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but unlike VA, which is stored in tissues as retinyl ester 
(RE) and mobilized to produce RA ( 4 ), no signifi cant 
amount of RA is stored and the pool of RA turns over rap-
idly ( 5 ). RA and other retinoids have been shown to en-
hance alveolar septation in neonatal rats and mice (as 
reviewed in Refs.  2, 3, 6, 7 ) and in some cases to improve 
lung repair after injury in adults ( 3, 8, 9 ). Most of the VA 
present in the lungs is in the form of RE ( 10–12 ). In full-
term infants, a process of signifi cant RE accumulation in 
the lungs has begun from the third trimester of fetal life, 
after which the stored RE becomes quickly depleted dur-
ing late gestation and early postnatal life ( 10 ). By contrast, 
preterm infants often have low VA status at birth ( 13–15 ), 
which may contribute to poor lung maturation and in-
creased susceptibility to respiratory diseases ( 16 ). There-
fore, ways to improve RE storage in the lungs in the 
postnatal period could be useful clinically for supporting 
retinoid-requiring metabolic functions and aiding postna-
tal lung development. 

 Previously, we tested a combination of VA (retinol) and 
RA, referred to as VARA (10:1 molar mixture of VA and 
RA) as an oral supplement for promoting lung RE forma-
tion ( 12 ). Lung RE increased synergistically, at least 4-fold 
more than for an equal amount of VA alone ( 17 ). As RA is 
not reduced to retinol in vivo and thus is not a substrate 
for tissue RE synthesis, the increase in RE in the lungs im-
plies that RA plays a regulatory role in this organ, in some 
manner facilitating RE formation. The synergistic effect of 
VARA was selective for the lungs, as RE formation in the 
liver did not differ between VARA and an equal dose of VA 
only ( 12, 17 ). In a metabolic study using [ 3 H]retinol to 
trace the uptake of newly absorbed retinol, we found that 
RA served to direct more of the [ 3 H]retinol tracer and, 
thus, the oral VA supplement, into the neonatal lung ( 12 ). 

       Abstract   Vitamin A (VA) is essential for fetal lung develop-
ment and postnatal lung maturation. VA is stored mainly as 
retinyl esters (REs), which may be mobilized for production 
of retinoic acid (RA). This study was designed  1 ) to evaluate 
several acidic retinoids for their potential to increase RE in 
the lungs of VA-supplemented neonatal rats, and  2 ) to deter-
mine the expression of retinoid homeostatic genes related 
to retinol uptake, esterifi cation, and catabolism as possible 
mechanisms. When neonatal rats were treated with VA com-
bined with any one of several acidic retinoids (RA, 9- cis -RA, 
or Am580, a stable analog of RA), lung RE increased  � 5–7 
times more than after an equal amount of VA alone. Retinol 
uptake and esterifi cation during the period of absorption 
correlated with increased expression of both STRA6 
(retinol-binding protein receptor) and LRAT (retinol esteri-
fi cation), while a reduction in RE after 12 h in Am580-
treated, VA-supplemented rats correlated with a strong and 
persistent increase in CYP26B1 (RA hydroxylase).   We 
conclude that neonatal lung RE can be increased synergisti-
cally by VA combined with both natural and synthetic acidic 
retinoids, concomitant with induction of the dyad of STRA6 
and LRAT. However, the pronounced and prolonged induc-
tion of CYP26B1 by Am580 may counteract lung RE accu-
mulation after the absorption process is completed.  —Wu, 
L., and A. C. Ross.  Acidic retinoids synergize with vitamin A 
to enhance retinol uptake and STRA6, LRAT, and CYP26B1 
expression in neonatal lung.  J. Lipid Res . 2010.  51: 
 378–387.   
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 Vitamin A (VA) is an essential micronutrient that is re-
quired for fetal lung development and alveolar septation 
in the postnatal period ( 1–3 ). The active metabolite of VA, 
retinoic acid (RA), fulfi lls nearly all of the functions of VA, 
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 Animals and experimental designs 
 Animal procedures were approved by the Institutional Animal 

Use and Care Committee, Pennsylvania State University. In each 
of three experiments, Sprague-Dawley rat pups with their dams 
were assigned to treatments across litters, with pups of both sexes 
included in each treatment group. The average body weight of 
each group was similar (data not shown). Before each treatment, 
the pups were weighed and the dose adjusted to 0.4 µl/g body 
weight (20 nmol retinol and 2 nmol of acidic retinoid, depend-
ing on treatment group, per gram of body weight). The dose was 
delivered directly into the pup’s mouth by a micropipette. In ex-
periment 1 (3 day study, n   = 4/group) 5 day old neonates were 
treated once a day for 3 days with oil (control), VA alone, RA, 
9- cis -RA, both isomers mixed in a 1:1 ratio, or VA combined with 
each the same acidic retinoids. Twenty-four hours after the last 
treatment, neonates were euthanized and tissues collected ( 12 ). 
In experiments 2 and 3 (acute studies lasting 6 and 12 h), 6–7 day 
old pups were treated with oil (control), VA alone, RA alone, 
Am580 alone, VA combined with RA (VARA), or with Am580 
(VAAm). In the 12 h study, 2 µCi of [ 3 H]retinol, prepared as 
previously described ( 12 ), was administered orally just after each 
treatment dose to provide a tracer for the tissue uptake and me-
tabolism of newly absorbed retinol. 

 Tissue collection 
 At designated times, pups were killed with carbon dioxide. 

