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Preface to ”Nutrition, Diet Quality, Aging and Frailty”

In the last century, the average life expectancy at birth increased from roughly 45 years in the

early 1900s to more than 80 years of age at present. However, living longer is often related to different

levels of frailty. There is no curative treatment for frailty—the interventions that have been described

as effective to slow or delay the onset of frailty are physical activity and nutritional interventions.

Maintaining adequate nutrition status is important to reduce the risk of chronic diseases, many of

which are age-related. On the other hand, frailty itself may have a negative effect on eating and, thus,

on the nutritional status.

The main goal of this Special Issue is to address existing knowledge on nutrition regarding the

causative factors of frailty and disease due to aging, i.e., strategies for delaying the pathological effects

of aging.

Published articles cover original research, protocol development, methodological studies,

narrative or systematic reviews, and meta-analyses regarding the role of dietary patterns and the

different aspects of frailty, from reduced muscle mass and strength to cognitive function, to impaired

autonomy, or the slowing of aging. In addition, the articles published are concerned with the role

of specific elements, such as albumin, homocysteine, fatty acids, and dairy products, in the different

aspects of frailty and aging in cohort studies and animal models.

Beyond this Special Issue, of course, there remains a need for further research to address the

multiple factors that determine longevity and aging, which naturally also involve nutrition.

Finally, we would like to express our most profound appreciation to the MDPI Book staff, the

editorial team of Nutrients journal, the Assistant Editor of this Special Issue Ms. Stella Duo, the

Managing Editor Ms. Chloe Wang, and all authors and the hardworking and professional reviewers.

Cristiano Capurso and Catherine Féart

Editors
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Metabolic Defects Caused by High-Fat Diet Modify
Disease Risk through Inflammatory and
Amyloidogenic Pathways in a Mouse Model of
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Abstract: High-fat diet (HFD) has been shown to accelerate Alzheimer’s disease (AD) pathology,
but the exact molecular and cellular mechanisms remain incompletely understood. Moreover,
it is unknown whether AD mice are more susceptible to HFD-induced metabolic dysfunctions.
To address these questions, we used 5xFAD mice as an Alzheimer’s disease model to study
the physiological and molecular underpinning between HFD-induced metabolic defects and AD
pathology. We systematically profiled the metabolic parameters, the gut microbiome composition,
and hippocampal gene expression in 5xFAD and wild type (WT) mice fed normal chow diet and
HFD. HFD feeding impaired energy metabolism in male 5xFAD mice, leading to increased locomotor
activity, energy expenditure, and food intake. 5xFAD mice on HFD had elevated circulating lipids
and worsened glucose intolerance. HFD caused profound changes in gut microbiome compositions,
though no difference between genotype was detected. We measured hippocampal mRNAs related
to AD neuropathology and neuroinflammation and showed that HFD elevated the expression of
apoptotic, microglial, and amyloidogenic genes in 5xFAD mice. Pathway analysis revealed that
differentially regulated genes were involved in insulin signaling, cytokine signaling, cellular stress,
and neurotransmission. Collectively, our results showed that 5xFAD mice were more susceptible
to HFD-induced metabolic dysregulation and suggest that targeting metabolic dysfunctions can
ameliorate AD symptoms via effects on insulin signaling and neuroinflammation in the hippocampus.

Keywords: diet; metabolism; nutrient; glucose; lipid; insulin; neuroinflammation;
Alzheimer’s disease

Nutrients 2020, 12, 2977; doi:10.3390/nu12102977 www.mdpi.com/journal/nutrients
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1. Introduction

Alzheimer’s disease (AD) is the most prevalent cause of dementia in the elderly. AD is a
progressive and devastating neurological disease, which begins with mild memory loss and eventually
can seriously compromise a person’s ability to carry out daily activities. With its increasing prevalence
in today’s aging society, AD has become a pressing global health concern [1]. The most characteristic
neuropathological hallmarks of AD are the accumulation of extracellular Aβ plaques and intracellular
neurofibrillary Tau tangles in the brain [2]. Additional AD biomarkers may lead to earlier diagnosis
and interventions targeting the preclinical, asymptomatic stages of the disease [3]. Key molecular
pathways have been implicated in the initiation and progression of the neuropathological cascade,
which could provide potential targets for developing biomarkers and therapeutic strategies. A growing
body of recent studies shows that increased neuroinflammation and impaired cellular metabolism
may be the underlying cause of AD pathology [4–7]. Compelling epidemiological evidence points to a
mechanistic connection between impaired metabolic homeostasis, age-associated cognitive impairment,
and neurodegenerative diseases characterized by cognitive disorders [8,9]. Patients with diabetes
develop more cognitive dysfunction and have a greater incidence of AD than non-diabetics [8]. In a
meta-analysis of prospective studies, diabetes increased the relative risk of AD by 56% [10]. Glycated
hemoglobin (HbA1c), a biomarker of diabetes severity and duration, is a top correlate of brain
atrophy [11]. Aberrant glucose metabolism has been linked to amyloid deposition and brain cognitive
dysfunction [12–14]. Brain insulin resistance causes metabolic and bioenergetic defects, which is
a potential contributing factor to cognitive impairment and AD pathogenesis [9,15–17]. With the
prevalence of both AD and diabetes on the rise, studies of potential mechanisms that underlie common
predisposing factors are paramount.

Studies have suggested that diet and nutrition may play a role in the development of
AD [18]. The Mediterranean diet (MeDi) is associated with a lower incidence of chronic diseases
and shows protective effects against cognitive decline in aging individuals [19–22]. Conversely,
the overconsumption of high-sugar and high-fat diets coupled with sedentary lifestyle predisposes
individuals to metabolic diseases and neurocognitive defects during the aging process. High-fat
diet (HFD) causes nutritional excess and promotes obesity and other key components of metabolic
syndrome, such as systemic inflammation, dyslipidemia, insulin resistance, and elevated blood
glucose [23] thereby contributing to AD pathogenesis. Indeed, previous studies showed that HFD
feeding in a transgenic mouse model harboring five familial AD mutations (5xFAD) had increased
amyloid deposition and impaired performance in memory and learning tasks [24,25]. 5xFAD is an early
onset mouse model of Alzheimer’s disease harboring five AD-associated mutations in human APP and
PS1 which causes rapid progression of amyloid pathology due to the increased generation of insoluble
Aβ isoforms [26]. However, the mechanisms linking high-fat diet to AD progression are still under
investigation, and it remains unknown whether transgenic AD mouse models are more susceptible to
HFD-induced metabolic derangements. Moreover, the exact molecular mechanisms of how nutrient
excess caused by HFD feeding exacerbates AD pathophysiology remain largely undefined. In the
present study, we set out to address these questions by studying the metabolic phenotype in the 5xFAD
mouse model on normal chow diet (NCD) and high-fat diet (HFD). Our results demonstrated that HFD
more severely impacted the metabolic homeostasis of transgenic AD mice compared to control mice.
Furthermore, we characterized the changes in the gut microbiome and profiled hippocampal gene
transcription of transgenic AD mice on NCD versus HFD. We revealed the specific effects of HFD on
the hippocampi of the transgenic AD mice in terms of individual gene transcription and the collective
changes in the neuropathology and neuroinflammatory pathways, thereby providing potential targets
for AD therapy.
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2. Experimental Procedures

2.1. Experimental Animals

All mice were maintained in the Indiana University School of Medicine Lab animal resource center
(LARC) facility on a 12:12 h light: dark cycle. All animal protocols were approved by Indiana University
IACUC (IACUC#11121, 11258, 19013, 20007, PI’s Ren and Oblak).). 5xFAD (mouse line Tg6799)
heterozygous mice [26] are available from The Jackson Laboratory (https://www.jax.org/strain/008730)
and a colony is maintained at Indiana University. Age-matched littermates lacking 5xFAD, hereafter
called wild type (WT) mice, were used as controls. For gene expression studies, NCD mice were
anesthetized with Avertin and transcardially perfused with ice-cold PBS. Frozen brain tissue was
homogenized in T-PER buffer, RNase-free water, and stored in an equal volume of STAT-60 (tel-test inc,
CS502) at −80 ◦C. HFD mice were euthanized with CO2 and tissues were stored at −80 ◦C.

2.2. Dietary Treatment

For metabolic profiling studies presented in Figures 1–4 and Supplemental Figures S2 and S4, mice
were raised on 62.1% of calories from carbohydrates, 24.6% from protein, and 13.2% from fat (LabDiet,
catalog #5053, Richmond, IN, USA) prior to starting HFD (Supplemental Figure S1A). At 3 months old,
mice were switched to HFD containing 60% calories from lard-based fat, 20% from protein, 20% from
carbohydrate (Research Diets, catalog #D12492, New Brunswick, NJ, USA). Mice had ad libitum access
to food except for fasting/refeeding experiments as indicated in the figures and legends. Lean mass and
fat mass were determined by MRI scan (EchoMRI-100, EchoMRI Houston, TX, USA). For microbiome
and gene expression profiling studies presented in Figures 5 and 6 and (Supplemental Figures S3 and
S5), age-matched NCD-fed WT and 5xFAD mice were fed 19.3% protein, 16.6% fat, 61.3% carbohydrates
(LabDiet, catalog #5K52, Richmond, IN, USA) (Supplemental Figure S1B).

2.3. Glucose Measurements

Tail blood glucose was measured with AlphaTRAK 2 (Zoetis Inc., catalog #71681-01 and 71676-01,
Kalamazoo, MO, USA) during ad libitum feeding, after 5 h of daytime fasting, or after 16 h overnight
fasting. Oral glucose tolerance test (oGTT, 2 g/kg) in NCD-fed mice was performed after 16-h fasting.
HFD-fed mice were given oGTT (3 g/kg) after 5-h fasting.

2.4. Serum Biochemistries

Serum was collected by tail vein bleeding or cardiac puncture during ad libitum feeding, daytime
short fasting (5 h), overnight fasting (~16 h), and refeeding (4–5 h of feeding after overnight fast).
Serum insulin was measured by ELISA (EMD Millipore, catalog #EZRMI-13K, Bellerica, MA, USA).
Colorimetric assays were used to detect serum triglycerides (Thermo Fisher, catalog #TR22421,
Middletown, VA, USA), free cholesterol E (Wako, catalog #990-02511, Chuo-Ku Osaka, Japan), glycerol
(Sigma, catalog #F6428-40mL, St. Louis, MO, USA), and non-esterified fatty acids (NEFA) (Wako, catalog
#999-34691, 995-34791, 991-34891, 993-35191, Chuo-Ku Osaka, Japan). All reactions were performed
according to manufacturer protocols.

2.5. Indirect Calorimetry

Indirect calorimetry measurements were collected using a TSE PhenoMaster Platform (TSE Systems,
Chesterfield, MO, USA) as described previously [27]. Briefly, mice were individually housed for a 48 h
acclimation period before recording data used for analysis. Metabolic parameters (locomotor activity,
food intake, energy expenditure, oxygen consumption, respiratory exchange ratio) were measured
at 36 min intervals during a normal 12-h light/dark cycle. Total body weight and lean mass were
determined beforehand by MRI scan (EchoMRI-100, EchoMRI Houston, TX, USA) for calculations.

3
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2.6. Hippocampal mRNA Quantitation

For each mouse, RNA was extracted from one hippocampus. HFD samples (left or right
hippocampi) were extracted using Trizol reagent (Invitrogen, catalog #15596018, Carlsbad, CA, USA).
NCD samples (left hippocampus) were extracted using STAT-60 reagent (Tel-Test, catalog #CS-502,
Friendswood, TX, USA) and purified by using the Purelink RNA Mini Kit (Life Technologies,
catalog #12183025, Carlsbad, CA, USA). The mRNA transcripts were detected using sequence-specific
fluorescently barcoded probes (Nanostring Technologies, nCounter Neuropathology and nCounter
Neuroinflammation; catalog numbers XT-CSO-MNROP1-12 and XT-CSO-MNROI1-12, respectively,
Seattle, WA, USA). 200 ng of RNA was loaded for all samples and hybridized with probes for 16 h at
65 degrees Celsius. Results obtained from nCounter MAX Analysis System (NanoString Technologies,
catalog #NCT-SYST-LS, Seattle WA) were imported to nSolver Analysis Software (v4.0; NanoString
Technologies) for QC verification, normalization, and data statistics using Advanced Analysis (v2.0.115;
NanoString Technologies). Probes were only included if the read count was more than 3 standard
deviations above background, and probes that had <100 reads for 6 or more samples were removed
from analysis. For comparisons between genes of interest, expression data were normalized to WT
mice on the same diet. All assays were performed according to manufacturer protocols.

2.7. 16S rRNA Library Preparation and Sequencing

Library preparation and sequencing were performed at the University of Missouri DNA Core
Facility. Bacterial 16S rRNA amplicon libraries were generated via amplification of the 16S rRNA gene
with primers (U515F/806R) previously developed against the V4 region, flanked by Illumina standard
adapter sequences [28,29]. Dual-indexed F and R primers were used in all reactions. Amplification
was performed in 50 μL reactions containing 100 ng fecal DNA, F and R primers (0.2 μM each), dNTPs
(200 μM each), and Phusion high-fidelity DNA polymerase (1U). PCR parameters were as follows:
98 ◦C(3min) + [98 ◦C(15sec) + 50 ◦C(30sec) + 72 ◦C(30sec)]× 25 cycles+ 72 ◦C(7min). Following PCR, amplicon
pools (5 μL/reaction) were combined, mixed, and purified using AxygenTM Axyprep MagPCR clean-up
beads at an equal volume of 50 μL of amplicons and incubation at room temperature (RT) for 15
min. Following clean-up, products were washed multiple times with 80% ethanol, resuspended in
32.5 μL EB buffer, incubated for two minutes at RT, and then placed on a magnetic stand for five
minutes. Final amplicon pools were evaluated using an Advanced Analytical Fragment Analyzer
automated electrophoresis system, quantified using a Qubit 2.0 fluorometer and quant-iT HS dsDNA
kits, and diluted according to Illumina’s standard protocol for sequencing on the MiSeq instrument
using V2 chemistry kits.

2.8. Informatics Analysis of 16S rRNA Sequences

Sequenced DNA was assembled and annotated at the University of Missouri Informatics Research
Core. Primers were designed to match the 5′ ends of forward and reverse reads. Using Cutadapt
(version 2.6; https://github.com/marcelm/cutadapt; [30]) software, the primer sequence and its reverse
complement were removed from the 5′ end of the forward read, along with all bases downstream of the
latter. The same approach was applied to the reverse read, with primers in the opposite roles. The 16S
rRNA libraries were generated at 25 cycles. Read pairs were rejected if either read failed to match
a 5′ primer, using an allowed error-rate of 0.1. The Qiime2 dada2 plugin (version 1.10.0; [31]) was
used to denoise, de-replicate, and count amplicon sequence variants (ASVs), based on the following
parameters: (1) forward and reverse reads were trimmed to 150 bases, (2) forward and reverse reads
with >2 expected errors were discarded, and 3) chimera detection and removal were performed using
the “consensus” method. R version 3.5.1 and Biom version 2.1.7 were used in Qiime2. Taxonomies were
assigned to trimmed sequences using the Silva.v132 database [32], using the classify-sklearn procedure.
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2.9. Statistics

Statistical methods and number of mice per group can be found in the corresponding figure
legends, with the exception of microbiome analyses, which can be found in ‘Methods’.

2.10. Statistical Analysis of Annotated Sequences

Statistical analysis of β-diversity between groups was performed using 1
4 root transformed

relative amplicon sequence variant (ASV) abundances. Experimental groups were compared with
one-way permutational multivariate analysis of variance (PERMANOVA) of Bray-Curtis and Jaccard
distances using Past 3.26b. The corrected p-values for pairwise statistical comparisons were calculated
using Bonferroni’s method. Heatmaps and hierarchical clustering dendrograms were generated in
Metaboanalyst 4.0 (https://www.metaboanalyst.ca/). Data were cube-root transformed and clustered
using Ward’s method based on Euclidean distances. The top 50 most statistically significant ASV’s
were determined by ANOVA.

3. Results

3.1. Young Male 5xFAD Mice Exhibited Normal Overall Energy Homeostasis When Fed Normal Chow Diet (NCD)

In order to evaluate baseline energy homeostasis in 5xFAD mice compared to WT mice, we used
indirect calorimetry for metabolic profiling and measured locomotor activity, energy expenditure,
oxygen consumption, nutrient utilization, and food intake in WT and 5xFAD animals fed NCD. In order
to minimize the confounding effect of advanced neurodegeneration on energy homeostasis, we used
male 5xFAD and control animals at 2 months of age. We determined that WT and 5xFAD mice had
comparable body weight and body composition (Figure 1A–C). Then, mice were housed individually
in a home cage environment and acclimated for 48 h before recording. 5xFAD mice had a normal
diurnal rhythm of locomotor activity during ad libitum feeding (Figure 1D,E). Energy expenditure (EE)
and oxygen consumption (VO2) were also similar between 5xFAD and WT control mice (Figure 1F–I).
Energy partitioning measured by respiratory exchange ratio (RER) was used to gauge carbohydrate and
lipid utilization as metabolic fuel. An RER of 1.0 indicates carbohydrate being the predominant fuel
source, while a value of 0.7 indicates the combustion of fatty acids as the predominant fuel source. We
found no significant differences of RER in WT and 5xFAD mice during ad libitum feeding (Figure 1J,K).
WT and 5xFAD mice also had comparable food intake during ad libitum feeding (Figure 1L,M). In
order to further evaluate the potential impact on neuroendocrine system for energy balance regulation
in the 5xFAD mice, we applied the fasting-refeeding experimental paradigm in the indirect calorimetry
experiment. Consistent with the results from ad libitum feeding, we found that the metabolic
parameters were virtually indistinguishable between WT and 5xFAD mice during fasting-refeeding
challenge (Supplemental Figure S2). Collectively, our results showed that 5xFAD mice on normal
chow diet were able to maintain energy homeostasis with normal food intake, energy expenditure, and
nutrient utilization.
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Figure 1. Young male 5xFAD mice fed normal chow diet (NCD) had normal energy homeostasis.
Male 5xFAD and wild type (WT) mice were 2 months old and fed normal chow diet (NCD). Metabolic
profiling was performed during ad libitum feeding. (A) Body weight. (B) Lean mass as a percentage
of body weight (BW). (C) Fat mass as a percentage of body weight. (D) Lateral locomotor activity
and (E) total locomotor activity. (F) Energy expenditure (EE) normalized to total body weight and
(G) average EE normalized to total body weight. (H) Oxygen consumption (VO2) and (I) average VO2.
(J) Respiratory exchange ratio (RER) and (K) average RER. (L) Cumulative food intake and (M) total
food intake during each light/dark phase. Data are displayed as means ± standard error of the mean.
Statistical comparisons for time-course data were calculated with Fisher’s least squared difference
method. Statistical comparisons for light/dark averages were calculated with student’s t-test. n = 5 for
WT mice and n = 6 for 5xFAD mice.
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3.2. 5xFAD Mice Fed Normal Chow Diet Exhibited Age-Dependent Sexual Dimorphic Effects on Body
Weight Maintenance

Though younger 5xFAD mice were able to maintain energy balance, advanced neuropathology in
older 5xFAD mice could impair the maintenance of whole-body energy homeostasis due to defects in
feeding-related locomotion and neurocognitive function. We analyzed 7.5-month-old male and female
WT and 5xFAD mice fed on normal chow diet to measure body weight and adiposity. Female 5xFAD
mice had lower body weight, whereas male 5xFAD mice were comparable to WT mice (Supplemental
Figure S3A). We collected the liver, epididymal white adipose tissue (EWAT), and pancreas from both
male and female mice and measured the organ masses and found that female 5xFAD had lower masses
of liver, EWAT, and pancreas (Supplemental Figure S3B–D). When tissue weights were normalized to
total body weight, female 5xFAD mice had significantly lower relative EWAT mass (Supplemental
Figure S3F). Our results suggested that mechanisms governing energy homeostasis in 5xFAD mice
were impaired in an age-dependent sexually dimorphic manner and that female 5xFAD mice on chow
diet were more prone to have lower body weight due to adiposity loss.

3.3. 5xFAD Mice Displayed Metabolic Defects after High-Fat Diet (HFD) Feeding

In order to evaluate the effect of HFD on energy homeostasis in 5xFAD mice, we switched the diet
from NCD comprised of 13.2% calories from fat to HFD comprised of 60% calories from fat for two
months and then repeated metabolic profiling. 5xFAD mice exposed to HFD feeding had similar body
weight (Figure 2A), lean mass (Figure 2B), and fat mass (Figure 2C) as WT mice. However, 5xFAD
mice had greater nocturnal locomotor activity during ad libitum feeding, particularly towards the
end of the dark phase when mice typically exhibit declined activity (Figure 2D,E). The increases in
locomotor activity were accompanied by increases in energy expenditure and oxygen consumption
(VO2) in 5xFAD mice during ad libitum feeding (Figure 2F–I). However, we did not observe differences
in respiratory exchange ratio (RER), suggesting that energy partitioning was not different between
5xFAD and WT mice (Figure 2J,K). During ad libitum feeding, 5xFAD mice consumed more HFD than
WT mice especially during the dark phase (Figure 2L,M, significant after 31.7 h).

As we observed changes in feeding and energy expenditure during ad libitum feeding in
HFD-fed 5xFAD mice, we further examined the satiety and energy balance regulation using the
fasting-refeeding challenge. In response to food deprivation, 5xFAD mice had significantly increased
locomotor activity, indicating increased hunger and food foraging behavior (Supplemental Figure
S4A,B). After refeeding, 5xFAD mice had significantly increased locomotor activity, energy expenditure,
and oxygen consumption, indicating increased feeding behavior (Supplemental Figure S4A–F).
Consistent with foraging behaviors, 5xFAD mice consumed more HFD during the 24-h refeeding phase
(Supplemental Figure S4I,J, significant after 20.9 h). Taken together, we concluded that 5xFAD mice on
HFD had reduced satiety and increased caloric intake but increased energy expenditure.

3.4. 5xFAD Mice on High-Fat Diet (HFD) Have Altered Glycemia and Blood Lipid Profile Compared with WT Mice

We investigated whether increased ad libitum HFD food intake in 5xFAD mice would alter serum
metabolites that are involved in metabolic syndrome and also implicated as AD risk factors [33–35].
Male 5xFAD mice on HFD had decreased blood glucose concentration during ad libitum feeding but
not during fasting or refeeding (Figure 3A). WT and 5xFAD mice had similar concentrations of serum
insulin and cholesterol throughout the changes to physiological status (Figure 3B,C). We observed
higher serum non-esterified fatty acids (NEFA) during fasting and higher glycerol during refeeding
(Figure 3D,E), suggesting 5xFAD mice had increased lipolysis during the fasting-refeeding challenge.
During refeeding, we also observed significantly increased serum triglycerides (TG) in 5xFAD mice
(Figure 3F). Taken together, we concluded that 5xFAD mice on HFD have increased serum lipid
metabolites (e.g., increased NEFA and TG) compared to WT mice, which is consistent with their
metabolic defects on HFD (e.g., food intake) (Figure 2).
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Figure 2. 5xFAD male mice displayed metabolic defects after high-fat diet (HFD) feeding. Male 5xFAD
and wild type (WT) mice were fed HFD for 2 months. Metabolic profiling was performed during ad
libitum feeding on HFD. (A) Body weight. (B) Lean mass as a percentage of body weight (BW). (C) Fat
mass as a percentage of body weight (BW). (D) Lateral locomotor activity and (E) total locomotor
activity. (F) Energy expenditure (EE) normalized to total body weight and (G) average EE normalized
to total body weight. (H) Oxygen consumption (VO2) and (I) average VO2. (J) Respiratory exchange
ratio (RER) and (K) average RER. (L) Cumulative food intake and (M) total food intake during each
light/dark phase. Data are displayed as means ± standard error of the mean. Statistical comparisons for
time-course data were calculated with Fisher’s least squared difference method. Statistical comparisons
for light/dark averages were calculated with student’s t-test. Statistical comparisons for bar graphs
were calculated with student’s t-test. (*) indicates p < 0.05; (**) indicates p < 0.01; (***) indicates p < 0.001.
n = 5 for each group.
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Figure 3. 5xFAD male mice on high-fat diet (HFD) had altered blood glucose and lipid metabolites
compared with wild type (WT) mice. Serum metabolites were measured in 6-month-old mice fed
HFD for 3 months. (A) blood glucose, (B) serum insulin, (C) serum free cholesterol, (D) serum
non-esterified fatty acids (NEFA), (E) serum glycerol, (F) serum triglycerides (TG). Data are displayed
as means ± standard error of the mean. n = 5 for WT mice and n = 6 for 5xFAD mice. Statistical
comparisons were calculated with student’s t-test, * p < 0.05, ** p < 0.01; additional p-values were noted
in the panels for clarity.

3.5. High-Fat Diet (HFD) Exacerbated the Glucose Intolerance Phenotype in Male 5xFAD Mice

Impaired glucose metabolism and cellular bioenergetics in the brain have been associated with
AD pathology [4,5,12]. HFD feeding causes nutritional excess and impairs hypothalamic regulation of
energy balance and glucose homeostasis [36,37]. In order to investigate the dietary effect on glucose
metabolism in 5xFAD mice, we evaluated the glucose tolerance phenotype using male 5xFAD and
control mice fed with NCD and HFD. We first performed an oral glucose tolerance test (oGTT) using
young male 5xFAD and WT mice fed NCD with comparable weight and adiposity. 5xFAD mice had
a modest but significantly higher peak glucose concentration at 30 min (Figure 4A). After 2 months
of HFD feeding, we performed a glucose tolerance test again and found that 5xFAD mice showed
decreased glucose clearance during oGTT (Figure 4B). In addition, we measured the body weight
throughout the time course of HFD feeding and found that 5xFAD and WT mice fed HFD had similar
weight gain (Figure 4C), suggesting that glucose intolerance was not confounded by differences in
body weight adiposity gain. Therefore, we concluded that male 5xFAD mice were more susceptible to
HFD-induced glucose intolerance.

 
Figure 4. High-fat diet (HFD) exacerbated the glucose intolerance phenotype in male 5xFAD mice.
(A) Glucose excursion of 2-month-old male mice fed NCD during oral glucose tolerance test (oGTT)
(2 g/kg). (B) Glucose excursion during oGTT (3 g/kg) in wild type (WT) and 5xFAD male mice fed HFD
for 2 months. (C) Body weight of WT and 5xFAD mice on HFD. Data are displayed as means ± standard
error of the mean. n = 5 per group. Statistical comparisons for each timepoint were calculated with
student’s t-test, (*) indicates p < 0.05, (**) indicates p < 0.01.
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3.6. High-Fat Diet (HFD) Altered the Gut Microbiome Composition in Both WT and 5xFAD Mice

As dietary change causes rapid and profound change in the gut microbiome composition,
we investigated the relative contribution of the 5xFAD genetic background and HFD to alterations in
the microbiome composition and the possibility of specific interactions between HFD and the 5xFAD
background. We measured the relative abundance of bacterial taxa in feces of WT and 5xFAD mice
on NCD or HFD by 16S rRNA gene sequencing. In 28 samples, 1404 amplicon sequence variants
(ASV’s) were identified with an average read count of 7.3 × 10ˆ4 per sample. The results were
then rarefied to 258 ASV’s that were used for downstream analyses to characterize the microbiome
composition (Figure 5). We determined that HFD changed the relative abundance in the phyla
Firmicutesi, Bacteroidetes and Actinobacteria, with no discernable differences between WT and 5xFAD
mice of the same diet (Figure 5A,B).

Figure 5. High-fat diet (HFD) altered the gut microbiome composition in both WT and 5xFAD
mice. The microbiome compositions and diversity in fecal samples from 6-month-old wild type
(WT) and 5xFAD mice fed normal chow diet (NCD) or high-fat diet (HFD) were determined by
16S rRNA sequencing. (A) Stacked bar chart of the relative abundance of detected bacterial phyla.
Each stacked bar represents an individual mouse with genotypes indicated on the x-axis. Low abundance
phyla <1% were omitted from the legend. (B) Average relative abundance of detected bacterial
phyla: Firmicutes, Bacteroidetes, Verrucomicrobia, Proteobacteria, and Actinobacteria. (C) Hierarchical
clustering heatmap of the top 50 significant amplicon sequence variants (ASV’s). Columns represent
individual mice with respective genotypes indicated by the legend. (D) Principle coordinate analysis
(PCoA) of Jaccard distances. (E) Principle coordinate analysis (PCoA) of Bray-Curtis distances.
(F) Richness measurement using Chao-1 index. (G) α-diversity measurement using Shannon-H index.
(H) α-diversity measurement using Simpson-1d index. Statistical comparisons in PCoA were made
using one-way permutational multivariate analysis of variance (PERMANOVA). Bonferroni-corrected
pairwise comparisons between genotypes on the same diet were not statistically significant. Statistical
comparisons in B, F-H were made using two-way ANOVA, where (#) indicates p< 0.05 between different
diets, (##) indicates p < 0.01, and (###) indicates p < 0.001 between different diets. Tukey-corrected
pairwise comparisons between genotypes on the same diet were not statistically significant. n = 11, 6, 5,
6 mice per group for WT:NCD, 5xFAD:NCD, WT:HFD, and 5xFAD:HFD, respectively.
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We also selected the top 50 of the most statistically significant ASV’s and performed hierarchical
clustering (HC) based on Euclidean distances. HC showed that the differences in microbial compositions
were mainly attributed to the diet, and that dissimilarities between WT and 5xFAD mice were relatively
small compared to the dissimilarities between diets (Figure 5C). We further confirmed this result using
principle coordinate analysis (PCoA) based on Jaccard and Bray-Curtis distances (Figure 5D,E). In both
analyses, the only significant comparisons were between the different diets, which shows that the
dissimilarities between samples were mainly driven by diet and not genotype (Figure 5D,E).

Finally, we determined the α-diversity and richness of the gut microbiome in 5xFAD and WT mice
fed either NCD or HFD. The richness of the gut microbiome was decreased in HFD samples compared
to NCD samples, but no effect of genotype was observed (Figure 5F). We measured α-diversity, which
considers the evenness and richness of the microbiome compositions, using the Shannon-H and
Simpson-1d indices. Diet caused a significant change in the Shannon-H index and a nearly significant
change in the Simpson-1d index, but no genotype effects were observed (Figure 5G,H). Taken together,
we concluded that changes in gut microbiome composition were mainly driven by HFD and that
5xFAD and WT mice on the same diet have similar gut microbiome compositions.

3.7. Amyloidogenic and Inflammatory Pathways in the Hippocampus of 5xFAD Mice Are Exacerbated by
High-Fat Diet (HFD)

We examined the transcripts of genes with known functions in metabolism and AD pathology.
First, the mRNA of genes involved in the insulin signaling pathway, such as Insr, Akt3, and Pik3r2,
were downregulated in NCD-fed 5xFAD mice but upregulated in HFD-fed 5xFAD mice compared to
WT mice (Figure 6A). Of note, Mtor, which mediates nutrient sensing and interacts with the insulin
signaling pathway, was increased in 5xFAD mice on HFD. Therefore, our data demonstrated increased
transcription for key regulators of cellular energy metabolism in 5xFAD mice on HFD, which suggests
compensatory response to diet-induced nutrient excess at the transcription level. Secondly, genes
genetically associated with AD risk, including Apoe, Lrp1, Clu, App, and Psen2, had further increased
mRNA levels in 5xFAD mice on HFD (Figure 6B). Thirdly, in order to determine whether HFD could
exacerbate the neurotoxicity of plaques in 5xFAD mice, we assessed the expression of apoptosis and
pro-apoptosis pathway genes in HFD-fed 5xFAD mice and found that many were further upregulated
by HFD feeding (Figure 6C). Casp8, Casp6, Nfkb1, and Atm showed increased transcription in 5xFAD
mice fed on HFD compared to NCD. Lastly, many of the genes with the highest fold change in 5xFAD
mice were microglial markers (Figure 6D). Of note, Cx3cr1 and Tmem119 were further upregulated
in HFD-fed 5xFAD mice, suggesting that HFD feeding increased the expression of microglia-specific
marker genes. Taken together, our results demonstrated that HFD feeding promoted pathological
progression of AD in 5xFAD hippocampi, possibly due to increased plaque burden, neuronal death,
and microglial mediated neuroinflammatory response. In addition to the individual genes with
well-established roles in metabolism and AD pathology, we unbiasedly analyzed the differentially
expressed genes in 5xFAD mice fed NCD versus HFD based on fold change and statistical significance
(Figure 6E). The top hits were plotted in Figure 6F, which provides a list of potential targets to mitigate
the effects of HFD in 5xFAD mice.

In order to understand the overall physiological impact of HFD on cellular pathways in the
hippocampus of 5xFAD mice, we performed Nanostring pathway analyses for 5xFAD mice on NCD
versus HFD (Figure 6G and Supplemental Figure S5). Consistent with our findings based on analyses
of individual gene expression (Figure 6A–D), many of the top differentially regulated pathways were
related to insulin signaling, cellular stress, neurotransmission, cytokine signaling, microglial function,
and immune response. Furthermore, we performed gene set enrichment analysis (GSEA) with DAVID
6.8 (https://david.ncifcrf.gov/) to identify and rank the pathways that are altered in HFD-fed 5xFAD
mice (Figure 6H). The 10 most significant pathways from Kyoto Encyclopedia of Genes and Genomes
(KEGG) Pathway and Gene Ontology (GO) terms were selected and ranked by fold-enrichment.
Our GSEA results revealed that the top HFD-induced changes to pathways in 5xFAD mice were related
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to the regulation of neurological function (e.g., synaptic plasticity, neurotransmission, and neuronal
death) and metabolic function (e.g., epigenetic and rhythmic regulation, protein phosphorylation, and
cAMP signaling).

Figure 6. Amyloidogenic and inflammatory pathways in the hippocampus of 5xFAD mice were
exacerbated by high-fat diet (HFD). RNA profiling was performed using samples isolated from the
hippocampi of wild type (WT) and 5xFAD mice fed NCD and HFD. (A) NanoString gene expression
analysis of insulin signaling genes, (B) AD risk-associated genes, (C) apoptosis-related genes, (D) microglia
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associated genes. (E) Volcano plot of hippocampal transcripts from 5xFAD mice fed HFD versus NCD.
Top hits are genes with −log10(p) > 6. Out of a total 979 gene probes, 302 were non-significant and 677
gene probes were significant at Benjamini-Hochberg false-discovery rate (FDR) < 0.05. (F) Labeled
genes of interest that were top hits identified in Figure 6E (G) Nanostring undirected global significance
(left) and directed global significance (right). Undirected global significance is a measure of differential
expression of genes belonging to each pathway, calculated as the square root of the mean squared
t-statistics. Similarly, directed global significance measures the tendency to have up or down regulated
genes, calculated as the square root of the mean of signed (positive/negative) squared t-statistics.
(H) Gene set enrichment analysis (GSEA) of significant hippocampal mRNAs (FDR < 0.05) from
5xFAD mice fed NCD versus HFD. The top 10 KEGG pathways and Gene Ontology (GO) term
biological processes were identified based on p-value, then sorted by highest fold-enrichment. Data are
displayed as means ± standard error of the mean. n = 6,6,5,6 for WT:NCD, 5xFAD:NCD, WT:HFD,
and 5xFAD:HFD, respectively. Statistical comparisons between groups in A-D were performed using
two-way ANOVA and Tukey post-hoc tests. (*) indicates p < 0.05, (**) indicates p < 0.01. (***) indicates
p < 0.001. Comparisons that were non-significant (n.s.) are also indicated for clarity.

4. Discussion

Epidemiological and clinical studies have highlighted the role of diet and nutrition in the development of
AD [18,21]. Given the ethical and technical barriers to conduct mechanistic studies in human subjects, the emerging
Alzheimer’s disease animal models present as excellent alternative preclinical models for identifying biomarkers
and developing therapeutics in basic and translational research [38]. In the current study, we used 5xFAD mice
as an Alzheimer’s disease model to study the physiological and molecular underpinning between diet-induced
metabolic defects and AD pathology. Specifically, we set to address two questions–(1) whether 5xFAD mice were
more susceptible to high-fat diet (HFD)-induced metabolic disorders; (2) whether HFD could increase stress on
AD-related neurological pathways. The dietary fat in HFD was rendered from lard and comprised 60% of the
calories. First, we systematically characterized the metabolic parameters of 5xFAD and control mice on normal
chow diet (NCD) versus high-fat diet (HFD) using indirect calorimetry. We found that HFD feeding disrupted
energy balance in male 5xFAD mice, leading to increased locomotor activity, energy expenditure, and food intake.
We further measured the glucose tolerance and circulating lipid metabolites under different feeding statuses. Our
results demonstrated that 5xFAD mice had glucose intolerance, which was worsened by HFD feeding. Moreover,
high dietary fat intake led to elevated circulating lipids (i.e., TG and NEFA) in 5xFAD mice. We also characterized
the gut microbiome composition of the WT and 5xFAD mice fed NCD and HFD. Though we found no taxonomical
differences associated with genotype, HFD caused profound changes in the microbiome composition, which could
cause altered microbial products and host immune response. Finally, we isolated and quantified hippocampal
mRNAs related to AD neuropathology and neuroinflammation and showed that HFD elevated the expression
of apoptotic, microglial, and amyloidogenic genes in 5xFAD mice. We performed comprehensive analysis of
the cellular pathways in 5xFAD mice fed NCD vs. HFD. Our gene ontology (GO) analysis showed that the
differentially expressed genes were enriched in GO terms which included long-term synaptic plasticity, insulin
signaling, and neuron death.

In our current studies, 5xFAD mice on HFD displayed increased energy intake and expenditure compared to
WT animals (Figure 2). Moreover, 5xFAD mice on HFD displayed more glucose and lipid metabolism defects
compared to WT animals (Figures 3 and 4). Therefore, our studies demonstrate that 5xFAD mice were more
susceptible to HFD-induced metabolic defects, which could create a vicious cycle of impaired metabolic fitness
and cognitive decline. Several mechanisms may contribute to this phenotype and connect metabolic disorders
with AD. HFD compromises brain glucose and insulin sensing, which are required for maintaining metabolic
homeostasis [39,40]. Increased triglycerides were reported to cross the blood-brain barrier, leading to inhibition
of neuronal insulin receptor signaling [41]. HFD causes inflammation in the hypothalamus and impairs energy
balance regulation by reducing hypothalamic proopiomelanocortin (POMC) neurons and increasing gliosis [37,42].
Our previous studies have shown that increasing the hormonal sensitivity in POMC neurons ameliorates the
metabolic derangements caused by long-term HFD feeding in aged mice [27]. Future study is warranted to
understand whether the neuroendocrine system is more severely impacted in 5xFAD fed HFD. Alternatively,
HFD could precipitate Aβ deposition and inhibit Aβ degradation. For example, HFD feeding in another AD
mouse model (APP23 mice) caused cognitive deficits and increased hippocampal and cortical Aβ deposition [43]
and insulin resistance was reported to increase hyperphosphorylation of Tau via GSK-3β activity [44].
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We performed the hippocampal gene transcript profiling using NanoString nCounter assays, which enables
accurate and higher-throughput transcriptional analysis of gene panels related to AD neuropathology and
neuroinflammation. Our key finding was that the transcription of insulin signaling genes, AD risk genes and
microglial markers were among the most significantly upregulated genes in HFD-fed 5xFAD hippocampi (Figure 6).
(I) We found Insulin signaling pathway genes, including InsR, Akt3, Mtor, and Prkaa2, were upregulated in
HFD-fed 5xFAD mice compared NCD-fed 5xFAD mice (Figure 6A). mTOR and AMPK are important cellular
sensors for energy status and were implicated in AD-related pathologies [6,45,46]. Since HFD increases insulin
resistance in the hippocampus, resulting in impaired cognitive performance [47–50], our findings suggest that
these genes were upregulated in order to compensate for insulin resistance. (II) We discovered that the expression
of several AD risk-associated genes was further increased in 5xFAD mice fed HFD (Figure 6B). Apoe and its
receptor, Lrp1, were further upregulated in HFD-fed 5xFAD mice, suggesting that HFD caused disturbances of
brain cholesterol metabolism. 5xFAD is an amyloid pathology model that expresses human APP and PSEN1
transgenes with a total of five AD-linked mutations. The amyloid plaque burden is mainly driven by the human
transgene expression. In our study, we detected mouse App and Psen2 were also upregulated in 5xFAD mice fed
HFD, suggesting that HFD may have increased endogenous App generation and App processing. Clu, which
interacts with extracellular Aβ plaques, was also increased. Therefore, our data suggest that HFD modifies
the expression of AD risk-associated genes which are likely to increase amyloid generation in 5xFAD mice.
(III) We discovered that HFD further increased transcripts encoding Casp8 and Casp6 in 5xFAD mice suggesting
that increased apoptosis (Figure 6C). Nfkb1, which is a pro-apoptotic gene, was also upregulated. Therefore,
we concluded that HFD increased neurotoxicity in 5xFAD hippocampi which may lead to greater apoptosis and
neurodegeneration. (IV) Microglial markers, including Trem2, Cd68, Cx3cr1, Plcg2, and Tmem119, were selectively
upregulated with the highest fold changes in 5xFAD mice compared with WT mice (Figure 6D). Interestingly,
the expression of Cx3cr1 and Tmem119 was further upregulated on HFD, indicating the dietary effects were
significantly associated with expression levels of microglia-specific marker genes. (V) We performed differential
expression analysis by comparing HFD-fed with NCD-fed 5xFAD mice (Figure 6E,F). The top hits with the most
statistical significance are genes involved in insulin signaling and cellular energetics, such as Insr, Akt3, Pten, Creb1,
Prkar2a, Becn1, Atg3, and Gsk3b. (VI) In addition to identifying the differential expression of individual genes,
we performed pathway analysis to pinpoint altered molecular and cellular pathways in HFD-fed versus NCD-fed
5xFAD mice (Figure 6G,H and Supplementary Figure S5). Of note, innate and adaptive immune response, cytokine
signaling, microglia function, activated microglia, and inflammatory signaling pathways had high undirected
global significance (>5), suggesting that HFD feeding caused greater inflammatory response and microglial
activation in the hippocampi of 5xFAD mice (Figure 6G). Our findings in HFD-fed 5xFAD mice were consistent
with previous reports that HFD increases microglial activation in the hippocampus [51–53] which may promote
synapse loss [51]. Collectively, our data showed that HFD combined with amyloid pathology is likely to increase
stress on multiple pathways and cause detrimental effects on long-term synaptic plasticity, neuronal apoptosis,
and neuroinflammation.

Multiple experimental and clinical studies have pointed out that changes in gut microbiome composition
contribute to the progression of metabolic and neurodegeneration diseases via altered microbial metabolites,
immune activation, and bacterial amyloids [54–57]. The role of the gut microbiome in neurodegenerative diseases
is beginning to be elucidated. The gut microbiome is a source of bacterial amyloids (which can cross-seed with
Aβ), endotoxins (i.e., lipopolysaccharides), and inflammatory cytokines which can prime immune cells in the
brain [54–57]. Treating APP/PS1 mice with antibiotics reduced plaque formation, suggesting that the microbiome
secretes factors which accelerate disease pathogenesis [58]. Studies in human patients found correlations between
Aβ and phospho-Tau peptides in the cerebrospinal fluid and specific genera of microbes [57]. Interestingly,
transplantation of HFD-associated microbiomes increased anxiety behaviors and impaired auditory-cued fear
learning compared to NCD-transplanted microbiomes [59]. However, it is unclear whether the different microbiome
compositions in AD patients are directly causal to impaired cognitive function. In our study, the effects of 5xFAD
on the microbiome were negligible compared to the effect of HFD feeding (Figure 5), suggesting that diet-induced
changes to the gut microbiome are more rapid and of greater magnitude than changes induced by AD pathology.

A previous study reported that HFD enhances cerebral amyloid angiopathy and cognitive impairment
in 5xFAD mice independently of metabolic disorders [24]. The major difference between that study and ours
was the age difference when 5xFAD mice were used for metabolic analyses. When 13 month-old 5xFAD mice
were switched to HFD for another 10 weeks, they gained less weight and glucose tolerance was not affected
compared to WT mice [24]. 5xFAD mice demonstrate age-dependent rapid progression to neurodegeneration [26].
Therefore, the reduced body mass and weight gain of older 5xFAD mice could be caused by the advanced state of
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neurodegeneration. Moreover, lower body weight of aged 5xFAD mice could be a confounding factor for the
glucose tolerance tests. In order to minimize these confounding factors associated with the older 5xFAD mice,
we used younger mice for metabolic profiling. Male 5xFAD mice on either NCD or HFD had similar body weight
and body composition as the WT mice and were used in our studies. Meanwhile, another group used younger
5xFAD mice to start HFD feeding and found increased amyloid deposition and defects in glucose metabolism [25],
which was consistent with our findings in the current study. We found NCD-fed female (but not male) 5xFAD mice
at 7.5 months of age had reduced body weight and adiposity (Supplemental Figure S3), indicating an association
between cognitive decline and frailty [60]. Differences in body composition would be a confounding factor for
characterizing the glucose and energy metabolic phenotype in female mice, therefore we focused the current
study on male mice. How female 5xFAD mice would respond to dietary changes in terms of metabolism and
neuropathology is an interesting question and will be investigated in future studies.

5. Conclusions

In conclusion, our studies demonstrated that 5xFAD mice were more susceptible to HFD-induced metabolic
disorders and that HFD could exacerbate stress on AD-related neuropathological and neuroinflammatory pathways.
Altogether, our data suggest that targeting metabolic dysfunctions caused by high dietary fat intake can ameliorate
AD symptoms via effects on insulin signaling, neuroinflammation, Aβ deposition, and microglia activation in
the hippocampus.
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Abstract: Ageing is an enigmatic and progressive biological process which undermines the normal
functions of living organisms with time. Ageing has been conspicuously linked to dietary habits,
whereby dietary restrictions and antioxidants play a substantial role in slowing the ageing process.
Oxygen is an essential molecule that sustains human life on earth and is involved in the synthesis of
reactive oxygen species (ROS) that pose certain health complications. The ROS are believed to be a
significant factor in the progression of ageing. A robust lifestyle and healthy food, containing dietary
antioxidants, are essential for improving the overall livelihood and decelerating the ageing process.
Dietary antioxidants such as adaptogens, anthocyanins, vitamins A/D/C/E and isoflavones slow the
ageing phenomena by reducing ROS production in the cells, thereby improving the life span of living
organisms. This review highlights the manifestations of ageing, theories associated with ageing and
the importance of diet management in ageing. It also discusses the available functional foods as well
as nutraceuticals with anti-ageing potential.

Keywords: anti-ageing; diet; eating habits; functional foods; skin ageing

1. Introduction

Ageing is a progressive biological process which affects the normal functions of cells and tissue,
thereby imperiling the person towards diseases and mortality [1]. For a layman, it is the process
of maturing and growing old. Both internal and external factors play an integral role in ageing [2].
Internal factors comprise the usual biological processes of the cell, whereas the external factors involve
chronic sun-exposure, hormonal imbalance, nutritional deficiencies, ultraviolet (UV) irradiation
and other factors such as pollution and smoking [3]. The hallmarks associated with ageing have
been illustrated in Figure 1. Skin ageing, characterized by wrinkling, can be reduced via suitable
preventive measures involving the consumption of antioxidant-rich supplements, a balanced diet and
undertaking skincare [4]. By opting for these measures, the harmful effects induced by free radicals
can be restrained [5].

Nutrients 2020, 12, 3008; doi:10.3390/nu12103008 www.mdpi.com/journal/nutrients

19



Nutrients 2020, 12, 3008

Figure 1. Hallmarks contributing to ageing.

Over the past few decades, the relationship between nutrition and ageing has been extensively
studied in both animals and humans [6]. Nutraceuticals are nutritional elements with medicinal
characteristics; hence the name, where “Nutra” stands for food and “ceutical” means therapeutic
properties [7]. As per the definition of Foundation for Innovation in Medicine (FIM), nutraceuticals are
the “food and food products” that have medicinal value and provide health benefits, especially in
preventing and treating age-related diseases [8]. These products include functional foods,
dietary supplements and herbal extracts, which provide health benefits in the long-run when consumed
as supplements in the diet [9]. Even researchers have suggested that antioxidants have propitious
effects on both chronic as well as age-related diseases, especially neurodegenerative diseases and
cancer [10]. Various food supplements that exhibit an antioxidant potential, such as carotenoids,
flavonoids and vitamins, prevent and treat ROS-associated chronic conditions, which results in healthier
and longer lifespans [10]. Food supplements produce antagonistic effects against the degenerative and
inflammatory processes in the body, and have beneficial effects on the immune and digestive system,
hence improving the quality of life [11].

The current review focusses on highlighting the manifestations of ageing and theories associated
with ageing. Additionally, it also discusses the importance of diet management in ageing and functional
food, as well as nutraceuticals with anti-ageing potential.

2. Manifestation of Ageing

Clinical manifestations of intrinsic ageing can be determined by assessing the regenerative ability
of the damaged tissues or organs [12]. All dividing and differentiating cells are vulnerable to insults
causing intrinsic ageing [13]. The visual traits of ageing start appearing in the early 40s. Most cells,
tissues and organs steadily undergo ageing and become incompetent [14]. A significant effect can be
observed on the skin, which turns loose, thin wrinkled and inelastic [15]. The face fat also reduces,
leading to hollowed eye sockets and cheeks.
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Furthermore, the hair starts thinning from the armpits, pubic area and scalp [16]. As melanin
content decreases, the hair strands become thinner grey, and the nails become thinner as well [17].
At over 80 years old, more noticeable visual changes can be observed, such as the compression of
spinal disks, vertebrae and joints. The hearing abilities also diminish depending on the severity of the
ageing phenomenon [18].

Other than this, the elderly population gets presbyopia and may require reading glasses [19].
In comparison to healthy adults, they lack deep sleep and are unable to take sufficient rest as required
by the body at this stage [20]. The bone density decreases and becomes weaker, increasing the risk
of fracture [21]. Due to slow metabolism and hormonal changes, there is a reduction in muscle
mass and an increase in body fat [22]. Besides this, older adults also suffer from lapses of memory
and vagueness, preventing them from recalling names and memories [23]. The heart and lungs
become less efficient with time, and kidney functions are abated [24]. The accumulated harmful
metabolic waste later appears as dangerous diseases and allergies, causing significant discomfort to
older people [25]. Moreover, females at menopause produce reduced amounts of estrogen, due to
which they experience various changes, such as vaginal dryness, hot flashes, chills, night sweats,
sleeping problems, mood swings, weight gain and slowed metabolism [26]. Besides this, an unhealthy
diet and indolent lifestyle further increase the risk of occurrence of chronic diseases in elderly people,
such as cancer, osteoarthritis, type 2 diabetes, obesity, coronary artery disease osteoporosis and high
blood pressure [27].

3. Theories of Ageing

Several theories have been formulated to define the ageing phenomenon. These theories have
been postulated based on certain assumptions, but none of them provide a satisfactory explanation [28].
There are three major theories for ageing, i.e., genetic theories, dysfunction of interlinked organs
and physiological approaches [29]. Of these, three physiological theories have been extensively
studied, which comprise the cross-linking theory, the waste material accumulation theory and the free
radical theory [30].

In 1950, Denham Harman stated that ageing is the result of the massive production of free
radicals [31]. In general, free radicals are those atoms or molecules that have unpaired electrons and
possess the ability to form electronic couples [32]. This explains the short life and high reactiveness of
these molecules. These free radicals are usually formed during the metabolic reactions under normal
conditions [33]. Moreover, the generation of these free radicals also takes place during exposure to
cigarette smoke, UV rays and toxic substances, as well as during emotional stress [34]. Even though
free radicals are involved in normal metabolic processes, but they do not generally infiltrate the cells.
Still, when they do, they have harmful and deleterious effects on various organs [35].

Free radicals released from food are essential for energy production within the cell [36].
Additionally, their production also protects the body from opportunistic infections and elicits the
synthesis of hormones involved in effective communication within the body [37]. However, the excessive
production of free radicals has detrimental effects on DNA, collagen, elastin and blood vessels [38].
Oxidative damage to different biomolecules, such as DNA, macromolecules and proteins, takes place
over time [39]. It is considered a significant factor, but is not the only factor responsible for ageing [40].
Fundamentally, oxygen has a dual role in our body, i.e., it is necessary for life and is one of the
chief components of harmful compounds like free radicals [41]. Free radicals are generated by
the aerobic metabolism. They liberate different types of reactive oxygen species, such as singlet
oxygen (1[O2]), superoxide anion radicals (O2

–), hydroxyl radicals (OH–), hydroperoxyl radicals (HO2),
peroxide radicals (R = lipid) (ROO–) and hydrogen peroxide (H2O2) [42]. The various sources involved
in the generation of free radicals are illustrated in Figure 2.
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Figure 2. Schematic representation of sources involved in the formation of free radicals and their
association with the ageing process.

For example, if the free-radical-mediated DNA mutations are left uncorrected via repair
mechanisms, this defect persists even after successive replication cycles, transcription and
translation [43]. It is well-known that free radicals are formed by the aerobic metabolism for
the synthesis of energy-rich molecules like ATP, which are synthesized in mitochondria (also known
as cell factories) [44]. As humans start ageing, the efficacy of mitochondria in synthesizing ATP
substantially decreases, thereby allowing the accumulation of free radicals in mitochondria as well as
permitting the passage of free radicals through the mitochondrial membrane, thereby damaging other
parts of the cell [45]. These alterations have helped to determine the key factors which favor ageing,
i.e., increases in oxidative stress and a decrease in energy production [46]. Even the published literature
has stated that a high degree of mutation is observed in mitochondrial DNA in contrast to nuclear
DNA due to oxidative stress [47]. Therefore, calorie restriction (CR) impedes the process of ageing
and increases the lifespans of flies, fish, spiders and mammals (mice and rats) [48]. This happens
because CR decreases the oxidative load, which reduces the free radical formation in mitochondria [49].
The reduction in the free radical formation substantially reduces the number of oxidized proteins,
lipids and mutated mitochondrial DNA [50]. Extensive studies have been conducted on rodent models
to assess the effects of a diet enriched with minerals and vitamins in ageing [44]. As such, it is believed
that calorie restriction and the consumption of food rich in antioxidants can considerably prolong the
life span of individuals [51].

An important theory that explains the process of ageing is the shortening of the telomeres. Due to
the end-replication problem, the telomeres are shortened in every generation of the cell till they reach a
critical length in the crisis stage of ageing [52]. At this stage, the cell division slows down considerably,
causing the cell to slowly die. This may be referred to as “replicative mortality”. Cells involved in
growth, development and reproduction express high levels of the enzyme telomerase, which maintains
the length of the telomeric DNA [53]. These cells include the stem cells and reproductive cells
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(eggs and sperms). However, most adult cells have low expressions or no expression of telomerase,
which causes these cells to age and eventually die [54].

4. Plant-Based Supplements with Anti-Ageing Potential

Plants and their inherent components are well known to exhibit antioxidant potentials, sch as
carotenoids, flavonoids and vitamins, that aid in the prevention and treatment of ROS-associated
chronic conditions [55]. These supplements have antagonistic effects against the degenerative and
inflammatory processes in the body and show beneficial effects on the immune and digestive system,
hence improving the quality of life [56]. Some of the predominantly used plant-based supplements
have been discussed below.

4.1. Adaptogens

Adaptogens are compounds obtained from herbal plants for maintaining homeostasis and
stabilizing the physiological processes in humans [57]. These compounds reduce cellular sensitivity
to stress and improve the ability of the body to resist the damage from other risk factors [58].
Moreover, they also help in restoring and promoting normal physiological function [59]. A few of the
highly known adaptogens have been discussed below.

4.2. Bacopa monnieri

Bacopa monnieri, also known as Brahmi, is a perennial herb with small oblong leaves and
purple flowers [60]. Highly valuable nootropic phytochemicals, such as bacosides, are found in
this medicinal herb [61]. Brahmine and Herpestine are the two essential phytochemicals that are
predominantly extracted from this herb [62]. The phytochemicals obtained from Brahmi aid in
protecting the brain from the attack of free radicals and stimulating cognitive functioning and
learning [63]. It has been comprehended that the regular consumption of Brahmi oil reduces the chance
of various diseases like Alzheimer’s disease and amnesia [64]. Bhattacharya et al. (2000) found that
extracts of Bacopa monnieri enhance the activity of reactive oxygen species-scavenging enzyme catalase
(CAT), glutathione peroxidase (GPX) and superoxide dismutase (SOD), in a dose-dependent manner.
This study was carried out in the brain regions of rats and investigated after 14 and 21 days [65].
Shinomol and colleagues conducted an in vitro and in vivo study using 3-nitropropionic acid (NPA)
(fungal toxin responsible for causing neurotoxicity in humans and animals) and Bacopa monnieri extract.
The result obtained showed that NPA was effective in inducing the oxidative stress in dopaminergic
(N27) cells and mitochondria of the striatum of rats, whereas Bacopa monnieri extract was found to be
effective in regulating the NPA-induced oxidative reactions and reducing the Glutathione (GSH) and
thiol levels [66]. Kumar and his colleagues also conducted a six-week randomized placebo-controlled
trial to assess the effect of Bacopa monnieri extract on the cognitive functions of students studying
medicine. The result obtained from the study showed significant improvement in the cognitive
functioning of the students [67].

4.3. Curcuma longa

Curcuma longa is a plant of the ginger family that produces a compound known as curcumin [68].
It is known for diverse biological activities, such as its anti-cancerous, anti-inflammatory and antioxidant
properties [69]. Due to these natural properties, curcumin is a potential therapeutic agent for
treating different types of cancers [70]. Many studies have revealed that curcumin can suppress
the expression or activity of cyclooxygenase-2 (COX-2), prostaglandin E2 (PGE2), pro-inflammatory
cytokines and tumor necrosis factor-α (TNF-α) [71]. The antioxidant properties of curcumin can aid
in the reduction of ROS production, the scavenging of free oxygen radicals and obstructing lipid
peroxidation [72]. The consumption of curcumin via the oral route in rodents has been shown to
ameliorate cystic fibrosis and block tumor progression; still, the evaluation of humans is pending [70].
A study reported that curcumin induces a cellular stress response in human fibroblasts via redox
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signaling and the phosphatidylinositol 3-kinase/Akt (Protein Kinase B; PKB) pathway. This provides
evidence that curcumin-triggered cellular antioxidant defenses can serve as an effective approach to
anti-ageing intervention [73].

Moreover, it has been reported to increase the life span of fruit flies, mice and nematodes [74–76].
In fact, curcumin has been stated to improve and regulate the symptoms of age-related diseases such
as atherosclerosis, cancer and diabetes [77,78]. Other than this, curcumin has been reported to show
protective activity against chemotherapy-induced side effects and radiation-induced dermatitis in
breast cancer patients [79,80]. Some studies have claimed that curcumin has anti-ageing potential
because it can delay cellular senescence [81]. Cox et al. conducted a study to assess the effects of
solid lipid curcumin on mood and cognition in healthy adults aged 60–85. In this study, subjects
were examined for the effects of solid lipid curcumin formulation, i.e., 400 mg of Longvida® for acute
(1 and 3 h after a single dose), chronic (4 weeks) and acute-on-chronic (1 and 3 h after a single dose
following regular treatment) dosing. The results obtained showed significant improvements in the
working memory for both acute and chronic dosing. Additionally, it also decreased physical fatigue
(measured per Chalder Fatigue Scale) as well as total and LDL cholesterol [82].

4.4. Emblica officinalis

Emblica officinalis, also known as Amla, is a member of the Phyllanthaceae family [83]. The churn of
Amla is known for reducing cholesterol level and improving memory potential [84]. The consumption
of Amla in the diet is effective in lowering the cholesterol level in the brain as well as in the body [85].
It has also been stated as a beneficial functional food for treating Alzheimer’s disease [86]. Draelos and
colleagues conducted a double-blind study to evaluate the skin-lightening potential of a topical
formulation comprising E. officinalis extract, glycolic acid and kojic acid. The study revealed that the
topical formulation was 4% better than hydroquinone, due to which researchers claimed that the
topical formulation could be an effective natural alternative for mild to moderate facial dyschromia [87].
Accumulation of free radicals in different tissues is associated with various stress-induced conditions
leading to the progression of the process of ageing [88]. Tannoids obtained from E. officinalis also show
a protective effect because of their antioxidant potential against the tardive dyskinesia rat model [89].
Moreover, the extract of E. officinalis shows antidepressant properties by inhibiting the activity of
Gamma Amino Butyric Acid (GABA) and Monoamine oxidase-A (MAO-A) in consort with antioxidant
activity in mice models [90].

4.5. Ginkgo biloba

Ginkgo biloba, also known as Gingko, is a functional food which improves the availability of
oxygen in the tissues [91]. The leaves of Ginkgo have been reported to play a significant role in
maintaining the blood flow and glucose level in the brain [92]. Moreover, it also improves the mental
functioning of the brain [93]. Ascorbic acid, catechin, shikimic acid, lactone derivatives (ginkgolides)
and isorhamnetin are some of the flavone glycosides, which are active scavengers of free radicals and
are obtained from the extract of ginkgo leaves [94]. Huang conducted a study to assess the effect of
Gingko biloba extract on the liver of the aged rat. The result revealed that administration of Gingko biloba
extract reduced the level of liver metalloproteinase as well as malondialdehyde, and improved the
SOD activity to minimize the oxidative stress [95]. Another study has revealed that the administration
of Ginkgo biloba extract improves the cognitive function in aged female rats [96]. Even clinical studies
have been conducted to assess the effect of Gingko biloba extract in the treatment of Alzheimer’s disease
and cognitive function. Extensive analysis has revealed that the consumption of Gingko biloba extract
improves the cognitive functioning of individuals who have mild dementia [97].

4.6. Glycyrrhiza glabra

Glycyrrhiza glabra, also known as licorice, is a member of the Fabaceae family [98]. The rhizomes,
as well as roots of this plant, serve as a brain tonic which helps in regulating the blood sugar
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level [99]. Glycyrrhizin is the prime bioactive molecule obtained from this plant rich in antioxidants,
which protects the brain from oxidative damage, maintains the normal functioning of the nervous
system and improves the memory of the individual [100]. Glycyrrhiza glabra has a phenolic compound
named “liquorice” which has antioxidant potential, due to which it is effective in the chelating of metal
ions and the scavenging of free radicals [101]. It has been reported that G. glabra enhances the memory
in the murine model of scopolamine-induced dementia [102]. Dhingra and colleagues also reported
improvements in the memory of mice administered with Glycyrrhiza glabra. Three different doses,
i.e., 75, 150 and 300 mg/kg p.o. of Glycyrrhiza glabra extracts, were administered for seven consecutive
days. The result obtained showed that a dose of 150 mg/kg was effective in enhancing memory in the
mice model [103].

4.7. Panax ginseng

Panax ginseng, also known as ginseng, is highly known for its medicinal value [104]. The bioactive
molecule ginsenoside is obtained from the roots of this plant [105]. This bioactive molecule improves
the resistance of the body against anxiety, fatigue, stress and trauma, and modulates the immune
function [106]. Moreover, it also shows anti-stress properties and improves learning performance and
memory [104]. A study reported an increase in the life span of juvenile mice with leukaemia upon the
administration of ginseng [107]. Another study on Panax ginseng reported that it is able to decrease
lipid peroxidation and improve antioxidant potential by reducing oxidative stress [108].

Moreover, double-blind clinical trials have confirmed that the consumption of ginseng improves
the psychomotor performance of the individuals [109]. Panax ginseng has also been reported to have
anti-melanogenic potential, and is associated with the activation of the foxo3a gene, also stated as
the longevity gene [110]. Certain studies have reported that Panax ginseng prevents skin ageing.
Furthermore, a randomized, placebo-controlled, double-blind study was conducted to assess the
potential of both Panax ginseng and ginsenosides in preventing skin ageing. The result obtained from
the study showed a significant reduction in wrinkle formation, and no participant showed an adverse
reaction to the treatment [111].

5. Plant-Based Metabolites with Anti-Ageing and Medicinal Properties

5.1. Polyphenols

Plants are prime producers of secondary metabolites, especially polyphenolic compounds,
and these are abundantly found in vegetables, fruits, cereals and beverages [112]. Polyphenols have
intrigued researchers globally owing to their inherent properties, such as antioxidant potential,
and their anticarcinogenic and anti-inflammatory action [113]. These characteristics enable
polyphenolic compounds to be useful in the amelioration of various diseases, such as cancer, asthma,
microbial infections, diabetes and cardiovascular diseases [114]. Studies have been conducted on
numerous polyphenolic compounds, such as resveratrol, proanthocyanins and silymarin. They have
been evaluated for their action on animal models subjected to DNA damage, oxidative stress and
UV-induced skin irritation [115]. Moreover, these polyphenols, consolidated with sun protection
cosmetic products, can effectively shield the skin from UV radiation-associated skin problems and aid
in reducing the incidence of skin cancer [116]. Some polyphenols with therapeutic properties have
been described below.

Resveratrol (Stilbenes) is a natural polyphenolic compound with antioxidant potential, and is
present in the skin of peanuts and grapes [117]. In the last two decades, it has been a prime area of
extensive research owing to its application as an anti-ageing ingredient [118]. Additionally, it exhibits
anti-inflammatory action and radical scavenging properties, and can act as a chelating agent [119].
Studies have found it to be effective in the treatment of various diseases, including Alzheimer’s
and cardiovascular disease [120]. Moreover, Bhat et al. stated that resveratrol possesses cancer
chemo-preventive potential [121]. It also has a protective action against human skin, which was
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confirmed via the study conducted on HaCat cells exposed to nitric oxide free radical donor sodium
nitroprusside [122]. Giardina and colleagues conducted an in vitro study on skin fibroblast to assess
the efficacy of resveratrol on the proliferation and inhibition of collagen activity. The result obtained
showed a dose-related increase in the proliferation rate of cells and substantial inhibition of collagenase
activity [123]. Although it has been claimed that resveratrol has the potential to combat ageing at the
cellular level and could be a breakthrough in anti-ageing and geriatric medicine, data supporting this
claim in the human context are quite limited [124–126]. It has been well comprehended that resveratrol
modulates mitochondrial biogenesis via stimulating Peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1α), which further slows down the process of ageing and circumvents the
chronic diseases [127,128].

