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Retinoic acid induces alveolar regeneration in the adult mouse lung
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ABSTRACT: Recent data suggests that exogenous retinoic acid (RA) can induce
alveolar regeneration in a mouse and a rat model of experimental emphysema and
disrupted alveolar development. This may be because RA is required during normal
alveolar development and the subsequent provision of RA reawakens the gene cascades
used during development.

Here, additional evidence that RA is required during alveologenesis in the mouse is
provided by showing that disulphiram disrupts this process. A further model of disrupted
alveolar development using dexamethasone administered postnatally is then described,
and it is further shown that RA administered to these adult mice restores the lung
architecture to normal.

Alveolar regeneration with retinoic acid may therefore be an important novel
therapeutic approach to the treatment of respiratory diseases characterised by a
reduced gas-exchanging surface area, such as bronchopulmonary dysplasia and
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The ability of adult mammals to regenerate organs seems
to be limited to only one, the liver, apart from the unique
phenomenon of antler regeneration in deer. This is in striking
contrast to the remarkable abilities of the Urodele amphi-
bians where limbs, tails, jaws, spinal cords, forebrain, lens,
retina and gills can all regenerate [1]. However, on a tissue
rather than a whole organ level mammals can, of course,
continually replace their epidermis, gut endoderm and blood
cells. With the discovery of neural stem cells [2], neurones may
also be included in this regenerative tissue category.

Perhaps, therefore, there may be a greater regenerative
ability present in mammals than has hitherto been realised.
An excellent example of this is the adult mammalian lung. It
was recently discovered that retinoic acid (RA) can induce the
regeneration of lung alveoli in the experimentally damaged
adult rat lung [3]. The experimental damage induced was the
instillation of elastase into the trachea, which destroys the
alveoli, resulting in a vastly reduced gas-exchanging surface
area (SA) and this was developed as a model for the human
disease of emphysema. This effect of RA was also seen in the
tight-skin mutant mouse, which has a genetic failure of
alveolar development, and in postnatal rats treated with
dexamethasone (Dex) [3].

It would have a dramatic impact on human health if RA
induced alveolar regeneration in human diseased lungs that
have decreased gas-exchanging SA, such as those displaying
emphysema. Emphysema and chronic bronchitis together com-
prise the clinical syndrome of chronic obstructive pulmonary
disease (COPD) that is predicted to become the third commonest
cause of death worldwide by 2020 [4]. Currently, there are no
effective treatments for COPD save supplemental oxygen and
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lung transplantation, and the outlook for affected patients
is bleak [5]. However, subsequent studies on RA-induced
alveolar regeneration have not confirmed these striking results.
Some have shown only a partial rescue of alveolar SA in
elastase-treated rats [6, 7], and others have reported no effect
of RA at all [§8, 9]. In the work reported here, a mouse model
for regeneration studies using Dex, which inhibits alveolo-
genesis, administered during the period of alveologenesis is
described. Subsequent RA treatment of these mice, when
adults, rescues the deleterious effects of Dex and induces histo-
logical regeneration of the lung structure, thus confirming the
data of MASSARO and MASSARO [3].

It is interesting to consider why RA may have such an effect
on an adult tissue, since it is primarily known for its import-
ant role as a signalling molecule in several developing systems
[10-12]. This concept implies that RA should be crucially
involved in alveologenesis in the first place and indeed, this
seems to be the case. Retinoids are readily detectable by high-
performance liquid chromatography (HPLC) in the postnatal
lung [13-15], the RA-synthesising enzymes, receptors and
cytoplasmic-binding proteins are present [14, 16-18], and
mice made mutant for the retinoic acid receptor y gene fail to
form alveoli correctly [19]. In the work described here, studies
on the role of RA during mouse alveologenesis are continued
by showing that disulphiram, a compound that inhibits RA
synthesis, inhibits alveologenesis.

Materials and methods
Animals

All experiments were conducted in accordance with local
ethics committee guidelines. The mice used were of the outbred
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TO strain obtained from Harlan (Southampton, UK). Both
males and females were used, but they were analysed separately
in case any differences could be detected in the results.
Postnatal day (P)0 was defined as the day of birth, thus a P2
pup was aged 48 h.