Heparinized blood was collected from the vena cava or heart for 
preparation of plasma, and the lungs and liver were removed, 
trimmed, weighed, and frozen immediately in liquid nitrogen. 

 Retinoid analysis 
 Tissue lipids were extracted by the procedure of Folch, Lees, 

and Sloane Stanley ( 30 ). A portion of the extracts underwent an 
alkaline hydrolysis to convert RE to retinol and, after addition of 
a known amount of an internal standard, trimethylmethoxyphenyl-
retinol, samples in 100 µl of methanol were subjected to analysis 
by reverse-phase HPLC ( 31 ), monitored by a Waters 960 photodi-
ode array detector (Milford, MA). The areas of the peaks for 
trimethylmethoxyphenyl-retinol and retinol were analyzed by 
Millenium-32 (Waters) software, and tissue total retinol concen-
trations were calculated. For some samples, the concentration of 
tissue RE was determined without saponifi cation ( 31 ). Because 
RE constituted >90% of total retinol for each treatment group, 
we have referred to total retinol as RE in the fi gures and text, un-
less otherwise indicated. 

 Analysis of [ 3 H]retinol metabolism 
 Extracts of lung and liver total lipids, prepared as described 

above, were evaporated and subjected to liquid scintillation spec-
trometry to determine the total  3 H (percent of dose) in the lungs 
and liver 12 h after dosing. Another portion of the organic sol-
vent extract was dried, redissolved in hexanes, subjected to alu-
mina column chromatography, and counted for [ 3 H]RE to 
determine uptake as the percentage of the oral dose ( 12 ). The 
upper aqueous phases from the Folch wash were pooled, and a 
small portion was counted to assess the formation of aqueous 
[ 3 H]labeled polar metabolites of retinol ( 32 ). The percentage of 
the oral dose in each tissue fraction was then calculated. The 
aqueous phase contributed <0.05 and 0.15% of the total  3 H in 
lung and liver, respectively, and thus only total  3 H and the per-
centage of  3 H as [ 3 H]RE are reported. 

 Gene mRNA level determination 
 Total RNA from the lungs of individual pups was extracted 

using a guanidine extraction method, and cDNA was prepared 

The inclusion of RA in the diet of adult rats also increased 
retinol uptake kinetics into the lung ( 18 ). However, the 
mechanisms involved in the VARA synergy are still 
unknown. 

 Of the many genes that are regulated in vivo by RA, sev-
eral play prominent roles in retinoid homeostasis ( 19 ). 
Lecithin:retinol acyltransferase (LRAT) and RA hydroxy-
lases of the CYP26 family of cytochrome P450 genes, which 
catalyze the esterifi cation of retinol and the oxidation of 
RA, respectively, are known to be regulated by RA in cer-
tain tissues ( 20 ). The expression of these enzymes varies 
with VA status and appears to provide a level of control 
over VA metabolism ( 20 ). During VA suffi ciency, the con-
tinued presence of RA, a signal of high VA status, main-
tains the expression of LRAT ( 20 ). CYP26A1 and CYP26B1 
also increase in some tissues when the concentration of 
RA rises ( 21 ). Conversely, in the situation of VA defi ciency, 
when the concentration of RA is very low, LRAT is down-
regulated ( 22 ), and CYP26 is maintained at a very low level 
( 23, 24 ). Therefore, to a certain extent, the self-regulatory 
mechanisms involving RA render the body able to modu-
late its retinol metabolism and thus to avoid both VA defi -
ciency and toxicity. Another protein that may contribute 
to retinoid homeostasis is   STRA6 (stimulated by retinoic 
acid gene 6), a transmembrane receptor for retinol-binding 
protein (RBP), and mediator of retinol uptake from 
plasma and extracellular fl uid into cells ( 25 ).   STRA6 is ex-
pressed at high levels in the retina and at lower levels in a 
variety of embryonic and adult cells or organs ( 26 ), includ-
ing adult lung tissue ( 27 ). But whether the   STRA6 gene is 
expressed in the neonatal lung and involved in VA uptake 
in the postnatal period is still unclear. 

 In this study, we fi rst determined whether acidic reti-
noids besides  all-trans -RA can produce the VARA synergy. 
We then tested the hypothesis that RA and Am580, a reti-
nobenzoic acid analog of RA, which is known both for its 
resistance to metabolism and its selective activation of the 
nuclear receptor RAR- �  ( 28, 29 ), can acutely alter neona-
tal lung retinoid metabolism. We thus determined changes 
in lung RE formation, [ 3 H]retinol uptake, and the expres-
sion of some important retinoid homeostatic genes, includ-
ing LRAT, CYP26A1, CYP26B1, and STRA6, in neonatal 
rats treated with VA, RA, VARA, Am580, or VA+Am580 
(VAAm). 

 MATERIALS AND METHODS 

 Dose preparation 
 VA, in the form of  all-trans -retinyl palmitate,  all-trans -RA ( at -

RA), and  9-cis -RA, was purchased from Sigma-Aldrich (St. Louis, 
MO). Am580 was a gift of H. Kagechika, University of Tokyo. 
VARA and related treatments were prepared as described previ-
ously ( 12 ). The dose concentration of VA alone and after com-
bination with an acidic retinoid was 0.05 M, and the dose 
concentration of the acidic retinoids ( all-trans -RA,  9-cis -RA, or 
Am580) was 0.005 M. In practice, solutions were prepared by 
weight rather than volume for accuracy and were confi rmed by 
UV spectrophotometry. Canola oil only was used as placebo 
(control). 
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retinoid was coadministered (all  P  < 0.05), whereas none 
of the acidic retinoids alone had a signifi cant effect. There-
fore, plasma retinol responded only to the VA component 
of the dose. 

