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Department of Pathology (DJO), University of Colorado Denver, Aurora, Colorado

SUMMARY Aldehyde dehydrogenase (ALDH) enzymes are critical in the detoxification of
endogenous and exogenous aldehydes. Our previous findings indicate that the ALDH3B1
enzyme is expressed in several mouse tissues and is catalytically active toward aldehydes
derived from lipid peroxidation, suggesting a potential role against oxidative stress. The
aim of this study was to elucidate by immunohistochemistry the tissue, cellular, and subcel-
lular distribution of ALDH3B1 in normal human tissues and in tumors of human lung, colon,
breast, and ovary. Our results indicate that ALDH3B1 is expressed in a tissue-specific manner
and in a limited number of cell types, including hepatocytes, proximal convoluted tubule
cells, cerebellar astrocytes, bronchiole ciliated cells, testis efferent ductule ciliated cells,
and histiocytes. ALDH3B1 expression was upregulated in a high percentage of human
tumors (lung . breast 5 ovarian . colon). Increased ALDH3B1 expression in tumor cells
may confer a growth advantage or be the result of an induction mechanism mediated by
increased oxidative stress. Subcellular localization of ALDH3B1 was predominantly cytosolic
in tissues, with the exception of normal human lung and testis, in which localization ap-
peared membrane-bound or membrane-associated. The specificity of ALDH3B1 distribution
may prove to be directly related to the functional role of this enzyme in human tissues.

(J Histochem Cytochem 58:765–783, 2010)

KEY WORDS

aldehyde dehydrogenase

ALDH3B1

immunohistochemistry

cancer

human

liver

lung

colon

breast

ovary

ALDEHYDE DEHYDROGENASES (ALDHs) comprise a super-
family of 19 human enzymes within 11 distinct families
that catalyze the oxidation of aldehydes to their respec-
tive carboxylic acids (Marchitti et al. 2008). Aldehydes
are generated from a variety of precursors, including
alcohols, lipids, neurotransmitters, drugs, and environ-
mental agents, and are present in high levels in pol-
lutants such as cigarette smoke and smog. Aldehydes
are highly electrophilic and relatively long-lived. Con-
sequently, they can react with biomolecules, such as
proteins and nucleic acids, leading them to possess
cytotoxic, mutagenic, and even carcinogenic activity
(Lindahl 1992). Aldehydes have been implicated in
many pathological states, including neurodegenerative

diseases (Yoritaka et al. 1996), alcoholic liver disease
(Koch et al. 2004), and cancer (Yokoyama et al. 2001).

Oxidative stress is characterized by an imbalance
between the production and the removal of reactive
oxygen species (ROS). It is a process that can occur in
virtually all organs and is believed to contribute to the
etiology and progression of a number of human patholo-
gies, including liver disease, cancer, neurodegeneration,
and male infertility (Brooks and Theruvathu 2005;
Marchitti et al. 2007a; Seitz and Becker 2007; Shiraishi
and Naito 2007; Cederbaum et al. 2009). Lipid peroxi-
dation (LPO), the oxidative degradation of cellular
membrane lipids, results from oxidative stress and leads
to the generation of more than 200 reactive aldehyde
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species (Esterbauer et al. 1991). ALDH enzymes play a
critical role in maintaining cellular homeostasis through
the metabolism of reactive aldehydes, which can them-
selves initiate oxidative stress. The importance of ALDHs
in health and disease is underscored by the observation
that mutations in ALDH genes are the molecular basis
of many disease states, such as Sjögren–Larsson syn-
drome, type II hyperprolinemia, g-hydroxybutyric
aciduria, and pyridoxine-dependent epilepsy (Vasiliou
et al. 2004; Mills et al. 2006). In addition, ALDH gene
mutations contribute to other pathophysiological con-
ditions, including cancer (Lindahl 1992; Yokoyama et al.
2001). Aside from aldehyde detoxification, ALDHsmay-
serve to mitigate cellular oxidative stress by (a) scaveng-
ing hydroxyl radicals via the thiol groups of their Cys
and Met residues (Estey et al. 2007), (b) generating
NAD(P)H, which is critical for the regeneration of GSH,
and (c) acting as direct antioxidants by reducing glu-
tathiyl (GS•) and tyrosyl radicals (Kirsch and De Groot
2001). Differential expression of ALDH isozymes oc-
curs in tissues and is related to functional significance.
Indeed, ALDH enzymes believed to play a role in etha-
nol metabolism (ALDH2 and ALDH1A1) are highly
expressed in liver (Maeda et al. 1988; Sladek 2003a),
whereas others, including ALDH3A1, have negligible
expression (Vasiliou et al. 1992).

ALDH proteins appear to have diverse roles in cancer,
although they are not completely understood (Marchitti
et al. 2008). ALDH expression is upregulated in a variety
of human cancer tissues and cell lines (Kim et al. 2007;
Patel et al. 2008), which can cause resistance to anti-
cancer drugs (Sreerama and Sladek 1993; Wang et al.
2001). ALDH1A1 is a tumor stem cell–associated
marker in lung cancer (Jiang et al. 2009) and colon
cancer (Huang et al. 2009), and it has been identified
as a flavopiridol-binding protein, which correlates with
flavopiridol resistance (Schnier et al. 1999). ALDH3A1
activity may be a functional marker in lung cancer
(Ucar et al. 2009). In breast cancer stem cells, ALDH ac-
tivity is a factor in drug resistance, cell differentiation,
and oxidative stress response (Moreb 2008). In ovarian
cancer, ALDH1A1 expression correlates with a com-
plete response to cisplatin-based chemotherapy and
favorable patient prognosis (Chang et al. 2009). Aside
from aldehyde metabolism, ALDH isozymes have been
proposed to have multiple additional roles in tumors.
ALDH3A1 not only detoxifies LPO-derived aldehydes
in tumor cells (Canuto et al. 1999) but also appears to
be involved in maintaining tumor cell growth, motility,
and gene expression (Moreb et al. 2008).

