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Impact statement

Public health practice uses prevalence
above and below biomarker cutoffs to
evaluate the presence of a condition at the
group or population level. The vitamin A
(VA) Dietary Reference Intakes (DRIs) for
North Americans suggested that a total
liver VA concentration of 0.07 pmol/g is
minimally acceptable and is often inter-
preted as a VA deficiency (VAD) cutoff. An
expert panel working on biomarkers for VA
assessment recommended that the cutoff
for VAD should be 0.10 umol/g liver based
on biological responses above this cutoff
using similar criteria as in DRI formulation.
This paper reviews evidence for defining
the cutoff for VAD at 0.10 pmol/g. This is
increasingly important because of wide-
spread use of quantitative biomarkers of
VA status, such as modified-relative-dose
response and retinol-isotope dilution tests.
Future research and policy evaluation may
recommend an even higher concentration
for special circumstances, such as in
women of reproductive age or association
with optimal health.

Abstract

Vitamin A is a fat-soluble vitamin involved in essential functions including growth, immunity,
reproduction, and vision. The vitamin A Dietary Reference Intakes (DRIs) for North
Americans suggested that a minimally acceptable total liver vitamin A reserve (TLR) is
0.07 umol/g, which is not explicitly expressed as a vitamin A deficiency cutoff. The
Biomarkers of Nutrition for Development panel set the TLR cutoff for vitamin A deficiency
at 0.1 umol/g based on changes in biological response of several physiological parameters
at or above this cutoff. The criteria used to formulate the DRIs include clinical ophthalmic
signs of vitamin A deficiency, circulating plasma retinol concentrations, excretion of vitamin
A metabolites in the bile, and long-term storage of vitamin A as protection against vitamin A
deficiency during times of low dietary intake. This review examines the biological responses
that occur as TLRs are depleted. In consideration of all of the DRI criteria, the review
concludes that induced biliary excretion and long-term vitamin A storage do not occur
until TLRs are >0.10 pmol/g. If long-term storage is to continue to be part of the DRI criteria,
vitamin A deficiency should be set at a minimum cutoff of 0.10 umol/g and should be set
higher during times of enhanced requirements where TLRs can be rapidly depleted, such as
during lactation or in areas with high infection burden. In population-based surveys, cutoffs
are important when using biomarkers of micronutrient status to define the prevalence of
deficiency and sufficiency to inform public health interventions. Considering the increasing

use of quantitative biomarkers of vitamin A status that indirectly assess TLRs, i.e. the modified-relative-dose response and retinol-
isotope dilution tests, setting a TLR as a vitamin A deficiency cutoff is important for users of these techniques to estimate vitamin A
deficiency prevalence. Future researchers and policymakers may suggest that DRIs should be set with regard to optimal health
and not merely to prevent a micronutrient deficiency.
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Introduction

Vitamin A (VA) is an essential fat-soluble micronutrient
that is involved in many physiological functions in
humans including cellular differentiation and epithelial
integrity, growth and development, immune function,
reproduction, and vision."? VA is primarily stored in the
liver for immediate use as retinol and long-term storage as
retinyl esters.? In 2001, the Dietary Reference Intakes (DRIs)
for North Americans suggested that a liver VA concentra-
tion of at least 0.07 umol/g (equivalent to 20ug/g liver
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weight) in adults is a minimally acceptable liver reserve,'
but never defined it as a vitamin A deficiency (VAD) cutoff.
Some researchers and policymakers have adopted this
value as the liver cutoff for VAD. For the purposes of this
review, the liver VA concentration will be referred to as
total liver VA reserves (TLRs) and includes the sum of pre-
formed VA as retinol and all retinyl esters. In 2016, the
Biomarkers of Nutrition for Development (BOND) expert
VA panel reviewed the biological evidence for a TLR
cutoff to be used to define VAD and recommended that
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0.1 umol/g liver be used in studies evaluating VA status.?
This article summarizes and expands on those findings and
the implications for setting a TLR as VAD.

