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Abstract

Background and Objectives: Walnuts have recognized health benefits but are fat-rich,
raising the concern that regular consumption might increase adiposity. We investigated
whether long-term walnut consumption is associated with changes in body composition.
Subjects and Methods: The Walnuts And Healthy Aging (WAHA) study is a 2-year, two-
center (Barcelona, Spain; Loma Linda, California), randomized controlled trial designed
to assess the effects of walnuts on age-related health outcomes. Healthy older adults
(63-79 years) were assigned to either a walnut-supplemented diet (15% daily energy)
or a control diet (no walnuts). Changes in body weight, BMI, and total fat and fat-free
mass, measured by dual-energy X-ray absorptiometry, were pre-specified endpoints. Other
body composition variables were secondary endpoints. Changes in circulating leptin and
adiponectin and effect modification by obesity-linked variants at the FTO and APOE gene
loci were exploratory outcomes. Results: We included 326 participants (220 women) from
the Barcelona node. After 2 years, total and android fat mass increased, whereas gynoid
fat mass and fat-free mass decreased irrespective of sex and group allocation. There were
no effects of walnut vs. control diets on any endpoints, except for a small increase of the
android/gynoid ratio in women. On the walnut but not the control diet, men with the CC
genotype for the FTO-rs1861868 C > T polymorphism disclosed adverse body composition
changes compared to T-allele carriers. However, sample size was small. Effects did not vary
by APOE genotype. Conclusions: Two-year walnut consumption had little effect on body
composition in older adults. Genetic variability at FTO may modulate the response. The
results support the overall harmlessness of walnuts regarding adiposity.
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1. Introduction

Aging is accompanied by progressive changes in body composition, as studies have
shown that fat mass increases and muscle mass decreases with age, and such changes
are associated with heightened cardiometabolic risk, frailty, and reduced quality of life in
older adults [1,2]. In this context, nutritional strategies mitigating these changes without
promoting weight gain are of growing interest in geriatric health. Nuts, particularly walnuts,
are rich in salutary nutrients and bioactive compounds and have emerged as promising
dietary components with multiple beneficial health effects [3]. Given the aging population
and the increasing prevalence of obesity at all ages worldwide [4], understanding how
long-term walnut consumption influences body composition is of clinical relevance.

Despite the high energy density of nuts, studies have shown that their consump-
tion does not lead to weight gain and may even support weight maintenance or modest
weight loss, possibly due to increased satiety, incomplete energy absorption, and favorable
metabolic effects [5]. Recent meta-analyses of studies that assessed exposure to nuts in
relation to changes of body weight concluded that nuts were associated with a slightly
lower incidence of overweight/obesity in cohort studies [6] and disclosed no adverse effects
on body weight in randomized controlled trials (RCTs) [6,7]. Concerning walnuts and
body weight, data from recent systematic reviews are conflicting [8,9]. Lockyer et al. [8]
suggested a small benefit in cohort studies, while RCTs favored control over walnut diets.
On the other hand, Hadi et al. [9] observed a small benefit of walnuts on body weight
and no changes in body mass index (BMI). However, data on body composition after nut
consumption are limited by indirect measurement methods, short study duration, or small
sample size. Analysis of body composition in nut trials is rarely based on the gold standard
method dual-energy X-ray absorptiometry (DXA) [7], and heretofore, no walnut study
has used DXA to assess body composition [8]. Also, circulating markers of adiposity are
seldom determined in walnut studies [10], while the contribution of obesity-related gene
polymorphisms to body composition changes ensuing walnut consumption is unknown.

Genetic background plays a crucial role in determining individual responses to diet.
The fat mass and obesity-associated (FTO) gene has been consistently linked to increased
risk of obesity and higher BMI [11], and its effects might be influenced by specific dietary
patterns, including those rich in unsaturated fats [12]. There is also emerging evidence that
variation at the APOE gene locus may modulate the metabolic response to fat intake [13],
although findings are inconsistent [14]. Understanding whether common polymorphisms of
the FTO and APOE genes influence the effects of walnut consumption on body composition
could provide insights into personalized nutrition strategies for aging populations.

The Walnuts and Healthy Aging (WAHA) study is a two-year RCT designed to evaluate
the effects of daily walnut consumption vs. abstention of walnuts on age-related health
outcomes in healthy older individuals [15]. Here we report the effects of the intervention
on body weight, BMI, and percent body fat by DXA, prespecified secondary outcomes
of the WAHA trial. As exploratory analyses, we measured changes in circulating leptin
and adiponectin, and we examined whether genetic variation at the FTO and APOE loci
modulated the response to the dietary intervention.

2. Materials and Methods
2.1. Subjects

This sub-study was conducted within the frame of the WAHA study (Approved by
Clinicaltrials.gov on 6 July 2012 https://clinicaltrials.gov/ct2/show/NCT01634841, last
accessed on 10 September 2026), a dual-center (Hospital Clinic, Barcelona, Spain, and Loma
Linda University, CA) RCT aimed to assess whether supplementing the usual diet with
walnuts at 15% of energy (ranging from 30 to 60 g per day) for 2 years would prevent or slow
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down age-related cognitive decline and macular degeneration compared to a control diet
with abstention of walnuts in older subjects (63 to 79 years). Exclusion criteria were morbid
obesity (BMI > 40 kg/m?), uncontrolled diabetes (HbAlc > 8%), uncontrolled hypertension
(on-treatment blood pressure > 150/100 mm Hg), prior stroke or major head trauma, any
relevant psychiatric illness, advanced cognitive deterioration (mild cognitive impairment or
frank dementia), other neurodegenerative diseases (i.e., Parkinson’s disease), any chronic
illness expected to shorten survival, bereavement, allergy to walnuts, and customary use of
fish oil, flaxseed oil, or soy lecithin supplements. Disease criteria were based on the World
Health Organization ICD-11 Classification. All participants were recruited between May
2012 and May 2014. The protocol, which has been described in detail elsewhere [15], was
conducted according to the guidelines of the Declaration of Helsinki and was approved
by the ethics committee of both institutions. Written informed consent was obtained from
all subjects.

