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Intestinal absorption of vitamin D: a systematic review

Mariana Costa Silva and Tania Weber Furlanetto

Context: Vitamin D is frequently prescribed as a supplement, yet its absorption
remains poorly understood. Objective: This systematic review was performed to
evaluate data on mechanisms involved in the intestinal absorption of vitamin D.
Data Sources: PubMed, Embase, and Cochrane Library databases were searched.
Study Selection: The following studies were included: experimental laboratory
studies of vitamin D absorption through the enterocyte brush-border membrane;
absorption tests that used radiolabeled vitamin D; and clinical trials in adults that
investigated a single dose of cholecalciferol or ergocalciferol and reported at least 2
measurements of serum cholecalciferol, ergocalciferol, or 25-hydroxyvitamin D.
Data Extraction: From 2069 articles identified, 46 met the inclusion criteria.
Results: Different methods were employed to evaluate vitamin D absorption.
Recent research suggests that vitamin D absorption is not an exclusive simple diffu-
sion process. Vitamin D was better absorbed when it was consumed with fat-
containing meals, but absorption also occurred without fat or oily vehicles. Factors
that modified cholesterol absorption also altered vitamin D absorption.
Conclusion: Vitamin D is probably absorbed through passive diffusion and a
mechanism involving membrane carriers, especially cholesterol transporters, al-
though data remain scarce. Some data suggest that fat, when consumed concomi-

tantly with vitamin D, improves vitamin D absorption.

INTRODUCTION

Vitamin D deficiency is a global concern, particularly
because of the importance of vitamin D in bone health
and other systemic functions.'™* Vitamin D is a steroid
prohormone that can be supplied by skin synthesis in
humans when skin is exposed to ultraviolet B radia-
tion.” Many people, however, require dietary vitamin D
supplements, mainly because of low sun exposure.
Recently, researchers have shown an increased interest
in the physiology and metabolism of vitamin D, espe-
cially with regard to the absorption of orally ingested
vitamin D.

Until recently, it was accepted that vitamin D was
absorbed by means of a simple passive diffusion

process. Now, however, it is thought that absorption
may occur through complex mechanisms of vitamin D
incorporation.

Passive diffusion has been observed with pharma-
cological doses of vitamin D,° and clinical trials have
demonstrated that vitamin D was absorbed even when
ingested with nonfat meals or nonoily vehicles™® or
during fasting.”

This systematic review includes studies that evalu-
ated the intestinal absorption of vitamin D. An elec-
tronic search of the literature was conducted up to
January 2016 using Ovid MEDLINE, Embase, and the
Cochrane Library by combining the MeSH terms
“vitamin D” and “absorption.” Knowing how vitamin D
is absorbed, as well as the factors that might interfere
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Table 1 PICOS criteria for the inclusion and exclusion of studies

Criteria Description

Population Experimental models of mammalian physiology or human volunteers

Intervention Administration of cholecalciferol, ergocalciferol, or radiolabeled forms of cholecalciferol or ergocalciferol
Comparison Plasma concentrations before and after vitamin D administration

Outcomes Plasma concentrations of cholecalciferol, ergocalciferol, 25-hydroxyvitamin D, or radiolabeled forms of vitamin D
Study design Experimental laboratory studies, absorption tests using radiolabeled vitamin D, or clinical trials of a

single dose of cholecalciferol or ergocalciferol

with absorption, is important to better treat and prevent
vitamin D deficiency.

METHODS

This review followed the Preferred Reporting Items for
Systematic reviews and Meta-Analyses (PRISMA) guide-
lines.'” The Population, Intervention, Comparison,
Outcomes, and Study design (PICOS) criteria were used
to formulate and narrow the focus of the following re-
search question: What mechanisms are involved in the in-
testinal absorption of vitamin D (Table 1)?

Identification of studies

Original research studies were identified from the data-
bases PubMed, Embase, and the Cochrane Library, using
the combination of medical subject headings (MeSH)
“vitamin D” and “absorption.” Search details were as fol-
lows: (“vitamin D/administration and dosage”[MeSH] OR
“vitamin D/pharmacokinetics’[MeSH] OR “vitamin D/
physiology”[MeSH]) AND (“absorption”[MeSH terms]
OR “absorption”[all fields]).

