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Lidvine Godaert

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Guest Editors

Moustapha Dramé
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Evaluation of a Dietary Supplementation Combining Protein
and a Pomegranate Extract in Older People: A Safety Study
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Louise Deldicque 1,2,*
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1348 Louvain-la-Neuve, Belgium

2 Institute of Neuroscience, Université Catholique de Louvain, 1348 Louvain-la-Neuve, Belgium
* Correspondence: louise.deldicque@uclouvain.be

Abstract: Malnutrition is a highly prevalent condition in older adults. It is associated with low muscle
mass and function and increased occurrence of health problems. Maintaining an adequate nutritional
status as well as a sufficient nutrient intake in older people is therefore essential to address this public
health problem. For this purpose, protein supplementation is known to prevent the loss of muscle
mass during aging, and the consumption of various pomegranate extracts induces numerous health
benefits, mainly through their antioxidant properties. However, to our knowledge, no study has to
date investigated the impact of their combination on the level of malnutrition in older people. The
objective of this preliminary study was thus to evaluate the safety of a combination of protein and
a pomegranate extract in healthy subjects aged 65 years or more during a 21-day supplementation
period. Thirty older participants were randomly assigned to receive protein and a pomegranate
extract (Test group) or protein and maltodextrin (Control group) during a 21-day intervention
period. The primary outcomes were the safety and tolerability of the supplementation defined as the
occurrence of adverse events, and additional secondary outcomes included physical examination and
hematological and biochemical parameters. No serious adverse events were reported in any group.
Changes in physical, hematological, and biochemical parameters between the initial screening and
the end of the study were equivalent in both groups, except for glutamate-pyruvate transaminase
(GPT) and prealbumin, for which a decrease was observed only in the Test group. Our initial findings
support the safety of the combination of protein and a pomegranate extract in healthy elderly people.
Future clinical trials on a larger sample and a longer period are needed to determine the efficacy of
this combination.

Keywords: protein; pomegranate extract; older people; safety; clinical trial

1. Introduction

Malnutrition in older adults has been recently identified as a challenging public
health problem associated not only with a high mortality and morbidity rate but also
with physical, psychological, and functional decline [1,2]. In particular, protein–energy
malnutrition (PEM), resulting from a decrease in protein and energy intake, has been
associated with a number of health problems such as sarcopenia [3,4]. Sarcopenia is
characterized by a gradual loss of muscle mass leading to a decrease in muscle strength
and physical performance. This condition can have functional consequences, such as falls
and fractures, and worsens the health and the quality of life of the elderly [5].

The treatment of malnutrition requires early identification and efficient intervention,
both in hospitalized patients and community-dwelling older adults. Higher protein intake
recommendations are made to older adults suffering from malnutrition. Beyond its role in
the accretion of muscle mass, protein has been identified as a key nutrient for elderly people.
Slightly higher protein intake than usually recommended may improve muscle health
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and help maintain energy balance, weight management, and cardiovascular function [6],
all of which may contribute to an improved quality of life. Compared to the typical
recommended protein intake of 0.83 g·kg−1·d−1 in healthy adults, the recommended intake
rises to 1 g·kg−1·d−1 in older malnourished persons with a body mass index (BMI) under
21 kg/m2 [7]. Currently, the most common method to reach that recommendation is
consuming oral nutritional supplements (ONS). Several clinical studies in elderly people
have shown that protein- and vitamin-D-rich ONS improve protein synthesis, muscle mass,
and performance but also functional parameters, evaluated, for example, by the chair
rise test [8–10]. However, evidence investigating ONS compliance and effectiveness is
conflicting [11]. In addition, those supplements are rarely effectively consumed by the
elderly because of their taste, their satietogenic texture, and/or their high cost [12].

More tolerable and appropriate alternatives that meet the needs of malnourished
older people are therefore required. Besides integrating protein directly into the food
consumed, the combination with other substances beneficial to the elderly may constitute
another strategy. In this study, protein of high biological value was combined with a
pomegranate extract, a rich source of various phytochemicals, including anthocyanins,
ellagitannins, gallotannins, proanthocyanidins, flavonols, and lignans, which are known
to induce beneficial effects on human health [13]. The pomegranate extract used here was
particularly rich in ellagitannins, more specifically in punicalagins, as well as in ellagic acid.
Thanks to its antioxidant and anti-inflammatory mechanisms, pomegranate is known to
improve muscle function [14] and performance [15] in resistance-trained men. In addition to
the positive effects of pomegranate on muscles, pomegranate also has other very interesting
properties, including protection against metabolic and cardiovascular diseases [16,17].
Pomegranate polyphenols are able to inhibit low-density lipoprotein (LDL) oxidation
and to increase the activity of serum paraoxonase, an esterase that protects lipids against
peroxidation in humans [18]. Here, we chose to test whey protein, a protein source of
high biological value due to its high content of essential amino acids, particularly leucine.
This amino acid is particularly effective at stimulating protein synthesis in the skeletal
muscle [19]. Whey protein has proven to be a very efficient protein source to stimulate
protein synthesis and the accretion of muscle mass in diverse populations, including older
people [20,21].

Altogether, these data show that protein and pomegranate extract supplementation
are effective nutritional strategies to improve health status, at least when taken separately.
Whether there is an added value in combining them and whether pomegranate extracts
provide health benefits in older persons is unknown. Combining protein and a pomegranate
extract would be innovative but safety issues may arise as their combination has never been
tested in an older population. The aim of this study was therefore to evaluate the safety of a
21-day supplementation combining protein and a pomegranate extract in healthy subjects
aged 65 years or more compared to protein alone.

2. Materials and Methods

2.1. Participants

A total of 39 participants were assessed for eligibility, and 30 participants were ran-
domized between December 2021 and February 2022 into the Test (n = 15) or the Control
(n = 15) groups (Figure 1). One participant from the Test group dropped out of the study for
personal reasons. Participants were recruited by posters, mail, social networks, and local
newspapers. To be included, the participants had to meet the following criteria: woman
or man aged over 65 years; presenting a BMI from 20 to 30; and in good general health as
evidenced by medical history and physical examination. The participants were excluded
if they presented one of the following exclusion criteria: severe psychiatric disorder or
disease within 6 months before inclusion (such as depression, bipolar disorder, severe
anxiety, psychosis, schizophrenic disorders, or dementia) or a severe neurologic trouble
(such as Alzheimer’s, autism, or Parkinson’s disease); cancer within less than 3 years before
the screening visit (except basal cell skin cancer or squamous cell skin cancer); a severe
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gastro-intestinal, hepatic, respiratory, kidney, or cardiovascular disorder or severe infection
(such as HIV or hepatitis); uncontrolled hormonal disorders (such as thyroid problems or
Cushing’s syndrome); uncontrolled type 1 or 2 diabetes; known allergy or intolerance to
one of the components of the administered products; and participants consuming ONS or
protein supplements up to one month before the screening.

 

Figure 1. Flow chart of the study samples, including the number of participants who were screened,
underwent randomization, completed the study treatment, and were analyzed for the primary and
secondary outcomes.

All selected participants provided written informed consent. The trial was approved
by the local ethical committee and was carried out in accordance with the Declaration of
Helsinki and the Good Clinical Practice guidelines as required by the following regulations:
the Belgian law of 7 May 2004 regarding experiments on human beings and the EU Directive
2001/20/EC on Clinical Trials (registration at clinicaltrials.gov accessed on 6 November
2022 as NCT05527249).

2.2. Study Design and Randomization

This was a randomized double-blind placebo-controlled interventional study. A
prescreening was proposed with an online questionnaire sent by email. Then, the screening
visit, comprising a physical examination (including measurement of body weight, height,
heart rate, and blood pressure) and a blood sampling, was organized within 4 weeks before
subject inclusion. The participants who met all the criteria were randomly assigned to the
Test or the Control groups. Both groups were instructed (1) to consume 20 g protein mixed
into vegetable milk, orange juice, or soup and (2) to ingest one capsule with a glass of water
every day before lunch for 3 weeks. The participants of both groups received the same
protein powder (Fresubin®) with a neutral taste and containing 100% whey protein. The
capsule contained 650 mg pomegranate extract (Oxylent GR) in the Test group and 650 mg
maltodextrin (Delical, BS Nutrition) in the Control group. Each capsule of pomegranate
extract contained at least 65 mg punicalagins (>10%), 260 mg polyphenols (>40%), and
more than 13 mg ellagic acid (>2%). The dose of 650 mg was chosen based on the efficacy
of this dose to improve muscle strength recovery after eccentric exercise [22]. The capsules
containing maltodextrin or pomegranate extract were prepared by a pharmacist. The
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appearance, i.e., white color, did not distinguish the 2 capsules. All products were stored in
a closed room at a controlled temperature between 18 and 25 ◦C and protected from light.
Study outcomes were assessed at baseline (V1), in the middle of the intervention (day 10;
V2), and at the end of the intervention (day 21; V3). Protocol deviations and subjects’
withdrawals were monitored regularly during the study. The database was locked, and the
blinding was broken after completion of the whole quality control of the data.

2.3. Safety Measurements

The primary outcomes were safety and tolerability of the protein/pomegranate com-
bination defined as occurrence of adverse events. All these events were recorded from the
signature of the informed consent to the end of the study.

The secondary outcomes were changes in physical examination, including weight,
heart rate, and systolic and diastolic blood pressure; changes in hematological parame-
ters, including hemoglobin and hematocrit levels and white blood cell, red blood cell, and
platelet counts; and changes in biochemical parameters (Lims Mbnext group), including uric
acid, creatinine, total bilirubin, glutamate oxaloacetic transaminase (GOT), glutamate pyru-
vate transaminase (GPT), total cholesterol, triglyceride, sodium, potassium, total protein,
prealbumin, urea, blood glucose, alkaline phosphatase, gamma-glutamytranspeptidase
(GGT), lactate dehydrogenase (LDH), and C-reactive protein (CRP). Compliance to protein
and pomegranate/maltodextrin ingestion was assessed at the end of the study by weighing
the remaining quantity of powder and capsules and comparing to the quantity given at the
beginning of the study.

2.4. Statistical Analyses

Given the pilot nature of this study, a sample size of 30 participants was deter-
mined based on feasibility considerations. All the continuous variables are presented
as mean ± SD. Statistical analyses were performed using the software systems SAS 9.4
(SAS Institute Inc., Cary, NC, USA). Baseline differences in demographic characteristics
between the groups were examined using χ2 tests and independent t tests. Differences in
physical, hematological, and biochemical parameters between groups (Control and Test) at
each visit (V1, V2, and V3) were analyzed using a linear mixed model for repeated mea-
surements with subjects as the random variable, and groups, visits, and their interaction
as fixed independent variables. As variables were not normally distributed, a logarithmic
transformation was applied, and when appropriate, post hoc comparison was performed
using the Wilcoxon matched-pairs signed-rank test for analyses of within-group differences
and the Wilcoxon Mann–Whitney two-sample test for analyses of differences between
groups. All analyses were conducted at an alpha level of 0.05.

3. Results

3.1. Participants’ Characteristics

The Test group was composed of 5 men and 9 women, and the mean age was
68.4 ± 2.4 years, while the Control group was composed of 9 men and 6 women, and
the mean age was 68.7 ± 2.8 years. There were no significant differences in age, gender
ratio, weight, BMI, or blood pressure between the two groups at baseline.

3.2. Primary Outcomes

The protein/pomegranate combination was well tolerated, with no serious adverse
event reported and no difference in the mild and moderate adverse events reported by
the Test (n = 5) and the Control (n = 6) groups. None of these mild or moderate adverse
effects, including lung infection, COVID-19, and painful tooth extraction, were deemed to
be related to the supplementation (Table 1).
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Table 1. Description of mild and moderate adverse events observed in the Test and Control groups.

Description of the
Adverse Event

Intensity of
the Event

Causal Relation of the
Event to the Study Product

Test

COVID Moderate Not related
Intestinal problems Moderate Maybe related
Intestinal problems Moderate Unlikely related
Headache Mild Not related
Tendinitis Moderate Not related

Control

Lung infection Moderate Not related
COVID Mild Not related
COVID Moderate Not related
Eczema Moderate Unlikely related
Sciatic nerve inflammation Moderate Not related
Painful tooth extraction Moderate Not related

3.3. Secondary Outcomes

Data related to physical, hematological, and biochemical parameters are presented in
Table 2 and Figures 2 and 3.

Table 2. Physical, hematological, and biochemical parameters.

Test (n = 14) Control (n = 15)

V1 V2 V3 V1 V2 V3

Physical parameters

Weight (kg) 70.9 ± 14.7 72.8 ± 16.7 72.1 ± 16.0 72.3 ± 10.6 70.2 ± 10.4 72.3 ± 11.6
Heart rate (bpm) 64.9 ± 6.9 66.6 ± 11.4 71.1 ± 12.0 65.3 ± 11.0 67.4 ± 17.7 65.9 ± 12.3
Body Mass Index (kg/m2) 25.7 ± 3.2 26.8 ± 3.5 26.5 ± 3.3 24.7 ± 2.2 24.3 ± 2.5 25.0 ± 3.1

Hematological parameters

White blood cells (103/μL) 5.89 ± 1.38 5.82 ± 1.24 5.83 ± 1.13 5.57 ± 1.01 5.83 ± 1.37 5.50 ± 1.21
Red blood cells (106/μL) 4.62 ± 0.30 4.59 ± 0.29 4.53 ± 0.26 4.68 ± 0.42 4.69 ± 0.35 4.64 ± 0.35
Hemoglobin (g/dL) 13.9 ± 1.2 13.7 ± 0.9 13.6 ± 0.9 * 14.1 ± 1.1 14.0 ± 1.0 14.0 ± 1.0 *
Hematocrit (%) 41.0 ± 2.8 40.6 ± 2.4 40.2 ± 2.4 41.3 ± 3.1 41.4 ± 2.8 41.3 ± 2.7
Platelet count (103/μL) 267.6 ± 40.6 265.1 ± 47.7 265.6 ± 36.8 241.8 ± 46.6 248.3 ± 45.3 245.7 ± 42.9

Biochemical parameters

Uric acid (mg/dL) 5.20 ± 1.26 4.76 ± 1.12 *** 4.59 ± 1.07 *** 5.52 ± 1.33 4.96 ± 1.39 *** 4.99 ± 1.17 ***
Creatinine (mg/dL) 0.80 ± 0.17 0.77 ± 0.12 0.74 ± 0.15 0.81 ± 0.15 0.80 ± 0.16 0.80 ± 0.17
Total bilirubin (mg/dL) 0.77 ± 0.27 0.72 ± 0.24 0.69 ± 0.26 0.84 ± 0.40 0.79 ± 0.39 0.82 ± 0.41
GOT (U/L) 23.4 ± 6.6 22.6 ± 5.5 21.4 ± 4.0 22.6 ± 4.2 23.6 ± 9.7 23.7 ± 5.8
Triglycerides (mg/dL) 121.9 ± 72.5 109.2 ± 45.9 106.8 ± 59.9 98.2 ± 43.6 99.1 ± 48.9 94.5 ± 44.2
Sodium (mmol/L) 139.6 ± 2.3 139.7 ± 2.5 140.1 ± 2.1 139.5 ± 2.0 139.5 ± 2.8 139.5 ± 2.2
Potassium (mmol/L) 4.32 ± 0.30 4.68 ± 0.37 *** 4.59 ± 0.37 *** 4.37 ± 0.21 4.78 ± 0.36 *** 4.53 ± 0.40 ***
Total protein (g/L) 68.4 ± 3.7 68.0 ± 3.1 66.5 ± 3.7 66.9 ± 3.0 67.2 ± 2.7 66.8 ± 3.3
Urea (mg/dL) 37.1 ± 10.4 42.1 ± 10.0 * 40.1 ± 6.1 35.7 ± 10.2 39.7 ± 9.4 * 37.7 ± 7.8
Blood glucose (mg/dL) 89.3 ± 9.2 87.6 ± 8.1 90.1 ± 11.5 89.1 ± 8.6 88.1 ± 7.3 89.9 ± 9.6
Alkaline phosphatase (U/L) 69.1 ± 22.9 68.4 ± 21.4 68.5 ± 20.8 68.8 ± 15.4 68.0 ± 13.8 68.3 ± 12.6
GGT (U/L) 27.4 ± 19.2 25.2 ± 16.8 24.6 ± 15.2 23.3 ± 8.5 24.2 ± 11.7 24.7 ± 14.4
LDH (U/L) 168.1 ± 21.1 168.9 ± 21.8 166.5 ± 26.6 175.2 ± 29.6 169.5 ± 24.2 174.2 ± 23.3
CRP (mg/L) 2.26 ± 1.75 2.71 ± 1.43 3.88 ± 6.86 1.79 ± 1.12 1.55 ± 0.85 1.65 ± 1.21

Values are means ± SD. n: number of subjects; bpm: beats per minute; GOT: glutamate oxaloacetic transaminase;
GGT: gamma-glutamyltranspeptidase; LDH: lactate dehydrogenase; CRP: C-reactive protein. * p < 0.05 vs. V1,
*** p < 0.001 vs. V1.
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Figure 2. Systolic and diastolic blood pressures. (A) Systolic (SBP) and (B) diastolic (DBP) blood
pressures in the Test and Control groups at V1, V2, and V3. * p < 0.05, ** p < 0.01.

Figure 3. Glutamate pyruvate transaminase, total cholesterol, and prealbumin levels. Plasma
(A) glutamate pyruvate transaminase (GPT), (B) total cholesterol, and (C) prealbumin levels in the
Test and Control groups at V1, V2, and V3. * p < 0.05, *** p < 0.001.

3.3.1. Physical Parameters

The systolic (−4.2%, p = 0.046, Figure 2A) and diastolic (−7.5%, p = 0.003, Figure 2B)
blood pressures decreased between V1 and V3 in both the Control and Test groups, with
no difference between the two groups. No difference between conditions was observed in
the weight, the BMI, or the heart rate (Table 2).

3.3.2. Hematological Parameters

Plasma hemoglobin levels decreased between V1 and V3 in both groups (−1.8%,
p = 0.038), with no difference between groups (Table 2). No difference between condi-
tions was observed in the hematocrit levels or the white blood cell, red blood cell, or
platelet counts.
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3.3.3. Biochemical Parameters

Plasma GPT levels decreased between V1 and V3 only in the Test group (−15.7%,
p = 0.039, Figure 3A). Total plasma cholesterol levels decreased between V1 and V3 in
both groups (−6.9%, p < 0.001), with no difference between groups (Figure 3B). Plasma
prealbumin levels decreased between V1 and V3 in the Test group (−12.1%, p < 0.001) and
tended to decrease in the Control group (−3.6%, p = 0.071, Figure 3C). In both groups, the
levels of plasma uric acid decreased between V1 and V2 (−9.3%, p < 0.001) and V1 and V3
(−10.6%, p < 0.0001) while the levels of urea increased at the same time between V1 and V2
(+12.5%, p = 0.011), with no difference between groups (Table 1). Plasma potassium levels
increased similarly in both groups between V1 and V2 (+8.9%, p < 0.001) and between V1
and V3 (+4.9%, p < 0.001). Finally, plasma creatinine, total bilirubin, GOT, triglyceride,
sodium, protein, blood glucose, alkaline phosphatase, GGT, LDH, and CRP levels were
stable throughout the study and did not differ among groups (Table 2).

3.3.4. Compliance

A high compliance percentage in both groups was found, with an intake of 100.0 ± 5.7% in
the Test group and 100.0 ± 6.8% in the Control group, with no difference between the two groups
(Table S1).

4. Discussion

Malnutrition is a highly prevalent condition in older adults. It is associated with low
muscle mass and function and increased occurrence of health problems [1–4]. Maintaining
an adequate nutritional status as well as a sufficient nutrient intake in older people is
therefore essential to address this public health problem. For this purpose, protein sup-
plementation is known to prevent the loss of muscle mass during aging [8–10], and the
consumption of various pomegranate extracts induces numerous health benefits, mainly
through their antioxidant properties [13]. Combining protein and a pomegranate extract
would be innovative but safety issues may arise as this combination has never been tested
in an older population. The aim of this study was therefore to evaluate the safety of a
21-day supplementation combining protein and a pomegranate extract in healthy subjects
aged 65 years or more compared to protein alone.

Our results showed that the daily combination of 20 g protein and 650 mg pomegranate
extract for 21 days was safe and well tolerated. No serious adverse events were observed,
and all mild or moderate adverse events were not related to the dietary supplement con-
sumption. These results reinforce previous studies showing the safety of pomegranate
extract supplementation at similar or higher doses in different adult populations, e.g.,
1050 mg in hemodialysis patients [23] or 710 and 1420 mg in overweight individuals [24].
In addition, there were no differences between the Test and Control groups in physi-
cal and hematological parameters. In line with previous results dealing with protein or
pomegranate supplementation [25,26], a decrease in systolic and diastolic blood pressure
was observed between the start and the end of the study in both groups. While beyond the
primary scope of the present study, these results suggest beneficial actions of protein and
protein/pomegranate supplementation on blood pressure. To confirm these preliminary ob-
servations, a proper control group with neither protein nor pomegranate supplementation
needs to be included in our follow-up study investigating the efficacy of those compounds
on physical and hematological parameters in malnourished older people.

Most of the differences in the biochemical parameters observed between baseline
screening and the end of the study were present in both groups. Plasma potassium and
urea levels increased while uric acid and total cholesterol decreased similarly in both
groups, which is consistent with previous reports following protein intake in healthy and
pathological populations [27–29]. Here, we did not find any additional effect of combined
protein/pomegranate supplementation compared to protein alone on the different biochem-
ical parameters studied, possibly excepting GPT, a marker of liver function [30]. The latter
decreased in the Test group only. In addition to its already known effects on metabolic risk
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factors [16], pomegranate could have a potential beneficial effect on parameters related to
liver function. Here as well, a proper control group with neither protein nor pomegranate
supplementation will be necessary when investigating the efficacy of those compounds
on biochemical parameters in malnourished older people. Globally, given the preliminary
nature of this safety study, the small number of participants resulted in limited statisti-
cal power to demonstrate specific benefits of protein and pomegranate on health-related
parameters. That said, the primary aim of the present study was fulfilled, namely, the
investigation of the safety and tolerance of combined protein/pomegranate supplementa-
tion in a limited sample of older people. Despite some statistical changes, all parameters
studied here remained within healthy thresholds. Therefore, our supplementation can be
considered safe and well tolerated.

In conclusion, we found that a combined protein/pomegranate supplementation for
21 days was safe and well tolerated in older participants. This first study was required be-
fore investigating the efficacy of this combination in a larger sample of older malnourished
people for a longer duration to detect changes in muscle mass, and in a more appropriate
form such as directly integrated into food to increase ONS compliance.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/nu14235182/s1. Table S1: Individual compliance (%) in the
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Abstract: Even though dietary supplements with vitamin D and calcium are recommended to nursing
home residents, we recently reported a low adherence to this recommendation. The objective of this
20-week quality improvement study was to use the Model for Improvement and Plan-Do-Study-Act
(PDSA) cycles to improve adherence in Danish nursing homes. We included two nursing homes with
109 residents at baseline. An information sheet including the rationale for the recommendation was
developed for the nurses to urge residents to take the supplements and seek approval by the general
practitioner afterwards (PDSA cycle 1). Moreover, it was included in admission meetings with new
residents to address supplementation (PDSA cycle 2). A nurse reviewed patient records for number
of residents prescribed adequate doses of vitamin D (≥20 μg) and calcium (≥800 mg) before, during
and after the intervention. At baseline, 32% (n = 35) of the residents had adequate doses of vitamin D
and calcium. After implementation of the information sheet and adjustment to admission meetings,
this increased to 65% (n = 71) at endpoint (p < 0.001). In conclusion, in this quality improvement
study, we improved the number of prescriptions of adequate doses of vitamin D and calcium over
20 weeks using the Model for Improvement and PDSA experiments.

Keywords: vitamin D; calcium; supplements; nursing homes; adherence; Model for Improvement

1. Introduction

Despite recommendations of supplementation with vitamin D or vitamin D and cal-
cium to older adults and nursing home residents in a variety of countries, vitamin D
deficiency (serum 25-hydroxyvitamin D < 30 nmol/L [1–3]) is continuously reported to
be widespread among this vulnerable group [4–8]. This can have negative consequences
for, physical functioning and bone health, as well as increased risk of falling and mortal-
ity [8–13]. Recently, our online survey among randomly selected nursing homes in Denmark
(n = 41) showed that only 8% of nursing homes have a high adherence to the recommenda-
tion of giving residents 20 μg vitamin D and 800–1000 mg calcium [14]. A poor adherence
was also reported for similar vitamin D and calcium supplement recommendations among
nursing home residents in the USA [15,16], Canada [17], Australia [18] and England [19].
Our online survey also showed that the health care professionals’ (HCPs) main reason
for not providing the recommended supplements to the residents was that the general
practitioners (GPs) did not prescribe vitamin D and calcium to the residents [14]. As the
HCPs can only administer the supplements after either a prescription or written consent
from the GPs [20], the result is a poor adherence. This is despite the recommendation being
a preventive recommendation and not only for treatment [21]. Our data are in accordance
with a Belgian survey where 45% of the GPs did not systematically prescribe vitamin D, and,
of these, one third only prescribe vitamin D when they remember to [22]. This highlights
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the need to find strategies to target this underutilization of recommended supplements in
long-term care.

The lack of incorporation of a recommendation into routine clinical practice is well-
known. Studies report that it may take on average 17 years for evidence-based practice
within healthcare to be incorporated into routine clinical practice [23,24]. Thus, there is a
need for implementation science, which targets the experienced barriers with strategies
considered feasible by the involved HCPs. A widely used method of quality improvement
in health care is the Model for Improvement including the Plan-Do-Study-Act (PDSA)
cycle, in which small-scale experiments are conducted together with the HCPs to accelerate
improvements [25–27]. This model has previously been used in two studies targeting
low adherence to vitamin D supplementation among nursing home residents. In both
studies, adherence improved after 6 [16] and 12 months [17], respectively. However, it has
previously been stated that resources are often underestimated when it comes to using the
PDSA cycle in quality improvement [28] and that health care studies using the Model for
Improvement do often not comply with the key principals of the method [25]. In addition,
it has been reported that HCPs find it difficult and time-consuming to follow the method
parallel to their primary health care tasks [29]. It could be a barrier for using the Model
for Improvement, that it is resource-demanding and leaves less time for primary health
care tasks. The objective of this study was to investigate whether using the Model for
Improvement in a realistic setting could increase adherence to the vitamin D and calcium
supplement recommendation in Danish nursing homes.

2. Materials and Methods

2.1. Study Design

This was a quality improvement study designed to measure effectiveness, i.e., measure
the degree of effect through an intervention conducted under real-world settings. The
purpose of the intervention was to increase adherence to the supplement recommendation
for nursing home residents. Effectiveness was calculated as the number of prescriptions of
vitamin D and calcium to the residents before and after the intervention. The intervention
was conducted simultaneously at two Danish nursing homes during 20 weeks from October
2021 to March 2022. No control nursing homes were included.

2.2. Recruitment of Nursing Homes

Two nursing homes in the Region of Zealand, Denmark, were included: nursing
home 1 (NH1) and nursing home 2 (NH2). NH1 was recruited based on their participation
in our online survey on adherence and barriers to supplementation [14]. NH2 was re-
cruited through use of professional contacts. The inclusion criterion for the nursing homes
was an estimated adherence of <40% to the recommendation of residents receiving both
supplements, as previously suggested as the definition of low adherence [14].

2.3. Baseline Data

Baseline data included number of residents per nursing home, whether a GP was
affiliated at the nursing home, and number of residents prescribed adequate doses of
vitamin D and calcium (≥20 μg of vitamin D and ≥800 mg calcium, respectively).

2.4. Steps in the Model for Improvement

The three initial steps in the Model for Improvement are shown in Figure 1 [26]. The
goal was set for both nursing homes in accordance with the SMART criteria (Figure 1,
step 1) [26], as at least 80% of the residents should have both vitamin D and calcium
prescribed in at least the recommended doses after a 20-week intervention period. To
determine if adherence improved during the intervention, patient journals were reviewed
approximately every third week to see if and from when additional residents were pre-
scribed the recommended supplements (Figure 1, step 2). As input before selecting the
strategy most suitable to reach the goal (Figure 1, step 3), an interview was performed
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with each of the involved nurses, and a driver diagram with factors affecting the goal was
correspondingly made (Supplementary Figure S1) [26].

 
Figure 1. The Model for Improvement. Visual overview of the three initial steps followed by the
PDSA cycle. * Input to step three from driver diagram (see Supplementary Figure S1). Abbreviations:
GPs; General practitioner, HCPs; Health care professionals. Figure inspired by [25].

2.5. The Plan-Do-Study-Act Cycles

The project’s supervisor and the nurses involved in the project planned the first PDSA
cycle. The nurses expressed a need for information about the specific recommendation,
e.g., the doses recommended and the health reasons to follow it in order to talk with
both residents and their GP about supplementation. Therefore, the project’s supervisor
created an information sheet on laminated paper easy for the nurses to bring around to the
residents and advise them to have the supplements. Thus, the purpose of this information
sheet was to contribute to increased knowledge on the reasoning behind the recommen-
dation of vitamin D and calcium supplements, as this was a prerequisite for the HCPs to
be able to argue for supplementation and thereby work for improved adherence. As the
recommendation is a general preventive recommendation for all, regardless of vitamin D
status and bone health, all residents were targeted this intervention. If a resident agreed to
have vitamin D and calcium, the nurse contacted the GP to ensure that supplementation
would not interact with any disease conditions or medicine, and the GP correspondingly
prescribed the supplements, if appropriate. During PDSA cycle 1, all residents were asked
about supplementation (Figure 2). However, to address the turnover of residents, we con-
ducted a PDSA cycle 2 to ensure that new residents were asked to initiate supplementation
as early as possible. Therefore, the nurses made a note that all future admission meet-
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ings should include urging new residents and their relatives to consider the supplements
(PDSA cycle 2).

 
Figure 2. Illustration of the four phases Plan-Do-Study-Act of the PDSA cycle 1 in the project.

2.6. Effect Evaluation

Approximately every third week, the project’s supervisor contacted the nurse by
telephone or attended a meeting (due to the COVID-19 pandemic, most meetings were
conducted via telephone). Here, the nurse checked resident journals to see if additional
residents had been prescribed vitamin D and calcium supplements, and number of residents
and week number were noted by the project’s supervisor. Only residents having ≥20 μg
vitamin D and ≥800 mg calcium were noted. Although a written agreement from the GP
is sufficient, as vitamin D and calcium are not medicine but dietary supplements [20], the
HCPs at both nursing homes only wished to provide supplements if a prescription from
the GP was made, and thus the number of prescriptions was chosen as effect evaluation.

2.7. Process Evaluation

Process evaluation was planned to include number of residents presented to the
information sheet in each week (PDSA cycle 1), as well as numbers of meetings held with
new residents and relatives where vitamin D and calcium supplementation was a topic
(PDSA cycle 2).

2.8. Statistics

Data were analyzed using the statistical software IBM SPSS Statistics 28.0. Descriptive
statistics are presented as numbers and frequencies. McNemar’s test was used to determine
if proportions of residents prescribed adequate doses of vitamin D and calcium changed
during the intervention from week 1 to 20. A p-value of 0.05 determined significance.

2.9. Ethics

The study was conducted in accordance with the Declaration of Helsinki and ap-
proved by the Scientific Ethics Committees of The Capital Region of Denmark (H-20031971,
2 December 2020). We anonymized and handled data from the two nursing homes in
accordance with the General Data Protection Regulation and the Data protection act. As
per the data protection law of 2018, the study was not to be reported to the Danish Data
Protection Agency [30]. Data in this paper constitutes a part of data collected at the two
nursing homes. Additional data, which will be reported elsewhere, include vitamin D
status, muscle strength and physical function in a subgroup of 40 residents. The project is
registered at ClinicalTrials.gov as NCT04956705.
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3. Results

3.1. Baseline Data

Characteristics of the two nursing homes at baseline are shown in Table 1. Initial
reviews of patient records by the involved nurses revealed that adherence was below 40%
and 30% at NH1 and NH2, respectively. All residents at NH1 had the same GP, as this
nursing home had their own GP affiliated. Contrary, no GP was affiliated at NH2, so
residents at NH2 had different GPs in the municipality.

Table 1. Table of characteristics of the two nursing homes at baseline.

Nursing Home 1 Nursing Home 2

Number of residents (n) 45 64
Adherence to the recommendation n (%) 17 (37.8) 18 (28.1)

General practitioner affiliated Yes No
Adherence was defined as the number of residents prescribed ≥20 μg vitamin D and ≥800 mg calcium after
review of resident’s journals.

3.2. Effect of the Intervention

During the intervention period, four residents (two at each NH) passed away and
three new residents moved in (one at NH1 and two at NH2). The primary intervention
was the use of the information sheet by the nurses. Collectively, for both nursing homes,
adherence increased from around 32% at baseline to 65% at endpoint in week 20 (Table 2),
which was a 102.8% improvement (p < 0.001).

Table 2. Adherence to the recommendation at the nursing homes at baseline and at endpoint after
the 20-week intervention period.

Baseline Week 1
n (%)

Endpoint Week 20
n (%)

Week 1–20
1 p-Values

NH1
(n = 45) 17 (37.8%) 33 (73.3%) <0.001

NH2
(n = 64) 18 (28.1%) 38 (59.4%) <0.001

NH1 + NH2
(n = 109) 35 (32.1%) 71 (65.1%) <0.001

1 Calculated using the McNemar test, statistical significance p < 0.05. Adherence was defined as the number of
residents prescribed ≥20 μg vitamin D and ≥800 mg calcium after review of resident’s journals. Abbreviations:
NH; Nursing home.

In Figure 3, the vitamin D and calcium adherence rate (percentage, %) is shown for
each of the 20 intervention weeks at the two nursing homes separately.

3.3. Process Evaluation

It was not compatible with a busy day for the nurses to quantify the number of
residents who were presented with the information sheet (PDSA cycle 1) on a weekly
basis during the intervention. Moreover, in some cases, the information sheet served more
as a background-knowledge tool for the nurses in their correspondence with residents
rather than a visual tool used in the conversation. When it comes to process evaluation of
incorporating the admission meetings to bring up supplementation (PDSA cycle 2), NH1
had one and NH2 had two meetings during the intervention period, at which the residents
were encouraged to begin supplementation. This was agreed at all three meetings and
supplements correspondingly prescribed by the GPs. Thus, 100% of the meetings with new
residents resulted in commencement of supplementation.
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Figure 3. Development of adherence to the recommendation of vitamin D and calcium supplemen-
tation (≥20 μg vitamin D and ≥800 mg calcium) at two Danish nursing homes during the 20-week
intervention period. “Fact sheet” refers to the information sheet used by the nurses to urge residents
to have the supplements, and “first meeting” refers to the adjustment of admission meetings to
include supplementation as a topic. Abbreviations: NH; Nursing home, PDSA; Plan-Do-Study-Act.

4. Discussion

This quality improvement study showed that it is possible to improve adherence to a
recommendation of vitamin D and calcium supplementation at nursing homes using the
Model for Improvement as a quality improvement method. By use of a simple information
sheet about the recommendation and a small adjustment to the admission meetings, adher-
ence at the two included nursing homes increased from baseline values of 38% and 28% of
residents having the supplements prescribed to 73% and 59%, respectively. As previously
stated, using the Model for Improvement has been reported to be resource-demanding
and time-consuming and problematic for the HCPs to follow [25,28,29]. However, we have
found that a simple and cheap strategy primarily involving one HCP at each site, who
mainly conducted the data collection, and one project supervisor, who created the tool for a
simple intervention and assisted with the data collection, can lead to changes in health care.

Although not based on the Model for Improvement, Munir et al. used a similarly
simple approach in an American quality improvement study among 83 long-term care
residents. In that study, the medical director at the facility created an educational letter
to the GPs with the rationale for calcium and vitamin D supplementation, including the
recommended doses. This increased calcium supplementation from 45% to 80% and
vitamin D supplementation from 35% to 78% [15]. Thus, the GPs were informed about
the benefits of the supplements directly by letter whereas the present study focused on
educating the nurses and urged them to contact the GPs (by e-mail or at personal meetings)
and argue for an increased adherence to the recommendation. It could be hypothesized that
these different communication pathways may explain why adherence was higher in the
study by Munir et al. The authors noted, however, making these orders on supplementation
a routine on admission for new residents should be considered, which agrees with our
strategy on adjustments to admission meetings (PDSA cycle 2). Another American study
did use the PDSA cycle approach to improve adherence to vitamin D prescription rates
at nursing homes by primarily educating HCPs at a nursing home with a similar sample
size (101 residents) and during a similar time frame (five months) as in the present study.
In that study, Yanamadala et al., found that vitamin D prescription rate increased from
35% to 86% [16]. The study had a considerably larger project staff compared to the simpler
approach with one project supervisor and one involved nurse at each nursing home in
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our study. Moreover, while the present study only noted prescriptions of both vitamin
D and calcium in at least the recommended doses, the study by Yanamadala et al., also
counted prescriptions of only vitamin D and vitamin D in multivitamins, which may give
higher adherence rates. Tablets containing both micronutrients are larger and may not be
prescribed if the resident has chewing-swallowing difficulties. Moreover, some GPs may
omit calcium tablets to some residents as they may cause constipation, kidney stones and
increased risk of myocardial infarction [9]. However, as the aim of the present study was to
evaluate adherence to the national recommendation, only prescriptions in accordance with
this were included.

Other international studies have targeted vitamin D adherence-improvement in larger
samples and longer periods. For instance, a Canadian study found that 12 months of
knowledge translation strategies based on PDSA cycles in 19 long-term care settings
increased vitamin D prescriptions by 22% from a baseline of 36% of residents [17]. Contrary,
an Australian study did not find improved vitamin D supplement use after six months of
knowledge translation at 17 residential aged care facilities. The authors stated, however,
that most of the interventions were not implemented after six months, which could explain
the lack of effect [18]. Moreover, one explanation of the different outcomes in the studies
could be different baseline prevalence, i.e., 36% had vitamin D prescribed initially in the
Canadian intervention homes compared to 57% in the Australian intervention homes.
Thus, ours and other studies indicate, that with an initially low adherence of <40%, it is
possible to improve prescription rate by targeting the experienced barriers. As we have
recently showed that 35% of a representative sample of Danish nursing homes have a low
adherence [14], there is a large potential for adherence-improvement in Denmark.

Despite improved adherence, neither of the nursing homes involved in our study had
a high adherence (>80% [16]) at endpoint. NH1 had the highest endpoint adherence of
73%, which could indicate that having a nursing home-affiliated GP is preferable, since it is
easier to make several requests for prescriptions at the time. An explanation for why higher
adherence was not achieved could be that the residents at the two nursing homes were
included in the decision of having the supplements prescribed or not, which was not the
case in the studies by Munir et al., and Yanamadala et al. [15,16]. Therefore, even though
presented with the positive effects of vitamin D and calcium, some residents refused to
have the supplements prescribed. A contributing factor to not reaching a high adherence in
the present study could be the general health condition of Danish nursing home residents.
The average age of becoming a resident in Danish nursing homes is 84 years old [31]
and around one third only live less than one year [32], so most nursing home residents
are very vulnerable when moving in. Moreover, approximately 50% of Danish nursing
home residents have one or more chronic diseases and approximately 40% are diagnosed
with dementia [31]. It could be considered whether strategies other than daily tablets
are appropriate for the most vulnerable residents, such as administering higher doses of
vitamin D less frequently [33].

This study has some limitations. A major limitation was that we did not include any
control nursing homes. Therefore, we cannot know if our intervention caused improved
adherence, or if the nursing homes would have increased prescription rates during winter
in general. For the Danish adult population in general, vitamin D supplements are recom-
mended from October to March [21] due to lack of cutaneous vitamin D synthesis at this
latitude [34], which results in many being vitamin D-deficient during spring [35]. Even
though the recommendation for nursing home residents is a general preventive recommen-
dation all year round, it is possible that HCPs and GPs have increased awareness of the
recommended supplements during winter and that some improvement in adherence would
take place irrespective of an intervention. Based on this, our results may be overestimated
and should be interpreted with caution. Another limitation is that the primary outcome was
the number of prescriptions of adequate doses of vitamin D and calcium and not the actual
consumption of the supplements. As most residents consumed their tablets in their own
room after dosage by the HCPs, it was not possible for them to supervise every resident
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as they consumed the supplements. However, according to the HCPs, prescribed tablets
were also dosed, and actual consumption checked regularly by inspection of the dosage
boxes. Another limitation is the lack of information on numbers of rejections and reasoning
behind rejection of supplementation by either the resident or the GP. This information
would be valuable when discussing further strategies to improve adherence. In this regard,
it should be mentioned that the present study did not include a third PDSA cycle, as HCPs
stated that all residents had already been asked to take a stand, which should be accepted
as their final decision from an ethical perspective. The relatively short intervention period
of 20 weeks was chosen, as this constitutes the months where no cutaneous vitamin D
synthesis occurs at this northern latitude, and since other data collected as part of this study
(as vitamin D status measured in a subgroup of residents as presented in Section 2.9) were
dependent on lack of cutaneous vitamin D synthesis. Moreover, as previously mentioned,
others have found significant improvements with the same study duration as in the present
study [16]. However, we cannot rule out that duration of the study or number of PDSA
cycles could influence endpoint adherence.

Strengths of the present study include the simple and cheap intervention with limited
demands on resources, e.g., documentation. Even though the two involved nurses invested
time in the project and its purpose, their participation in the study did not seem to interfere
much with routine care tasks, as the chosen intervention could be fitted in. Another strength
is the involvement of the relevant HCPs, which ensured that the most relevant barriers
were targeted during the intervention. Moreover, as the initial interviews with the nurses
confirmed some of the same barriers identified in our previous online survey [14], we find
that the targeted barriers are transferable to other nursing homes.

Another important group to consider is the community-dwelling older adults at
70+ years, as the recommendation of year-round vitamin D and calcium supplementation
in Denmark is also targeted at this group and considering that a previous Danish study
showed that only 32% of 70+ year-olds still living in own home take the recommended
supplements [36]. A higher adherence in this group could automatically improve adherence
among the older adults in long-term care, as it will be part of their daily routine before
admission. In addition, older adults could stay self-reliant for a longer period as prolonged
vitamin D insufficiency reduces bone mineral density and type 2 muscle fibers, leading
to increased fragility [37]. Moreover, supplementation with calcium and vitamin D can
already reduce bone loss rate and fracture risk in 50+ year-olds [38].

5. Conclusions

In conclusion, we have demonstrated that an initially low adherence to the vitamin
D and calcium supplement recommendation among Danish nursing home residents can
improve within a relatively short period when the nurses are provided with information
about the recommendation and make small adjustments to their admission meetings. Our
results should, however, be interpreted with caution due to a lack of control nursing homes.
Further implementation research projects, preferably including control groups, are needed
to evaluate and target experienced barriers among the HCPs. This is not only relevant when
it comes to vitamin D and calcium supplementation, but also considering other relevant
topics within health care.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14245360/s1, Figure S1: driver diagram.
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Abstract: This study aimed to investigate the effects of Brazilian propolis on body fat mass and levels
of adiponectin and reactive oxygen species among community-dwelling elderly females. This was
a double-blind randomized placebo-controlled trial. Altogether, 78 females aged 66–84 years were
randomly assigned to the propolis (PRO; n = 39) or placebo (PLA; n = 39) group. For 12 weeks, the
PRO group were given three capsules containing 227 mg of propolis twice a day. Meanwhile, the
PLA group were given daily placebo capsules. Of 78 participants, 53 (PLA group: n = 28, PRO group:
n = 25) completed the study. Although no changes were observed in absolute or relative fat mass in
the PLA group, they showed a significant decline in the PRO group. The level of serum adiponectin
in the PLA group did not change, although that of the PRO group significantly increased. The level
of d-ROMs in the PLA group significantly increased, whereas that of the PRO group significantly
decreased. The serum SOD activity in the PLA group significantly decreased, whereas that of the
PRO group tended to increase. These results suggest that propolis supplementation may decrease
body fat mass and oxidative stress among community-dwelling elderly females.

Keywords: supplementation; body composition; adiponectin; oxidative stress; antioxidant

1. Introduction

Females undergoing the menopause experience a considerable change in metabolic
activity [1]. Postmenopausal females present with a remarkably higher incidence of vis-
ceral obesity than that presented by premenopausal females [2]. In elderly females, fat
accumulation is accelerated by not only age-related declines in muscle mass and physical
activity, but also by changes in carbohydrate and lipid metabolism patterns associated
with lower levels of sex steroid hormones caused by the menopause [1]. Fat accumulation
can result in obesity. This, in turn, causes different metabolic complications, such as type
2 diabetes and cardiovascular diseases [1], consequently resulting in severe limitations
to daily activities and higher mortality rates. Therefore, decreasing fat accumulation is
important for maintaining health among elderly postmenopausal females.

Body fat mass shows a positive correlation with systemic oxidative stress in clinically
healthy middle-aged females [3]. Oxidative stress is enhanced by increased adipose tissues
associated with the menopause [1]. Therefore, postmenopausal females are at a high risk of
oxidative stress caused by increased adipose tissues. Different cytokines are secreted from
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adipose tissues [4], which are involved in the increase or decrease in oxidative stress. The
level of circulating adiponectin, which is a favorable adipokine, unlike others, decreases
with increased adipose tissues [5,6]. Moreover, it enhances the antioxidant capacity via
mitochondrial biogenesis and leads to a higher expression of antioxidant enzymes [7,8].
Therefore, the effects of changes in fat mass on oxidative stress can be partially explained
by adiponectin levels.

