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Abstract
Retinoic acid (RA), produced from vitamin A (VA, retinol), is required for normal lung
development and postnatal lung maturation. The concentration of retinyl ester (RE), the major
storage form of retinol, decreases in the lungs in the perinatal period. Previously, we tested
VARA, a nutrient-metabolite combination of VA and RA (10:1 molar ratio), on lung RE
formation in postnatal rats and showed that the components of VARA acted synergistically to
increase lung RE, as compared with the effects of equal amounts of VA and RA given alone. In
this study, we first determined the equivalency of orally administered VARA in comparison to a
standard oral supplement of VA, with respect to lung and liver RE storage. In a dose-dilution
study, VARA was 4 times as effective as the standard dose of VA (VARA-25% did not differ
from VA-100%). The synergistic effect of VARA was selective for the lungs, compared with the
liver, in which VA and VARA had equal effects. Secondly, we tested whether the 2 components
of VARA must be coadministered to exert their synergistic effect on lung RE content. RA and VA
and were administered separately and together as VARA. Although RA alone had no effect on
lung RE in this 24-h experiment, RA synergized with VA administered either 12 h before RA or
12 h after RA, as well as when coadministered as VARA. We infer that VA and RA are both
limiting for lung RE formation in neonates. Given the importance of bioactive retinoids in cell
differentiation and lung development, assuring an adequate lung RE content postnatally could be
of benefit for lung maturation.

Introduction
Retinoids produced from vitamin A (VA,5 retinol) are required for normal lung development
(1–3). During the embryonic period of organogenesis, retinoic acid (RA) regulates factors
involved in stromal cell–parenchymal cell interactions that, in turn, are required for
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branching morphogenesis and angiogenesis (2–6). The lungs continue to develop in the
postnatal period. RA has been shown to promote alveolar septation, a process essential for
increasing the gas-exchange surface area of the lungs. Moreover, RA has shown potential
for ameliorating lung injury, as demonstrated in glucocorticoid-treated neonatal rats and
mice (7–10) and in other models of lung injury (8,11). Vitamin A, given orally or
intramuscularly as retinol, improves the outcome for premature infants of low birth weight,
who are at risk for bronchopulmonary dysplasia and are more likely to have low levels of
plasma retinol (12–17).

Retinyl esters (RE) are the major storage form of VA in most tissues. The concentration of
RE in the lungs is highest a few days before birth and then declines by postnatal d (P) 3 (18),
near the beginning of the alveolar stage of lung development [from P4 to P14 in rats and
mice and from 36 wk gestation up to ~2 y in humans (6)]. Previous studies have shown that
VA supplementation of pregnant rats can increase lung RE in their offspring (19). However,
direct oral supplementation of the offspring may be more efficient. Recently, we compared
lung RE levels in neonatal rats supplemented orally from P5 to P7 with VA alone, its
metabolite RA alone, or a nutrient-metabolite combination, which we refer to as VARA, that
contained VA and RA mixed in a molar ratio of 10:1 (20). In those neonates given VARA,
the concentration of RE in the lungs was increased synergistically, several times more than
by the same amount of VA alone. Other studies in adult rats treated by repeated
intraperitoneal doses of RA (21) or fed a high level of RA in the diet (22) have also shown
that RA increases the storage of VA in the lungs. However, in our studies, the RA dose was
much lower and the effect of VARA on lung RE was apparent after the first dose (20).
Additionally, a metabolic experiment showed that the uptake of labeled retinol in the VARA
mixture was increased 6 h after oral dosing (20). However, our previous study was not
designed to make a quantitative comparison between VARA and VA, with respect to RE
formation. Thus, the first objective of this study was to determine the equivalency of VARA
and RA by directly comparing the RE response, in the lungs and liver of postnatal rats, to a
series of concentrations of VARA, which we compared with a standard dose of VA.