For this sub-study, we selected participants recruited at the Barcelona site, since DXA
studies were only performed in this center based on prior expertise, availability, and cost.
From April 2012 to December 2013, a total of 642 potential candidates were pre-screened
by completing short questionnaires. Of them, 444 candidates were formally assessed for
eligibility, and 92 were further excluded after a clinical visit and physical examination,
resulting in 352 subjects recruited and randomly assigned to one of the two interventions
(see flow-chart in Figure 1). At baseline and every 6 months during the 2-year intervention,
socioeconomical, clinical, and medication data were collected. Participants were considered
to have diabetes, hyperlipidemia, or hypertension if they had a previous diagnosis of these
conditions and/or were treated with antidiabetic, cholesterol-lowering, or antihypertensive
agents, respectively. Smoking status was categorized into never, current, or past smoking
according to self-reports. Physical activity was assessed at baseline and the end of the study
by a validated short version of the Minnesota questionnaire [16] and expressed in minutes
at a given metabolic equivalent (MET-min) per day.

2.2. Dietary Intervention

Participants were randomly assigned to either the control or intervention group by
using a computerized, web-based random number table with stratification by gender and
age range in a 1:1 ratio. Using the same stratification criteria, pairs of people (i.e., part-
ners, spouses, or household members) who entered the study were assigned to the same
group. Except for the dietitians handling nutritional assessments and walnut supply, study
investigators were blinded to participants’ intervention group.

Participants in the walnut group received packaged walnuts (30-60 g/day), which
accounted for approximately 15% of daily energy needs, to add to their regular diet; no
advice on food substitutions for walnuts or energy restriction was given, and no recipes
were provided. Instructions were given to eat walnuts daily, preferably as the raw product,
either as a snack or by incorporating them into salads, breakfast cereals, yogurts, or shakes.
Walnuts were provided for free to participants in the walnut group by the trial’s sponsor,
the California Walnut Commission, Folsom, CA. Participants in the control group were
instructed to avoid walnuts and follow their usual diet. The study dietitians scheduled
in-person meetings with the participants every two months to assess compliance, monitor
eventual changes in body weight, provide cues for retention, collect data on tolerance, and
deliver the packaged walnuts to those assigned to the active treatment group. Three-day
food records (2 weekdays and 1 weekend day) were used to obtain follow-up data on
food consumption from all participants at baseline and at the 6-, 12-, and 24-month visits.
Compliance was evaluated by recount of empty packages and by determination of red
blood cell membrane changes in the proportion of a-linolenic acid (ALA), a fatty acid
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Figure 1. Flow chart of the Walnuts and Healthy Aging (WAHA) study in the Barcelona Center.
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2.3. Measures of Adiposity and Body Composition

At inclusion and at the end of the intervention, study dietitians measured height using
a wall mounted stadiometer; body weight with calibrated scales; and waist circumference
by using an anthropometric tape. BMI was calculated by dividing body weight (kg) by
height in meters squared. Waist was measured at the midpoint between the lowest rib and
iliac crest. Waist-to-height ratio (WTHR) was calculated by dividing waist circumference
by height, both in centimeters.

DXA scans were performed at baseline and at the end of intervention by using the
whole-body scanner GE Lunar iDXA (GE Healthcare, Madison, WI, USA) according to
the manufacturer’s specifications. All the scans were performed by the same certified
radiological technologist, who was blinded to clinical data and group allocation.

Total and regional scans were taken, and two regions (android and gynoid) were also
considered of interest in this study. The android region was defined as the area between
the top of the pelvis (lower boundary) to above the pelvis cut by 20% of the distance from
pelvis cut line to neck cut line (upper boundary). The gynoid region was defined as the
region among the 2 x android height, beginning at a distance of 1.5 x android height below
the top of the iliac crest. The percentage of android and gynoid fat were assessed in each
region. The android/gynoid ratio was defined as android fat (%) divided by gynoid fat
(%) and was calculated as a measure of fat distribution. The percentage of total lean mass
and total fat mass referred to total body mass (sum of total bone, fat, and lean mass). Lean
mass (kg) was calculated as the sum of lean soft tissue and bone mineral content (both in
kg), and lean mass index was calculated as lean mass (kg) divided by height?, expressed in
kg/m?. Fat mass index was calculated as fat mass (kg) divided by height?, expressed in
kg/m?2. Supplementary Table S2 details how body composition parameters were defined
according to current guidelines [18-21]. All measurements were performed at baseline and
after two years of intervention by using the GE Lunar Body Composition Software, version
13.0. The results of DXA concerning bone mineral density in this WAHA cohort have been
published [22].

2.4. Laboratory Measurements

Overnight fasting blood samples were collected at baseline and at the end intervention
in EDTA tubes, and aliquots of plasma, red blood cells, and whole blood were stored at
—80 °C until analysis.

2.4.1. Determination of x-Linolenic Acid in Red Blood Cell Membranes

The proportion of x-linolenic acid (ALA) in red blood cell membranes, considered an
objective biomarker of walnut consumption [23], was determined at baseline and 2 years
by gas chromatography, as described [24]. Briefly, fatty acid methyl esters were sepa-
rated by gas chromatography using an Agilent 7890 Gas Chromatograph (Agilent Es-
pana, Barcelona, Spain) equipped with a 30 m x 0.25 ym x 0.25 mm SupraWAX280 cap-
illary column (Teknokroma, Sant Cugat del Vallés, Spain), an autosampler, and a flame
ionization detector.