Exercise and dietary restrictions are effective in controlling fat accumulation. How-
ever, since these countermeasures can be difficult to continue, alternative methods should
be considered. Daily nutritional supplementation has been found to be effective against
obesity and metabolic complications [9,10]. Recently, the effects of polyphenols have been
comprehensively assessed in clinical trials in humans [11]. Propolis, a substance produced
by bees from the resin collected from trees and shrubs, has long been used as a nonpharma-
cologic agent [12]. In particular, a growing body of evidence has shown that Brazilian green
propolis is beneficial to health because it has different bioactive activities [13]. Previous
studies have revealed that Brazilian propolis decreases visceral fat accumulation in ob/ob
mice with high fat diet-induced obesity [14] and type 2 diabetes [15]. Therefore, further
studies must be conducted to verify the effects of Brazilian propolis on fat mass among
humans. To date, numerous studies have examined the therapeutic effects of propolis of
various origins among patients with diabetes and other diseases [16–19]. However, the
effect of propolis intake on body fat mass among community-dwelling healthy females
remains unknown.

Based on previous reports, we hypothesized that Brazilian propolis supplementation
would reduce fat mass and promote adiponectin secretion among females, thereby op-
timizing an integrated balance between reactive oxygen species (ROS) and antioxidants.
This randomized, double-blind, placebo-controlled trial aimed to investigate the effects
of ethanol extracts of Brazilian green propolis on fat mass, adiponectin secretion, and
oxidative stress among community-dwelling elderly females. This study could contribute
to the development of novel therapeutic strategies for preventing obesity and its asso-
ciated metabolic disorders, such as vascular disease and Alzheimer’s disease, among
elderly females.

2. Materials and Methods

2.1. Participants

Healthy postmenopausal elderly females were recruited as trial volunteers for this
study via the use of a public relations magazine in Mihara City, Japan. The inclusion criteria
were healthy, postmenopausal females aged 65 years or older who were independent in
their daily lives. Meanwhile, the exclusion criteria were females with orthopedic diseases,
psychiatric disorders, and dementia; those on medication; those taking other supplements;
and those who missed at least 3 days of supplementation during the 12-week interven-
tion period. The participants received a detailed explanation regarding the contents and
methods of this study before the trial began. Written informed consent was obtained from
82 volunteers. Among them, 78 attended the baseline examination session and were ran-
domly assigned to either the propolis or the placebo group. The participants were provided
with individual identification numbers to ensure anonymity. After matching according
to age (±3 years) and body mass index (BMI; ± 3 kg/m2), the participants were divided
into the group receiving propolis capsules (PRO; n = 39) and the group receiving placebo
capsules (PLA; n = 39). The authors were blinded to the information regarding the groups
to which the participants were assigned. Eleven participants (PRO group, n = 6; PLA group,
n = 5) dropped out of the study because they missed taking the supplementation more
than three times during the 12-week intervention period. In addition, 14 participants (PRO
group, n = 8; PLA group, n = 6) who did not participate in the measurement after the
12-week intervention or declined some measurements were excluded from the analysis.
Finally, we analyzed 25 and 28 participants in the PRO and PLA groups, respectively.
Figure 1 shows the sampling scheme of this study.
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Figure 1. CONSORT flowchart. PLA, placebo; PRO, propolis; ITT, intention-to-treat; PP, per-protocol.
Obtained from honeybee hives and extracted using ethanol. Wheat germ oil is extracted by pressing
the wheat germ and is used as a solvent for propolis supplements. Therefore, it was selected as a
placebo in this study. The supplements used in the present study are commercially available as health
foods. As for the dosage of propolis, an animal toxicity study has shown that the non-observed effect
level is 1400 mg/kg/day [20]. In reports on human subjects, 400–900 mg/day of propolis has been
applied to patients with rheumatoid arthritis [21], type 2 diabetes mellitus [22], or COVID-19 [23],
and elderly people (average 72.8 years) [24]. In the present study, 454 mg/day of propolis was
administered to the subjects and none of them complained of side effects. This suggests that propolis
and its dosage used in the present study are likely to be safe.

2.2. Study Design

This was a randomized, double-blind, and placebo-controlled trial. The PRO group
were given three soft capsules containing 227 mg/3 capsules of propolis twice per day, i.e.,
after breakfast and dinner (total intake: 454 mg/6 capsules/day) for 12 weeks. Meanwhile,
the PLA group were given placebo capsules at the same dosage and frequency for 12 weeks.
The participants were instructed to take the capsules with water or tea. Furthermore, all
participants were required to not alter their lifestyle habits, such as diet and exercise, during
the study period. To assess compliance, the participants were instructed to record changes
in their lifestyle and health status and daily capsule intake.

The study was conducted in accordance with the Declaration of Helsinki and approved
by the Institutional Review Board (or Ethics Committee) of the Prefectural University of
Hiroshima (15MH064) and Kobe University Graduate School of Health Sciences (277-2).
Furthermore, the trial was registered at the University Hospital Medical Information
Network (UMIN) Center (ID: UMIN000020459). Informed consent was obtained from all
subjects involved in the study.

2.3. Brazilian Propolis Supplementation

We prepared 227 mg/3 capsules of propolis supplement using Propolis 300® (Yamada
Bee Farm, Okayama, Japan), which is a commercial product, and the placebo supplement
by replacing propolis with wheat germ oil. The raw materials for propolis supplementation
include gelatin, propolis extract, glycerin fatty acid ester, glycerin, arginine, pectin, and
cocoa color. The propolis extract was mainly composed of flavonoids

22



Nutrients 2023, 15, 364

2.4. Assessment Procedures

All assessments were performed by a physician, radiologist, nurse, dietitian, and ten
physical therapists. The assessments before and after the intervention lasted for approxi-
mately 60 min. They were conducted at the Mihara Campus of Prefectural University of
Hiroshima using a standardized protocol by the same researcher.

All assessments were conducted between 09:00 and 15:00 in the same laboratories.
The participants were instructed to fast for 2 h before the assessments. The consumption of
Japanese tea was allowed before and during the assessments to prevent dehydration. Upon
arrival, the participants were instructed to sit. Next, their blood pressure and heart rate were
evaluated and their health was examined by the physician. Their body mass was measured
at increments of 0.1 kg using a calibrated digital scale and their height was evaluated at
increments of 0.1 cm using a wall-mounted height meter. Body mass index (BMI) was
calculated as weight (kg) divided by squared height (m2). With reference to the participant’s
lifestyle and other records, dietitians and physical therapists interviewed the participants
about their lifestyle habits, including diet and exercise, during the intervention period.

While in the sitting position, the nurse collected blood samples from a superficial vein
in the forearm of all patients via venipuncture. Approximately 4 mL blood was collected
and placed into prechilled silicone-coated and lithium heparin-coated tubes. A portion of
the blood sample was used to measure the level of diacron-reactive oxygen metabolites
(d-ROMs), which is an indicator of blood oxidative stress, using the FREE Carrio Duo
(WISMERLL Co., Tokyo, Japan) as per the manufacturer’s instructions. The level of d-
ROMs was expressed in Carratelli units (U.CARR) [25] (normal range: 250–300 U.CARR),
where 1 U.CARR corresponds to 0.08 mg/dL of H2O2. To collect serum, the remaining
blood sample was centrifuged at 3000× g for 15 min at 4 ◦C. The collected serum was
stored in a deep freezer at −80 ◦C until subsequent biochemical analysis. Antioxidative
superoxide dismutase (SOD) activity and adiponectin concentration were evaluated using
the serum sample. SOD activity was assessed using the SOD Assay Kit-WST (S311, Dojindo,
Kumamoto, Japan) by employing the colorimetric quantification method as per the manu-
facturer’s instructions. The adiponectin concentration was evaluated using the commercial
ELISA kit (Human Total Adiponectin/Acrp30 Quantikine ELISA Kit/514-96041, DRP300,
R&D Systems, Minneapolis, MN, the USA) as per the manufacturer’s instructions.

Body composition and bone mineral density (BMD) were assessed by a radiologist
using Discovery (Hologic, Inc., Bedford, MA, USA) with dual-energy X-ray absorptiometry
(DXA), which is a highly accurate method [26,27]. Absolute and relative fat mass and
absolute lean body mass, except that of the head, were evaluated. The BMD of the lumbar
spine (L2–L4) and the left femur was evaluated.

To evaluate hand grip and knee extension strength, which are significantly correlated
with the total body skeletal muscle mass, skeletal muscle function was assessed by physical
therapists. The hand grip strength of the dominant hand was analyzed to the nearest 0.5 kg
using a hydraulic hand dynamometer (T.K.K. 5401; Takei Scientific Instruments Co., Ltd.,
Niigata, Japan) while the participants remained in a standing position and the upper limbs
remained in a drooping position. Evaluations were conducted twice at intervals of 1 min,
and the best score was recorded as the hand grip strength. The knee extension strength
of the dominant leg was evaluated using a seated measuring device (Isoforce GT-330, OG
Giken, Okayama, Japan). The measurements were conducted while the participants were
sitting in a chair with the backrest tilted back at 12◦ from upright position, with two belts
on the thighs and one on the waist, and with the knee joint flexed at 90◦. Measurements
were conducted at intervals of 2 min, and the best score was recorded as the knee extension
strength. During the measurements of hand grip and knee extension, the participants were
instructed not to stop breathing to prevent the occurrence of the Valsalva effect.

2.5. Statistical Analysis

All continuous data were presented as mean standard error of the mean or median
(interquartile range) for parametric or nonparametric continuous variables, respectively.
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The baseline characteristics between the two groups were compared using a Student’s
unpaired t-test or a Mann–Whitney U-test for parametric or nonparametric continuous
variables, respectively. All 78 subjects were analyzed using mixed-effects models for
repeated measures with intervention, study time point, and their interaction according to
intention-to-treat (ITT). As per-protocol (PP) analysis, 53 subjects were using a two-factor,
repeated-measures analysis of variance with time as the within-participant factor and
group as the between-participant factor. If there was a significant time × group interaction,
post hoc analyses with Bonferroni correction were performed to identify significant within-
group effects. Intragroup changes in the levels of blood markers before and after the
intervention were compared using the Wilcoxon rank-sum test. For all statistical analyses,
a p value of <0.05 was considered statistically significant. All statistical analyses and
graphical data representations were performed using IBM SPSS Statistics 27 (IBM Japan,
Ltd., Tokyo, Japan) and Prism version 7 (GraphPad Software Inc, San Diego, CA, USA).

The sample size calculation and power analysis were performed as follows: First, we
estimated a treatment effect of 1 kg and standard deviation of 5 kg on fat mass and calcu-
lated effect size before study. Next, we calculated the sample size using the G*Power 3.1
software (Heinrich-Heine-Universität Düsseldorf) for MAC. A two-way repeated measures
ANOVA indicated that a total sample size of 52 was needed to reach 80% power, in order
to detect the interaction effect size of 0.20 at a significance level of 0.05.

3. Results

Table 1 shows the baseline characteristics of elderly females in each group. No sig-
nificant differences were noted in any measurement between the two groups. Based on
lifestyle and health records during the experimental period, no change was observed in the
participant’s lifestyle habits, such as exercise and diet.

Table 1. Baseline characteristics of the participants in each group.

PLA (n = 28) Propolis (n = 25) p Value

Physical characteristics
Age (years) 75 (69–78) 75 (72–78) 0.447 a

Height (cm) 149.7 ± 1.0 151.2 ± 1.1 0.287 b

Body mass (kg) 53.0 ± 1.6 55.1 ± 1.6 0.368 b

BMI (kg/m2) 23.7 ± 0.7 24.0 ± 0.6 0.716 b

Body composition
Fat mass (kg) 16.2 ± 1.1 17.0 ± 0.9 0.576 b

Fat mass (%) 32.4 ± 1.2 33.0 ± 1.0 0.675 b

Lean body mass (kg) 32.8 ± 0.7 33.8 ± 0.7 0.368 b

Bone mineral density
Lumbar spine (g/cm2) 0.80 ± 0.02 0.80 ± 0.03 0.955 b

Proximal femur (g/cm2) 0.70 ± 0.02 0.69 ± 0.02 0.556 b

Muscle function
Hand grip strength (kg) 25.1 ± 0.6 25.0 ± 0.6 0.841 b

Knee extension strength (Nm) 94.0 ± 3.5 92.7 ± 4.1 0.809 b

Blood markers
Adiponectin (μg/mL) 7.8 (3.1–11.0) 5.3 (2.8–10.0) 0.675 a

d-ROMs (U. CARR) 374.5 ± 9.1 385.6 ± 11.8 0.451 b

SOD activity (U/mL) 134 (122–162) 136 (119–152) 0.539 a

Data are presented as mean ± standard error of the mean or median (interquartile range). Significant differences
were analyzed using the Student’s unpaired t-test. A p value of <0.05 was considered statistically significant.
There was no significant difference between the two groups in any measurements at baseline. BMI, body mass
index; d-ROMs, diacron-reactive oxygen metabolites; SOD, superoxide dismutase. a Derived by Mann–Whitney
U-test. b Derived by independent samples t-test.

An interaction effect was observed for absolute and relative fat mass (p = 0.005 and
p < 0.001, respectively; Figure 2a,b), i.e., the absolute and relative fat mass in the PLA group
did not change (pre: 16.2 ± 1.1 kg, post: 16.4 ± 1.1 kg, p = 0.657; pre: 32.4% ± 1.2%, post:
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32.7% ± 1.2%; p = 0.255, respectively). Meanwhile, those of the PRO group significantly
decreased (pre: 17.0 ± 0.9 kg, post: 16.7 ± 1.0 kg, p = 0.007; pre: 33.1% ± 1.0%, post:
32.3% ± 1.1%, p = 0.002, respectively). An interactive effect was observed for absolute lean
body mass (p = 0.005; Figure 2c), i.e., the absolute lean body mass in the PLA group did not
change (pre: 32.8 ± 0.7 kg, post: 32.5 ± 0.7 kg, p = 0.114). However, that of the PRO group
tended to increase (pre: 33.8 ± 0.7 kg, post: 34.1 ± 0.7 kg, p = 0.058).

Figure 2. Absolute fat mass (a), relative fat mass (b), and absolute lean body mass (c), with the
exception of the head in the placebo (white) and propolis (gray) groups. Values were presented
as mean ± standard error of the mean. Variables were analyzed via two-factor repeated-measures
analysis of variance, with time (week 0 vs. 12) and group (placebo vs. propolis) as factors. A p value
of <0.05 was considered significant. If there was a significant time × group interaction, post hoc
analyses with Bonferroni correction were performed to identify significant within-group effects.

There was no significant change between body mass, BMI, lumbar spine, proximal
femur BMD, hand grip strength, or knee extension strength before and after the intervention
(Table 2).

Table 2. Measurements before and after 12 weeks of supplementation with propolis and placebo
Data are presented as mean ± standard error of the mean. Results from both ITT and PP analysis
are shown. Variables were analyzed via two-factor repeated-measures analysis of variance, with
time (week 0 vs. 12) and group (placebo vs. propolis) as factors. A p value of <0.05 was considered
statistically significant. For variables with a significant time × group interaction, post hoc analyses
with Bonferroni correction were conducted to identify significant within-group effects. * Significantly
different from before the intervention. PP, per-protocol; ITT, intention-to-treat; BMI, body mass index;
BMD, bone mineral density.

Placebo (n = 28) Propolis (n = 25) p Value (PP Analysis) p Value (ITT Analysis)

Week 0 Week 12 Week 0 Week 12 Time Group Interaction Time Group Interaction

Body mass (kg) 53.0 ± 1.6 52.8 ± 1.7 55.1 ± 1.6 54.9 ± 1.5 0.170 0.361 0.830 0.039 0.497 0.368
BMI (kg/m2) 23.7 ± 0.7 23.6 ± 0.7 24.0 ± 0.6 24.0 ± 0.6 0.157 0.700 0.755 0.037 0.701 0.328
Fat mass (kg) 16.2 ± 1.1 16.4 ± 1.1 17.0 ± 0.9 16.7 ± 1.0 * 0.128 0.700 0.005 0.384 0.479 0.077
Fat mass (%) 32.4 ± 1.2 32.7 ± 1.3 33.0 ± 1.0 32.3 ± 1.0 * 0.135 0.926 <0.001 0.297 0.440 0.005

Lean body mass (kg) 32.8 ± 0.7 32.5 ± 0.7 33.8 ± 0.7 34.1 ± 0.7 0.770 0.221 0.005 0.941 0.509 0.003
Lumbar spine BMD (g/cm2) 0.80 ± 0.02 0.79 ± 0.02 0.80 ± 0.03 0.80 ± 0.04 0.855 0.920 0.569 0.663 0.563 0.496

Proximal femur BMD (g/cm2) 0.70 ± 0.02 0.70 ± 0.02 0.69 ± 0.02 0.68 ± 0.02 0.522 0.556 0.989 0.267 0.284 0.664
Hand grip strength (kg) 25.1 ± 0.6 24.6 ± 0.6 25.0 ± 0.6 25.1 ± 0.7 0.491 0.860 0.265 0.203 0.550 0.294

Knee extension strength (Nm) 94.0 ± 3.5 97.1 ± 4.4 92.7 ± 4.1 97.2 ± 4.9 0.043 0.921 0.684 <0.001 0.813 0.498

The level of serum adiponectin in the PLA group did not change after the intervention
(pre: 7.9 (3.3–11.1) μg/mL, post: 5.8 (2.5–9.9) μg/mL; p = 0.145), but significantly in-
creased in the PRO group (pre: 5.3 (2.8–10.0) μg/mL, post: 9.0 (3.8–10.6) μg/mL; p = 0.007;
Figure 3a). The blood level of d-ROMs in the PLA group significantly increased (pre:
374.5 ± 8.9 U.CARR, post: 402.4 ± 12.5 U.CARR; p < 0.001), but significantly decreased
in the PRO group (pre: 385.6 ± 111.8 U.CARR, post: 365.7 ± 10.5 U.CARR; p = 0.013;
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Figure 3b). The serum SOD activity in the PLA group significantly decreased (pre: 132
(122–162) U/mL, post: 127 (115–143) U/mL; p = 0.015), but tended to increase in the PRO
group (pre: 136 (119–152) U/mL, post: 143 and (124–168) U/mL; p = 0.070; Figure 3c). None
of the participants presented with life-threatening side effects following supplementation
with propolis and placebo during the experimental period.

Figure 3. Boxplots showing values of serum levels of adiponectin (a), blood levels of d-ROMs (b),
and serum SOD activity (c) before and after the intervention in the placebo (white) and propolis
(gray) groups. Boxplots show the median, upper and lower quartiles, and maximum and minimum
values. The differences between before and after the intervention in each group were compared
using a Mann–Whitney U-test. A p value of <0.05 was considered significant. # Significantly different
between before and after the intervention. d-ROMs, diacron-reactive oxygen metabolites; SOD,
superoxide dismutase.

4. Discussion

Our prospective interventional study showed that propolis had a positive effect on
absolute and relative fat mass, relative lean body mass, and levels of adiponectin and ROS
among community-dwelling elderly females. Therefore, propolis supplementation may
be an effective strategy for preventing disorders caused by body fat accumulation among
elderly females. In previous studies, the anti-obesity and antioxidant properties of propolis
have been found to be effective against diseases such as type 2 diabetes [13,14,16–19,22].
To the best of our knowledge, this is the first study that has shown the efficacy of propolis
supplementation among community-dwelling healthy elderly females.

Propolis supplementation caused the absolute and relative fat mass to decrease among
elderly females. The DXA method, which is the gold standard for body composition
measurements, was used to assess fat mass, and the results of this study were highly reliable.
Propolis has been shown to reduce fat mass in obese animal models [14]. The mechanism
was correlated with the fact that propolis induces the activation of peroxisome proliferator-
activated receptor γ (PPARγ) [13], which causes browning of white adipocytes. Artepillin
C, an ingredient derived from propolis, can induce brown-like adipocytes’ formation [28],
which increase energy expenditure and promote fat loss. Moreover, decreased fat mass
may be associated with the positive effects of propolis on AMP-activated protein kinase
(AMPK) in the skeletal muscle [29]. AMPK is a key factor for metabolic activity, including
lipid metabolism [30]. Therefore, propolis supplementation may increase skeletal muscle
lipid metabolism via AMPK activation, which may also promote fat loss. Taken together,
a lower fat mass, as observed in this study, may be accounted for by a higher lipolytic
capacity in adipocytes and skeletal muscles. In addition, another possible explanation for
reduced fat mass may be attributed to the positive effect of propolis on skeletal muscle mass,
resulting in increased energy expenditure through the basal metabolic rate. A previous
study that has reported on propolis indicated that propolis has a protective effect on aged
skeletal muscle via various biological activities such as anti-inflammatory and antioxidative
actions [31]. Indeed, among the elderly females in this study, lean body mass tended
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to increase following supplementation with propolis. In contrast, hand grip and knee
extension strength did not change with or without propolis supplementation. Increased
lean body mass is not always accompanied by changes in limb muscle strength [32,33]. In
addition, licorice flavonoid oil supplementation consisting of another type of polyphenol
increased the trunk muscle mass but not limb muscle mass, with no improvement observed
in limb muscle strength in older adults [34]. Therefore, propolis supplementation may have
increased lean body mass mainly in the trunk region in this study as well, resulting in higher
energy expenditure. Taken together, these results indicate that propolis supplementation is
an effective strategy for reducing fat mass, which may prevent obesity-related metabolic
complications among elderly females.

Propolis supplementation increased the levels of adiponectin among elderly females.
To the best of our knowledge, this is the first study to show that propolis increases the
level of adiponectin in humans. Brazilian propolis-derived components have molecu-
lar mechanisms that act on adiponectin expression. Previous research has shown that
Brazilian propolis is associated with adiponectin expression via the activation of PPARγ in
adipocytes [35]. This report supports the results of the present study, i.e., the circulating
level of adipokines, including adiponectin, is a good indicator of fat mass and other body
properties. Age-related changes in body fat distribution include loss of subcutaneous fat,
accumulation of visceral fat, and deposition of ectopic fat [36]. Furthermore, the changes
in sex hormones associated with the menopause cause visceral adiposity among elderly
females [1]. Visceral fat accumulation shows a negative correlation with the circulating
levels of adiponectin [37–39]. From these reports, the increased adiponectin level with
propolis intake could be also attributed to a possible decrease in visceral fat mass. Therefore,
propolis supplementation may have a positive effect on visceral fat accumulation among
elderly postmenopausal females.

Oxidative stress, as assessed using blood levels of d-ROMs, decreased with propolis
supplementation among elderly females. Brazilian propolis contains different bioactive
components, such as artepillin C and baccharin, and has antioxidant effects [40–43]. There-
fore, decreased ROS accumulation in the blood samples of propolis-treated elderly females
may be partially attributed to the antioxidant activity of Brazilian propolis per se. However,
the activation of PPARγ enhances antioxidative capacity by increasing antioxidant expres-
sion, including that of SOD [44,45]. In addition, adiponectin stimulates antioxidant enzyme
expression [7]. Therefore, propolis supplementation may enhance antioxidant expression,
including that of SOD, as evidenced in the PRO group that showed a tendency of increase
in SOD activity. This might have reduced the level of ROS in the blood of the propolis-
treated group. Oxidative stress is associated with the pathology of various age-related
conditions [46]. Furthermore, postmenopausal females are highly exposed to the effects of
ROS owing to a decreased antioxidant capacity and low levels of estrogen [47]. Therefore,
the effect of propolis on reducing the risk of oxidative stress may partially prevent oxidative
stress-related diseases in postmenopausal aging females.

However, propolis did not affect BMD. Nevertheless, it is premature to conclude that
it did not have a protective effect on human bones based on this 12-week intervention study.
The estrogenic effects of propolis, which can reduce the development of postmenopausal
symptoms, were observed in an ovariectomized animal model [48]. Changes in the levels
of estrogen and other sex hormones associated with the menopause can contribute to
osteoporosis [49] among elderly females. Therefore, propolis may be effective against
osteoporosis among elderly females who have gone through the menopause. However,
further research must be conducted to evaluate the appropriate dosage and duration of
propolis treatment.

As medical care costs continually rise with the increase in the elderly population,
elderly individuals must manage their own health. Fat accumulation can be prevented
or decreased to a certain degree via self-management. To reduce body fat mass, regular
exercise and dietary restriction are required. However, the lifestyle habits of elderly
individuals are difficult to modify. In association with this, the intake of functional foods,
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including propolis, can be considered without making any major alterations to lifestyle
habits and can be a practical and sustainable method.

This study had several limitations. First, we failed to report the food consumption and
the levels of physical activity of participants during the study period. We confirmed through
interviews that there were no changes in the eating or exercise habits of the participants.
However, because the specific quantification of these factors was not performed, their
effects cannot be taken into account in this study. Second, we only included elderly females.
Therefore, the effects of propolis supplementation on reducing body fat and blood levels
of ROS cannot be generalized to males and younger individuals. Third, although body
fat was evaluated accurately using the DXA method, the distribution of adipose tissues
was not assessed. In particular, visceral and ectopic fats are involved in the development
of insulin resistance and vascular disorders [50,51]. Therefore, future studies must be
conducted to evaluate the distribution of body fat. Fourth, general blood properties, such
as the levels of triglyceride and low-density lipoprotein, were not investigated. These
indices are commonly used as indicators of metabolic function, including lipid metabolism.
Therefore, they should be evaluated in future studies. Fifth, the data at week 12 should
have been obtained for subjects (placebo, n = 5; propolis, n = 6) who were excluded from
the experiment due to missed supplement intakes during the experiment. Since there was
no discrepancy between the ITT and PP analyses in fat mass for the primary outcome, the
results of the PP analysis were used in this study.

5. Conclusions

Propolis supplementation reduced body fat accumulation, increased blood levels
of adipokine, and decreased blood levels of ROS among elderly females, which are all
beneficial to health. Therefore, propolis may be effective in preventing various disorders,
especially those associated with fat accumulation among elderly females.
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Abstract: “Obesity paradox” describes the counterintuitive finding that aged overweight and obese
people with a particular disease may have better outcomes than their normal weight or underweight
counterparts. This systematic review was performed to summarize the publications related to the
obesity paradox in older adults, to gain an in-depth understanding of this phenomenon. PubMed©,
Embase©, and Scopus© were used to perform literature search for all publications up to 20 March
2022. Studies were included if they reported data from older adults on the relation between BMI
and mortality. The following article types were excluded from the study: reviews, editorials, cor-
respondence, and case reports and case series. Publication year, study setting, medical condition,
study design, sample size, age, and outcome(s) were extracted. This review has been registered
with PROSPERO (no. CRD42021289015). Overall, 2226 studies were identified, of which 58 were
included in this systematic review. In all, 20 of the 58 studies included in this review did not find any
evidence of an obesity paradox. Of these 20 studies, 16 involved patients with no specific medical
condition, 1 involved patients with chronic diseases, and 2 involved patients with type 2 diabetes
mellitus. Seven out of the nine studies that looked at short-term mortality found evidence of the
obesity paradox. Of the 28 studies that examined longer-term mortality, 15 found evidence of the
obesity paradox. In the studies that were conducted in people with a particular medical condition
(n = 24), the obesity paradox appeared in 18 cases. Our work supports the existence of an obesity
paradox, especially when comorbidities or acute medical problems are present. These findings should
help guide strategies for nutritional counselling in older populations.

Keywords: obesity paradox; aged adults; body mass index; mortality

1. Introduction

Obesity, usually defined by the body mass index (BMI), is considered a public health
problem, and is associated with many diseases [1–3]. The prevalence of obesity is high
in younger adults but also in older people [4], and evidence suggests that prevalence
of obesity will continue to increase [5]. The term “obesity paradox” is used to describe
the counterintuitive finding that aged overweight and obese people with a particular
disease may have better outcomes than their normal weight or underweight counterparts.
However, there is wide heterogeneity between studies regarding the association between
obesity and mortality in older adults, depending on the diseases concerned, the presence
or absence of a particular disease, or the BMI level considered [6–8]. In aged people, body
composition tends to change, and body weight tends to decrease, and some authors have
suggested that fatness could be healthy [9]. Thus, it is important to confirm whether an
“obesity paradox” truly exists, with a view to adapting management policies for overweight
or obese old people.
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In this context, the objective of the study was to summarize the publications in the
literature relating to the obesity paradox in older adults, to enhance our understanding of
this phenomenon.

2. Methods

2.1. Literature Search

A preliminary check was made in PubMed©, Scopus©, Embase©, Prospero©, and the
Cochrane Library© to ensure that no systematic reviews had previously been conducted
on this specific topic.

A literature search was performed using PubMed©, Embase©, and Scopus© to cover
all publications up to March 20, 2022. The search terms defined by the two researchers
(LG, MD) included the following keywords in the title and/or the abstract: (“obesity
paradox” OR “reverse epidemiology” OR “body mass index” OR BMI OR overweight
OR obesity) AND (mortality OR death OR survival)). The search included studies in
the French or English language and studies on human subjects, and excluded the fol-
lowing publication types: reviews, editorials, correspondence, and case reports and case
series. A manual check was performed for potential additional studies. This system-
atic review was based on the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines. This study was registered with PROSPERO (an
International prospective register of systematic reviews) (number CRD42021289015), avail-
able at https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42021289015,
accessed on 20 March 2023.

2.2. Study Selection

Study eligibility criteria were defined a priori by the two researchers (LG, MD) within
the PICOS framework. Studies were eligible if they reported data on “obesity paradox”
(using body mass index as a nutritional indicator). The population was restricted to studies
that included persons 65 years or older, whatever their sex, ethnicity, or living place. The
intervention (exposure) was a presence of overweight or obesity as defined by the baseline
BMI value. The control was those who were underweight or a normal weight. The outcome
was death, whatever the timepoint. When the study was not specifically conducted in
older adults, only data concerning those aged 65 years or over were taken into account
(provided that the information was available). Correspondence, editorials, reviews, basic
science articles, and case reports and case series were excluded.

2.3. Data Extraction

The Covidence systematic review software© (Veritas Health Innovation, Melbourne,
Australia), available at www.covidence.org, was used to perform data analysis. After
elimination of duplicates, the two researchers (LG, MD) made a blind review of titles and
abstracts of all articles. When there was disagreement about whether or not to include
an article, they discussed the case until consensus was reached. Overlap between studies
was verified. Data extraction was realised independently by the two researchers (LG,
MD), using the same extraction form. The following data were extracted: publication year,
study setting, medical condition, study design, sample size, age (mean or median and their
statistical dispersion parameters, when available), and outcome(s). To check whether the
obesity paradox was present or not, the following information was collected: outcome(s),
BMI classes, type of analysis (whether multivariable or not), statistical estimates (Hazard
ratio, Odds ratio, Rate ratio, Rates) and their respective 95% confidence intervals (95% CI),
and the level of significance (p-values).

2.4. Quality Assessment

The Newcastle–Ottawa Scale (NOS) [10] was used to assess the quality of included
studies. This scale is composed of three quality criteria: selection (4 points), comparability
(2 points), and outcome assessment (3 points). This gives a total of between 0 and 9 points.
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Scores of 7 or more are considered high quality studies, scores of 5–6 as moderate quality,
and scores below 5 as low quality. Disagreements in scoring were resolved by a joint review
of the manuscript to reach consensus.

Where possible and appropriate, some parameters were calculated from available data
(e.g., mean age and/or standard deviation, rate ratio, odds ratio, etc.).

3. Results

As shown in Figure 1, 2226 studies were identified by the literature search. Among
these, 1285 duplicates were found and excluded. After checking titles and abstracts of
the remaining 942 studies, 273 articles were included for full-text assessment. After full-
text examination of these 273 studies, 215 were excluded for at least one of the following
reasons: lack of relevant information, overlapping data, or inappropriate age of the study
population. Thus, 58 studies were retained in this review.

Figure 1. PRISMA flow diagram of the records included in the systematic review.

Table 1 summarizes the characteristics of the studies included in the review. All studies
were observational cohorts; 41 were prospective [11–51] and 17 were retrospective [52–68].
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Table 1. Description of the studies included in the present systematic review.

Author, Year Country Study Design Study Setting
Medical

Condition
Sample Size

Age (Years)
Mean ± SD

Kananen, 2022 [68] Sweden Retrospective
cohort

Hospital,
Geriatrics COVID-19 1409 77 [65–104] ♣

Amin, 2021 [11] USA Prospective cohort Hospital, Surgery Hip fracture 52,729 x ± x

Danninger, 2021 [52] USA Retrospective
cohort Hospital, ICU Sepsis 8707 x ± x

El Moheb, 2021 [12] USA Prospective cohort Hospital, Surgery Emergent
surgery 78,704 75 ± x

Lin, 2021 [13] Taiwan Prospective cohort Community None specific 81,221 74 ± 6
Martinez-Tapia,

2021 [14] France Prospective cohort Hospital,
Geriatrics Cancer 2071 81 ± 6

Lai, 2020 [15] Taiwan Prospective cohort LTCF None specific 182 79 ± 8

Schneider, 2020 [16] Germany Prospective cohort Hospital,
Neurosurgery Glioblastoma 110 72 [65–86] ♣

Seino, 2020 [53] Japan Retrospective
cohort Community None specific 1977 72 ± 6 *

Nishida, 2019 [17] Japan Prospective cohort Community None specific 1229 74 ± 5

Om, 2019 [18] Korea Prospective cohort Hospital,
Cardiology Aortic stenosis 379 79 ± x *

Tokarek, 2019 [54] Poland Retrospective
cohort

Hospital,
Cardiology TAVI patients 147 82 [x–x] ♣

Yoshihisa, 2019 [19] Japan Prospective cohort Hospital,
Cardiology

Acute heart
failure 2410 x ± x

Crotti, 2018 [20] Italy Prospective cohort Community None specific 4970 72 ± 5

De Palma, 2018 [21] Sweden Prospective cohort Hospital,
Cardiology TAVI patients 492 83 ± 6

Keller, 2018 [55] Germany Retrospective
cohort

Hospital,
Cardiology AMI 122,607 80 ± x

Kim, 2018 [22] Korea Prospective cohort Community None specific 170,639 72 ± 5

Lee, 2018 [56] Korea Retrospective
cohort Community None specific 11,844 72 ± 5

Lv, 2018 [23] China Prospective cohort Community None specific 4361 92 ± 8
de Souto Barreto,

2017 [24] France Prospective cohort Nursing home Dementia 3741 86 ± 8

Wu, 2017 [25] China Prospective cohort Hospital, ED Atrial
fibrillation 1321 x ± x

Cheng, 2016 [57] USA Retrospective
cohort Community None specific 4565 74 ± 5

Flodin, 2016 [26] Sweden Prospective cohort Hospital Hip fracture 843 82 ± 7

Calabia, 2015 [58] Spain Retrospective
cohort

Hospital,
Nephrology Haemodialysis 3978 75 ± 6

Kim, 2015 [59] Korea Retrospective
cohort Community Chronic

diseases x x ± x

Kubota, 2015 [60] Japan Retrospective
cohort Community T2DM 16,304 # x ± x

Kuo, 2015 [27] Taiwan Prospective cohort Outpatients T2DM x x ± x

Shil Hong, 2015 [61] Korea Retrospective
cohort Community None specific 1000 76 ± 9

Buys, 2014 [28] USA Prospective cohort Community None specific 1257 75 ± 7

Clark, 2014 [62] USA/Nigeria Retrospective
cohort Community None specific 2466 77 ± 5 *

Ford, 2014 [29] USA Prospective Cohort Community None specific 2995 81 ± 4
Lang, 2014 [30] France Prospective cohort Hospital, ED None specific 1306 85 ± 6
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Table 1. Cont.

Author, Year Country Study Design Study Setting
Medical

Condition
Sample Size

Age (Years)
Mean ± SD

Lee, 2014 [31] Korea Prospective cohort Community None specific 11,844 73 ± 7

Murphy, 2014 [63] Iceland Retrospective
cohort Community T2DM 637 77 [66–96] ♠

Wu, 2014 [32] Taiwan Prospective cohort Community None specific 77,541 73 ± 7

Yamauchi, 2014 [64] Japan Retrospective
cohort

Hospital,
Pulmonology COPD 263,940 78 ± 7

Chen, 2013 [33] Taiwan Prospective cohort Veterans None specific 1257 83 ± 5
Dahl, 2013 [34] Sweden Prospective cohort Community None specific 882 80 ± 6

Nakazawa, 2013 [35] Japan Prospective cohort Nursing home None specific 8510 84 ± 8
Takata, 2013 [36] Japan Prospective cohort Community None specific 675 80 ± 0
Tseng, 2013 [37] Taiwan Prospective cohort Community T2DM 34,825 x ± x

Veronese, 2013 [38] Italy Prospective cohort Nursing home None specific 181 81 ± 8
Woo, 2013 [39] China Prospective cohort Community None specific 4000 73 ± 5

Yamamoto, 2013 [40] France Prospective cohort Hospital,
Cardiology TAVI patients 3072 83 ± 7

Zekry, 2013 [41] Switzerland Prospective cohort Hospital,
Geriatric None specific 444 85 ± 7

de Hollander, 2012 [42] Netherlands Prospective cohort Community None specific 1980 73 ± 2
Kvamme, 2012 [43] Norway Prospective cohort Community None specific 16,711 73 ± 5

Mihel, 2012 [44] Croatia Prospective cohort Community Hypertension 2507 x ± x

Tsai, 2012 [65] Taiwan Retrospective
cohort Community None specific 2892 x ± x

Cereda, 2011 [45] Italy Prospective cohort LTCF None specific 533 84 ± 8
Berraho, 2010 [46] France Prospective cohort Community None specific 3646 75 ± 7

Han, 2010 [47] Korea Prospective cohort Community None specific 877 75 ± 8
Kitamura, 2010 [48] Japan Prospective cohort Home care None specific 205 84 ± 8

Lea, 2009 [66] USA Retrospective
cohort

Hospital,
Cardiology AMI 74,167 77 ± x *

Luchsinger, 2008 [49] USA Prospective cohort Community None specific 1372 78 ± 6
Locher, 2007 [50] USA Prospective cohort Community None specific 983 75 ± 7
Takata, 2007 [51] Japan Prospective cohort Community None specific 697 80 ± 0

Grabowski, 2001 [67] USA Retrospective
cohort Community None specific 7527 77 ± 6

SD: Standard deviation; ICU: Intensive care unit; ED: Emergency department; TAVI: Transcatheter Aortic Valve Imple-
mentation; COPD: Chronic Obstructive Pulmonary Disease; AMI: Acute Myocardial Infarction; T2DM: Type 2 Diabetes
Mellitus; LTCF: Long-term care facility. x: Missing information; #: Person-years; *: Pooled mean and/or standard
deviation have been calculated with the information available in these articles; ♣: Median [range]; ♠: Mean [range].

As shown in Table 2, 20 of the 58 studies included in this review did not find any ev-
idence of an obesity paradox [17,27–29,36,39,42,43,46,47,49,50,53,56,59,62,63,65,68,69]. Of
these 20 studies, 16 involved patients with no specific medical condition [17,28,29,36,39,42,
43,46,47,49,50,53,56,62,65,69]. One involved patients with chronic diseases [59], and two in-
volved patients with type 2 diabetes mellitus [27,63]. Of the 58 studies, 34 used the threshold
of BMI ≥ 25.0 kg/m2 [11,12,14,16,19–22,24,26,30–32,34,38,40,41,44,45,51,52,54,55,57,58,60,
66–68]. A further 10 studies used a threshold different from 25 kg/m2 and found evidence
of the obesity paradox [13,18,23,25,33,35,37,48,61,64]. Regarding the time points, 9 studies
looked at short-term mortality (less than 12-month mortality, ICU mortality, hospital mor-
tality) [11,12,19,30,40,52,55,64,68]. All of these, except Yamamoto et al. [40] and Kananen
et al. [68], found evidence of the obesity paradox. Of the 28 studies that examined longer-term
mortality (time point ≥ 5 years) [13–15,20,22,27,28,32,34,36–39,42,44–46,49,53,56–63,66,67],
15 (54%) found evidence of the obesity paradox [13,14,20,22,32,34,37,38,44,45,57,58,60,61,
66,67]. In the studies that were conducted in people with a particular medical condition
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(n = 24) [11,12,14,16,18,19,21,24–27,37,40,44,52,54,55,58–60,63,64,66,68], the obesity para-
dox appeared in 18 (75%) cases [11,12,14,16,18,19,21,24–26,37,40,44,52,54,55,58,60,64,66].
In the studies that were carried out among people with no specific medical condition
(n = 34) [13,15,17,20,22,23,28–36,38,39,41–43,45–51,53,56,57,61,62,65,67], the obesity para-
dox appeared in 17 (50%) cases [22,23,30–35,38,41,45,48,51,57,61,67].

Table 2. Outcomes and association between body mass index group and mortality in aged adults.

Author(s), Year
Age

(Mean ±
SD)

Medical
Condition

Outcome
Obesity
Paradox

BMI Thresholds #

(kg/m2)

Kananen, 2022 [68] x ± x COVID-19 In-hospital mortality No 18.5 < BMI < 25.0

Amin, 2021 [11] x ± x Hip fracture 30-day mortality Yes BMI ≥ 25.0
(No, if BMI > 40.0)

Danninger, 2021 [52] x ± x Sepsis ICU mortality Yes BMI ≥ 30.0

El Moheb, 2021 [12] 75 ± x Emergent Surgery 30-day mortality Yes BMI ≥ 25.0

Lin, 2021 [13] 74 ± 6 None specific 84-month mortality Yes BMI ≥ 24.0

Martinez-Tapia, 2021 [14] 81 ± 6 Cancer

12-month mortality (men) Yes BMI ≥ 30.0
12-month mortality (women) No

60-month mortality (men) Yes BMI ≥ 30.0
60-month mortality (women) Yes BMI ≥ 30.0

Lai, 2020 [15] 79 ± 8 None specific 72-month mortality No

Schneider, 2020 [16] 72 ± x Glioblastoma 12-month mortality Yes BMI ≥ 30.0

Seino, 2020 [53] 72 ± 6 None specific All-cause mortality (men) No
All-cause mortality (women) No

Nishida, 2019 [17] 74 ± 5 None specific 36-month mortality No

Om, 2019 [18] 79 ± x Aortic stenosis 12-month mortality Yes BMI ≥ 24.9

Tokarek, 2019 [54] 82 ± x TAVI patients 12-month survival Yes BMI ≥ 30.0

Yoshihisa, 2019 [19] x ± x AHF In-hospital mortality Yes BMI ≥ 25.0

Crotti, 2018 [20] 72 ± 5 None specific

68-month mortality Yes BMI ≥ 25.0
(No, if BMI > 30.0)

68-month CVD mortality No

68-month cancer mortality No

De Palma, 2018 [21] 83 ± 6 TAVI patients 12-month mortality Yes BMI ≥ 25.0
50-month mortality Yes BMI ≥ 25.0

Keller, 2018 [55] 80 ± x AMI In-hospital mortality Yes BMI ≥ 30.0

Kim, 2018 [22] 72 ± 5 None specific 60-month mortality Yes BMI ≥ 25.0
(No, if BMI > 27.5)

Lee, 2018 [56] 72 ± 5 None specific 60-month mortality No

Lv, 2018 [23] 92 ± 8 None specific 36-month mortality Yes BMI ≥ 18.5

De Souto Barreto,
2017 [24] 86 ± 8 Dementia

18-month mortality (dementia) Yes BMI ≥ 25.0
18-month mortality
(without dementia) Yes BMI ≥ 25.0

Wu, 2017 [25] x ± x Atrial fibrillation
12-month mortality

(65–74 years) No

12-month mortality (≥75 years) Yes BMI ≥ 24.0

Cheng, 2016 [57] 74 ± 5

None specific

132-month mortality

Yes BMI ≥ 25.0
(No, if BMI ≥ 35.0)

Diabetes Yes BMI ≥ 25.0
(No, if BMI ≥ 35.0)

Hypertension Yes BMI ≥ 25.0
(No, if BMI ≥ 35.0)

Dyslipidaemia Yes BMI ≥ 25.0
(No, if BMI ≥ 35.0)

Flodin, 2016 [26] 82 ± 7 Hip fracture 12-month survival Yes BMI > 26.0
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Table 2. Cont.

Author(s), Year
Age

(Mean ±
SD)

Medical
Condition

Outcome
Obesity
Paradox

BMI Thresholds #

(kg/m2)

Calabia, 2015 [58] 75 ± 6 Haemodialysis 120-month mortality Yes
BMI = 30.0–34.9

(No, if BMI = 27.5–29.9
or BMI ≥ 35.0)

Kim, 2015 [59] x ± x Chronic diseases 108-month mortality No

Kubota, 2015 [60] x ± x T2DM 132-month ID mortality Yes BMI ≥ 25.0

Kuo, 2015 [27] x ± x T2DM 66-month mortality No

Shil hong, 2015 [61] 76 ± 9 None specific 72-month mortality Yes BMI ≥ 23.8

Buys, 2014 [28] 75 ± 7 None specific 102-month mortality No

Clark, 2014 [62] 77 ± 5 None specific
120-month mortality (Africans) No
120-month mortality (African

Americans) No

Ford, 2014 [29] 81 ± 4 None specific 40-month mortality No

Lang, 2014 [30] 85 ± 6 None specific
6-week mortality Yes BMI ≥ 30.0

12-month mortality Yes BMI ≥ 25.0
24-month mortality Yes BMI ≥ 25.0

Lee, 2014 [31] 73 ± 7 None specific 36-month mortality Yes BMI ≥ 25.0
(No, if BMI ≥ 30.0)

Murphy, 2014 [63] 77 ± x T2DM 84-month mortality No

Wu, 2014 [32] 73 ± 7 None specific
60-month mortality Yes BMI ≥ 25.0

(No, if BMI ≥ 35.0)

60-month CVD mortality BMI ≥ 25.0
(No, if BMI ≥ 30.0)

Yamauchi, 2014 [64] 78 ± 7 COPD In-hospital mortality Yes BMI ≥ 23.0

Chen, 2013 [33] 83 ± 5 None specific 18-month mortality Yes BMI ≥ 23.0

Dahl, 2013 [34] 80 ± 6 None specific 216-month mortality Yes BMI ≥ 25.0
(No, if BMI ≥ 30.0)

Nakazawa, 2013 [35] 84 ± 8 None specific 12-month mortality Yes BMI ≥ 23.6

Takata, 2013 [36] 80 ± 0 None specific

144-month mortality No

144-month CVD mortality No

144-month cancer mortality No

Tseng, 2013 [37] x ± x T2DM 144-month mortality Yes BMI ≥ 23.0

Veronese, 2013 [38] 81 ± 8 None specific 60-month Yes BMI ≥ 30.0

Woo, 2013 [39] 73 ± 5 None specific 84-month mortality No

Yamamoto, 2013 [40] 83 ± 7 TAVI patients 30-day mortality No
12-month mortality Yes BMI ≥ 25.0

Zekry, 2013 [41] 85 ± 7 None specific 48-month mortality Yes BMI ≥ 30.0

de Hollander, 2012 [42] 73 ± 2 None specific 120-month mortality No

Kvamme, 2012 [43] 73 ± 5

None specific
12-month mortality (men) No

12-month mortality (women) No

Respiratory
diseases

12-month mortality (men) No

12-month mortality (women) No

CVD
12-month mortality (men) No

12-month mortality (women) No

Cancer
12-month mortality (men) No

12-month mortality (women) No

Mihel, 2012 [44] x ± x Hypertension 60-month mortality (men) Yes BMI ≥ 30.0
60-month mortality (women) No
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Table 2. Cont.