The estimated average requirement (EAR) for any nutri-
ent is a numerical value that is meant to meet the require-
ments of half of the healthy people in any defined group.'
The DRIs state that the following criteria were used to esti-
mate average VA requirements using the minimally accept-
able TLR:'

The minimal acceptable liver reserve is estimated to be
20pg/g and is based on the concentration at which
(1) no clinical signs of a deficiency are observed, (2) ade-
quate plasma retinol concentrations are maintained
(Loerch et al.,, 1979),> (3) induced biliary excretion of
vitamin A is observed (Hicks et al, 1984),4 and
(4) there is a protection against a vitamin A deficiency
for approximately 4 months while the person consumes
a vitamin A-deficient diet.

In the DRI criteria, there are only two primary research
studies cited and both were performed in rats.>* No
human research studies are cited in support of these criteria
to establish EARs, which are further discussed below.
Another paper cited in the DRIs with reference to the
0.07 umol/g TLR, is a commentary on adopting retinol-
isotope dilution (RID) techniques to measure total body
VA stores and estimate TLRs in humans.” The RID test
involves administering a dose of retinyl ester labeled with
either deuterium or °C, taking appropriately timed blood
samples, and analyzing the serum with mass spectrome-
try.” The commentary in the DRIs cites multiple studies
that measured TLRs directly in human liver but no biolog-
ical evidence is reviewed to support a cutoff for VAD.” The
author does not propose 0.07 pmol/ g liver as a VAD cutoff,
but instead suggests that in humans “saturation” occurs
between 0.07 and 0.105 umol/g.” This saturation refers to
the TLR that is necessary to reach a plateau in plasma
retinol-binding protein (RBP) concentrations.” RBP, also
referred to as RBP4, is the carrier protein of retinol in
plasma that is under homeostatic control over a wide
range of TLRs.”

Review of the dietary reference intake criteria

This review will investigate the four DRI criteria used to
establish EARs for VA and suggest that a VAD cutoff
should be chosen that maintains VA balance such that deg-
radation and excretion match intake, changes for different
life cycles with increased needs, and perhaps reflects opti-
mal health through storage of VA and carotenoids. The
focus of this review is the VAD cutoff and does not
review the evidence for setting hypervitaminosis A or tox-
icity, which is still under debate.>° Briefly, toxic effects,
including hypertrophy and elevated serum retinyl esters,
have occurred in humans at a TLR of ~3 pmol/g liver” and
this cutoff has been proposed as a reflection of toxicity.® In
1990, Olson set the cutoff for VA toxicity at 1.05pumol/g
liver,® but more human data are needed to distinguish

between hypervitaminotic TLRs (excessive VA without
clinical signs) and toxicity with measurable clinical and
biological outcomes.

Criterion 1

The first DRI criterion for a minimally acceptable TLR is
“no clinical signs of a deficiency are observed.”! In the
DRIs, no TLR is suggested as to when clinical signs of
VAD are present. In the literature, the TLR at which overt
ocular VAD clinical signs occur is dangerously low, and
immune function is already impaired.”> Xerophthalmia
(i.e. sequelae associated with the eye) from VAD in most
individuals likely does not occur until TLR are <0.02 umol/
g.® A serious infection or illness occurring during this low
TLR range would lead to mortality in children if not
treated. One case report of a four-year-old child with cor-
neal xerosis had a higher TLR of 0.035 pmol/g and a serum
retinol concentration of 0.31 pmol/L.” The World Health
Organization (WHO) has set the prevalence of serum reti-
nol concentrations <0.70pmol/L to define different
degrees of public health significance for VAD." For exam-
ple, a severe public health problem is defined by 20% or
more of evaluated children with serum retinol <0.70 umol/
L and a mild degree defined as 2-9%.'%1 Furthermore,
xerophthalmia is complicated by other co-deficiencies of
macro- and micronutrients in malnourished humans.

Common childhood infections such as diarrhea, respira-
tory disease, and measles may lead to TLR depletion, which
can precipitate clinical eye signs of VAD.”'?> WHO recom-
mends high-dose VA supplements in areas of greatest VAD
risk to children under the age of five years."” However, a
2016 systematic review could not find compelling evidence
that VA supplementation prevented blindness in children
with measles."* Nonetheless, three meta-analyses have
determined that high-dose VA supplementation can pre-
vent 23-30% of mortality in children under the age of five
years.">™” High-dose VA supplementation only transiently
increases TLRs in children with low dietary intake, 81
indicating that supplementation alone may not allow
enough long-term storage to prevent depletion during
illness.

