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ABSTRACT

Maternal overweight and obesity is associated with higher risks of childhood obesity.
Low vitamin D (VD) status is often observed among overweight and obese (OWO) individuals,
enhancing their risk for the development of secondary complications, such as inflammatory
bowel diseases, cardiovascular diseases, and cancers. In addition to its classical role in bone
health, the immunomodulatory role of VD has been widely reported. In this study, we aim to
investigate the effect of maternal methyl-donor nutrient supplementation (MS) to a high-fat high-
sucrose (HFS) diet during pregnancy and lactation on VD status and inflammation among
offspring. Our results suggest a critical role of prenatal MS in mediating VD status among
offspring and suppressing systemic inflammation in offspring. We further demonstrated that
prenatal and postnatal diets differentially regulate renal and colonic VD signaling, as well as the
respective local inflammatory signaling. Mechanisms by which prenatal and postnatal diets
regulate VD signaling locally remained to be elucidated. Collectively, this thesis project
supported the role of prenatal dietary modifications in optimizing VD status as a strategy to

prevent the development of metabolic disorders.
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I. INTRODUCTION

A meta-analysis involving European, North American, and Australian populations
demonstrated a strong association between maternal overweight/obesity and higher risks of
childhood OWO, and this effect was slightly enhanced when maternal weight gain (MWG)
exceeded the 2009 guidelines from the Institute of Medicine (IOM) of 11 to 25 Ibs. in
overweight and obese (OWO) women.! The Western diet (WD) culture, which is rich in
saturated fat and added sugar, contributed to increased risks of metabolic dysfunctions not only
to pregnant mothers but also to their offspring. In addition, the disruptions in both central and
peripheral immunity among offspring induced by a maternal WD were recently demonstrated by
Dunn et al. in a non-human primate study.? Low vitamin D (VD) status is often observed in
OWO individuals as evidenced by an observational study demonstrating that low serum 25-
hydroxycholecalciferol (25D) in Swedish child-bearing aged women of BMI > 30 kg/m?.2
Maternal VD status can also impact the health outcomes among their offspring. Specifically, a
study has shown that maternal serum 25D levels lower than 37 nmol/L were associated with
higher BMI and central adiposity in their 6-year-old offspring, which may subsequently increase
their risks of obesity-associated chronic diseases throughout adulthood.* Methyl-donor nutrients
(MN), which include micronutrients such as folate, methionine, vitamin B12, betaine, choline and
zinc, involved in one-carbon metabolism (OCM), have long been known about their effects on
epigenetically modified genes involved in glucose and lipid metabolism. It has been shown that
maternal MN deficiency (MDD) affects bone health in offspring by decreasing protein vitamin D
receptor (VDR) levels.® This may suggest the role of MN in modulating VD signaling through
epigenetic modifications. Thus, the primary objective of this proposed work is to determine if

maternal MS can normalize VD status and inflammation induced by maternal high-fat high-



sucrose (HFS) diet among adult offspring. The central hypothesis is that maternal MS can restore
disrupted VD balance and suppress inflammation induced by maternal HFS diet among adult

offspring.



1. BACKGROUND AND SIGNIFICANCE

1. Significance of the Proposed Research.

A population study showed that mothers who had a dietary pattern rich in fast food,
which is high in saturated fat and sugar, or commonly known as the Western diet (WD) tended to
be in the overweight and obese (OWO) category.® In addition, this study demonstrated the
association between maternal Western dietary pattern and maternal obesity with risks of children
being OWO at the age of 4.” Childhood BMI has been reported by Ajala et al. as a predictor for
being obese and developing pre-diabetes in adulthood.® Maternal obesity also is commonly
associated with adverse maternal and offspring health outcomes, such as gestational diabetes
mellitus (GDM), preterm birth, and babies who are large-for-gestational age (LGA).® Neonates
born to OWO mothers had lower vitamin D (VD) status and low VD status has been linked to

higher inflammation status in in vivo mice offspring.°

2. Review of Literature

A) Introduction

Maternal dietary pattern has recently been shown to be correlated with fetal head
circumference, where dietary patterns rich in meat and meat products had positively correlated
with increased head circumference.!? In addition, several in vivo studies have shown adverse
effects of maternal high-fat diet (HFD) or WD, which is rich in saturated fat and added sugar, on
offspring health, such as increased adiposity,® liver damage, and impaired cognitive
functions.’*> Low VD status is often associated in OWO individuals and maternal VD status has
been related to dysregulated lipid metabolism and higher inflammation status in offspring.1® A

recent publication investigated the causal relationship between VD deficiency (VDD) and



obesity and found lower methylation status in genes related to VD metabolism in obese
families.}” On the other hand, MS has long been known for its role in supplying methyl groups to
DNA,® therefore, it may serve as a helpful strategy to suppress the effects of maternal HFS-

induced DNA methylation loss.

B) Maternal Dietary Pattern

Pregnant women in the OWO BMI categories have been associated with both maternal
complications and adverse health outcomes in offspring. A large cohort study that included over
10,000 pregnant women suggested that being OWO tended to exceed maternal weight gain
(MWG) recommended by I0OM, which is between 11 to 25 pounds.!® These OWO pregnant
women have a higher prevalence of being hyperinsulinemia, hyperleptinemia, and displaying
impaired glucose tolerance and low-grade systemic inflammation,%1%-?! indicated by increased
serum levels of pro-inflammatory markers, TNF-a, IFN-y, IL-6 and 1L-8.2°2! Adverse outcomes
arouse from maternal obesity include preeclampsia, gestational heart diseases, GDM, caesarean
section, having preterm (< 37 gestational weeks) and post-term delivery (> 42 gestational
weeks). Moreover, pregnant women with an OWO status also increased prevalence of adverse
neonatal health outcomes, such as macrosomia (birth weight > 8.2 Ibs.), small-for-gestational
age, and LGA.1%22 |n addition, risks of adverse maternal and offspring health outcomes increased
across maternal pre-pregnancy BMI as reported in Black et al. and Voerman et al.}%?2 QWO
status accompanied with excessive MWG further increased adverse offspring health outcomes as

evidenced in a few cohort studies.®*°

Maternal obesity has been found to mitigate the risks of children being OWO not only
during neonatal period, but also continued throughout adulthood. Increased mean birth weight

was observed across maternal BMI categories and there were significantly higher proportions of



LGA infants born from OWO mothers as compared to mothers with normal BMI.%1%1° Andersen
et al. observed the eating pattern in 9-month-old offspring born to OWO maothers and
demonstrated that they tended to have less healthy eating patterns, as measured by lower fiber
intakes and higher calorie intakes compared to offspring from mothers with normal BMI1.%
Chang et al. also did a follow up with offspring born to OWO mothers with excessive GWG after
two years and demonstrated a linear correlation with the rate of children becoming OWO at 2
years old.® In addition, several studies have also observed that offspring born to OWO women
had a higher prevalence of being OWO throughout late childhood, and this may be due to the
low-grade systemic inflammation, which is a common characteristic in a maternal obesogenic

diet 1,20,24

Corroborate with human studies, offspring born to dams on HFD had higher body
weights and larger sizes of both visceral and subcutaneous fat pads.?>? The exact mechanism
underlying contribution of maternal obesity to risks of being OWO among offspring remained
unclear. A possible mechanistic link between maternal obesity and risks of metabolic diseases
among offspring is induction of chronic inflammation from a maternal HFD. As shown in
placentas collected from C57BL/6J mice, increased mRNA expression of Tnf,116, 1110, Traf6, Nf-
kB, TIr2, Ccl2, Csfl and Csf2 suggested maternal HFD promoted TLR-mediated pro-
inflammatory signaling and phenotypic changes in macrophages.?” Wallace et al., in consistent
with Gohir et al., also demonstrated that maternal HFD increased placental hypoxia and altered
placental vascularization by increasing transcript levels of carbonic anhydrase IX, VEGF, CD31
and several nutrient transporters, but reducing blood vessel maturity.?”?® Gohir et al. also
observed sex-dependent effects on metabolic dysregulations induced by a maternal HFD, where

female fetuses were more affected,?® however, it was contradicted with the findings from Chang



et al., who found larger effects in male offspring.2> Another possible mechanistic link is
suggested from several in vivo mice studies which found that maternal HFD containing 60 % of
total calorie intakes from fat induced phenotypic changes in genes involved in hepatic lipid
metabolism,?%?" therefore predisposing risk of metabolic dysregulations to offspring. The
dysregulated gene expression of hepatic leptin receptor, Lepr, and enzymes involved in
gluconeogenesis, Pc and Pepck, may be explained by LXR-mediated suppression where LXR is

known as a regulator of adipogenesis.?6-?

The link between maternal OWO status and DNA methylation status has been
extensively studied. An in vivo study that involved offspring from diet-induced obese (DIO)
Sprague Dawley (SD) rats showed highly enriched genes involved in pattern specification, cell
fate commitment and mesenchymal cell development, also significant hypomethylation in key
adipogenic transcription factors, C/EBP-B, Zfp423, and PPARY.? Zfp423 has been found to be
sequestered by WISP2, which is a target of Wnt signaling, suggesting Wnt signaling may be
regulated by maternal obesity to induce epigenetic changes among offspring.?® Consistent with
the results in human studies, Perkins et al. found the odd ratios for DNA hypermethylation at
H19 differentially methylated regions (DMRs) was 3.7-fold higher in 1-year-old offspring born
to OWO mothers.®® Also, there were significant changes in cord blood methylome obtained from
obese pregnant women diagnosed with GDM as compared to those from non-GDM pregnant
women, primarily on genes involved in cell signaling, chromatin remodeling and transcriptional
regulation.3* However, Antoun et al. found that antenatal dietary interventions and lifestyle
changes assigned to GDM pregnant women had null effects on DNA methylation changes
among offspring from OWO pregnant women, which is similarly observed in a recent study done

by Louise et al. who also started interventions in OWO pregnant women during their second



trimester.3! Therefore, it may be helpful to modify maternal diet as early as preconception and

during first trimester to prevent the induction of DNA methylation changes among offspring.

