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Abstract

Chronic ethanol consumption is not only associated with the alteration of metabolic profiles in 

biofluids, but also the composition of the gut microbiome. Our understanding of the importance of 

the intestinal microbiota as well as the disturbances elicited by ethanol intervention is limited by 

the fact that previous analyses have primarily focused on biofluids and liver tissue metabolome; 

the metabolic profiles of the gastrointestinal (GI) contents are rarely investigated. In this study, we 

applied a metabonomics approach using a high performance liquid chromatography time of flight 

mass spectrometry (HPLC-TOFMS) and gas chromatography mass spectrometry (GC-MS) to 

characterize the metabolic alterations of the contents within the GI tract (stomach, duodenum, 

jejunum, ileum, cecum, colon, and rectum) in male Sprague Dawley rats following 8 weeks 

ethanol exposure. We obtained a snapshot of the distinct changes of the intestinal content 

metabolite composition in rats with ethanol exposure, which indicated a profound impact of 

ethanol consumption on the intestinal metabolome. Many metabolic pathways that are critical for 

host physiology were affected, including markedly altered bile acids, increased fatty acids and 

steroids, decreased carnitines and metabolites involved in lipid metabolism, a significant decrease 

of all amino acids and branched chain amino acids, and significantly decreased short chain fatty 
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acids except for acetic acid which rapidly elevated as a product of ethanol metabolism. These 

results provide an improved understanding of the systemic alteration of intestinal metabolites in 

mammals and the interplay between the host and its complex resident microbiota, and may aid in 

the design of new therapeutic strategies that target these interactions.

Table of Contents Synopsis

Ethanol consumption is associated with the alteration of metabolic profiles in the composition of 

the gut microbiome. Mass spectrometry based metabonomics study revealed distinct alterations of 

the intestinal content metabolites in the whole gastrointestinal tract (stomach, duodenum, jejunum, 

ileum, cecum, colon, and rectum) in male Sprague Dawley rats following 8 weeks ethanol 

exposure, which were characterized by increased fatty acids and steroids, a significant decrease of 

all amino acids and branched chain amino acids, and significantly decreased short chain fatty acids 

except for acetic acid.

Keywords

gastrointestinal tract; chronic ethanol consumption; short chain fatty acid; branched chain amino 
acid; metabonomics; gut microbiota; high performance liquid chromatography mass spectrometry; 
gas chromatography mass spectrometry

Introduction

Chronic alcohol consumption is often associated with alcoholic liver diseases such as fatty 

liver, steatohepatitis, and cirrhosis,1, 2 which is a significant cause of morbidity and mortality 

globally.3, 4 An epidemiologic study has estimated that for every 1-liter increase in per capita 

alcohol consumption (independent of type of beverage), there was a 14% increase in 

cirrhosis in men and 8% increase in women,5 and in 2003, 44% of all deaths from liver 

disease were attributed to alcohol.6 According to a 2007 National Survey on Drug Use and 

Health (NSDUH), adult alcohol use is the most prevalent among Whites (59.8%), least 

among Asian Americans (38.0%), and of similar rates among Native Americans (i.e., 

American Indians and Alaska Natives; 47.8%), Hispanics (46.3%), and Blacks (43.8%). 

Native Americans have the highest prevalence (12.1%) of heavy drinking (i.e., five or more 

drinks on the same occasion for 5 or more of the past 30 days); followed by Whites (8.3%) 
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and Hispanics (6.1%).7 In the last several decades, much research has been undertaken in 

rodent models to gain mechanistic insights into the biological effects of ethanol 

exposure.8–10 Recent metabonomics studies have been extensively conducted to profile 

global changes in endogenous urine, serum and liver metabolites in rodents in response to 

ethanol exposure11–16 and profound metabolic changes were observed, particularly in fatty 

acids13 and branched chain amino acids (BCAAs).17 It has been reported that chronic 

ethanol consumption is not only associated with the alteration of metabolic profiles in 

biofluids and liver, but also the content and composition of the gut microbiota.2, 18–21 It is 

also well documented that human gut microbiota can exert important health effects through 

the production of bacterial metabolites, including vitamins that are essential for human 

survival such as vitamins K and B,22 polyunsaturated fatty acids (PUFA) such as conjugated 

α-linolenic acid and conjugated linolenic acid, short chain fatty acids (SCFAs), neuroactive 

compounds such as 4-aminobutyric acid (GABA) and histamine,23 polysaccharide A and a 

variety of other proteins, peptides and nucleotides with immunomodulatory and anti-

inflammatory properties.22 These changes of human enteric metabolites resulting from 

ethanol-induced alteration of the gut microbiota are important for understanding the 

disrupted whole-body metabolic homeostasis and the implication in the development of a 

variety of metabolic diseases such as liver conditions and cancer. Several works have been 

delineated the topographical metabolic variations in the intestinal contents and also 

demonstrated the potential of metabolic profiling as a useful approach for understanding 

host−microbiome interactions.24, 25 However, there are very few reports that systemically 

delineated the luminal content metabolic profiles in the whole gastrointestinal (GI) tract 

includes stomach, duodenum, jejunum, ileum, cecum, colon, and rectum, nor is there any 

information available on the dynamic changes of the metabolic profiles during chronic 

ethanol consumption that would allow us to understand such ethanol-mediated gut-liver 

metabolic interactions.