Flavonoids (Phlorizin): Few plants have been found to synthesize phlorizin, a type of
flavonoid [129]. It has been immensely exploited by pharmaceutical industries for more than a
century, while also serving as a platform to evaluate physiological functioning [115]. Several studies
have been conducted on the nutritional benefits of phlorizin. In a recent study, the anti-aging
effects of phlorizin and phloretin were tested on murine senile osteoporosis models. The study
revealed that phlorizin helped in the management of the ratio of receptor activator of nuclear factor
kappa-B ligand (RANKL) to osteoprotegerin (OPG), which is a biochemical marker of osteoporosis.
Phlorizin also reduced the population of osteoclast cells expressing tartrate-resistant acid phosphatase
(TRAP) [130]. Phlorizin is found at high concentrations in unripe apples. A preliminary study on
human volunteers revealed the beneficial effects of unripe apples containing phlorizin in mitigating
post-prandial hyperglycemia. The study was carried out on six healthy individuals and revealed
that the consumption of unripe apples caused statistically significant reductions in post-prandial
glucose response, as well as increased urinary glucose [131]. Mela and colleagues conducted a study to
evaluate the effects of eight plant extracts as well as their combinations (apple (AE, 2.0 g), mulberry
fruit (MFE, 1.5 g), elderberry (EE, 2.0 g), mulberry leaf (MLE, 1.0 g), turmeric (TE, 0.18 g), white bean
(WBE, 3.0 g), EE + TE and AE + TE) on post-prandial insulin (PPI) and glucose (PPG) response.
The results obtained from the study revealed that extracts of AE, MLE and MFE were effective in
reducing PPI and PPG response [132]. Hyperglycemia has been reported to accelerate the aging process,
which describes the potential of phlorizin in mitigating the effects of ageing, thereby improving the
quality of life [133]. Many other plant extracts have emerged as potent sources of compounds with
antioxidant potential [134]. Metabolites such as silymarin, genistein and apigenin have been found
to impact the symptoms of skin ageing positively [91]. Still, no clinical or human trials have been
conducted to unveil the real anti-ageing potential of phlorizin.

Apple Polyphenols: Apple is enriched with phytochemicals, especially polyphenols that exhibit
immense antioxidant potential [135]. A wide range of polyphenolic compounds is found in apples,
such as rutin, chlorogenic acid, catechin phloretin, epicatechin and proanthocyanidin B2 [136].
The daily consumption of apples has been portrayed to reduce the incidence of the occurrence of
hypercholesterolemia and cardiovascular diseases [137]. Research studies have suggested that
consuming apples can considerably lower the risk of lung cancer, especially in females [138].
Different studies have proven that apple is effective in impeding low-density lipoprotein (LDL)
oxidation [137]. A study was conducted to evaluate the effects of apple polyphenols on the gene
expression of CcO (cytochrome c oxidase) subunits III, CAT (catalase), Mth (methuselah), Rpn11,
SOD and VIb. The result obtained from the study revealed that apple polyphenols increased the
life span of fruit flies by 10%. Moreover, the downregulation of Mth, the upregulation of gene CAT,
SOD1 and SOD2, and no significant change in the gene expression of CcO subunits, Rpn11 or VIb,
were observed in the fruit flies [139]. Furthermore, concentrated apple juice has neuroprotective
potential, confirmed via the studies conducted on normal aged mice and genetically compromised
mice. Still, the anti-ageing potential of apple and its underlining mechanisms remain indefinable [51].

Blueberry Extract: Polyphenols are more abundantly found in blueberries than in other fruits and
vegetables [140]. The high antioxidant potential of blueberry extracts has been associated with the
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amelioration of ageing symptoms [141]. Studies suggest that the regular consumption of blueberries
can potentially enhance memory-related issues in elderly populations [142]. It has been stated that the
consumption of blueberry extract slows down age-related functional and physiological deficits [143].
Galli and colleagues have found that supplementation with blueberry extract reversed the age-linked
decline in the heat shock protein (HSP) of the hippocampal in rats [144]. Additionally, blueberries have
been found to be effective in improving motor and cognitive behavior in aged rat models [145].
The life-prolonging potential of blueberry extracts has also been studied in fruit flies to understand
the underlying mechanism. The results obtained from the study revealed that the incorporation of
5 mg/mL of blueberry extract into the diet significantly increased the lifespan of fruit flies by 10% [146].

Tea Catechins and Theaflavins: Tea has emerged as the most preferred beverage in the Asian
subcontinent [147]. The beneficial aspects associated with the consumption of tea can be attributed to its
inherent compounds, namely theaflavins and catechins [148]. Studies have shown the reduced oxidation
of DNA molecules via regular intake of green or black tea [149]. Other in vivo studies on Drosophila have
reported positive results concerning the increase in average life span by theaflavins and catechins [150].
Various published reports have stated that the consumption of oral tea polyphenols, as well as topical
treatment with green tea, inhibits UV radiation- or chemical-induced skin tumorigenesis in various
animal models [151]. Tea catechins and theaflavins possess both anti-inflammatory and anticarcinogenic
properties [148]. Elmets and his team conducted a study to assess the effect of tea polyphenol extract
on parameters linked with acute UV injury. For this, the skin of volunteers was first treated with
green tea extract or its constituents, and treated sites were subjected to two minimal erythema doses of
solar simulated radiation. Later, the skin was examined for the biochemical, clinical and histologic
characteristics of UV-induced DNA damage. The results revealed that tea extract has a dose-dependent
inhibitory effect on erythema response induced by UV irradiation. The histologic evaluation also
showed a reduced number of Langerhans and sunburn cells [152].

Moreover, tea polyphenol extracts also reduced the DNA damage in the skin. Therefore, researchers
stated that tea polyphenol extract could serve as a natural alternative for photoprotection [152]. Chiu and
colleagues conducted a study to assess the effect of a combination therapy course of topical and oral
green tea on the histological and clinical characteristics of photo-ageing. For this study, 40 women with
rational photo-ageing were randomized either to a placebo regimen or a combination of 300 mg tea oral
supplements (consumed twice daily) and 10% green tea cream for eight weeks. The results obtained
from the study did not show any significant differences in the clinical characteristics of photo-ageing
for the placebo or green tea-treated group. However, a histologic improvement in elastic tissue content
was observed in the treated participants [153].

Black Rice Anthocyanins: Black rice is abundant in antioxidants, the supplementation of which has
been proven to relieve symptoms in patients who have Alzheimer’s [10]. It also has an anticarcinogenic
and anti-inflammatory effect [154]. It is also rich in anthocyanins, namely peonidin-3-glucoside and
cyanidin-3-o glucoside [155]. Zuo and colleagues conducted a study of the potential of black rice in
extending the lifespan of fruit flies. For determination, the effects on the gene expressions of CAT,
Mth, Rpn11, SOD1 and SOD2 were evaluated. The result obtained from the study revealed that the
consumption of 30 mg/dL of black rice anthocyanins prolonged the lifespan by 14% of the fruit flies.
Moreover, the downregulated gene expression of Mth and the upregulated gene expression of CAT,
Rpn11, SOD1 and SOD2 was recorded [156]. Huang et al. also conducted a study on a subacute ageing
mice model to assess the effect of black rice anthocyanins, and found that black rice anthocyanins
exhibit anti-ageing, anti-fatigue and anti-hypoxic properties [157].

5.2. Carotenoids

Carotenoids are vitamin A derivates, such as lycopene and β-carotene, which are known to
possess high antioxidant potential as well as photoprotective characteristics [158]. β-carotene and
lycopene can moderately improve skin texture [159].
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β-Carotene is obtained from various plant sources, such as carrots, mangoes, papaya and
pumpkins, among others [160]. It has emerged as a significant carotenoid owing to its characteristics,
such as pro-vitamin-A activity, lipid radical scavenging activity and single oxygen quenching
properties [161]. β-Carotene has been reported to avert erythema induced by UV rays and possess
excellent photoprotection properties [162]. Reports have suggested the association of cellular ageing
with low β-Carotene levels in plasma. A study conducted on 68 old-age subjects showed that
β-carotene might modulate telomerase activity in older adults [163]. On the other hand, there are
well-known ill effects of supplementary beta carotene for smokers, leading to the progression of lung
cancer. A pioneering study in 1994 was published in the New England Journal of Medicine by the
alpha tocopherol, beta carotene cancer prevention study group. This study reported that there was
an unexpected observation of a greater incidence of lung cancer in men receiving supplementary
beta-carotene, as opposed to those who did not [164].

Lycopene is a red carotene, carotenoid and phytochemical present in numerous fruits and
vegetables such as papayas, watermelons, tomatoes, carrots and others [4]. It possesses a high single
oxygen quenching potential, but lacks vitamin A activity [165]. Moreover, a study confirmed the role
of lycopene in attenuating oxidative damage in tissues. Upon exposure to UV light, it was observed
that more skin lycopene was destroyed in contrast to β-carotene [166]. Products of lycopene have
also been reported to be effective against cancerous cells, in addition to their potential to significantly
reduce MMP-1 activity, which is known to degrade collagen [167]. Both lycopene and β-carotene,
dominant carotenoids found in human tissues and blood, are known to regulate skin properties [168].
In a very recently published paper, Cheng and co-workers reported that lycopene induces the base
excision repair pathway in vitro in A549 cells. This study has opened a molecular pathway, which needs
further investigation in vivo and in animal models [169].

5.3. Vitamins

Vitamin C is commonly known as ascorbic acid, and is a highly water-soluble vitamin [170].
This colorless compound has high antioxidant potential owing to its strong reducing nature [171].
The photosensitive ascorbic acid works best in a hydrophilic environment [172]. This crystalline
compound is not synthesized in humans; therefore, it has to be taken in the regular diet [173].
Diets should be supplemented with vitamin C-rich sources, such as oranges, broccoli, brussels sprouts,
green peppers, strawberries, kiwifruit and grapefruit, to avoid the vitamin C deficiency associated
health problems like cardiovascular diseases, scurvy, and others [174]. Ascorbic acid has a high
antioxidant potential and free radical-scavenging properties, which helps in preventing the oxidation
of tissues, cell membranes and macromolecules (DNA and proteins) by free radicals [173].

Vitamin E is a fat-soluble membrane-bound compound which has high free radical-scavenging
as well as antioxidant potential [175]. This nonenzymatic antioxidant is found in wheat germ oil,
safflower oil, sunflower oil, vegetables, peanuts, corn, almonds, soy and meat [176]. A deficiency of
vitamin E in the body may lead to the development of various health conditions in infants, such as
dryness, papular erythema, depigmentation and oedema [177]. Vitamin E consumption helps in
combating skin ageing symptoms due to its efficacy in preventing the peroxidation of lipids and the
cross-connection of collagen fibers [4]. Vitamin E has been proven to relieve sunburn and UV-associated
skin damage [178].

Both vitamins C and E work synergistically. For instance, when UV-induced molecules
oxidize the cellular constituents, a chain reaction of lipid peroxidation starts in the membrane
rich in polyunsaturated fatty acids. During this, d-α-tocopherol (antioxidant) gets oxidized to the
tocopheroxyl radical and regenerates itself through ascorbic acid [179,180]. Different food sources
such as corn, seeds, vegetable oils (sunflower oil and safflower oil) and soy are rich in tocopherol [4].
Moreover, the consumption of vitamin E from natural sources help against lipid peroxidation and
collagen cross-linking, as both are associated with skin ageing. Additionally, topically applied vitamin
E has also been reported to reduce chronic UVB-induced skin damage, erythema, sunburned cells
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and photocarcinogenesis [181,182]. A deficiency of vitamin E is also associated with a syndrome of
edema with seborrheic changes, as well as depigmentation and dryness in premature infants [183].
Ekanayake-Mudiyanselage and Thiele, upon analyzing their study, stated that the level of vitamin E is
dependent on the density of sebaceous glands in the skin. The oral supplementation of α-tocopherol
for three weeks has been shown to cause a substantial increase in vitamin E levels in the sebaceous
gland, especially on the face [184]. In a comparative study, the oral consumption of both vitamin
C and E has been shown to improve the photoprotective effect in contrast to monotherapies [185].
Another study was conducted on 33 participants who received 100 or 180 mg vitamin C or placebo
per day for four weeks. The result obtained from the study revealed that orally consumed vitamin C
improved the radical scavenging activity of the skin by 22% (for 100 mg) and 37% (for 180 mg) from the
baseline [87]. In the study by the alpha-tocopherol and beta carotene cancer prevention study group,
it was found that vitamin E has insignificant effects on the prevention of lung cancer [164].

Nutraceuticals, functional foods and dietary supplements encompass a large group of compounds
which are well known to improve health [186]. Functional foods have gained global attention owing to
their impact on improving the symptoms of skin ageing [187]. Notably, fruits constitute an essential
source of active metabolites used to curb skin ageing symptoms, as they are enriched with phenolic
compounds, carotenoids and ascorbic acid, and possess high antioxidant potential [188]. The various
plants and their components with anti-ageing potential are listed in Table 1.
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6. Concluding Remarks

Ageing is a complex and progressive biological process, which gets affected by environmental
and genetic factors. Nowadays, ageing is also linked with the consumption of an imbalanced diet
deficient in many essential nutrients. Lately, nutraceuticals have gained appreciation and are being
considered as a crucial element in improving life and providing antioxidant-containing molecules.
Various vegetables and fruits contain antioxidant molecules with beneficial properties that can help
in delaying the process of ageing. Moreover, these nutraceuticals do not show unwanted symptoms;
instead, they have a beneficial impact on the digestive system. Therefore, nutraceuticals as food
supplements have promising potential in combating as well as delaying the ageing process. The benefits
associated with nutraceuticals prompts their incorporation into the diet for health benefits and long life.
The current review meticulously summarizes the anti-ageing effects of plant-based supplements and
plant-derived metabolites. Since most of the data have been obtained in vitro, caution is advised for
inferring the clinical applicability of in vitro-tested molecules. Referencing, examining and confirming
the human trial data is highly recommended.
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68. Kocaadam, B.; Şanlier, N. Curcumin, an active component of turmeric (Curcuma longa), and its effects on
health. Crit. Rev. Food Sci. Nutr. 2017, 57, 2889–2895. [CrossRef] [PubMed]

69. Prasad, S.; Aggarwal, B.B. Turmeric, the golden spice: From traditional medicine to modern medicine.
In Herbal Medicine: Biomolecular and Clinical Aspects: Second Edition; CRC Press: Boca Raton, FL, USA, 2011;
pp. 263–288. ISBN 9781439807163.

70. Tomeh, M.A.; Hadianamrei, R.; Zhao, X. A review of curcumin and its derivatives as anticancer agents. Int. J.
Mol. Sci. 2019, 20, 1033. [CrossRef] [PubMed]

71. Desai, S.J.; Prickril, B.; Rasooly, A. Mechanisms of Phytonutrient Modulation of Cyclooxygenase-2 (COX-2)
and Inflammation Related to Cancer. Nutr. Cancer 2018, 70, 350–375. [CrossRef] [PubMed]

72. Engwa, G.A. Free Radicals and the Role of Plant Phytochemicals as Antioxidants Against Oxidative
Stress-Related Diseases. In Phytochemicals-Source of Antioxidants and Role in Disease Prevention;
InTech: London, UK, 2018.

73. Lima, C.F.; Pereira-Wilson, C.; Rattan, S.I.S. Curcumin induces heme oxygenase-1 in normal human skin
fibroblasts through redox signaling: Relevance for anti-aging intervention. Mol. Nutr. Food Res. 2011,
55, 430–442. [CrossRef]

74. Soh, J.W.; Marowsky, N.; Nichols, T.J.; Rahman, A.M.; Miah, T.; Sarao, P.; Khasawneh, R.; Unnikrishnan, A.;
Heydari, A.R.; Silver, R.B.; et al. Curcumin is an early-acting stage-specific inducer of extended functional
longevity in Drosophila. Exp. Gerontol. 2013, 48, 229–239. [CrossRef]

75. Shen, L.-R.; Parnell, L.D.; Ordovas, J.M.; Lai, C.-Q. Curcumin and aging. BioFactors 2013, 39, 133–140.
[CrossRef]

76. Lee, K.S.; Lee, B.S.; Semnani, S.; Avanesian, A.; Um, C.Y.; Jeon, H.J.; Seong, K.M.; Yu, K.; Min, K.J.; Jafari, M.
Curcumin extends life span, improves health span, and modulates the expression of age-associated aging
genes in drosophila melanogaster. Rejuvenation Res. 2010, 13, 561–570. [CrossRef]

77. He, Y.; Yue, Y.; Zheng, X.; Zhang, K.; Chen, S.; Du, Z. Curcumin, inflammation, and chronic diseases: How are
they linked? Molecules 2015, 20, 9183–9213. [CrossRef] [PubMed]

78. Olszanecki, R.; Jawien, J.; Gajda, M.; Mateuszuk, L.; Gebska, A.; Korabiowska, M.; Chlopicki, S.; Korbut, R.
Effect of curcumin on atherosclerosis in apoE-LDLR-double knockout mice. J. Physiol. Pharmacol. 2005,
4, 627–635.

79. Swamy, A.V.; Gulliaya, S.; Thippeswamy, A.; Koti, B.C.; Manjula, D.V. Cardioprotective effect of curcumin
against doxorubicin-induced myocardial toxicity in albino rats. Indian J. Pharmacol. 2012, 44, 73–77. [CrossRef]
[PubMed]

80. Ryan, J.L.; Heckler, C.E.; Ling, M.; Katz, A.; Williams, J.P.; Pentland, A.P.; Morrow, G.R. Curcumin for
radiation dermatitis: A randomized, double-blind, placebo-controlled clinical trial of thirty breast cancer
patients. Radiat. Res. 2013, 180, 34–43. [CrossRef] [PubMed]

81. Ray Hamidie, R.D.; Yamada, T.; Ishizawa, R.; Saito, Y.; Masuda, K. Curcumin treatment enhances the effect
of exercise on mitochondrial biogenesis in skeletal muscle by increasing cAMP levels. Metabolism 2015,
64, 1334–1347. [CrossRef] [PubMed]

82. Cox, K.H.M.; Pipingas, A.; Scholey, A.B. Investigation of the effects of solid lipid curcumin on cognition and
mood in a healthy older population. J. Psychopharmacol. 2015, 29, 642–651. [CrossRef]

83. Yadav, S.S.; Singh, M.K.; Singh, P.K.; Kumar, V. Traditional knowledge to clinical trials: A review on
therapeutic actions of Emblica officinalis. Biomed. Pharmacother. 2017, 93, 1292–1302. [CrossRef]

84. Kapoor, M.P.; Suzuki, K.; Derek, T.; Ozeki, M.; Okubo, T. Clinical evaluation of Emblica Officinalis Gatertn
(Amla) in healthy human subjects: Health benefits and safety results from a randomized, double-blind,
crossover placebo-controlled study. Contemp. Clin. Trials Commun. 2020, 17, 100499. [CrossRef]

35



Nutrients 2020, 12, 3008

85. Wilson, D.W.; Nash, P.; Singh, H.; Griffiths, K.; Singh, R.; De Meester, F.; Horiuchi, R.; Takahashi, T. The role
of food antioxidants, benefits of functional foods, and influence of feeding habits on the health of the older
person: An overview. Antioxidants 2017, 6, 81. [CrossRef]

86. Hasan, M.R.; Islam, M.N.; Islam, M.R. Phytochemistry, pharmacological activities and traditional uses of
Emblica officinalis: A review. Int. Curr. Pharm. J. 2016, 5, 14–21. [CrossRef]

87. Lauer, A.C.; Groth, N.; Haag, S.F.; Darvin, M.E.; Lademann, J.; Meinke, M.C. Dose-dependent vitamin
C uptake and radical scavenging activity in human skin measured with in vivo electron paramagnetic
resonance spectroscopy. Skin Pharmacol. Physiol. 2013, 26, 147–154. [CrossRef] [PubMed]

88. Bhattacharya, A.; Ghosal, S.; Bhattacharya, S.K. Antioxidant activity of tannoid principles of Emblica
officinalis (amla) in chronic stress induced changes in rat brain. Indian J. Exp. Biol. 2000, 38, 877–880.
[PubMed]

89. Bhattachary, S.K.; Bhattacharya, D.; Muruganandam, A.V. Effect of Emblica officinalis tannoids on a rat
model of tardive dyskinesia. Indian J. Exp. Biol. 2000, 38, 945–947. [PubMed]

90. Dhingra, D.; Joshi, P.; Gupta, A.; Chhillar, R. Possible Involvement of Monoaminergic Neurotransmission
in Antidepressant-like activity of Emblica officinalis Fruits in Mice. CNS Neurosci. Ther. 2012, 18, 419–425.
[CrossRef] [PubMed]

91. Isah, T. Rethinking Ginkgo biloba L.: Medicinal uses and conservation. Pharmacogn. Rev. 2015, 9, 140–148.
[CrossRef]

92. Mashayekh, A.; Pham, D.L.; Yousem, D.M.; Dizon, M.; Barker, P.B.; Lin, D.D.M. Effects of Ginkgo biloba
on cerebral blood flow assessed by quantitative MR perfusion imaging: A pilot study. Neuroradiology 2011,
53, 185–191. [CrossRef]

93. Zuo, W.; Yan, F.; Zhang, B.; Li, J.; Mei, D. Advances in the studies of Ginkgo biloba leaves extract on
aging-related diseases. Aging Dis. 2017, 8, 812–826. [CrossRef]

94. Van Beek, T.A. Chemical analysis of Ginkgo biloba leaves and extracts. J. Chromatogr. A 2002, 967, 21–55.
[CrossRef]

95. Huang, S.Z.; Luo, Y.J.; Wang, L.; Cai, K.Y. Effect of ginkgo biloba extract on livers in aged rats.
World J. Gastroenterol. 2005, 11, 132–135. [CrossRef]

96. Belviranli, M.; Okudan, N. The effects of Ginkgo biloba extract on cognitive functions in aged female rats:
The role of oxidative stress and brain-derived neurotrophic factor. Behav. Brain Res. 2015, 278, 453–461.
[CrossRef]

97. Liu, H.; Ye, M.; Guo, H. An Updated Review of Randomized Clinical Trials Testing the Improvement of
Cognitive Function of Ginkgo biloba Extract in Healthy People and Alzheimer’s Patients. Front. Pharmacol.
2020, 10, 1688. [CrossRef] [PubMed]

98. Pastorino, G.; Cornara, L.; Soares, S.; Rodrigues, F.; Oliveira, M.B.P.P. Liquorice (Glycyrrhiza glabra):
A phytochemical and pharmacological review. Phyther. Res. 2018, 32, 2323–2339. [CrossRef] [PubMed]

99. Frattaruolo, L.; Carullo, G.; Brindisi, M.; Mazzotta, S.; Bellissimo, L.; Rago, V.; Curcio, R.; Dolce, V.; Aiello, F.;
Cappello, A.R. Antioxidant and anti-inflammatory activities of flavanones from glycyrrhiza glabra L. (licorice)
leaf phytocomplexes: Identification of licoflavanone as a modulator of NF-kB/MAPK pathway. Antioxidants
2019, 8, 186. [CrossRef] [PubMed]

100. Grodzicki, W.; Dziendzikowska, K. The role of selected bioactive compounds in the prevention of alzheimer’s
disease. Antioxidants 2020, 9, 229. [CrossRef] [PubMed]
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Abstract: Recent interest in protein intake per meal is observed in studies that have reported
the protein intake patterns in different countries; however, comparisons of these data are lacking.
We aimed to compare protein intake patterns and the percentage of inadequate protein intake (IPI)
per day and meal in older adults from different countries. We acquired data of protein intake in
older adults from four countries (Mexico, United States of America, Germany, and United Kingdom).
We compared protein intake (per day and meal), IPI per day and meal, and the number of meals with
an adequate protein content among countries. The IPI per day significantly differed among countries
for <0.8 and <1.0 (both p < 0.001), but not for <1.2 g/kg/d (p = 0.135). IPI per meal (<30 g/meal) did not
differ among countries at breakfast (p = 0.287) and lunch (p = 0.076) but did differ at dinner (p < 0.001).
Conversely, IPI per meal (<0.4 g/kg/meal) significantly differed among countries at breakfast, lunch,
and dinner (all p < 0.001). The percentage of participants that ate ≥30 g/meal or ≥0.4 g/kg/meal at
zero, one, and two or three meals per day significantly differed among countries (all p < 0.05). IPI at
breakfast and lunch (<30 g/meal) was a common trait in the analyzed samples and might represent
an opportunity for nutritional interventions in older adults in different countries.

Keywords: breakfast; meals; older adults; protein intake

1. Introduction

The ageing process in humans encompasses many changes that ultimately lead to undesirable clinical
conditions like a higher fat deposition, osteoporosis, sarcopenia, frailty, and physical disability [1,2].
Current research on ageing focuses on decreasing the risk of developing the previously mentioned
conditions and designing effective interventions to improve the patient’s health [3–5].

Regarding sarcopenia, frailty, and physical disability, protein intake is one of the several factors
linked to these clinical conditions [6]. A growing body of evidence suggests that daily protein
intake above the recommended dietary allowance (R.D.A.) of 0.8 g/kg/d is associated with better
physical performance, maintenance or even an increase in muscle mass, and decreased risk of physical
disability. Therefore, it has been suggested to set the protein recommendation to a higher dose of
1.0–1.2 g/kg/d [7–10].
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Additionally, it seems that other traits, like protein intake per meal and protein distribution,
should be considered along with daily protein intake [11,12]. Nonetheless, the evidence is equivocal;
other studies suggest that the protein intake pattern might not be an important variable to consider
in terms of skeletal muscle-related outcomes (e.g., strength and functionality) [12–14]. The studies
supporting the importance of protein distribution in older adults suggest that the consumption
of 30 g of protein per meal or 0.4 g/kg per meal are associated with a higher skeletal muscle
mass and strength and maximally stimulates muscle protein synthesis, respectively [15,16]. In this
regard, some studies suggested that inadequate protein intake (<30 g/meal or <0.4 g/kg/meal) at
specific meals might be a risk factor to consider as it is associated to a lower skeletal muscle mass,
muscle strength, and functionality [17–19]. On the other hand, the number of meals that reach a protein
content ≥30 g/meal or ≥0.4 g/kg/meal appears to be a protective factor as they are associated with
a higher skeletal muscle mass, muscle strength, and lower physical disability [15,20,21]. Therefore,
determining the percentage of older adults for both indicators might help visualize the magnitude of
these two possible risk and protective factors.

Several studies have focused their attention on analyzing dietary protein intake patterns in older
adults in different countries [14,19–27]. Nonetheless, to the best of our knowledge, direct comparisons
of protein intake patterns among countries are lacking [28]. Similarly, the comparison of the percentage
of older adults that did not eat enough protein per day (i.e., 0.8, 1.0, and 1.2 g/kg/d) or per meal
(30 g/meal; 0.4 g/kg/meal) among countries is missing. These comparisons among countries might serve
as a starting point to understand the magnitude of this situation, because comparisons would help us
to determine if these different samples share common issues, allowing us to identify protein-eating
patterns to be improved.

Therefore, this exploratory study aimed to (1) compare dietary protein intake patterns among
older adults from four countries, (2) report and compare data of inadequate protein intake per day and
per meal among older adults from four countries, and (3) analyze if these comparisons would yield
similar results when the analysis was separated by sex. We hypothesized that dietary protein intake
patterns would be different, but inadequate protein intake would be similar among countries. Likewise,
we hypothesized that the comparisons among countries separated by sex would yield different patterns
(e.g., if protein at breakfast differs among countries in women but not in men) and that the whole
sample pattern would be the same in women but not in men.

2. Materials and Methods

2.1. Study Design and Data Acquisition

This is an exploratory analysis carried out with data from previously published articles where
authors reported protein intake per day and meal in adults aged ≥60 years. Corresponding authors
were contacted to gather demographic and protein intake data. We acquired data from two studies
of two countries (Germany [14] and the United Kingdom [U.K.] [24]), from the National Health and
Nutrition Examination Survey (NHANES) 2015–2016 publicly available database representing the
United States of America (U.S.A.) [29], and data from our previous work in Mexico [18,20], all with
cross-sectional designs.
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To analyze the NHANES sample, we included data from participants with the following
characteristics: (1) aged ≥60 year; (2) they were born in the U.S.A.; (3) reported an energy intake ≥600
and ≤4000 kcal/day; and (4) had complete data for age, height, and body mass. From these records
(n = 1039, 50% women), we randomly selected 200 subjects (100 per sex to keep the sex proportion) to
decrease the differences in sample size among groups. There were no significant differences between
included and nonincluded subjects (n = 839) for age (p = 0.81), body mass (p = 0.55), height (p = 0.38),
BMI (p = 0.98), nor total protein intake per day (p = 0.15). This sample was not weighted according to
the NHANES complex study design as the other studies did not follow the same sampling design.

All studies independently coded the three main meals (i.e., breakfast, lunch, and dinner),
and reported that they obtained participants’ written informed consent and ethical approval from their
local institution before any assessment. Table 1 shows an overview of the included samples.

2.2. Protein Intake Variables

When studies reported two or more days of dietary assessment, we averaged the protein intake
per day and per meal, and we used these averages for further analysis. We calculated relative protein
intake per day (g/kg body mass/d) and per meal (g/kg body mass/meal), meal contribution to total
daily protein (%), and protein distribution coefficient of variation in addition to the absolute protein
intake per day (g/d) and per meal (g/meal).

Meal contribution to total protein was calculated as:

Meal contributrion = PM/TP × 100, (1)

where PM is the protein reported for any given meal (g) and TP is the total daily protein intake (g).
The protein distribution coefficient of variation (PDCV) was calculated as:

PDCV = SDP/MP, (2)

where SDP is the standard deviation of the three main meals and MP is the mean protein intake for the
three main meals.

2.3. Inadequate Protein Intake

Inadequate protein intake (IPI) was considered as any protein consumption <0.8 (IPID-0.8),
<1.0 (IPID-1.0), and<1.2 (IPID-1.2) g/kg/d [7,8] or<30 g/meal (IPIM-30) and<0.4 g/kg/meal (IPIM-0.4) [15,16].
We reported IPIM-30 and IPIM-0.4 for each main meal. We also counted the number of meals
per day (coded as zero [0M], one [1M], and two or three meals [+2M]) with ≥30 g protein and
≥0.4 g protein/kg each.
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2.4. Statistics

Continuous data were expressed in mean ± standard deviation, while categorical and ordinal
data in frequencies, percentages, and 95% confidence intervals. To compare the continuous variables
among countries, we performed one-way ANOVAs with Scheffe test as post hoc when Levene’s test
suggested homogeneity of variances (p > 0.05). Otherwise, one-way ANOVAs with Welch’s correction
and Dunnett T3 test as post hoc were performed (Microsoft® Excel® 2013, Microsoft Corporation,
Redmond, WA, USA). To compare the categorical and ordinal variables among countries, we used
the χ2 test of independence (GraphPad Prism 7.05, GraphPad Software Inc., La Jolla, CA, USA) and
multiple t-tests for proportions with Bonferroni correction as post hoc (Statistics calculator v4.0, StatPac,
Northfield, MN, USA). All comparisons were deemed significant at a p-value ≤ 0.05. Effect sizes were
calculated for ANOVAs (omega squared, ω2) and χ2 tests of independence (phi statistic, ϕ). Both effect
size statistics are dimensionless and range between 0 and 1. An effect size was considered small,
medium, or large if ω2 reached 0.01, 0.06, or 0.14, respectively; the respective values for ϕ were 0.1, 0.3,
0.5 [30,31]. Effect sizes below the “small” cut point were considered trivial [32]. The difference between
the highest mean and the lowest mean was reported along with the effect size. The comparisons among
countries were carried out for the whole sample and separated by sex.

3. Results

3.1. Demographic Data

There were significant differences among countries for all demographic data. Mexico showed the
highest women proportion while Germany the lowest (25% difference, small effect). Age, body mass,
and height comparisons showed a large effect. The oldest participants came from Mexico, Germany,
and U.K. in contrast to those in U.S.A. (8-year difference). The heaviest participants belonged to
U.S.A. (20 kg difference vs. Mexico), and U.S.A. and Germany showed the tallest participants (13 cm
difference vs. Mexico). The B.M.I. comparison showed a medium effect with U.S.A. having the heaviest
participants (3.3 units difference vs. Germany) (Table 2). A similar pattern was observed in women
(Table S1) and men (Table S2).

3.2. Protein Intake

For absolute protein intake (g), U.K., U.S.A., and Germany showed the highest protein consumption
per day (19 g difference vs. Mexico, medium effect). Mexico, U.S.A., and Germany showed the highest
intake at breakfast (3 g difference vs. U.K., trivial effect). In comparison, U.K. and U.S.A. showed the
highest intake at dinner (20 g difference vs. Mexico, large effect). There were no significant differences
among countries for protein intake at lunch (Table 2).

For relative protein intake (g/kg), U.K. showed the highest intake per day (0.22 g/kg difference vs.
U.S.A., small effect). Mexico showed the highest intake at breakfast (0.09 g/kg difference vs. U.S.A.,
medium effect). U.K. and Mexico showed the highest intake at lunch (0.15 g/kg difference vs. U.S.A.,
medium effect). U.K. showed the highest intake at dinner (0.29 g/kg difference vs. Mexico, large effect)
(Table 2).

Analyzing the percentage of meal contribution to total protein intake, Germany, and Mexico ate
most of their daily protein at lunch, whereas U.S.A. and U.K. did it at dinner. Mexico showed the highest
breakfast (13% difference vs. U.K., medium effect) and lunch contribution (12% difference vs. U.S.A.,
medium effect), whereas U.S.A. and U.K. showed the highest dinner contribution (19% difference
vs. Mexico, large effect). In terms of the PDCV, Germany showed the evenest protein distribution
(−0.17 units difference vs. U.K., small effect) (Table 2). The comparisons divided by sex showed a very
similar pattern to that observed of the whole sample, with slight differences in which countries differ
from one another (Tables S1 and S2). However, it is remarkable that there were no significant differences
among countries at breakfast and lunch (g) nor per day and breakfast (g/kg) in men (Table S2).
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3.3. Inadequate Protein Intake per Day

There were significant differences among countries for IPID-0.8, IPID-1.0, but not IPID-1.2.
For IPID-0.8, the highest percentage was observed in U.S.A. (43.0%) and Mexico (42.2%) (35% difference
vs. U.K., small effect). For IPID-1.0, U.S.A. (61.5%), Mexico (61.5%), and Germany (60.8%) showed
the highest percentages (35% difference vs. U.K., small effect). For IPID-1.2, percentages ranged from
65.8% in U.K. to 83.5% in Germany (Figure 1). A similar pattern was observed in women. However,
in men, there were no significant differences among countries for any cut point (Figure S1).

Figure 1. Comparison of inadequate protein intake per day with different cut points among four
countries. Bars represent the percentage of inadequate protein intake per day; whiskers represent
95% confidence intervals. p-values and ϕ statistic are for comparisons among countries within cut
points (χ2 test of independence). Bars not sharing a similar letter (a, b, c) denote significant differences
(p≤ 0.05) among countries within cut points (t-test for proportions with Bonferroni correction). g/kg/day:
grams of protein per kilogram of body mass per day; U.K.: United Kingdom; U.S.A.: United States of
America. Detailed data can be found in Table S3.

3.4. Inadequate Protein Intake per Meal

For IPIM-30, there were no significant differences among countries at breakfast (range 91.5% in
U.S.A. to 97.4% in U.K.) and lunch (range 63.2% in U.K. to 77.0% in U.S.A.). However, there were
significant differences at dinner, where Mexico (96.8%) showed the highest percentage (60% difference
vs. U.K., medium effect) (Figure 2a). The pattern was very similar when comparisons were separated
by sex (Figure S2a,b).

For IPIM-0.4, there were significant differences among countries for the three meals. At breakfast,
U.K. (97.4%), U.S.A. (94.0%), and Germany (90.7%) showed the highest percentages (20% difference vs.
Mexico, small effect). At lunch, U.S.A. (80.5%) and Germany (72.2%) showed the highest percentages
(31% difference vs. Mexico, small effect). At dinner, Mexico (92.0%) showed the highest percentage
(61% difference vs. U.K., medium effect) (Figure 2b). The pattern was very similar when comparisons
were separated by sex (Figure S2c,d).
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Figure 2. Comparison of inadequate protein intake per meal (breakfast, lunch, and dinner) among
four countries depending on the protein content at each meal as <30 g/meal (a) or <0.4 g/kg body
mass/meal (b). Bars represent the percentage of inadequate protein intake per meal; whiskers represent
95% confidence intervals. p-values and ϕ statistic are for comparisons among countries within
meals (χ2 test of independence). Bars not sharing a similar letter (a, b, c, d) denote significant
differences (p ≤ 0.05) among countries within meals (t-test for proportions with Bonferroni correction).
U.K.: United Kingdom; U.S.A.: United States of America. Detailed data can be found in Table S3.

3.5. Number of Meals per Day with Adequate Protein Content

When the ≥30 g protein/meal criterion was used, Mexico (61.0%) and Germany (60.8%) showed
the highest percentages of 0M (50% difference vs. U.K., small effect), U.K. (76.3%) showed the highest
percentage of 1M (48% difference vs. Germany, small effect), whereas U.S.A. (14.5%) showed the
highest percentage of +2M (10% difference vs. Mexico, small effect) (Figure 3a). The pattern was
similar when comparisons were separated by sex, except there were no significant differences among
countries for +2M for either sex (Figure S3a,b).
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Figure 3. The number of meals per day containing ≥30 g protein (a) or ≥0.4 g protein/kg body mass (b)
compared among countries. Bars represent the percentage of participants that reported the number of
meals per day (zero, one, and two or three) with the mentioned protein content; whiskers represent
95% confidence intervals. p-values and ϕ statistic are for comparisons among countries within the
number of meals (χ2 test of independence). Bars not sharing a similar letter (a, b, c) denote significant
differences (p≤ 0.05) among countries within the number of meals (t-test for proportions with Bonferroni
correction). U.K.: United Kingdom; U.S.A.: United States of America. Detailed data can be found in
Table S3.

When the ≥0.4 g protein/kg/meal criterion was used, Germany (57.7%) and U.S.A. (48.5%) showed
the highest percentages of 0M (50% difference vs. U.K., small effect), whereas U.K. (73.7%) showed the
highest percentage of 1M (42% difference vs. Germany, small effect). In contrast, Mexico (19.8%) showed
the highest percentage of +2M (10% difference vs. U.S.A., small effect) (Figure 3b). The comparisons
separated by sex showed a different pattern to that observed in the whole sample. In women, there were
significant differences among countries for 0M and 1M, but not for +2M groups (Figure S3c). In men,
there were significant differences among countries for 0M, but not for 1M and +2M groups (Figure S3d).
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3.6. IPI Combined Results

When data from the four samples were combined (n = 522), we calculated the percentage of
IPID-0.8, IPID-1.0, IPID-1.2, IPIM-30, IPIM-0.4, and the number of meals with an adequate protein
content (Table 3). Briefly, we observed that there was about a 20% increase in the percentage of IPI
per day every time when the cut point was increased. For both IPIM-30 and IPIM-0.4, breakfast was
the meal with the highest percentage, followed by dinner and lunch. For both ≥30 g/meal and
≥0.4 g/kg/meal criteria, eating 0M was the most condition, followed by 1M and +2M.

Table 3. Combined data (n = 522) from the four samples analyzed.

n (%) (95% CI)

IPID-0.8 194 (37.2) (33.1–41.4)
IPID-1.0 307 (58.8) (54.5–63.0)
IPID-1.2 404 (77.4) (73.6–80.8)

IPIM-30

Breakfast 483 (92.5) (89.9–94.5)
Lunch 373 (71.5) (67.4–75.2)
Dinner 388 (74.3) (70.4–77.9)

IPIM-0.4

Breakfast 457 (87.5) (84.4–90.1)
Lunch 347 (66.5) (62.3–70.4)
Dinner 390 (74.7) (70.8–78.3)

Number of meals with ≥30 g/meal

Zero 261 (50.0) (45.7–54.3)
One 208 (39.8) (35.7–44.1)

Two or three 53 (10.2) (7.8–13.0)

Number of meals with ≥0.4 g/kg/meal

Zero 233 (44.6) (40.4–48.9)
One 215 (41.2) (37.0–45.5)

Two or three 74 (14.2) (11.4–17.4)

95% CI: 95% confidence intervals; IPID-0.8: inadequate protein intake per day (<0.8 g/kg/d); IPID-1.0: inadequate
protein intake per day (<1.0 g/kg/d); IPID-1.2: inadequate protein intake per day (<1.2 g/kg/d); IPIM-30: inadequate
protein intake per meal (<30 g/meal); IPIM-0.4: inadequate protein intake per meal (<0.4 g/kg/meal).

4. Discussion

To the best of our knowledge, this is the first study that compares dietary protein intake patterns
and the percentage of IPI per day and per meal among countries. While there are studies where dietary
protein intake patterns were reported, direct evidence about their differences was lacking. This study
demonstrates that some dietary protein intake patterns in older adults significantly differed among
countries, but they shared traits in IPI. For instance, three countries showed a similar percentage of
IPID-1.0 (>60%) and IPID-1.2 (>75%) (Figure 1). These high percentages of IPI per day might represent
a higher risk of lower physical functioning [9,10,33] and developing frailty [34,35].

Furthermore, the main finding of this study was that participants from all the analyzed samples
reported a high percentage of IPIM-30 at breakfast (>90%) and lunch (>60%) (Figure 2a). This is
relevant due to IPI at breakfast might also be attributable to breakfast skipping [36]. Although breakfast
skipping is less studied in older adults, evidence in their younger counterparts offers insight about what
to expect. For example, breakfast skipping was associated with lower skeletal muscle mass in young
adults [37], which seems feasible in older adults because meal skipping might lead to malnutrition [38]
and skeletal muscle loss [39]. Additionally, breakfast skipping is associated with a higher risk of
developing type 2 diabetes in adults of different ages (18–83 year) [40]. Moreover, breakfast has been
previously reported as a low-energy containing meal [36]. For instance, Huseinovic et al. [28] reported

52



Nutrients 2020, 12, 3156

that breakfast composed the lowest contribution to the daily energy intake in different European
countries, which we speculate might include IPIM-30. On the other hand, insufficient protein intake at
lunch is also associated with lower functionality and muscle mass decline [18,19]. Both eating occasions
might represent an opportunity for nutritional interventions in older adults in many countries; however,
breakfast appears to be a priority due to its larger percentage of inadequate protein intake.

We observed that most differences among countries could be attributable to women because the
pattern was very similar to that observed in the whole sample. However, while it appears to be a
sex-derived pattern in some variables (e.g., protein at breakfast and lunch), it is important to highlight
that there were more women than men in this analysis. Therefore, men could be underrepresented and
different patterns attributable to different sample sizes. Further research among countries with larger
men samples is recommended.

As previously mentioned, the evidence comparing eating patterns among countries is scarce,
and the available studies are focused on eating occasions, meal frequency, and meal energy content,
rather than protein intake per meal [28,36,41]. Therefore, it is difficult to draw comparisons with the
previous evidence. However, we can see that our results are supported by drawing inferences from
other studies; i.e., IPI per day may differ among countries [42,43], but IPI at breakfast appears to be
high [43,44]. Although an “all countries” comparison might not be reliable, we believe it would be
of interest to compare countries sharing a geographical area (e.g., North America, South America,
and Western Europe) and among states/provinces within countries. It would lead to data about the
magnitude of the problem in specific regions to design concrete strategies to overcome this problem.

Another important finding is that about 90%, 70%, and 74% of the participants did not eat enough
protein at breakfast, lunch, and dinner, respectively (Table 3). Therefore, there is interest in strategies to
increase total dietary protein intake [4,5,45]. We [20] and others [15,21,46] have previously reported that
reaching an adequate protein content per meal (i.e., ≥30 g) is significantly associated with higher daily
protein intake and lower proportion of IPI per day (<1.2 g/kg/d). However, this practice is not usual.
We reported here that only about 15% of participants ate two or three meals with adequate protein
content (Table 3). This low proportion of compliance might be attributable to the lack of appetite and
some chewing difficulties commonly observed in older adults [5,6,47], thus making it challenging to
reach this protein amount with simple foods [47]. Some strategies, like mincing meat [48] and food
enrichment with protein [46], may help overcome the difficulties mentioned earlier. On the other hand,
about 45% of the participants did not eat enough protein at any meal (Table 3), which may be a concern
because their muscle protein synthesis might not be stimulated to its maximum level at any meal [11].
This low protein intake might lead to a negative protein balance, muscle loss, and possibly accelerating
the functional decline in the elderly [49,50].

In this study, the combined data suggested that about 40%, 60%, and 80% of the participants
showed IPI per day for the <0.8, <1.0, and <1.2 g/kg criteria (Table 3). These results are similar to
those recently reported by Hengeveld et al. [51]. In their meta-analysis, they found that when protein
intake was divided by the actual body weight (g/kg of actual body weight/day), the IPI was 29.1,
54.3, and 75.7%, respectively. Nevertheless, when they used the adjusted body weight (g/kg adjusted
body weight/day), the percentages of IPI were lower, 21.5%, 46.7%, and 70.8%, respectively. It is
important to note that Hengeveld et al. analyzed data from adults aged ≥55 year, belonging to large
cohorts (n = 410 to 2660) from different countries (U.S.A., the Netherlands, U.K., Canada, Finland,
and Italy) and that they performed complex statistics to came up with the previously mentioned
percentages. However, despite these differences in comparison to our study, they showed similar
results when the protein intake was reported with the actual body weight for the 1.0 and 1.2 g/kg/d
criteria. Nonetheless, the authors suggest using the adjusted body weight to decrease the chances of
over- or underestimation [25,51].
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It is important to consider this study’s limitations. First, meal identification varied among studies
(participant-identified [18,29]; time of the day [24]; time of the day and meal composition [14]); therefore,
it impedes us to analyze the specific hour when occurred. Thus, meals could be close to one another in
the time of the day but were categorized differently due to cultural traits [36]. Hence, it is difficult
to fully conclude differences among meals, at least at their respective timing (i.e., breakfast, lunch,
and dinner) [36]. This is one of the most important limitations to consider when translating results
regarding the timing of IPI and functionality in older adults [17,18]. Consequently, the number of
meals per day that reach adequate protein content might offer a better approach than meal timing
labelling. This number has shown significant associations with higher muscle mass, strength, and lower
risk of physical disability, even in samples that showed different protein eating patterns (e.g., eating
more protein at dinner [15] vs. lunch [20]). Thus, it is less likely to be affected by differences in meal
labelling [36].

Second, we did not analyze snacks because its categorization is more complex than with the
main meals [36]. Nevertheless, further studies should include them because some protein-rich foods
(e.g., dairy) might be commonly eaten at snacks [22,43]. In addition, snacks might represent as much
energy as a main meal when merged [28], and possibly, the same is true with protein intake.

Third, we had no data about the foods consumed (e.g., meat, dairy, and grains). Protein sources
are important because animal protein has a higher anabolic effect than vegetable proteins; this effect
is mainly attributable to higher amino acid availability in animal-based foods than those coming
from plant-based foods [52]. Therefore, the inclusion of data of ingested foods and food intake
patterns along the determination of IPI per day and per meal might help to understand their
combined role on health-related variables and which foods are associated with a lower probability of
inadequacy [19,53–55].

Fourth, there were different dietary assessment methods for all studies (Table 1), and each one
addresses the information from a different approach [56,57]. Moreover, the results should be interpreted
cautiously because recall methods are prone to underreporting when compared to doubly labelled
water, and two studies relied on one- and 2-days dietary recalls [20,29], which may poorly represent
the actual nutritional intake [58,59]. Additionally, the differences in the nutritional analysis due to
different food databases must be considered. It is important to highlight that data reported in this study
might differ from that in the original articles due to differences in how it was analyzed. For example,
Gingrich et al. [14] calculated the PDCV for each day of the 7-day diary and then averaged them.
Instead, we first averaged the 7-day protein intake, and then we calculated the PDCV. As mentioned in
the methods section, all databases followed the same procedure to average protein intake and made
comparisons possible.

Fifth, these results came from very localized samples and must not be deemed nationally
representative (Table 1). Instead, these data should be considered a glance into how the dietary
protein intake patterns are in these countries. In the case of NHANES, it is a nationally representative
study; however, we analyzed a sample of the available cases (200 out of 1039), and data were not
weighted according to the complex sampling design; therefore, it cannot be considered as nationally
representative. Comparisons of data coming from nationally representative studies deserve further
research [51]. Similarly, the combined data reported here should be regarded with caution for several
reasons: (1) it came from very different samples (Tables 1 and 2); (2) there are some studies reporting
protein intake per meal that were not included here, and the lack of these data surely affect the reported
percentages; and (3) the percentages were not weighted. A meta-analysis of the available evidence with
weighted pooled prevalence would help to overcome this limitation. We hope this work stimulates the
curiosity to carry out systematic reviews with meta-analysis in this area.
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The recruitment period may be another limitation. Although the recruitment years were close
to one another (about 3 years), this period may yield differences in dietary patterns within countries.
Similarly, the recruitment method differed among studies (Table 1). While all participants were
community-dwelling, there may be differences in sociodemographic (e.g., education and income)
and health-related variables (e.g., functionality and diagnosed diseases) (not included here) that may
explain the differences in the outcome variables instead of the geographical localization. The addition
and comparison of these variables for further studies are recommended. Additionally, mean ages
ranged from 71 to 79 year; this eight-year gap might have influenced the differences observed among
countries as older adults tend to eat less protein [23,25]. Finally, the differences in sample sizes in some
comparisons were considerable (38 vs. 200, min vs. max), affecting the statistical tests.

5. Conclusions

Inadequate protein intake at breakfast and lunch (<30 g/meal) was a common trait in the analyzed
samples, even though most dietary protein intake patterns differed among them. Therefore, these two
eating occasions might represent an opportunity for nutritional interventions in older adults in different
countries. Similarly, the consumption of two or three meals per day with adequate protein content is
less frequent. Further research is recommended to analyze if better dietary protein intake patterns
match with better functionality or other health-related variables.
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Abstract: Background: Hyperhomocysteinemia is considered a possible contributor to the complex
pathology of Alzheimer’s disease (AD). For years, researchers in this field have discussed the
apparent detrimental effects of the endogenous amino acid homocysteine in the brain. In this
study, the roles of hyperhomocysteinemia driven by vitamin B deficiency, as well as potentially
beneficial dietary interventions, were investigated in the novel AppNL-G-F knock-in mouse model
for AD, simulating an early stage of the disease. Methods: Urine and serum samples were
analyzed using a validated LC-MS/MS method and the impact of different experimental diets on
cognitive performance was studied in a comprehensive behavioral test battery. Finally, we analyzed
brain samples immunohistochemically in order to assess amyloid-β (Aβ) plaque deposition.
Results: Behavioral testing data indicated subtle cognitive deficits in AppNL-G-F compared to C57BL/6J
wild type mice. Elevation of homocysteine and homocysteic acid, as well as counteracting dietary
interventions, mostly did not result in significant effects on learning and memory performance, nor in
a modified Aβ plaque deposition in 35-week-old AppNL-G-F mice. Conclusion: Despite prominent
Aβ plaque deposition, the AppNL-G-F model merely displays a very mild AD-like phenotype at the
investigated age. Older AppNL-G-F mice should be tested in order to further investigate potential
effects of hyperhomocysteinemia and dietary interventions.

Keywords: hyperhomocysteinemia; vitamin B deficiency; Alzheimer’s disease; amyloid beta-peptides;
disease models; animal; memory and learning tests

1. Introduction

After decades of research, there is still a huge unmet medical need for novel interventions to
treat dementia-like disorders. In 2019 more than 50 million people were affected by dementia and the
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number could increase to about 152 million by 2050 [1]. Alzheimer’s disease (AD) is the most common
type of dementia, accounting for 2/3 of all cases [2]. More than 400 failures in drug development during
the last decades [3] have led to the consideration of alternative intervention options, e.g., repurposing,
combinatory approaches and preventive treatments [4].

The complex pathology of the disease is characterized by several hallmarks, such as prominent
extracellular amyloid plaques [5,6]. According to the amyloid cascade hypothesis, an alteration of
amyloid-β (Aβ) metabolism is the central pillar of AD pathology and crucially influences and initiates
other hallmarks [7]. In AD, initial pathologic processes progress decades before the first cognitive
symptoms appear in patients, a stage entitled preclinical Alzheimer’s [8]. Disruptions in amyloid
metabolism, as one of the first chronological hallmarks, potentially represent a relevant target for
preventive interventions in AD.

In order to further elucidate disease mechanisms and identify novel treatment options, the group
of Takaomi Saido at the RIKEN Center for Brain Science has developed a new generation of AD mouse
models. These knock-in (KI) mice provide advantages compared to transgenic models, which are
based on massive amyloid-β protein precursor (AβPP) overexpression with the result of artificial
phenotypes due to overproduction of other AβPP fragments aside from Aβ. In the AppNL-G-F model,
the murine AβPP sequence is humanized and three mutations are introduced. Swedish (NL), Arctic (G)
and Beyreuther/Iberian mutations (F) increase the total amount of Aβ and the Aβ42/Aβ40 ratio,
show pro-inflammatory effects and finally result in a three times faster memory impairment [9].

Elevated levels of the endogenous amino acid homocysteine (HCys), called hyperhomocysteinemia,
have been described as another hallmark of AD [10]. HCys is increased significantly in AD patients,
whereas levels of different B-vitamins are reduced compared to controls [11,12]. A remaining question
is whether hyperhomocysteinemia is merely a marker or whether it contributes causally to AD
pathology, thereby providing options for therapeutic intervention. Some authors describe the role of
plasma HCys as an independent risk factor for memory deficits and AD [13,14]. Consequently,
B-vitamin supplementation as a HCys-modifying intervention was proposed previously [15].
According to Smith et al., B-vitamins lowered HCys levels and subsequently slowed the rate
of brain atrophy and cognitive decline in patients [16,17]. However, a causal link between
hyperhomocysteinemia and Alzheimer’s disease, called the “homocysteine hypothesis”, has been a
source of controversy for years. Kennedy teased out the equivocal results of numerous studies in
detail [18]. Several studies neither support an association of HCys with AD nor an improvement
of cognitive performance by B-vitamin treatment [19,20]. Meta-analyses were conducted to assess
this topic, challenging the homocysteine hypothesis and amelioration of cognitive functions by
the use of folate and other B-vitamins [21,22]. In the context of an international consensus
statement, researchers assessed the homocysteine hypothesis as being plausible and considered
hyperhomocysteinemia a modifiable risk factor for dementia. Furthermore, they recommended
considering polyunsaturated fatty acids (PUFAs) in addition to B-vitamins for future trials [23].
PUFAs such as docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) are also suggested to
be linked to AD pathology and HCys metabolism [24,25], i.e., elevated HCys impairs the formation
of PUFAs and leads to a lower availability of PUFAs in the brain. B-vitamin treatment might only
be successful when PUFA plasma concentrations are in the upper normal range [26]. A more recent
systematic review points out that the evidence for nutrient supplementation remains limited and
indicates that more research is needed to assess preventive measures in dementia [27].

Transsulfuration and re-methylation are major metabolic pathways for HCys (Figure 1),
being dependent on an adequate supply of B-vitamins, particularly B6, B12 and folate [28]. As illustrated,
the relevant B-vitamins play key roles in intrinsically decreasing HCys levels and therefore correlate
negatively with HCys. Vitamin B12 and folate are crucial in providing methyl groups in the context
of the re-methylation cycle, whereas the transsulfuration pathway depends on vitamin B6 as an
essential enzymatic cofactor. Disturbed HCys metabolism (Figure 1) is likely to be linked to AD
pathology by direct and indirect neurotoxic pathways [24]. Neurotoxicity is caused by excitotoxicity via
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N-methyl-D-aspartate receptor (NMDA) activation and by increased levels of reactive oxygen species
promoting oxidative stress. Furthermore, excess HCys and subsequently a lack of methionine and
S-Adenosyl-L-methionine (SAM), as well as elevated S-Adenosyl-L-homocysteine (SAH), are associated
with a reduced methylation capacity and the inhibition of methylation reactions, which is suggested
to exacerbate amyloid and tau pathologies in AD. Moreover, HCys results in an activated immune
system, damages cerebral vessels and disrupts the blood-brain-barrier [24,29]. Both homocysteine
and its oxidative metabolite homocysteic acid (HCA) are considered neurotoxic [30,31], but HCA is
suggested to be the more potent species [32–34] and might contribute to dementia through oxidative
stress and excitotoxicity by NMDA activation. Both mechanisms have been considered relevant for
AD pathology [5,24].

 

Figure 1. Homocysteine (HCys) and homocysteic acid (HCA): metabolic role and link to
Alzheimer’s disease; involved enzymes (black boxes) linked to relevant B-vitamins (green boxes)
functioning as coenzymes or methyl donor (C1); SAM = S-Adenosyl-L-methionine; SAH =

S-Adenosyl-L-homocysteine.

The present exploratory animal study concentrates on the role of hyperhomocysteinemia, driven by
vitamin B deficiency, in the context of AD. Therefore, we used the novel and not yet fully characterized
AppNL-G-F knock-in mouse as a model of the disease. The AppNL-G-F mouse is expected to display a mildly
impaired phenotype, simulating the very early preclinical period of AD pathology and thus should
provide the possibility of assessing preventive interventions adequately. A versatile behavioral test
battery should firstly assess potential deterioration of cognitive performance by hyperhomocysteinemia.
Secondly, behavioral testing should clarify whether special diets enhance cognition and potentially
could serve as preventive measures for AD. Here, we compared B-vitamins and PUFAs with a more
complex micronutrient mixture similar to Fortasyn® Connect [35]. HCys and HCA levels were
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measured in urine and serum using a validated LC-MS/MS method (liquid chromatography-tandem
mass spectrometry) and the quantity of Aβ plaques in the brains was assessed.

2. Materials and Methods

A detailed description of all experimental procedures including the single behavioral testing
systems, analytical methodologies and quality parameters of the current study can be found
in Appendix A.

2.1. Animals and Experimental Diets

All experimental procedures were carried out in compliance with the ‘3R’ and in accordance
with the Principles of Laboratory Animal Care (National Institutes of Health publication no. 86-23,
revised 1985), the DIRECTIVE 2010/63/EU and the regulations of GV-SOLAS and were approved by
the local Ethics Committee for Animal Research in Darmstadt, Germany (approval number: F152/1011;
approval date: 31.07.2017). In the current study, 16 C57BL/6J wild type mice (WT) and 96 homozygous
AppNL-G-F knock-in (KI) mice, consisting equally of males and females, were included.

AIN93M chow served as a basis for the experimental diets and was modified, defining the different
groups of AppNL-G-F mice (Table 1). The exact composition of the diets is summarized in Table A1.
Each mouse received four grammes of diet per day, except for the period of food restriction for males
during the touchscreen PAL-task. Water was available ad libitum, except for the period of temporally
conditioned water access for females during the IntelliCage experiment.

Table 1. Details of the experimental groups.

Group Number Genotype Diet Abbreviation

1 C57BL/6J wild type Control C (WT)
2 AppNL-G-F knock-in Control C (KI)
3 AppNL-G-F knock-in Vitamin B deficient B-DEF
4 AppNL-G-F knock-in Vitamin B enriched B-ENR
5 AppNL-G-F knock-in PUFA supplemented PUFA-ENR
6 AppNL-G-F knock-in Vitamin B enriched and PUFA supplemented B+PUFA-ENR
7 AppNL-G-F knock-in Fortasyn® Connect-like FC

2.2. Behavioral Testing

The testing battery we conducted consisted of diverse behavioral tests investigating different
domains of cognition in the animals (Figure 2). At the age of 15 weeks, resp. 10 weeks on diet,
the mice were first tested in the open field, followed by the elevated zero maze, Barnes maze and social
interaction test. Finally, males were tested in a touchscreen task and females in the IntelliCage system.

Outcomes of every behavioral experiment were assessed automatically by camera or transponder
detection. All experiments were performed between 8 a.m. and 3 p.m. during the light phase.
After each trial, testing systems were cleaned with 70% ethanol to remove odors in the devices and to
achieve comparable conditions for each animal.

2.3. Sample Collection

As illustrated in Figure 2, serum and 24-h urine of the mice were sampled after 8 and 30 weeks on
experimental diets, resp. 13 and 35 weeks of age. The biological matrices were stored at −80 ◦C for
subsequent analysis of HCys and HCA. At the end of the study, we euthanized all animals at the age of
35 weeks in order to harvest the brains. Brains were removed and post-fixed in 4% paraformaldehyde,
followed by a stepwise dehydration, and embedding in paraffin. Ten μm thick sections were cut and
mounted on glass slides for subsequent immunohistochemical analysis.
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Figure 2. Time line of the study course; open field test (OF), elevated zero maze (EZM), Barnes maze
(BM), social interaction test (SI), touchscreen paired associates learning (PAL) inclusive training phase,
IntelliCage place learning task (PL) and reverse learning task (RL) inclusive habituation period;
see Appendix A for detailed explanations of the single tests.

2.4. Biochemical and Immunohistochemical Analyses

The determination of HCA was performed as previously described in detail [36] using a
combination of protein precipitation and solid phase extraction for sample preparation followed by an
LC–MS/MS analysis applying a combination of a HILIC separation and tandem mass spectrometry.
HCys was analyzed using protein precipitation in combination with reversed phase chromatography
and tandem mass spectrometry.

Brain sections were immunohistochemically stained for amyloid-β peptides (Aβ) using an
ABC/DAB protocol that is described in detail in Appendix A. After digitization of the sections,
we analyzed the resulting images for the area of Aβ plaques in several regions of interest (ROI;
Table A2), using ImageJ software.

2.5. Statistical Analyses

All experiments were statistically analyzed using IBM SPSS Statistics 25 (Ehningen, Germany).
For each test, we conducted an outlier analysis in order to exclude extreme outliers (more than
three times the interquartile range). Shapiro Wilk tests revealed whether Gaussian distribution
could be assumed or not. Because of several data sets, which did not show a normal distribution,
testing of statistically significant differences was computed by non-parametric Mann-Whitney-U-tests
(comparison 1: C57BL/6J (group 1) versus AppNL-G-F control (group 2); comparison 2: AppNL-G-F control
(group 2) versus AppNL-G-F on special diets (groups 3–7)). A p value lower than 0.05 was considered
statistically significant. Results were expressed as median± interquartile range (IQR). Where applicable,
medians were further compared to hypothetical medians using the non-parametric one-sample
Wilcoxon signed rank test.

Graphical presentation was performed using GraphPad Prism 7 software (San Diego, CA, USA).

3. Results

3.1. Homocysteine and Homocysteic Acid

LC-MS/MS analysis was performed in order to measure HCys and its oxidative metabolite HCA in
serum and urine samples. Vitamin B deficiency resulted in an elevation of both HCys and HCA serum
levels in males and females after 8 weeks on experimental diet (HCys male p < 0.001, female p = 0.001;
HCA (pooled) p< 0.001) (Figure 3A,C). A consistent statistically significant difference between C57BL/6J
wild type (WT) and AppNL-G-F knock-in (KI) mice was not observed. Dietary interventions resulted
in decreased serum levels of HCys (PUFA-ENR male p = 0.001, female p = 0.005; B+PUFA-ENR male
p < 0.001, female 0.026; FC male & female p < 0.001). Serum samples had to be pooled for an adequate
analysis of HCA because of low sample volumes obtained by vena facialis puncture (Figure 3C).
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Because of the resulting decreased number of observations, data are not depicted separately for males
and females in this case. After 30 weeks on the diet, vitamin B deficient males remained significantly
hyperhomocysteinemic (HCys p = 0.001; HCA p = 0.001), although to a lower extent, compared to
8 weeks on the diet, whereas females returned to baseline level due to the maintenance chow they
received during the IntelliCage tasks. Analysis of 24-h urine samples delivered data that were largely
comparable to the results from the serum samples. After 8 weeks on the diets (Figure 3E,G), both urinary
HCys and HCA were significantly elevated because of the vitamin B deficient chow (HCys male &
female p < 0.001; HCA male p = 0.001, female p = 0.035), whereas a genotype effect was not detectable.
Experimental diets resulted in decreased amounts of HCys (PUFA-ENR female p = 0.014) and HCA
(B-ENR female p = 0.001; PUFA-ENR female p = 0.022; FC female p = 0.040) in the urine compared to
KI control mice. After 30 weeks on diets (Figure 3F,H), males deficient in vitamin B6, B12 and folate
displayed elevated urinary amounts of HCys (p = 0.001) and HCA (p = 0.003), but to a lower extent
compared to that after 8 weeks on the diets. Vitamin B deficient females showed equal quantities to
the control groups due to the maintenance chow they had received during the IntelliCage tasks.

3.2. Open Field

This behavioral test aimed to evaluate locomotion, anxiety, and habituation behavior of the mice
during a 30-min session in the open field boxes. The total distance moved revealed no statistically
significant differences (Figure 4A). Consequently, locomotion activity was not influenced by genotype
or dietary intervention. The time the animals spent in the inner zone of the box, an indicator of anxiety,
was not affected by genotype or diet (Figure 4B). As a third parameter, the amount of intrasession
habituation was expressed by a habituation ratio (Equation (1)):

ratio intrasession habituation = (5 min(final))/((5 min(final) + 5 min(initial))) (1)

A ratio lower than 0.5 indicates habituation; a ratio of 0.5 means no change in activity, i.e., that no
habituation occurred as in the case of groups 2–6 in males and groups 3 and 5–6 in females. Females fed
with a vitamin B deficient chow displayed the least tendency to habituate; however, effects of
experimental diets did not reach statistical significance in comparison to the KI control group.
Female AppNL-G-F control mice displayed a significantly lower level of habituation compared to the
C57BL/6J WT control (p = 0.009), indicating an impact of the genotype (Figure 4C).

3.3. Elevated Zero Maze

We tested anxiety behavior of each mouse for a session duration of 5 min. C57BL/6J WT and
AppNL-G-F KI control mice moved equal distances in the maze; only male AppNL-G-F mice fed with a
vitamin B and PUFA enriched diet moved less than AppNL-G-F controls (p = 0.003) and thus displayed
lower locomotion activity (Figure 5A). The time spent in the open corridors of the maze was an index
for open space-induced anxiety in mice (Figure 5B). No genotype effect was observed between C57BL/6J
and AppNL-G-F mice, whereas different dietary interventions showed a reduction of cumulative time in
open corridors. Particularly, male mice fed with the combination of PUFA and vitamin B enriched chow
as well as with FC-like, spent significantly less time in the open corridors (B+PUFA-ENR p < 0.001;
FC p = 0.021) and thus displayed increased anxiety. In females, a reduced time in the open corridors
was observed in the vitamin B deficient group (p = 0.040) compared to KI control mice.
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Figure 3. Homocysteine (HCys) and homocysteic acid (HCA) urine and serum levels in 13 and
35 weeks old C57BL/6J and AppNL-G-F mice; 8 resp. 30 weeks on experimental diet; all samples analyzed
by LC-MS/MS; data presented as median ± IQR; outliers beyond threefold IQR removed; p < 0.05
(Mann-Whitney-U-test) considered statistically significant (*). (A) HCys serum levels; 8 weeks on diet.
(B) HCys serum levels; 30 weeks on diet. (C) HCA serum levels; 8 weeks on diet (males and females
pooled); samples pooled for analytical method due to low volumes obtained by vena facialis puncture.
(D) HCA serum levels; 30 weeks on diet. (E) HCys urine levels; 8 weeks on diet. (F) HCys urine levels;
30 weeks on diet. (G) HCA urine levels; 8 weeks on diet. (H) HCA urine levels; 30 weeks on diet.
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Figure 4. Open field test (30 min) in 15 weeks old C57BL/6J and AppNL-G-F mice; 10 weeks on
experimental diet; data presented as median ± IQR; outliers beyond threefold IQR removed; p < 0.05
(Mann-Whitney-U-test) considered statistically significant (*). (A) Total distance moved. (B) Percentage
of time spent in inner zone. (C) Intrasession habituation expressed as ratio between the distance moved
in the final time block divided by the sum of the final and the initial time block. (#) Ratio different from
0.5 (one-sample Wilcoxon signed rank test).

