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Fluorimetric method based on oxidation of the fluoro-
genic 6-methoxy-2-naphthaldehyde was applied to eval-
uate temporal and population variability of the specific 
activity of salivary aldehyde dehydrogenase (ALDH) and 
the degree of its inactivation in healthy human popula-
tion. Analyzed was also its dependence on drinking and 
smoking habits, coffee consumption, and its sensitivity 
to N-acetylcysteine. Both the specific activity of salivary 
ALDH and the degree of its inactivation were highly vari-
able during the day, with the highest activities recorded 
in the morning hours. The activities were also highly 
variable both intra- and interpersonally, and negatively 
correlated with age, and this correlation was stronger for 
the subgroup of volunteers declaring abstinence from 
alcohol and tobacco. Moderately positive correlations 
of salivary ALDH specific activity with alcohol consump-
tion and tobacco smoking were also recorded (rs ~0.27; 
p = 0.004 and rs  = 0.30; p = 0.001, respectively). Moderate 
coffee consumption correlated positively with the inacti-
vation of salivary ALDH, particularly in the subgroup of 
non-drinking and non-smoking volunteers. It was found 
that mechanical stimulation of the saliva flow increases 
the specific activity of salivary ALDH. The specific activity 
of the salivary ALDH was strongly and positively corre-
lated with that of superoxide dismutase, and somewhat 
less with salivary peroxidase. The antioxidant-containing 
drug N-acetylcysteine increased activity of salivary ALDH 
presumably by preventing its inactivation in the oral 
cavity. Some food-related aldehydes, mainly cinnamic 
aldehyde and anisaldehyde, were excellent substrates of 
the salivary ALDH3A1 enzyme, while alkenals, particu-
larly those with short chain, were characterized by lower 
affinity towards this enzyme but high catalytic constants.  
The protective role of salivary ALDH against aldehydes 
in food and those found in the cigarette smoke is dis-
cussed, as well as its participation in diminishing the ef-
fects of alcohol- and smoking-related oxidative stress.
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INTRODUCTION

Aldehydes are chemically reactive substances frequent-
ly encountered in the food, either as natural ingredients 
(citral, anisaldehyde, vanillin, cinnamic aldehyde and so 

on), products of food processing (e.g., pyrolysis), or 
as flavoring additives (Feron et al., 1991; Adams et al., 
2007). Other potentially dangerous aldehydes which may 
be found in food are those generated during lipid perox-
idation (Feron et al., 1991; Ellis, 2007), among these the 
most toxic 4-hydroxy-2-nonenal (Casetta et al., 2005; El-
lis, 2007) and 4-oxo-hexenal (Kasai & Kawai, 2008). Al-
though some aldehydes are regarded as nontoxic to hu-
mans, at least in low concentrations (Adams et al., 1997; 
2005; 2007), others, including acetaldehyde, are suspect-
ed in the pathogeny of cancer and other diseases (Seitz 
et al., 2001; Salaspuro, 2003; 2009; Casetta et al., 2005; 
Gowder & Devaraj, 2010). In view of the high chemical 
reactivity of aldehydes, detailed analysis on their metabo-
lism seems necessary to fully recognize potential dangers 
of food-related aldehydes.

Human salivary aldehyde dehydrogenase (ALDH, EC 
1.2.1.5) is recognized, together with other enzymes, like 
glutathione S-transferases, as the first barrier against tox-
ic aldehydes contained in the food or produced during 
lipid peroxidation (Sreerama et al., 1995; Sladek, 2004; 
Vasiliou et al., 2004). The salivary ALDH has been iden-
tified as a single ALDH3A1 isoenzyme (Dyck, 1995; 
Sreerama et al., 1995; Esser et al., 2008) of dimeric struc-
ture and broad substrate specificity (Pappa et al., 2003b; 
Wroczynski & Wierzchowski, 2000; Giebułtowicz et al., 
2009), albeit almost inactive towards acetaldehyde. An 
identical ALDH isoenzyme has been found to be highly 
active in the cytosol of stomach and lungs and especially 
in the cornea (Sladek, 2004; Vasiliou et al., 2004; Pappa 
et al., 2003a; 2003b; Lassen et al., 2008). A similar iso-
enzyme is frequently over-expressed in tumors, including 
those of salivary glands (Sreerama & Sladek, 1994; 1996; 
Sladek, 2004). Of interest is also the activity of this en-
zyme against cyclophosphamide metabolites produced 
during cancer chemotherapy, closely correlated with cel-
lular resistance to this drug (Sladek, 1999; Townsend et 
al., 2001; Sladek et al., 2002; Moreb et al., 2007).

