
COMMENTARY 

ALDEHYDE REDUCTASES: MONOMERIC NADPH-DEPENDENT 
OXIDOREDUCTASES WITH MULTIFUNCTIONAL POTENTIAL 

The aldehyde and the ketone reductases collectively 
comprise the aldo-kcto rsductases [I], a group of 
monomeric NADPH-dependent oxidoreductases 
with similar chemical and physical properties. which 
catalyze the reduction of aldehydes and ketones to 
the corresponding alcohol. The catalyzed reaction 
is overwhelmingly in favour of alcohol formation 
and the reverse reaction occurs only to a very limited 
extent. hence the name reductasc as opposed to 
dehgdrogenase. ~qu~~ibriurn constants of the order 
of lo-” to IO-” M typically are found 12. 31. The 
enzymes are designated as either aldehyde or ketone 
reductases on the basis of a preferential, but not 
mutually exclusive. substrate specificity. and this 
overlapping specificity coupled with indeterminate 
physiological roles has made it difficult to arrive at 
a more specific nomenclature for these enzymes. 

Within each separate category of aldehyde or 
ketone reductases are several enzymes which early 
workers in the field considered to be suf~ciently 
different in substrate specificity and in postulated 
physiological roles to be given specific names. 
Examples of such enzymes are aldose reductase. an 
aldehyde reductase involved in the polyol pathway. 
an accessory pathway of glucose metabolism [4]. and 
I.-hexonate dehydrogenase. an aldehyde reductase 
responsible for the reduction of D-glucuronate in the 
glucuronate-xylulose pathwav [S]. At the present 
time. however, it is the author’sview that, until more 
specific physiological roles can be determined. it is 
inappropriate to name any of these enzymes by 
anything more specific than aldehyde or ketone 
reductases. This commentary will be concerned with 
those enzymes that fall into the category of nldehyde 
reductases. 

The preference of all aldehyde reductases for aro- 
matic aldehydes. the broad overlapping substrate 
specificity for other substrates including naturally 
occurring ones, and the fact that many of the sub- 
strate specificity studies have been carried out with 
crude enzyme preparations have resulted in a great 
deal of confusion concerning the actual number ot 
different aldehyde reductases occurring in a given 
tissue. Uncertainty as to the number of distinct 
enzymes in a tissue and whether or not they are the 
same as similar enzymes in other tissues has also 
made it difficult to establish specific ~h~siolo~jc~ll 
roles. Nevertheless, aldehyde reductases have been 
implicated in the metabolism of hiogenic aldehydes 
1681. succinic semialdehyde (9. IO]. long chain ali- 
phatic aldehydes [ll]. and aldosugars I-1. 12. 131. 
Whether there is a specific metabolic role for these 

enzymes or whether they simply play a general role 
in the detoxication of naturally occurring and xeno- 
biotic aidehydes will be discussed in this paper. 

Comprehensive accounts of both aldehyde and 
ketone reductases have been published recently 
[14. 151; therefore. an extensive review of the lit- 
erature is not necessary at this time. This commen- 
tary will be in the nature of a personal perspective 
of the most significant and seminal work carried out 
so far in the field. together with observations on the 
possible ph}~siological significance of this group of 
enzymes. Since the aldehyde reductases are also 
sensitive to inhibition by anti-convulsants. this com- 
mentary will also present a biochemist‘s viewpoint 
of the potential pharmacological importance of 
aldehyde reductase inhibition. 

Aldehyde reductases have been investigated in 
greatest detail from three tissue sources: brain. kid- 
ney and liver. 

Brain alde~~de reducrases. Interest in brain alde- 
hyde reductases has centered around the metabolism 
and possible importance of aldehydes derived from 
the biogenic amines. In particular. the sensitivity of 
brain aldehyde reductase to anti-convulsant drugs 
[7. 16-191 has suggested that brain aldehyde reduc- 
tase activity is closely associated with the pharmaco- 
logical actions of drugs affecting the central nervous 
system. Such studies. however. are complicated by 
the presence of several aldehyde reductases in brain 
and by the different inhibitory effects that anti-con- 
vulsant drugs have on these enzymes. There are two 
major forms of NADPH-dependent aldehyde reduc- 
tase in mammalian brain [7. 9. X-22] the predom- 
inant form of which has been called the high-K/,, 
form [7]. This form is almost certainly identical with 
pig kidney 1231, pig liver 1241 and human liver [25] 
aldehyde reductase-an enzyme which was also 
known previously as I.-hexonate ~iehydrogen~~se I%]. 
The other major form in brain is the low-K,,, form 
which is less sensitive to drugs and can use NADH 
as well as NADPH as coenzyme. It is becoming 
increasingly evident, however, that the low-K,,, form 
may be identifiable with aldose reductase 122. 27. 
281. 