Author(s), Year
Age

(Mean ±
SD)

Medical
Condition

Outcome
Obesity
Paradox

BMI Thresholds #

(kg/m2)

Tsai, 2012 [65] x ± x None specific

48-month mortality (65–74 y; men) No
48-month mortality (≥75 y; men) No
48-month mortality (65–74 y; women) No
48-month mortality (≥75 y; women) No

Cereda, 2011 [45] 84 ± 8 None specific 72-month mortality Yes BMI ≥ 25.0

Berraho, 2010 [46] 75 ± 7 None specific 156-month mortality No

Han, 2010 [47] 75 ± 8 None specific 42-month mortality No

Kitamura, 2010 [48] 84 ± 8 None specific 24-month mortality Yes BMI ≥ 17.1

Lea, 2009 [66] 77 ± x AMI 125-month mortality Yes BMI ≥ 25.0
(No, if BMI > 40.0)

Luchsinger, 2008 [49] 78 ± 6 None specific 144-month mortality No

Locher, 2007 [50] 75 ± 7 None specific 36-month mortality No

Takata, 2007 [51] 80 ± 0 None specific

48-month mortality Yes BMI ≥ 25.0

48-month CVD mortality No

48-month cancer mortality No

Grabowski, 2001 [67] 77 ± 6 None specific 96-month mortality Yes BMI ≥ 28.5

# BMI thresholds at which an obesity paradox was demonstrated. SD: Standard deviation; ICU: Intensive Care
Unit; TAVI: Transcatheter Aortic Valve Implementation; COPD: Chronic Obstructive Pulmonary Disease; AHF:
Acute Heart Failure; AMI: Acute Myocardial Infarction; T2DM: Type 2 Diabetes Mellitus; CVD: Cardiovascular
disease; y, years. x: Missing information.

An appendix provides detailed information of the analyses and results of the relation-
ship between BMI and mortality in aged adults. Of the analyses tested for the existence of
an obesity paradox, 48 were adjusted for confounders, and 10 were unadjusted analyses
(see Supplementary Materials).

The quality of the included studies, as assessed using the NOS, was considered high
for all 58 studies (Table 3).

Table 3. Quality assessment of the different studies included in this systematic review, using the
Newcastle–Ottawa scale (NOS).

Author, Year Study Design Selection Comparability Outcome Total Score Quality Rating

Kananen, 2022 [68] Retrospective cohort **** ** *** 9 High
Amin, 2021 [11] Prospective cohort **** ** *** 9 High

Danninger, 2021 [52] Retrospective cohort **** ** *** 9 High
El Moheb, 2021 [12] Prospective cohort **** ** *** 9 High

Lin, 2021 [13] Prospective cohort *** ** *** 8 High
Martinez-Tapia, 2021 [14] Prospective cohort **** ** *** 9 High

Lai, 2020 [15] Prospective cohort **** ** *** 9 High
Schneider, 2020 [16] Prospective cohort **** ** *** 9 High

Seino, 2020 [53] Retrospective cohort **** ** *** 9 High
Nishida, 2019 [17] Prospective cohort **** ** *** 9 High

Om, 2019 [18] Prospective cohort **** * *** 8 High
Tokarek, 2019 [54] Retrospective cohort **** * *** 8 High

Yoshihisa, 2019 [19] Prospective cohort **** * *** 8 High
Crotti, 2018 [20] Prospective cohort **** ** *** 9 High

De Palma, 2018 [21] Prospective cohort **** * *** 8 High
Keller, 2018 [55] Retrospective cohort **** * *** 8 High
Kim, 2018 [22] Prospective cohort **** ** *** 9 High
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Table 3. Cont.

Author, Year Study Design Selection Comparability Outcome Total Score Quality Rating

Lee, 2018 [56] Retrospective cohort **** ** *** 9 High
Lv, 2018 [23] Prospective cohort **** ** *** 9 High

de Souto Barreto, 2017 [24] Prospective cohort **** ** *** 9 High
Wu, 2017 [25] Prospective cohort **** ** *** 9 High

Cheng, 2016 [57] Retrospective cohort **** ** *** 9 High
Flodin, 2016 [26] Prospective cohort **** ** *** 9 High
Calabia, 2015 [58] Retrospective cohort **** ** *** 9 High

Kim, 2015 [59] Retrospective cohort **** ** *** 9 High
Kubota, 2015 [60] Retrospective study **** ** *** 9 High

Kuo, 2015 [27] Prospective cohort **** * *** 8 High
Shil Hong, 2015 [61] Retrospective cohort **** ** *** 9 High

Buys, 2014 [28] Prospective cohort *** ** *** 8 High
Clark, 2014 [62] Retrospective cohort **** ** *** 9 High
Ford, 2014 [29] Prospective cohort *** ** *** 8 High
Lang, 2014 [30] Prospective cohort **** ** *** 9 High
Lee, 2014 [31] Prospective cohort **** ** *** 9 High

Murphy, 2014 [63] Retrospective cohort **** ** *** 9 High
Wu, 2014 [32] Prospective cohort **** ** *** 9 High

Yamauchi, 2014 [64] Retrospective cohort **** ** *** 9 High
Chen, 2013 [33] Prospective cohort *** ** *** 8 High
Dahl, 2013 [34] Prospective cohort *** ** *** 8 High

Nakazawa, 2013 [35] Prospective cohort **** ** *** 9 High
Takata, 2013 [36] Prospective cohort *** ** *** 8 High
Tseng, 2013 [37] Prospective cohort **** ** *** 9 High

Veronese, 2013 [38] Prospective cohort *** ** *** 8 High
Woo, 2013 [39] Prospective cohort **** ** *** 9 High

Yamamoto, 2013 [40] Prospective cohort **** ** *** 9 High
Zekry, 2013 [41] Prospective cohort **** ** *** 9 High

de Hollander, 2012 [42] Prospective cohort *** ** *** 8 High
Kvamme, 2012 [43] Prospective cohort **** ** *** 9 High

Mihel, 2012 [44] Prospective cohort *** * *** 7 High
Tsai, 2012 [65] Retrospective cohort **** ** *** 9 High

Cereda, 2011 [45] Prospective cohort *** ** *** 8 High
Berraho, 2010 [46] Prospective cohort **** ** *** 9 High

Han, 2010 [47] Prospective cohort **** ** *** 9 High
Kitamura, 2010 [48] Prospective cohort **** ** *** 9 High

Lea, 2009 [66] Retrospective cohort **** ** *** 9 High
Luchsinger, 2008 [49] Prospective cohort **** ** *** 9 High

Locher, 2007 [50] Prospective cohort **** ** *** 9 High
Takata, 2007 [51] Prospective cohort **** ** *** 9 High

Grabowski, 2001 [67] Retrospective cohort **** ** *** 9 High

Each star is equal to one point. The sum of the stars gives the total score of the NOS. NOS score of ≥7 were con-
sidered as high quality studies, NOS score of 5–6 as moderate quality, and NOS Scores less than 5 as low quality.

4. Discussion

In this systematic review of studies exploring the relationship between BMI and
mortality in patients aged 65 years or older, 28 out of the 58 studies included observed
longer survival in patients with a BMI ≥ 25 kg/m2 (the so-called obesity paradox) [11,12,14,
16,19–22,24,26,30–32,34,38,40,41,44,45,51,52,54,55,57,58,60,66,67]. Among these 28 studies,
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16 involved patients with a specific or acute medical condition [11,12,14,16,19,21,24,26,40,
44,52,54,55,58,60,66]. Seven studies found improved survival in overweight and obese
older people when focussing on short-term mortality [11,12,19,30,52,55,64,70]. One showed
increased survival only in the oldest patients [25]. Two showed increased survival only in
men [14,44]. Of the 23 studies that did not observe an obesity paradox [14,15,17,25,27–29,
36,39,40,42,43,46,47,49,50,53,56,59,62,63,65,68], 7 involved populations selected according
to the presence of a particular medical condition [14,25,27,40,59,63,68].

Nearly two-thirds of the studies included in this work report better survival in over-
weight or obese older people. Several factors may influence the relationship between
obesity and survival in the older population, including age, degree of obesity, presence or
absence of comorbidities, and occurrence of an acute event.

Regarding age, the studies in this review that failed to show better survival in over-
weight or obese individuals included populations that were, on average, younger than
those demonstrating an obesity paradox. Wu et al. [25], in their study of the impact of age
on the association between BMI and all-cause mortality in patients with atrial fibrillation,
found better survival in overweight or obese patients aged 75 years or older but not in
patients aged between 65 and 74 years. Observations made in older populations must
therefore take into account the intrinsic characteristics of the survivors. For the same
BMI, patient profiles can be different, and this profile can influence survival. For instance,
body composition may differ due to ethnicity, sex, or advancing age [71,72]. BMI does
not provide information on body composition, and is less correlated with percentage of
body mass or fat mass index, especially in younger people [72]. Abdominal obesity has
direct metabolic consequences (adipose tissue inflammation, dysglycaemia, alteration of
blood pressure regulation, etc.). Conversely, subcutaneous fat accumulation in the hips,
for example, appears to have benign effects on cardiovascular risk. Other indicators, such
as waist circumference or waist-to-hip ratio, are strongly associated with higher mortal-
ity risk [73,74]. Taking only BMI into account does not make it possible to differentiate
between these situations [9]. In all studies included in this work, BMI was defined as an
obesity index. If obesity is defined by “body adiposity”, BMI level is probably not the best
criterion [75]. The term “BMI paradox” may be more appropriate than “obesity paradox”,
as suggested by Antonopoulos et al. [9].

Obesity is a factor associated with higher mortality in younger populations [76–78],
but it is also associated with an increased risk of developing and dying from a number of
diseases [3], such as cancer [79,80], Some authors point to the obesity-related cellular and
immune changes that make obese people more vulnerable, including an increased risk of
infections [1]. Older obese people could be considered constitutionally more robust as they
have survived the risk factor of obesity into adulthood. The degree of obesity could also be
a factor. In this review, not all authors differentiated between different classes of obesity.
However, the positive effect on survival in cases of overweight and obesity was not found
for morbid obesity (BMI ≥ 35.0 kg/m2) in 5 studies [11,32,57,58,66]. Furthermore, weight
is not a reflection of body composition, in particular the muscle mass/fat mass ratio. Loss
of muscle mass and strength (sarcopenia) is a factor associated with an increased risk of
death. Tian et al. reported that obese people with sarcopenia have a higher risk of death
than obese people without sarcopenia [81]. Obese people may be less frequently sarcopenic
than non-obese people. In 1493 subjects aged 65 years or more (median age 74 ± 11 years),
Sousa-Santos et al. [82] found a prevalence of 0.8% of obese sarcopenic individuals versus
11.6% of sarcopenic individuals of all BMI status.

The presence of a chronic pathology or an acute event may also influence survival.
In this review, 20 studies [11,12,14,16,18,19,21,24–26,37,40,44,52,54,55,58,60,64,66] of the 38
which found a favourable effect of overweight or obesity on survival involved patients
with a particular chronic condition or facing a specific medical event. This finding suggests
that even moderately overweight older individuals with chronic disease or acute medical
events have better survival. Obesity in older people with a chronic disease could be a
sign of greater robustness or higher reserves (better appetite, less risk of undernutrition).
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Overweight or obese older subjects would be less undernourished than the general older
population. Cereda et al. [83], in their meta-analysis of the prevalence of undernutrition
in an older population, found a prevalence of undernutrition ranging from 3.1 to 29.4%,
depending on the setting. Sousa-Santos et al. [84] showed that 6% of obese elderly subjects
(BMI ≥ 30 kg/m2) were also undernourished or at risk of undernutrition. In the event of an
acute event, obese elderly people may have a better chance of survival, particularly because
of their greater functional reserves. This observation is also made in younger obese or
overweight subjects. Akinnusi et al. [85] show in their meta-analysis of patients admitted
to intensive care that obese subjects have a similar mortality to non-obese subjects. In 2013,
the meta-analysis by Flegal et al. [76] confirmed in a population without any particular
pathology that overweight people (BMI > 25 kg/m2) (all types of obesity and all ages) had
a higher overall mortality rate, whatever the cause. However, mildly overweight people
(BMI ≥ 25 and <30 kg/m2) had lower all-cause mortality than normal weight people
(BMI < 25 kg/m2). Thus, this advantage was found regardless of age.

Several mechanisms could explain “obesity paradox”. Probably, there are “good
adipose tissues” in elderly subjects. In the literature, overweight or obesity, defined by
high level of BMI, is shown to have positive influence on prothrombotic factors, production
of certain cytokines, or NT-proBNP levels. Adipokine produced by adipose tissue seems
to be cardioprotective [86]. Obesity could have a protective effect against progression or
consequences of some chronic diseases. High BMI could also reflect better nutritional status
and adequate muscle reserves. Casas-Vara et al. [87] showed better nutritional status in
overweight or obese elderly people with heart failure.

Our systematic review has limitations. Although the WHO has proposed thresholds
for BMI, the authors used different thresholds in their respective studies. In addition,
the outcomes were also different between the studies. This made it difficult to compare
the studies, and precluded meta-analysis. The age variable was missing in 14.0% of
cases (8/57).

However, this work covers a large number of studies, totalling more than 1,120,000 people
aged 65 years or over, with varying medical conditions and in different settings. The follow-
up time of the studies ranged from 30 days to 156 months (even though the majority of
studies have a long-term follow-up). These differences in follow-up time may make com-
parison difficult. In addition, there is no information on BMI variation over time, especially
for studies with long-term follow-up. Weight loss or gain between baseline measurement
and death could have a significant impact. The fact that only studies conducted in subjects
aged 65 years or older were selected gives a certain homogeneity to this systematic review
in terms of population. Finally, all studies were evaluated for methodological quality using
the NOS, and were found to be of high quality.

5. Conclusions

The findings of this systematic review are in favour of the existence of an obesity
paradox, which could more specifically concern older subjects with a comorbidity and/or
experiencing an acute event. Nevertheless, because BMI does not reflect body composition,
the term “BMI paradox” would be more appropriate. The influence of the level of BMI
remains unclear. These findings should help guide strategies for nutritional counselling in
the older population.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu15071780/s1, Table S1: Outcome and results of association
between body mass index groups and mortality in aged adults (detailed information).
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Abstract: The aim of this study was to investigate associations between serum magnesium levels
with insomnia and excessive daytime sleepiness (EDS) in older adults. A total of 938 older outpatients
were included in the study. Hypomagnesemia was defined as serum magnesium concentration
below <1.6 mg/dL. Patients were divided into two groups: hypomagnesemia and normomagnesia
(1.6–2.6 mg/dL). The Epworth Sleepiness Scale was implemented and scores of ≥11 points were
categorized as EDS. The Insomnia Severity Index was implemented and scores of ≥8 indicated
insomnia. The mean age was 81.1 ± 7.6 years. While the presence of EDS, hypertension, diabetes
mellitus, and coronary artery disease were more common in the hypomagnesemia group than the
normomagnesia group, Parkinson’s disease was less common (p < 0.05). Hemoglobin and HDL
cholesterol were lower, whereas HbA1c, triglyceride, and number of drugs used were higher in
the hypomagnesemia group compared to the normomagnesia group (p < 0.05). In both univariate
analysis and multivariate analysis adjusted for gender, age and all confounders, there were significant
associations between hypomagnesemia and EDS [odds ratio (OR):1.7; 95% confidence interval (CI):
1.6–2.6, and OR: 1.9; 95%CI: 1.2–3.3, respectively (p < 0.05)]. There was no significant relationship
between hypomagnesemia and insomnia (p > 0.05). The present study identified an association
between hypomagnesemia and EDS in older adults. Therefore, it may be prudent to consider
hypomagnesemia when evaluating older adults with EDS and vice versa.

Keywords: excessive daytime sleepiness; hypomagnesemia; insomnia; elderly

1. Introduction

Magnesium plays a role in the maintenance of vascular tone, thrombus formation,
cardiac conduction, and neurotransmitter synthesis, as well as acting as a cofactor in many
enzymatic reactions [1]. Hypomagnesemia, which is associated with chronic diseases, gas-
trointestinal system or renal loss, and low intake or alcohol use, is often neglected in clinical
practice [1,2]. With aging, decreases in the total level of magnesium occur mainly owing to
a decrease in oral magnesium intake as a result of consumption of less green vegetables,
which are key sources of magnesium [3,4]. Decreased intestinal reabsorption of magnesium,
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increased urinary excretion, and drug interactions also contribute to magnesium deficiency
in the geriatric population [2].

Magnesium is an essential element required for the regulation of various cellular
and metabolic reactions, including ATP generation, DNA replication, and DNA repair.
It is an important co-factor for the folate–methionine–neurotransmitter cycle; and thus,
magnesium has a pivotal role in the neurotransmitter synthesis pathway [5]. The disruption
of methylation processes leads to a build-up of homocysteine, thereby increasing the
likelihood of inflammation, oxidative stress, and subsequent damage to mitochondria and
DNA [6,7]. Additionally, telomeres are protective nucleoprotein structures at the ends of
all chromosomes that provide genomic stability and prevent the loss of coding DNA, and
impaired telomeric structure has a sensitivity to oxidative damage. The telomeric chromatin
structure and integrity is impacted upon by magnesium biochemistry [8]. The effect of
magnesium on cellular aging may be related to its interactions with telomere homeostasis,
telomere maintenance, and activity of telomerase. A recent study showed that inadequate
magnesium levels have an adverse impact on telomere attrition rate in older people with
sleep disturbances [9]. Moreover, magnesium may also enhance melatonin secretion which
promotes sleep onset [10]. Magnesium is important for the synthesis of N-acetyltransferase,
which converts 5-hydroxytryptamine into N-acetyl-5-hydroxytryptamine, which can then
be converted to melatonin [9]. Magnesium also contributes to the maintenance of a normal
circadian rhythm and sleep quality and thus may reduce insomnia.

Findings from analyses of The National Health and Nutrition Examination’s database
have found that aging is a superposed risk factor for deficient magnesium consumption
and that magnesium consumption has a progressive decrease with age [11]. Indeed, the
literature has shown that intestinal magnesium absorption and bio-variability vary with
age [12]. The change in intestinal absorption of magnesium in older people is usually
exacerbated by the disruption of vitamin D homeostasis. Renal magnesium reabsorption
is an active process that occurs in the loop of Henle and the proximal convoluted tubule.
Decreased kidney functionality, which is also common in old age, is likely to be an addi-
tional cause of magnesium loss [12,13]. In epidemiological and clinical studies, magnesium
deprivation has been associated with low serum magnesium levels. Moreover, low dietary
magnesium intake has been found to be associated with low-grade systemic inflammation,
increased levels of inflammatory markers, proinflammatory molecules, and increased pro-
duction of free oxygen radicals [13]. Ageing is accompanied by a low-grade inflammatory
condition called “inflammaging”. A chronic magnesium deficiency and disruption of the
redox state that expedites this inflammatory condition may have a significant impact on the
development of age-related diseases and geriatric syndromes [2]. Moreover, magnesium
acts as a crucial cofactor for both acquired and innate immune responses and is implicated
in pathways that control the development and maintenance of immune cell activation and
homeostasis [14]. There may be a relationship between magnesium deficiency and the
condition of insulin resistance, T2DM, the emergence of the cardiometabolic syndrome,
and prognosis of infectious clinical course [13]. Therefore, it can be hypothesized that main-
taining an optimal magnesium balance throughout life may help prevent inflammation
and related conditions associated with magnesium deficiency, thereby helping to prolong
healthy life.

There are limited studies on the prevalence of hypomagnesemia in the elderly. How-
ever, a small number of studies have reported that the prevalence of hypomagnesemia is
between 20–25% in the general population, and over 50% in hospitalized patients [15–17].
Although hypomagnesemia is common, clinical symptoms or signs are often asymptomatic
or are non-specific presentations, which can include fatigue, weakness, dizziness, depres-
sive mood, anxiety, hyperemotionality, sleep disturbances, headache, myalgias, non-specific
pain, and cramps. Severe hypomagnesemia can be more symptomatic, with presentations
including muscle fasciculation, orthostatic hypotension, tremor, dysphagia, presence of
Trousseau’s sign and Chvostek’s sign, and hypertension [18]. Chronic hypomagnesemia is
often clinically undiagnosed, but it has many long-term negative outcomes [13]. It has been
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observed that hypomagnesemia is associated with an increased risk of delirium, geriatric
depression, psychiatric disorders, Alzheimer’s disease, other dementia, and mortality in
the elderly [13,19].

One important implication of magnesium deficiency is subsequent sleep complications.
Sleep disorders are a common health problem that negatively affect quality of life and func-
tionality in older people [15]. Indeed, magnesium is considered to have important effects
on sleep regulation and circadian rhythm as it is a natural antagonist of N-metil-D-aspartic
acid (NMDA) receptors and an agonist of gamma-aminobutyric acid (GABA) receptors, as
well as having important effects on the regulation of the central nervous system [20]. It is
likely that magnesium acts as a relaxant and anti-depressant. Therefore, magnesium may
increase melatonin and renin levels as well as reduce levels of cortisol [20]. Recent research
has found that magnesium may play a crucial role in the regulation of cellular timekeeping,
energy balance, and circadian rhythm, and consequently sleep regulation [20]. However,
despite this, study findings on the relationship between magnesium levels and sleep quality
or quantity are inconsistent. For example, in one study carried out on a sample of adults,
dietary magnesium intake was found to be significantly higher in those with adequate
sleep quality in comparison to those without [21]. In another study, it was observed that
magnesium had no superiority on sleep quality over placebo [22]. Although magnesium
supplements have been shown to have a positive effect on insomnia parameters such
as sleep efficiency, sleep time and sleep onset latency, and early morning awakening in
the elderly [23], to date, there is no study in which hypomagnesemia and insomnia and
excessive daytime sleepiness (EDS), two common sleep disorders in the elderly, have been
evaluated simultaneously.

Therefore, the aim of this study was to investigate whether there is a relationship
between hypomagnesemia and insomnia or EDS in the elderly.

2. Materials and Methods

In the retrospective monocentric study, patients aged 60 years and older who applied
to one University Hospital Geriatrics outpatient clinic in Türkiye between December 2018
and January 2023 were retrospectively screened. The patients were evaluated according to
inclusion and exclusion criteria. The local Ethics in Research Committees of the institutes
approved the study.

2.1. Inclusion Criteria

Accepting detailed geriatric evaluation: The patients who underwent insomnia sever-
ity index and Epworth Sleepiness Scale, and the patients whose file records were not
incomplete and whose serum magnesium levels were checked on the same day, were
included in our study. All patients who did not have an exclusion criterion were included
in this study (Figure 1).

2.2. Exclusion Criteria

Those with moderate and severe dementia, those with severe visual or hearing impair-
ment that prevented communication and understanding commands during the examina-
tion, those who refusde to participate in the examination, those who had a fatal illness, those
who had a life-threatening illness in the last 6 months, or those who had been hospitalized
for a major surgery were excluded from the present study. In addition, those who were de-
termined to have an acute health problem (such as acute kidney failure, delirium, or stroke);
those taking magnesium supplements or taking medications that may affect sleep, such
as trazadone, mirtazapine, melatonin, antipsychotics, benzodiazepines, methylphenidate,
and modafinil; and those with sleep disorders, such as sleep apnea syndrome, or central
disorders of hypersomnolence, such as narcolepsy or restless leg syndrome, were also
excluded. Those who were detected to have hypermagnesemia (≥2.6 mg/dL) according to
serum magnesium values were also excluded [24].
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Figure 1. Study flow chart.

2.3. Compherensive Geriatric Assessment [14]

Patients were assessed by a geriatrician whereas study data were collected by a geron-
tologist. The following variables were reported: participant age in years, sex, education
status, marital and living status, number of medications, and chronic comorbid diseases
(hypertension, diabetes mellitus, chronic obstructive pulmonary disease, coronary artery
disease, congestive heart disease, dementia, periferic artery disease, cerebrovascular event,
Parkinson’s disease, and osteoarthritis).

The Barthel Index (BADL) was used to evaluate the patients’ basic activities of daily
living, and the Lawton index was used to evaluate instrumental activities of daily living
(IADL). BADL includes functional status and the level of independence in basic daily
living activities for feeding, bathing, dressing, bowel or bladder control, using the toilet,
transfers, mobility, and stair climbing. A total score of 100 indicates full independence,
whereas a score of 0 shows dependency on another person. The IADL measures abilities,
including food preparation, shopping, handling finances, the use of a telephone, taking
own medication, laundry, transportation and housekeeping. A total score of 23 indicates
complete independence, whereas a score of 0 shows complete dependency on another
person for IADL [25].

Information on nocturia was collected and nocturia was defined by the International
Continence Society [26]. “Overall, in the last 30 days, how many times have you usually
urinated from going to bed to waking up in the morning?” Urination at least once a night
was considered as nocturia. The mean number of nocturia episodes of the patients was
recorded [26]. Urinary incontinence was considered to be present in the individuals who
had involuntary urinary incontinence in the last 3 months, except in cases without urinary
tract infection and similar temporary conditions. Depression was diagnosed using the
Geriatric Depression Scale-15. A score of ≥5 on the Geriatric Depression Scale-15 was
classified as depression [27].

2.4. Evaluation of Insomnia

The Insomnia Severity Index includes seven self-reported items. These items assess
symptoms of insomnia as well as the daytime impact, and were designed in accordance
with criteria from the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition.
The Insomnia Severity Index scores range from 0 (no insomnia) to 28 (severe insomnia).
The Insomnia Severity Index scores for the present study were categorised as follows: mild
(14–19), moderate (20–26), and severe (22–28) [28].
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2.5. Evaluation of Excessive Daytime Sleepiness

The Epworth Sleepiness Scale was employed to examine EDS. The Epworth Sleepiness
Scale is composed of eight items and the participant self-reports responses on a 4-point
Likert scale. The patient is asked to report the possibility of “napping” while watching
television, lying down to rest, and traveling in a vehicle. Scores for each item range from
0 (no chance of napping) to 3 (high probability of napping). The total score for Epworth
Sleepiness Scale is based on a scale of 0 to 24, with a score ≥11 indicating [29].

2.6. Laboratory Findings

The following laboratory assessments were carried out: biochemical, metabolic, and
nutritional status of patients; complete blood count; kidney and liver function; thyroid-
stimulating hormone; HbA1c; albumin; calcium; phosphorus; ferritin; vitamin B12; folate;
and vitamin D (25-hydroxy D3). All the biochemical tests were analyzed by using the
Diagnostic Modular Systems (Roche E170 and P-800) autoanalyzer.

2.7. Serum Magnesium Level

Hypomagnesemia with serum magnesium level below 1.6 mg/dL and those with
1.6–2.6 mg/dL were considered normomagnesemic [18]. If serum magnesisum level was
>2.6, it was accepted as hypermagnesemia, and older patients with hypermagnesemia were
excluded.

2.8. Statistical Analysis

Descriptive statistics of categorical variables were reported as frequencies and per-
centages, while descriptive statistics of quantitative variables were given as mean, median,
standard deviation, minimum and maximum values. Pearson chi-square was used to
compare group ratios of categorical variables. The conformity of quantitative variables to
normal distribution was examined with the Kolmogorov–Smirnov test. The assumption
of homogeneity of variances was tested with the Levene test. In the mean comparison of
two independent groups, t-test (Student t) was used in independent groups. The Mann–
Whitney U test was used for the median comparison of two independent groups. In order
to examine the multivariate effects of variables on hypomagnesemia, the variables that were
significant in univariate analyzes and considered to be clinically significant were added to
the binary logistic regression model as independent variables, and odds ratio values were
obtained. These variables were hypertension, diabetes mellitus, coronary artery disease,
Parkinson’s disease, hemoglobin, HDL cholesterol, HbA1c, triglyceride, and number of
drugs used; 95% confidence intervals are given for odds ratio values. The Backward LR
(likelihood ratio) method was used as a variable selection method in the model. Model
explanatory power was examined with the Nagelkerke R square value, and the fit of the
model was examined with the Hosmer and Lemeshow test. The statistical significance level
was taken as 0.05 in the calculations and IBM SPSS Statistics for Windows, Version 26 (IBM
Corp, Armonk, NY, USA) was used.

3. Results

A total of 938 older patients were included in the study. The mean age of the sample
was 81.1 ± 7.6 years and 70.3% were female. The prevalence of hypomagnesemia, insomnia,
and EDS was 14.3%, 54.1%, and 21.1%, respectively.

The comparison of the characteristics of the patients with hypomagnesemia and
normomagnesemia is shown in Table 1. While the presence of EDS, hypertension, diabetes
mellitus, and coronary artery disease was more common, Parkinson’s disease was less
common in the hypomagnesemia group than the normomagnesia group (p < 0.05). There
was no difference in insomnia between the two groups (p > 0.05). Hemoglobin and HDL
cholesterol were lower, whereas HbA1c, triglyceride, and number of drugs used were
higher in the hypomagnesemia group compared to the normomagnesia group (p < 0.05)
(Table 1).
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Table 1. Characteristics of patients according to magnesium status.

Hypomagnesemia Normomagnesemia p Value

Age, years 82.03 ± 7.42 80.96 ± 7.62 0.132 *

Female, (%) 73.9 69.8 0.359 **

Education, year 5 (0–28) 5 (0–24) 0.224 ***

Comorbidities (%)

Hypertension 82.8 68.5 0.001 **

Diabetes Mellitus 68.7 32.7 0.001 **

Coronary Artery Disease 26.9 17.7 0.013 **

COPD 7.5 7.2 1.000 **

Cerebrovascular Events 11.9 10.4 0.650 **

Congestive Heart Disease 13.4 9.7 0.217 **

Peripheric Artery Disease 2.2 2.7 0.790 **

Parkinson’s Disease 3.7 9.3 0.043 **

Dementia 22.4 28.1 0.175 **

Osteoarthritis 21.6 16.9 0.220 **

Laboratory Findings

Hemoglobin, g/dL 12.04 ± 1.52 12.56 ± 1.69 <0.001 *

HbA1c, % 6.5 (4.79–11.64) 5.95 (4.30–14) 0.001 ***

Ferritin, ng/mL 55.91 (4.31–1146.43) 57.55 (2.18–1897.39) 0.349 ***

Folate, ng/mL 6.45 (1.70–24) 6.6 (1.8–24) 0.909 ***

Vitamin B12, ng/mL 382 (95–2000) 371 (83–2000) 0.127 ***

Vitamin D, ng/mL 25.65 (5.30–97.40) 22.30 (3.90–118.9) 0.273 ***

GFR, mL/min/1.73 m2 60.64 ± 17.14 61.70 ± 18.96 0.524 *

Albumin, g/dL 4.2 (2.70–45) 4.3 (2.5–41.9) 0.486 ***

Triglycerides, mg/dL 137.5 (6–470) 120 (18–988) 0.034 ***

HDL cholesterol, mg/dL 12.04 ± 1.52 51.7 (17.9–102.7) 0.001 ***

LDL cholesterol mg/dL 6.5 (4.79–11.64) 128.1 (36.40–338) 0.134 ***

Calcium, mg/dL 55.91 (4.31–1146.43) 9.4 (7.6–12.6) 0.097 ***

Phosphorus, mg/dL 6.45 (1.70–24) 3.4 (1.5–8.7) 0.596 ***

TSH, mIU/L 382 (95–2000) 1.3 (0.01–26.15) 0.647 ***

Comprehensive geriatric assessment

Urinary Incontinence, % 58.2 56.0 0.640 **

Nocturia episodes, number 2 (0–10) 2 (0–10) 0.101 ***

Number of drugs used 7 (0–15) 6 (0,25) 0.001 ***

Geriatric Depression Scale–15 4 (0–15) 4 (0–15) 0.382 ***

BADL 85 (0–100) 88 (0–100) 0.171 ***

IADL 13 (0–23) 14 (0–23) 0.101 ***

ISI 10 (0–28) 8 (0–28) 0.976 ***

Insomnia, % 56.7 53.6 0.514 **

Severe Insomnia, % 36.6 36.3 1.000 **

ESS 7 (0–24) 4 (0–24) 0.004 ***

EDS %29.9 %19.7 0.009 **
BADL (Barthel Activities of Daily Living); COPD (Chronic obstructive pulmonary disease); EDS (Excessive
Daytime Sleepiness); ESS (Epworth Sleepiness Scale); GFR (Glomerular filtration rate); HDL (High-Density
Lipoprotein); IADL (Instrumental Activities of Daily Living); ISI (Insomnia Severity Index); LDL (Low-Density
lipoprotein); TSH (Thyroid-stimulating hormone).* Student’s t-test was used. Descriptive statistics were given as
mean and standard deviation.** Pearson’s chi square test was used.*** Mann–Whitney U test was used. Descriptive
statistics were given as median (minimum–maximum).
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In both univariate analysis and multivariate analysis adjusted for gender, age, and
all confounders, there were significant associations between hypomagnesemia and EDS
[odds ratio (OR):1.7, 95% confidence interval (CI):1.6–2.6, and OR:1.9, 95% CI:1.2–3.3,
respectively (p < 0.05)] (Table 2). While there was a relationship between diabates mellitus
and hypomagnesemia in both univariate and multivariate analysis, age was significant
only in multivariate analysis (p < 0.05). There were no significant relationships between
hypomagnesemia and insomnia (p > 0.05).

Table 2. Predictors of hypomagnesemia.

Univariate Analysis Multivariate Analysis

Parameters OR, %95 CI p Value OR, %95 CI p Value

Age 1.02 (0.99–1.04) 0.132 1.051
(1.014–1.089) 0.007

Female 1.23 (0.81–1.85) 0.336

HT 2.21 (1.38–3.56) <0.001 1.91 (0.97–3.75) 0.062

DM 4.49 (3.03–6.66) <0.001 4.87 (2.82–8.42) <0.001

CAD 1.71 (1.12–2.61) 0.013

PD 2.65 (1.05–6.59) 0.038 0.380
(0.128–1.135) 0.088

TG 1.00 (1.00–1.01) 0.042

HDL 0.97 (0.95–0.98) <0.001 0.982
(0.96–1.001) 0.066

HbA1c 1.44 (1.24–1.67) <0.001

Number of Drugs 1.12 (1.07–1.18) <0.001

Hemoglobin 0.83 (0.74–0.93) <0.001

Insomnia 1.13 (0.78–1.64) 0.504

EDS 1.74 (1.16–2.62) 0.008 1.96 (1.15–3.33) 0.013
Binary logistic regression analysis was used. The variables that were statistically significant in univariate analysis
were included in the multivariate analysis. The backward LR variable selection method was used, and the final
results were given in multivariate analysis. CAD: Coronary Artery Disease; CI: Confidence Interval; DM: Diabetes
Mellitus, EDS: Excessive Daytime Sleepiness; HDL: High-Density Lipoprotein; HT: Hypertension; PD: Parkinson’s
Disease; TG: Triglyceride. Nagelkerke R square value was obtained as 0.215. Hosmer and Lemeshow test p value
was obtained as 0.250.

4. Discussion

In this study, the frequency of hypomagnesemia in the elderly patients admitted to the
outpatient hospital was 14.3%, in whom the frequency of hypertension, diabetes mellitus,
and coronary artery disease was higher compared to those with normomagnesemia, but
the frequency of Parkinson’s disease was lower. Triglyceride and HbA1c levels were higher,
while hemoglobin and HDL levels were lower. In addition, drug use was higher in patients
with hypomagnesemia. There was no relationship between insomnia and hypomagnesemia.
EDS was present in one out of five older adults, the frequency of which was 1.9 times
higher in those with hypomagnesemia than in those with normomagnesemia.

In our study, the prevalence of hypomagnesemia was 14.3%, which was lower than
in other studies conducted in older people [15–17]. The possible reason for this may be
that our study included older adults who were outpatients and were relatively healthy
compared to those in other studies, and the cut-off values for hypomagnesemia somewhat
differed between studies. For example, the prevalence was reported to be 24.3% in a study
in which a value below 1.8 mg/dl was considered as hypomagnesemia and in hospitalized
elderly people [15]. In another study using the same criteria for hypomagnesemia as the
present study, but in medical settings including units such as geriatrics, oncology, and
intensive care, the prevalence was 59.0% [17]. In the present study, frail patients such as
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moderate and advanced dementia patients were excluded, since ISI and ESS scales were
required to be applied to the participants; this may account for the lower frequency of
hypomagnesemia. In a similar study conducted in Türkiye where the same cut-off was
used, but the mean age was 78 (81.1% in this study), hypomagnesemia was found to be
8.8% [30]. Magnesium intake, which may vary depending on geographical and ethnic
differences, may also account for the differences in the prevalence of hypomagnesemia [31].

Magnesium is the second most important intracellular element after potassium in the
cell. Magnesium activates more than 300 enzymes and is a co-factor of many enzymes,
especially in carbohydrate metabolism [13]. For example, hypomagnesemia may cause
insulin resistance by disrupting the function of the tyrosine kinase enzyme located in
insulin receptors and increasing intracellular calcium, and, accordingly, disrupting blood
sugar regulation and triggering oxidative stress [32,33]. Insulin resistance itself also leads
to dyslipidemia; HDL decreases, while triglyceride increases [34]. In support of the pre-
vious literature, the present study identified a negative association between magnesium
concentrations and HbA1c, which may be accounted for by decreased tubular reabsorption
caused by hyperglycemia and/or hyperfiltration [33]. These above-mentioned mechanisms
may explain why diabetes mellitus was higher, levels of HbA1c and triglycerides were
higher, and HDL was lower in the hypomagnesemic elderly in our study. In addition, HT
and CAD were also higher in those with hypomagnesemia. The reason for this may be that
the positive effects of magnesium on endothelial function, regulation of vascular tone, regu-
lation of catecholamine release, and renin angiotension aldosterone system are decreased in
hypomagnesemics [32]. Another reason may be that the use of multiple drugs (for example,
loop diuretics, thiazides, proton pump inhibitors, digoxin, some antidiabetics) may cause
hypomagnesemia in patients with cardiovascular disease and diabetes mellitus [32,33,35].
According to our results, the number of drugs used in patients with hypomagnesemia was
high. However, in our study, only the number of drugs was examined and individual drug
groups could not be evaluated.

In this study, the main aim of which was to investigate the relationship between hy-
pomagnesemia with insomnia and EDS, it was important to eliminate the influence of the
factors mentioned above and other confounders, because factors such as diabetes mellitus,
impaired blood sugar regulation, metabolic syndrome, CAD, multiple drug use, and ane-
mia, which are excessive in hypomagnesemics, also affect sleep disorders [36,37]. Indeed,
the present study demonstrated that hypomagnesemia was not associated with insomnia,
but increased EDS by 1.9 times. However, results of studies investigating the effects of
magnesium on sleep health (few of them carried out in the elderly) are conflicting [14]. For
example, a cross-sectional study indicated that magnesium consumption was significantly
higher in individuals with better sleep quality than in those with poor sleep quality [21].
In another cross-sectional study of 3304 female Japanese dietetics students aged 18–20
years, the midpoint of sleep was negatively associated with dietary magnesium intake [38].
However, the serum magnesium level of the participants in these two studies was not
reported. This positive effect on sleep has not been demonstrated in randomized controlled
trials. One study including 12 older adults (60 to 80 years) examined the relationship
between oral magnesium supplementation and sleep. Magnesium was administered to the
patients in 10 mmol doses and 20 mmol doses each for 3 days, and this was followed by
30 mmol doses for 2 weeks (i.e., 14 days). It was observed that wakefulness was reduced;
however, this finding did not reach a level of significance [39]. Moreover, a recent crossover
randomized double-blind placebo-controlled trial that included a total of 42 participants
(average age 61.6 years) observed no effect on sleep disorders caused by nocturnal leg
cramps when oral magnesium citrate was administered twice a day for one month [40].
In these studies, serum magnesium levels were evaluated neither at baseline nor after
magnesium replacement. Therefore, it may have made no sense to replace magnesium in a
normomagnesemic person initially. However, in a randomized controlled study conducted
by Abbasi et al., they found that among the two groups in which there was no difference
between serum magnesium levels at baseline, those who received magnesium replacement
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improved insomnia parameters in parallel with the increased serum magnesium level
compared to placebo [23]. Nevertheless, it may be a limitation that EDS, which is one of the
factors that frequently causes insomnia in the elderly, was not evaluated simultaneously
in this study. In the present study, we showed that hypomagnesemia was associated with
EDS rather than insomnia.

In a study similar to the present, Lai et al. showed that there was a negative corre-
lation between serum magnesium levels and EDS in peritoneal dialysis patients; and in
multivariate regression analysis, urinary magnesium was an independent predictor of
EDS [41]. Previous evidence suggests that magnesium regulates sleep; because it acts as an
NMDA and a GABA agonist, sleep architecture is closely associated with the glutamatergic
and GABAergic system [20,39]. Indeed, the use of glutamatergic and GABAergic system
modulators in the treatment of EDS has been of recent interest [42]. Moreover, healthy
eating habits are impaired in the elderly with EDS, and thus those with EDS are at a higher
risk of malnutrition [29]. Therefore, the elderly with EDS may have decreased magnesium
intake and a higher frequency of hypomagnesemia. Additionally, EDS may lead to a
reduction in leptin, an adiponectin that has been shown to decrease appetite. It is thus
possible that there is a reduction in food intake owing to loss of appetite and skipped meals
as a consequence of time asleep during the day; this may subsequently result in a higher
risk of nutritional deficiencies [43]. Consequently, a bi-directional relationship between
hypomagnesemia and EDS may occur. However, future studies are now required to test
these hypotheses.

EDS, which is referred to as the condition of being sleepy during the day when an
individual needs to be active and awake, is the second most common sleep disorder among
sleep disorders, the importance of which has increased in recent years [44]. The decrease
in the amplitude of the circadian rhythm with increasing age causes the frequency of
night awakenings to increase [44]. Nonetheless, alterations in sleep physiology, such as
decreased duration of slow-wave sleep (stages 3 and 4), increased compensatory stage 1
and 2 slow-wave sleep, and shortened rapid eye movement sleep, may give rise to EDS in
older people [44]. For this reason, advancing age is a factor that increases the prevalence
of EDS. Despite the fact that the prevalence of EDS between the ages of 30–60 is 11.0% in
women and 6.7% in men, this rate increases in approximately 1 out of 3 people in both sexes
over the age of 80 [45]. In our study, one out of every five elderly people was shown to have
EDS and the rate was similar to the results of previous studies. The studies demonstrated
that EDS was associated with adverse health conditions such as cognitive impairment,
falls, sarcopenia, inability to perform activities of daily living, malnutrition, dysphagia,
Vitamin D deficiency, depression, and cardiovascular events [29,46]. Even though EDS
is associated with common and significant health problems, it is a condition that may be
missed if it is not questioned in the evaluation of elderly patients in daily clinical practice.
EDS is also common in neurodegenerative diseases, particularly dementia. Indeed, EDS is
considered to be both an early indicator for future dementia and a risk factor. In our study,
the determination of the relationship between hypomagnesemia and EDS suggests that
magnesium replacement may also be beneficial in preventing negative health outcomes
of EDS.

