized coefficient alphas when-item-deleted were smaller than the corresponding coefficient
alpha for the same factor, which supported the presence of internal consistency of the nutrients on
each identified factor (data not shown).

Table 3 gives the Spearman correlation coefficients between the identified dietary patterns and
selected food groups and condiments. The “Animal products” pattern score was positively correlated
with the consumption of cheese, milk, liver, red meat, desserts, eggs, bread, and processed meat.
The “Vitamins and fiber” pattern score had positive correlation coefficients with citrus fruit, other
fruits, olive oil, fruiting vegetables, leafy vegetables, root vegetables, other vegetables, and pasta and
rice. The “Starch-rich” pattern showed a week positive correlation with pasta and rice. The “Animal
unsaturated fatty acids” pattern was positively correlated with the consumption of fish, unspecified
seed oils, and red meat.

Table 3. Spearman rank correlation coefficients 1 between continuous factor scores derived from
principal component factor analysis on nutrient intakes and weekly number of portions for selected
food groups and condiments derived on the same data.

Food Group Animal
Products

Vitamins
and Fiber Starch-Rich Animal Unsaturated

Fatty Acids

Milk 0.45 0.15 – –0.18
Coffee – – – –

Tea and decaffeinated coffee – – – –
Bread 0.35 – 0.17 0.19

Pasta and rice 0.18 0.32 0.29 0.20
Soup – 0.10 0.13 –
Eggs 0.35 – 0.13 0.18

White meat 0.18 0.13 0.10 0.14
Red meat 0.38 – 0.18 0.41

Liver 0.40 –0.03 –0.08 0.14
Processed meat 0.32 –0.02 0.19 0.13

Fish – – – 0.64
Cheese 0.63 – 0.18 –

Potatoes 0.17 0.13 0.12 0.12
Pulses – 0.24 0.16 –

Leafy vegetables 0.13 0.40 – –
Fruiting vegetables – 0.45 – 0.11

Root vegetables 0.06 0.39 – 0.10
Cruciferous vegetables – 0.24 – 0.10
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Table 3. Cont.

Food Group Animal
Products

Vitamins
and Fiber Starch-Rich Animal Unsaturated

Fatty Acids

Other vegetables 0.23 0.39 – 0.10
Citrus fruit – 0.50 – –
Other fruits – 0.63 – –

Soft drinks and fruit juices 0.15 – – –
Desserts 0.37 – 0.17 –

Sugar and candies 0.24 0.22 – –
Butter and margarine 0.24 – – –

Specified seed oils – – – 0.18
Unspecified seed oils 0.17 – – 0.44

Olive oil 0.12 0.52 0.11 0.11
1 Correlations greater or equal to 0.25 (in absolute value) were shown in bold typeface; correlations smaller than
0.1 (in absolute value) were suppressed.

Table 4 shows the ORs and the corresponding 95% CIs for bladder cancer, according to quartile
categories of the dietary patterns, and in continuum (per 1 standard deviation). Results refer to the
composite models, including all the dietary patterns simultaneously. The “Vitamins and fiber” dietary
pattern was inversely related to bladder cancer risk (OR = 0.70, 95% CI: 0.49–0.98, for the highest
versus the lowest quartile category of consumption). Inverse relationships of borderline significance
were also found for the “Animal products” dietary pattern (OR = 0.70, 95% CI: 0.48–1.01) and possibly
for the “Animal unsaturated fatty acids” dietary pattern (OR = 0.81, 95% CI: 0.58–1.15). The remaining
dietary pattern named “Starch-rich” was unrelated to bladder cancer risk (OR = 1.28, 95% CI: 0.90–1.81).
Risk estimates in continuum were consistent with those in categories, indicating a mean risk reduction
of 11% for the “Vitamins and fiber” pattern, and of 8% for the “Animal products” and “Animal
unsaturated fatty acids” patterns. Risk estimates obtained from models fitted separately for each
dietary pattern were comparable to those from the composite model (data not shown).

Table 4. Odds ratios (ORs) 1 of bladder cancer and corresponding 95% confidence intervals (CIs) on
quartiles of factor scores from a principal component factor analysis.

Dietary Pattern Quartile Category, OR (95% CI)
p Trend 3 Per 1 SD 4

I 2 II III IV

Animal products 1 0.93 (0.66–1.30) 0.72 (0.50–1.03) 0.70 (0.48–1.01) 0.026 0.91 (0.80–1.04)
Vitamins and fiber 1 0.77 (0.55–1.09) 0.92 (0.66–1.30) 0.70 (0.49–0.98) 0.109 0.89 (0.79–1.01)

Starch-rich 1 1.25 (0.90–1.75) 1.50 (1.06–2.11) 1.28 (0.90–1.81) 0.107 1.02 (0.90–1.15)
Animal unsaturated fatty acids 1 0.82 (0.58–1.15) 0.58 (0.41–0.82) 0.81 (0.58–1.15) 0.084 0.91 (0.81–1.03)

1 Estimates from an unconditional logistic regression model adjusted for age, sex, center of recruitment, education,
tobacco smoking, alcohol drinking, occupational exposure, history of diabetes, history of cystitis, family history of
bladder cancer, year of interview, body mass index. Results refer to the composite model, including all the four
factors simultaneously. 2 Reference category. 3 p-value for linear trend. 4 SD: standard deviation.

4. Discussion

In this case-control study on bladder cancer, we identified four major dietary patterns that
explained almost 80% of the nutritional variability in this population. Among these, the “Vitamins
and fiber” and possibly the “Animal products” and “Animal unsaturated fatty acids” patterns were
associated with a decreased risk of bladder cancer, after mutual adjustment for all the remaining
patterns. These patterns allowed to recover the main characteristics of the Italian diet at the time of
the present study, in agreement with the findings of a national food consumption survey conducted
in Italy in the same period [19].

Correlation coefficients between the identified patterns and selected food groups confirmed the
labeling of dietary patterns and provided further insight into their composition. The “Animal products”
pattern was primarily characterized by consumption of cheese and milk—which had the highest
correlation coefficients—while minor, dominant components were different types of meat, eggs, and
desserts (mainly bakery products and ice cream). The dairy products correlating with this pattern,
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especially milk, may have driven its inverse association with bladder cancer [14]. Moreover, in Italy,
in contrast to Northern Europe and North America, poorer diets are largely based on bread, pasta, and
carbohydrate-rich foods, instead of meat products, and meat consumption tends to be less unfavorable
than elsewhere [35]. The “Vitamins and fiber” pattern correlated highly with different types of fruit and
vegetables, as well as with olive oil; these dietary components are major sources of fiber, carotenoids,
vitamin C, and vitamin E, and flavonoids, which have antioxidant and anti-inflammatory properties
against cancer development [36]. Moreover, this is in line with findings supporting a favorable role
of fruit and vegetables on bladder cancer, as indicated in the World Cancer Research Fund updated
report [7]. The “Animal unsaturated fatty acids” pattern was mainly characterized by consumption of
fish, and, to a lesser extent, by seed oils and red meat.

Evidence on dietary habits and bladder cancer risk is mainly based on single nutrients, foods, or
food groups [7]. In the Danish Diet, Cancer and Health Study prospective cohort, no association was
found between vitamin C, E, or folate and urothelial carcinoma, and a protective effect of dietary, but not
supplemental, total beta-carotene was found [37]. Likewise, the Melbourne Collaborative Cohort Study
found no association between dietary intake of B-group vitamins and urothelial cell carcinoma [38].
In the European Prospective Investigation into Cancer and Nutrition, no association was found
between dietary folate, vitamin B2, B6, and B12 and urothelial cell carcinoma [39]. A population-based
case-control study reported no association for fruits or vegetables, but an inverse association for
vitamin B12 [40]. In our study, vitamin C, E, B-group, folate, and beta-carotene equivalents are all part
of the same pattern named “Vitamins and fiber”, which was inversely related to bladder cancer risk.

The aforementioned case-control study also showed a positive association for processed meat
intake [40]. A positive relationship between processed meat, and possibly red meat, and the risk of
bladder cancer has also been reported in a meta-analysis, where, however, the association was evident
in case-control but not prospective studies [41].

These findings confirm the difficulties of identifying a favorable or detrimental role of specific
foods or nutrients on bladder cancer risk and the opportunity to consider diet as an overall exposure
using the dietary pattern approach.

Only two papers from the same research group have reported on the role of food-based dietary
patterns and bladder cancer risk [12,13]. In the first paper, the authors reported results of a case-control
study, including 255 bladder cancer cases and 501 matched hospital controls from Uruguay [12].
They used factor analysis and identified 3 food-based dietary patterns, named “Sweet beverages”,
“Western”, and “Prudent” patterns. The first one was characterized by high loadings on coffee, added
sugar, and boiled eggs and was associated with an increased bladder cancer risk. In our study, we
did not observe a pattern similar to that one. The “Western” pattern was characterized by positive
loadings on red meat and wine and negative loadings on poultry and fish, and it was associated with
an increased risk of bladder cancer. Given the common animal orientation, this pattern appears to have
similarities with our “Animal products” and “Animal unsaturated fatty acids” patterns. However,
unlike the Uruguayan pattern, ours were positively correlated with fish, and white and red meat;
the presence of white meat and fish may explain the identified different results in terms of risk. The
Uruguayan “Prudent” pattern was characterized by positive loadings on cooked and raw vegetables,
citrus and other fruits, and desserts, and by negative loadings on French bread; this pattern was
not related to bladder cancer risk. However, when the authors analyzed the separate effects on
risk of the dominant food groups from the “Prudent” pattern, citrus fruit was inversely associated,
whereas cooked vegetables were positively associated with bladder cancer; thus, the identified null
association for that pattern appears to be the consequence of opposite effects on bladder cancer risk of
its dominant food groups; an additional effect of condiments in cooked vegetables is likely to explain
the positive association of this food group with bladder cancer risk. Another study was carried out
by the same authors within a multi-site case-control design, including the aforementioned data on
bladder cancer [13]. A factor analysis was carried out on two sets of male and female controls, and their
association with cancer risk was evaluated separately by cancer site and sex. Four sex-specific and
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food-based dietary patterns called “Prudent”, “Traditional”, “Western”, and “Drinker” were identified.
While the “Western” and “Prudent” patterns showed associations in the same direction observed
in the previous study, the “Traditional” and “Drinker” patterns were unrelated to bladder cancer
risk; however, CIs were, in general, very wide. To our knowledge, no studies have been published
considering a posteriori dietary patterns derived on nutrients.

A few other studies have investigated the role of a priori dietary patterns on bladder cancer.
In a previous analysis within our case-control study, we found an inverse association between adherence
to the Mediterranean diet, as assessed through the Mediterranean Diet Score (MDS) and bladder
cancer risk [18]. In a pooled analysis of 13 prospective studies from the BLadder cancer Epidemiology
and Nutritional Determinants (BLEND) consortium, a higher MDS was associated with a reduction
in bladder cancer risk [11]. In the Melbourne Collaborative Cohort Study (MCCS), the MDS and the
Healthy Eating Index (HEI) showed borderline inverse associations with invasive, but not superficial,
bladder cancers [9]; no relationship was found in the same study with the Dietary Inflammatory Index,
representing a pro-inflammatory diet [9]. Similarly, in the Nurses’ Health Study (NHS) and in the
Health Professionals Follow Up Study (HPFS), no association with bladder cancer was evident for
the Empirical Dietary Inflammatory Pattern measuring the pro-inflammatory potential in diet [8].
A study within the Breast Cancer Detection Demonstration Project follow-up cohort reported an inverse
association between the Recommended Food Score—a global measure of diet quality—and overall
cancer risk, but no association was detected with bladder cancer [10].

Though these mixed results do not allow to draw firm conclusions, the role of diet in bladder
carcinogenesis remains plausible; the biological argument targets those many compounds in foods and
their metabolites that are excreted through the urinary tract [6].

Associations between dietary factors and disease may be influenced by selection and information
bias, as well as confounding [42]. Hospital controls may not be fully representative of the general
population. In our study, however, the low refusal rate and the comparable catchment areas of cases
and controls avoided major selection biases. Furthermore, cases and controls were interviewed by the
same trained personnel in the same hospital setting [43], and the FFQ was satisfactorily reproducible
and valid [26,27], thus reducing the possibility of information bias. The FFQ aimed at assessing dietary
habits two years before the enrolment in the study. While this time frame may be insufficient for the
development of bladder cancer, it is implicitly assumed that most people do not appreciably change
their dietary habits through their adult age; a bias may have occurred if this assumption did not
hold. As for potential confounding, we were able to adjust for socioeconomic indicators, tobacco,
and a number of other factors.

Further issues are related to the use of factor analysis to derive a posteriori dietary patterns [44–46].
This technique [47] requires subjective decisions at various levels of the analysis, including the type
and number of dietary components to analyze, the number of factors to retain, the choice of applying
a rotation method or not (and which method to use), and the interpretation of the identified factors [48].
For this reason, we performed several complementary analyses, which were reassuring and supported
the (internal) reproducibility of the identified dietary patterns, as well as their interpretation.

5. Conclusions

The present work provides a comprehensive description of dietary habits in the Italian population
considered, with the identification of four major dietary patterns explaining most of the variability
in nutrient intakes. In line with the available evidence on dietary patterns and bladder cancer risk, the
additional modeling effort required by dietary patterns has not ended up in stronger risk estimates for
this cancer site, as compared to those observed for single dietary components. Our study confirms that
scoring high on a fruit-and-vegetables pattern provides beneficial effects on bladder cancer risk.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/6/1584/
s1, Table S1: Distribution of 690 bladder cancer cases and 665 controls according to selected characteristics.
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Italy 2003–2014, Table S2: Factor loading matrix and explained variances for the four major dietary patterns
identified by principal component factor analysis.
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Abstract: Cocoa contains bioactive components, which vary according to genetic and environmental
factors. The present study aimed to ascertain the anti-allergic properties of native Peruvian cocoa
populations (“Blanco de Piura” or BPC, “Amazonas Peru” or APC, “Criollo de Montaña” or CMC,
“Chuncho” or CCC, and an ordinary cocoa or OC). To do so, after an initial in vitro approach,
an in vivo study focused on the induction of an anaphylactic response associated with allergic asthma
in Brown Norway rats was carried out. Based on their polyphenol content, antioxidant activity and
in vitro effects, the APC and CMC were selected to be included in the in vivo study. Cocoa diets were
tested in a model of allergic asthma in which anaphylactic response was assessed by changes in body
temperature, motor activity and body weight. The concentration of specific immunoglobulin E (IgE),
mast cell protease and leukotrienes was also quantified in serum and/or bronchoalveolar lavage fluid.
CMC and OC populations exhibited a protective effect on the allergic asthma rat model as evidenced
by means of a partial protection against anaphylactic response and, above all, in the synthesis of IgE
and the release of mast cell protease.

Keywords: anaphylaxis; asthma; IgE; leukotriene; mast cell protease; methylxanthines; motor activity;
polyphenols; temperature; Theobroma cacao

1. Introduction

Allergic asthma is a complex inflammatory disorder characterized by chronic airway inflammation
and immune-mediated hypersensitivity reaction [1]. Asthmatic patients often present airflow limitation
and suffer from variable respiratory symptoms such as wheezing, shortness of breath, chest tightness
and cough [2]. Histologically, the airway of an asthmatic patient is characterized by eosinophils
infiltration, degranulated mast cells together with alteration of epithelial cell tight junctions and
hyperplasia of goblet cells [3,4]. Although allergic asthma often starts in childhood, its prevalence
is also high in adults, and affects around 270 million people worldwide [5]. Peru is one of the
countries with the highest prevalence of asthma in Latin America [6,7], where 19.6% of adolescents
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(13–14 years old) suffer from asthma. However, this disease is underdiagnosed and the prevalence of
physician-diagnosed asthma in Peru has been reported to be 33.1% [6].

Asthma therapy includes pharmacological interventions as well as treatment of associated
comorbidities and modifiable lifestyle risk factors (e.g., avoidance of tobacco and weight loss).
The pharmacological treatment consists of short-acting β2-agonists and inhaled corticosteroids,
although adherence is often poor. In addition, emerging biological therapies, such as monoclonal
antibodies targeting several cytokines, show promising results [2]. Nevertheless, non-pharmacological
strategies can reveal some benefits in reducing symptoms and corticosteroid use. In this context, it has
been proposed that diet could represent a good complement to controlling allergic asthma disease.

Flavonoids, chemically belonging to the polyphenol class, are a large family of secondary products
of plants that contribute to the blue, scarlet and orange colors of their leaves, flowers and fruits.
They are found in seeds, nuts, grains and spices and in some derived beverages such as wine, tea,
cocoa and beer [8]. Due to their chemical polyphenolic structure, flavonoids have demonstrated
antioxidant properties. This is why, in the past few years, flavonoids have emerged as potential
therapeutic/coadjuvant agents in several conditions, such as in cardiovascular diseases, in chronic
inflammation, in cancer and also in allergies and asthma [8–11].

The cocoa bean and its derivates (e.g., cocoa powder, chocolate, etc.) have bioactive compounds
and, among them, flavonoids [9]. In particular, cocoa contains (+)-catechin and (−)-epicatechin as
monomers and procyanidins (from 2 to 10 monomeric units) as polymers [9]. These flavonoids together
with other bioactive compounds, such as theobromine and fiber, confer on cocoa immunomodulatory
properties both in vitro and in vivo [12–17]. In particular, cocoa consumption has previously shown
anti-allergic properties in a model of systemic disease [18,19] and oral sensitization [20]. In addition,
a protective effect on allergy has also been suggested when considering cocoa consumption in young
people [21].

Effects of cocoa intake will vary depending on the amount of flavonoids and other bioactive
compounds present in the product. Polyphenolic content of cocoa products varies greatly due to
genetic factors, such as the variety or clone their beans come from [22,23]. However, genetics only
partially determines the biochemical profile. The phenolic content of cocoa products also varies greatly
due to environmental factors such as soil, water, cultivation latitude, management and post-harvest
handling of the product (fermentation and drying). Thus, the result is a wide range of regional cocoa
populations with singular qualities and quantities of these bioactive compounds [24–26].

Based on the above-mentioned, we hypothesized that the cocoa tree (Theobroma cacao L.) cultivated
under a tropical climate, as in the North of Peru and South of Ecuador, which are considered as being
the center of the origin and genetic diversity of cocoa [27,28], may include populations with different
biological effects, such as those on the immune system reported so far. Thus, the present study aimed to
ascertain the anti-allergic properties of Peruvian cocoa populations, firstly using an in vitro approach
to select the most active populations and secondly using an in vivo study focused on the induction of
an anaphylactic response associated with allergic asthma in Brown Norway rats.

2. Materials and Methods

2.1. Cocoa Population Characterization

Pastes made with beans from four Peruvian cocoa populations were used: “Blanco de Piura”
(BPC) from the Piura region (latitude/longitude −5.270248, −79.964108), “Amazonas Peru” (APC) from
the Amazonas region (−5.737422, −78.431114), “Criollo de Montaña” (CMC) from the Junín region
(−11.335774, −74.533181), and “Chuncho” (CCC) from the Cusco region (−12.510664, −73.834577).
As reference cocoa, CCN-51 ordinary cocoa paste from the same area as the CCC was included. With the
exception of the CCN-51, these are the populations of Peruvian cocoa considered to be fine or flavor
cocoa (Article 39, ICA, 2010) [29], and due to their morpho-agronomic and sensory properties, they are
best known and characterized for their use in making high quality artisan chocolates [30,31]. The cocoa
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samples were obtained under prior informed consent (PIC), in agreement and signed with farmers,
and in accordance with the Nagoya Protocol spirit of sharing the benefits arising from the utilization of
genetic resources [32,33]. BPC comes from a coastal area, facing the Pacific Sea. It develops in a dry
and warm environment, but under irrigation and neutral loamy soils. The other cocoa populations
are found on the eastern side of the Andes, in the Amazon, and they develop in rain fed on acidic
and clay loam soils. The cocoa pastes were made at the place of origin, based on a common protocol.
Biochemical analysis, which was performed in triplicate, began with 100% pure cocoa paste.

2.1.1. Phenolic Compounds and Antioxidant Activity

The extraction of bioactive compounds from the different cocoa samples was carried out using the
methodology proposed by Pedan et al. [34], with minor modifications. The cocoa paste was heated
in a water bath until it reached a liquid state. To remove lipids, 20 mL of each sample was placed
in a 250 mL flask and 80 mL of n-hexane was added (5 min at 20 ◦C) and then centrifuged (2880× g,
5 min). The defatting procedure was repeated five times, until the n-hexane extract remained colorless.
After drying, 5 g of cocoa powder with an average particle size of less than 100 µm was extracted
three times with 15 mL of acetone/water (50/50) (8 min at 50 ◦C) and then centrifuged (2880× g, 5 min).
The supernatants obtained in each extraction step were mixed and used to measure the total levels of
phenols and flavonoids using the Folin-Ciocalteu method [35] and the aluminum chloride colorimetric
method [36], respectively.

In vitro antioxidant capacity was evaluated using the α,α-diphenyl-β-picrylhydrazyl (DPPH)
radical scavenging assay [37] and the ferric-reducing/antioxidant power (FRAP) assay [38].

