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Abstract
Background: Alcohol dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH) are principal enzymes responsible for metabolism of ethanol. Functional polymorphisms of ADH1B, ADH1C, and ALDH2 genes occur among racial populations. This study aimed to systematically determine the functional expressions and cellular localization of ADH and ALDH family members in human small bowel.
Methods: One hundred and seventeen surgical specimens of duodenal mucosae, 34 jejunal mucosal specimens, and 14 paired specimens of stomach, duodenum and jejunum from same individuals were investigated. The isozyme/allozyme expression patterns of ADH and ALDH were identified by isoelectric focusing and the ADH/ALDH activities were assayed spectrophotometrically. The protein contents of ADH/ALDH isozymes were determined by immunoblotting using the corresponding purified class-specific antibodies, and the cellular localizations were detected by immunohistochemistry and histochemistry. 
Results: The activities of ADH1C*1/*1 allelotype were significantly higher than that of the ADH1C*1/*2 allelotype in duodenum (p < 0.001) and in jejunum (p < 0.05); and the activity of ADH2-expressing phenotype was significantly higher than the ADH2-missing phenotype in duodenum (p < 0.05). The activities of ALDH2-inactive phenotype were not significantly different from that of the ALDH2-active phenotype in duodenum and jejunum. Stomach exhibited significantly lower ADH activity (p < 0.05) and duodenum displayed significantly lower ALDH activity (p < 0.001) comparing the paired gastric, duodenal and jejunal mucosae of same individuals. Gender and age did not significantly influence the ADH and ALDH activities in duodenum. The isozyme protein contents in duodenum and jejunum were in the following decreasing order: ALDH1A1, ADH1/ALDH2, ADH3, ADH2,ALDH3A1. Villous epithelial cells, cryptic Paneth cells and Brunner’s gland ductal cells revealed a greater immunostaining intensity with ADH1, ALDH1A1 and ALDH2.
Conclusions: ADH and ALDH isozymes are differentially expressed in the various cell types of duodenum and jejunum. The results suggest that proximal small intestine can substantively contribute to first-pass metabolism of ethanol under certain conditions and that the metabolic consequence and perturbations may play an etiological role in the pathogenesis of small bowel. 
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Introduction
Stomach, duodenum, and jejunum are the main absorption sites of ingested ethanol in humans (Cortot et al., 1986; Halsted et al., 1973; Millan et al., 1980). First-pass presystemic metabolism of ethanol occurs in the stomach, upper small intestine and liver, which influences bioavailability of the drug (Badger et al., 2003; Lee et al., 2006a; Sato and Kitamura, 1996). Excessive consumption of alcohol is often associated with gastrointestinal symptoms such as diarrhea, dyspepsia, and nausea (Chiba and Phillips, 2000). Ethanol causes functional disturbances of the small bowel, including maldigestion, malabsorption of nutrients, bacterial overgrowth, hypermotility (Egerer et al., 2005; Persson, 1991; Salaspuro, 2003). Acute alcohol ingestion can produce microscopic and macroscopic mucosal injury in the upper region of the small intestine, leading to destruction of the tips of the villi (Beck and Dinda, 1981; Bode and Bode, 1997). It has been noted that cytotoxicity and genotoxicity of acetaldehyde, perturbation of retinoic acid synthesis by ethanol, and alcohol-induced oxidative stress involving production of reactive lipid peroxides may play a role in pathogenesis of alcohol related disorders of small bowel (Badger et al., 2003; Bode and Bode, 1997; Egerer et al., 2005; Salaspuro, 2003). 
Alcohol dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH) are the principal enzymes responsible for ethanol metabolism in humans (Lee et al., 2006a; Yin and Agarwal, 2001). Both enzymes are also involved in the metabolism of retinoids and peroxidative/ nitrosative products (Hoog et al., 2003; Kumar et al., 2011; Vasiliou et al., 2004; Yin et al., 2003). Human ADH family comprises class I ADH1A (denoted ), ADH1B () and ADH1C (); class II ADH2 (); class III ADH3 (); and class IV ADH4 (or) (Duester et al., 1999). ADH1B and ADH1C exhibit functional polymorphisms among racial populations with allozymes ADH1B1 (), ADH1B2 () and ADH1B3(), and ADH1C1 () and ADH1C2 (), respectively (Yin et al., 2006). In human ALDH family, mitochondrial ALDH2 and cytosolic ALDH1A1 are the major isoforms responsible for metabolism of acetaldehyde (Peng and Yin, 2009). Approximately 40% of the East Asians lack ALDH2 activity due to the presence of a unique variant allele ALDH2*2 in these ethnic groups. The allelic variations of ADH1B and ALDH2 have been well documented to modify drinking behavior and risk for alcohol dependence (Chen et al., 2009), as well as the risk for esophageal cancer (Brooks et al., 2009; Cui et al., 2009).
Although isozyme pattern and activities of ADH and ALDH in human mouth, esophagus, stomach, and large bowel have been described (Chiang et al., 2011; Dong et al., 1996; Yin et al., 1993, 1994, 1997), there remains lack of studies with the human small bowel. To fill this gap of knowledge in human alimentary tract, we report here a comprehensive characterization of the expression pattern, activities, protein contents, and cellular localization of ADH and ALDH isozymes in the duodenum and jejunum. 
Materials and methods
Human tissues
Gastric cancer surgery usually resects stomach beyond pylorus including part of duodenum, and trims jejunum while reconstruction of esophagus or remnant stomach with jejunum. One hundred and seventeen duodenalspecimens were obtained from patients (97 males, age range 2985 yr, mean age  SD, 65  10 yr; and 20 females, 4774 yr, 51  10 yr) who underwent gastric resection for primary gastric adenocarcinoma. Thirty-four jejunal specimens were from patients (28 males, age range 4083 yr, mean age  SD, 66  9 yr; and 6 females, 4362 yr, 52  7 yr) who underwent surgical treatment for primary gastric adenocarcinoma (n = 31) and for gastrointestinal stromal tumor (n = 3). Fourteen paired specimens of stomach, duodenum and jejunum were from the above patients with gastric cancer (10 males and 4 females, age range 4383 yr, mean age  SD, 62  12 yr). One ileal specimen was from a male patient (71 yr) who underwent surgery for cecal malignancy. All patients gave the informed consent. None of the patients had a history of high alcohol consumption or were they taking histamine H2-receptor antagonists 1 week before surgery. Lesion and the normal mucosal portions were dissected and placed in liquid nitrogen within 30 minutes after resection. Histopathologic examination was performed for all the lesion tissue samples as routine diagnosis, and also performed for 15 randomly selected normal portions each of duodenum and jejunum. All of the normal portion tissues examined showed normal histology. The studies in this report were approved by the Institutional Review Board of the National Defense Medical Center. 
