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Abstract

v

There is increasing evidence that oxidative stress
(0S) plays a major role in the pathogenesis of diabe-
tes mellitus (DM) and the development of its com-
plications. As one of the consequences of OS is
increased lipid peroxidation (LP), the aim of our
studies was to check, how the activity of 2 enzymes
involved in the detoxification of aldehydes formed
during LP, glutathione S-transferase (GST) and
aldehyde dehydrogenase 1 (ALDH 1) is changed in
patients suffering from DM.

GST and ALDH1AT1 activities were determined in
whole blood samples of DM type 2 patients
(n=64) and healthy controls (n=60) using spec-

trophotometer (for GST activity) and fluorometer
(for ALDH1 activity) and they were found to be
significantly increased in diabetics when com-
pared with healthy control (p<0.05). Intrigu-
ingly, grouping the DM patients on the basis of
the glucose level and HbA1c revealed unusually
low ALDH activity in the group of patients (n=16)
with a relatively high level of these 2 parameters.
The increase of ALDH1A1 and GST activity in DM
seems to be associated with the severity of the
disease and might be a compensatory effect
against oxidative stress. Surprisingly low ALDH
activity in DM patients with relatively high glu-
cose and HbA1c levels can be a factor predispos-
ing to the development of diabetic complications.

Introduction

v

The number of patients with diabetes mellitus
(DM), a metabolic disorder, is rapidly increasing
worldwide due to several factors: population
growth, aging, urbanization, increasing preva-
lence of obesity and reduced physical activity [1].
Increased oxidative stress (OS) may have an
important causal role in B-cell failure and the
development of insulin resistance, it is believed to
be related with the onset and progression of dia-
betes. Moreover, OS also results from hyperglyc-
emia associated with diabetes. Therefore, it is
considered as a factor related to diabetes compli-
cations [2]. It is highly probable that not only
reactive oxygen species (ROS) themselves but also
secondary by-products of lipid peroxidation (LP)
contribute to the deleterious consequences of OS
e.g. insulin resistance [3]. Lipid peroxidation-
derived aldehydes (LDAs) may also increase the
incidence of DM complications by the modifica-
tion of the collagen of the cardiovascular system
causing its stiffening and changes in the charge
profile [4]. This emphasizes the importance of the
cellular protective mechanisms against LADs as
they can prevent the development of some oxida-

tive stress-associated pathologies. Excessive lev-
els of LDAs are decreased by several enzyme
systems that are able to oxidize them to acids like
aldehyde dehydrogenase (ALDH) or catalyze their
conjugation with endogenous ligands like glu-
tathione-S-transferase (GST) [5].

There are only a few studies on erythrocyte glu-
tathione S-transferase (GST) activity in DM, the
results of which are ambiguous. Jerntorp et al.
tried to find an association between ALDH activ-
ity and DM and its complications such as large
vessel disease, but the method they used did not
lead to any valid conclusions [6, 7].

Therefore, the aim of our studies was to compare
the ALDH1 and GST activity in whole blood of
DM patients and healthy control and analyze the
relation of those enzymes activity with HbAlc.

Materials and Methods

v

Patients

64 DM type 2 patients of the Warsaw Medical
University Hospital (Group 1) and 60 healthy
controls from the out-patients clinic (Control
group) were enrolled in this study.
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Table 1 Average values and dispersion (standard deviation and interquartile range) of age, RBC and HCT in the examined groups.

Group 1 Group 2

Group 3

Control
all DM patients HbA1c<7.5% HbA1c>9.0% (n=60)
n=
(n=64) (n=47) (n=12)
Mean Median Mean Median Mean Median Mean Median
(SD) (IQR) (SD) (IQR) (SD) (IQR) (SD) (IQR)
RBC 432 4.39* 434 438" 4.26 4.17* 4.67 4.64
[min/ul] (0.58) (3.88-4.66) (0.60) (3.96-4.67)* (0.50) (3.91-4.43)* (0.54) (4.31-5.03)"
HCT [%] 385 38.4* 38.7 38.7* 375 36.3* 41.2 41.7
(4.4) (35.9-41.6) (4.4) (36.4-41.7)* (3.2) (35.4-39.0)* (4.1) (39.6-44.9)*
Age [years] 69 70* 70 65 65 62 65
(15) (59-80)* (14) (61-81)* (14) (56-75) (16) (51-77)

#Shapiro-Wilk normality test rejected the hypothesis that variables in analysed group were normally distributed; therefore, medians are better estimators of expected values

*statistically significant comparing to control group (p<0.05)

Blood samples

The blood samples used in the experiment was the blood that
remained from the routine diagnostic tests in the Public Central
Teaching Hospital in Warsaw. The material was provided in
unmarked test tubes and therefore was anonymous. Samples
were stored in a refrigerator and enzyme activity was measured
within the same day of collection.