2.1.2. Methylxanthine Quantification

High-performance liquid chromatography (HPLC) determination of theobromine, theophylline,
and caffeine was performed according to Srdjenovic et al. [39] with minor modifications. Firstly,
an extract was prepared (2.5 g of cocoa powder with 10 mL of water) and then incubated in an ultrasonic
bath (30 min at 60 ◦C). After centrifuging (4000× g, 10 min, 20 ◦C), 10 mL of the supernatants was
purified using solid phase separation (SPE) with a Supelclean LC-18 SPE cartridge (Sigma-Aldrich,
St. Louis, USA). Samples were run on a Chromaster 600 HPLC with a diode array detector (Hitachi,
Tokyo, Japan), an autosampler and a C8 reverse-phase column (5 µm particle size, i.d. 4.6 × 150 mm).
The mobile phase consisted of water-tetrahydrofuran (0.1% in water, pH 8)—acetonitrile (90:10, v/v);
the run time was 8 min with a flow rate of 0.8 mL/min. Detection was performed at 273 nm using a
photodiode array detector.

2.2. Animals

Four-week-old female Brown Norway rats were obtained from Envigo (Huntingdon, UK) and
housed (3 rats per cage) in the animal facilities at the Faculty of Pharmacy and Food Science (University
of Barcelona) in polycarbonate cages containing bedding of large fibrous particles (Souralit 1035,
Bobadeb S.L., Santo Domingo de la Calzada, Spain) under controlled conditions of temperature
and humidity in a 12:12 h light/dark cycle. The animals remained in quarantine for 1 week before
experiments began.

All experimental procedures were conducted in accordance with the institutional guidelines for
the Care and Use of Laboratory Animals and were approved by the Ethical Committee for Animal
Experimentation of the University of Barcelona and the Catalonia Government (CEEA/UB ref. 414/16
and DAAM 9351, respectively), in full compliance with national legislation following the EU-Directive
2010/63/EU for the protection of animals used for scientific purposes.
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2.3. In vitro Study

2.3.1. Peritoneal Macrophages and Lymphocytes Culture

Peritoneal macrophages and spleen mononuclear cells were obtained from six healthy rats
under anesthesia with ketamine (90 mg/kg) (Merial Laboratories S.A, Barcelona, Spain) and xylazine
(10 mg/kg) (Bayer A.G, Leverkusen, Germany).

Peritoneal macrophages were collected as previously described [40]. Briefly, after the injection
of 40 mL of ice-cold sterile phosphate buffered saline (PBS, pH 7.2) into the peritoneal cavity,
a 1 min massage was performed, and cell suspension was aspirated and centrifuged (538× g, 10 min,
4 ◦C). After removing possible erythrocytes by osmotic lysis (ammonium chloride), cells were
resuspended with cold Roswell Park Memorial Institute (RPMI) medium without phenol red (Merck,
Madrid, Spain), supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 IU/mL
streptomycin-penicillin, 2 mM L-glutamine and 0.05 mM 2-mercaptoethanol (Sigma-Aldrich, Madrid,
Spain). Macrophage counts were assessed using a Spincell hematology analyzer (MonLab Laboratories,
Barcelona, Spain), properly calibrated for these cells, and were plated (106 cells/mL) at 37 ◦C overnight.
After removing non-attached cells, macrophages were incubated with 10 µg/mL of each of the five
cocoa extracts in dimethyl sulfoxide (DMSO) for 2 h. Afterwards, cells were stimulated with 100 ng/mL
lipopolysaccharide (LPS) for 6 h. Stimulated macrophages with no cocoa addition were used as control.
Cell viability was measured through determination of lactate dehydrogenase (LDH) enzyme released
to the medium. Macrophages were also used to establish M1/M2 polarization.

Spleen mononuclear cells were isolated from rat spleens as previously described [41,42]. Firstly,
spleen cell suspensions were obtained by passing the tissue through a cell strainer (40µm, BD Biosciences,
Heidelberg, Germany), and then erythrocytes were eliminated by osmotic lysis. A Countess™
Automated Cell Counter (Invitrogen™, Thermo Fisher Scientific, Waltham, MA, USA) was used for
cell counting and the assessment of viability. Splenocytes (106 cells/well) were immediately incubated
in the presence of 10 µg/mL of each of the five cocoa extracts in DMSO for 2 h. Afterwards, splenocytes
were stimulated with 100 ng/mL LPS or remained nonstimulated for 24 h, and then, supernatants from
both conditions were collected for TNF-α determination. In parallel, nonstimulated splenocytes were
cultured for 96 h, whose supernatants were used to quantify the IgG. Both assays were performed
in quadruplicate.

2.3.2. Radical Oxygen Species (ROS) Production

ROS production was quantified in isolated macrophages as previously described [42]. In brief,
macrophages were plated (105 cells/well) and allowed to attach overnight. Then, they were washed
with warm 1% FBS-supplemented RPMI medium without phenol red. Macrophages were incubated
with 20 µM of reduced 2′,7′-dichlorofluorescein diacetate (H2DCF-DA) probe (Invitrogen, Paisley,
UK) for 30 min at 37 ◦C. Macrophage-derived ROS oxidized H2DCF-DA to a fluorescent compound
(20,70-dichlorofluorescein, DCF), which was quantified using the fluorimeter Modulus® Microplate
Multimode Reader (excitation 538 nm, emission 485 nm, Turner BioSystems, CA, USA). ROS results
are expressed as the time course from 0 to 130 min and also as the area under the curve (AUC) of this
period of time.

2.3.3. M1 and M2 Characterization

After cocoa incubation and LPS stimulation, the M1 and M2 phenotype of macrophages were
established by the exclusive expression of the molecules CD86 and CD206, respectively [43,44]. For M1
phenotype, an anti-rat CD86 conjugated to phycoerythrin (Biolegend, San Diego, CA, USA) was
applied as in previous studies. For M2 phenotype, a primary rabbit polyclonal antibody (Ab) to
mannose receptor (CD206) (Abcam plc, Cambridge, UK) was used, followed by blocking nonspecific
signals, and a secondary Ab conjugated to Alexa-Fluor-647 (Abcam plc), as in previous studies [45].
A negative control using isotype-matched Ab was included for each sample. Data were acquired with
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a Gallios™ Cytometer (Beckman Coulter, Miami, FL, USA) in the Flow Cytometry Unit of the Scientific
and Technological Centers of the UB (CCiTUB) and analyzed with FlowJo v.10 software (Tree Star, Inc.,
Ashland, OR, USA). Results are expressed as percentages of positive cells in the macrophage population
previously selected according to their forward-scatter (FSC) and side-scatter (SSC) characteristics.

2.3.4. IgG and Tumor Necrosis Factor (TNF)-α Quantification by ELISA

TNF-α were quantified in the 24 h supernatants by stimulated splenocytes using Opt-EIA-set (BD
Biosciences), as in previous studies [46]. IgG were quantified in 96 h supernatants by nonstimulated
splenocytes with an enzyme-linked immunosorbent assay (ELISA) following the manufacturer’s
instructions (BD Biosciences), as previously described [46]. In both cases, absorbance was measured in
a microplate photometer (LabSystems Multiskan) and analyzed using ASCENT version 2.6 software
(Thermo Fisher Scientific, Waltham, MA, USA). TNF-α and IgG results are shown as percentage with
respect to the control condition (without cocoa), which was considered as 100%.

2.4. In vivo Study

According to their polyphenol content, antioxidant activity and their in vitro effect on macrophages
and splenocytes, two populations of Peruvian cocoa were selected: “Amazonas Peru” cocoa (APC) and
“Criollo de Montaña” cocoa (CMC). The in vivo effects of these two populations were then established
in a model of allergy in rats. The ordinary cocoa (OC) was also included to be considered as a
reference cocoa.

2.4.1. Diets and Animal Groups

Four diets were elaborated: a standard diet based on the AIN-93M diet (Envigo) and three diets in
which 90% of powdered AIN-93M was mixed with 10% of cocoa paste (OC, APC or CMC) previously
pulverized. The mixture was pelletized and subsequently dried in a 40 ◦C oven for 36 h. Once dried,
the pelleted diet was vacuum-packed to prevent oxidation and contamination and stored at 4 ◦C
until used.

The animals were randomized into five experimental groups (N = 9 animals/group): the healthy
reference group (REF) and asthmatic group (A) were both fed with the standard diet, and the three
asthmatic groups received the OC, APC and CMC diets, respectively (CC, APC and CMC groups).
The animals had free access to the experimental diet and water. The body weight and food and water
intake were monitored every 2–3 days throughout the study. The Appraising Project Office’s program
from the Universidad Miguel Hernández de Elche (Alicante, Spain) was used to calculate the minimum
number of animals providing statistically significant differences among groups, assuming that there
is no dropout rate and type I error of 0.05 (two-sided). In addition, the sample size was adjusted
following the University Ethical Committee guidelines and to apply the three Rs rule for experimenting
in animals.

2.4.2. Sensitization and Induction of an Anaphylactic Response

At 1 week after the beginning of the experimental diet, asthma was induced using ovalbumin
(OVA) as allergen, as previously described [47]. Briefly, on day 0, rats were firstly sensitized via
intraperitoneal (i.p.) with 500 µL of a suspension containing 50 µg of OVA (grade V, Sigma-Aldrich,
Madrid, Spain), 20 mg of alum (Imject®; Pierce, IL, USA) and 50 ng of Bordetella pertussis toxin
(Sigma-Aldrich) and boosted a week later with 50 µg of OVA in 20 mg of alum (i.p.). A parallel group
of non-sensitized rats (age and sex matched) was included.

At day 28, between 10 a.m. and 1 p.m., all rats received an intranasal (i.n) challenge with 300 µL
of an OVA solution (50 mg/mL). Anaphylactic response was accurately assessed by changes in motor
activity, body temperature, body weight and plasma protease concentration. Anti-OVA IgE was
quantified in blood and bronchoalveolar lavage fluid (BALF) samples obtained 24 h later.
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2.4.3. Body Temperature Monitoring

In order to monitor the body temperature, data loggers (Thermochron®, iButton type DS1921H-FS
with a resolution of 0.125 ◦C) were used. For this, 1 week before the i.n. challenge, a logger was
intraperitoneally implanted in each rat under isoflurane (Isoflo®, ECUPHAR, Barcelona, Spain)
anesthesia (4–5% in the induction, 1–2% in the maintenance with an oxygen flow of 0.5–1.0 L/min).
Meloxicam (1 mg/kg body weight, subcutaneous route) was administered subcutaneously immediately
after the intervention and 24 h later. Animals were then housed in individual cages in an isolated
room (see motor activity assessment section). Body temperature was recorded every minute from
the night before the challenge (starting at 2 a.m.) until the day after the challenge, when the sensor
was removed. The results of body temperature are expressed as the time course of the mean values
during the registered period, the mean value every 2 h from 2 h before the challenge to 18 h after
the i.n. challenge and as the AUC between 900 and 400 min after the challenge considering changes
above 34 ◦C.

2.4.4. Motor Activity Assessment

The movement of animals housed in individual cages and placed in an isolated room were
quantified using an activity meter, as previously performed [47,48]. The activity meters consisted of
two infrared beams that crossed perpendicularly 7 cm above the floor of the cage. Every time the
animal crossed one beam a count was detected. Number of movements was recorded every minute
from 2 days before the i.n. challenge until 18 h after. To summarize the effects of anaphylactic response
on motor activity, the total number of movements in the active period of the rats (darkness period from
8 p.m to 8 a.m) was considered, with the exception of the last 2 h in order to avoid the variations in
motor activity in anticipation of light due to the normal circadian rhythm. The movements in the dark
period before and after the i.n. challenge were also compared.

2.4.5. Sample Collection

One hour after the i.n. challenge, blood samples from the saphenous vein were obtained to
quantify plasma mast cell protease.

Twenty-four hours after the i.n. challenge, the rats were anesthetized with ketamine (90 mg/kg)
(Merial Laboratories S.A) and xylazine (10 mg/kg) (Bayer A.G). Urine samples obtained by direct
puncture of the bladder were kept at −80 ◦C until quantification of the polyphenol concentration.
Blood samples were collected by heart puncture and kept at −20 ◦C until anti-IgE determination.

2.4.6. Quantification of Plasma Rat Mast Cell Protease II

Plasma samples obtained 1 h after the i.n. challenge were used to quantify rat mast cell protease
II (RMCPII) concentration using a commercial ELISA kit (Bionova, Madrid, Spain) following the
manufacturer’s instructions. Results are shown as absorbance units obtained from all samples analyzed
in the same ELISA plate compared to that produced by asthmatic rats, which are considered as 100%.

2.4.7. Antibody Quantification

Anti-OVA specific IgE antibody isotype in serum and BALF samples were quantified using an
antibody-capture ELISA, as previously performed [18,41]. A pool of positive sera was used as standard
in each plate. Serum samples were diluted 1/10, whereas BALF samples were processed undiluted.
Results are shown as mean percentage compared to the asthmatic group, which are considered as 100%.

IgE concentration in BALF samples was quantified using a sandwich ELISA, as previously
described [47]. Results are shown as mean percentage compared to the asthmatic group, which are
considered as 100%.
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2.4.8. Quantification of Cysteinyl Leukotriene (CysLT)

The concentration of CysLT in BALF was quantified using an Cysteinyl Leukotriene ELISA kit
(Enzo Life Sciences Inc., New York, NY, SUA) following manufacturer’s instructions, with a prior
extraction of leukotrienes as previously described [47]. Results are shown as the percentage from that
produced by asthmatic rats, which are considered as 100%.

2.4.9. Urine Polyphenols

Total phenolic content in urine samples was determined according to Folin–Ciocalteu’s method
adapted to a microplate. Briefly, 250 µL of Folin–Ciocalteau’s reagent (Sigma-Aldrich) and 1.25 mL
of 20% Na2CO3 solution were added to 500 µL of diluted urine. After 2 h at room temperature, the
absorbance was measured at 765 nm. A standard curve prepared with gallic acid (Sigma-Aldrich)
was used.

2.5. Statistical Analysis

The Statistical Package for the Social Sciences (SPSS v22.0, IBM, Chicago, IL, USA) was used for
statistical analysis. Data were tested for homogeneity of variance and normality distribution using
the Levene’s and Shapiro–Wilk tests, respectively. When data was homogeneous and had a normal
behavior, a conventional two-way ANOVA test followed by the post hoc Bonferroni and paired t-test
were used in order to assess significance for independent and related samples, respectively. Otherwise,
the nonparametric Kruskal–Wallis test followed by the post hoc Mann–Whitney U test were performed.
Significant differences were established when p < 0.05 for the paired t-test, whereas for multiple
comparisons, the p value was adjusted following Bonferroni correction [49].

To explore the functional correlation between the antibody levels, CysLT concentration, RMCPII
production, body temperature and motor activity changes, Spearman’ correlation analyses were
performed in all samples grouped together.

3. Results

3.1. Cocoa Peruvian Populations Characterization

The content of total phenolics, total flavonoids, theobromine and caffeine differed between the
five cocoa samples considered (Table 1). The population with the highest content in phenolics and
flavonoids was CMC, followed by APC, and CCC in the third place (p < 0.005 CMC, APC and
CCC vs. OC; p < 0.005 APC vs. CMC; p < 0.005 CCC vs. BPC). The OC and BPC cocoa pastes contained
the lowest levels of both phenolic and flavonoid content. With regard to methylxanthine content
(Table 1), the CMC cocoa paste exhibited the highest amounts of theobromine and caffeine (p < 0.00001)
followed by the CCC population.

With regard to the antioxidant capacity (Table 1), the APC cocoa paste was the one with the
highest capacity, followed by the CMC and CCC populations (p < 0.01), whereas the BPC had the
lowest antioxidant capacity.
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Table 1. Content of total polyphenols and flavonoids, methylxanthines and antioxidant capacity in
the cocoa populations considered in the study. APC: “Amazonas Peru” cocoa; BPC: “Blanco de Piura”
cocoa; CCC: “Chuncho” cocoa; CMC: “Criollo de Montaña” cocoa; OC: ordinary cocoa. Results are
represented as mean ± standard error of the mean from three independent experiments. Values not
sharing letters denote significant differences between populations (p < 0.01) while values sharing the
same letter did not differ.

OC BPC APC CMC CCC

Total phenolics
(mg gallic acid
equivalents/g)

24.11 ± 1.15 ab 21.07 ± 0.98 a 28.69 ± 0.80 c 30.44 ± 0.56 d 25.30 ± 0.38 b

Total flavonoids
(mg catechin

equivalents/g)
34.82 ± 1.01 a 36.59 ± 0.98 a 50.35 ± 0.95 b 56.62 ± 1.12 c 45.60 ± 1.26 d

Theobromine
(mg/100 g) 560.75 ± 0.45 a 491.39 ± 0.93 b 564.71 ± 0.37 a 604.19 ± 0.28 d 573.36 ± 0.30 e

Theophylline
(mg/100 g) 1.41 ± 0.00 a 1.37 ± 0.00 b 1.40 ± 0.00 c 1.39 ± 0.00 d 1.54 ± 0.00 e

Caffeine
(mg/100 g) 236.35 ± 0.06 a 280.74 ± 0.56 b 275.10 ± 0.11c 360.53 ± 0.27 d 324.55 ± 0.15 e

FRAP activity
(µmol Fe2+/g) 275.29 ± 12.28 ab 261.39 ± 14.15 a 344.31 ± 11.80 c 309.55 ± 6.7 b 308.32 ± 4.79 b

DPPH activity
(µg TEAC/g) 25.36 ± 0.24 ab 19.62 ± 0.38 c 29.77 ± 0.70 a 25.38 ± 0.94 bd 24.39 ± 0.07 d

3.2. In Vitro Effects of Cocoa Peruvian Populations

An approach to study the immunomodulatory effects of each cocoa population in vitro on spleen
lymphocytes and peritoneal macrophages was carried out (Figure 1).

3.2.1. Effects on Spleen Cells

The viability of rat spleen mononuclear cells was not affected by the cocoa addition, which was
around 90% in all cases. In these conditions, CMC and CCC cocoa populations were able to prevent
the secretion of TNF-α after LPS stimulation (p < 0.01) (Figure 1a). Moreover, all cocoa populations
lowered spontaneous IgG production compared to the control (p < 0.01) (Figure 1b).

3.2.2. Effects on Macrophages

Cell viability of rat macrophages did not decrease after cocoa addition but the ROS production
was significantly reduced in cells incubated with both APC and CMC populations throughout the
studied period, as observed in the time course (Figure 1c) as well as in the AUC (p < 0.01 vs. OC and
CCC samples) (Figure 1d). In addition, when analyzing the proportion of M1 (pro-inflammatory)
and M2 (anti-inflammatory) macrophages after LPS stimulation, it was observed that three of the
samples tested (BPC, APC and CMC) decreased the proportions of M1 cells compared to the stimulated
cells with no cocoa (Figure 1e). Moreover, the BPC population was able to significantly increase the
proportion of M2 macrophages (p < 0.01) (Figure 1e). Overall, although all cocoa samples tended
to lower the M1/M2 ratio, only the decrease caused by the BPC and CMC cocoas reached statistical
significance (p < 0.01) (Figure 1f).

Based on their polyphenol content, antioxidant activity and their in vitro effects on macrophages
and splenocytes, the APC and CMC Peruvian cocoa populations were selected to be included in the
in vivo study. The OC cocoa was also included to be used as a reference cocoa.
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Figure 1. In vitro immunomodulatory effects of the five Peruvian cocoa samples. Effects of cocoa
samples on TNF-α (a) and spontaneous IgG (b) production by splenocytes. Effects of cocoa samples
on macrophages: oxygen reactive species (ROS) production (c) over time and as area under the curve
(AUC) (d), and phenotype characterization: M1 (e), M2 (f) and M1/M2 ratio (g). REF: cells with no
cocoa; OC: ordinary Peruvian cocoa; BPC: “Blanco de Piura”; APC: “Amazonas Peru” cocoa; CMC:
“Criollo de Montaña” cocoa; CCC: “Chuncho” del Cusco. Results are represented as mean ± standard
error of the mean (N = 6). Values not sharing letters denote significant differences between cocoa
samples (p < 0.01), while values sharing the same letter did not differ.

3.3. In Vivo Effects of Cocoa Peruvian Populations

3.3.1. Body Weight and Food and Water Intake

At the beginning of the diets, 1 week before asthma induction, animals from all groups had a
similar body weight (Table 2). Although the asthmatic animals’ body weight was not significantly
modified by either asthma induction or cocoa diets, it tended to be lower than that in the reference
animals after the booster and it tended to be even lower with cocoa diets. These changes in body
weight were not due to changes in either food or water consumption, which did not vary between
diets and groups (Supplementary Tables S1 and S2).
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Table 2. Body weight for all experimental groups throughout the study. REF: healthy reference group
fed standard diet; A: asthmatic group fed standard diet; OC: asthmatic group fed 10% ordinary Peruvian
cocoa; APC: asthmatic group fed 10% “Amazonas Peru” cocoa; CMC: asthmatic group fed 10% “Criollo
de Montaña” cocoa. Results are represented as mean ± standard error of the mean (N = 9).