The kinetic properties of the ALDH3A1 isoenzyme 
have been determined for a number of aldehydes both 
with NAD+ and NADP+ as co-substrates. Among the 
best substrates, both in terms of Km and Vmax/Km, are 
cinnamic aldehyde, benzaldehyde and anisaldehyde, all of 
them of aromatic character (Giebułtowicz et al., 2009), 
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while long-chain alkenals exhibit somewhat lower affinity 
for the enzyme. The potentially mutagenic polyaromatic 
aldehydes exhibit especially low Km values, well below 
1 μM, and high catalytic constants (Wroczyński & Wi-
erzchowski, 2000; Glatt et al., 2008, Giebułtowicz et al., 
2009). The preferred co-substrate is NAD+, with the Km 
in low micromolar range (Sladek, 2004; Wierzchowski et 
al., 2008). These data are in agreement with the hypoth-
esis of an important role of salivary ALDH in aldehyde 
detoxication in the gastrointestinal tract.

To date, the only large-scale population study of the 
salivary ALDH activity is that of Sreerama et al. (1995) 
who used a spectrophotometric assay based on the de-
tection of NADH formation during the enzymatic oxi-
dation of benzaldehyde with NAD+. This paper demon-
strated high population variability of the enzyme, its cor-
relation with other detoxifying enzymes, and possibility 
of its induction by extensive consumption of some food-
stuffs, like coffee or broccoli. Presently, activities of sali-
vary ALDH can be measured specifically using a much 
more sensitive fluorimetric method based on enzymatic 
oxidation of fluorogenic naphthaldehydes like 6-me-
thoxy-2-naphthaldehyde or 6-dimethylamino-2-naphthal-
dehyde (Wierzchowski et al., 1997; 2008; Wroczynski & 
Wierzchowski, 2000; Giebułtowicz et al., 2009). This al-
lowed us to perform a population study on the salivary 
ALDH activity in a healthy human population as well as 
in groups of patients suffering from various pathological 
states of the oral cavity (to be reported elsewhere).

In our previous papers (Wroczynski et al., 2004; Wi-
erzchowski et al., 2008; Bogucka et al., 2009) we have 
shown that salivary ALDH undergoes reversible inactiva-
tion, presumably by air, already in the oral cavity. Inac-
tivation of the salivary ALDH can be prevented in vitro 
by addition of 1 mM glutathione, while treatment by di-
thiols like dithiothreitol or dithioerythritol  leads to rapid 
and complete reactivation of the enzyme. The degree 
of ALDH inactivation in saliva can be therefore deter-
mined as the ratio of activities measured in the presence 
of glutathione (GSH) and dithiothreitol (DTT), and pre-
liminary studies have revealed that it can vary between 
zero and > 90 % (Wroczynski et al., 2004; Wierzchowski 
et al., 2008; Bogucka et al., 2009). Some drugs are able 
to reverse (or prevent) salivary ALDH oxidation, at least 
in the short term (Bogucka et al., 2009).  Identification 
of factors affecting both the activity and degree of in-
activation of ALDH in saliva seems to be important for 
the study of aldehyde detoxication and, consequently, for 
nutrition safety. 

The aim of the present work is an evaluation of pop-
ulation and temporal variability of the specific activity of 
salivary ALDH and its degree of inactivation, as well as 
preliminary examination of their relation to drinking and 
smoking habits among healthy human individuals. Ad-
dressed is also the sensitivity of salivary ALDH to some 
antioxidant substances used as drugs, notably N-acetyl-
cysteine, and the correlation of ALDH activity in saliva 
with those of salivary antioxidant enzymes, particularly 
superoxide dismutase and peroxidase. 

MATERIALS AND METHODS

Enzymes and chemicals. Recombinant human AL-
DH3A1 was prepared and purified as described previ-
ously (Giebułtowicz et al., 2009). Superoxide dismutase 
and xanthine oxidase were purchased from Sigma. Al-
dehydes and the corresponding carboxylic acids were 

purchased from Aldrich and re-crystallized if necessary.  
NAD+, NADH, N-acetylcysteine (99 %), 2,7-dichloro-
fluorescein, leuko-2,7-diacetylochlorofluorescin, xanthine, 
and NBT (nitro blue tetrazolium) were from Sigma. All 
other chemicals were of analytical grade, and water was 
filtered through the Millipore ultrafiltration system. Buf-
fers were devoid of any fluorescent impurities.

Apparatus. A Cary 219 and Nicolet Evolution 300 
spectrophotometers were used to perform spectral and 
kinetic study of enzyme activities. Fluorimetric measure-
ments were done using Pekin-Elmer LS-50 or Shimadzu 
5001 spectrofluorimeters. Absolute reaction rates were 
calculated using an internal standard (purified reaction 
product) at concentrations 1–2 μM.

Saliva collection. Saliva samples were collected di-
rectly to test tubes containing 50 mM potassium phos-
phate, pH 7.3, 1 mM GSH and 1 mM EDTA. Saliva 
was diluted approximately 1 : 1, vigorously mixed, then 
centrifuged for about 10 min at 4 000 rev./min, and the 
supernatant gently collected and stored in ice. Protein 
content in the supernatant was measured using Brad-
ford reagent (Sigma).  We found that the ALDH activ-
ity is stable for several hours in these conditions (Wierz-
chowski et al., 2008).

 Saliva donation was preceded by filling out an anony-
mous interview, indicating age, sex, intake of drugs, al-
cohol and coffee as well as cigarette smoking during the 
past week.

