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Abstract—Lipid peroxidation represents a significant source of erythrocyte dysfunction and aging. Because the toxicity
of lipid peroxidation appears to be in part due to aldehydic end products, we examined, in rat erythrocytes, the
metabolism of 4-hydroxy-trans-2-nonenal (HNE), one of the most abundant and toxic lipid-derived aldehydes. Packed
erythrocytes, 0.1 ml, completely metabolized 20 nmoles of HNE in 20 min. The glutathione conjugate of HNE and
4-hydroxynonanoic acid (HNA) represented 70 and 25% of the total metabolism, respectively. Approximately 70% of
the metabolites were extruded to the medium. Upon electrospray ionization mass spectrometry, the glutathione
conjugate resolved into two distinct species corresponding to glutathionyl HNE (GS-HNE) and glutathionyl 1,4-
dihydroxynonene (GS-DHN). The concentration of GS-DHN formed was twice that of GS-HNE. Inhibition of aldose
reductase by sorbinil and tolrestat led to a selective decrease in the formation of GS-DHN, although the extent of HNE
glutathiolation was unaffected. Inhibitors of aldehyde or alcohol dehydrogenase, i.e., cyanamide and 4-methyl pyrazole,
had no effect on the formation of HNA and GS-DHN, indicating that these enzymes are not significant participants in
the erythrocyte HNE metabolism. Thus, oxidation to HNA, conjugation with glutathione, and further reduction of the
conjugate by aldose reductase appear to be the major pathways of HNE metabolism in erythrocytes. These pathways
may be critical determinants of erythrocyte toxicity due to lipid peroxidation–derived aldehydes. © 2000 Elsevier
Science Inc.
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INTRODUCTION

Lipid peroxidation has been suggested to play an impor-
tant role in the etiology of several disease processes
including atherosclerosis, ischemia/reperfusion, diabetes,
cancer, and aging [1–3]. Oxidation of polyunsaturated
fatty acids–containing phospholipids in tissues generates
lipid hydroperoxides, which are further degraded to sev-
eral products including saturated aldehydes such as hex-
anal and unsaturated aldehydes [e.g., malonaldehyde
(MDA) and 4-hydroxy-trans-2-nonenal (HNE)]. Of
these, the unsaturated aldehydes play an important role in

mediating the pathophysiological effects of oxidative
stress [1–3]. Unlike their precursors, the reactive oxygen
species, which generally have an extremely short half-
life, the lipid-derived aldehydes are metastable and can
diffuse from their site of origin and can, therefore, prop-
agate oxidative injury by acting as “toxic second mes-
sengers”.

Of the various lipid peroxidation products, HNE, gen-
erated mainly fromv-6 polyunsaturated fatty acids such
as arachidonic and linoleic acids, has received consider-
able attention due to its high bioactivity. The electro-
philic nature of thea, b unsaturation in HNE renders it
highly reactive with cellular nucleophiles such as gluta-
thione, cysteine, lysine, and histidine of proteins, and
with nucleic acids [3–5]. High concentrations of HNE
are cytotoxic, whereas lower concentrations of HNE
modulate cell proliferation and gene expression, inhibit
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the synthesis of nucleic acids and proteins, stimulate
neutrophil chemotaxis, and modulate platelet aggrega-
tion [3].

Erythrocytes are potential targets of lipid peroxidation
products, generated endogenously within the cell or
present in the environment. The high concentration of
polyunsaturated fatty acids in the membrane phospholip-
ids [6] provides a rich substratum for oxidants. The
presence of transition metals capable of serving as redox
agents, hemoglobin, and other heme-containing proteins,
can also augment lipid peroxidation [7,8]. Extracellular
oxidative damage occurs in the area of inflammation and
atherosclerosis, where stimulated neutrophils [9,10] and
endothelial cells [11,12] release reactive oxygen species
capable of causing red cell membrane damage. High
concentration of lipid peroxidation products including
HNE have also been reported in erythrocytes of shock
patients [13] and uremic subjects [14] and in the bone
marrow of the rats subjected to total body irradiation
[15]. The lipid peroxidation products such as HNE ac-
cumulate in the erythrocytes [16] and can cause covalent
modification of the intrinsic proteins [17] and red cell
lysis [18]. Metabolism of HNE to lesser reactive mole-
cules is, therefore, a prerequisite to ensure the survival
and normal functioning of erythrocytes. In the present
study, we examined the contribution of the various met-
abolic pathways involved in the biotransformation of
HNE in erythrocytes.

