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Things our mothers told us about food:

1. Veggies will make you tall/strong
2. Liver is good for you
3. Milk is good for you
4. Mushrooms are good for you
5. Soda will rot your teeth
6. Coffee will stunt your growth
7. Eat all of your food because there 

are children starving who would 
love to have it.

But…as a child did your mother ever tell you about vitamin D?
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Ten things to know about vitamin D

1. What is it?
2. Where can I get some?
3. What does the body do with it? How is it used?
4. How much do I need? Am I deficient?
5. How much is too much?
6. What may be keeping me from getting enough?
7. How common is deficiency?
8. What happens if I don’t have enough (deficient)?
9. What happens if I don’t have enough during pregnancy?
10. Are there long term consequences of deficiency?
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1. What is vitamin D?

Vitamin D is known as an essential “nutrient”
- At least 10 different forms of vitamin D

Calcitriol

Inactive form

Inactive form

Inactive form
Inactive form

Active form
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2. Where can I get some?

Diet & supplements

Kitson & Roberts 2012, Journal of hepatology
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2. Where can I get some?

- Is vitamin D a vitamin? Is it an essential nutrient?

Calcitriol

Egg yolk 
Liver
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2. Where can I get some?

- Sun exposure

Calcitriol

Egg yolk 
Liver
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2. Where can I get some?

- Synthesis of vitamin D in the skin (epidermis)
- Is vitamin D a vitamin? Is it an essential nutrient?

UVB
Opt: 295nm
270-315nm 
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2. Where can I get some?

Southworth L. et al 2013

A. Rousettus aegyptiacus: 
o caves, tombs, and buildings

B. Pteropus hypomelanus: 
o trees

- What about nocturnal animals?
- Species differ in how much they need

A

B
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3. What does the body do with it?
- Vertebrates and invertebrates have conserved VitD pathways
- Most get requirements from sunlight

Reschly E et al 2007
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3. What does the body do with it?

- Converts it to stable but inactive metabolites

Calcitriol

Egg yolk 
Liver

Cyp2r1
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3. What does the body do with it?

- Converts it to instable but active metabolites

Calcitriol

Egg yolk 
Liver

Cyp2r1

VitD-binding 
protein

Cyp27B1

Active form

Stored
• Fat
• Muscle

Inactive form
24,25 DHD 1,24,25 trihydroxy vitD

Inactive 
Excreted form

Cyp24A1
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3. What does the body do with it?

- Active vitamin D (1, 25-dihydroxyvitamin D) is steroid hormone
- Circulating signaling molecule

www.centerforhealthandhealing.org
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3. What does the body do with it?

- Active vitamin D (1, 25-dihydroxyvitamin D) is steroid hormone
- Circulating signaling molecule

Calcium absorption
Phosphate absorbtion

VDR RXR
VitD

ON

OFF
GENE

Cell growth
Immune function
etc…

Insulin secretion

Affected tissues
• Brain
• Gut (intestines)
• Heart
• Muscle
• Liver
• Pancreas
• etc..
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4. How much do I need? 
- Still under investigation – Guidelines vary
- IOM recommends adequate levels are: 

• ≥ 50nmol/L or ≥ 20ng/ml

www.vitamindcouncil.org
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5. How much is too much?
- Still under investigation 

• Toxic levels are >150ng/ml -> Hypercalcemia
• Do not take >10,000 IU/day > 3 months

www.vitamindcouncil.org
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6. What keeps me from getting enough?

- Insufficient diet

Calcitriol

Egg yolk 
Liver

Cyp2r1

VitD-binding 
protein

Cyp27B1

Active form

Stored
• Fat
• Muscle

Inactive form
24,25 DHD 1,24,25 trihydroxy vitD

Inactive 
Excreted form

Cyp24A1
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6. What keeps me from getting enough?

- Insufficient sun exposure

Calcitriol

Egg yolk 
Liver

Cyp2r1

VitD-binding 
protein

Cyp27B1

Active form

Stored
• Fat
• Muscle

Inactive form
24,25 DHD 1,24,25 trihydroxy vitD

Inactive 
Excreted form

Cyp24A1
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6. What keeps me from getting enough?