Enzyme activities. Salivary ALDH activity was mea-
sured fluorimetrically, using 6-methoxy-2-naphthaldehyde 
(5 μM) as the fluorogenic substrate, in the presence of 
100 μM NAD+ and either 0.5 mM DTT or 1 mM GSH, 
as described earlier (Wierzchowski et al., 1997; Wroczynski 
et al., 2004; Bogucka et al., 2009). The final dilution of the 
saliva sample in the cuvette was about 1 : 40. Fluorescence 
increase (dF/dt) of the produced 6-methoxy-2-naphtho-
ate was recorded at 360 nm, with excitation at 315 nm, 
and after 6–10 min of reaction an aliquot of 6-methoxy-
2-naphthoic acid (Sigma) was added as an internal stan-
dard (final concentration about 1.5 μM). Absolute reaction 
rates were calculated according to the formula:

	 	 	 	 	 	 	 	 	 (1)

where	Cst	and	Fst	are	concentration	(in	μM)	and	fluo-
rescence	 of	 the	 internal	 standard,	 respectively.	 	 Spe-
cific	 activities	 were	 calculated	 as	 rate/protein	 con-
tent,	multiplied	by	sample	dilution.	We	estimate	 the	
standard	 error	 of	 this	 method	 to	 be	 <	 5 %	 for	 reac-
tion	 rates	 and	 7 %–8 %	 for	 specific	 activities	 (Wier-
zchowski	et al.,	1997;	2008).

One enzyme unit is defined as the amount oxidizing 
1 micromole of 6-methoxy-2-naphthaldehyde per minute 
in the presence of 100 μM NAD+ at 25 oC. This unit is 
approximately twice as large as the commonly used benz-
aldehyde unit (Wierzchowski et al., 1997; Giebułtowicz et 
al., 2009). 

The degree of salivary ALDH reversible inactivation 
(see above) was calculated as

	 	 	 	 	 	 	 	 	 	 	 	 (2)

where VGSH and VDTT are reaction rates determined in the 
presence of 1 mM GSH and 0.5 mM DTT, respectively.
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Kinetic examination of other ALDH substrates was 
performed using standard spectrophotometric proce-
dures, with NAD+ concentrations elevated to 300 μM, 
and occasionally checked fluorimetrically by monitoring 
fluorescence of NADH at 460 nm. 

The activity of salivary superoxide dismutase (SOD) 
was determined using a modified Beauchamp method 
(Beauchamp & Fridovich, 1971). The reaction mixture 
(1 mL) contained 50 mM sodium carbonate buffer, pH 
10.2, saturated by air at 25 °C, 120 μM EDTA, 120 μM 
xanthine, 30 μM NBT and 0.06 mg/mL BSA. Xanthine 
oxidase (40 μL of a stock solution with an activity of 1.6 
U/mL) was added to start the reaction. Formation of 
diformazan was recorded spectrophotometrically at 560 
nm first without saliva for 7 min, and for the next 7 min 
with 100 μL of the saliva supernatant added. The activity 
of SOD was calculated using a standard curve prepared 
with superoxide dismutase from bovine erythrocytes.

Salivary peroxidase (SPO) activity was determined flu-
orimetrically using the method described by Proctor and 
Chan (1994), and utilizing enzymatic oxidation of the 
fluorogenic leuko-2,7-dichlorodichlorofluorescin (0.2 μM) 
to 2,7-dichlorofluorescein in the presence of 0.18 mM 
H2O2 and 1 mM KSCN in 67 mM potassium phosphate 
buffer, pH 6. A typical saliva dilution in the cuvette was 
1 : 150. The reaction was performed at 25 °C. The meth-
od was modified by measuring the fluorescence slopes, 
dF/dt, rather than fluorescence increase (ΔF), and using 
purified 2,7-dichlorofluoresceine as an internal standard 
to determine absolute reaction rates. Fluorescence was 
recorded at 530 nm with excitation 488 nm, and activity 
calculated using formula (1).

Statistical analysis. Normal distribution and homo-
geneity of variances of the data was checked with the 
Shapiro-Wilk test and the Leven’s test, respectively. In 
case of a lack of normal distribution or homogeneity of 
variances (p < 0.05), subsequent statistical evaluation of 
significance was performed by Mann-Whitney U test (for 
independent samples) or by Wilcoxon test (for depen-
dent samples). Otherwise, paired or unpaired Student’s 
t-test was used for dependent and independent samples, 
respectively. 

The correlation between parameter levels was analyzed 
with Spearman’s rank correlation test, and the results 
expressed in terms of rs (correlation coefficient) and p, 
indicating significance (tests showing p < 0.05 were con-
sidered significant). 

RESULTS AND DISCUSSION

Temporal variability of specific activity of salivary ALDH 
and of its inactivation degree

 The human saliva content is known to vary with time 
due to various processes of saliva stimulation and other 
factors.  It was therefore necessary to obtain information 
on the daily variability of salivary ALDH activity in or-
der to establish proper conditions for a broader statisti-
cal evaluation of this enzyme.