In summary, Criterion 1, which is based on overt ocular
signs of VAD, is met with a low TLR that does not support
optimal health in humans. Based on the availability of
quantitative VA biomarkers that determine VAD before
xerophthalmia is present, setting a TLR for defining VAD
before ocular signs manifest is of utmost importance.

Criterion 2

The second criterion to support a minimal TLR is
“adequate plasma retinol concentrations are maintained.””
The sole paper supporting this criterion is a rat study.” Rats
are an established mammalian model for VA deficiency
studies.’’ However, in the Loerch et al. study, there were
no rats in the 0.07 to 0.2 pumol/g TLR range (Figure 1(a))
and plasma retinol concentrations were maintained
>0.7 umol/L in almost all rats that were not treated with
retinoic acid, which lowered plasma concentrations,® a con-
founding factor in that study for translation to humans.
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Figure 1. The relationship between total liver vitamin A reserves (TLRs) in pmol/g liver and four biological responses. (a) The relationship of plasma retinol concen-
trations to TLRs in individual rats under various vitamin A regimens (data estimated from Loerch et al.).? The black dashed line is the World Health Organization’s
suggested serum retinol concentration cutoff for vitamin A deficiency at <0.70 umol/L,"®"" indicating 22% sensitivity against a TLR of 0.10 umol/g liver. (b) Excretion of
retinol metabolites expressed as retinol equivalents in bile after rats received a tracer dose of tritiated retinyl acetate (data from Hicks et al.#; points are means of 5 to 12
rats). (c) Relative expression of LRAT mRNA compared with young rat control liver (data estimated from Zolfaghari and Ross)?"; points are a pool of two rat livers,
values >10 pmol/g liver were set to 10 umol/g. (d) The modified-relative-dose response (MRDR) values in individual piglets after a variety of dietary interventions (data
from Tanumihardjo).?? The black dashed line is the MRDR value cutoff for vitamin A deficiency (3, 4-didehyroretinol to retinol ratio >0.060). The red dotted line
highlights 0.10 pmol/g liver in each panel. [Note: The TLR scales have been converted to umol/g liver from the original figures for direct comparisons]. (A color version of

this figure is available in the online journal.)

Thus, basing a minimally acceptable TLR on this rat paper
is limited, and more recent human studies are discussed
below. Circulating plasma retinol is bound to RBP. Serum
is the preferred sample matrix and retinol is denatured
from RBP during analysis. Serum retinol concentration is
a common population biomarker of VAD but it is not sen-
sitive to change over a broad range of TLRs due to homeo-
stasis between plasma and hepatic stores.”

Although higher serum retinol concentration cutoffs for
VAD have been considered (i.e. 1.05 umol/L),” WHO has
not adopted a higher cutoff. In US adult cadavers, a serum
retinol concentration cutoff at both 0.7 and 1 umol/L had
83% sensitivity to determine VAD (TLRs <0.10umol/g
liver).7 However, increasing the serum retinol concentra-
tion deficiency cutoff to <1umol/L decreased specificity
from 76 to 57%.” During severe VAD, we surmise from
available evidence that as long as the animals or humans
remain relatively healthy and do not contract an infection,
an adequate serum retinol concentration can be maintained
through increased recycling. It is well-known that the car-
rier RBP is an acute phase reactant and decreases during
infection and inflammation.>** In Zambian children with
high TLRs, including a large majority experiencing hyper-
vitaminosis A due to overlapping preformed VA interven-
tions,”® serum retinol concentrations were depressed below
0.7 umol/L in 17% of the cohort,”” which would be consid-
ered a moderate public health problem by WHO criteria

