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Abstract: Evidence continues to accrue that aging and its diseases can be delayed by pharmacologic
and dietary strategies that target the underlying hallmarks of the aging process. However, identifying
simple, safe, and effective dietary strategies involving the incorporation of whole foods that may
confer some protection against the aging process is also needed. Recent observational studies have
suggested that nut consumption can reduce mortality risk in humans. Among these, walnuts are
particularly intriguing, given their high content of n-3 fatty acids, fiber, and antioxidant and anti-
inflammatory compounds. To this end, 12-month-old male CB6F1 mice were provided either a
defined control low-fat diet (LFD), a control high-fat diet (HFD), or an isocaloric HFD containing
7.67% walnuts by weight (HFD + W), and measures of healthspan and related biochemical markers
(n = 10–19 per group) as well as survival (n = 20 per group) were monitored. Mice provided
the HFD or HFD + W demonstrated marked weight gain, but walnuts lowered baseline glucose
(p < 0.05) and tended to temper the effects of HFD on liver weight gain (p < 0.05) and insulin tolerance
(p = 0.1). Additional assays suggested a beneficial effect on some indicators of health with walnut
supplementation, including preservation of exercise capacity and improved short-term working
memory, as determined by Y maze (p = 0.02). However, no effect was observed via any diet on
inflammatory markers, antioxidant capacity, or survival (p = 0.2). Ingenuity Pathway Analysis
of the hippocampal transcriptome identified two processes predicted to be affected by walnuts
and potentially linked to cognitive function, including estrogen signaling and lipid metabolism,
with changes in the latter confirmed by lipidomic analysis. In summary, while walnuts did not
significantly improve survival on a HFD, they tended to preserve features of healthspan in the context
of a metabolic stressor with aging.

Keywords: diet; aging; nuts; health

1. Introduction

Aging is characterized by a functional decline in multiple cellular processes and organ
systems, including those relevant to metabolic, cardiovascular, and cognitive health, which
ultimately culminates in chronic disease, frailty, and death [1]. However, several dietary
and pharmacologic interventions have been shown capable of delaying the onset of age-
related diseases, functional decline, and extending lifespan in model organisms by targeting
underlying hallmarks of the aging process [2–4]. Among these, the most well-cited example,
dietary restriction (DR), can profoundly delay disease development and extend lifespan in
diverse species [1]. However, more recent nutritional investigations focusing on factors
beyond a reduction in calories per se, have yielded new insights, by either manipulating
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meal timing via intermittent fasting [5,6], the composition of macronutrients [7,8], or specific
dietary components, such as branched-chain amino acids (BCAA) [9] or methionine [10–12],
thereby revealing marked improvements in health and/or lifespan.

Several studies have also investigated the ability to supplement intake with single
dietary constituents at high doses as a means of conferring metabolic, antioxidant, and/or
anti-inflammatory benefits to improve health and lifespan. Indeed, antioxidant supple-
mentation has long been speculated as a means of conferring such benefits, but human
and animal data have produced largely equivocal and somewhat conflicting results in this
regard [13–16]. However, the seminal observation that resveratrol, a polyphenol found in
grape-seed extracts could improve health and survival in mice on a high-fat diet (HFD) [17]
boosted prospects that such strategies could potentially be harnessed to succeed as inter-
ventions. However, a follow-up study in the NIA-supported Intervention Testing Program
(ITP) did not observe a significant effect of resveratrol on lifespan when provided to mice on
a standard chow diet [18]. Likewise, many other dietary components have failed to confer
improvements in lifespan as supplements on a standard diet, including green tea extract,
curcumin, medium-chain triglyceride oil, and fish oil [18]. However, a limited number of
successes have been reported with single dietary compounds on rodent lifespan, including
high-dose glycine in ITP [19], as well as supplementation with polyamine spermidine [20].

Another approach to leveraging dietary strategies involves the intake of specific whole
foods with the potential to confer benefits against age-related risk factors, disease, and
mortality. To this end, consumption of coffee [21] as well as total nut consumption [22],
have been associated with a reduction in total and cause-specific mortality. Regarding the
link between tree nut consumption and mortality, the potential role of walnuts is specifically
intriguing given their link to reduced risk for developing many diseases of aging, includ-
ing type 2 diabetes [23], cardiovascular disease [24], cognitive decline [25], and certain
cancers [26]. Moreover, a potential advantage of whole walnuts is that they are uniquely
enriched in many bioactive constituents purported to have protective effects, including
polyunsaturated fatty acids (e.g., ALA), γ-tocopherol, phytosterols, several polyphenolic
compounds, and fiber [26–28], of which similar compounds have been previously tested
for aging effects as single agents. However, to what extent walnuts per se, could confer
potential benefits on health span or life span has not yet been tested.

Thus, we aimed to perform a careful evaluation of a walnut-enriched diet on healthy
aging and longevity in male mice at a dose comparable to human trials, which we and
others have shown can confer benefits in rodents [29,30]. Moreover, resveratrol, which is
also a plant-derived polyphenol, improved survival in mice under the stress of a purified
HFD [17], but not in mice when incorporated into standard grain-based chow formula [31],
which are also known to be high in fiber, phytoestrogens and other healthy components.
Likewise, our prior observations with walnuts on intestinal tumor development demon-
strated favorable effects mainly in obese male mice [30]; thus, we evaluated the ability of
walnuts, when introduced in middle age, to delay features of aging and improve survival
in the context of an HFD, in a well-established male hybrid rodent model of aging.

