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Abstract

A long-term vegetarian diet plays a role in the longevity and maintenance of the healthspan, but the under-
lying mechanisms for these observations are largely unknown. Particularly, it is not known whether a long-
term vegetarian dietary pattern may affect the circulating miRNA expression in such a way as to modulate the
healthspan. The Adventist Health Study-2 (AHS-2) cohort includes a large number of older adults who primarily
follow vegetarian dietary patterns and reside in Loma Linda, California, one of five “Blue Zones” in the world in
which a higher proportion of the population enjoys a longer than average lifespan. We performed miRNA-seq in
96 subjects selected from the AHS-2 cohort with different dietary patterns. We identified several differentially
expressed miRNAs between vegetarians and non-vegetarians, which are involved in immune response and
cytokine signaling, cell growth and proliferation as well as age-related diseases such as cardiovascular diseases
and neurodegenerative diseases. Overall, our study showed that a vegetarian diet modulates aging-associated
circulating miRNAs in a sex-dependent manner of differential expression for certain miRNAs, which may be
related in a beneficial manner to the healthspan. Further investigation is needed to validate these miRNAs as
potential biomarkers for diet-modulated longevity in humans.
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Introduction

Aging is a complicated process that may be regulated by
a combination of genetic factors, external environmen-
tal factors, and lifestyle factors such as diet and exercise,
which modify epigenetic patterns including DNA methy-
lation and chromatin remodeling.! With dietary and
caloric restriction shown to be effective interventions to
increase lifespan in animal models and humans, interest
in the relationships between diet and aging has grown.?:3
Although the molecular mechanisms underlying how
diet affects lifespan and healthspan (commonly defined
by the period of life spent in good health, free from
chronic diseases and disabilities associated with aging)
are not thoroughly understood, nutrient-sensing path-
ways are thought to play an important role.*> Nutrient-
sensing pathways are used by organisms to respond to,
and utilize, organic molecules such as glucose, lipids,
and amino acids, in order to generate energy or cellu-
lar components.®” Pathways such as the insulin/insulin-
like growth factor (IGF-1) pathway, the mechanistic tar-
get of the rapamycin (mTOR) pathway, AMP kinase sig-
naling, and sirtuin signaling pathways have been stud-
ied in animals and humans for their links between diet
and aging processes. 12 Through coordination, this net-
work of pathways is able to regulate cell inflammation,
autophagy, senescence, and metabolism in response to
nutrients, which in turn affects aging.**?

With a large Seventh-Day Adventist population, Loma
Linda, California, is one of the five “Blue Zones” in
the world where people experience a longer than aver-
age life expectancy.’* A high proportion of Adventist
Health Study-2 (AHS-2) participants follow vegetarian
dietary patterns, which may provide valuable insight
into the impact of diet on longevity/healthspan.’> ' The
AHS-2 is a large (N = 96 000), well-characterized cohort
with extensive follow-up that began in 2002, led by
researchers at Loma Linda University (LLU)."” The AHS
studies have advanced our understanding of the impact
of diet on longevity, health, and disease. Previous studies,
including those among the AHS-2, suggest that vegetar-
ian dietary patterns may be associated with an increased
lifespan and a decreased risk of age-related diseases,
but results have been mixed.'®18-21 Although there are
numerous dietary and lifestyle intervention studies in
aging populations, because of the lack of an integrative
marker to quantify the impact of diet, most of these stud-
ies have been observational and provide little biological
information.???3 The focus on epigenetic regulators of
aging has attracted increasing attention to the regula-
tion of microRNAs (miRNAs).?* Because these molecules
target multiple age-related biological processes or path-
ways, for example nutrient-sensing pathways, miRNA
regulation is considered to be an important aspect of
the aging process in organisms.?> Changes in miRNA
expression profiles with age occur in multiple organisms
including humans, implying that miRNA, and circulating
miRNAs in particular, have great potential as biomark-
ers for aging and aging-associated diseases.?® Addition-
ally, previous studies document sexual dimorphisms in

gene expression as well as in miRNA expression, which
contribute to sex differences in multiple physiological
and pathological processes.?’>?® If not factored in, sex-
based differences may influence the profiling of diet-
induced miRNA regulation and compromise the accuracy
of potential circulating biomarkers.

In searching for potential biomarkers to monitor the
effect of vegetarian diets on human healthspan and
longevity and to investigate healthspan and lifestyle
associations at a molecular level, we aimed to iden-
tify a range of circulating miRNAs that are differen-
tially expressed among AHS-2 participants with different
dietary patterns using deep miRNA sequencing. Addi-
tionally, by comparing miRNA profiles between men and
women, we sought to examine the influence of sex-
ual dimorphisms on diet-induced circulating miRNA reg-
ulation. To take into consideration that study partici-
pants may have switched dietary patterns in the recent
decade resulting in differential stability of diet among
subjects, we also evaluated the influence of adherence
to dietary patterns on circulating miRNA expression. Our
study showed that a vegetarian diet modulates aging-
associated circulating miRNAs in a sex-dependent man-
ner of differential expression for certain miRNAs, which
may be related in a beneficial manner to healthspan.

Results
Study participants’ characteristics

Characteristics of the study population are summarized
in Table 1. Based on reported dietary habit at the time of
blood draw, there were 31 non-vegetarians (NV), 15 veg-
ans, 32 lacto-vegetarians (lacto), and 18 semi-vegetarians
(semi) [collectively vegetarians (V)]. There were no dif-
ferences in sex, age, and BMI of participants by dietary
group (P > 0.05). Adherence was an independent variable
(P = 0.03), where vegetarians had a higher proportion of
switchers than non-vegetarians.

miRNA-seq and mapping QC

miRNA-seq was carried out on all 96 samples (Fig. 1). The
average number of input reads was 17 million per sam-
ple. After trimming and filtering, approximately 45% of
the reads were aligned to the hg38 by Bowtie 2 aligner
with average 5X coverage for each nucleotide position.
Approximately 15% of all reads were mapped to miRBase
version 22. The QC data are listed in Supplementary Fig-
ure 1. A total of 1364 miRNAs was detected across all 96
samples. The top 20 most abundant miRNAs detected are
shown in Figure 2A.

