Clinical Cancer Research

‘%{\) Journal of Experimental &

' i

Short-term salivary acetaldehyde increase due to
direct exposure to alcoholic beverages as an additional
cancer risk factor beyond ethanol metabolism

Lachenmeier and Monakhova

() BioMed Central Lachenmeier and Monakhova Journal of Experimental & Clinical Cancer Research 2011, 30:3
http://www.jeccr.com/content/30/1/3 (6 January 2011)



Lachenmeier and Monakhova Journal of Experimental & Clinical Cancer Research 2011, 30:3 0

http://www.jeccr.com/content/30/1/3

RESEARCH

“ Journal of Experimental &
%r Clinical Cancer Research

Open Access

Short-term salivary acetaldehyde increase due
to direct exposure to alcoholic beverages as an
additional cancer risk factor beyond ethanol

metabolism

Dirk W Lachenmeier'’, Yulia B Monakhova'*

Abstract

additional factor in the aetiology of oral cancer.

exclude systemic ethanol metabolism.

sampling point.

high acetaldehyde concentrations in certain beverages.

Background: An increasing body of evidence now implicates acetaldehyde as a major underlying factor for the
carcinogenicity of alcoholic beverages and especially for oesophageal and oral cancer. Acetaldehyde associated
with alcohol consumption is regarded as ‘carcinogenic to humans' (IARC Group 1), with sufficient evidence
available for the oesophagus, head and neck as sites of carcinogenicity. At present, research into the mechanistic
aspects of acetaldehyde-related oral cancer has been focused on salivary acetaldehyde that is formed either from
ethanol metabolism in the epithelia or from microbial oxidation of ethanol by the oral microflora. This study was
conducted to evaluate the role of the acetaldehyde that is found as a component of alcoholic beverages as an

Methods: Salivary acetaldehyde levels were determined in the context of sensory analysis of different alcoholic
beverages (beer, cider, wine, sherry, vodka, calvados, grape marc spirit, tequila, cherry spirit), without swallowing, to

Results: The rinsing of the mouth for 30 seconds with an alcoholic beverage is able to increase salivary
acetaldehyde above levels previously judged to be carcinogenic in vitro, with levels up to 1000 uM in cases of
beverages with extreme acetaldehyde content. In general, the highest salivary acetaldehyde concentration was
found in all cases in the saliva 30 sec after using the beverages (average 353 uM). The average concentration then
decreased at the 2-min (156 uM), 5-min (76 uM) and 10-min (40 uM) sampling points. The salivary acetaldehyde
concentration depends primarily on the direct ingestion of acetaldehyde contained in the beverages at the 30-sec
sampling, while the influence of the metabolic formation from ethanol becomes the major factor at the 2-min

Conclusions: This study offers a plausible mechanism to explain the increased risk for oral cancer associated with

Background

Acetaldehyde (ethanal, CH3CHO) is a potent volatile fla-
vouring compound found in many beverages and foods
[1-3]. In alcoholic beverages, acetaldehyde may be
formed by yeast, acetic acid bacteria, and by coupled
auto-oxidation of ethanol and phenolic compounds [3].
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In a recent study, a large collective of different alcoholic
beverages (n > 1500) was evaluated. Beer (9 + 7 mg/l,
range 0-63 mg/l) contained significantly lower amounts
of acetaldehyde than wine (34 + 34 mg/l, range 0-211
mg/1), or spirits (66 + 101 mg/l, range 0-1159 mg/l) [4].
According to the International Agency for Research
on Cancer (IARC), acetaldehyde associated with alcohol
consumption is regarded as ‘carcinogenic to humans’
(IARC Group 1) [5]. Evidence points to the oesophagus,
head and neck as principal sites of carcinogenicity of
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metabolically or microbiologically formed acetaldehyde.
A causal link has been found between alcohol consump-
tion and the occurrence of malignant tumours of the
oral cavity, pharynx, larynx, oesophagus, as well as of
liver, colorectum, and female breast, so that ethanol in
alcoholic beverages is also considered to be ‘carcino-
genic to humans’ (IARC Group 1) [6,7].

In vitro evidence shows that the acetaldehyde DNA-
adduct o-methyl-y-hydroxy-1,N*-propano-2’-deoxygua-
nosine (Cr-PdG) can be formed in response to acetalde-
hyde concentrations as low as 100 pM [8]. Two separate
studies have proven the mutagenic potential of Cr-PdG
in either monkey kidney cells [9], or SV40-transformed
human fibroblasts [10], where the adducts result in
mutant fractions of between 5-11%. In addition, the
Cr-PdG adducts can undergo rearrangement in double-
stranded DNA, resulting in the formation of DNA-
protein cross-links and DNA interstrand cross-links.
DNA-protein cross-links are precursor lesions to sister
chromatid exchanges, which have been observed to be
elevated in human alcoholics [6]. Both DNA-protein
cross-links and DNA interstrand cross-links are
mechanistically consistent with the generation of chro-
mosomal aberrations, which have also been observed to
be elevated in human alcoholics [6]. Acetaldehyde also
interferes with DNA repair mechanisms by inhibiting
repair enzymes [11].

Apart from the in vitro evidence, the link between
acetaldehyde and oral cancer is further substantiated by
mechanistic evidence in humans deficient in aldehyde
dehydrogenase (ALDH) [6,7]. Strong evidence exists to
show that the heterozygous genotype (ALDH2*1/*2)
contributes substantially to the development of oesopha-
geal cancer related to alcohol consumption, with up to a
12 fold increase in risk seen in heavy drinkers when
compared to carriers of the homozygous ALDH2*1/*1
genotype (which encodes the active enzyme) [12,13].
ALDH deficient humans have higher levels of acetalde-
hyde in their blood but especially in their saliva after
drinking alcohol [14-16], and higher levels of acetalde-
hyde-related DNA adducts have been measured in their
lymphocytes [17].