Dosing

Disulphiram (Sigma, Poole, UK) was dissolved in dime-
thylsulphoxide (DMSO; Sigma) and peanut oil (vehicle) at a
concentration of 2.5 mg-kg' and given as an intraperitoneal
injection of 10 puL daily for 10 days from P2-14 with a 2-day
break on P8 and P9. Controls received the vehicle only.
Disulphiram and control animals were killed at P23. Dex
(Sigma) was dissolved in phosphate-buffered saline (PBS) and
given as a 10-puL subcutaneous injection at three different
doses to three groups of animals. The doses were 0.05, 0.2 and
0.4 mg-kg!' and they were administered for 10 days from
P2-14 with a 2-day break on P8 and P9. Controls received
only PBS injections. Animals were killed at two time points,
P30 and P90. All-trans-RA (Sigma) was dissolved in DMSO
and peanut oil (Sigma) at a dose of 2 mg-kg' and was
administered as a 50-pL intraperitoneal injection for a period
of 10 days from P42-54 with a 2-day break on P48 and
P49. Controls received DMSO/peanut oil only. Controls and
RA-treated animals were killed at P90.

Histology

In all cases the lungs were carefully removed from the
thorax and intubated with a 22-gauge cannula. The lungs
were inflated to a standard pressure of 20 cmH,0 with 4%
paraformaldehyde, after which the trachea was ligated and
the tissues placed in 4% paraformaldehyde for 48 h. The
tissues were briefly placed in 30% alcohol and lung volumes
calculated by fluid displacement. The lungs were then pro-
cessed, embedded in paraffin wax, and 5-um sections were
stained with haematoxylin and eosin and examined by light
microscopy.

Morphometry

Sections were analysed on a light microscope linked to a
digital imaging system. Images were acquired at 10x objective
and processed using ImageProPlus analysis software (Data-
Cell Ltd, Finchampstead, UK). Large nonalveolar structures
(e.g. blood vessels) were removed from the image and the
mean chord length (Lm) calculated. Each section produced at
least five nonoverlapping fields and at least 10 sections were
analysed for each animal resulting in at least 50 nonoverlapp-
ing fields. This produced a 95% confidence interval of £5% of
the mean. Following WEIBEL [20], knowledge of the Lm and
lung volume allows gas-exchanging SA to be calculated. All
data are expressed as meantSEM.

High-performance liquid chromatography analysis

Retinoids were extracted from 200-500 mg of lung tissue
according to the method of THALLER and EICHELE [21] by
homogenising the tissue in 1 mL of stabilising solution
(5 mg-mL"" ascorbic acid, sodium ethylenediamine tetraacetic
acid in PBS, pH 7.3). The homogenate was extracted twice
with two volumes of 1:8 methyl acetate/ethyl acetate, with
butylated hydroxytoluene as an antioxidant, and then dried
down over nitrogen. The extract was resuspended in 100 pL

methanol, centrifuged at high speed to remove any particulate
matter and placed into an autosampler vial for analysis.

Reverse-phase HPLC was performed using a Beckman
System Gold Hardware (Beckman, High Wycombe, UK)
with a photodiode array detector and a 5 um C;g LiChrocart
column (Merck) with an equivalent precolumn. The mobile
phases used were those of ACHKAR et al. [22], which allows
a good separation of the RAs and retinols. The flow rate was
1.5 mL-min™" using a gradient of acetonitrile/ammonium acetate
(15 mM, pH 6.5) from 40-67% acetonitrile in 35 min followed
by 100% acetonitrile for an additional 25 min. Individual
retinoids could be identified according to their ultraviolet
absorption spectra.

Results

Disruption of endogenous retinoic acid synthesis results
in disruption of normal alveologenesis

There are two retinaldehyde dehydrogenase enzymes,
RALDHI1 and RALDH2, which have been shown to be
present in the postnatal mouse lung in specific temporal and
spatial patterns that are associated with different patterns of
alveolar cell proliferation [14]. To assess the role of RA
synthesis during normal alveologenesis, the aldheyde dehy-
drogenase inhibitor disulphiram was used. Although disulphiram
is not a specific inhibitor of the RALDHs, it has been
previously shown to block RA synthesis in the chick limb bud,
and that RA application rescues limb bud outgrowth [23].