Differential circulating miRNA expression
between vegetarians and non-vegetarians

Six significant differentially expressed (DE) miRNAs (DE
miRNAs) were identified between V and NV groups
(padj < 0.3, |log2FC| > 0.5) with five upregulated and
one downregulated (Supplementary Table 1). Figure 2B
displays a volcano plot showing the log2 fold change



Table 1. Subject characteristics by current dietary pattern.
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Characteristics NV \4 pa
Lacto Semi Vegan pb

Sample size (N) 31 32 18 15

Age at baseline (years, M + SD) 61.6 +£12.8 58.3+09.2 65.6 + 10.4 59.8 +10.4 0.27 0.72

BMI (kg/m?, M =+ SD) 26.0 £ 3.7 259+41 255+6.1 289+49 0.06 0.28

Male (N, %) 16 (51.6%) 14 (43.8%) 7 (38.9%) 6 (40.0%) 0.80 0.35

Adherer (N, %) 23 (74.2%) 23 (71.9%) 7 (38.9%) 3 (20%) 0.0006 0.03

NV: Non-vegetarians, V: Vegetarians, Lacto: Lacto-ovo-vegetarians, Semi: Semi-vegetarians. BMI: body-mass index.
8ANOVA (for age and BMI) or Chi-square tests (for male and adherer) between V and NV.
b ANOVA (for age and BMI) or Chi-square tests (for male and adherer) among lacto, semi, vegan and NV. The null hypothesis for all significance tests is that there was

no difference in stated parameters between dietary groups.

AHS-2-CAN subject selection Plasma isolation

miRNA-seq library
construction & QC

miRNA-seq library
sequencing

Peripheral blood collection miRNA extraction NEXTflex small RNA-seq kit NextSeq 550
QlAseq miRNA library kit (76 bp, single-end)
Bioinformatics pipelines
Mapping & counting (Partek Flow)
Differential expression analysis (DESeq2) All participants (N=96)
AHS-2-CAN
Functional prediction
miRNA target prediction ® Vvs. NV in males * Vvs. NV in adherers
Vvs. NV
(1PA) < *Vvs. NVin females * Vvs. NV in switchers
Pathway & network analysis
(IPA) Vegetarian Sex-dependent Adherence-dependent
dietary effect dietary effect dietary effect

® Vegan vs. NV

¢ Lacto vs. NV
® Semi vs. NV

Vegetarian sub-group
dietary effect

Figure 1. Overall study design. Peripheral blood samples from 96 AHS-2-CAN (AHS-2 Cognitive and Neuroimaging) participants included in
the current study were collected. Following plasma isolation, miRNAs were extracted and miRNA-seq libraries were constructed. QC analysis
and quantification were performed on all miRNA-seq libraries before sequencing. After sequencing, the reads were aligned and counted using
Partek Flow miRNA-seq pipeline. Multiple differential analyses were performed to investigate the influences of specific dietary pattern, sex,
and adherence to diet, respectively, on dietary regulation on the circulating miRNA expression. Functional prediction including miRNA target
prediction and pathway/network enrichment analyses were conducted using the differentially expressed miRNAs identified.

(log2FC) of each miRNA plotted against its respec-
tive FDR adjusted P-value (padj). As highlighted in the
volcano plot, significant DE miRNAs were miR-3661
(padj = 0.05, log2FC = 13.26), miR-320c (padj = 0.14,
log2FC = 1.48), miR-29a-3p (padj = 0.16, log2FC = 0.78),
miR-320b (padj = 0.27, log2FC = 1.08), and miR-132-
5p (padj = 0.27, log2FC = —1.64), ranging from —1.64
to 13.6 in log2FC. The ingenuity pathway analysis (IPA)
miRNA target analysis identified 937 mRNAs targeted
by the significant DE miRNAs in the V compared with
NV group (Supplementary Table 2). The IPA core anal-
ysis of these mRNAs identified 96 significant enriched
canonic pathways using the experimentally observed

IPA database (Supplementary Table 3). The 10 most
significant pathways are shown in Figure 2C, which
included the GP6 signaling, hepatic fibrosis signaling,
axonal guidance signaling and osteoarthritis pathways.

Differential circulating miRNA expression in
different sub-types of vegetarians compared to
non-vegetarians

Compared with the NV group, 33, 5, and 13 significant
DE miRNAs were identified in lacto, semi, and vegan
groups, respectively (Supplementary Table 4). The vol-
cano plots showing DE miRNAs for each comparison are
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Figure 2. Most abundant miRNAs across all samples and differentially expressed miRNAs between vegetarians and non-vegetarians. (A) Heat
map showing the top 20 most abundant miRNAs across all samples; (B) Volcano plot showing the differentially expressed miRNAs between V
and NV groups. The Y-axis represents the -logl0(padj) and the X-axis displays the log2FC value. A positive x-value represents an upregulation
and a negative x-value represents a downregulation compared to NV. -log10(padj) > 0.52 (padj < 0.3) and [log2FC| > 0.5 were marked as the
significant threshold. Each dot represents one differentially expressed miRNA, with those above the significance threshold highlighted in blue.
Significant differentially expressed miRNAs are annotated in the plot. V: Vegetarians; NV: Non-vegetarians. (C) Bar graphs showing the top 10
enriched canonical pathways by IPA (V vs. NV). Y-axis® (left) represents the percentage of regulated genes to all genes in the pathway. Y-axis?
(right) represents the P-value of the enrichment. Downregulated genes are colored in green, upregulated genes are colored in red and unchanged
genes are colored in white. V: vegetarians; NV: non-vegetarians, M: males; F: females; A: adherers; S: switchers.

