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1. ABSTRACT 
 

Aldo-keto reductase (AKR) is a super gene 
family, consisting of fourteen families and more than 40 
members overall. These proteins have been well known as 
metabolic enzymes of carbonyls, but recent data indicates 
that the members in AKR families 1 and 7 (AKR1 & 
AKR7) are involved in the development of some human 
and rodent tumors, such as in primary liver, lung, 
colorectal, prostate, and breast cancers. They are involved  
in the pathogenesis, diagnosis, and therapy of these tumors. 
This manuscript discusses the recent progression in AKR 
study in mammalian tumors, focusing on prostate and 
breast cancer. 
 
2. INTRODUCTION  
 

Aldo-keto reductases (AKR) are a large group of 
carbonyl metabolic enzymes that ubiquitously exist 
throughout the evolutionary tree, from prokaryotes to

 
 
eukaryotes, including in humans (1). In the nomenclature 
system proposed by the 8th International Workshop on the 
Enzymology and Molecular Biology of Carbonyl 
Metabolism, the root symbol "AKR" stands for aldo-keto 
reductase; an Arabic number designates the family; a 
capitol letter indicates the subfamily when multiple 
subfamilies exist; and another Arabic numeral represents a 
unique protein in this subfamily. The identity of the amino 
acid sequences between the families is usually less than 
40%, while it is more than 60% among constituent 
members within a subfamily. Currently, a total of fourteen 
families have been defined, nine of which consist of 
multiple subfamilies.  The numbering of known members 
of each subfamily was assigned in an arbitrary fashion, 
with  any new additions to a subfamily being numbered 
chronologically. More information about the classification 
of this AKR superfamily is available at the web site: 
www.med.upenn.edu/akr.    
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Figure 1. Induction of AR gene expression in HepG2 cells 
by hypertonic medium (Upper) and its effect on 
daunorubicin cytotoxicity (Lower). Mature AR mRNA 
reached the maximal level after 36 hours in hypertonic 
medium, which resulted in the cell resistance to 
daunorubicin.  This resistance was efficiently reversed by 
AR inhibitor (ARI). Hypertonic medium and ARI both had 
no effect on cell growth (22). 
 

All members of the AKR superfamily are 
monomeric cytoplasmic proteins, involved in carbonyl 
metabolism with NADPH as cofactor (2). Most of AKR 
members have a wide range of substrate specificity, 
catalyzing the NADPH-dependent reduction of various 
xenobiotics and endogenous carbonyls, such as aldehydes 
and ketones, making them involved in detoxification 
processes of living cells (3). Increasing evidence indicates 
that some members of the AKR superfamily are involved in 
carcinogenic processes, affecting tumor formation and 
development, as well as therapeutics and prognosis. Of the 
fourteen families, families AKR1, AKR6, and AKR7 are 
identified in mammalian species, but proteins in the family 
AKR6 are beta-subunits of the shaker-related voltage-gated 
K+ channels isolated from humans, rats, and cows. 
Currently, research shows that  AKR1 and AKR7 members 
are  related to pathogenesis and therapy of tumors in 
mammalians (4, 5). This review will focus on recent 
advances on the aldo-keto reductases (AKR1 and AKR7) 
that are involved in the development of mammalian tumors, 
with focus on prostate and breast cancers.  
 
3. MAMMALIAN AKR1 AND AKR7 FAMILIES  
 
3.1. Aldo-keto reductase family 1 

Aldo-keto reductase family 1 (AKR1) is one of 
the largest families in the AKR superfamily, composed of 

four subfamilies: aldehyde reductases (AKR1A1-3), aldose 
reductases (AKR1B1-11), hydroxysteroid dehydrogenases 
(AKR1C1-17), and steroid reductases (AKR1D1-3) (2). An 
additional member, AKR1E1, identified in mice, has 
similar genomic organization to aldose reductase (AKR1B) 
(6, 7). The enzymes in this family carry out a wide range of 
biological and pathological functions, including carbonyl 
detoxification, osmolytic regulation, hormonal metabolism, 
diabetic complications, and tumor development (8-16).  