MATERIALS AND METHODS

Materials

Cyanamide, 4-methyl pyrazole (4-MP), aldehyde de-
hydrogenase, and glutathione (GSH) were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). Sor-
binil and tolrestat were gifts from Pfizer (Groton, CT,
USA) and Ayerst (Princeton, NJ, USA), respectively. All
other reagents were of the highest purity available.

Chemical synthesis

[4-3H] HNE was synthesized as its dimethyl acetal as
described earlier [19]. Prior to use, free [4-3H] HNE was
obtained by the acid hydrolysis of the dimethyl acetal
and purified by HPLC. The synthesized [4-3H] HNE had
a specific activity of 75–100 mCi/mmol. Radiolabeled
1,4-dihydroxy-2-nonene (DHN) was synthesized enzy-
matically by incubating 0.1mmole of [4-3H] HNE with
0.5 units of human recombinant aldose reductase and 0.1
mM NADPH in 0.15 M potassium phosphate, pH 7.0, at
25°C. The reaction was monitored by following the
decrease in absorbance at 224 nm.

At the end of the reaction, aldose reductase was

removed by ultrafiltration using an Amicon Cen-
triprep-10 (Millipore, Bedford, MA, USA), and DHN in
the filtrate was purified by HPLC as described below.
The 4-hydroxy-2-nonenoic acid (HNA) was synthesized
by incubating 0.1mmol of [4-3H] HNE with 1.5 units of
yeast aldehyde dehydrogenase, 1.5 mM NAD, and 0.1 M
potassium phosphate, pH 7.4, at 25°C. Oxidation of
HNA was followed by the increase in absorbance at 340
nm due to NAD reduction. The protein in the reaction
mixture was removed by ultrafiltration and HNA recov-
ered in the filtrate was purified by HPLC. The identity
and purity of the reagent HNE, DHN, and HNA were
established by nuclear magnetic spectroscopy (NMR)
and gas chromatography–chemical ionization mass spec-
troscopy (GC-CI/MS).

HPLC analysis

Synthesized standards and metabolites of HNE were
separated by HPLC using a Varian reverse phase ODS C18

column (Varian Analytical Instruments, Walnut Creek, CA,
USA), pre-equilibrated with 0.1% trifluoroacetic acid
(TFA) at a flow rate of 1 ml/min. The compounds were
eluted using a gradient consisting of solvent A (0.1% aque-
ous trifluoroacetic acid, TFA) and solvent B (100% aceto-
nitrile) at a flow rate of 1 ml/min. The gradient was estab-
lished such that B reached 24% in 15 min and held at 24%
for 5 min. In an additional 10 min, B reached 26% and was
held at this value for 5 min. Further, in the next 10 min
solvent B reached 60%, and in an additional 10 min, it
reached 100%. In this system, the glutathione conjugates
(GS-HNE and GS-DHN) elute with a retention time (tR) of
approximately 17 min, whereas DHN, HNA, and HNE
have atR of 26, 32, and 37 min, respectively (Fig. 1).

Mass spectrometry

ESI1/MS analyses were performed on a single quad-
rapole Micromass LCZ instrument. The ESI1/MS oper-
ating parameters were as follows: capillary voltage, 3.0
kV; cone voltage, 25 V; extractor voltage, 4 V; source
block temperature, 80°C; and dissolvation temperature,
200°C. Nitrogen at 3 psi was used as nebulizer gas.
Samples were reconstituted in 100ml acetonitrile/water/
acetic acid 50/50/0.1 (v/v/v), and then introduced into the
mass spectrophotometer using a Harvard syringe pump
at a rate of 10ml/min. Spectra were acquired at the rate
of 200 atomic mass units/s over the range of 100–650
atomic mass units.