Maternal obesity, mostly due to Western diet culture, also contributed to decreased VD
status in offspring as observed in both animal and human studies. A study that involved 45 pairs
of mothers and children found that serum 25D levels were significantly reduced among neonates
from obese mothers as compared to those from normal-weight mothers.32 This may be due to
modulations in genes involved in VD metabolism by maternal HFD as evidenced by a primate
study. Placentas from diet-induced obese (D10) baboons on a HFD (45 % kcal from fat)
exhibited decreased mRNA expression of Lpr2, Cyp27bl, Vdr and ratio of Cyp27b1/Cyp24al
and protein levels of VDR as compared to placentas from non-obese pregnant baboons,
indicating a repressed placental VD metabolism.®® Yu et al. recently demonstrated associations
of single nucleotide polymorphisms in Cyp27b1 with serum 25D levels, but not with BMI in
obese families,!” indicating VDD may be a causal factor of obesity, but this causal relationship

between VDD and obesity remains to be investigated.

Furthermore, children from OWO mothers have been found to have higher odds of
displaying developmental delay on communication, fine and gross motor skills, and personal-
social skills at the age of 3.3* These may further indicate that maternal obesity not only
predisposed risks of being OWO and inflammation, but also altered neurocognitive function
among offspring.>* A cross-sectional study that followed up with 12-year-old offspring born to
mother with a maternal BMI higher than 66 % of mean BMI had higher levels of C-reactive
protein (CRP), suggested that offspring from OWO parents are more prone to inflammation.
Yang et al. also reported upregulations in mMRNA expression of Tlr4, 116 & 118 in placenta

collected from obese pregnant women and a positive correlation between placental TLR4



transcript levels and maternal pre-pregnancy BMI, plasma insulin, leptin and CRP levels.?!
TLR4 signaling has been found to activate the innate immune system by stimulating release of
cytokines and can be mitigated by VD signaling,® therefore, proposing a potential use of VD
status to mitigate the risks of inflammation and chronic diseases, which will be further discussed

in the next section.

Other than the onset of inflammatory diseases, maternal obesity has been linked to
playing a part in contributing to the risk of chronic kidney disease (CKD). CKD, which is
associated with progressive loss of neurons, tubulointerstitial fibrosis, glomerular sclerosis, and
tubular atrophy, has been found to be more prevalent in offspring born to dams on a HFD in
animal studies.®”*° Two studies involving C57BL/6 mice found that offspring from HFD dams
presented higher levels of renal injury, enhanced levels of oxidative stress and DNA oxidative
damage, in addition to increased renal lipogenesis, which leading to more lipid accumulation in
the kidneys.®”*® A study involving offspring from Wistar rats on HFD also found similar results,
where Zhou et al. observed increased renal damage, oxidative damage and renal inflammation in
12-week-old adult offspring.®® When offspring from dams on HFD were put on HFD, Jackson et
al. and Flynn et al. found synergistic effects from both maternal and postnatal diets in
progression of renal injury and inflammation in both male and female offspring.*®#! Therefore,
these studies suggested the potential roles of both prenatal and postnatal diets in determining

risks of developing CKD among offspring during adulthood.

C) Vitamin D Metabolism

Vitamin D presents naturally in plant sources, such as mushroom and soy products, as
pro-vitamin D2 and in animal sources, such as fish and dairy products, as 7-dehydrocholesterol

(pro-vitamin Dz3). In addition, cholesterol can be converted endogenously into 7-



dehydrocholesterol by 7-dehydrocholesterol reductase. UVB rays from sun act as a catalyst to
catalyze the conversion of pro-vitamins D2 and Dz into cholecalcidiol (vitamin D2) and
cholecalciferol (vitamin D3) in our skin. Lipid-soluble vitamins D, and D3 are bound to vitamin
D binding protein (VDBP) once entering the blood circulation. Dietary sources of VD are
incorporated with bile acids into micelles and carried to liver to be converted into chylomicrons,
which then being transported to peripheral cells. In liver, VDBP-bound vitamins D, and Ds are
being converted into 25D by hepatic 25-hydroxylase (encoded by Cyp27al and Cyp2rl), and
25D is further metabolized in the kidney into 1,25-dihydroxy vitamin D (1,25D) by la-
hydroxylase (encoded by Cyp27b1). 1,25D is the active form of VD, which binds to vitamin D
receptor (encoded by Vdr), to regulate activation of gene transcriptions. Serum VD levels are
regulated by the kidney through production of 24-hydroxylase (encoded by Cyp24al) to convert
1,25D into 1,24,25-trihydroxyvitamin D (24,25D), which is a less bioavailable form to be

excreted.

Population study has found that VDD is commonly observed among OWO individuals.
In addition, Karlsson et al. also found that obese pregnant women had lower VD status in the
first trimester of pregnancy than normal-weight women despite having a higher dietary VD
intake.*? Maternal VD status has been found to be associated with risks of being OWO among
offspring.** In a study that involved VD-inadequate, or serum 25D levels equals or lower to 30
ng/mL, OWO mothers, an inverse association has been found between visceral adiposity in
neonates, as shown by a greater area of abdominal subcutaneous adipose tissue and maternal VD
status.*® Furthermore, each 10 nmol/L decrease in maternal serum 25D levels was associated
with increased risks of childhood OWO, as indicated by BMI standard deviation score, waist

circumference and body fat percentage in several follow-up studies.**4® These may be



explained by the role of maternal VD status in modulating phenotypic changes of offspring VD
metabolism, and therefore, the risks of metabolic dysfunctions. Two studies found that neonatal
VD status was highly correlated with maternal serum 25D levels and there were positive
associations between neonatal serum 25D levels with placental CYP27B1 protein levels,
showing a higher maternal VD status is effective in upregulating VD metabolism among
offspring.*®#” In addition, O’Brien et al. examined the link between maternal inflammation status
and both mRNA and protein levels of VD metabolism-related enzymes, which demonstrated that
maternal serum IL-6 levels were positively associated with placental CYP27B1 protein level and
negatively associated with placental Cyp24al mRNA expression.*” This may indicate an
association between VDD and maternal obesity involved in regulating VD status among

offspring at both transcriptional and translational levels.

Several in vivo rodent studies have investigated the role of maternal VDD on
anthropometric and biochemical measurements in offspring. Belenchia et al. fed weaned VDD
offspring either a low-fat diet or a HFD (45% kcal from fat) for 12 weeks and found that
maternal VDD induced higher visceral adiposity and a 3.7-fold increase in PPARy gene
expression in perigonadal adipose tissue among adult offspring as compared to offspring from
dams on a VD-sufficient diet,'® indicating maternal VDD altered lipid metabolism in offspring
born to dams on a VDD diet. In addition, when offspring from VDD dams were weaned to a
control diet (consists of 1.0 IU vitamin D/g), these mice exhibited higher mRNA expression of
VDR and PPARy and elevated levels of serum resistin and IL-2 at 15-week of age from baseline,
as compared to offspring born to dams on a control diet.*® These suggested that VD and
inflammation status among offspring were dependent on maternal VD status, and that postnatal

supplementation may not be as effective as modulating maternal VD status on maintaining VD

10



status and suppressing inflammation and maternal VDD-induced metabolic dysregulations
among offspring. Moreover, when 1,25D was supplemented to pregnancy induced VDD dams,
they had increased litter size and fetal weights as compared to rat models which had sufficient
serum VD levels during prengnancy.*® Villa et al. and Gazquez et al. studied the effects of
prenatal and postnatal VD supplementation on offspring health. Both studies found optimizing
VD status by supplementing either D2 or D3 to dams during pregnancy was effective in raising
neonatal serum 25D levels and protecting their intestinal barriers,>*°! proving the role of

maternal VD status in mitigating risks of diseases among offspring.

Garg et al. used colonic tissues resected from patients with inflammatory bowel disease
(1IBD) showed upregulations in both gene expression and protein level of VDR, which were
inversely correlated with inflammation.>?>* Apart from the traditional role of VD in maintaining
bone mineral density, VD also plays a critical role in both innate and adaptive immune system.
VD supplementation has been shown to mitigate symptoms in patients diagnosed with acute or
chronic inflammatory diseases, such as IBD, COVID-19, and asthma.>>¢ An in vitro study
proved that the gene encodes for production of cathelicidin is a direct target of VDR and it was
strongly upregulated by treatment of 1,25D, showing VD can mediate inflammatory signaling
through production of antimicrobial peptides, cathelicidin.>>* A human study involving asthma
patients also found that serum VD status showed an inverse correlation with serum cathelicidin
levels in patients having asthma attacks. Moreover, an increase in serum 25D levels predicted a
decreased risk of asthma attacks.>* Arikoglu et al. also found a significant positive correlation
between serum cathelicidin levels and BMI, further suggesting a possible link of cathelicidin that

underlies the protective role of VD in inflammation, and therefore risks of being OWO.%* Taken

11



together, these observations strongly suggest a role of VD metabolism in mediating

inflammation.