Criteria for inclusion and exclusion of studies

All original studies in English, Portuguese, and Spanish,
published up to January 2016, were considered for this re-
view. The following types of studies were included: experi-
mental laboratory studies of vitamin D absorption
through the enterocyte brush-border membrane; absorp-
tion tests that used radiolabeled vitamin D; and clinical
trials of a single dose of cholecalciferol or ergocalciferol
that reported at least 2 measurements of serum cholecal-
ciferol, ~ ergocalciferol, —or  25-hydroxyvitamin D
[25(OH)D]. Studies were excluded if they were performed
in a pediatric sample or were published within a system-
atic review, book chapter, conference proceedings, corre-
spondence, or authors’ comments.

Data extraction

Both authors screened the titles and abstracts identified
from the electronic search. In the event the reviewers
disagreed about an abstract, the abstract was

reevaluated and disagreement was resolved by discus-
sion and consensus. Full texts were obtained and were
again evaluated for eligibility by the authors. Additional
papers were identified by cross-referencing the texts.
Study quality was not rated because of differences in the
study design. No meta-analyses were performed.

RESULTS
Studies of vitamin D absorption

From 2069 titles and abstracts, 109 articles were selected
for full-text review. Of these, 79 were excluded because
of study design. Thus, 30 studies were included, as well
as 16 others obtained by cross-referencing articles
(Figure 1). All 46 studies fulfilled 1 of the 3 inclusion
criteria and, subsequently, were classified into the fol-
lowing groups: 16 laboratory experiments that investi-
gated vitamin D absorption through the enterocyte
apical membrane (Table 2%''7*%); 9 absorption tests that
used radiolabeled vitamin D (Table 3*°7**); and 21 clini-
cal trials of a single dose of vitamin D, 8 of which were
performed in adults with compromised health
(Table 4°™**) and 13 of which were performed in
healthy adults (Table 5779:43-52y,

DISCUSSION

Ergocalciferol  (vitamin D,) and cholecalciferol
(vitamin Dj3) are the preparations commonly prescribed
to prevent and treat vitamin D deficiency.” The former
is a plant-derived form of vitamin D and the latter is
the animal-derived form of vitamin D, which can be
synthesized by irradiation of 7-dehydrocholesterol in
the skin by ultraviolet B (UVB) light. Both forms are
similar in structure, and both need to be hydroxylated
to 25(OH)D within the liver and to 1,25-
dihydroxyvitamin D [1,25(OH),D], the active form, in
the kidneys.™

Different forms of vitamin D and different methods
were used to evaluate vitamin D absorption. Altogether,
the selected studies provided insight into the mecha-
nisms involved in vitamin D intestinal absorption.
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Identification

n =2069

Records identified through
MEDLINE/PubMed, Embase, and
Cochrane Library using the
combination of MeSH terms

“vitamin D” AND “absorption”

— !

n=109

Screening

Records screened on
basis of titles and abstracts,

and assessed for eligibility

Records excluded

n =1960

v

n=30

Eligibility

n=16

Full-text articles included

Additional full-text articles
identified by cross-
referencing

Full-text articles excluded
— n=79

* Calcium absorption

+ 25(OH)D absorption
- Letter

* Case report

* Other languages

R v

radioactivity (n =9)

Inclusion

Studies included
n =46

- Experimental in vivo and in vitro studies
in animal or cell models (n = 16)
 Absorption tests, as measured by

* Clinical trials of vitamin D absorption, as
measured by serum vitamin D, or D3
and 25(OH)vitamin D (n = 21)

Figure 1 Flow diagram of the literature search process.
Basic science research

Table 2 provides an overview of the experimental
in vivo and in vitro studies of vitamin D uptake through
the apical membrane of the enterocytes.

Current knowledge of vitamin D uptake through
the brush-border (apical) membrane of the enterocytes
was obtained from experimental studies in the mid-
1970s, when Hollander et al.**** demonstrated a linear
relationship between the rate of vitamin D absorption
and the intraluminal concentration of vitamin D in 2
studies using everted gut sacs and live rats. Moreover,
those authors demonstrated that the absorption rate
was raised by an increase in either the flow rate of the
perfusate or the hydrogen ion concentration, which

Nutrition Reviews® Vol. 0(0):1-17

decreased the resistance of the cell membrane to the dif-
tusion of micelles. These results indicated a lack of satu-
ration kinetics and supported the idea of vitamin D
absorption by passive diffusion.

For many vyears, the mechanistic process of
vitamin D intestinal uptake was no longer the emphasis of
investigations, and laboratory experiments focused only
on factors that could interfere with vitamin D uptake,
such as uremia,'” gastrectomy,'® aging,'”*"** and
vitamin D status.'® For example, the effect of aging on in-
testinal absorption of vitamin D was evaluated in 3 experi-
mental studies, 2 of which indicated that age had no
significant impact on vitamin D absorption in rats."”!