Gas chromatography–chemical ionization mass
spectrometry (GC-CI/MS)

For GC-CI/MS analyses, the samples were derivat-
ized in 20 ml of acetonitrile with 20 ml of N,O-
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bis(trimethylsilyl)-trifluoroacetamide (BSTFA) for 1 h
at 60°C. The mixture was cooled to room temperature
and 2 ml aliquots were used for analysis. The GC-
CI/MS analysis was performed using a HP5890/
HP5973 GC/MS system (Hewlett Packard; Palo Alto,
CA, USA) under 70 eV electron ionization conditions.
The compounds were separated on a bonded phase
capillary column (DB-5MS, 30 m3 0.25 mm ID 3

0.25 mm film thickness from J7W Scientific Folsom,
CA, USA. The GC injection port and interface tem-
perature were set to 280°C, with helium gas (carrier)
maintained at 14 psi. Injections were made in the
splitless mode with the inlet port purged for 1 min
following injection. The GC oven temperature was
held initially at 100°C for 1 min, then increased at a
rate of 10°C min21 to 280°C, which was held for 5 min.

Fig. 1. (A) HPLC profile of synthesized putative metabolites of [4-3H] HNE. Tritiated HNE, DHN, HNA, GS-HNE, and GS-DHN were
synthesized as described under Materials and Methods. Each metabolite containing approximately 7000 cpm (' 4 nmoles) was
reconstituted in KH buffer and applied to ODS C18 reverse phase HPLC column. One milliliter fractions of the eluate were collected
every minute and radioactivity was measured in each fraction. Retention time (tR) was found to be 17 min for the glutathione
conjugates GS-HNE and GS-DHN (peak I), 26 min for DHN (peak II), 32 min for HNA (peak III), and 37 min for HNE (peak IV).
(B) HPLC profile of radiolabeled metabolites of [4-3H] HNE in the incubation media of rat erythrocytes treated with HNE. The
erythrocytes were incubated with 20 nmoles of [4-3H] HNE in 1.0 ml KH buffer. After 30 min at 37°C, the incubation media was
collected, centrifuged at 10,0003 g for 10 min, and ultrafiltered. The radioactivity collected in the medium was measured and
separated by HPLC using an ODS C18 column. One milliliter fractions were collected and 100ml were used to measure the
radioactivity. The peaks I–III are marked. Peak I corresponds to the reagent glutathione conjugates of HNE, peak II corresponds to
HNA, and the identity of peak III is not known. (C) Erythrocytes incubated with [4-3H] HNE as above were separated from the
incubation media after 30 min and the cells were lysed with deionized water. Hemolysates were ultrafiltered and purified on HPLC.
The peaks at 17 min and 32 min correspond to glutathionyl conjugates of HNE and HNA, respectively.
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Under these conditions, the retention time for HNA
derivative was 9.67 min.

Metabolic studies

Rat blood, withdrawn by heart puncture using 3.8%
trisodium citrate as anticoagulant (1 ml sodium citrate: 9
ml blood) was centrifuged at 10003 g for 15 min at 4°C
and plasma and the buffy coat were removed by aspira-
tion. The erythrocytes were washed three times with 5–7
volumes of phosphate-buffered saline (PBS; 0.1 M phos-
phate containing 0.9% sodium chloride, pH 7.4) and
finally with the Krebs-Hansleit (KH) buffer containing
(in mM) NaCl, 118; KCl, 4.7; MgCl2, 1.25; CaCl2, 3.0;
KH2PO4, 1.25; EDTA, 0.5; NaHCO3, 25; and glucose,
10, pH 7.4. Washed erythrocytes were resuspended in
KH buffer and were used within 1 h. Initial experiments
described the time course of HNE metabolism.Washed
erythrocytes (100ml; approximately 23 108 cells) were
incubated with 20 nmoles of [4-3H] HNE in 1.0 ml KH
buffer. Aliquots were withdrawn at indicated times, cen-
trifuged at 10,0003 g for 10 min at 4°C, and the
supernatant was ultrafiltered by centrifugation using
Amicon centiprep-10 and applied to a Varian ODS C18

reverse phase column. The pellet was washed three times
with KH buffer and hemolysed by adding deionized
water. The hemolysate was ultrafiltered and applied to
Varian ODS C18 reverse phase column. The metabolites
of [4-3H] HNE were quantitated by determining radio-
activity in each fraction and individual peaks were ana-
lyzed by ESI1/MS or GC-CI/MS.