- Genetic differences at transport/metabolism genes

Calcitriol

Egg yolk 
Liver

Cyp2r1

VitD-binding 
protein

Cyp27B1

Active form

Stored
• Fat
• Muscle

Inactive form
24,25 DHD 1,24,25 trihydroxy vitD

Inactive 
Excreted form

Cyp24A1
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6. What keeps me from getting enough?

- Outside at wrong time of day

Southworth L. et al 2013
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6. What keeps me from getting enough?

On VitD supplement (500IU)
No VitD supplement

Nutrition in the prevention and treatment of disease 

- Seasonal differences in exposure to sunlight
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6. What may be keeping me from getting enough?
• Skin pigment - melanin: competes with > 7-dehydrocholesterol 
• Prolonged UVB exposure: converts previtamin D3 into inactive 

compounds (tachysterol and luminseterol).
• Clothing
• Window Glass
• Sun Screens that block UVB
• Too much time indoors not enough time outdoors
• Clouds
• Smog & other air pollution
• Season (Winter) 
• Distance from equator
• Adiposity/obesity
• Intestinal malabsorption: 

• Disease (crohn’s disease) & Pharmaceuticals
• Age
• Ethnicity (eg. genetic differences in vitamin D metabolism genes)
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7. How common is “deficiency”?
- Age & gender dependent

Sex Age group (yrs) Avg nmol/l %<50nmol/l

Male 1-8 ~70 10

Male 9-13 ~60 21

Male 14+ ~60 30-36

Female 1-8 ~70 12

Female 9-13 ~60 27

Female 14+ ~60 34-38

NHANES 2001-2006
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7. How common is “deficiency”?
- Ethnicity dependent (genetic & cultural differences)

Modified Forrest K 2010, Nutr Res.

European 
descent

African 
descent

Latino 
descent

Other?

Vitamin D deficiency prevalence by ethnicity and gender
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7. How common is “deficiency”?

- Geographical location dependent

Looker et al. 2011

Global populations US (NHANES)
- Females 12-44yrs 

• No global standard of screening pregnant women 

• Supplementation is widespread

Saraf et al 2015
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4. How much do I need?

- Are all of these people really “deficient”? Should we all be on supplements?

Saraf et al 2015

African descent Latino descent Other?
Vitamin D deficiency prevalence by ethnicity and gender

European descent
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4. How much do I need?

- Still under investigation 
- Growing evidence that needs may differ by genetic differences

Holick M.F et al 2008



29

8. What happens if I don’t have enough?
- Increased risk for disease/disorders:
Bone health

• Rickets: bone, muscle, respiratory, impaired growth
• Osteoporosis: low bone mineral density 
• Osteomalacia: muscle atrophy, bone pain and fatigue

Immune health
• Infection
• Autoimmune disorders (MS, autism)

Cardiometabolic health
• Cardiovascular disease
• Diabetes

Neurological health
• Parkinsons, Alzheimer’s, epilepsy etc.

Cancer
• Colon, breast, lung, prostate

Reproductive health
• Male and female fertility

Fetal development?
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9. What happens if I don’t have enough during pregnancy?

- Still under investigation

VitD
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9. What happens if I don’t have enough during pregnancy?

- High percent of mothers are at risk of inadequacy 

Saraf et al 2015

- Low vitamin D during pregnancy = increased risk for:
- Gestational diabetes
- Small for gestational age (low birthsize)
- Low birth weight
- Preterm birth

HOW?
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4. What is “enough” during pregnancy?

- Still under investigation 
- Growing evidence that needs may differ between individuals

Bodnar LM et al 2010
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10. Are there long term consequences?

- Still under investigation

VitD
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Strong evidence that diet during pregnancy affects adult health

http://www.dutchfamine.nl

The Dutch famine birth cohort study
• Children from pregnancies during the famine have increased disease risk
• Timing during development was important
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Gestational timing of undernutrion matters

Painter et al 2006, Am J Clin Nutr

Increase in coronary artery disease linked to malnutrition during early 
gestation only
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What about before and after pregnancy?