Preparation of homogenate supernatants
Normal mucosal tissue specimens (0.20.3 g) were homogenized in 2 volumes (vol/wt) of ice-cold 10 mM sodium phosphate at pH 7.5, with a Polytron homogenizer (Kinematica AG, Littau, Switzerland). The resulting homogenate was centrifuged at 100,000g for 1 h at 4C. The supernatants were kept in an ice bath for enzymatic studies. The ADH and ALDH activities in the supernatant were stable at least 6 h in the ice bath.
Isoelectric Focusing
ADH and ALDH isozymes/allozymes were identified by the agarose isoelectric focusing procedures as described previously (Yin et al., 1997). The phenotypes of ADH and ALDH were identified by staining for enzyme activity at 120 mM ethanol and 130 mM propionaldehyde, respectively, in 50 mM sodium pyrophosphate, pH 8.5, containing 1 mM NAD+, 0.3 mM thiazolyl blue tetrazolium bromide, and 0.05 mM Meldola blue (Yin et al., 1997).
Genotyping
Genomic DNA was extracted from frozen surgical tissues using Miniprep Kit (Viogene-Bioteck Corp., Sunnyvale, California, USA). Determination of the single nucleotide polymorphic site at exon 3 of the ADH1B gene was carried out using polymerase chain reaction-restriction fragment length polymorphism as described previously (Chen et al., 1999). Protein Determination
Protein concentration was determined using the method by Lowry and colleagues (1951) using bovine serum albumin (BSA) as the standard. 
Activity Assays
ADH activity was determined spectrophotometrically at 30C in 0.1 M sodium phosphate, pH 7.5, containing 33 or 500 mM ethanol, 2.4 mM NAD+, and 1 mM semicarbazide. ALDH activity was assayed spectrophotometrically at 30C and pH 7.5 in 0.1 M sodium phosphate, containing 200 M or 20 mM acetaldehyde, 2.4 mM NAD+, 1 mM ethylenediaminetetraacetate, and 10 mM 4-methylpyrazole. Acetaldehyde wasredistilled before use. A 5-minute assay in the absence of ethanol or acetaldehyde was subtracted as blank. One milliunit (mU) of the enzyme activity of ADH and ALDH corresponds to 1 nanomole NADH produced per minute, based on an extinction coefficient of 6.22 mM -1cm-1 for NADH at 340 nm.
Expression and purification of ADH and ALDH
The expression and purification of recombinant human ADH1C1, ADH2, ADH3, ADH4, ALDH1A1, ALDH2, and ALDH3A1were as described previously (Chiang et al., 2009; Lee et al., 2006b). The isolated recombinant ADH1ADH2, ADH3, ADH4, ALDH1A1, ALDH2, and ALDH3A1, exhibited a single Coomassie blue-staining band with the molecular mass of 40 kDa for ADHs, 55 kDa (ALDH1A1/2), and 54 kDa (ALDH3A1), on sodium dodecyl sulfatepolyacrylamide gel electrophoresis.
Generation and purification of antibodies
Rabbit antisera against human ADH1C1, ADH2, ADH3 and ADH4, and that against human ALDH1A1, ALDH2 and ALDH3A1were generated and purified as described previously (Chiang et al, 2009; Lee et al., 2006b). Concentration of the affinity-purified class-specific antibodies was assessed by enzyme-linked immunosorbent assay using commercially available rabbit IgG as the standard.
Immunoblot analysis
Immunoblotting of tissue homogenate-supernatants were performed by a PhastSystem according to the manufacturer’s procedure (Amersham Biosciences, Little Chalfont, UK). Immnodetection and the densitometric analysis were carried out as described previously (Chiang et al., 2009, 2012). The ADH/ALDH standards and tissue extracts were run on the same gel for quantification. The immunotitration was validated by the reasonably precise isozyme standards on immunoblots (r2 > 0.98) as well as that the tissue isozyme concentrations were diluted and measured within linear range of the corresponding purified protein standards. 
Immunohistochemistry
Surgical tissue sample was embedded in paraffin and cut into 4-m sections. The tissue section was incubated with affinity-purified class-specific antibodies, followed by detection using the super sensitive non-biotin horseradish peroxidase system (BioGenex Laboratories, San Ramon, CA), and then slightly counterstained with hematoxylin. Preimmune antisera were used as a control and failed to elicit specific signals in tissues examined by immunohistochemistry in this study. 
Histochemistry
Frozen unfixed tissue was cut into 20-m sections using a cryostat at 15C. The staining reaction mixture for class I ADHs contained 5 mM ethanol or 400 M 5-androstan-3-ol-17-one (a specific substrate for ADH1C) (McEvily et al., 1988), 2.4 mM NAD+, 11 mM sodium pyruvate, 0.5 mM cyanamide, 0.33 mM phenazine methosulfate, and 3.4 mM nitrotetrazolium blue chloride in 50 mM sodium phosphate at pH 7.5 and 37C. The staining mixture for ALDH1A1 and ALDH2 contained 5 mM acetaldehyde, 1 mM NAD+, 11 mM sodium pyruvate, 0.33 mM phenazine methosulfate, and 3.4 mM nitrotetrazolium blue chloride in the 50 mM phosphate buffer. Control sections were performed in the presence of 5 mM 4-methylpyrazole as an ADH inhibitor, or 0.5 mM cyanamide as an ALDH inhibitor, in the respective staining mixtures. The inhibitors were preincubated with tissue sections in the phosphate buffer for 20 minutes in a shaking bath to facilitate diffusion into the cell before addition of the activity staining mixture. 
Statistics
Results are expressed as mean  SEM. Statistical significance of differences in ADH or ALDH activities between two phenotypic groups of the same tissue was evaluated by the Student’s t test. Stastistical comparison of activities or protein contents between multiple groups was assessed by one-way analysis of variance (ANOVA) and the Scheffe post hoc test. All analyses were conducted using PASW Statistics 18.0 (SPSS Inc., Chicago, IL).
Results
Phenotype and activities of ADH and ALDH
Agarose isoelectric focusing patterns of ADH and ALDH in the mucosae of human small intestine are shown in Fig. 1. Class I ADH1C was the predominant isozyme expressed in duodenal, jejunal and ileal mucosae (Fig. 1A). Three genetic phenotypes, homozygous ADH1C*1/*1 and ADH1C*2/*2 (the latter result not shown), and heterozygous ADH1C*1/*2, were identified. This is similar to that found in the gastric mucosa (Yin et al., 1997). Of 117 duodenal mucosal samples examined, the frequencies of homozygosity, ADH1C*1/*1 (77.8%) and ADH1C*2/*2 (0.8%), and of the heterozygosity (21.4%), were similar to the observations from genotyping studies of the normal Han Chinese (n = 545) in Taiwan (Chen et al., 1999). 