Figure 5. Elevated zero maze test (5 min) in 16 weeks old C57BL/6J and AppNL-G-F mice; 11 weeks on
experimental diet; data presented as median ± IQR; outliers beyond threefold IQR removed; p < 0.05
(Mann-Whitney-U-test) considered statistically significant (*). (A) Total distance moved. (B) Percentage
of time spent in open corridors.
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3.4. Barnes Maze

To investigate spatial memory and learning, the Barnes maze test was implemented in this study.
In the first part of the test, the acquisition phase, the mice had to learn and remember the location of
the escape box at the target hole. Figure 6A shows the latencies the mice needed to reach the target
hole on subsequent days of training in the acquisition phase. The graph indicates a learning curve in
every group. Tests on statistical significance were carried out for day 4 and revealed no differences at
this stage of the test. In the probe trial on day 5 (Figure 6B), the reference memory of the previously
learned target hole was tested. At this time, female AppNL-G-F controls needed significantly longer to
reach the target hole compared to the C57BL/6J WT control animals (p = 0.016). Vitamin B deficiency
and corresponding hyperhomocysteinemia did not result in a worse performance at any stage of the
Barnes maze test.

Figure 6. Barnes maze test in 17–18 weeks old C57BL/6J and AppNL-G-F mice; 12–13 weeks on
experimental diet; data presented as median ± IQR; outliers beyond threefold IQR removed; p < 0.05
(Mann-Whitney-U-test) considered statistically significant (*). (A) Latency to target hole; training days
1–4; 180 s per trial; acquisition phase; test on statistical significance carried out for day 4. (B) Latency to
target hole; day 5; 90 s per trial; probe trial.

3.5. Social Interaction Test

Testing social behavior proceeded in two subsequent phases. At first, we assessed sociability,
describing the curiosity of the animals towards the stimulus mouse in the testing system (Equation (2))
(Figure 7A).

ratio sociability = (time social cage)/((time social cage + time empty cage)) (2)
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No statistically significant difference was observed between C57BL/6J WT and AppNL-G-F control
animals. Experimental diets also had no impact on the social ability of the mice. Medians were
statistically unequal to 0.5 except for group 2, 4 and 6 (males) and group 2 and 3 (females). A ratio of
0.5 means that contact times with the conspecific stimulus mouse and the empty cage were equal.

In the second phase of the test, we assessed the social recognition performance of the animals
(Equation (3)) (Figure 7B).

ratio social recognition = (time novel animal)/((time novel animal + time familiar animal)) (3)

As for sociability, neither genotype nor experimental diets had an influence on social recognition
in the different experimental groups. In neither phase of the test did hyperhomocysteinemia aggravate
the cognitive performance of the mice. Except for group 1 (males) and group 5 and 6 (females),
medians of the other groups did not differ significantly from 0.5.

Figure 7. Social interaction test (25 min) in 19–20 weeks old C57BL/6J and AppNL-G-F mice; 14–15 weeks
on experimental diet; data presented as median ± IQR; outliers beyond threefold IQR removed; p < 0.05
(Mann-Whitney-U-test) considered statistically significant (*); (#) ratio different from 0.5 (one-sample
Wilcoxon signed rank test). (A) Sociability expressed as the ratio between the contact time with
the stimulus mice and the sum of the contact times with the stimulus mice and the empty cage.
(B) Social recognition expressed as the ratio between the contact time with novel stimulus mice and the
familiar ones.

3.6. Paired Associates Learning (PAL) Task

The touchscreen PAL was used to assess potential cognitive impairment of the male mice (about five
to eight months of age). Both the session duration and the number of trials completed per session,
as well as the percentage of correct trials per session were analyzed (Figure 8). The resulting learning
curves revealed no statistically significant difference in these parameters between C57BL/6J WT mice
and AppNL-G-F KI mice in the final phase of the test (block 6). Hyperhomocysteinemic AppNL-G-F mice
did not perform worse than AppNL-G-F control mice. Other experimental diets also had no benefit on the
cognitive abilities of AppNL-G-F mice at this age. The C57BL/6J WT group showed a smaller variability
in the touchscreen chambers in comparison to the AppNL-G-F KI groups. This effect was particularly
observed in the parameter trials completed (Figure 8B). Vitamin B deficient animals showed a tendency
to perform better at the beginning of the test (trials completed, block 1) and thus did not display a
learning curve like that of AppNL-G-F control mice. However, no effects reached statistical significance
in block 6. Animals fed with a vitamin B and PUFA combination diet did not reach the maximum
number of trials per session. Therefore, the session duration scarcely also decreased over time in this
group. The proportion of correct and incorrect trials was not affected.
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Figure 8. Touchscreen paired associates learning test (PAL) in 21–34 (incl. training phase) weeks old
C57BL/6J and AppNL-G-F mice; 16–29 weeks on experimental diet; only males; data summarized in
blocks of 6 sessions and presented as median ± IQR; outliers beyond threefold IQR removed; test
on statistical significance carried out for block 6. (A) Session duration: time (s) needed to complete
36 trials per session; maximum 3600 s. (B) Amount of trials completed per session; maximum 36 trials.
(C) Percentage of correct trials per session.

3.7. Place Learning (PL) and Reversal Learning (RL) Task

Learning and memory performance of the females at the age of about six to eight months was
finally tested using two tasks in the IntelliCage system. We detected the visits of the mice to the
drinking corners and analyzed the percentage of correct visits during the drinking sessions in the place
learning (PL) and the reversal learning (RL) tasks. Three points in time along the course of the tasks
are illustrated in Figure 9. Statistical analysis of the late phase of this course in both (Figure 9A) PL
and (Figure 9B) RL (session 31; resp. 23) revealed no significant differences between AppNL-G-F and
age-matched C57BL/6J mice. In comparison to the AppNL-G-F KI control group, none of the groups fed
with experimental diets showed improved or impaired memory abilities.
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Figure 9. IntelliCage place learning (PL) and reversal learning (RL) task in 27–34 (incl. habituation
period) weeks old C57BL/6J and AppNL-G-F mice; 22–29 weeks on experimental diet; only females;
data are shown for three points in time along the course of the task and presented as median ± IQR;
outliers beyond threefold IQR removed; test on statistical significance carried out for the final point in
time. (A) Percentage of correct visits during drinking sessions in the PL. (B) Percentage of correct visits
during drinking sessions in the RL.

3.8. Immunohistochemical Analysis

Brain sections of all animals were immunohistochemically stained and analyzed in order to
semi-quantify the amount of amyloid plaques. For this purpose, we assessed the area (percentage)
occupied by plaques in images of several regions of interest (ROI). The positions of the different cortical
and hippocampal ROI (Table A2) are marked in Figure 10.

Figure 10 illustrates examples of brain sections of a C57BL/6J WT mouse and an AppNL-G-F KI
mouse. Aβ plaques, indicated by characteristic brown staining, occurred abundantly and diffusely
in the brain sections of the KI animals (Figure 10B), whereas WT mice did not show any signs of Aβ

deposition at all (Figure 10A). The differences in the Aβ burden between the C57BL/6J and AppNL-G-F

genotype, as well as a potential impact of the experimental diets, were further analyzed using ImageJ
software. Semi-quantification of the Aβ burden confirmed a significant difference between WT and
KI control groups (Figure 11) in all ROI (p < 0.001; p = 0.002; p < 0.001; p < 0.001; p < 0.001; p < 0.001;
p < 0.001; p < 0.001).

There was no statistically significant difference in the plaque area between the diet groups and the
AppNL-G-F control group in the single ROI and in total. However, the immunohistochemical results
indicate prominent plaque formation in all AppNL-G-F groups at about 8 months of age.
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Figure 10. Immunohistochemically stained sections of mouse brains; regions of interest (ROI) in
cortical and hippocampal areas are marked in whole brain images (100×magnification) and depicted
separately for further semi-quantification of amyloid plaques; 35 weeks of age, 30 weeks on experimental
diet. (A) Exemplary section of a C57BL/6J wild type animal. (B) Exemplary section of an AppNL-G-F

knock-in animal.

Figure 11. Semi-quantitative analysis of amyloid-β (Aβ) in immunohistochemically stained brain
sections; results are shown for single regions of interest (ROI) and in total; 35 weeks of age, 30 weeks
on experimental diet (males and females pooled); data presented as median ± IQR; outliers beyond
threefold IQR removed; p < 0.05 (Mann-Whitney-U-test) considered statistically significant (*).
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4. Discussion

The current preclinical study investigated the impact of an induced hyperhomocysteinemia in
the AppNL-G-F knock-in mouse model for AD, as well as potentially preventive benefits of different
micro-nutritional interventions. In order to characterize the phenotypes of the mice, we conducted
a versatile behavioral test battery, accompanied by an analysis of HCys-/HCA levels and of the Aβ

plaque burden. However, despite successful induction of prominent cerebral plaque deposition and
hyperhomocysteinemia, merely subtle impairments were observed in the AppNL-G-F mice.

C57BL/6J mice, a frequently studied mouse strain and background strain of the AppNL-G-F knock-in
(KI) model, served as an age-matched wild type (WT) control group in this study. Hence, results
in these mice indicated a reference behavior and enabled subsequent assessment of the AppNL-G-F

genotype in the KI mice. In the open field, we focused on the intrasession habituation of the mice,
which is one form of learning. Intrasession habituation describes a decreasing level of exploration of a
new environment over time in a single session which can typically be detected in C57BL/6J mice [37].
This is in accordance with our finding that the habituation ratio in C57BL/6J was significantly lower
than 0.5 and therefore indicated intrasession habituation. As expected, C57BL/6J mice demonstrated
spatial learning and memory ability on consecutive days of training in the Barnes maze [38]. In a test for
sociability and social recognition [39], C57BL/6J mice preferred to spent time with a conspecific (ratio
sociability > 0.5) [40]. However, they did not prefer the novel conspecific in the second part of the test
(ratio social recognition = 0.5). In the touchscreen PAL [41], male WT animals completed the maximum
number of all 36 trials per session, accompanied by decreasing session duration. The increase in the
percentage of correct trials is in accordance with observations in a similar study [42]. In the IntelliCage
setup [43,44], learning curves indicated a constant learning effect in the female WT animals.

For several reasons, we decided to use an AβPP-based KI mouse model for AD in this study.
Firstly, the novel KI models provide the advantage of not overexpressing AβPP in comparison to the
more established transgenic models. Consequently, artificial phenotypes due to an overproduction
of AβPP fragments besides the Aβ peptide should be avoided [9]. Secondly, an increased anabolism
of Aβ levels is primarily a hallmark of hereditary- or early-onset AD [3]. Hyperhomocysteinemia,
which is especially prominent in older people [45], is supposed to be a risk factor for AD [24]. Therefore,
elevated HCys and HCA have been regarded as a hallmark of sporadic- or late-onset AD. The late-onset
form affects the vast majority of AD patients [3]. By combining both the increased Aβ anabolism as
a feature of hereditary AD and the detrimental effects of excess HCys as a feature of sporadic AD,
we attempted to simulate cognitive decline more comprehensively. Thirdly, in order to investigate
preventive treatments, it is mandatory to use a model displaying subtle phenotypes corresponding to a
very early stage of the disease. According to a review by Zahs and Ashe, AβPP-based mouse models
simulate the early phase of AD and thus are adequate for preventive interventions [46]. In the current
study, a very subtle phenotype, i.e., very mild cognitive deficits, was observed. For each analysis,
we compared C57BL/6J WT animals with AppNL-G-F KI control animals. Both groups received the same
control diet. KI mice displayed an impaired habituation behavior in the open field. Male mice of the
two control groups habituated equally to the new environment, whereas females differed significantly.
Data from the probe trial in the Barnes maze confirmed this finding: AppNL-G-F KI mice needed longer
to locate the former target hole than WT mice. As in the open field, this effect reached statistical
significance only in females. Previous clinical studies suggest that a reduced cognitive reserve in
women might explain the female vulnerability to develop a more severe phenotype of AD, a disorder
affecting more women than men [47,48]. Other behavioral tests did not reveal differences caused by the
KI genotype. However, data from the PAL test indicated an increased variance of results (higher IQR)
in the AppNL-G-F versus WT mice. WT animals showed a clearer performance curve with regard to the
session duration and the number of trials completed along the course of the test, meaning that WT
mice did not need as long as the KI mice to fulfil the 36 trials in a 1-h session. This enhanced efficiency
might be the result of a higher motivation of the WT animals. Nevertheless, effects at the final stage of
the test (block 6) did not indicate a significant impact of the genotype.
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Other groups reported similar findings in AppNL-G-F mice, indicating a very subtle phenotype.
Two recent publications summarized these findings in tabular overviews, considering also sex and
age of the mice of the included studies [49,50]. Latif-Hernandez and colleagues showed that the
behavior of AppNL-G-F mice was largely unaffected at the age of 3–10 months [51]. Similarities with
our study can also be found in a publication by Whyte et al., who observed no differences between
C57BL/6J and AppNL-G-F mice in different cognitive tests at the age of 6 months [52]. Sakakibara and
colleagues tested AppNL-G-F mice at a higher age (15–18 months) and reported an intact learning ability
but also recommended AppNL-G-F as an AD model for preventive studies [53]. One year later, Jacob et al.
observed neither consequences on cognitive performance in a touchscreen task nor age-dependent
changes in a phase-amplitude coupling analysis, which was used as a measure of neurophysiological
functioning, in 4.5 month old AppNL-G-F mice. In accordance with our findings in the AppNL-G-F model,
these mice displayed a higher variability than WT control mice [42].

The question remains whether the KI mice were too young to display clear impairments.
Further investigations are required to test the combination of the AppNL-G-F genotype with our
experimental diets in older mice. However, other groups detected significant cognitive deficits
in the AppNL-G-F model [9,49,50,54]. As summarized elsewhere [49], the majority of studies in the
field investigated only male animals. Hence, a 1:1 comparison of these studies with our results
comprising both sexes is difficult. Furthermore, a review of the topic described a relatively high level
of variability in AβPP KI models between different laboratories [55]. Staining results of AppNL-G-F

brain sections showed prominent plaque deposition throughout the brain, as previously reported in
similar studies [49,52], and thus indicate amyloid pathology as a central hallmark of early AD.

In order to investigate potentially detrimental effects of elevated HCys and HCA levels, one group
of AppNL-G-F mice received a special diet deficient in vitamin B6, B12 and folate. The resulting
hyperhomocysteinemic state was confirmed in serum and urine prior to the start of behavioral tests.
Our behavioral testing data obtained in the social interaction test, PAL and in the IntelliCages revealed
no deficits in hyperhomocysteinemic mice and therefore do not support previous findings (e.g., [56]).
The open field test and Barnes maze indicated subtle deficits in habituation behavior and spatial
learning and memory, but these effects did not reach statistical significance. Only the elevated zero
maze revealed an increased anxiety in hyperhomocysteinemic females. This observation might be
of translational relevance, because anxious behavior is also one aspect of the AD phenotype [57].
Various preclinical studies in the field indicate a significant impact of hyperhomocysteinemia on
plaque burden [58,59]. Other groups reported no such effects, which is in accordance with our
immunohistochemical results in the AppNL-G-F model [60,61]. In conclusion, despite severely elevated
levels of HCys and HCA over a longer period of their life span, AppNL-G-F mice showed neither a
modified plaque burden nor significant cognitive deficits due to hyperhomocysteinemia. A majority of
preclinical data published in the field indicate behavioral deficits in animal models caused by increased
HCys (e.g., [56,59,62]). However, we assume that the evidence might be biased to some extent. On the
one hand, behavioral data obtained in transgenic models based on massive AβPP overexpression
might be somewhat artificial because of an overproduction of other AβPP fragments aside from Aβ [9].
It should also be considered that negative results are often not published, although equally important
as positive results. The publication bias, meaning the reduced publishing of negative or null results,
is not restricted to the field of AD research, but is rather a general problem [63].

Hyperhomocysteinemia is referred to as a hallmark of AD [10], but its impact on the disease
is still under discussion. From a translational point of view, this experimental group simulates the
portion of elderly people who are deficient in B-vitamins [64]. Preclinical evidence [65] and clinical
evidence [45] confirm an age-related elevation of HCys levels. An impaired vitamin status is one
reason amongst others for hyperhomocysteinemia in the elderly [66]. In the present study, the lack
of vitamin B6, B12 and folate in combination with 1% sulfathiazole sodium to inhibit bacterial folate
synthesis in the gut [58], led to a “severe” hyperhomocysteinemic state, according to a classification
used in other publications [67]. Consequently, our vitamin B deficient mice displayed high HCys serum
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concentrations (45,760 ng/mL ≈ 339 μmol/L) in comparison to our AppNL-G-F KI control (1054 ng/mL ≈
8 μmol/L) and in comparison to elevated HCys levels in similar studies (e.g., [56,62,68]). Fuso and
colleagues also reached high plasma total HCys (>400 μmol/L ≈ 54,000 ng/mL) in their study with
TgCRND8 mice and explained the relatively high levels by not fasting the mice before sacrifice and by
inhibiting both the re-methylation and the transsulfuration pathway [58].

Vitamin B deficient chow resulted in ~50 fold higher serum and urinary HCys and ~10–20 fold
higher serum and urinary HCA compared to animals fed with control diet for 8 weeks. About 0.1%
of HCys molecules were oxidized to HCA in serum (42.9 ng/mL ≈ 0.23 μmol/L) and excreted in
urine (1184 ng) in 24 h. Only free HCys can be oxidized to HCA, which is suggested to be the main
neurotoxic species [32–34]. In the current study, we did not measure the free form but the levels of
total HCys by adding a reduction step (TCEP-solution) in the analytical method. In vivo, most HCys
molecules are protein-bound or dimerized; only about 1% are available in the free thiol form [12].
Hasegawa et al. reported cognitive impairment in transgenic 3xTg-AD mice, triggered by elevated
HCA in the brain [69].

We also investigated other experimental diets besides the vitamin B deficient chow discussed
above. Group 4 received a vitamin B enriched diet containing a particular high content of folate, B6 and
B12 compared to both the control diet and the FC-like diet. The goal of this diet was to investigate
whether an additional increase, specifically of B-vitamins, in comparison to the FC-like diet could
provide further benefits in the outcome of the study. Therefore, the difference in B-vitamin contents
should simulate a potentially different effectiveness between FC (Souvenaid®) and existing higher
dosed vitamin B preparations as human treatment options. In accordance with a recent international
consensus statement [23], PUFAs (DHA + EPA) have been suggested to be beneficial for cognitive
functioning in general and might be additionally linked to AD pathology [25,70]. Because single
nutrient intervention studies often failed to show beneficial effects on cognitive function, it has been
suggested that it might be important to investigate combinatory approaches [35]. For this purpose,
we combined the high content vitamin B enrichment with the supplementation of PUFAs (group 6).
Finally, group 7 received the FC-like diet, a complex mixture of ingredients (Table A1), which we
implemented due to positive previous findings (e.g., [35,71]).

Supplementation of B-vitamins and PUFAs, as well as combinatory approaches and the FC-like
mixture, were capable of lowering HCys and HCA below the levels of the AppNL-G-F control mice fed
with a standard rodent chow. However, by taking both sampling points (8 and 30 weeks on diet)
as well as behavioral testing data into consideration, results appear inconsistent. In the open field,
anxiety-related behavior did not differ between groups fed with B-vitamins, PUFAs or a mixture and
AppNL-G-F control animals. However, the elevated zero maze revealed increased anxiety in males fed
with the combination diets. Especially the mice supplemented with both B-vitamins and PUFAs were
more anxious and stayed in the closed corridors of the zero maze, but it has to be emphasized that these
mice also displayed a reduced locomotion activity during the test. In the Barnes maze, experimental
chow did not affect latencies to target at day 4 of training. Other researchers too did not observe
benefits of PUFA-supplementation in cognitive tasks [72]. We confirmed the lack of dietary effects on
cognitive performance in the social interaction test, the IntelliCage and PAL. Although not significant
in the final block of 6 sessions, the session duration and trials completed indicate a worse learning
curve for group 6 (B+PUFA-ENR) in the PAL test. This might be due to a lack of motivation in these
mice receiving a high number of vitamins and PUFAs, which possibly lowered their affinity to the
milk reward in the PAL task. One reason could be that the food restriction was not strict enough for
this group. The FC-like diet did not prove beneficial in any test in comparison to the control chow.
This is in accordance with some clinical studies, which do not support the benefit of the FC diet and
thus indicate equivocal evidence [73,74]. In conclusion, the beneficial tendencies we observed did
not mostly reach statistical significance in behavioral tests and biochemical-/immunohistochemical
analyses and consequently do not suggest a clear beneficial effect of B-vitamins or PUFAs in this
mouse model at the investigated age and diet duration. It is important to question here whether it is
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possible to observe amelioration through dietary intervention when merely a subtle behavioral deficit
is induced in the KI mouse model.

Overall, this mouse model, simulating amyloid pathology without AβPP overexpression,
merely displays a very mild phenotype despite massive cerebral Aβ deposition at the age of
35 weeks. The amyloid hypothesis has been questioned frequently because of the disappointing
track record in clinical trials of drugs that target Aβ despite decades of extensive research in the
field [7,75]. In addition, in some cases, substantial plaque deposition does not even cause dementia-like
symptoms [76]. However, the window for potentially preventive measures is limited to an early stage
of AD, where cerebral amyloidosis remains the central hallmark of the pathology [3]. Despite all
criticism of the amyloid hypothesis, beneficial effects were recently observed using the human anti-Aβ

monoclonal antibody aducanumab [77], confirming a causal role of Aβ in AD pathogenesis.

5. Conclusions

The current study only indicates a mild hyperhomocysteinemia-driven exacerbation of the AD-like
phenotype, simulated in the AppNL-G-F knock-in mouse model. Dietary interventions consisting of
B-vitamins and/or PUFAs as well as the FC-like diet as a complex micronutrient mixture were unable
to modify cognitive performance in this mouse model for AD. Neither the B-vitamin deficient diet,
resulting in elevated HCys and HCA levels, nor the potentially beneficial diets affected the amount
of plaque deposition in the brain. In comparison with the age-matched C57BL/6J wild type control
group, AppNL-G-F control mice displayed merely subtle behavioral deficits at the investigated age.
Further investigations should clarify whether the AppNL-G-F genotype and the experimental diets have
an impact in older animals.
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Appendix A

Animals

Wild type (WT) mice were purchased from Charles River Wiga GmbH (Sulzfeld, Germany),
whereas the knock-in (KI) mice were kindly provided by the RIKEN Center for Brain Science (Saitama,
Japan) on a C57BL/6J background and further bred at mfd Diagnostics GmbH (Wendelsheim, Germany).
After their arrival at our facility at the age of four weeks, the animals were chipped with subcutaneous
transponders to facilitate identification and to enable the IntelliCage task. Furthermore, additional
genotyping via polymerase-chain-reaction analysis was carried out to ensure the adequate genetic
background of each animal. Their allocation to the home cages was in a randomized order. All animals
were housed in groups of two mice per cage (Green Line, Tecniplast, Hohenpeissenberg, Germany).
In the maintenance room, constant temperature (mean: 22.7 ◦C) and humidity (mean: 48.6%) conditions
as well as a 12/12 h dark/light cycle were provided. The pathogen-free status of the maintenance room
was regularly monitored using sentinel mice. After an acclimatization phase of one week, the mice
were allocated randomly to the experimental groups based on different diets. Body conditions scores
were monitored, and the mice were weighed every week.
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Experimental Diets

The composition of the FC-like diet was oriented towards the work of Jansen et al. All diets
containing PUFAs were stored at −20 ◦C to minimize oxidation [35]. Due to coprophagia (the ingestion
of fecal matter) in mice, the vitamin B deficient diet additionally contained the antibiotic sulfathiazole
sodium (Sigma-Aldrich, Taufkirchen, Germany) to prevent bacterial folate synthesis in the gut [58].
All experimental diets were purchased from Ssniff-Spezialdiäten GmbH (Soest, Germany).

Table A1. Composition of the experimental diets.

Control B-DEF B-ENR PUFA-ENR B+PUFA-ENR FC

Casein 140.0 140.0 140.0 140.0 140.0 140.0

Corn starch 355.6575 345.6920 355.4795 355.6575 355.4795 328.3386

Maltodextrin 155.0 155.0 155.0 155.0 155.0 155.0

Sucrose 100.0 100.0 100.0 100.0 100.0 100.0

Dextrose 100.0 100.0 100.0 100.0 100.0 100.0

Cellulose 50.0 50.0 50.0 50.0 50.0 50.0

Mineral premix 35.0 35.0 35.0 35.0 35.0 35.0

Vitamin pre-mix (w/o B-vitamins) 10.0 10.0 10.0 10.0 10.0 10.0

Soybean oil 19.0 19.0 19.0 —— —— ——

Coconut oil 9.0 9.0 9.0 11.3 11.3 11.3

Corn oil 22.0 22.0 22.0 18.7 18.7 18.7

Fish oil (eicosapentaenoic
acid/docosahexaenoic acid = 1:4) —— —— —— 20.0 20.0 20.0

L-Cystine 1.8000 1.8000 1.8000 1.8000 1.8000 1.8000

Tert-butylhydroquinone 0.0080 0.0080 0.0080 0.0080 0.0080 0.0080

Choline bitartrate, 41% 2.5000 2.5000 2.5000 2.5000 2.5000 2.5000

Pyridoxine-HCl (Vit. B6) 0.0070 —— 0.1000 0.0070 0.1000 0.0398

Cyanocobalamin, 0.1% (Vit. B12) 0.0250 —— 0.1000 0.0250 0.1000 0.0600

Folic acid, 80% 0.0025 —— 0.0125 0.0025 0.0125 0.0100

Sodium selenite • 5 H2O, 30% —— —— —— —— —— 0.0036

Choline chloride, 43% Choline —— —— —— —— 6.9700

Ascorbic acid, 100% (Vit. C) —— —— —— —— —— 1.6000

DL-a-tocopheryl acetate, 50% (Vit. E) —— —— —— —— —— 4.6500

Uridine monophosphate disodium (24% H2O) —— —— —— —— —— 10.0000

Soy lecithin —— —— —— —— —— 4.0200

Sulfathiazole sodium —— 10.0000 —— —— —— ——

Sum 1000 1000 1000 1000 1000 1000

Open Field

Besides its value as a test for locomotor activity and anxiety, the open field task provides
information on habituation as a form of learning [37]. For this purpose, each mouse was placed
into the center of a 28.5 × 29.8 cm box (in-house manufactured, Fraunhofer IME, Schmallenberg,
Germany). Animals were allowed to explore the new environment for 30 min. Total distance moved
and percentage of time spent in the inner zone of the box were automatically detected by camera
tracking and corresponding EthoVision XT 13 software (Noldus, Wageningen, The Netherlands).
Data were analyzed additionally for time blocks of 5 min.
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Elevated Zero Maze

To investigate anxiety related behavior [78], we placed each animal into the open corridor of a
60 cm diametric elevated zero maze (Ugo Basile SRL, Gemonio, Italy) for a duration of 5 min. The maze
consisted of two open and two closed 5 cm wide corridors. Besides the time spent in the open corridors,
the total distance moved by the mice was automatically detected by camera tracking and corresponding
EthoVision XT 13 software.

Barnes Maze

The Barnes maze test is a common tool to measure spatial learning and memory [38] in AD mouse
models, based on the aversion of mice to bright open spaces. We particularly preferred the Barnes
maze over the Morris water maze, since it presents a less aversive alternative [79]. The apparatus
(Ugo Basile SRL, Gemonio, Italy) consisted of a circular surface (diameter 100 cm) with 20 holes at
the edge and an escape box positioned below one of the holes. There were four different visual cues
positioned around the maze. The task required the mouse to localize the escape hole and enter the
box. Initially, we transported each animal to the center of the maze in an opaque vessel to prevent
an orientation before the start of the trial. The procedure was divided into two phases. First, in the
acquisition phase, each mouse was subjected to two trials per day for four days (3-min limit per trial;
inter-trial interval 15–30 min). The trials ended when either the mouse entered the escape box or when
a duration of 180 s was over. On day 5, animals were subjected to a probe trial (90 s). During this
phase, the escape box was not available anymore. Latencies to the target hole (acquisition & probe)
were automatically detected by camera tracking and corresponding EthoVision XT 13 software.

Social Interaction Test

This method enables the assessment of sociability and social recognition in mice [39]. For this
purpose, a three-chamber cage consisting of a central chamber and two lateral compartments (Noldus,
Wageningen, Netherlands) was used. The lateral compartments included sex-matched stimulus mice
in separate acrylic rod cages, which allowed social interaction without direct contact. Test animals
explored the setup during three consecutive phases. During the first time block of 5 min, the mice
were allowed to explore only the middle chamber. As a next step, we opened the dividers to the lateral
compartments and placed a stimulus mouse into one of the rod cages (social cage). The second rod cage
remained empty. The experimental mouse had a period of 10 min to explore the whole three-chamber
cage and to interact with the unknown stimulus mouse. For the next 10 min, we placed an additional
unknown stimulus mouse into the second rod cage. The cumulative contact time with the familiar and
non-familiar conspecific was automatically detected by camera tracking and corresponding EthoVision
XT 13 software.

Paired Associates Learning (PAL) Task

The ability of visuospatial associative learning was tested in males in the touchscreen PAL
(touchscreen and corresponding Abet II Touch 18.7.6 software: Campden Instruments, Loughborough,
UK and Lafayette Instrument Company, Lafayette, IN, USA). The task requires a lot of training, but is
also a valuable tool in terms of translational cognitive research due to its similarities with the human
CANTAB [41,80]. Based on the Bussey-Saksida method, animals initially were habituated to the
touchscreen chambers during different pre-training phases. After completion, mice were introduced to
the proper PAL task. Here, two objects were shown in two spatial locations on the screen. In each
trial, only one correct association of object and location was presented, and the animal had to detect
it via nose poke. As a result, a reward was delivered automatically (sugared condensed milk, 7 μL,
Hochwald Foods GmbH, Thalfang, Germany). Incorrect responses were followed by an aversive light
stimulus (5 s time-out period). After an inter-trial interval (20 s), the next trial was initiated by the
mouse. A session ended when either 36 trials were completed, or 60 min ran out. The animals were
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food restricted through the whole experiment with the aim of reducing body weights to about 90%
of the baseline weight before the test. This should enhance the motivation of the mice to collect the
reward after each correct trial. Animal weights were monitored three times a week. For the assessment
of the 36 sessions of the PAL task, the parameters’ session duration, trials completed, and percentage
of correct trials were analyzed. The procedure was highly standardized and the closed touchscreen
chambers reduced variability due to the experimenter to a minimum.

Place Learning (PL) and Reversal Learning (RL) Task

The start of the IntelliCage experiment (IntelliCage and IntelliCagePlus 3.2.8 software:
New Behavior, TSE Systems, Bad Homburg, Germany) in female mice was scheduled around the time
when male mice entered the proper PAL task. Thus, males and females were largely age-matched
during the last phase of the behavioral test battery (27 weeks old, resp. 22 weeks on diet). We chose not
to test males in the IntelliCage setup, because males are more prone to show aggressive behavior and
hierarchical fighting, potentially resulting in injuries due to the housing of male mice in large groups.
The IntelliCage tasks of learning ability cover a broad cognitive spectrum by combining the analysis
of spatial memory with operant conditioning [43] and provide the advantage of being both home
cage and behavioral test during the time of the experiment. Animals from all experimental groups
lived together in the special cage for the period of about 7 weeks. Due to this mixed group housing,
the experimental diets were substituted by standard maintenance chow (ad libitum) for the duration of
this behavioral test. Each apparatus had the capacity to house and detect up to 16 mice simultaneously.
The experiment started with a habituation period of 1 week, followed by a pre-training phase on nose
poke behavior in corners for water access for 1–2 weeks. During the following week, the animals
were habituated to the two defined drinking sessions per day (5–7 a.m.; 7–9 p.m.). In the PL, only one
corner per mouse yielded water access in response to nose pokes during drinking sessions (~2 weeks).
Motorized doors, controlled by radio-frequency identification (RFID) transponders, opened when a
mouse was detected in its adequate corner. In the RL, a different corner was designated as correct
(2 weeks). Visits to the correct corners were analyzed for PL and RL. We did not weigh the animals for
the duration of the experiment to avoid interference with the automated behavior recording; instead,
we visually observed the mice for any sign of deficiency. The IntelliCage enabled a high throughput
cognitive investigation of mice, while stress due to human intervention was reduced to a minimum.

Sample Collection

Blood was taken by carrying out a puncture of the facial vein using 5 mm Goldenrod animal
lancets (MEDIpoint, Mineola, NY, USA). A maximum volume of 170 μL per 25 g mouse according to
animal welfare guidelines (GV-SOLAS) was collected in serum tubes containing a clotting factor to
accelerate coagulation in the subsequent 15–30 min (Sarstedt Microvette 200 Z, Nümbrecht, Germany).
The tubes were centrifuged at 3200× g for another 15 min at 4 ◦C and subsequently frozen on dry
ice. For 24-h urine sampling, mice were placed into metabolic cages (Tecniplast, Hohenpeissenberg,
Germany). Absolute urine volumes were documented for subsequent calculations. In order to harvest
the brains, the animals were deeply anaesthetized by injecting a mixture of 200 mg/kg (body weight)
ketamine (Vétoquinol GmbH, Ismaning, Germany) and 10 mg/kg (body weight) xylazine (Bayer Health
Care, Leverkusen, Germany) intraperitoneally. After cessation of reflexes, blood was taken cardially
and treated as described before. Mice were then perfused transcardially with 0.1 M phosphate-buffered
saline (PBS) followed by 4% paraformaldehyde (Medite, Burgdorf, Germany). Brains were removed
and postfixed in the same fixative for another three days followed by a stepwise dehydration in
increasing ethanol concentrations (Medite) and xylene steps (Medite). Brains were then embedded in
paraffin (Medite) in a heated embedding station (Thermo Fisher, Frankfurt am Main, Germany) and cut
with a microtome (Thermo Fisher). 10 μm thick sections were retrieved from three different positions
of the animals’ brains: −1.2, −1.7 and −2.2 posterior to bregma [81]. Data of the three positions were
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pooled because of absent statistically significant differences. Finally, the sections were mounted on
glass slides (Klinipath, Typograaf, Netherlands).

Biochemical Analysis

The determination of homocysteic acid (HCA) was performed as recently described in detail [36]
with minor modifications, as the method was originally validated for the analysis of human serum
and urine. Briefly, HCA was determined in murine serum and urine using a combination of protein
precipitation and solid phase extraction for sample preparation followed by an LC–MS/MS analysis
using a combination of a HILIC separation and tandem mass spectrometry. Samples were processed
as previously described [36] by adding formic acid followed by protein precipitation using cooled
acetonitrile. Samples were vortexed, centrifuged and loaded onto conditioned tables (Strata X AW SPE
columns (33 μm, 30 mg / 1 mL, Phenomenex, Aschaffenburg, Germany) using the automated sample
preparation system Extrahera (Biotage, Uppsala, Sweden). After washing the cartridges using water,
methanol and a mixture of acetonitrile and aqueous ammonium hydroxide solution, HCA was eluted
using two times a mixture of methanol and aqueous ammonium hydroxide solution. The eluate was
dried and reconstituted by adding ammonium acetate solution and acetonitrile separately. Afterwards,
the samples were injected into the LC-MS/MS system. The LC-MS/MS system consisted of a triple
quadrupole mass spectrometer QTRAP 6500+ (Sciex, Darmstadt, Germany) equipped with a Turbo
Ion Spray source operated in negative electrospray ionization mode and an Agilent 1290 Infinity
LC-system with binary HPLC pump, column oven and autosampler (Agilent, Waldbronn, Germany).
The chromatographic separation was performed using a Luna 3 μm HILIC 200 Å 100 × 2 mm
column in combination with a KrudKatcher in-line filter (both Phenomenex, Aschaffenburg, Germany).
Data acquisition was done using Analyst Software 1.6.3 and quantification was performed with
MultiQuant Software 3.0.2 (both Sciex, Darmstadt, Germany), employing the internal standard method.
Calibration curves were calculated by linear regression with 1/x weighting. Acceptance criteria and
quality assurance measures have been applied as previously described [36].

The determination of homocysteine (HCys) was performed using protein precipitation in
combination with LC–MS/MS. Briefly, 20 μL of serum or urine was pipetted to a polypropylene
tube and 20 μL of 15 mg/mL aqueous TCEP-solution (tris(2-carboxyethyl)phosphine), 40 μL IS working
solution (500 ng/mL HCys-d4 in methanolic TCEP solution, 1 mg/mL) and 40 μL methanolic TCEP
solution, 1 mg/mL were added. Afterwards, samples were vortexed, centrifuged, transferred into
another polypropylene tube, and dried using nitrogen. The dried samples were reconstituted using
50 μL of water containing 10 mM ammonium acetate buffer and 10 mM acetic acid, centrifuged again
and injected into the LC-MS/MS system. The same LC-MS/MS-system and acceptance criteria as
described for HCA were used. However, positive electrospray ionization mode was applied and a
Luna Omega 1.6 μm Polar C18 100 × 2.1 mm column in combination with a respective pre column
(both Phenomenex, Aschaffenburg, Germany) was used.

Immunohistochemical Analysis

A stepwise rehydration of the brain sections was conducted, followed by a heat-induced antigen
retrieval in 10 mM citrate buffer (pH 6.0) including 0.05% Tween-20 (Sigma-Aldrich, Taufkirchen,
Germany). After rinsing, sections were incubated for 5 min in 0.6% H2O2 (Sigma-Aldrich) in PBS (0.1 M;
pH = 7.3) in order to block endogenous peroxidases. Sections were rinsed and incubated for 30 min in
PBS containing 1% bovine serum albumin (PBS-B) and 5% normal goat serum (NGS, Sigma-Aldrich)
to prevent unspecific binding of the antibody. After subsequent rinsing, sections were incubated
overnight at 4 ◦C in PBS-B containing 1% NGS and the primary antibody (anti-human Aβ 82E1 mouse
IgG MoAb 1:1000, IBL international, Hamburg, Germany). Rinsing was followed by an incubation with
goat anti-mouse IgG H&L Biotin (1:1000, Abcam, Berlin, Germany) in PBS-B containing 1% NGS for
one hour. Sections were rinsed followed by a 1-h incubation with avidin-biotin conjugate in PBS (ABC;
Vectastain Elite ABC HRP Kit, Linaris, Dossenheim, Germany). After another rinsing step, sections were
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treated with 3,3′-diaminobenzidine tetrahydrochloride (DAB; Sigma-Aldrich) in water (0.2 mg/mL;
pH = 7.6) for 10 min. The immunostaining was then developed by adding 50 μL H2O2 to a final
concentration of 0.006%, incubating for another 10 min. The reaction was stopped by rinsing in ice-cold
distilled water followed by a counterstaining using Mayer’s hematoxylin (Morphisto, Frankfurt am
Main, Germany). Sections were finally dehydrated and covered with Pertex (Medite). We digitized
appropriate sections using a Nicon Eclipse Ni-E microscope (Nikon Instruments Europe BV, Amsterdam,
Netherlands). Whole brain images were taken at a final magnification of 100x and the area occupied by
plaques in several regions of interest (ROI; Table A2) was analyzed using the color segmentation plugin
(Daniel Sage, Biomedical Imaging Group, EPFL, http://bigwww.epfl.ch/sage/soft/colorsegmentation/)
for ImageJ software (National Institute of Health, Bethesda, MD, USA). Only animals of the first cohort
were immunohistochemically investigated in this study.

Table A2. Regions of interest (ROI) in different cortical and hippocampal areas.

ROI Brain Area
Height
(μm)

1 Primary somatosensory cortex (PSC) 500 × 500

2 Gyrus dentatus (GD) 275 × 275

3 CA1 275 × 275

4 CA3 275 × 275

5 CA2 275 × 275

6 Thalamic nuclei (TN) 600 × 400

7 Piriform cortex (PC) 275 × 275

8 Piriform cortex (PC) 275 × 275

Preclinical Quality Parameters

Several aspects were considered to ensure the quality of the applied methodologies and resulting
data. These points are in accordance with initiatives such as EQIPD (“European quality in preclinical
data”; https://quality-preclinical-data.eu/). The aim of EQIPD is broadly to implement various quality
improving measures in order to enhance the reproducibility of preclinical data [63]. In the present study,
we performed a power calculation to estimate the needed group size (http://www.biomath.info/power/).
The resulting total amount of 112 animals was tested in two consecutive cohorts. Nine animals were
lost during the course of the whole study. In terms of translatability, we have decided to include
both male and female animals in the experiments, since Alzheimer’s disease affects both sexes in
the clinical context, with a higher rate in women than in men [48]. In general, female animals are
largely underrepresented in neuroscience research [82]. Randomization was applied at several stages
along the study course. Mice were initially allocated to the home cages according to a random
list (https://www.random.org/) and target holes in the Barnes maze were set randomly. Besides,
drinking corners in the IntelliCages as well as the stimulus mice in the social interaction test were also
assigned randomly. A within-cage randomization between groups was not applicable in this case
because every mouse matched strictly to its adequate experimental diet. All animals were regularly
pre-handled and transferred to the experimental rooms at least half an hour before behavioral analysis.
Blinding of the experimenter in order to prevent detection bias was not performed here, because in
all behavioral tests automated outcome assessment was applied (via EthoVision XT, IntelliCage and
Touchsreen software). However, blinding was performed during the immunohistochemical analysis.
Here, a second experimenter marked the ROI in the images without being aware of animal ID or
experimental group. Furthermore, an automated animal management software as well as an electronic
lab-book were used throughout the study. Standard operating procedures had been written prior to
the experimental procedures.
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Abstract: Disability in activities of daily living (ADL) is common in elderly people. Dietary diversity is
associated with several age-related diseases. The evidence on dietary diversity score (DDS) and ADL
disability is limited. This study was based on the China Health and Nutrition Survey. Prospective
data of 5004 participants were analyzed. ADL disability was defined as the inability to perform at
least one of the five self-care tasks. Cox proportional regression models were conducted to estimate
the association of cumulative average DDS with the risk of ADL disability. Logistic regression models
were performed to estimate the odds ratios for the average DDS, the baseline DDS, and the recent
DDS prior to the end of the survey in relation to ADL disability, respectively. The results indicate that
higher average DDS was associated with a decreased risk of ADL disability (T3 vs. T1: hazard ratio
0.50; 95% confidence interval 0.39–0.66). The association was stronger among participants who did
not had comorbidity at baseline than those who did (P-interaction 0.035). The average DDS is the
most pronounced in estimating the association of DDS with ADL disability of the three approaches.
In summary, higher DDS has beneficial effects on ADL disability, and long-term dietary exposure is
more preferable in the investigation of DDS and ADL.

Keywords: dietary diversity; activities of daily living; cohort study; adults

1. Introduction

The world’s population is aging at a faster speed than it used to be according to a report from the
World Health Organization [1]. It is predicted that the number of older people worldwide would more
than double by 2050 [2]. The aging process is accompanied by declines in functional capacity and
cognition [3,4]. Disability in older people is associated with low quality of life [5], increased burden on
caregivers [6], rise in morbidity and mortality [7], and elevated health care costs [8], which finally put
more burdens on the whole society.

Activities of daily living (ADL) is an index to represent the capability of skills essential to
manage basic physical needs, comprised of the following areas: grooming/personal hygiene, dressing,
toileting/continence, transferring/ambulating, and eating [9]. The prevalence of ADL disability in
Chinese individuals aged 60 years and above was 10.03% in 2015 [10]. Actions aimed at preventing
ADL dependence may reduce the burden on older people themselves, caregivers, and the health
care system [11]. Several factors are reported to be associated with ADL disability, including gender,
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slow gait speed, weight loss, muscle strength, etc. [5,12]. In addition to that, diet and nutrition are
found to have an impact on ADL or functional capacity. Previous prospective studies indicated that
higher consumption of dairy products is associated with a lower risk of functional disability [13].
Nutrients, such as vitamin D [14] and dietary fiber [15], are also reported to be related to ADL.

Dietary diversity is an important aspect of our diet. Keeping a diverse diet is one of the
key recommendations of Chinese dietary guidelines [16]. Epidemiological studies showed that a
higher dietary diversity score (DDS) is inversely associated with some age-related diseases, such as
diabetes [17], cognitive decline [18]. Additionally, it has been shown that adherence to a diverse diet
reduced the risk of death [19,20]. However, prospective evidence on DDS and ADL disability is limited.
In this study, we prospectively analyzed the effect of DDS on the risk of ADL disability in a prospective
cohort study.

2. Materials and Methods

2.1. Study Population

This study was based on the China Health and Nutrition Survey (CHNS). Details about the CHNS
has been described elsewhere [21]. In brief, the CHNS is an open cohort study, and participants from
twelve geographically diverse areas of China were involved in this study. The CHNS was designed to
understand the health and nutrition of the Chinese and how they are affected by social transformation.
It was initiated in 1989, and follow-up surveys were conducted in 1991, 1993, 1997, 2000, 2004, 2006,
2009, 2011, and 2015. Data collected in phase 1997 and beyond were used in the present study.
The inclusion criteria included answered the ADL survey and aged 60 years and above at the end of
the survey (report of ADL disability, loss to follow-up, the phase of 2015, whichever occurred first).
The exclusion criteria included absent from dietary survey, report of ADL at baseline survey, report of
previously diagnosed cancer at baseline survey, and missing values on covariates. In the end, 5004
participants were included this study (Figure 1). The CHNS was approved by institutional review
boards at the University of North Carolina at Chapel Hill and the National Institute of Nutrition
and Food Safety, Chinese Center for Disease Control and Prevention. All participants gave written
informed consent before they participated in the survey.

2.2. Dietary Survey and Dietary Diversity Score

Participants’ diet intakes in the past 3 days were recorded by dietary recall and household food
weight inventory. Details about the dietary survey process have been published [22]. All food items
that a participant consumed in a 24 h period were divided into eight food categories (cereals and tubers,
vegetables, fruits, meat, aquatic products, eggs, soybeans and nuts, and dairy products). Intake of any
food from each of the food categories will add one point to DDS, with a total score of eight. Average
daily DDS was calculated for each participant at each phase. Cumulative average DDS across phases
before the end of the survey (report of ADL disability, loss to follow-up, the phase of 2015, whichever
occurred first) was computed to represent long-term diet exposure. Subsequently, average DDS was
grouped into tertiles from low to high (T1: 1.33–3.25; T2: 3.27–4.03; T3: 4.06–8.00). Besides, participants’
nutrient intakes were estimated according to the Chinese food composition tables, and cumulative
average daily intakes were also computed.

2.3. Ascertain of Disability in Activities of Daily Living

In phase 1997, 2000, 2004, 2006, and 2015, participants aged 55 years and above were asked
whether she or he could finish some self-care tasks (standing up after sitting for a long time, dressing,
toileting, bathing, and feeding). For each question, participants were asked “Do you have any difficulty
doing this?”: no difficulty; having some difficulty, but can still do it; need help to do it; cannot do it at
all; and unknown. Participants who chose “need help to do it” or “cannot do it at all” in at least one of
the five activities were defined as ADL disability [23].
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Figure 1. Flow chart of sample selection.

2.4. Covariates

Information on sociodemographic characteristics, lifestyle behaviors, and personal health and
medical history were collected in the CHNS. Baseline age, gender, living region, residency, education
level, per capita household income, smoking status, alcohol consumption, physical activity, body mass
index (BMI), and medical history (cancer, hypertension, diabetes, stroke, and myocardial infarction)
were obtained from the phase at entry.
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Per capita household income was estimated at each phase, and missing values for per capita
household income was replaced by the medians of each survey site. Income was grouped into tertiles and
was labeled as low, middle, and high at each phase. Physical activity was measured in terms of metabolic
equivalent of task (MET)-hours per week [24]. Missing values for height and weight were replaced
by the means of two adjacent surveys. BMI was computed as weight (kg)/(height (m))2. Since blood
pressure was measured, participants who had been previously diagnosed with hypertension or with
systolic blood pressure ≥ 140 mmHg and/or diastolic blood pressure ≥ 90 mmHg were all regarded
as hypertensive patients. Other medical histories were based on the self-report from participants.
Comorbidity was defined as having at least one of the four diseases (hypertension, diabetes, stroke,
and myocardial infarction) at the baseline survey.

2.5. Statistics

Continuous variables were presented as means and standard deviations or medians and quartiles
according to the distribution of data; categorical variables were presented as percentages. Normally
distributed continuous variables were tested between groups by one-way analysis of variance,
for categorical variables, chi-square tests were performed for difference across groups. To estimate the
trends of nutrient intakes across DDS tertiles (T1, T2, T3), linear regression models were conducted.
We assigned the midpoint values of DDS tertiles and treated the variables as continuous in the linear
regression model. Values of nutrient intakes were transformed to log to reach normality.

Person years were measured from baseline survey date until the last survey date (report of ADL
disability, loss to follow-up, or the phase of 2015, whichever occurred first). To assess the effect of
DDS on the risk of ADL disability, hazard ratios (HRs) for DDS and ADL disability were estimated by
Cox proportional hazard regression models. Multivariate models were conducted. In the first model,
covariates including age at entry (continuous), gender (men or women), living region (southern or
northern China), residency (urban or rural), income (low, middle, or high), and education level (primary
school and below or middle school and higher) were adjusted. In the second model, smoking status
(smoker or not), physical activity (≤100 or >100 MET-hours/week), BMI (continuous), and comorbidity
(yes or no) were additionally adjusted.

Sensitivity analyses were performed by (1) excluding individuals whose follow-up time was less
than 5 years and (2) the adjustment of alcohol consumption (regular consumer or not) and phase at entry
(1997, 2000, 2004, 2006, 2009, or 2011). Subgroup analyses were conducted in participants with different
baseline characteristics (gender, living region, age at entry (≤65 or >65 years old), and comorbidity).

To assess the short-term and the long-term effects of DDS on ADL disability, we analyze the DDS
value reported in different surveys with the odds of ADL disability. Individuals involved in three or
more dietary surveys were included. Logistic regression models were performed to estimate the odds
ratios for the average DDS across phases, the baseline DDS, and the recent DDS prior to the end of the
survey in relation to ADL disability, respectively.

All the statistics were conducted in R 4.0.2. All p values were two-sided, and statistical significance
was defined as p < 0.05.

3. Results

3.1. Dietary Diversity Score and Baseline Characteristics

The average DDS among participants was 3.78 ± 1.04 (ranged from 1.33 to 8.00). Table 1 presented
the baseline characteristics of participants according to DDS tertiles. Compared with individuals in the
lowest tertile of DDS, those scoring higher in DDS were older when they entered the survey, had a
higher proportion of men, had higher BMI, were more likely to live in southern China and urban areas,
had higher education level and income, were less likely to be a smoker, and had lower physical activity.
The distribution of DDS was similar in regular alcohol drinkers and the others.
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Table 1. Baseline characteristics of participants according to dietary diversity score (DDS) tertiles.

Variables
DDS Tertiles a

p
T1 T2 T3

Number of participants 1663 1663 1678
Age at entry (years) 57.6 ± 9.6 58.1 ± 9.8 60.3 ± 8.9 <0.001

Body mass index (kg/m2) 22.2 ± 3.3 23.1 ± 3.4 24.2 ± 3.3 <0.001
Gender

Men 44.4 48.2 49.0 0.016
Women 55.6 51.8 51.0

Living region
Southern China 57.7 71.9 63.5 <0.001
Northern China 42.3 28.1 36.5

Residency
Rural 82.9 61.3 30.5 <0.001
Urban 17.1 38.7 69.5

Education level <0.001
Primary school or below 86.0 70.8 40.0
Middle school or higher 14.0 29.2 60.0

Income b

Low 51.7 26.8 9.8 <0.001
Middle 31.6 36.7 23.4
High 16.7 36.5 66.9

Smoking status
Smoker 32.7 31.7 25.4 <0.001

Non-smoker 67.3 68.3 74.6
Alcohol consumption

Regular drinker 23.4 26.7 24.9 0.101
Others 76.6 73.3 75.1

Physical activity (MET-hours per week)
≤100 40.4 55.3 64.7 <0.001
>100 59.6 44.7 35.3

MET, metabolic equivalent of task. Continuous variables were presented as means and standard deviations,
and categorical variables were presented as percentages. Continuous variables were tested between groups by
one-way analysis of variance, and categorical variables were tested by chi-square test. a DDSs were grouped into
tertiles from low to high (T1, T2, T3). b Per capita household incomes were grouped into tertiles at each phase and
was labeled as low, middle, and high, respectively.

3.2. Dietary Diversity Score and Nutrient Intakes

DDS was positively associated with intakes of protein, fat, dietary fiber, vitamin A, riboflavin, niacin,
vitamin C, vitamin E, calcium, phosphorus, potassium, magnesium, iron, zinc, and selenium. Meanwhile,
higher DDS was inversely associated with intakes of carbohydrate, sodium, and manganese (Table 2).

Table 2. Nutrient intakes across dietary diversity score (DDS) tertiles.

Nutrients
DDS Tertiles a

T1 T2 T3

Protein (g/d) 55.3 (45.6, 66.2) 61.1 (51.7, 71.8) 69.1 (58.2, 82.8)
Fat (g/d) 55.9 (42.8, 72.2) 73.2 (58.1, 92.3) 81.1 (64.1, 100.0)

Carbohydrate (g/d) 329.3 (265.4, 390.7) 286.4 (233.7, 340.6) 252.2 (202.0, 302.5)
Insoluble dietary fiber (g/d) 10.8 (8.0, 14.2) 9.4 (7.1, 12.5) 11.0 (8.2, 14.7)

Vitamin A (μgRE/d) 263.1 (156.0, 418.3) 391.0 (255.7, 627.4) 473.2 (323.5, 696.1)
Thiamin (mg/d) 0.9 (0.7, 1.1) 0.9 (0.7, 1.0) 0.9 (0.7, 1.1)

Riboflavin (mg/d) 0.6 (0.5, 0.7) 0.7 (0.6, 0.8) 0.8 (0.7, 1.0)
Niacin (mg/d) 12.2 (9.7, 14.8) 13.7 (11.0, 16.5) 14.5 (11.6, 17.8)

Vitamin C (mg/d) 74.6 (52.9, 100.1) 74.9 (55.2, 99.8) 80.2 (57.5, 108.0)
Vitamin E (mg/d) 26.8 (18.0, 37.3) 26.9 (19.5, 37.6) 31.0 (22.6, 41.9)
Calcium (mg/d) 315.8 (245.6, 393.1) 347.1 (275.3, 442.1) 453.8 (350.5, 591.0)
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Table 2. Cont.

Nutrients
DDS Tertiles a

T1 T2 T3

Phosphorus (mg/d) 871.0 (701.7, 1058.0) 875.1 (738.6, 1027.7) 979.7 (832.6, 1158.6)
Potassium (mg/d) 1459.6 (1183.6, 1764.2) 1483.7 (1232.7, 1767.2) 1748.8 (1445.2, 2103.1)

Sodium (mg/d) 5066.2 (3869.7, 6714.2) 4781.3 (3693.8, 6378.6) 4637.7 (3532.3, 6133.1)
Magnesium (mg/d) 283.5 (227.7, 346.2) 266.1 (222.1, 318.9) 286.0 (236.3, 341.0)

Iron (mg/d) 19.5 (15.6, 24.0) 19.5 (16.1, 23.5) 20.5 (16.6, 25.0)
Zinc (mg/d) 9.6 (7.9, 11.5) 10.2 (8.5, 12.1) 10.7 (8.8, 12.8)

Selenium (μg/d) 30.9 (23.0, 39.1) 35.9 (29.4, 45.1) 46.0 (36.7, 57.6)
Copper (mg/d) 1.9 (1.5, 2.3) 1.7 (1.4, 2.1) 1.8 (1.4, 2.3)

Manganese (mg/d) 6.3 (5.0, 7.6) 5.7 (4.6, 6.9) 5.2 (4.2, 6.4)

Values are medians and quartiles. Tests for linear trend across DDS tertiles were conducted by assigning the
midpoint values of DDS and treating the variables as continuous in a linear regression model, prior to that, the values
of nutrient intakes were transformed to log to reach normality. All nutrients were associated with DDS tertiles with
p-trend < 0.001, except for dietary fiber (p-trend = 0.041), thiamin (p-trend = 0.260), magnesium (p-trend = 0.033),
and copper (p-trend = 0.138). a DDSs were grouped into tertiles from low to high (T1, T2, T3).

3.3. Dietary Diversity Score and Disability in Activities of Daily Living

During a median follow-up of 9 years (ranged from 2 to 18; total person years: 52,297), 601 ADL
was reported. Absolute ADL rates according to DDS tertiles (from low to high: T1, T2, T3) were 14.4,
10.5, and 8.7 per 1000 person years, respectively. After the adjustment of covariates, higher DDS was
associated with decreased risk of ADL disability (Table 3).

Table 3. Association between dietary diversity score (DDS) and disability in activities of daily
living (ADL).

Continuous DDS DDS Tertiles a

T1 T2 T3 p-Trend

n of ADL disability 601 281 194 126
n of person years 52,297 19,458 18,414 14,425

Crude 0.86 (0.78, 0.94) 1.00 0.82 (0.68, 0.98) 0.74 (0.60, 0.91) 0.003
Model 1 0.73 (0.65, 0.82) 1.00 0.81 (0.67, 0.99) 0.53 (0.41, 0.69) <0.001
Model 2 0.71 (0.63, 0.80) 1.00 0.80 (0.65, 0.97) 0.50 (0.39, 0.66) <0.001

Values were hazard ratios and 95% confidence intervals unless specified. Hazard ratios were estimated by Cox
proportional regression models. Multivariate models were adjusted for: Model 1: age at entry (continuous), gender
(men or women), living region (southern or northern China), residency (urban or rural), income (low, middle,
or high), and education level (primary school and below or middle school and higher); Model 2: additionally
included smoking status (smoker or not), physical activity (≤100 or >100 metabolic equivalent of task-hours/week),
body mass index (continuous), and comorbidities (no or yes). Tests for trend were performed by assigning the
midpoints of each DDS tertiles and treating the value as continuous in a separate regression model. a DDSs were
grouped into tertiles from low to high (T1, T2, T3).

3.4. Sensitivity Analyses

In the sensitivity analysis, the association of DDS with ADL disability did not change by
excluding individuals whose follow-up time was less than 5 years, or additional adjustment of alcohol
consumption and phase at entry (Table S1).

3.5. Subgroup Analyses

The significant association between DDS and ADL disability was observed in all subgroups based
on baseline characteristics, including gender, living region, age at entry, and comorbidity. However,
the association was more pronounced in participants living in southern China, participants aged over
65 years at entry, and participants without comorbidities than the others. A significant interaction term
between DDS and comorbidity was observed (Figure 2).
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Figure 2. Subgroup analysis of association of continuous dietary diversity score (DDS) with disability
in activities of daily living (ADL). Hazard ratios were estimated by Cox proportional regression models.
Multivariate models were adjusted for age at entry (continuous), gender (men or women), living region
(southern or northern China), residency (urban or rural), income (low, middle, or high), education level
(primary school and below or middle school and higher), smoking status (smoker or not), physical
activity (≤100 or >100 metabolic equivalent of task-hours/week), body mass index (continuous),
and comorbidities (no or yes). Analyses within subgroups were adjusted for all other covariates.

3.6. Dietary Exposure Measures

We found both the average DDS across phases and the baseline DDS were associated with lower
odds of ADL disability. The association was more pronounced for the average DDS. The association
between the recent DDS prior to the end of the survey and ADL disability was insignificant (Figure 3).

 
Figure 3. Dietary diversity score (DDS) at different surveys and disability in activities of daily living
(ADL). Participants involved in three or more dietary surveys were included (n = 2756). Average
DDS was the cumulative mean DDS from baseline to the phase prior to the end of the survey (report
of disability in activities of daily living, loss to follow-up, the phase of 2015, whichever occurred
first). Baseline DDS was obtained from the phase at entry. Recent DDS was obtained from the phase
before the end of the survey. All DDSs were continuous. Odds ratios were estimated by logistic
regression models. Models were adjusted for age at entry (continuous), gender (men or women),
living region (southern or northern China), residency (urban or rural), income (low, middle, or high),
education level (primary school and below or middle school and higher), smoking status (smoker
or not), physical activity (≤100 or >100 metabolic equivalent of task-hours/week), body mass index
(continuous), and comorbidities (no or yes).
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4. Discussion

This study found that higher DDS was inversely associated with the risk of ADL disability
in Chinese adults. The association was stable after the adjustment of physical activity, BMI,
and comorbidity. To our best knowledge, the present study is the first one revealing the beneficial
effect of dietary diversity on ADL disability.

In the western population, the Mediterranean diet is most frequently investigated when addressing
the effect of dietary patterns on functional capacity. A meta-analysis showed that higher adherence
to the Mediterranean diet is associated with decreased risk of frailty and functional disability in the
elderly [25]. Besides, adherence to the healthy eating index may be also associated with better physical
performance among elderly people [26]. In the eastern population, prospective studies found the
Japanese diet was inversely associated with functional disability in Japanese individuals aged 65 years
and above [27,28]. In contrast, evidence on DDS and ADL or functional capacity is relatively limited.
We only observed one study that reported an insignificant relationship between DDS and higher-level
functional capacity [29]. Our study found an inverse association between DDS and the risk of ADL
disability based on a population-based cohort study. We believe this work will make contributions
to literature on healthy aging. Besides, compared with the approach of dietary pattern assessment,
the DDS approach is easier to compute, more suitable for comparison across different populations,
and more appropriate to use for guiding people to follow a healthy diet. This work will contribute to
the prevention of ADL disability.

Our study observed that each additional point on DDS was associated with a nearly thirty percent
reduction in the risk of ADL disability. The benefits of DDS on ADL might be related to the following
mechanisms. First, aging is associated with a loss of muscle mass, leading to frailty, sarcopenia,
and functional disability [30]. More dietary protein is needed for the maintenance of good muscle
function in the elderly [30,31]. Epidemiological studies showed that higher dietary protein may slow
down the process of muscle mass loss [32–34]. Our study found individuals with higher DDS had
higher intakes of protein, which may be a benefit for ADL independence. Second, it has been widely
recognized that inflammation and oxidative stress played important roles in the process of aging [35,36].
We observed a positive trend between DDS and intakes of antioxidants (e.g., vitamin E, vitamin C,
selenium) among the study population. Higher DDS may promote healthier aging by countering
inflammation and oxidative stress. Third, aging is also caused by the loss of bone mass [37], which may
increase the risk of frailty and fracture and eventually accelerate the loss of ADL independence [38–40].
In this study, we observed that participants with higher DDS enjoyed high intakes of protein, calcium,
phosphorus, potassium, which were beneficial to bone health [41]. Fourth, a diverse diet has a positive
effect on gut microbiota [42]. Healthy gut microbiota may promote the absorption of micronutrients
and modulate individual response to dietary protein [31,43].

An interaction between DDS and comorbidity on the risk of ADL disability was observed in
this study. The association of DDS with ADL disability was more pronounced among participants
without comorbidity at baseline than those with comorbidity. We assumed that this might be because,
among participants with comorbidity, the progression of disease played a more important role in the
loss of ADL independence than the impact of diet. However, we should note that, even in individuals
with comorbidity, the beneficial effect of DDS still existed.

In this study, we calculated the cumulative average DDS to address participants’ long-term dietary
exposure. To compare the difference between different dietary exposure measures, we estimated the
OR for the average DDS across phases, the baseline DDS, and the recent DDS prior to the end of the
survey in relation to ADL disability. The results indicate that when estimating the effect of DDS on
ADL disability, the average DDS is the most pronounced of the three approaches, which is consistent
with previous studies [44,45]. The result indicates that, in estimating the effect of dietary factors on
ADL, long-term dietary exposure is more important than the recent exposure. Findings also implicated
that the measure that could address the dynamic dietary exposure is more preferable to the single
baseline data.
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The strengths of this study include prospective design and population-based samples,
which provided advantages for causal inference. Repeated dietary surveys allowed us to capture
participants’ long-term dietary exposure. There are several limitations. First, although comorbidities
were considered in our analysis, other factors that may influence ADL (e.g., dementia, accident) were
not included because of a lack of data. Second, the present study was based on a dynamic cohort study,
participants joined the survey at a wide age range; however, in the subgroup and sensitivity analyses,
we took participants’ age at entry and phase at entry into consideration, which could partly mark
up for this defect. Third, the ADL disability was self-reported. Participants might overestimate or
underestimate their abilities to finish some tasks because of social desirability or misunderstanding.

5. Conclusions

In summary, this study found that higher DDS has a beneficial effect on the risk of ADL disability
and long-term dietary exposure is more preferable in the investigation of DDS and ADL.
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Abstract: Quality of life (QOL) and mortality are true endpoints of epidemiological or medical
research, especially for community-dwelling older adults. Nutritional status and activities of daily
living (ADLs) are associated with QOL and mortality. Good oral health status supports a good
nutritional status. The aim of this study was to elucidate the complex structure of these important
health-related factors. We surveyed 354 healthy older adults at the age of 85. Nutritional status
was evaluated by the serum level of albumin. QOL, ADLs, self-assessed chewing ability, serum
albumin level, and mortality during the 15 year follow up period were analyzed. Self-assessed
chewing ability was associated with QOL and ADLs. Self-assessed chewing ability for slight-hard
foods was associated with mortality in men. However, it was not associated with the serum albumin
level. The serum albumin level was associated with mortality in women. These results indicate
that maintaining good oral function is not enough. Nutritional instruction in accordance with oral
function is indispensable for health promotion in older adults. When planning health promotion
strategies for older adults, different strategies are needed for men and women.

Keywords: mortality; QOL; ADL; Serum albumin; self-assessed chewing ability

1. Introduction

Super-aging societies face many challenges, such as the use of the social security system to access
optimal medical services and health services. These services are required to improve quality of life
(QOL) and extend life expectancy [1–3]. QOL and life expectancy are multifactorial. Knowledge of
nutrition and practice of a healthy diet are considered to be the most important factors affecting the
health and quality of life of older adults [4,5]. Nutritional interventions for community-dwelling older
adults are effective for the promotion of health [6–8].