In this study, we applied a comprehensive metabolite profiling method using a high 

performance liquid chromatography time of flight mass spectrometry (HPLC-TOFMS) to 

characterize the metabolic alterations of the whole GI tract contents in stomach, duodenum, 

jejunum, ileum, cecum, colon, and rectum in male Sprague Dawley rats following 8 weeks 

ethanol consumption. BCAAs, closely related to ethanol induced liver injury,17 and SCFAs, 

the abundant intestinal metabolites, play important roles in the alcohol-induced 

pathophysiological process. However, current HPLC-TOFMS-based profiling approach may 

not be able to detect or generate accurate data due to the volatile properties of SCFAs and 

the very similar chemical and physical properties of leucine and isoleucine. Therefore, a 

targeted metabonomics approach using gas chromatography-mass spectrometry (GC-MS) 

was used to quantitatively measure specific metabolic panels of SCFAs and BCAAs, 

complementary to the HPLC-TOFMS-based profiling approach.

Materials and Methods

Chemicals and Reagents

All compound reference standards including SCFAs and BCAAs and propyl derivatives 

(propyl acetate, propyl propanoate, propyl isobutyrate, propyl butyrate, propyl 
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isopentanoate, and propyl hexanoate) were purchased from Sigma-Aldrich (St. Louis, MO). 

Stable isotopes (acetic acid-d4, propanoic acid-d2, 2-methyl-butyric acid-d3, butyric acid-

d2, pentanoic acid-d9, hexanoic acid-d3, heptanoic acid-d7, valine-d8, and leucine-d10) 

used for quantification were obtained from CDN Isotopes (Pointe-Claire, Quebec, Canada). 

HPLC grade propanol (PrOH), pyridine (Py), PCF, hexane, methanol, acetonitrile, water, 

ammonium acetate, and acetic acid were obtained from Sigma-aldrich (St. Louis, MO).

Animals and Ethanol Feeding Experiments

Animal experiments were carried out according to experimental procedures approved by the 

Institutional Animal Care and Use Committee. Three-month old male Sprague Dawley rats 

(Charles River, Wilmington, MA) were randomly divided into two groups: control group (n 

= 5) and ethanol consumption group (n = 9), and pair-fed with the modified Lieber-DeCarli 

control and ethanol liquid diet, respectively, for 8 weeks. The calories of the control liquid 

diet were derived 16% from protein, 34% from fat, and 50% from carbohydrate. The dietary 

compositions of protein and fat in the ethanol liquid diet were the same as in the control 

liquid diet, and the only difference was part of carbohydrate calories in the control liquid 

diet was replaced by ethanol in the ethanol liquid diet. To promote generation of alcohol 

toxicity, a step-wise ethanol feeding procedure was introduced for increasing alcohol intake 

and eliminating alcohol tolerance. The ethanol content (%, w/v) was 5%, 5.14%, 5.29% and 

5.43% for 1–2, 3–4, 5–6 and 7–8 weeks, respectively. Accordingly, the ethanol calories 

consists of 35%, 36%, 37% and 38% total dietary calories for 1–2, 3–4, 5–6 and 7–8 weeks, 

respectively. The diet compositions of ingredients and calories are listed in Supplementary 

Table S1. To achieve equal daily calories intake, the ethanol group was fed ad libitum and 

the control group was pair-fed the amount consumed by the ethanol-fed mice in the prior 

day. All ingredients for the liquid diets were obtained from Dyets (Bethlehem, PA) with the 

exception of ethanol, which was purchased from Sigma-Aldrich (St. Louis, MO). Rats were 

anesthetized with isofluorane at the end of week 8 and GI contents were harvested for 

analysis. Duodenum was defined as pylorus to the ligament of Treitz. Because there are no 

anatomical boundaries apart jejunum and ileum, we followed a rough definition in a length 

ratio of 3:2 (jejunum : ileum) as described previously.26, 27

Assessment of Alcoholic Liver Injury

Blood samples were drawn from the dorsal vena cava. Serum was obtained by centrifuging 

the blood at 8,000 × g for 15 minutes at 4°C. Serum alanine aminotransferase (ALT) activity 

was colorimetrically measured using Infinity ALT Reagent provided by Thermo Scientific 

(Waltham, MA). Liver tissues were fixed in 10% formalin, and processed for paraffin 

embedding. Then paraffin sections were cut at 5 µm and processed for hematoxylin and 

eosin (H&E, Dako, Carpinteria, CA) staining to assess the histological features of steatosis 

and inflammation.