 
The involvement of AKR in mammalian tumor 

development and therapy is a novel research topic. Zeindl-
Eberhart and colleagues first reported the induction of rat 
aldose reductase (AR) in rat hepatomas (17, 18). 
Takahashi’s work confirmed this finding and further 
unraveled that the increased AR protein rendered rat 
hepatoma cells resistant to the carbonyl damages induced 
by 3-deoxyglucosone and glyceraldehyde. This suggests 
that AR protects rat hepatoma cells from harmful carbonyl 
metabolites, produced by rapidly growing cancer cells (19). 
In a subsequent study, this group further revealed that the 
expression of aldose reductase was marked in cancerous 
lesions in hepatoma-bearing LEC (Long-Evans with a 
cinnamon-like color) rat liver, compared to normal 
surrounding tissues (20). These results indicated that 
overexpression of AR in hepatocarcinogenesis may be 
related to the acquisition of immortality of the cancer cells, 
by detoxifying cytotoxic carbonyls. 

 
In humans, Cao, et al. (21) reported for the first 

time the overexpression of human AR in hepatocellular 
carcinomas (HCC). They observed 24 human HCC surgical 
specimens and found that AR was overexpressed in about 
29% of the cancerous tissues, compared to normal 
surrounding tissues. By stimulating the expression of AR in 
HepG2, a human HCC cell line, with hypertonic medium, 
this group further revealed that AR conferred the cancerous 
cells resistant to daunorubicin, an antitumor agent (Figure 
1) (22). The mechanisms of the AR re-expression and the 
cause-effect relationship between AR induction and 
hepatocarcinogenesis remain unclear.  Nevertheless, this 
finding will aid in improving chemotherapy strategies and 
the development of new drugs for the treatment of this 
disease. It will be important to further understand the 
correlation between AR expression and the tumor type, 
grade, and differentiation status.  

 
The investigation of AR expression in HCC 

tissues has led to the discovery of a novel member of 
AKR1 family, designated aldose reductase-like-1 (ARL-1) 
due to its resemblance in amino acid sequence to that of 
human aldose reductase (21). In the nomenclature system, 
this protein is sequentially named aldo-keto reductase 
family 1 member B 10 (AKR1B10). This gene was 
overexpressed in approximately 54% of human HCC 
specimens (Figure 2), according to Cao et al., which was 
confirmed by two independent groups (23, 24).  

 
Recently, Fukumoto, et al. (25) reported the 

overexpression of ARL-1 in 84.4% of human lung 

squamous cell carcinomas (SCC) and 29.2% of 
adenocarcinomas in smokers, proposing this protein as a
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Figure 2. Expression of AR and ARL-1 in HCC tissues. 
20µg of total RNAs from tumor tissues (T) and surrounding 
normal tissues (N) were used and hybridized with AR and 
ARL-1 cDNAs. The amounts and quality of RNA loaded 
were assessed by β–actin cDNA probe (21). 

 
potential marker of lung cancer. Multiple regression 
analysis identified that smoking was an independent 
variable responsible for the overexpression of ARL-1 in 
these lung cancer tissues, indicating the role of this protein 
in the activation of hydrocarbons present in tobacco smoke. 
This was supported by the overexpression of ARL-1 in 
precancerous lesions, squamous metaplasia, of the lung. 
However, another potential mechanism was proposed by 
Penning, in which increased ARL-1 expression may lead to 
depletion of the retinoic acid precursor, retinal, thus 
downregulating the retinoic acid pathway (1). Retinoic acid 
pathway plays an important role in cell differentiation (26).  
 
3.2. Aldo-keto reductase family 7 

Aldo-keto reductase family 7 (AKR7) is 
composed of aflatoxin B1 aldehyde reductases (AFB1-AR). 
In the nomenclature system, this family belongs to 
AKR7A, consisting of 5 members, AKR7A1-5. These 
enzymes are involved in the detoxification of the aldehyde 
metabolites of aflatoxin B1, a carcinogen. Aflatoxin B1 
(AFB1) is a potent hepatocarcinogen produced by 
Aspergillus flavus, a mold that contaminates rice and cereal 
crops in humid environments (27). The aflatoxin B1 
aldehyde metabolites, such as dihydrodiol, contribute to the 
cytotoxicity and genotoxicity of this hepatocarcinogen, by 
forming protein or DNA adducts (28). AFB1-ARs can 
convert the dihydrodiol to a less reactive dialcohol, 
protecting hepatocytes from aflatoxin B1 carcinogenic 
toxicity (29).    