Nutrients 2020, 12, 3315; doi:10.3390/nu12113315 www.mdpi.com/journal/nutrients
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Quality of life (QOL) and mortality are true endpoints of epidemiological studies or medical
research. Several studies have focused on the effect of nutritional status on QOL for subjects with
specific diseases [9–11]. To the best of our knowledge, no study has investigated the effect of nutritional
status on QOL for the community-dwelling older adults.

The effect of nutritional status on mortality in community-dwelling older adults is well
documented [12–14]. Serum level of albumin, which reflects the nutritional status, is a well-known
predictor of mortality [15–20]. It is applicable for community-dwelling older adults [21,22]. In addition,
nutritional status is associated with activities of daily living (ADLs). Evidence concerning nutritional
status and ALD for subjects with specific conditions is also accumulating [23–25].

Oral health is an important factor in maintaining a healthy nutritional status. Oral functions,
especially mastication, are associated with nutritional status. Food preferences depend on masticatory
efficiency [26,27]. Overconsumption of carbohydrate-rich foods affects mortality. Excess intake of
carbohydrate-rich food is associated with the consumption of excess processed food and not enough
raw healthy food [28–30]. Oral functions, are key elements in maintaining a healthy nutritional status.
However, a systematic review concluded that further study including demographically diverse samples
is necessary [31]. For the evaluation of masticatory function, specific devices have been improved
to aid in clinical diagnosis [32]. For epidemiological studies, simple questionnaires have been used.
By using simple questionnaires, evidence that oral health affects mortality has been accumulated.
However, the follow up period used in such studies was short and the age range of the population
studied was broad.

Nutritional status and oral health may be associated with mortality, QOL, and ADLs. These
variables interact with each other. Revealing the complexity of these interactions may lead to better
understanding of health-related problems.

Ministry of Health and Labor in Japan directed the 8020 Data Bank Survey at four prefectures
in 1997. The aim of this survey was to gather evidence that older adults with their own 20 teeth are
active and healthy. In 2002, a five-year follow up study was conducted at Iwate prefecture located
in the northeast of Japan. In this follow up survey, the Short form 36 (SF36) [33–35] and the Tokyo
Metropolitan Institute of Gerontology Index (TMIG index) [36] were introduced. These questionnaires
are validated questionnaires for the evaluation of QOL and ADL. In addition, in 2017, a follow up
survey was conducted to investigate the mortality of the participants.

In this study, by using 15-year follow up data from older adults at the age of 85, we investigated
the effect of nutritional status, as evaluated by serum level albumin and self-assessed chewing ability,
on IADL, QOL, and mortality. The aim of this study was to elucidate the complex relationships among
these important health-related factors.

2. Materials and Methods

2.1. Setting

A 15-year follow-up study was conducted with subjects aged 85 years old (from 2002 to 2017)
residing in the 11 districts served by one health center in Iwate Prefecture.

2.2. Study Population and Survey Frame

In 1997, Japanese Ministry of Labor and Health directed and supported a survey of 80-year-old
people residing in four areas in Japan. The details of the survey are described in our previous
report [37]. In 2002, the 8020 promotion foundation, which is an affiliated organization of the Japan
dental association, supported a follow up survey. Iwate Prefecture, located in the northern region of
Japan, was one of the areas that participated in this survey. The sampling method was cluster sampling,
and the sampling frame was a complete count survey for all subjects aged 80 years in 1997 (born in
1917) who resided in nine districts in Iwate Prefecture served by one public health center. Between
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1997 and 2002, two villages were newly served by the public health center. Sixty-six subjects residing
in the two areas participated in the survey conducted in 2002.

Based on residential registration, public health nurses visited homes in two districts in which
subjects who participated in the survey in 1996 lived and in which 85-year-old individuals lived.
Public health nurses recommended that all subjects participate in the survey. Among the 435 subjects,
349 agreed to participate, and 345 completed the survey. The surveys, including an oral examination,
blood sampling, a medical interview, and a physical fitness test, were conducted at a meeting place
or gymnasium owned by the local government. No institutionalized older people were included in
this study. In 2017, the 8020 promotion foundation supported a follow up survey that investigated
the survival rate of the participants. In October 2017, public health nurses surveyed the participants’
survival and dates of death using the census register. A follow-up survey was conducted using the
resident register with surviving subjects participating in the survey in 2002. Details of the follow up
survey were described in our previous report [38].

2.3. Questionnaire

2.3.1. Quality of Life (QOL)

Quality of life was evaluated by the short form 36(SF-36). The Sf-36 consists of 36 items. These
items are classified into 8 subscales: physical functioning (PF), role physical (RP), bodily pain (BP),
general health (GH), vitality (VT), social functioning (SF), role emotional (RE), and mental health (MH).

The values of these subscales were standardized and calculated by a program provided by iHope
International (Kyoto, Japan) [33–35].

2.3.2. Activities of Daily Living (ADLs)

Instrumental activity of daily living was assessed by The Tokyo Metropolitan Institute
of Gerontology index of competence (TMIG index) [36]. TIMG index consists of three
subscales/dimensions: self-maintenance (S.M), intellectual activity (I.A.), and social role (S.R.). These
subscales consist of 5, 4, and 4 items, respectively. If subjects answered yes or able, one point was given
for each item. A low IADL (≤4 points), IA (≤2 points), or SR (≤2 points) score is regarded as declining
function [39,40]. The TMIG index has been widely used in epidemiological surveys [41–45].

The items included in these subscales are

S.M.: Using public transportation, shopping, preparing, meals, paying bills, managing deposits
I.A.: Filling out pension forms, reading the newspaper, reading books, becoming interested in a new
story or program about health.
S.R.: Visiting friends, being called on for advice, visiting sick friends, talking to young people.

2.3.3. Self-Assessed Chewing Ability

Self-assessed chewing ability was investigated using the following question about 15 different
foods: Can you chew the following 15 foods? The response was a simple dichotomous choice
(yes/no). Several epidemiological studies have applied this questionnaire for the evaluation of chewing
ability [37,46].

2.4. Statistical Analysis

2.4.1. Item Response Theory (IRT)

To calculate the summary score for chewing ability, a three-parameter logistic model of the item
response theory (IRT) was applied. In addition, factor analysis by the major factor method with varimax
rotation was carried out. Summary scores were calculated within each factor [42–49]. IRT analysis was
performed using R ver3.50 with the LTR and irtoys packages.
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2.4.2. Structural Equation Modeling (SEM)

Before performing structural equation modeling (SEM), factor analysis by the major factor method
with varimax rotation was carried out. Based on the results of the factor analysis, latent variables
were constructed. The models were modified through a comparison with the correction index to
improve the fitness of the data. For the evaluation of the fitness, the root-mean-square error of
approximation (RMSEA) was used for the goodness of fit index [50]. Factor analysis was carried out
using SPSS Statistics ver24.0 (IBM, Tokyo, Japan) and SEM was carried out busing AMOS ver24.0
(IBM, Tokyo, Japan).

2.4.3. Generalized Linear Model

To assess the subscales and items of QOL and IADL, the generalized linear model was applied.
The distribution of response and link functions was selected using Akaike’s Information Criterion (AIC).
The generalized linear model analysis was carried out using SPSS Statistics ver24.0 (IBM, Tokyo, Japan)

2.4.4. Survival Analysis

Survival rates were calculated using the Kaplan–Meier analysis. A log rank test was used
to compare significant differences in survival curves. A Cox proportional hazards model was
applied to calculate the hazard ratios. Survival analysis was carried out using SPSS Statistics ver24.0
(IBM, Tokyo, Japan)

2.5. Ethics Approval and CONSENT to Participate

Informed written consent was obtained from all of the participants at the baseline survey visit.
This study was approved by the Ethics Committee of Tsurumi University School of Dental Medicine
(Approval Number: 1515).

3. Results

3.1. Characteristics of the Subjects Who Participated in the Study

The study population consisted of 138 men and 205 women, who were all aged 85 in 2002. After
15 years, 12 subjects had survived. Their health status was evaluated by blood tests. The results are
shown in Supplementary Table S1.

3.2. Structure of QOL, ADL, and Self-Assessed Chewing Ability of the Older Adults

3.2.1. Structure of QOL

The SF 36 consists of eight subscales. Descriptive statistics of the eight subscales are presented
in Supplementary Table S2. For these subscales, factor analysis was carried out through the major
factor method with varimax rotation. Factor scores were used as summary scores of the factors for
the following analysis. The results are shown in Supplementary Table S3. The subscales consisted
of two factors. These factors were named the function and the role. Based on this result, structural
equation modeling (SEM) was carried out. The results are shown in Figure 1. Body pain (BP) and
physical functioning (PF) correlated with both latent variables.
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Figure 1. Structure of quality of life of the older subjects at the age of 85. The subscales of the SF 36
consisted of two latent variables, named Function and Role. All paths were statistically significant.
BP and PF correlated with both latent variables. Subscales: Physical functioning (PF), Role physical (RP),
Body pain (BP), General health (GH), Vitality (VT), Social functioning (SF), Role emotional (RE), Mental
health (MH), e: Error variable. SF 36: 36-Item Short-Form Health Survey. REMSEA: root-mean-square
error of approximation.

3.2.2. Structure of ADLs

The TIMG index consists of three subscales and has a total of 13 items. The scores of these items
and the descriptive statistics of the three subscales are shown in Supplementary Tables S4 and S5.
For the structure of the IADL, factor analysis and SEM were carried out in the same way as for the
QOL. The results of the factor analysis are presented in Supplementary Table S6. Factor scores were
used as summary scores of the factors for the following analysis. The model with SEM is shown in
Figure 2. Items of the TIMG Index involved three factors. Visiting sick friends and filling out the
pension form were correlated with two latent variables. Correlations between latent variables were
statistically significant. However, the correlations were very weak.

Figure 2. Structure of the ADL. Items of the TIMG Index involved 3 factors. Visiting sick friends
and filling out the pension. Pension were correlated with two latent variables. Correlations between
latent variables were statistically significant. However, the correlations were very weak. ADL: activity
of daily living, TMIG index: The Tokyo Metropolitan Institute of Gerontology index of competence.
e: Error variable. REMSEA: root-mean-square error of approximation
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3.2.3. Structure of Self-Assessed Chewing Ability and Correlation with Number of Remaining Teeth

Self-assessed chewing ability was evaluated by whether participants were able to chew 15 foods.
The variables were dichotomous. To calculate the summary score, the item response theory analysis
(IRT) was carried out. The item response curve and item information curves are shown in Figure S1,
and the model is shown in Supplementary Table S7. Similar to the QOL and IADL, a factor analysis
was carried out for these 15 foods. The results are shown in Supplementary Table S8. The fifteen
foods had three factors, and the factors were named easy to chew food, slightly hard to chew food,
and moderate and hard to chew foods. The correlations among chewing ability, number of remaining
teeth, and serum level of albumin as indicators of nutritional status were analyzed by SEM (Figure 3).
The link between chewing ability and serum albumin was not statistically significant (p = 0.692). Other
than that, all associations were statistically significant.

Figure 3. Correlations among number of remaining teeth, chewing ability, and serum level of albumin.
REMSEA: root-mean-square error of approximation

3.3. Interaction of Nutritional Status, and Self-Assessed Chewing Ability with IADL and QOL

3.3.1. Correlation between Self-Assessed Chewing Ability and QOL

A generalized liner model was applied to the dimensions of QOL calculated by the factor scores
presented in Section 3.2.1. The results were shown in Table 1. For both function and role, the summary
score of self-assessed chewing ability was significantly correlated. However, the number of remaining
teeth and serum level of albumin were not statistically significant.

Table 1. Correlations of the number of remaining teeth, serum albumin level, and self-assessed chewing
ability with quality of life (QOL).

QOL

Function Role

Coefficient (95% CI) p-Value Coefficient (95% CI) p-Value

Intercept −0.411 (−1.839–1.018) 0.573 −0.204 (−1.671–1.262) 0.785

Number of remaining teeth −0.002 (−0.017–0.014) 0.842 −0.006 (−0.022–0.009) 0.437

Serum Albumin (g/dL) 0.106 (−0.243–0.454) 0.553 0.060 (−0.298–0.418) 0.742

Self-assessed Chewing ability 0.336 (0.204–0.469) <0.001 0.135 (0–0.271) 0.050

The generalized liner model was applied for the factor scores of QOL. Distribution: Normal, Link: Normal. The SF-36
consisted of eight subscales. For these subscales, the generalized linear model was applied. The results are presented
in Table S9. Self-assessed chewing ability had a statistically significant correlation with PF, RP, GH, BT, and M,
but not with BP, SF, or RE. The number of remaining teeth and serum level of Albumin had no correlations with the
eight subscales. CI: confidence interval.
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3.3.2. Correlation between Self-Assessed Chewing Ability and IADL

The TIMIG Index consists of three subscales: Self-management, Intercultural activity, and Social
role. For these subscales, the generalized liner model was applied. The results were shown in Table 2.
The summary score of self-assessed chewing ability calculated by IRT was significantly correlated with
the three subscales. However, the number of remaining teeth and the serum level of albumin were not
statistically significantly correlated with this factor.

Table 2. Correlations of the number of remaining teeth, serum albumin, and self-assessed chewing
ability with the IADL.

TMIG Index

Self-Management Intercultural Activity Social Role:

Coefficient (95% CI) p-Value Coefficient (95% CI) p-Value Coefficient (95% CI) p-Value

Intercept 0.153 (−1.234–1.541) 0.828 0.638 (−0.785–2.062) 0.379 0.048 (−1.368–1.464) 0.947

Number of
remaining teeth −0.006 (−0.021–0.009) 0.421 0.013 (−0.002–0.028) 0.100 −0.005 (−0.020–0.010) 0.544

Serum Albumin
(g/dL) −0.015 (−0.354–0.324) 0.930 −0.160 (−0.507–0.188) 0.368 0.006 (−0.340–0.352) 0.974

Self-assessed
chewing ability 0.257 (0.129–0.385) <0.001 0.138 (0.007–0.270) 0.039 0.209 (0.079–0.340) 0.002

The generalized liner model was applied to the factor scores of the TMIG Index. Distribution: Normal, Link: Normal.
TMIG index: Tokyo Metropolitan Institute of Gerontology index of competence. IADL: instrumental activity of
daily living. CI: confidence interval.

3.4. Effects of Nutritional Status, Self-Asssessed Chewing Ability, and IADL on Mortality

To assess the mortality rate at the 15-year follow up, nutritional status evaluated by the serum
level of albumin, subscales of self-assessed chewing ability, and the IADL were analyzed using Cox’s
proportional hazard model. The results are presented in Table 3.

Table 3. Hazard ratios of nutritional status, self-assessed chewing ability, and IADL.

Men Women

Hazard Ratio (95 CI) p-Value Hazard Ratio (95 CI) p-Value

Nutritional status, Self-assessed chewing ability, number of remaining teeth

Serum Albumin (<3.7 g/dL/≥3.7 g/dL) 1.294 (0.634–2.641) 0.479 2.621 (1.184–5.803) 0.018

Self-assessed
Chewing ability

Moderate hard and hard 1.144 (0.853–1.534) 0.368 1.164 (0.873–1.529) 0.300

Slight hard 1.821 (1.082–3.049) 0.024 1.149 (0.681–1.946) 0.602

Easy 1.661 (0.876–3.155) 0.120 0.718 (0.442–1.166) 0.180

Number of remaining teeth 1.028 (0.995–1.060) 0.094 0.966 (0.925–1.009) 0.119

IADL (TMIG Index)

Self-management (≤4 points/>5 points) 1.212 (0.774–1.898) 0.401 1.548 (0.916–2.616) 0.103

Intellectual activity (≤2 points/>3 points) 2.033 (1.271–3.398) 0.043 1.391 (0.870–2.224) 0.168

Social role (≤2 points/>3 points) 1.569 (0.995–2.475) 0.053 1.345 (0.850–2.130) 0.206

TMIG index: The Tokyo Metropolitan Institute of Gerontology index of competence. CI: confidence interval.

For women, only serum albumin level was shown to have a statistically significant effect on
mortality, and its hazard ratio was the highest. In contrast, for men, the self-assessed chewing ability
of moderate hard food, and intercellular activity had statistically significant effects on mortality.
The number of remaining teeth did not have a statistically significant effect. However, when classified
as edentulous or dentate, the hazard ratio of edentulous was statistically significant in men (hazard
ratio: 1.766, 95% CI; 1.119–2.788, p = 0.015). Additionally, hazard ratios of chewing ability were
adjusted by health status evaluated by blood tests. Results were shown in Supplementary Table S10.
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For men, adjusted hazard ratios of self-assessed chewing ability were statistically significant except
for Creatinine.

The Kaplan–Meier analysis was used to calculate the survival rate. As self-assessed chewing
ability is a contentious variable, the ability to chew three foods (konnyaku jelly, tubular roll of boiled
fish paste, and steamed rice) was used as a dichotomous variable. The means and medians of the
survival rate are shown in Supplementary Table S11. The survival curves of the statistically significant
factors are shown in Figure 4.

 

Figure 4. Survival curves of the significant factors for mortality. (A) Serum levels of albumin for
women. (B) Ability to chew Konnyaku-jelly of men. (C) Ability to chew Tubular roll of boiled fish
paste of men. (D) Ability to chew Steamed rice of men. (E) Edentulous. (F)Intellectual activity of men.
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3.5. Overview of the Interactions Among Health-Related Factors

Finally, by using all health-related factors investigated in this study, multiple group structural
equation modeling was conducted for men and women. The results are presented in Figure 5. Black
lines indicated statistical significance for both men and women, blue lines indicate significance only
in men, red lines indicate significance only in women, and orange lines indicated no significance for
either men or women. Self-assessed chewing ability was not associated with serum albumin. ADLs
were not associated with QOL.

Figure 5. Overview of the interactions among health-related factors. Black lines indicated statistical
significance for both men and women, blue lines indicate significance only in men, red lines indicate
significance only in women, and orange lines indicated no significance for either men or women.
e: Error variable. QOL: quality of live. ADL: activity of daily living. REMSEA: root-mean-square error
of approximation.

4. Discussion

In this study, nutritional status, evaluated by the serum level of albumin, was associated with
mortality in women. Self-assessed chewing ability was significantly associated with quality of life
(QOL) and the instrumental activity of daily living (IADL) evaluated by the TIMG Index.

The subjects who participated in this study were functionally independent and could attend mass
check-ups held at the local city hall or gymnasium. No subjects were hospitalized or living in a nursing
home. According to the Kaplan–Meier analysis, their mean life expectancy was 91.28 years for men
and 94.38 years for women (Supplementary Table S6). The subjects who participated in this study
represented a healthy and long-living population. A previous report showed a large difference in
mortality between participants and non-participants in health check-ups [51]. The results of this study
may not applicable for hospitalized older adults or older adults residing in nursing homes.

Several studies have suggested that regular diet [52] and nutritional status [53–57] affect the QOL
of community-dwelling older adults. Another study showed that chewing ability is significantly
greater in subjects with high QOL scores. Dietary intake was not associated with QOL [58]. In this study,
chewing ability was significantly associated with two dimensions of QOL. However, nutritional status,
as evaluated by the serum level of albumin, and number of remaining teeth were not directly associated
with QOL. As shown in Figure 3, the number of remaining teeth is a morphological background factor
in oral function [59,60]. Therefore, the number of remaining teeth is not directly associated with QOL.
Nutritional status was evaluated by the serum albumin level, which is one of the limitations of this
study. A more precise evaluation of nutritional status or regular diet by a validated questionnaire may
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lead to more precise results. However, these tools were not available when the survey was conducted
in 2002.

In this study, the self-assessed chewing ability was associated with three subscales of the TMIG
index. The number of remaining teeth and the serum level of albumin were not associated with
the IADL. A previous report showed that tooth loss is associated with future decline in higher-level
functional capacity [61]. Tooth loss can be compensated for by prosthodontic treatment. In addition,
the Japanese national insurance system covers most conventional prosthodontic treatments. Recently,
the concept of functional teeth was introduced, and it could be used as a predictor of mortality instead
of the number of remaining teeth [62]. One of the limitations of this study is that we did not have data
on functional teeth. However, there were only three out of 196 (1.5%) edentulous subjects who did not
use dentures.

Recently, the concept of frailty, including oral frailty, has been widely accepted [63–65]. Frailty has
been evaluated by physical conditions that can be improved by nutritional interventions. For nutritional
intervention studies, frail is a more optimal outcome variable than ADLs [66–70]. ADLs do not only
describe limited physical conditions. They include other dimensions such as social function and
intellectual activity [71]. A previous study showed that physical activity, social role, and mental health
are associated with ADLs [41,43,72]. This may be one of the reasons why the serum level of albumin
was not significantly associated with the ADL subscales.

Nutritional factors affect mortality in older adults [73]. In this study, malnutrition was evaluated
by the serum level of albumin [74]. A low level of serum albumin is a well-known predictor of mortality
in older persons in both the short and long term [74–80]. The results of this study are consistent with
another report conducted in women; however, it was not applicable in men. Except for one subject,
all women with less than the cut-off point of albumin died within the observational period. They died
within 2000 days. In contrast, one man was alive after the observational period and he became a
centenarian. When men and women were combined, the hazard ratio for the serum level of albumin
was 1.979 (95% CI: 1.172–3.341, p = 0.011).

Self-assessed chewing ability was significantly correlated with QOL and mortality in men.
The number of remaining teeth was not statistically significantly correlated with mortality.
The subjective method for the evaluation of chewing ability requires a specific device, labor, and costs.
Due to its ease of use and cost effectiveness, masticatory dysfunction has generally been assessed
by self-assessment-specific questionnaires in epidemiological studies. Studies have shown that the
mortality of older adults is influenced by the number of remaining teeth. However, they failed to
show a dose–response relationship [81,82]. As mentioned for the QOL, this may be because the effects
of tooth loss can be compensated for by the use of proper dentures. In this study, the number of
remaining teeth did not directly influence mortality. However, for edentulous subjects, not using
dentures was significantly high risk in men (Hazard ratio: 15.160 (p = 0.019)). Therefore, tooth loss
should be used in combination with the use of dentures [83,84]. Therefore, the concept of functional
teeth is reasonable [62]. However, complete denture wearers and subjects with all-natural teeth
were treated as equivalent. Further study is necessary to apply the concept of functional teeth in
epidemiological studies. The number of remaining teeth should be considered as one of the indicators
of oral function. Mortality is a multifactorial issue, and some related factors cause either tooth loss or
mortality. In particular, socioeconomic status and health literacy may be important factors in mortality.
In this study, we could not obtain these data. It is one of the limitations of this study. However,
the association of self-assessed chewing ability with mortality rather than the number of teeth was a
reasonable result. Hazard ratio of self-assessed chewing ability for slight hard food was statistically
significant for men. It was also significant adjusted by blood tests except for creatinine. Creatinine
reflects the muscle activity. Self-assessed chewing ability may reflect the exercise in daily life. However,
as shown in Figure 4, clear survival curves were obtained. Self-assessed chewing ability for slight hard
food can be the indicator for the prediction of mortality.
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There is a sex difference in mortality related to the number of remaining teeth [46,85–88].
Most studies have shown that tooth loss is a risk factor for mortality in men and not in women [85,87,88].
Other studies have shown contradictory results [46,86]. One report had statistically not significant
between men and women [89]. Follow-up periods, the baseline number of remaining teeth, and statistical
methods were different between studies. In addition, mortality is a multifactorial issue, and some
related factors cause either tooth loss or mortality. Prevalence of noncommunicable diseases may be
different between studies. Health care supply system varies from country to country. In addition,
the prevalence of noncommunicable diseases may be different between men and women. It is impossible
to reach a clear conclusion for the sex difference of mortality.

Figure 5 shows one of the models. The interactions between health-related factors are different
between men and women. When planning a health promotion plan for older adults, different strategies
may be necessary for men and women.

5. Conclusions

Self-assessed chewing ability was not associated with the serum level of albumin. In dental
practice, recovering oral function is not enough for the health promotion of older adults. Additional
nutritional instruction is indispensable. Health-related factors were found to interact with each other.
However, the interactions were different for men and women. In terms of a health promotion plan for
older adults, different strategies are necessary for men and women.
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60. Sierpińska, T.; Gołebiewska, M.; Długosz, J.W. The relationship between masticatory efficiency and the state
of dentition at patients with non rehabilitated partial lost of teeth. Adv. Med. Sci. 2006, 51, 196–199.

61. Sato, Y.; Aida, J.; Kondo, K.; Tsuboya, T.; Watt, R.G.; Yamamoto, T.; Koyama, S.; Matsuyama, Y.; Osaka, K.
Tooth loss and decline in functional capacity: A prospective cohort study from the Japan gerontological
evaluation study. J. Am. Geriatr. Soc. 2016, 64, 2336–2342. [CrossRef]

62. Maekawa, K.; Ikeuchi, T.; Shinkai, S.; Hirano, H.; Ryu, M.; Tamaki, K.; Yatani, H.; Kuboki, T.; Kimura-Ono, A.;
Kikutani, T.; et al. Number of functional teeth more strongly predicts all-cause mortality than number of
present teeth in Japanese older adults. Geriatr. Gerontol. Int. 2020, 20, 607–614. [CrossRef]

63. Xue, Q.L.; Roche, K.B.; Varadhan, R.; Zhou, J.; Fried, L.P. Initial manifestations of frailty criteria and the
development of frailty phenotype in the Women’s Health and Aging Study II. J. Gerontol. A Biol. Sci. Med. Sci.
2008, 63, 984–990. [CrossRef]

114



Nutrients 2020, 12, 3315

64. Signore, D.S.; Roubenoff, R. Physical frailty and sarcopenia (PF&S): A point of view from the industry.
Aging Clin. Exp. Res. 2017, 29, 69–74. [CrossRef]

65. Tanaka, T.; Takahashi, K.; Hirano, H.; Kikutani, T.; Watanabe, Y.; Ohara, Y.; Furuya, H.; Tetsuo, T.;
Akishita, M.; Iijima, K. Oral frailty as a risk factor for physical frailty and mortality in community-dwelling
elderly. J. Gerontol. A Biol. Sci. Med. Sci. 2018, 73, 1661–1667. [CrossRef]

66. Avgerinou, C.; Bhanu, C.; Walters, K.; Croker, H.; Tuijt, R.; Rea, J.; Hopkins, J.; Barr, M.; Kharicha, K.K.
Supporting nutrition in frail older people: A qualitative study exploring views of primary care and
community health professionals. Br. J. Gen. Pract. 2020, 70, e138–e145. [CrossRef]

67. Tomata, Y.; Watanabe, T.; Sugiyama, K.; Zhang, S.; Sugawara, Y.; Tsuji, I. Effects of a community-based
program for oral health and nutrition on cost-effectiveness by preventing disability in Japanese frail elderly:
A quasi-experimental study using propensity score matching. J. Am. Med. Dir. Assoc. 2017, 18, 678–685.
[CrossRef]

68. Orlandoni, P.; Peladic, J.N.; Spazzafumo, L.; Venturini, C.; Cola, C.; Sparvoli, D.; Giorgini, N.; Basile, R.;
Fagnani, D. Utility of video consultation to improve the outcomes of home enteral nutrition in a population
of frail older patients. Geriatr. Gerontol. Int. 2016, 16, 762–767. [CrossRef]

69. Hirakawa, Y.; Kimata, T.; Uemura, K. Current challenges in home nutrition services for frail older adults
in Japan-A qualitative research study from the point of view of care managers. Healthcare 2013, 1, 53–63.
[CrossRef]

70. Suffian, M.N.I.; Adznam, S.N.; Saad, A.H.; Chan, Y.M.; Ibrahim, Z.; Omar, N.; Murat, M.F. Frailty Intervention
through Nutrition Education and Exercise (FINE). A health promotion intervention to prevent frailty and
improve frailty status among pre-frail elderly-A study protocol of a cluster randomized controlled trial.
Nutrients 2020, 12, E2758. [CrossRef]

71. Fujiwara, Y.; Shinkai, S.; Kumagai, S.; Amano, H.; Yoshida, Y.; Yoshida, H.; Kim, H.; Suzuki, T.; Ishizaki, T.;
Haga, H.; et al. Longitudinal changes in higher-level functional capacity of an older population living in a
Japanese urban community. Arch. Gerontol. Geriatr. 2003, 36, 141–153. [CrossRef]

72. Cappelli, M.; Bordonali, A.; Giannotti, C.; Montecucco, F.; Nencioni, A.; Odetti, P.; Monacelli, F. Social
vulnerability underlying disability amongst older adults: A systematic review. Eur. J. Clin. Investig.
2020, 50, e13239. [CrossRef]

73. Shibata, H. Nutritional factors on longevity and quality of life in Japan. J. Nutr. Health Aging 2001, 5, 97–102.
74. Don, B.R.; Kaysen, G. Serum albumin: Relationship to inflammation and nutrition. Semin. Dial. 2004, 17,

432–437. [CrossRef]
75. Okamura, T.; Hayakawa, T.; Hozawa, A.; Kadowaki, T.; Murakami, Y.; Kita, Y.; Abbott, R.D.; Okayama, A.;

Ueshima, H. Lower levels of serum albumin and total cholesterol associated with decline in activities of
daily living and excess mortality in a 12-year cohort study of elderly Japanese. J. Am. Geriatr. Soc. 2008, 56,
529–535. [CrossRef]

76. Takata, Y.; Ansai, T.; Soh, I.; Awano, S.; Sonoki, K.; Akifusa, S.; Kagiyama, S.; Hamasaki, T.; Torisu, T.;
Yoshida, A.; et al. Serum albumin levels as an independent predictor of 4-year mortality in a
community-dwelling 80-year-old population. Aging Clin. Exp. Res. 2010, 22, 31–35. [CrossRef]

77. Takata, Y.; Ansai, T.; Yoshihara, A.; Miyazaki, H. Serum albumin (SA) levels and 10-year mortality in a
community-dwelling 70-year-old population. Arch. Gerontol. Geriatr. 2012, 54, 39–43. [CrossRef]

78. Goldwasser, P.; Feldman, J. Association of serum albumin and mortality risk. J. Clin. Epidemiol. 1997, 50,
693–703. [CrossRef]

79. Sahyoun, N.R.; Jacques, P.F.; Dallal, G.; Russell, R.M. Use of albumin as a predictor of mortality in community
dwelling and institutionalized elderly populations. J. Clin. Epidemiol. 1996, 49, 981–988. [CrossRef]

80. Cohen, K.H.; Connor, B.E.L.; Edelstein, S.L. Albumin levels as a predictor of mortality in the healthy elderly.
J. Clin. Epidemiol. 1992, 45, 207–212. [CrossRef]

81. Nakanishi, N.; Hino, Y.; Ida, O.; Fukuda, H.; Shinsho, F.; Tatara, K. Associations between self-assessed
masticatory disability and health of community-residing elderly people. Community Dent Oral. Epidemiol.
1999, 27, 366–371. [CrossRef] [PubMed]

82. Nakanishi, N.; Fukuda, H.; Takatorige, T.; Tatara, K. Relationship between self-assessed masticatory disability
and 9-year mortality in a cohort of community-residing elderly people. J. Am. Geriatr. Soc. 2005, 53, 54–58.
[CrossRef]

115



Nutrients 2020, 12, 3315

83. Fukai, K.; Takiguchi, T.; Ando, Y.; Aoyama, H.; Miyakawa, Y.; Ito, G.; Inoue, M.; Sasaki, H. Mortality rates of
community-residing adults with and without dentures. Geriatr. Gerontol. Int. 2008, 8, 152–159. [CrossRef]
[PubMed]

84. Appollonio, I.; Carabellese, C.; Frattola, A.; Trabucchi, M. Dental status, quality of life, and mortality in an
older community population: A multivariate approach. J. Am. Geriatr. Soc. 1997, 45, 1315–1323. [CrossRef]
[PubMed]

85. Morita, I.; Nakagaki, H.; Kato, K.; Murakami, T.; Tsuboi, S.; Hayashizaki, J.; Toyama, A.; Hashimoto, M.;
Simozato, T.; Morishita, N.; et al. Relationship between survival rates and numbers of natural teeth in an
elderly Japanese population. Gerodontology 2006, 23, 214–218. [CrossRef] [PubMed]

86. Osterberg, T.; Carlsson, G.E.; Sundh, V.; Steen, B. Number of teeth—A predictor of mortality in the elderly?
A population study in three Nordic localities. Acta Odontol. Scand. 2007, 65, 335–340. [CrossRef]

87. Hämäläinen, P.; Meurman, J.H.; Keskinen, M.; Heikkinen, E. Relationship between dental health and 10-year
mortality in a cohort of community-dwelling elderly people. Eur. J. Oral. Sci. 2003, 111, 291–296. [CrossRef]
[PubMed]

88. Osterberg, T.; Carlsson, G.E.; Sundh, V.; Mellström, D. Number of teeth–a predictor of mortality in 70-year-old
subjects. Community Dent Oral. Epidemiol. 2008, 36, 258–268. [CrossRef]

89. Hirotomi, T.; Yoshihara, A.; Ogawa, H.; Miyazaki, H. Number of teeth and 5-year mortality in an elderly
population. Community Dent Oral. Epidemiol. 2015, 43, 226–231. [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/).

116



nutrients

Article

Effect of Training-Detraining Phases of Multicomponent
Exercises and BCAA Supplementation on Inflammatory
Markers and Albumin Levels in Frail Older Persons

Adriana Caldo-Silva 1,2,*, Guilherme Eustáquio Furtado 2,3,*, Matheus Uba Chupel 2, André L. L. Bachi 4,5,

Marcelo P. de Barros 6, Rafael Neves 1, Emanuele Marzetti 7,8, Alain Massart 1,2 and Ana Maria Teixeira 1,2

Citation: Caldo-Silva, A.; Furtado,

G.E.; Chupel, M.U.; Bachi, A.L.L.; de

Barros, M.P.; Neves, R.; Marzetti, E.;

Massart, A.; Teixeira, A.M. Effect of

Training-Detraining Phases of

Multicomponent Exercises and BCAA

Supplementation on Inflammatory

Markers and Albumin Levels in Frail

Older Persons. Nutrients 2021, 13,

1106. https://doi.org/10.3390/

nu13041106

Academic Editors:

Christiano Capurso and

Catherine Féart

Received: 28 February 2021

Accepted: 21 March 2021

Published: 28 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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 (https://

creativecommons.org/licenses/by/

4.0/).

1 University of Coimbra, Faculty of Sports Sciences and Physical Education—(FCDEF-UC),
3040-248 Coimbra, Portugal; rsneves.prof@gmail.com (R.N.); alainmassart@fcdef.uc.pt (A.M.);
ateixeira@fcdef.uc.pt (A.M.T.)

2 Research Centre for Sport and Physical Activity, CIDAF-FCDEF-UC, 3040-248 Coimbra, Portugal;
matheusuba@hotmail.com

3 Health Sciences Research Unit: Nursing (UICISAE), Nursing School of Coimbra (ESEnfC),
3000-232 Coimbra, Portugal

4 Department of Otorhinolaryngology, ENT Lab, Federal University of São Paulo (UNIFESP),
São Paulo 04025-002, Brazil; allbachi77@gmail.com

5 Post-Graduation Program in Health Sciences, Santo Amaro University (UNISA), São Paulo 04829-300, Brazil
6 Institute of Physical Activity Sciences and Sports (ICAFE), Interdisciplinary Program in Health Sciences,

Cruzeiro do Sul University, São Paulo 01506-000, Brazil; marcelo.barros@cruzeirodosul.edu.br
7 Fondazione Policlinico Universitario “Agostino Gemelli” IRCCS, 00168 Rome, Italy;

emanuele.marzetti@policlinicogemelli.it
8 Università Cattolica del Sacro Cuore, 00168 Rome, Italy
* Correspondence: dricaldo@gmail.com (A.C.-S.); guilhermefurtado@esenfc.pt (G.E.F.)

Abstract: Nowadays, it is accepted that the regular practice of exercise and branched-chain amino
acids supplementation (BCAAs) can benefit the immune responses in older persons, prevent the
occurrence of physical frailty (PF), cognitive decline, and aging-related comorbidities. However, the
impact of their combination (as non-pharmacological interventions) in albumin and the inflammatory
markers is not fully understood. Therefore, we investigated the effect of a 40-week multifactorial
intervention [MIP, multicomponent exercise (ME) associated or not with BCAAs] on plasma levels
of inflammatory markers and albumin in frail older persons (≥75 years old) living at residential
care homes (RCH). This study consisted of a prospective, naturalistic, controlled clinical trial with
four arms of multifactorial and experimental (interventions-wahshout-interventions) design. The
intervention groups were ME + BCAAs (n = 8), ME (n = 7), BCAAs (n = 7), and control group
(n = 13). Lower limb muscle-strength, cognitive profile, and PF tests were concomitantly evaluated
with plasma levels of albumin, anti- and pro-inflammatory cytokines [Interleukin-10 (IL-10) and
Tumor Necrosis Factor-alpha (TNF-α) respectively], TNF-α/IL-10 ratio, and myeloperoxidase (MPO)
activity at four different time-points: Baseline (T1), after 16 weeks of multifactorial intervention
(T2), then after a subsequent 8 weeks washout period (T3) and finally, after an additional 16 weeks
of multifactorial intervention (T4). Improvement of cognitive profile and muscle strength-related
albumin levels, as well as reduction in the TNF-α levels were found particularly in ME plus BCAAs
group. No significant variations were observed over time for TNF-α/IL-10 ratio or MPO activity.
Overall, the study showed that MIP triggered slight alterations in the inflammatory and physical
function of the frail older participants, which could provide independence and higher quality of life
for this population.

Keywords: inflammaging; cognitive impairment; cytokines; protein intake; physical frailty
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1. Introduction

Aging is characterized as a natural degenerative process strongly linked to diminished
immune efficiency, and also to enhanced inflammatory responses, and thus, to higher risks
of infections in older persons [1]. The sedentary lifestyle, per se, is one of the most impor-
tant contributors to age-related illness, whereas regular physical exercises (rPE)—based
on hormesis principles—could chronically slow down the aging immune/inflammatory
dysfunctions [2]. In this sense, reduction of systemic levels of interleukin-10 (IL-10), a clas-
sical anti-inflammatory cytokine, with elevation on Tumor Necrosis Factor-alpha (TNF-α)
levels are associated with aging [3]. Although the participation in rPE programs does not
stop the progression of aging [4], staying in moderate rPE programs can help making the
aging process more rewarding, with lower incidence of premature chronic diseases [5]. In
addition to the comorbidities outcomes, both aging and the sedentary behavior may speed
up the loss of mobility and functional autonomy [6], reducing the quality of life [7], and
also increasing the susceptibility to physical frailty (PF) and cognitive decline [8].

The age-related PF syndrome is defined by loss of muscle mass (and sarcopenia),
by low physical activity levels, and often accompanied by low protein intake [9]. Cogni-
tive decline, in turn, is characterized by confusion and progressive loss of memory and
neuromotor skills [10]. However, these two outcomes reveal biological and phenotypic
similarities, which is the reason leading to the current scientific interest in investigating
populations affected by these disorders [11]. In this sense, rPE could also provide protection
against both PF and cognitive decline in very old people [12], with most of these benefits
related, at least in part, to changes that occur in the immune system [13]. Recent findings
have shown that multicomponent exercise (ME) interventions, those that include different
types of endurance, muscle strength, and balance exercises in the same session, appear to
have a superior effect on cognitively and physically frail older persons [14,15].

Participation of older persons in rPE ameliorates not only antigen recognition, but
also immune responsiveness in general, as some evidence has shown that increased levels
of physical activity using exercise routines can even extend the protection provided by the
influenza vaccine in older persons [16], as well as a regulation of systemic inflammatory sta-
tus [17]. Apart from the modulating effects of rPE, nutritional habits also play an important
role in determining immune and inflammatory efficiency, especially in older persons [2].
In fact, malnutrition in older population is a serious concern for health systems around the
world, since it increases the risk of comorbidities occurrence with subsequent higher health
care costs [7,8]. Indeed, nutritional supplementation with vitamins, antioxidants, and
protein components (including isolated amino acids) have already demonstrated positive
results against PF, cognitive impairment, sarcopenia and other age-related disorders [18].

Supplementation with BCAA, in the absence of branched-chain aminotransferase
(BCAT) activity in the liver implies that a dietary supply of BCCAs would ensure an
almost intact passage through the liver directly to the muscle tissue, which seems to
be advantagous to restrain sarcopenia and frailty [19]. Supplementation with BCAA,
especially in association with regular exercises, was demonstrated to improve muscle
strength and cognitive functions in the older population, which are safe and low-cost
strategies to circumvent the general limitations imposed by the aging process [20–22].

Among several pro/anti-inflammatory biomarkers used in the context of exercise
and nutrition sciences [23], myeloperoxidase (MPO) stands out as a valid marker largely
released by activated neutrophils, with potent pro-oxidative/pro-inflammatory actions
24 [24]. MPO activity also appears as a biomarker that was strongly associated with
frailty and risk of mortality in a study conducted in a large community-dwelling frail
octogenarians and nonagenarians [25]. Recently, a similar intervention demonstrated the
slight reduction of serum MPO activity triggered by the combination of Taurine and ME in
older persons [26]. Instead, albumin concentrations are currently used for the assessment
of the nutritional status of an individual, and low albumin concentrations have been
associated with increased mortality after correlation for age, body mass index (BMI), gender,
and several chronic comorbidities [27]. In this sense, multifatorial interventions programs
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(MIP, exercise plus protein suplmentattion) that target to maintain (or even increase)
albuminemia in older persons could characterize an important strategy to diminish the
harmful effects of aging and its comorbidities [28].

Therefore, the aim of this work was to evaluate the effect of a 40-week MIPon
plasma/serum pro- and anti-inflammatory markers of the immune system in older persons
living in residential care homes (RCH). Furthermore, we hypothesized that ME plus BCAAs
may have an impact on the systemic albumin levels, inflammatory variables, cognitive
profile, and physical function of the participants.

2. Materials and Methods

2.1. Preliminary Procedures and Ethics

This is a prospective, naturalistic, controlled clinical trial (treatment vs care). All
subjects volunteered to participate in the exercise classes or the supplementation programs.
Consent forms were signed by the institution’s directors, the participants and their legal
representatives before testing and intervention. This study was approved by the Ethical
Committee of Faculty of Sport Sciences and Physical Education, University of Coimbra (ref-
erence number: CE/FCDEFUC/00282018), respecting the Portuguese Resolution (Art.◦4th;
Law no. 12/2005, 1st series) on ethics in human research and the Helsinki’s Declaration.
This study was properly registered with clinicaltrials.gov register NCT04376463.

2.2. Participants Elegibility

Study participants were selected through a non-probabilistic trial (plus controlled
sampling) living in public and private RCH. The eligible criteria for the participants in this
study were, at the time of first screening: (i) Participants had to be 70 years old or more;
(ii) physically frail and pre-frail; (iii) clinically stable with their drug therapy updated;
(iv) being able to perform the Time Up and Go test in ≤50 s that indicate severe mobility
independence [29]; (v) not participating in other structured rPE; (vi) not presenting any
type of health condition or use medication that might prevent the functional self-sufficiency
test performance or attention impairment (such as severe cardiopathy, hypertension, un-
controlled asthmatic bronchitis or severe musculoskeletal conditions); (vii) not presenting
mental disorders or hearing/visual impairment that could prevent the evaluations and
activities proposed, according to the institutional medical staff; (viii) not presenting morbid
obesity (BMI ≥ 40). At the end of the recruitment process, 80 older persons entered the
enrollment phase.

2.3. Participants Allocation

All the participants were selected through a non-probabilistic trial (plus controlled
sampling) based on the geographical area of Coimbra, Portugal, living in public and private
residential care homes (RCH) or frequenting day centres in the local community. From
the 80 participants initially screened, 50 eligible participants were allocated in their respec-
tive intervention groups. However, for the specific reasons highlighted in Figure 1, only
35 participants (age = 83 ± 3 years-old) completed the 40 weeks multifactorial intervention,
divided in the following groups: ME (n = 7), ME + BCAA (n = 8), BCAA (n = 7), and the
no-regular exercise/no-supplementation control group (CG, n = 13). All the procedures
were performed according to the Consolidated Standards of Reporting Trials (CONSORT)
guidelines [30].
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Figure 1. CONSORT Flowchart of study participants [30]. ME + BCAA, Multicomponent Exercise + Branched Chain Amino
Acid; ME, Multicomponent Exercise; BCAA, Branched Chain Amino Acid; CG, Control Group.

2.4. Experimental Design

This study is a four-phase prospective, naturalistic, controlled clinical trial with four
arms of MIP experimental design (ME + BCAAs, BCAAs, ME, and CG). In the first phase,
a baseline data collection (T1) was done followed by 16 weeks of MIP. The second phase
consisted of a second data collection (T2) followed by an 8 week washout phase. Phase
3 consisted of a third data collection, followed by the resumption of the MIP for a period
of 16 weeks. The last data collection took place after the 16 weeks of intervention (T4)
(Figure 2).

3. Outcome Measures

All the assessments were performed in the morning, between 10 and 11:45 a.m. One
session was used to apply a short test battery to measure biosocial, global health status,
cognition profile, nutritional, physical, and physical frailty status. In the second consecutive
day, blood samples were collected and stored at −80 ◦C until further analysis.
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Figure 2. Chronological order of multifactorial interventions study design. T1 to T2 (elastic-band exercise, 16 weeks,
8 weeks), T2 to T3 (wash-out), T3 to T4 (multicomponent exercise, 16 weeks).

3.1. Physical Frailty Index

The phenotype of Fried’s physical frailty index was used [9]. Weight loss was assessed
by a self-report of unintentional weight loss of 4 kg or more in the last 6 months. Self-
reported exhaustion was evaluated by a negative concordance of question number 7 and 20
of the Center of Epidemiologic Studies for Depression scale [31]. Hand-grip strength was
assessed in kilograms by a hand-held (HGT) dynamometer (Lafayette 78,010, Sagamore,
United States). The best result of the two trials was used for scoring purposes. Participants
who were unable to perform the HGT and those in the lowest 20% were categorized as
positive [32]. The cutoff reference values for HGT of ≥29 kg for male and ≥17 kg for female
were adopted. Slowness was measured by the “15 feet (4.6 m) walking test”. Based on the
cutoff values of Fried’s study population, the times of ≥7 s for males and ≥6 s for females
were adopted for positive scores of slowness. The best time of the two trials was used
for the final scoring. Low physical activity (PA) levels were assessed by the International
PA Questionnaire short version (IPAQ-SV) [33]. There are three levels of PA suggested
for classification: Inactive, minimally active, and highly active. Participants classified
as inactive had a positive score for this PF component. A positive evaluation in one or
two criteria classified the participants as pre-frail, in three or more criteria as frail, and as
non-frail when the subject scored none of the five PF indicators. The prevalence of PF was
calculated to generate a frailty total score, as well as the presence of each of the five criteria
of the Fried’s model (0 to 5 points). In this study, participants classified as frail (3 or more
points) and pre-frail (2 points) were included.

3.2. Nutritional Assessment

Daily diet at the RCH was prescribed by a registered nutritionist and was provided
for all the participants without any change or interference of the research staff. On the
basis of the information provided, the diet was analyzed using specific tools (photographic
quantification of portions, food table) for the Portuguese population [34–36]. Due to the
relationship between the frailty status and severe decrease of muscle mass (or sarcopenia)
which had already been demonstrated in several studies, the objective of this nutritional
assessment was to characterize the protein consumption of the participants. In addition,
the Mini Nutritional Assessment (MNA) questionnaire was applied [37,38]. This consists
of 18 questions that present a maximum score of 30 points, and classifies the participants
as malnourished (≤17 points), at risk of malnutrition (17 < MNA < 23.5 points), and as
having a normal nutritional status (MNA > 23.5 points).

3.3. Lower Limb Muscle-Strength Test

The Five-Times-Sit-to-Stand-Test (5TSS test) was applied. This test assesses the func-
tional strength of the lower limbs, transition movements, balance, and risk of falling. The
participant is instructed to stand as quickly as possible five times, without stopping in
the middle. In addition, the participant should be encouraged to keep his arms crossed
over his chest. The instructor must count the time with a stopwatch and must count each
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position out loud so that the participant remains oriented. The test is stopped when the
participant reaches the orthostatic position at the 5th repetition [29].

3.4. Clinical and Health Status

The Charlson comorbidity index (CCI) was calculated based on the registry of in-
dividual comorbidities combined with age and gender, to account for a final score [39].
The anthropometric assessment included body mass (kg) and stature (m). Body mass was
determined using a portable scale (Seca®, model 770,Berlin, Germany) with a precision of
0.1 kg, whereas stature was determined using a portable stadiometer (Seca Body meter®,
model 208, Berlin, Germany) with a precision of 0.1 cm. Body mass index (BMI) was calcu-
lated according to the formula (BMI = body mass/stature2). The standardized procedures
described in previous studies were followed [40].

3.5. Cognitive Profile

The Portuguese version of the Mini Mental State Examination (MMSE) was used [41].
The MMSE is a 30-point scale instrument that evaluates five domains of cognition: Ori-
entation, immediate recall, attention and calculation, delayed recall, and language. This
scale classifies individuals by progressive cognitive skills: (0–9 points) severe cognitive
impairment; (10–18 points) moderate cognitive impairment; (19–24 points) mild cognitive
impairment; and (25–30 points) normal cognitive profile [42].

3.6. Biochemical Analysis

Non-fasting blood collection was done in the morning (between 10:00 a.m. and
11:00 a.m.). Blood samples were collected by venipuncture, after 15 min of individual rest in
an isolated and quiet room, at the four time-points of the study assessment. The participants
were asked to avoid alcohol and caffeine intake on the previous day of blood collection,
and also to maintain their sleep habits during the previous night. After centrifugation at
3000 rpm at 4 ◦C during 15 min, plasma and serum samples were aliquoted into Eppendorf
tubes and stored at −80 ◦C until used for the determination of interleukin-10 (IL-10),
tumour necrosis factor alpha (TNF-α), myeloperoxidase activity (MPO), and total albumin
concentrations. The ELISA (Thermo Fisher, Gloucester, UK) intra-assay coefficients of
variability were 4.1% for IL-10 and 3.0% for TNF-α.

3.7. Full Characterization of the MIP
3.7.1. Oral BCAAs

The BCAAs power mixture was composed of L-leucine (Leu), L-isoleucine (Ile), and
L-valine (Val) in the proportion of 2:1:1 (MyProtein®, Cheshire, UK), accounting for 20 kcal
per portion, comprising 5 grams (g) of supplement: 1.85 g Leu, 0.93 g Ile, and 0.93 g Val. The
unflavored supplement was used as to not induce ingestion preferences for specific flavors.
The BCCAs were diluted in 200 mL of water and given immediately after the exercise ses-
sions to the participants in the ME + BCAAs and BCAAs groups [43]. The supplement dose
was fixed at 0.21 g total BCAAs/kg/session, with individual portion sachets, administered
in the morning, between 09:00 and 11:30 a.m. [44]. We opted to exclude maltodextrin or
the carnosine-based placebo here, since the carbohydrate ingestion could mask the effort
perception and cognitive indexes in our older persons volunteers, compared to the amino
acid supplementation [45]. In addtion, carnosine, as well as other β-alanine derivatives,
were shown to affect cognitive functions, including the perception of wellness, mood,
and depression indexes [46]. Therefore, we decided to split BCAA-supplemented (ME +
BCAAs and BCAAs) and BCAAs-absent groups (ME and CG) according to the proximity
between the residential care homes (RCH), where the ME programs were effectively ap-
plied. No communication was reported between volunteers from the BCAA-supplemented
and no-BCAA supplemented groups in our study.

122



Nutrients 2021, 13, 1106

3.7.2. Washout Period (Oral BCAAs)

In this phase, the participants endured a cessation period of 8 weeks, when sup-
plementation of the ME + BCAAs and BCAAs groups was suspended in order to verify
whether the supposed benefits of BCAAs were maintained or lost [21].

3.7.3. Exercise Intervention (Phase 1)

The exercise program was divided in two interventions of 16 weeks each, separated
by an 8-week detraining (washout) period. Exercise sessions were offered twice a week,
with an interval of 36 h for adequate physiological recovery and rest. The exercise protocol
respected the guidelines of exercise prescription for older persons and the guidelines of
exercise periodization by the American College of Sports Medicine (ACSM) [47,48]. The
program started with an adaptation period of 2 weeks, in which seven different exercises
were performed using elastic bands (TheraBand®, Hygenic Corporation, Akron, OH, USA).
The participants were closely supervised for two initial sessions aiming for equipment
familiarization and adjustments to the Rating Perceived Exertion (RPE OMNI) scale [49].
During these familiarization sessions, the participants learned the correct technique of
the exercises, and selected the proper color, length, and grip width of the elastic bands.
The exercise intensity was indirectly calculated using the Karvonen’s formula to predict
the target heart rate (HR), with HRmax being calculated by an adjusted formula for older
persons [50].

HR = ((HRmax − resting HR) × %Intensity) + resting HR (1)

After the adaptation period, the exercise program was progressively intensified by
increments in both the number of exercises (from 8 to 10 exercises during the rest of the
exercise intervention) and the proposed physical effort, imposed by different intensity
color bands, according to the OMNI table [49]. The elastic-band exercises applied in the
Phase 1 period are shown in Table 1. For safety reasons, the exercise programs were also
monitored using heart rate monitors (Polar M200; Polar Electro Oy, Kempele, Finland).
Additionally, intensity was measured through the specific rating perceived exertion (RPE)
scales for each exercise program [51]. The RPE used is an arbitrary scale ranging from 0 to
10 points, with identical intervals and with reference to the quality of effort: (0) Nothing
at all; (1) very weak; (2) weak; (3) moderate; (4) somewhat strong; (5–6) strong; (7–9) very
strong; (10) very, very strong (almost maximal).

Table 1. Example of elastic-band exercise sessions applied in phase 1.

Warm-Up 5 min PSE 1–3 Progression Weeks Intensity (Color)

Exercises (8–10) Sets Repetitions Cadence Interval PSE 2 × 10 2 Yellow
Front squat 2–3 10–20 2:3 30–45 s 4 to 6 3 × 20 2 Yellow

Chair unilateral hip flexion 2–3 10–20 2:3 30–45 s 4 to 6 3 × 10 2 Red
Chair Bench over row (with flexion) 2–3 10–20 2:3 30–45 s 4 to 6 3 × 20 2 Red

Chest Press (stand and/or chair) 2–3 10–20 2:3 30–45 s 4 to 6 3 × 10 2 Green
Standing (or chair) reverse fly 2–3 10–20 2:3 30–45 s 4 to 6 3 × 20 2 Green

Shoulder Press/twist arm position 2–3 10–20 2:3 30–45 s 4 to 6 3 × 15 2 Blue
Chair (or stand) frontal total raiser 2–3 10–20 2:3 30–45 s 4 to 6 3–4 × 10−15 2 Blue

Biceps arm curl (stand and/or chair) 2–3 10–20 2:3 30–45 s 4 to 6
Chair Overhead triceps extension 2–3 10–20 2:3 30–45 s 4 to 6

Cooling down 5 min PSE 1–2

Notes: PSE—Perception subjective effort.

3.7.4. Washout (ME Detraining)

In this phase, the participants endured a detraining period of 8 weeks, when the ME
programs were suspended. The aim was to check if the physiological adaptations acquired
during the first phase of ME were maintained or if an 8-week interruption was able to
revert the possible effects on immune changes [52].
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3.7.5. Exercise Retraining Protocol

The phase 3 (exercise retraining) protocol was also based on the resistant TheraBand
(TheraBand®, Hygenic Corporation, Akron, OH, USA) elastic bands (Table 2), but in-
cluded walking, steps, and balance exercises (sometimes with dumbbells and ankle/wrist
weights) to compose a multicomponent exercise program for an identical 16-week pe-
riod (twice a week, on alternate days, also totalizing 32 sessions). The multicomponent
program (Table 2) was described by Furtado et al. [53]. The phase 3 program aimed to
reproduce most of the daily activities of the older persons in this study [54].

Table 2. Example of multicomponent exercise sessions applied in phase 2.

Exercises (8–10) Sets Repetitions Cadence Interval PSE

Front squat 2–3 10–20 2:3 30–45 s 4 to 6
Chair unilateral hip flexion 2–3 10–20 2:3 30–45 s 4 to 6

Chair Bench over row (with flexion) 2–3 10–20 2:3 30–45 s 4 to 6
Chest Press (stand and/or chair) 2–3 10–20 2:3 30–45 s 4 to 6

Standing (or chair) reverse fly 2–3 10–20 2:3 30–45 s 4 to 6
Shoulder Press/twist arm front position 2–3 10–20 2:3 30–45 s 4 to 6

Chair (or stand) frontal total raiser 2–3 10–20 2:3 30–45 s 4 to 6
Biceps arm curl (stand and/or chair) 2–3 10–20 2:3 30–45 s 4 to 6

Chair Overhead triceps extension 2–3 10–20 2:3 30–45 s 4 to 6
Circuit Training

Walking around the room 2–3 3 min 30–45 s 4 to 6
Balance/agility exercise 2–3 3 min 30–45 s 4 to 6

Notes: PSE—Perception subjective effort.

3.8. Statistical Analysis

The descriptive statistics for each group, at the baseline and follow-up evaluations,
were reported as the mean plus standard deviation (M ± SD), except when mentioned
otherwise. All the variables were checked for the normally residual distribution and val-
ues were logarithmically transformed when appropriate. One-way Analysis of Variance
ANOVA was used to determine baseline differences between the four groups in all the
parameters. Effects of time, group, and time x group interactions were assessed through re-
peated measures ANOVA and Bonferroni post-hoc for multiple comparisons. Additionally,
univariate analysis was performed using the paired t-test for comparisons during the first
phase of interventions (T1 vs. T2). All statistical analyses were performed using the SPSS
21 (SPSS Inc., Chicago, IL, USA), and the level of significance was set at p < 0.05.

4. Results

The dynamics of the MIP groups and drop-outs are presented in detail in Figure 1.
From the 50 (100%) participants initially selected, only 35 participants (70%) completed
the intervention. This is an expected experimental loss, as reported by several previous
studies [55]. None of the dropouts left the intervention due to injuries or adverse responses.
Reported deaths were due to acute events triggered by chronic clinical conditions. Table 3
shows the characterization of participants by MIP groups at the baseline, including nu-
tritional, cognitive, frailty, anthropometric, and body composition status. No statistically
significant differences in all the variables appeared, expect for time in residential care and
nutritional status assessed by MNA (p < 0.05). However, all the groups were within the
well-nourished category.
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Table 3. Characterization of participants by intervention groups at baseline.

Variables
ME + BCAA

(n = 8)
ME

(n = 7)
BCAA
(n = 7)

CG
(n = 13) p-Value

M ± SD M ± SD M ± SD M ± SD

Age (years) 80 ± 6.1 86.7 ± 4 84.2 ± 5.8 83.1 ± 5.4 0.139
Time in residential care (years) 3.6 ± 1 4.7 ± 1.4 4.5 ± 1.1 5 ± 1 0.06

MNA (0–30 pts) 25.5 ± 2.2 24 ± 2.7 21.7 ± 2.8 24.7 ± 1.8 0.02
BMI (kg/m2) 28.53 ± 5.1 28.7 ± 5.6 25.8 ± 3.1 30.2 ± 3.7 0.23
Stature (cm) 158 ± 0.05 150 ± 0.06 161 ± 0.12 155 ± 011 0.16

Comorbidity index (0–10 pts) 4.87 ± 1.12 5.28 ± 0.95 5.42 ± 1.1 4.92 ± 1.2 0.71
Schooling time (years) 4 ± 0 4 ± 0 4 ± 0 4 ± 0 0.99

Cognitive profile (0–30 pts) 26.00 (3.11) 21.00 (3.78) 20.85 (2.79) 21.69 (2.89) 0.00
Physical Frailty index (0–5 pts) 2.00 (0.53) 2.71 (1.1) 3.00 (0.57) 2.16 (0.71) 0.40

Daily Individual Protein (gr/kg/day) 1.42 ± 0.28 1.83 ± 0.44 1.48 ± 0.22 1.60 ± 0.23 0.159
BCAAs (per person/gr/week) 30.3 ± 6.0 n.d. 28.4 ± 5.0 n.d.

Notes: BMI: Body mass index; MNA: Mini nutritional assessment; M ± SD: Mean (standard and deviation); pts: Points; Kg/m2: Kilograms;
cm: Centimeters; One-way ANOVA was used to compare groups, except for the Comorbidity index (Fisher Exact Test). BCAA Branched
Chain Amino Acids.

4.1. Biochemical Analysis

Table 4 shows the results for IL-10, TNF-α and TNF-α/IL-10 ratio, MPO, albumin,
5TSS-Test, as well as Fried (score) and MMSE. Concerning the IL-10 levels, a classical anti-
inflammatory cytokine, not only no effects of time (p = 0.690) or time vs. experimental groups
were found (CG, BCAAs, ME, and ME + BCAAs), F(degrees of freedom-df:9, 51) = 1.567,
p = 150), but also Bonferroni post-hoc comparisons did not result in significant variations
between time vs. groups (p > 0.05). Regarding the TNF-α levels, although we did not observe
any interference of time on these pro-inflammatory cytokine levels (p > 0.05, Table 4, repeated
ANOVA analyses revealed significant interactions between time vs. groups: F(df: 6.758, 47.303)
= 2.524, p = 0.029. In addition, Bonferroni post-hoc comparisons showed not only higher TNF-α
values in the ME + BCAAs group between T2 and T3 (p = 0.01), but also a significant decrease
of TNF-α was observed between T3 and T4 within the same experimental group (ME + BCAAs,
p < 0.01). The TNF-α values were unchanged in all other experimental groups. Regarding the
TNF-α/IL-10 ratios, no significant variations were observed over time (p = 0.703) or within the
interactions (time vs. group, p = 0.638).

Concerning MPO activity, Table 4 shows that this biomarker was not influenced by
time (T1, T2, T3, and T4), except for a slight tendency regarding interactions (time vs.
group): F(df: 9, 48) = 2.010, p = 0.059. Particularly, the Bonferroni post-hoc comparisons
showed that the BCAAs group presented higher MPO activity after re-supplementation (T4)
than the values found in the T2 time-point (after the first 16 weeks of the supplementation
period, p = 0.026). No significant alterations in the MPO activity were observed in other
comparisons between groups.

In terms of serum albumin (Table 4), a statistically significant difference in the effect
of time was found (F(df: 1949; 46,784) = 3.841, p = 0.02), but no other (time vs. group)
significant difference was detected between the albumin levels (p = 0.219). The pair-
wise comparison using Bonferroni post-hoc showed a decrease of albumin levels in the
BCAAs group in the T3 time-point (after the washout period, p = 0.04) as compared to
the values found in T1, whereas no other significant variations were observed in the other
groups (p > 0.05).

4.2. Five-Times-Sit-to-Stand-Test (5TSS test)

Table 4 shows no effect of time (p = 0.841) or interactions (time vs. group, p = 0.846)
on the time elapsed to perform the 5TSS test. However, post-hoc adjustments showed
that the ME + BCAAs and BCAAs groups presented a significant reduction of the time
elapsed to perform this test at time-points T2, T3, and T4 (p = 0.009, p = 0.014, and
p = 0.024, respectively).
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Table 4. Statistical analysis comparison of four time-points moments of multifactorial intervention for biochemical, cognitive
profile, physical frailty index, and functional fitness test.

Time-Points of Evaluation
Effect F Overall p

Biomarker/Variables Groups T1 T2 T3 T4

M ± SD M ± SD M ± SD M ± SD

IL-10
(μg/mL)

ME + BCAA 10.36 (6.96) 12.0 (6.53) 15.99 (7.98) 11.52 (7.56)
ME 8.68 (7.68) 12.25 (12.35) 4.16 (3.39) 10.53 (5.82) Time 0.491 0.690

BCAA 7.71 (2.54) 9.24 (4.15) 13.83 (6.94) 9.85 (10.89) Time*group 1.567 0.150
CG 16.10 (7.4) 12.21 (2.81) 12.74 (7.36) 20.45 (5.42)

TNF-α
(pg/mL)

ME + BCAA 62.44 (53.65) 71.42 (38.06) 112.86 (62.51) 57.37 (31.18)
ME 41.78 (54.08) 45.83 (21.07) 24.92 (15.60) 54.05 (29.19) Time 1.552 0.210

BCAA 32.65 (15.74) 37.18 (26.91) 62.93 (35.77) 60.02 (55.42) Time*group 2.524 0.015
CG 44.46 (41.72) 44.81 (37.16) 41.78 (37.86) 57.01 (44.15)

TNF-α/IL-10
ratio

(pg/mL)

ME + BCAA 6.24 (4.46) 7.47 (4.09) 6.96 (1.63) 6.10 (3.25)
ME 4.43 (1.99) 9.06 (10.46) 8.64 (7.36) 5.70 (3.27) Time 0.472 0.703

BCAA 5.44 (3.39) 3.85 (1.84) 5.45 (1.54) 11.19 (9.77) Time*group 0.777 0.638
CG 4.10 (1.27) 5.37 (1.56) 4.56 (1.80) 4.41 (0.38)

MPO
(μg/mL)

ME + BCAA 5653.91
(1106.71)

5871.97
(1159.09)

4843.50
(1221.63)

5196.53
(591.62)

ME 5935.71
(1315.33)

5252.76
(1084.06)

4685.42
(1043.31)

4512.34
(794.61) Time 1.191 0.323

BCAA 5139.04
(909.07)

4069.64
(1009.10)

5416.47
(1539.50)

5575.80
(1181.43) Time*group 2.010 0.059

CG 4623.56
(699.03)

4593.56
(1310.34)

4655.42
(815.10)

4327.39
(863.95)

Albumin
(g/dL)

ME + BCAA 3.60 (0.39) 3.63 (0.61) 3.82 (0.54) 3.75 (0.63)
ME 3.73 (0.61) 4.12 (0.74) 3.57 (0.43) 4.13 (0.22) Time 3.841 0.013

BCAA 3.77 (0.39) 3.61 (0.40) 1.56 (2.15) 2.83 (1.60) Time*group 1.446 0.185
CG 3.75 (0.72) 3.60 (0.35) 2.59 (1.85) 2.96 (1.69)

5TSS test
(s)

ME + BCAA 21.87 (3.64) 18.71 (3.59) 20.66 (4.98) 17.54 (4.4)
ME 26.69 (12.98) 28.02 (11.28) 26.08 (10.46) 27.56 (12.24) Time 0.165 0.841

BCAA 36.54 (14.14) 36.24 (13.39) 36.74 (11.89) 35.76 (17.28) Time*group 0.436 0.846
CG 24.58 (8.99) 24.76 (9.0) 23.66 (9.30) 25.17 (9.75)

Physical Frailty
(index)

ME + BCAA 2.00 (0.53) 1.50 (0.53) 2.12 (0.99) 2.00 (0.53)
ME 2.71 (1.1) 2.57 (1.13) 2.14 (0.69) 2.00 (0.81) Time 2.702 0.05

BCAA 3.00 (0.57) 2.14 (0.37) 2.28 (1.25) 2.71 (0.48) Time*group 3.799 0.00
CG 2.16 (0.71) 2.25 (0.75) 2.66 (0.49) 3.16 (0.71)

MMSE
(0–30 points)

ME + BCAA 26.00 (3.11) 26.37 (2.44) 26.00 (2.87) 24.37 (3.58)
ME 21.00 (3.78) 22.42 (2.99) 21.00 (4.65) 20.00 (3.91) Time 4.262 0.13

BCAA 20.85 (2.79) 19.42 (4.07) 20.71 (4.02) 19.57 (3.64) Time*group 1.214 0.305
CG 21.69 (2.89) 23.92 (3.47) 23.23 (3.83) 21.76 (2.94)

Notes: M ± SD: Mean (standard and deviation); ME: Multicomponent exercise; BCAA: Branched-chain amino acids; IL: Interleukin; TNF-α:
Tumor Necrosis Factor-alpha; MPO: Myeloperoxidase; MMSE: Mini Mental State Exam; 5TSS test: Five-Times-Sit-to-Stand-Test; T1 to
T2 (elastic-band exercise, 16 weeks, 8 weeks), T2 to T3 (wash-out), T3 to T4 (multicomponent exercise, 16 weeks). * time versus group
interactions. Statistically significant differences are denoted in bold.