A group of six mice pups was treated with disulphiram
during the period of maximum alveolar proliferation, from
P2-14. A group of seven pups was treated with PBS only
(controls). Disulphiram treatment resulted in the disruption
of normal alveolar formation. At P23, the disulphiram-
treated animals had fewer, larger alveoli and there was no
evidence of secondary septae formation (fig. 1). It was also
noticeable that the alveolar walls were thicker than normal
which, together with the lack of secondary septae are features
of an architecturally immature lung (fig. 1). When this effect
was quantified using morphometry (fig. 1c), it was clear that
disulphiram treatment during alveolar formation resulted in a
significant increase in Lm (p<0.01) at P23, suggesting RA is
required for normal alveologenesis. These results support
earlier studies that demonstrated that disruption of RA
signalling by mutating the RA receptor y [19] is associated
with abnormal alveolar formation.

Postnatal dexamethasone disrupts alveologenesis in the
mouse

Firstly, to determine an effective dose of Dex, groups of
mice (n=6-10) were treated with 0.05, 0.2 or 0.4 mg-kg™ Dex
dissolved in PBS or PBS alone (controls) daily for 10 days
throughout the period of alveolar formation (P2-14). The
animals were killed at P30, the lungs removed and fixed to
a standard pressure and sections taken for morphometric
analysis. Figure 2 shows the increasingly enlarged airspaces
with increasing doses of Dex. Calculations of the Lm demon-
strated that there is a dose-dependent increase in Lm at P30
with increasing doses of Dex (fig. 2e). There was no signifi-
cant difference from control at the lowest dose of Dex, a
moderate effect with the intermediate dose and a strong effect
at the highest dose.

Secondly, to determine the relationship between length of
Dex treatment and Lm, groups of mice (n=4-6) for either 3, 7
or 10 days were treated from P2 with a dose of 0.4 mg-kg’!
(the highest dose). The animals were sacrificed at P30, the
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Fig. 1.—Inhibition of endogenous retinoic acid synthesis disrupts normal alveolar formation. a) Representative photomicrograph of a normal
P23 mouse lung showing typical alveolar architecture. b) Disulphiram-treated P23 lung at the same magnification as a) showing fewer, larger
airspaces with thicker alveolar walls consistent with an immature appearance. Scale bars=50 pum. c¢) Calculation of the average distance between
alveolar walls (Lm) demonstrates that disulphiram treatment during alveologenesis (n=6) significantly increased (p<0.01) Lm compared with

controls (n=7) at P23.
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lungs removed, perfusion fixed and the Lm calculated. A
similar relationship to increasing dose exists. Figure 3 shows
the increasingly enlarged airspaces with increasing time of
Dex treatment. Figure 3e shows this in terms of Lm where
there is a clear relationship between the length of treatment
with Dex and the increase in Lm. There is no significant
difference between controls and 3 days of treatment, but
between controls and 5 and 10 days treatment the Lm is
significantly increased (p<0.001).

Using this high dose of Dex for the full treatment time of 10
days results in a significant effect on body size at P15 (fig. 4a).
However, when Dex treatment is stopped there is a catch-up
period of growth (fig. 4b) such that final body weights vary by
<20% at P90 (fig. Se). Lower doses of Dex disrupt alveolar
architecture but have no effect on final body weight at P90.
Despite the evidence of a catch-up period of somatic growth
following the stopping of Dex, it is important to emphasise
that the effect on alveolar architecture is long term and

Neonatal dexamethasone

between controls and 0.2 pg Dex, and controls
and 0.4 pg Dex. Scale bars=50 pm.

probably permanent. There are fewer, large airspaces and a
grossly simplified alveolar structure at P90. An example of a
control and a Dex-treated animal at P150 demonstrating the
longevity of the Dex treatment is shown in figure 4. This is in
general agreement with previous studies in the rat [24, 25]
confirming the presence of a "critical period" in the postnatal
development of alveoli in the mouse.

Does administered retinoic acid get to the lung?