In a preliminary experiment, the specific activity of sal-
ivary ALDH was measured using the fluorimetric meth-
od in four healthy, non-smoking volunteers through-
out the day times, from 8 : 30 AM to 6 PM.  For each 
sample the activity was determined twice, first in the 
presence of 1 mM glutathione, and then with 0.5 mM 
dithiothreitol, the latter results shown in Fig. 1 (upper 
panel). It is evident that the recorded ALDH activities 
vary with time of collection in a fairly consistent man-

ner. The highest specific activities were recorded during 
the morning hours (about 9 AM), and decreased rapidly 
later.  At the same time, evaluation of the enzyme inac-
tivation (see Methods) shown that in the morning hours 
it was inactivated to a much lower extent (45–65 %) than 
in the afternoon, when the inactivation increased to 80–
95 % (see Fig. 1, lower panel).

A similar experiment was subsequently conducted on 
14 healthy volunteers, aged 20–60, with saliva collected 
trice a day, at 9 AM, 2 PM and 6 PM, but gave some-
what different results: the average activity determined in 
the presence of DTT decreased at 2 PM relative to 9 
AM, by about 64 %, and remained almost unchanged at 
6 PM, with high coefficients of variations (> 100 %). The 
average ALDH inactivation degree in this group was 
72 % in the morning, to diminish later to 53 % (2 PM) 
and then rise to 57 % (6 PM). Although these data are 
not identical with those presented in Fig. 1, they nev-
ertheless confirm the high daily variability of salivary 
ALDH specific activity and show that the inactivation 
degree of this enzyme is also variable. For this reason 
we decided to perform further studies of the salivary 
ALDH activity at a fixed collection time, between 8:30 
and 10:00 AM.

The long term intra-individual variation of the salivary 
ALDH activity and inactivation degree was examined for 
the period of 3.5 months for four healthy volunteers, 
with saliva collected during morning hours (in most 
cases before the first meal, 8:30 to 9:30 AM), with re-
sults shown in Fig. 2. The diet was not controlled. There 
was a rather high variability in both the specific activity 
and degree of inactivation, with coefficients of variation 

Figure 1. Daily evolution of salivary ALDH specific activity for 
four healthy, non-smoking volunteers
Activity was determined in the presence of 0.5 mM DTT (upper 
panel) and degree of its inactivation calculated as explained in 
Methods (lower panel).
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(C.V.) for individual average ALDH activities from 42 % 
to 70 %, and for the inactivation degrees from 20 % to 
29 %. These C.V. values are nevertheless markedly lower 
than those measured in the population study (see Ta-
ble 1), and the recorded differences between individuals 
were in some cases statistically highly significant, based 
on a paired t-test (p < 0.001). This refers both to the “ac-
tual” and “total” activities (that is, those recorded in the 
presence of 1 mM GSH and 0.5 mM DTT, respectively), 
and, additionally, to the degree of enzyme reversible in-
activation (see Fig. 2). These data confirm that the hu-
man population is markedly diversified in terms of the 
salivary ALDH activity, and this diversification between 
individuals may persist over a fairly long time.

Salivary ALDH in healthy human population

The specific activity of salivary ALDH was investi-
gated in two groups of volunteers: one from the War-
saw area (N = 72), the second from less polluted area in 
the Varmia lake region (N = 40). Individuals who suf-
fered from metabolic diseases were excluded from analy-
sis (based on the interview). All samples were collected 
between 8:30 AM and 10:00 AM, and an anonymous 
interview was obtained from each volunteer indicating 
their age, sex, health status, administered medicines and 
information related to drinking and smoking (see be-
low).  The results, analyzed selectively for each group, 
are presented in Table 1.  Since the differences between 
the Varmia and Warsaw groups were not statistically sig-
nificant (p > 0.05, based on the Mann-Whitney U test), 
Table 1 includes also statistics for the pooled group.

Some statistically significant differences between the 
male and female sub-groups (Table 2) are probably re-
lated to differences in drinking and smoking habits be-
tween these groups (see below).

Statistical analysis indicated a moderate but significant 
negative correlation of the age of volunteers and the sali-
vary ALDH activities as determined  either in the pres-
ence of DTT (rs = –0.19, p = 0.042) or GSH (rs = –0.19, 
p = 0.041). This correlation was somewhat higher in 
the subgroup declaring complete alcohol and cigarette 
smoking abstinence (rs = –0.43, p = 0.012; and rs = –0.40, 
p = 0.018 for activities measured in the presence of GSH 
and DTT, respectively; n = 34).  No significant correla-
tion between age and the ALDH inactivation degree was 
found (p > 0.1), except in the Varmia subgroup, where 
we found a modest relationship between these param-
eters (N = 40; rs = 0.30, p = 0.05). 

The obtained activity data (average about 3.7 U/g, and 
high coefficients of variations) are comparable to those 
presented by Sreerama et al. (1995), who used benzalde-
hyde as the preferred substrate, bearing in mind that our 
units are 2-fold larger than those used by Sreerama (see 
Methods).  Since the average protein content in the sa-
liva is 4–6 g/L (Esser et al., 2008), simple recalculation 
gives total ALDH activity in this fluid close to 15–20 
U/L, which is several-fold higher than the ALDH level 
in whole blood, as determined by analogous fluorimet-
ric method (about 4 U/L; see Wierzchowski et al., 1995).  
This comparison strongly suggests an important role of 
the salivary ALDH in the protection against toxic alde-
hydes.