Time (days) REF A OC APC CMC

−7 57.01 ± 5.04 57.52 ± 3.32 56.43 ± 3.59 56.46 ± 3.54 56.97 ± 2.63
−3 67.38 ± 5.37 68.60 ± 3.57 65.37 ± 3.86 64.84 ± 3.80 64.03 ± 2.90
0 a 75.96 ± 5.37 76.97 ± 3.55 72.44 ± 3.79 72.66 ± 4.03 71.91 ± 2.79
4 85.07 ± 4.80 84.76 ± 3.10 79.31 ± 3.65 79.21 ± 3.80 78.47 ± 2.59

7 b 91.57 ± 4.66 91.33 ± 3.57 82.73 ± 3.50 85.10 ± 3.94 84.48 ± 2.72
11 98.29 ± 5.52 93.70 ± 3.76 88.29 ± 3.34 89.31 ± 3.99 89.43 ± 2.67
14 104.03 ± 4.66 99.94 ± 3.74 94.59 ± 4.16 94.96 ± 4.28 94.07 ± 2.82
18 109.49 ± 4.88 105.90 ± 3.62 97.99 ± 4.68 97.98 ± 4.15 99.27 ± 2.92
21 115.80 ± 4.86 112.00 ± 3.72 104.26 ± 4.58 104.24 ± 4.49 105.77 ± 2.89
25 118.29 ± 5.58 115.68 ± 3.62 107.66 ± 4.93 108.10 ± 4.39 107.65 ± 2.52
28 123.73 ± 5.16 118.09 ± 2.46 109.46 ± 4.52 111.95 ± 4.03 112.97 ± 2.71

a day of sensitization; b day of booster.

3.3.2. Content of Polyphenols in Urine

Total polyphenol concentration was quantified in urine samples at the end of the study to verify
the polyphenol absorption. As expected, urine samples from rats fed the cocoa diets showed higher
values than those obtained from the reference and asthmatic rats fed the standard diet (Figure 2).
Moreover, the highest polyphenol content was found in CMC- and APC-fed animals’ urine samples,
which was the population with the highest flavonoid content (Table 1).
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Figure 2. Polyphenol content (expressed as µg/mL gallic acid) in urine samples at the end of the study.
REF: healthy reference group fed standard diet; A: asthmatic group fed standard diet OC: asthmatic
animals fed with ordinary cocoa-enriched diet; APC: asthmatic animals fed with “Amazonas Peru”
cocoa-enriched diet; CMC: asthmatic animals fed with “Criollo de Montaña” cocoa-enriched diet.
Results are represented as mean ± standard error of the mean (N = 9). Values not sharing letters denote
significant differences between groups (p < 0.01), while values sharing the same letter did not differ.

3.3.3. Changes in Body Temperature After i.n. Challenge

The body temperature (BT) was registered for each rat from 2 a.m. on the day of the i.n. challenge
to 10 a.m. the day after (Figure 3). The mean value profile of BT registered every minute for this
period with respect to the hour of the day (independently of the moment of challenge) is shown in
Figure 3a, in which the darkness period is represented in gray. Also indicated is the period in which
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rats received the i.n. challenge and blood was collected. Table 3 summarizes the results of BT adjusted
to the moment each rat was challenged and until 18 h after the i.n. challenge.
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Figure 3. Changes in body temperature. Profile of body temperature from 2 a.m. before intranasal
(i.n.) challenge and until 10 a.m the day after. Statistical differences not shown (a). Area under the
curve (AUC) of body temperature (from 34 ◦C) in the period comprised between 90 and 400 min after
the i.n. challenge (b). REF: healthy animals fed standard diet; A: asthmatic animals fed standard
diet; OC: asthmatic animals fed with ordinary cocoa-enriched diet; APC: asthmatic animals fed
with “Amazonas Peru” cocoa-enriched diet; CMC: asthmatic animals fed with “Criollo de Montaña”
cocoa-enriched diet. Results are shown as mean (a) or as mean plus standard error of the mean (b)
(N = 9). Values not sharing letters denote significant differences between groups in (b) (p < 0.01),
while values sharing the same letter did not differ.

Table 3. Temperature means at 2 h intervals from 2 h before until 18 h after the intranasal challenge.
REF: healthy animals fed standard diet; A: asthmatic animals fed standard diet; OC: asthmatic
animals fed with ordinary cocoa-enriched diet; APC: asthmatic animals fed with “Amazonas Peru”
cocoa-enriched diet; CMC: asthmatic animals fed with “Criollo de Montaña” cocoa-enriched diet.
Results are represented as mean ± standard error of the mean (N = 9).

Time (h) REF A OC APC CMC

−2 to 0 37.7 ± 0.11 37.6 ± 0.10 37.8 ± 0.18 37.9 ± 0.18 37.7 ± 0.13
0 to 2 37.1 ± 0.61 36.7 ± 0.29 * 37.1 ± 0.19 36.1 ± 0.44 * 36.2 ± 0.33 *
2 to 4 36.7 ± 0.51 *,a 35.1 ± 0.58 *,b 36.2 ± 0.24 *,a 35.3 ± 0.68 *,a 35.8 ± 0.32 *,a

4 to 6 37.5 ± 0.14 *,a 35.5 ± 0.41 *,b 36.2 ± 0.37 *,b 35.6 ± 0.44 *,b 36.1 ± 0.43 *,b

6 to 8 37.7 ± 0.11 a 36.2 ± 0.23 *,b 36.5 ± 0.44 *,b 36.1 ± 0.28 *,b 36.3 ± 0.39 *,b

8 to 10 37.9 ± 0.11 a 36.6 ± 0.17 *,b 36.4 ± 0.58 b 36.4 ± 0.36 *,b 36.7 ± 0.37 *,b

10 to 12 38.0 ± 0.09 a 36.9 ± 0.18 *,b 36.9 ± 0.50 a 36.5 ± 0.40 *,b 36.8 ± 0.39 b

12 to 14 37.9 ± 0.12 a 37.1 ± 0.18 *,b 37.0 ± 0.52 a 36.8 ± 0.30 *,b 36.9 ± 0.38 b

14 to 16 38.1 ± 0.09 a 37.2 ± 0.12 *,b 37.1 ± 0.60 a 37.2 ± 0.25 *,b 37.0 ± 0.40 b

16 to 18 38.0 ± 0.14 a 37.3 ± 0.18 *,b 37.2 ± 0.64 a 37.4 ± 0.24 a 37.4 ± 0.27 a

* represents statistical differences vs. their own basal values before challenge (−2 to 0) (p < 0.05). Values not sharing
letters denote significant differences between groups during the same period of time (p < 0.01) while values sharing
the same letter did not differ.

The i.n. challenge resulted in a reduced BT (Figure 3a and Table 3). However, the profile through
the day shows that the REF group was able to recover the BT during the afternoon-evening and
remained more or less constant the following night (Figure 3a). On the contrary, the asthmatic rats
showed a slower BT recovery than the REF group and achieved the REF animals’ BT at about 8 a.m.
the day after the challenge.

Before challenging, the basal BT (mean value for 2 h before challenge) did not differ between
groups (Table 3). After the i.n. challenge, all animals reduced their BT and reached the lowest values
2–4 h later. The REF group showed about 1 ◦C of BT reduction with respect to their own basal BT
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(p < 0.05), in the period between 2 and 6 h after the challenge. The asthmatic group fed a standard diet
underwent a decrease of more than 2 ◦C of BT, which was already detected during the first 2 h after the
i.n. challenge. Their BT remained significantly lower during all the period considered when comparing
it either to their basal BT (p < 0.05) or to the REF animals’ BT at the same time interval (p < 0.01).

The OC-fed asthmatic rats showed a BT reduction of about 1.5 ◦C during the interval of 2–8 h
after the i.n. challenge. Their BT was significantly lower compared to their basal BT (p < 0.05) and to
that in the REF group during the 4–10 h period of time after the challenge (p < 0.05). The APC-fed
asthmatic rats also showed a reduction in BT (of about 2.5 ◦C) with respect to their basal values in
the period comprised between 0 and 16 h after the challenge (p < 0.01) and with respect to the REF
animals’ BT in the period comprised between 4 and 16 h (p < 0.01). In the APC-fed group, the BT mean
profile was the lowest (Figure 3a). Finally, the CMC-fed asthmatic rats also showed a decrease in BT
(of about 2 ◦C) from immediately after the challenge until 10 h after, when it was compared to their
basal values (p < 0.05), and during the period from 4 to 16 h after the challenge when compared to the
REF animals’ BT (p < 0.05).

The effects of diets on BT in the first hours after handling have been considered as AUC (Figure 3b).
It can be observed that the BT was the lowest in the asthmatic rats fed either a standard diet or APC
diet (p < 0.01)

3.3.4. Changes in Motor Activity After i.n. Challenge

The motor activity (MA) of each rat was registered from the day before the i.n. challenge to 18 h
after. To summarize the results and avoid the period in which animals were handled, the MA in the
dark period (activity period for rats) during the night before the i.n. challenge was compared to the
MA during the night after the challenge (Figure 4). The challenge significantly decreased the MA in all
the asthmatic groups compared to the REF group (p < 0.05). In particular, it resulted in a decrease
of MA by about 60% in the asthmatic animals fed the standard diet with respect to their own basal
MA (p = 0.001). However, the cocoa samples-fed asthmatic rats exhibited a lower reduction (of about
40–50%) in the MA in comparison to their MA before the challenge (p < 0.05). The MA of cocoa-fed
animals did not differ from that of the asthmatic rats fed a standard diet.Nutrients 2020, 12, x FOR PEER REVIEW 13 of 21 
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Figure 4. Number of movements during the active period (10 h of darkness) before (B) and after
(A) intranasal challenge. REF: healthy animals fed standard diet; A: asthmatic animals fed standard
diet; OC: asthmatic animals fed with ordinary cocoa-enriched diet; APC: asthmatic animals fed
with “Amazonas Peru” cocoa-enriched diet; CMC: asthmatic animals fed with “Criollo de Montaña”
cocoa-enriched diet. Results are shown as mean ± standard error (N = 9). * represents statistical
differences from individual values before challenge (paired t-test) (p < 0.05). Values not sharing letters
denote significant differences between groups (p < 0.01) while values sharing the same letter did
not differ.
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3.3.5. Changes in Body Weight After i.n. Challenge

One day after the i.n. challenge, all groups showed a significant decrease in body weight with
respect to the body weight before the challenge (Figure 5). The asthmatic animals fed a standard diet
decreased body weight by about 6%, whereas it decreased by up to 4% in cocoa-fed animals. Only the
decrease in A group was significantly higher than that in the REF group (p < 0.001).
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Figure 5. Body weight decrease (%) 24 h after the intranasal challenge with respect to the body
weight before the challenge. REF: healthy reference group fed standard diet; A: asthmatic group fed
standard diet; OC: asthmatic animals fed with ordinary cocoa-enriched diet; APC: asthmatic animals
fed with “Amazonas Peru” cocoa-enriched diet; CMC: asthmatic animals fed with “Criollo de Montaña”
cocoa-enriched diet. Results are represented as mean ± standard error of the mean (N = 9). Values not
sharing letters denote significant differences between groups (p < 0.01), while values sharing the same
letter did not differ.

3.3.6. Rat Mast Cell Protease II (RMCPII)

RMCPII concentration was determined in plasma samples collected 1 h after the i.n. challenge
from all experimental groups. The asthmatic group (A group) showed higher RMCPII concentration
than that in the REF animals (Figure 6) (p < 0.01). Both the APC and CMC diets tended to prevent such
increase whereas the OC diet was able to maintain the RMCPII values similar to those found in the
REF group.

3.3.7. IgE Antibodies

Specific anti-OVA IgE Ab concentration was quantified in serum and BALF samples obtained
the day after the i.n. challenge. There were significant levels of specific IgE in the serum of asthmatic
animals fed a standard diet (p < 0.05 vs. REF group) (Figure 7a). However, both OC and CMC
diets were able to partially prevent such an increase, this reduction being significant only in the OC
group, whose anti-OVA IgE levels were 50% lower than those in the A group (p = 0.021). In the BALF
samples, both the OC and CMC groups showed a reduction of about 50% in the anti-OVA IgE levels in
comparison to those observed in the asthmatic group (p < 0.05, Figure 7b). No significant changes
were observed in the APC group in any of the sample types.
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Figure 6. Rat mast cell protease II (RMCPII) in plasma obtained 1 h after the intranasal challenge. REF:
healthy animals fed standard diet; A: asthmatic animals fed standard diet; OC: asthmatic animals fed
with ordinary cocoa-enriched diet; APC: asthmatic animals fed with “Amazonas Peru” cocoa-enriched
diet; CMC: asthmatic animals fed with “Criollo de Montaña” cocoa-enriched diet. Results are shown as
mean ± standard error (N = 9). Results are expressed as mean ± standard error (N = 9) of absorbance
units. Values not sharing letters denote significant differences between groups (p < 0.01), while values
sharing the same letter did not differ.Nutrients 2020, 12, x FOR PEER REVIEW 15 of 21 
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Figure 7. Anti-OVA IgE concentration in serum (a) and BALF (b) and total IgE content in BALF (c)
obtained 24 h after the intranasal challenge. REF: healthy animals fed standard diet; A: asthmatic
animals fed standard diet; OC: asthmatic animals fed with ordinary cocoa-enriched diet; APC: asthmatic
animals fed with “Amazonas Peru” cocoa-enriched diet; CMC: asthmatic animals fed with “Criollo de
Montaña” cocoa-enriched diet. Results are shown as mean ± standard error (N = 9). Values not sharing
letters denote significant differences between groups (p < 0.01), while values sharing the same letter
did not differ.

Total IgE content was also quantified in BALF, but in this case, although a similar profile to specific
IgE was observed, no statistically significant differences were detected (Figure 7c).

There was a correlation between specific IgE levels in serum and BALF samples and the RMCPII
content in plasma quantified in samples from 1 h after i.n. challenge (r = 0.370 p = 0.029 and r = 0.440
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p = 0.008, respectively). However, no correlations were found between IgE levels and changes in MA
and BT (data not shown).

3.3.8. Leukotrienes

Cys-LT concentration was determined in BALF samples collected 24 h after the i.n. challenge from
all experimental groups. The asthmatic animals showed the highest values, but they did not reach
statistical significance (Figure 8). This tendency to increase was partially reverted by all three diets
containing cocoa samples.Nutrients 2020, 12, x FOR PEER REVIEW 16 of 21 
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Figure 8. CysLT content in BALF samples obtained 24 h after the intranasal challenge. REF: healthy
animals fed standard diet; A: asthmatic animals fed standard diet; OC: asthmatic animals fed with
ordinary cocoa-enriched diet; APC: asthmatic animals fed with “Amazonas Peru” cocoa-enriched diet;
CMC: asthmatic animals fed with “Criollo de Montaña” cocoa-enriched diet. Results are shown as
mean ± standard error (N = 9).

No correlations were found between Cys-LT and RMCPII, IgE levels and changes in MA and BT.

4. Discussion

In the current study, the preventive potential of several Peruvian cocoa samples for allergic asthma
has been approached. Cocoa has been considered beneficial for several chronic diseases [50–53],
and it has been reported that such positive effects are mainly due to the composition of its bioactive
compounds [54]. The content of such bioactive compounds in cocoa is largely dependent not only
on the agricultural and postharvest practices and processing, but also on the cultivar and origins of
cocoa [22,23]. In this sense, herein we have tested different Peruvian cocoa samples cultivated in various
regions of the country, which could impact differently on human health due to their different bioactive
compound contents. Therefore, the biochemical characterization along with the in vitro properties of
four native Peruvian populations—all high quality cocoa used for making artisan chocolates—have been
analyzed. At the same time, their properties were compared to an ordinary Peruvian cocoa but from
an Ecuadorean clone [55]. It has been observed that the content of polyphenols, flavonoids and
methylxanthines was distinct between the populations tested, thus confirming that environmental
and genetic factors significantly influence their content, as previously reported [23]. The “Criollo de
Montaña” (CMC) population was the richest in flavonoid (and polyphenol) concentration, as well as in
methylxanthines content. This population grows in the Junín region (Satipo city) at 480 m.a.s.l. where
the climate is predominantly hot and humid with a fluctuating temperature of between 18 and 35 ◦C.
The second population with a higher content in flavonoids/polyphenols was the “Amazonas Peru”
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(APC) cocoa, which also exhibited the highest antioxidant activity, followed by the CMC population.
The antioxidant properties of both the APC and CMC populations were also observed in the in vitro
ROS production by macrophages, which was significantly decreased by these populations. Therefore,
the higher the content of polyphenols these populations have, the stronger the antioxidant effects they
exert, as would be expected.

The CCC (“Chuncho”) population exerted in vitro inhibitory effects on the inflammatory mediators’
secretion, such as TNF-α, by LPS-stimulated splenocytes, in agreement with previous in vitro studies
using a conventional cocoa and particular cocoa flavonoids [13]. The anti-inflammatory properties
of cocoa samples were also evidenced when analyzing the phenotype of in vitro LPS-stimulated
macrophages. In this sense, the results obtained show that the native populations from BPC (“Blanco de
Piura”) and APC had the potential to downregulate pro-inflammatory macrophage proportion while
upregulating those from anti-inflammatory cells. Similar effects have been reported in the THP1 cell
line cultured with a cocoa phenolic extract, which was able to induce a phenotypic switch in polarized
macrophages in favor of the anti-inflammatory one [56].

On the other hand, all native populations tested in the present study, and also the ordinary cocoa,
were able to downregulate the in vitro ability to produce immunoglobulins. This effect is in line with
in vivo studies reporting a reduction of not only plasma IgG concentration, but also IgM and IgA in
cocoa-fed animals [57,58]. This downregulation of immunoglobulin secretion seems to be due to an
inhibitory B cell differentiation caused by the decrease in Th2 cytokines [59]. Overall, given that allergy
is a Th2-associated response, these results encouraged us to evaluate the effects of cocoa in the present
allergic asthma rat model.

As previously mentioned, based on their polyphenol content, their antioxidant activity and their
in vitro effects, two cocoa populations (“Amazonas Peru” and “Criollo de Montaña”) were selected
to be used in vivo in an allergic asthma model. In fact, previous studies have demonstrated the
antiallergic properties of cocoa in preclinical studies, in models of systemic disease [18,19] and oral
sensitization [20], and in observational studies considering cocoa consumption habits in young people
with allergy [21].

Herein, body temperature and motor activity variables have been used to assess the anaphylactic
response after i.n. challenge as previously set up [47] and also as used earlier in a model of oral
allergy [19,48]. In addition, the decrease in body weight was also considered as a variable to assess
anaphylaxis. Our results evidenced that the anaphylactic response was accompanied by a reduction in
motor activity, which was not modified by any cocoa diet, although this decrease in cocoa-fed animals
was relatively lower. Previous studies had reported a reduction in motor activity in animals fed with
cocoa and receiving an oral challenge [19]. Nevertheless, when changes in body temperature were
considered, some differences appeared. The asthmatic group fed a standard diet showed a significant
decrease in body temperature that appeared earlier than the other groups and was more long-lasting,
while the OC- and CMC-fed asthmatic animals maintained their body temperature similar to that
found in the REF group for a longer time. This partial prevention in body temperature decrease by
OC and CMC cocoa samples does not match with the vasodilator properties reported for cocoa [52]
and the effects observed on a food allergy model [19]. On the other hand, the protective effects of
cocoa samples were also observed in the decrease in body weight after i.n. challenge. Furthermore,
the increase in plasma RMCPII released by activated mucosal mast cells [60] was partially prevented
by both OC and CMC cocoas. In summary, the CMC population appears to be the native Peruvian
population with the most potential to prevent anaphylactic response after i.n. challenge, and this
ability is shared and even higher with the OC clone.

Diets containing Peruvian cocoa samples were able to differently influence the synthesis of specific
IgE antibodies. Again, the CMC cocoa paste was the most effective native population at decreasing
both the serum and bronchoalveolar lavage fluid IgE concentration, but its effects did not differ from
the non-native OC cocoa. The protective effect of cocoa on IgE synthesis found here has already been
described in other allergy models [8,18], and it confirms the immunomodulatory effects of a 10% cocoa
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diet in preclinical studies. Similarly, the anti-asthmatic effect of some extracts rich in flavonoids has
also been demonstrated in an asthmatic animal model [61,62] and also in a limited number of clinical
trials [63]. In agreement with these effects, the consumption of polyphenol-containing apple extracts
was associated with an alleviation of some allergic symptoms, such as runny nose and nasal congestion
in subjects suffering from allergic rhinitis [64].

Leukotrienes are other inflammatory molecules released when allergen binds to the mast
cell-coupled IgE in allergy, which are primarily responsible for the bronchoconstriction during
asthma attacks [60]. In our model, its concentration tended to increase in the asthmatic animals fed
a standard diet, but all cocoa diets tended to prevent it and showed similar content as the reference
group. All three cocoa samples tested in the present study contain theophylline, a methylxanthine
naturally present in small amounts (1.40 mg/100 g) in cocoa beans that came out as a clinical treatment
for asthma and other respiratory diseases once its bronchodilator effects had been identified [65].
In fact, it has been found that theophylline can act as suppressant of leukotriene production [66].

From the results obtained in in vivo experiments, it can be hypothesized that the main mechanism
by which cocoa diets can exert a protective effect against allergic asthma response is by attenuating
the synthesis of Th2-related antibodies. In particular, the cocoa diets have shown their anti-allergic
potential mainly reducing the anti-OVA IgE levels. Therefore, the lower the IgE production is, the lower
the amount of this antibody which can bind to mast cells in the airway. Consequently, when a new
allergen contact is produced, the allergen may bind to only a little mast cell-bound IgE. For this reason,
the release of mediators such as proteases and leukotrienes in the bronchoalveolar compartment is low
and a weak anaphylactic response can be observed. The mechanisms produced by the effective cocoa
populations must be addressed in further studies.