The subcellular localization of the different 
enzyme forms of aldehyde reductase has also posed 
something of a problem, mainly because until 
recently a systematic study had not been carried out. 
In rat brain, the low-K,,, form has been reported to 
be located in mitochondria 129. 301 but a recent study 
by Ryle and Tipton (311 clearly shows that both the 
high-K,,, and the low-K,,, forms are cytosolic. The 
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reasan that the low-K,,, form was assumed to be in 
mitochondria has been shown to be simply due to 
the choice of substrate used. A number of earlier 
studies used ~?-nitroben~~ldehyde in the presence of 
NADH to identify the low-K,,, form and to distin- 
guish it from the high-K,,, form [29. 301. These 
results, however. became questionable following the 
report of KZichli LV nl. [32] of an NADH-dependent 
nitro reductase activity in rat brain with activity 
towards I>-nitrobenzaldehyde. Using a modification 
of the classical five fraction procedure of de Duve 
et ~1. [33] and with pyridine-3-aldehyde and /l-car- 
boxybenzaldehyde as substrates. Kyle and Tiptnn 
[31] clearly show that both the high-K,,, and the 
low-k’,,, forms are cytoplasmic in location. 

It is becoming increasingly evident. also. that there 
are more than two forms of aldo-keto reductase in 
mammalian brain. together with an enzyme respon- 
sible for the reduction of succinic semialdehyde 
(SSA) to ~-hydroxybut~~r~~te (GHB) [9. 3-l]. i‘he 
high-K,,, form also exhibits activity towards SSA 
[9. 101. In human brain (91 and in pig brain (J. 
Cromlish and T. G. Flynn, unpublished results), four 
aldehyde reductases may be identified. Hoffman et 
al. [9] have designated these as ARl, AR2, AR3 
and SSA reductase respectively. AR1 is a ketone or 
carbonyl reductase 135) and has been character&d 
quite extensively by Wermuth [36]. AR3 is identi- 
fiable with the high-ic;, form of aldehyde reductase 
and it is now likely that AR2 is identical with aldose 
reductase f9.371. Recent work in our laboratory has 
demonstrated that in the pig, for example, AR3 and 
antiserum to pig kidney aldehyde reductase (PKAR) 
cross-react with complete identity whereas no reac- 
tion at all is evident between pig brain AR2 and 
antiserum to PKAR. On the other hand, pig brain 
AR2 cross-reacts with complete identity to antiserum 
to a recently identified pig muscle aldehyde reductase 
[38]. It appears, therefore. that not only are AR3 
and AR2 not the same enzyme but they are not 
related from the point of view of antigenic structure. 
Since antigenic determinants are both sequentially 
and conformationallv determined 1391, it is possible 
that the rapid evolution of the aldehyde reductases 
in general [4O] is responsible for the seemingly large 
differences in primary and tertiary structure that are 
apparent between these obviously related enzymes. 
The active sites of all the aldehyde reductases, 
including the carbonyl reductases since they also 
reduce aldehydes to some extent, must be similar in 
that their substrate specificities are very much the 
same. It is likely. therefore, that the multiple forms 
of aldehyde reductase represent the products of dif- 
ferent genes-genes that have arisen by duplication 
from a single primordial form and have been sub- 
sequently modified by deletion and insertion. The 
predominance of the high-K,,, form in all species so 
far examined 1401 makes this an attractive candidate 
for the original gene product. 

The high-K,,, form (AR3) and the low-K,,, form 
(AR2) can be distinguished on the basis of their 
substrate and coenzyme specificities and by their 
sensitivities to various inhibitors. For example, the 
low-k’, form is refativelv insensitive to sodium val- 
proate, which may proqide an effective means of 
discriminating between the two forms [2X]. Roth 

forms of aldehyde reductase have ;I broad suhstratc 
specificity which includes aromatic and aliphatic 
aldehydes, aidosugars, ketones and steroids with 
17-aldol side chains 13.7.91. Many of the best \uh- 
strates for the high-K,,, form contam a free carboxyl 
group [24], and it has been suggested that this enryme 
is involved in the reduction of SSA to GHB [ 24. 4 I 1. 
However, the recent work of Tipton and his col- 
leagues makes this unlikely to be the case jl0. 421. 
The K,,, value of the high-K,,, form for succinic semi- 
aldehyde is considerably greater than that detcr- 
mined for succinic semialdehyde dehydrogenase 
[lo]. The specific activity of SSA dehydrogenase in 
rat brain homogenates is also much greater than that 
of the high-K, form of aldehyde reductase [ 10. X3]. 
These results make it unlikely that the high-K,,, form 
of aldehyde reductase plays a significant role in the 
reduction of SSA in the cell. In terms of substrate 
specificity, the physiological role of the high-K,,, form 
is not at all clear even though it constitutes by far 
the major reductase activity in brain. Most of the 
best substrates for this enzyme are synthetic, i.e. 
they do not occur physiologically, and the work of 
Whittle and Turner [28] and of Anderson rf al. 1291 
suggests that this enzyme under normal physiological 
circumstances is also not involved in the reduction 
of aldoses or of catecholamine-derived aldehydes. 
The role of this major form of aldehyde reductase 
in brain remains most perplexing. It may simply play 
a scavenging role in the detoxication of general 
aldehydes or in drug l~e~bolism (24, 44. 4S]. How- 
ever, to many in the field such a tinding would be 
a disappointment. A more attractive and optimistic 
view is that of Whittle and Turner [ZS] who suggest 
the possibility that the high-K,,, form may be involved 
in some as yet unidentified metabolic sequence. 