 From this initial study, we confi rmed that  at -RA is able 
to provide a signifi cant boost to VA (e.g., as VARA) by 
increasing lung RE content  � 5–7 times. To further test 
the interaction of VA and acidic retinoids on lung RE 
formation and to examine regulatory processes, we next 
compared  all-trans- RA, as the predominant natural regu-
latory isomer, and a retinobenzoic acid analog of RA, 
Am580, which has been shown to relatively resistant to 
metabolism and to bind selectively to the RAR- �  form of 
nuclear retinoid receptors ( 29 ).  All-trans- RA and Am580, 
with and without VA, were studied for their ability to pro-
mote lung RE formation, enhance the uptake of newly 
absorbed retinol, and alter the expression of genes po-
tentially important for retinol uptake, esterifi cation, and 
homeostasis. 

 VA combined with RA or Am580 increases lung RE 
signifi cantly at 6 and 12 h 

 We conducted two studies, one of 6 h and one of 12 h 
duration, each with groups of 6–7 day old neonates that 
were treated orally with oil (control), VA alone, RA alone, 
VARA, Am580 alone, and VAAm. The values for the con-
trol groups in the two experiments were very similar; thus, 
treatment responses for both experiments are presented 
together for comparison. 

using reverse transcriptase ( 33 ). The equivalent of 0.05 µg RNA, 
as cDNA, was used for real-time PCR analysis. Primers designed to 
detect mRNA expression were as follows: rat LRAT (GenBank acces-
sion number AF255060), 5 ′ -ATAGGATC CTGACCAACA CTA CAT-
C CTCTC-3 ′  (forward) and 5 ′ -ATTCTCGAGTCTAAGTTTATTG-
AAACCCCAGA-3 ′  (reverse); rat CYP26B1 (NM_181087), 5 ′ -TTG-
AGGGCTTGGAGTTGGT-3 ′  (forward) and 5 ′ -AACGT TGCCA-
TACTTCTCGC-3 ′  (reverse); rat CYP26A1 (DQ266888), 5 ′ -GT GC-
C AGTGATTGCTGAAGA-3 ′  (forward) and 5 ′ -GGAGG TGT CC-
TCTGGATGAA-3 ′  (reverse); rat STRA6 (NM_0010029924.1), 
5 ′ -CCGATCCTGGACAGTTCCTA-3 ′  (forward) and 5 ′ -CCAC CT-
GGTAAGTGGCTGTT -3 ′  (reverse). The mRNA expression level 
of each sample was corrected by calculating mRNA-to-ribosomal 
18S RNA ratio. Data were normalized to the average value for the 
control group, set at 1.00, prior to statistical analysis. 

 Statistical analysis 
 Data are presented as the group mean ± SE. Depending on the 

experiment, differences were tested by one-factor ANOVA or 
two-factor ANOVA followed by Fisher’s protected least signifi cant 
difference test and least squares means test. When variances were 
unequal, data were transformed to log10 values before statistic 
analysis. Differences with  P  < 0.05 were considered signifi cant. 

 RESULTS 

  All-trans -RA and  9-cis -RA and both combined each 
promote RE formation 

  All-trans -RA is considered the major form of RA with en-
dogenous activity as a ligand for nuclear receptors of the 
RAR family (RAR- � , RAR- � , and RAR- � ) ( 34 ). Although 
the status of  9-cis -RA as an endogenously produced reti-
noid is uncertain, it is known as an effective activator for 
receptors of the RXR family, when added exogenously. In 
some situations, both ligands in combination promote 
gene transactivation. Therefore, we fi rst determined the 
response of the neonatal rat lung to treatments with  all-
trans -RA,  9-cis -RA, and a 1:1 combination of both isomers, 
administered in the absence of VA or combined with a 
supplement of VA (molar ratio of 10 VA:1 acidic retinoid). 
Treatments were given daily on postnatal days 5, 6, and 7, 
and lung and plasma retinol were determined on day 8. 
  Fig. 1A    shows that RA produced a small increase in lung 
RE when given alone, as we have shown previously ( 12 ), 
indicating that RA infl uences the metabolism of endoge-
nous retinol in the absence of VA supplementation. When 
RA was combined with VA as VARA, lung RE increased  � 7 
times higher compared with treatment with VA alone. In 
contrast to  all-trans -RA,  9-cis -RA in the absence of VA had 
no effect on lung RE, suggesting this isomer does not sig-
nifi cantly regulate the metabolism of endogenous retinol 
in the lungs. However, similar to  all-trans- RA,  9-cis -RA pro-
duced a signifi cant although slightly lower synergy when 
given with VA. The combination of  at -RA and  9-cis -RA 
(mixed 1:1, with total RA equal to that given as either iso-
mer alone) had no additional effect. 