The second objective of this study was to determine whether the components of VARA must
be coadministered to synergize in increasing lung RE formation. We consider it likely that
the VA and RA components of VARA, even when given together, would be absorbed from
the intestine by different routes. Dietary RE must be hydrolyzed in the lumen or on the brush
border before the uptake of retinol by enterocytes, and new REs formed within the
enterocytes are incorporated into chylomicrons [reviewed in (23,24)]. Chylomicrons are
initially secreted into mesenteric lymphatic ducts. After chylomicrons enter the venous
circulation, most of the triacylglycerol in the chylomicron lipid core is rapidly hydrolyzed
by lipoprotein lipase and, during this lipolytic process, a minor fraction of newly absorbed
RE is apparently taken up by lipoprotein lipase-containing tissues (25–27). However, most
of the newly absorbed REs, contained in the core of chylomicron remnants, are rapidly taken
up by liver parenchymal cells. In the liver, RE are rapidly hydrolyzed, after which the retinol
is either secreted into plasma on retinol-binding protein or reesterified and stored within
hepatic stellate cells (28). In contrast to retinol, most RA is absorbed via the portal
circulation, bound to albumin, and then removed very rapidly from plasma into numerous
tissues; however, RA is not stored to any significant extent (29,30). In adult rats, >95% of an
i.v. dose of 3H-RA disappeared from plasma within 3–5 min (31,32), and the oxidative
metabolism of 3H-RA was also rapid (32). Considering these intrinsic differences in the
absorption and turnover of VA and RA, our second experiment was designed to test the idea
that the components of VARA, even if delivered separately, might still recapitulate the
synergistic effect of VARA in increasing RE in the lungs.
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Materials and Methods
Dose preparation

Vitamin A, in the form of all-trans-retinyl palmitate, and all-trans-RA were purchased from
Sigma-Aldrich. Vitamin A was first prepared as a 2× concentrated stock solution in canola
oil at 0.1 mmol/g oil, and RA was prepared as a 2× concentrated stock solution at 0.01
mmol/g, as previously described (20). These stock solutions were then mixed 1:1 by weight
to form the oral dose referred to as VARA-100% (0.05 mmol VA and 0.005 mmol RA/g
dose). Similarly, the standard VA dose (0.05 mmol VA/g) was prepared by diluting 2×
VAwith oil. For Expt. 1, VARA-100% was further diluted by weight with canola oil to form
the doses referred to as VARA-50%, VARA-25% and VARA-12.5%. For Expt. 2, a dose of
RA only was also prepared (0.005 mmol RA/g). The doses were stored at 4°C and protected
from light and air.

Animals and experimental designs
Animal procedures were approved by the Institutional Animal Use and Care Committee of
The Pennsylvania State University. Vitamin A–adequate Sprague-Dawley rats (obtained
from Charles River) were mated in our animal facility. In Expt. 1 (equivalency study), pups
were assigned at random to 6 treatments (n = 4/group) and were treated on P5, 6, and 7 with
either oil (Control), the standard dose of VA, VARA-100%, VARA-50%, VARA-25%, or
VARA-12.5%. The volume of each dose was ~0.4 μL/g body wt, adjusted daily after
weighing, and delivered with a micropipette directly into the rat pup’s mouth.

In Expt. 2 (coadministration study), the components of VARA were administered to 9- to
10-d-old rat pups, weighing ~20 g, either separately, 12-h apart, or together in a 24-h
experiment. The first dose was administered at 0 h, the second dose at 12 h, and the
experiment ended at 24 h. Those pups that were treated with VA or RA received the same
amount of these individual components as were given in the VARA-100% treatment. VARA
itself was delivered either once as a single dose at 0 h, or as the same dose divided into
halves (half at 0 h and half at 12 h). The treatment schedule was designed so that all pups
received the same volume of oil and the same amount of VA and RA as in VARA,
regardless of the order of treatment.

At the end of each experiment, pups were killed with carbon dioxide and weighed. Blood
was collected from the vena cava, and the lungs and liver were removed, trimmed and
weighed, and then frozen in liquid nitrogen and stored at −80°C prior to retinoid analysis.