Influence of drinking and smoking habits

Alcohol consumption and tobacco smoking as well as 
coffee consumption by volunteers during the week pre-
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Figure 2. Long-term temporal evolution of salivary ALDH spe-
cific activity and degree of its inactivation recorded for four 
healthy, non-smoking volunteers for four months
Activity was determined in the presence of 0.5 mM DTT (upper 
panel) and degree of its inactivation calculated as explained in 
Methods (lower panel). All saliva samples were collected between 
8:30 to 9:30 AM.

Table 1. Salivary ALDH specific activity, and ALDH inactivation degree, determined in two groups of healthy subjects: one from War-
saw and second from Varmia region
Pooled data are given for comparison.

Group (n) Warsaw group (72) Varmia group (40) Pooled data (112)

Age 19–85 19–62 19–85

Sp. Activitya [U/g] Inactivationb [%] Sp. Activitya [U/g] Inactivationb [%] Sp. Activitya [U/g] Inactivationb [%]

Average 3.52 63 3.95 61 3.67 62

Median 2.53 72 2.56 64 2.53 67

Range 0.14–20.8 1–97 0.63–13.57 4–96 0.14–20.8 1–97

C.V. 107 % 43 % 85 % 41 % 98 % 42 %

aTotal ALDH activity, determined in the presence of 0.5 mM DTT; bALDH inactivation degree, calculated as described in Methods; cDifferences be-
tween Warsaw and Varmia groups are not statistically significant.
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ceding saliva collection were examined by anonymous in-
terview.

Spearman’s analysis indicated a moderate positive cor-
relation between the declared alcohol consumption and 
the ALDH total activity (as determined in the presence 
of DTT) in the pooled population (rs = 0.27; p = 0.004) 
and somewhat weaker, but still significant, with actual 
ALDH activity, as measured in the presence of GSH 
(rs = 0.19, p = 0.049).  The correlation of alcohol con-
sumption and ALDH inactivation degree was not statis-
tically significant. 

The above result may seem somewhat surprising, since 
acetaldehyde is known to be a very poor substrate for 
the salivary ALDH (Sladek, 2004; Vasiliou et al., 2004), 
so this enzyme probably does not participate directly in 
the protection against acetaldehyde-related toxicity.  It 
may nevertheless play an indirect role in eliminating the 
effects of the alcohol-induced oxidative stress, which is 
known to lead to generation of toxic long-chain aliphatic 
aldehydes (Das & Vasudevan, 2007; Ellis, 2007). An al-
ternative explanation is that other substances used pref-
erably by alcohol drinkers may be involved in the ob-
served induction of the salivary ALDH.

Cigarette smoking is known to generate several vola-
tile aldehydes, like acrolein and crotonaldehyde, suppos-
edly involved in the etiology of cancers of the oral cavity 
(Nagler & Reznick, 2004; Hasnis et al., 2004).  Many of 
these aldehydes are substrates for the salivary ALDH3A1 
(Pappa et al., 2003b; Vasiliou, 2004; and this paper, be-
low), so some influence of cigarette smoking on salivary 
ALDH activity may be expected.

We have indeed found a significant, positive correla-
tion between the declared cigarette smoking during the 
week preceding examination and the ALDH activity, as 
determined in the presence of DTT (rs =  0.30; p = 0.001) 
and GSH (rs = 0.29; p = 0.002). There was no correla-
tion with the degree of ALDH inactivation (p > 0.1). The 
correlation between ALDH total activity (as measured 
in the presence of DTT) and declared cigarette smok-
ing was much stronger in the group from the Varmia 
region (n = 40, rs = 0.56, p = 0.0002) than in that from 
Warsaw (n = 72, rs = 0.26, p = 0.024), suggesting an im-
portant role of air pollutants other than cigarette smoke 
in the ALDH induction. In the male sub-groups the cor-
relations were even stronger than in the pooled groups, 
according to Spearman’s test (rs = 0.64, p = 0.007; and 
rs = 0.42, p = 0.012, for the Varmia and Warsaw groups, 
respectively), while the female subgroups of Varmia 
and Warsaw did not show any significant correlations 
(p > 0.1), but these subgroups contained much less heavy 
smokers. The above results show that salivary ALDH is 
probably induced by cigarette smoking and therefore is 
likely to be a part of the defensive mechanism against 

aldehydes contained in smoke, and 
possibly in other air pollutants.