2.4.2. Quantification of Adiponectin and Leptin in Plasma

Plasma concentrations of adiponectin and leptin were measured with the EZHADP-61K
and EZHL-80SK Millipore ELISA kits (Darmstadt, Germany), respectively, in 211 randomly
selected participants (105 in the control group and 106 in the walnut group).
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2.4.3. DNA Extraction and Genotyping

Genomic DNA was extracted from blood samples with the Puregene blood kit (Gentra
Systems, Minneapolis, MN, USA). Genotyping was carried out at the Genetic and Molecular
Epidemiology Unit, Valencia, Spain. The FTO rs1861868 C > T single nucleotide polymor-
phism (SNP) in the FTO gene (intron 1) and two APOE SNPs, rs429358 (Cys112Arg) and
rs7412 (Argl58Cys), were genotyped on a 7900HT Sequence Detection System (Applied
Biosystems, Foster City, CA, USA) using the corresponding fluorescent allelic discrimination
TagMan assays with a calling rate > 95%. The two APOE SNPs were further combined to
derive the six APOE genotypes (e2/e2, €2/e3, €3/e3, €3/¢e4, e4/e4, and €2 /e4). €2/e4, €3 /¢4,
and e4/e4 were grouped as carriers of the €4 allele (risk genotype). A total of 5% of samples
were randomly selected and genotyped a second time and no discrepancies were found.
Genotype frequencies did not deviate from Hardy—-Weinberg equilibrium expectations.

2.5. Statistical Analyses

As pre-specified in the design of the WAHA trial [15], changes in body weight and BMI
were the primary outcome, and changes in body composition by DXA were a secondary
outcome at the Barcelona node, where 352 subjects were randomized. In this setting,
statistical power calculation was performed post hoc with the ENE 3.0 statistical program
(GlaxoSmithKline, Brentford, United Kingdom). Accepting an alpha risk of 0.05 and a beta
risk of 0.2 in a two-sided test, and assuming a loss of 10% of participants, we would need
177 participants (89 per group of intervention) to have 80% power to detect significant
differences of 0.4 + 0.05 kg/m? in BM], indicating that our study was powered to detect
potential adiposity changes after the walnut diet compared with the control diet.

Descriptive data are presented as means (95% confidence intervals [CI]) for continuous
variables and frequency or proportions (%) for categorical variables. Values for continuous
variables were examined for normality before analyses. Baseline differences between groups
were assessed by the chi square test for categorical variables and t tests or Mann—Whitney
tests for parametric and non-parametric numerical variables, respectively. Within-group
and between-group differences in the outcome variables after 2 years of intervention were
assessed by repeated measures ANCOVA adjusting by the baseline value of the variable and
in-trial changes in physical activity. We evaluated differences in treatment effects according
to sex, age at inclusion, educational level, presence of diabetes, changes in physical activity,
and FTO (rs1861868 C > T) and APOE (rs429358 and rs7412) SNPs. Subgroup analyses were
performed with repeated-measures ANCOVA with 3 factors: time (baseline vs. 2 years) as
repeated measure, group (control diet vs. walnut diet), and the categories of the genetic
variants at FTO or APOE. A 2-tailed p < 0.05 was considered significant. All analyses were
performed using SPSS v. 29 (IBM Corp., Armonk, NY, USA).

3. Results

After removal of dropouts, 326 participants (220 women; 106 men) were available for
analysis (n = 163 per intervention group), which represents a 92% retention rate (Figure 1).
As shown in Table 1, baseline characteristics were similar between participants allocated to
the walnut and control diet arms; nearly one-half participants were overweight, but only
18% were obese.
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Table 1. Baseline characteristics of the participants who completed the study by group of intervention.

Walnut Diet (n = 163) Control Diet (n = 163)

Women-No. (%)
Age—years
Smoking-No. (%)
Never smoker
Former smoker
Current smoker
Education—No. (%)
Basic (0-4vy)
Elementary (5.8 y)
Secondary (9-12y)
Post-secondary (>12y)

111 (68.1)
69.0 (68.5, 69.5)

120 (73.6)
36 (22.1)
7 (4.3)

14 (8.6)
59 (36.2)
47 (28.8)
43 (26.4)

109 (66.9)
68.6 (68.1,69.1)

115 (70.6)
39 (23.9)
9 (5.5)

2 (1.2)
56 (34.4)
42 (25.8)
63 (38.7)

Height-cm 161.4 (160.2,162.7) 160.8 (159.5, 162.1)
Weight-kg 70.1 (68.2,71.8) 71.2 (69.2,73.2)
Waist circumference—cm 97.4 (10.6) 99.4 (11.4)
Waist-to-height ratio 0.60 (0.07) 0.62 (0.07)
BMI-kg/m? 26.8 (3.6) 27.5 (4.0)
BMI categories—No. (%)

BMI < 25 46 (28.3) 43 (26.4)

BMI > 25 < 30 92 (56.4) 85 (52.1)

BMI > 30 25 (15.3) 35 (21.5)
Hypertension-No. (%) 95 (58.3) 85 (52.1)
Type-2 diabetes—No (%) 13 (8.0) 22 (13.5)
Dyslipidemia—No. (%) 82 (50.3) 91 (55.8)
Physical activity ! 3045 (2733, 3357) 2916 (2617, 3215)

Data are mean (95% CI) or No. (%) when indicated. ! Physical activity is expressed in MET-min/d,
minutes/day at a given metabolic equivalent level.