The high-K,,, form is the most sensitive of the brain 
aldehyde reductases towards ~lnti-con~,ul~~lnt drugs 
[46.47]. This aldehyde reductase is sensitive to a 
wide variety of anti-convulsants including barbitu- 
rates 17, 161. hydantoins, succinimides and oxazoli- 
dinediones 1171. In ~lddition, berlzodiazepil~es and 
sodium valproate inhibit the enzyme [IX. 191 and. 
more recently, Whittle and Turner [37] ha1.c shown 
that carbamazepine and phenacamide are also potent 
inhibitors. This study also demonstrated the con- 
siderable inhibitory effects of analogues of sodium 
valproate and of several flavonoids such as quercetin 
and morin, hitherto better known zs aldose rctlucta\c 
inhibitors [48]. It is interesting that of’ the latter 
group the commercially prepared atdose reductase 
inhibitor Alrestatin (Ayerst, AY22. 2x4) was quite 
effective in inhibiting the high-K,,, form of aldeh>de 
reductase. The ineffectiveness of this compound in 
clinical trials with human diabetes [#I may perhaps 
be explained by its lack of specificity towards alclosc 
reductase alone. The fact that aldehy.de reductase 
activity is sensitive to a wide variety ot anti-consul- 
sant and other inhibitors led to the suggestion that 
the physiological effect of these drugs is an alteration 
in brain aldehyde metabolism [IX, 191. Ilowever. as 
has been discussed, the major effect of anti-conc’ul- 
sants is on the high-K,,, form and. until a physiological 
role is assigned to this enzyme. correlations between 
the action of anti-convulsants and inhihition of the 
high-K,, form cannot be made. 
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Kidney aldehyde reductase. The high-K,,, form of 
kidney aldehyde reductase was the first of the alde- 
hyde reductases to be purified and characterized to 
any extent [50], but recognition of a distinct aldo- 
keto reductase [51] in kidney had been made pre- 
viously. Together with the liver enzyme 124,251 it 
has become the aldehyde reductase of choice for 
physico-chemical studies, mainly because it is easier 
to extract and purify in large amounts from easily 
available tissue. The first extensive examination’ of 
aldehyde reductase was made by Flynn et al. [23] 
using pig kidney enzyme (PKAR). These workers 
purified the enzyme by a method similar to, but 
significantly different from, that of Bosron and 
Prairie [SO]. However, it is interesting now in retro- 
spect that neither of these preparations was homo- 
geneous by the criterion of polyacrylamide disc gel 
electrophoresis (PAGE) and that both contained at 
least one additional enzyme exhibiting aldehyde 
reductase activity. At the time, such additional bands 
were looked on as contaminants but it is highly likely 
that these were the additional forms of aldehyde 
reductase that are observed in other tissues like 
brain. Indeed. in a reexamination of the number of 
aldehyde reductases in pig kidney, we have found 
recently (J. Cromlish and T. G. Flynn, unpublished 
work) that as many as four aldo-keto reductases may 
be present in this tissue. One of these forms has a 
molecular weight of 35.000 in comparison to a mol- 
ecular weight of 40,200 obtained for PKAR. and this 
enzyme cross-reacts with complete identity with anti- 
serum to PKAR. However, in the presence of 
phenylmethylsulfonylfluoride and EDTA, this lower 
molecular weight form is not detected. Clearly, when 
a tissue contains multiple forms of enzymes, care has 
to be taken to ensure that such forms are the 
expressed gene products and not the result of pro- 
teolytic processing. Turner and his group [52] and 
Tipton and his colleagues (K. Tipton, personal com- 
munication) seem to have been aware of this pos- 
sibility but it is not apparent from the literature that 
other workers have. Improvements on the purifi- 
cation procedure of Flynn et al. [23] have been pub- 
lished recently [53, 541 which effectively remove all 
other aldehyde reductase forms. The purification 
procedure of Morpeth and Dickinson [54], while an 
improvement over the earlier procedure of Flynn et 
al. [23] does not seem to offer significant advantages 
over that of a more recent protocol of Flynn et al. 
[53]. The latter authors used a blue dextran-sephar- 
ose 4B step and Turner and Hryszko [52] have also 
used a procedure involving the use of a nucleotide 
affinity matrix, in this case the dye Procion Red 
HE3B. to great effect in the purification of rat liver 
aldehyde reductase. There are several advantages 
in using a purification procedure involving chloro- 
triazinyl dyes, especially those bound to a support 
like dextran. They are easy to prepare and much 
cheaper to use than affinity resins in which the ligand 
is NADP+, and they have greater capacities for 
enzyme adsorption [47,55]. They have been used 
with repeatedly consistent results in the preparation 
of PKAR in our laboratory and in the preparation 
of several other aldehyde reductases from other 
species and tissues [24, 27, 56, 571. 