In addition to acetaldehyde metabolism in the gastro-
intestinal tract and in the liver, the oral and colonic
bacterial flora may also contribute considerably to acet-
aldehyde accumulation [14,15,18-25]; and for humans
with active ALDH2 nearly all acetaldehyde found in the
saliva was judged to be of microbial origin [15]. For this
reason, poor dental status or lack of oral hygiene are
associated with a higher risk for cancer of the upper
gastrointestinal tract [26-28]. In addition, chronic alco-
hol abuse leads to atrophy of the parotid glands and
reduced saliva flow, which further aids local acetalde-
hyde accumulation [29].
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A quantitative risk assessment using the margin of
exposure (MOE) approach has estimated the average
exposure to acetaldehyde that is a direct component of
alcoholic beverages as being 0.112 mg/kg body weight/
day. The MOE was calculated at 498, which is consid-
ered a public health concern, and the lifetime cancer
risk would be 7.6 in 10 000. Higher risk may exist for
people exposed to higher acetaldehyde contamination,
as we have found in certain alcoholic beverages, and
exposure scenarios indicate risks in the range of 1 in
1000 [30].

Theoretical calculations that assume an equal distribu-
tion between the beverage and saliva showed that the
residual acetaldehyde concentrations in the saliva after
swallowing could be, on average, 195 uM for beer, 734
uM for wine, 1387 uM for spirits, or 2417 puM for forti-
fied wine, which are above levels previously regarded as
potentially carcinogenic [4].

The present study was conducted to evaluate acetalde-
hyde found as a direct component of alcoholic beverages
as an additional cancer risk factor to acetaldehyde
formed from ethanol. Our aim was to provide experi-
mental data to substantiate the theoretical calculations
mentioned above. In addition, we focused on differences
between sub-groups of alcoholic beverages, as there are
some epidemiological findings pointing to an increased
risk of oesophageal cancer due to consumption of speci-
fic alcoholic beverages [31].

Methods

Experimental design and sampling

The experiments were conducted within the framework
of our function as governmental food and alcohol con-
trol institution, which includes a chemical-toxicological
as well as an organoleptical evaluation of products by a
trained panel of assessors. The experiments included
only products legally sold on the market of the Eur-
opean Union (EU). Furthermore, the study only included
products that had to be organoleptically tested anyway
for other reasons, e.g. to check compliance with EU and
national regulations (such as regulation (EC) 110/2008
[32]). The CVUA Karlsruhe is permanently permitted by
German federal state law to conduct sensory testing of
alcoholic beverages in its capacity as governmental con-
trol laboratory [33]. Nevertheless, we decided to conduct
the study according to the Helsinki Declaration, and
informed consent was obtained from every participant
(which is normally unnecessary for our taste panels). All
assessors met the following criteria: (i) 20 to 60 years
old; (ii) no health problems and not taking drugs; (iii)
non smokers; (iv) non-denture wearers; (v) no dental
problems (annual dentist visits, twice daily toothbrush
use). The alcoholic beverages chosen for our experi-
ments were taken from retail trade by governmental
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food inspectors. The beverages were used as such, no
acetaldehyde or any other additives were added to the
alcoholic beverages (with the exception of distilled water
to dilute some of the beverages). All beverages were
checked for compliance with European food law [32].
The alcoholic strength in the beverages was determined
according to Ref. [34], acetaldehyde in the beverages
was checked according to Refs. [35,36].

The assessors were asked to be abstinent for at least
one day prior to the experiment. All experiments were
conducted more than 1 hour after the last meal or drink
to ensure there is no contamination of saliva with inter-
fering substances. The assessors were also asked to
uphold their standard dental hygiene (twice daily tooth-
brush use), but not to use alcohol-containing
mouthwashes, and not to ingest alcohol-containing
foodstuffs during the trial period. Compliance to these
criteria including the study selection criteria was
obtained in writing by all participants.

The alcoholic beverages were rinsed by the assessors
in their mouths for 30 sec and then spit out similar to a
wine tasting (no ingestion or swallowing was allowed).
Saliva was sampled prior to rinsing, as well as 30 sec, 2
min, 5 min and 10 min after spitting-out. Sampling was
conducted using the saliva collection system salivette®
(Sarstedt, Niimbrecht, Germany). The system consists of
cotton swabs that are gently chewed by the assessors.
Afterwards, the swab is replaced in the suspended insert
of the salivette®, which is firmly closed using a stopper.
The saliva is recovered by centrifugation of the salivette®
at 1,000 g for 2 min. The clear saliva supernatant was
used for acetaldehyde analysis.

Analytical procedure

The determination of acetaldehyde in saliva samples was
conducted using either enzymatic analysis or gas chro-
matography. The enzymatic analysis was conducted with
aldehyde dehydrogenase according to the method of
Lundquist [37,38], which is available as commercial
test-kit (acetaldehyde UV-method, Cat. No. 0668613,
R-Biopharm, Darmstadt, Germany). The detection limit
of the assay is 0.25 mg/l (5.6 pmol/l). For further details
about the method see Beutler [39].