3.1. Changes in Nutrient Intake and Compliance with the Intervention

Except for a minor increase in total carbohydrate and reciprocal decrease in total fat at
the expense of both monounsaturated fatty acids and polyunsaturated fatty acids (PUFA)
and linoleic acid intake and slight increases in total carbohydrate, sugar, and fiber intake,
participants in the control diet exhibited little 2-year changes in energy or nutrient intake
(Supplementary Table S3). In accordance with the nutritional composition of walnuts, as
shown in Supplementary Table S1, participants in the walnut diet group increased their
intake of total energy, total fat, and PUFA, with a reciprocal decrease in carbohydrate intake
(Supplementary Table S3), and these changes were statistically significant compared with
the control group. The median dose of walnuts was 43 g/d, equivalent to one and a half 28-g
servings/d. Compliance with the intervention throughout the study was >98% according
to the every-two-month recount of empty walnut packages. The proportion of ALA in red
blood cell membranes increased more than twofold in the walnut group compared with
the control group at 2 years, as shown in Supplementary Figure S1, objectively confirming
the good compliance with the intervention.

3.2. Baseline Measures of Body Composition

At inclusion, men presented with higher BMI and waist perimeter and lower WITHR,
despite being more physically active (Supplementary Table S54). Consequently, data is
presented disaggregated by sex. Women assigned to the walnut intervention group pre-
sented with lower WTHR, percentage of total, android, and gynoid fat, fat mass index,
and fat/fat-free mass ratio, compared to those allocated to the control diet (Table 2). In
addition, a higher percentage of lean mass and lean/fat mass ratio was also observed in
women in the walnut group compared to those allocated in the control group. As depicted
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in Table 2, anthropometric and body composition measures were similar in men allocated
to the walnut and control groups. Women in the walnut diet disclosed lower adipokine
concentrations compared to those in the control diet, while men in the two groups had
similar values (Supplementary Table S5).

Table 2. Baseline values and changes in anthropometry and body composition in completers by sex.

Women Men
“len:uiﬁl)et C?::tio;(g;et p Walnut Diet (n = 52) CO(I:I:IS?)IM p

Body weight (kg)

Baseline 65.32 (63.50, 67.14) 66.53 (64.47, 68.59) 0.382 79.99 (77.37,82.62) 80.91 (77.73, 84.10) 0.740

Changes 0.21 (—0.38, 0.81) —0.01 (—0.53, 0.50) 0.856 0.32 (—0.33,0.97) —0.50 (—1.32,0.32) 0.085
Body mass index (BMI, kg/m?)

Baseline 26.38 (25.64,27.12) 27.25 (26.48, 28.03) 0.107 27.68 (26.91, 28.44) 27.93 (26.88, 28.97) 0.703

Changes 0.08 (-0.17, 0.32) —0.01 (-0.22,0.21) 0.964 0.11 (-0.10, 0.33) —0.18 (—0.47, 0.11) 0.091
Waist circumference (cm)

Baseline 95.8 (93.7, 98.0) 98.5 (96.1,100.8) 0.100 100.8 (98.7, 103.0) 101.2 (98.6,103.8) 0.806

Changes 0.43 (—0.23,1.10) 0.06 (—0.58, 0.69) 0.754 0.63 (—0.18, 1.45) —0.13 (—0.94, 0.69) 0.120
Waist-to-height ratio

Baseline 0.61 (0.59, 0.63) 0.63 (0.62, 0.65) 0.042 0.59 (0.58, 0.61) 0.60 (0.58, 0.61) 0.857

Changes 0.01 (—0.01, 0.01) 0.01 (—0.01, 0.01) 0.634 0.01 (—0.01, 0.01) 0.01 (—0.01, 0.01) 0.109
Total fat mass (%)

Baseline 41.27 (40.16, 42.38) 43.59 (42.49, 44.68) 0.004 32.84 (31.43,34.25) 32.65 (30.96, 34.34) 0.862

Changes 0.98 (0.47,1.49) 0.69 (0.27,1.11) 0.857 1.41 (0.8, 2.03) 1.11 (0.48, 1.73) 0.426
Gynoid fat (%)

Baseline 49.51 (48.42, 50.60) 51.33 (50.22, 52.43) 0.021 33.45 (31.89, 35) 32.99 (31.36, 34.61) 0.682

Changes —0.61 (-1.17,-0.05) —072(-1.15,-028) 0243  —16(—2.32,—0.88) —1.04 (-1.74,-0.35)  0.188
Android fat (%)

Baseline 46.63 (44.79,48.47) 50.32 (48.68,51.96) 0.003 43.17 (40.97, 45.38) 42.74 (39.97,45.52) 0.810

Changes 1.27 (0.47,2.07) 0.25 (—0.44, 0.94) 0.494 1.38 (0.53,2.22) 0.98 (0.01, 1.96) 0.433
Android/Gynoid ratio

Baseline 0.94 (0.91, 0.97) 0.98 (0.95,1.01) 0.065 1.3 (1.24,1.36) 1.3 (1.22,1.37) 0.956

Changes 0.01 (0.00, 0.03) —0.01 (—0.02, 0.01) 0.017 —0.02 (—0.04, 0.01) —0.01 (—0.04, 0.01) 0.642
Fat mass (kg)

Baseline 26.58 (25.23,27.94) 28.66 (27.04, 30.29) 0.052 25.61 (23.87,27.35) 25.78 (23.68, 27.89) 0.900

Changes 0.56 (0.01, 1.12) 0.24 (—0.21, 0.68) 0.367 0.97 (0.38, 1.56) 0.58 (—0.15,1.32) 0.305
Fat mass index (kg/m?)