The gene for human ALDH3B1, a member of the
ALDH3 family (ALDH3A1, ALDH3A2, ALDH3B1,
and ALDH3B2), is located on chromosome 11q13.2
and encodes a protein with subunits of ?52 kDa.
Human ALDH3B1 is 83% identical to the human
ALDH3B2 protein and 53% and 55% identical to

human ALDH3A1 and ALDH3A2 proteins, respec-
tively. Relatively little is known about the properties
and physiological significance of ALDH3B1. We have
previously shown that ALDH3B1 is a metabolically ac-
tive enzyme with distinct specificity for various alde-
hyde substrates, particularly medium- and long-chain
aliphatic aldehydes. These substrates include many
products that are formed during LPO, such as hexanal,
4-hydroxy-2-nonenal (4-HNE), octanal, and trans-2-
nonenal (Marchitti et al. 2007b). In addition, stable
expression of ALDH3B1 protects cultured cells from
cytotoxicity induced by LPO-derived aldehydes. As
such, we postulate that ALDH3B1, similar to other
members of the ALDH3 family (Pappa et al. 2003),
plays an important physiological role against cellular
oxidative stress by detoxifying aldehydes derived from
oxidative processes, such as ethanol metabolism and
LPO (Marchitti et al. 2007b).

Using Western blot analyses, we previously have
shown that an ALDH3B1 85% similar to the human
enzyme is expressed in various mouse tissues, including
kidney, liver, lung, and regions of the brain (Marchitti
et al. 2007b). However, IHC permits cellular (and sub-
cellular) protein expression to be identified; therefore,
it can be used to further elucidate the potential physio-
logical roles and significance of proteins in human tis-
sues. Using IHC, we describe for the first time the
tissue, cellular, and subcellular distribution of ALDH3B1
in a number of normal (or healthy) human tissues and
in cancerous tissues of the human colon, lung, breast,
and ovary.

Materials and Methods

Rabbit Anti-human ALDH3B1 Antibody

We previously described the production and charac-
teristics of a rabbit polyclonal antibody against hu-
man ALDH3B1 that is specific to human ALDH3B1
and does not crossreact with other ALDH isoforms
(Marchitti et al. 2007b). Briefly, a conserved amino
acid sequence strictly unique to human ALDH3B1
(MDPLGDTLRRLREAFHAG, aa 1–18, N-terminal)
was used to produce a synthetic peptide (Alpha Diag-
nostics International; San Antonio, TX). Following
conjugation to keyhole limpet hemocyanin, a two-
rabbit antibody production was initiated. Sera were
collected and characterized for reactivity, and those
that were optimal in specificity were affinity purified.
Immunoblots demonstrating the efficacy of this anti-
body have been published (Marchitti et al. 2007b).

Western Blot Analyses

Western blot analyses of human spleen and testis were
performed using prerunWestern blotting strips (Dip-N-
Blots; Protein Biotechnologies, Ramona, CA). Briefly,
flash-frozen (within 5–10 min of collection) human
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tissue specimens (Integrated Laboratory Services –
Biotech; Chestertown, MD) were homogenized in mo-
dified radioimmunoprecipitation assay buffer [62.5 mM
Tris (pH 6.8), 25 mM TCEP, 12.5% glycerol, 1%
SDS, 0.005% bromophenol blue], centrifuged, and sub-
jected to Western blot analyses (20 mg of total protein
loaded onto 4–20% precast 1D-PAGE Tris–HCl gradient
gel) using anti-human ALDH3B1 antibody (1:200 dilu-
tion). Antibody binding was detected using peroxidase-
conjugated goat anti-rabbit IgG (1:5000 dilution;
Calbiochem, San Diego, CA), and protein bands were
visualized using chemiluminescence (NEN Life Science
Products; Boston, MA) and hyperfilm (GE Healthcare;
Piscataway, NJ).

Human Tissues

Archival, formalin-fixed, paraffin-embedded, normal
human lung, testis, liver, kidney, ovary, and cerebellum
sections were procured by IHCtech (Aurora, CO) from
the Control Tissue Bank through membership in the
National Society for Histotechnology and Immuno-
histochemistry Resource Group in accordance with
relevant approvals and guidelines for IHC staining.

Normal human tissues, including placenta, pan-
creas, salivary gland, bone marrow, spleen, thyroid,
endometrium, and colon, and abnormal human tumor
tissues of the ovary, lung, colon, and breast were pur-
chased as tissue microarray slides (T-MTA-6A) from
the Cooperative Human Tissue Network and the Tis-
sue Array Research Program of the National Cancer
Institute (NCI), National Institutes of Health (NIH),
Bethesda, MD. Tissue microarrays provided by the NCI
are produced in a standardized and extremely well-
controlled manner in order that comparative studies of
tumor tissue samples can be performed and that the sam-
ples retain proper antigenicity. Their diagnostic applica-
tion and usefulness in the discovery and validation of
tumor markers have been well documented (Hewitt
2006,2009). Patient diagnosis, gender, age, and cancer
characteristics were provided for most but not all human
tumor tissue samples and were used in our evaluation of
factors that may be involved in ALDH3B1 expression.

Antibody Titration and Optimization

Antibody titration and optimization of IHC procedures
followed standard methods and were performed on
formalin–fixed, paraffin-embedded tissue sections as
described (Coskran et al. 2006). Briefly, antibody titra-
tion involved first testing a series of antibody dilutions
(1:50, 1:100, 1:500, and 1:1000) and incubation times.
This was followed by the evaluation of a series of anti-
gen retrieval pretreatments, including heat-induced epi-
tope retrieval (HIER) using citrate buffer (pH 6), HIER
using EDTA buffer (pH 9), and enzyme-induced epi-
tope retrieval using proteinase K digestion. Antigen
retrieval for formalin-fixed, paraffin-embedded tissue

sections is a standard IHC practice and serves to un-
mask antigens or proteins crosslinked by formalin
fixation. Optimal results were achieved with HIER
pretreatment using citrate buffer (pH 6) and 1:50 di-
lution of anti-human ALDH3B1 antibody with 1-hr
incubation at room temperature. During optimiza-
tion procedures, multiple negative controls of identi-
cal tissue sections were prepared and tested using
identical staining protocols with the exception that
the primary antibody was either replaced with antibody
diluent buffer or preadsorbed with the antigenic block-
ing peptide.

