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Abstract: Alcohol consumption alters gut microflora and damages intestinal tight junction 18 

barriers, which may affect arsenic (As) oral bioavailability. In this study, mice were exposed 19 

to arsenate in the diet (6 g/g) over a 3-week period and gavaged daily with Chinese liquor 20 

(0.05 or 0.10 mL per mouse per day). Following ingestion, 78.0% and 72.9% of the total As 21 

intake was absorbed and excreted via urine when co-exposed with liquor at daily doses of 22 

0.05 or 0.10 mL, significantly greater than when As was supplied alone (44.7%). Alcohol 23 

co-exposure significantly altered gut microbiota, but did not significantly alter As 24 

biotransformation in the intestinal tract or tissue. Significantly lower relative mRNA 25 

expression was observed for genes encoding for tight junctions in the ileum of liquor 26 

co-exposed mice, contributing to greater As bioavailability attributable to enhanced As 27 

absorption via the intestinal paracellular pathway. However, As concentration in the liver, 28 

kidney, and intestinal tissue of liquor-treated mice was decreased by 24.4%–42.6%, 27.5%–29 

38.1%, and 28.1%–48.9% compared to control mice. This was likely due to greater renal 30 

glomerular filtration rate induced by alcohol, as suggested by significantly lower expression 31 

of genes encoding for renal tight junctions. In addition, in mice gavaged daily with 0.05 mL 32 

liquor, the serum antidiuretic hormone level was significantly lower than control mice (2.83 ± 33 

0.59 vs 5.40 ± 1.10 pg/mL), suggesting diuretic function of alcohol consumption, which may 34 

facilitate As elimination via urine. These results highlight that alcohol consumption has a 35 

significant impact on the bioavailability and accumulation of As.  36 

Keyword: Arsenic speciation; Alcohol consumption; Oral bioavailability; Tissue 37 

accumulation; Tight junctions 38 
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Introduction 43 

Alcohol consumption is prevalent in vast populations [1, 2]. Although many health effects 44 

of alcohol consumption or alcohol addiction, such as alcoholic liver, have been assessed [3-7], 45 

the impact on the absorption of a metal(loid) across the intestinal barrier, its entry into the 46 

bloodstream and organ sites (i.e., oral bioavailability), and its toxicity has rarely been 47 

investigated. Arsenic (As) is ubiquitous in the environment, and inorganic As (iAs) is 48 

classified as a class I human carcinogen [8-10]. Millions of people suffer from elevated As 49 

exposure via environmental exposure [11], including groundwater ingestion [12, 13], 50 

consumption of food especially rice and rice-products [14], and incidental ingestion of 51 

As-contaminated soil and dust [15]. However, the subsequent health impacts are 52 

dose-dependent [15, 16], which is influenced by bioavailability. Studies employing animal 53 

bioassays such as swine and mice have assessed As bioavailability in contaminated soil, dust, 54 

and food using urinary As excretion factor (the portion of the cumulative As intake recovered 55 

in the urine) as the bioavailability endpoint [17].  56 

Since alcohol consumption is prevalent in adults and As is ubiquitous in the environment, 57 

their co-exposure may occur in the gastrointestinal (GI) tract. Alcohol co-exposure may affect 58 

As oral bioavailability via its role in altering the gut microbiota. Studies have shown that 59 

alcohol consumption may decrease the abundance of potentially beneficial genera, including 60 

Bifidobacterium and Lactobacillus and anti-inflammatory genera such as Faecalibacterium, 61 

and increase the abundance of Proteobacteria [18-20]. When iAs is ingested and passes through 62 

the GI tract, transformation of inorganic arsenate (iAsV) to inorganic arsenite (iAsIII), 63 

monomethylarsonic acid (MMAV), and dimethylarsinic acid (DMAV) may occur via 64 

microbial transformation [21, 22], although this may be influenced by processes such as alcohol 65 

consumption that affect gut microbiota composition [22-24]. This may influence As absorption 66 

as iAsV and iAsIII are more readily absorbed than MMAV and DMAV [25, 26].  67 

Alcohol consumption may also affect As bioavailability via altering As transport across 68 

the intestinal barrier via transcellular and paracellular pathways. For transcellular transport, 69 
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iAsV may be absorbed via phosphate transporters such as type IIb sodium phosphate 70 

(NaPi-IIb) cotransporters in the apical membrane of intestinal enterocytes [27, 28]. Paracellular 71 

As transport is strongly related to intestinal permeability, which is controlled by tight 72 

junctions located at the boundary between apical and basolateral membranes of enterocytes 73 

[29]. Animal (e.g., mice and rats) and human studies have shown that alcohol use reduced 74 

mRNA and protein expression of intestinal tight junction proteins and increased intestinal 75 

paracellular permeability, causing “leaky gut” [19, 30-32]. Following alcohol intake, the 76 

generation and accumulation of acetaldehyde in the intestine under the role of gut bacterial 77 

alcohol dehydrogenase can induce the inhibition and dissociation of intercellular protein 78 

tyrosine phosphatase-1B (PTP1B, a predominant role of dephosphorylation) from 79 

intercellular E-cadherin [33]. This process increases tyrosine phosphorylation of β-catenin and 80 

E-cadherin, which eventually damages paracellular tight junctions [33]. In addition, a high 81 

ethanol dose activates myosin light chain kinase (MLCK), increasing myosin II regulatory 82 

light chain phosphorylation and triggering perijunctional actomyosin ring contraction, 83 

eventually altering the cytoskeletal structure and thereby enhancing intestinal paracellular 84 

permeability [33-35]. With increased intestinal permeability, alcohol consumption may promote 85 

paracellular As transport, leading to greater As oral bioavailability and higher As 86 

accumulation in the body. However, alcohol consumption impacts dieresis, which is the 87 

body’s defense mechanism to rapidly excrete absorbed alcohol and related metabolites via 88 

urine [36, 37], which may promote As excretion via urine and lead to lower As retention in the 89 

body. Thus, the net effects of alcohol consumption on As accumulation in the body remain 90 

unclear.  91 

The objective of this study was to assess alcohol effects on As oral bioavailability and 92 