The influence of vitamin D status on the intestinal
absorption and body retention of vitamin D was
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Outcomes

e addjtion of cholestyramine to diet
Ca absorption was similarin both control and

take:
cholestyramine-fed rats

change ileal absorption rate but did decrease jejunal absorption

rate

[*HID; uptake:
distal small bowel (P < 0.01)

HID; u
y t

Increasing sodium taurocholate concentration in perfusate did not
B

Uptake in proximal and medial small bowel greater than that in

1 Concentration and 7 rate of uptake: linear relationship

&

Methods/experimental model
micellar medium containing [*H]D; in pharmaco-

logical concentrations
Absorption of 10 ug [*HID; and 1 mg *’Ca after ad-

ficient to cause steatorrhea, measured in treated

rats vs in control rats
reviations: ["*CID;, ["*C] carbon-14 labeled cholecalciferol; CD36, cluster determinant 36; FAs, fatty acids; FSVs, fat-soluble vitamins; [°H]1,25Ds, 25-[*H]hydroxyvitamin D5; [*Hlvitamin A,

regions of the small bowel were incubated in a
dition of cholestyramine to diet in an amount suf-

Everted rat small bowel sacs from 3 different

Focus of investigations
Mechanism and site of vitamin D5 intesti-
nal uptake in rat bowel sacs
Cholestyramine and the absorption of ra-
dioactive vitamin D and calcium in rats

Thompson
(1969)*

b
[1-"H (N)] vitamin A; HEK; transfected human embryonic kidney; NPC1L1, Niemann-Pick C1-like 1; 25(0H)D, 25-hydroxyvitamin D; SR-BI, scavenger receptor class B type I; TGs, triglycerides.

Table 2 Continued
Reference
Hollander &
Truscott
(1976)**
Thompson &

Ab

[}

evaluated by Lorentzon and Danielson.'® Radiolabeled
cholecalciferol ([*H]D3) was administered intragastri-
cally to rats fed previously with different amounts of
vitamin D. Animals with vitamin D deficiency accumu-
lated high levels of serum radioactivity, which were to a
great extent confined to polar fractions of 25(OH)D
and 1,25(0OH),D, with less radioactivity found in the 3-
day fecal collection from these animals. These results
suggested that intestinal absorption of vitamin D might
be greater in states of vitamin D deficiency.

In a wider perspective, Bikhazi and Hasbini'® in-
vestigated the brush-border mechanistic passage of
vitamin D and its metabolite 1,25(OH),D. Radiolabeled
cholecalciferol ([**C]D3) and 1,25(0OH),D ([*H]1,25D5)
were measured in intestinal perfusates and portal blood
samples of rats injected with cycloheximide, an inhibi-
tor of protein and chylomicron synthesis. The amount
of ['*C]D; lost from the perfusate was similar in the ex-
perimental and control groups. The treated rats, how-
ever, showed a drastic increase in ["*C]Dj retention in
the intestine and a reduction in ['*C]D; portal plasma.
The authors concluded that cholecalciferol might be
transferred through the cytosol by carrier-binding pro-
teins. Moreover, they observed that apical membrane
absorption was different for cholecalciferol and
1,25(0H),D, since [*H]1,25D5 uptake from the perfu-
sates was significantly reduced in cycloheximide-treated
rats.'”

Sitrin and Bengoa27 demonstrated that 25(OH)D,
another polar metabolite of vitamin D, had an im-
proved absorption pattern compared with cholecalcif-
erol, both in patients with chronic cholestatic liver
disease and in healthy persons. Although the mechanis-
tic processes are not clear, other experiments in humans
and in rats suggested that intestinal absorption of
25(OH)D was less dependent on chylomicron produc-
tion and release than was intestinal absorption of
cholecalciferol.>**

More than 30 years after the first experiments about
intestinal uptake of vitamin D, researchers observed that
cholesterol and vitamin D had similar absorption mecha-
nisms.>''"'> These studies demonstrated that cholesterol
and factors that are known to interfere with cholesterol
uptake, such as phytosterols and long-chain fatty acids,
also reduced the absorption of vitamin D in experimental
models.'>'**