Notwithstanding the method of preparation, 

PKAR has been shown, by the criteria of gel filtra- 
tion and sodium dodecylsulfate (SDS) PAGE, to be 
a monomer with a molecular weight in the region 
of 40,000 [23,50,54]. Thus, aldehyde reductase is 
one of the few known monomeric oxidoreductases. 
Despite several efforts, the precise molecular weight 
of PKAR remains somewhat uncertain. By the cri- 
terion of SDS PAGE, the molecular weight has been 
reported to be 38,000 [SO], 36,900 (231, 36,700 [53] 
and 41,700 [54]. Analytical ultracentrifugation has 
yielded values of 30,200 [50] and 43,700 [54]. The 
most widely disparate results have been found with 
gel filtration methods where values of 25,000 [50], 
28,500,35,000,36,000 [54] and 33,000 [23] have been 
found. In recent work in our own laboratory, we 
have obtained a value of 40,200 by SDS PAGE. 
Clearly, the results of Morpeth and Dickinson [54] 
are the most consistent and, as these authors point 
out, the reason for the much lower and less consistent 
values obtained with gel filtration is probably an 
interaction between the enzyme and the gel-filtration 
matrix. In this connection, it is of interest that after 
many attempts we can detect no carbohydrate associ- 
ated with the enzyme. It seems that an accurate 
molecular weight will not be produced until the 
amino acid sequence has been determined. 

The amino acid composition of PKAR [23] shows 
no unusual features except that there is a relatively 
large number of proline residues for a protein of this 
size. A low degree of o-helicity is therefore indicated, 
which is confirmed by circular dichroism [23]. The 
amino acid compositions of the high-K,,, aldehyde 
reductases from the kidneys and livers of several 
mammalian species, together with the compositions 
of the aldehyde reductases from fruit fly and yeast. 
have been analyzed for evolutionary relatedness [SS]. 
Among mammals it was not surprising to find that 
considerable homology existed among the different 
aldehyde reductases. However, what was surprising 
was the finding that by comparison with the rates of 
evolution of oligomeric dehydrogenases these 
enzymes comprise the most rapidly evolving family 
of oxidoreductases. This is probably not related to 
the dispensability of these enzymes but rather to the 
monomeric nature of the aldehyde reductases. since 
Davidson and Flynn [58] showed that there is a direct 
correlation between the number of subunits and the 
rate of evolution. Thus, for the oxidoreductases at 
least, subunit interactions, and not functional dis- 
pensability, determine the rate of evolution. There- 
fore, once again, we have to conclude that the 
aldehyde reductases do have an indispensable 
metabolic role. In terms of relationships among the 
aldehyde reductases, it is now perhaps more impor- 
tant to examine relationships among the different 
kinds of aldehyde reductase in a given tissue, for 
example, between the high-K,,, and low-K,,, aldehyde 
reductases. Relationships among enzymes are best 
determined by amino acid sequence comparisons. 
The sequence of PKAR is being determined in our 
laboratory and is partially complete. The amino acid 
sequence of the human liver high-K,,, form is also 
being undertaken 1591. By far the most interesting 
sequence comparison will be that between the 
high-K,,, form and the aldose reductase from the 
same tissue and species. Here are two very similar 
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enzymes in many respects and yet they do not 
cross-react immunologicail~; [4]. Their amino acid 
compositions. therefore. will not be similar. It is 
likely that the cofactor binding sites, the catalytic 
centres and, to a lesser extent. the substrate hindlng 
sites will exhibit some sequence and structural hom- 
ology. The accuracy of these predictions awaits the 
outcome of the sequence studiec. 

PKAR. the pig liver enzyme [24]. and human liver 
aldehyde reductase [2S] have been used for studies 
on the active site. It has been known for some time 
that sulfhydryl reagents are inhibitors of PKAR [50. 
511 but the first systematic investigation of the 
involvement of SII groups in the activity of the 
enzyme was that of Flynn c’t rd. [23] who came to 
the conclusion that aldehyde reductase resembled 
several oligomeric dehydrogenases in that comhi- 
nation of the most reactive thiol groups with 
the sulfhydryl reagent p-chloromercuribenzoate 
(PCMB) was not accompanied by loss of catalvtic 
activity. The addition of high concentrations of thiol 
reagent, however. caused complete inhibition. It i\ 
possible that high concentrations of PCMB cause 
denaturation of the enzyme. Similar conclusions ma! 
be arrived at with regard to human liver aldehyde 
reductase (251. In more recent work, Morpeth and 
Dickinson [54] also failed to demonstrate an essential 
thiol group in PKAR. 