2. Results
2.1. Walnuts Tend to Preserve Insulin Action and Prevent Increased Liver Weight Accrual on
an HFD

At 12 mo of age, mice were assigned to receive either the LFD, HFD, or HFD + W,
and body weight was monitored every 2 weeks throughout the study. Despite the fact
that mice were middle-aged, groups switched to either of the HFD formulas, which were
more energy dense than the LFD (4.6 Kcal/g vs. 3.6 Kcal/g), still demonstrated a marked
and rapid weight gain of >23% over baseline within weeks of introduction (Figure 1A).
Meanwhile, mice switched from regular chow to the LFD formula also demonstrated a
sustained, albeit slower weight gain over this same time period, and remained lighter than
HFD and HFD + W groups (Figure 1A). Interestingly, while HFD increased liver weight
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after ~8 mo on diet, presumably due to fat accrual, this increase was not observed in
HFD + W mice, in spite of similar weight gain in these groups (p < 0.05; Figure 1B).
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Figure 1. Effect of dietary walnuts on body weight and insulin sensitivity in HFD-fed male CB6F1
mice. (A) Male CB6F1 mice demonstrated similar weight gain over 1 year when placed on either the
HFD or HFD supplemented with 7.67% walnuts (HFD + W) at 12 mo of age, which was significantly
heavier than LFD controls (n = 15 per group). (B) Excised liver weights following ~7 mo on diet at
19 mo of age (n = 16–19 per group). (C,D) Insulin tolerance tests were also performed (1 mU/kg) at
~18 mo of age and blood glucose levels were monitored over 60 min after injection (n = 10 per group).
While all groups of aged CB6F1 mice demonstrated marked insulin resistance, as demonstrated by a
failure of insulin to suppress glucose levels, levels remained most elevated in HFD-fed mice, which is
reflected in a significantly higher glucose area under the curve (AUC). Line and bar graphs represent
mean ± SE. * Significantly different from LFD and HFD + W, p ≤ 0.05. Dot plots overlaid on bar
graphs represent individual data points. Different letters denote a significant difference between
groups by Tukey HSD, p ≤ 0.05.

To characterize the effects on insulin sensitivity, we performed an ITT in random-fed
mice by injecting insulin at 1 mU/kg and monitoring glucose levels over 1 h (Figure 1B,C).



Int. J. Mol. Sci. 2023, 24, 2314 4 of 19

At baseline, glucose levels were lower in LFD and HFD + W-fed groups, as compared to
HFD (p < 0.05; Figure 1C). However, despite injecting a high dose of insulin, a relative
inability to acutely suppress glucose was observed in all groups of aged animals, though
levels were persistently highest in HFD mice, which was lowest in the LFD group (p = 0.008;
Figure 1D) and tended to be lower in HFD + W mice (p = 0.10; Figure 1D). Meanwhile,
when assessing metabolic signaling in the liver under basal, unstimulated conditions,
we observed a slight, but non-significant increase in pAkt in high-fat fed groups, but
phosphorylated and total levels of Akt, S6, Erk and AMPK were otherwise unaffected by
diet under these conditions (Figure S1A,B).

2.2. Walnuts Preserve Working Memory with Aging, but No Significant Effect on Frailty
or Survival

We next evaluated the effect of our dietary interventions on other aspects of healthspan.
We have previously demonstrated that gross motor coordination by balance beam perfor-
mance and endurance exercise capacity by forced treadmill running decline with aging, but
can be mitigated via specific treatments [32,33]. To determine if walnut supplementation
might preserve coordination with age, we evaluated the number of slips encountered
by animals when challenged to cross round beams of increasing difficulty. LFD animals
demonstrated the fewest number of slips, and hence best motor coordination across the
easy, medium, and hard beam, while the number of slips was similarly and significantly
increased in both cohorts of HFD-fed animals (p < 0.05; Figure 2A). Using a modified
motorized treadmill fatigue protocol that we have previously developed and utilized, time
to voluntary exhaustion was significantly worsened in HFD mice, as compared to LFD
(p = 0.04; Figure 2B). Meanwhile, we observed a numerical increase in exercise capacity
fatigue time in HFD + W versus HFD, that while not significant after Tukey adjustment
(p = 0.23; Figure 2C), was comparable to LFD performance (p = 0.73; Figure 2B).

Strikingly, when short-term working memory was assessed by Y maze, while percent
alternations tended to decline in HFD versus LFD mice, HFD + W animals demonstrated a
marked and significant improvement in working memory versus HFD controls (p = 0.02;
Figure 2C). When surveying hippocampal signaling, while a numerical decrease in pErk
was observed in the hippocampus of HFD animals, phosphorylated and total levels of
Akt, S6, Erk, and AMPK were similarly unaltered among groups (Figure S1C,D). Likewise,
markers of AMPA receptors in the hippocampus did not reveal any significant effect
on levels of subunits GluA1 or GluA2 (Figure S2A–C) or levels of phosphorylated Tau
(Figure S2D).

We further assessed health status via a 31-point preclinical frailty index, which has
been shown to be sensitive to changes in overall health status with aging, but we did not
detect any significant differences in this index among groups (Figure 2D). Meanwhile, in
contrast to previous studies which have demonstrated that walnuts can boost antioxidant
capacity and reduce circulating MDA levels, we did not observe any significant differences
in these plasma markers among groups (Figure 2E,F). Likewise, no effect of diet was
observed on NF-κB signaling pathway and stress-activated protein kinase, JNK, in the liver
and hippocampal tissue by Western blotting (Figure S3A,B), while no signal was detected
for activated NF-κB in the hippocampus. Likewise, we did not observe any differences
in the expression of inflammatory markers, including IL-1β, TNF-α, or IL-6, in the liver,
kidney, or cerebral cortex (Figure S3C). However, the ratio of CD4+/CD8+ T cells isolated
from the spleen tended to be lower in HFD animals but preserved in HFD + W mice
(p = 0.08; Figure S4). Moreover, when assessing effects on survival in mice fed one of the
three experimental diets beginning at 12 mo of age, despite a modest reduction of ~6 mo
in the maximum lifespan of HFD animals versus other groups, there was no significant
impact on overall survival, as determined by log ranked test (p = 0.20; Figure 2G) or Taron
and Ware Test (p = 0.40).
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Figure 2. Effect of dietary walnuts on healthspan and lifespan in HFD-fed male CB6F1 mice. (A) When
subjected to balance beam, LFD animals demonstrated the fewest number of slips on all three beams of
varying difficulty, while the number of slips was similarly and significantly increased in both cohorts
of HFD-fed animals (n = 10 per group for all tests) (B) Exercise capacity was also evaluated using a
modified motorized treadmill, and revealed that voluntary exhaustion was significantly worsened in
HFD mice, as compared to LFD (p = 0.04), though exercise capacity tended to be greater in HFD + W
versus HFD (p = 0.23 after Tukey adjustment), and was comparable to LFD performance (p = 0.73).
(C) Y maze was further used to assess short-term working memory, and while percent alternations
tended to decline in HFD versus LFD mice, HFD + W animals demonstrated a marked and significant
improvement in working memory versus HFD controls (p = 0.02). (D) Frailty scores, as determined
by a 31-point preclinical frailty index, did not detect any significant differences among groups. In
plasma, we further assessed antioxidant capacity and the lipid peroxidation marker, (E,F) MDA,
but did not observe any significant differences in these measures among groups. (G) Furthermore,
no significant overall effect was observed on survival from 12 mo of age (p = 0.2) among groups
(n = 20 per group). Bar graphs represent mean ± SE. Dot plots overlaid on bar graphs represent
individual data points. Different letters denote a significant difference between groups after Tukey
HSD adjustment. Exact p-values for treadmill and Y-maze indicate significant levels between groups
with Tukey HSD adjustment, the ANOVA test for MDA, and log-rank test, respectively.