Immunohistochemistry

IHC was performed using standard avidin–biotin
immunoperoxidase methods (Coskran et al. 2006) and
an automated immunostainer (Dako; Carpenteria, CA).
Tissues imbedded in paraffin were cut into 5-mm sec-
tions and mounted onto slides. After deparaffinization
in xylene and rehydration in graded ethanol, slides
were pretreated for antigen retrieval using HIER and
citrate buffer (pH 6) in HpH Reveal (BioCare Medical;
Concord, CA) for 25 min. Sections were then incu-
bated with Dual Endogenous Enzyme Block (Dako)
for 10 min (to block endogenous peroxidase activity)
and then with Protein Blocker (Open Biosystems;
Huntsville, AL) for 5 min (to block nonspecific protein
binding). Human ALDH3B1 was detected by incubat-
ing the slides with rabbit anti-human ALDH3B1 anti-
body at a dilution of 1:50 in Protein Blocker for 60 min
at room temperature. After washing, the slides were
treated with MACH 2 Rabbit HRP Polymer secondary
antibody (BioCare Medical) for 30 min and then with
Stable DAB (Open Biosystems) for 10 min. Slides were
counterstained with Auto Hematoxylin (Open Biosys-
tems) for 1 min, followed by dehydration and sealing
with Permount Mounting Media (Sigma; St Louis, MO).
Negative control slides were processed at the same time
as experimental slides, with the exception that the pri-
mary anti-human ALDH3B1 antibody was preadsorbed
with the conjugated ALDH3B1 antigenic blocking pep-
tide (Alpha Diagnostics International) before applica-
tion to the tissue slides or replaced with antibody
diluent buffer. Negative control slides were included
to ensure that any observed positive staining was spe-
cific to the primary anti-human ALDH3B1 antibody and
not due to endogenous peroxidase or nonspecific bind-
ing of the detection reagents or antibody to the tissue.

Two hundred individual tumor samples of colon,
breast, lung, and ovary (50 samples each) were evalu-
ated for IHC staining intensity and extensiveness of
tumor cell immunoreactivity, as previously described
and verified by others (Luo et al. 2002; Sladek et al.
2002; Patel et al. 2008). Briefly, antibody binding
was identified microscopically as brown cytoplasmic
staining, and intensity was rated on a scale of 0–3, with
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0 indicating no staining and 3 indicating strong stain-
ing. The extensiveness was rated as the approximate
percentage (0–100%) of visible tumor cells immuno-
reactive for ALDH3B1. Samples were scored by two

independent blinded observers (SAM and DJO) and
compared for bias and consistency. Those samples
lacking enough tissue for evaluation were excluded.
Cellular localization, tumor differentiation, tumor
invasiveness, and any notable characteristics of the
cancer samples were also identified. To compare and
analyze the relative ALDH3B1 immunoreactivity of dif-
ferent types of tumors, an overall immunoreactivity
score (mean6 SEM) was assigned to each case by mul-
tiplying the intensity score by the extensiveness score.

Results

Detection of Human ALDH3B1 in Normal Human
Tissues by Western Blot Analysis

Western blot analyses of human testis and spleen using
the anti-human ALDH3B1 antibody demonstrate a
protein band at ?52 kDa, which is consistent with
the expected molecular mass of human ALDH3B1
(Figure 1). No cross-reactivity or extraneous band
staining was seen, verifying the specificity of this anti-
body for use in human tissues for the recognition of
human ALDH3B1. Similar results have been found in
fixed ALDH3B1-transfected cultured human embryonic
kidney (HEK293) cells, verifying the validity of this
antibody for the recognition of formalin-fixed human
ALDH3B1 (Marchitti SA, et al., unpublished data).

Detection of Human ALDH3B1 in Normal Human
Tissues by IHC

ALDH3B1 immunoreactivity was localized to spe-
cific cell types in a wide variety of normal human tis-
sues, including lung, testis, liver, and kidney (Table 1).

Figure 1 Expression of aldehyde dehydrogenase 3B1 (ADH3B1) in
human tissues. Western blot analysis of human testis (Lane 1) and
spleen (Lane 2) using anti-human ALDH3B1 antibody. Molecular
mass markers are shown to the left. A protein band at ?52 kDa
was found in both human testis and spleen, which is consistent with
the expected molecular mass of human ALDH3B1. No cross-reactivity
or extraneous band staining from the anti-human ALDH3B1 anti-
body was found.

Table 1 Summary of ALDH3B1 immunoreactivity in normal human tissues

Human tissuea ALDH3B1 immunoreactivity Cell type Localization

Bone marrow 1 Histiocytes Cytoplasm
Cerebellum 1 Astrocytes, molecular layer of gray matter ND
Colon 2 NA NA
Endometrium 1 Few histiocytes Cytoplasm
Kidney cortex 1 Proximal convoluted tubule cells Cytoplasm
Kidney medulla 1 Loop of Henle cells Cytoplasm

1 Collecting duct cells Membrane-associatedb

Liver 1 Hepatocytes Cytoplasm
Lung 1 Ciliated brionchiole epithelial cells Membrane-bound/associatedc

Ovary 2 NA NA
Placenta 1 Intermediate trophoblasts Cytoplasm
Pancreas 1 Acinar cells Cytoplasm
Salivary gland 1 Striated duct cells Membrane-associatedb

Spleen 1 Sinusoidal endothelial cells of red pulp Cytoplasm
Testis 1 Ciliated columnar efferent ductule cells Membrane-bound/associatedc

Thyroid 1 Few histiocytes cytoplasm

aHuman tissues immunoreactive (1) and non-immunoreactive (2) for ALDH3B1 are listed.
bIn kidney medulla and salivary gland, staining of duct cells appeared cytoplasmic but was stronger on the luminal surface of ducts, indicating a potential mem-
brane association.
cIn lung and testis, staining was limited to cilia on the apical surface of cells; it was unclear whether localization was membrane-bound or cytoplasmic but
membrane-associated.
NA, not applicable; ND, not determined.
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Immunoreactivity was predominantly cytoplasmic, with
the exception of lung and testis. No immunoreactivity
was seen in negative controls from any tissue examined.