Retinoid analysis
Lung and liver tissues were prepared for analysis of RE and retinol by extracting weighed
portions of each organ overnight in 20 or more volumes of chloroform:methanol, 2:1 v:v
(33). After washing the extracts, they were dried under argon and reconstituted in a small
volume of chloroform:methanol, 1:1, to which a known amount of an internal standard of
trimethylmethoxyphenyl-retinol was added. The samples from Expt. 1 were then analyzed
by HPLC for retinol and REs, as described previously (20,34). The eluate was monitored at
325 nm with a photodiode array detector, and the areas of the peaks for TMMP-retinol,
unesterified retinol, and RE were integrated. Results are shown as RE (sum of retinyl
palmitate, oleate, and stearate) + retinol/g tissue, where retinol was almost always <5% of
the total. Lung tissue samples from Expt. 2 were extracted similarly, but the
chloroform:methanol extract was then dried under argon, saponified, and total retinol
extracted after the hydrolysis of REs was determined by HLPC. Total retinol by this faster
method was comparable to the sum of retinol plus REs, as was checked for several samples.
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Because ~95% of the total retinol was esterified before saponification, it is referred to as RE
in the text.

Statistics
Data are presented as the means ± SEM. When variances among groups were unequal, the
data were log10 transformed before statistical analysis by t test or ANOVA, followed by
least squares means test (SuperANOVA software, Abacus). Differences with P < 0.05 were
considered significant.

Results
Dose dilution to determine equivalency of VARA and VA in neonatal lungs

In Expt. 1, neonates were treated for 3 d with vehicle, the standard VA dose (VA only),
VARA-100% containing the same amount of VA as the standard VA dose, and 3 dilutions
of VARA (Fig. 1A). Growth did not differ by treatment (data not shown). Lung RE differed
between the control group and the VA-only group, as expected. Compared with VA only,
both VARA-100% and VARA-50% increased lung RE significantly. VA-only and
VARA-25% increased lung RE equally. Although the difference between VA only and
VARA-12.5% was not significant by ANOVA and least squares means test (P = 0.087), the
mean for VARA-12.5% was only one-third the mean for VA only, and this difference was
significant by unpaired t test (P < 0.0001). Therefore, we do not consider VARA-12.5% to
be equivalent to the standard dose of VA. From this experiment, VARA was 4 times as
effective as VA alone in increasing RE in the lungs.

In the liver, VARA-100% and the standard VA dose both increased RE nearly 50-fold above
the nonsupplemented control group. However, VARA and VA did not differ from each other
(P = 0.205). Liver RE concentrations were increased above the control level by all VARA
dilutions, in nearly direct proportion to the VA content of VARA.

Effect of VARA components delivered separately or coadministered on lung RE
concentration

In Expt. 2, the components of VARA-100% were delivered separately, 12 h apart, as well as
together (Fig. 2). Treatment with RA alone, regardless of the time interval (either oil first,
RA second, or RA first, oil second), did not differ from the oil-oil (control) group. When the
treatment included VA, whether alone or with RA, lung RE was significantly higher than in
the control group, with the exception of oil first, then VA, at 12 h. When RA was
administered first, before VA, lung RE was significantly higher than when oil was
administered before VA. Likewise, when VA was administered first, before RA, lung RE
was also significantly increased. These treatments did not differ from oil and VARA
combined. The highest mean increase was obtained by administering the VARA dose as a
divided dose, half at 0 h and half at 12 h. Overall, coadministration of VA and RA was not
essential for their synergy. Still, coadministration as a divided dose of VARA was the most
effective, increasing lung RE to a level ~10 times that in the control group, and 2.5–3 times
that in the 2 groups treated with VA only, within this 24-h study.