presented in Figure 3A-C, with significant DE miRNA (i.e.,
the top 10 DE miRNA by |log2FC| if more than 10 sig-
nificant DE miRNAs were identified) highlighted. Com-
pared to vegetarians as a whole, we observed distin-
guishable DE miRNA distribution patterns in each veg-
etarian subgroup. Five of the significant DE miRNAs
including miR-204-3p (padj = 0.0002, log2FC = 3.45),
miR-320c (padj = 7.98E-06, log2FC = 2.24), miR-320b
(padj = 0.0001, log2FC = 1.67), miR-29a-3p (padj = 0.03,

log2FC = 0.84), and miR-132-5p (padj = 0.14, log2FC =
—1.6) in the lacto group were also observed in vege-
tarians as a whole with the same directions of regula-
tion. However, the semi group did not share any sig-
nificant DE miRNAs with vegetarians as a whole, with
miR-10397-5p (padj = 0.002, log2FC = 20.9), miR-6834-
S5p (padj = 0.17, log2FC = -15.58), and miR-449b-5p
(padj = 0.18, log2FC = 15.28) top DE miRNAs. Similar to
vegetarians, vegans also had significantly upregulated
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Figure 3. Differentially expressed miRNAs in lacto, semi, and vegan vegetarians compared to NV. Volcano plots showing the differentially
expressed miRNAs between (A) Lacto and NV; (B) Semi and NV; and (C) Vegan and NV. -log10(padj) > 0.52 (padj < 0.3) and [log2FC| > 0.5 were
marked as the significant threshold. The significant DE miRNAs (top 10 DE miRNA by [log2FC]| if more than 10 significant DE miRNAs present) are
highlighted. Bar graphs showing the top 10 enriched canonical pathways between (D) Lacto and NV; (E) Semi and NV; (F) Vegan and NV. UpSet
plots showing the number of significantly (G) upregulated; and (H) downregulated DE miRNAs across four comparisons (Lacto vs. NV, Semi vs.
NV, Vegan vs. NV and V vs. NV in general), and the overlapping between each set of miRNAs. (I) Most distinctive enrichments in canonical
pathway among three vegetarian subgroups. V: vegetarians, NV: non-vegetarians, Lacto: lacto-ovo-vegetarians; Semi: semi-vegetarians.
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miR-29a-3p (padj = 0.18, log2FC = 1.13), with other DE
miRNAs including miR-6834-5p (padj = 3.25E-08, log2FC
= —32.99), miR-6742-5p (padj = 0.007, log2FC = —21.39),
and miR-490-3p (padj = 0.003, log2FC = —18.19) being
the most significant DE miRNAs. UpSet plots displaying
the overlap of significant DE miRNAs between each veg-
etarian subgroup are shown in Figure 3G for upregulated
miRNAs and Figure 3H for downregulated miRNAs. Veg-
etarian subgroups did not share any DE miRNAs, with 24
upregulated and 3 downregulated miRNAs exclusive to
the lacto group, 2 upregulated and 2 downregulated miR-
NAs exclusive to the semi group, and 5 upregulated and
5 downregulated miRNAs exclusive to the vegan group.
The IPA miRNA target analysis identified 3480 mRNA tar-
gets for the DE miRNAs between the lacto and NV groups
(Supplementary Table 5A), 820 mRNA targets for the DE
miRNAs between the semi and NV groups (Supplemen-
tary Table 5B), and 2300 mRNA targets for the DE miR-
NAs between the vegan and NV groups (Supplementary
Table 5C). The overlapping target mRNAs between the
vegetarian subgroups are shown in Supplementary Fig-
ure 2A for upregulated mRNAs and 2B for downregulated
mRNAs. Although there were no DE miRNAs observed in
all three vegetarian subgroups as well as vegetarians as
a whole, there were 183 upregulated and 1 downregu-
lated target mRNAs (highlighted in yellow) shared among
the three subgroups. There were also 4 upregulated and
321 downregulated target mRNAs (highlighted in green)
observed in all three subgroups as well as in vegetarians
as a whole.

The top 10 most enriched canonical pathways across
the three vegetarian subgroups’ target mRNAs are pre-
sented in Figure 3D-F, with the hepatic fibrosis/hepatic
stellate cell activation, hepatic fibrosis signaling and IL-
6 signaling, and osteoarthritis pathway being the most
enriched in the lacto group; ephrin receptor signal-
ing, hepatic fibrosis signaling, cardiac hypertrophy sig-
naling, and breast cancer regulation being the most
enriched in the semi group; hepatic fibrosis/hepatic stel-
late cell activation, GP6 signaling, hepatic fibrosis signal-
ing, and cardiac hypertrophy signaling being the most
enriched in the vegan group. The comparison analy-
sis of the enriched pathways in lacto vs. NV, semi vs.
NV, and vegan vs. NV revealed that the different reg-
ulatory effects of these three different vegetarian sub-
groups were most significant on pathways such as G
Beta Gamma signaling pathway, cardiac hypertrophy
signaling, and hepatic fibrosis signaling, among others
(Fig. 31).