2.3. IPA Identifies Estrogen Receptor β and Lipid Metabolism as Potential Targets of Walnuts
in Hippocampus

Given our observation that walnut intake preserved working memory in HFD-fed
mice, we further interrogated hippocampal tissue for potential clues regarding possible
contributors to this effect. To this end, we performed an unbiased assessment for any
dietary effects in the hippocampus by RNAseq analysis. Disparate effects on the hip-
pocampal transcriptome were observed among diets, as can be visualized by the heatmap
(Figure 3A). Next, using Wilcoxin/Kruskal-Wallis Tests (Rank Sum) and setting the crite-
rion to a minimum of 5 reads, we analyzed 22,310 genes. All pairs were then compared
with 1085 genes reaching significance after Tukey HSD (p < 0.05), though none reached
the genomic threshold of significance after multiple comparison corrections (Table S1).
When comparing HFD + W to LFD, the closest genes were ENSMUSG00000097974
(GM10605), ENSMUSG00000026173 (PLCD4), and ENSMUSG00000097649 (GM10561).
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When comparing HFD to HFD + W, the closest were ENSMUSG00000106176 (GM43730),
ENSMUSG00000096257 (CCER2) and ENSMUSG00000021553 (SLC28A3). Finally, when
comparing HFD to LFD, ENSMUSG00000019710 (MRPl24) and ENSMUSG00000019987
(ARG1) were most closely approaching significance. Meanwhile, ENSMUSG00000106176
(GM43730) approached the genomic threshold for significance in HFD + W vs. LFD and
HFD vs. HFD + W comparisons.

Int. J. Mol. Sci. 2023, 24, 2314 6 of 19 
 

 

comparing HFD + W to LFD, the closest genes were ENSMUSG00000097974 (GM10605), 
ENSMUSG00000026173 (PLCD4), and ENSMUSG00000097649 (GM10561). When compar-
ing HFD to HFD + W, the closest were ENSMUSG00000106176 (GM43730), 
ENSMUSG00000096257 (CCER2) and ENSMUSG00000021553 (SLC28A3). Finally, when 
comparing HFD to LFD, ENSMUSG00000019710 (MRPl24) and ENSMUSG00000019987 
(ARG1) were most closely approaching significance. Meanwhile, ENSMUSG00000106176 
(GM43730) approached the genomic threshold for significance in HFD + W vs. LFD and 
HFD vs. HFD + W comparisons. 

 
Figure 3. Effect of HFD and dietary walnuts on the hippocampal transcriptome in aged male mice. 
(A) Disparate effects on the hippocampal transcriptome were observed among diets, as can be vis-
ualized by the heatmap. A total of 1085 genes reached significance after Tukey HSD, though none 
reached the genomic threshold of significance after multiple comparison corrections (Table S1). 
(B,C) IPA was performed between HFD and HFD + W for each group comparison and intriguingly, 
two networks of interest emerged, including estrogen signaling, whereby estrogen receptor and ESR2, 
were observed to be increased in HFD + W mice, as compared to HFD (p = 0.002), and walnuts are 
highly enriched in phytoestrogens, which have been linked to improved cognitive outcomes. (C) 
Likewise, genes involved in cholesterol metabolism, including ApoC3 and PCSK9, were increased 
in HFD + W, which were predicted to alter hippocampal HDL, LDL, and VLDL cholesterol handling. 

Next, we performed IPA focusing on possible differences between HFD vs. HFD + W 
treatments, and intriguingly, two networks of interest emerged. The first involves estro-
gen, where estrogen receptor, as well as ESR2, which was increased in HFD + W mice, as 
compared to HFD (p = 0.002), were predicted as potentially important nodes of activation 
by walnuts (Figure 3B). This is particularly intriguing given that walnuts are highly en-
riched in phytoestrogens, which have been linked to improved cognitive outcomes. Like-
wise, ApoC3 and PCSK9 among others were increased in HFD + W, which were predicted 
to alter key aspects of hippocampal lipid and specifically cholesterol metabolism. 

2.4. Walnut Supplementation Alters the Hippocampal Lipidome 
Given the suggested connection between walnuts and brain lipid metabolism via 

IPA, including their known enrichment of polyunsaturated fatty acids (PUFAs), we de-
cided to perform targeted lipidomics in hippocampal tissue in 20 mo old mice following 

Figure 3. Effect of HFD and dietary walnuts on the hippocampal transcriptome in aged male mice.
(A) Disparate effects on the hippocampal transcriptome were observed among diets, as can be
visualized by the heatmap. A total of 1085 genes reached significance after Tukey HSD, though
none reached the genomic threshold of significance after multiple comparison corrections (Table S1).
(B,C) IPA was performed between HFD and HFD + W for each group comparison and intriguingly,
two networks of interest emerged, including estrogen signaling, whereby estrogen receptor and ESR2,
were observed to be increased in HFD + W mice, as compared to HFD (p = 0.002), and walnuts
are highly enriched in phytoestrogens, which have been linked to improved cognitive outcomes.
(C) Likewise, genes involved in cholesterol metabolism, including ApoC3 and PCSK9, were increased
in HFD + W, which were predicted to alter hippocampal HDL, LDL, and VLDL cholesterol handling.

Next, we performed IPA focusing on possible differences between HFD vs. HFD + W
treatments, and intriguingly, two networks of interest emerged. The first involves estrogen,
where estrogen receptor, as well as ESR2, which was increased in HFD + W mice, as compared
to HFD (p = 0.002), were predicted as potentially important nodes of activation by walnuts
(Figure 3B). This is particularly intriguing given that walnuts are highly enriched in phytoe-
strogens, which have been linked to improved cognitive outcomes. Likewise, ApoC3 and
PCSK9 among others were increased in HFD + W, which were predicted to alter key aspects
of hippocampal lipid and specifically cholesterol metabolism.