Human Lung. ALDH3B1 immunoreactivity was seen
in the small airways (terminal bronchioles) and was
specific to the apical surface of ciliated epithelial cells
of bronchioles (Figure 2A, arrow). No other immuno-
reactivity was seen, including in the surrounding alveolar
parenchyma, connective tissue, respiratory bronchioles,
or vessels. Large airways, including the bronchi, larynx,
and trachea, were not evaluated.

Human Testis. ALDH3B1 immunoreactivity was lim-
ited to the ciliated columnar epithelial cells of the effer-
ent ductules (Figure 2C, arrow). Of particular interest
is the transition in the testis from the simple low cuboi-
dal cells of the rete, which show no immunoreactivity,
to the tall columnar ciliated cells of the efferent duct-
ules, where immunoreactivity begins (Figure 2C,
arrowhead). In addition, although the efferent ductules
are composed of a mixture of true ciliated columnar
cells and shorter cuboidal epithelial cells, only the cili-
ated columnar cells were ALDH3B1-immunoreactive.
Similar to the lung, immunoreactivity was specific
to the apical surface of these cells and predominantly
localized to the cilia themselves. No other testicular cell
type displayed immunoreactivity, including cells of the
seminiferous tubules and epididymis. However, in the
connective tissue of one sample, several histiocytes
were immunoreactive (data not shown).

Human Liver. ALDH3B1 immunoreactivity in normal
human liver was specific to the cytoplasm of hepato-
cytes and strongest in those of zone 3 surrounding the
central vein (Figure 2E). Moderate to weak immuno-
reactivity was seen in hepatocytes of zones 2 and 1.
No other liver cell type was immunoreactive.

Human Kidney. ALDH3B1 immunoreactivity in hu-
man kidney was seen in both medulla and cortex. In
the medulla, loop of Henle cells (Figure 3A, arrow)
and collecting duct cells (Figure 3A, arrowhead) were
immunoreactive. Immunoreactivity was uniformly
cytoplasmic in loop of Henle cells, whereas in the col-
lecting ducts, it appeared more membrane-associated
and was localized more to the microvilli along the
luminal edge of the cells. In kidney cortex, cytoplasmic
immunoreactivity was observed in cells of the proxi-
mal convoluted tubules, including all S1, S2, and S3
sections (Figure 3C, arrow). No other immunoreac-
tivity was seen, including in distal convoluted tubules,
collecting ducts, renal corpuscle (Figure 3C, arrow-
head), and Bowman’s capsule.

Human Cerebellum. Human ALDH3B1 immuno-
reactivity in normal human cerebellum was limited to
astrocytes of the molecular layer of the gray matter
(Figure 3E, arrow). The subcellular localization of

astrocyte immunoreactivity was difficult to ascertain
but appeared cytoplasmic. Cells of the white matter
and granular layer did not show ALDH3B1 immuno-
reactivity (data not shown).

Human Placenta. In placenta, cytoplasmic ALDH3B1
immunoreactivity was seen in intermediate tropho-
blasts (Figure 4A, arrow). No other placental cell type
was immunoreactive.

Human Pancreas. ALDH3B1 immunoreactivity was
limited to pancreatic acinar epithelial cells (Figure 4C,
arrow). Immunoreactivity was uniformly cytoplasmic;
however, some acinar cells displayed intense granules
of immunoreactivity, and there were others that did
not appear immunoreactive at all.

Human Salivary Gland. ALDH3B1 immunoreactiv-
ity in normal human salivary gland was limited to cells
of the striated salivary ducts (Figure 4E, arrow). Immu-
noreactivity appeared to be stronger on the luminal
surface of some ducts (Figure 4E, arrowhead). Salivary
gland acinar cells and connective tissue cells (including
adipocytes, arteries, and veins) lacked immunoreactivity.

Human Spleen. In normal human spleen, the cyto-
plasm of endothelial cells lining the sinusoids of the
red pulp displayed strong ALDH3B1-immunoreac-
tivity (Figure 4G, arrow). Splenic white pulp, cells of
the periarterial lymphatic sheath, and splenic cord cells
of the red pulp were not immunoreactive.

Human Colon. No immunoreactivity was detected in
any cell type or structure of normal human colon, includ-
ing in the glandular epithelium (Figure 5A, arrow), con-
nective tissue, adipose tissue, blood vessels, and lymphatics.

Human Thyroid. Thyroid endocrine cells were not
immunoreactive (data not shown). However, some
histiocytes located in the connective tissue displayed
immunoreactivity.

Human Endometrium. Endometrium epithelial glands
were not ALDH3B1-immunoreactive (data not shown).
However, similar to several other normal human tis-
sues, some histiocytes located in the connective tissue
were immunoreactive.

Human Ovary. No ALDH3B1 immunoreactivity was
detected in human ovary (data not shown).

Human Bone Marrow. Cytoplasmic immunoreac-
tivity was detected in histiocytes of normal human
bone marrow (data not shown). No other cell type
was immunoreactive.

Detection of Human ALDH3B1 in Abnormal and
Cancerous Tissues

ALDH3B1 expression was examined in tumors of
the human colon, lung, breast, and ovary. In cancerous
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Figure 2 Distribution of ALDH3B1 in human lung, testis, and liver. IHC was performed using antibody against human ALDH3B1 on hu-
man lung (A), testis (C), and liver (E). In lung, ciliated cells of small bronchioles are immunoreactive (A, arrow). In testis, ciliated cells of
efferent ductules are immunoreactive (C, arrow). Arrowhead in C indicates the transition from the low cuboidal cells of the rete to the tall
columnar cells of the efferent ductule. In liver, zone 3 hepatocytes surrounding the central vein are immunoreactive (E, arrow). (B,D,F) Cor-
responding cells from negative controls in which IHC of human lung, testis, and liver was performed using antibody against human ALDH3B1
preadsorbed with peptide show no immunoreactivity (arrows). Bar 5 50 mm.
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Figure 3 Distribution of ALDH3B1 in human kidney cortex, kidney medulla, and cerebellum. IHC was performed using antibody against
human ALDH3B1 on human kidney medulla (A), kidney cortex (C), and cerebellum (E). In kidney medulla, loop of Henle cells (A, arrow)
and cells of the collecting ducts (A, arrowhead) are immunoreactive. In kidney cortex, proximal convoluted tubule cells are immunoreactive
(C, arrow), whereas endothelial cells of the renal corpuscle lacked immunoreactivity (C, arrowhead). In cerebellum, astrocytes in the molecular
layer of the gray matter are immunoreactive (E, arrow). (B,D,F) Corresponding cells from negative controls in which IHC of human kidney
cortex, kidney medulla, and cerebellum was performed using antibody against human ALDH3B1 preadsorbed with peptide show no immuno-
reactivity (arrows). Bar 5 50 mm.
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epithelial cells, immunoreactivity was limited to the
cytoplasm and appeared granular in nature. A small
number of colon, lung, and breast cancer samples dis-
played immunoreactive histiocytes in the connective
tissue. No immunoreactivity was seen in negative con-
trols from any tumor sample examined.