Weak class I ADH1B activity bands were also detected in the intestinal specimens. No heterodimer of ADH1B and ADH1C wasobserved on isoelectric focusing gels, suggesting that the two class I isozymes are not expressed in the same type of cells in the tissue. Class II ADH2 was detected in 57% (67/117) of the duodenal samples and 56% (19/34) of the jejunal samples studied. Class III ADH3 was undetectable on isoelectric focusing gels due to its unsaturation with ethanol (Lee et al., 2003). ALDH1A1 activity band was conspicuous in all samples of the small intestine examined (Fig. 1B). Of the 117 duodenal samples, 64 (55%) and 53 (45%) were ALDH2-active and ALDH2-inactive phenotypes, respectively. The ALDH2 deficient phenotype was identified in 47% (16/34) of the jejunal samples studied. The observed frequencies of ALDH2 deficiency in the intestinal tissues are similar to that of the normal population, 44%, by genotyping method assuming dominance of the variant allele ALDH2*2 (Chen et al., 1999). WeakALDH3A1 activity bands were detected in about 35% of the duodenal and jejunal samples studied. ALDH4A1 was undetectable in the small intestinal mucosae.
Ethanol-oxidizing activities in human duodenum and jejunum at 33 mM ethanol, an upper blood alcohol level for social drinking, and at 500 mM ethanol, a corresponding attainable concentration in the intestinal lumen (Halsted et al., 1973), are shown in Table 1. The duodenal mucosae carrying ADH1C*1/*1 phenotype exhibited 5962% higher activity at 33 mM ethanol, expressed as milliunits per gram tissue or per milligram soluble protein, than that of the ADH1C*1/*2 phenotype. This is consistent with that the Vmax for ADH1C1 was about two-fold that of ADH1C2 (Lee et al., 2006a). At 500 mM ethanol, a 1528% reduction in the duodenal ADH activities compared with that at the 33 mM ethanol was found. This is compatible with the substrate inhibition of ADH1C allozymes at high ethanol concentrations (Lee et al., 2006a). The activity of ADH2-expressing type of duodenal mucosae was 20% greater than that of the ADH2-lacking type. Similar differences of activities with respect to ADH1C and ADH2 phenotypes were also observed in the jejunal mucosae. Acetaldehyde-oxidizing activities in duodenum and jejunum were determined at 200 M, a physiologically attainable concentration, and at 20 mM for measurement of both low- and high-Km ALDHs (Table 2). At 200 M acetaldehyde, the ALDH2-active phenothype of duodenal and jejunal mucosae exhibited slightly but not significantly higher activities than that of the ALDH2-inactive phenotype. This is compatible with considerably low expression of ALDH2 activity in the intestinal tissues as evidenced by isoelectric focusing (Fig. 1B). The low- Km ALDH activity accounted for 36-40% that of the total activity. 
There was no significant influence of age on the ADH and ALDH activities in duodenal mucosae (Fig. 2). Neither the gender effect was found. The male (n = 97; age 2985 yr) and female (n = 20; age 47 yr) duodenal samples exhibited similar activities, i.e., 9.91  0.44 and 9.40  0.99 mU/mg protein at 33 mM ethanol, 7.56  0.35 and 6.99  0.77 mU/mg protein at 500 mM ethanol; and 2.22  0.10 and 2.14  0.21 mU/mg protein at 200 M acetaldehyde, 6.52  0.38 and 5.55  0.61 mU/mg protein at 20 mM acetaldehyde, respectively. 
ADH and ALDH activities in the paired mucosae of stomach, duodenum, and jejunum from 14 same individuals were compared in Table 3. At 33 and 500 mM ethanol, duodenum and jejunum exhibited about 50% higher activities than that of the stomach. At 200 M acetaldehyde, duodenum displayed only about 50% that of the gastric activity whereas jejunum showed a comparable activity to the stomach. At 20 mM acetaldehyde, the activities of duodenum and jejunum were about 25 to 50% that of the stomach. The soluble protein contents in the paired mucosae of stomach, duodenum, and jejunum were similar, i.e., 45.1  3.9, 37.2  3.1, and 41.1  2.4 mg/g tissue, respectively.  
Expression and contents of ADH and ALDH 
The expression of ADH and ALDH family members in human duodenal and jejunal mucosae was probed by the corresponding class-specific affinity-purified antibodies on immunoblotting (Fig. 3). No cross-reactivity of the purified antibodies against non-immunogen class members of the same family was detected as described previously (Chiang et al., 2009). The molecular masses of the intestinal ADH1/2/3/4, ALDH1A1/2, and ALDH3A1 were corresponded to the respective purified recombinant ADH/ALDH isozyme standards. No other minor band on immunoblots for the homogenate supernatants of intestinal mucosae was detected by the class-specific affinity-purified antibodies. In duodenal mucosa, ALDH1A1 exhibited the highest protein content, followed by ADH1, ALDH2, ADH3, ADH2, ALDH3A1, and ADH4 (Fig. 4). A similar trend of the ADH/ALDH isozyme protein contents was observed with the jejunal mucosa exceptthat ALDH2 appeared slightly higher than ADH1.
Cellular localization of ADH and ALDH 
Figure 5 shows representative cellular distribution of ADH and ALDH isozymes in 15 randomly selected samples each of normal duodenal and jejunal mucosae, examined by the corresponding class-specific affinity-purified antibodies at comparable antibody concentrations. In duodenum, class I ADHs were predominately expressed in the enterocytes of villous epithelium, the Paneth cells in crypts of Lieberkuhn, and the ductal cells of Brunner’s glands with the latter being more intensely stained; and to a much lesser extent in the cytoplasm of goblet cells (undetectable in the mucin globules) in villous epithelium, and the muscularis mucosae. ADH2 exhibited a similar cellular distribution as that of class I ADHs except that the staining intensity in Brunner’s glands appeared to be weaker compared with that of the enterocytes and Paneth cells. ADH3 was ubiquitously expressed but higher in the surface and basal epithelium of villi and the Brunner’s glands. Jejunal mucosa displayed cellular localizations of ADH1, ADH2 and ADH3 quite similar to that observed in the duodenum; note that Brunner’s glands are absent in the former tissue. ADH4 was very faintly stained in the mucosae of duodenum and jejunum using a comparable concentration of the corresponding class-specific antibodies (data not shown). This is in agreement with the extremely low protein contents of ADH4 in the intestinal mucosae. Like ADH1, ALDH1A1 and ALDH2 were predominantly localized in the surface and crypt epithelium of villi in duodenum and jejunum and in the Brunner’s glands of duodenum. In contrast to cytosolic ALDH1A1, ALDH2 exhibited a punctate cytoplasmic pattern, suggesting the mitochondrial locality. The expressions of ALDH1A1 and ALDH2 were much lower in the remaining portions of both tissues. ALDH3A1 was quite faintly detected in the epithelium of duodenum and jejunum (data not shown). This is compatible with the low protein contents of ALDH3A1 revealed by immunotitration. 