2.4. Walnut Supplementation Alters the Hippocampal Lipidome

Given the suggested connection between walnuts and brain lipid metabolism via IPA,
including their known enrichment of polyunsaturated fatty acids (PUFAs), we decided to
perform targeted lipidomics in hippocampal tissue in 20 mo old mice following 8 mo on diet.
After excluding samples with >20% missing data, 252 lipid species were included in the
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analysis, among which only 16 reached the threshold for significance after FDR correction
(Table 1). Interestingly, very few differences were observed between LFD and HFD-fed
mice. However, compared to both control groups, HFD supplemented with walnuts
(HFD + W) led to a significant reduction in PC(14:0/18:1), PC(16:0/18:0), PC(18:1/16:1),
PC(16:0/18:1), PC(FA20:1), PC(FA14:0), PC(FA18:1), LPE (22:5) and FFA(22:5) content,
while FFA(18:2), FFA(18:3), SM(20:0), PC(18:0/18:2) were increased. Aligned with this
observation, unsupervised principal component analysis (PCA) revealed a high degree
of overlap among groups when accounting for all detected lipids (Figure 4A). However,
supervised Partial Least Squares Discriminant Analysis (PLS-DA) found that HFD + W
mice could be largely distinguished from other experimental groups (Figure 4B), which
was mainly attributed to species listed in Component 1, and to a lesser extent, species in
Component 2 (Figure 4C,D). This can be further visualized by a heatmap containing 50 top
lipid species, which detects a high degree of clustering among HFD + W samples separate
from other groups (Figure 4E). Further, when assessing the effects of diet on lipid classes in
the hippocampus, HFD + W tended to numerically reduce levels of CER (p = 0.07), LPC
(p = 0.18), and LPE (p = 0.11) and CE (p = 0.28), while the reduction in PC concentrations
was significantly reduced (p = 0.02; Table 2).
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Figure 4. Effect of HFD and dietary walnuts on the hippocampal lipidome in aged male mice.
(A) When comparing the lipidome among groups by unsupervised principal component analysis
(PCA), a high degree of overlap among groups when accounting for all detected lipids was observed.
(B–D) Partial Least Squares Discriminant Analysis (PLS-DA) found that HFD + W mice could be
largely distinguished from other experimental groups, driven by species listed in Component 1,
particularly PE(FA18:2) and to a lesser extent, species in Component 2, including FFA(18:2), FFA(20:5),
PC(18:0/18:2). (E) This can be further visualized by a heatmap constrained to 50 lipid species, which
detects a high degree of clustering among HFD + W samples.



Int. J. Mol. Sci. 2023, 24, 2314 8 of 19

Table 1. Concentration of lipid species in hippocampus.

Species
[nmol/g] LFD HFD HFD+Walnut FDR-Corrected

p Value

PE(P-18:2/20:4) 3.84 ± 0.20 a 5.38 ± 0.56 b 6.58 ± 0.26 b <0.001
LPE(22:5) 2.22 ± 0.18 a 2.12 ± 0.16 a 1.29 ± 0.13 b 0.007

PC(18:1/16:1) 169.1 ± 9.9 a 154.6 ± 4.8 a 119.6 ± 7.8 b 0.007
PE(18:2/20:4) 4.06 ± 0.24 a 5.18 ± 0.48 b 5.77 ± 0.18 b 0.007

FFA(18:2) 50.8 ± 4.2 a 52.8 ± 2.7 a 69.4 ± 3.6 b 0.007
PC(14:0/18:1) 163.1 ± 12.4 a 160.2 ± 11.8 a 107.9 ± 9.0 b 0.007

SM(20:0) 184.6 ± 13.1 ab 171.5 ± 4.0 a 204.0 ± 8.2 b 0.008
FFA(18:3) 3.30 ± 0.20 ab 3.18 ± 0.12 a 3.82 ± 0.16 b 0.008

PC(18:0/18:2) 101.9 ± 13.1 a 106.3 ± 8.1 a 141.2 ± 12.9 b 0.022
PC(18:1/18:1) 795.7 ± 46.5 a 769.1 ± 24.9 a 603.9 ± 40.2 b 0.025

FFA(22:5) 38.6 ± 2.0 a 35.5 ± 1.63 a 26.6 ± 1.9 b 0.025
PC(16:0/18:1) 13,783 ± 733 a 13,300 ± 402 a 10,736 ± 623 b 0.031

PC(FA18:1) 20,362 ± 1056 a 19,891 ± 602 a 16,098 ± 924 b 0.041
PC(FA14:0) 266.9 ± 19.9 a 272.2 ± 14.8 a 204.0 ± 8.2 b 0.041
PC(FA20:1) 331.0 ± 18.6 a 322.4 ± 13.9 a 253.2 ± 17.3 b 0.041

PC(16:0/18:0) 771.7 ± 42.8 a 734.7 ± 25.1 a 594.0 ± 30.0 b 0.041
Among 252 detected lipid species in hippocampus, a total of 16 were significantly altered by one or more
experimental diets after FDR correction. Different letters denote a significant difference between groups, p < 0.05.

Table 2. Concentration of lipid classes in hippocampus.

Lipid Class [nmol/g] LFD HFD HFD+Walnut ANOVA
p Value

Cholesterol ester (CE) 104.5 ± 7.1 108.1 ± 5.8 93.3 ± 7.1 0.28
Ceramide (CER) 2386 ± 129 2750 ± 219 2124 ± 593 0.07

Free Fatty Acid (FFA) 8751 ± 388 8662 ± 468 9074 ± 371 0.76
Lysophosphatidylcholine (LPC) 840.1 ± 57.5 802.0 ± 27.0 703.2 ± 64.7 0.18

Lysophosphatidylethanolamine (LPE) 308.2 ± 21.4 295.7 ± 17.0 247.2 ± 24.1 0.11
Phosphatidylcholine (PC) 29,982 ± 1227 a 30,171 ± 778 a 26,105 ± 1421 b 0.02

Phosphatidylethanolamine (PE) 11,304 ± 1916 10,138 ± 1943 13,086 ± 1837 0.55
Sphingomyelin (SM) 3824 ± 213 3722 ± 151 3438 ± 170 0.31
Triacylglycerol (TAG) 177.3 ± 14.3 208.2 ± 18.4 176.5 ± 12.6 0.27

Phosphatidylcholine (PC) levels were significantly reduced in HFD+W mice, while levels of cholesterol ester (CE),
ceramide (CER), lysophosphatidylcholine (LPC) and lysophosphatidylethanolamine (LPE) tended to be lower in
HFD+W. Different letters denote a significant difference between groups, p < 0.05.