Human Colon Cancer. An overall ALDH3B1 immu-
noreactivity score of 47 6 9 was determined for
the colonic adenocarcinomas evaluated (Table 2).
Of the 44 colon tumors, 20 (45%) were ALDH3B1-
immunoreactive. These included poorly, moderately
(Figure 5E), and well-differentiated tumors (Figure 5C)
and those that were both invasive and non-invasive.
ALDH3B1 expression was higher in moderately to
well-differentiated colon tumors when compared to
poorly differentiated colon tumors (Figure 6).

Human Lung Hyperplasia and Cancer. In hyper-
plastic respiratory epithelium, human ALDH3B1
immunoreactivity was cytoplasmic with a granular
appearance (Figure 7A, black arrow). Histiocytes lo-
cated in the connective tissue were also immunoreactive
(Figure 7A, red arrow).

Of the 45 lung tumors evaluated for ALDH3B1 ex-
pression, 37 (82%) were ALDH3B1-immunoreactive,
and an overall lung tumor immunoreactivity score
of 131 6 14 was determined (Table 2). ALDH3B1-
immunoreactive tumors included 86% of non-small
cell carcinomas (score 1486 39, n57), 84%of squamous
cell carcinomas (score 1446 23, n519; Figure 7C), 76%
of lung adenocarcinomas (score 112 6 21, n517; Fig-
ure 7E), and 100% of bronchoalveolar carcinomas
(score 100 6 50, n52). No difference in ALDH3B1 im-
munoreactivity was seen among the different lung can-
cer diagnoses. However, ALDH3B1 expression in lung
tumors was higher than that in colon tumors (Figure 8).
Higher ALDH3B1 expression in lung tumors was also
seen in comparison with breast and ovarian tumors.

Human Breast Cancer. Forty-four human breast can-
cer tumors were evaluated for ALDH3B1 expression;
an overall immunoreactivity score of 97 6 11 was
determined (Table 2). Thirty-six (82%) of the forty-
four tumors were ALDH3B1-immunoreactive. These
included 81% of ductal adenocarcinomas (score 99 6
13, n536), 80% of lobular adenocarcinomas (score
102 6 29, n55), 50% of adenocarcinomas (score 75 6

75, n52), and 100% of ductal carcinomas in situ
(score 15, n51). No difference in immunoreactivity
was observed between the different breast tumor diag-
noses. However, ALDH3B1 expression in breast tumors
was higher than that in the colon tumors evaluated in
this study (Figure 8). Of the breast tumors, ALDH3B1
immunoreactivity was seen in a variety of tumors, in-
cluding those that were poorly differentiated and highly
invasive (Figure 9A), well-differentiated and mucin-
producing (Figure 9C), non-mucin-producing (Fig-
ure 9G), and non-invasive (Figure 9E). However, the
majority of immunoreactive breast tumors were invasive
(86%) and poorly differentiated (57%) (Figure 9G).

Human Ovarian Cancer. An overall ALDH3B1 im-
munoreactivity score of 89 6 13 was determined for the
ovarian tumors evaluated (Table 2). Of the 43 ovarian
tumors, 30 (70%) were ALDH3B1-immunoreactive.
Immunoreactivity was seen in nearly all diagnoses, in-
cluding in 67% of serous papillary adenocarcinomas
(score 79 6 14, n527; Figures 10E and 10G), 86%
of clear cell adenocarcinomas (score 106 6 34, n57),
75% of endometroid adenocarcinomas (score 108 6
66, n54; Figure 10A), and 100% of mucinous adeno-
carcinomas (score 183 6 44, n53; Figure 10C). The
majority of ALDH3B1-immunoreactive ovarian tumors
were invasive (63%; Figures 10E and 10G) and moder-
ately differentiated (53%; Figure 10A) or poorly differ-
entiated (34%; Figures 10E and 10G). No difference in
ALDH3B1 expression was observed between the dif-
ferent ovarian cancer diagnoses. However, ovarian
tumor patients less than 60 years of age had higher
ALDH3B1 tumor expression when compared with
patients 60 years of age or older (Figure 11).

Discussion
ALDH-mediated detoxification of aldehydes represents
a critical cellular defense. Increasing evidence suggests
that the ALDH3 family plays important aldehyde-
detoxifying roles in a variety of cell types. Genetic mu-
tations leading to the catalytic inactivity of ALDH3A2,
which detoxifies fatty aldehydes in human skin fibro-
blasts, result in Sjögren–Larsson syndrome, a neuro-
cutaneous disorder (Rizzo and Carney 2005). In
corneal epithelial and stromal cells, ALDH3A1 pro-
tects ocular structures against oxidative damage and

'