4.3. Cognitive Assessment

The results obtained in the cognitive profile (Table 4), show that, at baseline (T1),
65.7% of the participants (n = 23) scored below the 24-point threshold in the MMSE test,
indicating that a significant fraction of participants was within the mild/moderate cognitive
impairment classification. In addition, at the same time-point (T1), significant differences
were found for the cognitive score between the ME + BCAAs group and the other groups
(p < 0.05). An effect of time (F(df: 3, 93) = 4.262, p = 0.007), but not interaction (time
vs. group, p = 0.296), was observed for the MMSE results. The cognitive MMSE scores
increased in the control group between T1 and T2 but decreased subsequently in T3 and T4
(p = 0.008). No significant alterations were observed in the other groups. At baseline, 45.7%
of the participants were classified as frail and 54.3% as pre-frail.

5. Discussion

This study evaluated the effects of exercise and BCAAs on biomarkers of immunity, to-
tal albumin, and the cognitive profile of institutionalized older persons. The main findings
were that ME showed more proemint result, particullary with BCAA in the improve cogni-
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tive profile and muscle strength-related albumin levels in plasma and diminish the frailty
status. Moreover, exercise induced slight changes on the pro-inflammatory marker TNF-α.

Albumin levels tend to decrease with age, and this effect seems to imply an increased
risk of complications and higher rate of mortality, morbidity, and disabilities such as
sarcopenia and frailty [56]. Despite the key participation of albumin on the pH balance and
ionic homeostasis in blood, most of the free fatty acid (and some other lipids) transport
in the bloodstream is also performed by serum albumin [57]. Not surprisingly, the age-
related impaired albuminemia and elevated serum anion gap are known to be associated
with hypertension, low cardiorespiratory fitness, and decreased renal function, which are
common morbidities of advanced aged people [58]. Therefore, interventions that aim to
sustain (or even increase) albuminemia in older persons could represent an important
strategy to mitigate the harmful effects of aging and its comorbidities. In this respect,
some studies have already shown that BCAAs apparently increases albumin levels in older
persons suffering from malnutrition [59].

Our results showed that the serum albumin levels were efficiently sustained or even
augmented, in exercising participants (both ME and ME + BCAAs groups) during the
first 16 weeks of intervention (phase 1). However, the withdrawal of BCAAs during the
washout period (phase 2) quickly decreased those albumin levels, especially in the BCAAs
group. The prominent effect of exercise on albumin levels was evident since its levels
in both ME and ME + BCAAs groups were fully restored after the phase 3 period (T3 to
T4 time-points), whereas only partial recoveries were observed in albumin levels in the
BCAAs group at the same time-point. Low serum albumin levels were shown to be the
most relevant biomarkers associated with poor physical strength in the older persons [60].

It is broadly accepted that the regular practice of exercise training imposes metabolic,
endocrine/physiological, immune, and cognitive adaptations that, among many benefits,
can increase skeletal muscle mass and strength, thus, circumventing the deleterious effects
of sarcopenia in older persons [61].

The chronic exercise-mediated adjustments on insulin/glucagon balance, thyroid, and
steroid hormones, such as testosterone, cortisol, and estrogens, can also be involved in
the enhancement of hepatic and protein muscle metabolism (proteolysis, proteogenesis,
and protein turnover), with clear consequences on the circulating amino acid levels (e.g.,
glutamine and alanine), blood pH and electrolyte balance (hydric/ionic homeostasis), and
renal functions [62].

However, it was reported that the putative effect of amino acid/protein supplementa-
tion in older women could be masked by sufficient daily protein intake, as we attested in
all institutionalized participants in this study [63]. Thus, the proper mechanism behind
this effect still needs to be fully understood for this special population. In fact, to our
knowledge, this is the first study to show the potential of physical exercise associated
or not with BCAAs supplementation to maintain serum albumin levels in older persons
living in RCH.

Contrarily to the albumin results, the monitored inflammatory markers (IL-10, TNF-α,
and MPO) did not show significant alterations over time. Apparently, we can putatively
suggest, that the physical exercise intensities reached in the sessions, as well as the BCAAs
supplementation effect compared to the daily protein intake in this population, were not
sufficient to induce a significant impact on the inflammatory status in the participants
in this study. Other interventions with older persons have been able to show a strong
anti-inflammatory effect of exercise training, but it seems that these results were observed
for intervention periods longer than 16 weeks [43,44].

Interestingly, even though an increase in the levels of the pro-inflammatory cytokine
TNF-α was observed in the ME + BCAAs group from T1 to T2 and T3, this finding was
accompanied by a proportional increase of the anti-inflammatory cytokine IL-10, since
the TNF-α/IL-10 ratio was not different in this group over time. Moreover, at the end of
the intervention, TNF-α levels significantly decreased in this group. In accordance with
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the literature, IL-10 is a key anti-inflammatory cytokine that acts by inhibiting systemic
inflammation mediated by TNF-α [64].

Concomitantly, BCAAs alone did not induce alterations in both IL-10 and TNF-α
levels. These results differ slightly from what is observed in the literature regarding this
type of intervention on inflammatory status [65]. Based on the literature, there is a close
interaction between the inflammatory status and aging, and in this respect, it is widely
accepted that older persons, especially sedentary people, present a chronic, systemic, sterile
low-grade inflammation associated with aging, a phenomenon named inflammaging [66].
It is highlighted that inflammaging plays an important role in the loss of lean mass, which
leads to sarcopenia and frailty, as well as increases the risk of the development of diseases
and comorbidities, such as cognitive decline, atherosclerosis, insulin resistance, etc. [67].

Despite the fact that literature defines the ability to induce an anti-inflammatory
change as a hallmark of physical exercise, in general, our results did not corroborate this
fact. It is paramount to mention that some factors could putatively influence the lack of
significant results in the inflammatory analysis. Firstly, the occurrence of inflammaging
and pathophysiological disturbances in our participants could be crucial for the response
magnitude observed during the interventions here. Second, the low level of physical
activity of our participants before the interventions could mitigate the benefits that would
be achieved with the physical exercise sessions and, consequently, limit physiological
adaptation. These factors, associated with polypharmacy, a high rate of comorbidities,
and the small sample size that finished the study, may determine the lack of significant
effects observed.

There is a consensus in the literature that physical exercise sessions stimulate the
release of cytokines, such as IL-6, IL-10, and TNF-α, in response to contracting skeletal
muscles, which are responsible not only for tissue restoration and energy metabolism,
but also for the adjustment of the systemic inflammatory status [68].As appealing as
these effects are, physical exercise training also improves human antioxidant defenses
as observed in several studies which may also justify the use of exercise interventions to
counteract the progression of oxidative-related diseases [69].

There are solid pieces of evidence that the loss of muscle strength and power in the
lower limbs, which is characterized by a decline of up to 50% in overall muscle strength
from the age of 30 to 80 years [52,53] is associated with an increased incidence of falls.

Particularly, physical exercise training improves body composition, muscle strength,
metabolic parameters, bone health, and functionality as well as reduces the risk of mortality,
chronic diseases, cognitive deterioration, falls, and depression [70]. Here, we observed
that only the ME + BCAAs group presented an improved physical performance in the
5TSS test. Neither ME or BCAAs alone were sufficient to mediate improvements in lower
body strength. Only the combination of exercise and supplementation did so. This result
was achieved probably due to multiple factors, from physiological to cognitive positive
effects that were not directly assessed by the applied methodology here. According to the
literature, the 5TSS test is an important performance test that invokes physical skills and
abilities that could have been particularly developed during phase 3 of this study. The
phase 3 of our study included walking activities, steps, and balance exercises, which mimic
the participants’ regular daily life activities.

It is important to point out that strength exercise training has been proposed as one
of the most effective methodologies, presenting best results in bringing back safety in
per-forming the common tasks of daily life, focusing on the optimization of neuromuscular
function for better benefits [71].

Multicomponent programs combine aerobic and strength exercises, including other
physical skills, such as balance and flexibility [54], in order to optimize the functional
capacity of frail older persons [72], as well as to maintain their independence to perform
basic activities of daily living [73]. Concerning supplementation, it was reported that
branched-chain amino acids, particularly L-leucine, showed significant results in inducing
hypertrophy in older persons and improving their functional capacity [58,59].
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Taking into account that cognitive impairment is one of the main factors that cause
morbidity and high health costs worldwide [74], our results show that physical exercise
training, in association or not with BCAAs, was able to maintain the cognitive scores
of the participants and could have important practical applications. Considering the
population enrolled here (pre-frail and frail octogenarians) and the trend for the natural
decline of their cognitive functions, the maintenance of those cognitive scores by exercise
is, per se, a remarkable achievement. The literature supports the positive effect of BCAAs
in older persons, to improve their mood state [75], the perception of fatigue, and their
performance in a mental task [76], which are abilities that were not evaluated here. Leucine
is important since it activates the mammalian target of rapamycin complex 1 (mTORC1)
and the downstream phosphorylation of p70S6 kinase and 4E (eIF4E)-binding protein
1 (4E-BP1) and related signaling pathways [77]. The aging muscle is less responsive
to lower doses of amino acids when compared to the young muscle and may require
higher quantities of protein to acutely stimulate equivalent muscle protein synthesis [78].
Nevertheless, the dose and duration of BCAAs proposed here did not affect the cognition
scores in our participants.

Study Limitation and Perspectives for Future Researchers

The entire study was conducted with human octogenarians and, given the difficulty to
control several influencing factors in this type of population, this study had the additional
merit of causing a minimal impact on their daily routines at the residential care homes.
In addition, our results here represent real-world data reflecting the reality at residential
care homes. We screened participants with disabilities and comorbidities that, although
expecting high rate of dropouts and low motivational issues, we could accomplish the
proposed goals with a reasonable number of participants. The execution of a controlled
study over 40 weeks with such a particular population also introduces other limitations.
We suggest that the use of other methods of exercise training, such as the use of playful
activities (dance and music sessions) might elevate the adherence of this population to
the program.

6. Conclusions

This study showed that multicompetent exercise training, with minor effect of BCAAs,
triggered alterations in the inflammatory status and physical profiles of older persons,
while helping maintain cognitive levels. Taken together, the achieved results, could help
increase autonomy and efficiency in the performance of daily activities. Unlike other
studies, our results showed that supplementation with BCAA did not induce substantial
changes in health-related parameters at older ages. It is possible that the heterogeneity
and limited sample size might have limited the statistical relevance of our results. Despite
a slight and transient variation over time observed in some inflammatory and cognitive
parameters, it is possible that the results here were influenced by the comorbidity status of
each group.
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Abstract: Age-associated chronic, low grade systemic inflammation has been recognised as an
important contributing factor in the development of sarcopenia; importantly, diet may regulate
this process. This cross-sectional study examined the association of diet-related inflammation with
components of sarcopenia. Participants (n = 809) aged 60–95 years from the Geelong Osteoporosis
Study were studied. Body composition was measured by dual energy X-ray absorptiometry. In this
study, low appendicular lean mass (ALM/height2, kg/m2) was defined as T-score < −1 and low
muscle function as Timed-Up-and-Go >10 s over 3 m (TUG > 10). Dietary inflammatory index (DII®)
scores, based on specific foods and nutrients, were computed using dietary data collected from a
food frequency questionnaire. Associations between DII scores and low muscle mass and low muscle
function, alone and combined, were determined using linear and logistic regression. After adjusting
for covariates, higher DII score was associated with lower ALM/height2 (β−0.05, standard error (SE)
0.02, p = 0.028), and higher natural log-transformed (ln) (TUG) (β 0.02, standard error 0.01, p = 0.035)
and higher likelihood for these components combined (odds ratio 1.33, 95% confidence interval 1.05
to 1.69, p = 0.015). A pro-inflammatory diet, as indicated by higher DII score, is associated with lower
muscle mass, poorer muscle function and increased likelihood for the combination of low muscle
mass and low muscle function. Further studies investigating whether anti-inflammatory dietary
interventions could reduce the risk of sarcopenia are needed.

Keywords: aged; dietary inflammatory index; dietary patterns; frailty; inflammation; muscle func-
tion; muscle mass; sarcopenia

1. Introduction

Sarcopenia, the loss of muscle mass and function with age, is an important underlying
cause of physical disability and frailty, leading to increased risk of falls and fractures,
nursing home admission, hospitalisation, decreased quality of life and mortality [1–3].
Sarcopenia is common in older adults with an estimated prevalence of 5% to 13% in
adults aged 60 to 70 years and 11% to 50% in adults over 80 years of age [4]. In Australia,
sarcopenia prevalence has been estimated to be 2.9% for men and 5.9% for women aged
60 to 96 years [5]. The large variability in prevalence is related to the populations studied,
different methods used to assess muscle mass, muscle strength and physical performance,
and criteria used to define sarcopenia [6,7]. With the ageing of populations, the overall
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prevalence and number of individuals with sarcopenia is expected to increase. This will
present an ever-increasing greater burden on the health care system; making it ever more
important to identify novel modifiable risk factors for the prevention and treatment of
sarcopenia [8].

Age-associated chronic, low grade systemic inflammation, termed “inflammaging”,
has been recognised as an important contributing factor in the development of sarcope-
nia [9–11]. It has been proposed that inflammaging is caused by increased oxidative stress
or reduced immune function (immunosenescence) [11]. While the mechanisms are not
yet fully understood, there is consensus that inflammaging is accompanied by increased
levels of pro-inflammatory cytokines, mainly tumour necrosis factor-alpha (TNF-α) and
interleukin-6 (IL-6), and the acute phase protein, C-reactive protein (CRP) [11,12]. More
recently, study findings have suggested that inflammaging may stimulate muscle wasting
and loss of muscle quality [9,12]. Thus, chronic inflammation may be implicated in the
development and progression of sarcopenia.

Importantly, diet may be involved in this process. Specific nutrients, foods and dietary
patterns have been associated with biomarkers of inflammation; yet the role of inflamma-
tion in the diet as a whole has not been properly investigated [13]. Single nutrient analysis
is limited by the high correlation and interactions between many nutrients that make it
difficult to distinguish between individual and combined effects [14]. Dietary pattern
analysis has emerged as a new, more holistic approach to examine relationships between
diet and health outcomes [15]. The dietary inflammatory index (DII®) is a validated tool
that quantifies the inflammatory potential of nutrients and foods in the context of a dietary
pattern [16]. The DII has been used to investigate the association of an inflammatory
dietary pattern with various health outcomes associated with ageing, including cardio-
vascular disease [17], risk of fracture [18], frailty [19,20], and cancer [21]. However, few
studies have examined the association of DII scores in relation to sarcopenia and its com-
ponents [22–25]. We propose that chronic inflammation is a contributor to sarcopenia and
that the inflammatory potential of the diet has a regulatory role on chronic inflammation
and thus, sarcopenia.

The overall objective of this study was to examine associations between the inflamma-
tory potential of diet and the components of sarcopenia in men and women aged 60 years
and over. Specifically, we aimed to evaluate associations between DII score and (1) lean
mass (as a surrogate measure of muscle mass), (2) muscle function and (3) a combination
of these two as a representation of sarcopenia.

2. Materials and Methods

2.1. Study Design

In this population-based study, participants were men and women from the Geelong
Osteoporosis Study (GOS). The GOS is an age-stratified sample of men and women aged
20 to 96 years randomly selected from electoral rolls for the Barwon Health Statistical
Division in south-eastern Australia. Details of study design, participation and retention
have been described elsewhere [26]. The participants were assessed at baseline and have
participated in follow-up assessments every few years. Cross-sectional data from two
different timepoints, baseline for men (2001–2006) and 15-year for women (2011–2014),
were used in this study due to availability of comparable data for the exposure, outcomes
and covariates.

The study protocol was approved by the Barwon Health Human Research Ethics
Committee. All participants provided written informed consent.

2.2. Participants

Individuals aged 60 years and over were included in this analysis, but were excluded if
(1) their weight exceeded the limit of the dual energy X-ray absorptiometry (DXA) scanners
(≥120 kg), (2) a limb was affected by a prosthesis, plates or screws or had been amputated,
(3) a full body scan, and/or a Timed-Up-and-Go (TUG) test was not performed, (4) a food
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frequency questionnaire (FFQ) was not completed or (5) excessively high or low daily
nutritional energy intakes were reported on the FFQ (i.e., <3360 or >16,800 kJ/day for men
and <2100 or >14,700 kJ/day for women) [27].

2.3. Outcome Measures
2.3.1. Muscle Mass and Muscle Function

As a surrogate for skeletal muscle mass, lean mass was measured by whole body DXA,
which is the preferred method for assessing body composition in a research setting [28]. Ap-
pendicular lean mass (ALM, kg) was calculated as the sum of the lean mass measurements
for arms and legs, expressed relative to height squared (ALM/height2, kg/m2).

A Lunar DPX-L (Lunar; Madison, WI, USA) was used to scan the first 544 men at
baseline until an upgrade to a GE-Prodigy (Prodigy; GE Lunar, Madison, WI, USA). Cross-
calibration was performed on 40 subjects aged 21 to 82 years to ensure comparability of
the DXA scanners; no differences were detected in lumbar spine or femoral neck bone
mineral density [26]. All scans for the women at 15-year assessment were performed on
the GE Lunar Prodigy. The DXA scanner was calibrated three times per week with an
anthropometric phantom (Hologic) to preserve the repeatability and accuracy of measures.
Muscle function was assessed using a timed “Up-and-Go” (TUG) test, which measures the
time taken to rise from a seated position in a chair with no arm rests, walk 3 metres, turn
around, walk back and sit down [29].

In this study, a combination of low muscle mass and low muscle function was used as a
representation of sarcopenia [28]. Low muscle mass was defined as ALM/height2 < 7.87 kg/m2

for men and <6.07 kg/m2 for women (equal to T-score <−1) [30]. Cut points for ALM/height2

were calculated using DXA from a sample of 374 men and 308 women aged 20–39 years
from the GOS [30]. As suggested by the European Working Group on Sarcopenia in Older
People (EWGSOP), low muscle function can be defined either as low muscle strength or low
physical performance [28]. In this study, low muscle function was defined as TUG > 10 s
for 3 metres [29]; the TUG is a recognised assessment tool for physical performance [28,31].
Measures of handgrip strength, used to assess low muscle strength, were not available for
the recently updated definition of sarcopenia (EWGSOP2) [31].

2.3.2. Exposure: Dietary Inflammatory Index (DII)

Dietary data were collected using the Dietary Questionnaire for Epidemiological
Studies (DQES version 2), an FFQ created by Cancer Council Victoria, which was completed
by participants at each assessment phase [32]. In this study, the baseline timepoint was
used to assess diet from the FFQ for men and the 15-year timepoint for women. The
FFQ DQES was designed for use in epidemiological studies and has been validated for
the Australian population [33,34]; it captures usual eating habits over the past 12 months
covering five types of dietary intake, incorporating 80 items: (1) cereal foods, sweets
and snacks, (2) dairy products, meats and fish, (3) fruit, (4) vegetables, and (5) alcoholic
beverages on a ten-point frequency scale. Portion sizes are based on dietary data collected
on older Australian residents (mean age 61 years), which matches the sample used in our
analyses [32]. Analysis of questionnaires for assessment of dietary intakes was undertaken
by the Nutritional Assessment Office, Cancer Council Victoria. The output of the FFQ
analysis provided estimated intakes of macronutrients and a range of micronutrients which
were used to compute DII scores for all participants.

The DII is based upon up to 45 food parameters which have been scored based on
reported pro-inflammatory or anti-inflammatory effects on specific inflammatory markers
(IL-1β, IL-4, IL-6, IL-10, TNF-α, and CRP) using 1943 peer-reviewed articles published
through to December 2010. Details of the development of the DII have been reported else-
where [16,35] and validation work using inflammatory biomarkers are also available [35–39].
Briefly, the scoring algorithm uses a global reference database (food consumption from
eleven populations globally) and food parameter-specific inflammatory effect scores to cre-
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ate an overall DII score for an individual. The DII scores individuals’ diets on a continuum
from strongly anti-inflammatory (−8.87) to strongly pro-inflammatory (+7.98).

To calculate DII scores for the participants in this study, dietary intake data were used
to calculate an individuals’ intake of food parameters which were then compared to the
global reference database. A Z-score for each of the food parameters for each participant
was calculated based on the global mean and standard deviation; this was achieved by
subtracting the global mean from the amount reported and dividing this value by the
standard deviation. The Z-scores were converted to a proportion to minimise the effects of
outliers (“right-skewing”). The standardised dietary intake data (proportion) was centred
by doubling and subtracting 1 and then multiplied by the inflammatory effect score of each
food parameter and summed to obtain an overall DII score for every participant in the
study. In this study, a total of 22 of 45 food parameters were available from the FFQ for
computing the overall DII scores. These included energy, carbohydrate, protein, total fat,
fibre, cholesterol, saturated fat, monounsaturated fat, polyunsaturated fat, omega-3 fatty
acids, omega-6 fatty acids, niacin, thiamine, riboflavin, iron, magnesium, zinc, vitamin C,
vitamin E, folic acid, beta-carotene and alcohol.

2.4. Covariates

Data on age, sex, body fat percentage, height and mobility were collected at all assess-
ment phases. Barefoot standing height (±0.1 cm) was measured using a wall-mounted
stadiometer [26]. Measurements of body fat percentage were obtained from whole body
DXA scans. Mobility was self-reported and divided into seven categories ranging from
“very active” to “bedfast”. For these analyses, two categories of mobility were consid-
ered; sedentary (included “sedentary”, “limited”, “inactive”, “chair or bedridden” and
“bedfast”) and active (included “very active” and “active”).

2.5. Statistical Analyses

All statistical tests were performed using Minitab 17 (Minitab, LLC, State College,
PA, USA). The DII was analysed as a continuous variable. Kolmogorov–Smirnov test
was used to investigate normality of the data. Independent sample t test was used to
compare continuous characteristics between sex or other dichotomised factors. If necessary,
a non-parametric Mann–Whitney U test was used for this purpose, and a Chi-square test
was used for categorical variables. The natural log-transformation was used to normalise
TUG scores (used to assess muscle function), which were positively skewed.

Separate linear regression models were used to examine the association between DII
and muscle mass and muscle function. A logistic regression model was used to examine the
association between DII score and these components combined. Bivariable regression mod-
els with no adjustment for participant characteristics were presented (model 1), followed by
multivariable regression models that accounted for age (years), sex (male/female) and body
fat percentage (%) (model 2). Further adjustments were made for mobility (active/inactive)
for ALM/height2, and height (m) for ln (TUG). Interaction between co-variables were
tested and retained in the final model (model 3) if the interaction term was statistically
significant (p < 0.05). To test for interaction terms, DII was dichotomised according to the
median. Daily nutritional energy intake was not included in the multivariable models as a
covariate because energy is already included as a constituent of the DII [36]. Results are
presented as standardised beta coefficient (β) and standard error (SE), or as an odds ratio
(OR) and 95% confidence interval (95% CI).

3. Results

3.1. Participants

Out of a total of 2389 individuals (1540 men at baseline and 849 women who partic-
ipated in the 15-year assessment), 1071 (694 men and 377 women) were ≥60 years. Of
these, 262 (163 men and 99 women) were excluded from this analysis because they met
one or more of the exclusion criteria: 9 weighed ≥120 kg, 98 were affected by lower limb
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prostheses, plates or screws, 2 were unilaterally affected by a lower limb amputation, 98
did not provide a full body scan, 112 did not perform a TUG test, 66 did not complete an
FFQ, and 20 reported excessively high or low daily FFQ-derived energy intakes. Thus,
analyses included data from 809 individuals (531 men and 278 women).

3.2. Characteristics of Participants in the Study Sample

Key characteristics are described pooled and by sex in Table 1. Participants’ ages
ranged from 60 to 95 years, with 34% identified as female. The DII scores for the sample
ranged from −2.7 to 2.5. Median DII scores for women were 0.8 (interquartile range: −0.2
to 1.5) and 0.4 (interquartile range: −0.4 to 1.2) for men. Compared with men, women had
higher TUG and DII scores (p = 0.02 and p = 0.003, respectively), lower ALM/height2 and
reported lower levels of mobility (p < 0.001 and p = 0.001, respectively). No differences
were detected in proportions of men and women with low muscle mass and low muscle
function combined (8.6% vs. 10.9%, p = 0.31).

Table 1. Key Characteristics of the Participants; Data are Shown for All, and According to Sex.

Characteristics Total (n = 809) Females (n = 278) Males (n = 531) p Value

DII score 0.6 (−0.3, 1.3) 0.8 (−0.2, 1.5) 0.4 (−0.4, 1.2) 0.003
Age (yr) 66.4 (72.4, 78.8) 70.6 (65.0, 75.3) 74.0 (67.0, 81.3) <0.001

Height (cm) 167.9 ± 8.7 159.9 ± 6.0 172.1 ± 6.6 <0.001
Weight (kg) 78.2 ± 13.7 73.5 ± 14.6 80.6 ± 12.5 <0.001

BMI (kg/m2) 27.7 ± 4.5 28.8 ± 5.6 27.2 ± 3.8 <0.001
Body fat (%) 32.0 ± 10.1 42.1 ± 8.0 26.7 ± 6.4 <0.001

ALM/h2 (kg/m2) 7.7 ± 1.1 6.6 ± 0.8 8.2 ± 0.9 <0.001
TUG (s) 8.9 (7.6, 10.3) 9.1 (7.8, 10.8) 8.6 (7.6, 10.1) 0.02

Mobility level (active) * 533 (66.2) 161 (58.8) 372 (70.0) 0.001
ALM/h2 cutpoint (below) † 257 (31.8) 74 (26.6) 183 (34.5) 0.02

TUG >10 s (yes) 183 (22.6) 76 (27.3) 107 (20.1) 0.02
Low ALM/h2 and TUG > 10 s (yes) 82 (10.1) 24 (8.6) 58 (10.9) 0.31

DII, dietary inflammatory index; ALM/h2, appendicular lean mass/height2; TUG, Timed-Up-and-Go. Data are presented as
mean ± standard deviation, median (interquartile range) or n (%). Comparison of characteristics between male and female partici-
pants was performed using independent sample t test with parametric continuous variables, Mann–Whitney U test with non-parametric
continuous variables, and Chi-square test with categorical variables. * Missing values: 4 for mobility level. † ALM/height2 cutpoints:
<7.87 kg/m2 for men, <6.07 kg/m2 for women.

Table 2 shows the total daily energy intake and nutrient intake of participants which
was used to calculate DII scores. Calcium intake was similar between men and women;
however, men had higher intakes of energy, protein, carbohydrate, fats and alcohol
(p < 0.001 for all).

3.3. Dietary Inflammatory Index and Muscle Mass and Muscle Function

Table 3 shows the results of linear and logistic regression modelling for the association
between DII and low muscle mass and low muscle function, alone and combined. A
negative association was observed between DII and ALM/height2 in the unadjusted model
(β = −0.13, SE = 0.04 for model 1). This association persisted after adjustment for age, sex
and body fat percentage (β = −0.05, SE = 0.02 for model 2) and for the interaction of age
and sex (β = −0.05, SE = 0.02 for model 3). Repeating the statistical analysis with model 2
but including mobility as a covariate did not change the association (β = −0.05, SE = 0.02).
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Table 2. Total Daily Energy and Nutrient Intake of Participants; Data is Shown for All, and According to Sex.

Nutrient
Total (n = 809) Females (n = 278) Males (n = 531)

p Value
Median IQR Median IQR Median IQR

Energy (kJ) 6927.9 (5593.3,
8632.0) 5991.5 (4784.0,

7438.5) 7353.2 (6195.3,
9230.9) <0.001

Protein (g) 78.2 (63.0, 96.4) 70.0 (55.1, 88.5) 83.1 (67.6, 100.0) <0.001

Carbohydrate (g) 186.7 (146.7,
234.6) 154.0 (119.8,

194.2) 205.0 (164.0,
251.1) <0.001

Total fat (g) 66.8 (51.0, 85.4) 57.5 (45.4, 72.5) 71.3 (56.4, 92.3) <0.001
Saturated fats (g) 26.4 (19.6, 34.6) 23.4 (17.7, 30.5) 28.1 (21.0, 36.4) <0.001

Polyunsaturated fatty
acids (g) 10.6 (7.2, 14.9) 8.7 (6.1, 12.1) 12.1 (8.3, 16.2) <0.001

Monounsaturated fatty
acids (g) 23.2 (17.6, 30.1) 20.1 (15.4, 25.5) 24.6 (19.2, 32.0) <0.001

Sugar (g) 86.4 (67.3, 111.8) 74.1 (55.1, 95.4) 93.3 (74.0, 120.8) <0.001
Starch (g) 97.4 (73.0,126.2) 78.8 (60.2, 99.8) 109.3 (85.0, 138.6) <0.001
Fibre (g) 20.5 (16.4, 26.3) 18.8 (14.6, 23.4) 21.5 (16.9, 27.8) <0.001

Alcohol (g) 5.6 (0.3, 21.9) 2.1 (0.0, 12.7) 10.1 (0.9, 26.7) <0.001

Beta-carotene (μg) 2358.2 (1680.8,
3323.5) 2246.8 (1624.0,

3089.6) 2440.9 (1710.6,
3539.8) 0.02

Calcium (mg) 849.0 (672.3,
1061.7) 848.8 (648.6,

1113.3) 849.1 (683.0,
1047.1) 0.67

Cholesterol (mg) 239.2 (182.0,
316.3) 221.8 (167.5,

297.9) 249.6 (190.1,
322.0) 0.001

Folate (μg) 255.0 (197.9,
321.1) 227.3 (185.7,

291.7) 271.2 (214.8,
335.6) <0.001

Iron (mg) 11.7 (9.0, 14.7) 10.3 (7.7, 13.3) 12.4 (9.6, 16.0) <0.001

Magnesium (mg) 270.2 (217.3,
336.3) 247.8 (197.0,

310.4) 282.6 (227.6,
346.2) <0.001

Niacin (mg) 33.7 (26.7, 42.1) 30.4 (22.8, 37.9) 35.9 (28.5, 44.4) <0.001

Phosphorus (mg) 1393.7 (1100.6,
1708.0) 1281.7 (1025.5,

1616.7) 1440.1 (1150.8,
1732.3) 0.001

Potassium (mg) 2684.6 (2196.3,
3270.8) 2451.4 (1979.5,

3015.7) 2830.4 (2300.8,
3379.9) <0.001

Retinol (μg) 965.8 (609.7,
966.7) 686.7 (532.0,

858.4) 810.4 (641.3,
1020.1) <0.001

Riboflavin (mg) 2.1 (1.7, 2.7) 2.0 (1.6, 2.5) 2.2 (1.7, 2.8) 0.002

Sodium (mg) 2163.1 (1688.1,
2767.4) 1840.5 (1459.1,

2306.2) 2317.1 (1875.9,
2976.4) <0.001

Thiamine (mg) 1.4 (1.1, 1.8) 1.2 (1.0, 1.5) 1.5 (1.2, 2.0) <0.001
Vitamin C (mg) 102.1 (71.6, 148.5) 92.1 (67.8, 125.7) 107.0 (75.7, 160.6) 0.001
Vitamin E (mg) 5.9 (4.6, 7.6) 5.4 (4.0, 7.0) 6.2 (4.8, 8.0) <0.001

Zinc (mg) 10.2 (8.1, 12.8) 9.1 (7.1, 11.6) 10.7 (8.8, 13.1) <0.001

IQR, interquartile range. Comparison of daily dietary intakes between females and males was performed using Mann–Whitney U test.

A positive association between DII score and ln (TUG) was observed in the unad-
justed model (β = 0.03, SE = 0.01 for model 1). This association remained significant after
adjustment for age, sex and body fat percentage (β = 0.02, SE = 0.01 for model 2) and for
the interaction of age and sex (β = 0.02, SE = 0.01 for model 3). Repeating the statistical
analysis with model 2 but including height as a covariate did not change the association
(β = 0.01, SE = 0.01).

Each one-unit increase in DII was positively associated with a 33% increase in com-
bined low ALM/h2 plus TUG > 10 s in the unadjusted and adjusted logistic model (OR
1.34, 95% CI 1.08 to 1.67 for model 1; OR 1.33, 95% CI 1.05 to 1.69 for model 2). There were
no significant interactions found between covariates.
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Table 3. Linear and Logistic Regression Results for the Association between DII Score and Low Muscle Mass and Low
Muscle Function, Alone and Combined, for All Participants, Geelong Osteoporosis Study (GOS), 2001 to 2014.

Outcome Variable
Model 1 * Model 2 † Model 3 ‡

β SE p Value β SE p Value β SE p Value

ALM/h2 (kg/m2) −0.13 0.04 <0.001 −0.05 0.02 0.036 −0.05 0.02 0.028
ln(TUG) (s) 0.03 0.01 <0.001 0.02 0.01 0.028 0.02 0.01 0.035

OR 95% CI p Value OR 95% CI p Value

Low ALM/h2 and TUG >
10 s (yes)

1.34 1.08,
1.67 0.007 1.33 1.05,

1.69 0.015

β, standardised beta coefficient; SE, standard error; ALM/h2, appendicular lean mass/height2; ln(TUG), natural log-transformed Timed-
Up-and-Go; OR, odds ratio; CI, confidence interval. Standardised beta coefficients and standard errors and odds ratios and confidence
intervals are for DII scores. * Model 1: unadjusted. † Model 2: adjusted for age, sex and body fat percentage. ‡ Model 3: adjusted for
co-variables in model 2 as well as sex*age interaction term.

4. Discussion

In this cross-sectional study, higher DII score, indicating a more pro-inflammatory diet,
was associated with lower muscle mass, poorer muscle function and higher likelihood for
the combination of low muscle mass and low muscle function. The sex*age interaction term
identified that the relationship between DII and ALM/height2 and ln (TUG) was different
between men and women and that the size of this difference increased with increasing age.

In this study, higher DII score (indicating a more pro-inflammatory diet) was associ-
ated with lower ALM/height2, indicating lower muscle mass. Other studies examining the
relationship between DII and muscle mass have reported similar results. In a prospective
longitudinal study of 1098 individuals aged 50 to 79 years from the Tasmanian Older Adult
Cohort Study (TASOAC), inverse associations were shown between energy-adjusted DII
scores and appendicular lean mass in men but not in women after controlling for age and
percent body fat (semi-adjusted model) [24]. Findings from a study of 466 Chinese boys and
girls aged 6 to 9 years reported that DII score was inversely associated with relative appen-
dicular skeletal muscle mass (ASM/height2) [40]. In a longitudinal study with 494 female
participants aged 21 to 89 years from the GOS, while the DII was not predictive of skeletal
muscle index (ALM/height2) significance increased with adjustment; thus, suggesting a
higher DII score was associated with increases in skeletal muscle index [23]. Together, these
findings highlight the potential role for overall diet quality based on the inflammatory
potential of diet in the maintenance of skeletal muscle mass across the life course.

Other studies that have looked at anti-inflammatory dietary patterns like the Mediter-
ranean diet and muscle mass have produced differing results [41,42]. In a cross-sectional
study of women aged 18 to 79 years from the Twins UK study, higher adherence to a
Mediterranean diet was associated with higher FFM% (fat-free mass/weight × 100) after
adjustment for age, physical activity, smoking, energy and protein intake and misreporting;
specifically, FFM% was 1.0% higher in the highest quartile (Q4) compared to the lowest
quartile (Q1) [41]. In contrast, in a study conducted in Iran among community-dwelling
men and women with an average age of 66 years, no differences in mean muscle mass were
detected in the higher tertiles of a Mediterranean dietary pattern compared with the lower
tertiles; although the direction of the association was as expected (i.e., lower adherence
to a Mediterranean dietary pattern was associated with lower muscle mass) [42]. These
inconsistencies may be due to a range of factors including insufficient sample size, the use
of samples with different age ranges (e.g., some including both pre and postmenopausal
women), different ranges of the DII scores and the different settings.

Another finding of our study was that higher DII score is associated with higher ln
(TUG). Handgrip strength, a clinical marker of poor mobility, and gait speed can also be
used to assess low muscle function for the diagnosis of sarcopenia [28]. Several studies
have explored these measures, but results have been inconsistent. In a cohort study of
1948 individuals aged 60 years or older from the Seniors-ENRICA study, higher DII score
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was associated with slow gait speed, as a low score in the Short Physical Performance
Battery (SPPB) test [20], which is somewhat comparable to our study findings. In a study
of 321 individuals aged 70 to 85 years, low gait speed and low grip strength were positively
associated with higher DII scores [43]. Furthermore, in a cross-sectional study of 78 frail
individuals aged 65 years or older from South Korea, a higher SPPB score was associated
with lower levels of TNF-α, suggesting that improving muscle function may lower levels of
inflammation [44]. Conversely, no significant associations have been observed between DII
and gait speed or handgrip strength in other studies [22,24,40]. The inconsistency of results
could be due to different methods used to assess muscle function, age-group differences
and limited DII score ranges. More research is therefore required to determine the effects
of dietary inflammation on muscle function in older adults.

The final component considered in this study was a combination of low muscle mass
and low muscle function as a representation of sarcopenia. We found that higher DII score
was associated with a higher likelihood for these components combined. Our findings
are in agreement with a cross-sectional study of 300 individuals aged 55 years or older
from Iran by Bagheri et al. [22], who found that those in the top tertile of DII had higher
odds of sarcopenia than those in the bottom tertile. In a study of 1344 postmenopausal
Korean women aged 50 years or older, a pro-inflammatory diet, as determined by DII score
over the median, was associated with increased odds for sarcopenic obesity. However,
this result was attenuated and did not reach statistical significance after adjustment for
age, family income, regular exercise, education status, smoking and female hormone
supplements [25]. Interestingly, a pro-inflammatory diet was associated with increased
odds for osteosarcopenic obesity in the adjusted model [25]. However, a direct comparison
between these results and ours is made difficult by several factors; sarcopenic obesity is a
distinct condition [31], two different criteria were used to define sarcopenia (low muscle
mass and function vs. low muscle mass alone) and muscle mass was adjusted for body size
in different ways (ALM/height2 vs. ASM/weight %). Cut-off values also differ because of
ethnicity, body size, lifestyles and culture between European and Asian populations [45],
and there is no consensus about which method is best for adjusting for body size [31].

To date, evidence that a pro-inflammatory diet is associated with sarcopenia has been
limited. Previous studies have mainly focused on the association of “healthy eating”, high
fruit and vegetable intake, and Mediterranean anti-inflammatory dietary patterns with
sarcopenia [42,46–49]. Our findings support those observed by Hashemi et al. [42] who
found that a Mediterranean dietary pattern was associated with lower odds for EWGSOP-
defined sarcopenia among community-dwelling men and women with an average age of
66 years. Given that the inflammatory potential of the Mediterranean diet is comparable
to a DII score of −3.96, indicating a strong anti-inflammatory potential, in a similar way,
these results are consistent with our study findings [50]. In contrast, Chan, Leung and
Woo [47] found no association between Mediterranean Diet Score (MDS) and the Asian
Working Group for Sarcopenia (AWGS)-defined sarcopenia in a prospective cohort study
of community-dwelling Chinese men and women aged 65 years and older. The absence of
associations may be due to the differences in the Chinese diet compared to the traditional
Mediterranean diet. Additionally, cut points for muscle mass were lower (<7.0 kg/m2 for
men and <5.4 kg/m2 for women) than those used in this study, which may have affected
the case ascertainment of sarcopenia.

Consistent with the findings of this study, other studies have suggested that a pro-
inflammatory diet, as measured by the DII, is associated with increased hip fracture risk
and frailty, which are associated with loss of muscle mass and/or function [18,19,51,52].
Research indicates that chronic low-grade inflammation plays a role in the development of
sarcopenia, and that diet plays a role in the regulation of chronic inflammation, supporting
the findings of this study that the inflammatory potential of the diet may be a modifiable
risk factor for sarcopenia [9,13,53].

There were several strengths to this study. The secondary analysis of existing data
from the GOS allowed for access to a large data set. Not only was this efficient but the
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random sampling method used in the GOS strengthened the external validity of this
study by achieving a sample that was representative of the underlying population [26].
Objective measures were used to assess muscle mass and muscle function. Furthermore,
a systematic approach was adopted for addressing confounding and effect modification
with adjustment for a number of variables. The validity of the Cancer Council Victoria FFQ
has been assessed against weighed food records in Australian men and women ranging
from 31 to 75 years [33] and in young to middle-aged women [34] with good agreement;
thus, confirming that the FFQ used was a valid tool in the assessment of dietary intake in
our study sample of Australian men and women.

Despite its strengths, our study had several limitations. The primary limitation of
cross-sectional studies is the inability to account for temporality, and as a result, causality
cannot be established. Reliance on long-term memory for some self-reported data may have
affected the accuracy of dietary and lifestyle self-reported data, resulting in recall bias and
increased random measurements error [54,55]. Despite using objective measures to confirm
some self-reported data, biases may still exist. As well, the presence of selection bias due to
non-response and attrition rates cannot be excluded. Additionally, the fact that data were
pooled from different study periods for men and women may have introduced bias. Data
also may have been affected by the exclusion criteria; as a consequence, the study findings
may not be applicable to individuals who weigh ≥120 kg or who are affected by lower limb
prostheses, plates or screws. The original definition of sarcopenia by EWGSOP focussed on
the detection of low muscle mass. More recent definitions have turned attention to low
muscle strength as the primary diagnostic criterion of sarcopenia [31,56]. In the absence of
muscle strength measures in this data set, we have not adopted the latest version of the
definition. Furthermore, the absence of data on 23 parameters may have limited the range
of DII scores, which appear to be somewhat narrower than other studies [57]. This may
have contributed to the narrow effective range of the DII score, which is about half of that
normally observed in other studies that typically range from about −5 to +5 [57]. Increasing
the effective range of the independent variable often increases magnitude of the observed
effect [58]. Therefore, our results actually may underestimate the relationship between DII
score and the combined low muscle mass and low muscle function components.

5. Conclusions

A pro-inflammatory diet, as indicated by higher DII score, is associated with lower
muscle mass, poorer muscle function and increased likelihood for the combination of low
muscle mass and low muscle function among older Australian men and women. These
results support the notion that a pro-inflammatory diet negatively affects muscle mass
and muscle function and exacerbates the risk of developing sarcopenia. Future studies
could consider the relationship between DII and the sarcopenia trajectory and investigate
whether anti-inflammatory dietary interventions could reduce the risk of sarcopenia.
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Abstract: Sarcopenia, with risk factors such as poor nutrition and physical inactivity, is becoming
prevalent among the older population. The aims of this study were (i) to systematically review
the existing data on sarcopenia prevalence in the older Chinese population, (ii) to generate pooled
estimates of the sex-specific prevalence among different populations, and (iii) to identify the factors
associated with the heterogeneity in the estimates across studies. A search was conducted in seven
databases for studies that reported the prevalence of sarcopenia in Chinese older adults, aged 60 years
and over, published through April 2020. We then performed a meta-analysis to estimate the pooled
prevalence, and investigated the factors associated with the variation in the prevalence across the
studies using meta-regression. A total of 58 studies were included in this review. Compared with
community-dwelling Chinese older adults (men: 12.9%, 95% CI: 10.7–15.1%; women: 11.2%, 95%
CI: 8.9–13.4%), the pooled prevalence of sarcopenia in older adults from hospitals (men: 29.7%,
95% CI:18.4–41.1%; women: 23.0%, 95% CI:17.1–28.8%) and nursing homes (men: 26.3%, 95%
CI: 19.1 to 33.4%; women: 33.7%, 95% CI: 27.2 to 40.1%) was higher. The multivariable meta-
regression quantified the difference of the prevalence estimates in different populations, muscle mass
assessments, and areas. This study yielded pooled estimates of sarcopenia prevalence in Chinese
older adults not only from communities, but also from clinical settings and nursing homes. This
study added knowledge to the current epidemiology literature about sarcopenia in older Chinese
populations, and could provide background information for future preventive strategies, such as
nutrition and physical activity interventions, tailored to the growing older population.

Keywords: sarcopenia; prevalence; nutrition; physical activity; meta-analysis; meta-regression

1. Introduction

The speed of population ageing is accelerating globally. According to statistics from
the World Health Organization (WHO), by 2050, the proportion of individuals over the
age of 60 is expected almost to double (22%) compared with 12% in 2015 [1]. China
is already witnessing this demographic trend; thus, the country’s National Bureau of
Statistics has predicted that the number of adults aged 65 years and above will increase
from 166.58 million (11.9% of the total population) in 2018 to 366 million in 2050 [2].

Advancing age is marked by a series of physiological changes in body composition,
including the decrease in skeletal muscle mass and increase in fat mass [3,4]. Sarcopenia is
the age-related decline in skeletal muscle mass and function characterized by the loss of
muscle strength and physical performance [5]. Accordingly, understanding more about
its etiology and risk factors is of great interest. The onset and progression of sarcopenia
can be attributed to numerous factors including physical inactivity and poor nutrition [6].
Therefore, most non-pharmacological interventions about sarcopenia mainly target these
two modifiable factors. An umbrella review concluded that exercise training, especially
resistance training, had a significant effect on the improvement of muscle mass, muscle
strength, and physical performance [7]. Bloom et al. systematically reviewed observational
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evidence regarding the relationship of diet quality and sarcopenia, and concluded that a
higher quality diet was associated with better physical performance among older adults [8].
Furthermore, a narrative review conducted by Tessier et al. examined the observational
and interventional evidence regarding the association between some specific nutrients
and sarcopenic components [9]. They found that some nutrients such as proteins, leucine,
vitamin D, and n-3 polyunsaturated fatty acids (n-3 PUFAs) might have a protective impact
on muscle health among older adults [9]. Previous research has associated sarcopenia with
such adverse health outcomes as fractures, falls, functional decline, hospitalization, and
even increased mortality [10,11]. Hence, early screening and identifying sarcopenia among
older populations should be at the forefront of timely diet and/or exercise interventions
for sarcopenia prevention and treatment.

Sarcopenia is diagnosed based on low muscle mass, low muscle strength, and di-
minished physical performance. However, no standard and unique diagnosis criteria for
sarcopenia have yet been established. At present, several international groups, such as the
European Working Group on Sarcopenia in Older People (EWGSOP), Asia Working Group
for Sarcopenia (AWGS), International Working Group on Sarcopenia (IWGS), Foundation
for the National Institutes of Health (FNIH) Sarcopenia Project, have provided their own
diagnostic criteria for sarcopenia [12–14]. Estimates of sarcopenia prevalence are, in turn,
dependent on the diagnostic criteria used to define it. For example, a longitudinal multi-
center cohort research found the prevalence of sarcopenia among community-dwelling
older adults ranged from 3.3% to 17.5% depending on the diagnostic criteria used (specifi-
cally, AWGS: 9.1%, EWGSOP: 17.5%, IWGS: 16.1%, and FNIH: 3.3%) [15]. Assessment of
muscle mass is an essential part of sarcopenia diagnosis. Dual-energy X-ray absorptiometry
(DXA) and bioelectrical impedance analysis (BIA) are both recommended to assess muscle
mass in research and practice [12]. Therefore, estimates of the prevalence may also depend
on different assessment approaches. For example, Beaudart et al. [16] compared the preva-
lence of sarcopenia (EWGSOP criterion) using different muscle mass assessments (DXA
and BIA) among older adults over 65 years, and found the prevalence was lower when
using the BIA technique (BIA vs. DXA: 12.8% vs. 21%). Likewise, there is evidence that the
methods used to measure muscle strength and physical performance may yield inconsistent
estimates of the prevalence of sarcopenia [17]. Furthermore, estimates of prevalence also
varied across populations and areas [18–23]. Previous evidence revealed that hospitalized
older adults and nursing-home residents had higher prevalence of sarcopenia compared
with community-dwelling older residents [18]. Community-dwelling Chinese older adults
residing outside mainland China (i.e., Hong Kong and Taiwan) showed a lower prevalence
rate of sarcopenia than counterparts from the mainland [24].

At present, two systematic reviews have pooled the estimate of sarcopenia preva-
lence in community-dwelling Chinese older adults (17% and 11%, respectively) [24,25].
However, few systematic reviews have pooled the prevalence for Chinese older adults in
other settings, such as clinical settings and nursing homes. Furthermore, no study has
systematically investigated the factors contributing to the heterogeneity in the estimates of
sarcopenia prevalence through meta-regression. Therefore, we conducted a meta-analysis
and meta-regression to shed light on the prevalence of sarcopenia in Chinese older adults
not only from communities, but also from clinical settings and nursing homes, and to
explain the heterogeneity in sarcopenia prevalence across studies.

Information about the prevalence of sarcopenia is the first step to develop preventive
routines or health services tailored to the growing older population. Meta-analysis and
meta-regression of prevalence data are increasingly important for policy making and
implementation of preventive measures in situations for which inconsistent prevalence
estimates have been reported in the literature. This study could help policy makers
and health practitioners make evidence-based decisions targeting the health issues of
sarcopenia.
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2. Methods

This review was conducted in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta Analyses (PRISMA) statement [26].

2.1. Search Methods

Two researchers (Z.C. and W.Y.L.) independently searched the following online elec-
tronic databases: PubMed, Cochrane Library, Embase (Ovid), CINAHL, Web of Science
Core Collection, CNKI, and Wanfang (accessed on 15 April 2020); the latter two being
Chinese. The search period was restricted from the earliest records to 15 April, 2020. Key
search terms were “sarcopenia”, “epidemiology”, “prevalence”, “aged”, “elderly”, “older”,
“China”, and “Chinese”. Logical operators (i.e., AND, OR) were used to shape the search
strategy. Detailed search strategies for PubMed and Wanfang are presented in the Sup-
plementary Materials as examples (S1: Search strategy). Relevant studies were identified
through manual searches in the reference list of eligible studies.

Inclusion criteria were as followed: (1) the prevalence of sarcopenia was reported or
could be calculated; (2) participants were of Chinese ethnicity; (3) the age was 60 years
and over; (4) participants were recruited from the community, clinical settings, or nursing
homes; (5) EWGOSP, AWGS, IWGS or FINH definitions of sarcopenia were adopted; (6)
muscle mass was measured with DXA or BIA; (7) primary research irrespective of design.
Exclusion criteria were (1) studies published as reviews, letters to editors, conference
abstracts, expert opinions, case reports; (2) studies published in languages other than
English and Chinese.

First, duplicate records were identified and removed. Then, titles and abstracts were
screened to remove studies irrelevant to the research questions. Next, full-text articles were
retrieved and reviewed for eligibility according to the selection criteria. When multiple
papers came from the same dataset, we chose the one with the largest sample size which
might be closer to the original cohort in order to avoid those using a particular subset of
the whole dataset. The above process was performed independently by the two researchers
(Z.C. and W.-Y.L.). Any discrepancies were adjudicated by a third researcher (P.-H.C.).

2.2. Data Extraction

The following details were extracted from each of the eligible studies: the year of
publication, country or area in which the data were collected, research design, sample size,
settings where participants were recruited, diagnostic criteria for sarcopenia, measurement
of muscle mass, muscle strength, and physical performance and prevalence of sarcopenia.
For cohort or intervention studies, only baseline data were extracted. For studies using
more than one diagnostic criterion to define sarcopenia, all estimates of prevalence were
extracted.

2.3. Critical Appraisal

Two researchers (Z.C. and W.Y.L.) independently assessed the quality of included
studies using a validated tool developed by Hoy et al., which was tailored to assess the
risk of bias for prevalence studies with different types of design [27]. The tool evaluates
the risk of bias through 10 items. The first four items mainly focus on external validity,
which involve the representativeness of the target population and the sampling frame,
selection of the sample, and non-response bias. The remaining items address the issue
of internal validity, which involves the use of proxy respondent or not, acceptable case
definition, validated measurement, consistent mode of data collection, the length of the
shortest prevalence period, and correct calculation of prevalence. Each item was rated as
“low risk” or “high risk”. When information in the article was not sufficient for judgement,
that item was rated as “high risk”. Following previous literature, the study was considered
to have a low risk of bias when 9 or 10 items were rated “low risk”; a moderate risk of bias
when 6 to 8 items were rated “low risk”; and a high risk of bias when 5 or less items were
rated “low risk” [28,29].
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2.4. Statistical Analysis

The prevalence of sarcopenia varied in different genders and populations recruited
from different settings [18]. Accordingly, in this study, the pooled prevalence was obtained
separately for each gender and for the population from each setting. For studies which
recruited participants from mixed settings, only those which reported the prevalence
for each setting were included in the meta-analysis. While more than one estimate was
extracted from studies which used more than one diagnostic criterion to define sarcopenia,
only the one that was more frequently used in other eligible studies was used for calculation
of the pooled estimate.

Random-effect models take into account the possibility that the parameters for the
population may vary among studies [30]. Therefore, because of the variations in popu-
lations, diagnosis criteria, muscle mass assessments, etc., among the eligible studies, we
chose a random-effect model to calculate the pooled prevalence. The metaprop command in
Stata 15.0 (Stata Corp, College Station, TX, USA) was used to obtain pooled estimates of
prevalence [31,32].

We assessed the heterogeneity in the estimates across studies using Cochran’s Q test,
with a p-value < 0.10 indicating heterogeneity [33]. We quantified the heterogeneity using I-
square, with I2 statistics of 25%, 50%, and 75% set as the cut-offs for low, moderate, and high
heterogeneity, respectively [33]. If heterogeneity existed, random-effect meta-regression
was conducted to explore the potential source of variability in prevalence estimates across
studies. Meta-regression can explore the effects of multiple study characteristics on the vari-
ance of pooled estimates simultaneously [30]. For this study, we performed multivariable
meta-regression (using the metareg command) to model the adjusted association between
multiple explanatory variables and prevalence estimates. Based on previous evidence, we
considered the following study characteristics to be potential sources of heterogeneity:
populations from different settings, diagnostic criteria for sarcopenia, assessment of muscle
mass, muscle strength and physical performance, and the area of study. In order to have a
sufficient power, meta-regression was only performed for covariates reported in at least
ten studies [33].

Publication bias refers to the phenomenon that studies with significant results are
more likely to get published than those with negative results, which can result in systematic
differences between published and unpublished studies [34]. In the case of observational
studies that report prevalence, however, there are no positive or negative results, and no
well-established method is recommended to test for this bias in meta-analysis of prevalence
studies. Therefore, in this study, we did not check for publication bias.

3. Results

3.1. Search Outcomes

We identified 459 records from databases and 6 records from the reference lists. After
removing 139 duplicated records, we screened the titles and abstracts of the remaining
326 records, and removed another 168 irrelevant records, leaving 158 studies. Further
reviewing the full texts of these studies for eligibility, we excluded another 100 for the
reasons specified in Figure 1. We carried out the quantitative synthesis (i.e., meta-analysis
and meta-regression) on the remaining 58 records.

The characteristics of the included studies are summarized in Table 1. Fifty-one
(87.9%) studies were classified as having a moderate risk of bias and seven (12.1%) were
classified as having a low risk of bias. None of the included studies recruited the nationwide
representative sample. Twelve studies adopted random sampling [19,20,35–44]. One study
was open to the non-response bias [35], Each study collected data of sarcopenia components
directly from subjects and had a consistent mode of data collection. All included studies
had acceptable case definition and correct calculation of prevalence. Details of the critical
appraisal are presented in Supplementary Materials (Table S2).
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3.2. Prevalence in Older Men

In the 46 studies that reported the prevalence of sarcopenia in older men, the overall
prevalence was 18% (95% CI: 15.7 to 20.4%, I2 = 95.2%). For participants from different
settings, the pooled prevalence rates were 12.9% (95% CI: 10.7 to 15.1%, I2 = 93.7%) in
community-dwelling older men (n = 27), 29.7% (95% CI: 18.4 to 41.1%, I2 = 95.5%) for
hospitalized older men (n = 9), and 26.3% (95% CI: 19.1 to 33.4%, I2 = 83.7%) in nursing-
home residents (n = 5). We did not pool the prevalence for outpatients due to an insufficient
number of studies (n = 2). Substantial heterogeneity in prevalence estimates was found
across the studies, with all of the I-square values being greater than 80%.

3.3. Prevalence in Older Women

In the 44 studies that reported the prevalence of sarcopenia in older women, the overall
prevalence was 16.4% (95% CI: 14.1 to 18.8%, I2 = 97.3%). For participants from different
settings, the prevalence was 11.2% (95% CI: 8.9 to 13.4%, I2 = 97.1%) in community-dwelling
older women, (n = 27), 23.0% (95% CI: 17.1 to 28.8%, I2 = 80.9%) for hospitalized older
women (n = 9), and 33.7% (95% CI: 27.2 to 40.1%, I2 =78.4%) for those from nursing homes
(n = 4). Because only one study reported the prevalence for female outpatients, we did not
perform meta-analysis for outpatients. Similarly, considerable heterogeneity was found
across studies.

3.4. Meta-Regression Analysis

We performed a multivariable meta-regression to explore the potential sources of the
considerable heterogeneity in the estimates of sarcopenia prevalence across studies. The
results of the regression indicated that, irrespective of gender, the hospitalized patients and
nursing-home residents had a higher prevalence of sarcopenia than community-dwelling
older adults. For older men, the prevalence rate was lower when muscle mass was assessed
using the BIA method rather than the DXA method. Furthermore, those from mainland
China appeared to have a higher prevalence of sarcopenia compared with those from Hong
Kong or Taiwan. For older women, only the participants from different settings showed a
significant association with the prevalence of sarcopenia (Table 2).

Table 2. Multivariable meta-regression.

Covariates
Males (n = 43) Females (n = 41)

Exp (β) 95% CI p-Value Exp (β) 95% CI p-Value

Populations
Community-dwelling (ref) 1.00 1.00
Outpatients 1.29 (0.52, 3.17) 0.570 2.28 (0.67, 7.73) 0.180
Hospitalized people 1.69 (1.01, 2.86) 0.047 2.10 (1.17, 3.78) 0.015
Nursing-home residents 2.50 (1.35, 4.66) 0.005 2.73 (1.38, 5.38) 0.005

Diagnosis criteria
AWGS (ref) 1.00 1.00
EWGSOP 1.23 (0.67, 2.27) 0.490 0.92 (0.39, 2.15) 0.840

Assessment of muscle mass
DXA (ref) 1.00 1.00
BIA 0.58 (0.35, 0.98) 0.044 1.17 (0.60, 2.29) 0.640

Area
Mainland (ref) 1.00 1.00
Out of mainland 0.47 (0.22, 0.98) 0.045 0.51 (0.18, 1.43) 0.190

Walk distance
6 m (ref) 1.00 1.00
4 m 0.84 (0.53, 1.32) 0.440 1.12 (0.68, 1.83) 0.650
Others 0.81 (0.34, 1.93) 0.630 0.73 (0.24, 2.25) 0.580
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4. Discussion

This meta-analysis provided a comprehensive picture of the prevalence of sarcopenia
in Chinese older adults. It filled the knowledge gap by extending the existing reviews
of sarcopenia prevalence in Chinese older adults from communities to other settings
(clinical settings and nursing homes) as well. We also systematically investigated factors
that contributed to the significant heterogeneity in pooled prevalence estimates using
multivariable meta-regression. Our findings contribute to the epidemiological literature on
sarcopenia in Chinese older adults, and can provide a starting point for future research
and efforts in sarcopenia prevention among Chinese populations.

For community-dwelling Chinese older adults, we obtained similar estimates of
prevalence (12.9% in men vs. 11.2% in women) compared with previous reports (11% in
men vs. 10% in women; 14% in men vs. 9% in women) [24,25]. When compared with the
prevalence in Europeans (13% in men vs. 14% in women), our estimates were comparable
with them [18]. However, Papadopoulou et al. [18] found non-Asian groups seemed more
prone to sarcopenia than Asian groups. The difference in ethnic characteristics, body size,
and dietary regimes etc., between Asians and non-Asians might be possible reasons for the
potential disparity in the sarcopenia prevalence. As for gender difference, our result was
similar to the previous evidence that higher prevalence of sarcopenia was shown in Chinese
community-dwelling older males than females [15,22,25]. However, in western countries,
the evidence of gender difference was controversial depending on the EWGSOP cut-off
values applied [13,87]. For hospitalized older adults, we found the prevalence to be 29.7%
in men and 23.0% in women. To our knowledge, this is the first systematic review to pool
the prevalence of sarcopenia for Chinese older adults who are hospitalized. Our findings
revealed a relatively higher prevalence in this group compared with that from communities.
Compared with the pooled estimates of hospitalized older adults mainly from Europe
(23% in men and 24% in women), our findings were higher in hospitalized men and
comparable in hospitalized women [18]. For outpatients, considering that Cochran’s Q
is not very informative and tends to be biased when the number of studies is small, we
did not perform meta-analysis for this group [88]. For those residing in nursing homes,
similarly, no meta-analysis synthesized the prevalence of sarcopenia in this Chinese group
before. Shen et al. [28] conducted a systematic review pooling the prevalence of sarcopenia
in nursing-home populations from 16 studies. However, they only included one original
study that targeted the Chinese population [28]. Compared with Shen et al.’s results (43%
in men vs. 46% in women), we obtained lower pooled estimates (26.3% in men vs. 33.7%
in women) [28]. Nevertheless, the above evidence suggested the high risk of prevalent
sarcopenia in nursing-home residents. Institutionalized populations may be more prone to
malnutrition [89,90]. A recent cross-sectional study found that malnutrition and physical
frailty were highly prevalent among institutionalized older residents and malnutrition
was associated with an increased risk of physical frailty among institutionalized Chinese
older adults [89]. Hence, nutrition and exercise intervention should be promoted to the
institutionalized population to prevent or reverse muscle function for this population.

Multivariable meta-regression indicated that the populations being from different
settings was a significant factor contributing to the variation in the pooled prevalence
estimates for both genders. Compared with community-dwelling older residents, those
who were hospitalized were at 1.69 to 2.10 times the risk of prevalent sarcopenia, and
nursing-home residents had 2.50 to 2.73 times the risk. The much higher prevalence
rate of sarcopenia in older adults from hospitals and nursing homes was also reported by
Papadopoulou and colleagues [18]. However, while Papadopoulou and colleagues reported
variation in the pooled prevalence estimates for older adults from different settings, they
did not perform meta-regression to quantify it. Our study provided the evidence regarding
how much the risk of prevalence increased for older adults who were hospitalized or
residing in a nursing home compared with their community-dwelling counterparts. Our
findings suggest that hospitalized older adults and those living in nursing homes are
particularly vulnerable to this muscle disorder. Therefore, these populations should be
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prioritized in sarcopenia-screening and early-prevention efforts. Furthermore, intervention
studies of sarcopenia targeting hospitalized older adults and those in nursing homes are
warranted to inform evidence-based prevention and management efforts such as exercise
and/or nutrition interventions for these susceptible groups. Meta-regression did not show
significant difference in the prevalence estimate between the community-dwelling and
outpatient groups for both genders. However, there were a small number of studies
targeting outpatients, which might reduce the statistical power. Future research could
further examine the risk of prevalent sarcopenia in this group of older adults.

We found the prevalence estimate in older men varied depending on the method used
to assess muscle mass. Specifically, compared with the DXA method, the risk of prevalence
was lower (OR: 0.58, 95% CI: 0.35 to 0.98) when using the BIA method. However, no such
difference was detected in older women. There is some evidence that the BIA method tends
to yield higher estimates of muscle mass, and therefore lower estimates of the prevalence of
sarcopenia than the DXA method [91]. Wu and Li [24] synthesized the prevalence estimates
from 16 original studies targeting community-dwelling Chinese older adults and obtained
similar prevalence estimates irrespective of muscle mass assessments (DXA: 13%, BIA: 12%).
However, they did not perform a meta-regression to further examine whether different
muscle mass assessments could result in significantly different prevalence estimates after
adjusting other covariates. In fact, the measurement of muscle mass remains a challenge
in primary care settings; and, while DXA is the standard and more accurate method, BIA
is preferred in primary care settings and research because it is more available, easier to
use, and less expensive [92]. There are different types of equipment and frequencies of
BIA. Based on previous study, BIA with a multifrequency device showed better agreement
with the DXA method than that with other devices when assessing appendicular skeletal
muscle mass [51]. The updated AWGS consensus in 2019 also recommended the use of
multifrequency BIA [93]. However, the “model” of BIA measurement was not always
stated explicitly in previous studies. Therefore, in future research, if the BIA method is used
to assess muscle mass, the multifrequency type should be used and clearly documented.

Our study also found the risk of prevalent sarcopenia in older Chinese men living
outside the mainland, specifically, in Hong Kong and Taiwan, to be nearly half that of
their counterparts living on the mainland (OR: 0.47, 95% CI: 0.23 to 0.98). However, this
difference was not significant in the case of older Chinese women. Regional variation in
the prevalence of sarcopenia among community-dwelling Chinese older adults was also
reported in a previous systematic review, with 17% in mainland and 6% in Hong Kong and
Taiwan [24]. However, that review did not conduct meta-regression to quantify the regional
variation in the prevalence of sarcopenia. Possible explanations for the variation between
mainland Chinese and those living outside the mainland might be attributed to the different
levels of economic development, different healthcare and dietary regimes, etc. [94]. Future
studies could further explore the reasons why the prevalence of sarcopenia among older
adults living outside the mainland is lower than for those in mainland China. Furthermore,
as mainland China has a huge area with diverse geographic and climate variations, the
prevalence of sarcopenia might also vary across different geographic locations. Until now,
no study has investigated the epidemiological characteristics of sarcopenia among different
geographic areas within China. Therefore, we further divided the area into 4 regions (south
and east of mainland, west of mainland, north of mainland, and outside of mainland) and
ran the univariable mate-regression. Findings showed that significant difference in the
prevalence of sarcopenia was only presented between mainland areas and outside of the
mainland; there was no difference among different geographic locations within mainland
China in both genders (Supplementary Materials, Table S3). Therefore, we only divided
the area into two regions (mainland and outside of the mainland) in the main analysis.

