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The fatty aldehyde dehydrogenase (FALDH) ALDH3A2 is the
causative gene of Sjögren Larsson syndrome (SLS). To date, the
molecular mechanism underlying the symptoms characterizing
SLS has been poorly understood. Using Aldh3a2�/� mice, we
found here that Aldh3a2 was the major FALDH active in undif-
ferentiated keratinocytes. Long-chain base metabolism was
greatly impaired in Aldh3a2�/� keratinocytes. Phenotypically,
the intercellular spaces were widened in the basal layer of the
Aldh3a2�/� epidermis due to hyperproliferation of keratino-
cytes. Furthermore, oxidative stress-induced genes were up-
regulated in Aldh3a2�/� keratinocytes. Upon keratinocyte dif-
ferentiation, the activity of another FALDH, Aldh3b2, surpassed
that of Aldh3a2. As a result, Aldh3a2�/� mice were indistin-
guishable from wild-type mice in terms of their whole epidermis
FALDH activity, and their skin barrier function was uncompro-
mised under normal conditions. However, perturbation of the
stratum corneum caused increased transepidermal water loss
and delayed barrier recovery in Aldh3a2�/� mice. In conclu-
sion, Aldh3a2�/� mice replicated some aspects of SLS symp-
toms, especially at the basal layer of the epidermis. Our results
suggest that hyperproliferation of keratinocytes via oxidative
stress responses may partly contribute to the ichthyosis symp-
toms of SLS.

Sjögren-Larsson syndrome (SLS)2 is a hereditary neurocuta-
neous disorder caused by mutations in the fatty aldehyde dehy-
drogenase (FALDH) gene, ALDH3A2. The major symptoms of

SLS are mental retardation, spastic di- or tetraplegia, and ich-
thyosis, with crystalline macular dystrophy sometimes comor-
bid (1). ALDH3A2 catalyzes the conversion of fatty aldehydes
with medium-chain (MC) to very-long-chain fatty acids (FA)
(MC, C5–C10; long-chain (LC), C11–C20; and very-long-
chain, �C21), with the most preferred substrates being C16
and C18 aldehydes (2, 3). To date, more than 70 mutations have
been found in the ALDH3A2 gene of SLS patients, and most of
them cause �90% reduction in enzyme activity (4). Because
aldehyde molecules are reactive and toxic in general, it is con-
sidered that accumulated fatty aldehydes cause the SLS pathol-
ogy by reacting with certain important proteins in the nervous
system and epidermis and compromising their functions. Fur-
thermore, the literature lacks a detailed description of the char-
acteristics of Aldh3a2 knock-out mice.

The skin symptom ichthyosis is characterized by dry, thick-
ened, and scaly skin, often likened to fish scales, and is caused by
a skin permeability barrier defect related to multilayered lipids
(lipid lamellae) in the epidermis. The epidermis is composed of
four cell layers, the stratum basale, stratum spinosum, stratum
granulosum, and the stratum corneum, the last of which is the
site of these lipid lamellae, and accordingly has the most impor-
tant role in skin barrier formation (5, 6). Keratinocytes prolif-
erate in the stratum basale and migrate outward, differentiating
into cell layer-specific cell types. The major lipid components of
lipid lamellae are ceramides, cholesterol, and FAs, with cer-
amides being the most abundant (5, 6). A variety of ceramide
species exist in the epidermis. Among them, acylceramides are
a class of epidermis-specific ceramides that play an essential
role in skin barrier formation (7, 8). Ceramides are normally
composed of a long-chain base (LCB) and a FA (9). However,
acylceramides contain an additional hydrophobic chain (lino-
leic acid), which is esterified with the hydroxylated �-carbon of
the FA. In the epidermis of SLS patients, some ceramide spe-
cies, including the acylceramide EOS (a combination of an
esterified �-hydroxy FA and the LCB sphingosine), are greatly
reduced (10).

Several metabolic pathways generate the substrates of
ALDH3A2, fatty aldehydes. These include metabolic pathways
of leukotriene B4, diet-derived phytol, plasmalogens, and fatty
alcohols (11–15). Furthermore, we recently revealed that
metabolism of LCBs also generates fatty aldehydes, i.e. hexade-
canal (C16:0 aldehyde) from dihydrosphingosine (DHS) and
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trans-2-hexadecenal (C16:1 aldehyde) from sphingosine (16 –
18). However, it is still unclear which fatty aldehyde or which
metabolic pathway mainly contributes to the pathogenesis of
SLS.

ALDH3A2 belongs to the aldehyde dehydrogenase (ALDH)
family, which is well represented in mammals (19 genes in
human and 21 in mouse) (19, 20). The mammalian ALDH fam-
ily is divided into 11 subfamilies (ALDH1–9, -16, and -18).
Mouse Aldh3 in particular includes five subfamily members
(20), Aldh3a2, Aldh3b1, Aldh3b2, and Aldh3b3, which exhibit
high activities toward LC aldehydes, and Aldh3a1, which shows
only weak activity toward them but high activity toward MC
aldehydes (2). Human ALDH3, on the other hand, contains
four ALDH3 subfamily members (ALDH3A1, ALDH3A2,
ALDH3B1, and ALDH3B2, with no Aldh3b3 homolog). As
their mouse homologs do, ALDH3A1, ALDH3A2, and
ALDH3B1 exhibit high activity toward MC or LC fatty alde-
hydes (21–23). However, human ALDH3B2 lacks 94 N-termi-
nal amino acids present in the corresponding mouse Aldh3b2
and has no enzyme activity, suggesting that human ALDH3B2 is
a pseudogene (19).

In the present study, to gain insight into the molecular mech-
anism behind SLS pathology, especially as it relates to ichthyo-
sis symptoms, we analyzed Aldh3a2 KO mice. We revealed the
contribution of Aldh3a2 to total FALDH activities as well as
mRNA expression profiles of Aldh3 subfamily members in var-
ious tissues. Although Aldh3a2 is the major FALDH in undif-
ferentiated keratinocytes, Aldh3b2 mRNA levels began to sur-
pass Aldh3a2 mRNA levels upon differentiation. Accordingly,
gene disruption of Aldh3a2 had little effect on skin barrier for-
mation and ceramide composition. However, Aldh3a2 KO
mice did exhibit broadened intercellular spaces in the stratum
basale and delayed skin barrier recovery. Furthermore, prolif-
eration and oxidative stress responses were enhanced in
Aldh3a2 keratinocytes. Thus, our findings give a clue to under-
standing the molecular mechanism behind the early-stage
pathogenesis of the SLS symptom ichthyosis.

Experimental Procedures

Generation of Aldh3a2�/� Mice—Aldh3a2 gene trap mice
(C57BL/6N background), in which exon 4 of the Aldh3a2 gene
is flanked by two loxP sequences, were obtained from the Euro-
pean Mouse Mutant Archive. Aldh3a2 heterozygous KO mice
(Aldh3a2�/�) were generated by crossing Aldh3a2 gene trap
mice with CAG-Cre transgenic mice (24) obtained from the
Riken BioResource Center (BRC) through the National Bio-
Resource Project of the Ministry of Education, Culture, Sports,
Science and Technology (MEXT). The Aldh3a2�/� mice were
maintained by repeated back-crossing with C57BL/6J mice.
Aldh3a2 homozygous KO mice (Aldh3a2�/�) were generated
by intercrossing Aldh3a2�/� mice born from the second or
higher generations of back-crossing. Genotyping was con-
ducted by PCR using genomic DNAs and primers (p1 and p2 for
detection of wild-type alleles; p3 and p2 for detection of KO
alleles (Table 1)). Mice were kept at 23 � 1 °C in a 12-h light/
dark cycle with a standard chow diet (PicoLab Rodent Diet 20,
LabDiet, St. Louis, MO; or CRF-1, Oriental Yeast Co., Ltd.,
Tokyo, Japan) and with water available ad libitum. The food

intake of mice was measured, from the ages of 16 to 23 weeks,
every 24 h for 7 days. Statistical analysis was performed by one-
way analysis of variance using StatView (SAS Institute, Cary,
NC). The animal experiments performed in this study were
approved by the institutional animal care and use committees
of Hokkaido University and Fujita Health University.