The protective effect of vitamin D in IBD has been proposed to be mediated by
cathelicidin through induction of TLR signaling and production of inflammatory cytokines,¢>"-%8
An in vitro study found treatment of 1,25D upregulated gene expression of cathelicidin,>’*8
while cathelicidin has been observed to inhibit activation of TLR signaling.® Liu et al. further
investigated the gene expression of Cyp27b1 and Cyp24al and found that TLR signaling induced
upregulation in Cyp27b1 expression, while treatment of 1,25D upregulated Cyp24al
expression.>” These results suggested that TLR signaling stimulated activation of VD metabolism
and its downstream target, cathelicidin, which then confirms the role of VD status in the innate
immune system. On the other hand, animal studies found controversial results on supporting
maternal VD status to modulate inflammation among offspring. Although an in vivo mice study
has reported that maternal VD status did not affect systemic inflammation markers, such as IL-6
and TNF-q, in female offspring,® but a recent study using C57BL/6JRJ mice fed on VD-
depleted diet found a higher adiposity and inflammatory response through activation of NF-xB
signaling among offspring fed on HFD.®° Further investigations are required to investigate the

role of maternal VD status in mediating immune system among offspring.

One of the possible mechanisms underlying VD protects against inflammatory diseases
will be VD plays a role in epigenetically modifying genes related to growth and metabolic
functions. A few human studies have found that DNA methylation status is closely linked to VD
metabolism. Meyer et al. found that TLR-induced upregulation of VDR protein levels influenced
DNA methylation status positively in blood extracted from South Africans.®! When they were

supplemented with 1,25D, decreased cathelicidin antimicrobial peptide (CAMP) protein levels,

12



which could be transactivated by VDR, were observed and its mMRNA expression inversely
impacted DNA methylation status.®* These results were consistent to findings from Zhu et al.,
who demonstrated reduced DNA methylation status of DHCR7 (encodes 7-dehydrocholesterol
reductase), Cyp2r1, and Cyp24al genes in African American VDD adolescents.®? The
hypomethylated genes found were mostly associated with regulation of metabolic processes,
cellular development, cell differentiation and transcriptional factor binding.®? In addition, a
randomized controlled trial done on supplementing vitamin D3 to pregnant women of 24 to 28
weeks of gestation confirmed the silencing of genes associated with metabolic functions and
developmental processes in skeletal, nervous and respiratory systems.?® These studies suggested
the need of optimizing maternal VD status to decrease DNA methylation status, therefore,
activating transcriptions of genes involved in VD metabolism and its downstream to induce

protective effect against low-grade inflammation among offspring born to OWO mum.

In addition to the role of VD in systemic and colonic inflammation, its role in renal health
has been documented. In fact, VD insufficiency has been commonly observed in patients with
CKD.® When human monocytic cells were cultured in pooled serum from hemodialysis patients,
Brito et al. demonstrated reduced expression of inflammatory markers, TLR-4, MCP-1 and
cathelicidin upon treatment with 1,25D.%° This may suggest a potential anti-inflammatory role of
1,25D under a uremic environment. These observations were further suggested by a 12-week
intervention study where patients with Stage Il and 11 CKD, when supplemented with VD,
showed reduced circulating levels of inflammatory markers compared to non-supplemented
patients.® In preclinical models, Alkharfy et al. also reported that vitamin Dz supplementation
was capable of reversing severe renal damage induced by a maternal HFD among offspring %’

and reduced oxidative stress and inflammation and improved renal histopathological score.®®%° In
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support of these studies, a recent rat study conducted by Bernardo et al. also shown that obese
rats with VDD exhibited higher inflammatory status and much severe damage to renal
tubulointerstitial components compared to VDD non-obese rats and VD sufficient obese rats,
suggesting a possible synergistic effects of obesity and VDD on progression of CKD.”® While
promising data have been shown in both human and animal studies that VD might play a critical
role in attenuating renal injury and/or renal inflammation, a gap in knowledge still remains,
particularly on how maternal VD status or maternal dietary intake may affect renal health and

exacerbate VDD-related complications among offspring.

D) Methyl-donor Nutrients

MN include micronutrients that act either as a co-enzyme or a co-factor in one-carbon
metabolism (OCM), such as folate, methionine, betaine, choline, vitamin B2 (B12), and zinc.
Dietary folate obtained from food such as leafy green vegetables need to be hydrolyzed into folic
acid (FA) with the aid of zinc-dependent enzyme upon absorption into enterocytes. In the blood
circulation, folate is transported to peripheral cells in the form of FA or 5-methyl
tetrahydrofolate (5SMTHF). Folate can be absorbed into peripheral cells, such as brain, placenta,
and hematopoietic cells, via folate receptors in the form of FA, SMTHF, or reduced folate, such
as dihydrofolate (DHF) and tetrahydrofolate (THF). SMTHF supplies methyl group through B2
to homocysteine to form methionine, catalyzed by methionine synthase. Methionine can then be
converted to S-adenosyl methionine (SAM), catalyzed by methionine adenosyl transferase,
which is a universal donor of methyl groups. After donating its methyl group to compounds,
such as DNA and phosphatidyl-choline, SAH is formed and recycled to form homocysteine to
continue the cycle. After phosphatidyl-choline receives a methyl group, choline is formed, which

then can be used in synthesis of cell membranes and precursor of neurotransmitter, acetylcholine.
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Choline can then be oxidized into betaine, which then be converted into methionine, catalyzed by

betaine homocysteine methyltransferase, to maintain the methionine cycle.

DNA methylation from SAM is catalyzed by DNA methyltransferase (DNMT) and
hypermethylated DNA is related to gene silencing, which means decreasing transcription of
targeted genes, and this can be passed down to the next generation. This is evidenced by Godfrey
et al., which followed up with pregnancy women 9 year-postpartum and found a positive
association between child’s fat mass and methylation status at CpG sites in RXRA gene,*
suggesting the link between epigenetic modifications and adiposity among offspring throughout
late childhood. Although a recent genome-wide study on offspring in France failed to prove the
role of maternal dietary pattern in global DNA methylation status among offspring,’® Cooper et
al. found preconception supplementation that includes folate, B12 and zinc significantly altered
methylation status in genes associated with child growth and development, such as IGF-2.73 A
randomized trial providing daily supplementation of 400 pg folic acid to pregnant women also
showed significantly lower DNA methylation status of genes, such as IGF2, BDNF and LINE-1
in cord blood.” These data collectively suggested that epigenetic modifications passed down

from OWO mothers rescued by maternal MS.

Moreover, rodent models have been used extensively to investigate the effects of
maternal MS on epigenetic modifications and offspring health in either nutrient-deprived or DIO
dams. A few studies fed SD rats with either a control or a protein-restricted (PR) diet with or
without MS preconception and throughout gestation and lactation.'87> Collectively, they found
MN restored both global and specific DNA methylation status induced by dams in a nutrient-
deprived state.’®’® In addition, there were alterations found in several gene expression associated

with fetal growth, such as 1gf2, H19 and Plagl1.” Awazu and Hida further investigated the role
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of MN in renal development among offspring in in vitro organoid cultures and found that MDD
significantly reduced number of ureteric bud tips and surface area of kidneys,’® suggesting that

MN is important in offspring growth and development.

On the other hand, several studies examined the role of MS in mitigating offspring from
dams on HFS diet.””"® Both studies fed rodents with either a control or a HFD (45% kcal from
fat) during lactation,””’® while Jiao et al. fed C57BL/6 mice started the diet 1.5 weeks prior to
mating.”® Both studies found that MS, including FA, B12, choline and betaine, reversed insulin
resistance and alterations in gene expression of hepatic enzymes involved in lipid metabolism
induced by HFS.”""8 In addition, MS was found to significantly regulate methylation status at the
promoter regions in genes involved in lipogenesis and adipogenesis, such as leptin, adiponectin,
PPARy and FAS.”""® Cordero et al. also found that offspring born to Wistar rats on HFS had
higher body weights, % body fat, liver fat content and plasma triglyceride levels, while MS
protected against these effects.”® Another study that used similar Wistar rat models found a B-12
deficient maternal diet contributed to significant decrease in essential fatty acid levels and
reduced global DNA methylation in placenta.2® Moreover, maternal choline supplementation to
mouse model of placental insufficiency was found to decrease apoptosis and suppress gene
expression of inflammatory and angiogenic genes, such as Tnfu, Nfich, 111b, and Vegfa.?! On the
other hand, Cho et al. investigated the role of maternal MS on mammary carcinogenesis among
female SD rat offspring and found significant reduced tumor volume and higher survival rate in
those from MN-supplemented dams.®? These results collectively suggested the role of maternal

MS in reducing risks of obesity-related complications and chronic diseases among offspring.