Sex-dependent circulating miRNA expression in
vegetarians compared to non-vegetarians

Fifteen and four significant DE miRNAs were identi-
fied between vegetarians and non-vegetarians in males
and females, respectively (Supplementary Table 6). The
volcano plots of DE miRNAs in males (Fig. 4A) and
females (Fig. 4B) are shown with the significant DE miR-
NAs highlighted. As shown, miR-6834-5p (padj = 0.0007,

log2FC = 22.49), miR-3667-5p (padj = 0.04, 10g2FC = 4.49),
and miR-187-3p (padj = 0.02, log2FC = 4.06) were
the most significant differentially expressed miRNA in
male vegetarians compared to male non-vegetarians.
miR-4657 (padj = 0.0002, log2FC = 14.24), miR-124-3p
(padj = 0.08, log2FC = —4.08), miR-132-5p (padj = 0.15,
log2FC = —2.54), and miR-16-5p (padj = 0.04, log2FC =
—1.29) were the most significant differentially expressed
miRNA in female vegetarians compared to female non-
vegetarians. UpSet plots displaying the DE miRNAs of
both sexes showed no common DE miRNAs, with the
majority of miRNAs exclusive to either sex (Fig. 4E and F).
The IPA miRNA target analysis identified 2204 mRNA tar-
gets for the DE miRNAs between V and NV in males (Sup-
plementary Table 7A) and 1232 mRNA targets between V
and NV in females (Supplementary Table 7B). UpSet plots
showed that 796 commonly upregulated target mRNAs
were observed in both sexes with another 2 observed in
both sexes and collectively all vegetarians (Supplemen-
tary Fig. 2C). Both males and females shared 37 common
downregulated target mRNAs, with another 94 observed
in both sexes as well as collectively among all vegetari-
ans (Supplementary Fig. 2D).

The top 10 most enriched canonical pathways of these
two target mRNA lists are presented in Figure 4C and D.
In male vegetarians, the most enriched pathways were
those involved in the regulation of epithelial mesenchy-
mal transition by growth factor, senescence, and hep-
atic pathways. In female vegetarians, the most enriched
pathways were the senescence pathway, pancreatic ade-
nocarcinoma signaling, and molecular mechanism of
cancer. The comparison analysis of the enriched path-
ways between V and NV in males and in females revealed
different regulatory effects on pathways, especially the
IL-8 signaling, cardiac hypertrophy signaling (enhanced),
and synaptogenesis signaling (Fig. 4G).

Adherence to dietary pattern and circulating
miRNA expression in vegetarians compared to
non-vegetarians

Nine and five DE miRNAs were identified between V and
NV in either adherers or switchers, respectively (Sup-
plementary Table 8). Volcano plots displaying DE miR-
NAs in the two groups are shown in Figure 5A and
B, with the top 10 DE miRNAs highlighted. In adher-
ers, hsa-miR-6834-5p (padj = 0.0002, log2FC = —20.6),
hsa-miR-3661 (padj = 0.24, log2FC = 12.55), and hsa-
miR-3667-5p (padj = 0.24, log2FC = 3.34) were among
the top significant DE miRNAs. In switchers, hsa-miR-
3661 (padj = 0.003, 1og2FC = 25.57), hsa-miR-6852-
3p (padj = 9.37E-12, log2FC = 19.39), hsa-miR-3127-
3p (padj = 2.47E-12, log2FC = 18.58), hsa-miR-3178
(padj = 0.0004, log2FC = —16.71), and hsa-miR-215-5p
(padj = 0.24, 1og2FC = 2.05) were significant differentially
expressed miRNAs. UpSet plots (Fig. 5e and f) showed
only one upregulated DE miRNA, which was shared by
all adherers, switchers, and collectively all vegetarians,
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while the majority of other DE miRNAs were not com-
mon to the groups. The IPA miRNA target analysis iden-
tified 1027 mRNA targets for DE miRNAs between V
and NV in the adherers (Supplementary Table 9A), and
745 mRNA targets between V and NV in the switchers
(Supplementary Table 9B). UpSet plots (Supplementary
Fig. 2E) showed that two common upregulated target
mRNAs were observed in both adherers and switchers,
with another 14 observed in all adherers, switchers, and
vegetarians collectively. Additionally, UpSet plots (Sup-
plementary Fig. 2f) showed that 15 common downreg-
ulated target mRNAs were observed in both adherers
and switchers, with another 1335 downregulated mRNAs
observed in all adherers, switchers, and vegetarians col-
lectively.

The top 10 most enriched canonical pathways of
these two target mRNA lists are presented in Figure 5C
and D. In adherers, the most enriched pathways were
the HOTAIR regulatory pathway, hepatic fibrosis signal-
ing, and neuregulin signaling. In switchers, the most
enriched pathways included those involved in regulation
of epithelial mesenchymal transition pathway, basal cell
carcinoma signaling, as well as Wnt/GSK-38 signaling in
the pathogenesis of influenza. A comparison analysis on
the enriched pathways between adherers and switchers
revealed that the duration of adherence to dietary pat-
terns had similar regulatory effects on pathways such
as cardiac hypertrophy signaling (enhanced), colorectal
cancer metastasis signaling, and PKC# signaling in T
lymphocytes (Fig. 5G).

Discussion

To study the impact of diet on aging and its underlying
mechanisms, a quantitative and integrative biomarker
is needed.”® A serum miRNA expression profile compar-
ison by PCR array on a long-lived subgroup (76-92 years
old) vs. shorter-lived subgroup (58-75 years old) obtained
from 16 participants of the Baltimore Longitudinal Study
of Aging (BLSA) identified six significantly differentially
expressed miRNAs.?’ Huan et al. constructed a linear
miRNA age prediction model based on age-associated
whole blood miRNA expression profile changes, which
further highlights the potential of miRNAs as biomark-
ers for aging and age-associated diseases.®® In addi-
tion, diet-induced miRNA expression changes in
humans have been investigated in several interven-
tional studies.?>3? Findings from these studies support
the need for the development of diet-induced circu-
lating miRNA biomarkers for aging and age-associated
diseases.