As accumulation in tissue by conducting an in vivo mouse bioassay. Sodium arsenate was 93 

administered to mice via diet while mice were gavaged Chinese liquor. Underlying 94 

mechanisms were illustrated by assessing the effects on gut microbiota, As biotransformation, 95 

intestinal permeability, and renal permeability. It was hypothesized that alcohol co-exposure 96 

may alter As biotransformation, gut microbiota, and intestinal and renal permeability, 97 

affecting As oral bioavailability and As accumulation in tissue. 98 
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Materials and Methods 99 

Liquor and Arsenic. Sodium hydrogen arsenate (Na2HAsO4·7H2O) was purchased 100 

from Sigma-Aldrich, while Beijing Erguotou Spirit (52o ethanol) was purchased from 101 

Trust-Mart Supermarket in Nanjing. It is a traditional Chinese Baijiu widely consumed by 102 

large Chinese populations. It was made from cooked sorghum, wheat, rice, and/or corn via 103 

fermentation under the role of alcohol yeast and collection of distillment when stewing. The 104 

predominant components of the liquor are alcohol (52%, v/v) and water. There are also some 105 

organic components such as advanced alcohols, methanol, polyols, aldehydes, carboxylic 106 

acids, and esters, but the total amount of these organic compounds is typically low (1%–2%) 107 

in the liquor. Concentrations of As, lead, and cadmium in the Baijiu were low (3.14 ± 0.51, 108 

1.52 ± 1.19, and 0.02 ± 0.02 g/L, n = 10), as suggested by determination using inductively 109 

coupled plasma mass spectrometry (ICP-MS, NexION300X, PerkinElmer, USA) after 110 

dilution for 10 times using 0.1 M HNO3. The Baijiu was selected rather than pure or 111 

industrial alcohol which is not consumed by humans, so the assessment of alcohol effects on 112 

As bioavailability using liquor is environmentally realistic.  113 

Liquor Dose Determination. Before assessing the effects of alcohol co-exposure on As 114 

oral bioavailability and metabolism, the Beijing Erguotou Spirit was administered to adult 115 

mice (female, Balb/c, 6-week old, 20–22g body weight [bw]) to determine a suitable dose to 116 

undertake co-exposure experiments. Mouse experiments were performed according to the 117 

Guiding Principles for Use of Animals of Nanjing University and approved by the Nanjing 118 

University Committee on Animal Care. Briefly, after acclimation under standard animal 119 

house conditions (12:12 h light/dark cycle, 25oC, and 50% humidity) for one week, 30 mice 120 

were divided into five groups (6 mice per group). Lee et al. [38] showed that the short-term 121 

(one week) low-dose (0.8 g/(kg bw·d)) consumption of ethanol significantly changed the gut 122 

microbiota composition in mice. Based on that, daily gavage of 0.02, 0.04, 0.10, and 0.20 mL 123 

of the Beijing Erguotou Spirit (52% ethanol) per mouse (20 g bw) was assessed, representing 124 

ethanol doses of 0.4–4.0 g/(kg bw·d). The daily administration of the Beijing Erguotou Spirit 125 

was kept for 3 weeks. At the end of the exposure period, liver samples were collected and 126 
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separated into two with one sample stored in 10% paraformaldehyde solution prior to 127 

histopathology analysis and the other one immediately frozen in liquid nitrogen and stored at 128 

–80oC prior to liver biochemical analyses. 129 

Liquor and Arsenic Co-exposure in Mice. After the observation that daily repeated 130 

gavage of ≤ 0.10 mL Beijing Erguotou Spirit per mouse did not cause obvious liver damage, 131 

the effect of Beijing Erguotou Spirit (0.05 and 0.10 mL per mouse per day) on As oral 132 

bioavailability was assessed. Briefly, after acclimation, 36 adult female mice (Balb/c, 6-week 133 

old, 20–22g body weight) were randomly divided into six groups (six mice per group), i.e., 134 

mice with no As and no alcohol exposure (–As–A), mice with no As exposure but with daily 135 

gavage of 0.05 and 0.10 mL of Beijing Erguotou Spirit (–As+A0.05 and –As+A0.10), mice with 136 

As exposure but no alcohol exposure (+As–A), and mice with both As and alcohol exposure 137 

(+As+A0.05 and +As+A0.10).  138 

For mice of –As–A, –As+A0.05, and –As+A0.10 groups, basal AIN-93G rodent diet was 139 

supplied for free consumption over three weeks, whereas sodium arsenate-amended AIN-93G 140 

diet (6 g As/g) was supplied to mice in As exposure groups (+As–A, +As+A0.05, and 141 

+As+A0.10). An As concentration of 6 g As/g was based on reports of As concentration in 142 

food such as rice up to ∼2 μg/g [39] and gut microbiome disruption studies that utilized a 143 

drinking water concentration of 10 g As/mL [40, 41]. During the 3-week period, each mouse in 144 

the alcohol exposure groups received a gavage of Beijing Erguotou Spirit (0.05 or 0.10 mL) 145 

daily and free consumption of corresponding diets. Mice were housed in polyethylene cages 146 

on dry wood chip bedding with two mice per cage over the initial two weeks. The difference 147 

in total diet supplied and those remaining at the end of the 2-week exposure was recorded as 148 

diet consumption amount. Subsequently, mice were transferred into metabolic cages (two 149 

mice in a cage) for the remaining 7 d to collect urine and feces samples. For the 7-d exposure 150 

period using metabolic cages, diet was also freely consumed with the diet consumption 151 

amount also recorded. The product of diet As concentration and total diet consumption was 152 

used to determine cumulative As intake.  153 

Urine and feces were collected daily from metabolic cages in the last week of exposure. 154 
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At the end of the exposure, urine and feces samples from a mouse over the 7 d period were 155 

pooled to get cumulative urine and feces samples. The body weight of mice was recorded and 156 

blood was collected into coagulation tubes and then centrifuged (3500 rpm, 10 min) to obtain 157 

serum prior to storage at –80 oC. The kidneys of each mouse were collected separately, with 158 

one used for As accumulation and speciation analysis and the other used for biochemical and 159 

renal tubule tight junction protein gene expression analyses. Livers were also collected and 160 

divided into two subsamples with one used for As accumulation and speciation analysis and 161 

the other used for biochemical analyses. The intestinal tract from duodenum to cecum was 162 

dissected, with luminal contents collected for gut microbiota analyses. From the middle part 163 

of the ileum, a section of ~0.5 cm was dissected and stored in 10% paraformaldehyde 164 

solution for histopathology analysis, while the remaining ileum was immediately frozen in 165 

liquid nitrogen and stored at –80 oC for tight junction protein gene expression and PTP1B and 166 