Methods

The blood for enzymatic measurements was hemolysed using
3 mM phosphate buffer pH=7.4 with 1 mM EDTA and in the case
of ALDH1A1 assay 0.5mM DTT, additionally. Test tubes with
EDTAK; were used for enzymatic assays, CBC and HbA1c deter-
mination. Those for the determination of glucose concentration
contained also sodium fluoride.

ALDHT1 activity was determined fluorometrically. Fluorometric
assays were run in a 50mM pyrophosphate buffer, pH 8.1, at
25°C, in the presence of 1mM EDTA and 0.5 mM DTT. The assays
utilized a highly fluorogenic naphthaldehyde substrate, 6-meth-
oxy-2-naphthaldehyde, MONAL (5uM) (Sigma-Aldrich), react-
ing with NAD* (100uM) (Sigma-Aldrich) as a co-substrate. All
assays were run in the presence of 5mM 4-methylpyrazole, 4
MP. 6-Methoxy-2-naphthoic acid, MONCO (1.5pM) (Sigma-
Aldrich) was added as an internal standard. The assay was also
performed without NAD* addition to eliminate non-specific
MONAL oxidation.

GST activity was determined photometrically by measuring an
increase in the absorbance of GST-1-chloro-2,4-dinitrobenzene
conjugates. Hemoglobin concentration was measured photo-
metrically using Drabkin’s reagent (Humana). HbA1c was meas-
ured using turbidimetric inhibition immunoassay (TINA) on
Cobas Integra Roche 800 and the results were expressed as % of
total hemoglobin. Serum glucose levels were performed using
the hexokinase method and Cobas Integra Roche 800 auto ana-
lyser. Complete blood count (CBC) was performed using haema-
tological analyzer (Sysmex, XT-2000i, Toa. Co., Japan).

Since the methodology was based on lysed whole blood not red
blood cells (shorter preparation and higher reproducibility of
the assay), the enzyme activities were expressed not only as U/l
but also U/g of hemoglobin. GST and ALDH1 are located mainly
in RBC therefore, this adjustment allowed to minimize the influ-
ence of HCT variation on the enzymes activities.

Statistical analyses
Normal distribution and homogeneity of variance of the data
were assessed using the Shapiro-Wilk test and Levene’s test,

respectively. In case of a lack of normal distribution or homoge-
neity of variances (p<0.05), a subsequent statistical evaluation
of significance was performed using the Mann-Whitney U Test
(for 2 groups) or the Kruskal-Wallis test (followed by the post-
hoc Dunn test; for more than 2 groups). Otherwise, the t-Stu-
dent test or the analysis of variance (ANOVA; the post-hoc LSD
Fisher test) was used. The strength of the relationship between
variables was measured by the Spearman’s rank correlation
coefficient. The Chi-squared test was used to analyze the asso-
ciation between nominal (categorical) variables. Ward’s hierar-
chical clustering method (agglomerative method) was used for
grouping the individuals characterized by 2 dimensional data
(glucose concentration; HbA1c). Calculations were performed
using STATISTICA version 10 software.

For the following parameters: ALDH and GST activity, age, RBC,
glucose concentration and HCT not only mean values but also
medians were calculated, which are better measures of the cen-
tre for a skewed distribution.