Previous observational studies found that older age was significantly associated with
sarcopenia and severe sarcopenia in Chinese older adults [46,50]. However, less than half
of included studies reported the gender-specific age (Supplementary Materials, Table S4).
Therefore, our main results did not consider the age in the multivariable meta-regression.
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Instead, we conducted a supplementary analysis to fit the univariable meta-regression for
age (details are presented in Supplementary Materials, Table S5). Findings indicated that
the age group of 80 years and over showed a higher prevalence of sarcopenia compared
with that of 60 to 70 years, which is consistent with current knowledge that the advanced
age is an important risk factor of sarcopenia [50]. Body mass index (BMI) was also reported
to be associated with the prevalence of sarcopenia in some literature, with a higher BMI
relating to the lower prevalence of sarcopenia [46,50]. In this systematic review, BMI
values reported in articles were all above 23 kg/m2 for both genders (Supplementary
Materials, Table S4). We did not include BMI in the meta-regression, considering that the
comparison between overweight and obesity might be less meaningful. For other possible
factors which might influence the variance of prevalence reported, such as rural-urban
regions, comorbidities, and others (e.g., type of dynamometer, protocol of gait speed test),
due to limited information reported in the articles, we could not analyze them through
meta-regression.

The present study was subject to several limitations. Firstly, a few of the included stud-
ies reported the prevalence by different age groups, so we could not pool the prevalence rate
by age subgroup. However, age is a well-established factor of sarcopenia. The lower bound
of age for participants in the studies included in this review ranged considerably, from
60 to 80 years. Therefore, age may be a significant source of the substantial heterogeneity
that we found across studies. Future epidemiological research of sarcopenia is encouraged
to report age-specific prevalence. Secondly, due to the small number of studies which
reported the prevalence of sarcopenia for outpatients, we were unable to obtain a pooled
prevalence rate for this group. Thirdly, we did not include all of the possible covariates
in our meta-regression analysis to investigate the source of considerable variations in sar-
copenia prevalence. For example, all of the included studies used dynamometers to assess
muscle strength, but we had insufficient information to investigate the potential influence
of the type of dynamometer used on the prevalence rate. We were likewise unable to
analyze the influence of different measurement protocols used for the gait speed tests due
to insufficient information. Finally, our results should be interpreted with caution because
most of the included studies had a moderate risk of bias and significant heterogeneity.

5. Conclusions

This meta-analysis and meta-regression provides a comprehensive synthesis of sar-
copenia prevalence in current literature targeting Chinese older populations not only from
communities, but also from clinical settings and nursing homes. This is, to our knowledge,
the first study to report pooled prevalence in Chinese older populations from clinical set-
tings and nursing homes, and to examine the impact of populations from different settings,
diagnostic criteria, muscle mass assessments, areas and walk distance of gait speed test on
the prevalence estimate of sarcopenia via meta-regression analysis. Despite the variations
in prevalence estimate across studies, this study revealed a certain proportion of Chinese
older adults suffering from sarcopenia, especially for those who were hospitalized and
residing in nursing homes. Considering the accelerating pace of aging, efforts should
be made to implement early screening and lifestyle interventions such as nutrition and
physical activity promotion to prevent this increasingly widespread age-related geriatric
syndrome, especially for vulnerable groups.
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meta-regression for age.
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Abstract: Dairy products (DP) are part of a food group that may contribute to the prevention of
physical frailty. We aimed to investigate DP exposure, including total DP, milk, fresh DP and cheese,
and their cross-sectional and prospective associations with physical frailty in community-dwelling
older adults. The cross-sectional analysis was carried out on 1490 participants from the Three-City
Bordeaux cohort. The 10-year frailty risk was examined in 823 initially non-frail participants. A food
frequency questionnaire was used to assess DP exposure. Physical frailty was defined as the presence
of at least 3 out of 5 criteria of the frailty phenotype: weight loss, exhaustion, slowness, weakness, and
low physical activity. Among others, diet quality and protein intake were considered as confounders.
The baseline mean age of participants was 74.1 y and 61% were females. Frailty prevalence and
incidence were 4.2% and 18.2%, respectively. No significant associations were observed between
consumption of total DP or DP sub-types and frailty prevalence or incidence (OR = 1.40, 95%CI
0.65–3.01 and OR = 1.75, 95%CI 0.42–1.32, for a total DP consumption >4 times/d, respectively).
Despite the absence of beneficial associations of higher DP consumption on frailty, older adults are
encouraged to follow the national recommendations regarding DP.

Keywords: dairy products; frailty; older adults; cohort study

1. Introduction

In recent years, the world has been experiencing a steady increase in the aging popula-
tion. It is expected that by 2050, one in six people will be over the age of 65, including one in
four in Europe and northern America [1]. This increased life expectancy is associated with
a higher risk of morbidities. In fact, nearly a quarter (23%) of the overall global burden of
death and illness is in people aged over 60, and much of this burden is attributable to long-
term illnesses [2]. Advancing age is indeed accompanied by common geriatric syndromes,
such as frailty [3]. Frailty is characterized by a depletion in the functional reserves of
physiological systems, which limits the possibility to adapt to changes in the environment
over time, leading to falls, hospitalization, disability, and death [4]. Nevertheless, frailty
can be prevented, and diet appears to be a major determinant of its development [5,6].
Several studies have reported that particular macronutrients [7,8], food groups [9–11] and
dietary patterns are associated with frailty [12–17]. Particularly, our group has previously
reported the relevance of protein intake (>1 g/d being associated with a lower prevalence
of frailty) [18], of fruit and vegetable intake (>5 servings/d being associated with a lower
risk of frailty) [9], and of the Mediterranean diet (a higher adherence being associated with
a lower frailty risk) [17]. In line with our findings, several other longitudinal studies have
showed that a higher protein intake is protective against frailty [19–21].
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Dietary sources of protein include dairy products (DP), which are also important
sources of calcium and vitamin D. Interestingly, recent studies have showed that higher
DP consumption was associated with better age-related health outcomes, and particularly
lower risks of type 2 diabetes [22,23], cardiovascular diseases and mortality [24,25]. The
type of DP (i.e., milk, fresh DP and cheese) appears to be key component of such associa-
tions. In fact, a meta-analysis on 938,415 participants and 93,518 mortality cases reported an
absence of association between total dairy (high- or low-fat) and milk with the risk of death,
while total fermented dairy (including sour milk products, yogurt or cheese; +20 g/day)
were associated with a significant 2% reduced risk of all-cause mortality and cardiovascular
diseases [26]. While two systematic reviews also observed that higher DP intakes were
associated with higher appendicular muscle mass, improved balance-test scores, and an
attenuation of the loss of muscle strength [27,28], the direct potential benefit of DP on frailty
as a whole has scarcely been studied. To the best of our knowledge, a single prospective
study implemented in the Spanish Seniors-ENRICA cohort [29] reported that consuming
seven or more servings per week of low-fat milk was associated with a significantly lower
risk of frailty compared with consuming less than one serving per week. The external
validity of such results remains uncertain. Indeed, the SHARE database demonstrated
significant heterogeneity in DP consumption across Europe, with higher levels in central
and northern countries and in Spain, and the lowest prevalence of dairy intake in eastern
European countries [30]. Of note, high cheese consumption is a hallmark of French dietary
habits, and France is also characterized by low milk consumption. Finally, several socio-
demographic, nutritional characteristics and lifestyle factors have been associated with the
French DP consumption, with specificities according to each DP sub-type [31]. Altogether,
it is conceivable that the featured consumption of DP sub-types among French older adults
could be differentially associated with frailty.

Therefore, our objective was to assess the cross-sectional and prospective associations
between total DP and DP sub-types (milk, fresh DP and cheese) consumption and the
10-year frailty risk among older adults of the Three-City (3C) Bordeaux cohort.

2. Methods

2.1. Study Overview

The 3C-study is a French population-based prospective study initiated in 1999–2000
to study the vascular risk factors of dementia [32]. Its protocol was approved by the
Consultative Committee for the Protection of Persons participating in Biomedical Research
at Kremlin-Bicêtre and all participants gave written informed consent. Participants were
randomly sampled from electoral rolls from three French cities (Bordeaux, Dijon, and
Montpellier). Eligible participants had to be 65 years and older at the time of recruitment
and not institutionalized. Among the 9294 participants included at baseline, 2104 were
from the Bordeaux center, which completed the initial data collection in 2001–2002 (wave 1).
A comprehensive dietary survey of 1597 participants was also performed. This dietary
survey served as the baseline for the present study, where DP frequency of consumption
and frailty were assessed.

2.2. Assessment of Dairy Products

Dietary data were obtained from a semi-quantitative Food Frequency Questionnaire
(FFQ) administered during face-to-face interviews by dietitians. This allowed the assess-
ment of the daily frequency of consumption of 148 foods and beverages (with frequencies
assessed in 11 classes, from “never or less than once a month” to “7 times per week”)
during each of the six meals/snacks of the day, as previously detailed [33]. Data from
the FFQ was validated against a 24-h dietary recall in an independent subsample of the
3C-study [34]. DP consumption was considered using the frequency of consumption of
milk, fresh DP, and cheese. The milk consumption variable included the consumption
of “milk”, “coffee with milk”, “tea with milk”, “chocolate”, “chicory”, and “natural milk
or with cereal”. Consumption of “yogurt and cottage cheese” was classified as fresh DP
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while frequency of consumption of “cheese” was considered as the cheese category. As
already described by Pellay et al. (2020), we considered the DPs’ frequency of consumption
as four main exposures, including total DP, milk, fresh DP, and cheese [31]. For each DP
component, three categories were created based on the quartile distribution of consumption
(low frequency: first quartile; intermediate frequency: quartiles 2 and 3; high frequency:
fourth quartile). This classification ensured the differentiation between the most infrequent
and frequent consumers, as previously described [31].

2.3. Assessment of Frailty

At baseline and at the 10-year follow-up, frailty was defined following the Cardiovas-
cular Health Study frailty index [4], the tool recommended by the International Conference
of Frailty and Sarcopenia Research [35]. Nevertheless, minor modifications were made to
adapt this tool to the available data in our cohort study, as already published [17,18]. Briefly,
(1) weight loss was defined as self-reported unintentional loss of 3 kg or more or, if missing,
as a body mass index (BMI) <21 kg/m2; (2) exhaustion was evaluated using the following
statements from the Center for Epidemiologic Studies-Depression scale (CES-D): “I felt that
everything I did was an effort” and “I could not get going”. Participants were considered
frail for this criterion when they answered “a moderate amount of the time” or “most of
the time” to either of these statements [36]; (3) walking speed was determined based on a
6-m walking test, adjusting for height and gender. Participants in the highest quintile were
considered slow. When this information was missing, participants were considered frail for
this criterion when they reported being unable to walk between 500 m and 1 km or to walk
up and down a flight of stairs based on the Rosow–Breslau scale [37]. This proxy has been
shown to be strongly associated with walking [38]; (4) weakness was identified in different
ways at baseline and at the 10-year follow-up, depending on availability of data. At the
10-year follow-up, weakness was identified using the handgrip strength quartiles stratified
by sex and BMI, as recommended [4]. At baseline, weakness was identified using the chair
standing method, shown to be a good proxy for handgrip strength [39]; (5) physical activity
was assessed in a face-to-face interview via an open-ended questionnaire. Low physical
activity was defined as less than 1 h of sports activities or less than 3.5 h of leisure activities
per week, as previously described [17,18].

Older adults with three or more criteria out of five were considered as frail, otherwise
they were considered as non-frail. Prevalent frail participants at baseline were excluded
for the prospective analyses.

The FRAIL scale was also used to define frailty in sensitivity analyses [40]. The FRAIL
scale includes five self-reported components: Fatigue, Resistance, Ambulation, Illnesses
and Loss of weight. Fatigue and weight loss were evaluated similarly to those of the
frailty index. Resistance and Ambulation were evaluated using the Rosow–Breslau scale,
as recommended. Resistance was assessed by asking participants if they could walk up
and down a flight of stairs and Ambulation by asking if they could walk between 500 m
and 1 km; “no” responses were each scored as 1 point. Lastly, Illnesses was scored 1 for
respondents who reported 5 or more chronic conditions out of 13 including hypertension,
diabetes, hypercholesterolemia, cardio- and cerebro-vascular diseases (myocardial infarc-
tion or cardiac and vascular surgery, or arteritis or stroke), Parkinson’s disease, cognitive
decline and dyspnea. Cancer was considered when reports were available, i.e., at the
10-year follow-up. The FRAIL score ranged from 0–5, with those scoring three or more
considered as frail and those scoring two or less as non-frail.

2.4. Assessment of Disability

Dependency in basic Activities of Daily Living (ADLs) was assessed using the five
following items of the Katz scale: bathing, dressing, toileting, transferring from bed to chair,
and eating [41]. An individual was considered dependent if they could not perform at least
one activity without a given level of assistance, as defined in the original instrument. All
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identified dependent participants at baseline and at 10-year follow-up were excluded from
the analyses because frailty is considered as risk factor for dependency [35].

2.5. Covariates

The covariates included age, sex, marital status, education, smoking status, polyphar-
macy (dichotomous variable with 6 medications/d as a cut-off), multimorbidity (dichoto-
mous variable with 2 chronic diseases or more as a cut-off point), and global cognitive
performances using the Mini-Mental State Examination (MMSE) [42] (0–30 points; higher
scores indicate better cognitive status). A diet quality score was also computed. This
score included seven components: pulses, raw fruits, raw vegetables, cooked fruits and
vegetables, fish, alcohol and olive oil. Each component was dichotomized into meeting the
current dietary recommendations versus not. The total score of 7 was also dichotomized
into having a good diet quality (score > 3) versus not (score ≤ 3). Finally, total protein
intake was evaluated from a single 24-h dietary recall that was administered at home in
addition to the FFQ [43].

2.6. Statistical Analysis

Baseline demographic, clinical and dietary characteristics were compared between
prevalent frail and non-frail (i.e., sample used in the cross-sectional analysis) and incident
frail and non-frail (i.e., sample used in the longitudinal analysis) older adults using the
student’s t-test or chi-square test, depending on the type of the variables.

Logistic regression models were used to estimate odds ratio (OR) and 95% confidence
intervals (95% CI) for the association between consumption of total DP or DP sub-type
(milk, fresh DP, or cheese) and frailty, both cross-sectionally and prospectively. For each
DP exposure, intermediate frequency consumption (quartiles 2 and 3) and high frequency
consumption (quartile 4) were compared to the reference category of low frequency con-
sumption (quartile 1).

Model 1 was adjusted for age, sex, education and marital status. Model 2 was addi-
tionally adjusted for smoking status, multimorbidity, polypharmacy, diet quality score,
total protein intake and global cognitive performances. Finally, two sets of sensitivity
analyses were performed. First, we assessed frailty using the FRAIL scale and the same
multivariate models were applied, except excluding multimorbidity as a covariate from
model 2 as this variable is a component of the FRAIL scale. Second, we retained all ADL
dependent individuals as we assumed that those who are ADL dependent might already
be frail, both in the cross-sectional analysis and the prospective one. All statistical analyses
were performed with the SAS Statistical package (Version 9.4 SAS Institute) and statistical
significance was set at p < 0.05.

3. Results

3.1. Sample Characteristics

Among 1597 participants who answered the dietary survey at baseline, 107 were
excluded from all analyses for the following reasons: 20 were ADL dependent at baseline,
67 could not be classified for frailty, 9 had missing information about DP consumption
and 11 participants had missing information for covariates. Therefore, the final sample
for the cross-sectional analysis comprised 1490 participants (including 1427 non-frail).
Among those participants, 979 (69%) were followed up at 10 years (during the follow-up,
355 participants died). An additional 156 participants were excluded from longitudinal
analyses (n = 79 participants were identified as dependent and n = 77 with missing frailty
status at 10 years). Thus, 823 participants were prospectively analyzed (Figure 1).
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Figure 1. Flow chart of the cross-sectional and the prospective studied samples. Three-City Bordeaux
Study, 2000–2010.

In cross-sectional analyses, the studied sample (n = 1490) constituted mainly of females
(n = 906, 60.8%) and had an average age of 74.1 ± 4.9 (standard deviation) years (Table 1).
Half the sample was married (57%) and reported multimorbidity (48%), and a third (32%)
was taking 6 medications/d or more. Prevalence of frailty was 4.2% (n = 63). The most
prevalent frailty criterion was low physical activity (n = 234, 20.1%) followed by slow
walking speed (n = 281, 19%) while the least prevalent frailty criterion was muscle weakness
(n = 77, 5.3%) followed by weight loss (n = 82, 5.5%). Those included in prospective
analyses (n = 823) were non-frail participants at baseline, mainly females (65.0%) and were
on average 72.8 ± 4.4 years old. A total of 150 participants (18.2%) exhibited frailty at the
10-year follow-up and the most incident frailty criterion was low physical activity (n = 473,
58.2%) followed by muscle weakness (n = 199, 26.6%). The least incident frailty criterion
was weight loss (n = 69, 8.4%) followed by exhaustion (n = 138, 17.6%).
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Table 1. Socio-demographic, clinical, dietary, and lifestyle characteristics according to the frailty prevalence (cross-sectional
sample, n = 1490 in 2000) and incidence (prospective sample, n = 823 between 2000–2010) of older adults from the Three-City
study, Bordeaux (France).

Cross-Sectional Analyses Prospective Analyses

Overall
(n = 1490)

Frail at
Baseline
(n = 63)

Non-Frail at
Baseline
(n = 1427)

pa Overall
(n = 823)

Non-Frail at
Follow-Up
(n = 673)

Incident
Frail

(n = 150)
p a

Demographic characteristics (n, %) *
Sex (females) 906 (60.81) 43 (68.25) 863 (60.48) 0.22 535 (65.01) 433 (64.34) 102 (68.00) 0.40

Age (y), mean (SD) 74.10 (4.90) 77.69 (5.24) 73.95 (4.82) <0.0001 72.80 (4.35) 72.20 (4.08) 75.49 (4.50) <0.0001
Education 0.27 0.11

No/Primary 478 (32.10) 26 (41.27) 452 (31.67) 232 (28.19) 180 (26.75) 52 (34.67)
Secondary or high 731 (49.10) 26 (41.27) 705 (49.40) 424 (51.52) 357 (53.05) 67 (44.67)

University 281 (18.90) 11 (17.46) 270 (18.92) 167 (20.29) 136 (20.21) 31 (20.67)
Marital Status 0.053 0.001

Married 849 (57.00) 26 (41.27) 823 (57.67) 471(57.23) 402 (59.73) 69 (46.00)
Divorced/separated 118 (7.90) 5 (7.94) 113 (7.92) 64 (7.78) 56 (8.32) 8 (5.33)

Widowed 429 (28.80) 27 (42.86) 402 (28.17) 228 (27.70) 168 (24.96) 60 (40.00)
Single 94 (6.30) 5 (7.94) 89 (6.24) 60 (7.29) 47 (6.98) 13 (8.67)

Clinical characteristics (n, %) *
Smoking status 0.45 0.54
Never smoker 937 (62.90) 44 (69.84) 893 (62.58) 540 (65.61) 442 (65.68) 98 (65.33)

Ex-smoker 472 (31.70) 17 (26.98) 455 (31.89) 242 (29.40) 195 (28.97) 47 (31.33)
Current 81 (5.40) 2 (3.17) 79 (5.54) 41 (4.98) 36 (5.35) 5 (3.33)

MMSE score b, mean
(SD)

27.52 (1.98) 26.43 (2.34) 27.57 (1.96) <0.0001 27.84 (1.79) 27.89 (1.76) 27.61 (1.90) 0.08

Medications/d ≥ 6 480 (32.20) 38 (60.31) 442 (30.97) <0.0001 220 (26.73) 155 (23.03) 65 (43.33) <0.0001
Multimorbidity 727 (48.8) 41 (65.08) 686 (48.07) 0.008 395 (48.00) 299 (44.43) 96 (64.00) <0.0001

Nutritional and dietary characteristics
BMI (kg/m2)

(m = 18)
26.33 (4.16) 27.51 (6.10) 26.28 (4.06) 0.03 26.25 (3.95) 26.15 (3.83) 26.68 (4.43) 0.15

BMI categories 0.16 0.63
<23 307 (20.86) 12 (21.05) 295 (20.85) 172 (21.00) 142 (21.19) 30 (20.13)

23–27 577 (39.20) 16 (28.07) 561 (39.65) 329(40.17) 273 (40.75) 56 (37.58)
>27 588 (39.95) 29 (50.88) 559 (39.51) 318 (38.83) 255 (38.06) 63 (42.28)

Total protein (g/d) 75.75 (26.80) 72.14 (27.05) 75.91 (26.79) 0.27 75.36 (26.22) 76.05 (25.98) 72.23 (27.12) 0.11
Diet index (n, % high

quality) 761 (51.1) 32 (50.79) 729 (51.09) 0.96 423 (51.40) 357 (53.05) 66 (44.00) 0.05

Items of the phenotype of frailty

Weight loss 82 (5.51)
(m = 1) 27 (43.55) 55 (3.85) <0.0001 69 (8.42)

m = 4 35 (5.22) 34 (22.97) <0.0001

Exhaustion 223 (15.12)
(m = 15) 53 (84.13) 170 (12.04) <0.0001 138 (17.56)

m = 37 54 (8.32) 84 (61.31) <0.0001

Muscle weakness 77 (5.25)
(m = 24) 35 (58.33) 42 (2.99) <0.0001 199 (26.57)

m = 74 107 (17.31) 92 (70.23) <0.0001

Walking speed 281 (18.90)
(m = 3) 53 (84.12) 228 (16.01) <0.0001 209 (25.49)

m = 3 81 (12.09) 128 (85.33) <0.0001

Physical activity 234 (20.05)
(m = 323) 36 (78.26) 198 (17.66) <0.0001 473 (58.18)

m = 10 329 (49.47) 144 (97.30) <0.0001

* All data are presented as n (%) except for age, MMSE, BMI, and protein intake where the mean (SD) is presented; a Baseline differences
between prevalent frail and non-frail (n = 1490) and incident frail and non-frail (n = 823) participants tested by t-tests or chi square tests
depending on the type of the variable; b Mini-Mental State Examination; m = missing.

Prevalent and incident frail older adults were significantly older, were more likely to
be depressed, to take 6 medications/day or more, and to have comorbidities at baseline
compared with prevalent non-frail participants, and with participants free from frailty over
time, respectively (Table 1). Moreover, prevalent frail participants exhibited a significantly
higher BMI on average than non-frail participants, and the daily consumption of proteins
was not significantly different between the frail and non-frail participants at baseline (i.e.,
cross-sectional sample). Regarding the sample enrolled in prospective analyses, incident
frail participants had a similar BMI compared to those who remained free from frailty,
while a higher percentage of incident frail participants had a lower diet quality score
compared with participants who remained free from frailty (53% vs. 44%, p = 0.045).
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Frequencies of consumption of DP (total DP, milk, fresh DP, and cheese) are presented
in Table 2 for both cross-sectional and prospective samples. No significant differences were
observed between prevalent frail and non-frail or incident frail and non-frail participants
regarding the frequency of total DP and DP-subtypes consumption at baseline.

Table 2. Frequency of consumption of dairy products (total and sub-types) according to the frailty prevalence (cross-sectional
sample, n = 1490 in 2000) and incidence (prospective sample, n = 823 between 2000–2010) of older adults from the Three-City
study, Bordeaux (France).

Cross-Sectional Analyses Prospective Analyses

Overall
(n = 1490)

Frail at
Baseline
(n = 63)

Non-Frail at
Baseline
(n = 1427)

p a Overall
(n = 823)

Non-Frail at
Follow-Up
(n = 673)

Incident
Frail

(n = 150)
p a

Total Dairy Products 0.37 0.58
Low: ≤2 times/d 375 (25.17) 13 (20.63) 362 (25.37) 198 (24.06) 157 (23.33) 41 (27.33)

Intermediate: 2–4 times/d 769 (51.61) 31 (49.21) 738 (51.72) 439 (53.34) 362 (53.79) 77 (51.33)
High: ≥4 times/d 346 (23.22) 19 (30.16) 327 (22.92) 186 (22.60) 154 (22.88) 32 (21.33)

Milk 0.37 0.54
Low: 0 times/d 433 (29.06) 17 (26.98) 416 (29.15) 229 (27.83) 182 (27.04) 47 (31.33)

Intermediate: 0–1 times/d 716 (48.05) 27 (42.86) 689 (48.28) 383 (46.54) 318 (47.25) 65 (43.33)
High: >1 times/d 341 (22.89) 19 (30.16) 322 (22.56) 211 (25.64) 173 (25.71) 38 (25.33)

Fresh dairy products 0.52 0.46
Low: <0.5 times/d 408 (27.38) 16 (25.40) 392 (27.47) 207 (25.15) 167 (24.81) 40 (26.67)

Intermediate: 0.5–1.5 times/d 723 (48.52) 28 (44.44) 695 (48.70) 419 (50.91) 339 (50.37) 80 (53.33)
High: >1.5 times/d 359 (24.09) 19 (30.16) 340 (23.83) 197 (23.94) 167 (24.81) 30 (20.00)

Cheese 0.39 0.31
Low: ≤0.5 times/d 297 (19.93) 16 (19.69) 281 (19.69) 174 (21.14) 143 (21.25) 31 (20.67)

Intermediate: 0.5–1.5 times/d 779 (52.28) 28 (52.63) 751 (52.63) 477 (54.31) 372 (55.27) 75 (50.00)
High: >1.5 times/d 414 (27.79) 19 (30.16) 395 (27.68) 202 (24.54) 158 (23.48) 44 (29.33)

All data are presented as n (%); a Baseline differences between prevalent frail and non-frail (n = 1490) and incident frail and non-frail
(n = 823) participants tested by t-tests or chi square tests depending on the type of the variable; m = missing.

3.2. Associations between Spectrum of DP Exposure and Prevalence of Frailty

In models adjusted for age, sex, marital status and education, we did not observe any
significant association between total DP and DP sub-types and frailty prevalence, when
comparing the highest frequency to the lowest frequency consumption of DP (Table 3). In
models additionally adjusted for smoking status, multimorbidity, polypharmacy, protein
intake, diet quality and global cognitive score, all associations with the prevalence of frailty
remained not significant for all DP exposures: total DP (OR = 1.08, 95% CI = 0.54–2.17 and
1.40, 95% CI = 0.65–3.01 for intermediate and high consumption vs. low, respectively),
milk (OR = 1.13, 95% CI = 0.56–2.31), fresh DP (OR = 1.13, 95% CI= 0.54–2.33), and cheese
(OR = 0.89; 95% CI = 0.43–1.88) for high vs. low frequency of consumption.

3.3. Associations between Spectrum of DP Exposure and Incidence of Frailty

When focusing on the 10-year risk for frailty, we observed that baseline frequencies of
consumption of total DP and DP sub-types were not significantly associated with the frailty
risk when we compared the lowest frequency to the highest frequency of consumption of
total DP (OR = 0.74, 95% CI = 0.42–1.30), milk (OR = 0.80, 95% CI = 0.48–1.35), fresh DP
(OR = 0.68, 95% CI = 0.38–1.20) and cheese consumption (OR = 1.19, 05% CI = 0.68–2.10) in
fully adjusted models (Table 4).

3.4. Sensitivity Analyses

The FRAIL scale was also implemented to alternatively identify prevalent and in-
cident frail participants. Sixty out of 1552 participants (3.9%) were considered as frail
at baseline according to this scale. In fully adjusted models (i.e., model 2), all associa-
tions with the prevalence of frailty were not significant for all DP exposures: total DP
(OR = 1.42, 95% CI = 0.64–3.13), milk (OR= 1.11, 95% CI = 0.54–2.32), fresh DP (OR = 0.96,
95% CI= 0.46–1.98), and cheese (OR = 0.86; 95% CI = 0.39–1.88) for high vs. low fre-
quency of consumption. Among 1492 non-frail non-dependent, 1006 were followed at
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the 10-year follow-up (lost to follow-up n = 486). Among those, an additional 87 were
excluded from the analysis because they were ADL dependent and another 23 were ex-
cluded because they were unclassified for the FRAIL scale, leading to a final sample size
of 896, with 45 (5.0%) classified as frail on the FRAIL scale. Regarding the spectrum of
DP exposures, we only observed that the highest, compared with the lowest, frequency
of consumption of fresh DP was associated with lower frailty risk in the fully adjusted
model (OR = 0.35, 95% CI = 0.13–0.97, p = 0.04, p global = 0.13) while all other associations
were non-significant, for instance, total DP (OR = 1.66, 95% CI = 0.26–1.67), milk (OR= 1.21,
95% CI = 0.49–2.98), and cheese (OR = 1.25; 95% CI = 0.49–3.21) for high vs. low frequency
of consumption.

Second, when all ADL dependent individuals were maintained in analytic samples,
1501 and 885 participants were included for the cross-sectional and prospective analyses,
respectively. Among those 1501 participants, 68 (4.5%) were identified as frail. None of the
total DP or DP sub-types exposures were associated with frailty prevalence in the fully ad-
justed models: total DP (OR = 1.44, 95% CI = 0.68–3.04), milk (OR= 1.04, 95% CI = 0.52–2.1),
fresh DP (OR = 1.21, 95% CI= 0.59–2.48), and cheese (OR = 0.85; 95% CI = 0.42–1.74) for
high vs. low frequency of consumption. Among those 1433 non-frail at baseline, 449 were
lost at the 10-year follow-up and 99 were unclassified for frailty incidence, leading to a
final sample size of 885 for the prospective analyses. At the 10-year follow-up, 195 partic-
ipants (22%) were identified as frail. Regarding the spectrum of DP exposures, none of
the frequency of consumption of total DP or DP sub-types were significantly associated
with frailty risk in the fully adjusted models: total DP (OR = 0.65, 95% CI = 0.39–1.09),
milk (OR = 0.61, 95% CI = 0.38–1.00), fresh DP (OR = 0.64, 95% CI = 0.39–1.08), and cheese
(OR = 1.4; 95% CI = 0.83–2.41) for high vs. low frequency of consumption.

Table 3. Multivariate association between baseline frequencies of consumption of total DP, milk, fresh DP, and cheese and
frailty prevalence among older adults in the Three-City Study, Bordeaux (n = 1490, 2000).

Total Dairy Products Frequency of Consumption

n frail/Total Model 1 Model 2
OR (95% CI) p OR (95% CI) p

Low: ≤2 times/d 13/375 Ref Ref
Intermediate: 2–4 times/d 31/769 1.07 (0.54–2.09) 0.84 1.08 (0.54–2.17) 0.82

High: ≥4 times/d 19/346 1.50 (0.72–3.13) 0.28 1.40 (0.65–3.01) 0.39
Global p 0.45 0.62

Milk Frequency of Consumption

n frail/Total Model 1 Model 2
OR (95% CI) p OR (95% CI) p

Low: 0 times/d 17/433 Ref Ref
Intermediate: 0–1 times/d 27/716 0.91 (0.49–1.71) 0.77 0.83 (0.44–1.58) 0.57

High: >1 times/d 19/341 1.21 (0.61–2.41) 0.58 1.13 (0.56–2.31) 0.73
Global p 0.66 0.62

Fresh Dairy Products Frequency of Consumption

n frail/Total Model 1 Model 2
OR (95% CI) p OR (95% CI) p

Low: <0.5 times/d 16/408 Ref Ref
Intermediate: 0.5–1.5 times/d 28/723 0.90 (0.47–1.72) 0.76 0.83 (0.43–1.62) 0.57

High: >1.5 times/d 19/359 1.22 (0.60–2.48) 0.58 1.13 (0.54–2.33) 0.74
Global p 0.62 0.62

Cheese Frequency of Consumption

n frail/Total Model 1 Model 2
OR (95% CI) p OR (95% CI) p

Low: ≤0.5 times/d 16/297 Ref Ref
Intermediate: 0.5–1.5 times/d 28/779 0.66 (0.35–1.27) 0.22 0.68 (0.38–1.32) 0.25

High: >1.5 times/d 19/414 0.92 (0.45–1.86) 0.81 0.89 (0.43–1.88) 0.77
Global p 0.38 0.45

OR: Odds ratio, CI: Confidence Intervals; Model 1: Model adjusted for age, sex, marital status and education; Model 2: Model 1 + additional
adjustment for smoking status, multimorbidity, polypharmacy, total protein, diet quality score, and Mini-Mental State Examination.
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Table 4. Multivariate association between baseline frequencies of consumption of total DP, milk, fresh DP, and cheese and
the 10-year frailty risk among older adults in the Three-City Study, Bordeaux (n = 823, 2000–2010).

Total Dairy Products Frequency of Consumption

n frail/Total Model 1 Model 2
OR (95% CI) p OR (95% CI) p

Low: ≤2 times/d 41/198 Ref Ref
Intermediate: 2–4 times/d 77/439 0.70 (0.44–1.09) 0.11 0.73 (0.46–1.16) 0.19

High: ≥ 4 times/d 32/186 0.76 (0.44–1.30) 0.19 0.75 (0.42–1.32) 0.32
Global p 0.28 0.40

Milk Frequency of Consumption

n frail/Total Model 1 Model 2
OR (95% CI) p OR (95% CI) p

Low: 0 times/d 47/229 Ref Ref
Intermediate: 0–1 times/d 65/383 0.47 (0.50–1.21) 0.26 0.79 (0.50–1.22) 0.28

High: >1 times/d 38/211 0.75 (0.45–1.24) 0.26 0.78 (0.46–1.31) 0.34
Global p 0.43 0.50

Fresh Dairy Products Frequency of Consumption

n frail/Total Model 1 Model 2
OR (95% CI) p OR (95% CI) p

Low: <0.5 times/d 40/207 Ref Ref
Intermediate: 0.5–1.5 times/d 80/419 0.92 (0.58–1.44) 0.71 0.91 (0.57–1.45) 0.68

High: >1.5 times/d 30/197 0.66 (0.38–1.16) 0.15 0.65 (0.57–1.16) 0.15
Global p 0.31 0.31

Cheese Frequency of Consumption

n frail/Total Model 1 Model 2
OR (95% CI) p OR (95% CI) p

Low: ≤0.5 times/d 31/174 Ref Ref
Intermediate: 0.5–1.5 times/d 75/447 0.86 (0.53–1.40) 0.54 0.86 (0.52–1.41) 0.54

High: >1.5 times/d 44/202 1.31 (0.76–2.27) 0.33 1.25 (0.71–2.21) 0.44
Global p 0.17 0.27

OR: Odds ratio, CI: Confidence Intervals; Model 1: Model adjusted for age, sex, marital status and education; Model 2: Model 1 + additional
adjustment for smoking status, multimorbidity, polypharmacy, total protein, diet quality score, and Mini-Mental State Examination.

4. Discussion

In the present analysis of French community-dwelling older adults enrolled in the
3C-Bordeaux study, the frequency of DP consumption was not significantly associated
with frailty, assessed using proxies of the frailty phenotype, in either cross-sectional or
prospective analyses. In particular, total DP, milk, fresh DP and cheese were not associated
with frailty prevalence at baseline. Similarly, these food groups were not associated with
frailty risk at 10 years. Similar results were observed when frailty was assessed using the
FRAIL scale, strengthening our conclusions.

Several studies have evaluated the association between DP and age-related chronic
diseases and mortality [22,23,44]. Nevertheless, to our knowledge, very few studies have
evaluated the relationship between DP and frailty and their results were mixed. A cross-
sectional study evaluated the association between dairy intake and physical function
among1456 older women aged 70 to 85 years [45]. The authors observed that compared to
those in the lowest tertile of dairy consumption, those in the highest tertile of consumption
had significantly higher handgrip strength and lower odds for a poor Timed Up and Go
while no differences were observed in the prevalence of falls. In a sample of 1871 Spanish
older adults enrolled in the Seniors-ENRICA cohort [29], greater consumption of low-fat
dairy products and low-fat milk in particular was associated with lower frailty risk over
3.5 years of follow-up, while no significant results were observed for whole milk, yogurt,
cheese and low-fat yogurt. Contrary to the presented studies, our findings did not show
any association with frailty prevalence or risk at the 10-year follow-up. Interestingly, our

171



Nutrients 2021, 13, 2151

results are similar to a recent analysis of the InCHIANTI study where the main objective
was to evaluate the associations between adherence to a Mediterranean-type diet (MeDi)
and frailty index at baseline and at the 10-year follow-up [46]. In a sub-analysis, the authors
investigated the effect of individual components of the MeDi and frailty, and they observed
that DP intake was not significantly associated with frailty in both the cross-sectional and
prospective analyses.

Several possible explanations could justify the absence of associations between DP
and frailty in our sample. First, the FFQ used to collect dietary data assessed the frequency
of consumption only, while information about the quantities, which could have been inter-
esting, were only assessed by a single 24-h dietary recall (which questions its relevance).
Therefore, despite the higher consumption frequency, this intake might have been below
what is recommended and therefore affected our results. In fact, in a recent analysis of
the 3C-study participants describing their DP intake at baseline, it was observed that
participants with the highest frequency of total DP per day consumed lower than the rec-
ommended intakes [31]. These results were in line with a previous national report where it
was observed that 64% of participants aged 55 to 79 years old reported consumption below
recommendations [47]. Second, in the 3C-study, total DP consumption and its sub-types
have been previously shown to be associated with different eating patterns [31]. Although
we have adjusted for diet quality in our analyses, we cannot exclude the possibility of some
residual confounding that has led to an absence of significance. This is noteworthy as it
was observed that higher total DP consumption was associated with a higher consumption
of biscuits, sweets and cooked vegetables, and higher frequency of milk consumption
was significantly associated with higher intakes of biscuit and sweets, a dietary pattern
described as “biscuits and snacking” in the 3C-study. Moreover, it was observed that the
highest frequency consumers of fresh DP had a low total energy intake. Finally, the highest
frequency of cheese consumption was associated with a high consumption of cereals and
grains, sweets, charcuterie, meat, poultry, and alcohol [31]. These results showed that the
higher consumption of total DP or sub-types was associated with less-than-optimal diets,
rich in sugar and saturated fatty acids, part of a western-type diet [48] and potential risk
factors for frailty [14,49,50]. For instance, in a cross-sectional NHANES study including
4062 participants ≥50 y of age, a higher percentage of saturated fatty acid intake was
associated with higher frailtyprevalence [50]. Therefore, we speculated that the null as-
sociation between highest DP consumption and frailty observed here might be the result
of possible positive effects of some favorable nutrients on frailty (i.e., higher protein and
energy intake), but attenuated by the possible negative effects of saturated fatty acid intake
and the overall diet quality, although we have controlled for components of the diet in
the analyses. Third, no information was available about the quality of DP, whether they
were natural or sweetened, or fermented or not. In fact, flavored milk, whole yogurt and
fermented milk, dairy desserts and sweetened cheeses are all sources of added sugars,
which were shown to be associated with an increased risk of frailty in an analysis of the Se-
niors ENRICA cohort [49]. The highest tertile of added sugars consumption was associated
with a higher frailty risk (i.e., multiplied by 2.3) compared to those in the lowest tertile.
Finally, unlike the analyses from the Seniors-ENRICA cohort study [29], we were not able
to differentiate between types of DP consumed based on their fat content. Nevertheless,
the 24-h dietary recall administered at baseline of the 3C-Bordeaux study showed that only
7% of the participants had whole-fat milk and among those, only 10% reported regular
consumption of whole-fat milk while up to 25% of the sample consumed whole fresh DP
and 19% consumed flavored fresh DP or yogurt with fruits (unpublished data). This might
imply that factors other than the fat content of DP might play a role in the association
between DP and frailty. Altogether, we speculated that the observed null association
between highest DP consumption (whatever the subtypes) and frailty might be the results
of interactions between the different concentrations of beneficial and harmful ingredients
leading to an unbalanced quality of DP and of related dietary patterns.
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The present study has some methodological limitations. First, as previously stated,
we had no detailed information about the portion sizes and this would have affected
our results as national recommendations emphasize the quantity consumed rather than
frequency. Moreover, a high frequency consumption does not necessarily mean reaching
the recommended levels, as older adults might have frequent but smaller intakes. Therefore,
the inability to evaluate the portion sizes might have hindered any potential association of
DP with frailty status. We also did not assess DP intake from mixed dishes, and this might
have led to underestimation of the DP consumption frequency. This is an important issue
to consider in future studies as milk is a recurrent constituent of several French recipes.
Another limitation is that we did not adjust for important micronutrients related to DP
and associated with frailty, namely, vitamin D [51,52]. Furthermore, recall bias cannot
be excluded as it can lead to under or overestimation of DP intakes despite meticulous
data collection. Regarding the assessment of frailty, we complemented slowness and
handgrip strength with the Rosow–Breslau scale and the chair stand test, respectively, to
minimize the loss of participants due to missing data. Indeed, the Rosow–Breslau scale
has been shown to be strongly associated with walking [38] and the chair stand test was
shown to be a good proxy for handgrip strength [39,53]. Furthermore, we were not able
to check frailty incidence over 10-years at different waves of follow-up because the frailty
phenotype could not be calculated at each time interval. Nevertheless, this limit was toned
down when using the FRAIL scale, which identified a lower number of frail participants,
but provided similar results on the DP-frailty associations in both the cross-sectional and
prospective analyses. Despite these similarities, we speculate that the imbalance between
frail and non-frail groups might have led to underpowered comparisons, hindering the
observation of real differences if any. In addition, a selection bias cannot be dismissed, since
not included participants (cross-sectional sample) were older, had lower educational levels
and cognitive performance, had more frequent depressive symptoms, multi-morbidities,
polypharmacy, and worse diet scores than included participants (data not shown). Finally,
although we adjusted for several major covariates, some residual confounding factors
cannot be dismissed. In fact, we acknowledge that the collected dietary data dates back
to 2000, which is old, and this might affect the relevance of our results. Nevertheless, the
French RDA applied to the year of data collection (2000–2001) is still applied till now and it
has been previously reported that intakes of major food groups appeared to be relatively
stable during follow-up in 3C Bordeaux [54].

Despite these limitations, the current study has several strengths. First, we focused
our analyses on a large sample of French elderly consumers, known to exhibit distinctive
DP consumption, notably cheese [31], within a population-based setting while adjusting
for major confounders (note, less than 0.1% of 3C-Bordeaux participants were consumers
of food supplements at baseline, which precluded using this data as a confounder). Second,
survival analyses were performed to check if there is any competitive risk with death
(data not shown). We observed that DP exposures were not significantly associated with
mortality, eliminating the selection bias leading to survival effect often faced in prospective
studies involving older adults. Moreover, we confirmed our main results using a different
scale to assess frailty and when keeping participants who exhibited dependency in both
cross-sectional and prospective studied samples, which allowed us to further decrease the
selection bias (i.e., frailty being considered as a pre-dependency stage and risk factor for
disability [35,55]).

In conclusion, we did not observe any association between DP consumption, whatever
the sub-types, and frailty prevalence or incidence among this sample of French older
adults. Studies on this topic are scarce and future studies are still needed while taking
into consideration the identified limitations, such as the potential benefits/risks ratio of
DP nutrient contents. In the meantime, and beyond frailty, older adults are encouraged to
follow French nutritional recommendations for DP consumption (2 to 3 times/d) as their
benefits on the general well-being of older adults to prevent osteoporosis and malnutrition
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are well established, and recent large-scale settings have also suggested their protective
ability to prevent chronic diseases and mortality.
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Abstract: Factors associated with frailty, particularly dietary patterns, are not fully understood in
Mediterranean countries. This study aimed to investigate the association of data-driven dietary
patterns with frailty prevalence in older Lebanese adults. We conducted a cross-sectional national
study that included 352 participants above 60 years of age. Sociodemographic and health-related
data were collected. Food frequency questionnaires were used to elaborate dietary patterns via the
K-mean cluster analysis method. Frailty that accounted for 15% of the sample was twice as much
in women (20%) than men (10%). Identified dietary patterns included a Westernized-type dietary
pattern (WDP), a high intake/Mediterranean-type dietary pattern (HI-MEDDP), and a moderate
intake/Mediterranean-type dietary pattern (MOD-MEDDP). In the multivariate analysis, age, waist
to height ratio, polypharmacy, age-related conditions, and WDP were independently associated with
frailty. In comparison to MOD-MEDDP, and after adjusting for covariates, adopting a WDP was
strongly associated with a higher frailty prevalence in men (OR = 6.63, 95% (CI) (1.82–24.21) and in
women (OR = 11.54, 95% (CI) (2.02–65.85). In conclusion, MOD-MEDDP was associated with the
least prevalence of frailty, and WDP had the strongest association with frailty in this sample. In the
Mediterranean sample, a diet far from the traditional one appears as the key deleterious determinant
of frailty.

Keywords: frailty; dietary pattern; malnutrition; food groups; Mediterranean dietary pattern; West-
ernized dietary pattern; older adults; cross-sectional study

1. Introduction

The frailty phenotype is a multifactorial syndrome associated with aging, charac-
terized by unintentional weight loss, self-reported exhaustion, muscular weakness, slow
walking speed, and low physical activity [1]. Physical frailty is also recognized as a risk
factor for mortality, increased morbidity [2], malnutrition [2], and falls [3,4]. If not managed,
frailty can lead to disability and dependency [5,6], and become a burden to the individual,
caregivers, and public health authorities. This process, which moves from robustness to
frailty, disability, then dependency, is preventable, and could even improve in some aspects,
if addressed in the early stages (i.e., in the prefrail state) [7–10].

Frailty, being a multifactorial condition, is related to several sociodemographic-,
lifestyle-, and health-related factors. Associations were found between frailty risk and
marital status [11], education [12], depression [13], polypharmacy [14], and nutritional
status [2,15].
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Gender discrepancies have also been reported regarding the risk of frailty. Although
women tend to live longer, their health status is poorer than men and biological and
socio-behavioral factors may contribute to a higher frailty predisposition [16,17]. In many
studies, the prevalence and incidence of frailty in women was found to be greater than in
men [18].

Among other risk factors for frailty, anthropometric, nutritional, and dietary risk
factors are often mentioned [17]. Frailty is also closely related to body composition and
nutritional status. It is well established that malnutrition and the risk of malnutrition,
characterized by low mini-nutritional assessment (MNA) scores, increase the risk of frailty
in older adults [19,20]. BMI was also associated with frailty in a U shape trend, with both
low and high BMI being associated with higher incidence of frailty [21–25]. Furthermore,
central obesity characterized by a high waist circumference (WC), has also been linked to
frailty risk, and recent studies even reported that the association between BMI and frailty
was in part mediated by waist to height ratio (WHTR) [26–28].

According to several authors, current recommended dietary allowances (RDA) for
protein intake at 0.8 g/kg (BW) appears to be insufficient to prevent muscle loss with
aging [29]. The protein intake that showed a better muscle preservation and was linked to
lower frailty risk was proposed at protein intakes between 1 and 1.5 g/kg BW [29–32].

Apart from the nutritional status, dietary patterns were also linked with risk of frailty
in older adults. Rashidi et al. showed that people adopting a healthy dietary pattern,
characterized by a high consumption of fruits, vegetables, and whole grains, had 31%
less chance of becoming frail [33]. Pooled results showed that a greater adherence to a
Mediterranean diet, evaluated by the Mediterranean Diet Score (MDS), was associated with
a significantly lower risk of frailty compared to poorer adherence [34,35]. Similar findings
from the Hellenic Longitudinal Investigation on Aging and Diet (HELIAD) showed that
each additional unit in the MDS was associated with a 5–7% decrease in the odds of frailty,
depending on the tools used in the evaluation of frailty [36]. In Spain, a higher prevalence of
frailty was observed in older adults adopting an unhealthy dietary pattern (DP) compared
to individuals adopting a healthy dietary pattern [37]. In England, a longitudinal study
showed that a dietary pattern characterized by a high fat intake and low fiber intake
was associated with a higher risk of frailty in men. Following a prudent diet and having
a higher adherence to a Mediterranean dietary pattern was also found to decrease the
likelihood of frailty [38]. The Rotterdam cohort study showed that a higher adherence
to national dietary guidelines was associated with lower risk of frailty over time, and a
traditional dietary pattern characterized by a high consumption of legumes, eggs, and
savory snacks was the only one protecting against frailty; health-conscious dietary patterns
and high meat patterns failed to be associated with frailty [39]. Results from the 12-year
follow-up, three-city study, showed that men following the dietary pattern characterized
by a “pasta” pattern, and women adopting the “biscuits and snacking” pattern had a
significantly higher risk of frailty compared with those following the “healthy” pattern
(characterized by higher fish intake in men and higher fruits and vegetables intake in
women) [40]. In the multicentric, 1 year NU-AGE interventional study, the administration
of a Mediterranean diet for a 1year period, by modulating the microbiome ecosystem was
linked with lower frailty incidence in older adults [41].

Several studies showed that prevalence of frailty and pre-frailty in low- to middle-
income countries (LMIC) was higher than in high income countries (HIC) [18,42]. In
Lebanon, one of the countries bordering the Mediterranean basin with an aging population,
few studies have yet been interested in the frailty status among its elderly population.
In 2016, the prevalence of frailty (including pre-frailty) was estimated to 66.8% in rural
living older individuals, aged 65 years and more, with a higher prevalence of frailty
among individuals considered undernourished or at risk of malnutrition according to
MNA [19,43]. However, no data is available on the association between nutritional status,
dietary patterns, and frailty in this population.
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The aims of the present study were (i) to determine the prevalence of frailty and its
covariates among older Lebanese adults, and (ii) to explore the association between dietary
patterns and frailty among these individuals.

2. Materials and Methods

2.1. Study Design and Participants

We conducted a national, cross-sectional study in seven of the eight governorates of
Lebanon. Recruitment of participants and data collection were carried out in collaboration
with the Ministry of Social Affairs (MOSA) through 77 medico-social centers serving low to
middle class income families, from October 2017 to October 2019. The sample was weighed
according to the proportion of older adults over 60 years in each governorate and was
randomly selected based on the sample previously drawn for the validation of the Arabic
version of Mini-Mental State Examination (MMSE) [44,45].

As shown in Figure 1, a sample of 600 individuals was initially targeted. Individuals
were included in the present study if they were aged 60 years and above, community
dwelling, and attending the MOSA socio-medical centers for medical care and social assis-
tance. Non-inclusion criteria included artificial feeding, total dependency, major hearing
and visual impairment, active cancer disease, end stage kidney disease with hemodialysis,
and advanced liver disease, as diagnosed by the center medical team. Once contact was
initiated, 159 individuals were either unable to be reached, refused to participate, or were
deceased after randomization, and six were excluded because of newly discovered cancer
or major disability. Data were finally retained for 401 participants, of whom, 352 (88%) had
a valid Food Frequency Questionnaire (FFQ).

Figure 1. Study Flow chart.
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Participants were contacted (via phone) by social workers or nurses working in the
MOSA centers and were invited to attend the MOSA center. Information was collected by
10 dietitians living in the area surrounding the MOSA centers and who were familiar with
the dietary habits of the local inhabitants. All investigators underwent several training
sessions before starting the survey. To decrease investigator bias, all filled questionnaires
were reviewed by the principal and field investigators before data entry. Each person was
interviewed at the center near his/her home, and for participants unable to attend, the
interview was performed by the research team at home. The interview with each participant
or caretaker lasted around 30–45 min. Depending on literacy, the cognitive functions of each
participant were assessed either through the Mini-Mental State Examination (MMSE) [44]
or “Test des Neufs Images” (TNI) [46]. In case of significant cognitive decline, then the
accompanying person was asked to fill the questionnaire on behalf of the participant.

The study was conducted in accordance with the Declaration of Helsinki, and the
protocol of the study was approved by the Ethics Committee of Saint Joseph University of
Beirut (USJ 2016-99). Written informed consent was signed by each participant, prior to
completion of the interview.

2.2. Data Collected
2.2.1. Frailty and FRAIL Scale

Frail status of the participants was assessed based on the five criteria of FRAIL scale
including fatigue, resistance, ambulation, illness, and loss of weight [47]. Fatigue was
measured by asking respondents how much time during the past 4 weeks they felt tired,
with responses of “all of the time” or “most of the time” scoring 1 point. Resistance was
assessed by asking participants if they had any difficulty walking up 10 steps alone without
resting and without aids, and ambulation, by asking if they had any difficulty walking
several hundred yards alone and without aids; “yes” responses were each scored as 1 point.
Illness was scored 1 for respondents who reported 5 or more illnesses out of the 11 following
illnesses: heart attack, congestive heart failure, angina, asthma, arthritis, stroke, kidney
disease, hypertension, diabetes, cancer, and chronic lung disease. Weight loss was scored
1 for respondents with a self-reported weight decline of 5% or greater within the past
12 months. Frail scale scores range from 0–5 and represent frail (score = 3–5), pre-frail
(score = 1–2), and robust (score = 0) health status [47]. For data analysis, the studied sample
was further categorized to frail versus non-frail (robust or prefrail).

2.2.2. Sociodemographic and Health-Related Data

Information regarding age and gender, living conditions, marital status, and economic
situation were collected. Participants were asked to state whether they live alone or with
any relative, spouse, family members, or friends. Educational level and literacy were
evaluated and classified into two categories: >7 years and ≤7 years of education.

Number and type of diseases and health conditions were reported by each partici-
pant or its caregiver: cardiovascular diseases, diabetes, hypertension, heart failure and
arrhythmia, renal disease, thyroid disorder, gastrointestinal diseases, anemia, osteoarthritis
and arthritis, and osteoporosis. The presence of these diseases was ascertained based on:
(a) self-reports linked to previous diagnoses, and/or (b) available medical records kept in
the MOSA center, and/or (c) available medical prescriptions. The number of diseases was
summed and categorized to multimorbidity defined as the simultaneous presence of two or
more diseases in the same individual. Hearing or visual impairment, poor oral health, and
sleep disorders were grouped as age-related conditions. Results were then dichotomized
based on the presence of two or more of these age-related conditions. Current medications
were recorded by caregiver, and polypharmacy was defined as the regular use of six or
more prescription medications daily.

Since cognitive decline might influence reporting in the elderly population, cognitive
impairment was evaluated depending on literacy, using population specific cut-offs based

180



Nutrients 2021, 13, 2188

on age, educational level and sex, of MMSE for literate participants, and a score of TNI,
Total Recall ≤ 9, for illiterate participants [44,46,48].

2.2.3. Anthropometric and Functional Measurements

Data included height, weight, body mass index (BMI), waist circumference (WC), and
waist to height ratio (WHR). BMI was categorized according to the Lipchitz classification
(<22, 22–27, and >27 kg/m2) [49], Hand grip strength (HGS) was measured using the
handgrip electronic dynamometer (Camry EH101). Handgrip strength was performed
3 times and the average of the three measurements was the reported result. We then used
the BMI and gender specific cut-off values of HGS as classified by Fried phenotype, to
classify as low or good HGS measurements [50].

Physical activity was evaluated using the Rapid Assessment of Physical Activity
(RAPA) 2 scale. The nine-item questionnaire covered all ranges of activity, from sedentary
to regular and vigorous physical activity in addition to strength training and flexibility
adapted to the elderly [51]. Respondent’s score was initially categorized into five levels of
physical activity. For data analysis, these levels were then classified into three categories:
sedentary, regular active and optimal active. Responses to the strength training and
flexibility items were scored separately [51].

2.2.4. Nutritional and Dietary Data

Nutritional status was estimated using the Mini-Nutritional Assessment Short Form
(MNA-SF) [52], classifying individuals into three levels: normal nutritional status (score
above 12), at risk of malnutrition (scores 8–11), and malnutrition (scores below 8). Partici-
pants were then classified into two categories: the first category named “poor nutritional
status” included participants that were considered malnourished and at risk of malnutri-
tion by the MNA-SF, and the second category named “normal nutritional status” included
participants who had a normal nutritional status according to MNA-SF.

Dietary assessment and food consumption was measured using a population based
FFQ, reporting the consumption of a list of 90 food items (validation in progress of publica-
tion) and representing all food groups, consumed the previous year: bread and cereals, milk
and dairy, vegetables and fruits, meat, poultry and fish, fats and oils, sweets and desserts,
and non-alcoholic beverages. Consumption of these items was reported as daily, weekly,
or monthly, as usual portion size. A manual illustrating the usual servings and portions of
foods listed in the FFQ was developed for the study to help investigators and participants
better estimate quantities consumed. The portions consumed were then translated into
daily consumption in grams. Daily consumption was later analyzed by Nutrilog software
(Nutrilog, version 3.20, France) to extract daily nutrient intake. To extract dietary patterns,
the 90 foods listed in the FFQ were then grouped into 20 predefined categories based
on similarities in nutrient composition and consumption characteristics (Supplemental
Material: Table S1). These categories were then entered in the K-mean cluster analysis to
determine the dietary patterns of our population.

For all the categories of food, except for sweets, reported portions used to estimate con-
sumption were based on standard portions adopted in the dietary guidelines 2015–2020 [53].
Sweetened soft drinks were added to sugars and jams after sugar content estimation was
made. As for sweets and desserts, usual serving size was adopted for cluster analysis.

2.3. Statistical Analysis

Statistical analysis was performed using the SPSS program version 21.0. Difference be-
tween genders and frailty status for sociodemographic, nutritional, dietary, health-related,
and anthropometric data, were compared using the non-parametric tests, Mann–Whitney
and Kruskal–Wallis for numeric variables that are not normally distributed, and chi-square
test for categorical variables. K-means clustering was used to regroup participants with
similar dietary patterns. Differences in food intake between dietary patterns was calcu-
lated by Kruskal–Wallis test. Cut-offs for age, polypharmacy, multimorbidity, age-related
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conditions, and waist to height ratio (WHTR) were determined through classification tree
and used for subsequent multivariate analysis. In the multivariate analyses, we proceeded
to several models of binary logistic regression using dichotomized frailty variable as the
dependent variable. Odds-ratios with 95% confidence intervals were calculated. The main
explanatory variables reaching significance level identified in each model were added to
the following model. Age category, marital status, education level, and living conditions
were entered first (model 1). From this model, we retained covariates significantly as-
sociated with frailty and then added anthropometric variables including MNA-SF, BMI,
and waist to height ratio categories (model 2). From model 2, we retained all covariates
significantly associated with frailty and then added health-related covariates (multimor-
bidity, polypharmacy, and age-related conditions (model 3). From model 3, we retained
all covariates significantly associated with frailty and finally added food dietary patterns
(model 4). Each Model was rerun with the food patterns groups in order to adjust for the
variables identified respectively in each model. The multivariate analysis was rerun for
each gender. The level of significance was fixed at a p = 0.05 for all analyses.

3. Results

3.1. Sample Characteristics

The present analysis included 352 participants, with 50% being women. Details of the
sample characteristics are shown in Table 1.

Table 1. Sociodemographic and clinical characteristics of the total sample, and stratified by gender (N = 352).

Total (N = 352) Men (N = 176) Women (N = 176) p Value

Sociodemographic Status

Age (years) 73 (67–79) 73 (67.3–80) 73 (67–78) 0.288

Marital status

Married 232 (65.9) 143 (81.3) 89 (50.6) <0.001
Divorced 10 (2.8) 4 (2.3) 6 (3.4)
Single 18 (5.1) 6 (3.4) 12 (6.8)
Widowed 92 (26.1) 23 (13.1) 69 (39.2)

Living conditions
Living Alone 53 (15.1) 16 (9.1) 37 (21) <0.001
Living with partner 202 (57.4) 131 (74.4) 71 (30.3)
Living with others 97 (27.6) 29 (16.5) 68 (38.6)

Education Low level 149 (42.3) 65 (36.9) 84 (47.7) 0.04

Economic status Insufficient income 198 (56.3) 98 (55.7) 100 (56.8) 0.159

Health and Functional Status

Frailty status
Frail 53 (15.1) 18 (10.2) 35 (19.9) 0.01
Not frail 299 (84.9) 158 (89.8) 141 (80.1)

Cognitive Status Low cognitive test 116 (33) 57 (32.4) 59 (33.5) 0.821

Polypharmacy ≥6 drugs 254 (73.8) 133(77.8) 121 (69.9) 0.098

Multi-morbidity ≥2 chronic illnesses 270 (76.9) 127 (72.6) 143 (81.3) 0.054

Age-related conditions ≥2 conditions 189 (53.7) 84 (47.7) 105 (59.7) 0.025

Physical Activity
Sedentary 275 (78.1) 146 (83) 129 (73.3) 0.301
Regular Active 74 (21) 30 (17) 44 (25)
Optimal active 3 (0.9) 0 (0) 3 (1.7)

Strength HGS (kg) 23.1 (17.8–31.2) 31 (24.5–35.7) 18.3 (13.6–22.3) <0.001

Nutritional Status and Nutrient Intake

BMI

BMI(kg/m2) 28.2 (25–32.8) 27.5 (24.3–31.2) 29.7 (25.9–35.1) <0.001
BMI < 22 109 (31) 64 (36.4) 45 (25.6) 0.042
BMI (22–27) 30 (8.5) 17 (9.7) 13 (7.4)
BMI > 27 213 (60.5) 95 (54) 118 (67)
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Table 1. Cont.

Total (N = 352) Men (N = 176) Women (N = 176) p Value

WTHR 0.64 (0.59–0.70) 0.62 (0.57–0.67) 0.67 (0.61–0.75) <0.001

Nutritional status Normal 225 (63.9) 114 (64.8) 111 (63.1) 0.74
(MNA-SF score) Poor 127 (36.1) 62 (35.2) 65 (36.9)

Energy and
macronutrients intake

Energy (Kcal/d) 1824 (1509–2299) 2031 (1638–2447) 1726 (1408–2094) <0.001

Calories (Kcal/kg BW) 25.3 (20.1–31.8) 26.1 (20.1–31.8) 24.5 (19.5–31.9) 0.214

Carbohydrates(g/d) 201 (161.3–258) 226 (178.5–293) 185.5 (145.3–218.5) <0.001

Proteins (g/d) 66.7 (50.1–84.1) 72.3 (58.9–92.3) 59.6 (46.1–73.2) <0.001

Proteins (g/kg BW) 0.91 (0.68–1.15) 0.94 (0.73–1.17) 0.85 (0.65–1.13) 0.022

Fats (g/d) 89.2 (72.5–111) 90.4 (74.1–112.8) 86.3 (70.6–109.8) 0.076

Abbreviations: BMI: body mass index; WC: waist circumference; WHTR: waist to height ratio; HSG: handgrip strength; Kcal/d: Calories
per day; Calories/kg BW: Calories per kg body weight; Protein/kg BW: Proteins per kg body weight. Numeric variables are represented as
median (interquartile range). Categorical variables are represented as N (percentage).

The sample accounted for 15.1% frail individuals, with more women being classified
as frail compared to men: 35 (19.9%) and 18 (10.2%), respectively. In addition, women
had more age-related conditions compared to men and more women than men had a low
educational level.

Median BMI for the total sample was 28.2 kg/m2, with 60.5% of the sample having a
BMI > 27 kg/m2. Women had a significantly higher median BMI 29.7 (25.9–35.1) kg/m2

compared to men 27.5 (24.3–31.2) kg/m2. Median WHTR was also significantly higher
among women. With 63.9% of the sample having a normal nutritional status as evaluated
by MNA-SF, no difference was found between nutritional statuses among gender.

Median energy intake of the participants was 1824 Kcal/d. Energy, carbohydrates,
and protein intakes were lower in women compared to men. Median protein intake per
kg body weight (g/kg BW) was also lower in women (0.85 g/kg BW) compared to men
(0.94 g/kg BW). Caloric intake per kg body weight (Kcal/kg BW) was nonetheless not
different between the two sexes.

3.2. Dietary Patterns

As shown in Table 2, three dietary patterns were identified in the total sample. The
first, named Westernized-type dietary pattern (WDP), followed by 11.9% of the participants
(29 men and 13 women), was characterized by the highest caloric intake, consumption
of refined flour products, sugar and sweets, dairy products, as well as processed and
saturated fats and the lowest olive, seeds, and oleaginous fruits and whole cereal products
intake. The second pattern, named high intake/Mediterranean-type dietary pattern (HI-
MEDDP), adopted by 23% of participants (21 men and 60 women), was characterized by a
relatively high caloric intake, a higher consumption of vegetables, fruits, legumes than the
other 2 DPs, and the highest consumption of foods rich in monounsaturated fats. Median
consumption of olive, seeds, and oleaginous fruits in the HI-MEDDP group was above nine
teaspoons of oil equivalent per day. This pattern also had the lowest consumption of refined
flour products, and the highest consumption of whole cereal products. Finally, the third
pattern, named moderate intake/Mediterranean-type dietary pattern (MOD-MEDDP),
represented the highest proportion of our sample (65.1% of the sample, with 126 men and
106 women), and was characterized by a diversified and balanced DP. Consumption of
most foods in this pattern was either intermediate or lower compared to the other two
patterns, with the lowest consumption of sweets and sugar among the three patterns.
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Table 2. Consumption of predefined food categories according to dietary patterns for the overall sample. N = 352.

WDP HI-MEDDP MOD-MEDDP p Value

N = 42 (11.9%) N = 81 (23%) N = 229 (65.1%)

Kilocalories/day 2261 (1953–2845) 2028 (1652–2473) 1743 (1453–2123) <0.001

Refined flour products 5.09 (3.38–7.84) 2.25 (0.7–5.09) 3.32 (1.15–5.11) <0.001

Whole breads and cereals (including burghul) 0.35 (0.11–1.46) 1.49 (0.36–2.82) 0.76 (0.18–2.33) 0.008

Potato 0.4 (0.14–0.78) 0.27 (0.1–0.51) 0.25 (0.1–0.43) 0.024

Vegetables 2.9 (2.1–3.84) 3.74 (2.59–5.23) 2.93 (2.09–4.52) 0.002

Fruits 2.1 (1.09–2.78) 2.45 (1.52–3.4) 1.89 (1.25–2.86) 0.033

Legumes 0.3 (0.18–0.57) 0.57 (0.24–0.86) 0.29 (0.13–0.57) 0.006

Meat and poultry 2.26 (1.49–3.6) 2.02 (1.5–2.94) 1.93 (1.2–3.03) 0.137

Eggs 0.57 (0.25–0.86) 0.29 (0.18–0.57) 0.29 (0.1–0.57) 0.002

Fish and shellfish 0.42 (0.08–0.78) 0.43 (0.17–0.83) 0.4 (0.13–0.73) 0.568

Milk and dairy products 1.89 (1.05–2.61) 1.71 (0.99–2.43) 1.39 (0.85–2.05) 0.002

Vegetable oils 3 (0.94–4) 3 (1–3.62) 3 (2–3.08) 0.704

Olive, seeds and oleaginous fruits 4.03 (3–6.04) 9.87 (8.02–12.67) 4.16 (3.07–6.18) <0.001

Processed and saturated fats 0.02 (0–1) 0 (0–0.17) 0 (0–0.18) 0.024

Low fat sweets 0.49 (0.07–2.11) 0.43 (0.08–1.33) 0.14 (0–0.36) <0.001

High fat sweets 0.19 (0.07–0.49) 0.14 (0–0.43) 0.07 (0–0.26) <0.001

Sugars and jams 8.5 (6.05–12.36) 3 (0.96–5.37) 1 (0.15–2.13) <0.001

Abbreviations: WDP: Westernized dietary pattern; HI-MEDDP: high-intake Mediterranean dietary pattern; MOD-Med: moderate-intake
Mediterranean dietary pattern. Caloric intake and intake of food groups per day are represented as Median (interquartile range). Values
represent the cluster centers of each food group in the three identified food patterns, expressed in portions/day.