Figure 6 shows representative cellular distribution of the ADH and ALDH activities in 15 randomly selected normal mucosal samples each of duodenum and jejunum. Class I ADHs were detected in the surface and crypt epithelium of mucosae in duodenum and jejunum and in the submucosal Brunner’s glands of duodenum. The marked staining intensity in muscularis mucosae may be due to the presence of the high-activity ADH1B2 allozyme in the examined tissue (identified with homozygous ADH1B*2/*2 genotype) at concentrations of 5 mM ethanol and 2.4 mM NAD+ (Yin et al., 1984). ADH1B has been identified to be the major isozyme form in the muscular tissues of stomach and colon (Yin et al., 1988, 1994). This explanation was further supported by that ADH1C isozyme was virtually absent in muscularis mucosae in the tissue carrying ADH1B*1/*1 genotype although it was prominent in the lumen surface epithelium using 5-androstan-3-ol-17-one, a specific substrate for ADH1C (Marschall et al., 2000; McEvily et al., 1988) for activity staining. The control section staining with ethanol and that with 5-androstan-3-ol-17-one showed a blank background in the presence of 5 mM 4-methylpyrzaole, a specific class I ADH inhibitor, indicating that the activity staining can be attributed to the class I ADHs. The cellular localization of ALDH1 and ALDH2 activities was more prominent in the surface and crypt epithelium and the muscularis mucosae of duodenum and jejunum, and in the submucosal Brunner’s glands of duodenum. The control section showed that the low-Km ALDH activities could be effectively blocked by pretreatment with the inhibitor cyanamide, validating the specificity of the activity detection.
Discussion
This comprehensive study has integrated the isozyme patterns, allozyme phenotypes, protein contents, ethanol-metabolizing activities at a near physiological pH and pharmacologically relevant concentrations, and cellular localization of ADHs and ALDHs in human small bowel. ALDH1A1 exhibits the highest protein content by immunotitration, followed by ADH1/ALDH2, ADH3, and ADH2, suggesting that class I ADH and class I/II ALDHs are the major isozyme forms and class II ADH, a minor isozyme, responsible for metabolism of ethanol in the duodenal and jejunal mucosae. ADH1C is the predominant class I isozyme expressed in mucosae of duodenum, jejunum, and ileum, as evidenced on agarose isoelectric focusing, and it is most intensely localized in the villous surface and basal epithelium of duodenum and jejunum, and in the Brunner’s glands of duodenum as revealed by histochemistry with the specific substrate 5-androstan-3-ol-17-one and by immunohistochemistry using the class-specific antibodies. In rodents, class I ADH was detected in the epithelium of small intestinal mucosa by immunostaining or by oligonucleotide in situ hybridization (Haselbeck and Duester, 1997; Vaglenova et al., 2003; Westerlund et al., 2007). The unique limited distribution of class II ADH in mammals is noteworthy. Two activity phenotypes of ADH2 in human duodenal/jejunal mucosae were identified on isoelectric focusing gels. Northern blot analyses have demonstrated that ADH2 mRNA is predominantly expressed in liver, followed by small intestine but considerably lower or undetectable in the other tissues examined, in human and rodents (Estonius et al., 1993, 1996; Szalai et al., 2008). Interestingly, only 60% of the intestinal samples in the present study showed ADH2 activity bands. By comparison, approximately 30% of 209 gastric samples from Han Chinese exhibited class IV ADH4 activity bands (Yin et al., 1997). The lack of ADH4 activity in stomach appeared to be confined to majority of the East Asians but not in the Caucasians and black people (Baraona et al., 1991; Moreno et al., 1994). ADH4 was not detectable in human small intestine. This observation is in agreement with that found in rodents using the class-specific oligonucleotide in situ hybridization (Westerlund et al., 2007). By analogy to ADH4 in stomach, the deficiency of ADH2 in small intestine might show ethnic difference. Further studies of ADH2 activity phenotypes with a large number of surgical orendoscopic biopsy intestinal mucosal samples across ethnic groups are required to address this issue. Since ADH 2 is present in all of the 23 surgical liver specimens studied (Yao et al., 1997), the observed variation of ADH2 expression in small bowel is likely regulated at the transcriptional or translational level, or via posttranslational modifications, rather than a point mutation or deletion of the coding sequence of the gene. It is worth noting that there occurs a co-localization of ADH1C/ADH2 and ALDH1A1/ALDH2, both predominantly expressed in the enterocytes of villous epithelium, the Paneth cells in crypts of Lieberkuhn, and the ductal cells of Brunner’s glands. This strongly suggests that these specific cell types are the major site of ethanol metabolism in human small intestine. 
The ethanol-oxidizing activities in duodenal and jejunal mucosae are two to five-fold that of the acetaldehyde-oxidizing activities. The higher ADH versus ALDH activity appears to be a general trend, with the exception of pancreas, in human alimentary tract and the associated organs. At pH 7.5, in the presence of 33 mM ethanol or 200 M acetaldehyde, the mean ADH and ALDH activities in human surgical tissues are summarized in Table 4. Tissue ADH activities in decreasing order are as follows: liver, esophageal mucosa, duodenal mucosa, jejunal/rectal mucosae, gastric mucosa, colonic mucosa, gingiva, pancreas, tongue; and the tissue ALDH activities in decreasing order: liver, pancreas, jejunum, stomach, duodenum, colon/rectum, esophagus, gingiva/tongue. The above studies have been determined under the same assay conditions for ADH and for ALDH with the identified phenotypes. It is noteworthy that the distribution of ADH activities throughout human gastrointestinal tract shown in Table 4 does not support the conclusions of the previous immunohistochemical study that there was a notable decrease in ADH1 with increasing distance from the stomach (Pestalozzi et al., 1983). The discrepancy may be in part due to that only few samples (i.e., one to four) for each segment of the digestive tract were examined with the qualitative histological study and that there is a noticeable individual variation of the tissue ADH activities revealed in the quantitative biochemical studies. It is also worth noting that significant amount of low-Km ALDH activities are present in human stomach and throughout the digestive tract, with jejunum being highest, and that ALDH1A1 appears to be the most prominent low-Km isozyme form in gastrointestinal tract. This observation in human studies is not in full agreement with that found in rodents using the oligonucleotide in situ hybridization (Westerlund et al., 2007), e.g., ALDH1A1 mRNA was not detected in the ileum, colon, and rectum of rats and in the rectum of mice. This suggests that rodents are not a good experimental model that sufficiently mimics ethanol metabolism in the gastrointestinal tract of humans. 