Great advances in knowledge about cholesterol ab-
sorption have been made in recent decades. It is now
well recognized that cholesterol absorption involves
protein membrane transporters.55 The most important
cholesterol membrane carrier is the Niemann-Pick C1-
like 1 carrier (NPC1L1),” followed by scavenger recep-
tor class B type I (SR-BI),*® cluster determinant 36
(CD36), and ATP-binding cassette transporter A1

Nutrition Reviews® Vol. 0(0):1-17
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Table 3 Continued

Reference

©

Vitamin D absorption

Peak plasma

Objective Intervention Plasma radioactivity mea-

Characteristics of

radioactivity

sured at post intervention

participants

times

[H] total, ["*CID;,

PBC with steatorrhea

Not reported

[*HID; 8 uCi

Evaluate [*H]D; absorption

Primary biliary cirrhosis

Krawitt et al.

4) < PBC without steator-

rhea (n

(n

["C125(0H)D:
From 10 min until 13d

-+ meal with milk
+ ["CID; 2 uGi

(n=26)

CG(n

(1977)*

2) and in CG

4)

Plasma radioactivity and shape

['*CID5: 8-24h

['*(] total:

intravenously
['*CID; 10 pCi

Compare [*C]D; absorp-

Patients taking anticonvul-

sant drugs (n = 8)

CG(n=5)

Schaefer et al.

of radioactive peak and de-
cline were similar in both

groups
Celiac disease and patients with

4h,8h,24h,72h, and

-+ meal with milk

tion in patients taking

(1972)*

144 h

anticonvulsant with that
in healthy individuals

Apply a protocol for the

[3H] total: 6-12 h

[H] total:

[*HID; 1.5-55 pCi

+ milk

Gastrointestinal disease

Thompson

evaluation of [*H]D; ab-
sorption in humans

etal.

RASEASAMES 5SS h: 45%-100%

2h,4h,6h,8h,10h, 12h,

(n=10)

CG(h="9)

1d,2d,3d,and 4d

(1966)>

in chylomicron fraction

["CID5, ['*C] carbon-14 labeled cholecalciferol; [**C] 25(0H)D, [**C] carbon-14 labeled 25 h

hydroxycholecalciferol; MBg, megabecquerel; uCl, microcurie; PBC, primary biliary cirrhosis.

ydroxycholecalciferol; 1V,

ase, CG, control group;

Crohn dise

Abbreviations:_BR, bo

3

; °H125(0H)D;, [°H] 25-

el resection; CD,
] cholecalciferol

*h

intravenous; [*H]Ds, [

)

(

Reboul et al.° evaluated vitamin D uptake in human
Caco-2 cells, which are models of human intestinal epi-
thelium often employed in the assessment of intestinal
transport of lipids, and in human embryonic kidney
(HEK) 293T cells, which are validated models of SR-BI,
CD36, and NPCIL1 overexpression. Vitamin D uptake
was higher in transfected HEK 293T cells and decreased
after administration of carrier-specific inhibitors. Both
ezetimibe, a pharmacological NPC1L1 inhibitor, and an
SR-BI inhibitor similarly reduced the wuptake of
vitamin D in Caco-2 cells. In live mice treated with eze-
timibe, vitamin D absorption decreased nonsignifi-
cantly in a study conducted by van Heek et al."*

Gongalves et al.'* found that long-chain fatty acids,
which modulate cholesterol absorption, interfered with
vitamin D absorption. They postulated a possible modi-
fication in the micellar electrical charge or a modulation
of cholecalciferol outflow through the basolateral mem-
brane of enterocytes as a potential mechanism for the
reduction in vitamin D absorption. Another possible
explanation offered was the competition between free
fatty acids and cholecalciferol for the same transporter,
especially CD36 or SR-BI, since these 2 proteins are
known to be involved in fatty acid uptake.

Phytosterols are commonly employed to reduce di-
etary cholesterol absorption, and the same research
group evaluated, both in vitro and ex vivo, the effects of
different sterols on micellar incorporation of cholecal-
ciferol, apical uptake of cholecalciferol, and basolateral
efflux.’®> In mice, cholecalciferol bioavailability was
15-fold lower in the presence of B-sitosterol (P < 0.05).
The significantly impaired cholecalciferol incorporation
into mixed micelles (from —16% to —36%. depending
on the sterol micellar composition) and the significantly
lowered cholecalciferol apical uptake (from —13%
to —39%) were cited by the authors as possible causes
for the decreased vitamin D bioavailability. They also
observed vitamin D and phytosterol competition for a
common membrane transporter, supposedly NPCIL1.