 The concentration of plasma retinol ( Fig. 1B ) was within 
the normal range for neonates in all treatment groups. 
Plasma retinol levels were  � 30% higher for each treat-
ment that included VA, regardless of whether an acidic 

  Fig.   1.  RE concentration in lung (A) and plasma (B) after three 
daily treatments with VA alone or combined with RA, 9- cis -RA, or 
an equimolar mixture (1:1) of  at -RA and 9- cis -RA. Rat pups (n   = 4/
group) received oral doses on postnatal days 5, 6, and 7. A: Lung 
total retinol (>90% RE) was determined (see Materials and Meth-
ods) on day 8. Groups with different letters differed signifi cantly,  
P  < 0.05. B: Plasma total retinol. Only groups that received VA dif-
fered (mean increase for all groups that received VA = 0.49 µmol/l 
compared with groups that did not receive VA,  P  < 0.001).   
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did not differ between the VA group and the control group 
(  Fig. 3A  ),  indicating that the supplement of VA alone did 
not increase the fractional uptake of retinol from the oral 
dose. However, the uptake of [ 3 H]retinol was signifi cantly 
higher in the lungs of neonates treated with  at -RA, VARA, 
Am580, and VAAm (all  P  < 0.05 versus control). From 
these results, it can be inferred that VA itself did not affect 
the uptake of newly absorbed retinol, whereas both  at- RA 
and Am580 promoted a higher uptake of newly absorbed 
retinol, whether or not the mass of VA being absorbed at 
the time was low, i.e., without VA, or high, after the VA 
supplement. We noted, however, that more  3 H was present 
in the lungs of noenates treated with VARA group than 
with VAAm. This result might be due to a difference in the 
rate of retinol metabolism as affected by  at- RA and 
Am580. 

 We also measured the uptake of the orally administered 
[ 3 H]retinol into the liver, the major storage organ for VA, 
for comparison to lung. The percentage of [ 3 H]retinol 
taken up by the liver was higher, as expected; however, in 
addition, we noted that the treatment effect in liver dif-
fered from that in lung. In the liver, [ 3 H]RE was increased 
only by VA and VARA ( Fig. 3B ). We did not expect VARA 
to increase the mass of liver RE more than VA alone be-
cause the VARA synergy has not been observed for liver 
( 12, 17 ). Similarly, VAAm did not increase liver RE con-
tent more than VA alone. However, liver from the VAAm-
treated group did not show the same increase in [ 3 H-retinol 
as in the VA and the VARA groups. We surmised that this 
might be due to a higher rate of retinol metabolism in the 

 Lung RE increased after VA supplementation alone, 
which was evident as early as 6 h after dosing (  Fig. 2A  ). 
 Notably, the magnitude of increase was the same at both 
6 and 12 h ( Fig. 2B ) for the VA, RA, and VARA groups, 
implying that the uptake of VA and its storage as RE in the 
lungs is very rapid after oral dosing, reaching a steady 
state by 6 h. Am580 alone produced a small increase in 
lung RE at both times ( Fig. 2A, B ). Thus, Am580, like RA, 
infl uences the metabolism of endogenous retinol. How-
ever, whereas the synergy with VAAm was signifi cant at 
both 6 and 12 h, lung RE in the VAAm group was signifi -
cantly lower at 12 h than at 6 h and lower for the VAAm 
group than for the VARA group at 12 h. These results in-
dicated that the stable analog Am580 is as effective as RA 
for promoting RE formation in the very early absorptive 
period (6 h), while Am580 appeared to have the effect of 
quickening retinol metablism in the lung, as evidenced by 
the fall in lung RE in the postabsorptive period, measured 
at 12 h. 

 RA and Am580 promote higher lung uptake of newly 
absorbed  3 H-retinol 

 In the 12 h study, we included a tracer of [ 3 H]retinol 
with each treatment to investigate how newly absorbed 
[ 3 H]retinol is partitioned between the neonatal rat lung 
and liver, the major storage organ for VA, and whether 
treatments with VARA and VAAm may promote the up-
take of newly absorbed retinol into the lung, which in turn 
could be a mechanism for the observed increase in lung 
RE content after VARA or VAAm treatment. The 12 h time 
point was chosen because we expected intestinal absorp-
tion of the [ 3 H]retinol tracer and the VA dose it traced to 
have been completed by 12 h; thus, the tissue distribution 
of newly absorbed retinol for the entire dose could be as-
sessed. The percentage of newly absorbed  3 H in the lungs 

  Fig.   2.  Lung RE concentration 6 h (A) and 12 h (B) after a single 
oral treatment with VA alone,  all-trans- RA alone, VARA, Am580 
alone, and combination of VA and Am580 (VAAm). Rat pups (n   = 
4–6/group) received a single oral dose on postnatal day 7. Lung 
total retinol (>90% RE) was determined. Groups with different let-
ters differed signifi cantly,  P  < 0.05.   

  Fig.   3.  Uptake and metabolism of newly absorbed [ 3 H]retinol 
and conversion to [ 3 H]RE in lung and liver. Rat pups received a 
tracer dose of  3 H-labeled retinol by mouth at the time of adminis-
tration of VA alone, RA alone, VARA, Am580 alone, and the combi-
nation of VA and Am580 (VAAm). Tissues were collected 12 h later. 
Groups with different letters differed signifi cantly,  P  < 0.05. A: 
Lung total [ 3 H] as percent of dose. B: Lung [ 3 H]RE as a percent-
age of lung total [ 3 H], representing conversion of retinol to RE.   
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 Because LRAT, CYP26B1, and CYP26A1 are important 
genes in VA homeostasis and they are known to be regu-
lated by RA in tissue-specifi c patterns ( 20, 21 ), we next 
evaluated their expression in both the 6 and 12 h studies. 
LRAT expression was increased at 6 h by all treatments, in 
the order VA <  at -RA = VARA << Am580 and VAAm580 
(  Fig. 5  ).  By 12 h, LRAT mRNA was reduced toward basal 
levels in the VA group and had fallen entirely to or 
somewhat below basal levels in the lungs of RA and 
VARA-treated neonates. By comparison with RA, Am580 
dramatically increased LRAT mRNA at 6 h and maintained 
this level at 12 h. The expression of CRBP1, a retinol chap-
erone that delivers retinol to LRAT, was readily detectable 
in neonatal lung, as reported by others ( 35 ), but its expres-
sion did not differ signifi cantly with treatment (data not 
shown). 