Other potentially essential residues at the active 
site of PKAR have also been investigated recently 
by a chemical modification approach [51.60-621. 
Using the arginine specific reagent. butane-23 
dione. Davidson and Flynn [60] showed the presence 
of a single essential arginine at the active site which 
does not serve in a binding capacity for NADPH. 
This residue probably serves to orient the coenzyme 
into position for binding and subsequent ternary 
complex formation. Chemical modification with pyr- 
idoxal S’-phosphate has also demonstrated the pres- 
ence of an essential lvsine at the active site of PKAR 
[hl. 621. This lysine’is involved in the binding of 
NADPH. and. moreover. from protection studies 
with NADP analogues and from the seqLience of a 
small peptide containing the essential lysine 1611. it 
is likely that the lysine interacts with the pyrophos- 
phate bridge portion of the coenzpme. 

In contrast to the results of Morpeth and 
Dickinson [%I. we have obtained evidence for the 
involvement of a single essential histidine residue at 
the active site of PKAR [62]. Chemical moditication 
with diethylpyrocarbonate resulted in inactivation 
of the enzyme. with the pattern of protection 
afforded by NADP and various analogues of the 
coenzyme suggesting that the moditied histidine was 
at the active site. These results also suggested that 
the essential histidine was in the region of the binding 
site for adenosine ribose and distal to the site of 
hydride transfer. 

Thus, results to date indicate the presence of an 
essential histidine, lysine and arginine at the coen- 
zyme binding site ot PKAR. No information is vet 
available on the nature of the substrate binding site 
which is, of course, the primary area of concern. not 
only for active site-directed researchers but also for 
all of us interested in the substrate specificity of the 
aldehyde reductases. Elucidation of the substrate 

binding site will be difficult because of the inabilit! 
of substrate to bind in the absence of NADPI 1 [hi]. 
A substrate analogue capable of forming non-pro- 
ductive binary and ternary complexes would bc cnor- 
mously helpful for such a study. 

Kinetic analysis of PKAR ha\ ‘rho~n that the 
enzyme obevs compulsory order kinetics for the 
reduction of I,-glycernldehyde [6.3] and pvridine-i- 
aldehyde [2] with NADPH binding before alcleh\dc. 
Morpeth and Dickinson 121 sugge\tcd on the I;a\i\ 
of hyperbolic Dixon plots for inhibition In the 
alcohol product that a ~random oi- partI! random 
order of product release occurred. We ha\e touncl 
no evidence for this (T. <;. Fl!,nn. unpublished 
results) nor did Rivett and Tipton [ IO] in kinctlc 
studies on rat brain aldehyde reductase (high-k,, 
form). Interesting differences ha\e al\o htxcn 
observed bv different bvorkers with respect to bar- 
biturate inhibition of PKAR and other high-K,,. form 
aldehyde reductases. Davidson and FI! nn [h.3] and 
Rivett and Tipton [IO] found linear non-coml,ctitl\e 
kinetics with phenobarbital and sodium barbitcmc. 
respectively, whereas Morpeth mcl Dickinson ]2] 
observed hyperbolic inhibition effects of sodium bar- 
bitone on PKAR. In view of a po\\ible relaticm+ip 
between the metabolism of biogcnic aldchydcs IV 
aldehyde reductases and the mechanism of action (if 
psychoactive drugs 120. 641. more work i\ needed to 
clarify the interactions of barbiturates and aldehydc 
reductases. 

In discussing the classification of the \‘arioLl\ 
NADP-linked mammalian aldo-keto reductasc\. 
Walton [65] had suggested that classitication of these 
reductases might be aided by determining the 
stereospecificity of reduction of aldehyde substrate 
bv NADPH. Using r,-glyceraldehyde as \uhstrate. 
U’nlton [6S] showed that glycerol dchydrogcnasc. ;I 
monomeric aldehyde reductase from rabbit mu~le 
(31, transferred the /lro-1R hydrogen of NADPII to 
D-glyceraldehyde. It has since been demonstrated 
that PKAR 1231 and the hiph-K,,, form trom the 
kidneys of several other species [JO]. together \\ith 
the enzvme from pig 1241. human [25] and rat and 
rabbit liver 1151. are also ~~r~>-JR or “A” \pccific. 
These results are interesting by comparison \+ith the 
results of Felsted cr crl. [66] who foLmtl that tt1c 