Cell Culture—Mouse primary keratinocytes were isolated as
described elsewhere (25). Briefly, skins prepared from P0 pups
were treated with 3 ml of 5 mg/ml dispase (Thermo Fisher
Scientific, Waltham, MA) for 24 h at 4 °C. Epidermis was then
separated from dermis and washed with CnT-Prime epithelial
culture medium (CELLnTEC Advanced Cell Systems AG, Bern,
Switzerland). Keratinocytes were isolated by incubation with
500 �l of 1� TrypLETM Select (Thermo Fisher Scientific) for 15
min at room temperature followed by rubbing the basal side of
the epidermis. Keratinocytes were then washed with CnT-
Prime epithelial culture medium, collected by centrifugation,
suspended in the medium, and seeded at a cell density of 5 �
104 cells/cm2. Differentiation was induced by replacing the
medium with CnT-Prime 3D barrier culture medium (CELLn-
TEC) at subconfluency. The medium was freshly replaced every
3 days.

RT-PCR—Total RNAs were isolated from the various tissues
and keratinocytes of mice using the NucleoSpin RNA II kit
(Machery-Nagel, Dueren, Germany), according to the man-
ufacturer’s instructions. RT-PCR was performed using the
One-Step PrimeScript RT-PCR Kit II (Takara Bio, Shiga,
Japan) and the following primers: for Aldh3a2, Aldh3a2-F
and Aldh3a2-R; for Gapdh, Gapdh/GAPDH-F and Gapdh/
GAPDH-R) (Table 1).

Real-time quantitative PCR was performed using the One-
Step SYBR PrimeScript RT-PCR Kit II (Takara Bio) on a CFX96
Touch real-time PCR detection system (Bio-Rad) according to
the manufacturer’s manual. Forward (F) and reverse (R) prim-
ers for the respective genes were used (Table 1). The gene
amplification efficiencies of the primers used were all �90%.
The mRNA levels were normalized with those of Gapdh. The
reaction was conducted by incubating the samples at 42 °C for 5
min and at 95 °C for 10 s followed by 40 cycles of 95 °C for 5 s,
63 °C for 30 s, and 72 °C for 30 s.

Skin Permeability Assays—Transepidermal water loss
(TEWL) was measured as described previously (26) using an
AS-VT100RS evaporimeter (Asahi Biomed, Yokohama, Japan).
Dye exclusion assays were performed using toluidine blue
essentially as described elsewhere (26, 27). Newborn pups at P0
were incubated with methanol for 5 min and washed in PBS,
after which they were incubated with 0.1% toluidine blue for
24 h. Before and after staining, pups were washed with PBS and
photographed by a digital camera.

For acetone treatment, back of the mice at P0 was wiped with
absorbent cotton swabs containing acetone or saline. The fluid
was removed with absorbent cotton swabs and the skin dried
for 1 min. TEWL was measured at 0, 1, and 3 h after drying.

In Vitro FALDH Assay—Total cell lysates were prepared
from various tissues of mice by homogenizing the tissues using
a homogenizer in buffer A (50 mM HEPES/NaOH (pH 7.4), 150
mM NaCl, 10% glycerol, 1� protease inhibitor mixture (Com-
plete, EDTA-free, Roche Diagnostics), 1 mM PMSF, and 1 mM
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DTT) followed by removal of cell debris by centrifugation
(200 � g for 3 min at 4 °C). In vitro FALDH assays were con-
ducted by incubating total cell lysates (1–30 �g) with 500 �M

NAD� and 100 �M hexadecanal (C16:0) (28), trans-2-hexade-
cenal (C16:1; Avanti Polar Lipids, Alabaster, AL), or octanal
(C8:0; Wako Pure Chemical Industries) in reaction buffer (50
mM Tris/HCl (pH 8.5), 150 mM NaCl, 10% glycerol, and 0.1%
Triton X-100) at 37 °C for 15–30 min. The reaction was moni-
tored by measuring the fluorescence of the reaction product
NADH (excitation wavelength, 356 nm; emission wavelength,
460 nm) using an Infinite M200 monochromator (Tecan, Män-
nedorf, Switzerland).

H&E Staining—After P0 pups were subjected to perfusion
fixation with 3.7% formaldehyde in saline, and skins were iso-
lated and fixed with 3.7% formaldehyde in PBS at 4 °C for �48
h. Fixed skins were then subjected to dehydration, paraffin
embedding, preparation of sections, deparaffinization, and
staining with hematoxylin and then eosin using an automatic
staining system (Tissue-Tek DRS 2000, Sakura, Torrance, CA)
as described previously (26). Bright field images were captured
using a Leika DM5000B microscope equipped with a DFC295
digital color camera (Leica Microsystems, Wetzlar, Germany).

Electron Microscopy—Skins isolated from P0 pups were fixed
with 5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH
7.4) for �72 h at 4 °C and postfixed with 1% OsO4 in 0.05 M

sodium cacodylate buffer (pH 7.4) for 1 h and in 0.5% RuO4
(Electron Microscopy Sciences, Hatfield, PA) for 30 min fol-
lowed by overnight immersion in 0.1 M sodium cacodylate
buffer (pH 7.4). The fixed skins were then dehydrated in graded
ethanol and propylene oxide and subsequently embedded in
Epon 812 resin (TAAB Laboratories, Berkshire, United King-
dom) followed by incubation for �4 days at 70 °C. Ultra-thin

sections (70 nm) were prepared using a Leica EM UC7 Ultra-
microtome (Leica Microsystems). The skin sections obtained
were then stained with uranyl acetate and lead citrate followed
by observation and photography of images using a CCD camera
affixed to a JEM-1400 transmission electron microscope (Jeol,
Tokyo, Japan).

Lipid Labeling Assay—[3H]DHS labeling assays were per-
formed as described previously (16). For deuterium (d7)-sphin-
gosine labeling assays, primary keratinocytes were treated with
1 �M d7-sphingosine (Avanti Polar Lipids) at 37 °C for 4 h. After
washing with PBS, cells were suspended in PBS, collected by
scraping, and cell numbers were counted using a hemocytom-
eter. Samples consisting of equal cell numbers were then sub-
jected to lipid extractions and LC/MS/MS analysis.

LC/MS/MS Analysis—To measure epidermal ceramide/
acylceramide levels, skins isolated from P0 pups were treated
with 5 mg/ml dispase (Thermo Fisher Scientific) in PBS at 4 °C
for 24 h, and epidermis and dermis were separated by manipu-
lation under a stereomicroscope. The resulting epidermis
(20 –30 mg) was suspended in 600 �l of buffer A and homoge-
nized using a homogenizer. After the addition of 1 ml of buffer
A and 6 ml of CHCl3/MeOH (1:2, v/v), samples were mixed
vigorously for 3 min, incubated at 50 °C for 10 min, sonicated
for 1 min using a bath sonicator, mixed vigorously again for 3
min, and treated with 2 ml of CHCl3 and 2 ml of 1% KCl. After
centrifugation (2600 � g at room temperature for 3 min), the
organic phase was recovered. The aqueous phase was treated
with 4 ml of CHCl3, mixed, and centrifuged. The resulting
organic phase was pooled with the previous one, dried, and
stored at �30 °C. Lipids were dissolved in 50 �l of CHCl3/
MeOH (1:2, v/v) for LC/MS/MS analysis.

Fatty aldehydes were derivatized for detection as described
previously (29) with minor modifications. Lipids prepared from
epidermis and liver were dissolved in methanol. In amounts
corresponding to 8 mg of epidermis or 4 mg of liver, lipids in 46
�l of methanol were treated with 2 �l of 1.69 mM 2-diphenyla-
cetyl-1,3-indandione-1-hydrazone (Sigma) in acetonitrile and 2
�l of 250 mM N-(3-dimethylaminopropyl)-N�-ethylcarbodiim-
ide hydrochloride (Sigma) in ethanolic 3% pyridine, incubated
at 60 °C for 30 min, and subjected to LC/MS/MS analysis.