In addition, MS has been found to play a role in metabolic functions, cancer, and bone

health. A recent publication by Khatiwada fed weaned male SD rats with MN, but not
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methionine until 7 months of age and found that MS was able to maintain body weight,
adiposity, and metabolic functions, which were not significantly different from rats fed on a
control diet.3® Consistent with Khatiwada et al., another study, which investigated the novel
function of dietary choline supplementation to HFD mice on hepatocarcinoma, also found
greater expression of genes involved in cholesterol uptake and synthesis and significant
decreases in concentrations of circulating immune cells, therefore slowing progression of HFD-
induced hepatocarcinoma.®* The underlying mechanism can be explained by an in vitro study
done on hepatic carcinoma cancer cells HepG2.8° This study found higher methionine levels
induced proteomic changes and reduced cancer associated phenotypes through increasing
phosphorylation of Akt and activating mTOR pathways, suggesting MN may mitigate risk of
cancer through Akt/mTOR signaling pathway.®® On the other hand, Feigerlova et al. fed Wistar
rats, a MN-deficient model, with either a control or a diet lack of folate and B1> one month
before pregnancy throughout gestation and lactation,® reduced body weight, tibia length, total
bone mineral density was demonstrated in offspring from dams with MDD, accompanied by
significant reductions in protein levels of VDR, ER-o and PRMT1.° Feigerlova et al. also studied
effects of MDD in in vitro human osteosarcoma cells and found slower cell proliferation.®
Moreover, when MN-deficient bone cells were treated with 1,25D, a blunted response was
observed and VDR expression, which was expected to increase, was not altered after the
treatment.® This suggested VD needed to function in a MN-sufficient environment and the

possible link between MN and VD metabolism.

A Mexican cross-sectional study published in 2012 aimed to investigate the dietary
intakes of micronutrients in dialysis patients and they found less than half of the participants had

adequate intake of B vitamins.2® A more recent retrospective study published in 2017 found that
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a higher serum By level and a lower serum folate level were modestly associated with a higher
risk of all-cause mortality in hemodialysis patients.®’ In addition, another cross-sectional study
involving Taiwanese hemodialysis patients found that folic acid supplementation reduced all-
cause mortality rate by 10%.88 These clinical studies conclusively suggest that MN, such as folic

acid, B12 and zinc, may help in mitigating progression of CKD.

There are several animal studies also investigating role of single methyl-donor nutrient in
development of renal diseases or acute renal injury. Bi1> supplemented to male mice with acute
renal injury found to be effective in ameliorating renal injury, kidney inflammation, tubular
fibrosis, and reversing oxidative stress in reductive oxygen species-induced renal injury.8®
Another study utilizing betaine supplemented to rats showed the beneficial effect of betaine in
repairing renal dysfunction, tubulointerstitial injury, insulin signaling and reducing renal
inflammation and lipid accumulation induced by a high-fructose diet.*® However, several animal
studies have resulted in controversial results. For example, methionine restriction, in contrast to
other MN, was shown to be helpful in reducing renal damage by downregulating renal fibrosis,
tubular damage, and inflammation.~% Perhaps further investigation should focus on the
combined effects of these MN, including folic acid, vitamin Bz, zinc, betaine and methionine
supplemented to maternal diet on renal health among offspring due to the gap in knowledge on

how MN synergistically affects kidneys of offspring when supplemented to maternal diet.
E) Conclusion

In conclusion, a Western diet rich in saturated fat and added sugar has contributed to
adverse pregnancy and offspring outcomes. A human study indicated that VDD may be a causal
factor of obesity as observed from DNA methylation loss in Cyp27b1 gene, which encodes

enzyme to activate VVD. VD status has been found to mitigate risks of inflammatory-related
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diseases, such as IBD, CKD, and COVID-19. One proposed mechanism on its role in the
immune system is that cathelicidin is a direct downstream target of VDR and presence of active
VD, 1,25D upregulated its expression. In an in vitro study, the skeletal role of 1,25D has been
shown to be blunted in the absence of MN, including folate and B12, indicating MN-sufficient
environment is important for VD to function. In addition, MN has been widely known for their
role in supplying methyl groups to hypomethylated DNA,*® therefore, this may be a potential

strategy to restore loss in DNA methylation status in genes involved in VD metabolism.
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I11. SUPPLEMENTATION OF METHYL-DONOR NUTRIENTS TO A HIGH-FAT
HIGH-SUCROSE DIET DURING PREGNANCY AND LACTATION NORMALIZES

VITAMIN D STATUS AND SYSTEMIC INFLAMMATION AMONG OFFSPRING
1. Introduction

In a recent analysis conducted in the United States, the prevalence of overweight and
obesity (OWO) among children had increased from 2% to 5% in 20 years (from 1999 to 2018).%3
This may be due to the recently discovered association between maternal dietary pattern with
growth trajectories and risks of childhood obesity, whereby 4-year-old children possessed higher
risks of being OWO if their mothers had higher intakes of fast food, characterized by high
saturated fat, and added sugar, commonly known as the Western diet.%* Several in vivo animal
studies have linked the consumption of a high-fat diet, HFD (60% kcal from fat) to increased
inflammation and metabolic dysfunctions among offspring.2”?® In addition, a higher maternal
healthy eating index (HEI) had sex-specific associations with phenotypic changes in

inflammation and growth factor signaling.*®

Vitamin D (VD) presents naturally either in the form of cholecalciferol (vitamin D3) from
sunlight and animal sources or in ergocalciferol (vitamin D) from plant sources. VD is absorbed
in the form of D3 and binds to vitamin D binding protein (VDBP) to be transported in blood
circulation to the liver. In the liver, vitamin Dz is converted into 25-hydroxyvitamin D (25D),
which is then further hydroxylated into its active form, 10,25-dihydroxy vitamin D (1,25D) by
the 1a-hydroxylase enzyme (encoded by Cyp27b1 gene) in the kidneys. Homeostasis of 1,25D
levels can be maintained by the expression of VD receptor (VDR) through upregulation or

downregulation of the 1a-hydroxylase enzyme and the 24-hydroxylase enzyme (encoded by
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Cyp24al gene), which catabolizes 1,25D into 1-24,25-trihydroxyvitamin D3 to be excreted out

of the body, respectively.

Low VD status and changes in genes related to VD metabolism are commonly observed
among offspring born to dams on HFD.3233 Moreover, suboptimal VD status (serum 25D < 30
ng/mL) is strongly correlated with inflammatory diseases, cancers and autoimmune diseases.>>
Furthermore, VD supplementation has been shown to protect against intestinal inflammation.
One proposed underlying mechanism is the production of antimicrobial peptides, such as
cathelicidin.®” Gene expression of cathelicidin has been found to be directly regulated by VDR
upon binding to 1,25D, a common ligand for VDR.>® Furthermore, emerging evidence has
demonstrated the ability of cathelicidin to attenuate the activation of toll-like receptor 4 (TLR4),

thus suppressing the downstream inflammatory response.3%:%

A recent European cohort study reported that a diet rich in methyl-donor nutrients (MN),
such as folate, vitamin B12, choline, methionine, and betaine, was associated with global
methylation changes,’? which were linked to risks of cardiometabolic diseases among
offspring.3! Previously, an in vivo rat study showed that maternal MN deficiency downregulated
gene expression of VDR and reduced the bioavailability of active VD.®> However, the role of MN
in modulating methylation status of VVD-related genes under an obesogenic environment remains
unclear. In this study, we hypothesized that MN supplementation (MS) during pregnancy and
lactation could improve VD status and alleviate maternal high-fat, high-sucrose (HFS) diet-

induced inflammation among offspring.
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2. Materials and Methods

2.1 Animal Design

The animal study was completed in Feb 2022 at Texas State University (Approved IACUC

protocol # 7616). A brief animal study design is described below and shown in Figure 1.

Female Sprague Dawley (SD) rats aged 8 weeks were purchased from Charles River
(Wilmington, MA) and mated at 10 weeks of age with sires fed a control diet. After confirmation
of pregnancy through detection of spermatozoa in vagina, the dams were randomly assigned into
4 groups of 10 rats each (n = 10). One group of rats (CON) consumed a control diet containing
adequate levels of MS (AIN-93G, Research Diets, Inc.). The second group of rats (CON-MS)
consumed the control diet supplemented with MN as in previous studies,’®%°-1% and included
vitamin B12 (1.5 mg/kg diet), folic acid (15 mg/kg diet), betaine (15 mg/kg diet), choline (11.2
mg/kg diet), L-methionine (7.5 mg/kg diet), and zinc (34.1 mg/kg diet). The third group of rats
(HFS) consumed a 45 % fat diet on kcal basis with added sucrose and adequate levels of MN
(D2011906, Research Diets, Inc.). The last group of rats consumed this HFS diet supplemented
with MN (HFS-MS). Pups were weaned at 3 weeks of age to either a CON or a HFS diet until
sacrifice (15-weeks-old). The diets were stored frozen and fresh diets were provided twice
weekly. All rats had ad libitum access to feed and water. At euthanization, blood and colonic

samples were collected for further analyses.
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Figure 1. Animal study design. After mating with male Sprague Dawley (SD) rats, dams were
randomly assigned to control (CON) or high-fat high-sucrose (HFS) diet with or without methyl-
donor nutrient supplementations (MS) during pregnancy and lactation for 6 weeks (n =
10/group). Three-week-old pups were weaned into either a control or a HFS diet for 12 weeks
until euthanasia at 15 weeks of age (n = 9 -10/sex/group). p-CON, postnatal control diet; p-HFS,
postnatal high-fat high-sucrose diet.

2.2 Analysis of Vitamin D Status among Offspring

To examine the effect of maternal HFS on VD status among offspring, blood collected from the
rats via cardiac puncture was centrifuged at 1,500 x g for 15 minutes to collect serum. Serum

25D levels were determined using a commercially available ELISA kit (Crystal Chem).
2.3 Analysis of Colonic Vitamin D Signaling among Offspring

To examine the effect of maternal diet on colonic VD signaling, colonic tissues collected were
fixed in formalin before vertical dissection. Glasss microscopic slides were used to scrap off

colonic mucosa which was frozen at -80°C for further analysis. RNA was extracted from lysed
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colonic tissues and quantified using a Nanodrop. cDNA was synthesized using a SuperScript IV
cDNA Reverse Transcriptase kit (Invitrogen). Real-time PCR reactions were used to determine
the expression of vitamin D receptor (VDR), Cyp27b1, which encodes VVD-activating enzyme,
la-hydroxylase, and cathelicidin, a downstream target of VD metabolism. The primer sets

specific for each target were presented in Table 1.