despite the absence of VAD." By shifting the cutoff
to include the influence of inflammation, measured by
C-reactive protein and «;-acid-glycoprotein, the prevalence
of low serum retinol concentrations decreased to 2.3%.*
As with overt clinical eye signs, serum retinol concen-
tration is not a good measure of TLRs until TLRs are
extremely low. The first reports that serum retinol concen-
tration did not reflect TLRs were in the 1940s and 1950s. In
1942 in rats, Lewis et al. reported a TLR of 0.036 umol/g,
while serum retinol was maintained >1.05umol/L.>® In
1954, High et al. reported a very low TLR of <0.015 umol/
g and a serum retinol concentration of >1.0 umol/L.** A
similar phenomenon was observed in a more recent rat
study where serum retinol concentrations were maintained
at 1.37 +0.21 pmol /L but TLRs were 0.0051 £ 0.0029 umol/
g, which is 20-times lower than the cutoff proposed for
deficiency.® Another rodent model that has been estab-
lished for provitamin A carotenoid research is the
Mongolian gerbil, which metabolizes provitamin A carote-
noids similarly to humans.® In recent gerbil studies
(n=130), serum retinol concentrations were maintained
>0.70 pmol/L until a critically low TLR of 0.01 pmol/g.
Even at that critical TLR, 38% of the gerbils (3 out of 8)
were maintaining a “healthy” serum retinol concentra-
tion.”! In these studies, serum retinol had 12% sensitivity
to predict VAD at a measured TLR of 0.10 umol/ g (unpub-
lished observations). This is very similar to Thai
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schoolchildren who were maintaining healthy serum reti-
nol concentrations of 1.19 +0.22 umol/L but 65% had TLRs
<0.1 pmol/ g predicted by RID.”

Criterion 2 is based on plasma retinol concentration
maintenance; however, due to homeostasis, plasma retinol
concentrations are not reflective of TLRs until the liver is
almost exhausted of VA,?> as noted above in multiple
research studies in animals and humans. Furthermore,
the influence of infection and inflammation on plasma ret-
inol depression®*** complicates its use as a VAD biomarker
because illness is common in populations afflicted with
VAD. The TLR that negatively impacts plasma retinol con-
centrations is similar to that for overt clinical signs, which
are part of Criterion 1.

Criterion 3

The third criterion is the point at which “induced biliary
excretion of VA is observed”."* A rat study is cited in the
DRIs in support of biliary excretion of VA as being impor-
tant in VA metabolism.* Bile, which is secreted from hep-
atocytes, is an essential component in lipid emulsification
and absorption.*® Bile collects in the gallbladder and is
released into the small intestine for digestion and micelle
formation with fat-soluble vitamins for absorption.”> Many
drugs, toxins, and other compounds, including VA, are
eliminated from the body through biliary excretion.*® In
order to retain VA, biliary excretion of VA does not substan-
tially occur during VAD. Furthermore, cholic, chenodeox-
ycholic, and tauroursodeoxycholic bile acids in the liver
were lower in VA-deficient gerbils with a TLR of 0.064 &
0.05 umol/ g compared with VA-adequate gerbils at 0.45 &
0.11 umol/g.>* Tt is interesting to note that the rat study
cited in the DRIs did not observe an increase in biliary
excretion of VA wuntil TLRs were between 0.11 and
0.16umol/g (Figure 1(b)),* supporting the cutoff of
0.10 pmol/g suggested by the BOND expert panel as
being biologically relevant.> Other researchers did not
find an increase in VA metabolite excretion until TLRs
were >0.2 umol/g in older rats.>> VA metabolite excretion
may be affected by age as reported in younger and older
rats,** suggesting that children have a lower TLR than
adults to define VAD, but there are some subtleties in the
experimental design of the older rat study”” that need to be
considered. Because of the allocated differences in dietary
VA intake among the rat groups, a continuum in TLRs was
not achieved among nine groups. Two sharp increases in
urinary and fecal VA excretion were demonstrated. The
first between 0.055=+0.004 and 0.23 £0.021 pmol/g and
the next between 0.23 £0.021 and 1.01 4 0.15 pmol/g eight
days after dosing with tritiated retinyl acetate.® However,
the first groups received different amounts of radiolabeled
VA, 0.07 versus 0.35 umol retinol equivalents.*® The differ-
ence in excretion between TLRs of 0.055 £0.004 and 0.23 &
0.021 pmol/g may partially be explained by a 5-times
increase in tracer dose between the groups.

The excretion of VA-metabolites in bile is considered a
protective mechanism to reduce excessive storage of VA."*
However, in both rat studies that used tritiated retinyl ace-
tate as a tracer and liquid scintillation counting for

analysis,* a plateau in metabolite excretion occurred but
at different TLRs. In the younger rats, the plateau was
>0.5 umol/ g;4 in the older rats, it did not occur until
TLRs were >1pmol/g.>® This range is consistent with
young piglets that increased VA catabolism when TLRs
reached 0.7 umol/g.** Preschool children in South Africa
appeared to catabolize VA after the governmental-
mandated, WHO-supported high-dose retinyl palmitate
supplements when TLRs were >1 pumol/g.>” These children
continued to accrue hepatic VA from repeated supplements
over their life time, in part, due to adequate dietary
intake.””