Gender-specific food consumption characteristics of the 3 DP, showed that women
following the WDP consumed more sugar portions (median consumption of 13 teaspoons
of sugars and jams) than men (equivalent to almost seven teaspoons of added sugar) in this
same pattern, although median energy intake was on average lower in women compared
to men. Men and women adopting the HI-MEDDP had the highest median consumption
of olive, seeds, and oleaginous fruits (12 and 9 teaspoons equivalent of fat, respectively)
(data in Supplementary Table S2).

3.3. Frailty
3.3.1. Frailty Association with Sociodemographic and Health-Related Factors

Sociodemographic, health, and nutritional characteristics of the study sample accord-
ing to the frailty status are represented in Table 3. Factors associated with frailty included
higher age, female gender, and lower educational level (<7 years at school); the latter was
not associated to frailty in men.

Table 3. Sociodemographic and health-related factors associated with frailty in total sample and stratified by gender.

Total Men Women

N = 352 176 (50) 176 (50)

Non-Frail Frail p Value Non-Frail Frail p Value Non-Frail Frail p Value

N (%) 299 (84.9) 53 (15.1) 158 (89.8) 18 (10.2) 141 (80.1) 35 (19.9)

Sociodemographic Parameters

Age (years) 72 (60–93) 78 (60–91) <0.001 72 (60–93) 82 (60–88) 0.003 72 (60–90) 76 (65–91) 0.001

Education Elementary
and lower 116 (38.8) 33 (62.3) 0.001 57 (36.1) 8 (44.4) 0.486 59 (41.8) 25 (71.4) 0.002
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Table 3. Cont.

Total Men Women

Health-Related Parameters

Polypharmacy 61 (21) 29 (54.7) <0.001 32 (20.9) 6 (33.3) 0.231 29 (21) 23 (65.7) <0.001

Multi-morbidity 218 (73.2) 52 (98.1) <0.001 110 (70.1) 17 (94.4) 0.028 108 (76.6) 35 (100) <0.001

Age-related conditions 148 (49.5) 41 (77.4) <0.01 74 (46.8) 10 (55.6) 0.483 74 (52.5) 31 (88.6) <0.001

Anthropometric Parameters

BMI (kg/m2)
28.1

(16.5–49.4)
29.8

(18.5–46.2) 0.096 27.5
(16.5–40)

26.1
(18.5–34) 0.173

28.9
(18.2–
49.4)

32.4
(19.6–46.1) 0.018

WHTR 0.64
(0.42–0.99)

0.69
(0.49–1) <0.001 0.62

(0.42–0.41)
0.6

(0.52–0.69) 0.705 0.65
(0.5–0.99)

0.75
(0.49–1) <0.001

Nutritional Status, Strength, and Activity

Low HGS 127 (45) 44 (86.3) <0.001 64 (43) 13 (81.2) 0.004 63 (47.4) 31 (88.6) <0.001

Physical
activity

Sedentary 224 (74.9) 51 (96.2)
<0.001

128 (81) 18 (100)
0.042

96 (68.1) 33 (94.3)
<0.001Regular 72 (24.1) 2 (3.8) 30 (19) 0 (0) 42 (29.8) 2 (5.7)

Optimal 3 (1) 0 (0.0) 0 (0) 0 (0) 3 (2.1) 0 (0)

Poor nutritional status 96 (32.1) 31 (58.5) <0.001 51 (32.3) 10 (55.6) <0.001 44 (31.2) 21 (60) <0.001

Abbreviations: BMI: body mass index; WC: waist circumference; WHTR: waist to height ratio; HSG: handgrip strength; MNA-SF:
Mini-Nutritional Assessment-Short Form. Numeric variables are represented as median (interquartile range). Categorical variables are
represented as N (%).

Taking more than five medications, having more than one disease, more than one
age-related condition, and having a higher WHTR was associated with frailty in the total
sample and in women. In men, only multimorbidity was found to be associated with frailty,
whereas no association with health and anthropometric parameters was observed.

Regarding nutritional status evaluated by MNA-SF, we identified a significant associa-
tion with frailty, with a higher prevalence of poor nutritional status (malnutrition and risk
of malnutrition) among frail individuals in both genders.

3.3.2. Frailty and Dietary Patterns

Table 4 displays the dietary patterns and food intake associated with frailty.

Table 4. Dietary patterns, food, and nutrient intake associated with frailty in the total sample and stratified by gender.

Total (N = 352) Men (N = 176) Women (N = 176)

Non-Frail
299 (85)

Frail
53 (15)

p Non-Frail
158 (90)

Frail
18 (10)

p Non-Frail
141 (80)

Frail
35 (20)

p

Food Patterns

WDP 33 (11) 9 (17) 0.125 26 (16.5) 3 (16.7) 0.673 7 (5) 6 (17.1) 0.01

HI-MEDDP 65 (21.7) 16 (30.2) 20 (12.7) 1 (5.6) 45 (31.9) 15 (42.9)

MOD-MEDDP 201 (67.2) 28 (52.8) 112 (70.9) 14 (77.8) 89 (63.1) 14 (40)

Food Intake

Sugars and jams
1.8

(0.29–4)
2

(0.36–5.5) 0.21 1.64
(0.32–4)

2.14
(0.25–4) 0.794 1.93

(0.3–3.75)
1.85

(0.43–6.7) 0.204

Low fat sweets
0.17

(0.01–0.59)
0.3

(0.08–1.08) 0.037 0.13
(0–0.47)

0.15
(0.04–0.5) 0.53 0.24

(0.04–0.8)
0.37

(0.14–1.3) 0.097

Fruits and Vegetables
5.6

(4.1–7.4)
4.8

(3.1–6.6) 0.022 5.8
(4.08–7.35)

4.7
(3.8–6.9) 0.196 5.6

(4.2–7.5)
5.2

(3.1–6.4) 0.07

Vegetable oils
3

(1.5–3.1)
3

(2.5–4) 0.027 3
(1.5–3.16)

3
(1–3) 0.96 3

(1.5–3.08)
3

(3–4) 0.009
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Table 4. Cont.

Total (N = 352) Men (N = 176) Women (N = 176)

Olive, seeds and
oleaginous fruits

5.04
(3.3–7.7)

6
(3.6–8.3) 0.513 5.2

(3.3–7.5)
5.1

(3.96–6.7) 0.786 4.8
(3.4–7.82)

6.4
(3.4–9.1) 0.305

Energy and Macronutrients

Caloric intake
(Cal/d)

1851
(1543–2349)

1763
(1398–2075) 0.039 2077.5

(1667–2487)
1734

(1422–1900) 0.025 1709
(1416–2082)

1763
(1388–2120) 0.859

Kilocalories/kg BW
25.63

(20.1–32.1)
23.1

(19.4–30.3) 0.095 26.5
(21.03–32.1)

22.4
(18.2–29.9) 0.107 24.93

(19.84–31.9)
23.7

(19.4–31.7) 0.457

Carbohydrates (g)
204

(166–263)
184

(143–217) 0.009 237.5
(181–295)

198.5
(152–233) 0.038 188

(149–219)
167

(129–217) 0.356

Proteins (g)
67.8

(51.3–84.8)
57.4

(44.9–70.5) 0.006 74.05
(60.4–94.1)

62
(51.8–84.6) 0.033 61.1

(46.3–77.4)
54.4

(44.1–70.5) 0.295

Protein/kg BW
0.93

(0.69–1.17)
0.81

(0.66–0.97) 0.016 0.96
(0.74–1.18)

0.81
(0.73–1.07) 0.133 0.87

(0.65–1.16)
0.81

(0.63–1) 0.161

FAT (g)
89.5

(74.1–111)
84.9

(66.2–113) 0.328 91.65
(75.8–115)

81.25
(63.8–107) 0.058 85.8

(70.7–107)
90.9

(70–119) 0.638

Abbreviations: WDP: Westernized dietary pattern. HI-MEDDP: high-intake Mediterranean dietary pattern. MOD-Med: moderate-intake
Mediterranean dietary pattern. Kcal/d: calories per day. Calories/kg BW: calories per kg body weight. Protein/kg BW: proteins per kg
body weight. Numeric variables are represented as median (interquartile range). Categorical variables are represented as N (%).

Individuals adopting the MOD-MEDDP accounted for 67.2% of the non-frail group
compared to 21.7% and 11%, for the HI-MEDDP and WDP, respectively. Nonetheless, in
the univariate analysis, dietary patterns seemed to be associated with frailty status only in
women. Women adopting the WDP accounted for 5% of the non-frail group compared to
17.1% of the frail group, and women adopting the MOD-MEDDP accounted for 63.1% of
the non-frail group compared to 40% of the frail group.

Concerning nutrients, median caloric, carbohydrates, and protein intakes were higher
in the non-frail compared to frail group, in the total population, and in men. Median g
of protein/kg BW was found to be significantly higher in the non-frail group, only in the
overall population.

The multivariate logistic regression analysis performed in the total sample (Table 5),
included 327 individuals with complete set of data each, and fulfilling all criteria of
inclusion. Within the total sample, in the first model, independent factors associated with
frailty, included age above 75 years, female gender, and low level of education. When
anthropometric and nutritional status parameters were added in the second model, factors
associated with frailty were age above 75 years, WHTR > 0.718 and poor nutritional status
compared to normal nutritional status. In the third model, when health-related parameters
were added to the analysis, factors associated with frailty included age, WHTR > 0.718,
poor nutritional status, polypharmacy, multimorbidity, and age-related conditions. In the
final model, by adding dietary patterns, independent factors comprised age above 75 years,
WHTR > 0.718, poor nutritional status, polypharmacy, age-related conditions, and WDP.

The multivariate association between dietary patterns and frailty is described in
Table 6. In the overall sample, no association was observed between dietary patterns
and frailty prevalence. After adjusting for main confounders, women adopting the WDP,
compared to those adopting the MOD-MEDDP, exhibited a higher prevalence of frailty, in
the first and second models, as well as in the fully adjusted model (odds ratio ((OR) 11.54,
95% confidence interval (CI) (2.02–65.85)). In men, similar results were observed: adopting
a WDP was associated with a higher prevalence of frailty only in the fully adjusted model,
((OR) 6.63, 95% (CI) (1.82–24.21)), when compared to the MOD-MEDDP. Finally, the HI-
MEDDP was not significantly associated with frailty prevalence, in the overall sample, nor
in men compared with following a MOD-MEDDP.
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Table 5. Binary logistic regression models of frail vs. non-frail for the total sample.

Associated Factors Model 1 Model 2 Model 3 Model 4

Sociodemographic
Parameters

Age > 75 years 3.667 (1.93–6.99) 3.55 (1.75–7.21) 2.91(1.42–5.94) 2.83(1.42–5.63)

Female gender 2.66 (1.33–5.29) 2.11 (0.99–4.49)

Low Education level (<7 years of education) 2.19 (1.17–4.11) 1.96 (0.98–3.93) 1.93 (0.94–3.97)

Living conditions (compared with living alone)
with partner 0.64 (0.26–1.59)
with others 1.14 (0.35–3.7)

Marital status (married vs. other status) 1.95 (0.78–4.9)

Nutritional and
Anthropometric

Parameters

WHTR>0.718 2.94 (1.27–6.76) 3.27 (1.56–6.83) 3.78 (1.71–8.33)

Poor nutritional status (malnutrition and at risk vs normal) 14.26 (4.64–43.81) 10.79 (3.29–35.35) 9.67 (3.1–30.18)

BMI (compared with BMI < 22 kg/m2)
BMI (22–27) 0.72 (0.16–3.25)
BMI (>27) 1.24 (0.52–2.98)

Health-Related
Parameters

Polypharmacy 2.74 (1.34–5.6) 4.42 (2.21–8.86)

Age related conditions 2.28 (1.03–5.03) 2.47 (1.17–5.24)

Multimorbidity 7.18 (0.92–56.03)

Dietary Patterns

MOD-MEDDP pattern 1
WDP pattern 2.97 (1.12–7.89)
HI-MEDDP pattern 2.27 (0.98–5.25)

Note: Bold values are statistically significant, p < 0.05.

Table 6. Multivariate associations between dietary patterns and frailty prevalence. Beirut 2021, N = 327.

Dietary
Patterns

Frail
Individuals N (%)

Model 1 Model 2 Model 3

53 (15) OR (95% CI) p OR (95% CI) p OR (95% CI) p

Total

0.176 0.074 0.083
MOD-MEDDP 28 (52.8) 1 1 1

WDP 9 (17) 2.25(0.91–5.53) 0.078 2.44 (0.93–6.43) 0.07 2.68 (0.98–7.29) 0.054
HI-MEDDP 16 (30.2) 1.45 (0.7–2.98) 0.316 2.08 (0.96–4.54) 0.065 1.96 (0.86–4.45) 0.109

Men

0.482 0.735 0.011
MOD-MEDDP 14 (77.8) 1 1 1

WDP 3 (16.7) 1.14 (0.29–4.53) 0.85 0.89 (0.18–4.39) 0.885 6.63 (1.82–24.21) 0.004
HI-MEDDP 1 (5.6) 0.28 (0.03–2.35) 0.243 0.43 (0.05–3.62) 0.434 2.23 (0.93–5.32) 0.071

Women

0.027 0.013 0.013
MOD-MEDDP 14 (40) 1 1 1

WDP 6 (17.1) 4.57 (1.25–16.76) 0.022 6.76 (1.56–29.22) 0.01 11.54 (2.02–65.85) 0.006
HI-MEDDP 15 (42.9) 2.44 (1.02–5.79) 0.044 3.06 (1.15–8.15) 0.025 3.06 (0.97–9.62) 0.056

Model 1: model adjusted for age, gender, educational level. Model 2: model 1 further adjusted for nutritional status, and WHTR. Model 3:
model 2 further adjusted for polypharmacy and age-related conditions.

4. Discussion

Our study aimed at describing the prevalence of frailty and its associated factors,
including dietary patterns, in a national sample of community dwelling older Lebanese
individuals. In this rural and urban low socioeconomic sample, the estimated prevalence
of frailty was 15% on average, with 10% and 20% in men and women, respectively. In
men, poor nutritional status and being older than 75 years were found to be associated
with frailty. In women, in addition to these two factors, taking more than five drugs
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daily, having at least one age-related condition, having a WHTR > 0.718 and following a
Westernized-type DP were found to be independently associated with frailty. In women,
the HI-MEDDP showed a significant association with frailty prevalence after adjusting for
age, educational level, nutritional status, and WHTR. However, this failed to be significant
after further adjusting for polypharmacy and age-related conditions.

Our frailty prevalence can be compared to findings of a meta-analysis conducted
in 2018, where pooled prevalence of frailty was 17.4% [42]. A Lebanese national study
involving 1200 individuals reported a higher prevalence of frailty, at 36.4%, in an exclusively
rural elderly population. In this previous study, 73% of the sample had a monthly income
below the minimum wage, whereas in our studied sample, 57.8% had low or insufficient
income [19]. The difference with our results can be explained by the variability in study
design and tools used for the evaluation of frailty, as well as the heterogeneity between rural
and urban settings. Rural areas, being usually poorer and more affected by urban migration
of young adults, might witness a higher proportion of frail individuals. [45,54–56].

As shown in previous research, women are more often frail than men [54]. Our
results also showed that a low educational level (less than 7 years) was associated with
prevalence of frailty, particularly in women. As described in the Longitudinal Aging Study
in Amsterdam, the impact of low educational level increased the odds of frailty almost
three-fold and this association persisted throughout the 13 years of follow-up [57]. Health
related parameters were also found to be associated with frailty, particularly in women;
they were frailer if they were taking more than five drugs every day, suffered from two or
more diseases, and had at least one age-related condition. These factors have been often
linked to frailty in several settings [14,58–62].

WHTR was associated with frailty, in the multivariate analysis, suggesting a possible
role of higher abdominal adiposity. Although low BMI is known to be associated with
frailty, obesity is also considered as risk a factor of frailty [24]. A meta-analysis showed
that overweight individuals (BMI between 25–30 kg/m2) exhibited an increased risk of
frailty by 20%, whereas obese (BMI ≥ 30), have an increased frailty risk of 90% [21]. In the
longitudinal Doetinchem Study, a BMI < 23 kg/m2 and ≥30 kg/m2 was associated with
higher incidence of frailty [25]. Similar results were found in the Japanese cohort with a
lowest incidence of frailty at a BMI between 21.4 and 25.7 kg/m2 [22]. As shown by Kim et al.,
the risk of frailty is higher in obese women, which is mediated by WHTR, but not in obese
men [28]. In Spain, two cohort studies showed a parallel change of abdominal obesity and
BMI to be associated with an increasing risk of frailty [63].

The level of malnutrition was identified as an independent risk factor associated
with frailty, although our sample had a high proportion of obese. Our study showed that
malnutrition was associated with a substantially increased prevalence of frailty in the total
sample and in both gender groups. The relation between malnutrition and frailty was
already clearly established in previous studies, and overweight and obesity often co-exist
with frailty [21,22,27,28,63–65].

Among the three dietary patterns identified in our study, the WDP was associated
with a higher prevalence of frailty, in both men and women, independently of major
confounding factors. This pattern was characterized by a high median sugar intake par-
ticularly in in women, and the highest consumption among the three patterns in refined
flour products. Several studies reported a link between sugar consumption and the risk of
frailty. In the 5-year cohort Seniors-ENRICA study, a high consumption of added sugar,
≥ 36 g/day, compared to <15 g/day, was found to increase the odds of frailty by almost
two-fold [66]. Furthermore, in the Nurses’ Health Study, after adjustment for confounding
factors, consumption of ≥2 servings of sugar-sweetened beverages per day compared to
no consumption, increased the risk of frailty by almost 30% over a period of 22 years [67].

Healthy moderate DP and Mediterranean DP were often reported to be inversely asso-
ciated with frailty [34,36,68,69]. Frailty risk was also found to be inversely associated with
consumption of fruits and vegetables [70–72]. Our analysis showed that the Mediterranean
dietary pattern with moderate intakes, represented by the MOD-MEDDP in our study, had
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the lowest prevalence of frailty. On the other hand, when HI-MEDDP group was compared
to MOD-MEDDP in women, the predominance of obesity in this group, with a concomitant
high fat intake (the highest among the 3 DPs) and a median protein intake of 0.9 g/kg
BW, may have contributed to frailty in this subcategory. This could suggest that these
conditions, regardless of the quality of fat and diet, could outweigh the beneficial effect of
a Mediterranean diet on the prevalence of frailty. Previous reports suggested that protein
intake between 1 and 1.5 g/kg BW were necessary for the prevention of frailty [29–32].

In summary, our study was the first to explore the association between frailty and
specific dietary patterns extracted in a posteriori method, in adults over 60 years of age in
Lebanon, using specifically validated questionnaires. Despite the difficulties in addressing
this specific age group, we succeeded in shedding light on some findings specific to our
Mediterranean older adult population. Age, age-related conditions, polypharmacy, and
malnutrition, remain the main associated factors related to frailty in low socioeconomic
settings. We also showed that malnutrition and abdominal obesity co-exist as risk factors
for frailty. Most importantly, we demonstrated that a Westernized-type pattern with high
sugar consumption, and to a lesser extent, a Mediterranean high caloric intake pattern,
were also linked to frailty, and that a more moderate Mediterranean-like pattern was
protective, especially in women. More efforts should target actions that improve modifiable
factors to prevent or reverse frailty, such as eating patterns and diets that improve WHTR.

We note, however, some limitations concerning our results in relation to the low
number of frail participants adopting the WDP; this consequently implies taking the
present findings with caution.

Larger prospective studies are required to further investigate the impact of dietary
patterns on risk of frailty with a special emphasis on WHTR.

In conclusion, WDP had the strongest association with frailty in this sample. MOD-
MEDDP, in comparison to HI-MEDDP and WDP, was associated with the least prevalence
of frailty. In this Mediterranean sample, a diet far from the traditional one appears as a key
deleterious determinant of frailty.
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Abstract: Increase in the aging population is a phenomenon all over the world. Maintaining good
functional ability, good mental health, and cognitive function in the absence of severe disease and
physical disability define successful aging. A healthy lifestyle in middle age predisposes successful
aging. Longevity is the result of a multifactorial phenomenon, which involves feeding. Diets that
emphasize fruit and vegetables, whole grains rather than refined grains, low-fat dairy, lean meats, fish,
legumes, and nuts are inversely associated with mortality or to a lower risk of becoming frail among
elderly subjects. A regular physical activity and a regular intake of whole grain derivatives together
with the optimization of the protein/carbohydrate ratio in the diet, where the ratio is significantly
less than 1 such as in the Mediterranean diet and the Okinawan diet, reduces the risk of developing
aging-related diseases and increases healthy life expectancy. The purpose of our review was to
analyze cohort and case-control studies that investigated the effects of cereals in the diet, especially
whole grains and derivatives as well as the effects of a diet with a low protein–carbohydrate ratio on
the progression of aging, mortality, and lifespan.

Keywords: aging; frailty; lifespan; diet; carbohydrates; whole grain; protein

1. Introduction

According to the World Health Organization, population aging is a global phe-
nomenon rapidly evolving worldwide. By 2030, the number of people aged 60 and over in
the world is projected to grow from 901 million to 1.4 billion, or 56%. It is expected that
by 2050, the global population of people over 65 will amount to about 2.1 billion people,
more than double compared to 2015. In addition, it is estimated that by 2050, the over
eighty-year-olds throughout the world will be around 434 million, or more than three times
compared to 2015, when they reached 125 million. The rapid aging of the population can
be observed above all in emerging economy countries. In fact, over the next 15 years, the
elderly population will grow more rapidly in Latin America and the Caribbean with an
expected increase of 71%, followed by Asia (66%), Africa (64%), Oceania (47%), North
America (41%), and Europe (23%) [1]. This means that while European countries have
had more than 150 years to adjust to an increase of up to 20% in the proportion of the
population over 65, countries like Brazil, China, and India will have less than 20 years to
adapt to a similar one. The population as of 1 January 2018 in the European Union (EU)
was estimated to be 512.4 million. People over 65 years old amounted to 19.7%, an increase
of 2.6% compared to 10 years earlier. The percentage of people aged over 80 is expected to
at least double by 2100 to 14.6% of the entire EU population [2].

It is also true that many elderly people maintain good autonomy and live life with
a good level of well-being. These subjects, despite the presence of one or more diseases,
however, do not have serious illnesses or physical disabilities; they have good mental
health, preserved cognitive functions, maintain a good level of physical activity levels and
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in some cases, are engaged in social and productive activities [3,4]. All these conditions
define successful aging.

It is known that a healthy life in middle age predisposes successful success. This
includes a healthy diet with adequate caloric intake to the state of health and physical
activity, smoking cessation, and taking moderate amounts of alcohol, preferably with meals.
The traditional Mediterranean diet (MD) is characterized by a high intake of foods of plant
origin (fruit, vegetables, whole-meal bread, beans, nuts, and seeds) and fresh fruit; extra
virgin olive oil is the main dietary source of fat.

Traditional MD has long been recognized as a highly healthy dietary pattern. High
adherence to traditional MD leads to a significant reduction in mortality and a reduced risk
of developing cardiovascular disease and cancer as well as a reduced risk of developing
chronic disease and disability in later life. The main source of complex carbohydrates is
made up of cereals and their derivatives (bread, pasta, rice); these provide 55–60% of the
total caloric intake and are placed at the bottom of the food pyramid [5–15].

Another health diet model other than MD is the traditional Okinawan diet [16]. This
is also characterized by a low overall caloric intake, high consumption of vegetables, high
consumption of legumes (mainly soybeans), moderate consumption of fish, especially in
coastal areas, in any case, by the low consumption of meat, especially lean pork. Charac-
teristic of traditional Okinawa is also a low consumption of dairy products, a high intake
of mono- and polyunsaturated fats, with a low omega 6:3 ratio, the consumption of low
glycemic index carbohydrates with a high intake of fiber, and a moderate consumption of
alcohol. Figure 1 compares the composition of the MD and the Okinawan diets.

 
Figure 1. Mediterranean diet and Okinawan diet pyramids.

The purpose of our review was to analyze both cohort and case-control studies that
investigated, on one hand, the effects of cereals, of whole grains (WG), and derivatives in
the diet, on the other, the effects of a diet with low protein–carbohydrate ratio on aging
progression, mortality, and lifespan.

2. Cereals

Cereals (from Ceres, the Roman goddess of crops and fields) have been the staple
food for most people around the world since ancient times. Cereals, especially when
consumed as WG [17], are a healthy source of carbohydrates, fiber, and bioactive peptides
with anticancer, antioxidant, and antithrombotic effects [18]. In traditional MD [19], grains
provide up to 47–50% of the daily calorie intake. The cereals and derivatives mainly
consumed in MD are wheat, spelled, oats, rye, barley, and, to a lesser extent, rice and maize.
Table 1 summarizes the nutritional properties of all the above cereals.
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Table 1. Nutritional properties of cereals.

Wheat
(Variety Hard, Red

Winter)

Spelt
(Uncooked)

Oats Rye
Barley

(Raw and
Pearled)

Rice
(Unenriched
White Rice)

Maize
(Sweetcorn,

Yellow, Raw)

Energy (KJ) 1368 1415 1628 1414 1473 1498 1506
Protein (g) 12.61 14.57 16.89 10.34 9.91 6.5 3.27

Global fats (g) 1.54 2.43 6.9 1.63 1.16 0.52 1.35
Global saturated fatty acids (g) 0.269 0.406 1.217 0.197 0.244 0.140 0.325

Global monounsaturated fatty acids (g) 0.2 0.445 2.178 0.208 0.149 0.161 0.432
Polysaturated fatty acids (g) 0.627 1.258 2.535 0.767 0.560 0.138 0.487

Carbohydrates (g) 71.18 70.19 66.27 75.86 77.72 79.15 18.7
Sugars (g) 0.41 6.82 0 0.98 0.80 0 6.26

Dietary fibers (g) 12.2 10.7 10.6 15.1 15.6 0 2
Vitamin A IU 9 10 0 11 22 0 187
Thiamine (B1)

(mg; % DV)
0.383; 33% 0.364; 32% 0.763; 66% 0.316; 26% 1.191;16% 0.07; 6% 0.155; 13%

Riboflavin (B2) (mg; % DV) 0.115; 10% 0.113; 9% 0.139; 12% 0.251; 19% 0;0% 0.048; 4% 0.055; 4%
Niacin (B3)
(mg; % DV)

5.464; 36% 6.843; 46% 0.961; 6% 4.27; 27% 4.604;29% 1600; 10% 1.77; 11%

Pantothenic acid (B5) (mg; % DV) 0.954; 19% 1.068; 11% 1.349; 27% 1.456; 29% 0.282;6% 1287; 26% 0.717; 14%
Vitamin B6
(mg; % DV)

0.3; 23% 0.230; 18% 0.120; 9% 0.294; 23% 0.260;20% 0.171; 13% 0.093; 7%

Folate (B9)
(μg; % DV)

38; 10% 45; 11% 56; 5% 38; 10% 23;6% 6; 1.5% 42; 11%

Vitamin B12
(μg; % DV)

0; 0% 0; 0% 0; 0% 0; 0% 0;0% 0; 0% 0; 0%

Vitamin E
(mg; % DV)

1.01; 7% 0.79; 5% 0; 0% 0.85; 6% 0.02;0% 0; 0% 0.07; 0%

Vitamin K
(μg; % DV)

1.9; 2% 3.6; 3% 0; 0% 5.9; 5% 2.2;2% 0; 0% 0.3; 0%

Calcium
(mg; % DV)

29; 3% 27; 3% 54; 5.58% 24; 2.48% 29;2% 1; 0.08% 2; 0.2%

Iron (mg; % DV) 3.19; 25% 4.44; 34% 5; 38% 2.63; 15% 2.5;14% 0.2; 1% 0.52; 3%
Magnesium
(mg; % DV)

126; 35% 136; 38% 177; 50% 110; 28% 79;20% 8; 2% 37; 9%

Manganese
(mg; % DV)

3.985; 190% 3; 143% 4.9; 233% 2.577; 112% 1.322;57% 0.357; 16% 0.163; 7%

Phosphorus
(mg; % DV)

288; 41% 401; 57% 523; 75% 332; 47% 221;32% 33; 5% 89; 13%

Potassium
(mg; % DV)

363; 8% 388; 8% 429; 9% 510; 11% 280;6% 26; 1% 270; 6%

Selenium
(μg; % DV)

70.7; 129% 11.7; 17% Not
reported 13.9; 25% 37.7;69% 0; 0% 0.6; 1%

Sodium
(mg; % DV)

2; 0.13% 8; 0.53% 2; 0.13% 2; 0.13% 9;0% 0; 0% 15; 1%

Zinc (mg; % DV) 2.65; 28% 3.28; 35% 4; 42% 2.65; 28% 2.13;19% 0.4; 4% 0.46; 4%

2.1. Wheat

Wheat (Triticum aestivum, Triticum durum) is a cereal of ancient culture, whose area
of origin is located between the Mediterranean Sea, the Black Sea, and the Caspian Sea,
and is currently cultivated all over the world [20]. Wheat has a protein content of 13–14%,
higher than that of the other main cereals and staple foods; therefore, it is the main plant
source of protein in human nutrition worldwide. A total of 100 g of wheat provides 327
calories; wheat is also an important source of dietary fiber, niacin, several B vitamins,
and other dietary minerals. Furthermore, 75–80% of total wheat protein is made up of
gluten [21].

2.1.1. Starch and Protein

Starch, on average, is approximately 80% of the dry weight of the endosperm and
consists of a mixture of two polymers, amylose and amylopectin, in a ratio of about 1:3. The
protein content of wheat has wider variations than the starch content [22]. An analysis from
the World Wheat Collection, after comparing 212,600 germplasm lines, showed a wide
variability of the protein content, with a range from 7 to 22% of protein on dry weight [23].
Similarly, the result of the comparison analysis between 150 lines of wheat grown under
the same agronomic conditions, as part of the HEALTHGRAIN program, highlighted a
variation in the protein content of wheat from 12.9 to 19.9% with regard to wholemeal
flours and from 10.3 to 19.0% for white flours [24] More than half of the total protein content
of the wheat grain, as already stated above, is made up of gluten, in a measure directly
proportional to the total protein content [25].
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2.1.2. Wheat Fibers and Cell Wall Polysaccharides

According to the 2009 Codex definition [26], dietary fiber (DF) is a “ . . . carbohydrate
polymer with a degree of polymerization (DP) not lower than 3, which are neither digested
nor absorbed in the small intestine . . . ”

The European Commission under Commission Directive 2008/100/EC [27], subse-
quently established under Regulation (EU) No. 1169/2011 of The European Parliament and
of The Council [28], further defines DF. In this definition, all carbohydrates with a degree
of polymerization (DP) ≥3 can be included in dietary fiber; of these, the most common in
cereals are fructo-oligosaccharides.

Whole wheat is among the main sources of DF and mainly comprises non-starch
polysaccharides (NSPs), which are derived from the cell walls. Most of the fibers are re-
moved during grinding, as refined flour has an extremely low amount of fiber. The amount
of fiber in whole wheat varies from 12 to 15% of the dry weight, mainly concentrated
in the bran. The most common fiber of wheat bran, equal to about 70%, is arabinoxylan
(Figure 2); this is composed of hemicellulose, and β-glucan (20%) as well as a small amount
of cellulose (2%) and glucomannan (7%) [29]. Bran obtained from grinding includes a set
of compounds that comprise up to 45–50% of cell wall material [30]. The pericarp is the
main component and is composed of about 30% of cellulose, about 60% of arabinoxylan,
and about 12% of lignin [31].

 
Figure 2. Arabinoxylan (drawn by ACD/ChemSketch).

2.1.3. Antioxidant Components and B Vitamins in Wheat

The grain of wheat contains numerous antioxidants, mainly concentrated in the bran
and germ, parts absent in refined white wheat flour. The main antioxidants in the wheat
grain are terpenoids (including vitamin E) and phenolic acids [21]. In the wheat grain,
phenolic acids are mostly derivatives of hydroxycinnamic acid. In particular, these are
dehydrodimers and dehydrotrimers of ferulic acid and synapic and p-coumaric acids [32].
In the outer layer of the bran, we find most of the phenolic acids, mostly bound through
ester bonds, to the structural components of the cell wall. The highest shares of antioxidants
are found in the outermost layer of the endosperm (i.e., the aleurone). Therefore, the
antioxidant properties (i.e., the presence of relevant quantities of phenolic compounds) are
directly correlated to the aleurone content of the wheat grain [33]. Among the polyphenols
of wheat and other cereals, ferulic acid is the predominant. Other classes of antioxidants
contained in wheat bran are flavonoids, carotenoids (mainly lutein), and lignans [34,35].
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Wheat is an important source of the so-called “methyl donors”, important cofactors in
the methylation process, necessary for the synthesis of dopamine and serotonin as well
as for the biosynthesis of melatonin and coenzyme Q10. The main component is betaine
glycine, therefore, in smaller quantities, it is choline (precursor of betaine) and trigonellin (a
structural analogue of betaine and choline). Concerning B group vitamins, wheat is a good
source of thiamin (B1), riboflavin (B2), niacin (B3), pyridoxine (B6), and folate (B9) [21].

2.1.4. Health Effects

The health effects of wheat are due to the high content of numerous nutrients and fibers
as well as proteins and minerals. Wheat, if consumed as whole wheat, is recommended in
several daily portions in the nutrition of both children and adults in quantities equal to
about one third of the total diet. For example, whole wheat is a common component found
in breakfast cereals and is associated with a reduced risk for various pathologies. Thanks
also to the high intake of insoluble fiber, whole wheat in the diet contributes to reducing
the risk of coronary heart disease [CHD], stroke, cancer, and type 2 diabetes mellitus as
well as helping to reduce mortality due to all causes [36,37].

2.2. Rye

Rye (Secale cereale) is part of the Graminaceae family (Triticeae), and is similar to
barley (genus Hordeum) and wheat (Triticum). Rye is used for the production of flour,
bread, crispbreads, beer, whiskey, vodka; it is also used as forage for animals [20].

2.2.1. Nutrition Properties

A 100 g serving of rye contains 338 calories and consists of carbohydrates (28%),
proteins (20%), dietary fiber (54%), niacin (27%), pantothenic acid (29%), riboflavin (19%),
thiamine (26%), vitamin B6 (23%), and minerals. [21].

Compared to wheat flour, rye flour has a lower gluten content, being rich in gliadin
but low in glutenin. Although in small quantities, the gluten content makes rye a cereal
unsuitable for consumption by people with celiac disease, non-celiac gluten sensitivity, or
wheat allergy.

2.2.2. Health Effects

Thanks to the high content of non-cellulosic polysaccharides, rye is an excellent source
of fiber, with an exceptionally high capacity to bind water, and which therefore quickly
gives a feeling of fullness and satiety. For this reason, rye bread is a valuable aid in the
weight loss diet.

2.2.3. Rye Bread and Glucose Metabolism

Juntunen et al. [38] evaluated, in a sample of 20 healthy, non-diabetic, postmenopausal
women, the effect on insulin response after intake of refined wheat bread, endosperm
rye bread, traditional whole-meal rye bread, and high-fiber rye bread. They measured
blood glucose and insulinemia, glucose-dependent insulinotropic polypeptide (GIP), and
glucagon-like peptide 1 (GLP-1). All these markers of insulin response were measured in
blood samples taken at fasting (time 0) and respectively after 15, 30, 45, 60, 90, 120, 150 and
180 min from the consumption of the different types of bread. The authors demonstrated
that post-prandial blood glucose values after the consumption of rye bread were not signif-
icantly different from the values measured after the consumption of refined white wheat
bread. In contrast, the blood values of insulin, GIP, and C-peptide after the consumption
of rye bread were significantly lower than the values obtained after the consumption of
wheat bread (p < 0.001). Furthermore, plasma GLP-1 values after consumption of rye
bread were not significantly different from those obtained after consumption of the other
breads, except at 150 and 180 min (p = 0.012). The authors also demonstrated that the
lower insulin response after eating rye bread cannot simply be explained by the higher
amount of fiber contained in rye bread. Micrographic examination revealed differences
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in the structure of refined wheat bread, rye endosperm bread, high fiber rye bread, and
traditional rye bread. For example, in wheat bread, gluten proteins formed a continuous
matrix in which the starch grains were dispersed. On the other hand, in the rye bread,
the starch grains were more swollen and the amylose was partially leached. The starch
granules were well packaged and formed a continuous matrix. It was clear, therefore, that
the softness and porosity of refined wheat bread and the hardness of rye bread were based
on these differences in their structure.

Nordlund et al. [39] subsequently confirmed these data. They analyzed the mechani-
cal, structural, and biochemical properties of various types of rye and wheat bread as well
as the particle size of the breads after gastric digestion in in vitro and in vivo glycemic and
insulin responses on a sample of 29 volunteers. Therefore, 10 different types of bread from
ten different flours were packaged, with 10 different characteristics of composition and
consistency, namely: refined wheat, whole rye, whole rye (commercial), whole rye + bran,
refined rye, refined rye (flat), refined rye + gluten (flat), rye/whole wheat, wheat/whole
wheat, and refined wheat + fermented bran. A sourdough baking process was used for
baking rye breads, while a straight dough baking process was used for baking wheat
breads. Upon microscopic observation, both 100% wholemeal rye flour bread and sour-
dough refined rye flour bread had a higher number of digestive particles larger than 2
or 3 mm in size, meaning that they appeared less “disintegrated” “compared to wheat
flour bread. Microstructural examination of the digestive particles of sourdough rye bread
also showed more aggregated and less degraded starch granules than refined wheat bread.
The postprandial insulin response produced from 100% rye flour bread by the sourdough
method was significantly lower than the insulin response produced by refined wheat flour
bread (p = 0.001). From principal component analysis (PCA), the authors confirmed that
the insulin response was inversely related to the larger digestive particle size obtained after
in vitro digestion, the number of soluble fibers, and the sourdough process. That is, the
larger starch particles obtained after gastric digestion of bread from wholemeal rye flour
were associated with a reduced postprandial insulin response. This mechanism, likely in
synergy with fiber and WG, explains the reduction in the risk of diabetes obtained with the
consumption of rye bread in the diet.

More recently, Rojas-Bonzi et al. [40] conducted a study on pigs with a catheterized
portal vein fed on wheat bread and wholemeal rye bread to analyze the kinetics of the
in vitro digestion of breads by varying the dietary fiber content and composition, thus
comparing the results obtained with the data of a previous in vivo study [41]. Five varieties
of bread were analyzed: white wheat bread (WWB), whole grain rye bread (WRB), and
whole grain rye bread with kernels (WRBK), which were commercial breads; in addition,
two varieties of experimental breads (i.e., specially prepared for the study: concentrated
wheat Arabinoxylan (AXB) and concentrated wheat β-glucan (BGB)). As expected, WWB
had the highest total starch content (711 g/kg dry matter, DM), while the starch content
was lowest in all high DF content breads (588, 608, 514, 612 g/kg DM, respectively). Total
DF was low in the WWB (77 g/kg DM) and high in all high DF breads (209, 220, 212,
199 g/kg DM, respectively). Total DFs were lowest in WWB (77 g/kg DM) and highest in
all high-DF breads (209, 220, 212, 199 g/kg DM, respectively). Of course, the characteristics
of the total and soluble DFs varied considerably between the loaves. The BGB had a high
content of total and soluble β-glucan (52 and 40 g/kg DM), while the WRB, WRBK, and
AXB had a high content of total and soluble arabinoxylan (76 and 36, 77 and 37, 78 and
66 g/kg DM, respectively). The highest percentage value of starch hydrolysis in vitro
was observed from time 0 and within the first 5 min and subsequently decreased. The
highest rate of hydrolysis during the first 5 min was observed in WWB (13.9% starch/min),
followed by WRB (10.4% starch/min), WRBK (8.7% starch/min), and finally from AXB and
BGB (7.4–8.5% starch/min). In order to be able to compare the data obtained in vitro with
the in vivo data, the measurement of portal glucose values was reported by the authors
as a percentage of hydrolyzed starch (absorbed starch) per 100 g of dry starch (ingested
starch). After the first 15 min, the highest values were observed in the WWB, the lowest
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values for the WRB and WRBK, and intermediate values for the AXB and BGB (p < 0.05).
The authors explained the extremely high rate of hydrolysis of the WWB with a porous
physical structure of white wheat flour, which makes the readily degradable bread. The
quantity of DF, both naturally present in the cell walls (WRB, WRBK) and added (AXB,
BGB), delays its digestion in vitro, extending the hydrolysis time in the first 5 min. The
greatest effect was observed in the BGB, probably due to the increased viscosity of the
BGB compared to other types of bread. The reduced in vitro digestion rate within the
first 5 min of arabinoxylan compared to b-glucan is due to its more branched structure.
Arabinoxylan is also less sensitive to the change in acidity during the passage from the
stomach to the small intestine, unlike b-glucan. The authors therefore confirmed the results
already obtained by Juntunen et al. [38], or that the processing of white wheat bread gives
it a more porous structure to rye bread, which has a more compact structure. The inclusion
of unrefined grains in bread has also been proven to be an efficient way to regulate starch
hydrolysis: the insoluble fibrous network surrounds the starch, forming a real physical
barrier against amylases, limiting its gelatinization. The viscous nature of soluble DFs
further increases the viscosity of the digestive bolus, limiting its diffusion and delaying the
absorption of glucose through intestinal cells.

2.3. Spelt (Triticum Spelta)

Spelt (Triticum spelta), is a species of wheat that has been cultivated since ancient
times. It originated as a natural hybridization of a domesticated tetraploid wheat and a
wild goat grass Aegilops tauschii.

In the twentieth century, spelt was almost completely replaced by wheat flour bread,
but it has become popular again in recent years, thanks to the spread of organic agriculture.
Spelt is very disease resistant and also grows in poor growing conditions such as wet and
cold soils or at high altitudes, and requires less fertilizer. Furthermore, it does not require
any chemical treatment of the hulled seeds used for sowing, thanks to the protection
provided by the hull [20].

Nutrients

A 100 g of raw spelt provides 338 calories. It is composed of about 70% carbohydrates,
of which 11% is dietary fiber, and is low in fat. Spelt has a good protein content; it is
also a terrific source of dietary fiber, B vitamins including niacin and of a wide variety of
dietary minerals including manganese and phosphorus [21]. The comparison between
nine samples of hulled spelt and five of soft winter wheat [42] showed a higher average
quantity of total lipids and unsaturated fatty acids, with a lower tocopherol content, both
in whole spelt and in spelt from grinds, compared to wheat. This suggests that the higher
lipid content of spelt might not be related to a higher proportion of germs. The proportions
of flour and bran after grinding were similar in spelt and wheat; the content of ash, copper,
iron, zinc, magnesium, and phosphorus was higher in the samples of spelt, particularly
in fine bran rich in aleurone and in the coarse bran. The phosphorus content was higher,
while the phytic acid content was lower in spelt than in fine wheat bran. This could suggest
that spelt has either a higher endogenous phytase activity or a lower phytic acid content
than wheat.

Compared to hard red winter wheat, spelt has lower insoluble polymeric proteins,
which contribute to the swelling capacity of the gluten. Spelt also has higher gliadins,
which have the opposite effects, and higher values of soluble polymeric proteins. It follows
that the gluten in spelt is less elastic and more extensible than wheat gluten, resulting in
the typical weaker spelt dough [43].

2.4. Oats

Oat (Avena sativa, the best known species of the Avena genus), unlike other varieties
of cereals and pseudocereals, is cultivated for their seed, known by the same name, usually
in the plural. Oats are commonly eaten rolled or ground as oatmeal or as fine oatmeal
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and consumed primarily as porridge, but are also used as an ingredient for making cakes,
cookies, and bread. Oats are also an ingredient in breakfast cereals, particularly in muesli.
In the United Kingdom, oats are used for the production of beer. A popular refreshment
throughout Latin America is a characteristic cold, sweet drink made from ground oats and
milk [20].

2.4.1. Nutrients

A 100 g of oats provide 389 calories. Oats are made up of about 66% carbohydrates,
11% dietary fiber, 4% beta-glucans, 7% fat, and 17% protein. Oats are also an excellent
source of B vitamins and minerals, particularly manganese [21].

After corn, oats have the highest lipid content of most other cereals of over 10%
compared to 2–3% for wheat. Furthermore, oats are the only cereal containing a globulin,
avenaline, as the main storage protein (around 80%). Compared to gluten, zein, and
prolamins, the most typical cereal proteins, globulins, are characterized by their solubility
in diluted saline solution. Avenin, a prolamine, is the minor protein of oats. In nutritional
qualities, oat proteins are almost equivalent to soy proteins, which in turn are equivalent in
nutritional quality to proteins in meat, milk, and eggs, according to research by the World
Health Organization. A skinless oat grain (semolina) has a protein content ranging from
12 to 24%, the highest among cereals. Some pure oat cultivars (oats not contaminated by
other gluten-containing grains) can be a safe food in a gluten-free diet, which requires
knowledge of the varieties of oats used in foods. Oats contain about 11% fiber, most of
which is composed of b-glucans, indigestible polysaccharides found naturally in cereals
as well as in barley, yeast, bacteria, algae, and fungi [14,20]. Oats, particularly the more
“ancient” varieties, contain more soluble fibers than common western varieties, which
induce a slowdown in digestion with a consequent greater feeling of satiety and reduced
appetite [44,45].

It has been shown that dietary benefits from whole oats are associated with an im-
proved control of cardio-metabolic risk factors by reducing blood lipids and blood glucose.
Eating oat-based foods, either as whole grains or as bread, porridge, or soaking oats in
milk, has been shown to allow for better glycemic control [46–51].

2.4.2. Oat Beta-Glucan

Oat beta-glucan is made up of mixed-bonded polysaccharides. This means that the
bonds between the D-glucose or D-glucopyranosyl units are beta-1, 3 or beta-1, 4 bonds.
This type of beta-glucan is also defined as a mixed bond (1 → 3), (1 → 4)-beta-D-glucan
(Figure 3). These bonds (1 → 3) break the uniform structure of the beta-D-glucan molecule
and make it soluble and flexible. In comparison, the cellulose indigestible polysaccharide,
which is also a beta-glucan, is not soluble because of its (1 → 4)-beta-D-bonds. The
percentages of beta-glucan vary in the various products based on whole oats such as oat
bran (range 5.5–23.0%), oat flakes (about 4%), and oat flour integral (about 4%). Oats also
contain some insoluble fibers including lignin, cellulose, and hemicellulose [20]. Beta-
glucans are known to have cholesterol-lowering properties as they increase the excretion of
bile acids, with a consequent reduction in blood cholesterol [52]. This cholesterol-lowering
effect of beta-glucans has allowed oats to be classified as a health food [53].

 
Figure 3. Beta-D-glucan (drawn by ACD/ChemSketch).
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2.5. Rice

Rice is the seed of the monocotyledonous flowering plants Oryza glaberrima (African
rice) or Oryza sativa (Asian rice). It is the most consumed cereal by the human population
in the world and is the basis of Asian cuisine. It is the staple food for about half of the
world’s population and is grown in almost every country in the world. It is the agricultural
product with the highest world production (741.5 million tons recorded in 2014), after
sugar cane (1.9 billion tons) and corn (1.0 billion tons). There are many varieties of rice,
and culinary preferences tend to vary regionally.

Nutrients

The nutritional value of rice depends on several factors. First of all, it varies according
to the rice strain, that is white rice, brown rice, red rice, or black rice, which have a different
percentage of distribution in different regions of the world [54]. After that, the nutritional
value of rice depends on the nutrient quality of the soil in which it is grown, if and how
it is polished or processed, and if and how it is enriched and how it is prepared before
consumption [55].

A 100 g serving of unenriched white rice provides an average of 360 calories, dis-
tributed between carbohydrates, proteins, fats, and fibers. Rice is also a good source of
B vitamins and several dietary minerals including manganese. Raw white rice contains
66% carbohydrates, mostly starch, 11% dietary fibers, 4% beta-glucans, 7% fats, and 17%
proteins. Cooked unenriched white rice is composed of 68% water, 28% carbohydrates,
13% protein, and fat in minimal quantity (less than 1%). Cooked short-grain white rice
provides the same food energy and contains moderate amounts of B vitamins, iron, and
manganese (10–17% of daily value, DV) per 100-g serving [21].

Starch and proteins, as main components of rice grains, accumulate in specific or-
ganelles called amyloplasts and protein bodies, respectively, in the endosperm cells and in
the aleurone layer. Endosperm cells contain many amyloplasts with multiple starch grains
and protein bodies with glutellin (protein body II) and prolamine (protein body I), which
are storage proteins. On the other hand, the cells in the aleurone layer contain another type
of protein body called grain aleurone, with non-storage proteins and small amyloplasts.
The protein content of rice grains is of course lower than meat (15–25%) and cheese (20%),
but is higher than dairy milk (3.3%) and yoghurt (4.3%). About 6–7% of polished rice and
about 13% of rice bran is protein [56].

Amino acid score, in combination with protein digestibility, which refers to how
well a given protein is digested, is the method used to determine if a protein is complete
(i.e., whether it contains an adequate proportion of each of the nine essential amino
acids necessary in the human diet). Together with the amino acid score, the digestibility
of proteins determines the values for Protein Digestibility-Corrected Amino Acid Score
(PDCAAS) and Digestible Indispensable Amino Acid Score (DIAAS). DIAAS was proposed
in March 2013 by the FAO to replace the PDCAAS. DIAAS provides a more accurate
measure of the number of amino acids absorbed by the body or the contribution of the
protein to the needs of amino acids and nitrogen in humans, as it estimates the digestibility
of amino acids at the end of the small intestine. PDCAAS, already adopted by the FAO in
1993 as a method for determining the quality of proteins is based on an estimate of crude
protein digestibility determined over the total digestive tract, and values stated using this
method generally overestimate the number of amino acids absorbed [57]. Compared with
casein, which has a DIAAS of 101, rice has a DIASS of 47, whereas wheat has a DIASS of
48, oat has a DIASS of 57, and corn (Maize) has a DIASS of 36 [58]. If instead we take into
consideration the PDCAAS, rice bran protein has a PDCAAS of 0.90, whereas casein has a
PDCASS of 1.00, and rice endosperm protein has a PDCAAS of 0.63 [59]

2.6. Maize (Corn)

Maize, also known as corn, is a large grass plant already domesticated by the native
populations of Mexico about 10,000 years ago. The word corn derives from the term
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“mahiz”, with which the indigenous Taino people of the Caribbean and Florida called the
plant, later transliterated into Spanish. In the United States, Canada, Australia, and New
Zealand, the term mainly refers to maize with the term “corn”, derived from the shortening
of the expression “Indian corn”, which mainly refers to maize, which is the staple cereal of
Native Americans [20].

2.6.1. Nutrients

A 100 g serving of uncooked corn kernels provide 86 calories; it contains 3.27 g
of proteins, 18.7 g of carbohydrates, 2 g of fibers, 6.26 g of sugars, and 1.35 g of fats,
of which 26% of saturated fatty acids, 39% of polyunsaturated fatty acids, and 35% of
monounsaturated fatty acids. Raw maize is a good source of group B vitamins, particularly
niacin (11% of DV), riboflavin (4% of DV), thiamine (13% of DV), and vitamin B6 (7% of
DV). Raw maize is also a good source of several dietary minerals, especially copper (6% of
DV), iron (3% of DV), magnesium (9% of DV), manganese (7% of DV), phosphorus (13%
of DV), potassium (6% of DV), zinc (4% of DV), selenium (1% of DV), and sodium (1% of
DV) [21].

2.6.2. Maize Oil

Corn oil (corn oil, CO) is obtained by extraction from the corn germ. It is mainly used
in the kitchen, thanks to its high smoking temperature, which makes corn oil suitable for
frying. It is also a staple ingredient in margarine production. It is also used as an excipient
in the pharmaceutical industry [20].

A total of 100 g of maize oil contains 13% of saturated fatty acids, of which 82% is
palmitic acid (C 16:0) and 14% is stearic acid (C 18:0); 28% of monounsaturated fatty acids,
of which 99% is oleic acid (C 18:1); and 55% of polyunsaturated fatty acids, of which 98% is
linoleic acid (C 18:2), and 2% is omega-3 linolenic acid (C 18:3) [21,60].

2.6.3. Corn Oil vs. Extra-Virgin Olive Oil

Unlike CO, whose production takes place through the solvent extraction of the oil
from the grain after the separation of the corn germ with fragmentation or centrifugation,
the production of olive oil takes place essentially by mechanical pressing of the drupe.
A 100 g serving of extra virgin olive oil (EVOO) provides 884 calories. Almost 98% of
the total weight of EVOO is represented by fatty acids, which constitute the saponifiable
fraction of olive oil. The fatty acid content of EVOO consists of 75% monounsaturated fatty
acids (mostly oleic acid), 11% polyunsaturated fatty acids (mostly linoleic acid), and 14%
saturated fatty acids (mostly palmitic acid) [20,21]. The remaining 2% of the total weight of
EVOO is represented by the unsaponifiable fraction. The stability and flavor of olive oil are
given by the components of the unsaponifiable fraction.

The unsaponifiable fraction is divided into the non-polar, non-water-soluble, solvent-
extractable fraction after saponification of the oil, which contains squalene and other
triterpenes, sterols, tocopherol (mainly alpha-tocopherol, or vitamin E), and pigments, and
the polar fraction, water-soluble, which contains phenolic compounds, or polyphenols.

Polyphenols make up 18–37% of the unsaponifiable fraction of EVOO; these are
responsible for most of the health benefits associated with taking EVOO. It is a hetero-
geneous group of molecules with important properties that are both organoleptic and
nutritional [21]. Extra virgin olive oil has an average concentration of phenolic com-
pounds of about 230 mg/kg [61], with a concentration of polyphenols ranging from 50
to 800 mg/kg [62,63]. The absorption efficiency of olive oil polyphenols in humans has
been evaluated around 55–66 mmol% [64]. Tyrosol and hydroxytyrosol are two of the most
important phenols in olive oil. Hydroxytyrosol is present in olive oil in the form of ester
with elenolic acid to form oleuropein; the absorption in humans is dose-dependent, related
to the phenolic content of olive oil [65].
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2.6.4. Poly- and Monounsaturated Fatty Acids, Serum Cholesterol Levels and
Cardiovascular Disease

A meta-analysis by Mensink et al. [66] showed that under isocaloric, metabolic ward
conditions, when carbohydrates in the diet were replaced by fatty acids, HDL increased
and triglycerides decreased, while LDL increased. In addition, if polyunsaturated fats
replace saturated fats, then a more marked decrease in serum LDL and triglyceride levels
was observed. Authors also showed that replacing saturated fatty acids with unsaturated
fatty acids increased the ratio of HDL to LDL cholesterol, thus obtaining the most favorable
lipoprotein risk profile for CHD. Substitution of saturated fatty acids with carbohydrates
had no favorable effect on the CHD risk profile.

Subsequently, Maki et al. [67], in their randomized, double-blind, controlled-feeding
trial, showed that CO reduced total cholesterol (TC), low-density lipoprotein choles-
terol (LDL), very low-density lipoprotein cholesterol (VLDL), non-high-density lipopro-
tein cholesterol (non-HDL), and ApoB concentration to a greater extent compared with
EVOO intake (CO compared with EVOO intake: TC = −0.37 vs. 0.02 mmol/L, p > 0.001;
LDL = −0.36 vs. −0.08 mmol/L, p > 0.001; VLDL = −0.03 vs. 0.04 mmol/L, p > 0.001;
non-HDL = −0.39 vs. −0.04 mmol/L, p > 0.001). ApoB, an indicator of circulating small
and dense, and therefore highly atherogenic, LDL, was lowered largely by CO, compared
to EVOO intake (−9.0 vs. −2.5 mg/dL, p > 0.001). HDL-C concentration did not differ
significantly between CO vs. EVOO intake (0.02 vs. 0.05 mmol/L, p = 0.112), but ApoA1,
which is the major protein component of HDL particles in plasma, increased more with
EVOO compared with CO intake (4.6 vs. 0.7 mg/dL, p = 0.016).

The Nurses’ Health Study [68] prospectively investigated the association between
different types of dietary fat intake and the risk of coronary heart disease in a 14-year follow-
up in a cohort of 80,082 women, aged between 34 and 59 years of age, without a history
of CHD, stroke, cancer, hypercholesterolemia, or diabetes. The authors demonstrated
that a 5% increase in energy intake from saturated fat was associated with a 17% increase,
although not statistically significant in the relative risk (RR) of CHD (RR = 1.17; 95%
CI = 0.97–1.41; p = 0.10) compared to the equivalent energy intake from carbohydrates.
The authors also demonstrated that for each 2% increase in energy intake from trans-
unsaturated fats, a significant 93% increase in the risk of CHD was associated (RR = 1.93;
95% CI = 1.43–2.61; p = 0.001). Finally, the authors demonstrated that while for each
5% increase in energy intake from monounsaturated fats, there was a non-statistically
significant 19% decrease in the risk of CHD (RR = 0.81; 95% CI = 0.65–1.00; p = 0.05); with
each 5% increase in energy intake from polyunsaturated fats, there was a significant 38%
reduction in the risk of CHD (RR = 0.62; 95% CI = 0.46–0.85; p < 0.003). The authors also
showed that replacing 5% energy from saturated fat with unsaturated fat resulted in a
42% reduction in CHD risk (95% CI = 0.23–0.56; p < 0.001), while replacing 2% of energy
from trans unsaturated fat with un-hydrogenated, unsaturated fats was associated with a
53% decrease of the risk of CHD (95% CI = 0.34–67; p < 0.001). The authors concluded by
confirming that the replacement of saturated fats (SF) and trans-unsaturated fats in the diet
with non-hydrogenated monounsaturated and polyunsaturated fats favorably alters the
lipid profile, but that reducing overall fat intake has little effect.

W. C. Willett [69] confirmed these data in a subsequent review by concluding that
trans-unsaturated fatty acids in hydrogenated vegetable oils have obvious negative effects
and should be eliminated. He also stated that a further reduction in CHD rates is possible
if saturated fats are replaced by a combination of poly- and monounsaturated fats and the
benefits of polyunsaturated fats appear stronger.

A subsequent pooled analysis of 11 cohort studies by Jakobsen et al. [70] confirmed
the effects of the polyunsaturated fatty acids. The authors showed a significant association
between PUFA replacement and reduced risk of coronary events (HR: 0.87; 95% CI: 0.77,
0.97) and a significant association between PUFA replacement and reduced risk of mortality
for CHD (HR: 0.74; 95% CI: 0.61, 0.89). In conclusion, the authors stated that, rather than
increasing the consumption of MUFA or carbohydrates, increasing the consumption of
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PUFA in place of saturated fatty acids (SFA) could significantly prevent coronary heart
disease among middle-aged women and men and among the elderly.

Lai et al. [71] investigated the associations between de novo lipogenesis (DNL)-related
fatty acids (FA) with total mortality and specific cause mortality including cardiovascular
disease (CVD), CHD, and stroke, analyzing the data from the Cardiovascular Health Study
(CHS) [72], measured at three time points over 13 years. Surprisingly, they found a direct
association between higher oleic acid levels (18: 1n-9) and a high risk (hazard risk, HR)
of all-cause mortality (HR = 1.56, 95% CI = 1.35–1.80, p < 0.001) including CVD and non-
CVD mortality (HR = 1.48, 95% CI = 1.21–1.82, p < 0.001; HR = 1.50, CI = 95% 1.28–1.75,
p < 0.001, respectively). They also found an association between higher oleic acid levels
and fatal and non-fatal CVD, fatal and non-fatal CHD, fatal and non-fatal stroke (HR = 1.33,
95% CI = 1.12–1.57, p < 0.001; HR = 1.23, 95% CI = 1.01–1.48, p = 0.008; HR = 1.34, 95%
CI = 1.02–1.75, p = 0.005, respectively).

Results of a meta-analysis by Borges et al. [73], which included five cohort studies
and one matched case-control study, involving 23,518 subjects, showed that the risk (odds
ratio, OR) of CHD was lower with higher circulating docosahexaenoic acid (DHA) levels
(OR = 0.85; 95% CI = 0.76–0.95), but was not associated with stroke risk (OR = 0.95; 95%
CI = 0.89–1.02); risk of stroke was lower with higher circulating linoleic acid (LA) levels
(OR = 0.82; 95% CI = 0.75–0.90), but was not associated with CHD (OR = 1.01; 95% CI = 0.87–
1.18); circulating MUFA were associated with higher CHD risk of stroke (OR = 1.22; 95%
CI = 1.03–1.44) and CHD (OR = 1.36; 95% CI = 1.15–1.61). SFA was not related both with
increased CHD risk (OR = 0.94; 95% CI = 0.82–1.09) and with stroke risk (OR = 0.94; 95%
CI = 0.79–1.11).

Finally, Lee et al. [74] studied the associations between plasma AF levels with the
risk of incident heart failure (HF) by analyzing data from CHS. They showed that plasma
habitual levels and changes in the levels of palmitic acid (16:0) were associated with
higher risk of HF (HR = 1.17, 95% CI 1.00–1.36; HR = 1.26 95% CI 1.03–1.55, respectively);
plasma habitual levels of 7-hexadecenoic acid (16:1n-9) were not associated with risk of
HF (HR = 1.05, 95% CI 0.92–1.18), but changes in levels were associated with a higher
risk of HF (HR = 1.36, 95% CI 1.13–1.62); plasma habitual levels of vaccenic acid (18:1n-7)
were not associated with risk of HF (HR = 1.06, 95% CI 0.92–1.22), but changes in levels
were associated with a higher risk of HF (HR = 1.43, 95% CI 1.18–1.72); habitual levels
and changes in levels of myristic acid (14:0) (HR = 0.90, 95% CI = 0.77–1.05; HR = 1.11,
95% CI = 0.91–1.36, respectively), palmitoleic acid (16:1n-7) (HR = 1.01, 95% CI = 0.88–1.16;
HR = 1.06, 95% CI = 0.87–1.28, respectively), stearic acid (18:0) (HR = 0.94, 95% CI = 0.81–
1.09; HR = 0.94, 95% CI = 0.76–1.15, respectively), and oleic acid (18:1n-9) (HR = 1.13,
95% CI = 0.98–1.30; HR = 1.13, 95% CI = 0.93–1.37, respectively) were not associated with
HF risk,

Despite these conflicting results, the advice to replace saturated fats with polyunsatu-
rated fats in the diet remains a cornerstone of international guidelines for reducing the risk
of CHD.

On the other hand, it would be overly simplistic to say that replacing SFAs with
MUFA (oleic or linoleic acid) or PUFA may be sufficient in reducing the risk of CVD
or mortality risk. The benefits of taking MUFAs are observed when they are associated
with the concomitant intake of polyphenols and other natural antioxidants, contained,
for example, in EVOO. In fact, there is no evidence to suggest that simply replacing SFA
with MUFA reduces the risk of CVD or mortality. Similarly, the benefits of daily intake
of PUFA-n3 are attributable to PUFAs, but above all where they are associated, similarly
to MUFAs, with the intake of polyphenols or other natural antioxidants, and as part of a
healthy diet such as the traditional Mediterranean diet. All the above-mentioned studies
are shown in Table 2.
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Table 2. Poly- and monounsaturated fatty acids, serum cholesterol levels, and CVD.

Author and Year of
Publication

Study Design Duration of Study Sample Size Lipoprotein Levels and CVD

Mensink, 1992 [66] Meta-analysis of 27
case-control studies 14–91 days 682 subjects, 474 men

and 208 women

Carbohydrates in the diet replaced isocaloricalry by
saturated fatty acids:
Increase HDL cholesterol (p < 0.001), LDL cholesterol
(p < 0.001), Total Cholesterol (p < 0.001); lower triglycerides
(p < 0.001).
Carbohydrates in the diet replaced isocaloricalry by
monounsaturated fatty acids:
Increase HDL cholesterol (p < 0.001); no effects on LDL
cholesterol (p = 0.114), Total Cholesterol (p = 0.342); lower
triglycerides (p < 0.001).
Carbohydrates in the diet replaced isocaloricalry by
polyunsaturated fatty acids:
Increase HDL cholesterol (p = 0.002), LDL cholesterol
(p = 0.002), Total Cholesterol (p < 0.001), triglycerides
(p < 0.001).

Maki,
2017 [67]

Randomized,
double-blind,
crossover trial

21-day treatment (54
g per day of CO or

EVOO) 21-day
washout

54 volunteers, men and
women

CO intake vs. EVOO intake: Total cholesterol = −0.37 vs. 0.02
mmol/L (p > 0.001); LDL = −0.36 vs. −0.08 mmol/L (p >
0.001); VLDL = −0.03 vs. 0.04 mmol/L (p > 0.001);
non-HDL = −0.39 vs. −0.04 mmol/L (p > 0.001). ApoB = −9.0
vs. −2.5 mg/dl (p > 0.001). HDL = 0.02 vs. 0.05 mmol/L
(p = 0.112).
EVOO intake vs. CO intake: ApoA1 = 4.6 vs. 0.7 mg/dl
(p = 0.016).

Hu, 1997 [68]
Willet, 2012 [69]

Prospective Cohort
Study

Follow-up: 14
years

80,082 women, from the
cohort of the Nurses’

Health Study

CHD Risk for each 5% increase in energy intake from
saturated fats:
RR = 1.17; 95% CI = 0.97–1.41; p = 0.10.
CHD Risk for each 2% increase in energy intake from
trans-unsaturated fats:
RR = 1.93; 95% CI = 1.43–2.61; p = 0.001)
CHD Risk for each 5% increase in energy intake from
monounsaturated fats:
RR = 0.81; 95% CI = 0.65–1.00; p = 0.05).
CHD Risk for each 5% increase in energy intake from
polyunsaturated fats:
RR = 0.62; 95% CI = 0.46–0.85; p < 0.003.
CHD Risk by replacing 5% energy from saturated fat with
unsaturated fat: RR = 0.58; 95% CI = 0.23–0.56; p < 0.001)
CHD Risk by replacing 2% of energy from trans unsaturated
fat with un-hydrogenated, unsaturated fats:
RR = 0.47; 95% CI = 0.34–0.67; p < 0.001.