To measure the levels of ceramide, phosphatidylcholine
(PC), phosphatidylethanolamine (PE), plasmanyl/plasmenyl-
choline (PlsC), and plasmanyl/plasmenylethanolamine (PlsE)
species in keratinocytes, the cells were suspended in 200 �l of
PBS, and lipids were extracted by the successive addition and
mixing of 750 �l of CHCl3/MeOH/HCl (100:200:1, v/v), 250 �l
of CHCl3, and 250 �l of 1% KCl. After centrifugation (2600 � g
at room temperature for 3 min), the organic phase was col-
lected, dried, and suspended in 150 �l of CHCl3/MeOH (1:2,
v/v).

LC/MS/MS analyses were performed as described previously
(8). Lipids were resolved by ultra-performance LC on a reverse-
phase column (ACQUITY UPLC BEH C18 column, length 150
mm; Waters, Milford, MA) coupled with electrospray ioniza-
tion tandem triple quadrupole MS (Xevo TQ-S, Waters) and
detected by multiple reaction monitoring by selecting the spe-
cific m/z at quadrupole mass filters Q1 and Q3 (Tables 2– 4).
Data were analyzed and quantified using MassLynx software.

TABLE 1
Primers used in this study

Primera Sequence

p1 5�-TGGAAGCTGCTGCCAAGCATCTGAC-3�
p2 5�-GTGAACACAATGCCCTTCCAACTGAG-3�
p3 5�-CACTGCATTCTAGTTGTGGTTTGTC-3�
Aldh3a1-F 5�-CGGTGATGCCCATTGTGTGTGTTCG-3�
Aldh3a1-R 5�-TTCTTCATTCCGCAGAGACCTCACC-3�
Aldh3a2-F 5�-TTCTCGTAACAATAAGCTCATCAAACG-3�
Aldh3a2-R 5�-CAGCATCCCCAGCCTTCCTTTGTTG-3�
Aldh3b1-F 5�-GCTGTATGCCTTCTCCAAGAGAAGC-3�
Aldh3b1-R 5�-GCAGCTGCAGCACCTCTCCTCCATGG-3�
Aldh3b2-F 5�-TGAGTTCATCAACCGGCGGGAGAAGC-3�
Aldh3b2-R 5�-GTTGTTGGTTCCAGGGACCATAAGG-3�
Aldh3b3-F 5�-CTTTATGCCTATTCCAACAACGCAG-3�
Aldh3b3-R 5�-GGGTGCAGCTCTCAGAGCCGATAGC-3�
Ki67-F 5�-CCTCAGCTCCTGCCTGTTTGGAAGG-3�
Ki67-R 5�-GTTCCTTTCCAAGGGACTTTCCTGG-3�
Hmox1-F 5�-ATGACACCTGAGGTCAAGCACAGGG-3�
Hmox1-R 5�-TTACATGGCATAAATTCCCACTGCC-3�
Sod1-F 5�-TTAACTGAAGGCCAGCATGGGTTCC-3�
Sod1-R 5�-TCTTTGTACTTTCTTCATTTCCACC-3�
Gclc-F 5�-GAGAACATGAAAGTGGCCCAGAAGC-3�
Gclc-R 5�-GTCCACATCAACTTCCATGTTCTCC-3�
Gclm-F 5�-AGTTGGAGCAGCTGTATCAGTGGGC-3�
Gclm-R 5�-ACGATGACCGAGTACCTCAGCAGCC-3�
ALDH3A1-F 5�-CCTGGCCCTCTACATGTTCTCCAGC-3�
ALDH3A1-R 5�-TGCTGGGTCATCTTGGCCGGGCTCG-3�
ALDH3A2-F 5�-AATGACGTCATTATGCACTTCACGC-3�
ALDH3A2-R 5�-AAGCACAGCGGCTACAATACCCAGG-3�
ALDH3B1-F 5�-GGTCAAGCGGGTGCTGACCCAGACC-3�
ALDH3B1-R 5�-TGTGCAGCTGCAGCCTTGGGCCTCC-3�
Gapdh/GAPDH-F 5�-GAACGGGAAGCTCACTGGCATGGCC-3�
Gapdh/GAPDH-R 5�-TGTCATACCAGGAAATGAGCTTGAC-3�

a F, forward; R, reverse.
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[3H]Thymidine Uptake Assay—Primary keratinocytes were
labeled with 0.2 mCi of [3H]thymidine (2.0 Ci/mmol; Perkin-
Elmer Life Sciences) at 37 °C for 24 h. After the medium was
collected, cells were washed with PBS and harvested with 1�
SDS sample buffer (62.5 mM Tris-HCl (pH 6.8) and 2% SDS,
10% glycerol). Radioactivities associated with cells and medium
were measured using a MicroBeta TriLux scintillation counter
(PerkinElmer Life Sciences).

Immunoblotting—Immunoblotting was performed as de-
scribed previously (2, 30) using anti-Aldh3a2 antiserum
(1/5,000 dilution) or anti-calnexin antibody (H-70, 0.8 �g/ml;
Santa Cruz Biotechnology, Santa Cruz, CA) as a primary anti-
body, and HRP-conjugated anti-rabbit or anti-mouse IgG(ab�)2
fragments (each at 1:7,500 dilution; GE Healthcare Life Sci-
ences) were used as a secondary antibody. Anti-Aldh3a2 anti-
serum was raised against mouse Aldh3a2 recombinant protein
containing amino acid residues 1– 449.

Results

Contribution of Aldh3a2 to Total FALDH Activity Differs
among Tissues—To generate Aldh3a2 KO mice, Aldh3a2 gene
trap mice (Aldh3a2gt/�) in which �-geo (the fusion of �-galac-
tosidase and the neomycin phosphotransferase gene) was
inserted upstream of Aldh3a2 exon 4, which was flanked by two
loxP sequences (Fig. 1A), were crossed with CAG-Cre mice,

which produce Cre recombinase in the whole body. The result-
ing Aldh3a2 heterozygous KO mice (Aldh3a2�/�) were used to
generate Aldh3a2 homozygous KO mice (Aldh3a2�/�) by
intercrossing. The genotypes of obtained mice were identified

TABLE 2
Selected m/z values for ceramide species in LC/MS/MS analysis

FA
Precursor ions (Q1) Product

ion (Q3)[M-H2O�H]� [M�H]�

C16:1 518.2 536.2 264.2
C16:0 520.2 538.2 264.2
C18:1 546.2 564.2 264.2
C18:0 548.2 566.2 264.2
C20:1 574.2 592.2 264.2
C20:0 576.2 594.2 264.2
C22:1 602.2 620.2 264.2
C22:0 604.2 622.2 264.2
C24:1 630.2 648.2 264.2
C24:0 632.2 650.2 264.2
C26:1 658.2 676.2 264.2
C26:0 660.2 678.2 264.2
C30:0a 716.2 734.2 264.2
d7-C16:1 525.2 543.2 271.2
d7-C16:0 527.2 545.2 271.2
d7-C18:1 553.2 571.2 271.2
d7-C18:0 555.2 573.2 271.2
d7-C20:1 581.2 599.2 271.2
d7-C20:0 583.2 601.2 271.2
d7-C22:1 609.2 627.2 271.2
d7-C22:0 611.2 629.2 271.2
d7-C24:1 637.2 655.2 271.2
d7-C24:0 639.2 657.2 271.2
d7-C26:1 665.2 683.2 271.2
d7-C26:0 667.2 685.2 271.2
C26:1 EOS 936.9 954.9 264.2
C26:0 EOS 938.9 956.9 264.2
C28:1 EOS 964.9 982.9 264.2
C28:0 EOS 966.9 984.9 264.2
C30:1 EOS 992.9 1010.9 264.2
C30:0 EOSb 994.9 1012.9 264.2
C32:1 EOS 1020.9 1038.9 264.2
C32:0 EOS 1022.9 1040.9 264.2
C34:1 EOS 1048.9 1066.9 264.2
C34:0 EOS 1050.9 1068.9 264.2
C36:1 EOS 1076.9 1094.9 264.2
C36:0 EOS 1078.9 1096.9 264.2
C38:1 EOS 1104.9 1122.9 264.2
C38:0 EOS 1106.9 1124.9 264.2

a Ceramide (C30:0, Matreya, State College, PA) was used as an external standard.
b EOS (C30:0, Matreya) was used as an external standard.