Using high throughput next generation sequencing,
we identified multiple circulating miRNAs with different
expression in vegetarians compared to non-vegetarians.
Among the DE miRNAs in vegetarians, we observed
several miRNAs that have been associated with aging
or age-associated diseases in previous studies, includ-
ing thrombotic diseases, neurodegenerative diseases,
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and age-related connective tissue disorders. Interest-
ingly, miR-3661, the most upregulated miRNA in vege-
tarians, is associated with the regulation and homeosta-
sis of protein serine/threonine phosphatase 2A (PP2A) in
humans by targeting the PPP2CA gene.3? PP2A negatively
regulates the AKT pathway, a pathway activated dur-
ing aging and involved in Alzheimer’s disease pathogen-
esis.?*3¢ Circulating miR-320b level has been reported
to be upregulated in long-lived individuals in a study
that compared miRNA expression of 15 centenarians and
nonagenarians (mean age 96.4 years) with that of 55
younger individuals (mean age 45.9 years).”” We found
another upregulated miRNA in vegetarians, miR-29a,
which is a member of miR-29 family targeting colla-
gens and DNA methyl transferases (DNMTs), and has
been associated with aging in multiple studies. miR-29a
was found to be downregulated in serum from patients
with sporadic Alzheimer’s disease, and its loss might
contribute to increased amyloid g levels.®® It has also
been shown that aging-induced miR-29a upregulation
protected neurons from oxidative stress by regulating
intracellular iron homeostasis in short-lived turquoise
killifish brains. Upregulation of the miR-29 family has
also been shown to preserve cardiac health during aging
by limiting fibrosis and DNA methylation in the short-
lived turquoise killifish.*® miR-320c, which was upregu-
lated among vegetarians in our study, has been reported
not only to correlate with aging of cartilage tissue,*®
but also to inhibit the development of osteoarthritis by
targeting the canonical Wnt pathway.*! miR-132, the
only miRNA downregulated among vegetarians in our
study, has been associated with multiple neurodegener-
ative diseases such as Alzheimer’s disease and Parkin-
son’s disease.*? miR-204, a miRNA inhibiting autophagy
of cells, was found to be upregulated in vegetarians.*?
The regulatory roles of these DE miRNAs as further
explored by IPA suggests that they are involved in con-
nective tissue development/disorders, such as hepatic
fibrosis and osteoarthritis, both of which are classic
aging-related conditions.** Interestingly, we noted a
significant downregulation in GP6 signaling, a biomarker
for platelet activation, in vegetarians. Multiple studies
have reported age-related increases in platelet reactiv-
ity, affecting both bleeding and thrombosis.*® This obser-
vation suggests a potential protective role of vegetar-
ian diets against thrombotic diseases, which are more
prevalent among older populations. Additionally, we
noted the downregulation of genes involved in clathrin-
mediated endocytosis in vegetarians, a pathway that
could increase the likelihood of developing Alzheimer’s
disease by increasing amyloid-g production in neurons.?
In summary, our results suggest that there are vari-
ous differentially-expressed miRNAs in vegetarians com-
pared with non-vegetarians. These are mostly involved
in connective tissue function, platelet activity, and neu-
ronal function. These age-related biological processes
suggest that diet may affect aging through circulating
miRNA expression, and that a vegetarian diet might
benefit aging and the healthspan through ameliorating
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connective tissue disorders, thrombotic diseases, as well
as neurodegenerative diseases. However, further valida-
tion at protein and functional levels is needed to better
understand or confirm the relationships between dietary
patterns and aging.

Because of the non-homogenous dietary composition
of vegetarians, we further categorized vegetarians into
vegans, lacto-ovo-vegetarians, and semi-vegetarians
to examine more closely the diet-related DE miRNA
expression. We observed clear differences in DE miRNA
distributions when comparing each vegetarian sub-
group to non-vegetarians, indicating an averaging effect
of aggregating vegetarian subgroups. The enriched
cannonical pathways in these three subgroups also
varied, while the most enriched pathways had certain
similarities to those of vegetarians as a whole: the
hepatic fibrosis pathway was the top enriched pathway
in all three sub-vegetarian groups, albeit at different
activation directions. Osteoarthritis and GP6 signaling
were enriched in both lacto and vegan groups. It is
worthy of note that IL-6 signaling, a proinflammatory
pathway associated with diets high in fat and pro-
cessed meat,”® was one of the most downregulated
pathways in the lacto group. The regulations on G Beta
Gamma signaling, cardiac hypertrophy signaling, and
hepatic fibrosis were the most distinct among three
vegetarian subgroups. Interestingly, we noticed that
semi and vegan subgroups shared similar regulation
patterns of these pathways, while the lacto subgroup
showed opposite effects. While it might be possible
that this trend was caused by different sample sizes
of each dietary subgroup, the impact of the difference
between vegetarian dietary pattern subgroups is still
worth exploring. Among the most distinctively enriched
pathways, G protein-coupled receptor (GPCRs) signaling
is involved in a variety of cellular processes such as
K* and Ca' channel regulation, cell proliferation, and
survival. Studies have shown age-dependent changes in
GPCR activity and their involvement in aging-associated
diseases such as cancer, neurodegenerative diseases,
and cardiovascular diseases.*” The opposite regulation
in this pathway could be a result of a higher calcium
intake and absorption among lacto-ovo-vegetarians.*:>?
We also observed that the regulation direction of synap-
togenesis signaling, a pathway associated with age
and cognitive deficits such as Alzheimer’s disease and
Parkinson’s disease,”?>3 differed between lacto-, semi-
vegetarians, and vegans. Synaptogenesis is affected
by brain levels of key nutrients, and is dependent on
endogenous synthesis and dietary intake.>* Studies have
shown that diets high in animal fat and cholesterol
increase the risk of neurodegenerative diseases, while
plant-based diets rich in antioxidants lower the risk.>>®
Deficiencies in vitamin B12 and omega-3 fatty acids,
mainly sourced from meat or fish, also increase the risk
of neurodegenerative diseases. One possible explana-
tion for the observation of upregulated synaptogenesis
among semi-vegetarians and vegans is that animal
products make up only a small proportion of their diet