Figure 4 Distribution of ALDH3B1 in human placenta, pancreas, salivary gland, and spleen. IHC was performed using antibody against
human ALDH3B1 on human placenta (A), pancreas (C), salivary gland (E), and spleen (G). In placenta, intermediate trophoblast cells are
immunoreactive (A, arrow). In pancreas, acinar cells are immunoreactive (C, arrow). In salivary gland, epithelial cells of the salivary ducts
are immunoreactive (E, arrow) with greater reactivity on the apical or luminal surface of the cells (E, arrowhead). In spleen, splenic endothe-
lial cells lining the sinusoids of the red pulp are ALDH3B1-immunoreactive (G, arrow). (B,D,F,H) Corresponding cells from negative controls in
which IHC of human placenta, pancreas, salivary gland, and spleen was performed using antibody against human ALDH3B1 preadsorbed with
peptide show no immunoreactivity (arrows). Bar 5 50 mm.
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Figure 5 Expression of ALDH3B1 in normal and cancerous colon. IHC was performed using antibody against human ALDH3B1 on normal
human colon (A) and colonic adenocarcinoma (C,E). (A) In normal human colon, glandular epithelial cells (arrow) and cells of the connective
tissue, adipose tissue, arteries, and lymphatics lack immunoreactivity. In colonic adenocarcinoma, glandular epithelial cancer cells are
ALDH3B1-immunoreactive, including well-differentiated (C, arrow) and moderately differentiated (E, arrow), invasive tumors. (B,D,F) Corre-
sponding cells from negative controls in which IHC of normal and cancerous human colon was performed using antibody against human
ALDH3B1 preadsorbed with peptide show no immunoreactivity (arrows). Bar 5 50 mm.
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cataract formation through the metabolism of LPO-
derived aldehydes (Pappa et al. 2003). Similarly, our
previous findings indicate that ALDH3B1 may be in-
volved in the protection of cells against oxidative stress
through the detoxification of LPO-derived aldehydes
(Marchitti et al. 2007b). Delineation of tissue and cel-
lular distribution of ALDH3B1 in healthy and diseased
human tissues is essential for advancing our under-
standing of the physiological role and pathophysiologi-
cal significance of ALDH3B1 in humans.

The cell-specific expression of ALDH3B1 detailed
in this study is supportive of a physiological role of
ALDH3B1 against aldehydes and oxidative stress. In

the lung and testis, ALDH3B1 localized to the apical
surface of ciliated cells, suggesting that the enzyme
may play a role in the maintenance of ciliary function
and serve as a first line of defense against the penetra-
tion of aldehydes further into the cell. Acetaldehyde
and aldehyde–protein adducts have been implicated
to play a role in the impairment of lung ciliary motion
(Sisson et al. 1991; Elliott et al. 2007). Additionally,
the lung is exposed to reactive, carcinogenic alde-
hydes, such as acetaldehyde, present in cigarette smoke
and other pollutants (Patel et al. 2008). In the testis,
oxidative stress and the production of 4-HNE impair
spermatogenesis (Shiraishi and Naito 2007), and in-
creased aldehydes, protein adducts, and DNA damage
occur from environmental pollutants, including ciga-
rette smoke, pesticides, and gasoline exhaust (Che
et al. 2009; Vaithinathan et al. 2009). In the liver, zone
3 hepatocytes have high levels of cytochrome P450 but
low levels of GSH, which leads to increased oxidative
stress and LPO, particularly during ethanol metabo-
lism (Cederbaum et al. 2009). Oxidative stress has
been implicated in renal diseases, including diabetic
nephropathy, which is associated with increased pro-
duction of ROS and cell death (Han et al. 2005;
Brezniceanu et al. 2007). Kidney proximal convo-
luted tubule and loop of Henle cells are susceptible to
direct damage by toxins, including those that initiate
oxidative stress and LPO (Hughes et al. 1998; de Castro
et al. 2004; Schwerdt et al. 2007). In the placenta, fetal
antioxidant defense mechanisms are critical in the
prevention of placental toxicity, trophoblast damage,
and early pregnancy loss (Guilbert et al. 1993; Lunghi
et al. 2007). In the pancreas, acinar cells are the main
site of ethanol metabolism, and alcohol abuse is a
major cause of acinar cell death, believed to occur as
a result of acetaldehyde and production of LPO-derived
aldehydes (Gukovskaya et al. 2002; Apte et al. 2007;
Palmieri et al. 2007). Cigarette smoke also causes in-
creased oxidative stress and aldehyde production in
acinar cells (Chowdhury and Walker 2008), which ex-
press multiple ALDH isozymes, including ALDH1A1,
ALDH2, and ALDH3A1 (Chiang et al. 2009). In sali-
vary gland striated duct cells, increased DNA adducts

Table 2 Patient and tumor characteristics

Tumor type Colon Lung Breast Ovarian

Patient, n 44 45 44 43
Age, median (range) 71 (38–90) 66 (38–84) 57 (36–76) 59 (23–78)
Gender F/M, n 19/17 (8 ND) 17/17 (11 ND) 44/0 43/0
Tumor characteristics
Invasive/non-invasive, n 28/8 (8 ND) 35/2 (8 ND) 38/3 (3 ND) 26/9 (8 ND)
Poorly/moderately/well-differentiated, n 10/14/2020 13/29/3 25/16/3 15/21/7
ALDH3B1-immunoreactive, n 20 37 35 30
Overall immunoreactivity score 47 6 9 131 6 9 97 6 11 89 6 13

ND, not disclosed or not determined.

Figure 6 ALDH3B1 expression in poorly differentiated vs moder-
ately to well-differentiated colonic adenocarcinoma tumors. Moder-
ately to well-differentiated colon tumors displayed higher ALDH3B1
expression than poorly differentiated colon tumors. Bars reflect
mean overall immunoreactivity score 6 SEM as evaluated by IHC.
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Figure 7 Expression of ALDH3B1 in human lung hyperplasia and lung cancer. IHC was performed using antibody against human ALDH3B1 on
hyperplastic lung (A), squamous cell carcinoma of the lung (C), and adenocarcinoma of the lung (E). In lung hyperplasia, hyperplastic epithe-
lial cells are immunoreactive (A, black arrow). In invasive squamous cell carcinoma of the lung, moderately differentiated squamous epithe-
lial cancer cells are immunoreactive (C, black arrow). Histiocytes are also ALDH3B1-immunoreactive in lung hyperplasia (A, red arrow) and
squamous cell carcinoma of the lung (C, red arrow). In invasive adenocarcinoma of the lung, poorly differentiated mucin-producing glan-
dular epithelial cancer cells are immunoreactive (E, arrow). (B,D,F) Corresponding cells from negative controls in which IHC of human lung was
performed using antibody against human ALDH3B1 preadsorbed with peptide show no immunoreactivity (arrows). Bar 5 50 mm.
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and 4-HNE accumulation have been reported with
certain disease states (Kurimoto et al. 2007). The spleen
is also sensitive to aldehyde toxicity (Warholm et al.
1984), and ALDH induction occurs following exposure
to toxins, including dioxin (Germolec et al. 1996) and
methylcholanthrene (Vasiliou and Marselos 1989).