Findings from the present study must be interpreted in light of its limitations. First, the
present study was cross-sectional in nature. Therefore, it is not known whether EDS leads to
hypomagnesemia or vice versa. It is possible that the relationship is bidirectional. Second,
self-reported scales were employed to assess EDS and insomnia, potentially introducing
recall and social desirability bias into the findings; it would be prudent for future studies
to employ objective measures of sleep, such as actigraphy. The strengths of our study
are as follows: the number of adequate samples; evaluating both the presence of EDS
and insomnia, and simultaneous evaluation of detailed comorbidities and comprehensive
geriatric assessment parameters (e.g., nocturia, urinary incontinence, and functional status)
which may affect sleep. To the best of the authors’ knowledge, this is the first study to
evaluate hypomagnesaemia and EDS and insomnia simultaneously in older adults.
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5. Conclusions

Hypomagnesemia is associated with hypertension, diabetes mellitus, coronary artery
disease, low hemoglobin, and HDL cholesterol; and high HbA1c, triglyceride, and number
of drugs used. Regardless of these factors, there was a significant relationship between
hypomagnesemia and EDS in the elderly, but not insomnia. Therefore, hypomagnesemia
or vice versa should be considered when evaluating an elderly patient with EDS. However,
further longitudinal studies and intervention trials are needed to elucidate the complex
pathophysiology of EDS and hypomagnesemia in older adults.
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Abstract: Objectives: This study aimed to determine the risk factors for undernutrition in community-
dwelling older adults in Guadeloupe (Caribbean islands). Methods: We used data from the KArukera
Study of Aging-Drugs Storage (KASADS), an observational cross-sectional study of community-
dwelling older people living in Guadeloupe. The Mini Nutritional Assessment (MNA) was used to
assess the risk of undernutrition. An MNA-short form (SF) score ≤11 defined the risk of undernu-
trition. Depression was assessed using the Center for Epidemiologic Studies Depression (CES-D)
scale, cognitive function was assessed using the Mini Mental State Examination (MMSE), frailty was
assessed using the Study of Osteoporotic Fractures index (SOF), and dependency was assessed using
Lawton’s instrumental activities of daily living (IADL) scale. Bivariate and multivariate analyses were
used to determine the correlates of undernutrition. Results: The study sample comprised 115 patients
aged 65 years or older; 67.8% were women, and the mean age was 76 ± 7.8 years. The prevalence of
undernutrition was 21.7% (95% CI = 15.2–30.1%). In our bivariate analysis, the risk of undernutrition
was associated with MMSE score, IADL score, frailty, and CES-D score. We found no significant
relation between nutrition risk and other variables, such as marital status, pain, or polypharmacy. In
the multivariate analysis, the factors associated with the risk of undernutrition were MMSE score
(Odd-Ratio (OR): 0.74 (0.58–0.97)) and CES-D score (OR: 1.13 (1.02–1.27)). Conclusions: Cognitive
decline and the risk of depression were independently associated with the risk of undernutrition in
community-dwelling older people in Guadeloupe. Although we cannot imply causality in this rela-
tion, the detection of these three key geriatric syndromes in community-dwelling elders is essential
to prevent adverse health outcomes. Further studies are warranted to confirm these findings.

Keywords: risk factors; undernutrition; aged; older adults; Guadeloupe

1. Introduction

Undernutrition is a frequent and serious geriatric syndrome that is a major contrib-
utor to vulnerability in older adults. Undernutrition is defined as a state resulting from
deficiencies, excesses, or imbalances in a person’s food intake and expenditure of energy
and/or nutrients. It leads to a reduction in lean and cellular mass [1]. Undernutrition
is multifactorial, and reported risk factors include social isolation, financial precarious-
ness, psychological factors, and socio-demographic status, among others [2]. It is known
to be associated with various clinical conditions such as low body mass index (BMI),
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infection, cancer, diabetes, renal function, acute kidney injury, pulmonary disease, gastro-
intestinal disorders, depression, cognitive or functional disorders, and comorbidities and
polypharmacy [3]. Undernutrition is also associated with an increased risk of adverse
health outcomes, including infection, impaired health-related quality of life (HRQoL), falls,
longer length of stay when hospitalized, bedsores, and mortality [4,5]. The prevalence of
undernutrition rises with increasing age [6], and in France, it ranges from 6.4% in rural
areas to 18.5% in urban zones [4]. It is estimated that 32% of elderly people living at home
suffer from malnutrition [6]. In France, new diagnostic criteria to measure undernutri-
tion in the elderly were to be taken in consideration by the High Authority of Health
and the French Nutrition Federation in 2019. In summary, to diagnose undernutrition, it
is necessary to combine at least one phenotypic criterion (weight loss ≥ 5% in 1 month
or ≥10% in 6 months or ≥10% compared with the usual weight before the onset of the
disease; BMI < 22 kg/m2; confirmed sarcopenia) and an etiological criterion (reduction in
food intake ≥50% for more than 1 week or any reduction in intake for more than 2 weeks
compared with usual food intake and/or protein-energy requirements; reduced absorp-
tion (malabsorption/maldigestion), as well as a pathological situation (with or without
inflammatory syndrome). Despite the fact that MNA, as well as its short form, MNA-SF (a
validated tool to estimate nutritional status), allows us to identify the risk of undernutrition,
it is not considered as a criterion to diagnose undernutrition. The MNA-SF comprises
six questions relating to nutritional, functional, and cognitive status. It is quick and easy
to administer, and shows a strong correlation and good agreement with the full-length
MNA in older adults. The MNA-SF accurately identifies people at risk of and suffering
from undernutrition in the community [7]. As with the majority of geriatric syndromes,
people with undernutrition do not always receive the attention of primary care healthcare
providers [8]. However, since 2019, the World Health Organization program for integrated
care for older people (ICOPE), which aims to promote primary prevention initiatives, has
highlighted nutritional status as an intrinsic capacity that is necessary for successful age-
ing [9,10]. By 2030, the population of Guadeloupe (a French territory in the Caribbean) is
expected to decline. This is due to an ageing population. The proportion of people over
65 years old could account for 28% of the total population (INSEE projections). At the same
time, there will be a considerable increase (the double) in the number of dependent elderly
people. Studies reveal that this part of the population will have to face age-related medical
problems and an increase in the prevalence of chronic pathologies (hypertension, diabetes,
cancer) or neuropsychiatric diseases. Other consequences will be a growing number of
avoidable hospitalizations. On the other hand, the island of Guadeloupe faces numerous
challenges. Some diseases are prevalent and above the national (France) level with regards
to ethnic and genetic characteristics. There are also specific social and economic charac-
teristics. In addition to this, the geographical location of the island in terms of access to
care is also challenging. In the current context, the economic, medical, social, and human
stakes are considerable, and the question that needs to be addressed is to what extent
does living in Guadeloupe have an impact on the care of the elderly population [11,12]. It
is of particular importance to identify the factors associated with undernutrition in this
context, especially since certain modifiable risk factors are susceptible to influence by the
geographic, psycho-socio-cultural, and ethno-anthropological environment. To the best
of our knowledge, to date, no study has investigated the risk factors for undernutrition
in older adults living in the Caribbean islands. The aim of this study was to identify the
correlates of undernutrition in older people in Guadeloupe.

2. Methods

2.1. Study Design

This observational, cross-sectional study in Guadeloupe, a French overseas department
situated in the Caribbean sea, used data from the Karukera Study Aging-Drug Storage
(KASADS) [11]. In the KASADS cohort, the selected patients were contacted over the
phone by two medical school students. The two interviewers were trained in standardized
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geriatric assessment tools (falls, dementia, depression, undernutrition, confusion, psycho-
social vulnerabilities, etc.) by the geriatrics team at the CHU de Guadeloupe. A total of
15 GPs from the region took part in recruiting participants (i.e., a maximum of 10 patients
per GP). GPs systematically offered patients who met the inclusion criteria a chance to
participate in the study until our quota of 8 patients was reached. The two investigators
acquired verbal consent from all participants. The investigators visited the participants’
homes to collect the various parameters. Subjects who had not been correctly selected by
the GPs were excluded upon home visitation.

All consenting participants received a study information leaflet explaining the study
procedures, and all participants provided written informed consent.

The study was approved by the Ethics Committee of the University Hospital of
Guadeloupe (A6_19_10_01_KASADS).

2.2. Data Recorded

The validated French-language version of the MNA-SF was used to assess the nutri-
tional status of all patients [7]. Each participant was evaluated based on the following:
food intake, weight loss, mobility, psychological stress or acute disease, neuropsychological
problems (only dementia), and BMI. The final score was used to classify individuals as
undernourished (0 to 7 points), at risk of undernutrition (8 to 11 points), or as having a
normal nutritional status (13 to 14 points). For the purposes of this study, we considered all
those with an MNA-SF score ≤11 to be at risk of undernutrition.

In the KASADS cohort, functional status was assess using Lawton’s instrumental
activities of daily living (IADLs) [13] and Katz’s ADL scale [14]. Lawton’s IADL scale
measures four dimensions: using the telephone, using transport, managing medications,
and managing finances. Scores range from 0 to 4; a score of 0 indicates total autonomy,
while a score of 4 indicates total dependency. Katz’s ADL scale measures 6 dimensions:
bathing, toileting, transferring, eating, dressing, and continence. It appears that when
there is an alteration of one or more ADLs, the elderly loses functional independence. The
ADL provides a rating of each of the 6 items on a binary scale (0/1), with 1 indicating
independence and 0 indicating dependency. The total score varies between 0 and 6. Cog-
nitive function was assessed using the Mini Mental-State Examination [15]. This 30-item
instrument evaluates cognitive function in terms of orientation, repetition, verbal recall,
attention and calculation, language, and visual construction. Scores range from 0 to 30,
and scores of 24/30 or lower indicate impaired cognitive function. Pain and HRQoL were
evaluated using a visual analog scale (VAS). We also recorded socio-demographic character-
istics (age, sex, level of education, marital status), usual alcohol intake (non-drinker, former
drinker and current drinker) and tobacco consumption (non-smoker, former smoker current
smoker), comorbidities (presence or absence of diabetes, hypertension, dyslipidemia), and
BMI (calculated as the weight divided the square of the height in meters). We recorded all
current medications, and polypharmacy was defined as the concomitant use of ≥5 different
drugs per day [16].

Frailty syndrome was assessed using the Study of Osteoporotic Fractures index
(SOF) [17], which comprises 3 items: involuntary weight loss of 5 kg or more, inability to
rise from a chair 5 times without using the arms, and reduced energy level (answer “no” to
the question “Do you feel full of energy?”). Meeting two or more criteria indicates frailty;
1/3 indicates pre-or-intermediate frailty; 0/3 indicates non-frail patients. Depression was
evaluated using the Center for Epidemiologic Studies-Depression (CES-D) scale [18], which
is a self-reported questionnaire comprising 20 items asking how often over the past week
the person experienced symptoms associated with depression. Scores range from 0 to 60,
with higher scores indicating greater depressive symptoms.

2.3. Statistical Analysis

Quantitative variables are expressed as mean ± standard deviation, and qualitative
variables are expressed as either numbers or percentages. In our study population, no

61



Nutrients 2023, 15, 2950

patient had an MNA-SF score <8, corresponding to undernutrition. Therefore, the variable
MNA-SF was dichotomized, with individuals having a score > 11 considered not at risk and
those with a score ≤ 11 considered at risk of undernutrition. Physical frailty (assessed by
the SOF index scale) was studied by categorizing the SOF score into two groups: those with
a score of 1 or 2 were considered frail, and those with a score of 0 were considered robust.
Variables were compared between those at risk and those not at risk of undernutrition
using the chi-square or Student’s t-test as appropriate. Variables at a 20% threshold in the
univariate analysis were considered in a multivariable analysis using logistic regression. At
last, the relation between MNA-SF and other variables was investigated in a multivariable
analysis using a logistic regression model to identify the factors independently associated
with risk of undernutrition. We excluded BMI score, considering that BMI is already part of
the MNA assessment scale. No imputation was used to account for missing data. A p-value
of <0.05 was considered statistically significant. All analyses were performed with RStudio
software (v.3.0.2. 21).

3. Results

The study sample comprised 115 community-dwelling individuals aged 65 and older.
The mean age of the participants was 76.0 ± 7.8 years; the mean BMI was 26.8 ± 5.3, and
67.8% were women. In total, 43.5% had diabetes, 87.0% had hypertension, 45.2% had
dyslipidemia, and 21.7% (25/115 participants) were at risk of undernutrition. The mean
HRQoL score was 66.2 ± 20.3, and for pain, the score was 51.6 ± 21.7. The mean IADL
score was 3.4 ± 1.0, and the mean ADL score was 5.79 ± 0.83 (Table 1).

Table 1. Comparison of population characteristics according to risk of undernutrition.

Total Sample
n = 115

MNA-SF ≤ 11
(n = 25)

MNA-SF > 11
(n = 90)

p

Age, years—mean (±SD) 76.0 (±7.8) 78.9 ± 8.5 75.2 ± 7.5 0.040
Men 37 (32.2%) 8 (32.0%) 29 (32.2%) 0.983
BMI, Kg/m2—mean (±SD) 26.8 (±5.3) 22.3 ± 3.9 28.0 ± 5.1 <0.001
No diploma 39 (33.9%) 10 (40.0%) 29 (32.2%) 0.467
Lives alone 67 (58.3%) 16 (64.0%) 51 (56.7%) 0.511
Diabetes 50 (43.5%) 7 (28.0%) 43 (47.8%) 0.078
Hypertension 100 (87.0%) 23 (92.0%) 77 (85.6%) 0.397
Dyslipidemia 52 (45.2%) 10 (40.0%) 42 (46.7%) 0.553
Tobacco consumption 8 (7.0%) 1 (4.0%) 7 (7.8%) 0.511
Alcohol consumption 16 (13.9%) 1 (4.0%) 15 (16.7%) 0.105
Polypharmacy 72 (62.6%) 14 (56.0%) 58 (64.4%) 0.440
HRQoL/100—mean (±SD) 66.2 (±20.3) 61.8 ± 20.2 67.5 ± 20.3 0.217
Pain/100—mean (±SD) 51.6 (±21.7) 57.2 ± 27.6 50.0 ± 19.6 0.142
IADL/4—mean (±SD) 3.4 (±1.0) 2.8 ± 1.4 3.6 ± 0.8 <0.001
Frailty (SOF index) 35 (30.4%) 12 (48.0%) 23 (25.6%) 0.031
MMSE—mean (±SD) 23.7 (±3.6) 22.2 ± 3.8 24.1 ± 3.4 0.015
CES-D—mean (±SD) 9.2 (±7.0) 13.8 ± 7.9 7.9 ± 6.1 <0.001

SD: Standard deviation; BMI: Body Mass Index; HRQoL: Health-Related Quality of Life; IADL: Instrumental
Activities of Daily Living; SOF, Study of Osteoporotic Fractures Index; MMSE: Mini Mental State Examination;
MNA-SF: Mini Nutritional Assessment Short Form; CES-D: Center for Epidemiologic Studies Depression Scale.

Table 1 presents the population characteristics according to nutritional status. On
average, individuals at risk of undernutrition were older and more dependent. They
were also more frequently pre-frail or frail compared to those with normal nutritional
status (48.0% vs. 25.6%, respectively; p = 0.031). In bivariate analysis, those at risk of
undernutrition more frequently were considered to be in cognitive decline (MMSE score
22.2 ± 3.8 vs. 24.1 ± 3.4; p = 0.015), have a higher CES-D score (13.8 ± 7.9 vs. 7.9 ± 6.1;
p < 0.001), a lower BMI (22.3± 3.9 vs. 28.0 ± 5.1), and a lower IADL score (2.8 ± 1.4 vs.
3.6 ± 0.8). No significant relation was observed between the risk of undernutrition and
the other variables, such as marital status, alcohol and tobacco consumption, pain, or

62



Nutrients 2023, 15, 2950

polypharmacy. Table 2 shows the factors found to be significantly associated with the risk
of undernutrition by multivariate analysis. The risk of undernutrition was associated with
a low MMSE (p = 0.015) and CES-D score (p = 0.020). No significant association between
age, IADL score, pain, physical frailty, alcohol consumption, and risk of undernutrition
was found. We also did not observe any significant interaction effect between cognitive
impairment and depressive symptoms on the risk of undernutrition (p = 0.741).

Table 2. Factors associated with the risk of undernutrition by multivariate logistic regression.

Variable Estimate p OR (95%CI)

Age 0.04 0.467 -
MMSE score −0.29 0.015 0.74 (0.58–0.97)
Pain score 0.03 0.061 1.03 (1.00–1.06)
IADL score 0.43 0.313 -
Frailty (=yes) 0.03 0.808 -
CES-D score
(depression) 0.13 0.020 1.13 (1.02–1.27)

Alcohol consumption
(=yes) −0.96 0.431 -

OR: odds ratio; IADL: Instrumental Activities of Daily Living; MMSE: Mini Mental State Examination;
CES-D: Center for Epidemiologic Studies Depression Scale.

4. Discussion

In this study, cognitive decline assessed using the MMSE score and depressive symp-
toms (using the CES-D score) were both associated with an increased risk of undernutrition
among community-dwellers aged 65 years and over in Guadeloupe. Our results are con-
sistent with the data found in the literature on this subject. Different studies have already
shown a correlation between cognitive impairment and risk of undernutrition. A study by
an Italian pharmacovigilance group (Agencia Italiana del ARmaco) showed an association
between cognitive disorders and certain markers of malnutrition, such as albuminemia and
low BMI. In a prospective study with 32 years of follow-up, Stewart et al. reported that
weight loss in participants preceded the onset of mild cognitive decline in the diagnostic
trajectory of dementia [19–21]. This involuntary weight loss could be associated with both a
loss of muscle mass and a loss of muscle strength, characteristics of sarcopenia, which seems
to be more frequent in the elderly [22]. Several hypotheses have been proposed to explain
undernutrition in people with cognitive disorders, particularly in people with Alzheimer’s
disease [20]. Old people who suffer from cognitive decline have difficulty eating, shopping,
or preparing meals. Atrophy of the mesial temporal cortex can lead to a loss of appetite [23].
Finally, other neurobiological factors have also been mentioned, such as a decrease in
demanding hormones, such as neuropeptide Y or norepinephrine [24,25]. In our study, we
also observed an association between depressive symptoms and undernutrition. This has
also previously been described in studies performed in various contexts [26–29]. Weight
loss, which is a contributing factor to MNA score, is listed as a possible symptom of depres-
sion in the Diagnostic and Statistical Manual of Mental Disorders 5th edition (DSM-5), apart
from when it is attributable to a general condition. The possible explanations for this relate
to the symptomatology of depression, which includes loss of appetite, general asthenia,
and a loss of interest or pleasure in daily activities. However, a bi-directional relationship
was also suggested by Lee et al. [26], whereby diseases that led to undernutrition could also
be the cause of depressive symptoms. Depression is also thought to induce neuroendocrine
modifications that disturb the regulation of food intake [29,30]. We observed a borderline
significant link between pain and undernutrition (p = 0.06). Findings reported in the lit-
erature are conflicting with regard to this relationship, with some studies reporting that
pain is a risk factor for undernutrition; however, few studies have specifically investigated
this point. One Austrian study reported a link between severe pain and malnutrition risk
in hospitalized patients [31]. Other studies have suggested a link between the intensity of
pain and perceived alterations in appetite while accounting for Geriatric Depression Scale
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score, the number of painkillers one takes, and opioid use [32]. It has also been pointed
out that side effects of painkillers, especially opiates, include reduced appetite, nausea,
vomiting, or constipation [33]. Several elements could explain the lack of a statistically
significant association in our study, notably the profile of the study population and the
tools used to evaluate pain (a VAS) and depression (the CES-D instrument). Our data
preclude any identification of the etiology or type of pain, which are key pieces of infor-
mation guiding pain management. For example, cancer-related pain can be accompanied
by hypercatabolism, which alone could account for undernutrition, whereas neuropathic
pain or pain related to arthritis cannot. In our study, marital status was not found to be
associated with nutritional status, although a meta-analysis published in 2020 including
16 cross-sectional studies showed an increased risk of malnutrition in those who were
single, widowed, or divorced [2]. This could be due to a loss of pleasure in eating or
poor dietary habits. A further explanation proposed was the lack of cooking experience in
this generation of older men when they found themselves alone and having to cook for
themselves. Given the lack of a statistical reason, there may be a cultural explanation for
our findings. Indeed, the majority of studies to date that have reported a link between
malnutrition and marital status were performed in western countries with populations
who differed compared with ours, notably in terms of a culture of family solidarity and
intergenerational interactions [12]. No link between nutritional status and polypharmacy
was observed in our study. Again, the literature is discordant on this point. A meta-analysis
of six longitudinal studies by Streicher et al. found no association with polypharmacy [34],
while Zadak et al. underlined the difficulty of identifying a clear relationship between
these two syndromes due to the abundance of confounding factors [35]. The lack of a
significant relation in our study could be due to the different measurements used compared
to other studies investigating polypharmacy and nutritional status. Indeed, contrary to
other studies, we considered polypharmacy as the concomitant use of 5 or more drugs per
day, whereas other studies considered hyper-polypharmacy, with a threshold at 10 drugs
per day. In our study, alcohol consumption was also not found to be associated with
nutritional status, which, although seemingly counter-intuitive, is congruent with previous
reports. It is known that alcohol use can lead to deficiencies in micronutrients [36], but a
risk of protein-energy malnutrition in older individuals has not been clearly described. In
their review of the literature, van der Pols-Vijlbrief et al. included 28 observational studies
of the risk factors for malnutrition, and no effect of alcohol was reported [37]. The proposed
explanations include malabsorption, prolonged periods of fasting during hospitalization
for complications of cirrhosis, and iatrogenic causes [36]. However, in our population, the
majority of alcohol users reported only moderate consumption (one glass per day, with only
three participants reporting an intake of more than three glasses of alcohol daily). Therefore,
it is possible that only a very minute proportion would reach the stage of advanced liver
disease. We could also hypothesize that, given the high average age of the patients in our
study, any severe and chronic alcoholics would already have died since their life expectancy
is shorter, leading to a potential survival bias [38].

Our results provide a good opportunity to underline the utility of performing system-
atic evaluations of depression risk and cognitive function during home visits and primary
care consultations, either by GPs or nurses. Both depression and cognition can have a dele-
terious influence on nutritional status; therefore, early management is essential, especially
considering that both are often underdiagnosed in older adults. In view of our findings and
literature data, the MNA-SF scale appears to be an effective, user-friendly tool that would
be easy to implement in routine practice. Furthermore, early intervention for depression or
cognitive decline in older individuals before they begin to affect nutrition is an objective
that is closely aligned with the practice and goals of GPs in primary care.

Our study has some limitations. The study design precluded the identification of any
causal relationship between the risk of undernutrition on the one hand and depression
or cognitive decline on the other hand. The few patients at risk of undernutrition limits
the statistical power of the analyses. Nevertheless, despite a relatively small sample size
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(n = 115), the participants were representative of the general population of older individuals
in the region in terms of comorbidities. Also, the MNA-SF is an instrument designed to
capture the multidimensional nature of undernutrition. Our results are concordant with
strategies designed to promote healthy nutritional status in older people, a key challenge
and goal for GPs.

5. Conclusions

In this study of 115 community-dwelling individuals aged 65 years and older in Guade-
loupe, we found that cognitive decline and depression were independently associated with
the risk of undernutrition. Although our study design precludes concluding a causal
relation, the detection of these three geriatric syndromes in older community-dwelling
individuals is crucial for the prevention of adverse health outcomes. Further studies are
required to confirm and expand on these findings.

Author Contributions: N.S.-T. and M.T.-T. designed the study. J.G.-D. and N.S.-T. collected the data.
D.B.-M. and M.T.-T. developed the data analysis strategy. D.B.-M. analyzed the data. D.B.-M., M.T.-T.,
N.S.-T., G.T.D., L.L. and J.H.-P. interpreted the results and drafted the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: All participants provided informed consent at baseline.
The study was approved by the Ethics Committee of the University Hospital of Guadeloupe (Ref:
A6_19_10_01_KASADS).

Informed Consent Statement: All authors discussed the findings and approved the final version of
the manuscript.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

Acknowledgments: We would like to thank the Conseil Départemental de la Guadeloupe, ARS
Guadeloupe and Saint Martin and Saint Barthelemy for their support.

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

References

1. Delarue, J.; Guillerme, S. Definition, epidemiology and prognosis of undernutrition in adults. Rev. Prat. 2022, 72, 850–857.
[PubMed]

2. Besora-Moreno, M.; Llauradó, E.; Tarro, L.; Solà, R. Social and Economic Factors and Malnutrition or the Risk of Malnutrition in
the Elderly: A Systematic Review and Meta-Analysis of Observational Studies. Nutrients 2020, 12, 737. [CrossRef] [PubMed]

3. Drevet, S.; Gavazzi, G. Undernutrition of the elderly. Rev. Med. Interne 2019, 40, 664–669. [CrossRef] [PubMed]
4. Torres, M.J.; Dorigny, B.; Kuhn, M.; Berr, C.; Barberger-Gateau, P.; Letenneur, L. Nutritional Status in Community-Dwelling

Elderly in France in Urban and Rural Areas. PLoS ONE 2014, 9, e105137. [CrossRef] [PubMed]
5. Derbie, L.; Oumer, A.; Ayele, K.; Berhane, A. Determinants of Nutritional Status among Old Age Population in Eastern Ethiopia:

A General Linear Model Approach. J. Nutr. Sci. 2022, 11, e70. [CrossRef]
6. Ferede, Y.M.; Derso, T.; Sisay, M. Prevalence of Malnutrition and Associated Factors among Older Adults from Urban and Rural

Residences of Metu District, Southwest Ethiopia. BMC Nutr. 2022, 8, 52. [CrossRef]
7. Lilamand, M.; Kelaiditi, E.; Cesari, M.; Raynaud-Simon, A.; Ghisolfi, A.; Guyonnet, S.; Vellas, B.; van Kan, G.A.; Toulouse Frailty

Platform Team. Validation of the Mini Nutritional Assessment-Short Form in a Population of Frail Elders without Disability.
Analysis of the Toulouse Frailty Platform Population in 2013. J. Nutr. Health Aging 2015, 19, 570–574. [CrossRef]

8. Tabue-Teguo, M.; Grasset, L.; Avila-Funes, J.A.; Genuer, R.; Proust-Lima, C.; Péres, K.; Féart, C.; Amieva, H.; Harmand, M.G.-C.;
Helmer, C.; et al. Prevalence and Co-Occurrence of Geriatric Syndromes in People Aged 75 Years and Older in France: Results
From the Bordeaux Three-City Study. J. Gerontol. A Biol. Sci. Med. Sci. 2017, 73, 109–116. [CrossRef]

9. Cesari, M.; Sumi, Y.; Han, Z.A.; Perracini, M.; Jang, H.; Briggs, A.; Thiyagarajan, J.A.; Sadana, R.; Banerjee, A. Implementing Care
for Healthy Ageing. BMJ Glob. Health 2022, 7, e007778. [CrossRef]

10. Sum, G.; Lau, L.K.; Jabbar, K.A.; Lun, P.; George, P.P.; Munro, Y.L.; Ding, Y.Y. The World Health Organization (WHO) Integrated
Care for Older People (ICOPE) Framework: A Narrative Review on Its Adoption Worldwide and Lessons Learnt. Int. J. Environ.
Res. Public Health 2022, 20, 154. [CrossRef]

65



Nutrients 2023, 15, 2950

11. Simo, N.; Boucaud-Maitre, D.; Gebhard, P.; Villeneuve, R.; Rinaldo, L.; Dartigues, J.-F.; Drame, M.; Tabue-Teguo, M. Correlates of
Health-Related Quality of Life in Community-Dwelling Older Adults in Guadeloupe (French West Indies): Results from the
KASADS Study. Int. J. Environ. Res. Public Health 2023, 20, 3004. [CrossRef]

12. Tabue-Teguo, M.; Simo, N.; Lorenzo, N.; Rinaldo, L.; Cesari, M. Frailty Syndrome among Elderly in Caribbean Region. J. Am.
Med. Dir. Assoc. 2017, 18, 547–548. [CrossRef]

13. Lawton, M.P.; Brody, E.M. Assessment of Older People: Self-Maintaining and Instrumental Activities of Daily Living. Gerontologist
1969, 9, 179–186. [CrossRef]

14. Katz, S.; Ford, A.B.; Moskowitz, R.W.; Jackson, B.A.; Jaffe, M.W. Studies of illness in the aged. The index of ADL: A standardized
measure of biological and psychosocial function. JAMA 1963, 185, 914–919. [CrossRef] [PubMed]

15. Folstein, M.F.; Folstein, S.E.; McHugh, P.R. “Mini-Mental State”. A Practical Method for Grading the Cognitive State of Patients
for the Clinician. J. Psychiatr. Res. 1975, 12, 189–198. [CrossRef]

16. Gnjidic, D.; Hilmer, S.N.; Blyth, F.M.; Naganathan, V.; Waite, L.; Seibel, M.J.; McLachlan, A.J.; Cumming, R.G.; Handelsman, D.J.;
Le Couteur, D.G. Polypharmacy Cutoff and Outcomes: Five or More Medicines Were Used to Identify Community-Dwelling
Older Men at Risk of Different Adverse Outcomes. J. Clin. Epidemiol. 2012, 65, 989–995. [CrossRef] [PubMed]

17. Ensrud, K.E.; Ewing, S.K.; Taylor, B.C.; Fink, H.A.; Cawthon, P.M.; Stone, K.L.; Hillier, T.A.; Cauley, J.A.; Hochberg, M.C.;
Rodondi, N.; et al. Comparison of 2 Frailty Indexes for Prediction of Falls, Disability, Fractures, and Death in Older Women. Arch.
Intern. Med. 2008, 168, 382–389. [CrossRef] [PubMed]

18. Radloff, L.S. The CES-D Scale: A Self-Report Depression Scale for Research in the General Population. Appl. Psychol. Meas. 1977,
1, 385–401. [CrossRef]

19. Stewart, R.; Masaki, K.; Xue, Q.-L.; Peila, R.; Petrovitch, H.; White, L.R.; Launer, L.J. A 32-Year Prospective Study of Change in
Body Weight and Incident Dementia: The Honolulu-Asia Aging Study. Arch. Neurol. 2005, 62, 55–60. [CrossRef]

20. Gillette Guyonnet, S.; Abellan Van Kan, G.; Andrieu, S.; Barberger Gateau, P.; Berr, C.; Bonnefoy, M.; Dartigues, J.F.; de Groot,
L.; Ferry, M.; Galan, P.; et al. IANA Task Force on Nutrition and Cognitive Decline with Aging. J. Nutr. Health Aging 2007,
11, 132–152.

21. Gillette-Guyonnet, S.; Lauque, S.; Ousset, P.-J. Nutrition and Alzheimer’s disease. Psychol. Neuropsychiatr. Vieil. 2005, 3 (Suppl. 1),
S35–S41. [PubMed]

22. Tan, V.M.H.; Pang, B.W.J.; Lau, L.K.; Jabbar, K.A.; Seah, W.T.; Chen, K.K.; Ng, T.P.; Wee, S.-L. Malnutrition and Sarcopenia in
Community-Dwelling Adults in Singapore: Yishun Health Study. J. Nutr. Health Aging 2021, 25, 374–381. [CrossRef] [PubMed]

23. Grundman, M.; Corey-Bloom, J.; Jernigan, T.; Archibald, S.; Thal, L.J. Low Body Weight in Alzheimer’s Disease Is Associated
with Mesial Temporal Cortex Atrophy. Neurology 1996, 46, 1585–1591. [CrossRef] [PubMed]

24. Smitka, K.; Papezova, H.; Vondra, K.; Hill, M.; Hainer, V.; Nedvidkova, J. The Role of “Mixed” Orexigenic and Anorexigenic
Signals and Autoantibodies Reacting with Appetite-Regulating Neuropeptides and Peptides of the Adipose Tissue-Gut-Brain
Axis: Relevance to Food Intake and Nutritional Status in Patients with Anorexia Nervosa and Bulimia Nervosa. Int. J. Endocrinol.
2013, 2013, 483145. [CrossRef] [PubMed]

25. Wham, C.A.; McLean, C.; Teh, R.; Moyes, S.; Peri, K.; Kerse, N. The BRIGHT Trial: What Are the Factors Associated with Nutrition
Risk? J. Nutr. Health Aging 2014, 18, 692–697. [CrossRef]

26. Lee, J.-H.; Park, S.K.; Ryoo, J.-H.; Oh, C.-M.; Choi, J.-M.; McIntyre, R.S.; Mansur, R.B.; Kim, H.; Hales, S.; Jung, J.Y. U-Shaped
Relationship between Depression and Body Mass Index in the Korean Adults. Eur. Psychiatry J. Assoc. Eur. Psychiatr. 2017,
45, 72–80. [CrossRef]

27. Pérez Cruz, E.; Lizárraga Sánchez, D.C.; Martínez Esteves, M.D.R. Association between malnutrition and depression in elderly.
Nutr. Hosp. 2014, 29, 901–906. [CrossRef]

28. van Bokhorst-de van der Schueren, M.A.E.; Lonterman-Monasch, S.; de Vries, O.J.; Danner, S.A.; Kramer, M.H.H.; Muller, M.
Prevalence and Determinants for Malnutrition in Geriatric Outpatients. Clin. Nutr. Edinb. Scotl. 2013, 32, 1007–1011. [CrossRef]

29. Ghimire, S.; Baral, B.K.; Pokhrel, B.R.; Pokhrel, A.; Acharya, A.; Amatya, D.; Amatya, P.; Mishra, S.R. Depression, Malnutrition,
and Health-Related Quality of Life among Nepali Older Patients. BMC Geriatr. 2018, 18, 191. [CrossRef]

30. Grippo, A.J.; Cushing, B.S.; Carter, C.S. Depression-like Behavior and Stressor-Induced Neuroendocrine Activation in Female
Prairie Voles Exposed to Chronic Social Isolation. Psychosom. Med. 2007, 69, 149–157. [CrossRef]

31. Bauer, S.; Hödl, M.; Eglseer, D. Association between Malnutrition Risk and Pain in Older Hospital Patients. Scand. J. Caring Sci.
2021, 35, 945–951. [CrossRef]

32. Hunt, L.J.; Covinsky, K.E.; Yaffe, K.; Stephens, C.E.; Miao, Y.; Boscardin, W.J.; Smith, A.K. Pain in Community-Dwelling Older
Adults with Dementia: Results from the National Health and Aging Trends Study. J. Am. Geriatr. Soc. 2015, 63, 1503–1511.
[CrossRef] [PubMed]

33. Bosley, B.N.; Weiner, D.K.; Rudy, T.E.; Granieri, E. Is Chronic Nonmalignant Pain Associated with Decreased Appetite in Older
Adults? Preliminary Evidence. J. Am. Geriatr. Soc. 2004, 52, 247–251. [CrossRef] [PubMed]

34. Streicher, M.; van Zwienen-Pot, J.; Bardon, L.; Nagel, G.; Teh, R.; Meisinger, C.; Colombo, M.; Torbahn, G.; Kiesswetter, E.;
Flechtner-Mors, M.; et al. Determinants of Incident Malnutrition in Community-Dwelling Older Adults: A MaNuEL Multicohort
Meta-Analysis. J. Am. Geriatr. Soc. 2018, 66, 2335–2343. [CrossRef]

35. Zadak, Z.; Hyspler, R.; Ticha, A.; Vlcek, J. Polypharmacy and Malnutrition. Curr. Opin. Clin. Nutr. Metab. Care 2013, 16, 50–55.
[CrossRef] [PubMed]

66



Nutrients 2023, 15, 2950

36. McClain, C.J.; Barve, S.S.; Barve, A.; Marsano, L. Alcoholic Liver Disease and Malnutrition. Alcohol. Clin. Exp. Res. 2011,
35, 815–820. [CrossRef] [PubMed]

37. van der Pols-Vijlbrief, R.; Wijnhoven, H.A.H.; Schaap, L.A.; Terwee, C.B.; Visser, M. Determinants of Protein-Energy Malnutrition
in Community-Dwelling Older Adults: A Systematic Review of Observational Studies. Ageing Res. Rev. 2014, 18, 112–131.
[CrossRef]

38. Ranabhat, C.L.; Park, M.-B.; Kim, C.-B. Influence of Alcohol and Red Meat Consumption on Life Expectancy: Results of
164 Countries from 1992 to 2013. Nutrients 2020, 12, 459. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

67



Citation: Ooi, T.C.; Ahmad, A.; Rajab,

N.F.; Sharif, R. The Effects of 12

Weeks Colostrum Milk

Supplementation on the Expression

Levels of Pro-Inflammatory

Mediators and Metabolic Changes

among Older Adults: Findings from

the Biomarkers and Untargeted

Metabolomic Analysis. Nutrients

2023, 15, 3184. https://doi.org/

10.3390/nu15143184

Academic Editor: Daniel König

Received: 4 May 2023

Revised: 31 May 2023

Accepted: 5 June 2023

Published: 18 July 2023

Copyright: © 2023 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/).

nutrients

Article

The Effects of 12 Weeks Colostrum Milk Supplementation on
the Expression Levels of Pro-Inflammatory Mediators and
Metabolic Changes among Older Adults: Findings from the
Biomarkers and Untargeted Metabolomic Analysis

Theng Choon Ooi 1, Azizan Ahmad 2, Nor Fadilah Rajab 1 and Razinah Sharif 1,*

1 Centre for Healthy Ageing and Wellness, Faculty of Health Science, Universiti Kebangsaan Malaysia,
Kuala Lumpur 50300, Malaysia; ooithengchoon@ukm.edu.my (T.C.O.); nfadilah@ukm.edu.my (N.F.R.)

2 School of Chemical Science and Food Technology, Universiti Kebangsaan Malaysia, Bangi 43600, Malaysia;
azizan@ukm.edu.my

* Correspondence: razinah@ukm.edu.my; Tel.: +60-392897459

Abstract: Senescence is a normal biological process that is accompanied with a series of deteriorations
in physiological function. This study aimed to investigate the effects of bovine colostrum milk
supplementation on metabolic changes and the expression of various biomarkers on inflammation,
antioxidant and oxidative damage, nutrient metabolism, and genomic stability among older adults.
Older adults (50–69 years old) who participated in the 12-week randomized, double-blinded, placebo-
controlled trial were instructed to consume the IgCo bovine colostrum-enriched skim milk or regular
skim milk (placebo) twice daily. Following 12 weeks of intervention, participants in the intervention
group had lower expression levels in pro-inflammatory mediators (CRP, IL-6, and TNF-α), with
significant (p < 0.05) interaction effects of the group and time observed. However, no significant
interaction effect was observed in the vitamin D, telomerase, 8-OHdG, MDA, and SOD activities.
UPLC-MS-based untargeted metabolomics analysis revealed that 22 metabolites were upregulated
and 11 were downregulated in the intervention group compared to the placebo group. Glycerophos-
pholipid metabolism, along with cysteine and methionine metabolism were identified as the potential
metabolic pathways that are associated with bovine colostrum milk consumption. In conclusion,
consuming bovine colostrum milk may induce metabolic changes and reduce the expression of
various pro-inflammatory mediators, thus improving the immune function in older adults.

Keywords: biomarkers; colostrum; inflammation; metabolomics; older adults

1. Introduction

The aging trend is a global phenomenon, with every region of the world experiencing
increases in the proportion of older individuals. According to the United Nations, the global
population aged 65 and older has been projected to reach 1.5 billion by 2050, indicating
an increase from 9.3% to 16% of the worldwide population aged 65 years and above [1].
This trend is a consequence of declining fertility rates and increasing life expectancies,
which have led to a significant shift in the age structure of many societies. The global
aging trend represents a major demographic shift with wide-ranging implications for both
societies and economies worldwide. One major challenge is its strain on healthcare systems,
as older individuals are more likely to require medical attention and long-term care [2].
Additionally, aging populations may pressure social security systems and pension plans, as
fewer working-age individuals support retired individuals [3]. As the proportion of older
individuals continues to increase, policymakers and individuals alike need to anticipate
and address the challenges and opportunities presented by this trend.

Aging and inflammation are strongly associated with each other. As we age, our
body undergoes several changes, including a gradual decline in immune function, which

Nutrients 2023, 15, 3184. https://doi.org/10.3390/nu15143184 https://www.mdpi.com/journal/nutrients68



Nutrients 2023, 15, 3184

results in chronic low-grade inflammation [4]. Inflammation is a natural response of the
body’s immune system to injury, infection, or tissue damage. However, this response
can become prolonged and excessive in older adults, leading to age-related diseases such
as cardiovascular disease, cancer, and neurodegenerative diseases [5]. Inflammation is
characterized by the increased production of pro-inflammatory cytokines, reactive oxygen
species (ROS), and other immune system molecules [6]. Lifestyle factors such as a poor
diet, sedentary behavior, and stress can further exacerbate this chronic inflammation [7].
Thus, targeting inflammation may offer promising interventions to strengthen immune
function, prevent age-related diseases, and thus improve the health span.

Colostrum milk, also known as “first milk”, is a highly nutritious and specialized type
of milk produced by mammals during the first few days after giving birth [8]. Colostrum
milk is packed with essential nutrients, including proteins, carbohydrates, and vitamins, as
well as high levels of antibodies and immune factors that help in protecting newborns from
infections and illnesses [8,9]. In addition to its immune-boosting properties, colostrum milk
has been found to support gut health and improve athletic performance [8–10]. Bovine
colostrum contains a variety of growth factors that can help support tissue repair and regen-
eration, making it an attractive supplement for athletes and individuals recovering from
injury [8–10]. Moreover, bovine colostrum has been shown to exert antioxidant properties
due to the presence of antioxidative enzymes (such as glutathione peroxidase, superoxide
dismutase, and catalase), low molecular antioxidants and proteins (such as lactoperoxidase,
lactoferrin, and ceruloplasmin), vitamins (including vitamins A, C, and E) and minerals
(such as selenium and zinc) [11,12]. Supplementation with bovine colostrum has been
demonstrated to exert its antioxidative effects in an intestinal ischemia/reperfusion rat
model and in the skeletal muscle of mice after performing exercise [13,14]. Since aging is
consistently associated with various age-related degenerative diseases due to redox imbal-
ance and a declination in immune function [4,5,15], we postulated that consuming bovine
colostrum milk may help to boost the immune system, alleviate the oxidative condition,
and support the overall health of older adults, hence promoting successful aging in their
late life. Therefore, this double-blind, randomized control trial aimed to investigate the
effects of bovine colostrum-enriched skim milk on the expression of various biomarkers
on inflammation, antioxidant and oxidative damage, nutrient metabolism, and genomic
stability. In addition, metabolomics analysis was also conducted to examine the metabolic
changes following the consumption of bovine colostrum-enriched skim milk, thus increas-
ing our understanding of the mechanisms underlying the beneficial effects of consuming
bovine colostrum among older adults.

2. Materials and Methods

2.1. Ethics Approval and Informed Consent

This study protocol was approved by the Medical Research and Ethics Committee of
Universiti Kebangsaan Malaysia (JEP-2021-174) and was conducted in accordance with the
Declaration of Helsinki and Good Clinical Practice Guidelines. Written informed consent
was obtained from all the participants before data collection.

2.2. Study Design and Participants

The study was a 12-week randomized, double-blinded, placebo-controlled trial. The
sample size calculation was performed using GPower software version 3.0.10. This study
used the mixed model analysis of variance (ANOVA) and repeated measures to analyze
the time, group, and interaction effects of the intervention. Therefore, the F-test (ANOVA:
repeated measure, within-between interactions) was chosen. The study power was set at
80%, the alpha value at 0.05, and the medium effect size = 0.4, respectively. Based on these
parameters, a minimum sample of 52 subjects was required. After considering the 20%
dropout rate, a total of 66 participants was required, with 33 subjects in each arm. Older
adults aged between 50–69 years were included in this study.
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Meanwhile, the exclusion criteria for this study were participants who had a current or
past history of cancer or were on a chemotherapeutic regimen, allergic/intolerant to dairy
products, chronic kidney diseases/kidney failure, uncontrolled hypertension or diabetes,
and heart or cardiovascular disease. After screening for eligibility, a total of 66 participants
were recruited. The participants were then randomly divided into two groups using
computer-generated software based on their gender: the IgCo bovine colostrum supplement
group (n = 33) and the placebo group (n = 33). There were 14 dropouts, with seven each in
both the intervention and placebo groups, either due to a loss in interest in following the
study or contracting COVID-19 infection during the intervention period, thus being unable
to continue with the investigation. Hence, only 52 participants (n = 52) were included in the
present analysis, with 26 participants in the intervention and placebo groups, respectively.
The consort flow chart of the study is shown in Figure 1. Then, ten age- and gender-
matched participants were randomly selected from each group and were subjected to
metabolomics analysis.

Figure 1. The consort study flow chart. After screening for eligibility, a total of 66 participants who
agreed to participate in the study were randomized into the IgCo bovine colostrum supplement group
(n = 33) and the placebo group (n = 33), respectively. There were 14 dropouts, with seven each in both
the intervention and placebo groups during follow-up. Hence, only 52 participants (n = 52) were
included in the analysis, with 26 participants in the intervention and placebo groups, respectively.

2.3. Investigational Product

The investigational product of this trial was IgCo bovine colostrum-enriched skim
milk powder, which contains 150 mg of IgG in every sachet (15 g) in the form of pasteurized
milk powder. Meanwhile, the placebo for this study was regular skim milk powder (15 g
per sachet). The IgCo bovine colostrum and placebo skim milk powder were produced
and sponsored by the company SNI SDN BHD. The IgCo bovine colostrum and placebo
skim milk were identical in both appearance and taste. Each participant was instructed
to consecutively consume the IgCo bovine colostrum or placebo skim milk in two sachets
daily for 12 weeks. The nutrition composition of the IgCo bovine colostrum and placebo
skim milk is available in the Supplementary Materials.
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2.4. Data Collection

The investigators, enumerators, and study participants were blinded from knowing
the intervention group allocation throughout the study and during data collection. The
participants were interviewed face-to-face by well-trained enumerators to collect the re-
quired information, such as sociodemographic factors and self-reported medical history
using a standardized questionnaire. Meanwhile, the participants’ height, weight, and
circumference of the waist and hip were measured using a SECA 206 portable body meter
(Seca, Hamburg, Germany), Tanita digital lithium weighing scale (Tanita, Tokyo, Japan) and
Lufkin tape, respectively [16,17]. The body mass index (BMI) of the participants was then
calculated by using the formula “body weight (kg)/height (m)2. Meanwhile, the systolic
and diastolic blood pressure was taken twice using an automatic digital blood pressure
monitor (OMRON, Kyoto, Japan) to obtain the average reading.

2.5. Blood Samples Collection and Clinical Laboratory Testing

A trained phlebotomist collected fasted venous blood samples from each participant
during the baseline and 12th week of intervention. Participants were instructed to fast
for at least 8 h prior to blood collection. Following centrifugation, plasma samples were
separated from the blood and stored in a −80 ◦C freezer until further analysis [18,19].