Bile acid and VA homeostatic mechanisms are more
intricately associated than merely excretion.”® The farne-
soid X receptor (FXR), an orphan nuclear receptor that
requires activation by bile acids, is involved in hepatic VA
storage.®® In FXR-null mice, hepatic retinol and retinyl
esters were depleted and reintroduction of two FXR iso-
forms restored hepatic TLRs.*® The lack of excretion of
bile acids until TLRs are >0.1 umol/g suggests that signif-
icant storage for long-term utilization does not occur until
TLRs are above this threshold.

The population most affected by VAD is preschool chil-
dren. In areas where VAD is most severe, enteropathy
caused by environmental enteric dysfunction is
common.® In Malawi, children with environmental enteric
dysfunction had lower serum bile acids compared with
children who did not.*® The authors suggest that this may
be related to impaired return to systemic circulation and
not liver disease, which may cause reduced synthesis.
However, these same children would consequently excrete
more bile acids, which would not be a consequence of VA
status. They would need to synthesize more bile acids in
the liver to compensate for this reduction.?’ Thus, the rela-
tionship between VA status and bile acid secretion is com-
plex. Nonetheless, evaluation of serum bile acid profiles in
conjunction with quantitative RID tests may be useful to
better diagnose hypervitaminosis A and should be
explored. WHO recommends that at least two biological
markers be used to assess VAD.'®! Perhaps two bio-
markers should be used for hypervitaminosis A evaluation
considering the current trend in overlapping preformed VA
interventions in some countries.

Criterion 3 links bile acid secretion to VA homeostasis."
The evidence cited in the DRIs regarding VA metabolite
secretion in bile* supports a higher TLR to define VAD
than 0.07 umol/g, suggesting that it is even >0.10 pmol/g.
More research is needed to determine the relationship of
serum bile acid profiles with quantitative measures of VA
status.

Criterion 4

Criterion 4 suggests that at the minimally acceptable TLR
“there is a protection against VAD for approximately
4months while the person consumes a VA-deficient
diet”.! To store retinol in the liver to achieve this four
months of protection, lecithin:retinol acyl transferase
(LRAT) catalyzes the transfer of fatty acids to retinol to
form retinyl esters. In rats, messenger RNA of the



enzyme LRAT was not upregulated until TLRs were
between a concentration >0.1 and <0.4pmol/g liver
(Figure 1(c)).*! In a knockout mouse model, LRAT was
essential for retinyl ester storage in the eye and liver.*!
Therefore, very little to no long-term storage can occur
until this liver reserve, i.e. >0.1umol/g, is satisfied. If
LRAT is not available in the liver, retinyl esters will not be
significantly synthesized and stored for long-term use.
Nevertheless, some redundancy exists in the synthesis of
retinyl esters as demonstrated in isolated stellate cells. In
cultured stellate cells from LRAT knock-out mice, acyl-
CoA:diacylglycerol acyltransferase 1 (DGAT1) appears to
catalyze the formation of retinyl esters, but the lipid droplet
size is smaller.*?

The distribution of retinol and retinyl esters shifts
between hepatocytes and stellate cells with increasing
degrees of VAD. When TLRs are adequate and excessive,
most VA is stored as retinyl esters in the stellate cells.” In a
limited study, cells isolated from rats (n=3/group) with
severe VAD (0.004+£0.001 umol/g liver) demonstrated
that most of the VA (83.5%) was in the non-stellate paren-
chymal cells and 60% of TLRs was present as “free” retinol
in the stellate cells and not as the storage ester form* to
draw upon during times of low dietary VA intake." With
increasing TLRs, the amount in the parenchymal cells
decreased to 37% and 18% at TLRs of 0.051 £0.011 and
0.101+0.031 pmol/g, respectively.*> Higher TLRs were
not investigated.