TABLE 3
Selected m/z values for PC, PE, and fatty aldehyde species in LC/
MS/MS analysis

Lipid species
Precursor
ion (Q1)a Product ion (Q3)

C16:1/C16:1 PC 774.4 253.0
C16:0/C16:1 PC 776.4 255.0
C16:0/C16:0 PC 778.4 255.0
C16:1/C18:1 PC 802.4 253.0
C16:1/C18:0 PC 804.4 253.0
C16:0/C18:1 PCb 804.4 255.0
C16:0/C18:0 PC 806.4 255.0
C18:1/C18:1 PC 830.4 281.0
C18:1/C18:0 PC 832.4 283.0
C18:0/C18:0 PC 834.4 283.0
d7-C16:0/C16:1 PC 783.4 262.0
d7-C16:0/C16:0 PC 785.4 262.0
d7-C16:0/C18:2 PC 809.4 262.0
d7-C16:0/C18:1 PC 811.4 262.0
d7-C16:0/C18:0 PC 813.4 262.0
d7-C16:0/C20:5 PC 831.4 262.0
d7-C16:0/C20:4 PC 833.4 262.0
d7-C16:0/C22:6 PC 857.4 262.0
C16:1/C16:1 PE 686.5 253.0
C16:0/C16:1 PE 688.5 255.0
C16:0/C16:0 PE 690.5 255.0
C16:1/C18:1 PE 714.5 253.0
C16:1/C18:0 PE 716.5 253.0
C16:0/C18:1 PE 716.5 255.0
C16:0/C18:0 PE 718.5 255.0
C18:1/C18:1 PEc 742.5 281.0
C18:1/C18:0 PE 744.5 283.0
C18:0/C18:0 PE 746.5 283.0
d7-C16:0/C16:1 PE 695.5 262.0
d7-C16:0/C16:0 PE 697.5 262.0
d7-C16:0/C18:2 PE 721.5 262.0
d7-C16:0/C18:1 PE 723.5 262.0
d7-C16:0/C18:0 PE 725.5 262.0
d7-C16:0/C20:5 PE 743.5 262.0
d7-C16:0/C20:4 PE 745.5 262.0
d7-C16:0/C22:6 PE 769.5 262.0
Trans-2-hexadecenald,e 573.3 249.0
Hexadecanald,e 575.4 167.1

a Precursor ion is [M�HCOOH-H]� (PC) or [M-H]� (PE and fatty aldehydes).
b PC (C16:0/C18:1, Avanti Polar Lipids) was used as an external standard.
c PE (C18:1/C18:1, Avanti Polar Lipids) was used as an external standard.
d 2-Diphenylacetyl-1,3-indandione-1-hydrazone derivatives.
e Trans-2-hexadecenal and hexadecanal were used as external standards.

TABLE 4
Selected m/z values for PlsC and PlsE species in LC/MS/MS analysis

d7-Alcohol/FA
Precursor
ion (Q1)a

Product
ion (Q3)

d7-C16:1/C16:1 PlsC 767.4 253.0
d7-C16:0/C16:1 PlsC 769.4 253.0
d7-C16:1/C16:0 PlsC 769.4 255.0
d7-C16:0/C16:0 PlsC 771.4 255.0
d7-C16:1/C18:1 PlsC 795.4 281.0
d7-C16:0/C18:1 PlsC 797.4 281.0
d7-C16:1/C18:0 PlsC 797.4 283.0
d7-C16:0/C18:0 PlsC 799.4 283.0
C18:1/C18:1 PlsCb 816.4 281.0
d7-C16:1/C16:1 PlsE 679.3 253.0
d7-C16:0/C16:1 PlsE 681.3 253.0
d7-C16:1/C16:0 PlsE 681.3 255.0
d7-C16:0/C16:0 PlsE 683.3 255.0
d7-C16:1/C18:1 PlsE 707.3 281.0
d7-C16:0/C18:1 PlsE 709.3 281.0
d7-C16:1/C18:0 PlsE 709.3 283.0
d7-C16:0/C18:0 PlsE 711.3 283.0
C18:1/C18:1 PlsEc 728.3 281.0

a Precursor ion is [M�HCOOH-H]� (PlsC) or [M-H]� (PlsE).
b PlsC (C18:1/C18:1, Avanti Polar Lipids) was used as an external standard.
c PlsE (C18:1/C18:1, Avanti Polar Lipids) was used as an external standard.
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using genomic PCR (Fig. 1B). We also confirmed the disruption
of Aldh3a2, using RT-PCR (Fig. 1C) and immunoblotting (Fig.
1D). The mice were fed with a standard chow diet throughout
this study, and their food intake levels were measured. The food
intake levels of wild-type mice gradually increased, probably
because of habituation to their new environment (Fig. 1E). The
food intake levels of Aldh3a2�/� mice were slightly higher than
those of the wild-type mice. However, no significant differences
in body weight were observed between the two groups (Fig. 1F).

We first measured FALDH activities toward two LC alde-
hydes, the DHS metabolite hexadecanal (C16:0) and the sphin-
gosine metabolite trans-2-hexadecenal (C16:1) and the MC
aldehyde octadecanal (C8:0), using various tissue lysates
obtained from wild-type and Aldh3a2 KO mice. Both human
ALDH3A2 and mouse Aldh3a2 proteins are active toward both

LC and MC aldehydes, with higher activity toward LC alde-
hydes (2, 3). In wild-type mice, FALDH activity toward LC alde-
hydes was highest in the liver followed by the epidermis, lung,
and kidney (Fig. 2A). FALDH activity was moderate in the der-
mis, spleen, small intestine, testis, and cornea but low in the

FIGURE 1. Generation of Aldh3a2 KO mice. A, schematic representation of
the region surrounding exons 3 to 5 of the Aldh3a2 gene in WT, Aldh3a2 gene
trap (gt), and Aldh3a2 KO mice. The positions of the primers (p1, p2, and p3)
used for genomic PCR are denoted by arrows. SA, splice acceptor; poly(A),
poly(A) signal; FRT, flippase recognition target. B, genomic DNAs prepared
from the tails of Aldh3a2�/�, Aldh3a2�/�, and Aldh3a2�/� mice were sub-
jected to PCR using primers p1, p2, and p3. The amplified fragments were
separated by agarose gel electrophoresis followed by staining with ethidium
bromide. C, total RNAs prepared from the epidermis of Aldh3a2�/� and
Aldh3a2�/� mice were subjected to RT-PCR using specific primers for Aldh3a2
and Gapdh. D, total lysates (20 �g) prepared from the livers of Aldh3a2�/� and
Aldh3a2�/� mice were separated by SDS-PAGE followed by immunoblotting
using anti-Aldh3a2 antibody. Gapdh protein was detected as a loading con-
trol. E, food intake levels of wild-type and Aldh3a2 KO mice were measured
every 24 h for 7 days. Values represent the means � S.E. from 20 wild-type or
19 Aldh3a2 KO mice. Statistically significant differences are indicated (**, p �
0.01; *, p � 0.05; one-way analysis of variance). F, body weights of wild-type
and Aldh3a2 KO mice were measured. Values represent the means � S.E. from
20 wild-type or 19 Aldh3a2 KO mice.