Polyphenol content in urine was also determined for approaching flavonoid absorption.
The animals fed the CMC diet, which was elaborated with the native Peruvian population that
exerted the most protective effects, had the highest polyphenol concentration in urine. Nevertheless,
the OC diet also showed a protective response against anaphylactic response and showed the lowest
urine polyphenol concentration. Therefore, it is not just the flavonoid content that seems to be
important in playing a protective role in this model, but it may also be the type of flavonoids
(for example monomers or polymeric forms) present in each population. Anyway, as CMC has the
most immunomodulatory properties of the Peruvian “fine aroma” cocoa populations evaluated in this
study, further experiments focused on particular cocoa flavonoids or other cocoa bioactive compounds
in this population must shed light on this issue.

The cocoa used as raw material for chocolate is a source of differences in terms of its sensorial
quality, as can be observed between ordinary cocoa and fine aroma cocoa. Ordinary cocoa has the most
widespread use in the industry, being used for common chocolates, while fine aroma cocoa is used for
fine or artisan chocolates. The result of this study shows that the origin of the cocoa populations from
which the chocolate pastes are obtained determines differences that are expressed at the biochemical
level and in their bioactivity. Chocolate pastes, made with cocoa taken from different populations in the
same country (Peru), are biochemically differentiable and have different bioactivity, as demonstrated
in the present study.

5. Conclusions

Overall, it has been shown that particular populations of Peruvian cocoa exhibit a protective effect
on a rat model of acute allergic asthma response. This effect can be observed by means of a partial
protection against anaphylactic response and, above all, in the synthesis of IgE and the release of mast
cell protease. These results show that the origin of cocoa is relevant and should be taken into account
and declared in these types of studies, and probably also when it comes to be used in the making of
dark chocolate or as nutraceuticals.
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Abstract: This study is aimed to examine the association between macronutrient intake and lung
function in healthy adults (n = 5880) using the Ansan-Ansung cohort study. To identify the index of
lung function, we used the percentage difference of predicted Forced Expiratory Volume (%FEV1_diff)
between baseline and follow-up. Based on the median %FEV1_diff, subjects were classified by
two groups as “decreased vs. unchanged/improved”. The dietary macronutrients were estimated
and validated using the food-frequency questionnaire. Multiple logistic regression models were
used to evaluate the association after adjusting for confounders. Advanced analysis examined the
association after stratifying by age and obesity. The average of %FEV1 is 114.1 and 112.5 at baseline
and follow-up, respectively. The positive association of protein and fiber intake with lung function
was observed in men. Low fat and high carbohydrate intake decreased the lung function in women
only. After stratification by age, the association of protein, fat, and carbohydrate intake with lung
function was observed in young men and old women only. Otherwise, the association of protein
and fiber with lung function was influenced by abdominal obesity. In conclusion, the lung function
was positively associated with high protein and fat intake, but was negatively associated with high
carbohydrate intake, which could be influenced by age and obesity.

Keywords: lung function of healthy population; difference of FEV1; macronutrient; longitudinal
study; obese

1. Introduction

Respiratory dysfunction is a life-threatening but treatable chronic disorder of the lung.
Nutrition has been suggested as an important aspect in the care of respiratory disease.
Malnutrition adversely affects lung function by diminishing respiratory muscle strength, altering
ventilator capacity, and impairing immune function [1]. Even among men without COPD (Chronic
Obstructive Pulmonary Disease), the lung function is associated with blood markers of nutritional
status [2]. A prospective study of middle-aged men revealed a significant negative association between
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total energy intake and lung function. Regression coefficient suggested lung function (FEV1) was
48.8 mL (95% CI 21.4 to 76.3) lower for total energy intakes one standard deviation (597 kcal/day)
apart [3]. Root et al. [4] summarized that macronutrient intake is correlated with lung function,
and highlighted the positive association of animal protein with forced expiratory volume/forced vital
capacity (FEV1/FVC (Forced Vital Capacity)). A report with COPD patents suggested that accurate
evaluation of protein and energy requirements should be included in the goals of medical treatment of
COPD patients [5].

Most Asians, including Koreans, consume relatively large amounts of carbohydrates (e.g., refined
rice) as a staple food compared to Western countries but ingest low amounts of animal protein
sources. Adults consume 62.2% and 14.9% of total energy intake from dietary carbohydrate and
protein, respectively (https://knhanes.cdc.go.kr/knhanes/sub01/sub01_05.do#s5_03) as reported in the
Korean Health Statistics 2016. Lee et al. reported that a low intake of protein is associated with
airway obstruction in patients [6]. Otherwise, dietary fat is associated with impaired lung function
in older men, which was attributed to induce innate immune activation and IL-6 (InterLeukin-6)
release [7]. Cai et al., however, demonstrated experimentally that oral supplementation of high-fat and
low-carbohydrate diets significantly increased lung function [8]. A study of Korean women reported
that a high consumption of refined diets (high intake of natural carbohydrates) and low intake of fiber
were associated with a decrease in lung function [9]. Otherwise, a high intake of dietary fiber was
significantly associated with a higher percentage of individuals with normal lung function [10].

Although the effects of nutritional status on the respiratory system have been mainly focused on
the prevention and prognosis of lung dysfunction, it is also very important to examine the association
of macronutrients with pulmonary function in healthy adults. This is because an effect of nutrition on
the respiratory disease incidence is accumulation over a long period of time. Therefore, this study is
aimed to examine the association between macronutrient intake and lung function in healthy adults
and to evaluate the association after stratification by age and both general and abdominal obesity.

2. Methods

2.1. Study Population

The study used the data from one of the community-based Korean Genome Epidemiology Study
(KoGES) cohorts, namely the Ansan-Ansung cohort, and the detailed study design and procedures are
reported elsewhere [11]. Spirometry was measured by three well-trained pulmonary technologists
in concordance with the 1994 American Thoracic Society recommendation, using a spirometer
(Vmax-229,Sensor-Medics, Yorba Linda, CA, USA) for all subjects. The predicted forced expiratory
volume in one second (FEV1) were measured using a standardized method. To evaluate the lung
function, we used the difference of FEV1 (diff FEV1) from baseline (from May 2001 to February 2003)
to follow-up (from February 2005 to November 2007) data. Prior informed consent was obtained
from each participant during the recruitment and subsequent visits, which were approved by the
Human Subjects Committee of Korea. The Korean National Institute of Health Institutional Review
Committee approved the study procedures. Study procedures were in accordance with institutional
guidelines and were approved by the Kangwon National University Hospital institutional review
committee (IRB No. 2013-07-006) for the ethical approval. From the baseline (N = 10,030), subject with
lost to follow-up (F/U) (N = 2515) couldn’t be included in the study. The distribution of ecological
factors between eligible population and follow-up loss was presented in Supplementary Table S1.
We excluded the participant who had a history of COPD at baseline (N = 66), without lung function
information (FEV1) at baseline or F/U (N = 515), with unacceptable energy intake (less than 800 kcal
or more than 4000 kcal for men and less than 500 kcal or more than 3500 kcal for women, N = 213),
and without dietary information at baseline (N = 236). In addition, participants with COPD diagnosed
at recruitment (n = 562) were excluded to eliminate a latent period bias. Finally, 5880 healthy subjects
were included in this study (Figure 1).
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Figure 1. Flow diagram of analytical sample in current study using KoGES_Ansan and Ansung cohort.
COPD: Chronic Obstructive Pulmonary Disease.

2.2. Covariates

Age was grouped by 5-year interval and education was categorized as two group, namely educated
below than 12 years and more than 12 years. Household income per month was divided in two as
below $2000 and more than $2000. Job was classified four groups (sedentary worker and labor, farmer,
and housekeeper/other) from original eight job classification; (1) sedentary worker included officer,
self-employment, and professional worker; (2) labor included sale officer and blue-colored worker;
(3) farmer; and (4) housekeeper/other. Moreover, we separately made a farmer category because
many subjects in the Ansung province among the cohort community engaged in agriculture (26.8%).
BMI (Body Mass Index) was calculated by height (m) and weight (kg) (kg/m2) and categorized based
on WHO (World Health Organization) criteria as less than <25, 25–29.9, and ≥30. Waist circumference
was taken the Asian guidelines by National Cholesterol Education Program Adult Treatment Panel III
(NCEP-ATP III) (men > 90, women > 80). We calculated the waist-to-hip ratio (WHR) using waist and
hip circumference. For the lifestyle factors, cigarette smoking and alcohol drinking included three
groups as never, former, and current. Participants were classified in terms of regular exercise based on
the “yes” and “no” answer to the following question, “Do you currently engage in regular exercise
strenuous enough to cause you to break into a sweat at least once per week?”.

2.3. Lung Function Measurement

To test a pulmonary function, Spirometry (VMAX2130 from Sensormedics Corporation, Yorba, CA,
USA) was used to measure Forced expiratory volume (FEV1, the amount of air that can force from
lungs in one second) at baseline and follow-up visits. Spirometry was performed by trained technicians
according to American Thoracic Society/European Respiratory Society guidelines [12]. Lung function
was presented as percentage of predicted FEV1 (%FEV1), which calculated using measured and
predicted FEV1 for each person (% FEV1 = base FEV1*100/predicted FEV1). To evaluate the lung
function, we calculated the difference of %FEV1 (%FEV1_diff) between at baseline and follow-up.
Based on the distribution of %FEV1_diff (median = −1), we divided two groups for the lung function
(decreased vs. unchanged/improved). The median value was involved in the unchanged/improved
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lung function group due to the maintenance of the %FEV1 despite the fact that aging means the lung
function is relatively healthy.

2.4. Dietary Assessment

Dietary information was collected at baseline using validated and reproducible [13]
semi-quantitative Food-Frequency Questionnaire (FFQ). Detailed information pertaining to dietary
assessment is available in our previous report [13,14]. Briefly, FFQ consisted 103 food items and
contained 9 serving categories for each item (never or seldom, once a month, 2–3 times a month,
1–2 times a week, 3–4 times a week, 5–6 times a week, once a day, twice a day, and 3 times or more every
day) and the serving portion size (small, medium, and large). For the food items with different seasonal
availability, we requested the participants to mark one on how long they ate among four categories:
3, 6, 9, and 12 months. The portion size was determined depending on the median value of each food
determined from the 24-h recall data obtained from the Korean Health and Nutrition Examination
Survey (KHANES). The portion size of each food item was classified as follows: small (0.5), medium
(1.0), or large (1.5). For easy understanding of portion size, we provided pictures on serving size for
food items on their own pages. Nutrient intake of each food item was converted based on the weight
derived from the consumption frequency and the portion size in each food item. Daily nutrient intakes
of everyone were the sum of the nutrient intake of each food item, which were calculated using DS24
(Human Nutrition Lab, Seoul National University & AI/DB Lab., Sookmyung Women’s University,
1996). The food composition table used in the two calculations was the 7th edition Food Composition
Table of Korea (The Korean Nutrition Society, 2000).

2.5. Statistical Analysis

Ecological and lifestyle factors were presented the distribution using descriptive statistics and
evaluated the association with lung function using logistic regression model after adjustment for
age, education, income, marriage status, height, job, history of asthma, and history of tuberculosis as
covariates. To examine the association between macronutrients and the lung function, a multiple logistic
regression model was undertaken for the determination of odds ratios (OR) and the 95% confidence
interval as increased interquartile range (IQR) after adjustment for age (continuous), education (<12 vs.
≥12 years), job, BMI (continuous), WHR (% of more than 0.9 and 0.85 for men and women respectively),
smoking status (none, former, and current smoker), and energy intake (continuous), which were
observed the association with the lung function in this population. If alpha = 0.05, total subject
number = 5880, and estimated odds ratio = 1.1, the power for the association between decreased and
unchanged/improved is 0.928 based on the logistic regression analysis. To evaluate the association
of macronutrients as continuous variable, we had examined odds ratio as increased interquartile
range of each macronutrient (ORIQR). We examined the advanced analyses after stratification by
age, BMI and WHR (Waist-Hip Ratio). The age was classified two groups based on the median age
(50 years old) of study population and was added the analysis for the elder (≥65 years old). For the
general obese, we divided two groups as normal (BMI < 25) and overweight/obese (BMI ≥ 25). For the
WHR, we divided two groups based on the cut point by NCEP-ATP III (cut-point = 0.90 and 0.85
for men and women, respectively) A p-value of <0.05 was considered as the level of significance.
Two-sided probability tests were employed using SAS statistical software (version 9.2, SAS Institute Inc.,
Cary, NC, USA).

3. Results

Comparing the distribution of selected characteristics between the eligible population and those
lost to follow-up, it was not statistically different to age, sex, BMI, and %FEV1 at baseline between
eligible population and follow-up loss. Otherwise, those lost to follow-up were likely to less educated,
lower income, not married, occupied as labor or housekeeper, and had lower abdominal obesity,
compare to the eligible population. The average of %FEV1 is 114.1 ± 16.3 and 112.5 ± 15.6 (109.3 ± 14.5
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and 107.6 ± 13.8 for men, 118.2 ± 16.6 and 116.6 ± 15.9 for women) at baseline and follow-up,
respectively. The distribution of %FEV1 by lung function according to gender presented in Table 1.
The lung function in men was negatively associated with age (elder), job (farmer), and abdominal
obesity, and current smoking, but positively associated with low education (for women only) and
general obesity (high BMI) (Table 1).

The percentage of energy from protein, fat, and carbohydrate is 13.8%, 15.7%, and 70.4% for men
and 13.4%, 13.5%, and 73.1% for women, respectively. The distribution of energy percentage from
each macronutrient was presented in Supplementary Table S2 The association between macronutrients
intake and lung function was presented in Table 2 (ORs for IQR) and Supplementary Table S3 (ORs for
quintile categories). The inverse association of protein (ORIQR = 0.78) and fiber (ORIQR = 0.85) intake
with lung function was found in men. Fat (ORIQR = 0.83) and carbohydrate (ORIQR = 1.38) intake
was associated with women’s lung function, but the total energy intake was not related to the lung
function (Table 2).

To evaluate the modified effect of age (Table 3) and obese status (Table 4) on the association
between macronutrients and lung function, we analyzed the advanced analysis after stratified by age,
BMI, and WHR. Although lung function was not associated with energy intake in both men and women,
an inverse association of protein and fat but positive association of carbohydrate with the decreased
lung function was observed in young men (<50 years old, ORIQR = 0.72, 0.80 and 1.47 for protein, fat
and carbohydrate, in order) and elderly women (both ≥50 and ≥65 years old, ORIQR = 0.74, 0.56 and
3.21 for protein, fat and carbohydrate, in order) (Table 3). Otherwise, fiber intake was shown in the
opposite direction as age group. High fiber intake was inversely associated with unchanged/improved
lung function in younger women (ORIQR = 1.44) but was positively associated with the lung function
in older men (ORIQR = 0.78).

In advanced analysis after stratified by BMI, no association of each macronutrients with lung
function with exception of fat intake (ORIQR = 0.78 in women with normal weight). Otherwise,
after stratified by waist-to-hip ratio, we observed the inverse association of protein (ORIQR = 0.67)
and fiber (ORIQR = 0.76) intake with decreased lung function in men with normal waist-hip ratio.
Among women with normal waist-hip ratio, the inverse association of total energy intake (ORIQR = 0.85)
with decreased lung function. Furthermore, the decreased lung function was associated inversely with
fat (ORIQR = 0.81), but associated positively with carbohydrate (ORIQR = 1.37) intake among women
with abdominal obesity.
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Table 2. The association between macronutrient intake and the lung function among healthy population.

Men Women

Unchanged/Improved Decreased
ORIQR (95% CI)

Unchanged/Improved Decreased
ORIQR (95% CI)

(n = 1432) (n = 1270) (N = 1583) (N = 1595)

Energy (kcal/day) 1934 * 1901 0.98 (0.88–1.09) 1776 1739 0.96 (0.88–1.05)
Protein (g/day) 67.3 63.8 0.78 (0.64–0.96) 59.7 56.2 0.87 (0.72–1.06)
Fat (g/day) 34.2 31.3 0.97 (0.83–1.13) 26.0 23.5 0.83 (0.71–0.96)
Carbohydrate (g/day) 331.2 330.3 1.14 (0.89–1.46) 318.2 313.1 1.38 (1.09–1.75)
Fiber (g/day) 6.44 6.19 0.85 (0.72–0.99) 6.43 6.41 1.15 (0.99–1.34)

*: median of each macronutrients. ORIQR: OR as increased IQR (Q3–Q1) after adjusted for age, education, BMI,
waist-to-hip ratio, job, smoking status and total energy intake; Unchanged and improved: more than median (−1)
of the difference between %FEV1 at baseline and follow-up. Decreased: under the median (−1) of the difference
between %FEV1 at baseline and follow-up.

Table 3. The association between macronutrient intake and the lung function by median age (50 years old)
and among elderly participants.

Men Women

Unchanged/Improved Decreased ORIQR (95% CI) Unchanged/Improved Decreased ORIQR (95% CI)

Below Median (Unchanged or improved = 1688, Decreased = 1376)

Energy (kcal/day) 1945 * 1908 0.92 (0.79–1.06) 1821 1783 0.96 (0.84–1.09)
Protein (g/day) 68.8 65.2 0.72 (0.54–0.95) 62.5 59.9 1.01 (0.77–1.34)
Fat (g/day) 35.9 32.7 0.80 (0.64–1.00) 30.0 28.2 0.83 (0.68–1.03)
Carbohydrate (g/day) 331.1 329.0 1.47 (1.04–2.08) 322.9 315.4 1.33 (0.94–1.88)
Fiber (g/day) 6.36 6.07 0.93 (0.74–1.16) 6.26 6.45 1.44 (1.15–1.80)

Above Median (Unchanged or improved = 1063, Decreased = 1185)

Energy (kcal/day) 1915 1888 1.14 (0.90–1.21) 1721 1683 0.96 (0.85–1.08)
Protein (g/day) 64.9 62.7 0.86 (0.63–1.17) 56.3 52.9 0.74 (0.56–0.97)
Fat (g/day) 30.3 29.4 1.17 (0.93–1.47) 22.1 20.3 0.81 (0.65–0.99)
Carbohydrate (g/day) 331.7 332.0 0.87 (0.60–1.25) 314.7 310.2 1.47 (1.05–2.05)
Fiber (g/day) 6.60 6.40 0.78 (0.62–0.98) 6.64 6.36 0.98 (0.80–1.19)

Elder (≥65 years old, Unchanged or improved = 264, Decreased = 304)

Energy (kcal/day) 1790 1901 1.03 (0.74–1.45) 1699 1584 0.86 (0.67–1.10)
Protein (g/day) 59.2 57.7 0.90 (0.43–1.90) 53.8 47.2 0.48 (0.24–0.96)
Fat (g/day) 25.4 26.4 1.69 (0.97–2.92) 19.0 16.6 0.56 (0.31–0.98)
Carbohydrate (g/day) 327.6 341.9 0.62 (0.26–1.50) 316.2 302.5 3.12 (1.21–8.02)
Fiber (g/day) 6.78 6.14 0.88 (0.51–1.53) 6.46 6.08 1.05 (0.70–1.57)

*: median of each macronutrients. ORIQR: OR as increased IQR (Q3–Q1) after adjusted for age, education, BMI,
waist-to-hip ratio, job, smoking status and total energy intake; Unchanged or improved: more than median (−1)
of the difference between %FEV1 at baseline and follow-up. Decreased: under the median (−1) of the difference
between %FEV1 at baseline and follow-up.
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Table 4. The association between macronutrient intake and the lung function by general (BMI) and
abdominal (WHR) obesity.

Men Women

Unchanged/Improved Decreased ORIQR (95% CI) Unchanged/Improved Decreased ORIQR (95% CI)

General Obesity

BMI < 25 (kg/m2)

Energy (kcal/day) 1914 * 1875 0.98 (0.86–1.11) 1775 1736 0.91 (0.82–1.01)
Protein (g/day) 65.9 62.4 0.80 (0.61–1.03) 59.7 55.9 0.84 (0.67–1.07)
Fat (g/day) 33.1 30.6 1.02 (0.84–1.23) 26.0 23.4 0.79 (0.66–0.95)
Carbohydrate (g/day) 330.2 326.9 1.05 (0.77–1.42) 319.2 311.2 1.44 (1.08–1.93)
Fiber (g/day) 6.42 6.12 0.82 (0.67–1.01) 6.51 6.29 1.12 (0.93–1.34)

BMI ≥ 25 (kg/m2)

Energy (kcal/day) 1955 1970 0.98 (0.82–1.18) 1777 1759 1.07 (0.92–1.25)
Protein (g/day) 69.8 67.2 0.74 (0.53–1.03) 59.6 57.1 0.91 (0.66–1.27)
Fat (g/day) 35.1 32.9 0.86 (0.65–1.14) 25.8 24.0 0.89 (0.68–1.16)
Carbohydrate (g/day) 332.9 336.9 1.35 (0.88–2.09) 314.8 318.4 1.28 (0.84–1.96)
Fiber (g/day) 6.51 6.49 0.89 (0.68–1.17) 4.82 6.69 1.24 (0.96–1.60)

Abdominal Obesity

WHR (<0.9 and <0.8 for men and women, respectively)

Energy (kcal/day) 1937 1877 0.89 (0.77–1.03) 1805 1774 0.85 (0.73–0.98)
Protein (g/day) 68.3 63.6 0.67 (0.49–0.90) 62.5 59.7 0.86 (0.61–1.21)
Fat (g/day) 35.4 31.5 0.94 (0.75–1.18) 30.0 27.8 0.89 (0.70–1.14)
Carbohydrate (g/day) 327.7 325.6 1.23 (0.85–1.77) 318.3 311.9 1.28 (0.86–1.92)
Fiber (g/day) 6.44 6.12 0.76 (0.59–0.98) 6.41 6.21 1.23 (0.95–1.60)

WHR (≥0.9 and ≥0.8 for men and women, respectively)

Energy (kcal/day) 1927 1933 1.07 (0.92–1.25) 1742 1719 1.02 (0.92–1.14)
Protein (g/day) 65.4 64.2 0.90 (0.68–1.19) 55.5 54.1 0.90 (0.71–1.14)
Fat (g/day) 32.4 31.2 1.00 (0.81–1.25) 22.3 21.5 0.81 (0.68–0.98)
Carbohydrate (g/day) 335.9 337.4 1.04 (0.73–1.47) 317.8 313.6 1.37 (1.02–1.85)
Fiber (g/day) 6.46 6.32 0.90 (0.73–1.12) 6.42 6.54 1.12 (0.93–1.33)

*: median of each macronutrients. Bold: statistically significant association (p < 0.05). ORIQR: OR as increased
IQR (Q3–Q1) after adjusted for age, education, BMI, waist-to-hip ratio, job, smoking status and total energy intake;
The adjustment for BMI and WHR in advanced analysis after stratified by BMI and WHR, we had taken each
confounder as crossing each other. Unchanged/improved: more than median (−1) of the difference between
%FEV1 at baseline and follow-up. Deceased: under the median (−1) of the difference between %FEV1 at baseline
and follow-up.