Results

v

HbA1c and plasma glucose level

The DM patients (group 1) were divided on the basis of HbAlc
into 2 groups: those with controlled diabetes mellitus (DM-con-
trolled, group 2, HbA1c<7.5%, n=47) and uncontrolled diabetes
mellitus (DM-uncontrolled, group 3, HbA1c>9.0%, n=12). The
average (median) HbA1c of group 1-3 was: 6.2 (5.6-7.0), 5.7
(5.5-6.3) and 11.0 (9.9-11.4), respectively. Glucose levels in the
plasma of examined groups were higher than those in the con-
trol group (p<0.0001 for each comparison) with medians 113
(98-139) mg/dl, in group 1, 113 (98-124) mg/dl, in group 2, 119
(98-188) mg/dl, in group 3 and 88 (86-100) mg/dl, in the con-
trol group. The experimental groups did not differ significantly
from each other or from the control group regarding gender dis-
tribution. The M:F gender distribution of the groups 1-3 were
1:1 and of the control group 8:6 (p>0.05).

Age, RBC and HCT values are summarized in © Table 1, whereas
ALDH1 and GST activity in © Table 2.

Enzymes activities and their correlations

Our results revealed that in comparison to the control group the
ALDHT1 activity [mU/g of hemoglobin] was higher in group 1
(p=0.0483), group 2 (p=0.0206) and group 3 (p=0.0017). More-
over, the enzyme activity was higher in group 3 than group 2
(p=0.0055). What is more, when enzyme activity was expressed
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Table 2 Average values and dispersion (standard deviation and interquartile range) of ALDH1 and GST activity in the examined groups.

Group 1 Group

Group 3

Control
all DM patients 2 HbA1c<7.5% HbA1c>9.0% ~60)
(n=64) (n=47) (n=12) (n
Mean Median Mean Median Mean Median Mean Median
(D) (IQR) (SD) (IQR) (SD) (IQR) (D) (IQR)
ALDH1 9.7 7.8* 9.5 7.5* 13.7 12.7* 9.8 7.3
[mU/q] (6.3) (5.3-12.3)* (6.0) (5.6-12.5)* (7.5) (7.9-19.3)* (9.9) (3.9-10.0)*
ALDH1 1.3 0.9* 1.3 0.9* 1.5 1.5% 0.9 0.77
[/ (1.0) (0.6-1.6)* (1.1) (0.7-1.5)% (0.9) (0.9-1.7)* (0.7) (0.4-1.1)*
GST 71 6.1 6.7 6.1 10.7 8.4* 7.2 6.9
[U/q] (4.6) (4.7-7.9)* (4.2) (4.2-7.7)* (6.8) (6.1-11.8)* (2.9) (4.8-8.0)*
GST 0.28 0.26 0.28 0.26 0.33 0.28* 0.26 0.26
[u/ml] (0.12) (0.21-0.35)* (0.12) (0.21-0.35)* (0.09) (0.26-0.44) (0.12) (0.16-0.33)

#Shapiro-Wilk normality test rejected the hypothesis that variables in analysed group were normally distributed; therefore, medians are better estimators of expected values

*statistically significant comparing to control group (p<0.05)

Table 3 Average values and dispersion (standard deviation and interquartile range) of blood glucose concentration, HbA1c and activity of ALDH1 and GST in

the clusters.

Cluster 1(n=16) 2 (n=19) 3 (n=20) 4 (n=9)
Mean Median Mean Median Mean Median Mean Median
(SD) (IQR) (SD) (IQR) (SD) (IQR) (SD) (IQR)
lucose [mg] 124 120 99 98 83 86 219 197
9 9% (13)* (114-132) (10)* (95-105)* (5)* (79-86)* (48) * (188-225)*
. 6.5 6.3 14 5.9 5.5 5.5 7.3 6.2
HbTAC [*] .y (5.6-6.9) @2.5)* (5.6-10.8) (0.2)* (5.5-5.6)* @1 (5.7-8.9)
7.5 6.4 10.0 7.5 12 8.2 123 11
ALDH1 [mUfg] (4.4 (4.2-11.1)* (6.6)* (5.6-12.2)* (15)* (5.6-12.9)* (8.0)* (4.9-15)*
AT U 0.13 0.11 017 0.13 0.16 0.14 0.25 0.16
(011 (0.07-0.14)* (013 (0.09-0.20)* (0.10)*  (0.09-0.19)* (0.23)*  (0.09-0.28)*
6.8 5.9 7.6 6.2 6.8 6.5 6.9 6.1
GST[Ufg] (3.9)* (3.7-7.2) (5.4) 4.7-7.7) @2.1) (5.5-8.1) (2.5) (5.4-8.6)
asT [Ujmi] 0.28 0.28 0.26 0.26 0.28 0.26 0.28 0.26
(0.14) (0.21-0.33) (0.12) (0.19-0.33) (0.12) (0.21-0.38) 0.12)* (0.21-0.45)

