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Vitamin D; promotes longevity in Caenorhabditis elegans
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Abstract Vitamin D deficiency is associated with
a variety of age-related diseases and is becoming
increasingly more prevalent in the population over
time. Some diseases associated with deficiency are
cardiovascular disease, cancer, and neurodegenera-
tion. This association, as well as the fact that vitamin
D has been demonstrated to play an important role in
a variety of extraskeletal processes, has led some to
claim that vitamin D is an essential longevity vitamin.
However, the role of vitamin D in healthy aging has
been difficult to determine. In order to study vitamin
D in the context of aging, the model organism, Cae-
norhabditis elegans (C. elegans), was employed. To
study vitamin D’s impact on aging and age-related dis-
ease, lifespan and health span were measured across
three different genetic strains of C. elegans. Strains
investigated were wildtype (N2), worms with a mutant
vitamin D receptor ortholog (nhr-8), and worms engi-
neered to represent Alzheimer disease (gnals2). Bio-
informatic analysis of available public data was also
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performed in order to identify the transcriptional
response produced in N2 worms treated with vitamin
D;. Treatment with vitamin D5 significantly extended
the lifespan of N2 worms and rescued nhr-8 worms,
which typically have decreased lifespans compared to
N2. Treatment with vitamin D; minimally extended
the lifespan of gnals2 worms. Similar results were
obtained for measures of health span, quantified as
motility through time. Differentially expressed genes
upon treatment with vitamin D; were largely asso-
ciated with biological processes such as the innate
immune response and metabolism of xenobiotic com-
pounds in the worms, which may explain the observed
increase in lifespan and health span.
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Introduction

Vitamin D deficiency is associated with a variety of
age-related diseases and is becoming increasingly
more prevalent in the population through time [1-3].
Some diseases associated with deficiency are car-
diovascular disease, cancer, neurodegeneration, and
more [3]. This association, as well as the fact that
vitamin D has been demonstrated to play an important
role in a variety of extraskeletal processes [4], has led
some to claim that vitamin D is an essential longev-
ity vitamin [5]. However, despite these associations,
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whether or not vitamin D deficiency is causative of
such diseases has been hard to determine. While
some clinical trials have shown promising results [6,
71, the majority of trials have failed to identify a ben-
eficial effect of supplementation [8]. This discrepancy
has led vitamin D to become a highly contentious
topic across research and medicine, resulting in two
opposing opinions across the field.

The first opinion posits that the lack of signifi-
cant results in clinical trials is erroneous, as studies
designed using guidelines devised for drugs, rather
than nutrients, can dilute results [9]. For example,
if the initial study population set to receive vitamin
D treatment is largely replete with the vitamin, the
effects of supplementation would likely be masked.
Only those deficient in the nutrient would likely gain
the benefit of supplementation, while a drug is typi-
cally a novel compound to all individuals in a given
study. Therefore, adjustments to the clinical trial
process would need to be implemented, including
an initial screening for vitamin blood serum levels at
the start of the study with potential exclusion criteria
limiting those replete with the vitamin. It could also
be true that single nucleotide polymorphisms could
impact the absorption/conversion efficiency in par-
ticular individuals — thus rendering the given dosage
strategy ineffective [10]. For this reason, the monitor-
ing of blood serum levels throughout a clinical trial
would also be necessary.

On the other hand, however, others have asserted
that the association of age-related disease with vitamin
D deficiency is at high risk of confounding and reverse
causation [8]. Considering that factors such as body
mass index (BMI), hospitalizations, and age increase
susceptibility to vitamin D deficiency [4, 11], it is easy
to understand how such associative studies could be
subject to confounding. Thus, many claim that vitamin
D deficiency may not truly be causative of age-related
disease, but rather, an innocent bystander.

To resolve these discrepancies, more research into
the matter is critical. While properly designed rand-
omized controlled trials will remain the gold standard,
laboratory research into vitamin D’s role as a poten-
tial longevity vitamin can help determine mechanisms
and future areas of interest to inform further research.
One powerful model that can be used to study aging
and longevity is the nematode, Caenorhabditis ele-
gans, which has a sequenced genome, has a relatively
short lifespan, and can be easily manipulated [12]. For
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these reasons and more, many of the frontier discover-
ies into the genetic determinants of aging have been
uncovered through work in C. elegans [13]. Beyond
their convenience as a model organism, work done
in the worms can be translatable to humans, as the C.
elegans genome possesses homologs of around two-
thirds of all genes known to cause human disease [13].
Work in C. elegans has resulted in numerous translat-
able discoveries, uncovering a key role for dietary and
genetic factors in determining lifespan.