4. Discussion

This study suggested that protein and fat intake was inversely associated with lung function
decline, but carbohydrate intake was positively associated. The association was influenced by age
and both general and abdominal obese. The inverse association of protein and fat was shown in men
with below median age, but in women with above median age. Additionally, low fat intake was
decreased the lung function in only women with abdominal obesity. Lung function was associated
with high carbohydrate intake in women, predominantly older women (both >50 and >65 years old)
and was declined in women with normal BMI or abdominal obese as carbohydrate intake increased.
The association of fiber intake with lung function decline is inversely associated in men with above
median age or with normal WHR, but positively associated with in the women with below median age.

Inverse correlation with unchanged/improved lung function (%FEV1_diff) with age was observed
only in men. The working in farm was associated with the decreased lung function which could be
explained to exposure to inorganic and organic dust, supported by other studies [15,16]. We found
the negative correlation of BMI with %FEV1_diff consistent with a recent report [17]; although the
CARDIA study (Coronary Artery Risk Development In young Adults study) suggested that the obesity
epidemic threatens the lung health of the general population [18]. Several studies have reported
that abdominal obesity is related to decreased pulmonary function, consistent to ours result [19].
A recent clinical study using directly measured visceral adipose tissue and subcutaneous adipose
tissue through magnetic resonance imaging, dual-energy radiography absorptiometry, and computed
tomography (CT) reported that decreasing abdominal visceral obesity could increase lung function
despite ageing [20]. The epidemiologic and clinical evidence over the past 50 years suggested the
biological plausibility of a link between cigarette smoking and adverse respiratory outcomes [21,22].
A recent report using the South Carolina Behavioral Risk Factor Surveillance System (BRFSS) discusses
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the adverse effects of smoking duration and number of pack-years on lung function [23]. In this study
population, the association of smoking with lung function was found in men only.

Although Butland et al. found an inverse association between lung function and energy intake [3],
the total energy intake was not significantly associated with increase in lung function in our study,
with the exception of the protective effect in females with normal BMI. Therefore, the role of energy
intake on the lung function is controversial and needs further investigation. In the present study,
we observed a significant association between higher protein intake and better lung function in both
healthy men and women supported by Beasley’s results [24], although gender differences play a vital
role in relation to lung function [25]. After stratified by age group, the association was predominantly
observed in women with above median age, even in elderly women, similar to the result from a previous
report [26]. This finding could be supported by the fact that the protein needs of elderly females could
be higher [27] and the high protein intake leads to decrease health problems in elderly women [28].

The effect of fat intake on the decreased lung function was controversial and inconsistent because
of the bi-directionally mechanical role on the pulmonary system. The harmful effect of fat was explained
by bronchial hyper-responsiveness [29], incidence of asthma [30], a higher risk for COPD [31] and innate
immune activation [7], which can lead to a systemic inflammatory response. The systemic inflammatory
response includes the high level of circulating pro-inflammatory mediators. Otherwise, the beneficial
effect of fat on the lung function was reported with many possible mechanisms; (1) omega-3 fatty acids
protect the lung function by inhibiting the production of prostaglandin E2, thereby preventing allergic
sensitization [32], (2) the intake of omega-6 fatty acids associated with the decreased risk of chronic
nonspecific lung disease [32], (3) fat helps in digestion, absorption, and transportation of fat-soluble
antioxidant vitamins; vitamin A, D, E and K [33], which could improve lung function [14,34]. and (4) fat
metabolism generates less CO2 which has a lower respiratory quotient [35]. Our study suggested the
protective effect of fat intake on lung function of relatively young men, elderly women, and abdominal
obese women, contrary to one of the published results [7] which suggested a reduced lung function in
older men as increased proportion of fat in the diet. Although our results suggest an inverse association
of fat intake with lung function decline, it is necessary to advanced analysis considering the several
limitations, such as the lack information of fat intake including animal vs. plant fat, the composition
of trans-fat, saturated vs. polyunsaturated fatty acid, w-3 vs. w-6, etc. Therefore, advanced analyses
considering these factors are needed to explain the protective effect on the lung function.

In the healthy population, carbohydrate metabolism increases CO2 production and respiratory
quotient [35]. Although individuals with normal lungs eliminate excess loads of CO2 easily [36],
the long-term effects suggest deterioration in lung function, especially in the elderly. Therefore,
a lower carbohydrate diet might prevent or increase respiratory health [37]. The possibility that altered
respiratory variables after ingestion of carbohydrate were nonspecific and unrelated remote for the
following reasons. The metabolic and respiratory responses to ingestion of carbohydrate confirm
qualitatively and quantitatively to previous observations and predictions [38–42]. Consistent with
previous reports [31,43–45], a carbohydrate-rich diet is negatively associated with predicted FEV1,
consistent with our result as well as another report with Korean women [46].

Several studies had reported an inverse association of dietary intake of fiber and lung function
decline [10,47]; we found the association in older men only (more than 50 years old). For younger
women, otherwise, high fiber intake was positively associated with the decreased lung function in this
study population. To illustrate the positive association between high fiber intake and lung function
decline in women, it is valuable to consider the source of dietary fiber in Korean diet. The food groups
that contributed most to dietary fiber intake were (in descending order) cereals, vegetables, seasoning,
and fruits in Korean and the fiber-containing food items consumed most were cabbage- kimchi, cooked
rice, instant noodles, and cabbage [48]. Unfortunately, the difference between sex and age in Korean
dietary fiber sources has not been studied yet. Therefore, further studies are needed to explain the
relationship of dietary fiber to lung function.
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Our study has several limitations. First, although it is acceptable to use FVE1 for the assessment
of the pulmonary function in the epidemiology study, the association between macronutrients intake
and the lung function could be underestimated due to the non-differential misclassification of the lung
function. In addition, the association should be illustrated with consideration of the different follow-up
time among the participants and annual change in lung function as aging. Therefore it is difficult to
accurately adjust the effect of pulmonary function decline as increasing age. Second, we used FFQ
that depended on the subjects’ memories of dietary intake and possible difficulty in accurate recall
of frequency and food portion size. To overcome this limitation, we used a closed format and the
ability to exercise different options based on food illustrations to facilitate easier recall. Besides, dietary
information was collected only at baseline and changes during follow up period were not taken into
account. Third, the findings cannot be generalized to populations other than Korean, especially in the
Western countries with high-protein diets, because most of our participants were Korean. Possibly,
our result could apply to Asia countries where the primary food are carbohydrate-rich (especially,
starch-based refined rice). Forth, we had considered only macronutrient intake to evaluate the effect
on the lung function. However, an advanced analysis is required considering the quality of the
diet, such as plant vs. animal protein, sugar vs. complex carbohydrate, the very low fiber in the
diet. Fifth, smokers at baseline may have quit smoking between the lung function measurements,
which may have had impact on lung function. In addition, we couldn’t consider the change of the
general and abdominal obesity status during follow-up. Finally, the high proportion of follow-up
loss could be affected by selection bias, although we tried to adjust for education, married status, job
abdominal obesity, which were observed a different distribution between the eligible population and
follow-up loss.

Aside from these limitations, our study has several strengths. First, the use of data from a large
prospective cohort allows the possibility of a temporal relationship, although causality cannot be
assessed unless some strong assumptions are made (e.g., missing at random conditional on observed
variables). Second, we included well-known confounding factors in the analysis such as age, sex,
marital status, BMI, WHR, history of asthma and tuberculosis, and cigarette smoking, because of the
large sample size. Third, FFQ was developed based on nationwide dietary data, and hence, the use of
a validated FFQ strengthened the reproducibility of our results. Fourth, to avoid the latent period bias
and to preclude the bias related with altered lifestyle factors, because of inconvenience lung function
without a diagnosis of respiratory disease, we excluded subjects who were diagnosed with COPD
at recruitment. Fifth, this report examined advanced analytics to evaluate the advanced analysis
after stratification by age and both general and abdominal obese status on the association between
macronutrient intake and the lung function decline.

5. Conclusions

In conclusion, this study suggested a positive association of protein and fat intake but a negative
association of carbohydrate intake with the lung function in the healthy population. Furthermore,
the association between macronutrients and lung function could be attenuated by age and obese status.
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Abstract: Background: China’s diet transition might offer guidance to undeveloped countries on
the way to prosperity. This report describes the trends and disparities in energy and macronutrient
composition among Chinese adults, and between subpopulations. Methods: Data for the current
study were obtained from the 1982, 1992, 2002, and 2010–2012 China National Nutrition Survey
(CNNS) rounds, which were nationally representative cross-sectional surveys. We applied 24-h
dietary recall and food weighing to assess dietary intake. Results: There were 204,877 participants
aged 20 years or older included in the current analysis. From 1982 to 2012, the estimated energy intake
declined from 2614.7 kcal to 2063.9 kcal. The trend in the estimated percentage of energy intake from
fat showed a spike. It increased from 16.3% to 33.1% (1992 vs. 1982 difference, 7.6%; 95% CI 7.4% to
7.7%; 2002 vs. 1992 difference, 7.7%; 95% CI 7.6% to 7.9%; 2012 vs. 2002 difference, 1.6%; 95% CI 1.4% to
1.7%; p < 0.01 for trend). The trends coincided in all the subgroups (all p < 0.01 for trend) except for the
subgroup of those educated over 15 years, whose percentage of energy intake from fat declined from
37.4% to 36.6% (2012 vs. 2002 difference, −0.8%; 95% CI −1.6% to 0.0%). The estimated percentage
of energy intake from carbohydrates declined from 74.0% to 55.0%. The ranges of the estimated
percentage of energy intake from fat, within population subgroups stratified by education level,
area and Gross national product (GNP) level, were narrowed. Conclusions: Quick improvements
in society and the economy effectively curbed undernutrition, but easily triggered overnutrition.
Disparities persistently existed between different subpopulations, while the gaps would narrow if
comprehensive efforts were made. Education might be a promising way to prevent overnutrition
during prosperous progress. The low-social profile populations require specific interventions so as to
avoid further disease burdens.

Keywords: dietary energy; macronutrient composition; trend; disparity; subpopulation

1. Introduction

China has been one of the fastest-growing countries over the past three decades. It implemented
major social and economic reforms in 1979, and achieved tremendous economic and agricultural
productivity improvement [1]. Changes in the economy, food supply and nutrition-related policies
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can affect diet quality at the population level. The mass Chinese population consume diets that
have developed from scarcity to prosperity within only one decade or two, but this has cost a lot
with regards to health outcomes, in that the burden of diet-related non-communicable disease has
increased [2]. Malnutrition covers two broad groups of conditions: undernutrition and overnutrition [3].
Many developing countries work on the problem of undernutrition, while overnutrition soon
emerges [4]. China’s diet transition might give guidance for the developing countries on the way
to prosperity. We try to take a close look at this dietary transition during this extraordinary time in
China. This report describes data from four rounds of the China National Nutrition Survey (CNNS),
from 1982 to 2012. We examined the trends in energy and macronutrient composition among the
Chinese population, and we also determined the disparities in dietary quality between subpopulations
in terms of area, education level and economic background.

2. Materials and Methods

2.1. Study Population and Sampling

Data for the current study were obtained from the 1982, 1992, 2002 and 2010–2012 CNNS rounds,
which were nationally representative cross-sectional surveys conducted by the Chinese Center for
Disease Control and Prevention in order to assess the health and nutrition of the Chinese population [5].
The design, sampling and dietary data collection methods of each round were homogeneous. The survey
design and methods have been presented in detail previously [5]. A stratified and multistage cluster
randomized sampling method was applied. There were initially 238,124, 100,201, 247,464 and
188,622 participants recruited in the surveys from 1982 to 2012, respectively. The response rate was
87.9% in 2002 and 76.5% in 2010–2012. Response rates were not recorded in the 1982 and 1992 surveys.
All CNNS rounds collected identical data from household and dietary interviews, body measurements
and laboratory tests. Some participants were selected to participate in certain survey items, while others
participated in another. For this analysis, we restricted the study sample to adults aged 20 years or
older with dietary intake data.

Education level was defined as years the participant had received education. Area was defined
as urban or rural because China is a two-class society with rural–urban distinctions in many aspects.
The urban sector has gained more benefits from social and economic reforms than the rural sector has.
Life style and dietary pattern were distinguishing between the two sectors. Gross national product
(GNP) level was classified by provincial level according to the GNP quartiles across provinces. In 1982,
the first to fourth classes were classified as ≥284, (244, 284), (194, 244) and <194, respectively, in USD;
in 1992, the first to fourth classes were classified as USD ≥482, (354, 482), (268, 354) and <268; in 2002,
the first to fourth classes were classified as USD ≥1569, (958, 1569), (743, 958) and <743; and in 2012,
the first to fourth classes were classified as USD ≥8510, (5761, 8510), (4670, 5761) and <4670.

The series of national surveys was approved by the ethics committee of the National Institute for
Nutrition and Health at the Chinese Center for Disease Control and Prevention.

2.2. Dietary Assessment

The field work of each round was launched in autumn, considering the comparability between
survey rounds. Dietary information was collected for 5 days in 1982 by trained investigators who
weighed all available foods in the participants’ homes at the beginning of the first day, recorded
(and weighed if necessary) all new foods brought into the homes during the 5 days and weighed
all leftovers at the end of the survey to calculate the total amount of food consumed by participants
during those 5 days. In the 1992, 2002 and 2010–2012 surveys, diet was assessed via 3 consecutive days
(including two weekdays and one weekend) of 24-h dietary recall, in addition to weighing household
cooking oil and condiments. For each dietary recall day, investigators went to participants’ homes and
helped to record food intake during the past 24 h. Investigators also weighed the household cooking oil
and condiments at the beginning and end of each 24 h dietary survey. Nutrient intakes were calculated

242



Nutrients 2020, 12, 2168

with the China Food Composition tables (FCTs) [6–8], which are continuously updated with commonly
consumed foods and changes in nutrient composition. FCT-1981 [8] was used for dietary data from the
1982 round, FCT-2002 [6] for those from the 1992 and 2002 rounds, and FCT-2009 [7] for those from the
2010–2012 round.

2.3. Statistical Analyses

The post-stratification population sampling weights were applied to the estimated nationally
representative population levels for intakes of energy and macronutrients. In order to compare dietary
intake across years, the weights were derived from the sampling probability of the 2010 Chinese
population aged 20 years or older (based on census data) and applied to estimate the representative
dietary intake in each survey round. Means and 95% confidence intervals (CIs) of energy, and the
percentages of macronutrients contributing to energy, were determined by adjustment for the sample
weights. General linear regression models were used to determine the dietary trends across the survey
rounds and the dietary differences between and within years. Regarding the difference between years,
the year of each survey was treated as an ordinal variable and as the dependent variable. Regarding the
difference within years, the subgroup of the two ends within each group (classified by education
level, area, GNP level, sex and age group) was treated as an ordinal variable and as the dependent
variable. Energy and macronutrient composition were treated as continuous variables and as the
independent variable respectively in each model. A two-sided p < 0.05 was considered to indicate
statistical significance. Statistical analyses were conducted using SAS statistical software (v. 9.4;
SAS Institute, Cary, NC, USA).

3. Results

3.1. Participant Characteristics

There were 204,877 participants aged 20 years or older included in the current analysis. In the
survey rounds of 1982, 1992, 2002 and 2010–2012, dietary intake data were available for 39,084, 58,316,
52,426 and 55,051 participants, respectively. The age structure of the participants was assorted across
the survey rounds in accordance with the structure of actual change among the Chinese population.
The sex ratios were balanced in the samples. Participants in each round had higher education level
than the former round. Urban participants gradually accounted for greater percentages of the samples
in the survey rounds, due to urbanization progress in China (Table 1).

3.2. Trends of Energy and Macronutrient Composition

From 1982 to 2012, the estimated energy intake declined from 2614.7 kcal to 2063.9 kcal (1992 vs.
1982 difference, −82.6; 95% CI −92.5 to −72.7; 2002 vs. 1992 difference, −335.4; 95% CI −344.2 to −326.7;
2012 vs. 2002 difference, −132.7; 95% CI −141.5 to −123.9; p < 0.01 for trend). These were the trends in
the population subgroups (Table 2).

The trend of estimated percentage of energy intake from fat showed a spike. It increased from
16.3% to 33.1% (1992 vs. 1982 difference, 7.6%; 95% CI 7.4% to 7.7%; 2002 vs. 1992 difference, 7.7%; 95%
CI 7.6% to 7.9%; 2012 vs. 2002 difference, 1.6%; 95% CI 1.4% to 1.7%; p < 0.01 for trend). The trends
coincided in the subgroups (all p < 0.01 for trend) except for the subgroup of those educated for over
15 years. In the most recent two survey rounds, the estimated percentage of energy intake from fat
among the well-educated population declined from 37.4% to 36.6% (2012 vs. 2002 difference, −0.8%;
95% CI −1.6% to 0.0%) (Table 3).

The estimated percentage of energy intake from carbohydrates declined from 74.0% to 55.0% (1992
vs. 1982 difference, −10.5%; 95% CI −10.7% to −10.4%; 2002 vs. 1992 difference, −7.4%; 95% CI −7.5%
to −7.2%; 2012 vs. 2002 difference, −1.0%; 95% CI −1.2% to −0.9%; p < 0.01 for trend). The trends in the
subgroups were the same (Table 4).
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The estimated percentage of energy intake from protein increased between the first and second
rounds, from 10.9% to 12.8%, and slightly declined to 12.3% in the successive two rounds (1992 vs.
1982 difference, 1.9%; 95% CI 1.9% to 1.9%; 2002 vs. 1992 difference, −0.3%; 95% CI −0.4% to −0.3%;
2012 vs. 2002 difference, −0.1%; 95% CI −0.1% to 0.0%) (Table 5).

3.3. Disparities of Macronutrient Composition in Population Subgroups

The estimated percentages of energy intake from fat within population subgroups, stratified by
education level, were 10.6% (95% CI 10.1–11.1%) in 1992, 9.5% (95% CI 8.8–10.1%) in 2002 and 6.3%
(95% CI 5.8–6.7%) in 2010–2012. Those stratified by area were 6.8% (95% CI 6.7–7.0%) in 1982, 10.8%
(95% CI 10.6–10.9%) in 1992, 8.9% (95% CI 8.7–9.1%) in 2002 and 7.4% (95% CI 7.2–7.6%) in 2010–2012.
Those stratified by GNP level were 2.0% (95% CI 1.8–2.3%) in 1982, 7.3% (95% CI 7.1–7.6%) in 1992,
2.9% (95% CI 2.6–3.1%) in 2002 and 3.7% (95% CI 3.5–4.0%) in 2010–2012. The ranges of the estimated
percentage of energy intake from carbohydrates within population subgroups stratified by education
level were 13.1% (95% CI 12.6–13.6%) in 1992, 12.4% (95% CI 11.8–13.0%) in 2002 and 9.5% (95% CI
9.0–10.0%) in 2010–2012. Those stratified by area were 8.2% (95% CI 8.0–8.3%) in 1982, 12.9% (95%
CI 12.7–13.0%) in 1992, 10.8% (95% CI 10.7–11.0%) in 2002 and 9.6% (95% CI 9.4–9.8%) in 2010–2012.
Those stratified by GNP level were 2.9% (95% CI 2.6–3.2%) in 1982, 9.2% (95% CI 9.0–9.5%) in 1992,
4.8% (95% CI 4.5–5.1%) in 2002 and 5.8% (95% CI 5.5–6.1%) in 2010–2012 (Tables 2–5 and Figure 1).
The trends and disparities stratified by age and sex are given in Tables A1–A4.

Table 1. Sociodemographic Characteristics of Participants by China National Nutrition Survey (CNNS)
Rounds, 1982–2012.