Inhibition of oxidoreductases

Washed erythrocytes, 100ml packed cells, were in-
cubated in 1.0 ml KH buffer without or with 0.2 or 1.0
mM sorbinil, 0.01 mM tolrestat, 0.5 mM 4-MP, or 2.0
mM cyanamide for 30 min at 37°C. [4-3H] HNE, 20
nmoles, were then added in the incubation media of each
sample and the incubation was carried out for an addi-
tional 30 min at 37°C. After the incubation, erythrocytes
were separated from the media and the samples were
processed as described above.

RESULTS

HNE consumption

When 0.1 ml erythrocytes were incubated with 20mM
[4-3H] HNE in 1.0 ml KH buffer, approximately 80%
HNE was metabolized within 5 min and no unmetabo-
lized HNE was detected in the incubation media after 20
min (Table 1). After 30 min of incubation of the eryth-
rocytes with [3H]-HNE, 70 6 8% of the total radioac-

tivity was recovered in the incubation medium, 106 4%
radioactivity was recovered in the hemolysate, and, 1%
radioactivity was found to be protein-bound. Radioactive
peaks obtained by the HPLC separation of the incubation
media, were assigned to various HNE metabolites and
unmetabolized HNE on the basis of thetR of the syn-
thesized standards (Fig. 1).

The tR of Peak I of the incubation medium, repre-
senting approximately 70% radioactivity, recovered in
the medium, was identical to reagent glutathionyl con-
jugates of HNE (GS-HNE) and its reduced form (GS-
DHN). ThetR of Peak II, representing 25% radioactivity,
corresponded to reagent HNA. Another minor peak (5%
of the radioactivity), observed attR of 34 min was not
identified. To identify the gluthathione conjugates, puta-
tive conjugates were synthesized and purified by HPLC.
GS-HNE was synthesized by incubating 0.1mmole of
HNE with 5-fold excess of GSH in 0.1 M K-phosphate,
pH 7.4, at 25°C. GS-HNE thus formed was purified on
HPLC, dried on Speed Vac, and reconstituted in aceto-
nitrile:water:acetic acid 50/50/0.1% (v/v/v). In this solu-
tion, ESI/MS of the GS-HNE conjugate showed a pseu-
do–molecular ion [M1 H]1 with a m/z of 464. An
additional species with m/z 446 was also observed (Fig.
2A). The relative abundance of this ion varied with the
cone voltage and temperature. At low cone voltages and
low temperatures, the 446 species disappeared with con-
comittant increase in the 464 species (Fig. 2B), indicat-
ing that the 446 species is a daughter ion arising from the
loss of a single water molecule from the parent 464 ion.

The reduced form of the GS-HNE conjugate (GS-
DHN), synthesized by aldose reductase–catalyzed reduc-
tion of GS-HNE using NADPH as a cosubstrate, was
purified on HPLC and reconstituted in electrospray sol-
vent as described above. Upon ESI1/MS, GS-DHN dis-
played a single pseudo–molecular ion [M1 H]1 with a
m/z of 466. No daughter ion due to dehydration of the
parent ion was observed (Fig. 2C). Peaks with m/z of 464
and 446 are due to nonreduced GS-HNE.

Table 1. Percent Distribution of Metabolites Recovered in the
Incubation Medium from Rat Erythrocytes Incubated with

[4-3H]HNF

Incubation
time (min)

Peak I
(glutathione-conjugates)

Peak II
(HNA) Peak III

Peak IV
(HNE)

2 48 10 2 40
5 61 18 4 17
10 68 21 4 7
20 68 28 4 —
30 70 25 5 —

Rat erythrocytes (0.1 ml) were incubated with 20 nmoles [4-3H]
HNE and the metabolites present in the incubation media were sepa-
rated by HPLC as described in the text. The results are given as
percentage of the total radioactivity recovered from HPLC.
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ESI1/MS of Peak I, obtained from HNE metabolites
of erythrocytes in the incubation medium, showed a
predominant ion with m/z 466.1, which was assigned to
11 charge state of GS-DHN (Fig. 3A). The ion with m/z
464.1 corresponded to the11 charge state of GS-HNE.
This ion represented 25% of the GS-DHN signal. An
additional species with m/z 446.4 was ascribed to dehy-
drated GS-HNE [M-18], since a similar ion was observed
with reagent GS-HNE. The ion with m/z 446 accounted
for approximately 25% of GS-DHN signal. The distri-
bution of the molecular ions shows that relative abun-

dance of GS-DHN 67% and that of GS-HNE was 33%,
indicating that the extruded conjugate is predominantly
in the reduced form.