Below a TLR of 0.1 pmol/g, RBP begins to accumulate in
the liver awaiting its ligand. In VA-deficient rats, unbound
apo-RBP accumulation was three times higher in the liver
than VA control rats at a TLR of approximately 0.1 umol/
g.** This indicates that RBP synthesis is not associated with
VA status and is maintained during VAD. The modified-
relative-dose response (MRDR) test monopolizes on this
phenomenon by administering a challenge dose of 3,4-
didehydroretinyl acetate and taking a single blood
sample 4 to 7h later.? The ratio of 3,4-didehydroretinol to
retinol in the serum, referred to as the MRDR value, is an
indication of VA status and distinguishes between VAD
and adequate status.” In piglets undergoing the MRDR
test for VAD,?* the test became positive (an MRDR value
>0.060 indicating VAD) in 63% of the piglets between 0.07
and 0.10 umol/g liver (Figure 1(d)). A complete review of
the dose-response tests in animals and humans against
TLRs as the gold standard revealed 80% sensitivity for
the MRDR test using a TLR of 0.10 umol/ g to define VAD.*®

In contrast to Criteria 1 and 2, Criterion 4, which states
long-term VA storage is essential, supports a higher TLR
cutoff than 0.07 umol/g for VAD based on evidence of
inducement of LRAT expression”’ and MRDR positivi-
ty.*>* This is in comparison with Criterion 3, which sug-
gests that the TLR cutoff needs to be >0.10pmol/g to
ensure protection from VAD for at least four months."

Dietary reference intake formula
considerations

In the mathematical formula for the EARs described in the
DRIs, the concepts included are the percent of VA stores

lost each day, the minimally acceptable liver value of
0.07 umol/g discussed above, the liver weight to body
weight ratio, body weight reference values, the ratio of
body to liver stores, and efficiency of storage." A uniform
liver weight as body weight ratio is used: “The liver weight:
body weight ratio is 1:33 (0.03 or 3%) and is an average of
ratios for infants and adults”.! Liver size as a proportion of
body weight decreases as humans age. A variety of formu-
lae exist in transplantation literature to estimate liver
weight. In order for TLRs to be estimated using RID, rec-
ommended % body weight as liver weight are 4-4.2, 3, and
2.4% for infants, children, and adults, respec:tively.46 While
we do not recommend that the DRIs be tailored to the indi-
vidual at this time, we have confirmed the liver weight to
body weight ratios used with RID in two cohorts using
formulae based on surface area. In 70 Burkinabe children
aged 7 to 12years, the calculated mean value for liver
weight was 2.97 +0.21% of body weight*” using the pedi-
atric Herden et al. formula.*® Using a simplified formula by
Yoshizumi et al.,*° calculations in Zambian women resulted
in a range of values from 1.7 to 2.6%.”° The range in women
was greater than in the children, but encompasses the 2.4%
recommended for the RID test when applied to adults but
not the 3% used in the DRI calculations.*®

Summary of dietary reference intake criteria

The minimally acceptable TLR of 0.07 umol/g was used to
formulate DRIs but is not referred to as a VAD cutoff. From
data behind the criteria, severe VAD as noted by Criteria 1
and 2 occurs at a TLR of approximately 0.02 pmol/g, but
this does not allow for enhanced biliary excretion and long-
term storage for protection against VAD as noted by
Criteria 3 and 4, respectively. A TLR of at least 0.10 umol/
g is needed to induce biliary excretion and upregulate
LRAT expression for long-term VA storage as retinyl
esters. As recommended by the BOND expert panel, the
VAD cutoff should be a TLR of at least 0.10 pmol/ g.2
TLRs less than this neither induce biliary excretion nor stor-
age in humans or provide for special conditions, such as
lactation, which is explored below.