Rapid and widespread changes in cell number, function and location 

GestationPreconception

Oocyte
“Egg” Sperm

Mom        Dad
Lactation

Single cell Multicellular
Multi-tissue/organ

- Multiple stages may be important
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What about my grandchildren?

- Still under investigation

VitD

? ?

- Focus of Ideraabdullah lab research
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Ideraabdullah lab studies the genome & epigenome
- Genome = DNA = code that determines how cells function

Human genome
46 chromosomes (23 each)
20,000+ protein coding genes

http://www.differencebetween.info
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Ideraabdullah lab studies the genome & epigenome

DNA 
methylation

Nucleosomes Histone 
modifications

Noncoding RNA

Sayyed K. Zaidi et al. Mol. Cell. Biol. 
2010;30:4758-4766

CH3 
OH  

- Epigenome = Factors that regulate how the genome is interpreted
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Epigenetic modifications

A-C-G-T-T-C-G-G

T-G-C-A-A-G-C-C

- DNA methylation: Feature regulates gene activity

A-C-G-G-T-G-C-G

T-G-C-C-A-C-G-C

CH3 CH3

Regulatory sequence

Gene A

ON

Gene A

OFF

Gene activity
methylated

unmethylated
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Epigenetic modifications

A-C-G-T-T-C-G-G

T-G-C-A-A-G-C-C

- Diet-induced changes in DNA methylation and changes 
gene activity

A-C-G-G-T-G-C-G

T-G-C-C-A-C-G-C

CH3 CH3

Regulatory sequence

Gene A

OFF

Gene A

ON

Gene activity
methylated

unmethylated
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Epigenome changes & disease

Epigenome

Gene activity

Development of different cells/tissues/organs

Disease/ Susceptibility

Dysregulation/disruption

Change

Abnormal

During development:
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The genome and epigenome are heritable

Heritable
Capable of being passed from    
one generation to the next.
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Does vitamin D deficiency during pregnancy affect pups?

Treatments in mouse

Nature Reviews | Immunology

Bacteria Germ-free Birth

Time

± Transient colonization 
of germ-free pregnant 
dam (germ-free controls)

Pregnancy always 
ends with mother 
and pups germ-free

Systems-level 
measurements of how 

u i
molecules of the 
maternal microbiota 
shapes postnatal immune 
development and 
disease susceptibility

± Transiently colonized Germ-free

of intestinal and oral microorganisms is increased 
in both laboratory rodents and in humans53–55. This 
results in microorganisms being present in the pla-
centa and in the milk53,56. At least for placental and 
fetal tissues, microbial numbers must be maintained 
at extremely low levels, otherwise the pre-term birth 
or stillbirth complications of intrauterine infection 
will ensue57. Nevertheless, there is evidence that these 
organisms contribute to the early colonization of the 

postnatal infant53; they may also have a role in sup-
porting the developing fetal immune system in utero, 
although the extent of this is uncertain (BOX 2).

Exposure of the fetus and neonate to penetrant maternal 
microbial molecules. In experimental mice, one can show 
that the development of the immune system in the fetus is 
driven by maternal microbial molecules independently of 
the actual penetration of live microorganisms into mater-
nal or conceptus tissues. For the most part, the effects of 
the microbiota on immune system development (as well 
as its effects on other organ systems) have been deter-
mined by comparing colonized and germ-free animals58.

As germ-free animals are born to a germ-free dam 
and colonized animals are born to a colonized dam, 
comparing these two hygiene statuses does not provide 
information on the effects of the maternal microbi-
ota on the development of the immune system of her 
pups. However, the effect of the maternal microbiota 
alone can be addressed by treating germ-free pregnant 
female mice with live Escherichia coli that lacks the syn-
thetic pathways for the essential bacterial amino acids  
d- alanine and meso-diaminopimelic acid59. This mutant 
strain of E. coli can be grown in culture when d-alanine 
and meso-diaminopimelic acid are provided as supple-
ments, but it does not permanently colonize the mouse 
intestine, as d-alanine and meso-diaminopimelic acid are 
not synthesized or available in the host to support bac-
terial replication in the intestinal luminal environment. 
The major advantage of this system is that the pregnant 
dam returns to a germ-free status before the delivery 
of her pups, and so the pups themselves are germ-free.  