There appear no significant effects of gender and age on the ADH and ALDH activities in human duodenal mucosa. This is in agreement with that described in the normal gastric and colonic mucosae (Lai et al., 2000; Yin et al., 1994, 1997). Small intestine, stomach, and liver are major sites for presystemic, first-pass metabolism (FPM) of ethanol (Bode and Bode, 1997; Egerer et al., 2005); whichcan be defined as the extra metabolism of newly absorbed ethanol, subtracting that from the circulating ethanol in systemic blood, in the first-pass tissues (Yin et al., 2007). Thus saturating ADH with ethanol is a critical limiting factor for evaluation of actual tissue contribution to the FPM. Low-Km ADH1C1 and ADH1C2 allozymes (Km for ethanol, 5799 M)(Lee et al., 2006a) in the stomach and small intestine are readily saturating with newly absorbed or with the systemic ethanol. Higher Km hepatic and duodenal/jejunal ADH2 (Km for ethanol, 23 mM) and gastric ADH4 (Km, 58 mM) may potentially be more effective in contribution to the FPM, because ethanol levels in the stomach and duodenum/jejunum can reach millimolar to molar concentrations following ingestion of alcohol (Cortot et al., 1986; Halsted et al., 1973), whereas the ileal ethanol levels remain similar to that in the circulating blood (Halsted et al., 1973). The simulated gastric contributions to FPM appear considerably lower than that of the liver, largely attributed to low protein contents of the relevant ADH isozymes in stomach (Lee et al., 2006a; Yin et al., 1997) which is in linear relationship with the corresponding isozyme activity in the cell. Based on the isozyme contents determined in this study, the total proteins of ADH1, ADH2, ADH3, and ADH4 in duodenal mucosa are estimated to be 3.7, 0.4, 0.7, and 0.03 mg/duodenum, respectively, assuming that the total duodenal mucosal mass is 34 g (James et al., 1998), and that in jejunal mucosa to be 21.9, 2.4, 3.6, and 0.9 mg/jejunum, respectively, assuming the total jejunal mucosa mass, 149 g (James et al., 1998). The amounts of ADH1, ADH2, and ADH3 in duodenum and jejunum are strikingly lower than those estimated in the liver, i.e., 6500, 2800, and 560 mg/liver, respectively (Lee et al., 2006a), suggesting a much lower potential intestinal contribution to FPM of ethanol in humans. It has been described that food ingestion markedly decreased the areas under the concentrationtime curve (AUC) of alcohol (peak blood ethanol, ~3 mM) as well as shortened the time required to eliminate alcohol from blood by 1 to 2 hours compared with drinking on an empty stomach or with intravenous infusion of the same small dose of ethanol (0.30 g/kg) (Jones et al., 1997). The above reported decreasing AUC by food ingestion, accompanied by a delayed gastric emptying, can be largely explained by hepatic FPM at subsaturating concentrations of blood ethanol, so that input alcohol via portal vein still can be effectively metabolized by the high-Km ADH2; the shortened duration of alcohol elimination from blood can be in part accounted for by gastrointestinal FPMthat residual ethanol in the lumen of digestive tract is effectively removed by the low-Km class I ADH even after the blood ethanol level has approached zero. This can be illustrated in a simulation that is based on the determined Km, 99 M, and Vmax, 1.5 mol/min/mg protein after correction for activity at 37C, for ethanol for ADH1C1 (Lee et al., 2006a), and based on the ADH1C contents, ca. 280 g/g gastric mucosa (Lee et al., 2006a), 108 g/g duodenal mucosa (this study) and 147 g/g jejunalmucosa (this study); it is assessed that total activity of ADH1C1 at 0.5 mM ethanol in gastrointestinal lumen for the homozygous ADH1C*1/*1 stomach, duodenum, and jejunum to be 8.03, 4.60, and 27.4mol/min, respectively, using the Michaelis-Menten equation assuming that the total mucosal masses for stomach, duodenum, and jejunum are 22.9, 34, and 149 g, respectively (James et al., 1998). Therefore, the FPM in liver, stomach, and proximal small intestine can still be operative as long as that small quantities of residual alcohol exist in the gastrointestinal tract, in spite of that the systemic blood ethanol has returned to the predrinking baseline level. 
The pathological consequences of alcohol consumption are directly related to the target tissue concentrations of ethanol and its metabolite acetaldehyde. The high ethanol per se may influence membrane fluidity, diffusion, and absorption of nutrients of intestinal apicalepithelium. The presence of high ADH1C activity but a lower ALDH1A1 activity and the much lower ALDH2 activity in small intestine (Fig. 1; Tables 1 and 2) can potentially produce a steady-state accumulation of acetaldehyde in the cell during ethanol metabolism (Yao et al., 2010). This metabolic consequence is likely to be more pronounced in some specific cell types such as the enterocytes of villous epithelia, Paneth cells in crypts, and the ductal cells of Brunner’s glands with a higher distribution of ADH1C and ADH2 (Figs. 5 and 6). The potential vulnerability of the epithelial enterocytes, Paneth cells, and Brunner’s gland duct cells may be related to the functional disturbances of absorption, barrier to pathogenic bacteria, and luminal/membrane digestions following chronic heavy alcohol consumption (Egerer et al., 2005; Persson 1991; Salaspuro, 2003; McGuckin et al., 2011). From a perspective in the context of ethanol metabolism, three potential pathogenetic mechanisms in relation to ethanol-induced structural/functional injuries in alimentary tract are worth noting. (i) Perturbation of retinol metabolism by ethanol through ADH family pathway. Retinoic acid is involved in regulating mammalian embryonic development and epithelial cell differentiation/regeneration (Kumar et al., 2011). ADH may contribute to oxidation of retinol and this can be effectively inhibited by ethanol at physiologically relevant concentrations (Han et al., 1998; Parlesak et al., 2000). (ii) Cytotoxicity of acetaldehyde. Acetaldehyde has recently been identified by the International Agency for Research on Cancer (IARC) as a Group 1 carcinogen to humans (Secretan et al., 2009) and it can be derived from ingested alcohol or from locally produced ethanol by intestinal microbes under anaerobic conditions (Salaspuro, 2003). (iii) Alcohol-induced oxidative stress damage. 4-Hydroxy-2-nonenal (4HNE), a major toxic product of lipid peroxidations, may mediate the oxidative tissue injury (Chen et al., 2008; Esterbauer et al., 1991). ALDH2 participates in detoxification of 4HNE and also can be inactivated by 4HNE through formation of protein adducts with the enzyme (Doorn et al., 2006). It has been noted that there is a fairly low ALDH2 activity throughout human digestive tract (Fig. 1b) (Yin et al., 1993, 1994, 1997), which may lead to tissue impairment due to the lower scavenging capacity of 4HNE under heavy alcohol consumption. 