In humans, vitamin D; is produced in the skin
when 7-dehydrocholesterol is exposed to ultraviolet
B (UVB) radiation. Vitamin D5 can also be sourced
from the diet, found naturally in foods like fatty fish
and mushrooms. Vitamin D; must then be hydroxy-
lated two times in the body before becoming the
potent steroid hormone that binds the vitamin D
receptor to enact transcriptional action. The first
hydroxylation step occurs in the liver and is largely
performed by the cytochrome P450 enzyme, CYP2R1
[14]. However, studies have shown that CYP2R1 is
not the only enzyme capable of performing this func-
tion, rather, CYP27A1, CYP3A4, CYP2D25, and
others have the ability to perform this first step [14].
Once this initial hydroxylation step is completed,
vitamin D; becomes 25-hydroxyvitamin D (25(OH)
D) and is then hydroxylated again by CYP27B1 into
1,25 dihydroxyvitamin D (1,25(OH),D) [14]. This is
the major steroid hormone that binds the vitamin D
receptor in order to modulate transcription of vitamin
D-regulated genes. Interestingly, C. elegans have the
core proteins and produce the same nutritional pre-
cursors necessary for vitamin D endocrinology. For
example, C. elegans have orthologs to many of the
CYP proteins involved in human vitamin D metabo-
lism, with CYP3A4 being represented by cyp-13A4
and CYP27BI1 being represented by cyp-44A1l in C.
elegans. Further, there are three nuclear hormone
receptors in C. elegans that are considered orthologs
to the human vitamin D receptor. These are encoded
by the genes, daf-12, nhr-48, and nhr-8. Previous
studies have investigated DAF-12’s role in vitamin D
induced lifespan extension and have found no clear
role in C. elegans [15]. However, NHR-8 and NHR-
48 have been unstudied in this context. Finally, C.
elegans are known to produce 7-dehydrocholesterol,
the precursor to vitamin D in humans, which would
convert to vitamin D5 spontaneously in the presence
of UVB radiation. This conversion likely happens
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in nature, as C. elegans are found in habitats such
as rotting fruit which could be exposed to sunlight.
The presence of core aspects involved with vitamin
D endocrinology in C. elegans is not surprising, as
the vitamin D system is highly conserved across the
eukaryotic tree of life [16].

Previous studies have identified that vitamin D
seems to increase the lifespan of C. elegans [15, 17].
Vitamin D has also been demonstrated to alleviate
paralysis in genetic strains of C. elegans engineered
to represent Alzheimer disease [15, 18]. However,
although the genetic mechanisms have begun to be
teased out, many questions about vitamin D’s longev-
ity promoting effects in C. elegans remain. For exam-
ple, although lifespan extension in the worms was
found to be independent of the DAF-12 nuclear hor-
mone receptor, and dependent on the longevity-asso-
ciated transcription factor, SKN-1, the other orthologs
to the human VDR receptor that exist in the worms
have not been investigated. Additionally, whether or
not vitamin D can relieve age related phenotypes, such
as a decline in motility, has not been investigated.

This study aimed to address some of the ques-
tions about vitamin D’s effects on the longevity of C.
elegans. The first fundamental question investigated
was whether or not vitamin D could extend the lifes-
pan of C. elegans, and this question was tested across
three genetic strains of worms. First, the wildtype
(N2) strain of C. elegans was investigated in order to
determine if previous studies reporting lifespan exten-
sion could be replicated. Additionally, a strain (nhr-8)
containing an approximate 1.3 kb deletion in the cod-
ing region of nhr-8 was tested in order to see if func-
tional NHR-8 was implicated in vitamin D induced
lifespan extension. The last strain investigated was a
strain (gnals2) of worms engineered to represent Alz-
heimer disease, different from strains that have been
previously studied. This strain expresses pan-neu-
ronal amyloid beta and exhibits impaired neuromus-
cular and sensorimotor behavior. It was hypothesized
that vitamin D; would extend the lifespan of N2 and
gnals2 worms, but would not induce lifespan exten-
sion in nhr-8 worms, rationalized by the hypothesis
that NHR-8 may be the functional vitamin D recep-
tor in C. elegans, equipped to accommodate vitamin
D. Beyond lifespan, whether or not vitamin D5 could
reduce the burden of age-related decline was also
investigated. A proxy used to represent age-related
decline was motility, as C. elegans generally decline

in motility with increasing age. Once the effects of
vitamin D; on lifespan and health span were quanti-
fied, its impact on oxidative stress resistance was
also measured. Finally, a bioinformatic approach was
utilized in order to interrogate pathways enriched
in worms treated with vitamin D; compared to the
controls.

Methods
Chemicals and reagents

Vitamin D; was obtained from Fisher Scientific in the
form of a crystalline powder. Vitamin D; was stored
in an amber bottle under refrigeration in order to min-
imize degradation of the compound. Stock concentra-
tions of vitamin D5 (250 and 400 pM) were produced
by dissolving appropriate amounts of D; into 95%
ethanol. All vitamin D; concentrations were stored
in plastic conical tubes, covered in aluminum foil to
block light, under refrigeration. The control solution
used in all experiments was comprised of the solvent,
95% ethanol, treated/stored in the same way as D,
solutions.

5-Fluoro-2'-deoxyuridine (FUDR) was obtained
from Sigma-Aldrich in the form of a powder. FUDR
was stored at room temperature until dissolved into dis-
tilled water to produce a stock concentration (2.5 mM)
that was stored in the freezer until ready for use.