FIGURE 2. Differential contribution of Aldh3a2 to total FALDH activity
depending on tissue. Total lysates were prepared from liver, kidney, retina,
cornea, brain, small intestine, lung, testis, spleen, dermis, and epidermis tis-
sue (A) and from keratinocytes kept undifferentiated or differentiated for 4
days (B) obtained from wild-type (black bars) and Aldh3a2 KO mice (white
bars). Total lysates with fixed amounts of proteins (5 �g for the liver, lung, and
keratinocytes; 10 �g for the kidney, cornea, small intestine, testis, spleen,
epidermis, and dermis; and 15 �g for the brain and retina) were incubated
with 500 �M NAD� and 100 �M hexadecanal (C16:0), trans-2-hexadecenal
(C16:1), or octanal (C8:0) for 15 min (liver, kidney, small intestine, lung, testis,
and spleen) or 30 min (retina, cornea, brain, dermis, epidermis, and keratino-
cytes) at 37 °C. The amount of NADH product was determined by measuring
the fluorescence of NADH using an Infinite M200 monochromator. Values
represent the means � S.D. of three independent experiments. Statistically
significant differences are indicated (**, p � 0.01; *, p � 0.05; Student’s t test).
UD, undifferentiated keratinocytes; D, differentiated keratinocytes.
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retina and brain. Disruption of Aldh3a2 greatly affected
FALDH activity in the liver, kidney, and retina; its activity
toward LC aldehydes in Aldh3a2 KO mice was �10% of that in
these tissues in wild-type mice (Fig. 2A). The gene disruption
had a weaker effect on FALDH activity toward C8:0 aldehyde
(50 – 66% reduction compared with wild-type activity) than
that toward LC aldehydes in these tissues, consistent with the
substrate specificity of the Aldh3a2 protein. The effect of
Aldh3a2 gene disruption on FALDH activity toward LC alde-
hydes was moderate in the brain, small intestine, testis, spleen,
and dermis; activities were 30 –50% of that in the correspond-
ing tissues in wild-type mice (Fig. 2A). In the cornea, lung, and
epidermis, on the other hand, FALDH activity was not lower in
Aldh3a2 KO mice than in wild-type mice. Thus, the contribu-
tion of Aldh3a2 to total FALDH activity varied widely among
tissues.

Because one of the primary symptoms of SLS is ichthyosis,
we decided to examine FALDH activity in the skin in more
detail. We prepared primary keratinocytes, which correspond
to undifferentiated keratinocytes in the stratum basale, from
wild-type and Aldh3a2 KO mice and measured their FALDH
activity toward LC aldehydes. The primary keratinocytes from
wild-type mice exhibited high activity (12.3 pmol/min/�g
toward the C16:0 aldehyde), whereas activity in Aldh3a2 KO
mice was extremely low (0.6 pmol/min/�g, 5.1% of wild-type
activity) (Fig. 2B). When keratinocytes became differentiated,
the differences became smaller, with activity toward the C16:0
aldehyde in Ald3a2 KO mice a mere 59.5% of wild-type activity.
These results indicate that the contribution of Aldh3a2 to total
FALDH activity in undifferentiated keratinocytes (i.e. stratum
basale keratinocytes) is high, although that in keratinocytes of
other parts of the epidermis is low.

Different mRNA Expression Profiles of Aldh3 Family Mem-
bers Account for the Varied Contribution of Aldh3a2 to Total
FALDH Activity among Tissues—We measured expression lev-
els of the mRNAs of the five Aldh3 family members in mice in
various tissues using quantitative real-time RT-PCR. The high-
est Aldh3a2 mRNA expression was observed in the liver fol-
lowed by lung, testis, kidney, small intestine, and spleen (Fig.
3A). In these tissues, FALDH activity toward LC aldehydes was
high as well (Fig. 2A), indicating a correlation between Aldh3a2
mRNA expression levels and FALDH activity toward LC alde-
hydes. In the liver, kidney, and retina, Aldh3a2 was almost
exclusively expressed among Aldh3 family members (Fig. 3A).
This expression profile of the Aldh3 family could explain the
high contribution of the Aldh3a2 protein to the total FALDH
activity toward LC aldehydes in these tissues (Fig. 2A). The
expression of Aldh3a2 mRNA was also the highest among
Aldh3 family members in the brain, small intestine, and spleen,
but another Aldh3 family member was also expressed in each
(Aldh3b2 in the brain and Aldh3b1 in the small intestine and
spleen) (Fig. 3A). Their expression likely caused the relatively
moderate contribution of Aldh3a2 to total FALDH activity
toward LC aldehydes in these tissues (Fig. 2A). In the lung, the
Aldh3a2 mRNA expression level was the highest, and those of
Aldh3a1 and Aldh3b1 were also high (Fig. 3A). In the cornea,
testis, dermis, and epidermis, the expression levels of Aldh3a2
were lower than those of other members of the Aldh3 family

present there (i.e. Aldh3a1 in cornea and Aldh3b2 in testis,
dermis, and epidermis). In the cornea, the expression levels of
Aldh3a1 mRNA (Fig. 3A) as well as FALDH activity toward the
MC aldehyde (Fig. 2A) were extremely high, matching a trend
reported previously (31, 32). In the epidermis, the expression
levels of Aldh3b2 were much higher than those of Aldh3a2 (Fig.
3A). Accordingly, the contributions of Aldh3a2 to total FALDH
activity toward LC aldehydes were very low in the cornea and
epidermis. (Fig. 2A) In summary, the expression profile of
Aldh3 family members correlates well with the extent that

FIGURE 3. Expression profiles of Aldh3 family members in various tissues.
Total RNAs prepared from liver, kidney, retina, cornea, brain, small intestine,
lung, testis, spleen, dermis, and epidermis tissue (A and C) and from keratino-
cytes kept undifferentiated or differentiated for 4 days (B and D) obtained
from wild-type (A–D) and Aldh3a2 KO mice (C and D) were subjected to SYBR
Green-based real-time quantitative RT-PCR using specific primers for
Aldh3a1, Aldh3a2, Aldh3b1, Aldh3b2, Aldh3b3, and Gapdh. Values are the
amount of each mRNA relative to that of Gapdh, and represent the means �
S.D. for three independent experiments. A statistically significant difference is
indicated (**, p � 0.01; *, p � 0.05; Student’s t test). UD, undifferentiated
keratinocytes; D, differentiated keratinocytes.
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Aldh3a2 contributes to total FALDH activity toward LC alde-
hydes in most tissues.

We next examined the expression levels of Aldh3 family
members in keratinocytes. Only Aldh3a2 and Aldh3b2 mRNAs
were expressed in both in undifferentiated and differentiated
keratinocytes (Fig. 3B). Aldh3a2 mRNA expression was higher
than that of Aldh3b2 in undifferentiated keratinocytes. Upon
differentiation, Aldh3b2 mRNA greatly increased, whereas
Aldh3a2 mRNA was nearly unchanged. As a result, the mRNA
levels of Aldh3b2 became 2.1-fold higher than those of Aldh3a2
in differentiated keratinocytes. These results were consistent
with the observed differences in the extent to which Aldh3a2
gene disruption diminishes total FALDH activity toward LC
aldehydes between undifferentiated and differentiated kerati-
nocytes (i.e. high and low effects, respectively) (Fig. 2B).

To investigate whether the expression of other Aldh3
isozymes was increased by Aldh3a2 disruption in a comple-
mentary way, we measured their expression levels in epidermis.
We found no changes in the mRNA levels of other Aldh3
isozymes in Aldh3a2 KO mice with respect to wild-type mice
(Fig. 3C). On the other hand, slight increases were observed in
undifferentiated (Aldh3a1, 2.3-fold; Aldh3b2, 1.7-fold; and
Aldh3b3, 2.6-fold) and differentiated (Aldh3b3, 2.6-fold) kera-
tinocytes prepared from Aldh3a2 KO mice compared with cor-
responding levels in cells prepared from wild-type mice (Fig.
3D).

We also examined mRNA expression profiles of human
ALDH3 family members in some selected tissues and keratino-
cytes. As described above, ALDH3B3 does not exist in humans,
and ALDH3B2 is nonfunctional. Therefore, we chose to exam-
ine the mRNA expression levels of only ALDH3A1, ALDH3A2,
and ALDH3B1. As in mice, ALDH3A2 mRNA was expressed
highly in the liver but only moderately in the kidney and was
low in the brain (Fig. 4A). ALDH3A2 was the major FALDH
expressed in these three tissues, with only ALDH3B1 otherwise
expressed at low levels in the kidney and brain. ALDH3A2 was
almost exclusively expressed among FALDH in human kerati-

nocytes (Fig. 4B); its expression levels increased by 6.9-fold
upon differentiation.