majority of rabbit liver keto or carhonql reducta\cc 
were B-hydrogen specific. As pointed out by Fclsted 
and Bachur [IS]. such criteria may be an important 
way of distinguishing between the aldehydc ,~nd 
ketone reductases. It is intere<tinn in this contc\t 
that a correlation need not necrs&l! csi\t hct\\cen 
the stereospecificity of an oxidoreductase for it\ 
substrate and a shift in the absorption ma\:imum ot 
NADPH consequent upon hindin! of the coen~! mc 
to the enzyme. Fisher c’t rtl. [(77]. tor example. ha\c 
observed that for dehydrogenases with B-h!clroFcn 
specificity a red shift of the absorption m;~ximL~m 
occurs upon binding of coenzyme. A red shift appar- 
ently occurs with PKAR [51] and with the aldchvdc 
reductase from pig [23] and human li\er I?] c\‘c‘n 
though these enzymes have been whom n uncqu~\‘o- 
tally to be A-hydrogen specific. 

PKAR or the high-&, form of aldehyde reductaxc 
has been the only form isolated and puritied from 
kidney, However. it is apparent from the \\orl\ ol 
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Flynn et al. [23], of Bosron and Prairie [SO] and of 
Gulp and McMahon [51] that other forms are pres- 
ent. In recent work in our laboratory (J. Cromlish. 
unpublished work) we have demonstrated that the 
low-K,,, form is also present in pig kidney together 
with a lower molecular weight form which may have 
arisen by proteolysis of PKAR. This work is contin- 
uing as it is important to establish how many alde- 
hyde reductases are present in a given tissue. 

Liver aldehyie rrductase. Two major forms of 
aldehyde reductase have been found in the livers of 
mouse [6X] and rat [33] and in human liver [25] and 
pig liver (241. Four aldehyde reductases have been 
isolated from rabbit liver cytosol, two of which may 
be identical with 3( 17)/%hydroxysteroid dehydro- 
genase and 3/i_hydroxysteroid dehydrogenase 
respectively [6Y]. Guinea pig liver contains three 
aldo-keto reductases. two of which also may be ster- 
oid dehydrogenases [56.57]. The major form in both 
rabbit hver and guinea pig liver appears to be iden- 
tifiable with the high-K,,, form of aldehyde reductase. 
but the substrate specificity of the other enzymes in 
these tissues suggests that they are not identifiable 
with any of the well characterized mammalian alde- 
hyde reductases and may be more typical of the 
keto-reductases or even true aldo-keto reductases. 

The best characterized of the mammalian liver 
aldehyde reductases from a physico-chemical point 
of view are the enzymes from human liver [251 and 
pig liver 1241. It is apparent that these enzymes are 
identical with the high-K,,, form from rat liver [42, 
521 and with PKAR 1231. They are also probably 
identical with daunorubicin reductase, a barbitu- 
rate-sensitive aldehyde reductase from rat liver [44, 
451. Both the pig and human liver enzymes are very 
similar to PKAR in many respects. They are both 
monomeric oxidoreductases with a molecular weight 
of the order of 35.000: a coenzyme preference for 
NADPH; pH optima and isoelectric points that are 
similar: and the same stereochemistry of reactions 
catalyzed. Some interesting results were obtained by 
Branlant and Biellman [24] with respect to the sub- 
strate specificity of liver aldehyde reductase. These 
workers showed that. in general, substituted ben- 
zaldehydes with an electron withdrawing group are 
the best nonphysiological substrates, but in the case 
of the high-K,,, form (reductase I of Branlant and 
Biellman [24]) /I-carboxybenzaldehyde proved to be 
a better substrate even though the carboxyl group 
is less electron withdrawing than the nitro group. On 
the basis that the carboxyl group may play a role in 
the binding of substrate, Biellman and his co-workers 
[70] postulated that a positively charged group. such 
as an arginine, might be present at the substrate 
binding site. Chemical modification of pig liver 
aldehyde reductase with phenylglyoxal resulted in 
complete inactivation of the enzyme but. in complete 
contrast to the work of Davidson and Flynn (601. a 
single arginine residue, not at the coenzyme binding 
site. was modified. Moreover. this residue was 
implicated in the binding of uncompetitive inhibitors 
like (t)2,3-dimethylsuccinic acid rather than in the 
binding of a carboxyl group bearing substrate. In 
fact, a second anion-binding site was postulated as 
being responsible for the binding of such substrates. 
Since it is extremely probable that PKAR and pig 

liver aldehyde reductase 1 are the same enzyme, 
some additional investigations are required to clarify 
these conflicting results. 

It has been stated that the enzyme aldose reductase 
is not present in mammalian liver 168, 71.721 but it 
has been suggested 1241 that the second major form 
in liver (reductase II of Branlant and Biellman (241; 
AR2 or low-K,,, form of Rivett er ~1. [43]) may well 
be aldose reductase. To establish once and for all 
whether liver does contain aldose reductase, it will 
be necessary to purify the putative enzyme from liver 
and cross-react it with authentic aldose reductase 
from the same species. Identity with the low-K,,, form 
in brain could also be made in this way. 