compared to lacto-ovo-vegetarians, while vitamin B12
and omega-3 fatty acid could be obtained from dietary
supplements.”®>? Furthermore, lacto-ovo-vegetarians
might have higher animal fat and cholesterol intake
from eggs and milk.°%°! In summary, our results
suggest that differences in intake of specific nutri-
ents among lacto-, semi-vegetarians, and vegans
lead to distinctive modulation of miRNA expression
related to aging and the healthspan. This finding is
consistent with observations from previous AHS-2
studies, which found that correlations between vari-
ous health outcomes and mortality varied in vegans,
lacto-ovo-vegetarians, and semi-vegetarians.'®® Our
study suggests that these three vegetarian subgroups
had distinctive circulating miRNA profiles, includ-
ing aging-related miRNAs, which may shed some
light on the potential mechanisms linking vegetarian
dietary patterns to improved health outcomes. Further
research is needed on mechanisms by which specific
dietary factors contribute to miRNA regulation and
the subsequent modulation of corresponding cellular
functions.

Other than the previously reported sexual dimor-
phism in miRNA regulation, different lifestyles and
stress levels associated with each sex could be responsi-
ble for the distinctive DE miRNA expression observed in
this study. Differential analyses performed within each
sex showed different diet-modulated miRNA expres-
sion in males and females. The comparison of enriched
canonical pathways between the two sexes suggests
opposite regulation of pathways involved in aging pro-
cesses. First, we observed that the senescence pathway,
a hallmark of aging,® was one of the most inhibited
pathways in male vegetarians compared to male non-
vegetarians, while in females, the senescence pathway
was activated in vegetarians. Moreover, the regulation
of epithelial mesenchymal transition by growth factor
(a contributor to tissue fibrosis during aging®®), cardiac
hypertrophy signaling (a hallmark of cardiac aging®®),
and hepatic fibrosis signaling (a key component in liver
aging®) were all inhibited in male vegetarians compared
to male non-vegetarians. However, in females, these
three pathways were activated in vegetarians. We also
identified inflammatory pathways that were regulated
differently between the two sexes; IL-6, IL-8, and TGF-8
signaling pathways were downregulated in male vegetar-
ians, while IL-8 signaling was upregulated in female veg-
etarians. As reported in previous studies, vegetarianism
is associated with lower inflammatory biomarker expres-
sion in the serum and reduced gut inflammation.®¢?
Therefore, it would be worth exploring whether the
vegetarianism-induced anti-inflammatory effect is sex-
dependent. We also observed similar opposite regulation
of pathways involved in neuronal function and cancer,
both closely involved with aging, in males and females,
which further support the sex-dependent regulation of
diet on circulating miRNA expression. Our results are
consistent with previous AHS-2 findings that associa-
tions between vegetarian diets and mortality appeared



to be stronger in males.'® While further validation is
required, the sex-specific influence of diet on circu-
lating miRNA regulation should be considered in the
development of candidate biomarkers for aging and the
healthspan.

By comparing current dietary habits with baseline
dietary patterns, we were able to categorize participants
based on their adherence to dietary patterns. We identi-
fied distinctive circulating miRNA expression in vegetari-
ans compared to non-vegetarians by adherers or switch-
ers. These two groups shared a large portion of mRNA
targets, which were consistent with vegetarians collec-
tively. Although the two groups had differences between
the 10 most highly enriched canonical pathways, our
comparison analysis suggested the same direction of
regulation in the majority of the pathways. For exam-
ple, multiple immune response-related pathways were
inhibited in vegetarians of both groups, for example PKC6
and NFAT signaling, albeit at different intensities. Sim-
ilar inhibition patterns were observed in cardiovascular
signaling-related pathways and cancer-related pathways
in both groups. It is worth pointing out that PPAR«/RXRa
activation, a transcription factor with anti-inflammatory
and anti-oxidative effects, was upregulated in both
groups. Despite the similarities between adherers and
switchers, switchers had less significant DE miRNAs
and enriched pathways, possibly because of the shorter
time following a vegetarian diet. Another factor consid-
ered when looking at the distinction between these two
groups was the significant difference (P = 0.03) in the
adherer ratios between vegetarians and non-vegetarians.
Based on this comparison, the effect of diet-induced cir-
culating miRNA regulation seemed to be established and
stable within a relatively short duration (less than 10
years), although further validation is required. Our study
showed similarities and differences in diet-modulated
circulating miRNA expression resulting from the stabil-
ity of dietary patterns, which may serve as a guideline for
developing potential miRNA-based aging and healthspan
biomarkers.