Impaired LCB Metabolism in Aldh3a2 KO Mice—We
reported previously that ALDH3A2 is involved in the metabo-
lism of the LCB parts of sphingolipids (16). An LCB can be
metabolized to either sphingolipids or glycerolipids. In the lat-
ter pathway, the LCB is metabolized to its LCB 1-phosphate,
fatty aldehyde, FA, and acyl-CoA sequentially and then is incor-
porated into a glycerolipid. ALDH3A2 catalyzes the conversion
of the fatty aldehyde to its FA in this pathway (17). We exam-
ined the effect of Aldh3a2 disruption on the metabolism of the
LCB DHS in primary keratinocytes using a [3H]DHS labeling
assay. In Aldh3a2�/� keratinocytes, DHS was metabolized to
both sphingolipids (such as ceramides, sphingomyelins, and
glucosylceramides) and glycerolipids (such as PE, phosphati-
dylserine, phosphatidylinositol, PC, and triglyceride) (Fig. 5A).
In Aldh3a2�/� keratinocytes, DHS was metabolized to sphin-
golipids as normal; however, the metabolism of DHS to glycer-
olipids was greatly altered. Little DHS was converted to phos-
phatidylserine and phosphatidylinositol. Lipid bands were
observed at the positions close to PE, PC, and triglyceride, but
most products were not ester-linked PE/PC/triglyceride but
rather were ether-linked glycerolipids, plasmanyl or plasmenyl
(i.e. plasmalogen) types of ethanolamine/choline (PlsE/PlsC) or
alkyl/alkenyl-diacylglycerol. We then performed alkaline treat-
ment to induce hydrolysis of ester bonds in these products in
order to release their constituent FAs for analysis. The amounts
of FA released from glycerolipids in Aldh3a2�/� keratinocytes
were much lower than those in Aldh3a2�/� keratinocytes (Fig.
5A). Instead, alkyl/alkenyl group-containing hydrolysis prod-
ucts (alkyl/alkenyl-glycerol, alkyl/alkenyl-glycerophosphoetha-
nolamine, and alkyl/alkenyl-glycerophosphocholine) were gen-
erated upon alkaline treatment. A similarly altered metabolism
of DHS has been observed in Aldh3a2-null CHO-K1 cells (16).
In Aldh3a2-deficient cells, a portion of the accumulated fatty
aldehyde hexadecanal was reduced to the fatty alcohol hexade-
canol and then incorporated into ether-linked glycerolipids.

To analyze this LCB-to-glycerolipid metabolism quantita-
tively, we next performed a d7-sphingosine labeling assay fol-
lowed by measurement of ceramide, PC, PE, and ether-linked
PlsC and PlsE levels by LC/MS/MS analysis. Sphingosine-d7-
labeled ceramide levels were equivalent in Aldh3a2�/� and
Aldh3a2�/� keratinocytes (Fig. 5B). On the other hand,
d7-sphingoinse was only slightly metabolized to PC (Fig. 5C)
and PE (Fig. 5D) in Aldh3a2�/� keratinocytes. The PC and PE
levels produced in Aldh3a2�/� keratinocytes were 17.9 and
6.9% of those in Aldh3a2�/� keratinocytes. Instead, PlsC and
PlsE levels were greatly increased (10.4- and 22.2-fold higher
than those in Aldh3a2�/� keratinocytes) (Fig. 5, E and F). Both
plasmanyl and plasmenyl types of PlsE were produced in
Aldh3a2�/� keratinocytes, whereas the plasmanyl type was
generated exclusively for PlsC.

We also measured the levels of endogenous (i.e. not contain-
ing d7-sphingosine or its metabolite FAs) ceramide, PC, and PE
species. We found that endogenous ceramide levels were not
affected by Aldh3a2 disruption (Fig. 5G), the same as d7-sphin-
gosine-labeled ceramide levels (Fig. 5B). Although the levels of
PC and PE containing d7-sphingosine metabolite FAs were

FIGURE 4. Expression profiles of ALDH3 family members in human tis-
sues. cDNAs from human liver, kidney, and brain tissue (human MTC (multi-
ple tissue cDNA) panels, Takara Bio) (A) or prepared from primary keratino-
cytes (undifferentiated or differentiated for 7 days; CELLnTEC) (B) were
subjected to SYBR Green-based real-time quantitative PCR using specific
primers for ALDH3A1, ALDH3A2, ALDH3B1, and GAPDH. Values represent the
means � S.D. from three independent reactions. A statistically significant
difference is indicated (**, p � 0.01; Student’s t test).
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greatly decreased in Aldh3a2�/� keratinocytes (Fig. 5, C and
D), endogenous PC and PE levels were unaffected (Fig. 5, H and
I). This result indicates that the contribution of the sphingosine
degradation pathway to glycerolipid synthesis as a FA source is
quite low, reflecting the much lower levels of sphingolipids
(	1/10) compared with glycerolipid levels in cells. In conclu-
sion, these results indicate that the metabolism of LCBs to
ester-linked glycerolipids is severely impaired in Aldh3a2�/�

keratinocytes.
Although disruption of Aldh3a2 had the largest effect on

FALDH activity toward LC aldehydes in liver compared with

other tissues (Fig. 2A), SLS patients have not been observed to
manifest symptoms in the liver. To gain insight into the reason
why, we measured LC aldehyde levels in epidermis and liver.
The total levels of hexadecanal (C16:0) and trans-2-hexadeca-
nal (16:1), which is the metabolite of sphingosine, were 11.4-
fold higher in the epidermis than in the liver of wild-type mice
(Fig. 5J). The trans-2-hexadecenal levels were especially high
in epidermis. Disruption of Aldh3a2 had no effects on
the C16 aldehyde levels in epidermis, consistent with their
observed lack of effects on the FALDH activity (Fig. 2A). On the
other hand, the levels of C16 aldehydes were 2.5-fold higher in

FIGURE 5. LCB metabolism is impaired in Aldh3a2 KO keratinocytes. A, primary keratinocytes prepared from wild-type and Aldh3a2 KO mice were labeled
with [3H]DHS for 4 h at 37 °C. Lipids were extracted, treated or untreated with alkaline, separated by TLC, and detected by autoradiography. Alk-DG, alkyl/
alkenyl-diacylglycerol; Alk-G, alkyl/alkenyl-glycerol; Alk-GPC, alkyl/alkenyl-glycerophosphocholine; Alk-GPE, alkyl/alkenyl-glycerophosphoethanolamine; Cer,
ceramide; GlcCer, glucosylceramide; PI, phosphatidylinositol, PS, phosphatidylserine; SM, sphingomyelin; TG, triglyceride; *, unidentified breakdown products
of PlsE by alkaline. B–I, primary keratinocytes prepared from wild-type and Aldh3a2 KO mice were labeled with d7-sphingosine for 4 h at 37 °C. Lipids were
extracted followed by detection and quantification of d7-sphingosine metabolite-containing lipids (ceramide (B), PC (C), PE (D), PlsC (E), and PlsE (F) species)
and endogenous (i.e. not containing d7-sphingosine or its metabolites) lipids (ceramide (G), PC (H), and PE (I) species) by LC/MS/MS analysis. Values are the
amount of each PC/PE species containing the d7-sphingosine metabolite d7-C16:0 FA (d7-C16:0 (COOH)) and FA with the indicated chain length (C and D), that
of each PlsC/PlsE species containing the sphingosine metabolite d7-C16:0/d7-C16:1 alcohol (d7-C16:0 (OH)/d7-C16:1 (OH)) and FA with the indicated chain
length (E and F), that of each ceramide species containing C18:0 sphingosine and FAs with the indicated chain length (G), or that of PC/PE species containing
FAs with the indicated chain length (H and I). The insets represent the total amounts of the respective lipids. Values represent the means � S.D. from three
independent reactions. Statistically significant differences are indicated (**, p � 0.01; *, p � 0.05; Student’s t test). J, lipids extracted from epidermis and liver of
wild-type and Aldh3a2 KO mice were subjected to LC/MS/MS analysis for detection and quantification of hexadecanal (C16:0-CHO) and trans-2-hexadecenal
(C16:1-CHO). Values represent the means � S.D. of three independent experiments. Statistically significant differences are indicated (*, p � 0.05; Student’s t
test).
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Aldh3a2 KO liver than in wild-type liver (Fig. 5J), reflecting the
great effect of Aldh3a2 disruption on FALDH activity in this
tissue (Fig. 2A). However, the accumulated levels of C16 alde-
hydes in the liver of Aldh3a2 KO mice were still lower than
those in the epidermis of wild-type mice (Fig. 5J). These results
suggest that liver has a high capacity to remove fatty aldehydes
by a mechanism other than oxidation.