Studies on liver aldehyde reductases first led to 
the suggestion that the high-K,, form was identical 
with r_-hexonate dehydrogenase, an enzyme involved 
in the biosynthetic pathway leading to ascorbic acid 
and L-xylulose [S, 131. Thus, it was postulated that 
the physiological role of the major form of aldehyde 
reductase was the reduction of p-glucuronate to 
L-gulonate in the glucuronatexylulose pathway. This 
role is questionable, however, because the enzyme 
is present in both man [25] and guinea pig [56], two 
mammals known to be unable to synthesize r_-ascor- 
bit acid [73]. It is possible, of course, that aldehyde 
reductase in man and guinea pig is a vestigial remnant 
of a once active ascorbic acid biosynthetic pathway 
but the ubiquitous presence of this enzyme in tissues 
and species [40] makes it difficult to accept a vestigial 
role for the enzyme. In the absence of a specific role, 
however, it has to be reiterated that the physiological 
function of the high-K,,, form may well be that of 
general aldehyde detoxication, particularly for the 
enzyme in liver, an organ which is the seat of detox- 
ication mechanisms in the body. 

Aldose reductase and the complicutions of diabetes. 
This commentary would not be complete without a 
consideration of the role of aldose reductase (prob- 
ably identifiable with, or closely related to. the 
low-K,, aldehyde reductase of brain) in the polyol 
pathway 171,721 and in the etiology of some of the 
complications of diabetes. Studies m experimental 
animals, and in man, strongly suggest that in hyper- 
glycemic conditions there is an excessive conversion 
of glucose to sorbitol catalyzed by aldose reductase, 
and that the accumulation of sorbitol is of etiological 
significance in the pathogenesis of several diabetic 
complications 1741. The tissues which suffer most of 
the damage in diabetes are also those in which the 
polyol pathway is active, for example. lens [75], 
retina [76], nerve [77] and kidney [78]. These are 
tissues which are freely permeable to glucose. In 
contrast. sorbitol. which accumulates in these tissues. 
penetrates cell membranes very poorly [7Y] and, 
once formed, is trapped intracellularly together with 
any fructose into which it is converted. Since fructose 
is poorly metabolized in these tissues and also pen- 
etrates membranes very poorly, the net effect is an 
accumulation of both sorbitol and fructose in the 
cell. This leads to hypertonicity and the resulting 
osmotic changes which occur produce the comph- 
cations of diabetes, e.g. diabetic cataract and per- 
ipheral neuropathy. Aldose reductase appears to be 
highly localized within certain cell types-in lens 
epithelium [SO], in the Schwann cell in peripheral 
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nerve (811, and in the papilla of kidney 1821. These 
localizations enable a correlation to be made 
between the site of sorbitol formation and the site 
of the observed abnormality. 

The use of inhibitors of aldose reductase has 
played a crucial role in developing the concept that 
the enzyme is involved in the complications of dia- 
betes, particularly in sugar cataractogenesis. Known 
inhibitors of aldose reductase include flavonoids and 
complex heterocyclics. e.g. Alrestatin or 1,3- 
dioxo-lH-benz-(de)-isoquinoline(3H)-acetic acid 
[48] and Sorbinil or d-6-fluoro-spiro[chroman-4,4’- 
imidazolidinel-2’,5’-dione [83]. Alrestatin, for 
example, can inhibit aldose reductase in vitro at very 
low concentrations (10e5 M [84]). These inhibitors 
are not related either structurally or chemically to 
the substrates or products of aldose reductase and 
are found to be non-competitive inhibitors (851. 
While aldose reductase inhibitors are effective in 
relieving the complications of diabetes in experi- 
mental animals (see review by Varma [48]), they 
have not yet been shown to be very effective in 
humans [49,86, 871. 

The difficulties that are encountered in inhibiting 
aldose reductase in oivo in humans may be directly 
related to the different susceptibilities that the aldose 
reductases from different species, and even from 
different organs within the same species. show 
towards various inhibitors [88]. These differing sus- 
ceptibilities may be related to small differences in 
the primary structures of the enzymes from various 
species. The inhibitors used to date are all of the 
non-competitive type and they probably bind non- 
specifically to parts of the enzyme remote from the 
active site. We have bhown that the aldehyde reduc- 
tases, in general, are rapidly evolving [58]. i.e. their 
primary structures show little relationship to each 
other even though they are all monomeric 
NADPH-dependent oxidoreductases of broad sub- 
strate specificity. Thus, while the bulk of the protein 
chain of these enzymes has suffered change over 
evolutionary time, their active sites have remained 
relatively constant. Non-competitive inhibitors will 
of necessity have different effects because the dif- 
ferent primary structures of these enzymes will have 
different binding properties. It seems clear that 
attention has to be paid to the physical and chemical 
properties of the active site of aldose reductases so 
that a more rational approach, i.e. one based more 
on the chemical and physical properties of the 
enzyme, may be taken towards developing a thera- 
peutically effective inhibitor. 