Peak II of the incubation medium was characterized
by GC-CI/MS. Fractions corresponding to this peak were
pooled, sililated, and subjected to GC-CI/MS. The gas
chromatograph showed a prominent solvent-independent
peak with atR identical to reagent HNA (Fig. 4).Frag-
mentation pattern of this ion was found to be identical to
that of synthetic HNA, indicating the presence of HNA
in Peak II.

The HPLC separation of hemolysate of the HNE-
treated erythrocytes also yielded three radioactive peaks
at tR517, 32, and 34 min (Table 2). Peak I correspond-

Fig. 2. ESI1-mass spectrum of reagent GS-HNE and GS-DHN. Glu-
tathione conjugates of HNE and DHN were synthesized and purified on
HPLC and injected into electrospray as described under Materials and
Methods. (A) Spectrum of GS-HNE: ESI1-mass spectra was acquired
at the cone voltage of 25 V and source block and dissolvation temper-
atures were 80 and 200°C, respectively. The peak at m/z 464.2 was
assigned to the parent ion, whereas peak at 446.3 was assigned to the
daughter ion originating from in-source dehydration of the parent ion.
(B) ESI1-mass spectra of GS-HNE was acquired at 17 V and the source
block and dissolvation temperatures were 50 and 100°C, respectively.
Under these conditions, the m/z value of GS-HNE was 464.2. (C)
ESI1-mass spectrum of GS-DHN: the tune parameters were identical to
(A). Under these conditions, the parent ion of GS-DHN forms a
well-resolved ion with m/z 466.1. The ions with m/z 464.0 and 446.3
appear to be due to the residual GS-HNE in the reaction mixture and its
dehydrated form, respectively.

Fig. 3. Rat erythrocytes (0.1 ml) were incubated (A) without inhibitors,
or with (B) sorbinil (0.2 mM), (C) sorbinil (1.0 mM), or (D) tolrestat
(0.01 mM) in 1.0 ml KH buffer for 30 min at 37°C, after which 20
nmoles [4-3H] HNE were added to the incubation media, and the flasks
were incubated for an additional 30 min. Metabolites in the incubation
media were separated on HPLC and fractions corresponding to Peak I
were analyzed by ESI1/MS. ESI1/MS conditions were same as in Fig.
2A.
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ing to the glutathione conjugates, accounted for 656
11% of the total radioactivity in the hemolysate.
ESI1/MS of this peak showed that the relative abun-
dance of GS-DHN and GS-HNE was similar to that in

the incubation media. Peak II of the hemolysate ac-
counted for 306 5% of the total radioactivity recovered
in the hemolysate. ThetR of this peak was identical to
reagent HNA and was, therefore, ascribed to HNA. Peak

Fig. 4. GC/CI-mass spectrum of reagent HNA. (A) Reagent HNA derivatized with BSTFA eluted at t5 9.68 min on GC (inset). The
positive ionization mass spectrum shows the indicated derivatives at m/z 73, 83, 147, and 245. (B) GC-spectrum of Peak II obtained
from HPLC separation of tritiated metabolites in the incubation media, extruded by the rat erythrocytes treated with [4-3H] HNE.
Fractions corresponding to peak II were pooled, derivatized, and subjected to GC/CI-mass spectroscopy. Peak with the retention time
of 9.66 min corresponds to reagent HNA (inset). The positive ionization mass spectrum of this peak shows the indicated derivatives
of HNA at m/z 73, 83, 147, and 245.