Table 1. List of primers set for RT-PCR examined in this study.

Primer Forward (5’ - 3’) Reverse (5’ -3°)
Gapdh GCA CAG TCAAGG CTG AGA AT TGA AGA CGC CAG TAG ACT CC
Vdr CCATTC AGG ACC GCC TATCC GTC GGC CAG TTT CTG GAT CA
Cyp27bl AAA GGT GTC TGT CCAGTC CA CTC ATA GAG TGC CCA GGA GA
Cathelicidin GGG TTGCCTCTAGCCGTTT TGA AGT CAT CCA CAG CAG CAC GG
1ip GCA CAG TTC CCC AAC TGG TA ACA CGG GTT CCATGG TGA AG
116 GTTGCC TTC TTG GGA CTG ATG ATACTG GTC TGT TGT GGG TGG T

Tir4 ACA GGG CAC AAG GAAGTAGC GTT CTC ACT GGG CCT TAG CC

2.4 Analysis of Colonic and Systemic Inflammation among Offspring

Real-time PCR was also used to determine the expression of pro-inflammatory markers, such as
IL-1B, IL-6 and TLR4 in colonic tissue as above. The primer sets specific for each target were
presented in Table 1. To examine the effect of maternal diet on systemic inflammation among
offspring, blood collected from the rats (via cardiac puncture) was centrifuged at 1,500 x g for 15
minutes to collect plasma. Circulating levels of pro-inflammatory cytokines IL-1p and I1L-6 were

measured using a commercially available ELISA kit (Crystal Chem).

2.5 Statistical Analysis

All statistical analyses were performed by using SigmaPlot version 14.5 (Palo Alto, CA, USA).

Data from adult offspring were analyzed by using two-way ANOVA. All data were followed by
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Tukey’s post hoc analyses or Dunn’s multiple comparison for unequal groups. All data were
normally distributed and correlations of colonic VDR mRNA expression and colonic
proinflammatory markers mRNA expression were determined by Pearson’s correlation. For
mRNA expression data, statistical analyses were conducted by using data from ACt, and relative
expression values are reported as indicated. p-values < 0.05 were considered significant. All data
are presented as mean + standard error, unless otherwise specified. The data presented in this study

are pooled from both male and female pups, as no sex interaction was found.

3. Results

3.1 MS during Pregnancy and Lactation Normalizes Vitamin D Status among Adult Offspring

Induced by Maternal HFS Diet

Among adult offspring, no significant effect was observed from postnatal diet on VD status
within each dam’s diet (Figure 2). Adult pups born to HFS dams exhibited 20% less circulating
25D compared to pups born to CON dams (P = 0.013). On the other hand, MS to HFS dams
during pregnancy and lactation reversed this trend, in which VD status in their offspring was
increased by 25% (P = 0.043), resulting in levels similar to those observed in pups born to CON

dams.
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Figure 2. Circulating 25-hydroxycholecalciferol (25D) levels among adult offspring born to
dams fed a control (CON) or high-fat high-sucrose (HFS) diet with or without methyl-donor
nutrient supplementations (MS). Different letters indicate significant differences between
maternal diets at P < 0.05. Data are expressed as mean + SEM (n = 10/ group). Postnatal CON,
control postnatal diet; Postnatal HFS, high-fat high-sucrose postnatal diet.

3.2 MS during Pregnancy and Lactation Attenuates Maternal HFS-Induced Inflammation in

Adult Pups

To further evaluate the inflammatory status in the adult pups, we determined the circulating levels
of proinflammatory cytokines, IL-1B and IL6, by using commercially available ELISA Kkits.
Plasma IL-1p levels in adult pups born to dams that consumed the HFS diet were higher than those
born to dams that consumed the CON diet (p = 0.01) regardless of the diet that the pups received
after weaning (Figure 3). Compared to pups born to HFS dams, circulating IL-1B concentrations
were 24% lower in pups of HFS-MS dams (p = 0.038). Circulating IL-1p concentrations did not
differ between pups born to HFS-MS and CON dams. Similarly, no difference was observed
between pups of CON dams and pups of CON-MS dams. Circulating IL-6 concentrations were

also investigated; however, plasma IL-6 levels were too low to be detected in these pups.
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Figure 3. Circulating IL-1p levels among adult offspring born to dams fed a control (CON) or
high-fat high-sucrose (HFS) diet with or without methyl-donor nutrient supplementations (MS).
Different letters indicate significant differences between maternal diets at P < 0.05. Data are
expressed as mean £ SEM (n = 10/ group). Postnatal CON, control postnatal diet; Postnatal HFS,
high-fat high-sucrose postnatal diet.

3.3 Colonic Vitamin D Signaling among Adult Offspring Was Not Affected by Pre- or Postnatal

Diets

At 15 weeks of age, the mRNA expression of colonic VDR was numerically lower in pups born to
HFS dams than in pups born to CON dams, but this effect failed to reach significance (p = 0.42)
(Figure 4). However, mRNA expression of colonic cathelicidin in pups born to HFS dams tended
to be lower compared to those of CON dams (p = 0.09) (Figure 5). To determine if maternal or
pup diets may have altered the synthesis of active VD (1,25-dihydroxycholecalciferol) in the colon,
we further investigated the expression of the mMRNA encoding the Cyp27b1 enzyme. However, no

difference was detected between all groups at either weaning or adulthood (Figure 6).
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VD plays a critical role in immune regulation. However, no significant differences among
each prenatal and postnatal diet groups were observed in mMRNA expression of pro-inflammatory
markers, including toll-like receptor 4 (TLR4), IL-1p and IL-6 (Figure 7,8 & 9). We also
investigated the relationship between colonic VDR and these pro-inflammatory markers. Positive
correlations between the mRNA expression of colonic VDR and Tlr4, as well as with 1I-14 and

116, were observed in 15-week-old adult pups (Table 2).
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Figure 4. Relative mRNA expression of colonic Vdr gene among adult offspring born to dams
fed a control (CON) or high-fat high-sucrose (HFS) diet with or without methyl-donor nutrient
supplementations (MS). Data are expressed as mean £ SEM (n = 10/ group). Postnatal CON,
control postnatal diet; Postnatal HFS, high-fat high-sucrose postnatal diet.
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Figure 5. Relative mRNA expression of colonic cathelicidin gene among adult offspring born to
dams fed a control (CON) or high-fat high-sucrose (HFS) diet with or without methyl-donor
nutrient supplementations (MS). Data are expressed as mean £ SEM (n = 10/ group). Postnatal
CON, control postnatal diet; Postnatal HFS, high-fat high-sucrose postnatal diet.
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Figure 6. Relative mRNA expression of colonic Cyp27b1 gene among adult offspring born to
dams fed a control (CON) or high-fat high-sucrose (HFS) diet with or without methyl-donor
nutrient supplementations (MS). Data are expressed as mean £ SEM (n = 10/ group). Postnatal
CON, control postnatal diet; Postnatal HFS, high-fat high-sucrose postnatal diet.
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Figure 7. Relative mRNA expression of colonic TIr4 gene among adult offspring born to dams
fed a control (CON) or high-fat high-sucrose (HFS) diet with or without methyl-donor nutrient
supplementations (MS). Data are expressed as mean £ SEM (n = 10/ group). Postnatal CON,
control postnatal diet; Postnatal HFS, high-fat high-sucrose postnatal diet.
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Figure 8. Relative mRNA expression of colonic 7/1/ gene among adult offspring born to dams
fed a control (CON) or high-fat high-sucrose (HFS) diet with or without methyl-donor nutrient
supplementations (MS). Data are expressed as mean £ SEM (n = 10/ group). Postnatal CON,
control postnatal diet; Postnatal HFS, high-fat high-sucrose postnatal diet.
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Figure 9. Relative mRNA expression of colonic 116 gene among adult offspring born to dams fed
a control (CON) or high-fat high-sucrose (HFS) diet with or without methyl-donor nutrient
supplementations (MS). Data are expressed as mean £ SEM (n = 10/ group). Postnatal CON,
control postnatal diet; Postnatal HFS, high-fat high-sucrose postnatal diet.

Table 2. Pearson’s correlation between mRNA expression of Vdr and proinflammatory markers
in offspring colonic mucosa.

MRNA species Pearson’s correlation coefficient (r) p- value

Tira 0.419 <0.01

11p 0.323 <0.01

116 0.294 <0.01
4. Discussion

Our results present the novel role of MS to a maternal HFS diet in regulating systemic
inflammation and VD status among adult offspring. Although we previously found that MS to a
maternal HFS diet did not alter the VD status among weanling pups born from dams,%? after 12
weeks of postnatal diet intervention, in the current study we show that MN supplemented to a
maternal HFS diet improved VD status among adult offspring compared to those born to dams

on a HFS diet. Nonetheless, no significant changes were observed in colonic VD signaling
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among adult pups. On the other hand, maternal HFS-induced inflammation was attenuated
among adult offspring, as indicated by reduced circulating IL-1p levels. Our results suggest that
prenatal diet, but not postnatal diet, may determine the systemic changes in VD status and

inflammation observed in this study.