1982 1992 2002 2012

n 39,084 58,316 52,426 55,051
Age Group, year

20–29 12,642 (32.4) 16,116 (27.6) 7531 (14.4) 5310 (9.7)
30–39 8729 (22.3) 13,840 (23.7) 12,959 (24.7) 7894 (14.3)
40–49 6540 (16.7) 11,440 (19.6) 11,745 (22.4) 12,420 (22.6)
50–59 5533 (14.2) 8429 (14.5) 10,201 (19.5) 12,828 (23.3)
60–69 3662 (9.4) 5598 (9.6) 6630 (12.7) 10,308 (18.7)
≥70 1978 (5.1) 2893 (5.0) 3360 (6.4) 6291 (11.4)

Sex
Male 19,432 (49.7) 28,010 (48.0) 24,709 (47.1) 25,278 (45.9)
Female 19,652 (50.3) 30,306 (52.0) 27,717 (52.9) 29,773 (54.1)

Education Level
under 6 years 23,479 (40.3) 6567 (12.5) 6901 (12.5)
6 years 8477 (14.5) 15,686 (29.9) 15,866 (28.8)
9 years 15,620 (26.8) 18,075 (34.5) 19,064 (34.6)
12 years 7766 (13.3) 8433 (16.1) 8454 (15.4)
15 years 1514 (2.6) 2452 (4.7) 2740 (5.0)
over 15 years 1148 (2.0) 1115 (2.1) 2026 (3.7)
No answer 312 (0.5) 98 (0.2) 0 (0.0)

Area
Urban 13,766 (35.2) 17,633 (30.2) 17,530 (33.4) 27,471 (49.9)
Rural 25,318 (64.8) 40,683 (69.8) 34,896 (66.6) 27,580 (50.1)

GNP Level 1

First Class 7195 (18.4) 16,635 (28.5) 15,374 (29.3) 15,384 (27.9)
Second Class 11,758 (30.1) 13,802 (23.7) 10,916 (20.8) 14,244 (25.9)
Third Class 8508 (21.8) 14,544 (24.9) 14,693 (28.0) 13,818 (25.1)
Fourth Class 11,623 (29.7) 13,335 (22.9) 11,443 (21.8) 11,605 (21.1)

CNNS, China National Nutrition Survey; GNP, gross national product. Data are numbers of participants (%), unless
otherwise indicated. 1 GNP level was classified at provincial level according to the GNP quartiles across provinces.
In 1982, the first to fourth classes were classified as USD ≥284, (244, 284), (194, 244) and <194, respectively; in 1992,
the first to fourth class were classified as USD ≥482, (354, 482), (268, 354) and <268; in 2002, the first to fourth classes
were classified as USD ≥1569, (958, 1569), (743, 958) and <743; and in 2012, the first to fourth classes were classified
as USD ≥8510, (5761, 8510), (4670, 5761) and <4670.
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4. Discussion

China has made substantial progress in improving nutrition. Diet quality improved remarkably
from 1982 to 2012 in China. The trends of energy intake constantly decreased in the survey rounds due
to the fast pace of modernization and urbanization. The percentage of fat’s contribution to energy
spiked, that of carbohydrates fell all the way, and that of protein stabilized within a small range.
The macronutrient composition went from poor, to ideal, and then to far from ideal again. Though the
composition was not satisfying at the beginning round of CNNS, in 1982, which featured excessive
carbohydrates and a lack of fat, it became more ideal in the 1992 survey round. The macronutrient
composition was within the national recommendations among most subpopulations around that
period [9]. However, in the most recent two surveys, the macronutrient composition dropped out of the
ideal range, which led to health conditions diametrically opposed to malnutrition, i.e., overnutrition,
potentially contributing to the prevalence of nutrition-related non-communicable chronic diseases
(NCDs) nation-wide [10]. We considered that different fat compositions at the same level of energy
intake could have diverse impacts on the development of obesity. It seemed a paradox in China
that overweight and obesity dramatically increased since 1980s, despite energy intake constantly
decreasing [1,11]. Reduced physical activity could explain the increasing prevalence of obesity, but most
developed countries, like America and Korea, also experience both obesity prevalence and raising
energy intakes [12–15]. Indeed, few countries, like Japan, had a similar situation to ours, whereby the
obesity rate went up as the energy intake decreased [16]. New studies suggested that the percentage of
fat contributing to energy could be the cause of adiposity, but not carbohydrates or protein [17]. In fact,
the proportion of fat in the diet kept going up worldwide, as did the prevalence of obesity [13,16,18,19].
The current findings were based on massive samples and observations over the long-term, which
might provide new thoughts as to the cause of obesity.

The great achievements following the social and economic shifts after 1979 had a tremendous
impact on the diet of the Chinese population [20]. It took no more than one decade for the Chinese
people to go from lacking various foods, to having plenty of every food. There was a big leap in
nutrition improvement, and diet patterns changed most in the 1980s and 1990s. The macronutrient
composition rapidly reached the ideal range at that time. The pace of the change of macronutrient
composition slowed down, and it has been unsatisfying in recent years. The promoter of the diet has
shifted. Economy and food supply were still continuing to improve, but it was contributing only a
little to diet improvement in China. Other things, like nutrition policy retargeting or the availability of
nutrition education and knowledge, might be the key to promoting diet quality in China.

The disparities persistently existed in different subpopulations across China, but the gaps narrowed
in recent years. The Chinese government has put huge effort into poverty reduction, transportation
system construction and raising the agricultural yield, which all potentially increased the equity of
access to various foods by people with different background. Especially in the most recent survey
round, the percentages of fats’ and carbohydrates’ contributions to energy were getting closer between
the two ends of the subpopulations as regards area, education level and economic background. It was
obvious that the subpopulations with better social profiles (living in urban areas, well-educated and
wealthy economic background) were leading the diet trends, and the rest followed in the next decade
or two. Nevertheless, the macronutrient compositions of those with better social profiles had been
moving toward the overnutrition pattern since around 2002, which was probably a major cause of
nutrition-related NCDs prevailing in China [3,10,21]. If people with low social profiles continue to
follow the diet trend, there might be another surge of nutrition-related NCDs in China. Moreover,
inequalities in health resource access have existed for some time in China [22]. It would deepen the
social contradictions if those who suffered from diseases could not be able to access necessary health
resources. More governmental interventions should be launched into the subpopulation with low
social profiles in order to slow down or even curb their movement into overnutrition.

One promising trend was discovered in the well-educated subpopulation. In the survey round of
2012, the macronutrient composition distinctively retuned to the recommended ranges among these
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people. “Eat well” was linked to “live well” in Chinese culture, but people always confused “eat well”
with “eat whatever one wants”. Actually, “eat well” means “eat properly” in the modern nutritional
theory, and it leads to “live well”. It is clear that some risks of nutrition-related NCDs can be modified
though education improvement [23]. Well-educated people have greater volition and ability to acquire
health information which might help them regulate dietary behaviors, rather than following their
instinctive appetite or preference. Health education would probably be a useful tool to help China get
through the possible dilemma of a further potential surge of NCDs in the subpopulations with low
social profiles.

This study has several limitations. First, 3-day 24-h dietary recalls were used to obtain food
consumption information, and so the accuracy of dietary intake was mostly dependent on the
participants’ recall and estimation. Second, for the individual income information variabilities in
different survey rounds, the classification of GNP level was applied. It was based on each province’s
GNP in the survey year, which might not classify each participant meticulously. Third, a recent study
mentioned that the quality or food sources of macronutrients might lead to different health outcomes [24].
Diet quality in the current study was determined based on the macronutrient composition, which might
cause bias without taking food composition into consideration. Fourth, the inference of macronutrient
composition and consequential health outcome in the discussion was only derived from reports on the
national level in an ecological way, rather than the relationships among CNNS participants.

5. Conclusions

Quick improvements in society and the economy effectively curbed undernutrition, but easily
triggered larger-scaled overnutrition soon after in China. Disparities have persistently existed in
different subpopulations, while these gaps would narrow if major efforts were made. Populations
with low social profiles might lag behind the trend of diet transition, but would be more vulnerable
to the side-effects of the trend. Education might be a promising way of preventing overnutrition
during the prosperous progress of developing countries. Low social profile populations require specific
interventions so as to avoid the further burdens of diet-related non-communicable diseases, in order to
maintain social stability.
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Abstract: This study examined associations of home food availabilities with prediabetes and
diabetes among 8929 adults (20–70 years) participating in 2007–2010 National Health and Nutrition
Examination Surveys. Odds ratios (ORs) and 95% confidence intervals (95% CIs) were estimated by
logistic regression. Relative to non-diabetic participants (individuals without diabetes or prediabetes),
prediabetes participants were associated with lower availabilities of green vegetables (OR = 0.82;
95% CI = 0.73–0.91; p = 0.0006) and fat-free/low-fat milk (OR = 0.80, 95% CI = 0.65–0.89; p = 0.001)
and higher sugary drink availability (OR = 1.24, 95% CI = 1.04–1.48; p = 0.02), adjusting for age,
sex, and ethnicity (Model 1). The associations remained significant for vegetables (p = 0.005) and
fat-free/low-fat milk (p = 0.02) adjusting for additional confounders (body mass index, education,
Model 2). Adjusting for dietary components did not change the above results (in model 2) significantly.
Participants with high healthy food availability scores had approximately 31% reduction (p = 0.003) in
odds of prediabetes compared to those with low scores in Model 1. No associations were detected for
diabetes except for fat-free/low-fat milk availability, for which an inverse association was observed in
Model 1 (OR = 0.80, 95% CI = 0.65–0.99; p = 0.04). The results show prediabetes participants had
lower availability of healthy foods and higher availability of unhealthy foods, suggesting the need to
improve healthy food availability at home for this population.

Keywords: home food availability; diabetes; prediabetes; healthy food; unhealthy food; healthy
food availability

1. Introduction

Diabetes is the seventh leading cause of death in the United States. In 2015, approximately
30.3 million (9.4% of the population) Americans had diabetes [1]. In addition, approximately one third
of the U.S. adults have prediabetes [1], which is characterized by blood glucose levels that are elevated
but not high enough to be diagnosed as diabetes [1]. However, only eleven percent of these individuals
reported being aware of their prediabetes status [1]. Without proper treatment and prevention efforts,
a majority (~70%) of persons with prediabetes will eventually become diabetic [2].

To date, the prevention of type 2 diabetes has mainly focused on behavioral modification and
weight management, as causes of the disease are attributed largely to obesity, lack of physical activity,
and poor dietary patterns [3–6]. Home food availability defined as the presence or absence of healthy
and unhealthy food items at home is an important avenue to investigate since it may reflect people’s
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food choices and their dietary intake [7–9]. It has been reported the availability of unhealthy foods
in the home was significantly associated with energy intake in both adults and their adolescent
children [7]. Among older adults (50 years old), home “obesogenic foods’” scores were predictive
of intakes of nutrients such as saturated fat, sugar, and fiber [9]. In addition, previous work found
that obese individuals had fewer healthy foods available in their homes than that of non-obese
participants [10]. Considering the established relationship between diet, obesity, and metabolic
diseases such as type 2 diabetes [3–6,11,12], it is likely that the home food environment may, in turn,
contribute to the prevalence and development of prediabetes and/or type 2 diabetes. Research has
shown the availability of healthy foods at home was associated with lower rates of prediabetes and
diabetes among adolescents [13]. To our knowledge, no studies have examined these associations in
adults using a nationally representative sample. Further, the home food environment and dietary habits
could differ between persons with type 2 diabetes and those with prediabetes given the consideration
that many prediabetes individuals are not aware of their prediabetes status [1]. Thus, when assessing
the relationship between home food availability and metabolic disease conditions, it is important to
distinguish individuals with prediabetes from those with diabetes. Therefore, the primary objective of
this study was to examine associations of the availabilities of individual healthy (fruits, dark green
vegetables, and fat-free/low-fat milk) and unhealthy foods (salty snacks and sugary drinks) at home as
well as overall home healthy food availability with the presence of prediabetes or diabetes among adults
aged 20–70 years using a nationally representative sample from the 2007–2010 National Health and
Nutrition Examination Surveys (NHANES). In addition, we examined whether the above associations,
if present were independent of individuals’ dietary intake.

2. Materials and Methods

2.1. Study Population

NHANES is an ongoing program of studies intended to assess the health and nutritional status
of approximately 5000 adults and children in the United States each year. NHANES uses a complex,
multistage, probability sampling design to select participants who are geographically dispersed and
representative of the civilian, noninstitutionalized US population [14].

The 2007–2010 data were used since questions regarding home food availability were only
assessed in 2007–2010 NHANES surveys. There were 10,044 age-eligible respondents (20–70 years).
Sequential exclusions included missing data for food availability, hemoglobin A1C (HbA1C) values,
and response to diabetes diagnosis questions, with overlap from participants who were missing data
in more than one category (N = 919). Additionally, individuals who were categorized as non-diabetic
(participants without the presence of diabetes or prediabetes) but reported taking insulin or diabetes
medications (N = 34), as well as participants who reported being pregnant (N = 114), were excluded
from analysis. Furthermore, we also excluded participants who had missing data on key covariates
(age, sex, race/ethnicity, body mass index [BMI], education) (N = 48). There were no statistically
significant differences in sociodemographic characteristics between participants with and without these
missing values. The final analytic sample included 8929 adults including 4448 men and 4481 women.

2.2. Relevant Measures and Independent/Dependent Variables

2.2.1. Home Food Availability of Individual Food Items

The home food availability questions from NHANES Consumer Behavior questionnaire measured
the frequency of availability of certain healthy and unhealthy food and beverage items in the home [14].
Although the questions did not provide a specific reference evaluation period, it can be assumed that
participants were asked “in general” or on a “typical day/week/month”. Items considered “healthy”
were fruits (fresh, dried, canned, and frozen fruits), dark green vegetables (fresh, dried, canned, and
frozen vegetables), and fat-free/low-fat milk (1%, skim or fat-free; excluding 2%). Items considered
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“unhealthy” were salty snacks (such as chips and crackers; excluding nuts) and sugary drinks (soft
drinks, fruit-flavored drinks, or fruit punch; excluding diet drinks, 100% juice, or sport drinks).
The classification of “healthy” and “unhealthy” foods and beverages were derived from previous
home food inventory tools and literature [7,15].

A five-point scale describing how often the food items were available in the home (always, most
of the time, sometimes, rarely or never available) was used for survey responses and was coded on a
scale of 1–5 with “1” referring “always” and “5” referring “never available” [14]. We further classified
the above scale into two categories stressing the importance of contrasting the two values reflecting the
frequency of home food availabilities: (1) “high availability” group (recoded as “1”) for participants
who responded with “always” or “most of the time available”; and (2) “low availability” group
(recoded as “2”) for participants who responded with “sometimes”, “rarely”, or “never available”.

2.2.2. Overall Healthy Food Availability at Home

Using the responses to the questions of availabilities of the aforementioned five food items from
NHANES Consumer Behavior questionnaire [14], a scoring system for the overall home healthy food
availability [HFA] was created by summing the number of positive responses from 0 to 5. A participant
scored 5 (maximum points) if he/she had all the positive responses (i.e., high availability for fruits,
vegetables, and fat-free/low-fat milk; low availability for salty snacks and sugary drinks). Scores 0–4
were given corresponding to 0–4 (out of 5) positive responses. We further combined the scores into
high, medium, and low categories. A high score (overall healthy) was defined as having an HFA score
of 5 or 4; a medium score (borderline) was defined as having an HFA score of 3 or 2; and a low score
(overall unhealthy) was defined as having an HFA score of 1 or 0. Unhealthy items (salty snacks,
sugary drink) were reversely scored. High, medium, and low categories were recoded as “3”, “2” and
“1”, respectively.

2.2.3. Prediabetes and Diabetes Status

The presence of diabetes was defined as having any of the following: (1) Hemoglobin A1c
(HbA1c) concentration ≥6.5% [16]; or (2) self-report of diabetes diagnosis (yes on the question “did
your doctor tell you that you have diabetes?”). Prediabetes was defined as: (1) HbA1c between 5.7% to
6.4% [16]; and (2) participants reporting “no” on the diabetes diagnosis question. Participants were
categorized as non-diabetic (without the presence of diabetes or prediabetes) if they reported “no” on
their diabetes status, were not taking any diabetes medications, and had a HbA1c laboratory measure
lower than 5.7%.

2.2.4. Nutrient Intake Assessments

The NHANES dietary interview component gathers detailed dietary intake from participants.
On two separate occasions, participants reported their food and beverage intake over the past 24 h
using the USDA’s Automated Multiple-Pass Method [17–19]. The two 24-h recalls were conducted
in NHANES 2007 to 2010. The first dietary recall was collected in person by trained interviewers
in NHANES Mobile Exam Center (MEC) and the second dietary recall was completed by trained
interviewers via telephone 3–10 days after the MEC interview [18]. The data collected from each
participant’s two 24-h recall interviews were coded and linked to a database of foods and beverages
and their nutrient compositions. The database was used to estimate the types and amounts of food and
beverages (including water) consumed, as well as to estimate energy, nutrients, and other components
from those food and beverage items. Dietary recall data were collected on both weekdays and weekend
days. Dietary intakes can vary by day of the week. Thus, special dietary weights were computed for
each survey cycle that adjust for the differences in the proportion of recalls on weekdays compared
with weekend days [17,18]. The current study used both dietary recall interviews to establish a mean
estimate of daily dietary intake for total energy, carbohydrate, protein, total fat, saturated fat, dietary
fiber, and total sugar.

259



Nutrients 2020, 12, 1209

2.3. Statistical Analysis

The “Survey” procedure in SAS 9.4 software (SAS Institute, Cary, NC, USA) was used to estimate
variance after incorporating the weights for the sample population in NHANES [20]. Participants’
characteristics and dietary intake of total energy and major nutrients (carbohydrate, protein, total fat,
saturated fat, dietary fiber, and sugar) were compared between diabetes, prediabetes, and non-diabetic
participants using t test for continuous variables and chi-square test for categorical variables. Odds
ratios (ORs), 95% confidence intervals (95% CIs) and p trend for associations of home food availabilities
with the presence of diabetes or prediabetes were estimated using logistic regression accounting for
survey design and weights. The models were adjusted for age (continuous), sex, and race/ethnicity
(whites, blacks, Hispanics, or other race/ethnicity) (Model 1), and additionally adjusted for BMI
(continuous) and education (non-college graduates or college graduates) (Model 2). We also considered
smoking status and physical activities as covariates but did not include it in the final models because
it did not alter the estimates substantially. Previous research found indicators of socioeconomic
status including both monetary factors such as income/poverty [21,22] and food security [23] and
non-monetary factors such as education [22] can be important predictors of home food availability.
However, comparing to economic resources such as income to poverty ratio, an individual’s education
background appeared to be a more significant predictor for the availability of both healthy and
unhealthy foods at home from NHANES [22]. Thus, to avoid over-adjustment in this cross-sectional
analysis, we only included the most relevant socioeconomic indicator (college education) as a covariate
in the full models (Model 2).

To test whether associations of home food availabilities with diabetes or prediabetes were
independent of individuals’ dietary intake, our models were further included dietary variables as
covariates (Model 3). Thus, Model 3 was adjusted for all the covariates in Model 2 as well as dietary
variables including total energy, carbohydrate, sugar, fat (total) and saturated fat. Dietary two-day
sample weights were applied in the analyses. All of the reported p-values were two-tailed, and
statistical significance was set at 0.05. Since the NHANES database is publicly available, no Institutional
Review Board approval was required.

3. Results

The current study included 8929 participants (4448 men and 4481 women) aged 20–70 years, of
which 1197 participants (13.4%) had diabetes and 2075 (23.2%) had prediabetes. Study participants with
prediabetes or diabetes were more likely to be older and blacks, have higher BMI and lower education
achievement compared to participants without prediabetes or diabetes (non-diabetic participants).
Moreover, participants with diabetes were less likely to be current smokers than those with prediabetes
or non-diabetic individuals (Table 1). With respect to dietary intake, diabetes group consumed less total
energy, carbohydrate, and sugar compared to non-diabetic or prediabetes group, while no significant
differences in dietary intakes of major nutrients and total energy were observed between non-diabetic
and prediabetes groups (Table 1).

Results of the availabilities of individual food items at home with the presence of prediabetes
or diabetes were shown in Table 2. Compared to non-diabetic individuals, prediabetes participants
were more likely to have low availabilities of dark green vegetables (OR = 0.82; 95% CI =0.73–0.91;
p = 0.0006) and fat-free/low-fat milk (OR = 0.80; 95% CI = 0.65–0.89; p = 0.001), and high availability of
sugary drinks (OR = 1.24; 95% CI = 1.04–1.48; p = 0.02) in model 1 adjusting for age, sex, and ethnicity.
The associations remained statistically significant for green vegetables (OR = 0.86; 95% CI = 0.78–0.95;
p = 0.005) and fat-free/low-fat milk availabilities (OR = 0.82; 95% CI = 0.69–0.97, p = 0.02) in Model
2 adjusting for additional confounders such as BMI and education. Home food availability was not
associated with the presence of diabetes with the exception of fat-free/low-fat milk as an inverse
association was observed for the availability of this food item in Model 1 (OR = 0.80, 95% CI = 0.65–0.99;
p = 0.04).
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Table 1. Characteristics and dietary nutrient intake of study participants.