MLCK analysis. The remaining intestinal tract tissue was collected as a combined sample for 167 

As accumulation and speciation analysis.  168 

Determination of As Concentration and As Bioavailability. Mouse feces and tissue 169 

(e.g., intestinal tract tissue, liver, and kidney) samples were freeze-dried (Freezone Plus 6, 170 

Labconco, USA), ground to powders, and digested subsequently using diluted HNO3 (v/v = 171 

1:1) and H2O2 (30%) (USEPA Method 3050B) prior to analysis of As concentration by 172 

ICP-MS. Urine samples were centrifuged (3000 rpm, 10 min), filtered (0.45 μm), and diluted 173 

using 0.1 mM HNO3 prior to analysis using ICP-MS.  174 

Prior to its excretion via urine, As is absorbed across the intestinal barrier to blood and 175 

transported to kidney. Studies have shown that the predominant proportion of the absorbed As 176 

is readily excreted via urine, while <1% of absorbed As ends in tissue such as liver and 177 

kidneys [17, 21, 22]. So, analyses of the amount of As excreted in urine is a predominant and 178 

sensitive endpoint for assessing As oral bioavailability. Arsenic urinary excretion factor 179 

(UEF, %) was calculated to determine As oral bioavailability (Eq. 1). 180 

As urine

As

U   V
As UEF (%) =   100                     (1)

D   W





 181 
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where, UAs is the As concentration in cumulative urine samples (g As/mL) excreted by mice 182 

in the last week of exposure, Vurine is the volume of cumulative urine samples (mL), DAs is 183 

the As concentration in diet (6 g As/g), and W is the weight of diet consumption of mice in 184 

the last week of exposure (g).  185 

Arsenic Speciation. Mouse intestinal tract tissue, intestinal contents, liver, kidney, and 186 

feces samples from +As–A, +As+A0.05, and +As+A0.10 groups were extracted twice using a 187 

methanol/Milli-Q water (1:1 v/v, 2 mL) solution for 2 h in an ultrasonic ice water bath. 188 

Extracts were combined, filtered through 0.2 m filters and stored at –80 oC prior to analysis. 189 

Urine samples were diluted 200 times with Milli-Q water. High Performance Liquid 190 

Chromatography (HPLC, Waters e2695, USA) coupled with ICP-MS and equipped with an 191 

anion-exchange column (PRP-X100, 4.1 × 250 mm, 10 m, Hamilton, UK) and a guard 192 

column (Hamilton, UK) was used to separate and identify six As species including iAsIII, 193 

DMAV, MMAV, DMMTAV, MMMTAV, and iAsV. The mobile phase consisted of 3.5 mM 194 

NH4HCO3 and 5% methanol at pH 8.5 with a flow rate of 1.0 mL/min. By comparing the sum 195 

of six As species by HPLC-ICP-MS to As concentration by ICP-MS, the As recovery rates 196 

ranged from 55% to 80%.  197 

Liver and Ileum Histopathology. Liver samples from liquor dose determination 198 

experiments and ileum sections from liquor and As co-exposure experiments (fixed in 10% 199 

paraformaldehyde solution) were embedded in paraffin, sliced to 5 μm thickness with a 200 

microtome (Leica, RM2016, 95 Germany), followed by dehydration and conventional 201 

hematoxylin-eosin (H&E) staining and photography under a light microscope (Nikon Eclipse 202 

CI) [19]. Liver cell shrinkage and structure and defective intestinal tight junction barriers were 203 

assessed.  204 

Serum, Liver, Kidney, and Ileum Biochemical Analysis. Liver samples from liquor 205 

dose determination experiments and serum samples from liquor and As co-exposure 206 

experiments were assessed for malondialdehyde (MDA) concentration and superoxide 207 

dismutase (SOD) and glutathione peroxidase (GSH-px) activities using mouse ELISA Kits 208 

(CB10305-Mu, CB10324-Mu, and CB10476-Mu, Shanghai Keaibo Bio-technology Co., Ltd, 209 
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China). Metallothionine (MT) concentration in liver and kidneys of As exposed mice were 210 

measured using a mouse ELISA Kit (CB10619-Mu, Shanghai Keaibo Bio-technology Co., 211 

Ltd, China) on a Thermo Scientific Microplate Reader (Multiskan FC). Activities of PTP1B 212 

and MLCK in the ileum of As exposed mice were measured using mouse ELISA Kits 213 

(MM-1160M1 and MM-46939M1; Jiangsu Meimian Industrial Co., Ltd). Serum levels of 214 

antidiuretic hormone (ADH) were measured using a mouse ELISA Kit (CB10661-Mu, 215 

Shanghai Keaibo Bio-technology Co., Ltd, China).   216 

Gut Microbiota Characterization. Thirty-six intestinal content samples from –As–A, –217 

As+A0.05, –As+A0.10, +As–A, +As+A0.05, and +As+A0.10 groups were characterized for gut 218 

microflora. For each treatment, two intestinal content samples from the two mice moused in a 219 

husbandry cage were combined and thoroughly mixed using RNA-free water. Stool Genomic 220 