The test-kit instructions of the manufacturer were fol-
lowed without modification. 0.2 ml of saliva supernatant
were used as sample solution. The enzymatic measure-
ment was conducted immediately (within 1 hour) after
saliva sampling to exclude losses of acetaldehyde due to
evaporation or oxidation. The spectrophotometric mea-
surements were performed on a Perkin Elmer Lambda
12 dual beam spectrometer equipped with automatic
cell changer, which allows the software-controlled mea-
surement of a sample series (n = 13) without manual
intervention.
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The procedure for the gas chromatographic (GC)
analysis was previously described in detail for the deter-
mination of acetaldehyde in saliva after alcohol-contain-
ing mouthwash use [40]. Both the enzymatic and the
GC procedure were validated for the use to determine
saliva after alcoholic beverage use, which leads to higher
concentrations than used in our previous validation
after mouthwash use [40]. Artefactual acetaldehyde for-
mation was excluded by analyzing blank samples (i.e.
saliva before alcohol use) with addition of 50 pl of pure
ethanol. All samples were below the detection limit of
both the enzymatic and GC method, no artefactual acet-
aldehyde was formed. The method was further validated
using authentic saliva samples after alcohol use (2 min).
Saliva samples of five samplings were pooled and homo-
genized as quality control sample. The quality control
sample (250 uM) was then analyzed for five times with
each method. The precision of the method expressed as
coefficient of variation (CV) was 9.7% (GC) and 10.3%
(enzymatic method). The recovery of the method was
determined by spiking blank saliva samples with acetal-
dehyde (n = 6). The recovery was 102.2 + 2.9% for GC
and 103.3 + 5.9% (enzymatic method). As most of the
samples were above 50 uM, we have not investigated
the detection limits and only investigated a range above
20 uM, which was the lowest calibrator. The results of
both methods were not significantly different and both
methods were judged suitable for the purpose of analyz-
ing saliva samples for acetaldehyde. While the GC
method is more precise, sensitive and selective, we used
the enzymatic assay for approximately half of the sam-
ples to be analyzed, because of its lower costs and faster
analysis times.

Statistics

All data were evaluated using Unscrambler X version
10.0.1 (Camo Software AS, Oslo, Norway) and Origin
V.7.5 (Originlab, Northampton, USA). Data are sum-
marized as means and standard deviations between
assessors for each data point. Statistical dependence
between alcoholic strengths and the acetaldehyde con-
tents of the beverages and the salivary acetaldehyde
were evaluated using multiple linear regression (MLR)
and Analysis of Variance (ANOVA) for all time data
points (30 sec, 2 min, 5 min, and 10 min). The regres-
sion analysis was also conducted with the area under
the curve (AUC) for the complete time period under
investigation (0-10 min). Statistical significance was
assumed at below the 0.05 probability level.

Results

Table 1 shows the alcoholic strengths and acetaldehyde
contents of the alcoholic beverages, as well as the result-
ing average salivary acetaldehyde concentrations for the
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Table 1 Alcoholic strength and acetaldehyde content of alcoholic beverages and the resulting salivary acetaldehyde

concentrations

Salivary acetaldehyde [uM]?

Alcoholic beverage Alcoholic strength Acetaldehydeb Number of assessors' 0.5 min 2 min 5 min 10 min
[% vol] [uM]

Beer® 5 210 1 98 + 4 113+ 13 44+ 6 nd®
Cider® 55 2529 4 428 £ 159 202 £ 72 70 £ 41 267
Wine© 13 474 3 315 + 288 225+ 117 1M5+62 39 £ 30
Calvados? 159 411 2 93 £ 59 51 £16 27 £10 nd®
Sherry© 15 2583 3 291 £ 117 M4 +77 68 + 25 nd®
Vodka® 169 nd. 3 56 £ 11 59 + 30 36 £ 27 nd®
Calvados® 40 1095 2 194 + 70 134+ 5 9N +7 68 + 37
Vodka® 40 nd. 2 220 £ 185 125+ 87 9 + 81 83 £ 64
Vodka“ 40 nd. 10 116 + 31 86 + 61 67 £ 25 21 £ 21
Grape marc Spiritd 40 11120 1 231 £ 137 41 + 32 26 £12 32+15
Grape marc Spiritd 40 9444 2 554 + 359 187 £ 116 46 + 10 94 + 100
Tequila® 40 530 1 143 + 54 164 + 35 131 + 47 590 £ 18
Grape marc spirit® 41 15197 4 1074 + 399 256 + 117 90 + 60 58 + 39
Grape marc spiritd 41 15851 3 625 + 231 243 + 211 103 + 71 86 + 69
Cherry spirit 43 8522 1 856 + 17 337 £ 42 123 + 25 41 +9

@ Salivary acetaldehyde before use was not detectable (< 20 pM) in all cases. Average and standard deviation of all assessors are shown (in the case of n = 1, the

average and standard deviation of the two replications per assessor are shown).

® Acetaldehyde directly contained in the alcoholic beverage as determined with GC analysis.

€ Enzymatic analysis of salivary acetaldehyde.

4 GC analysis of salivary acetaldehyde.

€ Not detectable (< 20 uM).

f Two replications were conducted with each assessor on different days.
9 Dilution of a commercial product at 40% vol with distilled water.

assessors. The assessors (up to n = 10 per beverage, see
Table 1) had an average age of 27 + 6 years and 70%
were female. The highest salivary acetaldehyde concen-
tration was found in the saliva 30 sec after using the
beverages in all cases, and the average content was 353
+ 164 pM (range: 56-1074 uM). The acetaldehyde level
then decreased at the 2-min sampling (156 + 46 uM,
range: 41-337 uM), the 5-min sampling (76 + 19 uM,
range 26-131 pM) and at the 10-min sampling (40 + 18
puM, range: n.d.-94 uM). The inter-individual variation
in salivary acetaldehyde content is relatively high, with
an average CV of 48% between assessors. No apparent
gender or age related differences were seen, however,
due to the relatively homogenous ages of the probands,
the statistical power does not allow to make a definite
conclusion on an effect of age. Similarly, no statistically
significant conclusion on the effect of gender can be
gathered from the data.