Exploiting the ASH-2 cohort, our study is one of the
first to investigate the effect of vegetarian diets on cir-
culating miRNA expression among a larger number of
subjects than previous studies.®?%* By analyzing miRNA
expression in lacto-, semi-, and vegan groups sepa-
rately, we detected distinct plasma miRNA expression.
Our study also provided potential mechanisms for the
longer life expectancy associated with residence in a Blue
Zone, which has important implications for healthspan
throughout the United States and elsewhere in the world.
We recognize the possible variability that might have
been created in our study because of the time between
subjects’ recruitment and blood sample processing
for our companion studies. Thus, it should be noted
that biological variability and technical variation (e.g.
miRNA-seq library constructions) might have impacted
the number of significant miRNAs identified. Further-
more, it is anticipated that a larger sample size could

Diet, miRNA and healthspan | 255

allow identification of more significant circulation miR-
NAs modulated by vegetarian diets. Our findings from
this study are subject to further validation in another
cohort.

Conclusions

Using deep sequencing, this study revealed the mod-
ulating effects of long-term vegetarian diets on cir-
culating miRNA expression in the AHS-2 cohort. We
identified several dietary-regulated circulating miRNAs
associated with aging and age-associated diseases. In
particular, several miRNAs were associated with neu-
rodegenerative diseases and connective tissue diseases,
suggesting a potential protective role of vegetarian
diets against these age-related disorders. These signif-
icant miRNAs could serve as potential biomarkers for
studying vegetarian diet-modulated longevity in future
dietary intervention studies. Our results demonstrated
influences of specific dietary patterns, sex, as well as
stability of dietary pattern on diet-modulated miRNA
expression.

Materials and methods
Study subjects

The Adventist Health Study 2 (AHS-2) is a population-
based longitudinal study of more than 96 000 male and
female members of the Seventh-day Adventist church
in the USA and Canada, recruited between 2002 and
2007.Y7:18 The cohort is healthy: at baseline, high propor-
tions reported being in excellent health; 45% of cohort
members follow vegetarian diets,® the non-vegetarians
consume relatively lower amounts of meat compared to
the general population,®>%® only 1.1% are current smok-
ers and 6.6% currently drink alcohol.'” In 2016, the AHS-
2 Cognitive and Neuroimaging (AHS-2-CAN) sub-study®’
identified 2685 members of the cohort for whom study
records indicated were 60 years or older, community-
dwelling, and living within 75 miles of Loma Linda
University (LLU). During 2016-2018, 199 were reached
by telephone and invited to participate in the study.
Of those, 168 (84%) agreed to participate and were
screened for eligibility. Two did not meet inclusion
criteria for being proficient in writing, speaking, and
understanding English. Twelve changed their mind,
one could not be scheduled, 12 could not be reached
again, and five postponed participation for travel
or health-related reasons. One hundred and thirty-
six otherwise healthy adults were enrolled in the
study and attended an in-person visit at our study
clinic where a blood sample was obtained. Partic-
ipants with health reasons to contraindicate blood
withdrawal (e.g. severe anemia) or medical conditions
that could adversely impact cognitive function were
excluded. The first 96 participants for whom a blood
specimen was obtained were included in the current
analysis.
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Assessment of diet and baseline differences
between dietary groups

Dietary intake was initially assessed at enrollment
(baseline) in the AHS-2 cohort (i.e. during 2002-2007)
using a self-administered food frequency questionnaire
(FFQ), which assessed over 200 food items. Participants
reported their average frequency of intake and usual
serving size of food items consumed during the past year
using predefined frequency categories according to the
food under evaluation. The reported frequency of specific
animal-based foods was used to define dietary patterns,
including meats (meat + poultry), fish, and dairy (dairy
products + eggs). Vegetarians at baseline were defined
as (a) consuming meats, fish, and dairy < 1 time/month
(vegan), (b) consuming dairy > 1 time/month and meats,
or fish < 1 time/month (lacto-ovo vegetarian, “lacto”),
(c) consuming fish > 1 time/month, no limits on dairy,
and meats < 1 time/month (pesco-vegetarian, “pesco”),
or (d) consuming meats > 1 time per month with the sum
of meats and fish < 1 time per week (semi-vegetarian,
“semi”). Otherwise participants were classified as non-
vegetarian if they consumed meats > 1 time per week.
Based on year of enrollment in the cohort, the average
total number of years in reported dietary patterns was
21 years for vegans, 39 years for lacto-ovo-vegetarians,
19 years for pesco-vegetarians, 24 years for semi-
vegetarians, and 48 years for non-vegetarians. Dietary
habit was assessed at the time of blood sample collection
(i.e., 2016-2018) using a brief questionnaire that asked
participants to recall the frequency of consumption of
five animal-based foods (meat, poultry, fish, eggs, and
dairy). Current dietary habits were defined as above for
vegetarian and non-vegetarian groups. In analyses,
semi- and pesco-vegetarian were grouped together as
semi-vegetarian because of the small number of sub-
jects in each individual dietary pattern. Dietary patterns
at baseline were compared with dietary habits reported
at the time of blood collection, and participants were
categorized based on the concordance between the two
as follows: participants who maintained their baseline
dietary pattern were assigned to the "adherer” group;
participants who switched dietary patterns between
baseline and current were assigned to the ”switcher”
group. The mean duration of adherence to the dietary
pattern for the adherer group was > 19 years, while
for the switcher group this was < 10 years. Analy-
sis of variance (ANOVA) was used to examine differ-
ences in continuous variables for age at baseline and
body-mass index (BMI) and chi-square tests for cate-
gorical variables for sex and long-term dietary pattern
at baseline between participants following lacto-ovo-
vegetarian, semi-vegetarian, vegan, or non-vegetarian
dietary patterns. Similarly, ANOVAs and chi-square tests
were used to examine differences in these variables
comparing participants following any vegetarian com-
pared to non-vegetarian dietary patterns. A statisti-
cal significance level was set to P < 0.05. All tests
used a null hypothesis of no difference in stated

parameters between dietary groups. All procedures
involving research study participants were approved by
the Institutional Review Board at Loma Linda University.
Written informed consent was obtained from all partici-
pants.