To determine the pharmacokinetics of intraperitoneal
treatment with RA and to ensure that such a dose does
indeed reach the lung, retinoids were extracted from the blood
and lungs of adult animals at 5 min, 15 min, 30 min, 1 h, 2 h,
4 h, 12 h and 18 h following a single dose of RA (2.0 mg-kg
body weight!). The experiment was performed in duplicate.
There is a rapid uptake of RA into both the blood (data not
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Fig. 3.—Increasing the duration of dexa-
methasone (Dex) dosing decreases alveolar
number and increases mean chord length
(Lm). Scale bars=50 pum Histological appear-
ance of lungs at P30 in a) control mice, and
in mice treated with 0.4 mg-kg"' Dex for b)
3 days, c) 5 days and d) 10 days. e) Lm
measurements of the treatment groups. Dex
dosing for 5 and 10 days resulted in a
i i i . significantly increased Lm at P30. There is no
Control 3days 5days 10days  significant difference in Lm between controls
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Fig. 4.—Effects of dexamethasone (Dex) on somatic growth and long-term lung structure. a) 10 days of Dex (0.4 mg-kg') has an obvious
developmental delay in the experimental animal (left) compared with its sibling control (right) at P15. b) By P25 there has been a catch-up of
somatic growth such that the experimental animal (to the rear) is now only marginally smaller than its sibling control (to the front). c) Control
P150 lung. d) Dex-treated lung at P150. Scale bars=50 um.
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Fig. 5.—a) High performance liquid chromatography analysis of lung all-trans-retinol (O) and all-trans-retinoic acid (RA; Z) following a single
intraperitoneal dose of all-trans-RA. RA arrives in the lung within 5 min and there is a peak within 15 min. This falls to near undetectable levels
within 4 h. There is no significant change in retinol levels. The structure of the lung at P90 is shown in b) control lung, c) dexamethasone (Dex)-
treated lung, which results in fewer larger alveoli and d) RA-treated lung, which rescues the disrupted phenotype and restores the alveolar
structure and number. Scale bars=50 um. e) Body weights of the animals at P90. Dex dosing (Dex/oil) results in a significant reduction in body
mass and RA treatment (Dex/RA) has no significant effect on body weight. f) Lung volumes at P90. There is no significant difference in lung
volume between the three groups. g) Mean chord length (Lm) at P90. Dex treatment results in a significantly increased Lm compared with
controls (phosphate-buffered saline (PBS)/oil). RA treatment results in a significant reduction in Lm (p<0.01) compared with Dex towards that of
the control animals. h) Surface area (SA) of lung per 100 g body weight at P90. Dex dosing results in significantly reduced SA per 100 g
compared with controls. RA restores the SA per 100 g such that there is no significant difference between the RA group and the control group.
#%: p<0.01 versus control; ***: p<0.001 versus control; *: p<0.01 versus Dex.
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shown) and lung within 5 min (fig. 5a) and a peak within
15 min. RA levels rise to a maximum of 4,178 pg-mg tissue™'
at 15 min, fall by more than half to 1,604 pg-mg” at 30 min
and are almost undetectable at 4 h (fig. 5a). Furthermore, in
all cases it was still all-frans-RA that was present in the lung,
it had not been metabolised to another isoform. This suggests
a rapid transfer and metabolism of administered RA in the
lung. This concept is supported by earlier studies demonstrat-
ing a rapid induction of genes known to contain a retinoic
acid response element (RARE), such as retinoic acid receptor
(RAR)B, and cellular retinol-binding protein (CRBP)I messen-
ger ribonucleic acid (mRNA) following systemic RA dosing
[26, 27].