Clinical research: radiolabeled absorption tests

Administering radiolabeled forms of vitamin D and
then monitoring vitamin D levels in blood, tissues,
urine, and feces is the most direct way to evaluate
vitamin D absorption. Studies of intestinal absorption
of radiolabeled forms of vitamin D in humans are
shown in Table 3 and will be described in this section.
Thompson et al.>* were the first group to describe a
protocol for the assessment of vitamin D absorption in
humans. The protocol consisted of administering a sin-
gle oral dose of [*H]D; to healthy individuals or to
patients with different gastrointestinal diseases and then
monitoring total plasma radioactivity over a 4-day

Nutrition Reviews® Vol. 0(0):1-17
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patients

Levels returned to baseline on day 3
25(0OH)D, serum 25-hydroxyvitamin D; 1,25-D, 1,25-dihydroxyvitamin D;

compromised health vs in controls
No absorption detected in 5 of 7

Vitamin D absorption in adults with
In institutionalized elderly persons

and young adults:
Similar peak plasma levels: at 8-16 h

In patients with malabsorptive

syndromes:
Similar results in 2 of 7 patients

baseline on day 3

Similar trajectories: levels returned to
D, peaked at 12h

at postintervention times
D,:0h,4h,8h,16h,24h,
8h,12h,and 1d, 2d,
3d,and 14d

Serum vitamin D measured
48h,and 72 h

D, and 25(OH)D: 0 h, 4 h,

Intervention

D, 50 000 IU
D, 50 000 IU

Objective
evaluation of vitamin D

Study the effect of age on
vitamin D absorption

Develop a test for clinical
absorption
e mean; T, increased; |, decreased.

th

mass index; D,, ergocalciferol or vitamin D,; D3, cholecalciferol or vitamin Dj;
standard error of t

=7)
boﬁX

Characteristics of
participants
Institutionalized elderly,

57-88y (n=17)
Young adults, 22-28y
Malabsorptive syndromes
(hn=7)
Controls (n

ymbols: BMI,

(1986)"
(1985)*
Abbreviations and s

et al.
RYGB, Roux-en-Y gastric bypass; SE

Table 4 Continued
“No control group.

Reference
Clemens
Lo et al.

period. They found higher plasma radioactivity levels 6
to 12 hours after [’H]D; administration, with lower
plasma radioactivity concentrations in patients with ste-
atorrhea or celiac disease.

Similarly, different malabsorptive conditions such as
severe cholestasis,””**>? short bowel disease,”**° and in-
flammatory bowel disease”® were evaluated in 6 subse-
quent studies that included control groups. These diseases
did not seem to interfere with the time to reach the peak
plasma level of vitamin D, with the highest concentrations
observed about 6 to 24 hours after oral administration.”™*
However, they did seem to modify absorption, with lower
plasma levels observed in patients with malabsorptive con-
ditions than in control groups. The wide range of time in
which the vitamin D plasma peaks were detected was pos-
sibly related to different study protocols, different
vitamin D plasma measurements, and other noncontrolled
factors such as different degrees of malabsorption or dif-
ferent gastrointestinal transit times in patients.

Parallel to patients with malabsorptive disease, hospi-
talized elderly patients also had lower plasma radioactivity
concentrations compared with healthy adults.”® On the
other hand, plasma radioactivity and the shape of the ra-
dioactive peak and decline were similar in patients taking
anticonvulsants and in healthy individuals.™

In addition, the intestinal absorption of labeled
cholecalciferol was compared with that of labeled
25(0H)D ([’H]25(0OH)D5) in 3 different studies involv-
ing patients with multiple gastrointestinal diseases and
control groups.26’27’30 Administration of [*’H]25(0OH)D5
resulted in higher serum radioactivity levels, which also
peaked faster than after the administration of labeled
cholecalciferol. Therefore, apparently 25(OH)D is better
absorbed than its less polar precursor (cholecalciferol or
ergocalciferol) in individuals with inflammatory bowel
disease or cholestasis. Additionally, Compston et al.?
observed, in healthy men, that 25(OH)D absorption
might be independent of bile acids, with some absorp-
tion occurring directly into the portal vein.

In another study, Danielsson et al.** investigated
whether hepatic hydroxylation is altered in patients
with primary biliary cirrhosis. They assessed levels of
radiolabeled 25(OH)D ([*H]25(0OH)D;) in serum after
[’H]D; administration in women with primary biliary
cirrhosis and in a control group. The response was sim-
ilar in both groups, with a gradual increase in
[PH]25(0OH)D; levels observed as [PH]D; levels de-
clined, showing that hepatic hydroxylation of vitamin D
was not impaired in that population.