Figure 1 shows typical profiles for three beverages with
different alcoholic strengths and acetaldehyde contents.
The attempt to build univariate linear models between
either the values of alcoholic strengths or acetaldehyde in
the beverages and salivary acetaldehyde concentrations
was unsuccessful. This finding was consistent for any of

the calculation methods (for AUC or for the specific time
points). Thus, the acetaldehyde concentration in saliva
clearly did not depend on only one parameter. We there-
fore used multilinear regression (MLR) to evaluate the
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Figure 1 Salivary acetaldehyde concentrations after alcoholic
beverage use in three different samples. The values are average
and standard deviation of all assessors. The figure legend states the
alcoholic strength (in % vol) and the acetaldehyde content (in uM) in the
beverages, as well as the number of assessors used for each beverage.
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Table 2 ANOVA results for multiple linear regression
(MLR) models

Model for individual time points® Model for AUC

0.5 min 2min 5 min 10 min
R 0.80 0.81
p (Model) 0.0022 0.0030
p (Ethanol) 09400 09200 0.1200 0.0098 0.3400
p (Acetaldehyde) 0.0002 0.0190 09900 0.3500 0.0057

? time after beverage use.

combined influence of ethanol and acetaldehyde in the
beverages.

The results of ANOVA for the MLR calculations are
summarized in Table 2. ANOVA suggests that both glo-
bal models (for the independent time points and AUC)
are significant. Table 2 also provides ANOVA results for
the significance of individual effects on salivary acetalde-
hyde concentrations for each time point. At the first
time-point (30 sec), acetaldehyde that directly comes
from the beverages dominates in the saliva. Only a
minor influence of the ethanol content was evident dur-
ing the first 30-sec after beverage use, but it then gradu-
ally increased with an almost 100% influence from the 5
min time point (Figure 2).

Discussion

Our results confirm the observation of high inter-indivi-
dual variations in the acetaldehyde levels in saliva fol-
lowing ethanol exposure previously noted during in
vitro and in vivo experiments. These high variations
were judged to be predominantly caused by the differ-
ences in acetaldehyde production capacity among the
oral bacteria [19,40,41]. While our assessor collective

—a&— Ethanol
—o— Acetaldehyde

100

Normalized influence [%]
B (2] o]
o o o
1 1 1

N
o
1

T T T T T T T T T
2 4 6 8 10

Time after beverage use [min]

o -

Figure 2 Influence of ethanol and acetaldehyde content of the
beverages on the salivary acetaldehyde concentration.
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was too small for statistical investigation of sub-collec-
tives, we can nevertheless qualitatively confirm the in
vitro results of Ernstgird [41], as we saw no apparent
gender or age related differences. The small sample size
of assessors (for some of the beverages only n = 1) is
also a major limitation of the study. A further limitation
of the study includes the use of the salivette® saliva col-
lection method, which may stimulate salivary secretion
and thus dilute acetaldehyde and ethanol concentrations.
Our study therefore could underestimate rather than
overestimate the risk.

In our previous experiments on acetaldehyde in sal-
iva after use of alcohol-containing mouthwashes [40],
we did not detect any dependence between salivary
acetaldehyde and ethanol or acetaldehyde concentra-
tion of the mouthwashes. However, the concentrations
of both compounds were lower in the mouthwashes
than in the alcoholic beverages under investigation in
the present study and the previous study design had
only low statistical power. This explains that this time
within our resources to analyze around 500 samples,
our aim was to rather sample a larger number of
beverages with fewer assessors than vice versa, leading
to increased variance of ethanol and acetaldehyde con-
tents in the beverage collective and similarly increased
power for the statistical calculations on these
parameters. Nevertheless, we were still surprised that a
statistically significant dependence occurs in this case
of alcoholic beverages. In the mouthwashes (which
contained very little acetaldehyde), the metabolically
produced acetaldehyde was the predominant factor for
salivary acetaldehyde [40]. In contrast, in the case of
alcoholic beverages, salivary acetaldehyde is character-
ized by both the acetaldehyde contained in the bever-
age and that formed from ethanol.

The influence of the directly contained acetaldehyde,
however, is short-term and only prevails during the first
2 minutes after rinsing of the mouth with an alcoholic
beverage for 30 seconds. Subsequently, the concentra-
tion depends on the amount of ethanol available for
metabolic oxidation. Further research should be con-
ducted to clarify the influences in the time period
between 30 sec and 5 min in more detail, as our
approach does not allow to interpolate the exact time at
which the change between the two factors occurs.

Similar findings to our study were generally made by
Yokoyama et al. [16], with a slightly different experi-
mental design that used ingestion of different alcoholic
beverages up to the same blood alcohol concentration.
In this study, similar to our findings, the type of alco-
holic beverages had no effect on the saliva acetaldehyde
concentration 30 minutes or more after drinking, while
a beverage dependency was observed directly after the
completion of drinking (the period between 0 and 30
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min was not further investigated by the authors,
however). Apart from the ingestion used, our results are
not directly comparable to those of Yokoyama et al. [16]
as they used spirits that had all been diluted to 13% vol.
Our collective of alcoholic beverages also generally con-
tained higher levels of acetaldehyde, as we intentionally
selected beverages with high contamination status for
the experiment, in order to increase the likelihood of
observing a significant effect when compared to non-
contaminated vodka. The limitation of the comparably
low sample size in our study must also be kept in mind.
Our results are therefore not generalizable for a popula-
tion-based risk assessment, as the beverages are not
representative of those available in the market. The con-
tamination status of the beverages also explains the
extremely high salivary acetaldehyde concentrations up
to over 1000 pM, which were never before described in
the literature, not even for ALDH2-deficient subjects
[14,16,19,42,43]. Our in vivo results confirm our pre-
vious theoretical calculations of potentially high short-
term acetaldehyde concentrations, as mentioned in the
introduction, which were deduced from typical levels
found in beverages [4].