Paraquat dichloride tetrahydrate (paraquat) was
obtained from SPEX CertiPrep dissolved in metha-
nol at a concentration of 1000 pg/mL. Paraquat was
pipetted directly onto FUDR plates under fume hood
using proper safety precautions.

C. elegans and Escherichia coli OP50 culture
conditions

The C. elegans strains used were N2 (Bristol),
AES01 (nhr-8(ok186) 1V), and GRU102 (gnals2
[myo-2p::YFP+unc-119p::Abetal-42]), which were
purchased from the Caenorhabditis Genetics Center
(CGC). Escherichia coli OP50 (OP50) was also
obtained from the CGC and was propagated into lig-
uid cultures grown in Luria Broth. In order to grow
worm populations, 120 pL of live OP50 was spotted
onto Nematode Growth Media (NGM) plates and
was allowed to grow at least one night before use. For
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experiments in which worms were treated with vita-
min Dj, plates were spotted with 80 pL of live OP50
and were allowed to grow at least one night to form
a circular bacterial lawn in the center of the plates.
All strains were maintained at 20 °C and on stand-
ard NGM plates. Populations were synchronized by
bleach preparation if stock strains were contaminated;
otherwise, populations were synchronized by picking
young adult worms onto fresh plates.

Lifespan assay

All lifespan assays were performed on FUDR plates
at a concentration of 50 pM in order to prevent repro-
duction. NGM plates were made following standard
procedures [19], and FUDR was added to the NGM
solution along with salts and cholesterol after auto-
claving and cooled to 55 °C. Prior to the start of lifes-
pan assays, FUDR plates that had been spotted with
80 pL of OP50 were treated with 100 pL of vitamin
D5 or control (95% ethanol). 100 pL of treatment was
used in order to cover the entire surface of the plates
and was allowed to dry overnight before use. Lifes-
pan analyses were performed for N2, AE501, and
GRU102 strains at both a concentration of 250 pM
and 400 pM of D;. Worms were scored every other
day until day 19, after which time the worms were
scored daily. Worms that died of nonnatural deaths,
such as accidental deaths or internal hatching of prog-
eny, were censored. The results represent the survival
rate from a minimum of four biological replicates
with 25 worms per replicate.

Motility assay

All motility assays were performed on FUDR plates
at a concentration of 50 pM in order to prevent repro-
duction. NGM plates were made following standard
procedures [19], and FUDR was added to the NGM
solution along with salts and cholesterol after auto-
claving and cooled to 55 °C. Prior to the start of
motility assays, FUDR plates that had been spotted
with 80 pLL of OP50 were treated with 100 pL of vita-
min Dj; or control (95% ethanol). 100 pL of treatment
was used in order to cover the entire surface of the
plates and was allowed to dry overnight before use.
Motility assays were performed for N2 and AE501
strains at concentration of 400 pM of D,, while
gnals2 worms were tested under a concentration of

@ Springer

250 pM of D;. L4s were placed onto treated plates
and were observed on days 1, 3, 5, 7, 11, and 13 of
the adult worm lifespan. Worms were not observed
past day 13 since the worms generally stopped mov-
ing beyond that time. In order to quantify motility,
worms were moved one at a time to a clean FUDR
plate (no bacteria or treatment) and were observed for
a time of one minute. During the one-min time inter-
val, the ability of the worm to complete one cycle
from crest to crest of their sinusoid movement pattern
was quantified as one beat. The number of times the
worms completed this cycle over the time of 1 min
constituted the motility of the particular worm being
measured. During this assay, movements in reverse
were also counted, so long as the worm completed
one cycle from crest to crest. The results represent the
mean motility from three biological replicates, with
10 worms per replicate.

Oxidative stress assay

N2 and AES501 worms were synchronized and L4s
were transferred to FUDR plates (50 uM) treated
with either 200 pL of D5 (400 pM) or control (95%
ethanol). Worms were grown on treated plates until
day 5 and were then subsequently transferred onto
plates containing the treatment condition (vitamin D5
or control) plus 200 pL of paraquat (3 mM). Worms
remained on paraquat plates for 5 days and then were
transferred back to vitamin D; or control treated
plates. Worms were scored daily, censoring nonnatu-
ral deaths as appropriate. Worms were censored after
day 30. The results represent the survival rate from
three biological replicates of at least 30 worms per
replicate.

Bioinformatic analysis

All data analysis was performed using the Galaxy
web platform, utilizing the public server at usegal-
axy.org [20]. RNA sequencing data from Mark et al.
(2016) were obtained from the NCBI Gene Expres-
sion Omnibus (GEO) under the accession num-
ber, GSE86493 [15, 21]. Raw reads were first evalu-
ated using FastQC to generate quality reports [22].
After analysis with FastQC, adapter sequences were
cut using Cutadapt [23]. Reads were then aligned to
WBcel235/cel1 using HISAT?2 [24]. After alignment,
the number of aligned reads were quantified using
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StringTie [25]. Differential expression analysis was
then performed using DESeq2 [26]. DESeq2 pro-
duced a list of all differentially expressed genes which
was further sorted in Microsoft Excel using filtering
tools. Genes that were expressed with a log2 fold
change (1g2FC) greater than O, at adjusted p values
less than or equal to 0.05 (padj <0.05), were filtered
as upregulated genes. p values were adjusted for mul-
tiple testing with the Benjamini-Hochberg procedure
which controls for false discovery rate (FDR). Finally,
pathway enrichment analysis was performed using
gProfiler for both significantly upregulated and down-
regulated genes [27].