Although ALDH3B1 appears to be expressed in an
epithelium-specific manner, the enzyme was also local-
ized to cerebellar astrocytes and histiocytes (macro-
phages), where it likely also plays a role in aldehyde
and oxidative stress defense. In the central nervous
system, including the cerebellum, alcohol exposure
leads to increased aldehyde production (Smith et al.
2005), and astrocytes are a critical cell type involved
in homeostasis, oxidative stress defense (Belanger and
Magistretti 2009), and the detoxification of LPO-
derived aldehydes (Kubatova et al. 2006). Macro-
phages are also susceptible to oxidative stress (Kirkham
2007), and they themselves generate ROS as part of
the immune response (Nakamura et al. 1999). As such,
the ALDH-mediated detoxification of LPO-derived
aldehydes is an important macrophage defense system
in various tissues, including lung, liver, and spleen
(Germolec et al. 1995; Luckey and Petersen 2001).

It is of note that certain epithelial tissues lacked
ALDH3B1 expression. Surface epithelium from human
colon, lung type II pneumocytes, kidney distal convo-
luted tubule cells, thyroid follicle epithelial cells, germi-
nal epithelium of the ovary, and glandular epithelium

of the endometrium all lacked immunoreactivity. In
contrast to a generalized expression throughout all
tissues, which would be indicative of a less-specific
“house-keeping” function, this selectivity in tissue and
cellular distribution is more consistent, with ALDH3B1
serving specific functions in the cells in which it is ex-
pressed. Aside from aldehyde metabolism, ALDH3B1
may prove to have additional, but not yet determined,
cellular roles. Indeed, many ALDH enzymes possess
multiple catalytic functions, including esterase and
nitrate reductase activity (Sladek 2003a; Vasiliou and
Nebert 2005), and several of these act as binding pro-
teins for various endogenous (e.g., androgen, choles-
terol, and thyroid hormone) and exogenous (e.g.,
acetaminophen) compounds (Graves et al. 2002; Vasiliou
et al. 2004). ALDH3A1, in addition to aldehyde detoxi-
fication, catalyzes ester hydrolysis, filters UV light as a
corneal crystallin, scavenges ROS, and may have a role
in cell cycle regulation and DNA repair (Pappa et al.
2005; Lassen et al. 2006,2007; Estey et al. 2007).
Further investigation of the putative additional roles of
ALDH3B1 in tissues is warranted.

Similar to other ALDH enzymes (Marselos and
Michalopoulos 1987; Krupenko and Oleinik 2002;
Kim et al. 2007), ALDH3B1 was found to be highly
expressed in a large percentage of colon, lung, breast,
and ovarian tumors. Consistent with other reports
(Wroczynski et al. 2005; Chang et al. 2009), high vari-
ability of ALDH3B1 expression among patients with
tumor was seen, and it remains unclear why ALDH3B1
was expressed in many but not all tumors. In colon
tumors, ALDH3B1 expression was higher in patients
with moderate to well-differentiated tumors when
compared with those with poorly differentiated
tumors. In this study, among patients with ovarian
tumors, ALDH3B1 expression was higher in patients
less than 60 years of age when compared with patients
60 years of age or older, who represent the majority
of patients with epithelial derived ovarian tumor.
Age-related changes in tumor protein expression have
been reported and may correlate with patient outcome
and survival (Yan et al. 2009). Moreover, differential
expression of ALDH isozymes appears to be a factor
in patient diagnosis, treatment, and survival. In colon
cancer, ALDH1A1 expression is a marker for malig-
nancy and tumor-initiating ability, and ALDH-expressing
colon stem cells contribute to tumorigenesis (Carpentino
et al. 2009; Huang et al. 2009). In human colon car-
cinoma cell lines, ALDH3A1 mediates cellular resistance
to oxazaphosphorine anticancer drugs through the
detoxification of aldehyde metabolites (Rekha et al.
1994). Similarly, high ALDH expression in multidrug-
resistant colonic adenocarcinoma cells eliminates the
toxicity of the anticancer bovine serum amine oxidase,
which acts through hydrogen peroxide and aldehyde
metabolites (Agostinelli et al. 2006). In lung tumors,