DNA kits (Co., Win Biotech, Beijing, China) were used to extract genomic DNA from 221 

eighteen combined intestinal samples (n = 3 for each treatment). Genomic DNA was 222 

amplified using polymerase chain reaction (PCR) (GeneAmp® 9700, ABI) targeting bacterial 223 

V3–V4 regions of the 16s rRNA gene. A NanoDrop spectrophotometer (Nanodrop ND-1000, 224 

Thermo Fisher) was used to quantify PCR products, while individual samples were 225 

sequenced using an Illumina Novaseq6000 platform (Genepioneer Biotechnologies, Nanjing, 226 

China). Original sequence data were deposited in NCBI SRA (the accession number: 227 

PRJNA932253). Details on sequence data processing are provided in the Supporting 228 

Information (SI).  229 

RNA Isolation and Quantitative RT-PCR. The effect of liquor co-exposure on gene 230 

expression of ileum tight junctions [Zona-Occludins 1 (ZO-1), Cingulin, and Fodrin /Spectrin 231 

alpha] and phosphate transporter (sodium phosphate co-transporter type IIb, NaPi-IIb) that 232 

are involved in paracellular and transcellular iAsV transport were assessed. In addition, the 233 

effect of liquor co-exposure on gene expressions of renal tight junctions [Zona-Occludins 1 234 

(ZO-1), Cingulin, Fodrin /Spectrin alpha, Claudin 1, Claudin 4, Occludin, and Symplekin] 235 

which controls paracellular permeability across the glomerular barrier was also determined.  236 

Total RNA was extracted and purified from fresh ileum sections (~0.5 cm length) and 237 
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kidney sections (~10 mg) using the FastPure○R  Cell/Tissue Total RNA Isolation Kit V2 238 

(Nanjing Vazyme Biotech Co., Ltd.) as per manufacturer’s instructions. RNA concentration 239 

and purity were measured using a Nanodrop spectrophotometer (NanoDrop One, Thermo 240 

Scientific). Reverse transcription of RNA (1 g) to cDNA was conducted using HiScript○R  241 

III RT SuperMix for qPCR (+gDNA wiper) Kit (Nanjing Vazyme Biotech Co., Ltd.). Real 242 

time quantitative RT-PCR (qRT-PCR) was performed using Hieff UNICON○R  qPCR SYBR 243 

Green Master Mix (CAT: 11198ES08, Yeasen Biotech CO., Ltd.) on a Bio-Rad Real-Time 244 

PCR System (T100TM Thermal Cycler). Gene-specific primers are shown in Table S1. mRNA 245 

expression data are expressed using the 2−ΔΔC method [42].  246 

QA/QC and Data Processing. The mean and standard deviation of replicate analyses (n 247 

= 3 or 6) were used to present all data. At least three blanks were included during each 248 

digestion batch. Triplicate measurements were conducted for each sample during analysis 249 

using ICP-MS, with a relative standard deviation being <0.5%. Standard solutions were 250 

measured using ICP-MS with every 20 samples, with recoveries of 95%–105% (n = 10). An 251 

indium isotope (114In) was used as an internal standard to monitor the stability of ICP-MS 252 

analyses, with 114In recoveries being 95%–105%. Student’s t-test was conducted to assess 253 

significant differences between different groups using IBM SPSS Statistics at α = 0.05.  254 

Results and Discussion 255 

Liquor Dose Determination. After 3-week daily gavage of 0.10–0.20 mL of Beijing 256 

Erguotou Spirit per mouse, mouse liver GSH-px and SOD levels were 22%–36% and 28%–257 

30% lower (p < 0.05) compared to control mice that didn’t receive liquor. When doses were 258 

lower (0.02 and 0.04 mL per mouse per day), a decrease in GSH-px and SOD was also 259 

observed (by 9%–19% and 10%–12% respectively compared to control mice), although the 260 

differences were insignificant (p > 0.05) (Figure S1A, B). Liquor consumption led to higher 261 

liver MDA levels (Figure S1C), suggesting oxidative stress in the liver. Liquor doses at 262 

0.02–0.10 mL per mouse per day did not cause obvious liver histopathological changes 263 

compared to control mice, whereas a dose of 0.20 mL led to significant liver cell shrinkage 264 

and irregular structure (Figure S2). These results suggest that the mouse antioxidant system 265 
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may not overcome oxidative stress derived from liquor doses > 0.10 mL per mouse per day. 266 

Hence, daily liquor doses of 0.05 mL and 0.10 mL per mouse per day were selected to assess 267 

alcohol effects on As oral bioavailability thereafter.  268 

As Bioavailability and Retention in the Body. During the 3-week liquor and As 269 

co-exposure studies, +As+A0.05 and +As+A0.10 mice showed significantly (p < 0.05) lower total 270 

diet consumption (90.8 ± 4.75 and 91.2 ± 5.22 vs. 114 ± 14.1 g) compared to mice exposed to 271 

+As–A mice, which led to significantly (p < 0.05) lower cumulative As intake in 272 

alcohol-treated mice (544 ± 28.5 and 545 ± 31.3 vs. 683 ± 84.4 g As) (Figure 1A). However, 273 

during the 3rd week of exposure, significantly (p < 0.05) higher amounts of As were excreted 274 

in the urine of +As+A0.05 and +As+A0.10 mice compared to +As–A mice (169 ± 23.8 and 160 ± 275 

27.6 vs. 121 ± 16.3 g As) (Figure 1B). By calculating As UEF (Eq. 1), As bioavailability 276 

was 78.0% ± 14.1% and 72.9% ± 11.9% in +As+A0.05 and +As+A0.10 mice, significantly (p < 277 

0.05) higher than that of +As–A mice (44.7% ± 7.36%) (Figure 1C). The UEF of +As–A mice 278 

was slightly lower than previous reports of 57.8 ± 4.8to 63.0 ± 7.2% [15]. Compared to +As–A 279 

mice, significantly (p < 0.05) lower As concentrations were observed in the intestinal tract 280 

contents (16.8 ± 0.84 vs. 9.39 ± 3.33 g/g) of +As+A0.10 mice, while As concentrations in 281 

feces of +As+A0.05 and +As+A0.10 mice (20.7 ± 4.78 and 20.1 ± 8.53 g/g) was lower than +As–282 