Plasma isolation

A sample (8 ml) of peripheral blood was drawn into a
BD Vacutainer Mononuclear Cell Preparation Tube (CPT)
with sodium citrate by a trained phlebotomist. The CPTs
were processed within 2 hours of the blood draws follow-
ing the manufacturer’s protocol. For each sample, 2 ml
of plasma was collected from the upper clear layer after
centrifugation of CPTs at 1300 g for 30 minutes at room
temperature. The isolated plasma was spun at 12000 g,
4 °C for 15 minutes to remove cells and debris. Specimens
were then aliquoted into 2 ml Eppendorf tubes, 500 ulin
each tube, and frozen at -80 °C.

Circulating miRNA extraction and quantification

Circulating miRNAs were extracted from 200 pl plasma
using Qiagen serum/plasma miRNA kits (Qiagen, Hilden,
Germany) following the manufacturer’s protocol. miR-
NAs were eluted in 14 xl RNase-free water and quanti-
fied using Qubit 3.0 by miRNA assay. miRNAs were then
stored at -80 °C until library construction.

miRNA sequencing

miRNA-seq libraries were constructed using either the
NEXTflex Small RNA-Seq Kit v3 (Bio Scientific, Austin,
TX) for sample IDs 003 to 032, or QlAseq miRNA library
kit (Qiagen) for sample IDs 033 to 107, following the
manufacturers’ protocols, respectively. Briefly, 3’ and
5’ adapters were added to small RNAs present in the
plasma sample in this order. Reverse transcription was
performed to convert the target small miRNAs into
cDNAs. An assigned index was given to each sample
for multiplexing. A 22-cycle of PCR amplification was
performed. After size selection by magnetic beads, DNA
fragments with the correct insert sizes were selected for
the miRNA-seq library. Libraries were quantified using
Qubit 3.0 HS dsDNA assay (Thermal Fisher Scientific,
Waltham, MA). Library size and quality were examined
using the TapeStation 2200 (Agilent, Santa Clara, CA). The
miRNA-seq libraries were sequenced, 76 bp, single-end,
on an [llumina NextSeq 550 (Illumina, San Diego, CA)
with a final loading concentration of 2.1 pM.

miRNA mapping and counting

All sequencing data were demultiplexed using bcl2fastq
(Mumina), and the fastq files were processed using the
miRNA-seq pipeline of Partek Flow software, version
7.0 (Partek, St. Louis, MO) following the user’s manual.
Briefly, the adapters from the 3’ end were clipped using
Cutadapt. Reads shorter than 15 nts were discarded, and
the bases were trimmed off both ends of remaining reads



with a Phred quality score cutoff of 30. The remain-
ing reads were aligned to human genome reference 38
(hg38) using Bowtie2 aligner. A seed mismatch limit of 1
and minimum seed length of 10 were used. All uniquely
aligned reads were annotated and quantified using miR-
Base mature microRNAs version 22. Only miRNAs with
more than 10 copies were counted.

Differential expression analysis

The differential expression analysis was performed
using ‘DESeq2’ R package.®® Non-vegetarians were used
as the control group to identify differentially expressed
miRNAs (DE miRNAs) in the vegetarian groups. The DE
miRNAs with a FDR adjusted p value (padj) < 0.3, calcu-
lated by the Wald test, and absolute log2FC > 0.5 were
considered statistically significant.®® A differential anal-
ysis was conducted between the vegetarian (V) group
(vegan, lacto-vegetarian, and semi-vegetarian combined)
and the non-vegetarian (NV) group (control). Differential
analyses were then conducted comparing vegan vs. NV,
lacto vs. NV, and semi vs. NV. To explore the influence of
sex on diet-induced miRNA regulation, the dataset was
split into males and females, and a differential analy-
sis for V vs. NV was then performed by sex. To study
the influence of adherence to dietary patterns, a differ-
ential analysis was conducted for V vs. NV in adherers
and switchers separately. Figure 1 summarizes the dif-
ferential expression analysis.

Target prediction and pathway analysis

Ingenuity pathway analysis (IPA) software (Ingenuity
Systems, Redwood City, CA) was applied to identify tar-
get mRNAs, enriched canonical pathways, regulatory
networks, and biological functions of the differentially
expressed miRNAs. miRNA target prediction was per-
formed using IPA microRNA Target Filter to generate
mRNA targets for the DE miRNA lists. Both experi-
mentally observed and predicted with high confidence
targets were considered based on four algorithms (Tar-
getScan, TarBase, miRecords, and Ingenuity Knowledge
Base). The mRNA targets generated were each assigned
an artificial log2FC value, equal to -1 x the miRNA
log2FC value. The log2FC of target mRNA was nega-
tive if the miRNA was upregulated, and positive if the
miRNA was downregulated. Of note, these assignments
followed the assumption that miRNAs and their targeted
mRNAs had opposite directions of expression. The tar-
get mRNA lists were then subject to the core analysis
tool of the IPA. In canonical pathway enrichment dis-
eases and functions prediction, the statistical signifi-
cance of association between genes, pathways, and net-
works was reflected by an overlapping P value calcu-
lated using Fisher’s exact test.%° P < 0.05 was considered
to be statistically significant. In activation state predic-
tion (up/downregulated), the statistical measure of the
match between the expected relationship direction and
observed gene expression was reflected by a z-score, with
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a z-score > 2 considered activated, and z-score < 2 con-
sidered inhibited.
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