This now leaves the question regarding how to inter-
pret the health effects of this short-term high exposure
to acetaldehyde. Whether a threshold for the carcino-
genicity of acetaldehyde exists is still debatable and its
potential magnitude is unclear [40]. The natural acetal-
dehyde background levels in human blood are very low
and generally not detectable (< 0.5 uM) [44] and the
endogenous salivary acetaldehyde levels are assumed to
be likewise, as they are below 1 uM [40]. This assump-
tion was recently confirmed in vitro, as an average of
0.3 uM acetaldehyde occurred in 36 saliva samples
without ethanol exposure [41]. The lowest concentra-
tion of acetaldehyde that has induced sister chromatid
exchange in Chinese hamster ovary cells in vitro (3.9
mg/l, 88 uM) in a study of Obe and Ristow was sug-
gested as threshold for toxicity evaluation [45]. This is
in agreement not only with the 100 uM threshold for
Cr-PdG formation [8], but also with indirect evidence
on salivary acetaldehyde concentration provided by
human studies on alcohol consumption. After a mod-
erate dose of alcohol, acetaldehyde levels in the saliva
range between 18 and 143 pM within 40 minutes of
alcohol ingestion [19]. After ingestion of a moderate
dose of alcohol, ALDH2-deficient Asians have detect-
able acetaldehyde levels in their saliva that are 2-3
times higher than in Asians with the normal enzyme.
This is associated with a remarkably increased risk for
digestive tract cancers [14]. Salaspuro recently sum-
marized all of this evidence and estimated that the
mutagenic amount of acetaldehyde in saliva falls
between 50 and 150 puM [46]. Linderborg et al. [31]
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indicated that the oral and upper digestive tract
mucosa is exposed to a much higher acetaldehyde con-
centration after ingestion of calvados (i.e., 20-50 times
higher than those considered to be mutagenic), which
is consistent with our results.

Conclusions

Because alcohol use significantly increases salivary
acetaldehyde above endogenous levels (even if the alco-
hol is not contaminated, as in the case of vodka), we
ascertain that a “biological threshold” is clearly
exceeded during alcohol consumption. The observa-
tions of the present study and the suggested molecular
mechanisms could conceivably explain the increased
oral cancer risk associated with alcohol use seen in
epidemiological studies [6]. Salivary acetaldehyde con-
centrations in the range associated with sister chroma-
tid exchange and Cr-PdG formation are clearly
achievable. Highly contaminated beverages could pre-
sent a higher cancer risk than beverages with none or
very low concentrations of acetaldehyde (for example,
see Linderborg et al. [31]). Currently only limited and
inconclusive epidemiological evidence exists to confirm
this beverage specificity, however. From the 56 studies
on oesophageal cancer summarized by IARC [6], the
influence of the type of alcoholic beverage consumed
was examined in several studies. Consumption of beer
or hard liquor led to a higher relative risk than con-
sumption of wine [47-52], whereas two studies [53,54]
also found an excess risk for wine drinkers. Most of
the studies that investigated types of alcoholic beverage
showed no substantial difference in risk [6]. This prob-
ably derives from the fact that the most commonly
consumed beverage groups on a population scale (i.e.,
beer, wine and white spirits) are typically low in acetal-
dehyde content. It would be also challenging to design
an epidemiological study that could consider the acet-
aldehyde content, when even the ethanol amount is
often difficult to measure in retrospect [55] and inter-
national data on acetaldehyde content of alcoholic
beverages are very limited [4].

Currently, the acetaldehyde content of most alcoholic
beverage types is not regulated. The recent IARC eva-
luation of acetaldehyde associated with alcohol con-
sumption as a “group 1” carcinogen has not yet been
implemented in international risk assessments (e.g., by
JECFA or EFSA). Until such assessments become avail-
able, we would currently recommend the implementa-
tion of the ALARA principle ("as low as reasonably
achievable”) [56]. In the case of spirits, which were
linked to very high short-term acetaldehyde concentra-
tions in our study, avoidance of acetaldehyde contami-
nation is relatively easy if the first distillation fractions
are discarded [4].



Lachenmeier and Monakhova Journal of Experimental & Clinical Cancer Research 2011, 30:3

http://www.jeccr.com/content/30/1/3

Acknowledgements

This article is dedicated to our late colleague and friend Eva-Maria Sohnius.
The authors are grateful to the combined DAAD (German Academic
Exchange Service) and Russian Ministry of Education grant (No. 2.2.2.3/9033)
for the financial support to YBM. Our trainees of food chemistry who
participated in some of the trials, method validation and analysis are warmly
thanked. The authors thank H. Heger and M. Jaworski for excellent technical
assistance.

Author details

'Chemisches und Veterindruntersuchungsamt (CVUA) Karlsruhe,
Weissenburger Strasse 3, 76187 Karlsruhe, Germany. 2Depar‘[men‘[ of
Chemistry, Saratov State University, Astrakhanskaya Street 83, 410012 Saratov,
Russia.