Clinical trials

Clinical trials using a single nonlabeled dose of ergocal-
ciferol or cholecalciferol showed results to those of

Nutrition Reviews® Vol. 0(0):1-17
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studies using radioactive forms of ergocalciferol. As
ergocalciferol is rarely found in the human diet and is
not synthesized by human skin, it is more suitable than
cholecalciferol for use in vitamin D absorption tests.
The aim of these studies was, in general, to assess the
impact of diseases (Table 4) or the influence of dietary
compounds (Table 5) on vitamin D absorption.
Impact of disease on vitamin D absorption. Lo et al.**
were the first group to evaluate the plasma levels after a
high dose of nonlabeled ergocalciferol, calling it a chal-
lenge test. A capsule containing 50 000 IU of ergocalci-
ferol was offered to 7 patients with clinical fat
malabsorptive conditions (cystic fibrosis, Crohn disease,
villous atrophy, scleroderma, and ulcerative colitis) and
to 7 healthy volunteers. In the healthy group and in 2
patients with malabsorption, plasma ergocalciferol lev-
els increased within 4 hours and peak concentrations
were reached by 12 hours, gradually declining to base-
line levels within 3 days. In marked contrast, there was
no increase in ergocalciferol levels in the other 5
patients with malabsorption.

Similarly, Lark et al.*’ and Farraye et al.*> con-
ducted ergocalciferol challenge tests in patients with
cystic fibrosis and Crohn disease, respectively. Like Lo
et al,** both groups also found lower ergocalciferol lev-
els when the unhealthy groups were compared with
their respective control groups. It is important to note
that there was wide variability in the responses of indi-
vidual persons.

Besides analyzing ergocalciferol concentrations,
Lark et al.” examined the 25(OH)D response to a single
oral dose of 100 000 IU of ergocalciferol in cystic fibro-
sis and control groups over 36 hours. In both groups,
maximal levels of ergocalciferol were detected in plasma
around 24 hours after ergocalciferol administration. As
serum ergocalciferol levels gradually declined, serum
25(OH)D levels increased in the control group. In the
cystic fibrosis group, 25(0OH)D concentrations did not
increase significantly at any time.

Roux-en-Y bariatric surgery also altered cholecal-
ciferol absorption in a study by Aarts et al.’® The differ-
ence between the baseline level and the highest
postabsorptive cholecalciferol level after a single dose of
50 000IU of cholecalciferol decreased from 92.0 + 6.5
to 63.5 = 10.3 nmol/L after bariatric surgery (P < 0.02),
although results varied markedly between patients.

On the other hand, young women with anorexia
nervosa had a similar response to a single dose of oral
ergocalciferol compared with healthy-weight controls,
despite their severe malnutrition, in a study by DiVasta
et al.”” Moreover, obesity did not seem to interfere with
vitamin D absorption. Peak ergocalciferol concentra-
tions, the difference between peak and Dbasal
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concentrations, and mean serum 25(OH)D levels were
similar in obese and normal body mass index groups in
a study by Wortsman et al.** However, body mass index
was inversely correlated with peak serum ergocalciferol
concentrations after ergocalciferol intake (r= —0.56;
P =0.007). The authors concluded that obesity-
associated vitamin D insufficiency is likely due to the
decreased bioavailability of vitamin D deposited in
body fat compartments.

Aging also did not seem to interfere with
vitamin D absorption. Clemens et al.*' found similar
plasma ergocalciferol peak levels after a single oral dose
of 50 0001U of ergocalciferol in young volunteers and
in institutionalized elderly with normal kidney func-
tion. Additionally, von Restorff et al.’® analyzed serum
25(OH)D levels after a single oral dose of 300 000 IU of
cholecalciferol in elderly persons with vitamin D defi-
ciency. This intervention increased serum 25(OH)D
concentrations in most patients to at least 50 nmol/L,
and 48% of patients reached the desirable level of at
least75 nmol/L at 3 months. Despite a decline at 6
months, mean 25(OH)D levels were still more than 4
times higher when compared with baseline levels.