Table 2. Effect of Oxidoreductase Inhibitors on HNE Metabolism in Rat Erythrocytes

Additives

Incubation media Hemolysate

Peak I
(glutathione-conjugates)

Peak II
(HNA)

Peak III
(Unknown)

Peak I
(glutathione-conjugates)

Peak II
(HNA)

Peak III
(Unknown)

None 696 7 266 5 56 3 656 11 306 5 56 3
Sorbinil (0.2 mM) 666 8 276 6 76 2 606 15 276 12 136 8
Sorbinil (1.0 mM) 686 9 266 6 66 2 686 9 266 6 66 2
Tolrestat (10mM) 64 6 9 286 5 86 4 646 11 236 6 136 9
4-MP (0.5 mM) 646 7 316 5 56 2 666 12 276 7 76 3
Cyanamide (2.0 mM) 686 7 296 6 36 3 716 13 246 8 56 3

Rat erythrocytes were incubated with the indicated additives for 30 min at 37°C. After equilibrium, 20 nmols of [4-3H] HNE were then added to
the samples and the incubation was continued for an additional 30 min. The cells were separated from the incubation media and lysed with deionized
water. Hemolysate and incubation media were separated on HPLC as described in the text. The results are the average6 standard deviation of
percentage of the total radioactivity recovered from HPLC of 3 samples.
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III of the hemolysate with atR 5 34 min contained 56
3% of the total radioactivity of the hemolysate and was
not further characterized.

Identification of the metabolic pathways

The HPLC and mass spectroscopic analyses described
above clearly demonstrate that the major metabolic prod-
ucts of HNE in erthrocytes are: GS-HNE, GS-DHN, and
HNA. To identify the biochemical pathways involved in
the formation of these metabolites, the erythrocytes were
incubated for 30 min at 37°C without or with the inhib-
itors of aldose reductase, alcohol dehydrogenase, or al-
dehyde dehydrogenase in 1.0 ml KH buffer. After 30
min, 20 nmoles of [4-3H] HNE were added to the me-
dium, and the incubation was continued for an additional
30 min.

In the presence of the aldose reductase inhibitor, sor-
binil (0.2 mM), radioactivity in the incubation medium
upon HPLC separated into 3 peaks (Table 2). Peak I,
with a tR corresponding to glutathione conjugates, ac-
counted for 666 8%; peak II, corresponding totR of
HNA, accounted for 276 6%; and peak III (tR 5 34
min) accounted for 76 2% of the total radioactivity
recovered in the incubation medium.

The ESI-mass spectrum of peak I, obtained from
sorbinil-treated cells, display a prominent ion with m/z
466.1, corresponding to [M1H]1 of GS-DHN (Fig. 3B).
Additional ions, observed at m/z 464.1 and 446.2 were
assigned to [M1H]1 of GS-HNE and its dehydrated
[M-18] daughter ion, respectively. Although the concen-
tration of total conjugate (GS-DHN1 GS-HNE) did not
alter, the relative abundance of GS-DHN decreased from
67 to 36% and the GS-HNE increased from 33 to 64%

(Fig. 5). Together the peaks due to GS-HNE accounted
for a signal, roughly 1.5-fold of that due to GS-DHN.
Increasing the concentration of sorbinil in the incubation
medium to 1.0 mM increased the abundance of ions with
m/z 464 and 446 species with a simultaneous decrease in
the 466 species, suggesting a significant inhibition of the
reduction of the glutathionyl conjugate of HNE by sor-
binil (Figs. 3C and 5).

From these data, we infer that in the presence of 1
mM sorbinil, the extruded conjugate is predominantly
(87%) in the nonreduced form (GS-HNE). To confirm
these observations further, we examined the effects of
tolrestat (10 58 M), which represents a separate structural
class of aldose reductase inhibitors [28]. The elution
pattern of the HNE metabolites in the presence of tolres-
tat was similar to that obtained with sorbinil-treated cells
(Table 2). Moreover, the ESI-mass spectrum of peak I of
the metabolites obtained from tolrestat-treated cells
showed strong signals corresponding to GS-DHN and
GS-HNE (Fig. 3D). The relative abundance of GS-DHN
(466 species) and GS-HNE (464 and 446 species) was 35
and 65%, respectively. Thus, treatment of cells with two
structurally unrelated inhibitors of aldose reductase, sor-
binil, and tolrestat resulted in the appearance of a rela-
tively higher proportion of GS-HNE in the incubation
medium, indicating that reduction of GS-HNE to GS-
DHN is catalyzed by aldose reductase. Similar to the
incubation medium, the reduction of GS-HNE to GS-
DHN in the hemolysate of the erythrocytes was also
significantly inhibited by aldose reductase inhibitors
(sorbinil and tolrestat) (Fig. 5).