Authors’ contributions

DWL conceived of the study, coordinated the work, and drafted the
manuscript. YBM conducted the statistical calculations, and composed the
tables and figures. All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 7 December 2010 Accepted: 6 January 2011
Published: 6 January 2011

References

1. Feron VJ, Til HP, de Vrijer F, Woutersen RA, Cassee FR, van Bladeren PJ:
Aldehydes: occurrence, carcinogenic potential, mechanism of action and
risk assessment. Mutat Res 1991, 259:363-385.

2. Lachenmeier DW, Uebelacker M, Hensel K, Rehm J: Acetaldehyde in the
human diet: An underestimated risk factor for cancer. Deut Lebensm
Rundsch 2010, 106:30-35.

3. Liu SQ Pilone GJ: An overview of formation and roles of acetaldehyde in
winemaking with emphasis on microbiological implications. Int J Food
Sci Technol 2000, 35:49-61.

4. Lachenmeier DW, Sohnius EM: The role of acetaldehyde outside ethanol
metabolism in the carcinogenicity of alcoholic beverages: evidence from
a large chemical survey. Food Chem Toxicol 2008, 46:2903-2911.

5. Secretan B, Straif K, Baan R, Grosse Y, El Ghissassi F, Bouvard V, Benbrahim-
Tallaa L, Guha N, Freeman C, Galichet L, Cogliano V: A review of human
carcinogens - Part E: tobacco, areca nut, alcohol, coal smoke, and salted
fish. Lancet Oncol 2009, 10:1033-1034.

6. IARC Working Group on the Evaluation of Carcinogenic Risks to Humans:
Alcohol consumption and ethyl carbamate. /ARC Monogr Eval Carcinog
Risks Hum 2010, 96:1-1428.

7. Baan R, Straif K, Grosse Y, Secretan B, El Ghissassi F, Bouvard V, Altieri A,
Cogliano V, WHO International Agency for Research on Cancer Monograph
Working Group: Carcinogenicity of alcoholic beverages. Lancet Oncol
2007, 8:292-293.

8. Theruvathu JA, Jaruga P, Nath RG, Dizdaroglu M, Brooks PJ:
Polyamines stimulate the formation of mutagenic 1,N-
propanodeoxyguanosine adducts from acetaldehyde. Nucleic Acids
Res 2005, 33:3513-3520.

9. Fernandes PH, Kanuri M, Nechev LV, Harris TM, Lloyd RS: Mammalian cell
mutagenesis of the DNA adducts of vinyl chloride and crotonaldehyde.
Environ Mol Mutagen 2005, 45:455-459.

10. Stein S, Lao Y, Yang 1Y, Hecht SS, Moriya M: Genotoxicity of acetaldehyde-
and crotonaldehyde-induced 1,N*-propanodeoxyguanosine DNA adducts
in human cells. Mutat Res 2006, 608:1-7.

11. Espina N, Lima V, Lieber CS, Garro AJ: In vitro and in vivo inhibitory effect
of ethanol and acetaldehyde on O°-methylguanine transferase.
Carcinogenesis 1988, 9:761-766.

12. Lewis SJ, Smith GD: Alcohol, ALDH2, and esophageal cancer: a meta-
analysis which illustrates the potentials and limitations of a Mendelian
randomization approach. Cancer Epidemiol Biomarkers Prev 2005,
14:1967-1971.

13. Yokoyama A, Muramatsu T, Ohmori T, Yokoyama T, Okuyama K,

Takahashi H, Hasegawa Y, Higuchi S, Maruyama K, Shirakura K, Ishii H:
Alcohol-related cancers and aldehyde dehydrogenase-2 in Japanese
alcoholics. Carcinogenesis 1998, 19:1383-1387.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

Page 8 of 9

Vékevdinen S, Tillonen J, Agarwal DP, Srivastava N, Salaspuro M: High
salivary acetaldehyde after a moderate dose of alcohol in ALDH2-
deficient subjects: strong evidence for the local carcinogenic action of
acetaldehyde. Alcohol Clin Exp Res 2000, 24:873-877.

Vékevdinen S, Tillonen J, Salaspuro M: 4-Methylpyrazole decreases salivary
acetaldehyde levels in ALDH2-deficient subjects but not in subjects with
normal ALDH2. Alcohol Clin Exp Res 2001, 25:829-834.

Yokoyama A, Tsutsumi E, Imazeki H, Suwa Y, Nakamura C, Mizukami T,
Yokoyama T: Salivary acetaldehyde concentration according to alcoholic
beverage consumed and aldehyde dehydrogenase-2 genotype. Alcohol
Clin Exp Res 2008, 32:1607-1614.

Matsuda T, Yabushita H, Kanaly RA, Shibutani S, Yokoyama A: Increased
DNA damage in ALDH2-deficient alcoholics. Chem Res Toxicol 2006,
19:1374-1378.

Seitz HK, Simanowski UA, Garzon FT, Rideout JM, Peters TJ, Koch A,

Berger MR, Einecke H, Maiwald M: Possible role of acetaldehyde in
ethanol-related rectal cocarcinogenesis in the rat. Gastroenterology 1990,
98:406-413.