Baseline 10.75 (10.19, 11.31) 11.74 (11.1, 12.38) 0.022 8.85 (8.29,9.42) 8.94 (8.20,9.67) 0.860

Changes 0.22 (—0.01, 0.44) 0.10 (—0.09, 0.28) 0.929 0.35 (0.15, 0.55) 0.21 (—0.06, 0.45) 0.305
Total lean mass (%)

Baseline  58.74 (57.62, 59.85) 56.41 (55.32,57.51) 0.003 67.16 (65.75, 68.57) 67.34 (65.65, 69.04) 0.866

Changes —098 (—149, —047) —0.69 (-1.11,-027) 0463  —141(-2.03,-08) —1.1(-173,-048)  0.463
Lean/fat mass ratio

Baseline 1.49 (1.4,1.58) 1.34 (1.27,1.4) 0.008 2.13 (1.96, 2.31) 2.22 (1.96,2.48) 0.567

Changes  —0.05 (—0.09, —0.02)  —0.04 (—0.06, —0.01) 0.986 —0.15 (-0.23, —=0.07)  —0.11 (-0.19, —0.02) 0.448
Lean mass (kg)

Baseline  36.84 (36.17, 37.52) 35.97 (35.28, 36.66) 0.075 51.56 (50.13,52.99) 51.76 (50.35,53.17) 0.840

Changes —0.78 (—1.02, —=0.55) —0.71 (092, —0.51)  0.679  —123(-1.67,—0.80) —131(—1.74,—0.88) 0574
Fat/fat-free mass ratio

Baseline 0.72 (0.69, 0.75) 0.79 (0.76, 0.83) 0.003 0.50 (0.47,0.53) 0.50 (0.46, 0.53) 0.999

Changes 0.03 (0.01, 0.05) 0.02 (0.01, 0.04) 0.983 0.03 (0.02, 0.05) 0.02 (0.01, 0.04) 0.425
Fat-free mass index (kg/m?)

Baseline 14.87 (14.62,15.11) 14.74 (14.5, 14.97) 0.445 17.84 (17.45, 18.23) 17.90 (17.48, 18.33) 0.824

Changes —0.32 (—041,-022) —029 (—0.37,—-0.19)  0.669  —0.43 (-058,—029) —045(—-0.6,—031)  0.612

Results are expressed as means (95% CI). p obtained by unpaired ¢-test (baseline comparisons)
and for the comparison between interventions from the ANCOVA analyses adjusted by baseline
value of the variable and changes in physical activity (comparisons of changes by group). Changes
after the intervention within group for which the 95% confidence interval does not include zero
are statistically significant (from the repeated measures ANCOVA with age and changes in physical
activity as covariates).
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3.3. Main Effects on Body Composition

Mean body composition changes from baseline were all <3% in women and <5% in
men. No significant differences were observed in either sex in the percentage changes in body
weight, BMI, waist circumference, fat, or fat-free mass within or between groups (Figure 2).
After 2 years, fat mass increased, and fat-free mass decreased in both groups. However,
women allocated to the walnut diet group significantly increased their android/gynoid
ratio compared to those in the control diet group (p= 0.009). No significant differences
in the percentage of change of leptin, adiponectin, or its ratio were observed in either sex
(Supplementary Figure S2).
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Figure 2. Percentage changes in body composition measures by sex after 2 years of intervention with a
walnut diet vs. a control diet. Data are means (95% CI). Waist circ. indicates waist circumference; BMI,
body mass index; A/G ratio, android/gynoid ratio. Between-groups differences were non-significant
except for the A/G ratio in women (p = 0.009 by ANCOVA).
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As depicted in Table 2, in women, no significant changes were observed in body weight,
BMI or total fat mass, waist and WTHR, or fat mass index within or between groups of
intervention. Women disclosed, however, an increased percentage of total fat and fat/fat-free
mass ratio and decreased percentages of gynoid fat, lean mass, and fat-free mass index after
2 years, irrespective of group allocation. The android/gynoid ratio increased in women in
the walnut group, while it remained unchanged in the control group.

Throughout the trial, men disclosed no meaningful changes of body weight, BMI, waist
circumference, WTHR or DXA body composition measures in either intervention group
(Table 2). No changes by sex were observed in adipokine concentrations (Supplementary
Table S5).

3.4. Interaction of FTO rs1861868 SNP with Body Composition After Walnut Consumption

Supplementary Table S6 shows the genotype frequencies of the FTO rs1861868 SNP
(C > T) in the study population. In this population, the minor allele T has a high frequency
in accordance with other European populations. Data were evaluated under a dominant
model (CC vs. CT/TT) [25]. No significant differences were observed in baseline body
weight, BMI, waist perimeter, WIHR, or body composition in either sex bearing CC or
CT/TT genotypes (Supplementary Table S7).

As displayed in Supplementary Table S8, women with the CC phenotype showed a
decreased lean/fat mass ratio and increased leptin after the walnut intervention compared
to T-allele carriers, while CC men increased body weight and BMI after walnut consumption
compared to carriers of the T allele. Also, in men the CC genotype was associated with
increased body weight, BMI, and waist circumference after walnut consumption compared
with control group men participants carrying the same genotype.

3.5. Interaction of APOE Genotypes with Body Composition After Walnut Consumption

Supplementary Table S6 shows the genotype frequencies of APOE in our participants.
No significant differences were observed in baseline BMI, waist perimeter, WTHR, or body
composition in either sex between €2, €3, or €4 carriers of the APOE gene (Supplementary
Table S9). As depicted in Supplementary Table S10, no major differences were observed in
either sex in body composition or adipokines by intervention group across APOE genotypes.

3.6. Subgroup Analyses of Changes in BMI and Fat Mass

Considering the total population, no differences between groups of intervention were
observed in the primary outcomes BMI and percentage of fat mass according to sex, age,
baseline BMI, educational level, presence of diabetes, APOE genotype, level of physical
activity, or the proportion of ALA in red blood cells at 2 years (Table 3). However, subjects
with the CC phenotype of the FTO genotype showed increased BMI after the walnut
intervention compared to controls and compared to the CT/TT phenotype (p for interaction
=0.023).
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Table 3. Subgroup analyses of 2-year changes of BMI and total fat mass (%) by intervention group.