Statistical analysis

For lifespan assays, Kaplan—-Meier curves were gen-
erated, and the nonparametric test, log-rank (Mantel-
Cox), was utilized in order to identify differences in
overall lifespans. To investigate differences in lifes-
pan at specific times points, Fisher’s exact test was
utilized.

For motility assays, a two-way ANOVA was uti-
lized to test the omnibus hypothesis that there was an
effect of treatment, time, and/or interaction between
the two. A plate containing 10 worms was defined as
a replicate, and the average motility scores from the
10 worms on the plate was used to represent motility
in the statistical test. Assumptions of ANOVA were
satisfied before use; Spearman’s test for heteroscedas-
ticity was used to test for equal variance and Shap-
iro—Wilk to assess normality. Sidak’s multiple com-
parisons test was performed for post hoc analysis in
order to control for accumulation of error associated
with multiple comparisons.

Lifespan, motility, and oxidative stress assays were
analyzed using GraphPad Prism 9.1.1. Alpha was
defined as 0.05 for each statistical test. Figures for
these assays were also generated in GraphPad Prism.

Results

Vitamin Dj; induces lifespan extension and rescues
nhr-8 mutants

The first hypothesis investigated was whether vita-
min D; would induce a lifespan extending benefit
in wildtype (N2) C. elegans. Previous studies have

already identified a concentration of 250 uM, as well
as 10 and 1000 pg/mL, to induce lifespan extension
[15, 17]. There is likely a threshold of effective vita-
min D; concentrations that extend lifespan; we found
that worms treated with 400 pM of vitamin D, through-
out adulthood experienced a substantial lifespan exten-
sion benefit (Fig. 1, Table 1, log-rank test, p <0.001),
although slightly less than the extension found in Mark
et al. [15], supporting the existing hypothesis that vita-
min D; can extend lifespan in C. elegans.

Considering that vitamin D must bind a functional
vitamin D receptor in order to modulate transcrip-
tion, the role of a homologous C. elegans recep-
tor was investigated [28]. Utilizing a mutant strain,
AES5O01 (nhr-8), that contains a 1.3 kb deletion in the
coding region of the nhr-8 receptor, lifespan analyses
were performed in order to determine if vitamin D;
would have an effect. The hypothesis was that vita-
min D; would have no lifespan inducing effect on
nhr-8 worms, implicating this receptor in the mech-
anism behind vitamin Dj; lifespan extension. The
results did not support this hypothesis; nhr-8 worms
treated with D; demonstrated considerable lifespan
extension (Fig. la, Table 1, log-rank test, p <0.001).
Interestingly, compared to wildtype worms, nhr-8
worms had a shorter lifespan, exhibiting an increased
mortality rate likely due to the deleterious effects
induced upon mutation of this receptor (Fig. 1a, log-
rank test, p=0.003). However, when treated with
400 pM of vitamin D, the lifespan of nhAr-8 worms
was rescued, leading to a comparable lifespan to N2
worms treated with Dy (Fig. la, Table 1, log-rank
test, p=0.04). This finding was dose-dependent, with
250 pM Dj; leading to a rescuing back to N2 control
lifespan (data not shown) and 400 pM matching the
lifespan extension observed in N2 worms treated
with D; (Fig. 1a).

After confirmation that vitamin D; could indeed
extend the lifespan of C. elegans, whether vitamin D,
could be beneficial in a model for Alzheimer’s dis-
ease was then evaluated. Previous studies have identi-
fied vitamin D; to improve pathologies, such as paral-
ysis, associated with strains of C. elegans engineered
to represent models for Alzheimer’s disease [15, 18].
With that in mind, lifespan analyses were performed
in a strain, GRU102 (gnals2), which is engineered to
express pan-neuronal amyloid beta expression. When
treated with vitamin D;, gnals2 worms received a
slight increase in lifespan, however, gains in lifespan
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Fig. 1 Kaplan—Meier
survival curves of hermaph-
rodite C. elegans treated
with 400 pM of vitamin D5
from day 1 of adulthood.
Treatment with vitamin D5
significantly extended the
lifespan of wildtype (N2)
worms and worms that lack
the fully functional nuclear
hormone receptor, NHR-8
(nhr-8) (a, log-rank test,
p<0.001). Treatment with
D, rescued deficits caused
by nhr-8 mutation, resulting
in a lifespan similar to N2
worms (a, log-rank test,
p=0.04). Vitamin D; mini-
mally extended the lifespan
of worms engineered to
represent a model for
Alzheimer disease (gnals2);
however, D; seemed to
increase late-life lifespan (b,
Fisher’s exact test, p value
at 75% =0.013). The results
represent the survival of
100 worms per strain/treat-
ment