Current dietary reference intakes are too high

Human evidence suggests that the current DRIs for North
Americans, which are largely based on mathematical cal-
culations, are too high, even though they were originally
formulated to maintain a minimally acceptable TLR of
0.07 pmol/g.! Considering that governmental fortification
mandates often use the EARs to recommend fortificant
levels, it is prudent to reevaluate these values in light of
recent biological evidence in humans. TLRs were more than
four times higher than 0.07 umol/g in US women consum-
ing the current EAR of 500 pg retinol activity equivalents
(RAE)/d.”" In two highly controlled feeding studies, 257 ug
RAE maintained TLRs of 1.13 £0.41 pmol/g in Zambian
children, and 330 ug RAE maintained 0.46 4 0.32 pmol/g
in US women.>? In agreement with the findings in children,
a mathematical analysis of RID data from children in
Bangladesh, the Philippines, Guatemala, and Mexico
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predicted that if the DRI is consumed, current DRIs were
sufficient to attain TLRs >0.07 umol/g by oneweek of
age.”
Moreover, the TLR cutoff to define VAD should be tai-
lored to age, sex, and life cycle categories. Special life cycle
events may warrant a higher VAD cutoff, which is especial-
ly true for lactation. While VA stores during pregnancy are
important for fetal development, the production of healthy
breast milk needs a larger boost from either diet or liver
stores. Lactating women can quickly deplete their VA stores
if dietary intake is not increased during this period. In a
recent study in Zambian women, the lactating women'’s
total body VA stores were 25% lower than non-lactating
women; the estimated overall TLR prevalence
<0.10 pmol/ g was 48% using the RID test.” Based on stud-
ies in lactating swine* and a sensitivity evaluation of the
MRDR test against TLRs,* a TLR of 0.20 pmol /g responded
positively (MRDR value >0.060), which indicated accumu-
lated RBP during this life stage at this higher TLR. Thus, a
TLR of 0.20pmol/g may be more appropriate than
0.10 pmol/g to define VAD in women of reproductive age
and may be needed to ensure adequate hepatic stores to
support VA breast milk content. A TLR of 0.10 pmol/g was
estimated to only provide 75 days of protection from total
VA exhaustion in these Zambian women,?® which is not
enough to support exclusive breastfeeding for 6 months
as recommended by WHO.” Recently, a TLR value of
0.14 pmol/ g was evaluated in lactating Thai women in con-
junction with RID and a fortified rice intervention; this TLR
would only allow 100 days of protection from severe VAD
during breastfeeding.>

The effect of maternal VA status on offspring is not
entirely known.” In piglets, retention of high dose VA sup-
plements was lower when the mothers had a greater degree
of VAD.”® Poorer retention in the liver was observed with
moderate VA doses (25,000 and 50,0001IU) in piglets from
mothers on a VAD depletion regimen for a longer period
(11-17% retention) than in those whose mothers had better
VA status (35-38% retention). Although both piglet control
groups had VAD, the offspring from the mothers that were
more VA deficient were not able to accrue appreciable stor-
age and all group TLR means were <0.1 pmol/g after treat-
ment.”® High doses administered to piglets, such as 100,000
and 200,000 1U, result in low retention values,**® in part
due to excretion of unabsorbed dose in the feces.*®

Factors future dietary reference intake evaluations
should consider

The current DRI values are 20years old® and as noted
above, the relationship to TLRs in the formulation did not
have much data behind the assignment of a TLR value as
VAD or even minimally acceptable. Future DRI panels will
have more data to consider at reevaluation. For example,
more is known about the contribution of provitamin A
carotenoids to VA efficacy and how this differs among indi-
viduals.” Perhaps future DRIs should consider polymor-
phisms in key carotenoid metabolic enzymes. While it is
considered beneficial to have carotenoids in circulation
due to their epidemiological association with disease

reduction,®® accumulation of provitamin A carotenoids is

dependent on VA status. In Mongolian gerbils, appreciable
tissue accumulation of provitamin A carotenoids does not
occur until an approximate TLR of 0.4 pmol/ g.'*?"*! Below
this threshold, most absorbed provitamin A carotenoids are
converted to VA with efficient bioefficacy factors.”
Between 0.4 and 0.7 pmol/g, which might be considered
an optimal TLR range, provitamin A carotenoids are con-
verted as needed with some storage and above 0.7 umol/g,
the bioefficacy factor increases (i.e. low efficiency of cleav-
age and more carotenoid storage).'” Thus, the optimal TLR
range of 0.4 to 0.7 umol/g renders balance with preformed
VA and provitamin A dietary intakes. High concentrations
of serum provitamin A carotenoids have been associated
with high TLRs and elevated serum retinyl esters in
Zambian and Malawian children evaluated with the RID
and MRDR tests, respectively.®>*

Future DRIs should also consider what VAD cutoff pre-
vents abnormal hepatic pathology in humans and set it
above this value to ensure protection. In Mongolian gerbils,
moderate cirrhosis and fibrosis were observed in animals
with TLRs <0.07 pmol/g liver,®! suggesting that this mini-
mal TLR does not promote optimal liver health. This is in
agreement with severe cirrhosis found in an adult cadaver
with VAD.” While the liver has a remarkable capacity for
regeneration,® it is unknown what degree of injury or scar-
ring from fibrosis is reversible.®® Fibrosis is mainly caused
from activation of stellate cells to become fibrogenic during
injury.®*®® Crosstalk is essential between different liver cells
in the regenerative process.”” Hypothetically, balance
among VA concentrations in hepatocytes and stellate cells
is needed to promote a healthy liver. Titration of TLRs
along the continuum and TLR association with hepatic
injury in humans is needed to understand optimal TLRs
for health.