In conclusion, this study presents a systematic correlation of the functional expressions of ADH and ALDH family members in human small bowel. Intestinal metabolism of ethanol is primarily determined by the expression pattern, genetic polymorphisms, kinetic features and contents of the relevant ADH/ALDH isozymes. Pathological consequences of heavy alcohol consumption may be related to the specific cell types that reveal unique distribution of ADH/ALDH isozymes in intestinal mucosae. Interference of retinoic acid homeostasis with ethanol, accumulation of cytotoxic metabolite acetaldehyde, decreased clearance of lipid peroxidatic 4HNE are potentially noteworthy implications in pathogenesis of the morphologic/functional disturbances of small bowel by alcohol misuse. 
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Figurelegends
Fig. 1. Agarose isoelectric focusing of (A) ADH and (B) ALDH isozymes from surgical mucosal specimens of small intestine. Gels were stained for the enzyme activity. (A) Lane 2 shows a surgical liver specimen with ADH1B*2/*2 and ADH1C*1/*1 phenotype for comparison; lanes 1 and 6 are gastric mucosae; lanes 3 and 7, duodenal mucosae; lanes 4 and 8, jejunal mucosae; lane 5, an ileal mucosa. Lanes 4 and 5 are specimens taken from the same individual, and lanes 6 to 8, taken from the another same individual. For gastrointestinal specimens, lanes 1 and 3show ADH1C*1/*1 phenotype and lanes 68, ADH 1C*1/*2 phenotype. Lanes 1 and 6 show -ADHexpressing phenotype and the remaining lanes, -ADHabsent phenotype. Lanes 3 and 4 show -ADHexpressing phenotype and the remaining lanes, -ADHabsent phenotype. , ADH4; , ADH2; , ADH1A; , ADH1B2;, ADH1C1;  and , heterodimers of the subunits of ADH1A andADH1B2 and of ADH1B2 and ADH1C1, respectively. (B) For lanes of the tissue specimens, see (A). Lane 2, a liver with ALDH2-active phenotype for comparison. Lanes 1 and 6 are ALDH2-active phenotype; lanes 3, ALDH2-inactive phenotype. Numerals 1A1, 2, 3A1, and 4A1 represent ALDH1A1, ALDH2, ALDH3A1, and ALDH4A1, respectively. Hb, hemoglobin.
Fig. 2. Regression analysis of (A) ADH and (B) ALDH activities in duodenal mucosa with respect to age. ADH activity was assayed at 33 mM ethanol and ALDH activity at 200 M acetaldeyde. Regression lines and the equations were obtained with fit by least square analysis. R2, coefficient of determination. ●, male; ○, female. 
Fig. 3. Western blot analysis for expression of ADHs and ALDHs in mucosa of duodenum and jejunum. Immunodetection by the class-specific affinity-purified antibodies to ADH1, ADH2, ADH3, ADH4, ALDH1A1, ALDH2, and ALDH3A1, respectively. In panel A, lane 1 (5 ng) and lane 2 (10 ng) are the corresponding antigen standards ADH2, ADH3, and ADH4, respectively, except ADH1 standard using 10 and 20 ng; lanes 3 and lane 4 are two mucosal samples. In panel B, lane 1 (10 ng) and lane 2 (20 ng) are the antigen standards of ALDH1A1  and ALDH2, respectively, except ALDH3A1 standards using 5 and 10 ng; lane 3 and lane 4 are the same two same musical samples, respectively, as shown in above panel. The concentrations of the antibodies used for detection were 0.030.04 g/ml. 
Fig. 4. Protein contents of ADHs and ALDHs in rectal mucosae of (A) duodenum and (B) jejunum. Seven randomly selected mucosal samples each of duodenum and jejunum, identified with both ADH2-present and ALDH2-active phenotypes, were used for determination. Bars represent means ± SEM. ADH1, ADH2, ADH3, and ADH4 were 108 ± 15, 12.5 ± 2.9, 20.9 ± 4.4, and 0.8 ± 0.3 g ⁄g tissue of duodenal tissue, and 147 ± 15, 15.9 ± 4.7, 24.0 ± 4.2, and 6.0 ± 2.1g ⁄g jejunal tissue, respectively; ALDH1A1, ALDH2, and ALDH3A1 were 145 ± 25, 93.0 ± 8.5, and 3.9 ± 0.7g ⁄g of duodenal tissue, and 395 ± 42, 163 ± 11, and 4.4 ± 0.4 g ⁄g of jejunal tissue, respectively. Statistical significance of differences between multigroup comparisons in the duodenal tissues or the jejunal tissues: ap < 0.01 vs ADH1; bp < 0.001 vs ADH1; cp < 0.001 vs ALDH1A1; dp < 0.05 vs ALDH2; ep < 0.01 vs ALDH2; fp < 0.001 vs ALDH2. 
Fig. 5. Immunohistochemical detection of ADHs and ALDHs in mucosae of (A) duodenum and (B) jejunum. In panels A and B, (a) reference section staining with hematoxylin and eosin; representative cellular localizations of (b) ADH1, (c) ADH2, (d) ADH3, (e) ALDH1A1, and (f) ALDH2, using the corresponding class-specific antibodies for detection. In panel A, higher magnification views of duodenal villi (upper inset to the right), basal crypts (middle inset), and submucosal Brunner’s glands (lower inset). In panel B, higher magnification views of jejunal villus (lower left inset) and basal crypts (lower right inset). The concentrations of the antibodies used in detection for ADHs and ALDHs were 0.050.06 g/ml. 100, af; 400, all insets. Scale bar in panels with magnification 100 denotes 200 m and that in insets with 400 denotes 50 m.
Fig. 6. Histochemical detection of ADHs and ALDHs in mucosae of (A) duodenum and (B) jejunum. Panels A and B are representative histochemical sections for activity localization. In both panels, class I ADHs were stained for enzyme activity at 5 mM ethanol in the absence (a) and the presence (d) of inhibitor of 5 mM 4-methylpyrazole. ADH1C isozyme was stained for activity at 400 M 5-androstan-3-ol-17-one in the absence (b) and the presence (e) of 5 mM 4-methylpyrazole. ALDH1 and ALDH2 were stained for enzyme activity at 5 mM acetaldehyde in the absence (c) and the presence (f) of inhibitor of 0.5 mM cyanamide. The tissue sample for (a) and (d) in both panels A and B was the ADH1B*2/*2 genotype and ADH1C*1/*1 phenotype, that for (b) and (e) was the ADH1B*1/*1 genotype and ADH1C*1/*1 phenotype, and that for (c) and (f) was the ALDH2-active phenotype. In panel A: higher magnification views of duodenal villi (upper inset to the right), basal crypts (middle inset), and submucosal Brunner’s glands (lower inset). In panel B: higher magnification views of jejunal villus (lower left inset) and basal crypts (lower right inset). 100, af; 400, all insets. Scale bar in panels denotes 200 m and that in insets denotes 50 m.