Discussion
Nutrient-nutrient interactions usually involve 2 or more different nutrients. In this study, we
examined an intranutrient interaction involving VA and its most active metabolite, RA. In
previous work, we showed that VARA, a combination of VA and RA, acts synergistically to
increase the concentration of RE in the lungs of neonatal rats (20). In our current studies, we
investigated 2 questions: How much greater is the impact of retinol on lung RE formation
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when RA is coadministered in VARA? Do the 2 components of VARA need to be given as a
single dose, or can they interact at the tissue level when administered separately? Our
VARA combination was originally formulated based on amounts of VA (retinol, in the form
of retinyl palmitate) and RA that have been used previously and independently for different
purposes. Doses of 50,000 or 100,000 IU of VA are used, as recommended by the World
Health Organization, to protect vulnerable infants and young children from VA deficiency
for a period of 4–6 mo (35). Our standard VA dose for postnatal rats (as well as the amount
of VA in VARA-100%) was based on a dose of 50,000 IU of VA in human infants, scaled
down for rats on the basis of body weight (20). RA has been tested for its potential to
promote lung maturation in neonatal rats. In those studies, 500 mg RA/kg (given i.p. daily
from P3 to P14) was shown to improve alveolar septation in dexamethasone-treated and
control rat pups (7,8). Additionally, a dose of 0.5 mg RA/kg is a common starter dose that is
used therapeutically for treatment of leukemias and diseases of the skin (36). The
preparation we have referred to as VARA-100% was the combination of the standard VA
dose with the amount of RA that was used previously in neonatal rats, after we adjusted the
latter dose slightly for oral administration (20). By combining these 2 independently selected
doses, the resulting molar ratio of VA to RA in VARA was 10:1.

The mechanism by which VARA promotes lung RE formation to a greater extent than an
equal amount of VA is not yet known, but because RA is not a substrate for RE synthesis,
the RA component of VARA must be modifying the metabolism of the VA component. The
combination of VA and RA could be useful for promoting RE formation in the lungs, and
thus it was of interest to determine the equivalency of VARA as compared with VA, and to
understand whether the 2 components of VARA must be coadministered. In the dose-
dilution study (Expt. 1), the increase in lung RE produced by the standard dose of VA and
undiluted VARA was compatible with our previous findings (20). The dilution curve fell
nearly linearly, indicating that none of the doses used, including VARA-100%, were
saturating with respect to lung RE formation. Thus, the capacity of neonatal lungs to store
RE is much higher than is suggested by the usual RE concentration in the lungs of
nonsupplemented neonates. The dose-response curve showed that the effect of VARA-25%
was equal to that of the standard VA dose (Fig. 1A). The amount of VA in VARA-25%
would be similar, scaled for the size of an infant or young child, to a supplement of 12,500
IU (3.75 mg retinol) of VA, and doses of 50,000 IU VA have been shown to be safe in
infants (37,38). The RA component of VARA-25% equalled ~0.125 mg RA/kg, which is
well below doses now used therapeutically (36). Overall, this study showed that RA, present
at one-tenth the amount of VA in VARA, gave the retinol component of VARA a “4×
boost” with respect to lung RE formation and retention.

In the liver, VARA-100% and the standard VA dose increased RE concentration equally
(20). When VARA was diluted (Fig. 1B), the amount of VA stored in the liver fell nearly
dose dependently. It is noteworthy that the VA concentration in the liver of
nonsupplemented 8-d-old neonates, born to and nursed by VA-adequate dams, averaged <12
nmol/g (<5 μg retinol/g). By comparison, VA concentrations <20 μg retinol/g in adult livers
are considered to indicate that VA stores are inadequate and are associated with low plasma
retinol (39). Even the most diluted VARA preparation we tested (VARA-12.5%), increased
liver VA to >105 nmol/g (>30 μg retinol/g). Although plasma retinol was normal in the
control group (1.4 μmol/L), liver RE was very low in the absence of VA supplementation.
However, liver RE was increased dose dependently by VA and by VARA alike. Therefore,
the results suggest that supplementation with either VA or VARA would be helpful in
protecting the neonate, or a prematurely born infant whose VA levels at birth are even
lower, against a future shortfall in VA intake. Overall, our comparison of the response of the
lungs and the liver to VARA shows that the “potency” of VARA is not fixed, but instead is
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tissue specific, as the regulation of RE formation appears to differ significantly for the lungs
compared with the liver.