 
AFB1-ARs are also NADPH-dependent 

reductases.  Five AFB1-AR isoforms have been identified, 
designated AKR7A1-5. AKR7A1 and AKR7A4 were 
isolated from the rat liver; AKR7A2 and AKR7A3 from the 
human liver; and AKR7A5 from the mouse liver (30).  

These enzymes can efficiently convert the AFB1 
dihydrodiol to its dialcohol, a less active form. Structurally, 
these AKR7A proteins are predicted to possess distinct 
secondary structural features that distinguish them from the 
prototypic AKR1 family, but the catalytic- and NADPH-
binding residues appear to be conserved in both families. In 
addition, certain predicted structural features of the AKR7 
family are shared with the AKR6 beta-subunits of voltage-
gated K+-channels (31).  
 

AKR7A1 was isolated by Judah, et al. from a 
cytosolic fraction prepared from the rat liver bearing pre-
neoplastic lesions and experiencing treatment with the anti-
oxidant ethoxyquin (32). This enzyme can catalyze 
aflatoxin B1-dihydrodiol to aflatoxin B1-dialcohol, a less 
active form. The AKR7A1 gene was cloned by Ellis and 
colleagues from a rat’s liver, with the mRNA coding for 
this enzyme was remarkably elevated when an ethoxyquin-
containing diet was fed, coupled with acquisition of 
resistance to AFB1 (33). The human homologues, 
AKR7A2 and AKR7A3, were isolated by Ireland’s and 
Knight’s groups, respectively (28, 31). AKR7A2 was 78% 
identical to AKR7A1. Unlike its rat homologue, however, 
AKR7A2 is constitutively expressed in the human liver, 
and in a wide range of extra-hepatic tissues. In addition to 
the aflatoxin B1-8, 9-dihydrodiol, AKR7A2 shows high 
affinity and activity to 2-carboxybenzaldehyde (2-CBA) 
and the structurally related gamma-aminobutyric acid 
metabolite, succinic semialdehyde (SSA). Another human 
homologue, AKR7A3, shows 80% and 88% amino acid 
sequence identity to rat AKR7A1 and human AKR7A2, 
respectively.  AKR7A3 also exhibits higher efficiency in 
catalyzing AFB1 dihydrodiol reduction (pH 7.4), than the 
other enzymes, such as cytochrome P450s and glutathione 
S-transferases (28).  

 
Unlike the aflatoxin B1-dihydrodiol, the 

dialcohol does not bind to proteins or DNA. The presence 
of these enzymes in hepatic cells, therefore, confers the 
cells’ resistance to carcinogenesis caused by aflatoxin B1, 
indicating a mechanistic role of AFB1-AR in 
hepatocarcinogenesis of aflatoxin B1. A large number of 
compounds can confer the hepatocytes resistance to 
aflatoxin B1 hepatocarcinogenesis in the rat mode through 
the induction of AFB1-AR expression. These compounds 
include phytochemicals [benzyl isothiocyanate, coumarin 
(CMRN), and indole-3-carbinol], and synthetic 
antioxidants and other agents (butylated hydroxyanisole, 
diethyl maleate, ethoxyquin, beta-naphthoflavone, oltipraz, 
phenobarbital, or trans-stilbene oxide). Therefore, the role 
of AKR7A enzymes in chemoprevention was attributed to 
their upregulation induced by these chemopreventive 
agents (14, 33-36). For instance, Hayes and Sutter groups 
reported that rat hepatic AFB1-AR levels were induced 20-, 
15-, 9-, and 6-fold, respectively by 1,2-dithiole-3-thione 
(D3T), ethoxyquin, butylated hydroxyanisole, and oltipraz 
(37, 38). In these rats, phenobarbital or 3-
methylcholanthrene also induced approximate 1.4-fold 
increase of liver AFB1-AR.  