A mice (31.0 ± 7.72 g/g) (Figure 1D, E). These results suggest that the ingested iAsV was 283 

more readily absorbed with liquor co-exposure, with ~80% of As intake being absorbed and 284 

excreted via urine, leading to less non-bioavailable As remaining in feces.  285 

For +As+A0.05 and +As+A0.10 mice, As concentrations in liver, kidney, and the intestinal 286 

tract tissue were 0.14–0.15, 1.13–1.40, and 2.80–3.69 g/g, significantly lower (p < 0.01) 287 

than those of +As–A mice (0.22 ± 0.01, 1.94 ± 0.52, and 5.59 ± 0.87 g/g) (Figure 1F-H). 288 

These data indicate that although liquor co-exposure increased As oral bioavailability, greater 289 

As absorption from the GI tract did not translate into greater As accumulation in tissue.  290 

Mass balance calculation showed that in +As–A mice, 44.7% and 42.1% of total As 291 

intake was recovered in urine and feces, while As accumulation in liver, kidneys, and 292 

intestine contributed only 0.01%–0.08% (Figure 1I). In comparison, in +As+A0.05 and 293 
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+As+A0.10 mice, the recovery of As in urine was elevated to 72.9%–78.0%, while that of As in 294 

feces was reduced to 11.4%–14.3% (Figure 1J, K), confirming that As bioavailability was 295 

increased with liquor consumption.  296 

Gut Microbiota. Alcohol consumption can cause an overgrowth of gut microbiota and 297 

re-shape the gut microbial community, causing an imbalance of gut bacteria [24,43], which may 298 

influence As metabolism and bioavailability [44]. To explain the higher As oral bioavailability 299 

in the presence of alcohol, the composition of gut microbiota was determined for control and 300 

exposed mice.  301 

Alteration of mouse gut microbial diversity and community compositions with As 302 

exposure has been investigated.40 In this study, +As–A mice showed lower gut microbial 303 

diversity than –As–A mice, as suggested by a lower number of OTUs unique to +As–A mice 304 

than those unique to –As–A mice (18 vs. 41) (Figure 2A). In addition, compared to –As–A 305 

mice, the observed species diversity index was significantly lower in +As–A mice (Figure 2B), 306 

confirming that As exposure lowered gut bacterial diversity. In addition, there were 307 

significant differences in gut microbial community compositions between +As–A and –As–A 308 

mice. Compared to –As–A mice, As exposure in +As–A mice increased relative abundance of 309 

Lactobacillus (73.2% vs 40.2%) and Catenibacterium (9.23% vs 0.20%), while growth of 310 

Staphlococcus (0.73% vs 18.3%), Akkermansia (0.002% vs 3.01%), Parabacteroides (0.22% 311 

vs 3.67%), and Corynebacterium (0.64% vs 10.0%) was significantly inhibited in +As–A mice 312 

compared to –As–A mice (Figure 2C). Principal coordinates analysis (PCoA) according to 313 

OTU based on Bray_Curtis distance showed separation between +As–A and –As–A mice, 314 

indicating As exposure reshaped the gut microbial community in this study.  315 

Regardless of the presence or absence of As, liquor consumption significantly influenced 316 

the composition of gut microbiota, stimulating the growth of many minor bacteria, and 317 

leading to higher bacterial diversity. This was reflected by higher numbers of OTUs unique to 318 

–As+A0.05 and –As+A0.10 mice (63 and 80) and +As+A0.05 and +As+A0.10 mice (58 and 118) 319 

compared to –As–A and +As–A mice (41 and 18) (Figure 2A). Also, compared to –As–A and 320 

+As–A mice, the four groups of liquor-treated mice showed significantly (p < 0.05) greater 321 
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variability in species diversity, demonstrating higher α diversity (Figure 2B). The higher 322 

species diversity caused by liquor treatment may be due to the enrichment of many minor 323 

bacteria after alcohol ingestion. As a readily available carbon and energy source, ethanol in 324 

the intestine can be used as a growth substrate and stimulate the growth of gut bacteria that is 325 

initially low in abundance [18-20].  326 

At the genus level, +As+A0.05 and +As+A0.10 mice showed significantly (p < 0.05) lower 327 

relative abundance of Lactobacillus (25.9%–30.9% vs. 73.2%) and Catenibacterium (1.74%–328 

4.59% vs. 9.23%) compared to +As–A mice (Figure 2C). In comparison, many bacteria such 329 

as Staphlococcus, Akkermansia, Parabacteroides, Desulfovibrio, and Lachnospiraceae 330 

UCG-006 that were detected in +As–A mice at low abundances (0.73%, 0.002%, 0.22%, 331 

0.81%, and 0.71%) were significantly (p < 0.05) enriched in the gut of +As+A0.05 and 332 

+As+A0.10 mice (20.9%–28.8%, 6.67%–7.13%, 0.90%–2.82%, 1.75%–2.68% and 3.55%–333 

3.79%). A decrease in potentially beneficial bacteria Lactobacillus and an increase in the 334 

proportion of Proteus, Fusobacteria, Enterobacteriaceae, and Halomonadaceae have been 335 

reported in alcoholic humans [32, 45]. PCoA based on Bray_Curtis distance showed separation 336 

between +As–A mice with +As+A0.05 and +As+A0.10 mice and between –As–A mice with –337 

As+A0.05 and –As+A0.10 mice (Figure 2D), confirming that liquor co-exposure significantly 338 

altered gut microbial community composition. 339 

As Metabolism in the GI Tract and Post-Absorption. Gut microbiomes participate in 340 