Table 1
Duodenum and jejunum mucosal ADH activities of different phenotypes 
	
	
	
	
	Specific activity

	 
	ADH
class
	
	
	
	Ethanol (33 mM)
	
	Ethanol (500 mM)

	Tissue
	
	
	Phenotype
	n
	mU/g tissue
	mU/mg protein
	
	mU/g tissue
	mU/mg protein

	Duodenum
	I
	
	ADH1C*1/*1
	91
	357 ± 15
	10.8 ± 0.45
	
	257 ± 10g
	7.92 ± 0.36g

	
	
	
	ADH1C*1/*2
	25
	.220 ± 17c
	.6.78 ± 0.56c
	
	...186 ± 12b,e
	..6.03 ± 0.57a

	
	
	
	ADH1C*2/*2
	1
	124
	5.64
	
	107
	4.86

	
	II
	
	ADH2 (+)
	67
	350 ± 16
	10.2 ± 0.51
	
	.252 ± 11g
	7.47 ± 0.39g

	
	
	
	ADH2 ()
	50
	..291 ± 22d
	9.36 ± 0.66
	
	.223 ± 16g
	7.45 ± 0.54g

	
	
	
	
	
	
	
	
	
	

	Jejunum
	I
	
	ADH1C*1/*1
	23
	293 ± 19
	7.85 ± 0.74
	
	.243 ± 15e
	.6.71 ± 0.74e

	
	
	
	ADH1C*1/*2
	11
	.220 ± 26a
	5.62 ± 0.71
	
	.173 ± 10c
	.4.54 ± 0.47e

	
	II
	
	ADH2 (+)
	19
	290 ± 22
	7.80 ± 0.87
	
	.225 ± 17f
	.6.28 ± 0.88e

	
	