Non-Diabetic * Diabetes Prediabetes

Characteristics
N 5657 1197 2075

Age (year) 40.1 ± 0.3 a 54.5 ± 0.5 b 50.4 ± 0.4 c

Sex, %
Male 48.9 54.4 49.6

Female 51.1 45.6 50.4
Race/ethnicity, %

Black 8.6 a 17.7 b 16.2 b

Hispanic 13.7 16.1 14.5
White 71.3 a 58.3 b 62.0 b

Other 6.5 8.0 7.3
Body mass index (kg/m2) 27.5 ± 0.1 a 34.0 ± 0.3 b 30.4 ± 0.2 c

College graduate, % 30.8 a 17.5 b 22.3 b

Current smoker, % 52.8 a 40.7 b 53.2 a

Dietary intake
Total energy (kcal/day) 2188 ± 19 a 1947 ± 29 b 2123 ± 30 a

Carbohydrate (g/day) 266 ± 2 a 226 ± 4 b 259 ± 3 a

Protein (g/day) 85.1 ± 0.8 81.8 ± 1.2 83.2 ± 1.2
Total fat (g/day) 81.7 ± 1.0 78.2 ± 1.6 81.3 ± 1.5

Saturated fat (g/day) 26.9 ± 0.4 25.3 ± 0.6 26.8 ± 0.6
Dietary fiber (g/day) 17.0 ± 0.3 16.2 ± 0.4 16.9 ± 0.3
Total sugar (g/day) 125.1 ± 2.0 a 97.9 ± 4.0 b 119.3± 2.0 a

Note: Values are presented as weighted mean ± SE and weighted percentage (%); Values within a row with different
superscript letters (a, b, c) are significantly different (p < 0.05). * Non-Diabetic: Individuals without the presence of
diabetes or prediabetes.

We also assessed whether the associations of home food availabilities with prediabetes or diabetes
were influenced by an individual’s dietary intake with further adjustment for dietary variables (Model
3) in addition to the covariates included in Model 2. The associations with prediabetes remained
significant for dark green vegetables (OR = 0.87; 95% CI = 0.77–0.99; p = 0.03) and fat-free/low-fat
milk (OR = 0.79; 95% CI = 0.67–0.93; p = 0.007) availabilities after adjusting for dietary intakes of total
energy, carbohydrate, sugar, fat (total) and saturated fat. There was a borderline association between
sugary drink availability and prediabetes in Model 2 (OR = 1.17; 95% CI = 0.99–1.37; p = 0.06) and this
borderline association appeared to be attenuated after accounting for above dietary factors (p = 0.26)
(Table 2).

Likewise, overall home healthy food availability (HFA) scores were inversely associated with the
presence of prediabetes in Model 1 adjusting for age, sex, and ethnicity (Ptrend = 0.004). Participants
with high HFA scores (overall healthy) had approximately 31% reduction in odds of prediabetes
compared to those with low scores (overall unhealthy) (OR = 0.69; 95% CI = 0.55–0.87; p = 0.003).
The association was attenuated in Model 2 adjusting for additional confounders including BMI and
education (Ptrend = 0.07) as well as in Model 3 (Ptrend = 0.08) adjusting for confounders in Model 2
plus dietary components (total energy, carbohydrate, sugar, fat [total], saturated fat). However, there
was still a significant reduction (22%) in odds of prediabetes for those with high HFA scores versus
those with low HFA scores (OR = 0.78; 95% CI = 0.61–0.99; p = 0.04) when further adjusting for
dietary components in Model 3 (Table 3). In addition, among participants with diabetes (N = 1197),
27.2% were characterized as having high HFA scores (overall healthy), 63.0% were characterized as
having medium HFA scores (borderline) and 9.8% were characterized as having low HFA scores
(overall unhealthy). The corresponding distributions were 28.3%, 60.5% and 11.2% for participants
with prediabetes (N = 2075) and were 29.3%, 59.2% and 11.5% for non-diabetic individuals (N = 5657).
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4. Discussion

To our knowledge, the current study was the first that examined the relationships between
home food availability and prediabetes and diabetes in adults using a nationally representative
sample. The current results suggest that the availability of healthy foods such as green vegetables or
fat-free/low-fat milk was inversely associated with the presence of prediabetes, whereas, a positive
association between the availability of unhealthy foods such as sugary drink and prediabetes was
detected adjusting for age, sex, and ethnicity. The results remained significant for green vegetables
and fat-free/low-fat milk when adjusting for additional covariates including BMI and education.
Furthermore, participants with high scores of overall home healthy food availability had approximately
31% decreases in odds of prediabetes compared to those with low scores, adjusting for age, sex, and
ethnicity although the association was attenuated when including BMI and education as additional
covariates. In contrast, no associations were detected of home food availabilities with diabetes
except for fat-free/low-fat milk for which an inverse association was observed in the age, sex, and
ethnicity-adjusted model.

Since the temporal relations between home food availabilities, diabetes, and prediabetes cannot
be determined due to the nature of cross-sectional study design, we were not able to examine whether
the associations between food availabilities and metabolic conditions (diabetes or prediabetes) were
mediated by dietary intake. That being said, in the current study, we found that the significant
associations of green vegetable and fat-free/low-fat milk availabilities and overall healthy food
availability scores with the presence of prediabetes were independent of dietary intakes as the
associations did not change substantially after further adjusting for dietary variables such as intakes
of total energy, carbohydrate, sugar, fat (total) and saturated fat. The only exception was sugary
drink availability with prediabetes, as adjusting for dietary components attenuated the borderline
association observed in the models that was not adjusted for dietary variables (p = 0.06 in Model 2
vs. p = 0.26 in Model 3). Additionally, adjusting for dietary factors did not affect the null associations
between home food availabilities and the presence of diabetes. Thus, with the estimated high rates of
undiagnosed prediabetes [1], our results may suggest it is possible the individuals with prediabetes
have yet to be diagnosed and were not aware of their health conditions, and therefore have not begun
to make changes to their diets and home food environments. It also could be that individuals who
were aware of their prediabetes status might not be fully informed about the consequences of this
condition. It would be interesting and clinically meaningful to perform stratified analyses according to
participants with or without a previous diagnosis of prediabetes (e.g., ever told having prediabetes) to
determine whether there were differences in outcomes between those who were aware of the condition
and those who were not. Unfortunately, the sample size was not sufficient (i.e., large missing data on
the question “ever told you have prediabetes” in NHANES) to perform such analyses.

Our study examined whether dietary intakes of energy and major nutrients would moderate
the associations between home food availabilities and the presence of metabolic diseases such as
diabetes or prediabetes. We did not further examine how eating behaviors may influence the observed
associations. For instance, would eating out/food prepared away from home have any influence on the
current results since research has suggested having meals prepared at home more often was associated
with lower risk of type 2 diabetes [24]? However, the 24-h dietary recall method is considered as the
gold standard measure in nutritional epidemiologic studies and its use in NHANES to assess dietary
intake is supported by expert panel discussions in “Strategies to Optimize the Impact of Nutrition
Surveys and Epidemiological Studies” symposium [25]. Thus, we would assume our dietary data from
multiple 24-h recalls (two recalls with an interval of 3 to 10 days) were likely to have captured the total
energy and major nutrients consumed from foods/meals that were prepared away from home. Future
research is warranted to use prospective cohorts to examine: (1) whether the availabilities of healthy
and unhealthy food items at home are prospectively associated with the risk of prediabetes and type 2
diabetes; and (2) whether these prospective associations, if present are mediated by dietary intake or
influenced by diet/nutrition-related behaviors such as frequently having meals away from home.
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Previous work has extensively investigated how dietary intake of individual foods such as
vegetables [26,27], low-fat dairy products [28–30], and sugar-sweetened beverages [31,32] as well as
dietary patterns [11,12] may influence the risk of type 2 diabetes through prospective cohort studies.
However, very few population-based studies were conducted to determine whether a diagnosis of
type 2 diabetes or prediabetes would affect individual’s dietary behaviors and to date no studies
examined how disease diagnosis would further influence the home food environment, for example, the
availabilities of healthy and unhealthy foods at home. One study reported that participants who had
received a diagnosis of type 2 diabetes were less likely to consume sugary drinks particularly regular
soda but more likely to drink bottled waters and artificially-sweetened beverages suggesting receiving
a diagnosis of diabetes might have motivated people to make healthier food choices such as choosing
non-sugary beverages instead [33]. The basic concepts of several health behavior theories support the
assumption that individuals are likely to change health behaviors and lifestyles after a diagnosis of
a chronic health condition. For instance, according to the stage of change model [34], the onset of a
serious illness could at least lead to the initial stage of change which is to acknowledge the problem.
The health belief model hypothesizes that health behaviors depend on people’s beliefs about health
problems [35,36]. Therefore, lifestyles are expected to improve if one recognizes the severity of the
illness and clear benefits of actions. The theory of reasoned action suggests individuals’ pre-existing
attitudes and behavioral intentions predict how they behave. One of the key determinants is subjective
norms that refers to perceived social pressure to perform or not perform the behavior [37]. Subjective
norms supporting change of behaviors after a diagnosis of a chronic health condition may play an
important role for individuals to make healthy choices. In our study when comparing dietary nutrients
intakes among diabetes, prediabetes and non-diabetic groups, diabetes group consumed less total
energy, carbohydrate, and sugar compared to non-diabetic or prediabetes groups, while no significant
differences in dietary intakes of major nutrients and total energy were observed between non-diabetic
and prediabetes groups. Since this was a cross-sectional study design and based on the above behavior
change theories [34–37], the current dietary results were more likely to suggest that participants with
diabetes may be more aware and have made changes of their dietary intakes particularly dietary
components that are more relevant to glycemic control such as dietary total energy, carbohydrate, and
sugar compared to prediabetes and non-diabetic participants. These results may also to some extent
support our primary findings that the associations of home food availabilities with the presence of
prediabetes or diabetes were not mainly influenced by dietary factors such as total energy and major
nutrient intake.

The present study has a number of strengths, including the use of a large population-based study
with a nationally representative sample. Blood samples were collected to measure HbA1c levels by
trained research staff to provide objective indicators for prediabetes and diabetes status. However,
there were limitations to our study. One limitation was the nature of cross-sectional design of NHANES
study, which prevented us from drawing causal relationships. As all prevalent case-control studies,
the temporal sequence was unclear. Second, due to the self-reported measures utilized to assess food
availability and dietary intakes, recall bias may occur. Third, we were not able to distinguish between
type 1 and type 2 diabetes; however, the bias of misclassification would be minimum, since more
than 95% of adult diabetes cases are type 2 diabetes [1]. Fourth, we collapsed the original five food
availability scores into two or three categories and used odds ratios as outcome estimates in the current
cross-sectional study. Thus, our outcomes could be overestimated in this regard. In addition, since
the home food availability measures were only included in the 2007–2008 and 2009–2010 waves of
NHANES, our results may not completely reflect the most updated situation in terms of how the
availabilities of healthy and unhealthy foods at home were associated with prediabetes and diabetes.
Finally, the home food availability questions in NHANES measured only five food and beverage
items, which may provide a limited picture of the overall home food environment related to healthy
food availability.
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5. Conclusions

Findings from the current study suggest the availabilities of healthy foods such as green vegetables
and fat-free or low-fat milk at home were inversely associated with the presence of prediabetes.
Furthermore, participants with low scores of overall healthy food availability were more likely to have
prediabetes. These findings were independent of dietary intakes as the results remained significant
after adjusting for dietary components including total energy, carbohydrate, sugar, fat (total) and
saturated fat. Thus, in addition to continuing the educational efforts made for diabetes patients, it is
equally important to devote our preventative efforts to individuals who are at risk of developing type 2
diabetes, for example, those with prediabetes since the current results suggest there is a potential need to
improve the home food environment related to healthy food availability for this population. Providing
these individuals with useful and practical tools to monitor their household foods, food purchase
habits and food choices may help to prevent and reduce the onset of type 2 diabetes. Longitudinal
studies including prospective cohort studies and clinical trials are necessary to further elucidate the
temporal associations between home food availability and metabolic conditions such as type 2 diabetes
and prediabetes, as well as the underlying mechanisms for these associations.
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Abstract: This study examined the relationship between diet quality scores and cardiometabolic risk
factors in regionally-dwelling older Australian adults with increased cardiovascular risk. This study
was a cross-sectional analysis of demographic, anthropometric, and cardiometabolic risk factor data
from 458 participants of the Cardiovascular Stream of the Hazelwood Health Study. Participants
completed a 120 item semi-quantitative food frequency questionnaire. Multivariable linear regression
adjusting for age, sex, smoking, physical activity, education, diabetes, and body mass index was
used to examine the relationship between diet and cardiometabolic risk factors. Mean (SD) age of
participants was 71 (8) years, and 55% were male. More than half of men and women did not meet
recommended intakes of fibre, while 60% of men and 42% of women exceeded recommended dietary
sodium intakes. Higher diet quality in terms of intake of vegetables, grains, and non-processed meat,
as well as intake of non-fried fish, was associated with more favourable cardiometabolic risk profiles,
while sugar-sweetened soft drink intake was strongly associated with adverse cardiometabolic risk
factor levels. In older, regionally-dwelling adults, dietary public health strategies that address whole
grain products, vegetable and fish consumption, and sugar-sweetened soft-drink intake may be of
benefit in reducing cardiometabolic risk.

Keywords: diet quality; cardiometabolic risk; sugar-sweetened beverages; food groups

1. Introduction

Cardiometabolic diseases remain a major cause of mortality and morbidity across the globe,
with high blood pressure, smoking, elevated plasma glucose, and high body mass index (BMI, kg/m2),
the top four risk factors for attributable disability-adjusted life years [1]. Dietary intake is a well-known
risk factor for non-communicable diseases, and the Global Burden of Disease Study recently estimated
that 11 million deaths were attributable to dietary risk factors in 2017 [2]. In examining the mortality
attributable to poor quality diet, it was estimated that the top five risks were diets high in sodium,
low in whole grains, low in fruits, low in nuts and seeds, and low in vegetables [2]. However, limited
availability of geographically representative data remains a barrier to a clearer understanding of dietary
risks, and to the development of effective local interventions to reduce the cardiometabolic disease risk
conferred by inadequate dietary intake.

269



Nutrients 2020, 12, 860

Age-and sex-specific dietary intake guidelines for maintaining health have been developed in
many countries, including Australia, largely on the basis of findings from observational and prospective
cohort data [3]. However, for many foods and nutrients, adherence to these guidelines is low [4]. In the
2011/12 Australian Health Survey, less than 1 in 25 adults met recommended guideline intakes of
vegetables and legumes [4]. While among those aged 51–70 years, only 5% of men and less than 1% of
women met guideline-recommended intakes of dairy foods/alternatives [4]. In addition, there was
evidence that dietary risk factors may be influenced by socioeconomic and geographic factors, with
rural residential status, education, and other socioeconomic status markers previously reported to be
related to dietary quality and fibre intake [5–7]. There is also some evidence of gender differences in
adherence to dietary quality and guideline adherence in non-metropolitan areas [6].

This study aimed to characterise diet quality in two rural Australian towns with a high burden
of cardiovascular disease [8] and to examine associations with cardiometabolic risk factors using a
recently developed dietary quality score [9], which allowed key food group diet quality to be explored.

2. Materials and Methods

2.1. Participants

The sample for this study comprised study participants from the Cardiovascular Stream of the
Hazelwood Health Study, who additionally agreed to complete a dietary survey. Recruited between
October 2017 and May 2018, Cardiovascular Stream participants were drawn from a weighted random
sample of 1133 people who had previously completed the Hazelwood Health Study Adult Survey [10],
lived in the rural Victorian towns of Morwell or Sale, and were males aged 55–89 years or females
60–89 years (Figure 1). Those who identified any underlying cardiovascular condition on the Adult
Survey were oversampled. Years of education was captured as the highest educational qualification and
classified as up to year 10, upper secondary (to year 11–12), trade certifications, or university/tertiary
education. Residential area-related socioeconomic status was determined through the linkage of
participant residential postcode with the Index of Relative Socioeconomic Advantage and Disadvantage
(IRSAD) [11].

Figure 1. Flow diagram of participant recruitment. CVD = cardiovascular disease, AES = Australian
Eating Survey, FFQ = food frequency questionnaire
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2.2. Measures

2.2.1. Cardiometabolic Risk Factors

Participants attended a clinic during which a number of health assessments were made.
Anthropometric measures included height and weight, from which body mass index (BMI) was
calculated. Hip and waist circumference were also measured. Height (to nearest 0.1 cm) was measured
using a wall-mounted stadiometer, waist circumference (to nearest 0.1 cm) was measured at the
midpoint of the last palpable rib and top of the hip bone, and hip circumference (to nearest 0.1 cm) was
taken as the point of maximum circumference around the buttocks. Weight was measured on calibrated
standing scales to the nearest 0.1 kg. World Health Organization criteria were used to categorise BMI into
overweight (BMI from ≥25 to <30 kg/m2) and obesity (BMI ≥30 kg/m2) [12]. Other cardiometabolic risk
factors assessed were blood pressure, heart rate, plasma cholesterol, haemoglobinA1c, and creatinine,
from which the estimated glomerular filtration rate (eGFR) was calculated as a marker of renal function.
Blood pressure (mmHg) was measured in a seated position three times using a digital automatic blood
pressure monitor (Omron, Matsusaka, Japan) with a one-minute rest between readings. The average
of the last two measurements was used in the analysis. A non-fasting blood sample was taken for
measurement of plasma cholesterol and haemoglobinA1c (HbA1c). eGFR was calculated using the
Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula, which used age, gender,
and blood creatinine to estimate renal function (expressed in mL/min/1.73 m2) [13]. The self-reported
behavioural risk factors collected were smoking status, history of diabetes and cardiovascular disease
and physical activity. The presence of diabetes was determined by self-reported doctor diagnosis, use
of diabetes medications or HbA1c ≥ 6.5%. History of cardiovascular disease was self-reported doctor
diagnosis. Smoking status was determined by self-reported smoking of at least 100 cigarettes, or a
similar amount of tobacco, in a participant’s lifetime, and reporting of current or former smoking.
Self-reported physical activity was assessed using the validated Active Australia survey, an eight-item
questionnaire that captured information on time spent undertaking walking, household physical
activity, vigorous physical activity, and moderate physical activity in the past week [14]. Participants
were considered to have engaged in ‘adequate physical activity’ if they reported having undertaken
any vigorous physical activity or at least 150 min of moderate physical activity over the previous
seven days.

2.2.2. Dietary Intake Assessment

The Australian Eating Survey Food Frequency Questionnaire (AES FFQ), a 120 item
semi-quantitative FFQ previously validated in community-dwelling adults aged 30–70 years [9],
was used to assess dietary intake. The dietary assessment was a voluntary component of clinic visits,
and in some cases, completion was not undertaken due time constraints or participant preference.
Nutrient intakes were computed against the AusNut Database [15]. The Australian Recommended Food
Score (ARFS), a diet quality index that captures the dietary quality of key food groups, was calculated
from the AES FFQ, as previously described [9]. The ARFS is computed as a total score, as well as
subscales relating to intakes of vegetables, fruit, meat, non-meat protein, grains (breads and cereals),
dairy, water, and spreads/sauces. Reported food items within the food sub-groups were awarded
points for frequency of consumption based upon Australian national dietary guidelines, and the
ARFS scores were calculated by summing the points for each item, as previously described [9].
To determine proportions with inadequate intakes of key macro- and micronutrients, estimated intakes
were compared to age- and sex-specific estimated average requirements (EAR) or, in the case of sodium
and potassium, suggested dietary target (SDT) and adequate intake (AI), respectively [16].

2.3. Statistical Analysis

Data analysis was undertaken using the Statistical Program for Social Sciences (IBM SPSS; Armonk,
NY, USA), version 25. Standard descriptive statistics were used to examine cohort characteristics
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following assessment of normality. Associations between variables were explored using Pearson and
Spearman’s correlations, as appropriate. Multivariable linear regression was used to examine the
associations between diet quality indices and cardiovascular risk factors. Interactions between gender
and dietary predictor variables were assessed by the inclusion of gender–diet interaction terms in
models. Associations were initially examined in a minimally-adjusted model (Model 1, adjusted for
age and sex), followed by multivariable-adjusted modelling adjusted for age, sex, smoking, physical
activity, education, and diabetes for models examining waist:hip, and the addition of BMI as a covariate
for all other risk factors (Model 2). History of cardiovascular disease, antihypertensive use, and lipid
lowering therapy use were tested for inclusion in models. Lipid lowering therapy use was significant
in models examining total cholesterol and was included in final models for this variable. For linear
regression analyses examining fish and beverage intakes, Model 3 additionally included total dietary
quality (ARFS total). To adjust for potential misreporting, regression analyses were repeated, excluding
those with total dietary energy below 2000 kJ or above 15,000 kJ [17].

2.4. Ethics

The Hazelwood Health Study Cardiovascular Stream protocol was reviewed and approved by
the Monash University Human Research Ethics Committee (project#1078). All participants provided
informed written consent to participate, and this research was conducted in accordance with the
Declaration of Helsinki.

3. Results

A flow diagram showing recruitment from the Adult Survey through to the Cardiovascular
Stream is shown in Figure 1. From 498 Cardiovascular Stream participants who attended the clinic,
458 completed the AES FFQ and were included in the analysis.

3.1. Participant Characteristics

The mean (SD) age of participants was 71 (8) years, and over 55% were male (Table 1). There
was a high prevalence of overweight and obesity in the cohort, with 83% of men and 77% of women
having a BMI ≥25 kg/m2, and 46% of men and 48% of women having a BMI ≥30 kg/m2. Based on
residential area, two-thirds of participants were categorised in the first (most disadvantaged) quintile
of the IRSAD [11] (Table 1). Eighteen per cent of participants reported a history of diabetes, and 49.3%
reported a history of cardiovascular disease (Table 1).