 CYP26A1 expression did not increase in neonatal lung 
in response to VA or  at- RA but was up-regulated  � 2-fold by 
VARA and 4–5-fold by Am580 at 6 h (  Fig. 6  ).  CYP26A1 was 
lower at 12 h compared with 6 h for all treatments. By 12 
h, the VA, RA, and VARA groups did not differ from the 
control group. Although the expression of CYP26A1 was 
lower at 12 h than at 6 h in the Am580- and VAAm-treated 
groups, CYP26A1 was still signifi cantly elevated in the 
lungs of neonates that received these treatments, com-
pared with all other groups. 

 By contrast to CYP26A1, CYP26B1 exhibited much 
stronger induction (  Fig. 7  ).  The level of CYP26B1 mRNA 
was elevated 4–5-fold by all of the treatments, compared 
with control, at 6 h. Moreover, Am580 further and dra-
matically increased CYP26B1 mRNA at 12 h, whether given 
alone or as VAAm, reaching levels 16–17 times higher than 
the control group. Since CYP26B1 expression was higher 
and more responsive to retinoids compared with CYP26A1, 
CYP26B1 might play the major role in metabolizing RA in 
neonatal lungs. 

 DISCUSSION 

 Human lung development goes through a long, pro-
gressive journey from as early as the fourth week of embry-
onic stage until birth, with continuing changes to 8 years 

VAAm group. The difference between VARA and VAAm 
did not appear to be due to a difference in the fractional 
conversion of newly absorbed retinol to RE, as the per-
centage of  3 H present as [ 3 H]RE was similar in the VARA 
and VAAm groups (data not shown). 

 The expression of retinoid homeostatic genes is 
differentially regulated in neonatal lung by  at- RA and 
Am580 

 The rapid effect of VARA and VAAm on retinol uptake 
and RE accumulation in the lungs suggested that if changes 
in gene expression are responsible, they must occur early 
after treatment. We thus determined the expression of sev-
eral genes implicated in retinoid homeostasis in the lungs 
of neonates in the 6 and 12 h studies. Gene expression was 
determined by quantitative PCR for STRA6, LRAT, and 
two members of the CYP26 family, CYP26A1 and CYP26B1, 
as well as the cellular retinol-binding protein (CRBP1). 

 Results for STRA6, a transmembrane protein receptor 
for RBP that facilitates the uptake of retinol into cells ( 25 ), 
showed that both RA and Am580 induced expression to a 
level  � 3–4 times higher than the control group (  Fig. 4  ).  
VA alone had no signifi cant effect, while it slightly attenu-
ated the induction of STRA6 by the acidic retinoids. The 
elevated level of STRA6 mRNA at 6 h suggests that an in-
crease in retinol uptake from the extracellular RBP-retinol 
complex into the neonatal lungs via the STRA6 receptor 
could be a mechanism for the rapid response of the neo-
natal lungs to acidic retinoids. Interestingly, STRA6 ex-
pression at 12 h was lower than at 6 h for all but the control 
group and no longer differentially affected by the retinoid 
treatments. These results indicate that STRA6 expression 
is very dynamically regulated and suggest that STRA6 
could play a more signifi cant role in the uptake of retinol 
into the lungs especially during the postprandial period of 
maximal retinol absorption. 

  Fig.   4.  Expression level of STRA6 in neonatal lung 6 and 12 h 
after treatment with VA, RA, VARA, Am580, and VAAm580. Lung 
tissue from 7–8 day old rats treated with oil, VA, RA VARA, Am580 
(Am), and VAAm580 was processed for total RNA isolation and 
subjected to quantitative PCR analysis using primers for rat STRA6 
(see Materials and Methods). For each sample, gene expression 
levels were normalized to 18S rRNA measured in the same sample, 
and the average value for the control group was set to 1.00 for each 
experiment. Data shown are the means ± SE. Data were log10 trans-
formed prior to ANOVA. Groups with different letters differed sig-
nifi cantly (one-way ANOVA and Fisher’s protected least signifi cant 
difference test)  P  < 0.05. Asterisks denote difference between 6 h 
and 12 h ( t -test),  P  < 0.05.   

  Fig.   5.  Expression levels of LRAT in neonatal lung 6 and 12 h 
after treatment with VA, RA, VARA, Am580, and VAAm580. Data 
were obtained as described in the legend to  Fig. 4 . Groups with dif-
ferent letters differed signifi cantly,  P  < 0.05. Asterisks denote differ-
ence between 6 and 12 h ( t -test),  P  < 0.05.   
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rectly may be effi cient in increasing lung VA. However, VA 
dosage is still a concern for the clinical use of VA due to 
the potential for toxicity of high amounts of VA ( 44, 46 ). 
Therefore, improving the effi ciency and specifi city of lung 
VA uptake by rapidly increasing lung retinol uptake and 
RE storage could be helpful in treating VA-defi cient popu-
lations, such as very low birth weights infants, and in other 
clinical settings. Thus, it is important to have a clear un-
derstanding of the expression pattern of those genes af-
fected by RA and other retinoids that may be used for 
therapy. 