Physical and chemical studies of aldose reductase 
have not been extensive. The enzyme has been par- 
tially purified from calf lens [89]. brain [90] and liver 
[91], bovine [92] and human brain 122,351, pig brain 
(271, seminal vesicle and placenta of sheep [Y3] and 
from Rhodotorula, a species of yeast [94]. Charac- 
terization of aldose reductase has been done largely 
with these partially purified preparations and with 
homogeneous preparations from bovine lens [OS] 
and pig brain [27]. The various studies to date. 
however, have revealed several features of aldose 
reductase which are common to the enzyme from all 
mammalian sources. Aldose reductase is a mono- 
meric NADP-specific oxidoreductase having a broad 

substrate specificity and a molecular weight of the 
order of 37,000. In these respects. the enzvme is 
clearly a member of the aldehyde reductase i‘amily. 
However, it is also clear that this enzyme is not 
identical with the high-K,,, form aldehy,de reductaxe 
(22.27,35.95]. It is becoming increasmgly evident 
from the work of Hoffman et ul. 1351, Branlant and 

Biellman [24] and Whittle and Turner [2X] that aldose 
reductase is identical with, or closely similar to. the 
low-K,,, form of aldehyde reductase. 

Concluding remarks. Apart from the essential 
journeywork of fully characterizing the major forms 
of aldehyde reductase. the outstanding problems that 
face workers in this field are those oft nomenclature 
and physiological role. Mammalian tissues contain 
at least two major forms of aldehyde rcductasc. The 
predominant form has been variously designated as 
the high-K,,, form. AR1 and AR3. However. this 
enzyme is also identical with L-hexonate dehydro- 
genase (EC 1.1.1.19). The other major form has 
been designated as the low-K,,, form or AR?. It is 
becoming increasingly evident that this form may be 
identical with aldose reductase (EC I. 1.1.21). an 
aldehyde reductase implicated in the complications 
of diabetes. but this is not yet proved. Brain and 
other tissues also contain an SSA reductase-that 
is an enzyme distinct from the high-K,,, form which 
is also capable of metabolizing SSA. A carbonvl 
reductase with some ability to reduce aldehydeh is 
also present in brain. Also. there appear to be 
additional forms in certain tissues. The question of 
identity and nomenclature of these different aide- 
hyde reductase forms is extremely confusing. How 
ever. at the present stage of research in thi\ field. 
the confusion may be unavoidable and it may be that 
application of a coherent nomenclature shouid not 
be attempted until more stringent diagnostic criteria 
are applied to the enzymes. e.g. immunological 
cross-reactivity. At present a numbering system i\ 
not appropriate because, for example. the design:!- 
tion AR1 from one laboratory does not coincide with 
AR1 from another. The high-K,,, and low-K,,, des- 
ignations are attractive, but these were arrived at 
from values of K,, obtained with certain substrates. 
Other substrates would not necessarily yield the same 
designation and what, for example, does one name 
an enzyme with intermediate-K,,, values‘? Specitic 
names like aldose reductase have their uses but, if 
this enzyme is clearly shown to be identifiable with 
the low-K,,, form, then which name should be 
retained? Ideally, a meaningful nomenclature has to 
be arrived at from a consideration of the metabolic 
roles of these enzyme forms and, as has been dis- 
cussed, a definitive physiological function has yet to 
be assigned to any of these aldehyde reductase forms. 

The multiplicity of aldehyde reductases in brain 
and in other tissues and their widespread distribution 
throughout animal tissues make it unlikely that these 
are vestigial enzymes. i.e. enzymes with a once crit- 
ical function which have gradually lost their cssen- 
tiality and metabolic usefulness over evolutionary 
time. It is possible, however, that. even though mcc 

critical to an organism’s metabolic function. where 
their functions were, say. the elimination of toxic 
aldehydes and ketones. they have been superseded 
by more efficient mechanisms and that the aldrhyde 



Aldehyde reductases 2711 

reductases have been retained as a result of neutral 26. H. W. Gulp and R. E. McMahon. J. hiol. Chrm. 243. 
selection. That is, they have sustained a large number 848 (1968). 

of amino acid substitutions but because of their par- 27. R. A. Boghosian and E. T. McGuinness. Biochim. 

tial usefulness to an organism have not been subject biophys. Acta 567. 278 (1979). 

to selective elimination. Whatever the case may be, 
28. S. R. Whittle and A. J. Turner. Biochim. bioph,vs. Acta 

the aldehyde reductases are present in extant organ- 
657, 94 (1981). 

isms where their physiological role remains the pre- 
29. R. A. Anderson, L. R. Meyerson and B. Tahakoff. 

dominant feature for future investigation. 
Neurochem. Res. 1. 525 (1976). 
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