Aldh3a2 KO Mice Exhibit Delayed Skin Barrier Recovery—In
SLS patients, some ceramide species such as acylceramide EOS
are reduced (10). Therefore, we examined ceramide/acylcer-
amide levels in the epidermis of Aldh3a2�/� mice by
LC/MS/MS analysis. However, neither the levels of ceramides
(containing sphingosine and non-hydroxy FA) nor those of
EOS were affected by Aldh3a2 disruption (Fig. 6, A and B).

We next evaluated skin barrier function in Aldh3a2 KO mice
using a dye exclusion assay. Aldh3a2 KO mice were resistant to
dye penetration, the same as wild-type mice (Fig. 6C). Further-
more, there were no differences in TEWL between wild-type
and Aldh3a2 KO mice (Fig. 6D). However, when the stratum
corneum was perturbed by acetone, Aldh3a2 KO mice
showed higher TEWL than wild-type mice (Fig. 6E). The skin
barrier recovery of Aldh3a2 KO mice after the acetone treat-
ment was also retarded (Fig. 6F). Thus, although barrier for-
mation in the stratum corneum appeared intact in Aldh3a2
KO mice, in the lower layers of epidermis it appeared to have
been compromised.

Disruption of Aldh3a2 Causes Broadened Intercellular
Spaces in the Stratum Basale and Enhanced Proliferation of
Keratinocytes—We next performed histological analyses. H&E
staining revealed that Aldh3a2�/� mice did not show hyper-
keratosis, a typical skin symptom of SLS (Fig. 7A). In terms of its
overall structure, skin prepared from Aldh3a2 KO mice was
very similar to that from wild-type mice. However, we observed
small, intracellular vacuoles in the stratum spinosum and stra-
tum granulosum only in Aldh3a2�/� mice (Fig. 7A, arrows).
Similar vacuoles have been observed in patients suffering from
autosomal recessive congenital ichthyosis caused by PNPLA1
(patatin-like phospholipase domain-containing 1) mutation
(33). We then performed more detailed morphology analysis by
electron microscopy, focusing especially on keratinocyte
appearance in the stratum basale because the cell type in which
FALDH activity and LCB metabolism were greatly impaired
was undifferentiated keratinocytes. Keratinocytes formed tight
cell-cell adhesion in wild-type mice (Fig. 7, B and C). However,
the intercellular spaces between keratinocytes were markedly
broadened in the stratum basale of Aldh3a2�/� epidermis.

Because broadened intercellular spaces are often associated
with enhanced keratinocyte proliferation (34 –36), we prepared
primary keratinocytes from wild-type and Aldh3a2 KO mice
and examined their proliferation rates by cell counting and mea-
suring [3H]thymidine uptake (Fig. 8, A and B). We found that
Aldh3a2�/� keratinocytes indeed exhibited increased prolifer-
ation compared with their wild-type counterparts. The mRNA
levels of the cell proliferation marker Ki67 were also up-regu-

FIGURE 6. Skin barrier recovery of Aldh3a2�/� mice is delayed. A and B,
lipids were extracted from the epidermis of wild-type and Aldh3a2 KO mice at
P0, and ceramide (A) and acylceramide (B) species were analyzed by LC/MS/
MS. Values are the amount of each ceramide species containing C18:0 sphin-
gosine and FAs with the indicated chain length (A) or that of acylceramide
species containing C18:0 sphingosine, linoleic acid, and FAs with the indi-
cated chain length (B). They represent the means � S.D. from four indepen-
dent reactions. C, wild-type and Aldh3a2 KO mice at P0 were stained with
0.1% toluidine blue for 24 h and photographed. D, TEWL was measured for
the wild-type and Aldh3a2 KO mice at P0. Values represent the means � S.D.
from eight wild-type or six Aldh3a2 KO independent mice. E and F, the skins of
wild-type and Aldh3a2 KO mice at P0 were treated with acetone or saline as a
control. TEWL was measured after acetone treatment (0 h, E and F; 1 h, F; 3 h,
F). Values are TEWL amounts (E). In F, barrier recovery is expressed in terms of
TEWL, with TEWL at 0 h after acetone set as 0% and TEWL before acetone
treatment as 100%. Values represent the means � S.D. of five wild-type or

four Aldh3a2 KO mice in independent experiments. Statistically significant
differences between wild-type and Aldh3a2 KO mice are indicated (**, p �
0.01; *, p � 0.05; Student’s t test).
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lated in Aldh3a2�/� keratinocytes (Fig. 8C). Some relation-
ships between hyperproliferation and oxidative stress-induced
responses are reported for keratinocytes and cancer cells alike
(37, 38). Therefore, we decided to examine the expression levels
of oxidative stress-induced genes Hmox1 (heme oxygenase 1),
Sod1 (superoxide dismutase 1), Gclc (glutamate-cysteine ligase,
catalytic subunit), Gclm (glutamate-cysteine ligase, modifier
subunit), and Gsta1 (glutathione S-transferase �1) using real-
time quantitative RT-PCR (Fig. 8D). We found that expressions
of these genes were increased in Aldh3a2�/� keratinocytes.
These results suggest that an oxidative stress-induced response
can accompany the enhanced proliferation of Aldh3a2�/�

keratinocytes.

Discussion

The hereditary disease SLS is caused by mutations in
ALDH3A2 gene. Aldehydes, the substrates of ALDHs including
ALDH3A2, are reactive and toxic in general. This has led many
to consider that the accumulation of fatty aldehydes causes SLS
pathology. Although the clinical aspects of SLS have been ana-
lyzed in detail, the molecular mechanism underlying its pathol-
ogy remains totally unknown. Our analysis is the first ever to
analyze Aldh3a2 KO mice so as to gain insight into this molec-
ular mechanism. We examined the effect of Aldh3a2 gene dis-
ruption on FALDH activity in various tissues and, bearing in

mind the ichthyosis phenotype of SLS, expanded our investiga-
tion to include morphological and biochemical analyses of skin
phenotypes. We failed to observe typical skin SLS symptoms
(such as hyperkeratosis, skin barrier defects under normal con-
ditions, and changes in ceramide composition (Figs. 6 and 7))
due to mouse-specific compensation by Aldh3b2 (Fig. 3). This
Aldh3b2 compensation was detected in the upper layers of the
epidermis but not in undifferentiated keratinocytes or the basal
layer (i.e. stratum basale) of the epidermis (Figs. 2B and 3B).
Accordingly, we observed some abnormalities in undifferenti-
ated keratinocytes and stratum basale of Aldh3a2 KO mice,
such as impaired LCB metabolism, broadened intercellular
spaces, hyperproliferation of keratinocytes, increased oxidative
stress response, enhanced TEWL after stratum corneum dam-
age, and delayed skin barrier recovery (Figs. 5– 8). Thus, our
findings suggest that some abnormalities occur even at the
basal epidermal layer in SLS.