Homann N, Jousimies-Somer H, Jokelainen K, Heine R, Salaspuro M: High
acetaldehyde levels in saliva after ethanol consumption: methodological
aspects and pathogenetic implications. Carcinogenesis 1997, 18:1739-1743.
Homann N, Karkkdinen P, Koivisto T, Nosova T, Jokelainen K, Salaspuro M:
Effects of acetaldehyde on cell regeneration and differentiation of the
upper gastrointestinal tract mucosa. J Nat/ Cancer Inst 1997, 89:1692-1697.
Kurkivuori J, Salaspuro V, Kaihovaara P, Kari K, Rautemaa R, Grénroos L,
Meurman JH, Salaspuro M: Acetaldehyde production from ethanol by oral
streptococci. Oral Oncol 2007, 43:181-186.

Jokelainen K, Matysiak-Budnik T, Mékisalo H, Hockerstedt K, Salaspuro M:
High intracolonic acetaldehyde values produced by a bacteriocolonic
pathway for ethanol oxidation in piglets. Gut 1996, 39:100-104.
Jokelainen K, Siitonen A, Jousimies-Somer H, Nosova T, Heine R,

Salaspuro M: In vitro alcohol dehydrogenase-mediated acetaldehyde
production by aerobic bacteria representing the normal colonic flora in
man. Alcohol Clin Exp Res 1996, 20:967-972.

Salaspuro MP: Acetaldehyde, microbes, and cancer of the digestive tract.
Crit Rev Clin Lab Sci 2003, 40:183-208.

Homann N: Alcohol and upper gastrointestinal tract cancer: the role of
local acetaldehyde production. Addict Biol 2001, 6:309-323.

Homann N, Tillonen J, Rintamdki H, Salaspuro M, Lindqvist C, Meurman JH:
Poor dental status increases acetaldehyde production from ethanol in
saliva: a possible link to increased oral cancer risk among heavy
drinkers. Oral Oncol 2001, 37:153-158.

Homann N, Tillonen J, Salaspuro M: Microbially produced acetaldehyde
from ethanol may increase the risk of colon cancer via folate deficiency.
Int J Cancer 2000, 86:169-173.

Homann N, Tillonen J, Meurman JH, Rintamaki H, Lindqvist C, Rautio M,
Jousimies-Somer H, Salaspuro M: Increased salivary acetaldehyde levels in
heavy drinkers and smokers: a microbiological approach to oral cavity
cancer. Carcinogenesis 2000, 21:663-668.

Salaspuro MP: Alcohol consumption and cancer of the gastrointestinal
tract. Best Pract Res Clin Gastroenterol 2003, 17:679-694.

Lachenmeier DW, Kanteres F, Rehm J: Carcinogenicity of acetaldehyde in
alcoholic beverages: risk assessment outside ethanol metabolism.
Addiction 2009, 104:533-550.

Linderborg K, Joly JP, Visapaa JP, Salaspuro M: Potential mechanism for
Calvados-related oesophageal cancer. Food Chem Toxicol 2008,
46:476-479.

European Parliament and Council: Regulation (EC) No 110/2008 of
the European Parliament and of the Council of 15 January 2008 on
the definition, description, presentation, labelling and the
protection of geographical indications of spirit drinks and repealing
Council Regulation (EEC) No 1576/89. Off J Europ Union 2008,
L39:16-54.

Ministerium Léndlicher Raum: Verwaltungsvorschrift des Ministeriums
Léndlicher Raum Uber die Dienstaufgaben und Zustandigkeitsbereiche
der Chemischen und Veterindruntersuchungsamter und des Staatlichen
Tierdrztlichen Untersuchungsamtes Aulendorf - Diagnostikzentrum
[Administrative regulation of the Ministry of Rural Affairs regarding the
official duties and jurisdiction of the Chemical and Veterinary
Investigation Laboratories and the State Veterinary Laboratory Aulendorf
- center of diagnostic investigations]. GAB/ 2000, 2000:358-359.


http://www.ncbi.nlm.nih.gov/pubmed/2017217?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2017217?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18577414?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18577414?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18577414?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19891056?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19891056?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19891056?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17431955?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15972793?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15972793?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15972793?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15690339?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15690339?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16797223?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16797223?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16797223?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16797223?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3365837?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3365837?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3365837?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16103445?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16103445?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16103445?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9744533?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9744533?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10888077?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10888077?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10888077?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10888077?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11410717?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11410717?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11410717?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18616675?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18616675?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17040107?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17040107?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2295396?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2295396?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9328169?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9328169?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9328169?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9390538?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9390538?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16859955?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16859955?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8881818?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8881818?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8892513?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8892513?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8892513?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12755455?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11900609?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11900609?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11167142?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11167142?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11167142?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10738242?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10738242?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10753201?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10753201?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10753201?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12828962?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12828962?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19335652?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19335652?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17892909?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17892909?dopt=Abstract

Lachenmeier and Monakhova Journal of Experimental & Clinical Cancer Research 2011, 30:3

http://www.jeccr.com/content/30/1/3

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Lachenmeier DW: Rapid quality control of spirit drinks and beer using
multivariate data analysis of Fourier transform infrared spectra. Food
Chem 2007, 101:825-832.

European Commission: Commission Regulation (EC) No 2870/2000 laying
down Community reference methods for the analysis of spirits drinks.
Off J Europ Comm 2000, L333:20-46.

Lachenmeier DW, Sohnius E-M, Attig R, Lépez MG: Quantification of
selected volatile constituents and anions in mexican Agave spirits
(Tequila, Mezcal, Sotol. Bacanora). J Agric Food Chem 2006, 54:3911-3915.
Lundquist F: Determination with aldehyde dehydrogenase. In Methods of
enzymatic analysis. Volume 3.. 2 edition. Edited by: Bergmeier HU.
Weinheim/New York and London: Verlag Chemie/Academic Press;
1974:1509-1513.