3. Discussion

Accumulating evidence in observational studies suggests that nut consumption,
including walnuts, can confer health benefits and reduce mortality risk, though a direct
effect on survival has yet to be demonstrated. The initial observations linking walnut
intake to health first emerged from observational and clinical trials reporting beneficial
effects of moderate walnut consumption on predictors of cardiovascular risk, including
favorable effects on cholesterol levels, the lipoprotein profile [34,35], and endothelial
function [36]. Further efforts began to uncover a unique and enriched repertoire of bioac-
tive components in walnuts, including ALA, as well as phytochemicals and polyphenolic
compounds, conferring a high antioxidant capacity, relative to other foods, with the
potential to interfere with tumorigenesis, oxidative stress, and inflammation [37]. Indeed,
several studies have now demonstrated that walnut intake can mitigate tumor develop-
ment in mouse models of breast cancer and intestinal cancer [30,38–40]. Effects on the
gut are particularly striking, whereby the ability of walnut consumption to potently alter
the microbiome may in part confer protection not only from tumorigenesis [38] but also
in a dextran sodium sulfate model of inflammatory bowel disease [41]. More recently,
walnut consumption has been linked to cognitive benefits to varying degrees in some
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human observation studies and shown to slow cognitive and behavioral decline in a
mouse model of cerebral amyloidosis [42–46].

Given the premise that walnuts contain a plethora of bioactive compounds with
potential health benefits, our initial hypothesis was that the favorable effects of walnuts
on survival, if present, may be most apparent under conditions of metabolic stress,
such as that imposed by an HFD, and as was previously observed with resveratrol, a
polyphenolic compound with properties similar to those found in walnuts [17]. Indeed,
some prior studies have suggested walnut effects tended to be more pronounced in
subgroups at higher risk [44], which is important from a public health perspective, given
that a majority of adults in developed countries are now considered overweight or obese.
Moreover, as we had previously observed that walnuts were specifically protective from
intestinal tumor development in male mice only [30], we reasoned that such protection,
if any, would be most likely to occur in males, rather than females. In spite of some
favorable signals related to metabolic health, including a reduction in presumed hepatic
fat accumulation, as has been observed [47], as well as improved cognition with walnut
intake in this study, the effect on overall survival with walnuts, though suggestive, failed
to reach significance.

While it is possible that the detrimental effects of the HFD may have overwhelmed
some of the potential benefits of walnut incorporation, the expectation that HFD-fed animals
would demonstrate markers of greater inflammation, oxidative stress, and a reduction in
lifespan, as compared to LFD mice, also failed to materialize and reach significance. Such
an observation appears to be somewhat at odds with prior evidence in high-fat, high-calorie
diet-fed mice [17,48]. However, it should be noted that some fundamental differences in
our experimental design versus some prior reports could in part explain these differences.
First, our HFD-fed animals were compared to mice fed a carefully-matched, purified LFD
formula, rather than a poorly-defined chow-based diet. As we and others have highlighted,
chow-based formulations contain multiple individual components at levels not seen in
defined diets which might be expected to play a role in promoting health and survival
independent of their lower digestible energy, including high levels of phytoestrogens, fiber,
and Vitamin D [49]. Moreover, while others have demonstrated marked differences in
body weight between chow and HFD-fed mice [50], animals provided the LFD at middle
age also gained weight, albeit at a slower rate, such that only a peak difference of 10–15%
in body mass was achieved between LFD and HFD groups, which narrowed over time.
Indeed, ketogenic diets, which are also high in fat, can extend health and life span when
caloric intake is restrained and weight gain mitigated, suggesting that a major detriment
of these diets is inherent to the relative weight gain and obesity they produce, rather than
the high-fat content per se [8]. Furthermore, since our intervention was not initiated until
middle age (12 mo of age), which we reasoned was most translatable, we cannot rule out
that more notable differences may have emerged if the dietary regimens were to be initiated
earlier in the lifespan.

A major consideration in interpreting the survival outcome of this study also lies in
the major causes of death that occur between humans and rodents. While the strongest
evidence linking walnuts to reduced mortality risk in humans includes its favorable effects
on cardiovascular risk factors and some aspects of metabolic health [34], normal mice
do not develop cardiovascular disease or type 2 diabetes. In contrast, while walnuts
have demonstrated the ability to potently mitigate site-specific cancers in genetic mouse
models [30,38–40], normal-aged mice do not typically develop spontaneous tumors in the
breast or gastrointestinal tract or other sites common to humans. Instead, lymphoma is often
the most frequently reported malignancy and attributable cause of death in aged mice, and
there is no evidence to date to support that walnuts or their constituents can protect against
spontaneous lymphoma development and spread in rodents. Thus, these data do not rule
out its potential to protect against some leading causes of death in humans, as has been
suggested by human observation studies. Such studies addressing this possibility utilizing
specific mouse models, such as ApoE or ldlr mutant mice, which predispose animals to
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these diseases, with the former being supported by a prior mixed nut intervention [51],
warrant further investigation.

Although we failed to observe a significant impact on survival, health span assays
suggested a beneficial effect on some indicators of health with walnut supplementation,
including improved short-term working memory, as determined by Y maze, and a tendency
toward better-preserved glucose homeostasis on an HFD, as determined by a slightly lower
baseline glucose and glucose area under the curve during an ITT, as compared to HFD
controls. Moreover, exercise capacity tended to be slightly greater in HFD + W versus HFD
mice, and was comparable to LFD-fed animals. However, LFD mice demonstrated better
gross motor coordination than both high-fat fed groups on the balance beam, which is
may be attributed to their slightly smaller body size, while no difference was observed
in the frailty index among groups. The observed improvement in working memory was
particularly intriguing given the emerging links between walnuts, walnut components, and
the central nervous system (CNS), including protection from toxin-induced neuroinflam-
mation [52] and amyloidosis [43], and purported improvements in autophagic function
in the hippocampus from aged rats [53]. Intriguingly, IPA identified estrogen signaling
as a potentially important node of activation by walnuts in the hippocampus. Indeed,
estrogen receptor β signaling via estradiol and phytoestrogen intake has been shown to
play an important role in cognition, including executive function [54,55]. This is particularly
intriguing given that walnuts, which are highly enriched in phytoestrogens, have also been
linked in other reports to improved cognitive outcomes [56,57], though a definitive role
of estrogen receptors in this regard would need to be formally tested using more incisive
models to confirm.