We found that FALDH activity toward LC aldehydes was the
highest in the liver followed by the epidermis, lung, and kidney
in wild-type mice, among which FALDH activity in the liver and
kidney was greatly affected by Aldh3a2 disruption (Fig. 2A).
Despite the high contribution of Aldh3a2 in these tissues, no
phenotypes corresponding to its disruption were apparent.
Corroborating our results, but nonetheless puzzling, is the find-
ing that SLS patients also do not present with any symptoms in
these tissues. Therefore, it is not clear why ALDH3A2 muta-
tions cause abnormalities only in restricted tissues such as the
skin and the nervous system. Several reasons can be considered.
One possibility is that most tissues (except the skin and the
nervous system) have a high capacity to remove fatty aldehydes
via a mechanism other than oxidation, e.g. metabolism via
another metabolic pathway or excretion from cells. Indeed, we
found that C16 aldehyde levels in liver were much lower than
those in epidermis (Fig. 5J). One of the possible alternative met-

FIGURE 7. Vacuolization and broadened intercellular spaces present in
Aldh3a2�/� epidermis. A, paraffin sections (4 �m) of skin prepared from
wild-type and Aldh3a2 KO mice at P0 were subjected to H&E staining. Bright
field images were photographed under a DM5000B light microscope. Arrows
indicate vacuolization. Bar, 20 �m. B and C, skin sections of wild-type and
Aldh3a2 KO mice at P0 were subjected to electron microscopy. Arrows indi-
cate broadened intercellular spaces. Bar, 3 �m (B), 1 �m (C). SC, stratum cor-
neum; SG, stratum granulosum; SS, stratum spinosum; SB, stratum basale; De,
dermis.

FIGURE 8. Enhanced proliferation and oxidative stress response in
Aldh3a2�/� keratinocytes. A, primary keratinocytes were prepared from
wild-type and Aldh3a2 KO mice and grown. Cell numbers were counted by
microscopic observation. For each dish, cell numbers in three randomly cho-
sen viewing fields were counted and summed. Values represent the means �
S.D. from four independent experiments. B, keratinocytes prepared from
wild-type and Aldh3a2 KO mice were subjected to a [3H]thymidine uptake
assay. Values represent the means � S.D. from three independent experi-
ments. C and D, total RNAs prepared from wild-type and Aldh3a2 KO kerati-
nocytes were subjected to SYBR Green-based real-time quantitative RT-PCR
using specific primers for Ki67 (C), Hmox1, Sod1, Gclc, Gclm, Gsta1, and Gapdh
(D). Values are the amount of each mRNA relative to that of Gapdh and rep-
resent the means � S.D. for three independent experiments. Statistically sig-
nificant differences are indicated (**, p � 0.01; *, p � 0.05; Student’s t test).
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abolic pathways is reduction of fatty aldehydes to fatty alcohols.
In support of this view, we found that LCBs were metabolized to
fatty alcohols and incorporated into ether-linked glycerolipids
in Aldh3a2 KO mice (Fig. 5). Metabolism of LCBs to ether-
linked glycerolipids occurs even in ALDH3A2-active cells. This
pathway is only a minor route for LCB metabolism (39, 40), but
disruption of Aldh3a2 caused it to become the major pathway.
Similarly, altered LCB metabolism has been observed in
Aldh3a2-null CHO-K1 cells previously (16). The accumulation
of fatty alcohols and their metabolism to ether-linked glycer-
olipids have also been reported in SLS patients (41, 42). We
speculate that the generation of ether-linked glycerolipids itself
is unlikely to be responsible for the SLS pathology, because
ether-linked glycerolipids such as plasmalogens actually have
rather cell-protective effects (43). Rather, the cause is probably
that not all of the accumulated fatty aldehydes in SLS patients
are converted to fatty alcohols/ether-linked glycerolipids, and
some of them then react with important local proteins, leading
to the SLS pathology. It is possible that the activities or expres-
sion levels of aldo-keto reductases/fatty alcohol dehydroge-
nases responsible for the reduction of fatty aldehydes to fatty
alcohols in the skin and nervous system are lower than in other
tissues.

The second possible reason for the restricted abnormalities
in the skin and nervous system in SLS patients is that these
tissues contain certain physiologically important proteins sus-
ceptible to damage by accumulated fatty aldehydes. Aldehydes
can readily attack primary amines via Schiff base formation.
ALDH3A2 is localized mainly in the endoplasmic reticulum,
although a minor splicing isoform of ALDH3A2 also exists,
which is localized in the peroxisome (44). Therefore, endoplas-
mic reticulum membrane proteins containing many lysine and
arginine residues may be the primary targets of accumulated
fatty aldehydes in SLS patients.

To date, it has been unclear which fatty aldehydes and which
lipid metabolic pathway(s) substantively contribute to the
pathogenesis of SLS. However, several lines of evidence suggest
the contribution of sphingosine and its metabolic pathway.
First, sphingosine metabolism occurs in the endoplasmic retic-
ulum (17, 45, 46), the same organelle where ALDH3A2 resides
(44). Second, the metabolite of sphingosine is trans-2-hexade-
cenal, which is classified as an �,�-unsaturated aldehyde. Nor-
mal aldehydes react with primary amines to form Schiff bases.
However, �,�-unsaturated aldehydes can attack general
nucleophiles including cysteine and histidine side chains
through the 1,4-Michael addition (47), leading to higher toxic-
ities of �,�-unsaturated aldehydes than normal aldehydes (48).
Finally, we observed high levels of trans-2-hexadecenal in the
epidermis, whereas their levels in liver were low (Fig. 5J).

SLS patients exhibit pathological symptoms of skin barrier
defects under normal conditions, hyperkeratosis, and abnormal
ceramide compositions; however, the Aldh3a2�/� mice exhib-
ited none of these phenotypes (Figs. 6 and 7). These findings are
likewise consistent with the results showing that epidermal
FALDH activity was not affected by Aldh3a2 disruption (Fig.
2A). We found that mouse Aldh3b2 was highly expressed in the
epidermis and compensated for Aldh3a2 deficiency in
Aldh3a2�/� mice (Fig. 3A). On the other hand, human

ALDH3B2 lacks 94 N-terminal amino acids present in the
mouse homolog Aldh3b2 and, as a result, has no enzyme activ-
ity (19). The lack of functional ALDH3B2 in human may mean
that just the ALDH3A2 mutation is enough to cause SLS symp-
toms. However, Aldh3a2 was the most expressed FALDH in
undifferentiated mouse keratinocytes (Fig. 3B). Accordingly,
we observed a morphological change in the stratum basale, the
home of undifferentiated keratinocytes. In the stratum basale of
Aldh3a2�/� mice, intercellular spaces were widened (Fig. 7, B
and C), which is a typical feature of cells in a hyperproliferative
state (34 –36). Indeed, increased proliferation was observed in
primary keratinocytes derived from Aldh3a2�/� mice (Fig. 8,
A–C). Hyperproliferation of keratinocytes in SLS patients has
also been observed (49).

We also found up-regulated transcription of the oxidative
stress-induced genes Hmox1, Sod1, Gclc, Gclm, and Gsta1 (Fig.
8D). These genes are the targets of the transcription factor
Nrf2, which is activated under oxidative stress (37, 50). Contin-
uous activation of Nrf2 is closely related to the proliferation of
cancer cells (51). Therefore, we speculated that Nrf2 is acti-
vated in Aldh3a2�/� keratinocytes, which leads to an increase
in proliferation. Under normal conditions, the oxidative sensor
protein Keap1 retains Nrf2 in the cytosol and acts as an adaptor
for an E3 ligase to degrade Nrf2 through an ubiquitin-protea-
some system (52). Oxidative stresses (such as reactive oxygen
species (ROS)) and other electrophiles (including aldehydes)
modify the cysteine residues in Keap1, causing Nrf2 activation,
which in turn promotes the transcriptions of its target genes
involved in oxidative stress resistance and cell survival (37, 53).
Disruption of Keap1 and overexpression of Nrf2 in mice inde-
pendently induce hyperproliferation in keratinocytes and skin
barrier defect phenotypes such as increased TEWL and hyper-
keratosis (54, 55). The hyperproliferation of keratinocytes
observed in this study thus appears to be closely related to the
pathogenesis of ichthyosis symptoms. Therefore, although
Aldh3a2�/� mice are not a perfectly suitable model for typical
human SLS, our results imply that increased proliferation of
Aldh3a2�/� keratinocytes contributes to some aspects of the
symptoms seen in this disorder.
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