Influence of coffee consumption on 
salivary ALDH

Extensive coffee consumption 
has been shown to increase sali-
vary ALDH activity (Sreerama et al., 
1995). Surprisingly, in the pooled 
data we found no significant corre-
lation between the declared coffee 
consumption and the salivary ALDH 
activity (not shown). However, 
in the subgroup of absolute non-
drinkers and non-smokers (based on 

interview, n = 34), a significant negative correlation was 
found between actual ALDH activity (measured in the 
presence of GSH) and coffee consumption (rs = –0.44; 
p = 0.009), together with a strongly positive correlation 
between coffee consumption and the degree of ALDH 
inactivation (rs = 0.58, p = 0.0003).  In a broader group 
including moderate drinkers (less than 40 g alcohol and 
one pack of cigarettes per week, n = 48) the latter cor-
relation was still present, but less pronounced (rs = 0.40, 
p = 0.005). The correlation between coffee drinking and 
total ALDH activity (determined in the presence of 
DTT) in these two subgroups was not statistically signifi-
cant (p > 0.05, not shown).

The above data do not confirm the observations re-
ported by the Sládek’s group (Sreerama et al., 1995) of a 
strong induction of salivary ALDH by coffee consump-
tion. This may be probably explained by the fact that 
in our group of volunteers the number of individuals 
consuming more than three cups of coffee per day was 
very small (6 persons), while the Sreerama’s observations 
refer to consumption of one liter of coffee per day or 
more. It is interesting to note in this context that salivary 
ALDH is directly inhibited by caffeine (Wierzchowski et 
al., 2008), so the observed induction may be a part of 
the mechanism improving defensive abilities of human 
saliva in those cases when ALDH activity is markedly 
lowered.

Our results indicate also that moderate coffee drink-
ing leads to inactivation of the salivary ALDH, especially 
among the non-drinkers and non-smokers. A possible 
mechanism of this phenomenon may be an increased ac-
tivity of xanthine oxidase, resulting in the generation of 
superoxide radicals, acting directly or indirectly (e.g., via 
depletion of GSH) on ALDH. 

Resting vs. stimulated saliva

Activities of the salivary enzymes vary naturally as an 
effect of the stimulation of the saliva flux. We examined 
whether mechanical stimulation of saliva flux by chewing 
Parafilm® foil affects salivary ALDH3A1 specific activity 
(that is, related to total protein) and degree of its inac-
tivation. Volunteers (n = 23) were asked to donate saliva 
samples prior and during extensive Parafilm® chewing 
for approx. 5 min. The results are presented in Table 3.

The observed increase in ALDH3A1 specific activity 
after stimulation of saliva flux (Table 3) is statistically 
significant. The Wilcoxon matched-pairs signed-ranks 
test gave p = 0.013 and 0.0054 for the increase of the 
activities measured in the presence of GSH and DTT, 
respectively. There was no significant change in the 
ALDH inactivation degree (p > 0.1).  This again suggests 
that salivary ALDH may be important as a protective 

Table 2. Salivary ALDH activity, and its inactivation degree (see Methods) in healthy 
males and females
Statistically significant differences are indicated by asterisk (*).

group
N Male group 50 Female group 62

age 20–75 19–85

Sp. Activity [U/g] Inactivation [%] Sp. Activity [U/g] Inactivation [%]

Average 4.43* 65 3.06* 61

Median 3.13* 67 2.15* 64

Range 0.14–20.8 13–97 0.27–16.2 1–96

C.V. 92% 35% 101% 48%
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enzyme during the consumption of chewable foodstuffs 
like raw vegetables or fruit, usually containing volatile al-
dehydes as natural flavors.

Correlation of ALDH with salivary superoxide dismutase 
and oral peroxidase activities

 The salivary ALDH activity has been demonstrat-
ed to correlate with the activities of typical phase II 
detoxication enzymes like glutathione-S-transferases 
and DT-diaphorase (Sreerama et al., 1995). However, 
aldehyde elimination is considered also a part of the 
defensive mechanism against oxidative stress, since ac-
tive oxygen species lead to aldehyde generation during 
lipid peroxidation (Nagler & Reznick, 2004; Hasnis et 
al., 2004; Das & Vasudevan, 2006; Ellis, 2007). Fur-
thermore, the cellular regulation of ALDH3A1 expres-
sion seems to involve both xenobiotic-responsive ele-
ments (XRE) and electrophile-antioxidant responsive 
elements (ARE) (Sladek, 2004; Vasiliou et al., 2004; 
Ellis, 2007), suggesting dual role of this enzyme in 
maintaining cellular homeostasis. We therefore exam-
ined possible correlations of the salivary ALDH with 
two most important antioxidant activities of the sa-
liva, that is superoxide dismutase (SOD) and salivary 
peroxidase (SPO; see Nagler et al., 2002; Inhalin et al., 
2006; Ashby, 2008).

The activities of SOD and salivary peroxidase were 
measured in the saliva of 28 healthy volunteers (all from 
the Warsaw group) and correlations with salivary ALDH 
examined. We found a highly significant, strongly posi-
tive correlation between the activity of salivary superox-
ide dismutase and total ALDH activity (as determined in 
the presence of DTT) with rs = 0.57, p < 0.00001; and a 
significant positive correlation with actual ALDH (de-
termined in the presence of GSH; rs = 0.43, p = 0.00002). 
There was apparently no significant correlation of 
the SOD activity and ALDH inactivation degree (not 
shown). We also found moderate correlations between 
salivary peroxidase activity and both actual ALDH (i.e., 
measured in the presence of GSH; rs = 0.25, p = 0.009) 
and ALDH inactivation degree (rs = –0.25, p  = 0.007).