	
	ADH2 ()
	15
	243 ± 23
	6.28 ± 0.66
	
	215 ± 17
	5.67 ± 0.57


ADH activities were determined in 0.1 M sodium phosphate, pH 7.5, at 30C, containing ethanol (33 or 500 mM), 2.4 mM NAD+, and 1 mM semicarbazide. + and  represent the mucosal specimens with visible and invisible (or faintly visible)ADH2 activity bands on the isoelectric focusing gels, respectively. Values are expressed as mean ± SEM.
ap < 0.05 versus ADH1C*1/*1 phenotype of the same tissue.
bp < 0.01versus ADH1C*1/*1 phenotype of the same tissue.
cp < 0.001 versus ADH1C*1/*1 phenotype of the same tissue.
dp < 0.05 versus ADH2 (+) phenotype of the same tissue.
ep < 0.05 compared with activity at 33 mM ethanol of the same phenotypic group of the same tissue.
fp < 0.01 compared with activity at 33 mM ethanol of the same phenotypic group of the same tissue .
gp < 0.001 compared with activity at 33 mM ethanol of the same phenotypic group of the same tissue.
Table 2
Duodenum and jejunum mucosal ALDH activities of different phenotypes 
	
	
	Specific activity
	Activity ratioa

	
	
	
	Acetaldehyde (200 M)
	
	Acetaldehyde (20 mM)
	

	Tissue
	Phenotype
	n
	mU/g tissue
	mU/mg protein
	
	mU/g tissue
	mU/mg protein
	

	Duodenum
	ALDH2-active
	64
	80.1 ± 5.0
	2.26 ± 0.12
	
	219 ± 18
	6.00 ± 0.39
	0.40 ± 0.02 

	
	ALDH2-inactive
	53
	74.7 ± 6.0
	2.46 ± 0.35
	
	233 ± 22
	7.18 ± 0.68
	0.36 ± 0.02

	
	
	
	
	
	
	
	
	

	Jejunum
	ALDH2-active
	18
	174 ± 18
	.4.08 ± 0.42
	
	.483 ± 49
	.11.4 ± 1.16
	0.37 ± 0.01

	
	ALDH2-inactive
	16
	138.± 13
	.3.82 ± 0.48
	
	.398 ± 49
	.10.7 ± 1.42
	0.38 ± 0.03


ALDH activities were determined in 0.1 M sodium phosphate, pH 7.5, at 30C,containing acetaldehyde (200 M or 20 mM), 2.4 mM NAD+, 1 mM EDTA, and 10 mM 4-methylpyrazole. Values are mean ± SEM. No significant difference was found between two phenotypic groups of the same tissue. aRatio of activity measured at 200 M acetaldehyde to that at 20 mM acetaldehyde.
Table 3
ADH and ALDH activities in mucosae of stomach, duodenum, and jejunum of the same individuals
	
	
	Specific activity
	

	Tissue
	n
	mU/g tissue
	mU/mg protein
	mU/g tissue 
	mU/mg protein
	

	
	
	Ethanol (33 mM)
	Ethanol (500 mM)
	

	Stomach
	14
	202 ± 17a
	4.79 ± 0.43
	174 ± 11
	4.22 ± 0.42
	

	Duodenum
	14
	      290 ± 26a
	     8.75 ± 0.97b
	214 ± 25
	6.80 ± 1.15
	

	Jejunum
	14
	      310 ± 23b
	     7.76 ± 0.59a
	245 ± 18a
	6.51 ± 0.95
	

	
	
	
	
	

	
	
	Acetaldehyde (200 M)
	Acetaldehyde (20 mM)
	

	Stomach
	14
	129 ± 11
	3.00 ± 0.35
	734 ± 90
	17.0 ± 2.21
	

	Duodenum
	14
	.6 65 ± 4c
	1.91 ± 0.20a
	177 ± 19c
	5.15 ± 0.64c
	

	Jejunum
	14
	. 140 ± 10e
	3.55 ± 0.29d
	383 ± 38b
	9.86  ± 1.17b
	


For assay conditions of ADH and ALDH, see Tables 1 and 2, respectively. Values are mean ± SEM.
ap < 0.05 versus the corresponding activity in gastric mucosa.
bp < 0.01 versus the corresponding activity in gastric mucosa.
cp < 0.001 versus the corresponding activity in gastric mucosa.
dp < 0.01 versus the corresponding activity in duodenal mucosa.
ep < 0.001 versus the corresponding activity in duodenal mucosa.

Table 4 
Comparison of the activities of ADH and ALDH in the human digestive tract and associated organs
	
	
	Specific activity
	
	

	Enzyme
	Tissue
	mU/g tissue
	mU/mg protein
	
	Reference

	ADH
	Gingiva
Tongue
Esophagus
Stomach
Duodenum
Jejunum
Colon
Rectum
Pancreas
Liver

	90.0
50.6
605
238
357
293
183
305
64
2900

	2.26
1.97
18.8
5.87
10.8
7.85
5.70
7.81
2.10
32

	
	Dong et al., 1996
Dong et al., 1996
Yin et al., 1993
Yin et al., 1997
This study
This study 
Yin et al., 1994
Chiang et al., 2012
Chiang et al., 2009
Yao et al., 1997


	ALDH
	Gingiva
Tongue
Esophagus
Stomach
Duodenum
Jejunum
Colon
Rectum
Pancreas
Liver
	―a
―a
 29.9
132
80.1
174
40.2
41.8
213
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	―a
―a
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All tissues studied from surgical specimens. For assay conditions of ADH and ALDH, see Tables 1 and 2, at 33 mM ethanol and 200 M acetaldehyde, respectively. Values represent mean activities. The ADH activities for phenotypic group of gastric, duodenal, jejunal, colonic and rectal mucosae and that for pancreas and liver are ADH1C*1/*1 and ADH1B*1/*1, respectively. The ALDH activities of these seven tissues are ALDH2-active phenotype. 
aActivity was too low to be reliably measured.