A second intriguing pathway that emerged from IPA involved a predicted effect
of walnut intake on brain lipid metabolism. Given the known enrichment of polyun-
saturated essential fatty acids (PUFAs) in walnuts, we were prompted to examine the
lipidome more carefully in the hippocampus. While very few differences were observed
between LFD and HFD-fed mice, walnut consumption for ~8 mo most strongly altered
aspects of the hippocampal lipidome, including 14 individual lipid species. However,
these effects appear to be somewhat complex and were largely driven by reductions in
several saturated or monounsaturated containing PC species, as well as LPE (22:5) and
FFA (22:5), and overall PC content, with a notable trend in reduced CER levels. Mean-
while FFA(18:2), FFA(18:3), SM(20:0), PC(18:0/18:2) were increased with walnuts. Along
these lines, lard and soybean oil were the exclusive lipid sources in the controlled LFD
and HFD used in this study, while lard was substituted for an isocaloric percentage of
walnuts in HFD + W, with soybean oil concentration held constant [30]. Lard comprises
roughly 40% saturated and 60% unsaturated fatty acids, with 11% of total FA deriving
from linoleic acid (LA, 18:2n-6) and negligible amounts of alpha-linolenic acid (ALA,
18:3n-3). In contrast, walnuts are a rich source of polyunsaturated fatty acids, with 63%
of total FA comprising LA and 13% ALA [58]. The observed increases in FFA 18:2, FFA
18:3, and PC 18:0/18:2 are consistent with hippocampal enrichment with LA and ALA
with the addition of dietary walnuts.

Meanwhile, key long-chain polyunsaturated essential fatty acids (LC-PUFAs), includ-
ing LPE 22:5 and FFA 22:5 species were suppressed in the hippocampus by walnut intake.
Functionally, LC-PUFAs, which include arachidonic acid (AA, 20:4n-6), eicosapentaenoic
acid (EPA, 20:5n-3), and docosahexaenoic acid (DHA, 22:6n-3), play vital roles in phospho-
lipid membrane integrity and eicosanoid signaling pathways, and are highly enriched in
the CNS [59]. These LC-PUFAs can be synthesized in mammals from the plant-derived
18-carbon precursors LA and ALA, but this process is highly inefficient and subject to
feedback regulation and synthetic competition between n-3 and n-6 species [60]. Indeed,
the suppression of LPE 22:5 and FFA 22:5 species in HFD + W-fed mice may indicate
blockade in an elongation or desaturation step downstream of LA and ALA as a result of
increased concentration of these species from the walnut diet. Rodents fed high levels of
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ALA have been shown cause negligible changes in tissue DHA content [61], consistent with
our observations here.

Walnuts also led to a global reduction in hippocampal PC content, though the physi-
ological implication of this seems somewhat complex and difficult to reconcile with the
general assertion that PCs benefit the brain and tend to be reduced in models of stress
and AD [62,63]. On the other hand, the trend toward reduced ceramide content (p = 0.07),
whose levels can otherwise increase as a result of sphingomyelin hydrolysis and, can be
elevated via adverse stress [63] is suggestive (but not decisively so) of a beneficial impact
of dietary walnuts on neuronal health in the hippocampus. Overall, IPA and lipidomic
analysis clearly demonstrate that the fatty acids and other bioactives contained in walnuts,
can alter brain lipid composition, and unraveling the implications of these changes may be
an interesting area for future investigation.

In summary, consistent with some of the reported health benefits previously attributed
to walnuts in preclinical models and humans, we were able to detect the benefits of walnuts
to elements of healthspan in aged male mice, though no significant impact on survival
was observed in this study. Specifically, health span assays suggested some benefits
were conferred with walnut intake on improved fasting glucose, short-term working
memory, mitigation of liver weight gain and exercise intolerance on HFD. Follow-up-omic
analyses further support that walnuts directly modulate features of hippocampal biology,
including estrogen signaling and lipid metabolism and tend to lower CER levels. While
the focus of this study was on male mice, due to their reportedly unique susceptibility
to metabolic duress in the aging process, and typically greater response to interventions
that counter such manifestations, such as insulin resistance and inflammation, an inherent
limitation of this study is its inability to address the effects of walnuts on female healthspan,
which warrants investigation. Furthermore, given the established evidence linking walnut
intake to cardiovascular, metabolic, and cognitive health, their utility as an adjuvant
dietary strategy for older humans, particularly in subgroups of higher risk, is an intriguing
possibility that should also be pursued.

4. Materials and Methods
4.1. Generation of Walnut Diets

The diets used for this study were produced by Envigo (Madison, WI, USA) as
described previously [30]. Details regarding the diet formulations are shown in Table 3.
In brief, freshly shelled walnuts supplied by the California Walnut Commission were
provided to Envigo, ground on-site, mixed into the matched formula, vacuum packaged
into 1 kg bags, stored at 4 ◦C, and used within 2–3 wks of opening to maximize freshness.
The diets produced were a defined control low-fat diet (LFD) at 3.6 Kcal/g, 69.1% Kcal
from (carbohydrate) CHO, 20% Kcal from (protein) PRO, and 10.4% Kcal from Fat, a
control high-fat diet (HFD) at 4.6 Kcal/g, 36% Kcal from CHO, 19% Kcal from PRO and
45% Kcal from Fat, and an isocaloric and macronutrient-matched HFD containing 7.67%
walnuts by weight (HFD + W). Furthermore, adjustments in micronutrient concentra-
tions were made to the HFD formulas to account for their increased caloric density and
expected reduction in food intake by mass, as we have shown previously [30]. More-
over, pellets were routinely replaced with fresh diet in the hopper twice per week. All
experimental methods were approved by the IACUC at the Albert Einstein College of
Medicine under protocols 20150103 (26 January 2015), 20170814 (17 November 2017),
and 00001273 (17 September 2020).
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Table 3. Composition of the purified diet formulations.

Component (g/kg) LFD HFD HFD+Walnut

Casein 210.0 245.0 231.8
L-Cystine 3.0 3.5 3.5

Corn Starch 465 85 85
Maltodextrin 100 115 102

Sucrose 90 200 200
Lard 20.0 195.0 145.6

Soybean Oil 20 30 30
Cellulose 37.2 58.0 58.0

Mineral Mix, AIN-93G-MX (94046) 35 43 43
Calcium Phosphate, dibasic 2.0 3.4 3.4

Vitamin Mix, AIN-93-VX (94047) 15 19 19
Choline Bitartrate 2.75 3.00 3.00
Kcal from CHO, % 69.1 36.2 36.1
Kcal from PRO, % 20.5 19.0 19.0
Kcal from Fat, % 10.4 44.8 44.9
Walnuts, ground 0.0 0.0 75.7

Kcal/g 3.6 4.6 4.6
Catalog number TD.08806 TD.06415 TD.140817

All purified formulas were produced onsite at Envigo, Inc., Madison, WI, USA.