BODY MASS INDEX PERCENT FAT MASS
Walnut Diet (n = 163) Control Diet (n = 163) V‘g‘:‘;g‘;t C?:t:’i £;Et
Absolute Change Absolute Change ACI;‘solute ACbhs olute
Subgroup n n )4 ange ange P
(95% CI) kg/m? (95% CI) kg/m? (95% CI) % (95% CI) %
Sex
Women (n = 220) 111 0.08 (—0.17,0.32) 109 —0.01 (—0.22,0.21) 0413 0.98 (0.47,1.49) 0.69 (0.27,1.11) 0.062
Men (n = 106) 52 0.11 (—0.10, 0.33) 54 —0.18 (—0.47,0.11) : 1.41 (0.80, 2.03) 1.11 (0.48,1.73) :
Baseline age
<68 years (n = 175) 81 0.14 (—0.08, 0.37) 94 —0.11 (-0.33,0.11) 0.634 1.10 (0.56, 1.63) 0.84 (0.38, 1.30) 0.900
>68 years (n = 151) 82 0.03 (—0.24,0.31) 69 0.01 (—0.27,0.28) : 1.14 (0.54,1.73) 0.81 (0.28, 1.35) )
Baseline BMI
<27 kg/m? (n = 167) 84 0.13 (-0.07,0.33) 83 0.05 (—0.13,0.22) 0.350 0.96 (0.44,1.48) 0.97 (0.47,1.46) 0.721
>27 kg/m? (n = 159) 79 0.04 (—0.26, 0.35) 80 —0.18 (—0.48, 0.12) ’ 1.28 (0.67,1.89) 0.69 (0.19, 1.18) ’
Education
<12 years (n = 220) 120 0.03 (—0.22,0.27) 100 —0.05 (—0.24, 0.15) 0.409 0.91 (0.40, 1.43) 0.84 (0.43,1.25) 0.679
>12 years (n = 106) 43 0.21 (—-0.01, 0.42) 63 —0.09 (—0.44, 0.26) ) 1.52 (0.91, 2.13) 0.81 (0.15, 1.47) ’
Diabetes
Yes (n = 35) 13 —0.11 (—0.56, 0.33) 22 0.16 (—0.34, 0.66) 0.367 1.33 (0.21, 2.45) 0.34 (—0.6,1.28) 0.840
No (n =291) 150 0.11 (—0.08, 0.29) 141 —0.10 (—0.28, 0.09) : 1.10 (0.67,1.52) 0.90 (0.53,1.28) :
FTO genotype
CC(n=287) 43 0.37 (0.11, 0.64) 44 —0.25 (—0.57, 0.08) 0.023 1.61 (0.96, 2.26) 1.03 (0.27,1.80) 0.717
CT/TT (n = 239) 120 —0.01 (—0.23,0.21) 119 0.01 (—0.20,0.21) ) 0.94 (0.45,1.43) 0.75 (0.37,1.14) )
APOE genotype
€2 (n=34) 16 0.42 (—-0.31,1.15) 18 —0.13 (—0.69, 0.44) 2.21(0.47,3.94)  0.56 (—0.59,1.71)
€3 (n =227) 112 0.01 (—0.21,0.23) 115 —0.07 (—0.29, 0.15) 0525  0.80 (0.34,1.27) 0.84 (0.41,1.26)  0.957
€4 (n = 65) 35 0.19 (-0.11, 0.50) 30 0.01 (—0.26, 0.26) 1.61 (0.85,2.38) 0.96 (0.242, 1.68)
Physical activity at 2 years
<2440 MET-min/d
(n =178) 90 0.14 (—-0.04, 0.32) 88 0.04 (—0.29,0.21) 0.898 1.12 (0.66, 1.57) 0.76 (0.28, 1.25) 0.592
>244((311\£El"1;§r)un/d 72 0.02 (—0.32,0.36) 76 —0.09 (—0.33, 0.15) 1.05 (0.33,1.77) 0.92 (0.41, 1.44)
Proportion of alpha-linolenic acid in red blood cells at 2 years
<Median (0.27%) 78 —0.25 (-0.72,0.22) 86 —0.01 (—0.21, 0.18) 0.6 (—0.16,1.36) 0.89 (0.49,1.28)
(n=164) ' e ’ T 0.074 ’ T ’ e 0.126
>M?ilin1(6%§7 %) 85 0.21 (0.04, 0.38) 77 —0.19 (—0.57, 0.16) 1.30 (0.83,1.77) 0.66 (—0.08,1.4)

Data are means (95% CI). p values for interaction obtained for each variable of interest in repeated-
measures ANCOVA with 3 factors: time (baseline vs. 2 years) as repeated measure, group (walnut
diet versus control diet), and the two/three categories of each variable of interest. Changes for which
the 95% confidence interval does not include zero are significantly different from the baseline.

4. Discussion

The main findings of this study, a pre-specified secondary analysis of the WAHA RCT,
demonstrate that incorporating walnuts at 15% of daily energy into the habitual diet of
healthy older adults does not lead to meaningful changes in overall body weight, BMI, body
fat, or body composition. In the overall study subjects, the effect of the intervention on the
main outcomes BMI and body fat was not modified by sex, age, BMI, education, physical
activity, common variability at the FTO and APOE gene loci, or enrichment of red blood
cell membranes with ALA as objective evidence of compliance with walnut consumption.
The FTO rs1861868 C > T polymorphism, may, however, influence the body composition
changes resulting from the walnut diet in a sex-specific manner, although these findings are
exploratory and limited by the small sample size. Our findings, derived from a long-term
randomized clinical trial, provide evidence supporting the safety of including walnuts in
dietary recommendations for the elderly, effectively dispelling the concern that their high
energy density will lead to unwanted weight or fat gain.