Table 1 Lifespan of
wildtype, nhr-8, and
gnals2 + vitamin D;

a —— Wildtype + Control
100
-= Wildtype + 400 uM D;
® 751 —e— nhr-8 + Control
< nhr-8 + 400 M Ds
IS 50
@
o
o
o 254
0 .
] 10 20 30 40
Days
b —e— Wildtype + Control
100
-= Wildtype + 400 uM D5
® 751 —e— gnals2 + Control
< —= gnals2 + 400 uM D,
IS 50
@
o
[}
o 251
0 T . .
0 10 20 30 40
Days
Strain/condition Mean + SE (days) p values Median (days) Deaths®
WT 20.7+0.4 20 80
WT+VD, 24.8+0.5 <0.001 25 75
nhr-8 17.8+0.5 18 94
nhr-8+VD, 23.1£0.5 <0.001 23 82
gnals2 21.4+0.5 22 81
gnals2+ VD, 22.8+0.5 0.013 23 79

# “Deaths” refers to scored age-related (i.e., non-censored) deaths

were more apparent in late life (Fig. 1b, Table 1, Fish-
er’s exact test, p value at 75%=0.013). These results
suggest a delay in the onset of disease associated with
accumulated amyloid beta; however, they do not sup-
port that vitamin D; appreciably slows the rate of
aging like observed in other strains (Fig. 1a). Surpris-
ingly, we found gnals2 worms actually had slightly
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longer lifespans than wildtype controls (Fig. 1b,
Table 1, log-rank test, p=0.029).

Vitamin D5 leads to gains in health span

While vitamin D; treatment is known to increase
the lifespan of C. elegans, whether or not it would
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increase metrics of health span was also of interest.
Motility, a measure of movement in the worms, gen-
erally declines with age [29]. It was hypothesized that
vitamin D; would not only extend the lifespan of the
worms but simultaneously increase the motility of the
worms as they aged.

In wildtype worms, there was a significant effect of
time on the motility of the worms, with worms declin-
ing in motility as they aged (Fig. 2a, two-way ANOVA,
F¢13=8.563, p<0.001). While worms treated with
vitamin D5 generally seemed to have increased motil-
ity into late life compared to control worms, post hoc
analysis did not identify any significant differences in
motility at specific time points (Fig. 2a). At day 13,
there was a trend for the motility of worms treated with
D; to be higher than control worms; however, these
differences were not quite significant (Fig. 2a, Sidak’s
multiple comparisons test, p=0.06).

Considering the results of the lifespan analysis
in nhr-8 worms, it was hypothesized that vitamin
D; would increase the motility of these mutants
compared to controls. Compared to wildtype worms,
nhr-8 mutants generally seemed to exhibit lower
motility scores, possibly due to deficits caused by
mutation of this receptor. Again, as expected there
was a significant effect of time on motility, with
worms declining in motility as they aged (Fig. 2b,
two-way ANOVA, Fg,5=7.536, p<0.001). There
was also a significant effect of treatment on the
motility of the worms (Fig. 2b, two-way ANOVA,
F,3=19.75, p<0.001). Treatment with vitamin D
generally seemed to improve the deficits in motility
exhibited with nhr-8 mutation, with D;-treated worms
scoring higher motility scores than controls. Post
hoc analysis identified late life differences on days
7 (p=0.028), 9 (p=0.017), and 11 (p=0.045), to
be significant (Fig. 2b). Qualitatively, nhr-8 worms
treated with vitamin D; seemed more active on their
plates, even on the last day of observation (day 13),
which is typically when worms begin to become
immobile.

While considerable lifespan extension was not
observed in gnals2 worms, a significant late-life
extension was detected. This finding was sugges-
tive that vitamin D; may delay the deleterious onset
of paralysis that is induced by the accumulation of
amyloid beta proteins in these worms. Therefore, it
was hypothesized that gnals2 mutants treated with
vitamin D; would have increased late-life motility

compared to control worms. Generally, gnals2 worms
exhibited lower motility scores than wildtype worms,
probably attributed to amyloid beta induced paralysis.
Similar to the other two strains, a significant effect of
time on the motility of gnals2 worms was identified;
worms declined substantially in motility as they aged
(Fig. 2c, two-way ANOVA, F,3=90.93, p<0.001).
There was also a significant effect of treatment iden-
tified (Fig. 2c¢, two-way ANOVA, F),3=32.14,
p<0.001). Post hoc analysis found worms treated
with vitamin D; to have higher motility scores at
day 5 (p<0.001), but no other significant differences
were identified (Fig. 2c). However, these experiments
were performed at a concentration of 250 pM, and
more notable differences may have been identified
under higher concentrations.