#Shapiro-Wilk normality test rejected the hypothesis that variables in analysed group were normally distributed; therefore, medians are better estimators of expected values

* statistically significant comparing to cluster 1 (p<0.05)

in U/l units an even more prominent difference was observed for
groups 1-3 vs. control (p<0.0001). However, post-hoc Dunn test
revealed no difference (p=0.17) between average ALDH1 activi-
ties expressed in U/l between groups 2 and 3 (p=0.04988
according to Mann-Whitney U Test).

Since ALDH1 activity is in 98 % located in erythrocytes, we aimed
to check whether high activity in group 3 [U/1] is not a result of a
high erythrocyte level in blood. The results showed that in group
3 the RBC and HCT was comparable to those in group 2 (NS,
p=0.0421) and lower than in the control group (p<0.0001 in
both cases). The RBC and HTC in the control group were also
higher than in groups 1 and 2 (p<0.0001 in both cases).

In group 3 there was a significant correlation between HCT and
ALDH (r,=-0.86, p<0.0001; r,=-0.76, p<0.0001) and GST
(rs=-0.60, p=0.0067; rs=-0.80, p<0.0001) activity for U/l and
U/g activity, respectively. Significant correlations were also
observed between ALDH and GST activity. The highest was
observed for group 3 (1,=0.78, p<0.0001; r;=0.50, p<0.0001),
then for group 1 (rs=0.50, p<0.0001; r,=0.50, p<0.0001), group
2 (rs=0.38, p<0.0001; r;=0.50, p<0.0001) and the lowest for the
control group (r;,=0.31, p=0.0013; r,=0.41, p<0.0001) U/g and
U/], respectively.

GST activity was significantly higher in group 3 than group 2
(p=0.0008, p=0.0762) and the control group (p<0.0001,
p=0.002) for the activity in U/g and U/ml, respectively.
Moreover, there was a positive correlation between glucose con-
centration and activity of GST [U/I] (rs=0.34; p=0.0028), ALDH
[U/1] (rs=0.28, p=0.0044) and ALDH [U/g] (r;=0.24,p=0.0191) in
group 2. The ALDH1 activity [U/l] was correlated with HbAlc
(rs=0.53; p=0.0080) in group 3.

Cluster analysis

Cluster analysis was also performed to identify the subgroups of
individuals on the basis of glucose concentration and HbA1c. It
revealed that among the 4 created clusters, one (n=16) was
characterized by surprisingly low ALDH activity despite rela-
tively high glucose and Hb1Ac concentrations (© Table 3). The
activity in [mU/g] and [U/1] in this cluster was lower than in the
cluster 2 (p=0.0355; p=0.0198), cluster 3 (p=0.0303; p=0.0197)
and cluster 4 (p=0.0076; p=0.0026).

Discussion

v

There is emerging evidence that oxidative stress (OS) significantly
contributes to the progression of diabetes and its complications.
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Oxidative stress is defined as an imbalance between the produc-
tion of reactive species - reactive oxygen intermediates (ROI),
reactive nitrogen species (RNS), and reactive chlorine species
(RCS), and antioxidant defense, leading to tissue damage. In both
types of diabetes, hyperglycemia results in the extensive produc-
tion of reactive species during such processes as glucose oxida-
tion, nonenzymaticglycation of proteins, and the subsequent
oxidative degradation of glycated proteins [2].

The results of OS in the blood of diabetes patients are noticeable
not only in serum, but also in erythrocytes, where higher MDA
and lower GSH and membrane -SH group concentrations com-
pared to normal erythrocytes were detected [8,9]. Moreover,
evidence from several studies suggests that antioxidant enzymes
in erythrocytes are altered. However, those concerning GST
activity are sparse and inconclusive [10].

Our results revealed that GST activity was significantly higher in
uncontrolled DM than in controlled DM and in the control
group. No significant differences between the whole DM group
(group 1) and the control group were detected.