Opverall, these results highlight the need for caution
when interpreting data about vitamin D absorption in
health disorders, since several other factors not directly
related to the intestinal uptake of vitamin D might in-
terfere with the plasma vitamin D response. For in-
stance, lower serum 25(OH)D levels are commonly
found in inflammatory conditions, even when the gas-
trointestinal tract is not affected.”® Possible reasons for
lower serum 25(OH)D levels include an altered concen-
tration or activity of the 25-hydroxylase enzyme, a de-
crease in the concentration of vitamin D-binding
protein, or higher rates of metabolic clearance of
25(OH)D.

Vitamin D absorption in healthy individuals. Although
measurement of serum 25(OH)D could be less sensitive
to variations in vitamin D absorption than measure-
ment of serum calciferol, especially during sickness, it
has been proven to be a good tool for evaluating both
vitamin D status and the effect of vitamin D supple-
mentation in healthy people.*”>

Ellis and Cooke® were the first group to evaluate
the serum 25(OH)D levels in healthy individuals before
and at intervals after a single oral dose of 40 000 IU of
cholecalciferol. They compared the 25(OH)D response
in 2 groups—7 Indian immigrants and 8 Europeans—
and found an immediate increase in serum 25(OH)D
concentrations after the oral dose in both groups. Over
the first 5 days, the mean increase was greater in the
Indians than in the Europeans, possibly due to lower
25(OH)D baseline levels in the Indian group.

14

Subsequently, Armas et al.** evaluated the pharma-
cological effects of cholecalciferol and ergocalciferol by
administrating 12 weekly doses of 50 000 IU of the re-
spective calciferols to 20 healthy male volunteers. Both
calciferols produced similar rises in the serum concen-
tration of the administered vitamin, indicating equiva-
lent absorption. Similar initial rises in serum 25(OH)D
were observed over the first 3 days, but 25(OH)D con-
tinued to rise in the cholecalciferol-treated men, peak-
ing after 14 days, while serum 25(OH)D fell rapidly in
the ergocalciferol-treated men and was not different
from baseline after 14 days. The authors suggested that
the potency of ergocalciferol is less than one-third that
of cholecalciferol.

In a different approach, Whyte et al.”' compared
the effect of single doses of vitamin D, or D; adminis-
tered orally, subcutaneously, intramuscularly, or intra-
venously to healthy volunteers on 25(OH)D levels.
Similar increases in serum 25(OH)D levels were noted
after both intravenous D, and intravenous Ds;.
Subcutaneous and intramuscular injection of vitamin D
in oil resulted in delayed serum 25(OH)D increases
compared with oral and intravenous administration.

Moreover, Ilahi et al.*” evaluated the pharmacologi-
cal effects of a single large dose of cholecalciferol
(100 000IU) in healthy people. Peak plasma concentra-
tions of cholecalciferol were reached 8 to 24 hours after
administration, while the highest plasma 25(OH)D con-
centrations were observed 7 days after cholecalciferol
administration. It is interesting to note that the peak
plasma concentrations of 25(OH)D were reached faster
in this study of a single 100 000 IU cholecalciferol dose
than in the earlier study of a single 50 000 IU cholecal-
ciferol dose.*”

Recent studies aimed to evaluate the influence of
fat-containing meals on the absorption of cholecalcif-
erol.”**** Raimundo et al.*** conducted 2 random-
ized controlled trials about the influence of dietary fat
on the absorption of a single 50 000 IU oral dose of cho-
lecalciferol. In the more recent study, young medical
doctors were divided into 3 groups according to the fat
content of meals (0g, 15g, or 30 g of fat) given with the
cholecalciferol dose or placebo.® Mean serum 25(OH)D
concentrations were higher in those who received lunch
containing at least 15g of fat, but the group that re-
ceived the fat-free meal also showed increased
25(0OH)D levels when compared with the placebo
group.

Following laboratory experiments in which polyun-
saturated fatty acids were demonstrated to decrease
vitamin D absorption, Dawson-Hughes et al.” tested
whether the ratio of monounsaturated fatty acids to
polyunsaturated fatty acids in food modified vitamin D
absorption in men and postmenopausal women, all

Nutrition Reviews® Vol. 0(0):1-17



older than 50 years. They found that the ratio had no
significant influence on vitamin D absorption in this
population.

Holmberg et al.”® showed that cholecalciferol was
absorbed more efficiently in the fasting state when in-
corporated in peanut oil containing long-chain fatty
acids than when incorporated in a medium-chain tri-
glyceride, although there was no difference between the
2 formulations when cholecalciferol was administered
with food.