Our results concur with those of cohort studies, randomized clinical trials, and
meta-analyses thereof in which exposure to nuts in general [6,7,26,27] or walnuts in
particular [8,9,28-30] had little effect on body weight. Examination of the California WAHA

https://doi.org/10.3390/nu18223779


https://doi.org/10.3390/nu18223779

Nutrients 2026, 18, 3779

12 0f 18

cohort also revealed the safety of long-term walnut consumption regarding anthropometry
and body composition, as determined by bioelectrical impedance [30]. However, except
for WAHA, most of these studies relied on small sample sizes, had a short duration of the
intervention, and measured only standard anthropometric parameters, such as weight, BMI,
and waist circumference. The utilization of DXA in our study strengthens the reliability of
the observed effects. DXA is recognized as the gold standard for objective body composition
assessment [ 18-20], providing detailed quantification of fat mass and fat-free mass, thereby
overcoming the inherent limitations of relying solely on BML

As expected after 2 years of aging in elders [31], increased fat mass and decreased
lean mass were observed in study subjects, irrespective of sex and treatment allocation,
which is attributable to age-related shifts in energy regulation and body composition, such
as sarcopenia and altered fat partitioning [32].

In fact, unlike most tree nuts, which contain predominantly monounsaturated fatty
acids, walnuts possess a unique lipid matrix composed primarily of PUFA (~70% of total
fat), mostly linoleic acid (C20:2), but also abundant ALA (18:3 n-3; ~10-15% of total lipid),
which is the plant-derived essential n-3 fatty acid, and a remarkably high n-3 to n-6 PUFA
ratio (~1:4 to 1:5) [3]. Despite the increase in energy intake in the walnut diet group due to
its high fat content, body weight, BMI, and fat mass did not change in either sex. That no
major between-group differences were observed in body composition suggests a homeostatic
regulation counterbalancing the high-energy load of walnuts over 2 years. There were no
changes of adipokine levels with the walnut diet, which suggests that this compensatory
mechanism is independent of the leptin-adiponectin axis, evidencing that walnuts did not
induce adipose tissue dysfunction. Our results are supported by a recent meta-analysis [33],
showing that consumption of walnuts at doses ranging from 9 to 100 g/day had no effect on
adiponectin or leptin circulating concentrations. However, another systematic review [10]
indicated that walnut consumption increased both leptin and adiponectin levels, suggesting
that x-linolenic acid might be a regulator in the synthesis of these adipokines. Nevertheless,
this hypothesis is not confirmed in our study, as ALA in red blood cell membranes increased
in the walnut group and changes were unrelated to those of adipokines after two years.

Besides food and nutrient compensation, as shown in the California cohort of the
WAHA trial [34], alternative mechanisms to explain the lack of fattening effect of walnuts
have been proposed, such as a lower than predictable metabolizable energy because of the
complexity of the food matrix, which compromises fat digestibility, increased thermogenesis
due to their high protein and fiber content, and increased oxidation of PUFAs, limiting fatty
acid accumulation in the body [5]. In addition, their high content in polyphenols, specifi-
cally ellagitannins (primarily pedunculagin) and ellagic acid, as well as phytosterols [3],
may act synergistically to modulate several biological pathways related to body weight
and regional adiposity stability in older adults. More specifically, walnut polyphenols and
circulating microbiota-derived urolithins [35] have the potential to directly regulate tran-
scriptional circuits governing energy homeostasis by stimulating the cellular energy sensor
AMP-activated protein kinase (AMPK) and silent information regulator 1 (SIRT1), thereby
promoting mitochondrial p-oxidation while repressing master adipogenic and lipogenic
regulators, including sterol regulatory element-binding protein-1c (SREB1c), peroxisome
proliferator-activated receptor-gamma (PPAR-Y), and fatty acid synthase (FAS) [36]. Fur-
thermore, urolithin A, a major microbiota-derived metabolite of ellagic acid, has been
shown to enhance metabolic rate and systemic energy expenditure by upregulating uncou-
pling protein-1 (UCP-1) expression, inducing brown adipose tissue thermogenesis and the
browning of white adipose depots [37].

The only between-group differences were changes in the android/gynoid fat mass
ratio, which increased by 1.8% in the walnut group and decreased by 0.7% in the control
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group (p = 0.009) in women, but not in men. The high PUFA content of walnuts exerts
depot-specific effects on substrate handling: it is described that in women, gluteofemoral
subcutaneous adipose tissue exhibits higher basal fatty acid turnover and enhanced respon-
siveness to dietary PUFA oxidation compared to visceral depots [38,39]. Consequently,
dietary PUFA enrichment may promote preferential lipid mobilization from the gynoid
region, potentially explaining the low but statistically significant increase in the android/gy-
noid fat ratio among women in the walnut diet group. Although it has been reported that an
increase in the android/gynoid ratio is associated with increased cardiometabolic risk [18],
no sex-related differences in the health benefits of walnuts have been described [8], probably
because their optimal nutrient composition overrides any potential adverse effect on adi-
posity. Importantly, because total body weight remained stable and this regional variation
was not accompanied by deteriorations in systemic metabolic biomarkers (such as insulin
resistance, blood pressure, or dyslipidemia [40]), this modest shift in the android/gynoid
ratio reflects physiological tissue remodeling under postmenopausal status rather than
adverse, clinically unsafe adiposity accumulation derived from walnut consumption.