 
In addition to the increased expression of AFB1-

AR in the livers of rats that were fed these 
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chemopreventors, interestingly, Mcleod, et al. (29) found 
that hepatic cytosol of selenium (a co-factor of antioxidant 
enzyme glutathione peroxidase)-deficient Fischer 344 rats 
possessed remarkable increased AFB1-AR protein levels 
and enzyme activity.  Furthermore, Fischer 344 rats that 
were fed a diet deficient in selenium were more resistant to 
the hepatocarcinogenic effect of aflatoxin B1 than those fed 
with a selenium-sufficient diet. However, the molecular 
mechanisms remain to be elucidated.  
 
4. ALDO-KETO REDUCTASES AND PROSTATE 
CANCER 
 

In vitro studies indicate that the human AKR1C 
subfamily functions as 3-keto-, 17-keto-, and 20-
ketosteroid reductases or as 3-alpha-, 17-beta-, and 20-
alpha-hydroxysteroid oxidases, thus involved in the 
metabolism of these ketosteroids and hydroxysteroids (39-
43). For instance, 20-alpha-hydroxysteroid is the substrate 
of human 20-alpha-hydroxysteroid dehydrogenases 
(AKR1C1). 3-alpha- and 17-beta-hydroxysteroid can be 
oxidized by 3 alpha-hydroxysteroid dehydrogenase type 3 
(AKR1C2). In addition, 17-beta-hydroxysteroid is also the 
substrate of AKR1C3, and 3-alpha-hydroxysteroid can be 
metabolized by 3-alpha-hydroxysteroid dehydrogenase type 
1 (AKR1C4). In steroid target tissues, 3-alpha-
hydroxysteroid dehydrogenases possess enzymatic activity 
to 5-alpha-dihydrotestosterone, a potent androgen 
implicated in benign prostate hyperplasia and prostate 
cancer, indicating the involvement of AKR1Cs in prostate 
carcinogenesis (44). Moreover, AKR1C isozymes are 
associated with pre-receptor regulation of steroid receptors, 
nuclear orphan receptors, and membrane-bound ligand-
gated ion channels (45). In concert with short-chain 
dehydrogenases/reductases, these AKR1C members act as 
switches to control ligand access to nuclear receptors (45). 
The pluripotency of these enzymes’ functions confers their 
role in steroid metabolism and ligand-receptor interactions, 
indicating their roles in tumorigenesis within the prostate 
and other steroid-targeted organs (46). 

 
Human AKR1C3 has two isoforms, 3-alpha-

hydroxysteroid dehydrogenase and 17-beta-hydroxysteroid 
dehydrogenase. 17-beta-hydroxysteroid dehydrogenase was 
identified within the human prostate and has high identity 
in its amino acid sequence to that of 3-alpha-
hydroxysteroid dehydrogenase.  Human AKR1C3 can 
catalyze the reduction of Delta (4)-androstene-3, 17-dione 
into testosterone; 5-alpha-dihydrotestosterone into 3-alpha- 
and 3-beta-androstanediol; and estrone into 17 beta-
estradiol. Within the prostate, AKR1C3 favors the 
formation of inactive androgens (47). 

 
Nishi, et al (48) isolated a novel member of AKR 

superfamily from androgen-stimulated rat prostate cells. 
The expression of this gene was induced by androgen, and 
thus designated androgen-inducible aldehyde reductase 
(AIAR).  AIAR exhibits 80% amino acid sequence identity 
to that of rat aflatoxin B1 aldehyde reductase, but possesses 
only 16% of the enzyme activity to 4-nitrobenzaldehyde, 
indicating a  difference in substrate specificity. Although 
the physiological substrate(s) of AIAR has not been 

identified, its inducibility by androgen suggests that AIAR 
may associate with some growth-related processes in the rat 
prostate. 
 