Box 3 | An experimental model of transient gestational colonization in germ-free mice

In this model, timed-pregnant germ-free mice are gavaged with 1010 colony-forming units of Escherichia coli  
HA107 between embryonic day 5 (E5) and E16, or are kept germ-free throughout pregnancy (see the figure). E. coli HA107 
is an auxotrophic strain that harbours mutations in molecules that are involved in the pathways that synthesize meso- 
diaminopimelic acid and d‑alanine. It can thus only survive in supplemented culture and colonizes a germ-free mouse 
intestine transiently for 24–72 hours. The pregnant dams return to a germ‑free status before delivering their germ‑free 
pups, which can subsequently be analysed for the effect of maternal gestational colonization on offspring immunity and 
disease susceptibility. To date, all experiments exploring the effects of gestational colonization on the development of the 
neonatal immune system have used the reversibly colonizing commensal bacterium E. coli HA107. Although E. coli is only a 
rare member of the intestinal microbiota in mice, it is present within the human intestine and is particularly abundant in 
early life78,79. By comparison, in pups born to diversely colonized, specific pathogen-free (SPF) mice or mice colonized with 
the altered Schaedler flora (a model microbiota comprising eight bacterial species), the immune system was very similar to 
that of germ-free pups that were born to mothers that had been gestationally colonized with E. coli HA107. This further 
indicates that colonization with E. coli HA107 during pregnancy can recapitulate most phenotypes that are observed in 
mice that were colonized with a diverse microbiota.

Box 2 | The effects of the maternal microbiota

Exposure of the trophoblast and placenta to live microorganisms
Although the placenta is generally believed to be a sterile site, recent literature 
indicates a possible low-grade colonization of placental tissue with commensal 
bacteria56,77. However, colonization was estimated to be at low levels, and sampling of 
the human placenta without contamination is still a technical challenge.

Transfer of microbial endobiotics
Metabolites or fragments of the maternal endogenous microbiota can reach the 
maternal serum and systemic sites, and can thus be transferred to the unborn fetus via 
the placenta or to the newborn child through maternal milk60.

Nutrition
Dietary components in the maternal intestine can be further metabolized by members 
of the intestinal microbiota, and the resulting molecular products can be absorbed into 
the mother’s body and subsequently transferred to her offspring. In addition, the 
maternal diet can influence the composition or transcriptional state of the maternal 
intestinal microbiota itself25,28–30,33,34.

Xenobiotics
As with dietary components, several members of the human intestinal microbiota have 
the potential to metabolize xenobiotic chemicals that originate from plant or 
pharmaceutical sources in the maternal gut, and thereby alter the chemical exposure of 
the fetus26.

REV IEWS
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Reduction in plasma 25(OH)D levels is strain dependent
- Diet reduced level of vitamin D in blood 

Xue J et al, Clinical Epigenetics, 2016

Cross 1 = CC001♀ X CC011♂  
Cross 2 = CC011♀ X CC001♂ 
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Reduction in plasma 25(OH)D levels is strain dependent
- Deficient diet reduced level of vitamin D in blood 

- Genetic differences in strain A & B = differences in status

Xue J et al, Clinical Epigenetics, 2016
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Decrease in DNA methylation
- Some but not all genes were changed

A                 B      A                 B      

Adult 
Liver
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Decrease in DNA methylation
- Some but not all genes were changed
- Genetic differences in strain A & B = differences in methylation

A                 B      A                 B      

Adult 
Liver
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Are there multigenerational consequences?

Treatments in mouse

Nature Reviews | Immunology

Bacteria Germ-free Birth

Time

± Transient colonization 
of germ-free pregnant 
dam (germ-free controls)

Pregnancy always 
ends with mother 
and pups germ-free

Systems-level 
measurements of how 

u i
molecules of the 
maternal microbiota 
shapes postnatal immune 
development and 
disease susceptibility

± Transiently colonized Germ-free

of intestinal and oral microorganisms is increased 
in both laboratory rodents and in humans53–55. This 
results in microorganisms being present in the pla-
centa and in the milk53,56. At least for placental and 
fetal tissues, microbial numbers must be maintained 
at extremely low levels, otherwise the pre-term birth 
or stillbirth complications of intrauterine infection 
will ensue57. Nevertheless, there is evidence that these 
organisms contribute to the early colonization of the 

postnatal infant53; they may also have a role in sup-
porting the developing fetal immune system in utero, 
although the extent of this is uncertain (BOX 2).