Incubation of the erythrocytes with 0.5 mM alcohol
dehydrogenase inhibitor, 4-MP, had no significant effect
on the rate of HNE metabolism or the HPLC elution

Fig. 5. Effect of oxidoreductase inhibition on GS-DHN formation. Rat erythrocytes (0.1 ml) were incubated (A) without inhibitors, or
with (B) sorbinil (0.2 mM), (C) sorbinil (1.0 mM), (D) tolrestat (0.01 mM), (E) 0.5 mM 4-methyl pyrazole, or (F) 2.0 mM cyanamide
in 1.0 ml KH buffer for 30 min at 37°C, after which 20 nmoles [4-3H] HNE were added to the incubation media, and the flasks were
incubated for an additional 30 min. Metabolites in the incubation media and hemolysate were separated on HPLC and fractions
corresponding to Peak I were analyzed by ESI1/MS. ESI1/MS conditions were same as in Fig. 2A.
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pattern of the HNE metabolites (Table 2). Furthermore,
no inhibition of GS-DHN formation was observed in
4-MP–treated cells, both in the incubation media as well
as hemolysate (Fig. 5), indicating that the reduction of
GS-HNE to GS-DHN in erythrocytes is not catalyzed by
alcohol dehydrogenase.

In most of the cells, oxidation of HNE to HNA is
believed to be catalyzed by aldehyde dehydrogenase.
Therefore, we investigated the effect of aldehyde dehy-
drogenase inhibitor, cyanamide, on the metabolism of
HNE in rat erythrocytes. However, as shown in Table 2,
cyanamide did not prevent HNE oxidation suggesting
that in erythrocytes aldehyde dehydrogenase is not in-
volved in the oxidation of HNE to HNA.

DISCUSSION

Erythrocytes are constantly exposed to reactive oxy-
gen species both from intracellular as well as extrinsic
sources. Observations of increased formation of lipid
peroxidation–derived aldehydes during pathological ox-
idative stress necessitates their efficient metabolism to
ensure the normal functioning of the cells. The normal
physiological concentrations of HNE in the plasma and
erythrocytes of humans and experimental animals have
been reported to be 0.1–10mM [14,20,21], but may
increase by several fold, upon exposure to oxidants
and/or deficiency of physiological antioxidants. In bio-
logical membranes, the concentration of HNE is reported
to be between 10mM and 1.0 mM following oxidative
stress [22]. Local concentration of HNE in the lipid
phase of oxidized low-density lipoprotein (LDL) has
been estimated to be as high as 150 mM [22]. Increased
concentration of free HNE and HNE-modified proteins is
well documented under several pathological conditions,
including autoimmune diseases [23], renal failure [14,
24], Parkinson’s disease [25], alcoholic liver disease
[26], and in infants with chronic lung disease [27] and
atherosclorosis [28]. These adducts are often used as
markers of oxidative stress.

Our studies show that erythrocytes efficiently metab-
olize HNE and the metabolites formed are extruded from
the cells. Less than 1% HNE remains covalently bound
to the cell constituents. Thus, previous immunological
measurements of aldehyde-protein conjugate or even the
free aldehydes are likely to be gross under estimates of
the true extent of total aldehyde formation, since only a
small fraction of the aldehyde escapes cellular metabo-
lism and transport. Should there be a similar metabolic
efficiency in vivo, the extent of aldehyde generation may
be 1 to 2 orders of magnitude higher than estimated by
immunoreactivity or free aldehyde measurements.

Our studies show that a major portion of HNE me-
tabolism in erythrocytes is linked to glutathione. Approx-

imately 70% of the total HNE was metabolized through
glutathione conjugation. We and others have previously
shown that HNE and other structurally related lipid per-
oxidation–derived a-, b-unsaturated aldehydes can
spontaneously form Michael adduct with GSH [3,4,29].
However, intracellular conjugation is likely to be cata-
lyzed by glutathione-S transferase, since it enhances the
rate of conjugate formation by 300–600–fold over the
nonenzymatic rate [30]. Although various classes of GST
could catalyze the conjugation of endogenous electro-
philes, mouse GST 4-4, bovine GST 5-8, human GST
5-8, and rat GST 8-8 have high affinity for lipid peroxi-
dation–deriveda-, b-unsaturated aldehydes, particularly
HNE [36,32]. However, most of the glutathionyl HNE
was further metabolized in erythrocytes. The ESI1/MS
analysis showed that the glutathione conjugate of HNE
was predominantly in the reduced form as GS-DHN.
Since free DHN is not electrophilic and incubation of
erythrocytes with DHN did not result in the formation of
GS-DHN (data not shown), it appears likely that GS-
DHN originates from the enzymatic reduction of GS-
HNE, rather than spontaneous addition of GSH to DHN.