Conclusions and future directions

Future research should determine if circulating carotenoids
in plasma and tissue storage support optimal health includ-
ing inflammation reduction and immune response
enhancement.”’ If so, a marginal status may be an interval
that extends to 0.4 pmol/g (below which the provitamin A
carotenoids are efficiently cleaved), which is biologically
meaningful, but more human data are needed. At the cur-
rent time, it is unknown what TLR supports optimal
immune function, but VA supplementation enhanced T-
regulatory cells in low birth weight Bangladeshi infants.®”
Furthermore, maternal VA status affects fetal immunity
structure;’” however, it is unknown if this is associated
with maternal TLR storage or immediate VA supplementa-
tion effects.

The criteria used to define a minimally acceptable TLR
in the formulation of the 2001 VA DRIs for North
Americans are largely based on two rat studies, one of
which supported 0.1 pmol/g as being biologically mean-
ingful,4 and the other could not differentiate between 0.07
and 0.2pmol/g because of lack of data in that region.’
Furthermore, the DRI formulation does not define a specific
TLR as VAD. More recent data in a variety of animals and



Table 1. Review of the total liver vitamin A (VA) reserve as it relates to the dietary reference intake (DRI) criteria used to formulate estimated average

requirements and to biomarkers of VA and carotenoid status.

Total liver VA
DRI criteria reserve pmol/g Model References
(1) No clinical signs
Xerophthalmic sequelae <0.02 Predicted for children Olson®*
(2) Adequate plasma retinol >0.005 Rats Lewis et al.,?® High et al.,?® Riabroy et al.%°
Depressed serum retinol <0.02 Predicted for children Olson®
concentrations <0.01 Gerbils Kaeppler et al.*"
<0.1 Adult humans Olsen, Suri et al.”
(3) Induced biliary excretion
Enhanced biliary secretion or excretion >0.1 Rats Hicks et al.*
Varma and Beaton®®
(4) Protection for 4 months
mRNA upregulation of LRAT >0.1 Rats Zolfaghari and Ross?’
Biomarkers of VA status
Positive dose response tests <0.10 Piglets, calves, rats, humans Sheftel and Tanumihardjo"5*
Elevated provitamin >0.7 Gerbils (liver) Tanumihardjo '
A carotenoids Sowa et al.?’
>1 Humans (serum) Mondloch et al.?
Elevated serum retinyl esters ~3 Humans Olsen, Suri et al.”
Retinol isotope dilution Continuum Rats Tanumihardjo®®
Non-human primates Escaron et al.®®
Humans Tanumihardijo et al.>*
Tanumihardjo'*
Hepatic biopsy Continuum Humans Olsen, Suri et al.”

"These references are either a chapter in a book or reviews of multiple studies.

humans suggest that defining VAD at 0.07 umol/g liver
does not support a healthy liver or provide storage to
draw upon during times of low dietary intake. This
review supports the value determined by the BOND
expert panel in 2016, i.e. 0.1 umol/g liver,® as a cutoff to
define VAD but further suggests that a higher value
should be considered during different life stages, such as
lactation, where storage becomes critical to prevent VAD in
vulnerable women. Moreover, in children with high infec-
tion burden, urinary losses and impaired absorption
occur;® therefore, higher TLRs are needed to prevent
VAD. In addition to the DRI criteria, biomarkers of VA
and carotenoid status have different working TLR ranges
of utility (Table 1). Current applications of RID where a
numerical value for TLR is estimated, warrant a closer eval-
uation of what defines VAD. Public health surveillance sys-
tems that may apply more robust measures of TLRs, such
as MRDR and RID tests, are accustomed to determining
prevalence above and below a VAD cutoff.
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