 VA and its major bioactive metabolite RA exert their in-
fl uence in development and cell differentiation through 
the binding of RA with nuclear retinoid receptors of the 
RAR family. These receptors typically form heterodimers 
with RXR proteins and activate, or repress, target genes 
possessing retinoic acid-responsive elements, thereby reg-
ulating the downstream genes ( 34 ). These direct or indi-
rect signaling pathways set in motion by RA are known to 
modulate a large number of RA-responsive genes, some of 
which play important roles in lung development, cellular 
differentiation, and the metabolism of VA itself. Among 
these genes, LRAT and members of cytochrome P450 fam-
ily CYP26 are considered among the most important genes 
for regulating VA metabolism ( 20, 21 ). By converting 
retinol to its RE storage form, or by oxidizing RA to inac-
tive polar metabolites, LRAT and CYP26A1/CYP26B1 
could control the balance of the metabolism of retinol 
and might thereby regulate the homeostasis of VA in lung 
tissue. Other factors, including retinoid-binding proteins, 
and receptors such as STRA6, could also be involved. 

 Our previous research had indicated that VA given 
orally in combination with  at- RA (VARA) increased retinol 
uptake and lung RE formation much more effectively 
compared with VA given individually ( 12, 17 ). For refer-
ence, the VA dose we used in our studies of neonatal rats, 
described in more detail in ( 12 ), is representative of the 
50,000 IU (15 mg) dose of retinol that has been adminis-
tered to human newborns in studies that have shown re-
duced mortality in the fi rst year of life ( 47, 48 ). The dose 
of RA we have used is similar to that fi rst shown by Massaro 
and Massaro ( 49 ) to improve alveolar septation in postna-
tal rats. We have previously shown by conducting a dose 
dilution study that VARA has about 4–5 times the effect of 
the standard dose of VA alone ( 17 ). In this study, the syn-
ergy between VA and  at- RA or VA and Am580 was as great 
or greater, with a 5–7-fold increase in lung RE content just 
6 h after treatment with VARA or VAAm ( Fig. 2 ). The ad-
ministration of RA redirects part of the fl ow of supplemen-
tal VA in the neonate lungs, as supported by increased 
[ 3 H]retinol uptake in RA or Am580-treated neonates ( Fig. 
3 ). This result also agrees with the results of a long-term 
feeding study in adult rats fed an RA-supplemented diet, 
in which the rates of retinol uptake into the lungs were 
increased, compared with control rats ( 18 ). 

 In this study, we examined the expression of LRAT, 
CYP26A1, CYP26B1, and STRA6 because we hypothesized 
that they could play a major role in redirecting the fl ow of 
VA into the lungs as well as infl uencing the turnover of 

of age ( 2, 16, 36–38 ). During the late fetal and postnatal 
period, VA has a major role in promoting lung develop-
ment and maturation. In the rat, signifi cant storage of VA 
in the lungs starts in late gestation just before the onset of 
alveolization and surfactant synthesis ( 39 ). These stores 
are rapidly depleted during late pregnancy and postnatal 
life as the lungs are still developing ( 10, 11, 40 ). Weanling 
rats fed VA-defi cient diet showed the characteristics of 
keratinizing metaplasia in the trachea and the bronchopul-
monary tree ( 36, 41 ). Supplementation with retinol or RA 
has been shown to repair epithelial lesions and increase 
surfactant phospholipid synthesis in fetal rat lung ( 39 ). In 
the population of preterm infants, premature delivery ac-
companied with VA defi ciency usually has been associated 
with an increased susceptibility to lung injury, such as in 
neonatal respiratory distress syndrome and subsequent 
bronchopulmonary dysplasia, due to a defi cit in pulmo-
nary surfactant ( 38, 42 ). However, in clinical trials, neo-
natal supplementation with retinol reduced the risk of 
bronchopulmonary dysplasia ( 43–45 ). Since VA has shown 
its essential activity in neonatal lung development and has 
produced promising results for reducing lung injury and 
dysfunction ( 2, 3, 6–9 ), there could be a biological advan-
tage in increasing or maintaining adequate VA storage in 
the neonatal lung. Supplementing VA to the offspring di-

  Fig.   6.  Expression levels of CYP26A1 in neonatal lung 6 and 12 h 
after treatment with VA, RA, VARA, Am580, and VAAm580. Data 
were obtained as described in the legend to  Fig. 4 . Groups with dif-
ferent letters differed signifi cantly,  P  < 0.05. Asterisks denote differ-
ence between 6 and 12 h ( t -test),  P  < 0.05.   

  Fig.   7.  Expression levels of CYP26B1 in neonatal lung 6 and 12 h 
after treatment with VA, RA, VARA, Am580, and VAAm580. Data 
were obtained as described in the legend to  Fig. 4 . Groups with dif-
ferent letters differed signifi cantly,  P  < 0.05. Asterisks denote differ-
ence between 6 and 12 h ( t -test),  P  < 0.05.   
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the use of Am580 in our studies allowed us to ask whether 
a more persistent retinoid might extend or exaggerate the 
effects observed for  at- RA on lung VA metabolism. 