2.6. Biomarkers Detection

A total of 8 biomarkers of interest under different categories of biological process were
investigated in this study, including antioxidant and oxidative damage [including superox-
ide dismutase (SOD) activity, malondialdehyde (MDA), and 8-hydroxy-2’-deoxyguanosine
(8-OHdG)], inflammation [C-reactive protein (CRP), interleukin 6 (IL-6), and tumor necrosis
factor α (TNF-α)], nutrient metabolism [vitamin D], and genomic stability [telomerase].
Commercially available metabolism assay kits that were used for the detection of SOD
activity and MDA levels, as well as the ELISA kits that were used for the detection of
8-OHdG, CRP, IL-6, TNF-α, vitamin D, and telomerase, were all purchased from Elab-
science Biotechnology Co., Ltd. (Wuhan, China). The metabolism assays and the ELISA
tests were conducted based on the protocol stated in the user manual.

2.7. Untargeted Metabolomics Analysis
2.7.1. Samples Preparation

A total of 100 μL of each plasma sample was mixed with 700 μL of extractant containing
internal standard (methanol: acetonitrile: water in the ratio of 4:2:1 v/v/v). After shaking
for 1 min, the mixtures were placed in a −20 ◦C refrigerator for 2 h. After centrifugation
at 25,000× g and 4 ◦C for 15 min, the supernatants were separated, and 600 μL of each
supernatant was transferred into a new microcentrifuge tube. The transferred samples
were then dried using a drying machine. The samples were reconstituted by adding 180 μL
of methanol: pure water (1:1 v/v) and mixed for 10 min via vortexing. The samples were
centrifuged at 25,000× g and 4 ◦C for 15 min, and the supernatants were then transferred to
a new microcentrifuge tube. Lastly, 20 μL of each sample was mixed with the QC samples
before proceeding to UPLC-MS analysis.

2.7.2. UPLC-MS Analysis

This experiment used Waters 2777c UPLC (Waters, Mildford, MA, USA) in series with
the Q Exactive HF high-resolution mass spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) to separate and detect the metabolites. Briefly, chromatographic separation
was performed on a Waters ACQUITY UPLC BEH C18 column (1.7 μm, 2.1 mm × 100 mm;
Waters, Mildford, MA, USA), and the column temperature was maintained at 45 ◦C. The
mobile phase composition for the positive mode consisted of 0.1% formic acid (A) and
acetonitrile (B); whereas, for the negative mode, it comprised 10 mM ammonium formate
(A) and acetonitrile (B). The gradient conditions were as follows: 0–1 min, 2% B; 1–9 min,
2–98% B; 9–12 min, 98% B; 12–12.1 min, 98% B to 2% B; and 12.1–15 min, 2% B, respectively.
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The flow rate was 0.35 mL/min, and the injection volume was 5 μL. Then, primary and
secondary mass spectrometry data acquisition was performed using Q Exactive HF (Thermo
Fisher Scientific, USA). The full scan range was 70–1050 m/z with a resolution of 120,000,
and the automatic gain control (AGC) target for MS acquisitions was set to 3 × 106 with a
maximum ion injection time of 100 ms. The top 3 precursors were selected for subsequent
MS/MS fragmentation with a maximum ion injection time of 50 ms and resolution of
30,000, and the AGC was set to 1 × 105, respectively. The stepped normalized collision
energy was set to 20, 40, and 60 eV, respectively. The ESI parameters setting was as follows:
the sheath gas flow rate was 40, the aux gas flow rate was 10, the positive-ion mode spray
voltage(|KV|) was 3.80, the negative-ion mode spray voltage(|KV|) was 3.20, the capillary
temperature was 320 ◦C, and the aux gas heater temperature was 350 ◦C, respectively.

2.7.3. Metabolite Ion Peak Extraction and Metabolite Identification

After importing the off-line data of mass spectrometry into Compound Discoverer
3.3 (Thermo Fisher Scientific, San Jose, CA, USA) software and analyzing the mass spec-
trometry data in combination with the BGI metabolome database, mzCloud database, and
ChemSpider online database, a data matrix containing information such as metabolite peak
area and identification results was obtained.

2.7.4. Bioinformatics Analysis

The result files from the Compound Discoverer were transferred to R software package
metaX (BGI Shenzhen, Guangdong, China) for data pre-processing and further analysis.
During pre-processing, the data were normalized to obtain the relative peak areas by
probabilistic quotient normalization (PQN). Then, the batch effects were corrected using
quality control-based robust LOESS signal correction. Metabolites with a coefficient of
variation larger than 30% on their relative peak area in QC samples were then removed
from further analysis. Subsequently, multivariate statistical and univariate analyzes were
used to screen different metabolites between the groups, with slight modifications from
the previously described methods [20]. The pre-processed data was log-transformed and
auto-scaled in the Pareto scale. Then, principal component analysis (PCA) was performed
to reflect the actual distribution of samples and to observe the separation trend between
the sample groups. Partial least squares-discriminant analysis (PLS-DA), a supervised
statistical method used to enhance the differentiation between the classification groups, was
subsequently conducted. The PLS-DA model was established between the comparative
analysis groups (two groups of samples), and a 5-fold cross-validation was used to validate
when building the model. Then, the orthogonal partial least squares discriminant analysis
(OPLS-DA) was performed on two groups of biological samples. The purpose was to
establish the relationship model between the metabolite expression and sample categories,
thereby allowing for the modelling and prediction of these sample categories. At the same
time, the ability of each metabolite to classify and distinguish each group of samples was
measured by calculating the variable important for the projection (VIP). For the screening
of metabolic biomarkers, it is generally considered that a VIP greater than 1 indicates that
the variable significantly affects the differentiation of the sample categories.

For univariate analysis of the data, the differences in metabolite concentration were
evaluated in terms of fold change, and statistical comparison was conducted using the
independent t-test. The displayed metabolites with a p-value < 0.05 indicated significant
differences in the fold-change values. Only the statistically significant metabolites were
considered as differential metabolites. Metabolites with a VIP value ≥ 1, fold change ≥ 1.2
or ≤0.8, or p-value < 0.05 were considered as differential metabolites.

After the differential metabolites were screened, the expression patterns of the differ-
ential metabolites were analyzed by clustering analysis, correlation clustering, and network
analysis. Additionally, biological functions were explored through pathway annotation and
pathway enrichment analysis. Using the Euclidean distance method, Hierarchical cluster
analysis (HCA) was applied to examine the expression levels of the differential metabo-
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lites in the two different groups. The identified metabolites’ taxonomic and functional
annotations were performed by comparing the KEGG and HMDB databases. Afterward,
enrichment and pathway analyzes were conducted using the MetaboAnalyst 5.0 software.

2.8. Statistical Analysis

Statistical Package for Social Science (SPSS) version 26 software was used to conduct
all statistical analyzes at a significance level of p < 0.05. Descriptive analysis was per-
formed using the independent t-test and chi-square test for continuous and categorical
data, respectively. Then, the paired sample t-test was employed to examine the effects of
the intervention on the expression levels of various biomarkers within the same treatment
group by comparing the measurements before and after the treatment. Lastly, a two-way
repeated measure ANOVA analysis was used to study the effects of IgCo bovine colostrum
milk supplementation on biomarker outcomes, specifically the impact of time, group, and
interactions between them. After the Bonferroni correction, the model was adjusted for
various potential confounding factors including age and sex.

3. Results

3.1. The Baseline Attributes of Participants

Table 1 shows the baseline attributes of the participants. The mean age of all the partic-
ipants was 61.71 ± 7.14, with the majority of the participants being female (55.8%), married
(96.2%), non-smokers (96.2%), having BMI of 27.19 ± 4.61 kg/m2, waist circumference
of 90.32 ± 10.20 cm, hip circumference of 102.60 ± 8.80 cm, systolic blood pressure of
133.78 ± 16.13 mmHg, and diastolic blood pressure of 82.61 ± 9.79 mmHg, respectively.
None of the aforementioned parameters showed significant differences across the interven-
tion and placebo groups (p > 0.05). Regarding medical history, 21.2% of participants had
diabetes, 28.8% had hypertension, and 32.7% had hypercholesterolemia, respectively. The
distribution of comorbidities was found to be non-significant across the groups.

Table 1. The baseline attributes of participants, total and by intervention group.

Parameters

n (%) or Mean ± SD

Total
52 (100.0)

Bovine Colostrum Milk
26 (50.0)

Placebo
26 (50.0)

p-Value

Age 61.71 ± 7.14 60.46 ± 7.07 62.96 ± 7.13 0.210
Sex

Male 23 (44.2) 11 (42.3) 12 (46.2) 0.780
Female 29 (55.8) 15 (57.7) 14 (53.8)

Marital status
Single/Divorced 2 (3.8) 0 (0.0) 2 (7.7) 0.149

Married 50 (96.2) 26 (100.0) 24 (92.3)
Smoking status 2 (3.8) 1 (3.8) 1 (3.8) 1.000
BMI (kg/m2) 27.19 ± 4.61 26.55 ± 5.16 27.84 ± 3.99 0.318

Waist circumference (cm) 90.32 ± 10.20 88.03 ± 11.15 92.81 ± 8.60 0.098
Hip circumference (cm) 102.60 ± 8.80 100.49 ± 8.62 104.89 ± 8.58 0.077

Systolic pressure (mmHg) 133.78 ± 16.13 130.65 ± 13.94 136.90 ± 17.79 0.165
Diastolic pressure (mmHg) 82.61 ± 9.79 81.37 ± 10.14 83.85 ± 9.45 0.366

Medical history
Diabetes 11 (21.2) 4 (15.4) 7 (26.9) 0.308

Hypercholesterolemia 17 (32.7) 9 (34.6) 8 (30.8) 0.768
Hypertension 15 (28.8) 7 (26.9) 8 (30.8) 0.760

Note: Data were presented as mean ± SD or n (%). Descriptive analysis was performed using the independent
t-test and chi-square test for continuous and categorical data, respectively. No significant differences were detected
between the intervention and placebo groups (p > 0.05) in all the baseline attributes.
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3.2. The Effects of 12 Weeks Intervention on the Expression of Biomarkers

Table 2 shows the effects of 12 weeks IgCo bovine colostrum milk supplementation
on the levels of various biomarkers among the participants. Our current findings show
that following 12 weeks of intervention, there were significant interaction effects observed
between the group and time (p < 0.05) in the expression of various inflammatory biomark-
ers, namely the CRP, IL-6, and TNF-α. Specifically, there was a significant reduction
(p < 0.05) observed in the expression levels of CRP (5.03 ± 3.26 to 3.34 ± 2.00 ng/mL),
IL-6 (3.32 ± 1.19 to 2.67 ± 1.13 pg/mL), and TNF-α (91.88 ± 56.80 to 51.31 ± 44.07 pg/mL)
among participants who consumed the IgCo bovine colostrum milk. It is noted that partici-
pants in the placebo group also showed a significant reduction in TNF-α expression levels
(80.26 ± 46.85 to 64.51 ± 37.03 pg/mL, respectively) after the intervention. However, no
significant interaction effects of the group and time were observed in the levels of vitamin
D, telomerase, and antioxidant and oxidative damage biomarkers (8-OHdG, MDA, and
SOD activities).

Table 2. The effects of 12 weeks of IgCo bovine colostrum milk supplementation on biomarkers
among participants.

Bovine
Colostrum Milk

(n = 26)

Placebo
(n = 26)

Group Effect Time Effect Group × Time Effect

p
Partial

Eta
Squared

Power p
Partial

Eta
Squared

Power p
Partial

Eta
Squared

Power

Vitamin D (μmol/L)

Baseline 105.74 ± 53.61 142.22 ± 60.79
0.012 * 0.125 0.729 0.265 0.026 0.197 0.119 0.050 0.343Post 60.64 ± 24.05 ### 70.28 ± 50.52 ###

MDA (μmol/L)

Baseline 0.74 ± 0.40 1.14 ± 0.91
0.047 * 0.080 0.515 0.586 0.006 0.084 0.490 0.010 0.105Post 1.11 ± 0.48 ## 1.31 ± 0.75

SOD activity (U/mL)

Baseline 122.23 ± 12.42 122.88 ± 25.13
0.306 0.022 0.173 0.002 0.175 0.879 0.942 0.000 0.051Post 113.12 ± 11.36 ## 117.04 ± 20.47

8-OHdG (ng/mL)

Baseline 37.16 ± 36.43 30.03 ± 15.18
0.842 0.001 0.054 0.163 0.040 0.285 0.196 0.035 0.251Post 42.76 ± 38.95 45.83 ± 44.50

CRP (ng/mL)

Baseline 5.03 ± 3.26 4.70 ± 1.91
0.640 0.005 0.075 0.657 0.004 0.072 0.015 * 0.117 0.694Post 3.34 ± 2.00 ## 4.55 ± 2.16

IL-6 (pg/mL)

Baseline 3.32 ± 1.19 3.45 ± 1.43
0.082 0.062 0.413 0.156 0.041 0.292 0.018 * 0.111 0.671Post 2.67 ± 1.13 # 3.64 ± 1.49

TNF-α (pg/mL)

Baseline 91.88 ± 56.80 80.26 ± 46.85
0.898 0.000 0.052 0.717 0.003 0.065 0.008 ** 0.138 0.774Post 51.31 ± 44.07 ### 64.51 ± 37.03 #

Telomerase (ng/mL)

Baseline 456.29 ± 179.56 465.68 ± 193.06
0.915 0.000 0.051 0.070 0.067 0.443 0.819 0.001 0.056Post 495.59 ± 185.98 500.60 ± 229.12

Note: The two-way repeated measured ANOVA model was adjusted with confounding factors such as age
and gender. Abbreviation: 8-OHdG, 8-hydroxy-2-deoxyguanosine; CRP, C-reactive protein; IL-6, interleukin 6;
MDA, malondialdehyde; SOD, superoxide dismutase; and TNF- α, tumor necrosis factor α. * p < 0.05; ** p < 0.01,
significant different in two-way repeated measured ANOVA. # p < 0.05; ## p < 0.01; ### p < 0.001, significant
differences before and after the intervention within the same treatment group.

3.3. Metabolic Profiles of Bovine Colostrum Supplemented Group and Placebo Group

To determine the metabolic changes following the consumption of IgCo colostrum
milk, untargeted metabolomics analysis was conducted using the UPLC-MS approach. The
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serum profiles of the IgCo supplemented (G2) and placebo (S2) groups were analyzed
using the multivariate data analyzes approach to provide a global view of the metabolic
alterations. PCA was used to perform unsupervised multivariate analysis of the serum
groups. The results showed an apparent separation between the IgCo-supplemented and
placebo groups on the scores plot of PCA (Figure 2A). All the samples in each group were
located in a 95% confidence interval. Based on findings from the OPLS-DA analysis, the
first predictive component T score[1] (x-axis) explained 36.4% of the variation between the
groups, while the orthogonal T score[1] (y-axis) accounted for 19.0% of the variation within
the groups. The OPLS-DA model encompasses a good internal cumulative cross-validation
of the goodness of fit and a good predictive ability (R2Y = 0.818, Q2 = 0.782). The discrete
clusters by PC1 are shown in Figure 2B. From the OPLS-DA score plot, it can be observed
that the IgCo supplemented (G2) and placebo (S2) groups were clearly distinguishable
from each other by the first predictive component T score[1] (x-axis).

Figure 2. (A) PCA and (B) OPLS-DA score plot of the placebo group (red color) and the treatment
group (green color) in plasma samples after 12 weeks of intervention. For clarity, the ellipses show
the 95% confidence region.

3.4. Detection and Identification of Metabolic Markers

A total of 33 differential metabolites between the intervention and placebo groups were
identified, with 22 metabolites upregulated (2,4,12-Octadecatrienoic acid isobutylamide, 4,4’-
diapolycopenedial, docosanamide, ethyl acetate, gamma-glutamylglutamic acid, gamma-
linolenic acid, glycerophosphocholine, indolepyruvate, isovaleric acid, leukotriene C5,
leukotriene E3, linoleamide, LysoPC(16:1(9Z)), LysoPC(18:3(9Z,12Z,15Z)), LysoPE(18:0/0:0),
N,N-dimethylsphingosine, N-arachidonoyl dopamine, n-butyl acetate, N-oleoylethanolamine,
octadecanamide, oleamide and propionic acid) and 11 metabolites were downregulated
(3-hydroxybutyric acid, 3-oxododecanoic acid, But-2-enoic acid, etiocholanolone,
PC(o-18:1(9Z)/16:0), PE(O-18:1(1Z)/20:4(5Z,8Z,11Z,14Z)), PE(P-16:0/20:3(8Z,11Z,14Z)), PE(P-
18:0/18:2(9Z,12Z)), PE(P-18:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z)), PE(P-18:1(9Z)/22:6(4Z,7Z,10Z,
13Z,16Z,19Z)), and ubiquinone-4) in the intervention group compared to the placebo group.
The fold change, state, p-value, and VIP value of each differential metabolite are depicted in
Table 3. The variation of these identified differential metabolites among the two groups was
extended through the HCA analysis, as shown in Figure S1.
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Table 3. Relative quantification of the major serum metabolites between the intervention and placebo
groups post-intervention.

Metabolite Fold Change State p-Value VIP

Propionic acid 18.634 Up 0.001 5.251
Isovaleric acid 9.308 Up 0.003 4.594
n-butyl acetate 31.712 Up 0.004 4.464
Ethyl acetate 43.492 Up 0.016 4.306

Gamma-glutamylglutamic acid 10.617 Up 0.010 3.876
Linoleamide 2.749 Up 0.000 3.250

4,4’-diapolycopenedial 2.678 Up 0.000 3.012
Oleamide 2.247 Up 0.000 2.882

2,4,12-octadecatrienoic acid isobutylamide 2.563 Up 0.000 2.702
Leukotriene E3 2.268 Up 0.000 2.511

Gamma-linolenic acid 1.937 Up 0.001 2.240
N-oleoylethanolamine 2.049 Up 0.017 2.121

Etiocholanolone 0.467 Down 0.037 1.934
Glycerophosphocholine 1.832 Up 0.002 1.913

Octadecanamide 1.733 Up 0.000 1.911
N,N-dimethylsphingosine 1.747 Up 0.007 1.807
N-arachidonoyl dopamine 1.755 Up 0.004 1.775

Leukotriene C5 1.668 Up 0.013 1.759
3-oxododecanoic acid 0.689 Down 0.036 1.700

PE(P-18:0/18:2(9Z,12Z)) 0.480 Down 0.018 1.605
PE(O-18:1(1Z)/20:4(5Z,8Z,11Z,14Z)) 0.629 Down 0.014 1.552

But-2-enoic acid 0.563 Down 0.046 1.479
3-hydroxybutyric acid 0.694 Down 0.035 1.462

PE(P-18:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) 0.652 Down 0.003 1.407
LysoPC(18:3(9Z,12Z,15Z)) 1.319 Up 0.004 1.405

LysoPE(18:0/0:0) 1.350 Up 0.006 1.368
Ubiquinone-4 0.725 Down 0.023 1.266

PC(o-18:1(9Z)/16:0) 0.673 Down 0.005 1.212
LysoPC(16:1(9Z)) 1.383 Up 0.040 1.161

PE(P-16:0/20:3(8Z,11Z,14Z)) 0.663 Down 0.028 1.141
PE(P-18:1(9Z)/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) 0.713 Down 0.039 1.111

Indolepyruvate 1.500 Up 0.038 1.071
Docosanamide 1.396 Up 0.002 1.055

Note: The differences in metabolite concentration were evaluated in terms of fold change, and statistical compari-
son was conducted using the t-test. The displayed metabolites with a p-value < 0.05 indicate significant differences
in fold-change values between the groups. Only metabolites with VIP value ≥ 1, fold change ≥ 1.2 or ≤0.8, or
p-value < 0.05 were considered differential metabolites. Up: a relatively higher concentration compared to the
placebo group. Down: a relatively lower concentration compared to the placebo group.

Furthermore, to determine the within-group differences in the metabolic markers, the
differential metabolites within the IgCo bovine colostrum milk-supplemented and placebo
groups pre- and post-intervention were also determined, as shown in Tables S2 and S3,
respectively. Overall, 48 (21 upregulated and 27 downregulated) and 37 (16 upregulated and
21 downregulated) differential metabolites were identified in the IgCo bovine colostrum
milk-supplemented and placebo groups pre- and post-intervention, respectively.

3.5. Characterization and Functional Analysis of Metabolic Pathways

Metabolic pathways were defined with an online MetPa system (MetaboAnalyst 5.0).
Nine suggested metabolic pathways were found to be associated with the consumption of
IgCo bovine colostrum milk compared to the regular skim milk in the placebo group. The
potential metabolic pathway was identified based on impact value > 0.1 and a p-value less
than 0.05. Out of the nine suggested metabolic pathways, only the glycerophospholipid
metabolism pathway fulfilled the criteria mentioned above and was determined as the
potential metabolic pathway in this model. Table 4 shows the output of pathway analysis
from the MetPa system, and the findings are summarized in Figure 3. Meanwhile, the po-
tential metabolic pathway before and after consuming the IgCo bovine colostrum milk and
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regular skim milk were depicted in Tables S4 and S5, respectively. The possible metabolic
pathways associated with bovine colostrum milk consumption were glycerophospholipid
metabolism and cysteine and methionine metabolism. Meanwhile, sphingolipid and glyc-
erolipid metabolism were found to be the potential metabolic pathways related to regular
skim milk consumption.

Table 4. Pathway analysis results (IgCo bovine colostrum milk vs. placebo post-intervention) with
the MetPA system (MetaboAnalyst 5.0).

Pathway Name Hits Raw p –log(p) Holm Adjust FDR Impact

Glycerophospholipid metabolism 3 0.0004 3.4391 0.0029 0.0016 0.1700
Steroid hormone biosynthesis 1 0.0024 2.6193 0.0120 0.0038 0.0052

Glycosylphosphatidylinositol (GPI)-anchor biosynthesis 1 2.52 × 10−5 4.5993 0.0002 0.0002 0.0040
Synthesis and degradation of ketone bodies 1 0.0007 3.1494 0.0050 0.0016 0.0000

Butanoate metabolism 1 0.0007 3.1494 0.0050 0.0016 0.0000
Propanoate metabolism 1 0.0025 2.6011 0.0120 0.0038 0.0000

Biosynthesis of unsaturated fatty acids 1 0.0806 1.0936 0.2418 0.1037 0.0000
Ether lipid metabolism 1 0.2411 0.6177 0.4823 0.2713 0.0000
Tryptophan metabolism 1 0.5021 0.2992 0.5021 0.5021 0.0000

Note: The potential metabolic pathway was identified based on an impact value > 0.1 and a p-value less than 0.05.

Figure 3. The summary of pathway analysis with the MetPA system (MetaboAnalyst 5.0). The
metabolic pathways were represented as circles according to their –log(p) value at the y-axis and their
pathway impact at the x-axis. The darkness and size of each circle corresponds to the –log(p) value
and impact score of the metabolic pathway, respectively.

4. Discussion

This study aimed to investigate the effects of bovine colostrum-enriched skim milk
on the expression of various biomarkers on inflammation, antioxidant and oxidative dam-
age, nutrient metabolism, and genomic stability. Our current findings show a significant
reduction in the expression of various pro-inflammatory mediators, such as the CRP, IL-6,
and TNF-α following the consumption of IgCo bovine colostrum milk, suggesting that
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it can help in the regulation of immune function and improve the inflammatory condi-
tions in the body. However, consumption of bovine colostrum milk did not have any
significant interaction effects of the group and time in relation to the levels of vitamin D,
telomerase, 8-OHdG, MDA, and SOD activity. Moreover, the untargeted metabolomics
analysis using the UPLC-MS approach revealed that consuming bovine colostrum milk
may be associated with alterations in glycerophospholipid metabolism and cysteine and
methionine metabolism.

Bovine colostrum is a rich source of bioactive molecules, including immunoglobulins,
growth factors, cytokines, and peptides that have anti-inflammatory properties [8–10]. The
anti-inflammatory effects of bovine colostrum have been attributed to several mechanisms,
including the modulation of immune responses, inhibition of pro-inflammatory cytokines and
enzymes, and promotion of tissue repair [8,9,21]. One of the key bioactive molecules in bovine
colostrum is lactoferrin, which has been shown to have anti-inflammatory effects [21,22].
Lactoferrin can bind to bacterial and viral cell walls, preventing them from attaching to host
cells and reducing the production of pro-inflammatory cytokines [22]. In addition, lactoferrin
can modulate the immune system by increasing the number and activity of natural killer cells,
which play a crucial role in eliminating the infected cells [23]. Bovine colostrum also contains a
variety of growth factors, including insulin-like growth factor 1 (IGF-1), transforming growth
factor beta (TGF-β), and epidermal growth factor (EGF) [8]. These growth factors can promote
tissue repair and regeneration, which is essential in resolving inflammation.

Furthermore, bovine colostrum contains peptides that have been shown to have
anti-inflammatory properties. One of these peptides is lactoperoxidase, which has been
shown to inhibit the pro-inflammatory hydrogen peroxide-induced IL-8 secretion in Caco-2
cells [24]. Deleting the lactoperoxidase gene has been demonstrated to cause inflammation
in various organs of mice [25]. Meanwhile, another peptide known as lactoferrin has been
shown to have an immunomodulatory function and exert anti-inflammatory properties
by engaging with diverse cell receptors and activating various cell signaling pathways,
frequently facilitated by iron-dependent mechanisms [26]. Moreover, human chondrocytes
treated with lactoferrin from exogenous sources have been proven to inhibit the activation
of the NF-κB signal transduction pathway, cyclooxygenase-2 expression, and prostaglandin
E2 production following IL-1β-stimulation [27]. Previously, orally administered colostrum
polyvalent immunoglobulins have been demonstrated to decrease the secretion of IL-1β,
IL-6, interferon (IFN)-γ, TNF-α, and IL-12 inflammatory cytokines in patient-derived
peripheral blood mononuclear cells (PBMCs) [28]. Additionally, the supplementation
of bovine colostrum concentrate among male endurance athletes have been found to
inhibit the secretion of TNF, IL-6, and IL-4 from PBMCs in the early phase after adding
lipopolysaccharide (LPS) [29]. Hence, suppressing the expression of pro-inflammatory
cytokines after consuming bovine colostrum milk may improve immune function.

Glycerophospholipids are a type of phospholipid that form the structural basis of cell
membranes [30]. Previous studies have suggested that glycerophospholipid metabolism is
implicated in overall systemic immune function and low-grade inflammation, with phos-
pholipids potentially acting as mediators of inflammation [31,32]. Glycerophospholipids
play a crucial role in regulating inflammation by serving as precursors for a wide range of
signaling molecules, including prostaglandins, leukotrienes, and platelet-activating factors
(PAF) [33,34]. These lipid mediators are synthesized by a series of enzymatic reactions that
are tightly regulated in response to cellular signals. Research has shown that alterations in
the composition of glycerophospholipids can profoundly affect the inflammatory response.
For example, studies have indicated that supplementation with glycerophospholipid phos-
phatidylcholine (PC) can decrease the production of inflammatory cytokines in response to
LPS, which is a potent activator of the immune system [35].

In addition, glycerophospholipids have been found to play a role in inflammation
by modulating the activity of immune cells and regulating the production of inflamma-
tory mediators. Glycerophospholipids may contribute to inflammation by interacting
with toll-like receptors (TLR), thus inhibiting the activation of TLR2 and TLR4 induced
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by pathogen-associated molecular patterns [36]. In addition, studies have proven that
phospholipids, such as PC and phosphatidylethanolamine (PE), can be subjected to hy-
drolysis by the enzyme phospholipase A2 (PLA2) to release arachidonic acid from cell
membranes [37]. Arachidonic acid is a precursor to various inflammatory mediators,
including prostaglandins and leukotrienes [38]. Furthermore, the dysregulation in the
glycerophospholipid metabolism pathway has been shown to affect the inflammatory
response and has been implicated in the development of various diseases associated with
chronic inflammation, such as Behçet’s disease, allergic airway disease, and rheumatoid
arthritis [39–41]. Interestingly, a previous study found that most PCs or Pes were negatively
correlated with the inflammatory index, particularly those containing more polyunsatu-
rated acyl chains [42]. Conversely, those with lower levels of polyunsaturated acyl chains
were more likely to correlate positively with inflammation. As most of the identified PCs
and PEs in this present study were those with lower levels of polyunsaturated acyl chains,
the reduction in the expression of the pro-inflammatory biomarkers may be due to the
alterations in such PC and PE metabolites following the consumption of the IgCo bovine
colostrum milk.

In addition to the glycerophospholipid metabolism pathway, our current findings also
demonstrate that cysteine and methionine metabolism is one of the potential metabolic
pathways associated with bovine colostrum milk consumption pre- and post-intervention.
Following the intervention, a decrease in the expression of methionine, one of the metabo-
lites involved in the cysteine and methionine metabolism, was observed. Methionine
is an essential amino acid that plays a vital role in protein synthesis and many other
metabolic processes including immunity [43,44]. It has also been linked to inflammation,
with several studies suggesting that high levels of methionine intake may contribute to
chronic inflammation. One way methionine may contribute to inflammation is through
the generation of homocysteine, a toxic amino acid that can damage cells and tissues [45].
Elevated homocysteine levels have been found to be associated with increased inflamma-
tion, oxidative stress, and a higher risk of cardiovascular disease [45–47]. Furthermore,
methionine metabolism can also lead to the production of S-adenosylmethionine (SAMe),
a methyl donor involved in various cellular processes, including the regulation of gene
expression. Studies have shown that alterations in the SAMe levels can affect the activation
of the mitogen-activated protein kinase (MAPK) signaling pathway, thus reducing the
production of TNF-α, IL-6, and interferon-β, respectively [48]. Moreover, a previous study
demonstrated that consuming a methionine restriction diet can mitigate the inflammation
associated with aging and obesity in the liver, visceral, and subcutaneous white adipose tis-
sue [49]. Thus, the reduction in the expression levels of these pro-inflammatory mediators
may be due to the decrease in the methionine levels following the consumption of IgCo
bovine colostrum milk.

5. Conclusions

In conclusion, consuming IgCo bovine colostrum-enriched skim milk may help reduce
the expression levels of various pro-inflammatory mediators, such as the CRP, IL-6, and
TNF-α. Findings from the untargeted metabolomics analysis revealed that consuming
bovine colostrum may induce alterations in the glycerophospholipid metabolism and
cysteine and methionine metabolism pathways, thus improving the immune function in
older adults. Our current findings suggest that bovine colostrum milk has the potential to
be used as one of the nutraceutical foods in promoting healthy and successful aging.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu15143184/s1, Figure S1: Heat map of the identified plasma
metabolites of individuals in IgCo supplemented group and placebo group after 12 weeks of inter-
vention; Table S1: Nutritional information of IgCo bovine colostrum milk and placebo (regular skim
milk); Table S2: Relative quantification of the major serum metabolites within the IgCo supplemented
group pre- and post-intervention; Table S3: Relative quantification of the major serum metabolites
within the placebo group pre- and post-intervention; Table S4: Results of pathway analysis (IgCo
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colostrum milk pre- vs post-intervention) with MetPA system (MetaboAnalyst 5.0); Table S5: Results
of pathway analysis (Placebo pre- vs. post-intervention) with MetPA system (MetaboAnalyst 5.0).
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Abstract: The impact of host–microbiome interactions on cognitive health and disease has received
increasing attention. Microbial-derived metabolites produced in the gut are one of crucial mechanisms
of the gut–brain axis interaction, showing attractive perspectives. Urolithins (Uros) are gut microbial-
derived metabolites of ellagitannins and ellagic acid, whose biotransformation varies considerably
between individuals and decreases greatly with age. Recently, accumulating evidence has suggested
that Uros may have specific advantages in preventing brain aging including favorable blood–brain
barrier permeability, selective brain distribution, and increasingly supporting data from preclinical
and clinical studies. However, the usability of Uros in diagnosis, prevention, and treatment of
neurodegenerative diseases remains elusive. In this review, we aim to present the comprehensive
achievements of Uros in age-related brain dysfunctions and neurodegenerative diseases and discuss
their prospects and knowledge gaps as functional food, drugs, or biomarkers against brain aging.

Keywords: urolithin; brain; aging; neurodegenerative diseases; microbial-derived; metabolites

1. Introduction

To date, the population of dementia is approximately 45 million worldwide (this
number will double if mild cognitive impairment (MCI) is included), and this population is
expected to triple (approximately 130 million) by 2050 [1]. As the population of older adults
is increasing, interest in the aging brain and the quest for “healthy brain aging” is growing.
Modern medicine and nutrition evidence has confirmed that polyphenol consumption
is an effective strategy in delaying brain aging [2]. However, the poor bioavailability of
dietary polyphenols in vivo is contradictory to their health benefits [3,4]. Recently, there
has been increasing evidence suggesting that the health benefits of polyphenols are mainly
based on: (1) Polyphenols being either directly absorbed or in most cases converted into
bioactive metabolites by gut microbiota and then get to the target tissues; (2) Polyphenols
reshaping the gut microbiome during their bidirectional interaction. In addition, microbial-
derived metabolites of polyphenols can be used as biomarkers to predict individual health
status or even the efficacy of some drugs in vivo [5]. Over the past decade, research
on gut microbiota and the gut–brain axis has brought increasingly new insights into
humans [6]. Several pathways have been confirmed in the communication of the gut
microbiota and the brain: (1) neuroendocrinology: the gut cells secrete a large amount of
the signaling molecules in neuroendocrinology which can be influenced by gut microbiota;
(2) neuroimmunity: the GI tract itself is the largest immune organ to stress response and
the gut microbiota can promote immune cells to produce cytokines that can affect the
brain; (3) neurotransmitters: the gut microbiota can affect the neurotransmitter secretion
directly (several neurotransmitters, including acetylcholine, dopamine, noradrenaline, and
serotonin can be synthesized by gut bacteria) and indirectly; and (4) microbial-derived
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metabolites: neuroactive metabolites mediate bidirectional interactions between the gut,
gut microbiome, and the brain to modulate host neurophysiology and behavior [7–9].

As many of the host–microorganism interactions pertaining to human health are
mediated by metabolites, interest in the microbial-derived metabolites has been increas-
ing [10–12]. Among these active metabolites, urolithins (Uros), the gut bacterial metabolites
of ellagitannins (ETs) and ellagic acid (EA), have shown to be beneficial in delaying many
age-related diseases such as cancer (especially prostate, breast, and colorectal cancers), car-
diovascular diseases, and chronic metabolic disorders (diabetes and hyperuricemia) [13–18].
Recently, growing evidence has supported the multiple health benefits of Uros against brain
aging and the therapeutic potential for neurodegenerative diseases [17,19–22]. Moreover,
Uros have been proposed as biomarkers of gut dysbiosis and disease stage in Parkinson’s
patients [23]. Herein, we aim to review the recent achievements of Uros in brain aging and
neurodegenerative diseases, with a particular emphasis on their therapeutic targets and
mechanisms and discuss their prospects and knowledge gaps.

2. Overview and Advantage of Uros

Uros are gut metabolites derived from ETs and EA, which are richly available in
many fruits (pomegranates, berries), nuts (walnuts), wood-aged wine, and some medicinal
plants (galla chinensis, chebulae fructus, and seabuckthorn leaf) [12]. ETs and EA have
very poor bioavailability in vivo and are converted into Uros by intestinal microbes in the
colon, which are believed to be responsible for their biological activities [24,25]. ETs are a
group of important dietary polyphenols and hydrolysable tannins that share a common
core, hexahydroxydiphenoyl (HHDP), and differ in the number of monomer residues. ETs
are mainly hydrolyzed to EA in the upper GI tract (stomach and small intestine), and
most of the EA is converted to Uros in the lower GI tract (mainly in the colon) [25–27].
Uros are 6H-dibenzo [b, d] pyran-6-one derivatives which differ in their hydroxyl groups.
The family includes the main end metabolites, dihydroxy derivatives UroA, Iso-UroA
and monohydroxy derivative UroB, and other intermediates UroC, UroD, UroE, UroM-5,
UroM-6, and UroM-7. Overall, UroA is the main metabolite produced in humans, which
demonstrates the highest concentrations in plasma and urine, and remains high for days
after the consumption of ET-rich food [28–30].

The bioconversion of Uros from ETs and EA varies considerably between individuals.
Some individuals can produce high plasma concentrations of Uros (high Uro producers),
while others cannot produce significant levels of Uros (low Uro producers). Additionally,
Uro producers can also be classified into “metabotype A” (only high concentration of UroA
is produced), and “metabotype B” (more Iso-UroA and/or UroB in comparison to UroA is
produced) [31]. Therefore, the consumption of dietary ETs will produce different health
benefits in high or low Uro producers, and those with different metabolic phenotypes.
The different capacities for excreting Uros are mainly attributed to the variability of gut
microbiota ecology, and vary with age, health status, dietary intake, obesity, and digestive
organ surgery [32,33]. Notably, age is a key factor that affects the bioconversion of Uros. The
bioconversion of Uros significantly decreases with aging. According to clinical observations,
approximately 10% of individuals (aged 5–90) are non-Uro producers, and only 40% of
elderly people (>60) can produce meaningful levels of Uros from dietary precursors [34].
Therefore, Uro supplementation may be a good alternative for certain individuals (e.g.,
elderly people) to meet the required healthy Uro level [35].

In comparison to precursors and live bacteria, Uros possess clear chemical structure,
good bioavailability, and high safety in animals and humans [36,37]. Recently, two multi-
center clinical trials showed that long-term (4-month) oral administration of UroA is safe
and well tolerated [38,39]. Moreover, UroA is considered as GRAS (generally recognized as
safe) for its use in food products by the Food and Drug Administration (FDA) [40]. Notably,
Uros can also pass through the blood–brain barrier (BBB) and distribute in a brain-targeted
manner after absorption [17,41,42], which may greatly facilitate their activities in the central
nervous system (CNS), while other ET derivatives cannot cross the BBB. Additionally, as
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increasing evidence supporting the involvement of the gut metabolites in human health
and diseases, metabolite-based treatment has been considered as a novel and promising
therapeutic approach. It can overcome limitations and deficiencies of microbiome-based
treatment (probiotics and prebiotics supplementation or fecal microbiome transplantation),
such as colonization resistance and inter-individual variation in microbial composition [43].
Microbial-derived metabolites may be able to provide an improved efficacy (safety, stability,
and individual variation) by exerting a beneficial host effect downstream of the microbiome.
Collectively, these findings highlight the advantages of Uros in developing into functional
food or drugs.

Many studies have investigated the biotransformations of ETs and EA to Uros. ETs are
first converted into EA, facilitated by physiological pH and/or microbial enzymes such
as tannin–hydrolase and lactonase. EA is then catalyzed by several microbial enzymes,
including lactonase, decarboxylase, dehydroxylases, methyl esterases, and hydrolases, to
produce Uros in the colon [25]. The metabolic pathways associated with these enzymes
have been elucidated. Recently, several Uro-producing gut bacteria have been identified
that can facilitate the conversion of EA to Uros in vitro [44–46]. Therefore, in addition to
the chemical synthesis of Uros, the biotransformation of Uros with bacteria or enzymes
in vitro in the near future can be expected [28,47].

As previously described, the consumption of dietary polyphenols is highly correlated
with human health and the risk of neurodegenerative diseases [12]. Dynamic two-way
communications between the gut, gut microbiome, and the CNS have been considered an
increasingly vital factor for cognitive health and disease. Novel perspectives suggest that
microbial-derived metabolites of polyphenols can be used as biomarkers to predict the risk
of neurodegenerative diseases [48]. Therefore, in addition to the potential as functional food
or drugs, Uros may be potential biomarkers of age-related cognitive decline and related
disorders, which is mainly based on the following: (1) As bioactive metabolites, they exert
multiple health benefits against brain aging and related diseases (which we will discuss
below in detail); (2) the level of Uros in baseline is an indicator of personalized nutrition
status (the consumption of dietary polyphenols in individuals, particularly for ETs and
EA consumption), which is highly correlated with the risk of neurodegenerative diseases;
(3) the level of Uros after consuming ET- or EA-rich food is an indicator of individual
metabotypes associated with specific gut microbial ecologies (gut microbiota composition
and functionality), which is tightly involved in neurodegenerative diseases. A recent study
based on 52 patients and 117 healthy individuals showed that gut dysbiosis occurred
during the onset and progression of Parkinson’s disease (PD) and the concentration of
Uros in urine was highly associated with the severity of gut dysbiosis and PD in elderly
people [23].

3. Preclinical and Clinical Studies

As UroA and UroB are the most abundant final metabolites in vivo, they are the
most widely studied Uros across species, particularly UroA. Accumulating preclinical
studies have demonstrated the beneficial effects of UroA and UroB on age-related brain
dysfunctions. The cell studies in vitro are summarized in Table 1. Although these studies
all demonstrated the neuroprotective effect of Uros in aging conditions such as oxidative
stress, inflammation, and high concentrations of glucose, the treatment conditions in
different laboratories and the sensitivity of different cells to Uros varied considerably. The
animal studies in vivo are summarized in Table 2. Uros administration has been shown
significantly improve cognition, learning, and memory in aged animals and animal models
of neurodegenerative diseases.

It has been reported that ET- or EA-rich food consumption improve cognition and
memory in the elderly (summarized in Table 3), whereas the effect of Uros supplementa-
tion in the elderly is still unknown. Two sequential randomized, double-blind, placebo-
controlled trials in middle-aged and older adults (aged 50–75 years) with MCI showed
that drinking 8 ounces (237 mL) of pomegranate juice every day for short-term 4 weeks
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or long-term 12 months significantly improved performance in the Brief Visuospatial
Memory Test–Revised and Buschke Selective Reminding Test, and increased functional
brain activation during verbal and visual memory tasks (ClinicalTrials.gov Identifier:
NCT02093130) [42,49]. Moreover, cognition and memory improvement by pomegranate
juice consumption is in line with the concentration of UroA–glucuronide in plasma and
the plasma Trolox-equivalent antioxidant capacity. Additionally, berry and walnut con-
sumption are related to better cognitive function and memory performance in the elderly
with normal cognition or MCI [50–53]. Recently, several clinical trials have shown that
UroA administration improves skeletal muscle function and mitochondrial health in elderly
and middle-aged adults (ClinicalTrials.gov Identifier: NCT02655393, NCT03464500, and
NCT03283462) [37–39]. In summary, evidence supporting the role of Uros in preventing
the degeneration of brain during aging is accumulating, whereas clinical study in humans
is lacking and needs further investigation.

Table 1. Preclinical studies of Uros on brain aging in vitro cell models.

Uros Cells
Pharmacological

or Genetic
Interventions

Treatment
(Dosage and Time)

Effects Findings Refs.

UroA Neuro-2a cells H2O2 (250 μM)
for 45 min

0.5 μM, 1 μM,
2 μM, 4 μM

pretreatment for 24 h
antioxidation

↑ cells viability, ↓ MAO-A
and Tyrosinase, ↑ free

radical (O2− and DPPH), ↓
ROS, lipid peroxidation,

↑ peroxiredoxins expression,
↑ CAT, SOD, GR, GSH-Px,

[54]

UroA PC12 cells H2O2 (100 μM)
for 2 h

10 μg/mL, 30 μg/mL,
and 50 μg/mL

pretreatment for 24 h
antioxidation

↑ cells viability, ↓ LDH
release, ↓ apoptosis,
↓ caspase 3 and Bcl-2

[17]

UroA SK-N-MC cells H2O2 (300 μM)
for 18 h

1.25 μM, 2.5 μM,
and 5 μM

pretreatment for 6 h
antioxidation

↑ cells viability, ↓ apoptosis,
↓ ROS, Bax/Bcl-2, PARP,

cytochrome c, caspase 3/9,
p38 MAPK

[55]

UroA SH-SY5Y cells H2O2 (100 μM)
for 24 h

10 μM treatment
for 2 h, 6 h or 24 h antioxidation

↑ REDOX activity,
↓ cytotoxicity, ↓ ROS, ↓

apoptosis,
↓ caspase 3/8 and 9

[20]

UroA SH-SY5Y cells H2O2(200 μM)
for 6 h

5 μM, 7.5 μM,
10 μM, 15 μM

pretreatment for 12 h
antioxidation

↑ cells viability, ↓ ROS, ↑
SOD, CAT, ↑

PKA/CREB/BDNF
[56]

UroB Neuro-2a cells H2O2 (250 μM)
for 2 h

20 μg/mL, 40 μg/mL,
and 60 μg/mL

pretreatment for 24 h
antioxidation

↑ cells viability, ↓ ROS, ↓
apoptosis, cytotoxicity, ↓

caspase 3, ↑ Bcl-2
[57]

UroB BV-2 cells

LPS (100 ng/mL)
or LTA

(10 μg/mL)
or poly(I:C)
(25 μg/mL)

for 16 h

30 μM, 50 μM,
or 100 μM

pretreatment for 1 h

antioxidation,
anti-

inflamation

↓ NO, ROS, TNF-α,
IL-6, IL-1β, iNOS, COX-2, ↓

NF-κB, p-JNK, p-ERK,
p-Akt, AP-1, ↑ IL-10,

pAMPK, p47phox, gp91phox

[58]

UroA
mUroA

UroB
mUrOA

BV-2 cells,
SH-SY5Y cells

H2O2 (100 μM)
for 6 h;

LPS (1 μg/mL)
for 24 h

0.1 μM, 0.5 μM, 5 μM,
10 μM pretreatment for

1 h, 24 h, or 48 h

antioxidation,
anti-

inflammation

↓ apoptosis, ↓ NO,
TNF-α,NO, COX-2, IL-1,
IL-6, PGE2, ↓ caspase 3/7
and 9, ↓ oxidative stress

[19]

UroA BV-2 cells

LPS (500 ng/mL)
for 3 h, 12 h, 24 h;
IL-4 (100 ng/mL),
IL-13 (10 ng/mL)

for 24 h

10 μM
pretreatment for 12 h

anti-
inflammation

↓ IL-6, IL-1β, TNF-α, ↓ NOS,
↓ JNK/c-Jun,

↑ M2 microglia polarization
[59]
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Table 1. Cont.

Uros Cells
Pharmacological

or Genetic
Interventions

Treatment
(Dosage and Time)

Effects Findings Refs.