4.2. Animals and Design

CB6F1 male mice were obtained from the NIA and assigned to one of three dietary
groups for life span studies (n = 20 per group) or health span and other interim analyses
at 19–20 mo of age (n = 18–19 per group). We elected to only focus on male mice here,
due to their reportedly unique susceptibility to metabolic duress in the aging process, and
greater response to interventions that counter manifestations of metabolic duress, such
as insulin resistance and inflammation, such as 17α-estradiol, as well as anti-diabetic and
anti-inflammatory agents [2,64–67]. Animals deemed severely moribund and anticipated to
not survive another 48 hrs were immediately euthanized and this was considered the time
of death. Animals were group housed 4 per cage under a standard light/dark photoperiod
14L:10D at 22 ◦C and provided food and water ad libitum.

4.3. Basic Physiology Characteristics

To evaluate phenotypic changes, we longitudinally monitored body weight in all
cohorts. Insulin sensitivity was assessed by insulin tolerance tests (ITTs) at approximately
19 mo of age. In brief, mice fasted early in the morning for approximately 1 hr, and a
baseline blood glucose measurement was made. Animals were then injected IP with insulin
(1 mU/kg) and blood glucose levels were checked at 15, 30, 45, and 60 min after injection,
as described [68]. At sacrifice, whole livers were collected and weighed.

4.4. Physical Performance

Beginning at 18–19 mo of age, assays for physical and cognitive performance were
carried out in mice as described in a blinded fashion [32,69]. For gross motor coordination,
we employed the balance beam test. In brief, animals were first familiarized with the testing
setup by walking twice across a 4ft plank. Animals were then challenged to traverse a 48”
long round beam of decreasing difficulty (0.5” difficult, 0.75” medium, 1” easy), with light
and food cues as motivation to cross, and the number of slips was counted while crossing
the beam. Endurance was determined by a single test on a treadmill (Exer 3/6, Columbus
Instruments). In brief, mice were first familiarized with the treadmill for 3 non-consecutive
days for 5 min at a walking speed (8 m/min). Animals were then challenged with a
graduated fatigue test, beginning at a 4% incline and 8 m/min for 3 min. The protocol used
increased speed to 10 m/min at 3 min, 12 m/min at 4 min, and 15 m/min at 5 min and
maintained this speed until voluntary fatigue (all mice fatigued prior to 30 min). The frailty
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of mice at 19 mo of age was determined using a 31-point index previously described using
a mouse clinical frailty index as previously described [70].

4.5. Memory Assessment via Y Maze

Y Maze Spontaneous Alternation is a behavioral test for measuring the willingness of
rodents to explore new environments, which can detect deficits in spatial working memory
in aged animals [70]. Rodents typically prefer to investigate a new arm of the maze rather
than return to one that was previously visited. Testing occurs in a Y-shaped maze. In brief,
18–19 mo old animals were placed in one of the arms, and their spontaneous entries into
different arms were counted for 5 min. The percent alternation was calculated as: [number
of alternations/(total number of entries−2)] × 100. Over the course of multiple arm entries,
the subject should show a tendency to enter a less recently visited arm.

4.6. Protein Isolation and Western Blotting

Western blotting was performed similarly as described [70]. In brief, tissues were
homogenized in RIPA buffer and extracted protein concentration was determined using
the BCA protein assay (Sigma, St. Louis, MO, USA). For electrophoresis, 20 µg of total
protein was separated on Criterion TGX Stain-Free gels (4–20%, Bio-Rad, Hercules, CA,
USA) at 120 V constant for 90 min. Stain-free gels were then imaged prior to transfer on a
Bio-Rad Chemidoc MP Imaging System (Bio-Rad, Hercules, CA, USA) to confirm equal
protein loading. Gels were then wet transferred onto PVDF membranes at 100 V constant
for 1 h, and the equal transfer was confirmed by Ponceau S stain as described. Membranes
were then blocked in 5% milk in TBST for 1 h at room temperature and then incubated
overnight at 4 ◦C with primary antibodies from Cell Signaling against p-AktThr308 (1:1000;
no. 13038), total Akt (1:1000; no. 4691), p-p44/42MAPKThr202/Tyr204 (1:1000; no. 9101),
total p44/42 MAPK (1:1000; no. 4695), p-S6 (1:1000; no. 5364), total S6 (1:1000; no. 2217),
total GluA1 (1:1000; #13185), and total GluA2 (1:1000; #5306), pTau (1:1000), p-p65 (Ser536;
1:1000, #3033), total p65 (1:1000; #8242), pIK, K, α/β (1:1000; #2697), IK, K, α (1:1000; #11390),
pJNK (1:1000; #9255) and total JNK (1:1000; #9252). Following a 1-h incubation with the
appropriate secondary antibody, Clarity Western ECL Substrate (Bio-Rad, Hercules, CA,
USA) was applied to the membrane, and bands were visualized using a Bio-Rad Chemidoc
MP bioimager to first-pixel saturation. Densitometry was then performed using Image Lab
software v5.0 (Bio-Rad, Hercules, CA, USA).

4.7. RNA Isolation and RT-qPCR

Total RNA from frozen tissues (liver, cortex, kidney) was isolated using TRIzol®

Reagent per the manufacturer’s instructions (Thermo Fisher; Waltham, MA) and quanti-
fied via Qubit assay as we have described previously [30,33,71–73]. First-strand com-
plementary DNA (cDNA) was synthesized with random primers using Bio-Rad iS-
cript cDNA Synthesis Kit. All qPCR reactions were then carried out using Bio-Rad
SsoAdvanced SYBR Green mix on a Bio-Rad CFX384 qRT-PCR Machine. Gene ex-
pression was carried out in the liver, kidney, and cortex for IL6 (For—5′ AGTTGC-
CTTCTTGGGACTGA and Rev—5′ TCCACGATTTCCCAGAGAAC) TNF-α (For—5′ AT-
GAGAAGTTCCCAAATGGC and Rev—CTCCACTTGGTGGTTTGCTA) and IL-1β (For—
5′ GCCCATCCTCTGTGACTCAT and Rev—5′ AGGCCACAGGTATTTTGTCG), and all
data were normalized to Peptidylprolyl isomerase A (PPIA; For- 5′ GCGTCTSCTTC-
GAGCTGTT and Rev—5′ RAAGTCACCACCCTGGCA) using the ∆∆Ct method.