Concerning the influence of genetic susceptibility at the FTO gene locus on obesity risk,
the most studied variant has been the FTO-rs9939609. Here we analyzed the FTO-rs186186,
in high linkage disequilibrium, but not perfectly. For the FTO-rs9939609 polymorphism,
there is strong evidence that it can be overcome through increased physical activity [38—44]
and also by diet [41]. For the FTO rs1861868 polymorphism, our results suggest that, even
when accounting for changes in physical activity, the FTO rs1861868 variant allele (C >
T) may condition the metabolic response to the walnut diet in a sex-specific manner, as
also observed for other FTO variants [42,43]. Specifically, women with the CC genotype
compared to those carrying the T allele showed a more pronounced decrease of the lean/fat
mass ratio and a marked increase in circulating leptin after walnut consumption. On the
other hand, men with the CC genotype showed a 1.9% increase in BMI and 1.7% increase
in WTHR after the walnut diet, with opposite changes on the control diet, while T allele
carriers disclosed minimal changes. However, these results are exploratory and limited by
the small sample size.

Overall, the observed body composition and adipokine changes in carriers of the CC
risk genotype reflect a status of metabolic and endocrine predisposition ensuing the increase
in fat load provided by walnuts. Leptin, a hormone that correlates positively with total fat
mass, is centrally involved in appetite and energy expenditure regulation, functions that
are modulated by FTO expression in the hypothalamus [44]. The elevated leptin levels and
decline of the adiponectin/leptin ratio in CC women may indicate leptin resistance or a
failure of the central signaling pathway to register the energy balance accurately, potentially
contributing to overall adverse body composition changes. Although it warrants replication,
this nutrigenetic evidence of susceptibility to adverse body composition changes after intake
of healthy fats such as those in walnuts by FTO variability may inform future precision
nutrition advice.

In our study population, variability at the APOE gene locus had little influence on the
anthropometric and body composition responses to the intervention. In individuals with
diabetes, no associations were found between APOE variants and leptin concentrations [45].
The APOE €4 genotype is a well-known risk factor for cardiovascular and neurodegenerative
diseases, but its impact on body composition is controversial, with inconsistent findings
of the few studies that have examined this topic [46]. Still, APOE variability has been
implicated in modulating body composition and metabolic parameters in aging populations
in a sex-dependent manner [47]. Other studies have reported diverse associations of
APOE-¢4 carriership with body composition depending on fat intake [48] or adiposity
status [49]. In older women with cognitive impairment, but not in men, the presence of the
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APOE-¢4 allele was associated with lower body and fat mass and higher lean mass [50].
The discrepancies between studies might be explained in part by the participants’ sex, age,
ethnicity, and/or habitual diet. Further research is required to elucidate the role of the
APOE gene locus on diet-related metabolism.

Our study has limitations. This was a secondary, pre-specified outcome limited to
the Barcelona node of the WAHA trial, involving healthy elderly participants. Results
might differ if the study was carried out in younger individuals or walnuts were added to a
different regional diet. While the FTO interaction was statistically significant, our results
might be considered exploratory; the constrained sample size demands confirmation across
larger cohorts to ensure generalizability. Furthermore, the genetic variant rs1861868 is
identified as a tag SNP with a high minor allele frequency. Given the complexity of the
FTO locus and the paradoxical nature of the identified risk allele (CC), detailed functional
genomics work is required to discern the mechanisms responsible for the observed effects
during the walnut diet. Another limitation is the lack of specific, detailed regional adiposity
data, particularly visceral adipose tissue, a metabolically distinct compartment associated
with age-related complications that is preferentially accumulated by older men [51,52].
Future studies should prioritize its assessment to confirm whether the observed fat mass
increase in susceptible men is driven by abdominal fat expansion.

There are also strengths to our study. Key among them is its randomized controlled
design, long duration, and excellent retention rate. An additional strength is the objective
measurement of body composition by DXA, which provides high-quality, quantitative data
on fat mass and lean mass changes, reinforcing the precision of the findings. Our analysis
also advances the science of nutritional genomics, shifting the focus from broad population-
level associations to identifying specific, high-risk subgroups sensitive to otherwise healthy,
whole-food dietary interventions.

5. Conclusions

In this substudy of the WAHA RCT, we found that, compared with a control (usual)
diet, daily supplementation of the habitual diet with walnuts at 15% of energy for 2 years
had no meaningful impact on body composition, as assessed by DXA, or on circulating
adiposity markers. These findings support the safety of walnuts, a high-energy, high-fat
food, suggesting that regular ad libitum consumption may not adversely impact weight
maintenance [53] under the evaluated conditions. This study also provides exploratory
evidence of the involvement of the FTO polymorphism to be replicated in other cohorts in
order to increase the evidence for the development of personalized nutrition recommenda-
tions. Whether genetic variation at the FTO locus modulates individual adiposity responses
to walnut consumption remains a preliminary hypothesis that requires replication in larger
cohorts before any genotype-informed guidance can be considered. This research sug-
gests the necessity of integrating robust metabolic genetics into nuanced, evidence-based
dietary recommendations.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/nu18223779/s1. Supplementary Table S1. Nutrient composition of
walnuts (per 45 g serving). Supplementary Table S2. Definition of DXA body composition variables.
Supplementary Table S3. Energy and nutrient intake at baseline and change after 2 years of interven-
tion by randomization group. Supplementary Table S4. Baseline characteristics of the participants
who completed the study by sex. Supplementary Table S5. Baseline values and changes in leptin and
adiponectin concentrations in completers by sex. Supplementary Table S6. Genotype frequencies
of the SNPs FTO rs1861868, and APOE genotypes in our study population according to sex and
group of intervention. Supplementary Table S7. Baseline body composition, leptin and adiponectin
concentrations in completers according to the FTO rs1861868 single nucleotide polymorphism. Supple-
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