The foregoing data, although preliminary, suggest that 
salivary ALDH may be involved in the defense against 
lipid peroxidation-related toxicity. 

Effect of N-acetylcysteine

We have recently reported that Fluimucil®, a drug con-
taining N-acetylcysteine as the active substance, prevents 
inactivation of salivary ALDH (Bogucka et al., 2009), 
at least for a few hours after administration. To check 
if N-acetylcysteine is in fact the main factor activating 
salivary ALDH, we examined the ALDH inactivation 

degree in the saliva of 20 volunteers 
prior to and after washing mouth 
for 1 min with a 5 g/L solution of 
N-acetylcysteine mixed with citric 
acid (1 g/L). Only one volunteer ex-
hibited an increase in the degree of 
ALDH inactivation (that is, decrease 
in activity) after the washing, while 
for the remaining 19 the inactivation 
was markedly diminished, sometimes 
to virtually 0 % (cf. Fig. 3). The aver-
age ALDH inactivation degree prior 
to washing was 0.62 (C.V. 38 %), and 
after the washing 0.17 (C.V. 115 %), 
a highly significant result according 
to the Wilcoxon test (p = 0.0009). 
In a control group (n = 5), wash-
ing the mouth with citric acid only, 
the respective numbers were 0.57 
(15 %) and 0.45 (48 %). The lat-
ter number is significantly different 
from that for the main experimental 
group (p = 0.013 according to Mann-
Whitney U test). The total activity of 
ALDH, as measured in the presence 
of DTT, was apparently not affected 
(not shown).

Table 3. Influence of stimulation of saliva flux on ALDH specific activity and its inactivation degree
The group included 23 persons (14 females), aged 18–70.  Statistically significant changes (p < 0.05) are indicated by asterisk (*).

Group Prior to stimulation During stimulationa

Sp. Activity (GSH)b

[U/g]
Sp. Activity (DTT)c

[U/g]
Inactivation 

degreed
Sp. Activity (GSH)b

[U/g]
Sp. Activity (DTT)c

[U/g]
Inactivation 

degreed

Average 0.99* 2.16* 0.58 1.87* 3.86* 0.49

Median 1.15* 1.42* 0.63 2.02* 1.88* 0.47

C.V. 116% 89% 35% 108% 95% 51%

aSaliva flux was stimulated by chewing parafilm® foil for about 5 min; bActual ALDH activity, determined in the presence of 1 mM GSH; cTotal ALDH 
activity, determined in the presence of 0.5 mM DTT; dCalculated using formula {2} (see Methods).
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Figure 3. Effect of N-acetylcysteine on the salivary ALDH inactivation
Salivary ALDH activity was assayed in 20 healthy volunteers first in the presence of 1 
mM GSH and next with 0.5 mM DTT, and inactivation degree calculated as described 
in Methods. Bars show ALDH inactivation prior to (filled bars) and 30 min after (dashed 
bars) washing mouth with 5 g/L solution of N-acetylcysteine in the presence of citric 
acid. 
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Salivary ALDH undergoes reversible inactivation, pre-
sumably by air, as do some other ALDH isoenzymes, 
particularly ALDH1A1 (Vallari & Pietruszko, 1982). 
In both cases reactivation is promoted by dithiols like 
DTT.  It is also known that the main active metabolite 
of N-acetylcysteine is GSH (Atkuri et al., 2007), and this 
drug is used as an antidote in cases of cysteine/GSH de-
ficiency.  However, cysteine or GSH alone are not able 
to reactivate the oxidized ALDH3A1 (Wierzchowski et 
al., 2008; Bogucka et al., 2009). We think therefore that 
N-acetylcysteine does not directly reactivate salivary 
ALDH, but rather prevents its inactivation, presumably 
via the radical-scavenging activity in the oral cavity and/
or in salivary glands.

The above experiment is important because it demon-
strates a possibility to increase salivary ALDH activity by 
a relatively simple and safe pharmacological treatment.

Substrate specificity of salivary ALDH and recombinant 
ALDH3A1 towards food-related aldehydes

We have previously reported that some food-related 
aldehydes, like cinnamic aldehyde or anisalehyde, are ex-
cellent substrates for the salivary ALDH, and the kinetic 
parameters for enzymatic oxidation of a number of aro-
matic aldehydes using saliva or recombinant ALDH3A1 
are virtually identical (Giebułtowicz et al., 2009). We now 
extended this examination to selected aliphatic aldehydes, 
commonly used as food additives or found as natural 
food ingredients, using spectrophotometric and fluori-
metric methods.  The results are summarized in Table 4.