Lundquist F: Enzymic determination of acetaldehyde in blood. Biochem J
1958, 68:172-177.

Beutler HO: Acetaldehyde (Ethanal). In Methods of enzymatic analysis.
Volume VI. 3 edition. Edited by: Bergmeier HU. Weinheim, Deerfield Beach/
Florida, Basel: Verlag Chemie; 1984:606-613.

Lachenmeier DW, Gumbel-Mako S, Sohnius EM, Keck-Wilhelm A, Kratz E,
Mildau G: Salivary acetaldehyde increase due to alcohol-containing
mouthwash use: a risk factor for oral cancer. Int J Cancer 2009,
125:730-735.

Ernstgdrd L: Influence of gender on the metabolism of alcohols in
human saliva in vitro. Arch Oral Biol 2009, 54:737-742.

Visapda JP, Gotte K, Benesova M, Li J, Homann N, Conradt C, Inoue H,
Tisch M, Horrmann K, Vakevdinen S, Salaspuro M, Seitz HK: Increased
cancer risk in heavy drinkers with the alcohol dehydrogenase 1C*1
allele, possibly due to salivary acetaldehyde. Gut 2004, 53:871-876.
Yokoyama A, Tsutsumi E, Imazeki H, Suwa Y, Nakamura C, Yokoyama T:
Polymorphisms of alcohol dehydrogenase-1B and aldehyde
dehydrogenase-2 and the blood and salivary ethanol and acetaldehyde
concentrations of Japanese alcoholic men. Alcohol Clin Exp Res 2010,
34:1246-1256.

Eriksson CJ: Measurement of acetaldehyde: what levels occur naturally
and in response to alcohol? Novartis Found Symp 2007, 285:247-255.

Obe G, Ristow H: Acetaldehyde, but not ethanol, induces sister
chromatid exchanges in Chinese hamster cells in vitro. Mutat Res 1977,
56:211-213.

Salaspuro M: Interrelationship between alcohol, smoking, acetaldehyde
and cancer. Novartis Found Symp 2007, 285:30-89.

Kato I, Nomura AM, Stemmermann GN, Chyou PH: Prospective study of
the association of alcohol with cancer of the upper aerodigestive tract
and other sites. Cancer Causes Control 1992, 3:145-151.

Brown LM, Silverman DT, Pottern LM, Schoenberg JB, Greenberg RS,
Swanson GM, Liff JM, Schwartz AG, Hayes RB, Blot WJ: Adenocarcinoma of
the esophagus and esophagogastric junction in white men in the
United States: alcohol, tobacco, and socioeconomic factors. Cancer
Causes Control 1994, 5:333-340.

Gammon MD, Schoenberg JB, Ahsan H, Risch HA, Vaughan TL, Chow WH,
Rotterdam H, West AB, Dubrow R, Stanford JL, Mayne ST, Farrow DC,

Niwa S, Blot WJ, Fraumeni JF Jr: Tobacco, alcohol, and socioeconomic
status and adenocarcinomas of the esophagus and gastric cardia. J Nat/
Cancer Inst 1997, 89:1277-1284.

Gronbaek M, Becker U, Johansen D, Tonnesen H, Jensen G, Sorensen TI:
Population based cohort study of the association between alcohol
intake and cancer of the upper digestive tract. BM/J 1998, 317.844-847.
Kjaerheim K, Gaard M, Andersen A: The role of alcohol, tobacco, and
dietary factors in upper aerogastric tract cancers: a prospective study of
10,900 Norwegian men. Cancer Causes Control 1998, 9:99-108.

Lagergren J, Bergstrom R, Lindgren A, Nyrén O: The role of tobacco, snuff
and alcohol use in the aetiology of cancer of the oesophagus and
gastric cardia. Int J Cancer 2000, 85:340-346.

Page 9 of 9

53. Barra S, Franceschi S, Negri E, Talamini R, La Vecchia C: Type of alcoholic
beverage and cancer of the oral cavity, pharynx and oesophagus in an
Italian area with high wine consumption. Int J Cancer 1990, 46:1017-1020.

54. Sakata K, Hoshiyama Y, Morioka S, Hashimoto T, Takeshita T, Tamakoshi A:
Smoking, alcohol drinking and esophageal cancer: findings from the
JACC Study. J Epidemiol 2005, 15(Suppl 2):5212-S219.

55. Gmel G, Rehm J: Measuring alcohol consumption. Contemp Drug Probl
2004, 31:467-540.

56. Lachenmeier DW: Carcinogens in food: opportunities and challenges for
regulatory toxicology. Open Toxicol J 2009, 3:30-34.

doi:10.1186/1756-9966-30-3

Cite this article as: Lachenmeier and Monakhova: Short-term salivary
acetaldehyde increase due to direct exposure to alcoholic beverages as
an additional cancer risk factor beyond ethanol metabolism. Journal of
Experimental & Clinical Cancer Research 2011 30:3.

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

e Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BioMed Central



http://www.ncbi.nlm.nih.gov/pubmed/16719514?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16719514?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16719514?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/13522594?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19444911?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19444911?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19473653?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19473653?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15138216?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15138216?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15138216?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20477767?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20477767?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20477767?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17590999?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17590999?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17590988?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17590988?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1562704?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1562704?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1562704?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8080945?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8080945?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8080945?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9293918?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9293918?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9748175?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9748175?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9486469?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9486469?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9486469?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10652424?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10652424?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10652424?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2249890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2249890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2249890?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16127236?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16127236?dopt=Abstract

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Experimental design and sampling
	Analytical procedure
	Statistics

	Results
	Discussion
	Conclusions
	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References