 VARA and VAAm did not differ from each other with 
respect to lung RE and STRA6 expression at 6 h. For 
STRA6, the increase in mRNA was transient and coincided 
with the time when the uptake of newly absorbed retinol 
from the oral VA supplement would be most active ( Fig. 
4 ). As illustrated in   Fig. 8  ,  STRA6 may therefore contrib-
ute to retinol uptake in the absorptive period (6 h), pro-
vided that suffi cient VA is present ( Fig. 8A  for RA and 8C 
for Am580). However, by 12 h after dose administration, 
the input of VA and the level of STRA6 had both declined 
( Fig. 8B  for RA and 8D for Am580); thus, the process of 
retinol uptake would no longer be likely to contribute to 
the VARA synergy. As the lung RE content is the result of 
integrated, cumulative changes over time, where gene ex-
pression has been measured at discrete times, it is possible 
that the reduction in lung RE in the VAAm group at 12 h 
results from a change in balance of several factors. 

 For LRAT, lung LRAT mRNA levels changed signifi -
cantly with both time and treatment. Previous studies 
showed that LRAT mRNA and LRAT enzymatic activity are 
closely correlated ( 33, 51 ); thus, the higher expression of 
LRAT mRNA at 6 h in all groups ( Figs. 5,   8A, 8C ), coupled 
with the increased lung RE content in the VARA and 

RA. As LRAT functions to esterify retinol to its storage 
form, RE, while CYP26A1 and CYP26B1 oxidize RA to in-
active polar metabolites ( 21 ), these genes could signifi -
cantly affect RE levels in RA-responsive tissues. STRA6 was 
of interest because in studies of the retina and retinal pig-
ment epithelial cells, STRA6 and LRAT cooperatively en-
hanced the uptake and accumulation of retinol as RE ( 25 ). 
STRA6 mRNA was shown by Northern blot to be present at 
relatively low abundance in adult lung tissue ( 25 ). Muta-
tions in STRA6 have been associated with development 
defects, including lung hypoplasia ( 27 ), but the physiolog-
ical regulation of STRA6 in the lung has not been re-
ported. Indeed, prior demonstrations of STRA6 regulation 
by RA have been in cancer cells, originally in P19 embryo-
nal carcinoma cells ( 50 ), and we believe our results may be 
the fi rst evidence of the physiological regulation of STRA6 
by RA coupled with increased retinol uptake in normal 
tissue. Our comparison of the expression of STRA6, LRAT, 
CYP26A1 and CYP26B1 provides insight into the treatment-
initiated changes in expression in the period of most ac-
tive VA absorption (6 h) as well as in the period after 
absorption has been completed and tissue retinoid turn-
over and homeostatic regulation may be observed (12 h). 
Since  all-trans- RA can be rapidly metabolized by the 
4-hydroxylase activity of CYP26A1 and CYP26B1 ( 21 ), 
while the methyl groups at C-4 of Am580 prevent oxidation, 

  Fig.   8.  Model of VA metabolism in neonatal rat lung. The four panels represent the observed and proposed pathways of retinoid uptake, 
esterifi cation, and oxidative metabolism in the lungs of neonates treated with RA for 6 h (A) and 12 h (B), and with Am580 for 6 h (C) and 
12 h (D). Changes in gene expression represent the effects of the acidic retinoids, with and without VA, while retinol uptake and RE forma-
tion represent the treatments that included VA. A: When RA is administered to neonatal rats with a supplement of VA, RA upregulates the 
expression of LRAT and CYP26B1 to the same extent at 6 h, with the fl ow of retinol to RE formation or to polar metabolites kept in a bal-
ance. More dietary retinol is taken up by lung tissue due to upregulation of STRA6 and elevated plasma retinol at 6 h. B: At 12 h, RA is 
metabolized by CYP26B1. Although the biological activity of RA has declined, the pathway is still balanced as STRA6, LRAT, and CYP26B1 
have all returned to basal levels. C: When Am580 is administered to neonatal rats with a supplement of VA, LRAT expression is induced to 
a higher level than CYP26B1 at 6 h, favoring RE formation. D: At 12 h, Am580 continues to exert its regulatory activity due to its resistance 
to oxidative metabolism, and CYP26B1 is dramatically upregulated, to a higher extent than LRAT. Thus, the pathway is unbalanced and 
retinoid metabolism fl ows toward the oxidative direction. The decline in the size of the lung RE pool suggests that retinol, released from 
the RE pool, is either oxidized directly to polar metabolites such as 4-oxo-retinol (denoted as “?” in D) or fi rst oxidized to RA and then to 
polar metabolites of RA for elimination.   
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not always saturated with retinol ( 56 ); thus, if this is the 
case in the lungs, there may be suffi cient capacity for bind-
ing and metabolizing retinol after VARA treatment, with-
out an increase in CRBP1 expression. Thus, overall, 
STRA6, LRAT, and CYP26B1 appear to be the key retinoid-
regulated genes guiding retinoid homeostasis in the neo-
natal lung. 

 We also compared the metabolism of newly absorbed 
[ 3 H]retinol in the 12 h metabolic study. This experiment 
revealed that more  3 H was presented in the lung of RA- or 
Am580-treated neonates compared with the VA and con-
trol groups. In addition, the newly formed [ 3 H]RE was 
proportional to the [ 3 H]retinol taken up by lung tissue 
(data not shown), which implies an accordingly increased 
esterifi cation of retinol in neonatal rat lung. 