Vitamin D; promotes oxidative stress resistance in
nhr-8 mutants

Considering the lifespan and motility response
mounted under treatment with vitamin D;, it was
hypothesized that vitamin D; may help C. elegans,
particularly nhr-8 mutants, withstand oxidative stress.
Worms were treated with a transient exposure to the
oxidative stressor, paraquat, for a time of 5 days,
while simultaneously remaining exposed to either D;
or control solutions. The results from this assay mir-
ror results from previous studies [15], indicating that
vitamin D; may not help wildtype C. elegans handle
oxidative stress induced by paraquat (Fig. 3, log-rank
test, p=0.56). The lifespans of N2 worms exposed
to 400 pM D; compared to those exposed to control
were not significantly different upon exposure to a
transient oxidative stressor. However, in nhr-8 worms,
there was a significant difference identified between
D; treated and control treated worms exposed to
paraquat (Fig. 3, log-rank test, p <0.001). Unlike the
wildtype worms, D; treatment resulted in lifespan
extension in nhr-8 worms, potentially indicating vita-
min D; may promote resistance to oxidative stress in
this strain (Fig. 3).

Bioinformatic approach reveals upregulation of
xenobiotic response pathways

Since vitamin D; induces dramatic gains to lifes-

pan and marginal gains to health span, the genetic
mechanisms that may be governing these responses
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Fig. 2 Average motility
(body bends/minute) of her-
maphrodite worms treated
with 400 pM of vitamin D5
from day 1 of adulthood.
Motilities did not differ
between the two treatment
groups from days 1 to 7 in
N2 and nhr-8 worms (a and
b). At day 9, a divergence
in motility was observed,
with vitamin D;-treated
worms trending higher
motility scores compared
to controls in late life (a
and b). Despite trends,
post hoc analysis did not
identify significant differ-
ences in wildtype motility
between treatment groups
at specific time points (a).
However, in nhr-8 worms,
vitamin Dj; treated worms
maintained significantly
higher motilities at days
7,9, and 11 compared to
controls (b, Sidak’s multiple
comparisons, p=0.03,
p=0.02, p=0.05). Gnals2
worms treated with D5

had an increased motility
compared to controls at
day 5 (c, Sidak’s multiple
comparisons, p <0.001).
Motility in both treatment
groups declined rapidly as
worms aged (c). The results
represent means + SE of

3 biological replicates
containing 10 worms per
replicate [0.12 (ns), 0.033
(*), 0.002 (**),<0.001
(9]
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Fig. 3 Oxidative stress assays of hermaphrodite C. elegans
treated with 400 pM of vitamin D3 from day 1 of adulthood.
Worms were exposed to 3-mM paraquat from days 5 to 10 of
adulthood (indicated by dotted lines), representing transient
exposure to an oxidative stressor. In wildtype worms, treatment
with vitamin D; did not induce resistance to oxidative stress

were investigated. Interestingly, a previous study con-
ducted an RNA sequencing (RNAseq) experiment in
order to identify the transcriptional response mounted
in C. elegans upon treatment with vitamin D5 [15].
While this study comprehensively studied genetic
mechanisms that govern lifespan extension, the full
list of differentially expressed genes (DEGs) was not
published with the associated manuscript. Addition-
ally, although gene ontology was performed on the
DEGs, only a summary of these results was discussed
in the manuscript. Using a bioinformatics approach,

Fig. 4 Principal component
analysis (PCA) of gene
counts between control and
vitamin Dj; treated worms.
Blue circles indicate worms
treated with vitamin Dj,

and red circles indicate
control worms. Clustering
of treatment groups indi-
cates a degree of similarity

between expression patterns -10-

PC2: 16% variance

-20-

(a, log-rank test, p=0.56). In nhr-8 mutants, vitamin D5 did
induce resistance to oxidative stress, resulting in a similar lifes-
pan to wildtype worms even when exposed to paraquat (a, log-
rank test, p<0.01). Worms were censored after day 30. The
results represent at least 60 worms per strain/treatment

the sequencing data was analyzed in order to obtain
a more comprehensive look at pathways that are
enriched during vitamin D5 treatment. Principle com-
ponent analysis of the data identified distinct cluster-
ing of the treatment groups, with vitamin D; treated
worms mounting an aggregate response more similar
to each other than to control treated worms (Fig. 4).
Further analysis revealed that vitamin D, treatment
resulted in 399 significantly upregulated genes. This
is different from the number of upregulated genes
identified by Mark et al. (2016), which may be due to

® group
i control

® treated

Gene Counts VitD 5

-20

0
PC1: 67% variance
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«Fig. 5 gProfiler gene ontology representing the molecu-
lar functions (MF), biological processes (BP), KEGG path-
ways, and transcription factors (TF) enriched after treatment
with vitamin D; compared to controls. Molecular functions
that were significantly enriched included glucuronosyltrans-
ferase activity, UDP-glycosyltransferase activity, and steroid
hydroxylase activity. Biological processes that were signifi-
cantly enriched included the innate immune response, defense
responses, and xenobiotic metabolism. Enriched KEGG path-
ways involved metabolism of xenobiotics by cytochrome P450
proteins