Figure 8 Summary of ALDH3B1 expression in tumors of the hu-
man lung, colon, breast, and ovary. Bars reflect the mean overall
immunoreactivity score 6 SEM for each tumor type as evaluated
by IHC. Lung, ovarian, and breast tumors demonstrated higher
ALDH3B1 expression than colon tumors.
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Figure 9 Expression of ALDH3B1 in human breast cancer. IHC was performed using antibody against human ALDH3B1 on ductal adeno-
carcinoma of the breast (A,C,E,G). Cancerous glandular epithelial cells of the human breast are strongly immunoreactive, including poorly
differentiated, highly invasive mucin-producing pleimorphic epithelial tumor cells (A, arrow), poorly differentiated, highly invasive non-
mucin-producing epithelial tumor cells (G, arrow), well-differentiated, invasive, mucin-producing epithelial tumor cells (C, arrow), and
well-differentiated, non-invasive, mucin-producing epithelial tumor cells (E, arrow). (B,D,F,H) Corresponding cells from negative controls
in which IHC of human breast was performed using antibody against human ALDH3B1 preadsorbed with peptide show no immunoreac-
tivity (arrows). Bar 5 50 mm.
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Figure 10 Expression of ALDH3B1 in human ovarian cancer. (A–H) IHC was performed using antibody against human ALDH3B1 on ovarian
cancer. Cancerous glandular epithelial cells of the human ovary are strongly immunoreactive, including moderately differentiated endo-
metroid adenocarcinoma cells (A, arrow), well-differentiated, non-invasive, mucinous adenocarcinoma cells (C, arrow), and poorly differ-
entiated, invasive, serous papillary adenocarcinoma cells (E, arrow; G, arrow). (B,D,F,H) Corresponding cells from negative controls in
which IHC of human ovary was performed using antibody against human ALDH3B1 preadsorbed with peptide show no immunoreactivity
(arrows). Bar 5 50 mm.
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expression of ALDH3B1 was consistent with that re-
ported for ALDH1A1 and ALDH3A1 (Patel et al.
2008), which have been suggested to be biomarkers for
early detection and clinical prognosis (Jiang et al. 2009;
Rubporn et al. 2009; Ucar et al. 2009). ALDH1A1 and
ALDH3A1 are also highly expressed in breast cancer,
which may be of value in predicting the therapeutic
potential of cyclophosphamide (Sreerama and Sladek
1997; Sladek et al. 2002). Indeed, custom treatment
plans involving the downregulation of ALDH1A1 and
ALDH3A1 lead to increased sensitivity to anticancer
drugs and suppression of tumor cell growth (Rekha
et al. 1998; Sladek 1999; Moreb et al. 2000; Muzio
et al. 2006). In breast cancer, high ALDH activity ap-
pears to be a factor in drug resistance, cell differentia-
tion, metastasis, and oxidative stress response (Croker
et al. 2008;Moreb 2008). ALDH1A1, a marker of breast
cancer stem cells, mediates the resistance to paclitaxel
and epirubicin-based chemotherapy and is a predictor of
poor clinical outcome (Ginestier et al. 2007; Morimoto
et al. 2009; Tanei et al. 2009). In contrast, ALDH1A1
expression in the ovary correlates with low-grade tu-
mors, successful cisplatin-based chemotherapy, and a
favorable patient prognosis (Tanner et al. 1997; Chang
et al. 2009). The significance of ALDH3B1 expression
in tumors and its potential role in treatment and patient
outcome remains to be identified.

ALDH3B1 may be upregulated in tumors as a result
of oxidative stress processes. Alcohol consumption or
cigarette smoke exposure, known risk factors for
many cancers, causes high levels of aldehyde produc-

tion, hydroxyl radicals, ROS, and DNA damage
(Wright et al. 1999; Seitz and Becker 2007). Much
of the negative effects of ethanol and cigarette smoke
are mediated by acetaldehyde, which causes oxidative
stress and is a carcinogen itself (Seitz and Becker 2007;
Minegishi et al. 2007; Eom et al. 2009). These pro-
cesses could be of particular significance in patients
with diminished cellular antioxidant defenses or in
tissues with low antioxidant capacity. Indeed, low
ALDH levels in the colon lead to the highest acetal-
dehyde exposure of any tissue during ethanol metabo-
lism, which is believed to be a factor in alcohol-related
colon cancer (Salaspuro 1996). ALDH2-mediated
metabolism of acetaldehyde is a major detoxification
route, and carriers of the ALDH2*2 polymorphism,
which confers loss of ALDH2 enzymatic activity, have
increased risk for alcohol-related colon cancer (Murata
et al. 1999) and smoke- and alcohol-related lung
cancer (Minegishi et al. 2007; Eom et al. 2009). Al-
though acetaldehyde itself is poorly metabolized by
ALDH3B1, downstream LPO-derived aldehydes, in-
cluding the highly cytotoxic 4-HNE, appear to be good
substrates (Marchitti et al. 2007b). 4-HNE can inhibit
the ALDH-mediated metabolism of aldehydes, includ-
ing ALDH2, thus preventing the detoxification of
acetaldehyde (Mitchell and Petersen 1991; Florang
et al. 2007). In this regard, ALDH3B1-mediated de-
toxification of 4-HNE would be an important cellular
defense system during acetaldehyde metabolism. The
precise molecular mechanism by which ALDH3B1 is
upregulated in tumors and whether oxidative stress plays
a role remain to be determined. However, in breast
cancer cell lines, ALDH3A1 is induced from the tran-
sient exposure to electrophiles, which activate an
electrophile-responsive element (EpRE), and from
exposure to Ah-receptor agonists such as polycyclic
aromatic hydrocarbons, which activate a xenobiotic-
responsive element (XRE) (Sreerama and Sladek 2001;
Sladek 2003b). The presence of an EpRE or an XRE in
the ALDH3B1 gene has yet to be reported.

In summary, ALDH3B1 is expressed in a number
of normal human tissues in a very cell-specific manner,
indicating functional specificity of this enzyme. Aside
from cerebellar astrocytes and histiocytes, the ALDH3B1
expression in tissues was limited to epithelial cells.
Localization of ALDH3B1 was uniformly cytosolic in
tissues, with the exception of normal human lung and
testis, in which it appeared to be either membrane-bound
or membrane-associated. The majority of ALDH3B1 ex-
pression appeared granular in nature, suggesting that
the protein may be associated with vesicles, such as
lysosomes or peroxisomes, or is localized to the lumen
of the endoplasmic reticulum. The upregulation of
ALDH3B1 expression in human tumors could indicate
a conferring of a growth advantage or, alternatively,
could be the result of an induction mechanism mediated

Figure 11 ALDH3B1 expression in ovarian tumors from patients
less than 60 years of age vs tumors from patients 60 years of age
or older. Tumors from ovarian cancer patients less than 60 years of
age demonstrated higher ALDH3B1 tumor expression than tumors
from patients 60 years of age or older. Bars reflect mean immuno-
reactivity score 6 SEM as evaluated by IHC.
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by oxidative stress and related processes such as LPO
and the production of reactive aldehydes. Similar to
other ALDH enzymes, differential ALDH3B1 expression
in tumors may prove to have important implications for
patient treatment and prognosis. What remains to be
clarified is what factors mediate ALDH3B1 expression
in tumors and whether this expression could be used as
a tumor marker. Given the diversity of the ALDH family,
it is possible that ALDH3B1 has multiple functions
aside from aldehyde metabolism in normal and diseased
tissues. In conclusion, we believe this study represents
the most comprehensive immunohistochemical inves-
tigation of any ALDH enzyme to date, and the results
presented herein will lead to further understanding of
the significance of ALDH3B1 under physiological and
pathophysiological conditions.
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