 Although our study did not include an analysis of reti-
noid nuclear receptors, the importance of the RAR recep-
tor family to lung development is well established ( 57 ). In 
particular, RAR- �  is known to be important in the period 
of postnatal lung development ( 58 ). The ability of Am580, 
which binds selectively to RAR- �  as compared with RAR- �  
or RAR- �  ( 29 ), to replicate the effects of  all-trans- RA on 
lung RE accumulation in the neonatal lung suggests that 
RAR- �  is active in this process. The induction of LRAT ex-
pression by Am580 was not surprising because Am580 had 
been shown to induce LRAT activity in the liver of VA-
defi cient rats, in the absence of other retinoids ( 59 ). How-
ever, the magnitude and persistence of the effect of Am580 
in the neonatal lung was distinctive. Moreover, the marked 
effect of Am580 on CYP26B1 mRNA levels was unexpected. 
This large increase may explain the reduction in lung RE 
at 12 h in the VAAm-treated neonates. Although the regu-
lation of CYP26A1 gene expression by RA is known to be 
directly mediated through RA-activated RAR-RXR binding 
to retinoic acid-responsive elements ( 60 ), it is still uncer-
tain how LRAT and CYP26B1 gene expression is induced 
by retinoids. The very strong regulation of CYP26B1 by 
Am580 in the neonatal lung is both interesting and cau-
tionary, as a high and sustained level of expression of 
CYP26B1 hydroxylase could potentially cause a local de-
pletion of  at- RA. Given the lack of affi nity of Am580 for 
RAR- �  or RAR- � , if the induction of CYP26B1 resulted in a 
deprivation of  at- RA in the lungs, those genes that depend 
on RA-induced activation RAR- �  or RAR- �  for the mainte-
nance of their expression could be especially affected. 
These potential differences warrant further study. 

 In summary, our studies have shown that several acidic 
retinoids are potent regulators of lung RE formation. The 
concomitant expression of several important genes, LRAT, 
CYP26B1, and STRA6 by RA and Am580, revealed a pos-
sible molecular mechanism for the synergistic effect of 
VARA, involving STRA6 and LRAT as early-regulated 
genes, which have already been shown to cooperate in the 
synthesis of RE the retina ( 25 ). The higher magnitude and 
prolonged increase in gene expression, especially CYP26B1 
after induction by Am580, provided new evidence for a 
better understanding of the metabolism of VA in the lung. 
Considering the benefi cial effects of VA in promoting lung 
maturation and the synergistic effect of VARA in increas-

VAAm groups, suggests that retinol substrate was the limit-
ing factor in the VARA- and VAAm-treated neonates, while 
LRAT may have been the limiting factor in the neonates 
treated only with VA. At 12 h, LRAT expression had fallen 
to near basal levels in the RA and VARA groups but re-
mained high in the Am580 and VAAm groups ( Fig. 5  and 
summary in Fig. 8B, D). This result suggests that if a sec-
ond supplement of VA were given around 12 h after treat-
ment with Am580 or VAAm, it might synergize with the 
previously administered Am580 to further elevate lung RE 
because LRAT expression was already highly induced. We 
observed, however, that treatment with VAAm resulted in 
a lower lung RE concentration at 12 h compared with ei-
ther VARA at 12 h or VAAm at 6 h ( Fig. 2A, B  and sum-
mary in  Fig. 8B, D ). The pattern of expression for CYP26B1 
in particular appears to explain these differences, as 
Am580 further upregulated the expression of CYP26B1 at 
12 h ( Fig. 6 ). The high levels of both LRAT and CYP26B1 
induced by Am580, especially dramatically for CYP26B1, 
could speed up the rate of metabolism of retinol and 
change the balance of the metabolic pathway toward the 
direction of retinoid oxidation. Although the substrate for 
CYP26A1 and CYP26B1 is usually considered to be  at- RA, 
it is possible that one or both of these enzymes also oxi-
dizes retinol because 4-hydroxy- and 4-oxo-retinol have 
been found as an endogenous metabolite in vivo ( 52–54 ), 
which increased in plasma after VA supplementation ( 55 ). 
We therefore speculate that the oxidative metabolism of 
retinol itself could have been increased in the lungs of the 
neonates treated with Am580 or VAAm, which may ac-
count for the reduction in RE mass at 12 h in the VAAm 
group, as compared both to the VARA group at 12 h and 
the VAAm group at 6 h ( Fig. 8D ). Although CYP26A1 was 
also upregulated by Am580, it did not increase in response 
to RA, and there was also no difference in its expression at 
6 and 12 h ( Fig. 7 ). Since our results show that CYP26B1 is 
much more highly expressed than CYP26A1 in the neona-
tal rat lung, even in the basal state before treatment (com-
parison not shown), CYP26B1 might play the major role in 
metabolizing RA in the neonatal lung. However, CYP26A1 
mRNA in the liver was signifi cantly increased by  at- RA 
(data not shown), which suggests its importance in VA me-
tabolism in the neonatal liver and in clearance of VA from 
the body through biliary excretion of polar retinoid me-
tabolites. Based on these fi ndings, we speculate that LRAT 
and CYP26B1 are the critical genes in regulating neonatal 
lung VA homeostasis.  Figure 8  suggests how RA and Am580 
act both similarly early on and in a differential manner 
after 12 h to affect lung RE content and retinoid homeo-
stasis in the lungs. We also determined the expression of 
several other genes that could potentially contribute to 
retinol uptake, and metabolism was also measured in our 
study, including the LDL-receptor-related protein and li-
poprotein lipase, which might infl uence the binding and 
uptake of chylomicron RE and CRBP1, a chaperone pro-
tein that delivers retinol to LRAT. However, while the 
mRNA for each of these genes was readily detected in neo-
natal lung, expression levels did not change with our treat-
ments. Previous studies showed that CRBP1 in liver was 
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