Using real-time PCR, Ji, et al. (49) investigated 
the expression profiles of human AKR1C subfamily in 
prostate cancer and surrounding normal tissues. In this 
study, they found that AKR1C2 expression was reduced in 
approximately half of the cancerous tissues, while 
AKR1C3 and AKR1C4 expressions were not significantly 
altered. In cell lines derived from the human prostate, a 
high expression of AKR1C2 was also detected in the 
cancerous cells,  but not in normal cells (50). It was 
reported that in prostate cells AKR1C2 acts as a 3-
ketosteroid reductase, eliminating 5-alpha-
dihydrotestosterone (5-alpha-DHT), and preventing the 
activation of the androgen receptor (50, 51). However, 
additional studies are needed to further define the 
significance of reduced AKR1C2 expression in prostate 
cancer and its role in modulating the local availability of 5-
alpha-DHT.  

 
AKR1C3 is mainly expressed in the human 

prostate and mammary gland. In a normal prostate, 
AKR1C3 is expressed in stromal cells and at a low level in 
epithelial cells. In adenocarcinoma of the prostate, 
however, AKR1C3 expression was elevated in the 
endothelial  and cancerous cells (47). It is noteworthy to 
state that in the investigation of this gene a precaution 
should be taken to avoid false results, due to the high 
sequence identity (>86%) to other members (AKR1C1, 
AKR1C2 and AKR1C4) (52).  
 
5. ALDO-KETO REDUCTASES AND BREAST 
CANCER 
 

The receptor tyrosine kinase ErbB2 (HER-2/neu) 
is overexpressed in up to 30% of breast cancers, and is 
associated with poor prognosis and high metastatic rates, 
especially in node-positive tumors (53, 54). In the 
investigation of the molecular mechanisms, Zhang, et al. 
found that AKR1C2 was upregulated in HER-2 positive 
breast tumors, aiding in cancerous cell growth via 
detoxification (55).  

 
Mammographic density is identified as a strong 

risk factor for breast cancer. Identifying genetic variants 
causing mammographic density in hormone users is 
important in understanding hormonal carcinogenesis in the 
breast (56). In a comparative study on hormone 
consumption patients, Lord et al. reported a potential 
correlation between the AKR1C4 expression and 
mammographic density due to the involvement of AKR1C4 
in progesterone metabolism (57). Recently, Lewis, et al. 
confirmed the changes in the expression of progesterone 
metabolic enzymes in human breast carcinoma (58). They 
found that the expression of SRD5A1 (5-alpha-reductase 
type 1) and SRD5A2 (5-alpha-reductase type 2) was 
elevated, while the expression of AKR1C1, AKR1C2 and 
AKR1C3 was reduced in tumors, as compared to normal 
breast tissue. The changes in progesterone metabolizing 
enzymes expression help explain the increases in 
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mitogen/metastasis inducing 5alphaP (5-alpha-pregnane-3, 
20-dione) and decreases in mitogen/metastasis inhibiting 
3alphaHP (4-pregnen-3-alpha-ol-20-one) progesterone 
metabolites found in breast tumor tissues. Understanding 
what causes these changes in expression could help in 
designing protocols to prevent or reverse the changes in 
progesterone metabolism associated with breast cancer 
(58). However, a further molecular and mechanistic study, 
obviously, is required to elucidate the role of AKR 
members in pathogenesis and prognosis of breast cancer.   
 
6. SUMMARY AND PERSPECTIVE 
 
 AKR members are widely involved in various 
aspects of human and rodent cancer, including the 
pathogenesis, prevention, chemotherapy, and prognosis. 
The roles and mechanisms vary with AKR members and 
/or tumor types. It is significant to elucidate their roles in 
tumorigenesis, as well as their effects on the therapeutics 
and prognosis of human cancers. Due to the complexity of 
etiology and pathogenesis of human cancer and the 
differences among each member of AKR superfamily in 
their physical and chemical properties, and substrate 
specificity, it is still a long journey to fully understand this 
research topic.  A systemic observation of the molecular 
behavioral of these proteins in human tumor tissues and an 
extensive investigation of their mechanisms within human 
cells and/or animal models will help acquire further  
insights to benefit cancer patients.   
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