As pointed out previously (Pappa et al., 2003a; 
Giebułtowicz et al., 2009), recombinant ALDH3A1 pre-
fers long-chain aliphatic and aromatic aldehydes as sub-
strates, with poor activity towards acetaldehyde. It is evi-
dent from Table 4 that ALDH3A1 is an efficient catalyst 
of common food-related aldehydes, especially those of 
aromatic character: cinnamic aldehyde, anisaldehyde, and, 
to a lesser extent, benzaldehyde and vanillin. The latter 
compound (3-methoxy-4-hydroxybenzaldehyde) seems 
to be a somewhat better substrate at a more acidic pH, 
where its phenolic proton is mostly undissociated (pKa 

about 7). In agreement with the foregoing, 4-methylvan-
illin is a good substrate as well (Table 4). Somewhat sur-
prisingly, furfural, which is known to be rapidly eliminat-
ed from the human organism and essentially safe (Ad-
ams et al., 1997), was found to be a very poor substrate 
of ALDH3A1, possibly for steric reasons.

Alkenals are frequently used as food additives (Adams 
et al., 2007). As evident from Table 4, crotonaldehyde 
and trans-hexenal are characterized by catalytic constants 
comparable to that of benzaldehyde, but also by rather 
high Km values, which for crotonaldehyde reach milli-
molar level. Citral, which is a mixture of two isomeric 
octadienals, exhibited relatively low catalytic constant, 
about 5% of that of benzaldehyde, and a high Km (about 
200 μM).  It is therefore rather questionable whether 
salivary ALDH3A1 can effectively contribute to the 
metabolic elimination of aldehydes of non-aromatic char-
acter, especially short-chain ones like crotonaldehyde. 
It is, however, of interest that some of the most toxic 
aldehydes, like 4-hydroxy-2-nonenal, and the potentially 
mutagenic polyaromatic aldehydes exhibit high affinity 
towards the ALDH3A1 isoenzyme, with Km values in 
the low micromolar or submicromolar region, and high 
catalytic constants (Pappa et al., 2003a; Glatt et al., 2008; 
Giebułtowicz et al., 2009). This again indicates an impor-
tant role of this isoenzyme in detoxication of food- and 
pollution-related aldehydes.

CONCLUDINg REMARKS

Oxidation of food-related aldehydes to the corre-
sponding carboxylic acids is a fairly complex process, 
catalyzed by various detoxifying enzymes, among them 
those belonging to the aldehyde dehydrogenase super-
family (Adams, 1997).  We have demonstrated that the 
only ALDH isoenzyme present in the human saliva, AL-
DH3A1, may be in fact important for detoxication of at 
least some of these compounds, and this process prob-
ably starts already in the oral cavity, thanks to the good 
catalytic properties of salivary ALDH3A1.  We have 
also shown that the activity of this enzyme in the saliva 
(and, possibly, in the stomach) can be modified by vari-
ous factors, including diet, administered drugs as well as 
drinking and smoking.  All these factors should be taken 
into account in determination of the acceptable levels of 
various aldehydes in the food, especially those used as 
food additives.
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Sreerama L, Hedge MW, Sládek NE (1995) Identification of a class 3 
aldehyde dehydrogenase in human saliva and increased levels of this 
enzyme, glutathione S-transferases, and DT-diaphorase in the saliva 
of subjects who continually ingest large quantities of coffee or broc-
coli. Clin Cancer Res 1: 1153–1165.

Townsend AJ, Leone-Kabler S, Haynes RL, Wu Y, Szweda L, Bunting 
KD (2001) Selective protection by stably transfected human ALD-
H3A1 (but not human ALDH1A1) against toxicity of aliphatic alde-
hydes in V79 cells. Chem Biol Interact 130–132: 261–273.

Vallari RC, Pietruszko R (1982) Human aldehyde dehydrogenase: Me-
chanism of inhibition by disulfiram. Science 216: 637–639.

Vasiliou V, Pappa A, Estey T (2004) Role of human aldehyde dehydro-
genases in endobiotic and xenobiotic metabolism. Drug Metab Rev 
36: 279–299.

Wierzchowski J, Interewicz E, Wroczynski P, Orlanska I (1995) Con-
tinuous fluorimetric assay for human aldehyde dehydrogenase and 
its application to blood analysis. Anal Chim Acta 319: 209–219.

Wierzchowski J, Wroczynski P, Laszuk K, Interewicz E (1997) Fluori-
metric detection of aldehyde dehydrogenase activity in human 
blood, saliva and organ biopsies, and kinetic differentiation between 
class I and class III isozymes. Anal Biochem 245: 69–78.

Wierzchowski J, Pietrzak M, Szeląg M, Wroczyński P (2008) Salivary 
aldehyde dehydrogenase — reversible oxidation of the enzyme and 
its inhibition by caffeine, investigated using fluorimetric method. 
Arch Oral Biol 53: 423–428.

Wroczyński P, Wierzchowski J (2000) Aromatic aldehydes as fluoro-
genic indicators for human aldehyde dehydrogenases and oxidases. 
Analyst 125: 511–516.

Wroczyński P, Wierzchowski J, Rakowska A, Chimkowska M, 
Targoński J (2004) Aldehyde dehydrogenase in human saliva — 
evaluation of its oxidation status. Acta Pol Pharm 61 (Suppl): 62–64.