As biotransformation in the GI tract, converting iAsV to iAsIII, MMAV, and DMAV [23, 24]. In 341 

the intestinal tract contents of As-treated mice, ~60% of iAsV was transformed to other 342 

species, as showed by iAsV, iAsIII, MMAV, MMMTAV, DMAV, and DMMTAV contribution 343 

of 33.8%–40.9%, 30.5%–43.5%, 0.95%–1.25%, 4.0%–8.68%, 5.41%–6.53%, and 8.60%–344 

12.8% to total As concentration (Figure 3A). In feces, DMAV became the predominant As 345 

species (48.5–65.0%), followed by MMAV (17.2%–22.8%), whereas iAsV, iAsIII, MMMTAV, 346 

and DMMTAV contribution sharply decreased to 12.4%–21.6%, 2.36%–3.57%, 2.27%–347 

5.36%, and 0.23%–1.25% (Figure 3B). Passing through the GI tract, iAsV and iAsIII were 348 

more readily absorbed into the blood than MMAV and DMAV [22, 23], which in turn may cause 349 

Jo
urn

al 
Pre-

pro
of



14 
 

a decrease in iAsV and iAsIII and an increase in the percent contribution of MMAV and DMAV 350 

in feces.  351 

Following absorption, the transformation of highly toxic inorganic As to less toxic 352 

DMAV in tissue is an important As detoxification mechanism for mammals [46, 47]. In this 353 

study, As biotransformation after absorption was observed, with DMAV becoming the 354 

predominant As species. In small intestinal tract tissue of +As–A, +As+A0.05, and +As+A0.10 355 

mice, 24.9%–35.1%, 7.55%–12.7%, 4.84%–7.95%, 42.4%–50.2%, and 2.71%–11.03% of 356 

total As was iAsV, iAsIII, MMAV, DMAV, and DMMTAV, respectively (Figure 3C). In the 357 

liver and kidney, DMAV contribution was 67.6%–75.8% and 67.1%–73.1%, respectively 358 

(Figure 3D, E). In urine, DMAV contribution was 83.3%–91.2%, with 7.60%–15.6% of total 359 

As being present as iAsV (Figure 3F). Our previous study showed similar results that DMAV 360 

became the predominant As species present in liver, kidney, and urine of mice exposed to 361 

iAsV [22].  362 

Arsenic speciation biotransformation in the GI tract may involve gut microbiota [44]. 363 

However, while gut microbiota differed significantly between +As+A0.05, +As+A0.10, and +As–364 

A mice (Figure 2), their ability to metabolize inorganic As to methylated As in the GI tract 365 

may not be significantly affected by liquor consumption, as suggested by similar As 366 

speciation in the intestinal tract contents of these mice (Figure 3A). In addition, As speciation 367 

in small intestinal tract tissue, liver, kidney, and urine of liquor-treated mice was similar to As 368 

control mice, although some minor but insignificant (p > 0.05) differences were observed. 369 

Our previous study showed that although adult and weanling mice differed significantly in 370 

the composition of mouse gut microbiota, their As biotransformation in the GI tract, blood, 371 

liver, kidney, and urine was similar [22]. Thereby, gut microbiota and As biotransformation 372 

alterations may not be important factors influencing higher As oral bioavailability and lower 373 

As tissue accumulation in liquor-treated mice.  374 

Intestinal and Renal Permeability. Compared to As exposed control mice, relative 375 

expression of NaPi-IIb in the ileum of liquor-treated mice was significantly reduced (Figure 376 

4D), suggesting possible down-regulation of phosphate transporter expression involved in 377 
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iAsV transcellular transport. These results were contrary to the significantly higher As 378 

bioavailability in liquor-treated mice (Figure 1C), suggesting that altered iAsV transcellular 379 

transport via phosphate transporters was not a mechanism contributing to elevated As 380 

bioavailability. 381 

Defective intestinal tight junction barriers were observed in mice with liquor 382 

co-exposure, which may be an important contributor to greater As bioavailability. H&E 383 

staining of ileum sections showed that enterocytes of +As–A mice were tightly connected with 384 

each other (Figure 4A), whereas liquor co-exposure caused loosened connections between 385 

intestinal enterocytes of +As+A0.05 and +As+A0.10 mice, suggesting damaged tight junctions 386 

(Figure 4B, C). This was also evidenced by significantly (p < 0.05) lower relative mRNA 387 

expression of genes encoding for tight junction proteins including Cingulin (0.10 ± 0.13 and 388 

0.16 ± 0.15 vs. 1.00 ± 0.24), Fodrin (0.20 ± 0.17 and 0.21 ± 0.18 vs. 1.02 ± 0.41), and ZO-1 389 

(0.12 ± 0.05 and 0.15 ± 0.05 vs. 1.03 ± 0.25) in the ileum of +As+A0.05 and +As+A0.10 mice 390 

compared to +As–A mice (Figure 4E-G). Significantly lower relative expression of Cingulin 391 

(0.38 ± 0.14 and 0.63 ± 0.09 vs. 1.04 ± 0.35), Fodrin (0.88 ± 0.38 and 0.52 ± 0.06 vs. 1.11 ± 392 

0.31), and ZO-1 (0.63 ± 0.22 and 0.55 ± 0.29 vs. 1.11 ± 0.13) was also observed in the ileum 393 

of –As+A0.05 and –As+A0.10 mice compared to –As–A mice (Figure S3). Studies have shown a 394 

similar decrease in intestinal tight junctions with alcohol consumption, weakening intestinal 395 

barrier function and allowing epithelial penetration of luminal bacteria and/or 396 

bacterial-derived lipopolysaccharides to the blood, causing alcoholic liver disease [48-50].  397 

To reveal mechanisms underlying damaged intestinal tight junctions with alcohol, levels 398 

of MLCK and PTP1B in the ileum were measured. Levels of PTP1B (a phosphatase with a 399 

predominant role of dephosphorylation) in the ileum of +As+A0.05 and +As+A0.10 mice (0.59 ± 400 

0.16 and 0.54 ± 0.09 ng/g) were significantly (p < 0.01) lower than that (0.81 ± 0.13 ng/g) of 401 