In Expt. 2, we determined whether the 2 components of VARA must be coadministered to
act synergistically on lung RE formation. Due to known differences in their metabolism and
routes of absorption from the intestine, we hypothesized that their synergy in the lungs
might still be observed even if they were not coadministered. We also thought that RA
might be more effective if it was given before VA, based on the notion that RA, which is
well known to induce gene expression (40), might “prime” the lungs by up-regulating
factors (presently unknown) that could, in turn, facilitate the uptake of retinol or its retention
as RE in neonatal lungs. The results provided support for the main hypothesis, as all
combinations of VA and RA, whether given simultaneously, VA before RA, or RA before
VA, resulted in significantly higher concentrations of RE in the lungs, compared with the
same amount of VA given alone (Fig. 2), and, therefore, concurrent administration of the 2
retinoids was not required for synergy between VA and RA. However, we were surprised
that RA was at least as effective when it was administered after VA as when administered
before VA. RA given after VA may have facilitated the uptake or retention by the lungs of
retinol that had already been absorbed prior to treatment with RA. It is also possible that part
of the VA itself was converted to RA, and therefore the total amount of RA from the oral
supplement and from the metabolism of retinol given earlier could have been higher in this
group. It is not known whether increasing the RA in VARA, for example by formulating
VARA with a VA to RA ratio of 10:2, would further increase RE in the lungs.

Numerous nutritional factors are important to the growth and development of the lungs (41).
Our results provide some insight into factors that are limiting for RE formation. RA alone
did not increase lung RE, and therefore it did not synergize with “endogenous” retinol
(present without VA supplementation) within the short time frame of this study. Yet RA did
synergize with VA when VA was administered as a supplement. From this comparison, it
can be inferred that the amount of VA that neonates obtain from milk is a limiting factor for
RE in the lungs. We can also reason that the production of RA from VA by the neonate is
another limiting factor, because supplementation with VA could not exert a maximal effect
on lung RE concentration, unless exogenous RA was also administered. It is therefore likely
that both factors, VA and RA, are limiting for lung RE formation in neonates. Overall,
although coadministration was not essential for the synergy between VA and RA,
coadministration was at least as effective, or more so.

In conclusion, VARA promoted RE formation in the lungs of neonatal rats 4 times more
than an equal amount of VA. This enhancement was selective for the lungs, as liver RE
storage was the same with VARA and VA alone. Neonates are born with very low reserves
of VA (42), and VARA, even if diluted to VARA-25%, might be an effective treatment to
stimulate the uptake and esterification of VA in the lungs, while still modestly increasing the
storage of VA in the liver. Although a functional benefit of VARA has not yet been
demonstrated, tissue RE reserves themselves are increasingly being recognized as a source
of retinol that can generate bioactive retinoids in the lungs (43). Given the importance of
bioactive retinoids, such as RA, in cell differentiation and lung development, lung RE could
be an important and possibly limiting factor in the generation of retinoids needed for lung
maturation in the postnatal period.
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Figure 1.
VARA diluted to 25% is as effective as a standard dose of VA in increasing lung RE in
postnatal rats. Concentrations of RE + retinol were measured in lungs (A) and liver (B) of 8-
d-old rats treated on P5–7 with oil (Control), a standard dose of VA only, VARA-100%
containing the same amount of VA, and 3 dilutions of VARA (VARA-50%, VARA-25%,
and VARA-12.5%). The dashed line marks the RE+retinol concentration produced by the
standard dose of VA alone. Values are means ± SEM, n = 4. *Control and VA groups
differed, P < 0.05 (t test). Means for all groups other than the control without a common
letter differ, P < 0.05 (ANOVA and LSM test). In (B), statistical analyses were performed
on log 10-transformed data.
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Figure 2.
Rat lung RE is increased synergistically by VA and RA given separately or combined as
VARA. The components of VARA were delivered separately or together, as shown on the
X-axis. Lung RE+retinol was measured 24 h after the start of the experiment. The first
treatment, at 0 h, is listed in the legend box and shown by the shading of the bars, and the
second treatment, at 12 h, is shown on the X-axis. Values are means ± SEM, n = 3 or 4.
Means without a common letter differ, P < 0.05 (ANOVA and LSM test). Data were log 10-
transformed before statistical analysis.
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