differences in bioinformatic workflows and/or differ-
ences in Ig2FC cutoffs. In order to identify the molec-
ular processes, biological processes, and KEGG
pathways associated with the differentially expressed
genes, gProfiler functional analysis was utilized to
evaluate the DEGs. gProfiler analysis revealed that
vitamin D; treatment resulted in an upregulation of
genes involved in molecular functions such as glucu-
ronosyltransferase activity, UDP-glycosyltransferase
activity, glutathione transferase activity, and steroid
hydroxylase activity (Fig. 5). Biological processes
that were enriched included processes involved in the
C. elegans immune response, defense response, and
xenobiotic metabolism (Fig. 5). Notably, this analysis
also identified a significant enrichment for the stress
response transcription factor (TF), SKN-1, which was
previously published in the original analysis by Mark
et al. (15), as well as the TF, ELT-3. Enriched KEGG
pathways associated with upregulated genes included
metabolism of xenobiotics by cytochrome P450 pro-
teins (Fig. 5).

Discussion

Vitamin D deficiency has been associated with a vari-
ety of age-related diseases, sparking debate about
whether or not this vitamin is an essential longevity
vitamin. While further human studies are necessary,
the results of this study support existing evidence that
vitamin D; promotes longevity in C. elegans [15, 17].
In vertebrate vitamin D endocrinology, 7-dehydro-
cholesterol is converted to vitamin D5 upon exposure
to UVB radiation. Vitamin D; is subsequently con-
verted to the bioactive steroid hormone, 1,25(0OH),D,
through two hydroxylation reactions mediated by
CYP proteins. Interestingly, C. elegans have the pro-
teins and nutritional precursors required to undergo

this process and have been demonstrated to produce
the bioactive steroid hormone, 1,25(OH),D, when
supplemented with the precursor, vitamin D; [15].
This leads to the rationale that vitamin D metabo-
lism may be a part of normal C. elegans endocrinol-
ogy. Due to the fact that C. elegans experiments are
conducted in a lab environment, it could be true that
the organisms used for common lifespan studies are
deficient in this vitamin, as they are not experiencing
active exposure to UVB radiation.

This study also sought to identify whether vita-
min Dj supplementation in C. elegans could alleviate
some of the burden associated with Alzheimer dis-
ease, which is one of the specific age-related diseases
that vitamin D deficiency has been associated with
[30]. Previous work in C. elegans has found vitamin
D; supplementation to alleviate paralysis in strains
of worms engineered to represent Alzheimer disease
through proposed mechanisms such as an increase in
protein homeostasis and decreased nutrient signaling
[15, 18]. In this study, vitamin D; supplementation
was found to extend late-life survival rates of gnals2
worms, which exhibit impaired neuromuscular and
sensorimotor behavior (Fig. 1d). These results are
suggestive that vitamin D, treatment may alleviate
some of the late life disease present in this particu-
lar strain of worms. In terms of motility, vitamin D,
treatment did not seem to significantly improve the
decline in movement observed in these worms with
advancing age (Fig. 2c¢). While there was a signifi-
cant effect at day 5, other observed differences with
increasing age were not significantly different. These
results could mean that improvements in paralysis
reported in previous studies could be strain specific or
perhaps improvements in life- and health span would
be observed in altered conditions such as different
concentrations of D, or a larger sample size.

The next goal of this study was to investigate a pos-
sible vitamin D receptor in the worms. In vertebrates,
vitamin D endocrinology relies upon a functional
vitamin D receptor, which interacts with various
target genes to regulate transcription. In C. elegans,
there are three receptors considered homologous to
the human vitamin D receptor, DAF-12, NHR-8, and
NHR-48. DAF-12 has the highest homology to the
human VDR but has been previously determined to
not be involved in the mechanism by which vitamin D
induces lifespan extension [15]. In this study, NHR-8
was hypothesized to be involved in this process due
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to its high homology to DAF-12, with significant
homology in DNA- and ligand-binding domains and
identical residues in the P box of the first zinc fin-
ger that functions in DNA recognition [28]. Previ-
ous work has identified that nhr-8 mutants exhibit
decreased lifespans, which this study also supported;
nhr-8 mutants had significantly shorter lifespans
compared to wildtype worms (Fig. 1¢). However, the
interesting finding in this study was that vitamin D;
supplementation completely rescued nhr-8 mutants,
with lifespans similar to wildtype worms treated with
vitamin D5 (Fig. 1c). Previous work in nhr-8 worms
has implicated NHR-8 in the A” dafachronic acid (A’-
DA) pathway, with NHR-8 regulating cholesterol and
bile acid homeostasis [28]. One key step in sterol and
bile acid homeostasis is the conversion of cholesterol
to 7-dehydrocholesterol, and it has been supported
that NHR-8 promotes this conversion [28]. The con-
version of cholesterol into 7-dehydrocholesterol is
a first key step in A7-DA synthesis, but it is also the
first step in vitamin D5 synthesis. This posits that nhr-
8 worms lack the critical precursor necessary to pro-
duce not only key dafachronic acids but also vitamin
D. With this in mind, D5 supplementation may be act-
ing as a form of cholesterol supplementation in these
worms or could be providing the worms with deriva-
tives such as vitamin D that they may be deficient in.
Further studies investigating the amount of vitamin D
produced in nhr-8 worms compared to wildtype con-
trols when exposed to UVB would be interesting and
may help further support the notion that nhr-8 worms
are deficient in vitamin D.