+As–A mice (Figure 4H), while levels of MLCK (a kinase with a dominant role of light chain 402 

phosphorylation) were consistent between +As+A0.05 and +As+A0.10 mice with +As–A mice 403 

(Figure 4I). These results suggested that the liquor-induced damage of paracellular tight 404 

junctions was mainly due to the inhibition of intercellular PTP1B in the intestine instead of 405 
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alcohol’s direct role of MLCK activation. Inhibited PTP1B activities can result in increased 406 

tyrosine phosphorylation of β-catenin and E-cadherin, which can lead to a loss of the 407 

intercellular junctional complexes between E-cadherin and β-catenin and a loss of the 408 

homophilic interaction between extracellular domains of E-cadherin, eventually leading to 409 

damaged paracellular tight junctions and increased intestinal paracellular permeability [33]. 410 

With damaged tight junctions, intestinal permeability to As may be enhanced, thus 411 

contributing to higher As bioavailability in alcohol-treated mice (Figure 1C). 412 

Commonly, higher As bioavailability leads to higher As accumulation in tissue such as 413 

liver and kidney [17]; however, this was not the case for liquor-treated mice (Figure 1F-H), 414 

suggesting a unique role of alcohol consumption in the pulling out of As from the body to 415 

urine. One probable contributor may be the alcohol-induced damage to glomerular tight 416 

junctions, increasing the permeability of the glomerular capillary wall and leading to elevated 417 

transglomerular passage of solutes such as As in the glomerular capillaries to urine. In this 418 

study, expression of genes encoding for renal tight junctions including Claudin 1 (0.39 ± 0.17 419 

and 0.29± 0.28 vs. 1.37 ± 1.08), Claudin 4 (0.28 ± 0.26 and 0.47 ± 0.37 vs. 1.00 ± 0.12), 420 

ZO-1 (0.32 ± 0.11 and 0.83 ± 0.61 vs. 1.01 ± 0.18), Fodrin (0.42 ± 0.20 and 0.44 ± 0.35 vs. 421 

1.25 ± 0.80), Cingulin (0.43 ± 0.17 and 0.67 ± 0.41 vs. 1.28 ± 0.78), Occludin (0.47 ± 0.20 422 

and 0.52 ± 0.25 vs. 1.18 ± 0.70), and Symplekin (0.54 ± 0.06 and 0.38 ± 0.17 vs. 1.01 ± 0.17) 423 

were significantly (p < 0.05) lower in +As+A0.05 and +As+A0.10 mice compared to +As–A mice 424 

(Figure 5A-G). Studies showed that the tight junction of glomerular parietal epithelial cells 425 

(PECs) is made of claudin-1, occludin and ZO-1 [51-52]. The observed decrease in expression 426 

of Claudin 1, Occludin, and ZO-1 suggested an increase in the permeability of the glomerulus. 427 

Glomerulus plays an important role in the production of urine and the excretion of harmful 428 

metabolites via glomerular filtration. The glomerular filtration is controlled by the glomerular 429 

barrier, which consists of three components: glomerular endothelium, glomerular basement 430 

membrane, and glomerular epithelium (podocytes) with slit diaphragm [53]. Studies have 431 

shown that disruption of endothelial adherens junctions can induce gaps between endothelial 432 

cells and increase endothelial permeability, causing a leaky glomerular “barrier” [54]. With 433 

increased endothelial permeability, As in the glomerular capillary may be more readily 434 
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filtered across the glomerular barrier, thus facilitating As excretion from the body to urine.  435 

Another likely contributor to reduced As retention in the body of liquor-treated mice 436 

may be the diuretic function of alcohol [36, 37]. In this study, serum concentrations of the 437 

antidiuretic hormone (ADH) were significantly (p < 0.05) lower in the +As+A0.05 mice 438 

compared to +As–A mice (2.83 ± 0.59 vs. 5.40 ± 1.10 pg/mL) (Figure 5H). ADH is a 439 

hormone that regulates the re-absorption of free water in the collecting tubule by increasing 440 

the permeability of the luminal membranes of the principal cells of the collecting ducts of the 441 

kidney [55-57]. In the kidney, ADH acts through V2 vasopressin receptors, which cause the 442 

aquaporin 2 channel to fuse with the luminal membrane via protein kinase activation, 443 

eventually leading to re-absorption of water via aquaporin 2 and concentrating the urine [55-57]. 444 

In this study, reduced serum ADH levels in liquor-treated mice indicated that the 445 

re-absorption of water was likely reduced when primary urine passed through the tubule, 446 

leading to more urine being excreted. As a side-effect of this process, a higher amount of As 447 

can be eliminated from the body via urine excretion, thereby contributing to lower As 448 

retention in tissue such as liver and kidney. The decreased serum ADH may be one of the 449 

body’s defense mechanisms to overcome the stress and toxicity of alcohol, aiming to enhance 450 

urine production and excretion to rapidly excrete absorbed alcohol via urine.  451 

As Toxicity. Although As bioavailability was enhanced following liquor co-exposure, 452 

As toxicity was not higher. Serum GSH (1.50 ± 0.05 and 1.42 ± 0.07 vs. 1.46 ± 0.07 ng/mL), 453 

SOD (1.43 ± 0.06 and 1.38 ± 0.04 vs. 1.38 ± 0.06 ng/mL), and MDA (4.80 ± 0.19 and 4.62 ± 454 

0.15 vs. 4.66 ± 0.11 nmol/mL) levels were comparable among +As+A0.05, +As+A0.10, and +As–455 

A mice (Figure 6A-C). One reason may be the lower As accumulation in tissue in 456 

liquor-treated mice, which may counteract the possible toxicity increase from higher As 457 

bioavailability and liquor intake. Another reason may be the significantly (p < 0.05) higher 458 

MT concentration in the liver (5.88 ± 0.60 and 7.58 ± 1.63 vs. 5.19 ± 0.67 ng/g) and kidney 459 