There are no reports concerning ALDH1 activity in diabetes.
Jerntorp et al. found altered acetaldehyde metabolism in diabet-
ics with macroangiopathy and concluded that ALDH1 is respon-
sible for lowering the half-life of this aldehyde in patients
suffering from this particular diabetes complication. However, in
subsequent reports it was suggested that the cause of the rapid
acetaldehyde elimination in angiopathy patients is the low
capacity of blood proteins for acetaldehyde binding. Therefore
no conclusion on ADLH activity was made [6,7,11].

This study has shown that ALDH1 activity was higher in DM
than in the control group. Moreover, the activity in the uncon-
trolled DM was higher than in controlled DM. Since ALDH1 in
blood is located mainly in erythrocyte, we confirmed that higher
activity of ALDH1 in DM is not simply a result of higher erythro-
cyte levels. The association of ALDH activity with the severity of
the diseases was also considered [12,13]. In the uncontrolled
DM negative correlation between ALDH activity and HCT was
found. This can be explained, at least in part, by the fact that
increased osmolality of blood, caused by elevated blood glucose
levels in those patients, may result in the interstitial fluid trans-
fer from tissue into circulation, decreasing hematocrit. There
was also a positive relationship between ALDH activity and
HbA1c in this group of patients. In the case of controlled DM,
ALDH activity was positively correlated with glucose levels.
Higher activity of ALDH1 and GST may be a result of a compen-
satory mechanism against oxidative stress. The expression of
these proteins is regulated via, Nrf2 and Nf-kB signaling path-
ways activated in oxidative stress [14-16]. Since correlation
coefficients between ALDH1 and GST activity increases as fol-
lows: control group, controlled DM, whole DM, uncontrolled
DM, we suggest that the contribution of those pathways to the
expression of these enzymes is increasing in the same order.

0S may result in hemoglobin denaturation, which leads to the
release of hemin into the RBC membrane and the released hemin
is capable of oxidizing membrane proteins. GST can bind free
hemin, presumably reducing damage to the RBC membrane
[4,6,7]. ALDH1 is indirectly involved in the protection against
the effects of oxidative stress, oxidizing 4-HNE and MDA, the
concentration of which increases as a result of lipid peroxidation
[17]. The metastable aldehydes react with macromolecules such
as proteins, lipids, phospholipids and DNA, which results in
cytotoxic effects [18]. Therefore, insufficient activity of erythro-
cyte enzymes, such as ALDH1 or GST, participating directly or

indirectly in protection against OS, can result in changes of
membrane protein conformation as well as in the increase of
membrane lipid peroxidation. Membrane properties and cyto-
plasmic content influence erythrocyte functionality, e.g.,
deformability. Therefore, overstraining the cell protective sys-
tem might increase the risk of diabetes complications, such as
those caused by a decrease of erythrocyte deformability i.e.,
chronic vascular complications of diabetes mellitus, nephropa-
thy [19].

Surprisingly low activity of ALDH in the cluster composed of
patients with relatively high blood glucose concentration and
HbA1c may be explained as follows: a) despite the high glucose
and Hb1Ac levels this group of patients experiences lower oxida-
tive stress because of a high level of nonenzymatic antioxidants.
Therefore this group could be less vulnerable to developing DM
complications. b) this group could present single nucleotide
polymorphism (SNP) of Nrf2/ARE protein pathway or ALDH,
which would result in lower than expected (considering glucose
and Hb1Ac levels) protein expression and/or enzyme activity.
Therefore, this low enzyme activity could be a risk factor for DM
and predispose to DM complication occurrence.

Therefore we recommend further studies to explain the observed
phenomenon. The additional analyses at the molecular level
would allow for assessing whether the observed changes in
enzymes activity were associated with structural modifications
of these proteins or differences in their synthesis levels. In par-
ticular it would be worth examining polymorphisms in Nrf2/
ARE pathways responsible for the induction of antioxidant
enzymes as a factor predisposing to the occurrence of diabetic
complications.

Conclusion

v

Conclusively, higher erythrocyte ALDH1 activity was observed
in diabetes mellitus and it seems to be associated with the sever-
ity of the disease. Differences of GST activity were less promi-
nent. The higher activity of ALDH1 and GST in DM might be a
compensatory effect against oxidative stress. Further research
on peculiarly low ALDH activity in one subgroup of DM patients
should be performed since it could be a risk factor of DM or/and
its complications.
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