Our in vitro studies show that the lipid peroxidation–
derived aldehydes and their glutathione conjugates are
efficiently reduced by the aldose reductase, and its mu-
rine analog, the fibroblast growth factor–regulated pro-
tein-1 (FR-1) [4,33]. Our molecular modeling studies
suggest that the active site of aldose reductase can ac-
commodate HNE and structurally related lipid peroxida-
tion–derived aldehydes as well as their glutathione con-
jugates [4,34]. Reduced form of glutathionyl conjugates
of HNE and its mercapturic acid derivatives have been
detected in the rat and human urine [35,36]. A prominent
role of aldose reductase in reducing the glutathione con-
jugates of HNE in erythrocytes is indicated by the ob-
servation that the formation of GS-DHN was signifi-
cantly inhibited by two, structurally unrelated, aldose
reductase inhibitors, sorbinil and tolrestat, while the al-
cohol dehydrogenase inhibitor 4-MP, was ineffective.

Although conjugation with glutathione attenuates the
reactivity of several electrophiles, it has been reported
that the glutathione conjugates of 4-hydroxy-trans-2-
hexenal and nonadienal induce DNA damage [37], and
that the glutathione conjugate of acrolein is more neph-
rotoxic than the parent aldehyde [38]. These effects have
been ascribed partly to the propensity of the glutathione-
aldehyde conjugates to generate free radicals [39]; an
effect also observed in cells, which show increased gen-
eration of reactive oxygen species (ROS) upon exposure
to HNE [40]. Thus, aldose reductase may prevent feed-
forward amplification of ROS generated by lipid peroxi-
dation products. The aldose reductase–mediated catalysis
may be additionally protective, since, by reducing the
aldehyde, the enzyme may prevent the spontaneous dis-
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sociation of GS-HNE, which could deliver the aldehyde
to nonexposed sites causing transcellular and transorgan
toxicity.

Although in vitro aldose reductase is an efficient
catalyst for the reduction of free HNE [4], the present
studies show that reduction to DHN is not the major
metabolic fate of HNE in erythrocytes. It is likely that the
high reactivity of HNE with GSH precludes efficient
reduction of free HNE by aldose reductase, and that in
these and other glutathione proficient cells, aldose reduc-
tase encounters mostly the glutathione conjugate and not
the free aldehyde. This is in contrast to other cells, such
as hepatocytes, in which DHN formation represents 20 to
30% of the total HNE metabolism [3,41]. While hepato-
cytes do not express high levels of aldose reductase [42],
reduction of HNE in these cells has been suggested to be
catalyzed by alcohol dehydrogenase [41], which presum-
ably due to its high catalytic rate competes with GST
more efficiently than aldose reductase.

In addition to the glutathionyl conjugation, HNE in
erythrocytes is also metabolized to its corresponding
carboxylic acid–HNA. The HNA accounted for approx-
imately 25% of the total metabolites. Earlier, we and
others have reported that in the perfused rat heart [29],
and hepatocytes [41], oxidation of HNE is catalyzed by
aldehyde dehydrogenase. Mitochondrial aldehyde dehy-
drogenase II, in particular, has high affinity for HNE
oxidation. However, because mature erythrocytes do not
have mitochondria, the oxidative metabolism of HNE is
unlikely to be catalyzed by aldehyde dehydrogenase in
these cells. Indeed, aldehyde dehydrogenase inhibitor,
cyanamide, did not provide protection against the HNE
oxidation in erythrocytes. Further investigations are re-
quired to identify the metabolic pathways for the oxida-
tion of lipid peroxidation–derived aldehydes in erythro-
cytes.
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