Exposure of the fetus and neonate to penetrant maternal 
microbial molecules. In experimental mice, one can show 
that the development of the immune system in the fetus is 
driven by maternal microbial molecules independently of 
the actual penetration of live microorganisms into mater-
nal or conceptus tissues. For the most part, the effects of 
the microbiota on immune system development (as well 
as its effects on other organ systems) have been deter-
mined by comparing colonized and germ-free animals58.

As germ-free animals are born to a germ-free dam 
and colonized animals are born to a colonized dam, 
comparing these two hygiene statuses does not provide 
information on the effects of the maternal microbi-
ota on the development of the immune system of her 
pups. However, the effect of the maternal microbiota 
alone can be addressed by treating germ-free pregnant 
female mice with live Escherichia coli that lacks the syn-
thetic pathways for the essential bacterial amino acids  
d- alanine and meso-diaminopimelic acid59. This mutant 
strain of E. coli can be grown in culture when d-alanine 
and meso-diaminopimelic acid are provided as supple-
ments, but it does not permanently colonize the mouse 
intestine, as d-alanine and meso-diaminopimelic acid are 
not synthesized or available in the host to support bac-
terial replication in the intestinal luminal environment. 
The major advantage of this system is that the pregnant 
dam returns to a germ-free status before the delivery 
of her pups, and so the pups themselves are germ-free.  

Box 3 | An experimental model of transient gestational colonization in germ-free mice

In this model, timed-pregnant germ-free mice are gavaged with 1010 colony-forming units of Escherichia coli  
HA107 between embryonic day 5 (E5) and E16, or are kept germ-free throughout pregnancy (see the figure). E. coli HA107 
is an auxotrophic strain that harbours mutations in molecules that are involved in the pathways that synthesize meso- 
diaminopimelic acid and d‑alanine. It can thus only survive in supplemented culture and colonizes a germ-free mouse 
intestine transiently for 24–72 hours. The pregnant dams return to a germ‑free status before delivering their germ‑free 
pups, which can subsequently be analysed for the effect of maternal gestational colonization on offspring immunity and 
disease susceptibility. To date, all experiments exploring the effects of gestational colonization on the development of the 
neonatal immune system have used the reversibly colonizing commensal bacterium E. coli HA107. Although E. coli is only a 
rare member of the intestinal microbiota in mice, it is present within the human intestine and is particularly abundant in 
early life78,79. By comparison, in pups born to diversely colonized, specific pathogen-free (SPF) mice or mice colonized with 
the altered Schaedler flora (a model microbiota comprising eight bacterial species), the immune system was very similar to 
that of germ-free pups that were born to mothers that had been gestationally colonized with E. coli HA107. This further 
indicates that colonization with E. coli HA107 during pregnancy can recapitulate most phenotypes that are observed in 
mice that were colonized with a diverse microbiota.

Box 2 | The effects of the maternal microbiota

Exposure of the trophoblast and placenta to live microorganisms
Although the placenta is generally believed to be a sterile site, recent literature 
indicates a possible low-grade colonization of placental tissue with commensal 
bacteria56,77. However, colonization was estimated to be at low levels, and sampling of 
the human placenta without contamination is still a technical challenge.

Transfer of microbial endobiotics
Metabolites or fragments of the maternal endogenous microbiota can reach the 
maternal serum and systemic sites, and can thus be transferred to the unborn fetus via 
the placenta or to the newborn child through maternal milk60.

Nutrition
Dietary components in the maternal intestine can be further metabolized by members 
of the intestinal microbiota, and the resulting molecular products can be absorbed into 
the mother’s body and subsequently transferred to her offspring. In addition, the 
maternal diet can influence the composition or transcriptional state of the maternal 
intestinal microbiota itself25,28–30,33,34.