Johnson et al.”® investigated whether the bioavail-
ability of ergocalciferol in cheese was similar to that of
ergocalciferol dissolved in water and compared the ab-
sorption in younger vs older adults. They concluded
that ergocalciferol was absorbed more efficiently from
cheese than from water and that age had no impact on
absorption. Conversely, Wagner et al.* demonstrated,
by measuring serum 25(OH)D levels, that the bioavail-
ability of cholecalciferol in fortified cheese and in a liq-
uid supplement, taken either with or without food, was
similar.

Denker et al.” evaluated the absorption of cholecal-
ciferol doses as low as 5600 IU and 2800 IU. Doses were
administered following an overnight fast, and partici-
pants continued to fast for 2 hours. The aim of the
study was to evaluate if the alendronate component of
an alendronate/cholecalciferol combination tablet was
bioequivalent to a 70-mg alendronate tablet and if the
pharmacokinetic parameters of cholecalciferol were
similar with and without alendronate. The bioavailabil-
ity of alendronate and cholecalciferol was similar in the
combination tablet and when administered alone.

1.48

Notably, cholecalciferol absorption was observed even
with nonfat meals and nonoily vehicles.

Clinical trials addressing factors that might inter-
fere with vitamin D absorption are scarce. Silva et al.*’
conducted a randomized, double-blind, placebo-con-
trolled trial intended to determine if the NPCILI cho-
lesterol transporter participates in vitamin D
absorption. They examined the effect of ezetimibe on
serum 25(OH)D levels 14 days after a single oral dose of
50 000 IU of cholecalciferol in healthy young volunteers.
The mean change in serum 25(OH)D 14 days after cho-
lecalciferol was not affected by ezetimibe. As already
noted, similar results were demonstrated in live mice,
supporting the notion that NPCIL1 probably is not an
important vitamin D transporter.°

Currently, ezetimibe is the only pharmacological
inhibitor of cholesterol transporters available for clinical
use. This is probably why no clinical studies evaluating
the effect of inhibition of other cholesterol transporters,
such as SR-BI and CD36, on vitamin D absorption have

been performed yet.

Nutrition Reviews® Vol. 0(0):1-17

CONCLUSION

This systematic review was designed to consolidate and
interpret data on the mechanisms of vitamin D absorp-
tion, with emphasis on vitamin D uptake through the
apical membrane of enterocytes. The reviewed studies
revealed some distinctive aspects of vitamin D bioavail-
ability that should be considered when treating or pre-
venting vitamin D deficiency. Ergocalciferol and
cholecalciferol, the vitamin D preparations commonly
prescribed, are both rapidly absorbed after oral intake,
with maximum plasma levels detected around 24 hours
after administration. Levels of 25(OH)D increase gradu-
ally, peaking at approximately 7 to 14 days, depending
on the dose of vitamin D administered. Cholecalciferol
seems to be more potent than ergocalciferol, resulting
in more sustainable levels of serum 25(OH)D.
Absorption is improved when vitamin D is given with
fat-containing food and is impaired by intestinal fat
malabsorption. Neither aging nor obesity, however,
alters vitamin D absorption.

Different forms of vitamin D and various methods
were employed to evaluate the absorption of vitamin D.
Clinical trials using a single nonlabeled dose of ergocal-
ciferol or cholecalciferol showed results similar to those
of studies using radiolabeled vitamin D. Although mea-
surement of serum 25(OH)D is less sensitive than mea-
surement of serum cholecalciferol for detecting minor
variations in vitamin D absorption, especially during ill-
ness, it was demonstrated to be a good tool for evaluat-
ing the effect of vitamin D supplementation in healthy
people. Moreover, recent in vivo experiments and
in vitro studies demonstrated that vitamin D absorption
is not exclusively a simple diffusion process, as previ-
ously assumed, but rather a mechanism that involves
membrane carriers. Cholesterol transporters may also
be responsible for vitamin D uptake, since factors inter-
fering with cholesterol absorption also interfered with
vitamin D absorption in laboratory and clinical studies.
However, although NPCI1L1 is the major cholesterol
transporter, it did not seem to play a fundamental role
in vitamin D absorption in studies using live rodents or
in a clinical trial in which ezetimibe was administered
to healthy adults.

This systematic review is limited by the heterogene-
ity of the included studies, since different methods were
used to evaluate vitamin D absorption. Despite recent
increased interest in the mechanisms of vitamin D ab-
sorption, data on this topic, especially from clinical re-
search, remain scarce. This review provides insight for
future research, revealing in particular the need to both
identify vitamin D membrane transporters and to trans-
late basic research findings into clinical research.
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