Table 1. Demographic and cardiometabolic risk factor characteristics.

Men (n = 256) Women (n = 202) p

Age (years) 70 ± 9 73 ± 7 <0.001
Area level disadvantage: n (%) first IRSAD quintile 164 (64.1) 141 (69.8) 0.482

School education to year 10 or below 73 (28.6) 99 (49.3) <0.001
Meeting physical activity guidelines (self-reported) 123 (48.4) 91 (45.3) 0.510

Body Mass Index (kg/m2) 29.9 ± 5.0 30.3 ± 6.5 0.36
Waist Circumference (cm) 108.9 ± 13.4 100.3 ± 15.1 <0.001

Waist to Hip ratio 1.04 ± 0.06 0.90 ± 0.07 <0.001

Diabetes 53 (20.8) 29 (14.6) 0.110
History of CVD 131 (49.6) 95 (45.6) 0.408
Current smoker 19 (7.5) 14 (7.0) 0.096

Systolic/Diastolic Blood Pressure (mmHg) 133/72 ±17/11 135/72 ± 19/11 0.878
Heart rate (bpm) 63 ± 11 67 ± 11 0.003

Total cholesterol (mmol/L) 4.36 ± 0.99 4.85 ± 0.98 <0.001
HDL cholesterol (mmol/L) 1.21 ± 0.33 1.47 ± 0.37 <0.001
LDL cholesterol (mmol/L) 2.33 ± 0.88 2.58 ± 0.89 0.004

HbA1c (%) 6.1 ± 1.1 5.9 ± 0.8 0.128
Estimated glomerular filtration rate (eGFR) (mL/min/1.73 m2) 71.2 ± 15.6 a 71.3 ± 15.7 b 0.955

Values given as Mean ± SD or n (% of reporting population) unless otherwise specified. p: differences between men
and women. Smaller sample size for estimated glomerular filtration rate a n = 173, b n = 141.
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3.2. Dietary Intake

Mean diet quality (assessed by the ARFS) was 29.3/73 for men and 32.8/73 for women. Compared
with men, women reported higher age- and education-adjusted diet quality scores for ARFS total
(p < 0.001) and for some specific food groups: ARFS vegetables (p < 0.001), ARFS fruit (p = 0.004),
and ARFS dairy (p = 0.01) (Table 2). When compared to Nutrient Reference Values for Australians [16],
intakes of protein, iron, and vitamins were mostly adequate, while more than half of participants
reported inadequate intake of fibre and more than 40% reported inadequate folate and calcium intakes.
A greater proportion of men than women reported above recommended intakes of sodium and below
recommended intakes of potassium (Table 3).

Table 2. Dietary characteristics for men and women.

Men (n = 256) Women (n = 202) p

Energy (kJ/day) 9727
(9326–10128) 7989 (7537–8441) <0.001

ARFS-total (score/73) 29.0 (27.8–30.3) 33.1 (31.6–34.5) <0.001

ARFS-Vegetable (score/21) 11.4 (10.8–12.0) 13.5 (12.8–14.2) <0.001

ARFS-Fruit (score/12) 4.7 (4.4–5.1) 5.5 (5.1–5.9) 0.004

ARFS-Grain (score/13) 4.0 (3.8–4.2) 4.2 (4.0–4.5) 0.198

ARFS-Meat (score/7) 2.7 (2.5–2.9) 2.9 (2.7–3.0) 0.230

ARFS-Alternate Protein (score/6) 1.7 (1.5–1.8) 1.9 (1.7–2.0) 0.071

ARFS-Dairy (score/11) 3.6 (3.4–3.8) 4.0 (3.7–4.2) 0.011

ARFS-Spreads-Sauces (score/2) 0.8 (0.7–0.9) 0.8 (0.7–0.9) 0.736

ARFS-Water (score/1) 0.3 (0.3–0.4) 0.5 (0.4–0.6) 0.001

Carbohydrate (% of total energy) 45.4 (44.5–46.3) 42.7 (41.7–43.7) <0.001

Protein (% of total energy) 18.7 (18.3–19.1) 20.5 (20.0–21.0) <0.001

Fat (% of total energy) 32.5 (31.8–33.2) 34.3 (33.5–35.0) 0.001

Saturated fat (% of total energy) 14.1 (13.7–14.5) 15.0 (14.5–15.4) 0.008

Polyunsaturated fat (% of total energy) 3.8 (3.7–3.9) 4.0 (3.8–4.1) 0.032

Confectionery (% total energy) 5.6 (4.9–6.2) 4.6 (3.8–5.3) 0.047

Baked sweet products (% total energy) 6.1 (5.5–6.7) 5.9 (5.2–6.5) 0.294

Takeaway foods (% total energy) 7.2 (6.7–7.8) 5.9 (5.3–6.5) 0.002

Alcoholic beverage (% of total energy) 5.0 (4.0–5.9) 4.0 (3.0–4.0) 0.177

Sugar-sweetened drinks (% total energy) 3.6 (3.0–4.2) 1.7 (1.1–2.4) <0.001

Soft drinks (% consuming ≥ 1/week) 48 (18.8) 22 (10.9) 0.252

Sugar-sweetened drinks (%consuming≥ 1/week) 76 (29.9) 38 (18.8) 0.008

Fresh fish (% consuming ≥ 1/week) 55 (21.5) 71 (35.2) 0.01

Canned fish (% consuming ≥ 1/week) 78 (30.5) 75 (37.2) 0.379

Crumbed/battered fish (% consuming ≥ 1/week) 50 (19.6) 50 (24.7) 0.036

Sodium (mg/day) 2329
(2218–2440) 1984 (1857–2109) <0.001

Potassium (mg/day) 3927
(3757–4097) 3526 (3334–3718) 0.003

Values given as adjusted means (95% CI) or n (%) in those with complete dietary data. Means are adjusted for
age and education. The denominator of ARFs scores vary as indicated (score/denominator) [9]. p: Significance
of sex-differences.
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Table 3. Prevalence of inadequate nutrient intakes #.

Men (n = 256) Women (n = 202)

Protein 21 (8.2) 8 (4.0)

Fibre 148 (57.8) 101 (50.2)

Folate 104 (40.6) 100 (49.8)

Vitamin A 31 (12.1) 17 (8.5)

Vitamin C 5 (2) 1 (0.5)

Thiamine 29 (11.3) 25 (12.4)

Riboflavin 16 (6.3) 12 (6)

Sodium 155 (60.5) 85 (42.3)

Potassium 128 (50) 57 (28.4)

Magnesium 88 (34.4) 40 (19.9)

Calcium 103 (40.2) 106 (52.7)

Iron 10 (3.9) 5 (2.5)

Zinc 92 (35.9) 12 (6)

Values given as n (%). # Proportions NOT meeting age- and gender-specific estimated average requirements (EARs)
[16], except for sodium (% above suggested dietary target) and potassium (% below adequate intake).

Consumption of sugar-sweetened beverages (soft drinks and cordials) at least once per week
was reported by 32.0% of men and 19.3% of women (Table 2), with men having a substantially higher
proportion of total dietary energy derived from sweetened drinks compared to women 3.5% vs. 1.9%,
respectively (p < 0.001). There was also a sex-difference in fresh fish intake (p = 0.01), with women
more likely to consume fresh fish at least once a week (Table 2).

3.3. Associations between Diet Quality and Cardiometabolic Risk Factors

Key cardiometabolic risk factors associated with diet quality were examined (Table 4).
No associations were observed between AFRS total or component scores and HbA1c, (low density
lipoprotein) LDL-cholesterol, blood pressure, or heart rate. There were no significant interactions
between gender and dietary predictors evident in the models, except in the cases of the eGFR and
ARFS score for alternate sources of protein (p = 0.006), and soft drinks and HbA1c (p = 0.012). In both
age- and gender-adjusted models, and models adjusting for comorbidities, there was strong evidence
that ARFS total, fruit, and grain scores were negatively associated with central adiposity (waist:hip)
(Table 4). Higher quality of vegetable and meat intakes were positively associated with higher (high
density lipoprotein) HDL-cholesterol. The dairy score was negatively associated with total cholesterol
in minimally and fully adjusted models (Table 4), but there was no association between total cholesterol
and percentage of total energy derived from all dairy products (results not shown). The association
between ARFs alternate protein sources was significant in women (unstandardised beta coefficient
B = 2.024, 95% CI: 0.677, 3.371, p = 0.003) but not men.
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Table 4. Australian Recommended Food Scores and modifiable cardiometabolic risk factors.

Age- and Gender-adjusted
(Model 1) a

Multivariable-Adjusted
b (Model 2)

Model 2 excl. Potential
Misreporting c

Waist:hip

ARFS total −0.001 (−0.001, 0.000) ** −0.001 (−0.001, 0.000) * −0.001 (−0.001, 0.000) *

ARFS vegetable −0.001 (−0.003, 0.000) * n.s. n.s.

ARFS fruit −0.003 (−0.005, −0.001) ** −0.002 (−0.004, 0.000) * −0.003(−0.005, −0.001) *

ARFS grain −0.006 (−0.009, −0.003) *** −0.004 (−0.007, −0.001) * −0.004(−0.007,−0.001) **

ARFS alt. protein −0.005 (−0.009, 0.000)* n.s. n.s.

HDL cholesterol

ARFS vegetable 0.008 (0.002, 0.015) ** n.s. 0.007 (0.000, 0.013) *

ARFS meat 0.045 (0.023, 0.068) *** 0.037 (0.015, 0.059) ** 0.044 (0.021, 0.067) ***

eGFR

ARFS meat 1.210 (0.002, 2.418) 1.365 (0.164, 2.566) * 1.305 (0.022, 2.587) *

ARFS alt. protein d 1.339 (0.001, 2.677) 1.342 (0.021, 2.664) * n.s.

Total cholesterol

ARFS dairy −0.080 (−0.129, −0.030) ** −0.067 (−0.109, −0.024) ** −0.073 (−0.118,−0.028)
***

Values are Unstandardised Beta Coefficients (95% CI), n.s. = not significant. alt. protein= non-meat protein sources.
a Model 1 adjusted for age and gender (n = 458). b In Model 2, all variables are adjusted for age, gender, smoking,
physical activity, education, and BMI, except waist:hip, which is adjusted for age, gender, smoking, physical activity,
education and diabetes, and total cholesterol, which is additionally adjusted for lipid-lowering therapy use. c Model
2, excluding those with total dietary energy <2000 kJ and >15000 kJ (total n = 432). d Significant interaction between
dietary scores and gender, p < 0.01. * p < 0.05, ** p < 0.01, *** p ≤ 0.001.

Intake of fresh fish was associated with higher eGFR, while intake of crumbed/battered fish was
associated with a higher waist:hip ratio (Table 5). Canned fish intake was associated with higher
HDL-cholesterol and lower HbA1c, although this finding was not significant when potential dietary
misreporters were excluded (Table 5).

Table 5. Fish intake and modifiable cardiometabolic risk factors.

Age- and
Gender-Adjusted

(Model 1) a

Multivariable Adjusted b

(Model 2)
Model 2 excl. Potential

Misreporting c

Waist:hip

Crumbed/battered fish 0.003 (0.000, 0.006) 0.003 (0.000, 0.006) * 0.004 (0.001, 0.007) **

HDL cholesterol

Canned fish 0.022 (0.009, 0.035) *** 0.023 (0.010, 0.036) *** 0.026 (0.013, 0.040) ***

eGFR

Fresh fish 0.966 (0.239, 1.692) ** 1.001 (0.273, 1.730) ** 1.128 (0.373, 1.184) **

HbA1c

Canned fish −0.038 (−0.076,−0.001) * −0.032 (−0.064,−0.001) * −0.030 ( −0.63, 0.002)

Values are Unstandardised Beta Coefficients (95%CI). a Model 1 adjusted for age and gender (n = 458). b In Model 2
all variables are adjusted for age, gender, smoking, physical activity, education, and BMI, except waist:hip, which is
adjusted for age, gender, smoking, physical activity, education, and diabetes. c Model 2 excluding those with total
dietary energy <2000 kJ and >15000 kJ. * p < 0.05, ** p < 0.01, *** p ≤ 0.001.

In both minimally and fully adjusted models, the proportion of dietary energy derived from
sugar-sweetened drinks was positively associated with central adiposity and HbA1c but negatively
associated with HDL-cholesterol and eGFR (Table 6). No associations between sugar-sweetened
beverage intake and LDL or total cholesterol were observed. After adjusting for behavioural risk
factors, demographic factors, and overall diet quality, each additional daily consumption of soft drink
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was associated with a 0.06 mmol/L decrease in HDL-cholesterol, and a 0.18 unit increase in HbA1c
(Table 6). However, there was a soft drink–gender interaction seen for HbA1c, with the association
significant in men (B = 0.166, 95% CI: 0.085, 0.245, p < 0.001) but not women. No associations were
observed between cardiometabolic risk markers and other discretionary sweet food consumption,
such as confectionery or sweet baked goods.

Table 6. Beverage intakes and modifiable cardiometabolic risk factors.

Age- and Sex-Adjusted
(Model 1) a

Multivariable Adjusted b

(Model 2)
Multivariable Adjusted

c (Model 3)
Model 3 Excluding

Potential Misreporting d

Waist:hip

Sugar-sweetened
beverages (%E) 0.002 (0.001, 0.003) ** 0.002 (0.001, 0.003) ** 0.002 (0.001, 0.003) ** 0.002 (0.001, 0.003) **

Soft drink (number
consumed/day) 0.010 (0.002, 0.017) * n.s. n.s. n.s.

HbA1c

Sugar-sweetened
beverage (%E) 0.032 (0.014–0.051) *** 0.035 (0.019–0.050) *** 0.035 (0.019–0.050) *** 0.029 (0.013–0.045) ***

Soft drink (number
consumed/day)e 0.262 (0.143, 0.380) *** 0.174 (0.076, 0.272) *** 0.178 (0.078, 0.277) *** 0.159 (0.054, 0.264) **

Diet soft drink (times
consumed) 0.058 (0.033, 0.083) *** 0.029 (0.008, 0.050) ** 0.029 (0.009, 0.050) ** 0.030 (0.009, 0.051) **

HDL cholesterol

Sugar-sweetened
beverage (%E) −0.011 (−0.017,−0.004) *** −0.009 (−0.015,−0.002) *** −0.008 (−0.015,−0.001) * −0.008 (−0.015, −0.001) *

Soft drink (number
consumed/day) −0.093 (−0.135,−0.051) *** −0.062 (−0.104,−0.021) ** −0.061(−0.103,−0.019) ** −0.071 (−0.115, −0.027) **

Diet soft drink intake −0.011 (−0.020, −0.002) * n.s. n.s. n.s.

eGFR

Sugar-sweetened
beverage (%E) −0.419 (−0.748, −0.091) * −0.400 (−0.744, −0.055) * −0.363 (−0.709, −0.017) * −0.396 (−0.759, −0.032) *

Soft drink (number
consumed/day) −3.802 (−6.099,−1.504) *** −3.110 (−5.464, −0.756) * −2.794 (−5.184, −0.404) * −3.351 (−5.909, −0.792) *

Diet soft drink intake −0.484 (−0.941, −0.028) * n.s. n.s. n.s.

Values are Unstandardised Beta Coefficients (95% CI), n.s. = not significant. Beverage intake as % total energy intake
(%E), or number consumed. a Model 1 adjusted for age and sex (n = 458). b In Model 2, all variables are adjusted for
age, sex, smoking, physical activity, education, and BMI, except waist:hip, which is adjusted for age, sex, smoking,
physical activity, education, and diabetes. c In Model 3, all variables are adjusted for age, sex, smoking, physical
activity, education, diabetes, BMI, and ARFS (total), except waist:hip, which is adjusted for age, sex, smoking,
physical activity, education, diabetes, and ARF total score. d Model 3 excluding those with total dietary energy
<2000 kJ and >15000 kJ (n = 432). e Significant interaction between dietary scores and gender, p = 0.012

4. Discussion

In this cohort of older adults living in a regional area of south-eastern Australia, diet quality was
on average lower than that previously reported for another Australian regionally-located cohort [9].
The Global Burden of Disease study has identified key dietary risk factors for non-communicable
disease mortality as diets high in sodium, low in whole grains, and low in fruits and vegetables [2],
all dietary risk patterns evident in this cohort. Intake of sugar-sweetened beverages was adversely
associated with cardiometabolic risk factors, while intake of fresh and canned fish was beneficially
associated with cardiometabolic risk factors. Prevalence of overweight and obesity in our cohort was
higher than previously reported for those aged 65–74 years in Australia, which in 2015 was 80% in men
and 69% in women [18]. The proportion of our cohort with diabetes was similar to that previously
reported for Australians for aged 65 years and above (18.1% in this cohort compared to 17.4% in the
2014/15 Australian National Health Survey) [19]. Intake of sodium by this cohort was comparable to
that reported in the Australian Health Survey (AHS) for women (1972 mg/d for 51–70-year-old women
in AHS versus 1984 mg/d herein) but slightly lower in this cohort than population data previously
reported for 51–70-year-old men in Australia (2510 mg/d in AHS vs. 2329 mg/d herein) [20]. However,
dietary survey methods for assessing sodium intake are well-recognised to under-report sodium intake
when compared to 24 h urinary sodium excretion studies [21].
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Historically, dietary epidemiology has had a strong focus on the intake of individual nutrients and
their relationship to health outcomes. More recently, methods to assess overall diet quality have been
employed as an attempt to capture not only the quantity of nutrient intake but also dietary diversity
and how well an individual’s dietary pattern adheres to dietary guidelines [22]. However, while
validation of these scores is often undertaken against micronutrient intake, the association between diet
quality scores and chronic disease biomarkers is less consistent [9,22]. In the present study, associations
were noted between dietary quality scores and ‘metabolic’ health markers (abdominal obesity and
HDL-cholesterol), but not other ‘cardiovascular’ health markers (blood pressure and heart rate).

Consistent with a recent finding from the CHARGE consortium [23], we noted an inverse
association between quality of dairy intake and total cholesterol, but interestingly, this was not
observed when total dairy intake was examined as a percentage of total energy. In line with Australian
dietary guidelines, the ARFS dairy score calculation allocates a higher score for low-fat milk [9], as dairy
fats are a source of saturated fat and there has been concern about adverse effects of this saturated fat
intake on cholesterol levels and subsequent cardiovascular risk. However, there remains a lack of clear
evidence that the consumption of low-fat dairy products is associated with lower cardiovascular risk
when compared to high-fat dairy [24,25].

In middle-aged women, greater dietary quality of vegetable intake (ARFS vegetable score, which
encompasses both variety and quantity of vegetable intake) was associated with fewer Medicare
(health service) claims [26]. However, dietary quality using this measure was not found to be related
to the subsequent development of obesity in a previous study [27]. In the present cohort, total diet
quality, as well as the quality of dietary intake of fruits and grains, but not vegetables, was associated
with a marker of abdominal obesity (waist to hip ratio).

Sugar-sweetened beverage consumption among those aged 65 years and over in the most recent
Australian National Health Survey was 16% for women and 22.4% for men [28]. Thus, consumption
of sugar-sweetened beverages in this cohort was higher than national average intakes, consistent
with greater consumption by those living outside major metropolitan areas and in areas of greater
socioeconomic disadvantage [19]. The cluster of cardiometabolic risk factors associated with intake
of sugar-sweetened beverages in the present study were those that form the criteria for metabolic
syndrome. This is consistent with findings from cross-sectional studies that have suggested an
association between sugar-sweetened beverage intake and metabolic syndrome, although this has not
consistently been observed in prospective studies [29].

Strengths and Limitations

The diet quality scores used in this study (ARFS) are relatively newly developed, and this is
one of the first studies to have examined ARFS and cardiometabolic disease risk markers. However,
this was a cross-sectional analysis; thus, causality cannot be inferred. Nutrition or dietary epidemiology
has some well-known limitations in terms of sources of error: (1) with diet being time-varying
(e.g., due to seasonal, health, or economic factors), and (2) omission of foods (e.g., because dietary
instruments rely on memory, epidemiological scale instruments may not capture all foods, or bias
conferred by tendencies to misreport foods perceived as either ‘unhealthy’ or ‘healthy’) [30]. Of the
dietary assessment tools available to researchers and clinicians, FFQs are less expensive and have
a low participant burden, thus validated FFQs are often the most practical option for large-scale
studies. While FFQs tend to give higher values relative to food diaries or 24 h recalls, FFQs are better
able to capture seasonably consumed foods and capture usual or habitual intake. Comparison to
Australian national data is limited by the differences in dietary assessment methodology, with an FFQ
used in this study compared to a 24-h dietary recall in the Australian National Health Survey [19].
Furthermore, the participants were not a truly random sample of the source population, as the sample
was over-represented by people with a history of cardiovascular disease. There were other potential
sources of bias relating to dietary intake and cardiometabolic risk that were not accounted for in these
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models, including non-cardiovascular medication use, cultural factors, living alone, income, work
status, and other comorbidities.

5. Conclusions

Among older, regionally-dwelling adults, potentially modifiable dietary risk factors for
cardiometabolic disease are common, namely inadequate intakes of fibre and folate, and excessive
sodium intake. Women have higher dietary quality scores for total diet, vegetable, fruit, and dairy
intake compared to men. Public health strategies aiming to reduce intake of sugar-sweetened beverages
may be of particular benefit in this population.
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