Xenobiotics
As with dietary components, several members of the human intestinal microbiota have 
the potential to metabolize xenobiotic chemicals that originate from plant or 
pharmaceutical sources in the maternal gut, and thereby alter the chemical exposure of 
the fetus26.
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Grandmaternal deficiency alters neonatal bodyweight
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- Bodyweight changes
- Genetic strain dependent
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Grandmaternal deficiency alters neonatal & adult methylation

Xue J et al, Clinical Epigenetics, 2016

- Bodyweight changed
- Genetic strain differences

A                 B      

Adult liver

A                 B      

Neonatal liver
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Ongoing studies

- Other genes in the genome are changed (all chromosomes)
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Ongoing studies

- Changed genes are related to vitamin D deficiency diseases
• Development
• Cancer (prostate, colorectal, breast, lung, thyroid, ovarian..)
• Reproduction
• Embryo development
• Dermatological disorders (ichthyosis type 1, hyperpigmentation)
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Conclusions

² Maternal vitamin D deficiency during pregnancy
1. Differs between mice with genetic differences
2. Changes body weight of offspring
3. Changes fat mass of offspring
4. Changes epigenome of offspring
5. Can affect body weight and epigenome of multiple generations

6. Effects of maternal vitamin D deficiency on offspring differs between 
individuals with genetic differences
Ø Genetic differences = vitamin D status = birthoutcomes
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Human studies: diet and heredity

Effects transmitted through paternal 
lineage:

• Paternal grandfather food intake 
linked to grandson’s mortality risk

• Paternal grandmother food intake 
linked to granddaughters mortality 
risk

• Paternal smoking <11yrs linked to 
increased BMI in sons.
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Human studies: diet and heredity

Effects transmitted through 
paternal lineage:

• Paternal BMI linked to 
decreased DNA methylation at 
IGF2 in cod blood
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How is vitamin D metabolized in the body?
SKIN
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Challenges of human studies

- Limited access to multiple generations

- Cell/tissue sample collection

- Developmental timing

- Phenotypic variability

- Multiple/aggregate exposures

- Associations ≠ causal?

cnc.ucr.edu
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Benefits of mouse models
- Fast generation time (18-21days)

- Inbred strains: genetically identical or genetically diverse 
10X genetic differences vs. humans (Ideraabdullah et al 2004)

- Access to any tissue/cell type

- Access to any developmental window

- Controlled exposure

- Many conserved genes

- Inducible system: test causality
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Evidence for vitamin D role in epigenetic mechanisms

• Positive correlation between vitamin D status and global DNA 
methylation

• Targets histone demethylases (JmjC & LSD families)

• Proposed to regulate recruitment of HATs, HDACs, HMTs, and 
chromatin remodelers

Reviewed in Fetahu 2014 frontiers in physiology
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Genetic reference population

http://csbio.unc.edu/CCstatus/index.py

Collaborative Cross – recombinant inbred lines
- Highly genetically divergent

CAST! WSB!C57BL6! PWK!A/J! 129S1! NZO!NOD!
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Strain dependent differences in extent of depletion
abbreviation
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Ingenuity Pathway Analysis (IPA): Genes at VitD-DMCs >10%Δ
Liver, 164 mapped genes

Sperm, 199 mapped genes
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Vitamin D levels influenced by genetic background
Maternal Plasma 25 (OH) D levels after 11+ weeks on diet
• Differences in extent of depletion

Mean(Vit D  ng/ml) vs. Cross #
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Vitamin D dependent differentially methylated regions

• Most of methylation changes >20% and enriched on Chr 17

Cross 1 (AxB) Cross 2 (BxA)

Liver

Sperm
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Vitamin D dependent differentially methylated regions

• Perturbation is cell type and cross dependent and mostly LOM
• - q < 0.01 

312 DMRs
75% hypo-methyl.

69 DMRs
71% hypo-methyl.

3,362 DMRs
72% hypo-methyl. 247 DMRs

67% hypo-methyl.

Cross 1 (AxB) Cross 2 (BxA)

Liver

Sperm
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25(OH)D levels borderline significant 
correlations
Standard least squares – all in modelMean(Vit D  ng/ml) & N(Vit D  ng/ml) vs. Cyp24A1_rs27602985_ 

genotype & 2 more
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