UroA BV-2 cells
LPS (1 μg/mL)
for 6 h, 12 h or

24 h

2.5 μM, 5 μM, and
10μM pretreatment for

2 h

anti-
inflammation

improved
mitochondrial

function

↓ IL-1β, iNOS, COX-2, ↓
ROS, ↑ MMP, ↑ p62, ↓

LC3-II, ↑ Parkin, PINK, ↓
caspase 1, NLRP3, ↓ TOM20,

Tim23,↑ mitophagy, ↑
OXPHOS

[14]

UroA,
UroB,
UroC,

mUroA
dmUroC

BV-2 cells

LPS
(100 ng/mL) for

30 min,
16 h or 24 h

3 μM, 10 μM,
30 μM

treatment for 30 min,
1 h, 16 h or 24 h

anti-
inflammation

↓ NO, TNF-α, IL-6, IL-1β,
iNOS, COX-2, ↓ pAkt,↓
pERK1/2, p38 MAPK, ↓

NF-κB

[60]

UroA BV-2 cells,
ReNcell VM cells

LPS (100 ng/mL)
for 1 h, 24 h,

or transfected
with APPSwe

2 μM, 5 μM, 10 μM
treatment for 30 min,

6 h or 48 h

anti-
inflammation,

anti-Aβ

↑ cells viability, ↓ NO,
TNFα, IL-6, ↓ Aβ, ↑ SIRT1, ↓

NF-Kb,
↑ induction of autophagic

flux

[21]

UroA SH-SY5Y cells,
iPSC-ND cells

D-glucose 25 mM
for 24 h, 48 h,

and 72 h,
Aβ (1–42) for 24 h,

48 h, and 72 h

100 nM
pretreatment for

30 min

anti-Aβ,
improved

mitochondrial
function

↓ APP, BACE1, TGM2,
Aβ(1–42), mitochondrial

calcium influx, AhR, mtROS,
↓ LDH release

[61]

UroA SH-SY5Y cells transfected with
the APP 695

1 μM,10 μM
treatment for

1 h or 24 h

improved
mitochondrial

function

↑ MMP, ATP, ROS,
OXPHOS, mitochondrial

biogenesis
[62]

UroA PC12 cells
6-OHDA
(150 μM)

for 18 h or 24 h

2.5 μM, 5 μM,
10 mM treatment for 2 h

improved
mitochondrial

function

↑ cells viability, MPP
PGC-1α, SIRT1, TFAM, ↓

apoptosis, ↑ APP, ↓ ROS, ↓
mitochondria damage

[63]

UroA
DHA+
LUT+
UroA

BE(2)-M17 cells
oligomeric Aβ1–42

(20 μM)
for 72 h

5 μM to 40 μM
pretreatment for 24 h,
5 μM (combination)

pretreatment for 24 h

anti-Aβ
↑ cells viability,
↓ LDH release [64]

UroA,
UroA+
EGCG

HT22 cells
transfected with
APP cDNA for

24 h

no concentration
mentioned, treatment

for 24 h

improved
mitochondrial

function

↑ mitochondrial
respiration [65]

UroA,
UroA+
EGCG

HT22 cells
transfected with
Tau cDNA for

24 h

1 μM or 10 mM
treatment for

24 h

improved
mitochondrial

function

↓ Drp1 and Fis1,
↑ PGC-1α, Nrf1, Nrf2,

↑ TFAM, PINK1, Parkin,
↑ Mfn1, Mfn2, and Opa1

[66]

UroA HT22 cells
transfected with
APP cDNA for

24 h

1 μM, 2 μM, 5 μM,
10 mM treatment

for 24 h

improved
mitochondrial

function

↓ Drp1 and Fis1,
↑ PGC-1α, Nrf1, Nrf2,

↑ TFAM, PINK1, Parkin,
↑ Mfn1, Mfn2, and Opa1

[67]

Abbreviations: dmUroC: 8,9-dimethyl-O-Urolithin C, MAO: monoamine oxidase, DPPH: 1,1-diphenyl-2-
picrylhydrazyl, ROS: reactive oxygen species, CAT: catalase, GR: glutathione reductase, GSH-Px: glutathione
peroxidase, LDH: Lactic dehydrogenase, Bcl-2: B-cell lymphoma-2, Bax: Bcl-2-associated X, TNF-α: tumor necrosis
factor-α, iNOS: inducible nitric oxide synthase, IL-6: interleukin-6, IL-1β: interleukin-1β, IL-1: interleukin-1,
COX-2: cyclooxygenase-2, PARP: poly ADP-ribose polymerase, MAPK: mitogen-activated protein kinase, REDOX:
mitochondrial oxidation-reduction, PKA: protein kinase A, CREB: cAMP-response element binding protein, BDNF:
brain derived neurotrophic factor, NLRP3: negative regulation of NLR family pyrin domain containing 3, PGE2:
prostaglandin E2, JNK: c-Jun N-terminal kinase, LC3-II: protein light chain 3-II, PINK1: PTEN induced kinase 1,
MMP: mitochondrial membrane potential, OXPHOS: oxidative phosphorylation, APP: amyloid precursor protein,
TGM2: transglutaminase type 2, PGC-1α: peroxisome proliferator-activated receptor-gamma coactivator-1-alpha,
AhR: aryl hydrocarbon receptor, TFAM: transcription factor A, ERK1/2: extracellular signal-regulated kinase
1/2, SIRT1: silent information regulator of transcription 1, BACE1: β-site APP cleaving enzyme-1, poly(I:C):
polyinosinic-polycytidylic acid, Drp1: dynamin-related protein 1, Fis1: fission mitochondrial 1; Nrf1: nuclear
respiratory factor 1, Nrf2: nuclear respiratory factor 2, Mfn1: mitofusin, Mfn2: mitofusin 2, Opa1: optic atrophy 1.
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4. Mechanisms of Action

The beneficial effects of Uros on brain function during aging are associated with multi-
target actions that involve relieving chronic oxidative stress and inflammation, promoting
mitophagy and mitochondrial function, inhibiting amyloid-β (Aβ) and tau pathology, and
regulating tryptophan (Trp) metabolism. The mechanisms are summarized in Figure 1.

 

Figure 1. Outline of effects of UroA on brain aging (actions and mechanisms). The mechanisms of
UroA on aging brain mainly focus on promoting mitophagy and mitochondrial function and relieving
neuroinflammation. Other mechanisms include mitigating oxidative stress, inhibiting Aβ and tau
pathology, and regulating Trp metabolism. Although UroA has been shown to activate anti-aging
signaling pathways such as AMPK, SIRTs, and mTOR in vivo, the direct or key targets of UroA have
not been fully elucidated.

4.1. Antioxidant Activity in CNS

As the brain consumes more than one-fifth of the total oxygen, the oxidative stress
exerted by reactive oxygen species (ROS) and related degeneration is particularly severe in
the brain owing to aging. Damage to neural cells occurs when ROS production overwhelms
the antioxidant defense mechanisms. Endogenous antioxidant defenses in the brain are
relatively low compared to those in other vital organs [79,80]. This makes the protection of
antioxidants, which can pass through the BBB, particularly important for the progression
of brain aging. Although ETs and EA cannot cross the BBB, Uros are potent antioxidants
with good BBB permeability [36,69].

First, UroA and UroB are evidenced as direct radical scavengers (details listed in
Table 4) [54,57]. Furthermore, cell models have shown that UroA and UroB protected
neuron-like cells from direct H2O2-induced damage, including PC12 cells, SK-N-MC cells,
SH-SY5Y cells, and Neuro-2a cells, in which they effectively inhibited ROS formation and
lipid peroxidation [17,20,54,55,57,81]. Moreover, Uros can boost endogenous antioxidant de-
fenses in neuronal cells and brains of aged mice. Data from an array of studies have shown
that UroA and UroB increased the activity of antioxidant enzymes, including catalase, super-
oxide dismutase, glutathione reductase, and glutathione peroxidase [58,82]. UroA increases
the expression of cytoprotective peroxiredoxins 1 and 3 in Neuro-2a cells [54]. A study
on UroB demonstrated that pretreatment with UroB significantly decreased the mRNA
expression of nicotinamide adenine dinucleotide phosphate oxidase subunits (p47phox and
gp91phox) and increased the antioxidant hemeoxygenase-1 expression via nuclear factor
erythroid-2 related factor 2/antioxidant response element signaling in lipopolysaccharide
(LPS)-treated BV2 cells [58].
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Table 4. IC50 of Uros and corresponding references on synthetic and oxygen free radicals.

Sample
Superoxide

Radical 1 DPPH Radical
Peroxyl

Radicals 2 ABTS Radical
Hydroxyl
Radical

UroA 5.01 ± 5.01 μM 152.66 ± 35.01 μM 13.1 μM --- ---
Gallic acid 0.26 ± 0.21 μM 3.10 ± 3.11 μM --- --- ---

Ascorbic acid --- 14.81 ± 14.90 μM --- --- ---
Pomegranate extracts --- --- 0.49 μM --- ---

UroB 495.32 ± 3.28 mM 295.41 ± 2.36 mM --- 316.18 ± 1.85 mM 306.28 ± 4.61 mM
Ascorbic acid 874.39 ± 1.48 mM 446.25 ± 1.78 mM --- 526.24 ± 3.18 mM 540.16 ± 2.52 mM

IC50 is expressed as mean ± SD, and data for peroxyl radicals are expressed as μmol Trolox equivalents per mg
of sample. 1 UroA scavenges superoxide radicals generated by the xanthine/xanthine oxidase system. 2 The
capacity of UroA to scavenge peroxyl radicals was measured by the oxygen radical antioxidant capacity (ORAC).

Additionally, Uros are inhibitors of several oxidases (pro-oxidant enzymes) that can
promote ROS formation. It is shown that Uros inhibited the activity of monoamine oxidase
(MAO), which is responsible for the metabolism of monoamine neurotransmitters such
as serotonin and dopamine [54,57,83]. A recent study demonstrated that Uros (A, B, and
C) were selective inhibitors of human MAO-A (rather than MAO-B), and UroB was the
strongest inhibitor with the IC50 of 0.88 ± 0.24 μM (the IC50 of UroA and UroC was
5.88 ± 0.69 μM and 29.6 ± 1.8 μM, respectively), whereas EA had no effect on MAO-A [83].
Clinically, MAO inhibitors may alleviate the symptoms of depression and Parkinson’s
disease (PD). Therefore, these findings may suggest the potential benefits of Uros for related
disorders. Saha et al. reported that UroA significantly inhibited heme peroxidase activity,
including myeloperoxidase and lactoperoxidase in in vitro and in vivo models [84], which
may provide a better understanding of the peroxidase inhibitory and anti-inflammatory
activities of UroA.

The antioxidant effects of Uros are beyond the traditional antioxidant activities of
their precursors. ETs and EA are typical antioxidants, which are mainly attributed to
their potent free radical scavenging activity, including a wide variety of ROS and reactive
nitrogen species [85,86]. As the bioavailability of ETs and EA is poor, the high antioxidant
capacity of dietary ETs and EA may be important and restricted mostly to local actions
in the GI tract [25,87]. González-Sarrías et al. suggested a lower neuroprotective activity
of Uros against oxidative stress-induced cell death than that of their precursors [20,59]. It
appears that Uros are not as potent antioxidants as their precursors, at least in vitro, and
may systemically exert their antioxidant activity. Recently, we found that UroA (5, 10 μM)
treatment significantly increased protein kinase A (PKA)/cAMP-response element binding
protein (CREB)/brain derived neurotrophic factor (BDNF) neurotrophic signaling pathway
in H2O2-treated SH-SY5Y cells, and pretreatment with PKA inhibitor H89 abolished the
protective effects of UroA in H2O2-treated SH-SY5Y cells [56]. These results indicated that
PKA/CREB/BDNF neurotrophic signaling pathway might involve the neuroprotective
effect of UroA against oxidative stress.

4.2. Mitigation of Neuroinflammatioin

Chronic inflammation caused by innate immune cells such as glia is thought to play a
key role in brain aging and related diseases. Glial activation and the release of inflammatory
molecules such as proinflammatory cytokines are hallmarks of chronic inflammation in the
brain. Mitigating neuroinflammation is one of the most important mechanisms underlying
the health benefits of Uros.

It has been well documented that UroA and UroB significantly attenuated the inflam-
mation induced by LPS in mouse microglia BV2 cells, including inhibiting the production
of NO and the expression of inducible nitric oxide synthase (iNOS) and cyclo-oxygen-
ase-2 (COX-2), regulating the levels of proinflammatory cytokines such as interleukin
(IL)-6, IL-1β, tumor necrosis factor-α (TNF-α), and anti-inflammatory cytokines such as
IL-10 [19,21,58,60,88]. In addition to LPS, Lee et al. reported that UroB significantly in-
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hibited lipoteichoic acid (LTA)- and polyinosinic-polycytidylic acid (poly(I:C))-induced
inflammation in BV2 cells, which are known as toll-like receptor (TLR) 2 and TLR3 agonists,
respectively [58]. These results suggested that the anti-inflammatory effect of UroB is
not confined to LPS stimulation. Moreover, UroA can induce M2 polarization from the
M1 state in microglia and other macrophage-like cells which can subsequently inhibit
pro-inflammatory cytokines generation and promote neuroprotection [59,89]. Animal stud-
ies have shown that the administration of UroA and UroB could significantly improve
behavioral deficits and neuroinflammation in D-galactose-induced aged mice, transgenic
APP/PS1 mice, LPS-brain-injected mice, and 1-methyl-4-pheny1-1,2,3,6-tetrahydropyridine
(MPTP)-induced PD mice, including decreasing the level of pro-inflammatory cytokines in
the brain and inhibiting the activation of microglia and astrocytes in the hippocampus and
cortex [14,17,22,57,58]. In addition, UroA was evidenced to reduce the expression and activ-
ity of the NACHT, LRR, and PYD domains-containing protein 3 (NLRP3) inflammasome in
LPS-treated BV2 cells and mouse models (APP/PS1 mice and MPTP-treated mice) [30,68].

Multiple proteins and signaling pathways such as adenosine monophosphate (AMP)-
dependent kinase (AMPK), mitogen-activated protein kinase (MAPK), nuclear factor-κB
(NF-κB), and silent information regulator of transcription 1 (SIRT1) are considered to
participate in the anti-inflammatory effects of Uros [58,68,88–94]. The NF-κB pathway
is the best-studied inflammatory signaling pathway and is thought to be critical for the
synthesis and effects of pro-inflammatory cytokines. An experiment in LPS-induced BV2
cells showed that UroA and UroB significantly inhibited NF-κB p65 expression and nuclear
translocation in a dose-dependent manner and that UroB displayed more potent inhibitory
activity than UroA [60]. AMPK, a central regulator of energy and metabolism involved in
the pathophysiology of aging and age-related diseases, plays an important role in chronic
inflammation. AMPK activation exerts anti-inflammatory effects by regulating cytokine
synthesis and multiple inflammatory signaling pathways, such as NF-κB and MAPK
pathways [95–97]. Moreover, AMPK signaling regulates NLRP3 inflammasome formation
and activation during aging [98]. In addition to its established role in inflammation,
AMPK activation has recently been implicated in promoting microglial M2 polarization,
thereby relieving brain inflammation [99]. Experiments in cell and animal models have
indicated that AMPK activation is tightly involved in the anti-inflammatory effects of
Uros. In LPS-treated BV2 cells, UroB increases AMPK phosphorylation and decreases the
phosphorylation of its downstream molecules Akt, JNK, and ERK [58,60]. In APP/PS1
mice, Zhuo et al. found that UroA treatment significantly upregulated AMPK signaling
and downregulated NF-κB and MAPK signaling in the cortex and hippocampus, which
was responsible for the improvement of memory and neuroinflammation [22]. SIRT1, a
histone deacetylase, plays a key role in regulating neuroinflammation and the release
of pro-inflammatory cytokines [100–103]. SIRT1 activation inhibits NF-κB signaling by
involving deacetylation of the p65 subunit [104]. A study on UroA showed that treatment
with UroA (5 and 10 μM) significantly increased the level (nuclear) and the activity (cell) of
SIRT1 in BV2 cells, and the anti-inflammatory effect of UroA was abolished in the presence
of EX527, a SIRT1 inhibitor, suggesting that the activation of SIRT1 is required for the
anti-inflammatory effect of UroA [21].

Additionally, to compare the anti-inflammatory effect of UroA and its precursors,
Ashley et al. investigated the difference between whole red raspberry polyphenols (RRW)
and UroA in BV-2 cells under 3 h, 12 h, and 24 h inflammatory conditions (LPS and ATP
treatment). The results demonstrated that RRW only inhibited the inflammation induced by
3 h of LPS stimulation, whereas UroA inhibited the inflammation caused by LPS treatments
(3, 12, and 24 h). Moreover, the anti-inflammatory effects of RRW and UroA were both
mediated by downregulation of the JNK/c-Jun pathway [59].

4.3. Promotion of Mitophagy and Mitochondrial Function

The brain possesses high mitochondrial activity to meet its relatively high energy
demands. Mitochondrial dysfunction, including the abnormalities of mitochondrial bioen-
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ergetics, mitochondrial biogenesis, and autophagy in neurons, accumulate during aging.
An increasing number of studies have indicated that the maintenance of mitochondrial
homeostasis is particularly important for brain function in the elderly and may be a po-
tential therapeutic strategy for age-related neurodegenerative diseases. Accumulating
evidence suggests that UroA is an important regulator of mitochondrial homeostasis, par-
ticularly a robust mitophagy inducer, which seems to be one of the crucial mechanisms
underlying its health benefits against aging [61,105]. Ryu et al. were the first to report that
UroA extended the lifespan of C. elegans and improved muscle function in mice through
mitophagy activation [106]. Recently, an increasing number of clinical trials have confirmed
the impact of UroA on mitophagy in humans. Results from two clinical trials in elderly
individuals demonstrated that supplementation with UroA at doses of 500 mg and 1000 mg
daily for 4 weeks or 4 months significantly improved mitophagy and mitochondrial bio-
genesis in skeletal muscles [37]. Moreover, another recent clinical trial in middle-aged
adults showed that supplementation with UroA increased mitophagy proteins and reduced
inflammation [38]. Fang et al. conducted a systematic study on the promotion of mitophagy
by UroA and found that mitophagy induction underlies the multiple actions of UroA in
the brain, including the improvement of cognition and memory deficits, the alleviation of
chronic neuroinflammation, and the inhibition of Aβ and tau pathology [68,107]. In vitro
study demonstrated that UroA increased the levels of a series of mitophagy-related pro-
teins, including phosphatase and tensin homolog deleted on chromosome ten induced
kinase 1 (PINK1), Parkinson’s disease-related-1, beclin-1, Bcl-2-like protein 13, activating
molecule in BECN1-regulated autophagy protein 1, and serine/threonine-protein kinase
ULK1 (ULK1) in human neuronal SH-SY5Y cells. Moreover, UroA inhibited the phospho-
rylation of tau (p-tau) in a mitophagy-dependent manner, and the inhibitory effect was
diminished in PINK1 or ULK1 knockdown cells. Consistently, in vivo studies showed that
UroA activated neuronal mitophagy and reduced mtROS levels and mitochondrial damage
in the hippocampus and prefrontal cortex of APP/PS1 mice, and mitophagy induction
was also required for memory improvement of UroA in tau transgenic C. elegans and
mice [68]. More recently, a study in humanized homozygous Aβ knockin (hAbKI) mice of
late-onset AD demonstrated that UroA administration for 4 months significantly improved
phenotypic behavior changes and mitochondrial dysfunction, including mitochondrial
bioenergetics, biogenesis, and mitophagy [65].

Similar to neuronal cells, UroA promotes mitophagy and improves mitochondrial
dysfunction in microglial cells. Treatment with the autophagy inhibitor 3-methyladenine
abolished the effect of UroA on mitochondrial dysfunction and inflammation in LPS-treated
BV2 cells [14,21]. Studies in animals demonstrated that mitophagy in microglial cells
decreased by 60% in the hippocampus of AD mice, whereas UroA treatment normalized
the decreased mitophagy, thereby increasing the phagocytic efficiency of microglia and the
removal of Aβ plaques [68]. Similarly, UroA reduced the elevated expression and activity of
NLRP3 and related neuroinflammation in AD mice by inducing mitophagy in the microglia.
Moreover, using Atg5flox/flox:CX3CR1-Cre mice to block microglial mitophagy in vivo,
the improvement in behavioral deficits and neuroinflammation induced by UroA in PD
mice was diminished [14].

However, studies on the autophagy and mitophagy of UroA have also yielded con-
flicting results. Research conducted by Esselun et al. revealed that UroA did not affect mi-
tophagy in SH-SY5Y-APP695 cells but moderately promoted mitochondrial biogenesis [62].
Another recent study indicated UroA induced robust neuronal mitophagy but did not
increase neuronal macroautophagy in transgenic nematodes [68]. Additionally, Ahsan et al.
demonstrated that UroA activated autophagy but not mitophagy in ischemia/reperfusion
injured neuronal cells and mice [108].

Studies have indicated that UroA activated autophagy and mitophagy by regulat-
ing several key signaling molecules, including AMPK, peroxisome proliferator-activated
receptor-gamma coactivator-1-alpha (PGC-1α), and SIRT, and inhibition of the mammalian
target of rapamycin (mTOR). These signaling pathways stimulate mitophagy and mito-
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chondrial biogenesis and are regulated by Uros. As discussed in the anti-inflammatory
section, AMPK is one of the most important targets in aging and has been well documented
in age-related mitochondrial dysfunction [109–111]. The downregulation of AMPK activity
during aging impairs metabolic regulation, increases oxidative stress, and reduces au-
tophagic clearance [98]. Activated AMPK increases PGC-1α level, which directly increases
mitochondrial biogenesis [112]. The key autophagy/mitophagy effectors, such as SIRT,
mTOR, and ULK1, are all downstream molecules of AMPK signaling [113–115]. Moreover,
SIRT can deacetylate and activate liver kinase B1 (LKB1), an upstream kinase that activates
AMPK [116]. Recent studies have demonstrated that Uros activate AMPK activity in a
variety of cell types in vitro, including microglia, macrophages, and nucleus pulposus
cells [22,58,117], as well as in multiple tissues in vivo, including the brain, muscle, and
pancreas [92,118,119], indicating that Uros may be an AMPK activator. Therefore, AMPK
may be a crucial target underlying the beneficial effects of Uros on aging, which requires
further investigation.

Additionally, UroA activates SIRT1 and SIRT3. UroA stimulates SIRT3 promoter
activity in Caco-2 cells [120] and increases ATP and NAD+ levels, leading to activation
of the SIRT1-PGC-1α pathway in murine muscle [121]. Moreover, Chen et al. reported
that UroA improved impaired autophagy in D-galactose-induced mice by upregulating
SIRT1 signaling and downregulating mTOR signaling, and these effects appear to be
mediated by the activation of miR-34a [17]. Treatment with both SIRT1 inhibitor EX527
and autophagy inhibitor chloroquine abolished the neuroprotective effect of UroA in
APPSwe-transfected ReNcell VM human neural cells, as well as the anti-inflammatory
effect of UroA in LPS-treated BV2 cells [21]. SIRT1 increases mitofusin 2 (Mfn2) and
Parkin levels during mitophagy activation [122,123], and UroA has been shown to increase
Mfn2 and Parkin expression in humans after 4 weeks of administration [37]. In addition,
UroA activates autophagy by inhibiting endoplasmic reticulum (ER) stress in cell and
mouse models of ischemic neuronal injury [62]. In summary, mitophagy deficiency and
subsequent mitochondrial dysfunctions are early and pivotal events in brain aging and
neurodegenerative diseases, and mitophagy or autophagy induction seems to be a crucial
mechanism in the effects of Uros.

4.4. Inhibition of Aβ and Tau Pathology

Abnormal accumulation of Aβ and neurofibrillary tangles of p-tau protein are hall-
mark features of AD. It has been well documented that Aβ deposition in the brain occurs
approximately two decades before the onset of the disease. Several studies have shown that
Uros inhibited Aβ deposition and p-tau generation during brain aging [22,61,68,69]. The
thioflavin T (ThT) binding assay in vitro showed that UroA, UroB, methyl-UroA (mUroA),
and mUroB inhibited Aβ fibrillation including Aβ fibril content, β-sheet formation, and
peptide oligomerization, whereas only mUroB reversed the neurotoxicity and muscular
paralysis in the Aβ1–42-induced C. elegans model of AD [69]. A more recent study in vitro
demonstrated that UroA inhibited Aβ1–42-induced toxicity in human neuroblastoma BE(2)-
M17 cells [64]. In transgenic APP/PS1 AD mice, immunohistochemistry and ELIAS results
demonstrated that UroA treatment significantly decreased Aβ1–40 and Aβ1–42 plaques in
the cortex and hippocampus [22]. Moreover, UroA administration for 4 months signif-
icantly reduced the levels of Aβ1–40 and Aβ1–42, and improved inflammation, synaptic
structure, and function in the brain of hAbKI AD mice [65]. In a further study conducted by
Fang et al., UroA treatment restored memory impairment in both Aβ nematodes expressing
pan-neuronal human Aβ1–42 (CL2355) protein and tau nematodes expressing pan-neuronal
tau fragments (BR5270) [68]. Aβ plaque formation is a result of imbalance between Aβ

clearance and its production from amyloid precursor protein (APP), and cleavage of APP
by β-site APP cleaving enzyme-1 (BACE-1) is responsible for Aβ production. Although
the precursors of Uros, such as EA and punicalagin, have been reported to inhibit the
activity of BACE1 [124,125], UroA was shown to decrease only the expression of BACE1
in mice, and the effects of UroA on APP expression are inconsistent [61,62]. Additionally,
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microglia play a crucial role in the clearance of extracellular Aβ plaques [126,127]. In a
study by Fang, UroA administration enhanced the removal of insoluble Aβ1–42 and Aβ1–40
proteins in the hippocampus of APP/PS1 mice by increasing the phagocytic efficiency of
microglia, whereas no significant effect on the levels of APP cleavage intermediates was
observed, suggesting that APP proteolysis may not be the target of UroA. Furthermore, the
study also revealed that UroA treatment inhibited the phosphorylation of tau at Thr181,
Ser202/Thr205, and Ser262 in tau-overexpressing human SH-SY5Y cells. Consistently,
UroA administration inhibited p-tau and improved memory impairment in the 3×Tg AD
mice [68]. More recently, Tu et al. showed that dual-specific tyrosine phosphorylation-
regulated kinase 1A (DYRK1A) is the main target of UroA in its anti-AD effect. UroA
significantly inhibited the activity of DYRK1A, which led to the de-phosphorylation of tau
and further stabilized microtubule polymerization [128].

Hyperglycemia and diabetes are risk factors for neurodegeneration and critical con-
tributors to amyloidogenesis. Uros were shown to improve diabetes-associated neurode-
generation. Lee et al. systematically studied and reported that UroA attenuated the
amyloidogenesis and neurodegeneration in a diabetes model. Their experiments in vitro
showed that pretreatment with UroA significantly decreased high glucose-induced Aβ1–42
formation, as well as APP and BACE1 expression in both SH-SY5Y cells and human
iPSC-derived neuronal differentiated cells. Furthermore, the experiments in vivo showed
that UroA injection at dose of 2.5 mg/kg for 8 weeks improved cognitive impairment in
streptozotocin-induced diabetic mice and decreased the levels of Aβ1–42, APP, BACE1,
and p-tau (Ser262 and Ser396) in the prefrontal cortex and hippocampus [61]. In addition,
Chen et al. reported that UroB supplementation improved learning and memory impair-
ment by inhibiting the accumulation of advanced glycation end products in the brain of
aged mice [57]. Xiao et al. found that UroA relieved diabetes-associated cognitive impair-
ment and neuroinflammation by alleviating intestinal barrier dysfunction via N-glycan
biosynthesis pathway [70].

4.5. Regulation of Trp Metabolism

Recent studies have indicated that the regulation of Trp metabolism may be a novel
mechanism underlying the health benefits of UroA against brain aging. Trp metabolism is
an important communication strategy in the “microbiome–gut–brain” axis, in which both
host and gut microbiota are involved. Trp metabolites can serve as neurotransmitters and
signaling molecules in CNS. Although it is well known that Trp is used for the synthesis of
serotonin, a large majority of Trp (>95%) is metabolized by the kynurenine (Kyn) pathway,
thus producing bioactive metabolites with distinct activities in CNS. In humans, the activity
of Kyn pathway increases with age [129]. Several lines of evidence suggest that the im-
balance in Trp metabolism is associated with various neurodegenerative and neurological
diseases [130,131]. Trp metabolites can control the pathogenic activities of microglia and as-
trocytes via aryl hydrocarbon receptors (AhRs), and further inhibit neuroinflammation and
neurodegeneration [132,133]. A recent study showed that oral administration of EA and
UroA for 8 weeks significantly regulated the microbial composition and Trp metabolism
in DBA/2J mice fed with a high-fat and high-sucrose diet. Both UroA and EA supple-
mentation reduced the Kyn pathway, and UroA significantly decreased the level of indole
sulfate in serum [134]. Additionally, UroA elevated Trp hydroxylase-2 transcription, the
rate-limiting enzyme in Trp metabolism to serotonin, and subsequently increased serotonin
production in differentiated rat serotonergic raphe cells [135]. Therefore, the regulation of
UroA on Trp metabolism may be an important mechanism underlying its beneficial effect,
but this has not been clarified and deserves further research.

4.6. Others

Uros have been evidenced to exert neuroprotection by direct action on estrogen recep-
tors (ERs) [136,137] and AhRs [138] in the brain. They are considered as “enterophytoe-
strogens”, which are microflora-derived metabolites with estrogenic and/or antiestrogenic
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activities [139,140]. Furthermore, UroA has demonstrated high selectivity on ERα and
has recently been reported to regulate ERα-dependent gene expression in endometrial
cancer cells [141]. AhRs are ligand-activated transcription factors involved in multiple
physiological and pathological processes. In addition to indirectly regulating AhRs through
Trp metabolites, UroA has been evidenced as a human-selective AhR antagonist [142,143],
which is considered to mediate its anti-inflammatory activity. Additionally, UroA can
alleviate BBB dysfunction [144].

Although these studies have clarified the effects of Uros from different aspects, they
are relatively isolated from each other. The key targets and intracellular signaling path-
ways underlying the effects of Uros on aging brain remain to be elucidated. Recently,
pharmaceutical studies have been conducted on Uros. Several natural and synthetic Uro
analogs exhibit inhibitory effects on various enzymes, including cholinesterases, MAO-
B, and cyclooxygenases [145,146]. Therefore, Uros may be multi-target agents against
neurodegenerative and neurological diseases.

5. Knowledge Gaps

First, clinical evidence for Uros or UroA on age-related cognitive decline or neurode-
generative diseases is still unclear. UroA has been designated as GRAS by FDA in 2018
and sold as an ingredient of anti-aging products in USA. Growing clinical evidence has
demonstrated that precursors of Uros including pomegranate, blueberry, and walnut sup-
plementation significantly improved age-related brain dysfunctions (Table 3). The specific
advantages of UroA in preventing brain aging is mainly based on (i) good safety and toler-
ance, (ii) favorable blood–brain barrier permeability and selective brain distribution, (iii) the
accumulating evidence from preclinical studies, (iv) the different capacities for producing
Uros between individuals and the decreased capacities in the elderly, and (v) overcoming
limitations and deficiencies of microbiome-based treatment. Therefore, clinical trials of
UroA supplementation on cognitive and memory decline in the elderly should be carried
out as soon as possible, which seem to be the crucial obstacle on the way to its application.

Second, the pharmacokinetic features of UroA (pharmacokinetic research of Uros is
mainly focused on UroA) in the brain have not been clarified. UroA is easily absorbed
after oral administration and mainly metabolized to UroA glucuronide, UroA sulfate, and
mUroA. Studies in rodents have shown that UroA and mUroA are detectable in the brain
after administration of UroA or pomegranate juice [147]. The Uro metabolites identified
in the brain are summarized in Table 5. A recent study depicted a more detailed profile
of UroA in the brain, in which the concentration of UroA increased slowly after 0–3 h of
oral administration (UroA, 200 mg/kg) and reached the maximum concentration (Cmax)
at approximately 28 ng/g and 35 ng/g in the cortex and hippocampus, respectively, after
4 h (Tmax) of oral administration. In contrast, the Cmax and Tmax of UroA in plasma
were 15 ng/mL and 2 h, respectively [148]. This study is the first to report that UroA was
detectable in the specific brain regions (cortex and hippocampus) and remained at high
levels for hours after a single oral administration. However, more detailed pharmacokinetic
parameters should be determined and investigated.

Third, the therapeutic targets and molecular mechanisms underlying the effects of
UroA against brain aging remain to be elucidated. Although UroA has been found to
activate anti-aging signaling pathways such as AMPK, SIRTs, and mTOR in vivo, the direct
actions of UroA on these targets are currently unclear.
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Table 5. Summary of Uros metabolites identified in the brain.

Animals
Route of

Administration
Treatment Brain Tissue

Identified
Metabolites

in Brain

Plasma
Concentratio

Refs

male C57BL/6 mice
(7 months, 25–30 g) i.g.

UroA
0.3 mg/mouse,

single administration
brain tissues mUroA: 8 ng/g --- [147]

male C57BL/6 mice
(6 weeks)

i.g. UroA 200 mg/kg b.w.,
single administration

cortex UroA: 28 ng/g 15 ng/mL [148]hippocampus UroA: 35 ng/g

male rats
(12 weeks, 288 ± 20 g) i.v.

Polyphenol metabolites
(12.5 μg UroA + 5.3 μgUroB)
2.7 μmol/rat/day for 2 days

brain tissues
UroA: 2.2 ng/g
UroB: 0.5 ng/g

--- [41]

male albino
Wistar rats

(6 weeks, 250–300 g)
i.g.

Pomegranate juice
500 mg/kg b.w./day

for 10 days
brain tissues UroA: 1.68 ±

0.25 ng/g
18.75 ±

3.21 ng/mL [36]

male albino
Wistar rats

(6 weeks, 250–300 g)
i.g.

Pomegranate juice
500 mg/kg b.w./day

for 45 days
brain tissues UroA: 2.068 ±

0.274 ng/g --- [149]

Abbreviations: i.v.: intravenous, i.g.: intragastrical, b.w.: body weight.

Fourth, the biotransformation of Uros in vitro is essential for their further application.
Although there are anti-aging products containing high purity UroA of chemical synthesis
on sale, biotransformation may greatly improve producing efficiency. This process is a
two-step bioconversion. In the first step, the conversion of ETs to EA has been clarified and
achieved in vitro [150]. Elucidating the second step and achieving the transformation of
EA into Uros in vitro could yield promising application.

Fifth, it has been reported that UroA can attenuate diabetes-associated cognitive im-
pairment by ameliorating intestinal barrier dysfunction [70]. However, the impact of UroA
supplementation on gut microbiota ecology is unclear. The role of UroA supplementation
on the gut microbiota composition and other neuroactive metabolites, e.g., SCFAs need
further investigation.

Last, recent studies in animals and cells indicated that the combination of UroA with
other food functional factors such as docosahexaenoic acid (DHA) and egpigallocatechin
gallate (EGCG) produced significantly synergistic effects against brain aging and AD [64,65].
The combined treatments may have referential value for UroA to develop into related
functional food and drugs. However, the synergistic efficacy and mechanisms warrant
further elaboration.
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Abstract: Aging results in more health challenges, including neurodegeneration. Healthy aging
is possible through nutrition as well as other lifestyle changes. One-carbon (1C) metabolism is
a key metabolic network that integrates nutritional signals with several processes in the human
body. Dietary supplementation of 1C components, such as folic acid, vitamin B12, and choline are
reported to have beneficial effects on normal and diseased brain function. The aim of this review is
to summarize the current clinical studies investigating dietary supplementation of 1C, specifically
folic acid, choline, and vitamin B12, and its effects on healthy aging. Preclinical studies using model
systems have been included to discuss supplementation mechanisms of action. This article will also
discuss future steps to consider for supplementation. Dietary supplementation of folic acid, vitamin
B12, or choline has positive effects on normal and diseased brain function. Considerations for dietary
supplementation to promote healthy aging include using precision medicine for individualized plans,
avoiding over-supplementation, and combining therapies.

Keywords: neurodegeneration; healthy aging; one-carbon metabolism; folic acid; vitamin B12; choline

1. Introduction

The world’s population is aging, and the number of age-related diseases is on the
rise [1]. Healthy aging is possible through nutrition as well as other lifestyle changes [2].
One-carbon (1C) metabolism is a key metabolic network that integrates nutritional signals
with biosynthesis, redox homeostasis, and epigenetics. One-carbon metabolism plays an
essential role in the regulation of cell proliferation, stress resistance, and embryo develop-
ment [3,4]. In the brain, 1C plays an important role in methylation, lipid metabolism, DNA
repair, and purine synthesis (Figure 1).

B-vitamins such as vitamin B9 (folic acid) and vitamin B12, as well as the nutrient
choline, play important roles in 1C (Figure 1). For example, they are all involved in the
methylation of a non-protein amino acid called homocysteine. Increased levels of homo-
cysteine indicate deficiencies, genetic or nutritional, within the 1C pathway. Some clinical
studies have demonstrated that increased levels of homocysteine have been associated with
negative outcomes for brain health, such as Alzheimer’s disease [5], stroke [6], vascular
dementia [7], as well as neural tube defects [8] in developing babies. However, the link
between elevated levels of homocysteine and neurodegeneration are not clear [9].

Deficiencies in 1C can arise through either genetic changes or reduced intake from diet.
As individuals age, there are changes in physiology which can lead to deficiencies in 1C
components. For example, changes in stomach acid pH and reduced levels of intrinsic factor
led to less vitamin B12 absorption from the diet resulting in a deficiency [10]. Reduced
levels of vitamin B12 have been linked to increased risk of stroke and worse outcomes [11].
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In terms of healthy aging, dietary supplementation of 1C may be a prudent step to
take prior to the onset of neurodegeneration [9,12]. The aim of this review is to summarize
the current clinical studies investigating dietary supplementation of 1C, specifically folic
acid, choline, and vitamin B12, and its effects on healthy aging. We have also included a
preclinical study section that provides details on the mechanisms through which supple-
mentation may be changing brain function to promote healthy aging. This article will also
discuss future steps to consider for the dietary supplementation of folic acid, choline, and
vitamin B12.

Figure 1. Simplified cellular one-carbon (1C) metabolism. B-vitamins are pleiotropic molecules, as
they are involved in nucleotide synthesis, DNA repair, methylation, and transsulfuration. In this
review, we focus on the impact of increasing dietary levels of folic acid, vitamin B12, and choline (red
text). A control diet with adequate levels will also be used. Abbreviations: folate receptor, FR.

2. Folic Acid

2.1. Functional Role of Folic Acid

Homocysteine plays an important role in methylation reactions in the body and is de-
pendent on folic acid, as well as vitamins B6 and B12, for synthesis [13]. Folic acid deficiency
results in elevated homocysteine levels, and hyperhomocysteinemia has been identified as
a risk factor for various diseases, such as vascular disease. In patients with hypertension,
the role of folic acid supplementation on SAH (S-adenosylhomocysteine) levels was mea-
sured [14]. This study also investigated the effect of the 5,10-methylenetetrahydrofolate
reductase (MTHFR) C677T gene polymorphism on SAH levels. MTHFR is another enzyme
that plays a role in folate metabolism. The patients recruited for this study were aged
45–75 years old with a history of primary hypertension and were grouped based on their
MTHFR C677T polymorphism (CC, CT, or TT). The treatment groups included a daily
oral dose of 10 mg enalapril with either 0.4, 0.6, 0.8, 1.2, 1.6, 2.0, or 2.4 mg of folic acid.
Treatment groups administered 10 mg of enalapril with 0.4–2.0 mg of folic acid did not have
altered S-adenosylhomocysteine (SAH) levels, but supplementation with 2.4 mg increased
SAH levels. Patients with the MTHFR C677T genotype CT and TT supplemented with
2.4 mg of folic acid had increased SAH levels. The CC genotype did not show an increase
in SAH levels with the supplementation of 2.4 mg of folic acid. These findings indicated
that the MTHFR genotypes affected by folic acid supplementation were both CT and TT.
Additionally, higher levels of folic acid supplementation (2.4 mg) resulted in increased
homocysteine levels like what is reported during folate deficiency. This suggests that higher
levels of folic acid supplementation could be harmful, which was confirmed by two other
studies [15,16]. Low and high serum folate concentrations were associated with increased
risk of mortality related to cardiovascular disease.

Telomere attrition or shortening is a key finding in many age-related disorders. The
role of folic acid in telomere shortening was investigated, noting that folic acid had been
implicated in astrocyte (glial cell) apoptosis and in aging disorders, but its role in telomere
attrition was unknown [17]. Four-month-old male mice were fed diets with varying folic
acid concentrations, including 0.1 (folic acid deficient diet), 2.0 (folic acid normal diet), 2.5
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(low folic acid supplemented diet), and 3.0 mg (high folic acid supplemented) of folic acid
per kg of diet for six months. The mice were euthanized when they were 10 months old,
and astrocytes in the hippocampal and cerebral cortex tissue were analyzed, along with
telomere length and telomerase activity. Folic acid supplementation prevented astrocyte
apoptosis, telomere shortening and apoptosis, and degeneration in both the hippocampus
and cortex. Telomerase activity was also shown to increase with folic acid supplementation,
which is likely what prevented telomere attrition.

2.2. Folic Acid’s Implications in Neurodegeneration

The role of 1C metabolism in cognitive health has been explored [18,19]. Altered 1C
metabolism through dietary deficiencies in B-vitamins may have a role in cognitive decline
resulting from changes in DNA methylation [18], increased homocysteine levels [19], and
decreased levels of neurotransmitters, as well as nucleotides [20]. Inflammation has been
implicated in cognitive impairment and conditions such as Alzheimer’s disease [21]. The
link between inflammation and folate status is also being studied, specifically the role of
folic acid supplementation in inflammation and cognition in patients with Alzheimer’s
disease. The participants for this study were patients aged 40–90 years old with new
diagnoses of mild to moderate Alzheimer’s disease who were being treated with Donepezil.
The control group included patients taking just the Donepezil, and the treatment group
included patients taking Donepezil with 1.25 mg of oral folic acid daily for six months
with assessment every six weeks. Inflammation levels were determined through the mea-
surement of IL-6 and TNFα mRNA. The effect of folic acid supplementation on present
Alzheimer’s disease pathology was determined through measurements of serum Aβ (amy-
loid beta) 40, Aβ 42, Aβ 42/Aβ 40, APP (amyloid precursor protein) mRNA, PS1 (presenilin
1) mRNA, and PS2 mRNA. Cognition was studied through Mini-Mental State Examination
(MMSE) score and Activities of Daily Living (ADL) score. Participants in the treatment
group had higher levels in the MMSE compared to the control group indicating improved
cognition with folate supplementation. However, levels of Aβ 40 decreased after folic
acid supplementation leading to a higher Aβ 42/Aβ 40 ratio which is typically the case
in familial Alzheimer’s disease. SAM (S-adenosylmethionine) increased post-treatment,
and TNFα mRNA decreased indicating lower levels of inflammation. Prior studies have
demonstrated a relationship between increasing SAM levels and decreasing TNFα. It
was concluded that folic acid supplementation along with Donepezil treatment improved
cognition, as well as inflammation in patients with Alzheimer’s disease.

Another study investigated folic acid and vitamin B12 supplementation on inflamma-
tion and cognitive health in Alzheimer’s disease patients [22]. The patients for this study
had a diagnosis of “stable” Alzheimer’s disease with a Montreal Cognitive Assessment
score of less than 22 and were taking medication individually prescribed to them for their
diagnosis. The treatment group was administered 1.2 mg of folic acid and 50 μg of vitamin
B12 orally per day for six months, while the control or placebo group was administered
the equivalent number of starch tablets resembling both folic acid and vitamin B12. Blood
samples were analyzed for folate, vitamin B12, SAM, and SAH levels. There was also
quantification of Aβ 40, Aβ 42, and the following inflammatory markers: IL2, IL6, IL10,
MCP1, and TNF-α. Cognitive health was tested through neuropsychological testing in-
cluding the Montreal Cognitive Assessment and the Alzheimer’s Disease Assessment
Scale-Cognitive subscale. Supplementation of both folic acid and vitamin B12 resulted in
higher total, naming, and orientation scores of the Montreal Cognitive Assessment. Scoring
for attention improved for the Alzheimer’s Disease Assessment Scale-Cognitive subscale.
The results of this neuropsychiatric testing indicated that the combined supplementation
improved cognition in these patients. Combined supplementation also increased SAM
and SAM/SAH levels and decreased homocysteine levels. Levels of inflammatory marker
TNFα also decreased indicating a decrease in inflammation with combined folic acid and
vitamin B12 supplementation.
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A similar study aimed to determine the effect of folic acid and vitamin B12 (separately
and combined) on patients with mild cognitive impairment (MCI) [9]. Participants were
divided into four groups, including the control group that was not administered treatment,
folic acid alone with 400 μg of folic acid daily, vitamin B12 alone with 25 μg daily, and
combined treatment with 400 μg of folic acid and 25 μg of vitamin B12 daily for 6 months.
Blood analysis was completed for the quantification of inflammatory cytokines: IL2, IL6,
IL10, TNFα, IFN-y, and MCP-1. Cognitive testing was completed through the Wechsler
Adult Intelligence Scale-Revised (WAIS-RC). Findings revealed that combined treatment
decreased inflammatory cytokines IL6, TNFα, and MCP-1 while improving cognitive
testing (WAIS-RC) scores.

Another example of the positive effects of dietary supplementation with folic acid,
vitamin B6, and vitamin B12 is that they reduce the risk of age-related macular degeneration
(AMD), which is the leading cause of severe irreversible vision loss in the elderly [23]. The
study supplemented female participants that had a preexisting cardiovascular disease
with 2.5 mg/day, vitamin B6 50 mg/day, and vitamin B12 1.0 mg/day for 7.3 years; there
were 55 cases of AMD in the treated group, and 82 in the placebo group. Other studies
investigating 1C supplementation have also reported that dietary supplementation is
beneficial for people at high risk of AMD [23,24].