(7.20 ± 1.56 and 8.60 ± 0.96 vs. 5.60 ± 0.58 ng/g) of +As+A0.05 and +As+A0.10 mice compared 460 

to +As–A mice (Figure 6D, E). Higher tissue MT expression with alcohol exposure has been 461 

reported [58, 59], which may be a defense mechanism to cope with alcohol stress. MT exhibits a 462 
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strong As-binding capacity and detoxification function, likely contributing to the lack of 463 

increased toxicity with As-liquor co-exposure.  464 

Environmental Implication. Using a mouse bioassay, increased intestinal permeability, 465 

increased glomerular filtration, and reduced serum ADH were observed following liquor 466 

consumption, which contributed to enhanced As oral bioavailability but lower As 467 

accumulation in tissue. These results suggest that although liquor consumption may increase 468 

As oral bioavailability to humans, it may also facilitate the enhanced elimination of As from 469 

the body via urine, thereby reducing As accumulation in tissue and not inducing additional 470 

oxidative stress and damage. Alcohol drinking may also have significant impacts on 471 

bioavailability and accumulation of other co-contaminants that may be present with As, such 472 

as cadmium and lead. Synergistic and / or antagonistic effects on metal(loid) uptake in the 473 

presence and absence of alcohol co-exposure warrant further studies. Since human alcohol 474 

consumption often shows sex- and age-dependent differences, it is also worth investigating 475 

the different responses of females and males and young and old consumers to alcohol 476 

consumption. The limitation of the current study is that only mouse bioassay was employed. 477 

To demonstrate the effects of alcohol consumption on As exposure in alcohol drinkers, 478 

epidemiological studies investigating variation in urinal As levels between non-alcoholic and 479 

alcohol drinkers are warranted.  480 
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670 

 671 

Figure 1. Effects of alcohol consumption on cumulative As intake via diet over a 3-week 672 

period (A), cumulative As excreted in urine during the 3rd week of exposure (B), urinary As 673 

excretion factor during the 3rd week of exposure (C), As concentration in intestinal luminal 674 

contents (D), feces (E), liver (F), kidney (G), and intestine tissue (H) after the 3-week period 675 

for mice fed with diets containing 6 g As/g. Mass balance calculation showing recovery of 676 

As intake in As in mouse urine, feces, liver, kidneys, intestine, and As retention in other 677 

organs (I–K). +As–A represents mice fed with diet containing As without alcohol co-exposure; 678 

+As+A0.05 and +As+A0.10 represent mice fed with diets amended with As and daily gavaged 679 
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with 0.05 and 0.10 mL Chinese liquor (52o ethanol Beijing Erguotou Spirits) per mouse over 680 

a 3-week period. * and **, significant difference at p < 0.05 and 0.01, respectively. 681 
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 682 

Figure 2. Variation in the composition of mouse gut microbiota among non-As and As 683 

exposed mice without and with alcohol co-exposure. (A) The petal plot shows the number of 684 

shared OTUs as well as the number of unique OTUs among mice with no As and no alcohol 685 

exposure (–As–A), mice with no As but with daily repeated gavage of 0.05 and 0.10 mL of 686 

Beijing Erguotou Spirit (–As+A0.05, –As+A0.10), mice with As exposure but no alcohol 687 

exposure (+As–A), and mice with both As and alcohol exposure (+As+A0.05, +As+A0.10). (B) 688 

Boxplot of α-diversity of mouse gut bacterial communities of different treatment groups. (C) 689 

Composition of mouse gut microbiota at the genus level. Genera showing levels with < 1% of 690 

total number of reads were categorized as “Other.” (D) Principal coordinates analysis 691 

revealing the distribution of mouse gut bacterial communities according to OTU based on 692 

Bray_Curtis distance.  693 
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 694 

Figure 3. Effect of alcohol consumption on As speciation in intestinal tract contents (A), 695 

feces (B), intestine tissue (C), liver (D), kidney (E), and urine (F) of mice fed with diets 696 

containing 6 g As/g. 697 
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698 

 699 

Figure 4. Hematoxylin-eosin (H&E) staining showing ileum morphologies of mice fed with 700 

diets amended with As (6 g As/g) without and with alcohol co-exposure (A-C). Comparison 701 

of the ileum relative expression of NaPi-IIb in alcohol-treated mice to As exposed control 702 

mice (D). Comparison of the relative expression of genes encoding for tight junctions (TJs) in 703 

the ileum including Cingulin (E), Fodrin (F), and Zona-Occludins 1 (ZO-1, G) between 704 

alcohol-treated and As exposed control mice. Comparison of PTP1B (H) and MLCK (I) 705 

levels in the ileum between alcohol-treated and As exposed control mice. ***, significant 706 

difference at p < 0.001. 707 Jo
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 708 

Figure 5. Comparison of the relative expression of genes encoding for renal glomerular tight 709 

junctions (TJs) including Claudin 1 (A), Claudin 4 (B), Zona-Occludins 1 (ZO-1, C), Fodrin 710 

(D), Cingulin (E), Occludin (F), and Symplekin (G), and the serum concentration of 711 

antidiuretic hormone (ADH, H) between mice fed with diets amended with As (6 g As/g) 712 

without and with alcohol co-exposure.  713 
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714 

Figure 6. Effect of alcohol consumption on serum glutathione peroxidase (GSH-px, A) and 715 

superoxide dismutase (SOD, B) activities, serum malondialdehyde (MDA, C) level, 716 

metallothionine (MT) concentrations in liver (D) and kidney (E) in mice fed with diets 717 

amended with 6 g As/g.  718 
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Highlights 

➢ Greater As oral bioavailability in mice with alcohol co-exposure. 

➢ Lower tissue As accumulation in mice with alcohol co-exposure. 

➢ Alcohol ingestion damaged intestinal tight junction and caused higher As 

absorption via intestinal paracellular pathways. 

➢ Alcohol ingestion reduced glomerular tight junctions and increased glomerular As 

filtration.  

➢ Diuretic function of alcohol consumption also contributed to lower tissue As 

accumulation.  
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