Jakobsen, 2009 [70]
Meta-analysis of

prospective cohort
studies

Follow-up: 4 to 10
years

344,696 subjects from 11
American and

European studies
included in the Pooling

Project of Cohort Studies
on Diet and Coronary

Disease

CHD Risk by replacing 5% of energy from SFA with MUFA
or PUFA or carbohydrates (CHs):
MUFAs vs. SFAs: HR= 1.19; 95% CI = 1.00–1.42.
PUFAs vs. SFAs: HR = 0.87; 95% CI = 0.77–0.97.
CHs vs. SFAs: HR = 1.07; 95% CI = 1.01–1.14.
Coronary deaths Risk by replacing 5% of energy from SFA
with MUFA or PUFA or carbohydrates (CHs):
MUFAs vs. SFAs: HR = 1.01; 95% CI = 0.73–1.41.
PUFAs vs. SFAs: HR = 0.74; 95% CI = 0.61–0.89.
CHs vs. SFAs: HR = 0.96; 95% CI = 0.82–1.13.
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Table 2. Cont.

Author and Year
of Publication

Study Design
Duration of

Study
Sample Size Lipoprotein Levels and CVD

Lai, 2019 [71] Prospective Cohort
Study

Follow-up: 22
years

3869 subjects from the
cohort of the

Cardiovascular Health
Study (CHS)

Palmitic acid (16:0) and risk of mortality
All-cause mortality: HR = 1.35; 95% CI = 1.17–1.56; p < 0.001.
CVD mortality: HR = 1.44; 95% CI = 1.18–1.76; p < 0.001.
Non-CVD mortality: HR = 1.36; 95% CI = 1.16–1.59; p < 0.001.
Palmitoleic acid (16:1n-7) and risk of mortality
All-cause mortality: HR = 1.40; 95% CI = 1.21–1.62; p < 0.001.
CVD mortality: HR = 1.42; 95% CI = 1.15–1.76; p = 0.001.
Non-CVD mortality: HR = 1.30; 95% CI = 1.12–1.52; p = 0.001
Stearic acid (18:0) and risk of mortality
All-cause mortality: HR = 0.76; 95% CI = 0.66–0.88; p < 0.001.
CVD mortality: HR = 0.77; 95% CI = 0.62–0.94; p = 0.003.
Non-CVD mortality: HR = 0.72; 95% CI = 0.62–0.84; p < 0.001
Oleic acid (18:1n-9) and risk of mortality
All-cause mortality: HR = 1.56; 95% CI = 1.35–1.80; p < 0.001.
CVD mortality: HR = 1.48; 95% CI = 1.21–1.82; p < 0.001.
Non-CVD mortality: HR = 1.50 95% CI = 1.28–1.75; p < 0.001.
Palmitic acid (16:0) and risk of incident CVD
Fatal and non-fatal CVD: HR = 1.20; 95% CI = 1.01–1.43; p = 0.029.
Fatal and non-fatal CHD: HR = 1.13; 95% CI = 0.93–1.38; p = 0.287.
Fatal and non-fatal Stroke: HR = 1.26; 95% CI = 0.96–1.66; p = 0.028.
Palmitoleic acid (16:1n-7) and risk of incident CVD Fatal and
non-fatal CVD: HR = 1.28; 95% CI = 1.07–1.53; p = 0.012.
Fatal and non-fatal CHD: HR = 1.07; 95% CI = 0.88–1.31; p = 0.506.
Fatal and non-fatal Stroke: HR = 1.38; 95% CI = 1.05–1.83; p = 0.038.
Stearic acid (18:0) and risk of incident CVD
Fatal and non-fatal CVD: HR = 0.82; 95% CI = 0.69–0.97; p = 0.003.
Fatal and non-fatal CHD: HR = 0.93; 95% CI = 0.77–1.13; p = 0.266.
Fatal and non-fatal Stroke: HR = 0.77; 95% CI = 0.59–1.00; p = 0.013.
Oleic acid (18:1n-9) and risk of incident CVD
Fatal and non-fatal CVD: HR = 1.33; 95% CI = 1.12–1.57; p < 0.001.
Fatal and non-fatal CHD: HR = 1.23; 95% CI = 1.01–1.48; p = 0.008.
Fatal and non-fatal Stroke: HR = 1.34; 95% CI = 1.02–1.75; p = 0.005.

Borges, 2020 [73]

Meta-analysis of
prospective cohort

and case-control
studies

Follow-up: 10 to
25 years

23,518 subjects from 5
cohort studies and 1

case-control study, from
the UCL-LSHTM-
Edinburgh-Bristol

(UCLEB)
Consortium

DHA and risk for CHD
OR = 0.85; 95% CI = 0.76–0.95
LA and risk for CHD
OR = 1.01; 95% CI = 0.87–1.18
MUFA and risk for CHD
OR = 1.36; 95% CI = 1.15–1.61
SFA and risk for CHD
OR = 0.94; 95% CI = 0.82–1.09
DHA and risk for Stroke
OR = 0.95; 95% CI = 0.89–1.02
LA and risk for Stroke
OR = 0.82; 95% CI = 0.75–0.90
MUFA and risk for Stroke
OR = 1.22; 95% CI = 1.03–1.44
SFA and risk for Stroke
OR = 0.94; 95% CI = 0.79–1.11

Lee, 2020 [74] Prospective Cohort
Study

Follow-up: 22
years

4249 subjects from the
cohort of the

Cardiovascular Health
Study (CHS)

Habitual levels of plasma fatty acids and risk of incident HF
palmitic acid:
HR = 1.17, 95% CI 1.00–1.36;
7-hexadecenoic acid:
HR = 1.05, 95% CI 0.92–1.18;
vaccenic acid:
HR = 1.06, 95% CI 0.92–1.22; but changes in levels were associated
with a higher risk of HF (HR = 1.43, 95% CI 1.18–1.72);
myristic acid:
HR = 0.90, 95% CI = 0.77–1.05;
palmitoleic acid:
HR = 1.01, 95% CI = 0.88–1.16;
stearic acid:
HR = 0.94, 95% CI = 0.81–1.09;
oleic acid:
HR = 1.13, 95% CI = 0.98–1.30; Change in serial levels of plasma
fatty acids and risk of incident HF
palmitic acid:
HR = 1.26 95% CI 1.03–1.55;
7-hexadecenoic acid:
HR = 1.36, 95% CI 1.13–1.62;
vaccenic acid:
HR = 1.43, 95% CI 1.18–1.72;
myristic acid:
HR = 1.11, 95% CI = 0.91–1.36;
palmitoleic acid:
HR = 1.06, 95% CI = 0.87–1.28;
stearic acid:
HR = 0.94, 95% CI = 0.76–1.15;
oleic acid:
HR = 1.13, 95% CI = 0.93–1.37.

CO: corn oil; EVOO: extra virgin olive oil; CHD: coronary heart disease; LA: linoleic acid; HF: heart failure
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2.7. Barley

Barley (Hordeum vulgare) is a cereal grain that is grown in temperate climates world-
wide. It is one of the oldest cultivated cereals, originally in the Fertile Crescent area of the
Middle East and Egypt. Barley is used commonly as animal fodder. Concerning human
nutrition, two types of barley are commonly found: hulled barley, which requires a long
cooking time and preventive soaking, and pearl barley, which undergoes a refining process
(similar to whitening rice) to remove the outermost part. This can be used without prior
soaking and cooking time is shorter. Barley is used for the preparation of soups and stews
and also for cooking barley bread. From the coarse ground, coarse semolina is obtained,
suitable for typical North African dishes similar to couscous. Roasted in the oven at temper-
atures around 170–180 ◦C, and very finely ground until obtaining a powder similar to flour,
and freeze-dried, it is used to quickly prepare drinks by adding hot water or milk or used
as a substitute for coffee. Roasted fine flours are also obtained from the roasting of barley
and are used in the preparation of sweets or pastries. Barley grains are commonly made
into malt as a source of fermentable material for beer and distilled beverages, like whisky.

2.7.1. Nutrients

A 100 g of barley provides 352 calories. Barley is made up of about 28% carbohydrates,
57% dietary fiber, 2% fat, and 20% protein. Barley is also a good source of B vitamins
and minerals including copper, iron, magnesium, manganese, phosphorus, selenium, and
zinc [21].

2.7.2. Barley β-Glucan

B-glucan constitutes approximatively 75% of dry weight of endosperm cell walls,
and arabinoxylan constitutes 25% [75]. The percentages of beta-glucan content in the
barley grain vary according to the different polymorphisms of the genes that encode the
corresponding synthase and endohydrolase enzymes [76]. Barley β-glucans also have
cholesterol-lowering properties [77,78], however, lower than oats [79]. In addition, it is
known that β-glucans from barley reduce post-prandial glycemic response with lowering
blood glucose. This effect is due not because of the high viscosity of the β-glucans, but
rather to the direct inhibition of the activities of glucose transporters and intestinal brush
border enzymes [80,81]. More evidence has shown that β-glucans exert their beneficial
effects on lipid and glucose metabolism and reduce CVD risk by the increase in colonic
microbial population and activity, particularly favoring the increase in Lactobacillus over
Bacteroidetes spp, yielding short-chain fatty acids as end products [48,82]. In animal
models, these health benefits, on microbial gut flora, are also associated with an increase in
lifespan and better locomotor activity, muscle coordination, and balancing activity [83].

3. Diet Pattern and Risk of Frailty and Mortality

It is now known that fruits and vegetables, in addition to the intake of whole grains,
monounsaturated and omega-3 fatty acids, and moderate amounts of alcohol are funda-
mental elements of a cardioprotective diet [84]. Furthermore, it is known that a prevalent
consumption of fruit, vegetables, and WG, even in a dietary model different from traditional
MD, is protective (i.e., associated with a reduced risk of frailty) [85].

Lo et al. [86] analyzed data from the Nutrition and Health Survey in Taiwan. They
showed that elderly subjects in the higher tertile of the dietary pattern score (i.e., with a
high consumption of fruit, nuts and seeds, tea, vegetables, WG, omega-3-rich deep-sea
fish, and shellfish and milk as protein-rich foods) had a reduced risk (Odds Ratio, OR) of
frailty (OR = 0.12, 95% CI 0.02–0.76, p = 0.019) or pre-frailty (OR = 0.40, 95% CI 0.19–0.83,
p = 0.015).

Following the studies by Ancel Keys, MD has been proposed as a model of healthy eat-
ing, associated with a reduced risk of developing cardiovascular and metabolic diseases [5].
Subsequently, Trichopoulou et al. showed that high adhesion to MD was associated with a
reduction in the risk of total mortality [6,87].
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Subsequently, the PREDIMED study [8,9,88] demonstrated that high-risk CVD subjects
who followed an MD pattern, in which monounsaturated and antioxidant fatty acids came
from taking EVOO, or alternatively taking omega-3 fatty acids from nut consumption,
had a reduced risk of acute myocardial infarction, stroke, or death from CVD (MD with
EVOO: HR = 0.70, 95% CI: 0.53–0.91, p = 0.009; MD with nuts: HR = 0.70, 95% CI: 0.53–0.94,
p = 0.02), but not of total mortality (MD with EVOO: HR = 0.81, 95% CI: 0.63–1.05, p = 0.11;
MD with nuts: HR = 0.95, 95% CI: 0.73–1.23, p = 0.68).

A meta-analysis [10] that involved 1,574,299 subjects followed for a time period of 3–18
years found a significant direct association between higher adherence to MD, improved
health status, and reduced mortality risk (Rate Risk, RR) (RR = 0.91, 95% CI 0.89–0.94;
p < 0.0001), particularly in mortality due to CHD (RR = 0.91, 95% CI: 0.87–0.95, p < 0.0001)
and cancer (RR = 0.94; 95% CI: 0.92–0.96; p < 0.0001).

Another meta-analysis by the same authors [11] also showed a significant association
between higher MD adherence, improved health and quality of life, and reduced overall
mortality (RR = 0.92, CI 95%: 0.90–0.94, p < 0.00001). In particular, the authors showed a
significant reduction in mortality from CHD (RR = 0.90; 95% CI: 0.87–0.93; p < 0.00001) or
from cancer (RR = 0.94; 95% CI: 0.92–0.96; p < 0.00001).

Kromhout et al. [89] confirmed the association between a higher adherence to a dietary
model with the characteristics of MD with a reduction in CHD mortality (r = −0.91). The
authors further highlighted the protective role in the diet of cereals (r = −0.52), vegetables
(r = −0.52), and legumes (r = −0.62) as well as the intake of a moderate amount of alcohol
(r = −0.54).

Subsequently, Zaslavsky et al. [90] analyzed a sample of 10,431 women aged 65–
84 years from the Women’s Health Initiative Observational Study [91,92] with complete
frailty according to Fried’s criteria [93]. MD pattern adherence was assessed using the
alternative MD (aMed) index [6,94], which considered the intake of fruit, vegetables, nuts,
legumes, WG, fish, ratio of monounsaturated to saturated fat, red and processed meats, and
alcohol. The authors further showed the association between a higher intake of vegetables,
nuts, and WG with a significant reduction in mortality risk (HR = 0.91, 95% CI: 0.84–0.99,
p = 0.02; HR = 0.87, 95% CI: 0.80–0.94, p < 0.001; HR = 0.83, 95% CI: 0.77–0.90, p < 0.001,
respectively). The relative contribution of these components to the reduction of mortality
risk, obtained by subtracting each component from the aMed Index, was respectively 21%
(vegetables), 42% (nuts) and 57% (WG).

More recently, Campanella et al. [95] performed a survival analysis involving 4896 sub-
jects from Castellana Grotte and Putignano (Apulia, Italy) included in the MICOL study [96]
and in the NUTRIHEP study [97], respectively. The relative Mediterranean scoring system
(rMED) [98] was used to measure adherence to MD. The rMED considers the intake of fruit
(excluding fruit juices), vegetables (excluding potatoes), legumes, cereals, fresh fish, olive
oil, meat and dairy products, and alcohol. The authors noted that higher MD adherence
was directly correlated with longer lifespan. In particular, among subjects with greater
adherence to MD at the baseline, the mean time to death was estimated to be postponed
from 6.21 to 8.28 years compared to subjects with lower MD adherence.

The protective effect of the MD [99] are certainly due to the lipid-lowering effect,
protection against oxidative stress, inflammation, and platelet aggregation, modification
of hormones and growth factors involved in the pathogenesis of cancer, inhibition of
nutrient sensing pathways by specific amino acid restriction, and gut microbiota-mediated
production of metabolites influencing metabolic health. Specifically, the moderate energy
restriction provided by the high consumption of fiber-rich energy-poor plant foods and
the specific restriction of sulfur compounds, branch-chain amino acids, and saturated fatty
acids, characteristics of the MD, play a prominent role in mediating the beneficial effects
on the health and longevity of this dietary model. In addition, the intestinal microbiome,
which is actively involved in the processing of many plant foods rich in fiber as well as
several vitamins and phytochemicals, plays a vital role in maintaining both metabolic and
molecular health.
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Hernaez et al. [100] reported the results of a study conducted on a subsample of
296 subjects at high cardiovascular risk, extracted from the cohort of the PREDIMED
study [8,9]. The authors confirmed the beneficial effects of the intake of EVOO, nuts,
legumes, WG, and fish. Mostly, they showed that increase for one year in the intake of
these cardioprotective foods was linked to an improvement in HDL biological functions. In
particular, increase in daily intake of 10 g of EVOO and 25 g of whole grain was associated
with increment in cholesterol efflux capacity, in other words, the capacity of HDL to pick up
cholesterol (+0.7%, p = 0.026; +0.6%, p = 0.017, respectively). Increase in daily intake of 30 g
of nuts and 25 g of legumes and 25 g of fresh fish was linked to increment in the activity of
paraoxonase-1, a key HDL-bound antioxidant enzyme (+12.2%, p = 0.049; +11.7%, p = 0.043;
+3.9%, p = 0.030, respectively). Increase in legumes and fish consumption was also related
to decreases in the activity of cholesteryl ester transfer protein, pro-atherogenic when
excessively active (–4.8%, p = 0.028; –1.6%, p = 0.021, respectively).

The above evidence reaffirms a fundamental concept, namely, that it is not the single
nutrient or the single antioxidant that is effective in reducing mortality, nor the risk of
frailty, but the set of nutrients in the diet. Another key point is that diet is not intended
as an effective therapy or as something to be taken for a defined time. In contrast, the
diet should be understood as a diet to be practiced for life and in the context of a healthy
lifestyle, as observed, for example, in populations following the traditional MD or the
Okinawa diet.

All the above-mentioned studies are shown in Table 3.

Table 3. Diet pattern and risk of frailty, cardiovascular risk, and mortality.

Author and Year of
Publication

Study Design Duration of Study Sample Size Risk of Frailty and Mortality

Lo, 2017 [86] Cross-sectional study 3 years

923 subjects aged 65 years
and older from the cohort of
Nutrition and Health Survey

in Taiwan
(NAHSIT)

Associations between tertiles of dietary
pattern score and frailty according Fried
criteria:
OR = 0.12 (95% CI = 0.02–0.76; p = 0.019)
for tertile 3 of dietary pattern score.
Associations between tertiles of dietary
pattern score and pre-frailty according
Fried criteria:
OR = 0.40 (95% CI = 0.19–0.83; p = 0.015)
for tertile 3 of dietary pattern scores.

Trichopoulou, 2003 [6] Population-based,
prospective study

Median duration of
follow-up: 3.7 years 8895 men and 13,148 women

All-cause death:
HR = 0.75 (95% CI 0.64–0.87) for a
Two-Point Increase in the
Mediterranean-Diet Score
Death from CHD (coronary heart
disease):
HR = 0.67 (95% CI 0.47–0.94) for a
Two-Point Increase in the
Mediterranean-Diet Score
Death from cancer:
HR = 0.76 (95% CI 0.59–0.98) for a
Two-Point Increase in the
Mediterranean-Diet Score

Estruch, 2018 [9] Parallel-group, multicenter,
randomized trial

Median duration of
follow-up: 4.8 years

1050 men and 1493 women
with MD(Mediterranean-Diet)
with EVOO(extra virgin olive

oil)
1128 men and 1326 women

with MD with nuts
987 men and 1463 women

with Control Diet

Myocardial infarction:
HR = 0.82 (95% CI 0.52–1.30) for MD with
EVOO vs. Control Diet
HR = 0.76 (95% CI 0.47–1.25) for MD with
Nuts vs. Control Diet
Stroke:
HR = 0.65 (95% CI 0.44–0.95) for MD with
EVOO vs. Control Diet
HR = 0.54 (95% CI 0.35–0.82) for MD with
Nuts vs. Control Diet
Death from CVD:
HR = 0.62 (95% CI 0.36–1.06) for MD with
EVOO vs. Control Diet
HR = 1.02 (95% CI 0.63–1.67) for MD with
Nuts vs. Control Diet
All-cause death:
HR = 0.90 (95% CI 0.69–1.18) for MD with
EVOO vs. Control Diet
HR = 1.12 (95% CI 0.86–1.47) for MD with
Nuts vs. Control Diet
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Table 3. Cont.

Author and Year of
Publication

Study Design Duration of Study Sample Size Risk of Frailty and Mortality

Sofi, 2008 [10] Meta-analysis of
prospective cohort studies

Follow-up time range:
from 3.7 to 18 years

1,574,299 subjects from 12
studies

Mortality from CVD:
RR = 0.91 (95% CI 0.87–0.95)
All-cause mortality:
RR = 0.91 (95% CI 0.89–0.94
Mortality from cancer:
RR = 0.94 (95% CI 0.92–0.96)
Incidence of Parkinson’s disease and
Alzheimer’s disease:
RR = 0.87 (95% CI 0.80–0.96)

Sofi, 2010 [11] Meta-analysis of
prospective cohort studies

Follow-up time range:
from 4 to 20 years

508,393 subjects from 7
studies

Mortality from CVD:
RR = 0.90 (95% CI 0.87–0.93)
All-cause mortality:
RR = 0.92 (95% CI 0.90–0.94)
Mortality from cancer:
RR = 0.94 (95% CI 0.92–0.96)
Incidence of neurodegenerative disease:
RR = 0.87 (95% CI 0.81–0.94)

Kromhout, 2018 [89] Prospective Cohort Study Follow-up time: 50-years
12,763 subjects from 16

cohorts of the Seven
Countries Study.

Mortality from CVD:
Inverse correlation between consumption
of cereals, vegetables, legumes, and
alcohol and long-term CHD mortality
rates (r = −0.52 to −0.62)
Direct correlation between consumption
of hard fat plus sweet products, animal
foods except fish, and long-term CHD
mortality rates (r = 0.68 to 0.84)

Zaslavsky, 2018 [90] Prospective Cohort Study Mean follow-up: 12.4
years

10,431 women aged 65–84
year from the cohorts of the
Women’s Health Initiative

Observational Study

Associations between of dietary pattern
and mortality:
HR = 0.91, 95% CI: 0.84–0.99, p = 0.02, for
high intake of vegetables;
HR = 0.87, 95% CI: 0.80–0.94, p < 0.001,
for high intake of nuts;
HR = 0.83, 95% CI: 0.77–0.90, p < 0.001,
for high intake of whole grains.

Campanella, 2020 [95] Prospective Cohort Study

Median follow-up time:
12.82, 12.91 and 12.84

years for high, medium
and low rMED subjects

5152 subjects from the cohorts
of MICOL/PANEL and

NUTRIHEP Study (2851 from
MICOL/PANEL; 2301 from

NUTRIHEP)

Associations between of dietary pattern
and mortality:
Direct correlation between higher
adherence to the MD at baseline and
mortality. Higher adherence to the MD at
baseline was related to a lifespan 6.21 and
8.28 years longer.

Hernaez, 2019 [100] Parallel-group, multicenter,
randomized trial Follow-up time: 1 year. 296 subjects from the cohort

of the PREDIMED Study

Association among food groups and
improvements in HDL functions:
Increments in cholesterol efflux capacity:
+0.7% (p = 0.026) for increase in daily
intake of 10 g of EVOO;
+0.6% (p = 0.017) for increase in daily
intake of 25 g of WG;
–1.1% (p = 0.010) for increase in daily
intake of 25 g of fish.
Increments in PON1(Paraoxonase
1) activity: +12.2% (p = 0.049) for increase
in daily intake of 30 g of nuts;
+11.7% (p = 0.043) for increase in daily
intake of 25 g of legume;
+3.9% (p = 0.030) for increase in daily
intake of 25 g of fish.
Decreases in CETP(cholesteryl ester
transfer protein) activity:
–4.8% (p = 0.028) for increase in daily
intake of 25 g of legume;
–1.6%, (p = 0.021) for increase in daily
intake of 25 g of fish.

4. Whole Grains Intake, Cardiovascular Risk Factors, and Body Weight

According to the HEALTHGRAIN Consortium definition [101], whole grain (WG)
means “the intact, ground, cracked or flaked kernel after the removal of inedible parts such
as the hull and husk. The principal anatomical components, as 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”.
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Maras et al. [102] analyzed data from the Baltimore Longitudinal Study on Aging [103]
and identified the main sources of WG as breakfast cereals (57.5%), multi-grain and whole
wheat bread (16.5%), corn chips snack type (4.2%), popcorn (3.8%), and rye bread (3.6%).

Sette et al. [104] calculated whole grain intakes in an Italian sample of 2830 adults and
older adults and of 440 children and adolescents from the INRAN-SCAI 2005–06 Study.
The main source of total WG intake among adults and older adults were bread (46%),
biscuits (20%), savory fine bakery products (15%), breakfast cereals (7%), and wheat and
other cereals (6%).

Subsequently, Ruggiero et al. [105] calculated WG intakes in a different Italian sample
of 2830 adults and older adults and of 440 children and adolescents from the Italian
Nutrition & Health Survey (INHES) Study. In this study, the major food sources of WG
among adults and older adults were bread (53.3%), biscuits (27.4%), pasta (13.1%), breakfast
cereals (4.8%), and soups (1.3%). Figure 4 summarizes the different intake of whole grain
among U.S. and Italian populations.

Figure 4. Intake of whole grain: U.S. vs. Italian population. Adapted from Ruggiero et al. [105].

There is now growing epidemiological evidence that WG exerts beneficial effects
on human health, especially concerning the metabolic profile [106]. In particular, the
consumption of WG has been associated with a reduction in cardiovascular risk factors such
as postprandial insulin, blood lipid profile, and finally, the intestinal microbiome [107–109],
as summarized in Figure 5.

Kelly et al. [110] conducted a systematic review to evaluate the effect of WG diets on
total cardiovascular mortality, cardiovascular events, and cardiovascular risk factors (blood
lipids, blood pressure). Nine randomized clinical trials (RCTs) published from 2008 to 2014
were included involving 1414 subjects. All included studies reported the effect of WG on
major CVD risk factors such as body weight, blood lipids, and blood pressure. The authors
did not find any study that clearly reported any effect of WG diets on total cardiovascular
mortality or on cardiovascular events (i.e., total myocardial infarction, unstable angina,
coronary artery bypass graft surgery, percutaneous transluminal coronary angioplasty, total
stroke). Furthermore, the authors specified that all studies involved primary prevention
populations and had an unclear or high risk of bias, and no studies had a duration of
intervention greater than 16 weeks.
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Figure 5. WG(whole grain)’s main mechanisms in reducing mortality and slowing aging.

Kirwan et al. [111] reported the results of a double-blind randomized case-control
study conducted in a sample of 40 men and women aged <50 years, with no known
history of CVD but who were overweight or frankly obese to compare the effects on body
composition and metabolism of a diet containing WG versus an energy diet with refined
grains. Each group followed the two diets for eight weeks; a washout period of 10 weeks
was interposed between the two diets. The authors described an improvement in diastolic
blood pressure (DBP) among overweight and obese adults that was >3 times greater at
the end of the feeding period with the WG diet compared to the period of consumption
of refined grains (−5.8 mm Hg, 95% CI: −7.7–−4.0 mm Hg; −1.6 mm Hg, 95% CI: −4.4–
1.3 mm Hg; p = 0.01, respectively). Regarding systolic blood pressure (SBP), the authors
did not observe any significant differences in the magnitude of reduction between WG diet
and refined-grain diet group (p = 0.80). In addition, the authors observed a lower decrease
in plasma adiponectin levels after the whole-grain diet compared with the control diet
(−0.1 μg/mL, 95% CI: −0.9–0.7; −1.4 μg/mL, 95% CI: −2.6–−0.3, p = 0.05, respectively).
The preserved total circulating adiponectin concentrations were related to the concentration
of circulating adiponectin (r = 0.35, p = 0.04).

Subsequently, Marventano et al. [112] performed a meta-analysis including 41 RCTs
to evaluate the effect of WG-containing foods on glycemic control and insulin sensitivity
in healthy individuals in the short-, medium-, and long-term by analyzing changes from
baseline fasting blood glucose and insulin levels and insulin levels by measuring the
area under the curve (iAUC). The authors showed that WG foods induced a significant
reduction in the post-prandial values of the glucose iAUC and of insulin iAUC at 120 min
by −29.71 mmol min/L and by −2.01 nmol min/L, respectively. They concluded by stating
that in healthy subjects, the consumption of WG foods improved postprandial glycemia,
insulin response as well as insulin and glucose homeostasis compared to the consumption
of refined grain derivatives. The authors suggested, as a possible mechanism that could
explain these effects of WG, both the slower digestion rate and the action produced by the
microbiome in the large intestine through the fermentation of resistant fibers and starches,
with the consequent production of short-chain fatty acids (SCFAs). These short-chain fatty
acids, once in the liver, would improve glucose homeostasis and insulin sensitivity by
increasing glucose oxidation, the reduction of fatty acid release, and by augmenting insulin
clearance [113].

In addition, Musa-Veloso et al. [114] conducted a meta-analysis on 20 full-text articles
with the aim of evaluating the effects induced by the consumption of WG wheat, WG
rice, or WG rye on postprandial glycemia by comparing the glycemic values after the
consumption of the same refined grains. They reported that a significant reduction in
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blood glucose AUC was observed only after consumption of WG rice compared to white
rice (−40.5 mmol/L × min; 95% C =−59.6–−21, 3; p < 0.001). In contrast, no significant
change in blood glucose AUC was reported, either after the consumption of whole wheat,
compared to white wheat, or after the consumption of whole-meal rye compared to refined
rye (−6.7 mmol/L × min, 95% CI = −25.1–11.7, p = 0.477; −5.5 mmol/L × min; 95%
CI = −24.8–13.8; p = 0.576, respectively).

Kirø et al. [115] analyzed data from the Diet, Cancer, and Health cohort study [116].
They reported a reduction in the risk of type 2 diabetes of 11% for men and 7% for women,
for each increase in consumption of WG (mainly rye) of 16 g/day (HR = 0.89, CI 95% = 0.87,
0.91; HR = 0.93, 95% CI = 0.91. 0.96, respectively). The highest quartile group of WG
consumption had a reduction in the risk of type 2 diabetes of 34% for men and 22% for
women (HR = 0.66, 95% CI: 0.60–0.72, p < 0.0001; HR = 0.78, 95% CI: 0.70–0.86, p < 0.0001,
respectively). The authors also observed a reduced risk of 12% type 2 diabetes mellitus for
men and 7% for women for every increase in the consumption of WG products (mainly
rye bread) 50 g/day (HR = 0.88, 95% CI = 0.86–0.90; HR = 0.93, 95% CI = 0.90–0.96,
respectively). In addition, a 37% reduction in the risk of type 2 diabetes mellitus for men
and 20% for women was observed in the highest quartile group of consumption of WG
products (HR = 0.63, CI 95%: 0.58–0.69, p < 0.0001; HR = 0.80, 95% CI: 0.72–0.88, p < 0.0001,
respectively).

Maki et al. [117] performed a meta-regression analysis of cross-sectional data from
12 observational studies involving 136,834 subjects, and a meta-analysis of nine RCTs
(WG versus controls) that involved 973 subjects to examine the relationship of WG intake
with body weight; they also qualitatively reviewed six prospective cohort publications.
The meta-regression analysis from cross-sectional studies indicated a significant inverse
correlation between WG intake and body mass index (BMI) (r = −0.526, p = 0.0001). The
review of the results of the qualitative analysis from the prospective cohort studies, with
a follow-up period from five to 20 years, showed an inverse correlation between WG
consumption and body weight change. Meta-analysis of RCTs, with a length from 12 to
16 weeks, did not show any significant difference in weight change (standardized mean
difference = −0.049 Kg; 95% CI = −0.388–0.199; p = 0.698).

The discordant results are easily explained by the short duration of some of the
studies. Twelve or even 16 weeks is too short a period to observe a significant reduction
in cardiovascular events and mortality. The most significant results were observed in
long-term prospective studies. This further reinforces the key concept that the intake of
WGs should not be compared to taking a drug therapy, which in any case has effects in the
short- and medium-term. The intake of WG in the diet must be contextualized, and the
above evidence confirms it as part of a healthy diet.

All studies are summarized in Table 4.

Table 4. Whole grains(WG) intake, cardiovascular risk factors and body weight.

Author and Year of
Publication

Study Design Duration of Study Sample Size
Effect of WG Intake on Cardiovascular Risk Factors and Body

Weight

Kelly, 2017 [110] Meta-analysis
of RCTs

Duration of studies:
12 to 16 weeks

1414 subjects from 9
RCTs

Total CVD mortality and CVD events: Authors did not find any
studies that reported significative effects of WG foods on total
cardiovascular mortality or cardiovascular events.
CVD risk factors (mean difference, MD; 95% CI):
Body weight change (kg) = (MD −0.41; 95% CI = −1.04–0.23);
BMI = (MD −0.12; 95% CI = −0.24–0.01);
Total cholesterol (mmol/L) = (MD 0.07; 95% CI = −0.07–0.21);
LDL cholesterol (mmol/L) = (MD 0.06; 95% CI = −0.05–0.16);
HDL cholesterol (mmol/L) = (MD −0.02; 95% CI = −0.05–0.01);
Triglycerides (mmol/L) = (MD 0.03; 95% CI = −0.08–0.13);
SBP(systolic blood pressure) (mmHg) (MD 0.04; 95%
CI = −1.67–1.75);
DBP(diastolic blood pressure) (mmHg) (MD 0.16; 95%
CI = −0.89–1.21).
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Table 4. Cont.

Author and Year of
Publication

Study Design Duration of Study Sample Size
Effect of WG Intake on Cardiovascular Risk Factors and Body

Weight

Kirwan, 2016 [111]

Double-blind,
randomized,

controlled
crossover study

Duration of study: 8
weeks, with a 10
weeks washout
period between

diets

33 overweight or
obese men and

women.

Body weight:
No significant difference between WG vs. control diets.
SBP:
No significant difference between WG vs. control diets (p = 0.80).
DBP: WG vs. control diet = (−5.8 mm Hg (95% CI = 27.7–24.0) vs.
−1.6 mm Hg (95% CI = 24.4–1.3 mm Hg), p = 0.01.
Total Cholesterol and LDL Cholesterol:
No significant difference between WG vs. control diets
HbA1c (glycated hemoglobin):
WG diet significantly lowered HbA1c (p = 0.04)
FPI (fasting plasma insulin):
WG diet significantly lowered FPI (p = 0.02)
Adiponectin:
WG vs. control diet = −0.1 mg/mL (95% CI = −0.9–0.7) vs. −1.4
mg/mL (95% CI = −2.6–−0.3), p = 0.05.

Marventano, 2017 [112] Meta-analysis
of RCTs

Where available,
AUC(area under the
curve) values range
from 0 to 240 min

206 subjects from 14
RCTs

Changes from baseline in glucose iAUC values at 120 min (MD;
95% CI):
MD = −29.71 mmol x min/L; 95% CI = −43.57–−15.85
Changes from baseline in insulin iAUC values at 120min (MD;
95% CI):
MD = −2.01 nmol x min/L; 95% CI = −2.88–−1.14

Musa-Veloso, 2018 [114] Meta-analysis
of RCTs

Where available,
AUC values range
from 0 to 120 min

274 subjects from 20
RCTs

Postprandial blood glucose AUC of WG vs. refined wheat, rice, or
rye:
WG vs. white wheat: AUC = −6.7 mmol/L × min; 95%
CI = −25.1–11.7; p = 0.477.
WG vs. endosperm rye: AUC = −5.5 mmol/L × min; 95%
CI = −24.8–13.8; p = 0.576.
WG vs. white rice: AUC = −40.5 mmol/L × min; 95%
CI = −59.6–−21.3; p < 0.001.

Kirø, 2018 [115] Prospective
Cohort Study

Median follow-up:
15 years

55,565 subjects
(26,251 men, 29,214
women) from the
Diet, Cancer, and

Health Cohort

Increment of 16 g/day of WG intake and risk of type 2 diabetes:
Men: HR = 0.89, 95% CI = 0.87, 0.91
Women: HR = 0.93, 95% CI = 0.91. 0.96
Highest vs. lowest quartile of WG intake and risk of type 2
diabetes:
Men: HR = 0.66, 95% CI: 0.60–0.72, p < 0.0001
Women: HR = 0.78, 95% CI: 0.70–0.86, p < 0.0001
Increment of 50 g/day of WG intake and risk of type 2 diabetes:
Men: HR = 0.88, 95% CI = 0.86–0.90
Women: HR = HR = 0.93, 95% CI = 0.90–0.96
Highest vs. lowest quartile of WG intake and risk of type 2
diabetes:
Men: HR = 0.63, 95% CI: 0.58–0.69, p < 0.0001
Women: HR = 0.80, 95% CI: 0.72–0.88, p < 0.0001

Maki, 2019 [117]

Meta-analysis
of

observational
studies and

RCTs

Mean duration of 3
prospective

cohort studies: 8
years.

Mean duration of 9
cross-sectional
studies: 5 years.

Mean duration of 9
RCTs: 90 days

136,834 subjects
from 12

observational
studies (3

prospective
cohort studies and 9

cross-sectional
studies) and 973

subjects from 9 RCTs

Meta-Regression Analysis from Cross-Sectional Studies: Inverse
correlation between WG consumption and BMI (r = −0.526,
p = 0.0001)
Qualitative Analysis from Prospective Cohort Studies:
Inverse association between WG consumption and weight change,
with a follow-up period from 5 to 20 years
Meta-Regression of RCTs: No significant difference between WG
consumption and weight change (standardized MD = −0.049 Kg;
95% CI = −0.388–0.199; p = 0.698)

5. Whole Grains Intake and Reduction of Mortality

Accumulating evidence indicates that high intake of WG decreases the risks of mortal-
ity from all causes, CVD, and cancer in the general population.

Ma et al. [118] conducted a meta-analysis of prospective cohort studies involving
843,749 subjects and 101,282 deaths to quantify the association between WG intake and
all-cause mortality. They showed that high WG intake was associated with a reduction of
18% for all-cause mortality risk (RR = 0.82, 95% CI = 0.78–0.87). In addition, the authors
reported a 7% reduction in the risk of mortality from all causes for each increment of
16 g/day of WG consumption (RR = 0.93, 95% CI = 0.89 to 0.97).

A subsequent interesting meta-analysis by Zong et al. [119] involving 786,076 subjects
with 97,867 total deaths confirmed the association between WG intake and reduction in
mortality. The authors showed that a high WG intake was associated with a significative
reduction in total mortality, CVD mortality, and cancer mortality (RR = 0.84, 95% CI = 0.80–
0.88, p < 0.001; RR = 0.82, 95% CI = 0.79–0.85, p < 0.001; RR = 0.88, 95% CI = 0.83–0.94,
p < 0.001, respectively). The authors also estimated that each serving/day increase in WG
intake was associated to a reduction of 7% for total mortality (RR = 0.93, 95% CI = 0.92–
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0.94), 9% for CVD mortality (RR = 0.91, 95% CI = 0.90–0.93), and 5% for cancer mortality
(RR = 0.95, 95% CI = 0.94–0.96).

The meta-analysis by Wei et al. [120] involving 816,599 subjects with 89,251 all-cause
deaths, 23,280 CVD deaths, and 35,189 cancer deaths obtained similar results. The authors
found that a high WG intake was associated with a signification reduction in risk (summary
relative risk, SRR) for total mortality, CVD mortality, and cancer mortality (SRR = 0.87,
95% CI = 0.84–0.90; SRR = 0.81, 95% CI = 0.75–0.89; SRR = 0.89, 95% CI = 0.82–0.96,
respectively). The dose-response analysis showed a reduction in overall mortality risk of
19% as well as a reduction of CVD mortality risk and cancer mortality risk of 26% and 9%,
respectively (SRR = 0.81, 95% CI = 0.76–0.85; SRR = 0.74, 95% CI = 0.66–0.83; SRR = 0.91,
95% CI = 0.84–0.98), for every three servings/day increase in WG consumption.

Furthermore, a meta-analysis conducted by Aune et al. [36] confirmed the association
between WG intake and reduction of mortality. The meta-analysis was performed on
45 prospective studies involving 245,012 to 705,253 participants with 7068 cases of coronary
heart disease, 2337 cases of stroke, 26,243 cases of cardiovascular disease, 34,346 deaths
from cancer, and 100,726 all cause deaths. In their study, the authors found that a high WG
intake was associated with a signification reduction in CHD (RR = 0.79, 95% CI = 0.73–0.86),
stroke (RR = 0.87, 95% CI = 0.72–1.05), and CVD (RR = 0.84, 95% CI = 0.80–0.87). The
authors also reported a reduction in the risk of CHD, stroke, and CVD respectively of 19%
(RR = 0.81, 95% CI = 0.75–0.87), 12% (RR = 0.88, 95% CI = 0.75–1.03), and 22% (RR = 0.78,
95% CI = 0.73–0.85) for each increase of 90 g/day (three servings/day) of the consumption
of WG. In addition, the authors estimated that a high WG intake was associated with a
signification reduction in mortality risk for CHD (RR = 0.65, 95% CI = 0.52–0.83), stroke
(RR = 0.85, 95% CI = 0.64–1.13), CVD (RR = 0.81, 95% CI = 0.75–0.87), cancer (RR = 0.89, 95%
CI = 0.82–0.96), and mortality for all-cause (RR = 0.82, 95% CI = 0.77–0.88). In particular,
a reduced risk of coronary heart disease, stroke, CVD, cancer and overall mortality was
observed by 19% (RR = 0.81, 95% CI = 0.74–0.89), 14% (RR = 0.86, 95% CI = 0.74–0.99), 29%
(RR = 0.71, 95% CI = 0.61–0.82), 15% (RR = 0, 85, 95% CI = 0.80–0.91), and 17% (RR = 0.83,
95% CI = 0.77–0.90), respectively, for each increase in consumption of 90 g/day (three
portions/day) of WG.

Another meta-analysis performed by Benisi-Kohansal et al. [121] involving 2,282,603
participants from 20 prospective cohort studies further confirmed the association between
WG intake and reduction in mortality. Authors found that higher consumption of WG
was associated with a reduction in overall mortality (RR = 0.87; 95% CI = 0.84–0.91),
CVD mortality (RR = 0.84; 95% CI = 0.78–0.89), and cancer mortality (RR = 0.94; 95%
CI = 0.91, 0.98). The authors also estimated a reduction of overall mortality, CVD, and
cancer mortality of 17% (SRR = 0.83; 95% CI = 0.79–0.88), 25% (SRR = 0, 75; 95% CI = 0.68–
0.83) and 10% (SRR = 0.90; 95% CI = 0.83–0.98), respectively, for each additional three
servings/day (90 g/day) of the consumption of WG.

A further confirmation of the beneficial effects of WG consumption on the reduction
of overall mortality risk as well as CVD and cancer mortality risk was provided by Zhang
et al. [122], which conducted a meta-analysis on 19 prospective cohort studies involving
1,041,692 subjects. The authors confirmed the relationship between a high intake of WG
and the risk reduction of all-cause mortality (RR = 0.84; 95% CI = 0.81–0.88). The authors
also confirmed that higher WG consumption was related with a reduction in mortality risk
for both CVD (RR = 0.83; 95% CI = 0.79–0.86) and for cancer (RR = 0.94; 95% CI = 0.87–1.01).
After performing the dose-response analysis, the author estimated that each serving/day
intake of whole grain could reduce the overall mortality by 9% (RR = 0.91; 95% CI = 0.90–
0.93), CVD mortality by 14% (RR = 0.86; 95% CI = 0.83–0.89), and cancer mortality by 3%
(RR = 0.97; 95% CI = 0.95–0.99).

This latest evidence on the reduction in total cardiovascular mortality and even of
mortality from neoplastic disease obtained from long-term perspective studies, further
confirms the key concept that the benefits of taking WG cannot be interpreted as the
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beneficial effect of an isolated nutrient, but must be contextualized as part of a healthy diet
in a healthy lifestyle. All studies are reported in Table 5.

Table 5. Whole grains(WG) intake and reduction of mortality.

Author and Year
of Publication

Study Design
Duration of

Study
Sample Size Highest vs. Lowest Whole Grains Intake and Reduction of Mortality

Ma, 2016 [118]
Meta-analysis of

prospective
cohort studies

Median follow-up
time: 5.9 to 26

years

809,901 subjects
(99,224 deaths)

from 10
prospective

cohort studies

WG intake and all-cause mortality:
RR = 0.82; 95% CI = 0.78–0.87
Increment of 1 serving/day of WG intake and all-cause mortality risk:
RR = 0.93; 95% CI = 0.89–0.97

Zong, 2016 [119]
Meta-analysis of

prospective
cohort studies

Median follow-up
time: 6 to 28 years

786,076 subjects
(97,867 deaths)

form 14
prospective

cohort studies

WG intake and all-cause death:
RR = 0.84; 95% CI = 0.80–0.88; p < 0.001
WG intake and death from CVD:
RR = 0.82; 95% CI = 0.79–0.85; p < 0.001
WG intake and death from cancer:
RR = 0.88; 95% CI = 0.83–0.94; p < 0.001
Increment of 1 serving/day of WG intake and total mortality risk:
RR = 0.93; 95% CI = 0.92–0.94
Increment of 1 serving/day of WG intake and CVD mortality risk:
RR = 0.91; 95% CI = 0.90–0.93
Increment of 1 serving/day of WG intake and cancer mortality risk:
RR = 0.95; 95% CI = 0.94–0.96

Wei, 2016 [120]
Meta-analysis of

prospective
cohort studies

Median follow-up
time: 14 years

(range:
5.5–26 years)

816,599 subjects
(89,251 deaths)

form 11
prospective

cohort studies

WG intake and all-cause death:
SRR = 0.87; 95% CI = 0.84–0.90
WG intake and death from CVD:
SRR = 0.81; 95% CI = 0.75 – 0.89
WG intake and death from cancer:
SRR = 0.89; 95% CI = 0.82 – 0.96
Increment of 3 serving/day of WG intake and total mortality risk:
SRR = 0.81; 95% CI = 0.76 – 0.85
Increment of 3 serving/day of WG intake and CVD mortality risk:
SRR = 0.74; 95% CI = 0.66 – 0.83
Increment of 3 serving/day of WG intake and cancer mortality risk:
SRR = 0.91; 95% CI = 0.84 – 0.98

Aune, 2016 [36]
Meta-analysis of

prospective
cohort studies

Follow-up time
range: 3–26 years

245,012 to 705,253
subjects (34,346

deaths from
cancer; 100,726

deaths from any
cause) from 45

prospective
studies

WG intake and death from CHD:
RR = 0.65; 95% CI = 0.52–0.83
WG intake and death from Stroke:
RR = 0.85; 95% CI = 0.64–1.13
WG intake and death from CVD:
RR = 0.81; 95% CI = 0.75–0.87
WG intake and death from cancer:
RR = 0.89; 95% CI = 0.82–0.96
WG intake and all-cause death:
RR = 0.82; 95% CI = 0.77–0.88
Increment of 3 serving/day of WG intake and total CHD mortality risk:
RR = 0.81; 95% CI = 0.74–0.89
Increment of 3 serving/day of WG intake and Stroke mortality risk:
RR = 0.86; 95% CI = 0.74–0.99
Increment of 3 serving/day of WG intake and CVD mortality risk:
RR = 0.71; 95% CI = 0.61–0.82
Increment of 3 serving/day of WG intake and cancer mortality risk:
RR = 0.85; 95% CI = 0.80–0.91
Increment of 3 serving/day of WG intake and all-cause mortality risk:
RR = 0.83; 95% CI = 0.77–0.90

Benisi-Kohansal,
2016 [121]

Meta-analysis of
prospective

cohort studies

Follow-up time
range: 5.5–26

years

2,282,603 subjects
from 20

prospective
cohort studies

WG intake and all-cause death:
RR = 0.87; 95% CI = 0.84–0.91
WG intake and death from CVD:
RR = 0.84; 95% CI = 0.78–0.89
WG intake and death from cancer:
RR = 0.94; 95% CI = 0.91, 0.98
Increment of 3 serving/day of WG intake and total all-cause mortality risk:
SRR = 0.83; 95% CI = 0.79–0.88
Increment of 3 serving/day of WG intake and CVD mortality risk:
SRR = 0.75; 95% CI = 0.68–0.83
Increment of 3 serving/day of WG intake and cancer mortality risk:
SRR = 0.90; 95% CI = 0.83–0.98

Zhang, 2018 [122]
Meta-analysis of

prospective
cohort studies

Follow-up time
range: 4–26 years

1,041,692 subjects
(96,710 deaths)

from 19
prospective

cohort studies

WG intake and all-cause death:
RR = 0.84; 95% CI = 0.81–0.88
WG intake and death from CVD:
RR = 0.83; 95% CI = 0.79–0.86
WG intake and death from cancer:
RR = 0.94; 95% CI = 0.87–1.01
Increment of 1 serving/day of WG intake and total all-cause mortality risk:
RR = 0.91; 95% CI = 0.90–0.93
Increment of 1 serving/day of WG intake and CVD mortality risk:
RR = 0.86; 95% CI = 0.83–0.89
Increment of 1 serving/day of WG intake and cancer mortality risk:
RR = 0.97; 95% CI = 0.95–0.99
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It is therefore evident that a high intake of WG, vegetables, fruits, nuts, and coffee is
associated with a reduced risk of mortality whereas a high intake of red and processed
meat is related to a higher mortality risk. High-quality diets such as MD are associated
with a reduced risk of all-cause mortality [123].

Few studies relate the effects of a diet high in fibers on gastrointestinal function,
glycemic or lipid metabolism, or on body weight [124]. Gopinath et al. [125] examined the
relationship between total dietary carbohydrate intake, glycemic index (GI), glycemic load
(GL), and fiber intake, with the state of successful aging [3,4] and with mortality risk, for
a follow-up period of 10 years in a cohort of 1609 adults from The Blue Mountains Eye
Study [126]. The authors showed that higher intake of total fiber, and particularly vegetable
fibers and fruit fibers, was associated with greater odds of successful aging (OR = 1.79, 95%
CI = 1.13–2.84; OR = 1.26, 95% CI = 0.83–1.91; OR = 1.81, 95% CI = 1.15–2.83, respectively).

Nevertheless, there have been a small number of studies examining the effect of WG
on outcomes other than cardio-metabolic function or gastro-enteric function, or glycemic
or lipid metabolism, or body weight. For example, there are very few studies analyzing the
effect of WG in the diet on aging.

In this regard, Foscolou et al. [127] conducted an interesting study on a sample of 3349
elderly subjects from the ATTICA study and from the MEDIS study [36,128], both aimed to
assess the association between WG intake with the diet and successful aging, and evaluated
with the successful aging index (SAI) [129]. By applying the linear regression models, the
authors observed a significant association between low vs. high intake of WG and SAI
(b ± SE = −0.278 ± 0.091, p = 0.002). They did not observe any significant association
between low vs. moderate WG intake and SAI (b ± SE = 0.010 ± 0.083, p = 0.901), and
between moderate vs. high WG intake and SAI (b ± SE = −0.178 ± 0.095, p = 0.062).

6. Reduction of Protein to Carbohydrates Ratio Influence Aging and Lifespan

There is a consensus among gerontology researchers that dietary interventions can
slow down aging, that is, prevent or delay the onset of numerous age-related chronic
diseases [130–132]. The study of the relationship between nutrition and healthy aging
has increasingly become a subject of great interest. Caloric restriction (CR), avoiding
malnutrition, is the most studied dietary intervention known to extend life in many organ-
isms [133–135]. To date, CR has been the focus of most non-genetic nutritional interventions.
CR has been shown to improve several markers of health [136,137]. Fasting is the most
extreme of the CR interventions, which requires the complete elimination of nutrients.
Indeed, one of the more evaluated forms of fasting in both rodent and human studies is
intermittent fasting [IF]. IF reduces body weight, body fat, and particularly abdominal
fat, plasma insulin concentrations in both men and women, and reduces blood pressure,
improving insulin sensitivity and lipid profile [138–140].

As reported by de Cabo and Mattson [141], cells exposed to fasting produce an adap-
tive stress response that leads to an increased expression of the antioxidant defenses, DNA
repair, and control of protein quality, mitochondrial biogenesis, and autophagy, and down-
regulation of inflammation. In particular, the cell in intermittent fasting regimen showed a
better and stronger resistance to a wide range of potentially harmful insults that involve
metabolic, oxidative, ionic, traumatic, and proteotoxic stress. The protective effects of
intermittent fasting are mediated by the stimulation of autophagy and mitophagy and by
the inhibition of the mTOR (mammal target of rapamycin) protein synthesis pathway [142].
These responses allow cells to remove damaged proteins and mitochondria from oxidation
and to recycle the molecular constituents not damaged by temporarily reducing the overall
protein synthesis to conserve energy and molecular resources. In humans, intermittent
fasting interventions induce health benefits than can largely be attributed to simply reduc-
ing caloric intake. These benefits are due to the loss of fat mass, and consequently to the
decrease in fasting insulin levels and to the increase in insulin sensitivity, resulting in a
decrease of insulin resistance, dyslipidemia, hypertension, and a pro-inflammatory state
typical of advanced age. Nevertheless, the IF needs medical supervision as it may cause
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serious adverse effects in patients with extremely low BMI or between the frail and elderly
patients [132].

Further evidence has suggested that macronutrient balance, rather than simple calorie
restriction, plays a more important role in extending lifespan [143–145]. That is, modulating
protein and carbohydrate intake, rather than simplistically reducing the entire energy
intake, may offer a more feasible nutritional intervention in humans [146]. That is, it has
become clear that specific nutrients and nutritional balance (i.e., the result of interactions
between nutrients) play an important role in the biology of aging.

The “Geometric Framework for Nutrition” (GNF) [147,148] is a method developed
in nutritional ecology with the purpose of understanding the nutritional interactions of
animals with their environments by explicitly distinguishing the roles of calories, individual
nutrients, and nutrient balance. In this model, the nutritional requirements of an animal
can be schematized in a two-dimensional or three-dimensional Cartesian space, called the
nutrient space. The axes that define this space each represent a functionally important
food component, for example, proteins, carbohydrates, and fats. The intake target (IT)
represents the balance and quantity of functional nutrients for regulatory mechanisms
(e.g., proteins and carbohydrates). The animal can reach the IT if appropriate foods are
available. As shown in Figure 6, foods are represented by radials or nutritional tracks (T),
which are projected into the space between nutrients according to angles determined by the
ratio of the nutrients they contain. The animal can reach its target state by selecting Food
1, which is nutritionally balanced with respect to its target, or by mixing its intake with
nutritionally complementary foods (Food 2 and Food 3). Therefore, when on the T1, the
animal is unbalanced toward Food 2, that is, off course with respect to its target; however,
it can get closer to the target by approaching Food 3, then passing into T2, and a further
passage to Food 2 brings it closer to its nutrition target.

Figure 6. Dietary imbalance in nutritional geometry. Adapted from Raubenheimer et al. [148].

In this regard, basic research studies conducted on Drosophila have shown that
longevity was maximal when the diet included a 1:16 ratio of proteins to carbohydrates,
while reproductive capacity, measured in insects through egg production, was maximum
with a ratio of proteins and carbohydrates between 1:2 and 1:4. This increased lifespan
observed with a low-protein diet was attributed to a reduction in initial mortality and a
delayed acceleration of age-dependent mortality [149,150]. Further studies conducted on
male decorated crickets have confirmed that a low protein and high carbohydrate diet
could induce higher immune functions and consequently lower mortality [151]. Similar
results were observed in studies conducted on Gasterosteus aculeatus, or stickleback fish,
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where a significant increase in lifespan was observed in fish with a diet with a lower protein
content than carbohydrates, as opposed to an increased reproductive capacity observed in
a diet higher in protein than carbohydrates [152].

Evidence showed that these models of a low protein, high carbohydrate diet would
induce a reduced TOR signaling [145,153]. In this regard, Senior et al. [154] examined
data from the Solon-Biet study [145] to evaluate how the macronutrient content in the
diet could influence life expectancy and mortality in a sample of mice. They showed that
the mouse’s self-selected diet, which was composed of 22% protein, 47% carbohydrate,
and 31% fat, with a protein–carbohydrate ratio lower than one, was associated with a
long-life expectancy, low mortality in early and middle age, and high mortality in old
age. In contrast, a diet rich in proteins or fats relative to carbohydrates produces low life
expectancy with high mortality rates across all age classes.

There are no studies on humans that have applied nutritional geometry. However,
the great longevity of populations from Sardinia in Italy or from Okinawa in Japan is
well known as is the generally low mortality of the populations of the Mediterranean
basin who follow a traditional Mediterranean diet [6,7,16]. The explanation for this high
life expectancy lies in traditional eating habits, both in the Mediterranean diet and in the
Okinawan diet, which are rich in carbohydrates taken with cereals (wheat or rice) or its
derivatives and with low protein content, with a protein/carbohydrate ratio for both diets
of about 1:10 [155].

Regarding protein intake, Pedersen et al. [156] conducted an interesting review that
aimed to assess the health effects of protein intake in healthy adults. The 64 papers that
were included in the study were classified according to the grade of evidence as “convinc-
ing”, “probable”, “suggestive”, or “inconclusive”. The authors assessed as “suggestive”
the evidence regarding the increased risk of all-cause mortality in relation to a low car-
bohydrates high protein (LCHP) diet, where total protein intake of at least 20–23% of
total energy; they also assessed as “suggestive” the evidence concerning relations between
vegetable protein intake and low risk of cardiovascular mortality.

With regard to the carbohydrates, it is known that molecules are essential for many
cellular processes, mainly for the production of energy, after having been converted into
glucose by the cells. Furthermore, high blood glucose levels are known to be responsible
for the progression of chronic diseases such as diabetes mellitus. More importantly, glucose
is one of the most studied nutrient molecules, influencing lifespan in various model
organisms. For example, diets enriched with glucose reduce lifespan in Caenorhabditis
elegans by inhibiting the insulin/IGF-1 (IIS) signaling pathway. Diets enriched with glucose
act by inhibiting DAF-16/FOXO, HSF-1, and SKN-1/nuclear factor erythroid-related factor
(NRF), which regulate the expression of several target genes in the IIS pathway. Treatments
with high glucose content also produce negative effects of aging on human endothelial
progenitor cells (EPCs) and fibroblasts. In these human cells, elevated glucose treatment
accelerates various aging-related phenotypes through the activation of the p38 mitogen-
activated protein kinase (MAPK). High-glucose treatments induce downregulation of
sirtuins; this leads to a reduction in FOXO activity and accelerates cellular senescence. In
these glucose-rich conditions, we observed in the EPC some cellular aging phenotypes such
as increased levels of b-gal staining SA, reduced cell proliferation, irregular morphology,
and increased levels of ROS [150].

Regarding the relation between dietary carbohydrate intake and mortality, Seidel-
mann [157] conducted a prospective cohort study aimed at investigating the association of
carbohydrate intake with mortality and residual life span in a large cohort of adults from
the risk of community atherosclerosis (ARIC), which involved 15,428 subjects with a 25-year
follow-up. The authors also investigated whether the replacement of carbohydrates with
animal or vegetable sources of fats and proteins changed the observed associations. As a
benefit of the study, they combined their findings with data from seven studies from North
America, Europe, Asia, and multinationals involving 432,179 participants to contextualize
all findings in a meta-analysis. The author showed that an increased risk of mortality was
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related to low carbohydrate consumption (low versus moderate carbohydrate consump-
tion: HR = 1.20; 95% CI = 1.09–1.32; p < 0.0001) and high carbohydrate consumption (high
versus moderate carbohydrate consumption: HR = 1.23; 95% CI = 1.11–1.36; p < 0.0001).
After exploring the association between mortality and alternative source of fat and pro-
tein to carbohydrate intake, the authors found that increasing the protein and animal fat
intake instead of carbohydrates was associated with a significantly increased mortality risk
(HR = 1.18; 95% CI = 1.08–1.29; p < 0.0001). Alternatively, an increased intake of protein
and vegetable fats instead of carbohydrates has been related to a significant reduction in
mortality risk (HR = 0.82; 95% CI = 1.78–1.87; p < 0.0001). In conclusion, the authors stated
that a diet with a low carbohydrate content, in which carbohydrates are replaced with fat
and protein mainly of plant origin, might be associated with a higher life expectancy and a
long-term approach could be considered to promote healthy aging. It would be simplistic,
in fact, if we wanted to evaluate the effects of nutrition on aging and longevity, consider
separately the intake of proteins or carbohydrates, or extrapolate from the context caloric
intake total daily, for example, by simply reducing energy intake.

7. Discussion

The application of the GNF method to study the effects of macronutrients and caloric
intake on aging and lifespan has allowed us to understand that not the single nutrient but
the interaction between macronutrients affects age-related health and lifespan. Animal
model studies, which applied the GNF method, have shown that a low-protein, high-
carbohydrate diet increases lifespan in many species. These studies were performed
using ad libitum feeding regimes, which considered the eating behavior in a not strictly
organized environment (i.e., less artificial), which produces more reliable results, if we
want to translate them into human populations. Food intake is recorded so that diet content
and calorie and macronutrient intake can be assessed [158]. All these studies have shown
that longer lifespans are generated by diets low in protein and high in carbohydrates
(low protein high carbohydrates, LPHC diet) where the optimal ratio of protein and
carbohydrates is about 1:10, with the protein content of diet about 10% or less. All these
studies have also shown that simple reduced caloric intake has no effect or negative effect
on lifespan, which is clearly in contrast to many previous studies on CR.

Although CR overall has shown established benefits for health and aging, this model
is not readily feasible in practice in both humans and animals that have free access to
food. In contrast, alternative dietary models such as the LPHC diet, which allow ad
libitum access to food, are more likely to be feasible as health interventions. Comparing
the results of LPHC diets with those of caloric restriction, we can find similarities such as
the reduction of insulin and inactivation of mTOR, and differences, the most interesting of
those concerning mitochondrial biogenesis between cellular mechanisms concerning aging
and life span [159]. Interestingly, LPHC diets are associated with reduced mitochondrial
number and reduced expression of the master regulator of mitochondrial biogenesis,
peroxisome proliferator-activated receptor gamma coactivator 1-alpha [PGC-1α], unlike
CR, where there is an increase in the number of mitochondria associated with a greater
expression of PGC-1α.

The concept of “mythormesis” could explain the paradox that both LPHC and CR
diets increase lifespan but induce opposite effects on mitochondria. After postulating
that low levels of oxidative stress induce the activation of systemic defense mechanisms
beneficial for aging such as the activation of endogenous antioxidant enzymes, LPHC diets
can increase the production of hydrogen peroxide sufficiently to generate hormetic benefits
without producing mitochondrial damage.

It is now an irrefutable fact that a healthy lifestyle during a younger age, which
includes consuming healthy foods in an amount appropriate to both health and physical
activity, smoking cessation, and even taking moderate amounts of alcohol, prepares for
successful aging. It is also an irrefutable fact that one of the main factors in increasing the
average life span in the last two centuries has been the improvement in the nutritional status
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of the population. In contrast, a poor-quality diet is still the main risk factor of mortality,
but above all, of disability in older age, even in developed and wealthy nations [160].

The most recent evidence has shown that diets that are rich in low glycemic index
carbohydrates, combined with low amounts of proteins, are optimal to determine a longer
and healthier life expectancy. In addition, diets that combine high amounts of refined,
starch rich, high glycemic index carbohydrates with high contents of animal-derived
proteins and fats determine a higher mortality rate, especially from CVD [161–164].

Dietary patterns that demonstrated greater adherence to diets that emphasized fruit
and vegetables, WG rather than refined grains, low-fat dairy, lean meats, legumes, and
nuts were inversely associated with mortality [165,166]. We already know that adherence
to a diet pattern such as the traditional MD [6] was associated with a reduction in overall
mortality, coronary heart disease, and cardiovascular disease. An overall high-quality
diet that emphasizes a high consumption of polyunsaturated and monounsaturated fatty
acids, raw vegetables, dairy, legumes, low-fat lean meats fat, fresh fish, bread (especially
whole-grain bread), and wine in moderation, has been inversely associated with overall
mortality, especially in the elderly [167,168]. In addition, a healthy diet of high quality can
increase the number of years without disease and without disabilities [169]. Evidence also
suggests that higher adherence to a dietary pattern that includes mainly legumes, fruit,
vegetables, cereals, bread, olive oil, and dairy products, more occasionally meat, fish, and
seafood, is associated with lower risk of becoming frail in old age [170]. In contrast, an
eating style characterized by a high consumption of refined cereals has been associated
with a greater risk of total mortality, especially mortality from major CVD [171].

Concerning protein intake, an established dietary bias is that older people need to
obtain more protein with their diet, even though they are not malnourished. The main
objective of this advice is to first prevent sarcopenia, then to maintain a good state of
health, which allows for the prevention of malnutrition, improving wound healing and
faster recovery from acute illness [167]. Instead, these recommendations are in contrast
with the results of basic research on animal models and with the results of observational
studies on population cohorts, which on the contrary have shown that a low-protein,
high-carbohydrate diet (LPHC) can delay aging and extend lifespan [123,133,142,159,172].

Residents of the Japanese island of Okinawa and people living in the central-eastern
mountainous area of the Italian island of Sardinia [173,174], although so distant, share a
unique characteristic: both populations show one of the highest concentrations of cente-
narians in the world, whose ages have been carefully validated. Several factors contribute
to the exceptional longevity of these populations. Among these are a moderate caloric
intake that is never excessive, a high quality of food, constant physical activity, and genetic
predisposition.

Regarding centenarians in Okinawa, their dietary energy intake comes from 85%
carbohydrates and only 9% from proteins. [175]. Furthermore, the ratio of proteins to
carbohydrates is extremely low [1:10], like what has been discovered to optimize lifespan
in aging studies in animal models [159].

Concerning Sardinian centenarians [174], the consumption of sourdough bread, which
is prepared from WG with a microbial yeast containing lactobacilli called “mother yeast”,
with chemical and physical characteristics quite different from bread bought from the
ovens, and a plant soup called “minestrone” containing fresh vegetables (onions, fennel,
carrots, celery) and legumes (beans, broad beans, peas) is very widespread. Honey was
generally used as a sweetener. Meat consumption does not exceed 2–4 portions per month.
As for the consumption of dairy products, these people make extensive use of ricotta (whey
cheese and dry curd), both goat and sheep, rather than mature cheese, and a local fresh
sour cheese called “casu axedu” in the local dialect, which is rich in lactobacilli.

Indeed, the consumption of sourdough bread is very widespread in the traditional
MD in southern Italy. This type of bread can reduce blood glucose and postprandial insulin
levels by 25%, thus being able to preserve the function of pancreatic insulin-secreting cells
and prevent obesity and diabetes [176].
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Other predisposing health promoting factors between both people from Sardinia and
from Okinawa are physical activity, low stress levels, and strong community support. We
have already stated [177] that the benefits of MD should not be simply attributed to the high
content of fiber, antioxidants, and proteins of vegetable origin. Nevertheless, it should be
reiterated that the benefits of MD should be considered as part of a cultural context where
food, together with the convivial aspect, is part of a “Mediterranean” lifestyle [178,179].

8. Conclusions

Longevity is the result of a multifactorial phenomenon that also involves nutrition.
Among the main causes of the increase in lifespan in the last two centuries, we certainly
recognize that the improvement in the nutritional status [180–182], while paradoxically
an energy-intensive diet but of low nutritional quality widespread in the last century in
developed countries, represents the main risk factor for mortality and disability [160].
Many studies have shown that a higher consumption of proteins and fats is related to
a reduction in life expectancy, while high intake of low glycemic index carbohydrates
from WG might play a protective role. Indeed, evidence shows that regular WG intake
reduces the risks of cardiovascular disease and stroke, hypertension, metabolic syndrome,
and diabetes as well as several forms of cancer [183]. Furthermore, more recent evidence
shows that, instead of simply reducing overall calorie intake, ad libitum access to foods
as part of a low-protein, high-carbohydrate diet extends lifespan. In conclusion, a high
healthy life expectancy is the result of several factors. The most important undoubtedly
include a healthy lifestyle with continuous physical activity, abstention from smoking, and
intake of moderate quantities of alcohol, combined with a healthy diet in close symbiosis
with lifestyle. In particular, optimizing caloric intake in relation to physical activity and
age-related changes in metabolism, regular intake of whole-grain derivatives, together
with the optimization of the protein/carbohydrate ratio in the diet, where the ratio is
significantly lower than 1 such as in the traditional MD and the Okinawa diet, increases
healthy life expectancy by reducing the risk of developing CVD and aging-related diseases.
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