4.8. RNAseq and Analysis

RNA isolated from frozen hippocampal tissue was isolated using the Trizol® proce-
dure, quantified via Qubit assay, and submitted for Bioanalyzer analysis in the Einstein
Genomics Core to confirm quality (RIN score > 9). RNA samples were then submitted to
Novogene for RNA sequencing using standard approaches. In brief, after passing confirma-
tory quality control steps at Novogene, mRNA was then used for library construction and
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subsequently analyzed via Illumina sequencer (Novaseq 6000 platform, PE150 sequencing
strategy; 20 M paired reads). We then used two different strategies for whole genome ex-
pression analysis to explore candidate genes associated with the treatment and for pathway
analysis (IPA software by Qiagen). As a first approach, genome alignment was performed
on clean FASTQ sequence reads received from Novogene after quality control. For genome
alignment, the reads were mapped to the mouse reference genome GRCm38 (mm10) with
the RNA-seq aligner STAR [74]. In order to estimate gene expression levels, the aligned
and annotated reads were then quantified with the featureCounts function of Subread [75].
The quantified reads were normalized into FPKM (Fragments Per Kilobase Million) with
the fpkm function of the R package DESeq2 [76]. As a second approach, transcriptome
alignment was performed on clean FASTQ sequence reads received from Novogene after
quality control. In order to estimate gene expression levels, the reads were mapped to
the mouse reference transcriptome (gencode.vM23) and quantified with Salmon [77], then
reported in TPM (Transcripts Per Million). Differential expression analysis was completed
with DESeq2 [76].

4.9. Ingenuity Pathway Analysis

We assembled 3 lists for each comparison (HFDW vs. HFD, HFDW vs. LFD, and HFD
vs. LFD) of the top 1000 reads (representing 1000 transcriptions of unknown genes and
genes) that were numerically associated (p < 0.05) with the diet. These lists were annotated
by Ingenuity Pathway Analysis (IPA) and SeattleSeqAnnotation and were used in the IPA
analysis v21.0 (www.ingenuity.com) accessed on 20 March 2022. The resulting classification
of networks, pathways, biological processes, and molecular functions are represented in
graphic format.

4.10. Antioxidant Capacity and Oxidative Stress Markers

Total antioxidant capacity in plasma was assayed using the Antioxidant Capacity As-
say (Cayman Chem, Ann Arbor, MI, USA) which relies on the ability of antioxidants in the
sample to inhibit the oxidation of ABTS® (2,2′-azino-di-[3-ethylbenzthiazoline sulphonate])
to ABTS® · + by metmyoglobin [78–81]. The capacity of the antioxidants in the sample
to prevent ABTS oxidation is compared with that of Trolox, a water-soluble tocopherol
analog, and is quantified as molar Trolox equivalents. Oxidative stress was determined by
measuring Thiobarbituric Acid Reactive Substances (TBARS) in plasma via the Cayman’s
TBARS Assay kit to determine lipid peroxidation (Cayman Chem, Ann Arbor, MI, USA).

4.11. Hippocampal Lipidomics

Lipidomics in hippocampal tissue (~15 mg) was performed by the Northwest Metabolomics
Research Center, similar to that which was previously described [32,69,82]. Frozen tissue was
first homogenized in water, and samples were subjected to a dichloromethane extraction.
Isotope-labeled internal standards mixture (Sciex; Framingham, MA, USA) was then added to
each sample before proceeding with additional incubation and centrifugation steps. Extracts
were then concentrated under nitrogen and reconstituted in 250 µL of the running solution
(10 mM ammonium acetate in 50:50 methanol:dichloromethane). Quantitative lipidomics was
then performed with the Sciex Lipidyzer platform consisting of Shimadzu Nexera X2 LC-30AD
pumps, a Shimadzu Nexera X2 SIL-30AC autosampler, and a Sciex QTRAP® 5500 mass spec-
trometer equipped with SelexION® for differential mobility spectrometry (DMS), as described.
Notably, 1-propanol was used as the chemical modifier for the DMS. Samples were introduced to
the mass spectrometer by flow injection analysis at 8 µL/min. The lipid molecular species were
measured using multiple reaction monitoring (MRM) and positive/negative polarity switching.
Positive ion mode detected lipid classes SM/DAG/CE/CER/DCER/HCER/DCER/TAG and
negative ion mode detected lipid classes LPE/LPC/PC/PE/FFA. Data acquisition and pro-
cessing were performed using Analyst 1.6.3 and Lipidomics Workflow Manager 1.0.5.0, and
processing, normalization, and analysis were performed via MetaboAnalyst 4.0.
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4.12. Splenocyte Isolation and Flow Cytometry

Spleens were harvested, homogenized, and passed through a 70 um strainer to collect
splenocytes in a falcon tube containing PBS on ice. Cells were then pelleted and resus-
pended with 1X red blood cell (RBC) lysis buffer and incubated on ice for 5 min. After
washing with PBS, 1 million cells were counted and resuspended in PBS. Live cells were
separated from dead cells and Fc block was performed subsequently using anti-mouse
CD16/32 (Biolegend, San Diego, CA, USA, cat#101301). Cells were then resuspended in
FACS buffer (PBS + 2%FBS + 0.2mMEDTA) incubated with cell surface primary antibodies
against CD45 (Biolegend, cat#109822), CD4 (Biolegend, cat#100421), and CD8 (Biolegend,
cat#100725) on ice protected from light for 30 min. After washing off the antibodies, cells
were fixed with 2% PFA, sorted on an LSRII flow cytometer, Becton Dickinson Inc, and data
were analyzed using FlowJo software 5.4+.

4.13. Statistics

Cross-sectional data were analyzed by ANOVA, while longitudinal measures were
assessed by repeated measures ANOVA, and planned contrasts were performed as appro-
priate. When a significant main effect was detected, planned two-group contrasts with
Tukey Honest Significant Difference [HSD] adjustment were applied. Survival analysis
was performed by the Kaplan Meier and log-rank tests as well as the Taron Ware test. All
data were log-transformed to ensure normality of distribution and analyses using SPSS
(SPSS Inc., Chicago, IL, USA) or statistical software R4.2. All values reported here are
means ± standard error (SE). A p ≤ 0.05 was considered to be statistically significant.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24032314/s1.
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