Exogenous retinoic acid rescues the dexamethasone-
treated adult lung

Knowing that Dex treatment is permanent and that intra-
peritoneal RA will rapidly travel to the lung, the effect of RA
on alveolar structure could now be examined. Groups (n=7-8)
of adult mice that had been treated with Dex from P2-14 were
dosed with either RA in oil or oil only from P30-42. The
animals were killed at P90 and their lungs removed for
morphometric analysis. Calculating the Lm by intersection
counting and the lung volume by displacement measurement,
can derive the SA [20]. SA was normalised to body weight to
eliminate the effect of body weight on alveolar number and to
permit valid comparisons between individual animals and
between control and Dex-treated groups. Dex dosing from
P2-24 resulted in a significant (p<0.01) decrease in body
weight at P90 (fig. 5e). RA had no significant effect on body
weight (fig. Se). Dex treatment appeared to increase lung
volumes but this was not statistically significant (fig. 5f). Dex
dosing resulted in a significantly increased (p<0.01) Lm at P90
(fig. 5g) reflecting fewer, larger airspaces as shown in figure 5c
versus figure 5Sb. The Lm in the Dex/RA group was signifi-
cantly lower (p<0.01) than the Dex-only group (fig. 5g)
suggesting that RA restored Lm toward control values. Dex
treatment results in a significantly reduced (p<0.01) SA per
100 g (fig. Sh), and RA restored the SA per 100 g such that
there was no significant difference between the control group
and the Dex/RA group. Therefore, RA restored the SA/body
weight of these Dex-treated animals.

The data in figures 5e-h are from pooled groups of male
and female mice. The morphometric data from this experi-
ment are presented in table 1 with separate male and female
data. It can be seen here that differences between males and
females can readily be detected within groups in terms of
body weight, Lm and gas-exchanging SA per 100 g body
weight. However, when the data are analysed separately in
this way the result is the same for both males and females,

i.,e. RA restores the Dex-treated gas-exchanging surface to
normal.

Light microscopy confirmed that Dex treatment during
alveologenesis dramatically disrupted alveolar architecture
(fig. 5c) compared with that of a control lung (fig. 5b) at P90.
In Dex-treated animals (fig. 5c), there are fewer, larger alveoli
and a less complex alveolar structure consistent with the
morphometry data demonstrating a reduced SA. RA treat-
ment from P30-42 resulted in smaller, more numerous alveoli
and a more complex alveolar structure at P90 (fig. 5d) that
was identical to the control lungs (fig. 5b). Again, this is in
agreement with morphometric analyses demonstrating a reduc-
tion in Lm and restoration of SA.

Discussion

A mouse model of induced alveolar regeneration has been
characterised and the previous work of MASSARO and
MASSARO [3, 28] showing that RA can induce regeneration
of the adult mammalian lung has been confirmed. However,
the present observations were only concerned with histologi-
cal aspects of the regenerated lung, since testing lung function
in mice is very difficult. It is important to note that in the rat,
where lung function can be measured, no effect was seen with
RA [29]. Nevertheless, this ability of RA to regrow the mouse
lung suggests that mammals may have more intrinsic regenera-
tive ability than was recognised previously. This phenomenon
in the mouse was specifically chosen for characterisation
because of the availability of transgenic technology, and in
future experiments the authors intend to determine the source
of cells that generates the regenerated tissue.

Several lines of evidence suggest that lipofibroblasts may be
a potential target of exogenous RA in the regenerating lung.
It has been demonstrated that lipofibroblasts are present in
the lung during alveologenesis [30-34] and that they undergo
significant numerical changes during this period [29, 35, 36].
These cells are the retinoid storage cells of the lung [37] similar
to the Ito cell or stellate cell in the liver. Furthermore, lipo-
fibroblasts are a major source of tropoelastin synthesis [34]
and they can synthesise tropoelastin in response to RA [15].
Interestingly, ultrastructural analysis has demonstrated that
lipofibroblasts are often in close contact with type-II pneumo-
cytes [38], which can be considered as a lung progenitor cell
population and a potential source of type-I cells. Type-II cells
are known to also possess the RA signal transduction
components [39] so it is possible that the type-II cell may
also be involved in the coordinated eruption of a developing
alveolar septa. Another interesting possibility is that a cir-
culating "stem cell" population may exist, on which RA may
act to seed the damaged lung. Recent evidence suggests that
following damage, lung epithelium can be repopulated by a
bone marrow-derived multipotent stem cell [40, 41]. These

Table 1.—Data on sex, weight, lung volume (LV) and mean chord length (Lm) for the effect of dexamethasone (Dex) followed by

retinoic acid (RA)