MN are crucial in one-carbon metabolism, particularly supplying methyl groups to DNA
to induce epigenetic changes. Maternal high-fat diet has been shown to alter DNA methylation
status, which could further contribute to impaired glucose tolerance and increased inflammation
among offspring.?®3! However, there are conflicting results in animal and human studies on the
associations between MN, such as folate, choline and methionine, and risk of chronic

disease.®>1%% These may be attributed to the fact that most studies focus solely on one methyl-

donor nutrient and not the interactions among these nutrients. To date, limited information is
available on the synergistic effect of these nutrients as a dietary pattern. Our study utilized a
combination of several MN with the goal of optimizing one-carbon metabolism and correct the
epigenetic changes typically associated with high-fat high-sucrose intake, such as VD deficiency,

impaired glucose tolerance, and chronic low-grade inflammation.

The transgenerational effects of VD in prevention and management of diseases
commonly used VVD-deficient model or supplementation during pregnancy, lactation, or
both.1%41% \We showed that excessive intake of fat and sucrose during pregnancy and lactation
disrupted VD status among adult offspring, and that it was independent from VD status among
the dams. With prenatal MS, serum 25D levels were enhanced in offspring from HFS-MS dams,
which demonstrated the possible role of MS in reversing epigenetic changes in VD metabolism.
Studies have shown that maternal VD status altered VDR gene expression and VD status among

fetal and adult offspring.*®>° We did not observe significant changes in VD status among dams,
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indicating that VD metabolism among offspring may be mediated by other factors, such as
maternal inflammatory status. Future research will focus on elucidating the relationship between

maternal inflammation and VD status among offspring.

The functional role of VD beyond bone health is well recognized. In the past two decades,
the role of VD in other phenomena, including cardiovascular health, autoimmune diseases, and
various cancers, has been elucidated.’® The immunomodulatory role of VD has further
demonstrated in infectious diseases and metabolic diseases.’?”1%® Low VD status was often
observed in obese individuals and weight loss was associated with increased levels of 25D as
shown in clinical studies.*>1%® This is further supported by a meta-analysis showing that
supplementation of cholecalciferol reduces BMI and waist circumferences among obese and
overweight individuals, and so may exert a potential weight loss effect.!*° Hence, optimization of
VD status is critical in preventing the development or progression of obesity, which may serve as
a viable strategy to prevent morbidity or mortality associated with obesity.

It is believed that greater risk for developing gastrointestinal diseases, such as colorectal
cancer and IBD, among the obese could be driven by low-grade inflammation in the gut.?® We
hypothesized that optimization of VD status can attenuate the obesity-induced colonic
inflammation through the activation of VDR in the gut. In support of this concept, we demonstrated
a positive correlation between colonic VDR and other proinflammatory cytokines (i.e., Tlr4, 116,
and /1p) in the gut, confirming an immunomodulatory role of VD signaling in the gut.
Furthermore, cathelicidin has been shown to activate TLR4 signaling and modulate inflammatory
status in vivo.l

Though it is still unclear how MN mediated the restorative effect of VD status among

offspring, folate and vitamin B1. deficiencies have been shown to suppress VDR protein levels in
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bone cells in vitro.> This may indicate a critical role of MN in mediating VD signaling and
subsequent inflammatory responses among the offspring. It is interesting that the mRNA
expression of colonic Vdr and cathelicidin were upregulated in weanling offspring born to HFS

dams as demonstrated in our previous study;'%

yet, at 15 weeks postnatal, mRNA expression of
colonic Vdr and cathelicidin appear to be lower in pups born to HFS dams compared to those of
CON dams. Because we observed an increased levels of circulating IL-1p in adult pups born to
HFS dams compared to those of CON dams, the reduced expression of colonic Vdr and
proinflammatory cytokines in these pups may suggest a compensatory mechanism to suppress
inflammation induced by a maternal HFS diet among the adult offspring. It is also important to
note that mMRNA expression of colonic Vdr is not dependent on serum 25D circulating levels.
Because no changes in colonic 1a- hydroxylase (Cyp27bl) were observed, we postulated that
regulation of VDR in the colon could be mediated by other factors, such as inflammatory

cytokines.

5. Conclusion

A maternal Western diet, characterized by high fat and high sugar intakes, predisposes
risk of obesity-related chronic diseases among offspring, including impaired glucose and lipid
metabolism, higher inflammation status, and low VD status, possibly via epigenetic
modifications. Our study concludes the beneficial effect of MN supplemented to a HFS diet
during pregnancy and lactation for the maintenance of VD signaling and regulation of
inflammation among offspring. Most importantly, our data demonstrate the role of prenatal diet
in modulating VD status and inflammation among offspring, suggesting a potential dietary
intervention to maternal diet in promoting offspring health. These may further fill the gap

regarding the efficacy of VD supplementation in the prevention of chronic diseases. It is well
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recognized that VD insufficiency is a public health concern as it enhances risks for metabolic
comorbidities. Hence, our findings shed new light for chronic disease prevention by optimizing

VD status through prenatal dietary modifications.
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IV. EFFECTS OF PRENATAL AND POSTNATAL DIETS ON SYSTEMIC VITAMIN D

SIGNALING AND RENAL INFLAMMATION AMONG ADULT OFFSPRING
1. Introduction

Maternal obesity has been shown to increase the risk for developing chronic kidney
disease (CKD) among offspring. CKD is characterized by loss of nephron in number and
function, tubulointerstitial injury, glomerular fibrosis, and tubular atrophy. Several rodent studies
found greater risks of renal damage among adult offspring due to increased levels of
inflammation and oxidative stress induced by a maternal high-fat diet, HFD (60% kcal from
fat).3"*8 In addition, when offspring were weaned to a HFD postnatally, greater progression of
renal injury and higher inflammatory status in both male and female offspring were
demonstrated, suggesting a combined effect from both prenatal and postnatal diets on modifying

renal health among offspring.*%4!

Maternal vitamin D (VD) status has been found to be associated with renal outcomes in
children at the age of 6.2 Vitamin D (VD) presents naturally either in the form of
cholecalciferol (vitamin D3) from sunlight and animal sources or in ergocalciferol (vitamin D>)
from plant sources. Upon binding to vitamin D binding protein (VDBP), VD undergoes first
hydroxylation in the liver to yield 25-hydroxycholecalciferol (25D), which is then further
hydroxylated into its active form, 1a,25-dihydroxy vitamin D (1,25D) by l1a-hydroxylase
enzyme (encoded by Cyp27b1 gene) in the kidneys. The genomic actions of 1,25D are regulated
by VD receptor expression. In addition to activating 25D into 1,25D, homeostasis of 1,25D
levels can be maintained by catabolizing 25D into 1-24,25-trihydroxyvitamin D3, a reaction

catalyzed by the 24-hydroxylase enzyme (encoded by Cyp24al gene), for excretion.
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Lower maternal 25D levels, a common indicator of VD status, tended to be associated
with larger renal volume, indicating increased urinary output, and higher eGFR score in their
children.!'? Additionally, VD insufficiency is commonly observed in patients with CKD,
especially among those overweight and obese (OWO) individuals.®* VD deficiency in obese rats
with CKD further damaged renal tubulointerstitial component and induced higher inflammatory
status compared to VVD-deficient non-obese and VD-sufficient obese rats.”® A double-blinded
randomized controlled trial involving Stage 11 and 111 CKD patients reported that that VD
supplementation in the form of cholecalciferol or VD analogue, paricalcitol, was beneficial in
reducing serum levels of inflammatory marker, monocyte chemoattractant protein-1 (MCP-
1).96:113 Consistent with the reported clinical studies, several rodent studies further supported the
beneficial role of VD in protecting against progression of CKD by reducing oxidative stress and
inflammation in the kidneys.®”®® Though the cause and effect were still uncertain, the role of VD
signaling in CKD may be attribute to the fact that kidney is the main regulation site of VD
activation, as it has been shown that restoration of renal health normalized low VD status in type

2 diabetic animal model.***

We previously demonstrated that supplementation of methyl-donor nutrients (MN) to a
high-fat high-sucrose (HFS) diet during pregnancy and lactation normalized VD status and
suppressed inflammation in adult offspring,'®? and activation of VD is manly regulated in the
kidneys. MN, such as folate, methionine, and betaine, play a critical role in one-carbon
metabolism. To date, there is a lack of information regarding the role of MN on renal VD
signaling and subsequent renal outcomes. Studies have thus far reported mixed results. A recent
retrospective study conducted in hemodialysis patients demonstrated that higher serum vitamin

B12 levels and lower serum folate levels were modestly associated with higher risk of all-cause
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mortality.8” In contrast, others have reported a beneficial effect of folic acid supplementation in
reducing mortality rate by 10%.8 Animal studies also generated inconclusive results on the
effect of methyl-donor nutrient supplementation (MS) on renal outcomes.*>°* Because most of
the studies only utilized single methyl-donor nutrient, and the synergistic effects, particularly the
transgenerational effects, of MN in renal health and VD signaling, have not been researched,
which may partially explain the discrepancy of data from clinical and preclinical studies. The
objective of this study was to investigate the effect of MS during pregnancy and lactation on
renal VD signaling and its impact on renal inflammation among their offspring. We hypothesized
that maternal HFS diet attenuates renal vitamin D signaling and promotes renal inflammation
among adult offspring, and that supplementation with MN during pregnancy and lactation can

reverse such trend.

2. Materials and Methods

2.1 Animal Design

The study was conducted using tissues and samples generated from previous study (Approved
IACUC protocol #7616). Study design was described in Chapter 111 (Section 11, Page 23; Figure
1). In brief, supplementation of MN to a maternal CON and HFS was given during pregnancy
and lactation. Pups were weaned at 3-week of age and randomized into 2 groups receiving either
a CON or HFS diets. After 12 weeks of dietary intervention, 15-week-old pups were sacrificed

and euthanized to collect serum and kidney samples for further analysis.