2.3. Folic Acid Interactions with Vitamin B12

The effect of high serum folate was studied in elderly individuals with a history of
diabetes and vitamin B12 deficiency [25]. Prior studies have shown that high folate supple-
mentation can result in increased cognitive impairment [26]. There is also evidence that
folate supplementation in individuals with vitamin B12 deficiency can result in cognitive
impairment [27]. The goal of this study was to determine if there was a correlation between
high levels of folate supplementation and cognitive impairment in individuals with vitamin
B12 deficiency. The participants for this study were recruited from an established study
of vitamin B12 supplementation in elderly Chinese individuals (average of 75 years old)
with a history of diabetes. Serum methylmalonic acid and folate levels were assessed in
these individuals, and those with high methylmalonic acid with a concentration greater
than 0.3 μmol and high serum folate with a concentration greater than 31.4 nmol/L were
chosen for this study. Magnetic resonance imaging was used to analyze brain structure in
relation to methylmalonic and folate levels in these individuals. Imaging revealed atrophy
of the gray matter in the right middle occipital gyrus, as well as the inferior frontal gyrus,
in individuals with high folate concentrations and vitamin B12 deficiency. This led to the
conclusion that high folate concentrations could be harmful to neuronal structure resulting
in degeneration in the setting of vitamin B12 deficiency.

3. Vitamin B12

Data suggest that as healthy humans age, both males and females exhibit a decrease
in plasma concentrations of vitamin B12 as the body ages and metabolism changes [10].
Vitamin B12 deficiency has been linked to cognitive and memory impairment in some
individuals, as shown with inverse correlations between methyl malonic acid (MMA)
and global cognition and executive function tests [28–31]. Research also suggests that
in addition to decreased levels of B12 in healthy individuals, the brain atrophies at a
slow, steady rate, decreasing in volume over time, but this is exacerbated when deficient
in vitamin B12 [29]. Very few studies deny that B12 supplementation shows significant
reduction in total plasma homocysteine in patients, and multiple studies have demonstrated
that B12 supplementation may somehow be linked to decreasing rates of brain atrophy and
volume loss, primarily in patients with high concentrations of homocysteine at baseline.

In a study performed in 2020, 92 amnesic mild cognitive impairment (aMCI) patients
were split into two groups, control (46 cases) or treatment (46 cases), to assess whether folate
and vitamin B12 supplementation would decrease total serum homocysteine and improve
cognitive function [32]. Both study groups received routine treatment, but the treatment

111



Nutrients 2023, 15, 3891

group received an additional 5.0 mg/day folate + 500 μg × 3/day vitamin B12. The groups
were assessed prior to treatment, and at 4, 12, and 24 weeks of treatment. As anticipated,
participants in the treatment group demonstrated significant and steady increased con-
centrations of total serum folate and vitamin B12, with inversely related concentrations of
homocysteine, at weeks 4, 12, and 24. This suggests that supplementation of folate and
vitamin B12 sufficiently serves in decreasing total homocysteine. As intervention time
increased, the Montreal Cognitive Assessment Scale score improved significantly by the
24th week compared to before treatment, and with respect to the control group at the same
time point. These data show that, with respect to intervention duration, neurocognition
function increased with decreased levels of total homocysteine. Additionally, the interven-
tion group exhibited a significantly shorter P300 latency at 24 weeks compared to before
treatment, intra-group latency at 12 weeks, and the control group at 24 weeks, despite a
lack of significant change in amplitude for either group at all time points. P300 potential is
an assessment of cognitive function by using the Oxford Multimedia Electromyography
(EMG) system to assess response times to an electrical stimulus. This further supports
that with decreased concentrations of total homocysteine at 24 weeks of treatment, the
neurocognitive function of aMCI patients improved. It is important to keep in mind that
the results of this study were based on a small sample of amnesic MCI patients.

Where the literature demonstrates the most inconsistency is regarding whether vi-
tamin B12 supplementation also affects cognitive function, for example, episodic and
spatial memory. Vitamin B12 supplementation in participants diagnosed with dementia
and B12 deficiency, without folate deficiency, was responsible for significant increases in
the Mini Mental State Exam (MMSE) scores, decreased hippocampus atrophy, decreased
homocysteine, and increased vitamin B12 levels in plasma [33]. Another randomized,
double-blinded study suggests that patients diagnosed with mild cognitive impairment
(MCI), and especially in patients with hyperhomocysteinemia, demonstrate an impeded
regression in neurocognition when supplemented with vitamin B12 [34]. However, other
studies suggest that, despite vitamin B12 supplementation, cognitive and memory impair-
ment persist despite biochemical restorations to healthy concentrations [35]. In patients
that have a history of hypertension, anemia, or are healthy without MCI, several studies
suggest the sole benefit of vitamin B12 supplementation is to decrease plasma homocysteine
concentrations [36,37]. These studies suggest a lack of long-term benefits in immediate
recall or attention, or cognitive function in general [38].

4. Choline

In healthy elderly populations, choline supplementation has an overall positive effect
on cognition [39]. In a cross-sectional study, it was reported that choline supplementation
had a neuroprotective effect on the elderly [40]. Specifically, in the 187.60 to 399.0 mg/day
intake range, there was a significantly lower risk of cognitive impairment of 50%, as as-
sessed by the CERAD (Consortium to Establish a Registry for Alzheimer’s Disease), AF
(Animal Fluency), and DSST (Digital Symbol Substitution) tests of cognitive function [40].
Another study further supported this positive correlation by looking at the four neuropsy-
chological factors of verbal memory, visual memory, verbal learning, and executive function
along with white matter hyperintensity [39]. Higher choline intake was associated with
better performance in the four factors, and there was a significant inverse relationship to
white matter hyperintensity in a non-demented healthy population of elderly adults [39].
Another form of choline, known as citicoline or CDP-choline, was measured for its effects
on elderly populations with age-associated memory impairment. This form of choline
also showed significant improvements in overall memory, especially episodic memory,
compared to the placebo group [41].

Contrary to the elderly populations, a double blind, placebo controlled cross-over
experiment that assessed choline bitartrate supplementation showed no significant im-
provement in acute memory performance in young adults [42]. However, this study did not
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look at long-term effects for comparison, and the rapid turnaround from supplementation
to memory testing may have limited the results.

5. Preclinical Studies of Folic, Choline, and Vitamin B12 Supplementation Using
Model Systems

In an effort to understand the mechanisms through which the supplementation of folic
acid, vitamin B12, and choline impacts brain function, we have reviewed model system
studies. These studies have an important role in our understanding of mechanisms. It
is important to note that some of the preclinical studies we have included in this review
article were not conducted in aged model systems. There are several challenges involved
when using aged animals such as increased costs and translation to humans [43,44].

5.1. Brain Metabolism Is Affected by Folate and Vitamin B12 Status

As the brain ages, total volume decreases [45], as well as glucose metabolism [46]
in the brain. Folic acid supplementation can prevent cognitive impairment, but its role
in glucose metabolism is unknown. Researchers aimed to identify if folic acid status
resulted in structural or metabolic changes in the brain [47]. Three-month-old male rats
were administered diets containing either 0.1 (folic acid deficient), 2.0 (folic acid normal),
4.0 (low folic acid supplementation), or 8.0 mg (high folic acid supplementation) per kg
diet for 22 months. Magnetic resonance imaging (MRI) and diffusion tensor imaging was
completed to determine changes in brain structure. Folic acid supplementation reduced
age-induced atrophy in the hippocampus. Brain positron emission tomography (PET)
for glucose distribution in the brain revealed that folic acid supplementation resulted in
increased glucose uptake in the brain. Behavioral testing was carried out using the Morris
Water Maze test and the Open Field test. Testing revealed that folic acid supplementation
altered age-related cognitive impairment. Overall, folic acid supplementation resulted in
improved glucose brain metabolism and decreased age-related structural changes in the
hippocampus and age-related cognitive decline.

S-adenosylmethionine (SAM) plays a direct role in methylation reactions, and folate
deficiency results in a decline in SAM [48]. SAM also controls neurotransmitter levels, and
thus a decline in folate levels may result in altered cognition, as is seen in Alzheimer’s
disease through altered acetylcholine levels. A 5,10-methylene tetrahydrofolate reductase
(MTHFR) deficiency has also been identified to reduce choline levels, which ultimately
results in lower acetylcholine. Folic acid deficiency and its role on cognitive health and
behavior through SAM and acetylcholine was studied in adult (9- to 12-month-old) and
aged (2.0- to 2.5-year-old) mice [49]. In this study, both a dietary folic acid deficiency and
oxidative stress-induced folate deficiency were included. There were varying mice strains
used, including “normal” adult and aged mice, Mthfr+/+ and Mthfr−/− mice, and mice with
murine apolipoprotein (ApoE) knocked out, as ApoE4 is a gene predictive for the onset of
Alzheimer’s disease, and these mice additionally either expressed an empty vector, ApoE2,
ApoE3, or ApoE4. The mice were administered two different diets: a diet deplete of folate
and vitamin E with iron (to induce oxidative stress), or a diet supplemented with 4mg/kg
folic acid and vitamin E for one month. A separate group of mice on the deficient diet were
also administered a supplementation of 100 mg/kg SAM for one month. Following this,
cognitive testing was carried out via the standard Y maze test, and behavior (aggression)
was also observed in the mice at that time. Folate-depleted “normal” and Mthfr+/+ mice
had cognitive impairment per Y maze testing, but mice expressing ApoE2 and ApoE3
did not. Mthfr+/− mice on a “complete” diet with folate supplementation also showed
cognitive impairment compared to the Mthfr+/+ mice. However, on the folate-depleted diet,
both groups showed increasing cognitive impairment. Mice expressing ApoE3, ApoE4,
or MTHFR on a folate-deficient diet showed aggression. The mice were killed, and the
cortical and hippocampal areas were assayed to quantify levels of acetylcholine and SAM.
The findings revealed that folate deficiency resulted in declined levels of SAM in all mice.
Supplementation of SAM in the folate-deficient mice resulted in repleted acetylcholine
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levels in the mice and improved aggression, as well as cognitive impairment. These
results led to the conclusion that SAM supplementation can play a role in the repletion of
acetylcholine even in the setting of dietary or stress-induced folate deficiency while also
improving cognitive impairment and altered behavior.

Altered 1C metabolism through folate deficiency and its role in neuroprogenitor cell
proliferation has not been studied extensively [50]. One study carried out in adult mice
revealed that folate deficiency reduced the proliferation of cells in the hippocampal dentate
gyrus (in vivo) and reduced the proliferation of embryonic neuroprogenitor cells (in vitro).
For one part of the study, mice embryo trunks were dissected and incubated in folate-
deficient solution or solution containing methotrexate, which inhibited folate metabolism.
Cell counts were performed to quantify neuroprogenitor cells, which revealed that folate
deficiency led to decreased proliferation of these cells. For the in vivo study, one-month-
old mice were maintained on a standard or folate-deficient diet for 3.5 months and then
sacrificed. Similar to the in vitro findings, there was decreased proliferation of progen-
itor cells in the dentate gyrus, thus producing the conclusion that deficient one-carbon
metabolism through decreased folate and elevated homocysteine altered neuroprogenitor
cell proliferation.

Using aged rats with hyperhomocysteinemia, researchers assessed folate and B12
supplementation that reduced levels of homocysteinemia-induced tau deposition in the
hippocampus, and the reversal of statistically significant spatial memory deficits without
any impairment to their learning ability or alterations to the tau biochemical signaling [51].
These results suggest the need to perform clinical tests on whether folic acid and B12
supplementation can reverse, slow, or stop the progression of hyperhomocysteinemia and
prevent the deposition of tau aggregates.

5.2. Mechanisms of Choline Supplementation

In a preclinical study on choline supplementation, there was significant improvement
in the spatial memory performance of healthy normal rats treated with choline at embry-
onic ages of 12–17 days and 16–30 days. Dendritic spine branching and spread was higher
in CA1 pyramidal and upper and lower limb dorsal ganglion granule cells from control.
Supplementation was also correlated with a higher amount of acetylcholine in hippocampal
regions as opposed to the control supporting good cognition over time [52]. The potential
biochemical pathways driving related behavioral changes such as improved spatial and
cued navigational abilities was investigated after choline was supplemented [53]. They
found that choline enhanced the phosphorylation of hippocampal MAPK and CREB signal-
ing pathways, whereas deficiency of choline reduced it. Lastly, another perspective was
explored on prenatal choline’s effect on risk or resilience behavior in the cognition and
preservation of hippocampal plasticity in old age [54]. Researchers found that prenatal
exposure only attenuated but did not prevent age-related decline in risky behavior. Addi-
tionally, these male and female rats showed some preserved hippocampal plasticity with
age, indicating some protective effect [54].

Furthermore, looking at diseased models, choline supplementation reduced dis-
ease markers in Alzheimer’s and hippocampal-dependent memory impairment. In the
Alzheimer’s model, it was reported that supplementation with choline significantly de-
creased amyloid-plaque load and improved spatial memory in the APP/PS1 Alzheimer’s
disease mouse model [51]. The only limitation of this study is that only female mice
were studied, so gender-dependent variations could occur and need to be further studied.
Similarly, long-term dietary supplementation of CDP-choline could improve hippocampal-
dependent memory impairment in rat models raised in food-impoverished conditions
versus the control [53]. However, there was no improvement seen in food-enriched rats
between the control and CDP-choline supplemented.

In addition to preclinical studies on choline’s benefits in normal aging and disease
models, there were also studies showing other neuroprotective effects of choline in the
brain and its enhancement of sensory modality processing. A study investigated prenatal
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choline supplementation and nerve growth factor (NGF) levels in the hippocampal and
frontal cortex region. Researchers reported that there was significantly increased NGF in
choline-supplemented rats. In the 20- and 90-day-old rats, there was a 25–30% NGF increase
in the hippocampal region. However, in the frontal cortex, there was only a 16-fold increase
in the 20-day-old rats, whereas there was a decrease in NGF in the 90-day-old rats [55]. In
relation to the timing of auditory and visual processing, researchers found that there were
differences in temporal integration between auditory and visual stimuli in aged rats when
supplemented with prenatal choline. The auditory signal had faster duration discrimination
than visual stimuli in choline-supplemented rats. They also showed increased attention
and memory during adulthood with reduced age-related decline in cognition [56].

6. Future Directions and Conclusions

As humans age, the ability to absorb nutrients from our diet decreases. Reduced levels
of 1C can impact brain health by increasing the risk for diseases and worsen outcomes when
the brain is stressed by disease. As our review article has demonstrated, supplementation
with folic acid, vitamin B12, or choline can have positive effects on normal and diseased
brain function.

The clinical trials reviewed in this study lack longevity amongst trials in the elderly
population. Rarely do studies surpass 24 months, let alone 5 or 10 years. It also remains
increasingly difficult to maintain a properly powered trial due to exclusion criteria like
loss of life or failure to comply with the treatment regimen. Additional research needs to
be conducted with more participants, including comparable participation amongst both
males and females, and a control group properly age matched. Trials that follow these
improvements will provide stronger-powered data to contribute to this critical research.

Maintaining adequate levels of 1C can promote healthy aging; this can take place
through dietary supplementation. We propose the use of precision medicine to guide
healthcare providers in implementing ideal supplementation for patients. This could
include genetic testing for polymorphisms of enzymes involved in 1C or blood tests
measuring levels of 1C metabolites [57,58] and then customizing supplementation to
specific needs. Over-supplementation of 1C, specifically folic acid, has recently become a
concern in childbearing women and the elderly. This is something that should be avoided,
as the data do not show any positive health outcomes.

Combination therapies have proven to be effective for patients suffering from ischemic
stroke [59] as well as other neurological diseases [60]. We propose that nutrition should
be added to a therapeutic plan for patients in addition to other interventions. The timing
of dietary supplementation with 1C may be something that requires further investiga-
tion, since the onset of neurodegeneration is thought to occur well before the onset of
symptoms [61–63].

Healthy aging is possible. In this review article, we propose that nutrition, especially
1C, plays an important role in promoting healthy neurological function through the aging
process.
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Abstract: Training interoceptive sensitivity (IS) might be a first step in effectively promoting intuitive
eating (IE). A dyadic interoception-based pilot randomized controlled trial was conducted to increase
IE among couples aged 50+. The training consisted of three exercises, a Body Scan (BS), a hunger
exercise (HU), and a satiety (SA) exercise. This study explored how spouses accepted the (dyadic vs.
single) training. In a mixed-methods convergence design, the findings of a survey (n = 68 couples)
and focus groups (n = 4) were synthesized. Moderate general acceptance (e.g., regarding feasibility
and low burden) and a hierarchical gradient in favor of the BS (e.g., pleasantness and improved
sleep quality) emerged. Barriers concerned a perceived lack of the exercises’ usefulness and a limited
understanding of the training purpose. A wish for regular feedback and exchange with the study stuff
and other participants was expressed. Spousal training involvement was experienced as being rather
beneficial. Previously harmonized dietary practices and daily routines appeared as constructive
pre-conditions for the joint training. This study highlights the potential and implications of training
couples in IS. Future interventions should involve a regular exchange and closer guidance by study
staff to promote a better understanding of the processes and goals of IS and IE.

Keywords: intuitive eating; interoceptive sensitivity; healthy eating practice; interoception-based
training; dyadic intervention; couple influence; acceptance; Theoretical Framework of Acceptability
(TFA); mixed methods; Pillar Integration Process (PIP)

1. Introduction

Dietary behavior, such as food choices, is dynamically shaped by a complex interplay
of factors, including an individual’s personal state and social as well as (digital) food
environments [1,2]. Individual factors comprise biological features, physiological needs
(e.g., metabolism, genetic predisposition, and hunger), and psychological components
(e.g., personality and emotions), which have been shown to be central for the development
of maladaptive eating behavior as restrained or emotional eating [1,3]. On the macro
level, socio-cultural factors include normative ideas and discourses (e.g., body image
and dieting) and economic as well as political interests (e.g., food marketing and food
policy and regulations) [1,4]. In turn, such factors manifest in specific food environments

Nutrients 2024, 16, 1949. https://doi.org/10.3390/nu16121949 https://www.mdpi.com/journal/nutrients119



Nutrients 2024, 16, 1949

that encompass, for instance, food availability, affordability, and accessibility [4,5]. A
prominent food environment, particularly prevalent in high-income countries, is the so-
called obesogenic environment, which is characterized by a high density and proximity of
(fast) food outlets and easy access to energy-dense, ultra-processed foods [6,7]. Embedded
in such external food environments, the individual’s immediate social environment also
plays a crucial role in shaping their dietary practices—including (mal-)adaptive eating
behavior—throughout the entire life course [8]. In (later) adulthood, the couple relationship
is a specifically focal socialization context, in which lifestyle behaviors in general and dietary
practices in particular are (pre-consciously) shaped, negotiated, and (re-)established [9].

Both the food and social environment may be in tension with a favorable diet, e.g.,
by constant (over)consumption stimuli. Against this background, the concept of intuitive
eating (IE) has gained scientific interest as a critical response to dieting [10]. IE is an adaptive
eating behavior characterized by an attunement to one’s hunger and satiety signals. IE
involves trusting the body’s needs, following unconditional permission to eat rather than a
restrictive approach to food, and monitoring and reacting to the effects of food on the body
(so-called body–food–choice congruence) [10,11]. Hence, the concept of IE emphasizes
eating with an intentional focus on internal cues rather than responding to external cues,
which may include food availability, sensing food, served portion sizes, or social settings,
where eating is encouraged or the norm [12]. Eating in an intuitive manner requires the
innate yet often unlearned ability to perceive and process internal bodily signals, which is
referred to as interoceptive sensitivity (IS) [13,14]. Previous research suggests a positive
association between IS and IE [15,16]. Hence, IS training might be a first step in effectively
promoting IE. IS differs considerably among people [17] and was found, for instance, to be
lower in individuals with overweight and obesity [18,19] and to decline with increasing
age [20].

Previous correlational research suggests substantial associations between IE and var-
ious physical and psychological health indicators [21], thereby supporting its adaptive
properties [15]. Positive correlations were found, for instance, between IE and life satisfac-
tion, a positive body image, self-esteem, self-efficacy, and health-related quality of life [11].
In addition, IE is negatively associated with maladaptive eating behavior, such as restraint
eating, emotional eating, and eating disorder symptomatology, as well as BMI [21,22]. De-
spite the scarce body of evidence concerning older age groups, one study examined women
aged 60–75 years and replicated the positive relationships between IE and psychological
health indicators [23].

So far, IE has mainly been researched by observational studies, while only few interven-
tional studies have addressed this topic [24]. Overall, the existing research indicates positive
effects of IE on (adaptive) dietary practices and psychological health indicators [25–28].
However, the state of evidence is sparse and rather inconsistent [25,26,29], suggesting
further research directions: a systematic review highlights the need for more research on
IE with longer follow-up periods to analyze long-term changes in dietary behavior and
diet quality after participation in an IE intervention [25]. Moreover, previous research has
mostly focused on younger adults [30–32] and the interventive effects of IE in the context
of obesity [19], maladaptive eating behavior (e.g., binge eating disorder) [27], or among
chronic dieters [33]. Until now, investigating IE in general populations and, more specifi-
cally, in middle-aged and older adults and those without diet-related disorders [27,34,35]
has been neglected. Along with this, a lack of qualitative explorations of people’s attitudes
towards and experiences with practicing IE has been stressed. Currently, there are only a
few qualitative studies exploring general populations. Findings from Van Dyk et al. [36]
and Erhardt et al. [37] both underline the nature of IE as a dynamic learning process. Ac-
cording to their findings, a central barrier for IE lies in the overcoming of dietary habits
and the unlearning of the “conditioning” towards pre-established non-IE practices (e.g.,
stimulated by the food environment). Both requires discipline in resisting temptation, as
well as time and flexible routines. As the authors conclude, there is a further need to explore
people’s experiences with (re-)learning IE [36,37]. The study of the present paper aimed to
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do both, training people to increase their interoceptive sensitivity (IS) as a prerequisite for
IE as well as exploring how such training is experienced.

The immediate social context plays an important role in (re-)learning and changing
health-related behaviors, including IE. Evidently, individuals in close (e.g., spousal) re-
lationships influence the IE practices of their significant others [37,38]. More generally,
spouses’ health-related behaviors have been found to be highly similar, with partner con-
cordance increasing over the course of the relationship [39,40]. This also holds true for
dietary practices, i.e., couples tend to synchronize or converge their dietary preferences [41]
and food choices [42]. Dietary convergence involves maladaptive eating behavior (e.g.,
emotional eating [43,44]) as well as favorable [45] dietary styles. However, the extent to
which spouses influence each other with regard to IS and IE is still little researched.

Therefore, targeting couples may enhance the effectiveness of health behavior change
interventions [37,41]. Previous studies point at the positive effects of couple-based interven-
tions, mostly addressing specific health-related behaviors associated with diet-related ill-
nesses (e.g., diabetes [46]). Yet, the evidence remains largely sparse and inconsistent [46–48].
There is, thus, a need for further studies on couple-based interventions targeting overall
health-related behaviors independent from ill-health [47]. By doing so, in-depth knowl-
edge can be gained about the mechanisms influencing the success of such interventions.
More specifically, an understanding of how couple dynamics and joint everyday practices
affect the implementation of interventions could provide important insights. However, the
acceptance of couple-based interventions has not yet been sufficiently researched.

In general, there are ambivalent and inconsistent definitions, conceptualizations, and
operationalizations of acceptance within the intervention research field [49]. Against this
background, Sekhon et al. [49] stressed the lack of systematic theory-based acceptance
analyses in the context of healthcare interventions and developed the Theoretical Frame-
work of Acceptability (TFA), which consists of eight components [50]. The present study
was guided by the TFA and, accordingly, refers to the authors’ proposed definition of
acceptability as “[. . .] a multi-faceted construct that reflects the extent to which people
delivering or receiving a healthcare intervention consider it to be appropriate, based on
anticipated or experienced cognitive and emotional responses to the intervention” [49]
(p. 4). In this definition, the authors refer to acceptability. While acceptability refers to an
a priori judgment before exposure to an intervention, the term acceptance describes an a
posteriori judgment thereof [51]. In the current study, we analyzed past experiences with
the intervention and, hence, unlike Sekhon et al. [50], refer to acceptance.

To the authors’ knowledge, this is the first mixed-methods acceptance study on a
dyadic interoception-based pilot randomized controlled trial (RCT) to increase IS. The
major aim of the current study was to analyze participants’ overall acceptance of the
training, as well as its implementation and (non-)continuation into everyday life [52].
Further aims, specific research questions, and hypotheses of the pilot RCT are described
in the study protocol [52]. In the context of the present article, we focus on the following
exploratory research questions:

- To what extent do partnered adults aged 50 years and older accept an (couple- vs.
single-based) experimental interoception-based training program promoting IS?

- What role does the couple context play in the experience, conduction, and post-
intervention continuation of the intervention exercises?

2. Materials and Methods

2.1. Intervention
2.1.1. Intervention Design

The aim of the intervention was to increase IE via training interoceptive sensitivity over
21 days. The training consisted of three interoception-based guided audio exercises. The
intervention was a pilot RCT with three measurement points (T0: pre-intervention, training
period, T1: post-intervention, and T2: 4-week follow up). We applied a three-arm study
design to compare two intervention groups with a control group: Group 1: Couple-based
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training (Index person (G1-I) and partner (G1-P)) vs. Group 2: Training alone (Index person
(G2-I) and partner (G2-P)) vs. Group 3: No training (Index person (G3-I) and partner (G3-P)).

2.1.2. Intervention Description

The training is described in detail in the study protocol [52]. At T0, the participants of
G1-I/G1-P and G2-I received a 20-min introductory video about the intervention (study,
training, and theoretical background), which they had to watch at home before starting the
training. The training consisted of three interoception-based guided audio exercises (Week
1: Body Scan (BS), week 2: hunger (HU) exercise, and week 3: satiety (SA) exercise). The
participants had to perform each exercise once a day for 7 days, resulting in a total training
period of 21 days. The first exercise was a classic 20-min Body Scan. The exercise was
based on a script by Kabat-Zinn and Valentin [53] and was modified according to Fischer
and colleagues [54]. The second and third exercises (HU and SA exercises) were based on
the IE workbook by Tribole and Resch [55]. In the 8-min HU exercise that was performed
before a meal, the participants had to mindfully focus on the perception and quality of
hunger signals (e.g., location, intensity, and sensation). In the 9-min SA exercise that was
performed after a meal, the participants had to mindfully focus on the perception and
quality of satiety signals (location, intensity, and sensation). The aim of the training was to
target self-related processes (interoceptive awareness, self-efficacy, self-critical rumination,
and self-monitoring), as well as aspects of emotion regulation and attentional control [52,56].
The participants were not instructed to continue to perform the exercises after the 21-day
training period.

2.2. Acceptance Study Design

For the purpose of the mixed-methods acceptance study, we utilized a convergent
synthesis design to integrate the findings from the quantitative data and qualitative focus
groups. The research process followed established criteria for mixed-methods studies [57]
and was facilitated by the Pillar Integration Process (PIP) (see Section Mixed-Methods
Convergent Synthesis) [58]. The reporting complies with the GRAMMS (Good Reporting
of a Mixed-Methods Study) guideline [59].

2.2.1. Operationalization of Intervention Acceptance According to the TFA

To facilitate a comprehensive exploration of the participants’ training acceptance,
this study and, in particular, the theory-based mixed-methods analysis were oriented
towards the TFA [49]. According to this framework, intervention acceptance comprises
eight components, which Sekhon et al. [50] operationalized as follows: Affective Attitudes
address how an individual feels about the intervention, for example, in terms of liking or
comfort. Burden refers to the amount of effort required to participate in the intervention,
including efforts to adhere with the intervention measures. The fit of the intervention
with a participant’s moral beliefs or ethical value system is another acceptance component
referred to as Ethicality. Intervention Coherence describes the extent to which a participant
understands how the intervention works and/or what it aims for. Another central compo-
nent is called Perceived Effectiveness, i.e., an individual’s perception of the extent to which
the intervention has achieved its intended purpose. Self-Efficacy refers to the participant’s
confidence that they can perform the behavior(s) required to (successfully) participate in the
intervention. Another TFA component is called Opportunity Costs and refers to the extent
to which engaging in the intervention interfered with the participant’s other priorities.
More specifically, it addresses the benefits, gains, or values potentially relinquished by
participating in the intervention. Finally, the TFA suggests an investigation of General
Acceptance, i.e., an overarching subjective evaluation of the intervention as a whole.

2.2.2. Recruitment and Organization Procedure

QUAN: This pilot RCT is a sub-study of the larger, ongoing, web-based prospective
NutriAct Family Study (NFS) that investigates the epidemiological, psychological, and
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sociological perspectives on food choices in families. For the NFS, we recruited study
participants in groups of two or more family members (spouses and siblings) aged 50+.
For further information regarding the study design of the NFS, please see [60]. Eligible
for participation in the present study were heterosexual cohabiting couples aged 50+. The
aim of the intervention recruitment strategy was to identify people with a low level of
IE and invite them to take part in the intervention study with their partner. Therefore,
we followed a selective prevention approach. Based on the already available data of the
NFS, we successively recruited our intervention sample based on the Intuitive Eating
Scale-2 (IES-2) [10] rank, starting with those persons who showed the lowest level of
IE. First, we contacted these people (index persons) by mail and invited them to take
part in our intervention study together with their partners. If an index person and the
partner were willing to participate in our intervention study, we clarified the inclusion and
exclusion criteria by phone. From November 2020 to September 2021, we recruited the
intervention sample.

QUAL: Three months after the intervention was completed, we recruited the qualita-
tive subsample to build four focus groups. Recruitment took place from May to August
2021. Index persons were contacted via phone to ask for their readiness to participate. In
the case of agreement, the participants received an email with detailed study information
about the content and practical organization of the group discussions, as well as about
measures taken to secure data protection. Participation was compensated with an incentive
of EUR 20 per person. Initially, we aimed for group sizes between 5 and 8 people. However,
due to the COVID-19-pandemic, the group sizes were limited to a maximum of four people.
To facilitate comparative analyses, the focus groups were constituted by (1) women only
(G1/2-I), (2) men only (G2-I), (3) couples, where both partners had participated in the inter-
vention (G1-I and G1-P), and (4) men and women who had participated in the intervention
without their partners (G2-I).

2.2.3. Data Collection
Procedure: Separate, Subsequent Data Collection

QUAN: At each of the three measurement points, we assessed a web-based survey
that was filled out by both partners. Furthermore, the pre-assigned index person of each
couple was invited to the laboratory and objective variables were assessed. For further
evaluation of the acceptance and impact of the training, training evaluation sheets were
filled out (paper and pencil) after every week of the training. A detailed flow chart of the
intervention design can be found in the study protocol [52]. The trial was registered at the
German Clinical Trials Register (DRKS), no. DRKS00024903. The index persons received
EUR 10 for each assessment in the laboratory to compensate for travel expenses. For further
information regarding the intervention design, please see the study protocol [52].

QUAL: The focus group discussions also took place at the German Institute of Human
Nutrition Potsdam-Rehbruecke. Immediately before the discussions, the participants ob-
tained verbal study information, were asked for permission to be audiotaped, and given
room for potential open questions. Thereafter, all participants handed in their written in-
formed consent. The recordings were encrypted and stored on a secured institutional drive.
The audiotapes were transcribed verbatim and then pseudonymized and anonymized in
accordance with the DSGVO (EU 2016/679).

Measures

Data were collected separately for the QUAN and QUAL study parts. In the following
section, we will only report those measures that are relevant to our research questions. All
further measures included in the RCT are described in the study protocol [52].

QUAN: Intuitive Eating Scale-2 (IES-2)

The German IES-2 [11] was applied to measure the level of IE. The IES-2 was included
in the web-based surveys. For the current analysis, assessment of the IES-2 at T0 was used.
The IES-2 has 23 items and consists of 4 subscales measuring different facets of IE. The items
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were answered on a 5-point Likert scale ranging from strongly disagree (=1) to strongly agree
(=5). For the current analysis, only the mean values of the IES-2 were used. Higher mean
values on the IES-2 reflect higher levels of IE. Previous validation studies have supported
the scale’s validity and reliability (e.g., [10,11]). In the current study, Mc Donald’s Omega
was 0.80.

QUAN: Training Evaluation Sheets (TES)

The participants of G1-I and G2-I completed three training evaluation sheets (one sheet
per exercise) after each week of training. The self-constructed items measured how the
participants evaluated different aspects of the exercises. For the current analysis, we used
the following items: TES_1) Please evaluate the exercise regarding the following characteristics:
exertion (TES_1_1), easy to follow (TES_1_2), comprehensibility (TES_1_3), pleasantness
(TES_1_4), liking (TES_1_5), usefulness for everyday life (TES_1_6), and easy to concentrate
on (TES_1_7). The items were rated on a 5-point semantic differential scale, with higher
values representing a better evaluation. To assess the overall evaluation of each exercise,
we calculated the mean value of acceptance with the 7 items of TES_1 (Mean_TES_1_BS;
Mean_TES_1_HU; and Mean_TES_1_SA). TES_2) Will you continue to perform the exercise in
your everyday life after the end of the study? The answer options were yes or no.

QUAN: Acceptance-Related Variables (ARVs)

We further assessed ARVs with self-constructed items. For the current analysis, we
used the following items at T1 in G1-I, G1-P, and G2-I: ARV_1) Overall, do you feel that you
can better perceive hunger and satiety signals because of the training? The answer options ranged
from 1 (not at all) to 6 (very much). ARV_2) Would you recommend the training? The answer
options ranged from 1 (not at all) to 6 (absolutely). The following item was assessed at T1
only by G1-I and G1-P: ARV_3) Imagine if you could do the training again: Would you prefer to
do the training again with your partner or alone? The answer options were 1 (with my partner)
and 2 (alone). The following item was assessed at T1 only by G2-I: ARV_4) Would you have
preferred to do the training together with your partner? The answer options were 1 (yes) or 2
(no). The following items were assessed at T2 in G1-I, G1-P, and G2-I: ARV_5) Have you
noticed any changes in your everyday life as a result of the exercises after completing the training?
The answer options were yes or no. If the participants answered yes, they were then asked to
specify which changes they had noticed. ARV_6) Have you continued to perform the exercises
after the end of the study? The answer options ranged from 1 (no) to 6 (once a day).

QUAL: Focus Group Discussions (FG)

A semi-structured guideline was developed to stimulate discussion and support
the exchange of experiences among the participants. The guideline development was
informed by the tentative descriptive results of the training evaluation sheets (QUAN:
Training Evaluation Sheets (TES)). The question stimuli focused on the acceptance of the
entire intervention, as well as on specific experiences with the three training exercises over
time, i.e., both during the intervention period and after the completion of the intervention.
Discussions were also stimulated with respect to the couple context, e.g., the influence and
support of the partner in carrying out the exercises. To stimulate a conversation dynamic,
the introductory stimulus concerned dietary practices in general, irrespective of IE and
the intervention. For this purpose, a quote by a previous study participant was shared:

“Look, that [(his dietary practice)] can’t possibly be healthy. I’ve had three cups of coffee and so many
cigarettes before I even eat anything. That’s my weak spot. [. . .] I want to get to the point where I
eat at least two pieces of toast and an egg in the morning. I do that occasionally and it even makes
me feel better. But I always have to torture myself.” The participants were then asked to talk
about the extent to which they could identify themselves with this statement and in how
far potential attempts to change dietary practices had already succeeded/failed—both as
individuals and as a couple.
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2.2.4. Data Analysis

The data analysis took place in a two-staged process: First, the quantitative and
qualitative data materials were analyzed separately. At the end of this parallel analysis
process, several meetings took place between the qualitative and quantitative researchers
in order to enable a first overview of the respective findings for triangulation, as well as for
validation purposes. In the second step, a mixed-methods data analysis was carried out
using a convergent synthesis approach [61].

Separate, Parallel Data Analysis

QUAN: The quantitative data were analyzed in a descriptive manner. Furthermore,
to compare which exercise was evaluated best (Mean_TES_1_BS vs. Mean_TES_1_HU vs.
Mean_TES_1_SA) and how the specific evaluation aspects (TES_1_1–TES_1_7) differed
between the three exercises, we performed Friedman’s ANOVA with the data of G1-I and
G2-I. To compare the recommendation of the training (ARV_2) between the different groups
(G1-I, G1-P, and G2-I), we performed a Kruskal–Wallis test.

QUAL: The qualitative data material was analyzed following the Qualitative Content
Analysis by Kuckartz [62] using MAXQDA (version 22.0.1). In an iterative process, cate-
gories were inductively and deductively derived by the means of “open coding”: in the
first step, themes were inductively identified in the transcripts and grouped into so-called
“natural categories”. These were then reviewed by a second coder and, where necessary,
regrouped until consensus was reached. In the second step, these categories were further
differentiated into “analytical categories”, elaborated upon into sub-categories and revised
intersubjectively. The material was subsequently fully re-examined and, where applicable,
coded within the established category system. Finally, the category system was adapted
according to the given research question. This involved deductive coding, a reduction in
the system to the most relevant categories, and a partial rearrangement of (sub-)categories.
During the entire analysis process, preliminary findings were continuously discussed
within the research team, as well as presented and interpreted (multiple times) in a research
colloquium to further ensure inter-coder-reliability.

Mixed-Methods Convergent Synthesis

The mixed-methods approach was informed by the key features put forward by
Creamer [61]. In terms of Priority (see [61]), we proceeded in an explorative sequential way,
whereby qualitative data were analyzed in greater depth and breadth and the survey results
were oriented towards the inductively generated qualitative categories (see PIP, Multimedia
Supplementary S1). In doing so, the primary aim of the mixed-methods (MM) analysis was
to use the qualitative findings to explore and explain the quantitatively assessed outcomes.
The Timing of the data collection was separate and sequential for the data collection, as well
as parallel during the data analysis. To varying degrees, Integration took place at each of
the six stages of the research process, all of which Creamer proposes as crucial elements
of a Fully Integrated MM Design. Integration took primarily place on the analysis and
interpretation levels, with the latter aiming at drawing so-called meta-inferences [61].

For the synthesis, we utilized the Pillar Integration Process (PIP), which is an analytical
technique for systematically integrating qualitative and quantitative results by the means of
a joint display [58]. Joint displays provide visual tools to both integrate and represent mixed-
methods results to derive meta-inferences [58,63]. Following the PIP, the synthesis was
conducted in four subsequent stages: in Stage I (listing of raw data), we listed selective (only
those with relevance to the research question) qualitative categories, codes, and respective
interview quotes in the joint display. Subsequently, we matched the (Stage II) quantitative
results to the qualitative categories. This step first necessitated the “qualitization” (see [61])
of the quantitative numeric data into the qualitative categories. After the initial matching, a
second and a third round of matching were conducted, with attributions based on both the
QUAN and QUAL results. Each matching round was guided by the constant comparative
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method, i.e., the focus was on identifying similarities as well as contrasts. If no match was
identified, the respective section was left blank.

Stage III involved the checking of the matched results based on the raw data (quantita-
tive and qualitative data material). In doing so, overlaps were identified, categories were
renamed and logically rearranged, and the most relevant raw data (numeric and quotes)
were selected and harmonized. In Stage IV, the Pillar Building was conducted, whereby
themes were derived equally from the quantitative and qualitative results and combined
into meta-interferences. This last analytical step did not only involve inductive theme
development, but also the deductive derivation of inferences drawing on the TFA. The
entire integration process was iteratively conducted by two researchers experienced with
qualitative evidence syntheses.

3. Results

3.1. Sample Characteristics

QUAN: We enrolled n = 71 heterosexual couples into the study. One couple and one
partner dropped out before the groups were allocated and two couples and one partner
dropped out before the training started, resulting in n = 68 couples and, in total, N = 134
participants. The total sample consisted of n = 68 women (50.7%). The mean age was
M = 67.4 years (SD = 5.6, range = 53–85 years). Table 1 displays the sample characteristics
of the QUAN data separately for each group.

Table 1. QUAN sample characteristics.

Group 1 Group 2 Group 3

Couples (n) 24 22 22

G1-I G1-P G2-I G2-P G3-I G3-P

Group size (n) 24 23 22 22 22 21

Gender

Women (n) 10 14 10 12 14 8

Men (n) 14 9 12 10 8 13

Age (years)

M (SD) 66.0 (4.2) 67.2 (6.1) 67.7 (4.9) 67.4 (6.0) 67.8 (6.4) 68.5 (6.2)

Min–Max 56–74 53–82 60–77 56–77 58–85 57–80

BMI (kg/m2) 1

M (SD) 27.8 (4.8) 26.4 (4.9) 27.3 (3.6) 26.0 (3.1) 25.5 (3.1) 23.5 (3.3)

Min–Max 19.0–39.0 20.8–42.2 20.6–35.7 22.2–34.1 20.6–32.5 17.6–28.4

Note. 1 BMI was calculated from height and weight (BMI = weight (kg)/height (m) [64]. BMI values for index
persons were based on laboratory measurements of height and weight, while BMI values for partners were based
on self-reported height and weight.

QUAL: The final sample for the focus groups consisted of twelve individuals. Among
the participants, 50% were women. The mean age of the participants was M = 65.9 years
(SD = 4.9, range = 60–78 years) and the mean BMI was M = 24.1 kg/m2 (SD = 2.5,
range = 20.3–28.3 kg/m2).

3.2. Main Results

As a major result of the MM convergent synthesis, a pillar consisting of six overarching
themes was developed, which combined the quantitative (“qualitized”) and qualitative
categories. The QUAN categories primarily concerned aspects of practicability, ease of
realization, and the integration into everyday life. Among other things, the QUAL cat-
egories provided insights into the participants’ lived experiences, attitudes towards the
training and the concepts of IE and mindfulness in general, and explained reasons for
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a perceived (lack of) training effect. The pillar themes reflected six out of the eight TFA
components proposed by Sekhon et al. [50], which were empirically derived throughout the
synthesis process. Each of these components appeared several times, e.g., for the training
exercises. The two TFA components of Ethicality and Opportunity Costs did not occur in our
data. The most significant material, which primarily emerged from the FG, concerned the
TFA components of Perceived Effectiveness and Affective Attitude, indicating their particular
importance for the training acceptance.

In Multimedia Supplementary S1, a joint display is depicted showing the results of the
Pillar Integration Process (PIP). The joint display provides a detailed overview of the pillar
themes, and the inductively generated categories are depicted for the overall intervention,
each training exercise, and the couple context. Figure 1 illustrates a condensed overview
of the selected results regarding the overall intervention acceptance and the main context
factors shaping the participants’ acceptance.

Figure 1. Overview of selected results regarding the overall intervention acceptance and main context
factors. Note. QUAN = quantitative, QUAL = qualitative, FG = focus group, M = mean, SD = standard
deviation, IE = Intuitive Eating, IS = Interoceptive Sensitivity, BS = Body Scan, HU = hunger exercise,
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SA = satiety exercise, and PU = Partnership Unity. This figure contains selected results on the
overall intervention acceptance. For more detailed information on the acceptance of the respective
exercises and respective TFA components, as well as further primary data (QUAN/QUAL), please
see Multimedia Supplementary S1 (PIP).

Subsequently, the results are described for each of the identified TFA components in
Section 3.2 (see Sections 3.2.1–3.2.5). In addition, Section 3.3 deals with findings regarding
the couple context, which could be reconstructed inductively on the basis of the QUAL FG
beyond the TFA-based acceptance analysis. Section 3.3.1 deals with the extent to which the
partner and/or a joint participation was perceived as a benefit in carrying out the exercises
and achieving the intended training effects. Section 3.3.2 addresses the dynamics of the
couples’ everyday lives that were identified from the FG, allowing conclusions to be drawn
about the barriers and facilitators for joint training execution.