Group Sex n Weight g LV cm? LV/weight cm®g! Lm pm SA cm?® Normalised SA to
weight cm?-100 g’!
PBS/oil M 6 40.9%1.2 0.938+0.01 0.022 74.85+1.39 501.3 122.57
F 2 29.7+12.8 0.833£10.06 0.028 68.061+3.27 489.5 164.81
Dex only M3 29.911.82 0.958+0.01 0.032 127.77£5.97 299.9 100.34
F 4 26.911.60 0.8971£0.01 0.033 104/43+5.24 343.6 127.73
Dex/RA M 6 31.98%0.55 0.987£0.02 0.031 88.891+4.46 444.1 138.87
F 4 25.6210.62 0.911£0.03 0.035 84.11316.94 433.2 169.13

SA: surface area; PBS: phosphate-buffered saline.
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two scenarios as a source of the regenerated cells can now be
tested with the appropriate transgenic mouse strains.

The hypothesis that an organ regenerates using the same
gene pathways that it used during development is a common
one in regenerative biology. In the case of the lung, the
present authors and others have provided much data to
demonstrate that RA is required for alveolar development.
Alveoli develop postnatally in rats, mice and humans and here
it is shown that when disulphiram is administered to newborn
mice, alveologenesis is inhibited. Although it is clear that
disulphiram is not a specific inhibitor of RA synthesis, since
it also inhibits other enzymes, this evidence along with the
previous demonstration of the presence of the RA-synthesis-
ing enzymes RALDH1 and RALDH?2, the retinoid-binding
proteins CRBP I, CRBP II and cellular retinoic acid-binding
protein I, the retinoic acid-receptor isoforms RARal, RARa2,
RARP4 and RARY2, and the presence of retinol and RA
themselves [13, 14, 16-18], provides strong support for the
notion that RA is indeed required for alveologenesis. Other
supporting evidence includes the fact that citral, another
aldehyde dehydrogenase inhibitor disrupts tropoelastin mRNA
and elastin levels [15] and the RARy null mutant mouse fails
to form alveoli correctly [19].

In order to examine the regeneration of alveoli, a robust
and repeatable model of either alveolar destruction or dis-
rupted development was required with which to assay the
effect of RA. Dex treatment was shown to inhibit alveolar
development and these animals had fewer, larger alveoli and a
reduced gas-exchanging SA. The effect on alveolar architec-
ture remained obvious for at least 150 days. Recent work by
TSCHANZ et al. [42] has suggested that rat lungs can recover
from glucocorticoid adminstration by day 60, but in this case
the treatment time was shorter than that used here. Indeed, in
the present work, the effect of Dex could be titrated by
varying either the dose or duration of dosing. It is possible
that Dex has its effect by affecting RA itself or a component
of the RA signalling pathway. Previous studies in neonatal
rats treated with Dex have demonstrated that there is a
reduction in RAR [43] and CRBP I [44]. Since both of these
genes contain a RARE, this result may reflect the affect of
Dex on RA levels. Furthermore, there is an imperfect gluco-
corticoid response element within 1 kb of the start site of
the human Aldh-1 gene suggesting that Dex could directly
regulate Aldh-1 transcription. Alternatively, there are many
other potential sites for interaction between Dex and RA,
since both retinoids and glucocorticoids act via nuclear
receptors of the same superfamily.

Finally, it was shown that when RA was delivered
intraperitoneally it reached the lung within 5 min, still as
all-trans-RA, followed by a rapid decline and after 4 h the
levels in both blood and lung had returned to normal adult
levels. In retinol-deprived rats, both RARP [27] and CRBP I
[26] mRNA were rapidly induced, in 4h and in 1h,
respectively, in lung tissue following systemic RA.

These data demonstrate that exogenous retinoic acid is
rapidly delivered, it is not metabolised to other compounds
and that retinoic acid-responsive genes are activated in the
lung following systemic dosing. The important question
that must now be answered in an effort to understand the
molecular basis of this regenerative phenomenon is what are
the other genes that retinoic acid activates in the lung? These
retinoic acid pathway genes, retinoic acid receptor-f and
cellular retinol-binding protein I, are presumably immediate
retinoic acid targets. Genes, such as tropoelastin, whose pro-
tein elastin is the major structural component of the alveolus
and that is known to be regulated by retinoic acid [45], are
likely to be final downstream targets. It is what lies in between
these two that is the interesting question, which hopefully will
be answered in the near future.
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