2.2 Analysis of Circulating Levels of 1,25D among Offspring

To examine the effect of maternal HFS on serum 1,25D levels among offspring, blood collected

from the rats (via cardiac puncture) was centrifuged at 1,500 x g for 15 minutes to collect serum.
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Concentrations of 1,25D in the serum were determined using a commercially available ELISA

kit (Crystal Chem).

2.3 Analysis of Renal Vitamin D Signaling and Renal Inflammation among Offspring

To determine the effect of maternal diet on renal VD metabolism and renal inflammation among

adult offspring, frozen kidney tissues were lysed for RNA extraction and quantification using a

Nanodrop. cDNA was synthesized using a SuperScript IV cDNA Reverse Transcriptase kit

(Invitrogen). Real-time PCR reactions were used to determine gene expression of VDR,

Cyp27b1 and Cyp24al, as well we gene expression of pro-inflammatory markers, IL-1p, IL-6

and TLR4. The primer sets specific for each target were presented in Table 3. The mRNA

expression of specific gene target were normalized to Gapdh (housekeeping gene) and expressed

in relative to offspring fed a CON diet born to CON dams.

Table 3. List of primers set for RT-PCR examined in this study.

Primer Forward (5’ - 3°) Reverse (5° - 3°)
Gapdh GCA CAG TCAAGG CTG AGA AT TGA AGA CGC CAG TAG ACT CC
vdr CCATTC AGG ACCGCCTATCC GTC GGC CAG TTT CTG GAT CA
Cyp27bl AAA GGT GTC TGT CCAGTC CA CTC ATAGAG TGC CCAGGAGA
Cyp24al AGC CCG GGG CAGATTTCCTCT G CAT ATT CCT CAG GTC TTC CGC
11p GCACAGTTCCCCAACTGGTA ACA CGG GTT CCATGG TGA AG
116 GTTGCCTTC TTG GGA CTG ATG ATACTG GTCTGTTGT GGG TGG T

Tlr4 ACA GGG CAC AAG GAAGTAGC GTT CTC ACT GGG CCT TAG CC

2.4 Analysis of DNA Methylation Status of Vitamin D Receptor (VDR)

To investigate the changes in DNA methylation status of genes involved in VD metabolism,

genomic DNA (gDNA) was extracted from homogenized kidney tissues using a commercially

available kit (EZ Quick DNA Miniprep Plus Kit, Zymo Research). gDNA extracted from kidney
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tissues underwent bisulfite conversion using EZ DNA methylation Lightning Kit (Zymo
Research). Bisulfite-converted DNA were amplified using methylation-specific gRT-PCR (MSP)
to determine DNA methylation status in promoter regions on Vdr gene using bisulfite sequencing
technique. The primer sets specific for Vdr gene were presented in Table 4. The percentage of
DNA methylation in the promoter regions were calculated relative to DNA methylation status of

adult offspring born to CON dams.

Table 4. List of primers set for MSP examined in this study.

Primer Forward (5° - 3°) Reverse (5° - 3°)
vdr TTG AGT GTT TTG TAG GAG AAA | TAT CACCCATAC CTAAATTAACCCA
(unmethylated) GTT GT
vdr TGA GCG TTT TGT AGG AGA AAG CCG TAC CTA AAT TAACCC GAA
(methylated) TC

2.5 Statistical Analysis

All statistical analyses were performed by using SigmaPlot version 14.5 (Palo Alto, CA, USA).
Data from serum 1,25D were analyzed using two-way ANOVA followed by Tukey’s post hoc
analyses. All data were normally distributed. Correlations of renal Vdr mRNA expression and
renal Tlr4 mRNA expression were determined by Pearson’s correlation coefficient. For mRNA
expression data, statistical analyses were conducted by using data from ACt, and relative
expression values are reported as indicated. p-values < 0.05 were considered significant. All data
are presented as mean + standard error, unless otherwise specified. The data presented in this study

are pooled from both male and female pups, as no sex interaction was found.
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3. Results

3.1 Circulating 1,25D levels were higher in offspring born to HFS dams regardless of maternal

MS

Adult offspring born to dams on HFS diet exhibited 39% higher levels of circulating 1,25D
compared to those born to dams on CON diet, regardless of the diet the pups consumed (Figure
10). Maternal MS did not affect serum 1,25D levels among offspring born to dams of CON or
HFS diets compared to offspring from non-supplemented CON or HFS dams, respectively. No

significant interactions between pup’s diets on serum 1,25D levels were observed.
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Figure 10. Circulating 1,25-dihydroxy vitamin D (1,25D) levels among adult offspring born to
dams fed a control (CON) or high-fat high-sucrose (HFS) diet with or without methyl-donor
nutrient supplementations (MS). Different letters indicate significant differences between
maternal diets at P < 0.05. Data are expressed as mean £ SEM (n = 10/ group). Postnatal CON,
control postnatal diet; Postnatal HFS, high-fat high-sucrose postnatal diet.
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3.2 Maternal HFS Suppresses Systemic Vitamin D Signaling in Adult Offspring Rats

The mRNA expression of Vdr contrasted with serum 1,25D levels. Compared to offspring born
to CON dams, mRNA expression of renal Vdr was 50% lower in offspring born to HFS dams,
but MS to a prenatal CON or HFS diets did not alter the expression of renal Vdr in adult
offspring (Figure 11). There were no significant effects due to postnatal diet nor significant

interactions between maternal and postnatal diets observed.

The mRNA levels of enzymes regulating VD metabolism, Cyp27b1 and Cyp24al were

not impacted by both prenatal and postnatal diets (Figurel2 & 13).
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Figure 11. Relative mRNA expression of renal Vdr gene among adult offspring born to dams fed
a control (CON) or high-fat high-sucrose (HFS) diet with or without methyl-donor nutrient
supplementations (MS). Different letters indicate significant differences between maternal diets
at P < 0.05. Data are expressed as mean + SEM (n = 10/ group). Postnatal CON, control
postnatal diet; Postnatal HFS, high-fat high-sucrose postnatal diet.
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Figure 12. Relative mRNA expression of renal Cyp27b1 gene among adult offspring born to
dams fed a control (CON) or high-fat high-sucrose (HFS) diet with or without methyl-donor
nutrient supplementations (MS). Data are expressed as mean £ SEM (n = 10/ group). Postnatal
CON, control postnatal diet; Postnatal HFS, high-fat high-sucrose postnatal diet.
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Figure 13. Relative mRNA expression of renal Cyp24al gene among adult offspring born to
dams fed a control (CON) or high-fat high-sucrose (HFS) diet with or without methyl-donor
nutrient supplementations (MS). Data are expressed as mean £ SEM (n = 10/ group). Postnatal
CON, control postnatal diet; Postnatal HFS, high-fat high-sucrose postnatal diet.
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3.3. Prenatal and Postnatal Diet Differentially Regulate Renal Inflammation among Adult

Offspring

To assess renal inflammatory status, we measured the mRNA expression of pro-inflammatory
cytokines, 116 and 1114, and the pro-inflammatory receptor, toll-like receptor 4 (Tlr4) in the
kidney. While no effect from prenatal diets was detected with renal 7715 mRNA expression
among all groups, postnatal diets, specifically the HFS diet, downregulated the mRNA
expression of renal 1115 by 50% in adult pups born to HFS-MS dams when compared to pups
born to the same groups of dams but fed a postnatal CON diet (Fig. 14). However, we did not
observe similar effects of postnatal diets on other pups born to CON, CON-MS, or HFS dams.
Similarly, we did not observe an effect of prenatal diets on renal 116 MRNA expression.
However, a significant interaction was observed between prenatal and postnatal diets (P= 0.011)
with regards to renal 116 mMRNA expression. Within offspring born to HFS dams, postnatal HFS
diets upregulated the expression of renal 116 by 2.8-fold (P = 0.021) when compared to those on
CON diet. Inversely, postnatal HFS diets attenuated renal 116 expression by 6.25-fold in pups
born to HFS-MS dams compared to those born to HFS dams and fed a postnatal HFS diet (P =
0.023). We also observed an 88% increase in renal 116 expression between CON-fed pups born to
CON and HFS dams (Fig. 15). Tlr4 activation is known to mediate the production of pro-
inflammatory cytokines. We further evaluated the renal TIr4 mRNA expression in these rats. As
expected, prenatal diet did not affect the expression of Tlr4 among offspring. Yet, postnatal HFS,
but not postnatal CON, attenuated the expression of Tlr4 by 60% (P = 0.018) and 40% (P =
0.039), respectively, in pups born to HFS-MS when compared to pups of CON dams and pups of
HFS dams. Within HFS-MS dams, the mMRNA expression of Tlr4 were decreased by 50% when

pups were fed a HFS diets compared to those of CON diets (P = 0.008; Fig 16).
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As we have previously demonstrated a positive correlation between mRNA expression of
colonic Vdr and several pro-inflammatory markers, such as IL-1p, IL-6 and TLR4, we ran
Pearson’s correlation test to examine the relationships between mRNA expression of renal Vdr

and pro-inflammatory markers. However, null result was generated from the tests.
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Figure 14. Relative mMRNA expression of renal 711/ gene among adult offspring born to dams
fed a control (CON) or high-fat high-sucrose (HFS) diet with or without methyl-donor nutrient
supplementations (MS). * Indicates statistically significant difference between dam’s diet within
offspring fed on postnatal HFS diet. # indicates statistically significant difference between
postnatal diet within offspring from same group of dams. Data are expressed as mean £ SEM (n
= 10/ group). Postnatal CON, control postnatal diet; Postnatal HFS, high-fat high-sucrose
postnatal diet.