3.2.1. Affective Attitude

Our findings document a hierarchical gradient regarding affective attitudes towards
the three exercises: the Body Scan was preferred over the hunger and satiety Exercises,
which is reflected in both the qualitative and the quantitative results. The quantitative
findings showed relatively high values for pleasantness (BS: M (SD) = 4.56 (0.79), HU: M
(SD) = 4.05 (0.91), SA: M (SD) = 4.32 (0.83)) and moderately high values for liking (BS: M
(SD) = 4.23 (1.08), HU: M (SD) = 3.61 (1.17), SA: M (SD) = 3.75 (1.28)) for all three exercises.
Insights gained from the focus groups allowed us to further understand these outcomes:
the participants expressed a relatively pronounced general enjoyability and pleasantness
associated with the BS. This also applied to cases where initial skepticism was present, but
which gave way to a positive attitude during the course of the training, as one participant
described with respect to her husband:

“But [then] he was really pleased by the Body Scan. [. . .] At the beginning, he said ‘that’s
hocus-pocus’ or something like that and I said ‘why don’t you try it first’, yeah? And
then [(afterwards)] he said: ‘that was really pleasant!’ [. . .] [So,] I really much liked [the
BS] and even my husband enjoyed it. But the other two exercises, they gave us absolutely
nothing.” (FG women, pos. 55/68)

Despite this hierarchical evaluation in favor of the BS, the participants also showed
gratitude for the knowledge gain and heightened meal anticipation elicited by the HU exercise:

“At the end [of the HU exercise] I always told myself: ‘So, now you can have a delicious
dinner¡. [. . .] And then I was really looking forward to eat something and actively went
upstairs saying: ‘Oh, now you are allowed to eat something really nice!’.” (FG mixed,
female participant, pos. 445)

Concerning negative attitudes towards the exercises, the qualitative and quantitative
findings were somewhat divergent. For instance, while (rather) high levels of pleasantness
were reported for the HU, negative affects played a greater role in the group discussions:
Here, the participants discussed unpleasant feelings such as annoyance, disappointment,
and anger, especially with the hunger and satiety exercises, but also regarding the Body
Scan—albeit to a lesser degree. These feelings were often placed in the context of a perceived
“needlessness” or “senselessness”, as illustrated by the following quote:

“But this hunger exercise and also the satiety exercise, those drove me up the wall, because
the questions asked were complete nonsense in my point of view. Like, where do I feel
hunger‘. [. . .] I feel it in my stomach and [. . .] in the digestive tract. And satiety, too.
But I don’t feel it in my hands and feet—so, these were completely illogical questions
[laughs]. Practically every time these questions came—It was over. That’s when I got
annoyed.” (FG men, pos. 92)
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3.2.2. Burden and Self-Efficacy

To varying degrees, Burdens were identified with respect to each of the three training
exercises, whereby this TFA component appeared to largely overlap with aspects related to
Self-Efficacy. Therefore, both themes were conjointly addressed in the PIP and subsequently.
According to both the quantitative and qualitative findings, the BS required low levels of
effort (BS: M (SD) = 4.71 (0.70)) and was evaluated as easy to follow (BS: M (SD) = 4.67
(0.64). The associated relatively high degree of perceived self-efficacy may partially be
explained by the participants’ prior experiences with other kinds of relaxation exercises,
such as the regular Qigong practice mentioned by one participant. Regarding the HU and
SA exercises, low levels of effort (HU: M (SD) = 4.51 (0.82), SA: M (SD) = 4.70 (0.59)) were
reported and the exercises were evaluated as easy to follow (HU: M (SD) = 4.67 (0.56),
SA: M (SD) = 4.79 (0.47)), while some burdens and little experiences of self-efficacy were
revealed in the group discussions. For example, the participants perceived the exercises
as challenging, as they were not used to sensing their hunger and satiety signals: “[. . .] It
was exhausting because I didn’t realize if I was full or not, what is that feeling?” (FG mixed, male
participant, pos. 431). The satiety exercise appeared to be more difficult to perform, partly
because the feeling of satiety was reported to be more subtle and, therefore, harder (if at
all) to sense as compared to hunger: „[. . .] and maybe I had more of a problem with the satiety
exercise. So, hunger is easier to identify for me than satiety” (FG couples, male participant, pos.
288). In spite of these difficulties, however, repeated practice of the exercises seemed to have
a positive influence on the level of self-efficacy over time. The participants expressed their
experience of a familiarization effect, making the exercises easier as the training progressed,
as this quote illustrates: “Well, you first had to get used to finding a way in, because you—it [the
HU exercise] was unfamiliar. But it got better over time [. . .]” (FG mixed, pos. 430).

3.2.3. Perceived Effectiveness

In respect to the Perceived Effectiveness concerning the overall intervention, the quantita-
tive and qualitative results were inconsistent again. While the quantitative data displayed a
relatively low perceived training success (MARV_1 (SD) = 3.16 (1.44)), with more than three-
quarters of the participants (78.7% (n = 48)) reporting no associated changes in everyday life,
the qualitative results indicated rather positively perceived training effects. In particular,
the qualitative analysis revealed two different (but related) types of knowledge gain: on
the one hand, the participants shared their perceptions in terms of a theoretical knowledge
gain, i.e., of having learnt something new about the concept of mindfulness and/or IE. On
the other hand, and seemingly of greater relevance, different types of practical knowledge
gains towards more conscious eating practices were discussed in the FGs. These mainly
concerned a general greater awareness towards (diet-related) internal body signals. In
some cases, this was rather framed as a re-learning or intensifying of already existing skills,
rather than establishing new ones:

“So, I consider the word ‘mindfulness’ as very important and I think, for me, the greatest
benefit [from the intervention] was that we just paid more attention again to the body
signals.” (FG couples, female participant, pos. 224)

Moreover, various changes in mealtime routines and eating habits were mentioned,
such as a quieter meal setting, smaller portion sizes, and a slower eating pace, as illustrated
by the following quote: “I used to be quite the fast eater. [. . .] And after the study, I started to
consciously eat more slowly and chew a lot” (FG couples, male participant, pos. 31). Interest-
ingly, although these changes (e.g., increasing the amount of chewing) were not explicitly
addressed as part of the training exercises, they were apparently associated with IE and
considered to be integral to the individual intervention success.

In comparison to the other exercises and particularly to the SA exercise, the Body Scan
was perceived as the most useful for everyday life. As the FG revealed, its useful benefits
included a better ability for interoception, stress reduction, and a general calming and
relaxation effect—both physically and mentally—as well as an improvement in sleep quality.
One participant recalled his positively experienced effects of the BS exercise as follows:
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“It was the first time I consciously felt my body in every corner, right? And then I lay
down for another moment and afterwards I got up, let‘s say, as light as a feather; I was
calm, also calm inside, and found it really fascinating what it [the BS exercise] does to
your mind.” (FG Mixed, male participant, pos. 157)

At the same time, a few participants also criticized a lack of effect and/or were not
convinced this exercise could have any kind of influence on their eating practices. While
the BS showed a fairly high perceived usefulness for everyday life overall (M (SD) = 3.87
(1.12)), both the HU and SA exercises were perceived as only moderately effective (HU: M
(SD) = 3.29 (1.12), SA: M (SD) = 3.09 (1.14)). On the one hand, a large number of participants
reported no (lasting) training effects. This may be explained by findings of the participants’
pre-existing mindfulness-oriented lifestyle in general, and mindful or IE-related dietary
habits in particular. Both of these, as expressed in the FGs, seemed to prevent participants
from experiencing training effects:

“I would actually like to emphasize [that] the- the [HU] exercise itself didn’t give me
anything, because I already live according to this pattern anyway, right?” (FG men,
pos. 187)

“So, for us [couple], the meal is a ceremony in a certain sense, right? Not that we make
a big fuss about it, but it all happens in a calm manner. We chew thoroughly without
counting the amount of chewing actions per bite. But yeah, it all happens in peace.” (FG
men, pos. 124)

On the other hand, the HU and SA exercises were perceived as being useful due to a
gain in knowledge, e.g., the exercises provided new aspects that participants were “grateful
for” (FG couples, female participant, pos. 89). More strikingly, the participants shared
experiences of improved interoception resulting from regular practice of the SA and/or
HU exercises. This training effect was not only related to the intervention period, but also
to the time afterwards, as this participant remembered:

“[. . .] in retrospect, in the time since [the intervention], I have to say I’ve become more
aware of it. I realize better when I’m hungry and when I’m full. I’ve become more aware
of this feeling. I used to notice it less.” (FG mixed, female participant, pos. 178)

With regard to these experiences, however, we found a discrepancy between the
objective of IE to improve the sensational attunement to HU/SA signals and the practical
realization by the means of “rationality”. In this context, one male participant described a
heightened reflexive awareness for the concept of satiety, albeit with remaining difficulties
with actually sensing this body signal:

“What the study did for me: It raised awareness for the concept of satiety. Because I- even
though I don’t notice if I am already full at that moment, I might notice it minutes later,
but by then, I’ve already had several other forks or spoons. It [now] has rather become
a matter of rationality. The concept of satiety has triggered a bit more reason in me, for
now I say: ‘No, that’s enough. You might not be really full yet, but that’s enough, stop
it.’ Right? That’s what my consciousness tells me.” (FG mixed, male participant,
pos. 797)

Here, the sensation of satiety was perceived as an automatism and an eating practice
closely aligned to the principles of IE, which does not (yet) seem possible (merely) by the
means of interoception. Instead, the concept of mindfulness is brought into consciousness
on a reflexive level, and the habitual eating practice (of overeating) is disrupted through
rational action, as in this case through an auto suggestive imperative.

3.2.4. Intervention Coherence

The extent to which the participants understood how the intervention was supposed
to improve their interoceptive sensitivity and/or IE skills was not quantitively assessed.
Yet, a few conclusions can be drawn from the qualitative study findings. Albeit in rare
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cases, the participants seemed to have understood the intended training purpose, as the
following quote demonstrates:

“So, in principle, I realized what it [the HU exercise] was supposed to do; that you take a
moment before eating and reflect on yourself, listen to your body and feel how hungry
you are.” (FG men, pos. 123)

At the same time, ambiguities also became evident, as several questions were raised
in the FGs about the intended intervention purpose, for example, why IS was of interest
as a research topic. In addition, there appeared uncertainties regarding the concept of
interoceptive sensitivity, its specific aims (e.g., as distinct from IE), and its practical imple-
mentation by the exercises. Implicitly, this became evident when the participants described
IE practices in general, as well as when they put their training experiences in the context
of broader mindfulness-oriented lifestyle behaviors and attitudes. While this illustrates
a difficulty in separating the overlapping concepts and underlying principles of IS and
IE, it may, nevertheless, be an indication of a general understanding of the intervention’s
associated aims. More explicitly, however, a lack of Intervention Coherence was shown
when the participants expressed their desire for feedback, both individually on their own
performance (e.g., “[. . .] some kind of personalized information” (FG women, pos. 175)), as well
as in comparison to the other participants. The following quote shows exemplarily that this
desire was associated with the participants’ ambition for a correct training execution and
an accompanying uncertainty: “I would be interested in whether all the participants are basically
marching in the same direction or if we are generally off the mark” (FG men, pos. 219). This
desire for objectifiable, quantified comparison and external validation implicitly challenges
the participants’ acceptance in terms of the Intervention Coherence.

3.2.5. General Acceptance

General acceptance of the intervention was not directly measured, but could be in-
ferred from several indicators. Foremost, recommendation was used as a proxy, showing
that the majority of the participants (n = 35, 63.6%) would have (rather) recommended the
training to others. However, a considerable proportion also indicated that they would not
at all (n = 2, 3.6%) or rather not (n = 18, 32.8%) have done so. Noteworthy, the recommenda-
tion rates were significantly higher among the participants who had completed the training
without their partner (G2-I). The qualitative study findings primarily supported a positive
view: in the mixed FGs, one participant suggested, “[. . .] everyone who is not taking part in
this study should also do this for themselves” (FG mixed, male participant, pos. 787), while
another participant emphasized a particular benefit for young people with overweight:

“[. . .] Young people should participate in this kind of dietary study, right? Because I
know that currently many, well, let me say overweight people, are really, really young.
So that might also be an approach: to invite the younger folks to this kind of intervention
to make them realize how important this is, especially for later life. Because if they are
already that overdimensioned now, how will this be in old age? That is really important,
right?” (FG mixed, female participant, pos. 36)

This suggestion demonstrates a goal-oriented comprehension of the concept of IE,
namely weight reduction. Against this understanding, the participant implicitly positioned
herself in contrast to young people with overweight, who she considered to be in particular
need of an IE practice, amongst others with respect to healthy ageing. A personal need for
IE as an end in itself is, therefore, not considered here. In line with the other participants’
statements, this indicates a certain degree of positive self-assessment regarding a healthy,
mindful dietary practice. This is reflected in the study sample’s IE levels (Mindex persons
(SD) = 3.49 (0.46); Mpartners (SD) = 3.81 (0.38)), which are comparable to adults aged 50+
in a German community sample [11]. Moreover, not only was the training itself deemed
recommendable, but so was the promotion of the principles associated with IE: “Well,
perhaps more [information on this] should be made public, so that people simply take this concept of
saturation into account, right?” (FG mixed, male participant, pos. 797).
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The General Acceptance of the training was also reflected in the (partial) continuation
of the exercises during the period following the intervention. In the questionnaires, the
participants were asked for their intention to continue the training exercises (at T1) and
their actual training exercises continuation (at T2). While the HU and SA exercises were
not intended to be continued after the intervention by the vast majority (HU: intention
yes = 29.5% (n = 13), no = 70.5% (n = 31); SA: intention yes = 36.4% (n = 16), no = 63.6%
(n = 28)), the participants seemed to have more positive expectations of the BS. Here, 77.8%
(n = 35) indicated they would possibly continue this exercise. However, 22.2% (n = 10)
could not imagine themselves doing so.

With respect to the actual training exercises continuation, the quantitative data re-
vealed that approximately half of the participants (54.1%, n = 33) did not continue the
training at all, while others indicated they had continued the exercises sporadically (18%,
n = 11), regularly (19.7%, n = 12), or in a daily manner (8.2%, n = 5). To further explore
which exercises were continued, to what extent, and for what reasons, the qualitative results
provide further information:

Congruent with the findings showing a hierarchical exercise evaluation in favor of
the BS (also see Affective Attitudes, Section 3.2.1), this exercise was continued the most
frequently and consistently. At the same time, however, sporadic training exertion was
also shared in the FGs: “Well, I neither do it [the BS exercise] regularly. I somewhat do it as
needed” (FG couples, male participant, pos. 201). Such occasional practice was particularly
evident in connection with a purposeful intention set by the participants themselves, such
as for improving sleep quality (“[. . .] It calms you down, so it’s sleep-inducing, if you can’t
sleep” (FG couples, female participant, pos. 202)). Thus, the experience of specific needs
that were believed to be met by practicing the BS seemed to encourage post-intervention
continuation of this exercise. In the case of continuation, the participants reported they did
so without listening to the audio instructions.

In the case of the HU exercise, there was some continuation from time to time by a
rather small proportion of the participants. Similar to the BS exercise, the HU was then
performed without listening to the audio file and only particular parts were selected in
response to the individuals’ needs and wishes. Moreover, although participants in two
FGs reported that aspects of the SA exercise remained “in the back of their minds” (FG
couples, female participant, pos. 89), none of the interviewees reported the retention of the
SA exercise after the end of the study.

Across all exercises, the reasons for discontinuation included a perceived lack of added
value and purpose, which may possibly be related to the level of understanding of the
intervention’s intended effects (also see Intervention Coherence, Section 3.2.4). This was
particularly evident for the HU exercise, as the following statement underlines: “To this day,
I still don’t really see the (deep) meaning of it [the HU exercise]” (FG men, pos. 91).

Another reason for discontinuation was that the participants saw no need or little
value for themselves due to their already pre-existing mindfulness-related skills: „I wouldn’t
say that it didn’t give me anything at all, but I was just already eating more consciously before
[the training]” (FG couples, female participant, pos. 284)) (also see Perceived Effectiveness,
Section 3.2.3). Conversely, there also appeared to be a perceived inability to perform the
exercises—especially regarding the HU exercise. Some participants noted that, particularly
with increasing age, they either rarely felt hunger (anymore) or did not experience it at all,
which rendered the hunger exercise rather pointless to them: “Well, [. . .] just like you [(other
participants)] don’t know the feeling of satiety, I don’t really know the feeling of hunger either” (FG
women, pos. 128).

Moreover, the aim of the SA exercise was shown to be in conflict with their own
habitual eating practices for some. This was especially the case in connection with certain
socialization experiences, whereby socio-culturally shaped normative eating rules played a
role: “I was actually raised to always eat up, you know? [laughs]. That‘s why I always finish my
plate“ (FG mixed, male participant, pos. 204). Here, the norm of eating everything on one’s
plate seemed to interfere with the principles of IE.
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3.3. Couple Context
3.3.1. Intervention Benefit of Partner Participation

Regarding the intervention, the qualitative FGs showed a rather beneficial effect of
having the partner involved in the training execution. Only occasionally was the partner
perceived as a slight hindrance. On the one hand, this was related to incongruent levels of
motivation within the couple, which, in one case, for example, required persuasion on the
part of the female participant. On the other hand, a greater distractibility and permission
to “cheat” was observed as a barrier when performing the exercises together: “[laughs] if
one cheats, the other one cheats too” (FG couples, female participant, pos. 100). A much more
positive emphasis was placed on the joint participation, whereby motivation also played a
decisive role:

“Doing it together always makes it easier.//[male partner:] Exactly. So no, we haven’t
slowed each other down, you rather motivate each other.” (FG couples, female//male
participant, pos. 144)

“I didn’t need to be motivated by my wife. But it was pleasant to do these two hunger
and satiety exercises together with her.” (FG mixed, male participant, pos. 417)

As documented in the last quote, there also were participants who explicitly did not
need any external motivation from their partner. This may cautiously be explained against
the background of the general attitude towards participation in the study: overall, the FGs
demonstrated the participants’ aspirations of being conscientious and appropriate in the
study involvement. For example, one male participant referred to his “[laughs] Prussian
obedience” (FG male, pos. 89). More importantly, this shows that partner participation
was positively associated with an affective component—particularly with feelings of pleas-
antness and joy. To a certain extent, joint training participation even appeared to have a
protective or facilitative effect. As illustrated by the following quote, for instance, the exer-
cise itself was associated with a “struggle”, which could be counteracted by the commensal
practice and exchange of experience: “When you do it together it’s definitely more fun, obviously,
than struggling with it by yourself.//[female partner]: Then you can exchange experiences with one
another: ‘How was it like for you?” (FG couples, male//female participant, pos. 145).

In addition, the partner’s influence was also perceived positively when they were
not in the training group (G2-P) and did, therefore, not perform the exercises. Here, the
partner was perceived as supportive, e.g., by active encouragement of regular practice.
Although the partners of training group 2 were not instructed to support their spouses, this
encouragement was driven by the positive training effects observed by the partner: “Even
though he didn’t participate [. . .], it was important to him to remind me because he noticed it was
good for me.” (FG women, pos. 114).

There was no clear quantitative evidence of a perceived benefit from participation as a
couple, which we could only analyze based on a proxy measure: when asked about their
preferences for future training participation, the vast majority of participants would not
change the way in which they participated. Hence, both those who attended with their
partner (G1-I/P: preference with partner: 67.6% (n = 25), without partner: 32.4% (n = 12))
and those who participated alone would like to do so again in the future (G2-I: preference
with partner: 38.9% (n = 7), without partner: 61.1% (n = 11)).

3.3.2. Training Intuitive Eating in Everyday Couple Life

The FGs revealed that the couples’ everyday lives played a decisive role in the con-
duction and experience of the training exercises. Some relationship-specific dynamics and
routines emerged in this context, allowing conclusions to be drawn about couple-related
barriers and—to a greater extent—facilitators. Overall, both couples and individuals in the
respective FGs demonstrated the existence of an established partnership unity (PU) in terms
of their general lifestyle behaviors and shared daily routines. This specifically concerned
various diet-related aspects such as meal structures and habits, as well as food preferences
and choices. The participants attached a normative, positive meaning to their PU (e.g.,
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by referring to themselves being “well synchronized” or “well attuned”), indicating an ideal
picture of a couple relationship (not only) in the context of food. This became particularly
evident in distinction to others, as expressed in this example:

“And so, we have—we are both such a, such a unit. And when it comes to cooking and
eating habits, we’re relatively well-adjusted. [. . .] Fortunately, I have to say, I know other
examples [laughs]. . ., we are a pretty good unit when it comes to diet and exercise. So
that works out quite well.” (FG women, pos. 70)

The perception of a ‘good’ PU was regarded as an important basis or at least a beneficial
starting point for practicing the training exercises as a couple. To differing degrees, this
positively perceived PU appeared as a result of (ongoing) negotiation and convergence
processes. The following quote illustrates the assumed link between a well-established
(diet-related) PU and perceived joint training success:

“So, it’s not a problem for us, it was already the case that we were largely in alignment
when it came to food and nutrition, right? [. . .] Well, over time, that has also harmonized.
[. . .] In this respect, it wasn’t a problem for us to keep it [the intervention] up together.”
(FG couple, male participant, pos. 157)

Here, shared dietary practices had been established through mutual negotiations over
the course of the relationship. Implicitly, this harmonization process was viewed as a
success (or at least the absence of conflict), which the participants relied on as a resource
for an unproblematic joint realization of the intervention training program.

As a facilitator or barrier for a positively experienced and successful joint training
execution, PU unfolded on several levels, i.e., various aspects of a shared daily life con-
stituted the experience of PU. First, various harmonized diet-related practices such food
choices and meal preparation (e.g., also see quote in line 753) appeared in the context of
“well-synchronized” PU, which, in turn, was considered to be a constructive pre-condition
for joint training success. More specifically, the participants described how their initially
(more or less) divergent dietary styles had been subject to a convergence process during
the course of their relationship. This concerned ethically and morally motivated dietary
styles (e.g., vegetarianism), as well as health-oriented ones (e.g., reduced sugar intake and
restricted alcohol consumption). Closely related, some couples also described a gradual
alignment in their taste preferences. As an example, in one case, the husband had converged
his diet to suit his wife’s medical condition. Proceeding from this first step of adaptation,
the wife further perceived the development of a harmonized ‘PU taste’:

“[. . .] Nutrition has always played a bit of a role for me because of my illness [(Diabetes)]
and (. ) my husband has always supported me in this, in that I’ve put certain things (2)-
less on the table [e.g.,] sweetness has been gradually reduced to the point where we are
now and we both like it and I don’t have to have a guilty conscience if I bake a cake that
isn’t as sweet [laughs] as others (.) would perhaps like it to be. [. . .] [Overall,] we have
supported each other well in this respect [(in adjusting dietary preferences)] (.).” (FG
couples, female, pos. 158)

Besides the aforementioned diet-related practices, (in)congruent daily rhythms were
discussed as being formative for PU. Primarily, time and setting issues were emphasized,
e.g., in relation to working hours and conditions. Spouses’ similar everyday structures and
shared mealtimes were perceived to have a facilitating effect on the joint training realization.
For example, working from home simplified the scheduling of a joint exercise session:

“And of course, we have good conditions [(for a proper training realization)]. [. . .] We
are currently working from home, at least I am, due to COVID, and we can really plan
our daily routine together now.” (FG couples, male participant, pos. 30)

Mostly, however, couples rarely shared their meals during working weeks, with
breakfast being an exception. The training (especially the HU and SA exercises) was
then sometimes perceived as being an additional burden interrupting their irregular yet
coordinated daily routines. This was also the case among couples in which one spouse
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only participated in the training. Especially when there was less importance and meaning
attached to food as compared to leisure activities, for example, commensal meals were less
of a priority and only taken if the schedule allowed so. This consequently impeded regular
training realization, as shown in the following:

“I’d say that we actually make the biggest compromises when it comes to hunger and
[as far as hunger is concerned], we had paid the least attention to the study. At the
weekends, where we always eat together, there are certain times for us—//male participant:
yes//where we have something planned, [such as] doing sports sometimes or I go to church
or something. So, [at the weekend] our daily routines are pretty similar. And then it’s a
compromise as to when the meal fits in. We don’t pay that much attention [to hunger].”
(FG couples, female participant, pos. 233)

In another way, dissimilar daily “rhythms” appeared as a hindrance, specifically when
the meal was one of the few moments of the day that served the purpose of socializing.
Here, communicative commensality was prioritized over the training interoception of
hunger or satiety signals and other principles related to IE:

“Well, so far, we haven’t managed to concentrate on eating so much, because we don’t
see each other that much. I work, he doesn’t. Erm, and we have more or less the opposite
daily rhythm. [laughs] Eh, and for us, mealtimes are more about communication and
sharing.” (FG couples, female participant, pos. 33)

In contrast, rather than a place of communication, the meal became a place of silence
and interoceptive concentration in other couples. Here, achieving a particularly adequate
or successful training realization was sought by creating specific facilitation conditions, i.e.,
the introduction of the rule to eat in silence and/or without speaking:

“For me, it was like that, [I have learnt]—to eat more consciously or concentrating on
eating. [. . .] This calming down, this relaxing and paying attention to what you eat and
how you eat—because we also liked to have the radio on for breakfast and then listen to
the news or music, [. . .]. And we’ve now abandoned that after the study (.), so to speak.
So, we really had breakfast in peace and quiet then.” (FG couples, male participant,
pos. 21)

“[. . .] Well, we have introduced this now [(since the intervention)] as far as possible, not
always, that we eat in silence. [. . .] We have realized that it’s good to eat in silence.” (FG
couples, male participant, pos. 30)

As illustrated by the two above-cited quotes, the training stimulated the impetus to try
new and mindful eating practices. Hence, the perceived effectiveness of the intervention
training went beyond the intervention’s objectives and exercise instructions. While other
couples did not establish such new routines or favorable training conditions, these couples
identified rather unfavorable settings that hindered them from practicing the exercises. In
particular, the restaurant setting and specific temptations due to a larger variety of foods
and bigger portion sizes were experienced as impeding the ability to pay attention to one’s
satiety signals.

Moreover, mindfulness-oriented daily routines some couples had already established
prior to the intervention were seen as being a particularly favorable precondition. Specif-
ically, a routinized shared meditation practice facilitated the realization of the training
sessions and the understanding of the underlying intervention objectives. The following
spouses remembered collectively how they individually had made sense of the more gen-
eral mindfulness-oriented BS exercise as some kind of preparatory part of the intervention:

“I found it interesting that this Body Scan was part of it [the diet-focused intervention]
[. . .]. So, that was nothing new to me. Um and, yes, I have already had my thoughts:
Yes, as an introduction to a mindfulness exercise, the Body Scan is of course very good,
so that you first get to know this kind of approach.//[female partner]: Yes, I also thought
that you should first familiarize yourself with your own body and pay attention to body
signals. And then I thought to myself: Yes, of course. When it comes to eating, perhaps
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that also plays a decisive role (laughs).” (FG couples, male//female participant, pos.
222/223)

Interestingly, this couple further shared that their (mealtime) routines had been subject
to a past negotiation process, partly because the wife’s diet accorded with principles of
intermittent fasting. Among other things, this specific dietary style required finding a
compromise regarding the timing of shared meals:

“Well, we have adjusted to each other a bit over the years, and it usually works out
well with the mealtimes. [. . .] We have simply adapted our daily routines over time so
that it’s okay for both of us. [. . .] Of course, new aspects were brought in here [(by the
training)], but we had already managed it quite well before, I’d say.” (FG couples, male
participant, pos. 229)

This statement further reflects how the participant viewed the benefits of the training
for his and his wife’s PU: On the one hand, the training encouraged the integration of
“new aspects” into the couple’s daily life. On the other hand, however, a (more substantial)
change was not considered to be necessary due to a previously negotiated, established
PU. Notably, the intended training effect of improving interoceptive sensitivity was not
addressed here. Instead, however, the training seemed to be understood more generally
and associated with an improvement in their everyday couple life.

4. Discussion

To the authors’ knowledge, this is the first mixed-methods acceptance study on a
dyadic interoception-based pilot randomized-controlled trial (RCT). The RCT aimed to
train interoceptive sensitivity (IS) among couples aged 50+ as a crucial first step towards
re-learning intuitive eating (IE). The overarching objective of this study was to analyze the
participants’ acceptance of the training in general, as well as its practical implementation in
everyday life. Two main exploratory research questions were addressed: first, the extent
to which partnered adults aged 50+ accepted the (couple- vs. single-based) interoception-
based training; and second, the role the couple context played in the experience, conduction,
and post-intervention continuation of the training.

While popular as well as scientific research on IE is growing, research on IE and
its associated principles—including IS—is still limited to aims that can be achieved by
IE (e.g., adaptive eating behavior [22,27,28]) or specific target groups (e.g., individuals
with obesity [18,19] or women [30,37,38]). Basic research on the mechanisms involved in
practicing IE in general populations is scarce. Against this background, previous work
has specifically emphasized the need for qualitative explorations on re-learning IE [37].
Moreover, there is little research on practicing IE that takes the couple context into account,
which may, however, decisively shape the ways in which individuals engage in practices of
IE [38]. Therefore, our study aimed to investigate a couple- (vs. single-) based intervention.
Addressing these research gaps, the present acceptance study provides first insights into
the role the couple context plays, e.g., in promoting or inhibiting joint IE training execution.

4.1. Training Acceptance

Overall, our synthesis revealed a fairly moderate General Acceptance, whereby the
training, in general, was perceived as feasible and associated with a relatively low burden.
However, a mixed picture emerged, particularly with respect to the Perceived Effectiveness
and Affective Attitudes. Here, a hierarchization of the more general mindfulness-based Body
Scan (BS) over the hunger (HU) and satiety (SA) exercises became evident. Besides a few
exceptions, the BS was primarily evaluated as pleasant, enjoyable, and useful for everyday
life. The BS was associated with various beneficial effects even apart from eating, such as
an improved sleeping quality. Some of these positive experiences associated with the BS in
particular were also shown in an earlier study about women who had been practicing IE
over a minimum of 1.5 years without an intervention context [37]. For instance, a greater
“headspace” and an improved awareness of body signals was described.
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As in comparison to the BS, the HU and SA rather evoked negative emotions and were
associated with a medium Perceived Effectiveness. In addition, the participants expressed
some disappointment with the HU and SA training content and reported a lack of training
success on various levels. This ranged from mostly slight difficulties with the exercise
implementation (both organizationally (e.g., due to the spouses’ incongruent daily routines)
and in terms of content (e.g., perceived lack of interoceptive ability)) to, in extreme cases,
anger about the training content. In these cases, the training experiences, thus, rather fell
short of the intended intervention objective.

The hierarchical exercise evaluation may have been related to the participants’ pre-
existing familiarity with body relaxation exercises and their experiences with mindfulness-
oriented practices and lifestyles in general. In contrast, the HU and SA exercises were
novel and (mostly) surprising to the participants. Closely related, our findings suggest a
partially insufficient understanding of the objectives and intended effects of the HU and SA
exercises, resulting in a more negative evaluation compared to the BS. This can be further
explained by the quite high popularity of mindfulness-based stress reduction programs
that include the Body Scan. The implications of these results are described in Section 4.6.

Compared to German adults aged 50+ [11], our participants showed similar pre-
existing levels of IE, which is related to the sampling strategy (see Section 2.2.2). In addition,
they demonstrated relatively pronounced mindfulness and health-oriented lifestyles. As
an example, they saw their dietary practices as already being in line with various IE ideas
to differing degrees, rendering the HU and SA (slightly) obsolete.

Concerning the TFA dimension of Intervention Coherence—i.e., the participants’ under-
standing of how the intervention aimed to increase IS—a thin line of conflict between a
more reflective awareness and intuitive practices could be observed: for example, for one
participant, the training did not lead to an increase in IS, but rather to a stronger pronun-
ciation of rationality regarding the concept of satiety. This style of eating is described as
“flexible control” [65]. On the one hand, raising awareness for the concepts of hunger and
satiety could be seen as a necessary step or preliminary stage in increasing IS. On the other
hand, however, eating guided by control, instead of by one’s hunger and satiety sensations,
is not in line with the principles of IS.

It appears vital to embed the above-mentioned difficulties with (re-)learning IS and
thus IE in a broader societal context: whether for health or ethical reasons, there is a
widespread trend of eating according to various kinds of restriction rules. This concerns
several types of restrictive dietary practices [66], for instance, regarding specific foods
or macronutrients (e.g., low-calorie diet [67] or temporal restrictions (e.g., fasting [68]).
Data from a German population-wide consumption study showed that people are dieting
more frequently as they age, with around 20% of people over 65 doing so [69]. In light
of these trends IE—and more specifically, the training of IS—is facing a challenge. This
is also highlighted by a study on IE experiences among British women, where prevailing
norms of the diet mentality occurred as barrier for practicing IE [37]. Albeit more implicitly,
our findings also suggest a connection of such broader societal norms with the difficulties
participants experienced throughout the training. However, there is also an emerging trend
towards IE as a counter-movement to the dominant diet culture and related normative
discourses [37,70]. It will be the task of future studies to unravel how this affects future
cohorts in training IS.

4.2. The Role of the Couple Context

Overall, our synthesis pointed at some conflicting results regarding the wish of spousal
training involvement. While the quantitative data rather showed that participants did not
want to or could not imagine changing the training mode, the FGs highlighted a beneficial
effect of spousal training participation. Since the FGs provided more space and time for
reflection and encouraged discussions on these issues, it seems plausible that new stimuli
and ideas were triggered here. At the same time, mechanisms related to social desirability
may have had a stronger impact here, e.g., with respect to the training staff who had
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designed a couple-based intervention, or to present themselves as a well-attuned couple to
the other participants. Indeed, the qualitative data material on this aspect was particularly
rich, underlining its credibility despite the contradictory quantitative results. Moreover,
the insights gained regarding the beneficial effects are congruent with prior study findings
on general dyadic behavior change interventions [46,47,71].

While in the FGs, the involvement of the spouse in the training was considered to
be favorable overall, some results also implied that the partner was experienced as an
obstacle to adequately practice IS. As an example, one participant described difficulties
in concentrating on her own body signals (e.g., with respect to the portion size) in the
presence of her partner, because this might have disrupted the social, communicative
function of commensality. This emphasizes a balancing act between eating according to
hunger and satiety signals and fulfilling the personal needs of closeness and belonging, as
has previously been stressed [72,73].

One of our main findings concerned the Partnership Unity (PU) presented by the
couples, which manifested itself on various levels—primarily on the level of diet-related
everyday practices and (in)congruent daily rhythms and meal structures. According to
a previous study, married couples showed (fairly) higher levels of mindful and IE skills
as compared to singles. The authors concluded that this was due to couples having more
regular daily routines and eating habits as compared to singles [74]. It is well-established
that couples tend to share similar taste preferences and dietary practices habits [75,76]. On
the one hand, this can be attributed to the phenomenon of “homogamy”, i.e., a similarity in
the milieu background and lifestyles from the onset of the relationship [75]. On the other
hand, this also results from various negotiation and convergence processes over the course
of the relationship [41,75,77].

Two previous studies using data of the NutriAct Family Study (NFS) analyzed such
intra-couple dynamics shaping dietary preferences. First, a primarily asymmetrical con-
vergence pattern was found, whereby one partner predominantly adapted the other one’s
food preferences [41]. Second, the dominant role of women in shaping older-aged couples’
dietary habits was shown [41,45]. Such convergence dynamics were also evident in the
qualitative FGs of the present study. Generally, however, our couples demonstrated a rather
symmetrical, conjointly shaped harmonization, specifically with respect to food choice and
mealtime routines.

Focusing on meal practices, prior work on intra-couple dynamics highlights jointly-
shaped synchronizations that occurred chronologically across different phases [78]. Thereby,
synergetic mealtime practices resulted from the last of three synchronization stages. In
this stage, previous individual practices and negotiations thereof are blended or combined,
amongst others. Given the emphasized PU, our couples may cautiously be attributed
to this stage. Besides such convergence processes, various couple biographical aspects
(e.g., relationship length, disruptions, and relationship quality) may have been involved
in shaping the spouses’ IS- and more general IE-related practices. As previous research
suggests, the level of existing IE skills is associated with different relationship types and the
perceived relationship quality [38]. Based on our data, we can only assume a relatively high
perceived relationship quality, considering how the participants positioned themselves as
couples and their PU in the FGs.

4.3. Joint Training Execution within Various Daily Routines

There is ample evidence that biographical transitions shape lifestyle behaviors such as
dietary practices [8,79]. For our target group, the retirement transition represents such a
critical momentum. There are often asynchronous everyday structures and corresponding
meal routines determined by everyday working life, as also shown in our FGs. The retire-
ment transition offers an opportunity to (re-)establish more flexible and shared mealtime
routines [80]. In the present study, the retirement status of one or both partners also played
a role in the joint participation and the establishment of IS and IE practices, which was
mostly related to the (dis)similar daily rhythms of the spouses. At the same time, as some of
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our FG results indicated, even if both partners are in the same phase of life, they may have
different daily mealtime routines and only sometimes share their meals, e.g., because they
prioritize other (joint) activities. Therefore, retirement may, to some extent, be a facilitating
and inhibiting condition for a joint participation in (dietary) couple interventions. In a
broader sense, however, it is the similarity of the life phases in general that appears to be
decisive, yet further research is needed here.

Broader societal disruptions, such as the COVID-19 pandemic, also play a role in this
respect. Findings of an observational study suggest a positive relationship between the
pandemic and its lock-down and pronounced levels of mindful eating and IE skills [74].
Our study took place at the time of the COVID-19 lockdown in Germany. This period
entailed changes in (shared) daily structures (e.g., working from home) and mealtime
routines for many. As implied by some of our FG findings, it may have, hence, created
specific facilitating conditions for the couples’ engagement in joint IE practices.

Moreover, the (in)congruent daily rhythms described by our couples can also be
framed in terms of broader societal developments. In the context of ongoing individualiza-
tion processes [81,82], (commensal) traditional day structures are continuously changing.
Thus, dietary habits are becoming increasingly flexible, and meals are more frequently
eaten alone, rather than in the family context [72,76,83]. In our study, mostly positive
meaning and a rather great importance was attached to commensality. However, couples
with rather dissimilar daily rhythms described various barriers they faced in the joint
training realization. It appears, thus, worthwhile to account for such continually changing
everyday realities in future (couple-based) dietary intervention designs. In this way, the
practical obstacles to implementing the intervention, as also reported by our couples, could
be overcome.

4.4. Overlapping Concepts: Interoceptive Sensitivity, Intuitive Eating and Mindfulness

Looking at the IE construct developed by Tribole and Resch [55], our intervention study
primarily focused on the improvement of IS and thus the principles “Honour your hunger”
and “Feel your fullness”. Nevertheless, the participants’ discussions also concerned several
other principles, such as “Honour your health-gentle nutrition”, “Reject the diet-mentality”,
“Challenge the food police” and “Discover the satisfaction factor”. Closely related, they also
referred to several changes towards more IE-oriented lifestyles and dietary practices as a
result of the intervention (e.g., eating in silence and heightened meal anticipation). Such
intervention-induced changes were perceived as successful training outcomes, yet went
beyond the original objectives of the intervention, and may, thus, be seen as an additional
“transfer achievement”. At the same time, the participants also found that the training goals
were presented too vaguely or abstract and would have liked more detailed information
about the conceptual basis and more specific training instructions. In particular, the desire
for feedback and comparability with others (e.g., “whether we are marching in the same
direction”) is notable here, as this demonstrates insecurities with the concepts of IS and IE
and stresses their need for more guidance.

Furthermore, the participants associated the interoception-oriented training with more
general mindful eating practices [84] (e.g., eating slowly and focusing on the chewing
process) or understood IS and mindfulness as being synonymous. The BS is a mindfulness-
based exercise that is not directly linked to the specific interoceptive perception of hunger
and satiety cues, but rather to a more generic mindfulness towards one’s own body. In
this respect, the link between mindfulness and IS/IE was already drawn in the context of
the intervention. Furthermore, other studies also seem to mix up the concepts of IE and
mindfulness, as has been critically remarked by Erhardt (2021) [37]. The question, therefore,
arises as to the extent to which a strict separation of these concepts is appropriate and
useful for IE interventions. Accordingly, it is also questionable in how far the theoretically
defined concepts of IS, IE, and mindfulness are indeed distinguishable and distinctively
implementable by laypeople. Our findings emphasize these questions, as our participants’
already existing mindfulness orientation seemed to have acted as a facilitator in conducting
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the training exercises. At the same time, the exercises also stimulated further mindfulness
practices, indicating a mixing of the concepts of IS, IE and mindfulness.

4.5. Strengths and Limitations

This is the first acceptance study on a novel couple-based intervention program
focusing on the (re-)learning of IS skills without the direct goal of weight loss or health-
improvement. Our analysis followed a theoretically oriented iterative approach, drawing
on the Theoretical Acceptance Framework by Sekhon et al. [49,50]. So far, there was a
lack in consented acceptance definitions and respective theory-driven acceptance analyses
on behavioral healthcare interventions [49]. Responding to this gap, the TFA is the first
framework providing a definitional and, at the same time, analytical framework [50].
Our study is the first to apply the TFA to an intervention acceptance analysis. Using
an explorative qualitative convergent synthesis design involving the Pillar Integration
Process (PIP) [58], six out of eight TFA-acceptance components emerged as themes. The
benefits of MM in behavioral intervention research, amongst others, for generating a rich
and comprehensive understanding has been stressed previously [85]. In our MM design,
the explorative-inductive analysis process allowed going beyond the TFA acceptance
dimensions and providing in-depth insights into various contextual factors.

Since we conducted a pilot trial, we were not able to recruit a representative sample
for German adults aged 50 years and above. Furthermore, although we followed a selective
recruitment strategy, the IE levels of our intervention participants were comparable to a
German community sample. Especially with regard to the training effects, it should be
noted that our participants had previously taken part in the NFS and, therefore, were
already experienced with diet-related studies. This might reflect the participants’ strong
interest and great knowledge about diet-related topics. These aspects might limit the
generalizability of our findings. Furthermore, the quantitative measurement of the training
evaluation and the intervention acceptance was based on self-constructed items. By the time
of the intervention, there was a lack of a validated questionnaires to assess the acceptance
of healthcare interventions [50].

With respect to the FGs, there are two major limitations to be addressed: first, cross-
case and cross-group comparability was only possible to a limited extent. Due to the
COVID-19-restrictions, as well as recruitment problems associated with the pandemic, two
of our groups consisted of two people only. Ideally, FGs involve 4-8 individuals, as group
sizes may have a crucial effect on interaction dynamics. Moreover, a small group size limits
the variety of perspectives, and, at the same time, the discovery of a so-called “collective
perspective” [86]. However, our qualitative data material yielded detailed descriptions and
showed some contrasting horizons of experiences [87]. Second, specific FG dynamics may
occurred due to mechanisms related to social desirability and (self-)positioning as a couple,
i.e., the ways in which the individuals and couples portrayed themselves towards the other
participants as well as the researcher [88]. In our study, this might have been specifically
the case with respect to the couples’ representations of their PU, which were emphasized
in various ways and to varying degrees. To address the above-mentioned shortcomings,
future studies are needed that use qualitative theoretical sampling in further investigating,
amongst others, intra-couple dynamics involved in IE-related practices.

4.6. Implications for Future Interventions

Against the background of the intervention acceptance and contextual factors dis-
cussed above, several conclusions can be drawn for future interventions. Most importantly,
the participants expressed a desire for closer guidance and feedback during the interven-
tion, as well as a personalized evaluation after the study. It seems, hence, vital to promote a
better understanding and a more thorough implementation, especially of the HU and SA
exercises. First, it might be beneficial to provide more detailed information and conceptual
definitions regarding the concepts IS and IE, as well as to explain the intentions of each exer-
cise more explicitly in order to help the participants to monitor their own learning progress.
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Second, a regular involvement and (personal or digital) exchange with the study staff and
also the opportunity to share experiences with other participants could be fruitful. Here,
a(n) (online) group setting (e.g., group videoconferencing) appears to be effective [25,89],
which, for example, involves an exchange forum during the respective training weeks.

The participants’ wish for interaction may have been related to the web-based study
format. Previous studies have challenged web-based behavioral intervention designs and
concluded face-to-face-designs to be more effective [25]. This may also be true for our inter-
vention, because older participants might need greater support than younger participants
regarding study participation and the conduction of an online training [90]. However, not
only during COVID-19 times, web-based interventions may be particularly feasible and
practicable, since they are readily available and have rather low access barriers [91,92].

Overall, our findings support benefits of dietary couple-based interventions, which
have also been suggested by previous research [47,93]. Regarding the couple-related aspects
discussed above, it appears worthwhile for future diet-related interventions to target
couples who share similar daily routines or aim to do so. Since different life phases and
daily rhythms can hinder a regular joint training participation, the question arises as to in
which cases and under which circumstances a couple-based intervention is appropriate and
expedient. In a previous intervention combining IE and mindfulness for the treatment of
maladaptive eating behaviors, the integration of intervention programs into the workplace
or other (institutionalized) settings was emphasized as a successful strategy [94]. How such
an approach can be meaningfully applied to the target group of people 50+ and especially
to couples is the task of future studies.

Finally, our sample showed IE levels comparable to adults aged 50+ in a German
community sample [11] and a general pronounced mindfulness and health orientation.
Previous studies have discussed IE as a “privileged approach” [95] and shown “food secure
adults” [26] to score higher in IE skills. Hence, future studies on population groups with
more diverse and precarious socio-economic backgrounds as well as lower IE skills are
needed and a respective tailoring of IS/IE interventions seems essential.

5. Conclusions

Intuitive Eating (IE)—an adaptive eating behavior characterized by an attunement
to one’s hunger and satiety signals—has gained scientific interest as a critical response to
dieting trends. Training interoceptive sensitivity (IS) might be a first step in effectively
promoting IE. The couple context plays an important role in (re-)learning and changing
dietary practices, including IE. The benefits of couple-based health interventions in general
have been demonstrated, but no such studies have yet been conducted in relation to
IE. Against this background, a web-based dyadic experimental interoception-based pilot
randomized-controlled trial (RCT) was conducted to increase IS—and, thus, IE—among
couples aged 50 years and older. The training consisted of three exercises involving a
more general mindful-oriented Body Scan (BS) and two exercises specifically concerning IS
towards hunger (HU) and satiety (SA).

The present acceptance study was the first to exploratively analyze how couples accept
a dyadic interoception-based training program to increase IS and, to explore the role the
couple context in the experience and conduct of a joint vs. single training execution. In
a mixed-methods convergent synthesis design, findings of a quantitative survey (n = 68
couples) and of qualitative focus groups (FGs) (n = 4 couples with 12 individuals) were
synthesized using the Pillar Integration Process (PIP). The synthesis process was oriented
towards the Theoretical Framework of Acceptance (TFA).

Overall, a fairly moderate general acceptance emerged, e.g., with respect to its feasi-
bility and low burden. A hierarchical gradient was shown in favor of the BS, which was
associated with benefits beyond the training’s intention, such as an improved sleep quality.
Amongst others, barriers concerned a perceived lack of the exercises’ usefulness and a
limited understanding of the training’s intended purpose. The participants expressed a
wish for regular feedback and exchange with the study stuff and other participants. A
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rather beneficial effect of having the partner involved in the training execution was demon-
strated. Thereby, a jointly established Partnership Unity regarding previously harmonized
diet-related practices and shared daily routines (e.g., mealtime structures) appeared as
constructive pre-condition for a joint training success.

Our study highlights the potential and implications of a web-based training of IS in a
couple context among adults aged 50+. Further studies are needed that address different
population groups. Future interventions should take into account the couple context and
focus on a regular exchange with other participants and a closer guidance by the study
staff to promote a better understanding of the processes and goals of IS and IE.
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