The finding that vitamin D5 could induce lifes-
pan and health span benefits in nAr-8 mutants led to
investigation of its ability to correct other known defi-
cits, such as sensitivity to oxidative stress. C. elegans
treated with control or D; were exposed to paraquat
for a time of five days, which is known to induce
mitochondrial oxidative stress [31]. In wildtype
worms, the hypothesis that vitamin D; would increase
resistance to paraquat was not supported; there was
no observed difference in lifespans between the two
treatment groups (Fig. 3). However, in nhr-8 worms,
vitamin Dj; treatment did seem to increase resistance
to oxidative stress, as treated worms had an increased
lifespan compared to control (Fig. 3). As mentioned,
nhr-8 worms are known to be more susceptible to
oxidative stress [28]; however, the finding that D,
treatment imparts resistance comparable to wildtype

@ Springer

worms suggests, again, that D; may be alleviating the
negative consequences associated with nhr-8 muta-
tion (Fig. 3). One important note to consider when
evaluating these results is that there are variable types
of reactive oxygen species (ROS) that contribute to
oxidative stress in various subcellular compartments
[31]. Due to this, these results do not support that D,
is unable to impart oxidative stress resistance in C.
elegans generally, rather, that it may not provide pro-
tection from mitochondrial oxidative stress specific
to paraquat exposure. This distinction is important,
as other studies have found variable amounts/types of
oxidative damage to be caused by different oxidative
stressors. Further studies testing vitamin D5’s ability
to protect against oxidative stressors, such as juglone,
hydrogen peroxide, hyperoxia, and more, will need to
be done in order to determine whether or not it can
truly protect against oxidative stress in wildtype C.
elegans.

Whether there is a true vitamin D receptor in
C. elegans that accommodates vitamin D is still
undetermined, however, it is clear that vitamin D
treatment modulates the transcription of C. ele-
gans, which may be causal of the observed gains
in longevity. Pathway enrichment analysis found
upregulated genes to be related to biological pro-
cesses such as the C. elegans immune response and
xenobiotic metabolism, similar to what was identi-
fied in Mark et al. (2016) (Fig. 4). It is notable that
this observed transcriptional response is similar to
the response mounted across the tree of life with
respect to vitamin D; endocrinology. For example,
evidence suggests that the vitamin D receptor in the
sea lamprey (Petromyzon marinus) may function
to induce cytochrome P450 enzymes for xenobi-
otic detoxification [32]. Due to its evolutionary rela-
tionship to modern vertebrates, this insight allows
us to speculate that the early function of the VDR
receptor was detoxification [33]. With that in mind,
it is interesting to note that C. elegans mounted a
transcriptional response highly associated with the
metabolism of xenobiotics, with vitamin D treat-
ment inducing the expression of many CYP and
glutathione S-transferase (GST) proteins. It is also
interesting to note that the transcriptional response
exhibited in C. elegans was similar to responses
identified in higher organisms such as the labo-
ratory rat when treated with vitamin D [34]. Spe-
cifically, these responses included the upregulation
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of CYP proteins, steroid hormone metabolism
genes, UDP-glucuronosyltransferases, and glu-
tathione S-transferases in the rat intestine [34]. This
response is strikingly similar to what was observed
in C. elegans treated with vitamin D;, suggesting
that the functions of vitamin D may be highly con-
served across organisms.

Ultimately, this study supports the established
notion that vitamin D; promotes longevity in C. ele-
gans and rescues deficits in nhr-§ mutants. While
the relevance of lifespan extension in nematodes for
human longevity may seem unclear, the use of C. ele-
gans to screen for longevity modulating compounds
has thus far been surprisingly promising [35]. Com-
pounds that extend the lifespan of C. elegans have
later been demonstrated to modulate longevity in
higher organisms, leading to the hypothesis that vari-
ous compounds may act on highly conserved pathways
to modulate the aging process [35]. Considering the
transcriptional response identified in C. elegans upon
treatment with D; was similar to responses observed
across other organisms, it is suggestive that the path-
ways that promote longevity in the worms may be
similar across eukaryotes. Moving forward, C. elegans
may be a good model to further study the longevity
promoting effects of vitamin D. Future studies could
investigate the range of D5 concentrations C. elegans
can tolerate as well as the role NHR-48 may play in
vitamin D;-induced lifespan extension. Additionally,
considering the well-established immunomodulatory
effects of vitamin D in mammals [36], as well as the
expression of immune related genes in C. elegans
treated with D5, vitamin Ds’s effect on worms chal-
lenged with pathogens would be interesting to inves-
tigate. While much debate will remain about whether
or not vitamin D is a longevity vitamin in humans,
C. elegans are a good model moving forward to help
identify the role of vitamin D in longevity promotion.
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