45



1.6

* I Postnatal CON
1.4 ! I | zzz1 Postnatal HFS
s
w 1.2
0
o
o5 107
— t
o 08 i
-
o 0.6 1
=
5 0.4 F=
14
] i !Fﬂ
0.0 -
CON CON-MS HFS-MS
Dam Diet

Figure 15. Relative mRNA expression of renal 116 gene among adult offspring born to dams fed
a control (CON) or high-fat high-sucrose (HFS) diet with or without methyl-donor nutrient
supplementations (MS). * Indicates statistically significant difference between dam’s diet within
offspring fed on postnatal HFS diet. # indicates statistically significant difference between
postnatal diet within offspring from same group of dams. Data are expressed as mean £ SEM (n
= 10/ group). Postnatal CON, control postnatal diet; Postnatal HFS, high-fat high-sucrose
postnatal diet.
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Figure 16. Relative mRNA expression of renal Tlr4 gene among adult offspring born to dams
fed a control (CON) or high-fat high-sucrose (HFS) diet with or without methyl-donor nutrient
supplementations (MS). * Indicates statistically significant difference between dam’s diet within
offspring fed on postnatal HFS diet. # indicates statistically significant difference between
postnatal diet within offspring from same group of dams. Data are expressed as mean £ SEM (n
= 10/ group). Postnatal CON, control postnatal diet; Postnatal HFS, high-fat high-sucrose
postnatal diet.
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3.4 Null Effects on DNA Methylation Status in Vitamin D Metabolism-Related Genes

Methylation-specific PCR (MSP) analysis on VDR was performed. Unmethylated VDR was
detected in all samples. However, out of 48 samples, only 4 methylated VDR were detected in
samples via MSP analysis. Three of the detected samples were from HFS dams fed on CON diet
postnatally, while one sample was from pup born to HFS-MS dams on postnatal HFS diet. As
most of methylated samples generated null results, therefore, did not run further analysis on

genes encoding enzymes regulating vitamin D metabolism (i.e., Cyp27b1 and Cyp24al).
4. Discussion

Our previous study demonstrated that consumption of a HFS diet, which is similar to the
Western diet, during pregnancy and lactation by dams resulting in adverse health outcomes, such
as declined VD status and elevated inflammation, among both weanling and adult pups.® The
supplementation of MS was capable of attenuating maternal HFS-induced changes in VD status,
colonic VD signaling, and both colonic and systemic inflammation.2%? In our current study, we
have demonstrated increased serum levels of active VD, 1,25D in offspring born to HFS dams,
regardless of MS status. In contrast to serum 1,25D, systemic VD signaling, as characterized by
VDR activation, which is regulated mainly in the kidneys, was suppressed by maternal HFS
compared to those born to dams on CON diet. Like serum 1,25D, renal VDR mRNA expression
was not attenuated by maternal MS. In addition, our results showed differential regulations of

maternal and postnatal diet interventions in modulating renal inflammation.

Similar to a non-human primate study done by Mata-Greenwood et al,*® our study
demonstrated a decreased mMRNA expression of VDR in offspring born to mothers on a HFS diet.

Recent years, there have been studies researching the immunomodulatory of VD in several
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diseases, such as inflammatory bowel disease (IBD),'!® COVID-19,''® autoimmune disease,!’

and cancer.®® In a recent review paper, TLR4 has been identified as a therapeutic target for renal
injury due to its role in inducing production of inflammatory cytokines.'!® On the other hand,
TLR signaling have been found to mediate production of cathelicidin, which is an antimicrobial
peptide and a direct downstream target of VDR, and it was also correlated with upregulation of
Cyp27b1 mRNA expression,®®°” an observation that is consistent with our results where
numerically lower relative expression of Cyp27b1 was observed in HFS offspring with lower
renal Tlrd gene expression. We previously demonstrated a positive correlation between mRNA
expression of colonic Vdr and pro-inflammatory markers, IL-1p, IL-6 and TLR4, however, no
correlation was found between mRNA expression of renal Vdr and pro-inflammatory markers,
IL-1pB, IL-6 and TLR4 in current study. This may suggest renal inflammatory signaling may be

independent from renal VD signaling.

Previously, we have demonstrated that prenatal, but not postnatal diet, modulate colonic

VD signaling, and subsequently, colonic, and systemic inflammation among offspring rats. % In
this study, we further supported the fact that maternal diet plays a critical role in modulating VD
signaling and renal inflammation among offspring. Yet, differential effects were observed
between colonic and renal VD signaling within the same dietary groups, particularly, we did not
observe significant changes with renal VD signaling and inflammation in offspring born to dams
of MS compared to that of colon.'? This may suggest a different regulatory system between
colon and kidney pertaining to VD metabolism and regulation of downstream inflammatory
signals. Regardless, our results presented a novel interaction between prenatal and postnatal diet
in renal inflammatory response in offspring, where significant differences were mainly observed

within offspring born to HFS-MS dams. Though the mechanisms remain uncertain, it is possible
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that prenatal MSs to a HFS diets may have altered the metabolic regulation of lipid and
subsequent inflammatory responses among offspring, as renal inflammatory status has shown to

be improved in HFS-fed pups born to HFS-MS dams, compared to pups born to HFS dams.

Because serum 1,25D concentrations have been found to be correlated with methylation
levels of VDR,!° we proposed that MS may epigenetically modulate the mRNA expression of
VD metabolism-related genes through induction of DNA methylation changes. Although our
study did not generate significant results on DNA methylation changes in VDR, 3 of the 4
methylated samples were pups from HFS dams fed on CON diet. These hypermethylated
samples were consistent with our hypothesized mechanism, where maternal HFS induces higher
DNA methylation status, causing lower Vdr gene expression in the kKidneys of offspring. This is
in line with our observations on Vdr gene expression, where 50% significantly lower relative
gene expression was observed among offspring from HFS dams. While the results on Vdr
methylation are still at preliminary stage, we suspect that the null results observed in most of the
samples (44 out of 48) may be due to low concentrations of DNA retrieved from bisulfite
conversion. In addition, a study by Wang et al. found that betaine, one of the MS included in this
study, decreased methylation status in hepatic PPARYy, the regulator of liver lipid metabolism, to
correct triglyceride accumulation in classical mice model of dyslipidemia.'?° Therefore, we have
not ruled out the possibility that hypomethylated DNA in Vdr may be a protective mechanism
among offspring from HFS-MS dams. Further validation studies will be required to confirm the

methylation status of Vdr and VD metabolism-related genes.
5. Conclusion

Collectively, our results demonstrated that maternal HFS diet improved serum 1,25D

levels but reduced renal VD signaling among adult offspring with no effect observed from
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prenatal MS. In contrast to our previous study, maternal MS to either a CON or HFS diet did not
alter VD signaling nor inflammatory status in the kidney in their offspring, suggesting that
maternal caloric intake, but not MS, during pregnancy and lactation exerted much significant
impact on renal health among offspring. The mechanisms underlying the interactions between
pre- and postnatal diets on renal inflammation as well as the role of VD in such events remained

to be investigated.
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V. SUMMARY AND FUTURE DIRECTIONS OF RESEARCH

To our knowledge, this is the first time the synergistic effect of methyl-donor nutrients
(MN) supplementation (MS) to a high-fat high-sucrose (HFS) diet during pregnancy and
lactation on reversing phenotypic changes in VD status and colonic pro-inflammatory markers
have been demonstrated. This may warrant further investigation on the combined effects of
several MN, including folate, methionine, vitamin B12, choline, betaine, and zinc, on risks of
developing other chronic diseases, such as cardiometabolic events and cancer, among adult

offspring.

Results generated from this thesis project indicate distinct regulators for colonic and renal
Vitamin D (VD) signaling, where colonic VD signaling and inflammation may be modified by
maternal MS. However, renal VD signaling and inflammation are mainly regulated by pre- and
postnatal diet modifications. Collectively, our studies support the role of both maternal and
postnatal diets in mediating VD signaling and therefore, inflammation both locally in colon and
systematically among offspring. Renal inflammation may be regulated by prenatal and postnatal
dietary modifications, independent of renal VD signaling. Further, based on our studies, we
speculated that the result discrepancy from VD supplementations could be partially explained by
maternal dietary intake. Hence, strategies to optimize VD status, and subsequently colon health,
may focus on modifications of maternal diet via MN. Furthermore, as we have observed in our
study that postnatal diet modifications were effective in modulating renal inflammation, perhaps

a healthy diet during childhood would be important to prevent risks of renal diseases later in life.

Future research should focus on evaluating the underlying mechanisms on how MS
normalizes VD signaling and attenuates inflammation among offspring as MN have been known

to induce epigenetic modifications and have a transgenerational effect on offspring health.
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Additionally, modifications in hepatic VD metabolism-related genes, such as Vdr and Cyp2rl1,
which encodes enzyme to convert vitamin D3z into 25D, will need further investigations as
previous research has reported a correlation between methylation level of CYP2R1 and serum
1,25D concentrations in patients with pulmonary infection.**® Thus far, our study provides future
directions in research to focus on maternal supplementation in modifying risks of chronic
diseases via optimization of VD status among offspring in animal studies, or even further into

clinical studies.
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