Metabolic Profiling

The metabolic profiling was performed according to our previous published method.28 GI 

contents (100 mg) were mixed with 500 µL of ice-cold water. The mixture was vortexed for 

4 min and then centrifuged at 13,200 rpm at 4 °C for 10 min. A 300 µL aliquot of 

supernatant was transferred to a 2 mL tube and the pellets were further extracted with ice-
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cold methanol using the same protocol. Another 300 µL aliquot of supernatant was added to 

the same tube as the initial aliquot, and 10 µL of internal standard (5 µg/mL p-

chlorophenylalanine in water) was added. The extraction was vortexed for 30 s and 

centrifuged at 13,000 rpm at 4 °C for 20 min. The resulting supernatant was used for LC-MS 

analysis.

An Agilent HPLC 1200 system equipped with a binary solvent delivery manager and a 

sample manager (Agilent Corporation, Santa Clara, CA) was used with chromatographic 

separations performed on a 4.6 × 150 mm 5 µm Agilent ZORBAX Eclipse XDB-C18 

chromatography column. The LC elution conditions were optimized as follows: isocratic at 

1% B (0–0.5 min), linear gradient from 1% to 20% B (0.5–9.0 min), 20–75% B (9.0–15.0 

min), 75–100% B (15.0–18.0 min), isocratic at 100% B (18–19.5 min); linear gradient from 

100% to 1% B (19.5–20.0 min) and isocratic at 1% B (20.0–25.0 min) with a flow rate of 

0.4 mL/min. The column was maintained at 30 °C. A 5 µL aliquot sample was injected into 

the column. Mass spectral data was acquired using an Agilent model 6220 MSD TOF mass 

spectrometer equipped with a dual sprayer electrospray ionization source (Agilent 

Corporation, Santa Clara, CA). The system was tuned for optimum sensitivity and resolution 

before analysis. Agilent API-TOF reference mass solution kit was used to obtain accurate 

mass time-of-flight data in both positive and negative mode operation. The TOF mass 

spectrometry was operated with the following optimized conditions: (1) ES+ mode, capillary 

voltage 3.5 kV, nebulizer 45 psig, drying gas temperature 325 °C, drying gas flow 11 L/min, 

and (2) ES- mode, similar conditions as ES+ mode except the capillary voltage was adjusted 

to 3.0 kV. During metabolite profiling, both plot and centroid data were acquired for each 

sample from 50 to 1,000 Da over a 25 min analysis time.

The acquired data files from LC-TOF-MS were processed using Agilent MassHunter 

Qualitative Analysis Program (vB.05.00, Agilent) and XCMS package,29 respectively. The 

resulting data from the LC-MS platform was analyzed using multivariate statistical tools to 

establish characteristic metabolic profiles associated with different response phenotypes. 

Multivariate statistical analyses, including principal component analysis (PCA) and 

orthogonal partial least squares projection to latent structures-discriminant analysis (OPLS-

DA) were performed by SIMCA-P 12.0 software (Umetrics, Umeå, Sweden). Variable 

importance in the projection (VIP) ranks the overall contribution of each variable to the 

OPLS-DA model, and those variables with VIP > 1.0 are considered relevant for group 

discrimination. In SIMCA-P package, a typical cross validation procedure was conducted by 

leaving 1/7th samples out in each round so as to validate the OPLS-DA model against 

overfitting. All of the differentially expressed compounds in GI content were selected by 

comparing the compounds in the ethanol intervention group with the control group using a 

univariate statistical analysis, Student’s t test. We regarded p values of < 0.05 as significant.

Metabolites annotation was performed by comparing the accurate mass (m/z) and retention 

time (Rt) of reference standards in our in-house library and the accurate mass of compounds 

obtained from the web-based resources such as the Human Metabolome Database (http://

www.hmdb.ca/).
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Quantitative Analysis of SCFAs and BCAAs

The quantitative analysis of SCFAs and BCAAs was performed according to our previous 

reported method.30

a) Sample preparation—Briefly, each accurate weighted GI content samples (50–150 

mg) was mixed with a total of 1000 µL of 0.005 M aqueous NaOH containing IS (5 µg/mL 

hexanoic acid-d3), which then subjected to homogenization for 10 min and centrifuged at 

13,200 g at 4 °C for 20 min. A 500 µL aliquot of supernatant was transferred into a 10 mL 

Corning disposable glass centrifuge tube, and 300 µL of water was added to this aliquot. An 

aliquot of 500 µL PrOH/Py mixture solvent (3:2, v/v) and 100 µL of PCF were subsequently 

added to the glass tube. After briefly vortexed (10 s), the derivatization reaction proceeded 

under ultrasonication for 1 min. After derivatization, the derivatives were extracted by a two-

step extraction with hexane and an aliquot of 300 µL derivative extraction (upper hexane 

layer) was transferred to a sampling vial. An aliquot of 10 µL n-alkane series was added, 

serving as the retention index and quality control. The resultant mixture was briefly vortexed 

prior to GC-MS analysis.

b) GC-MS analysis—Each 1 µL aliquot of derivatives was injected in splitless mode into 

an Agilent 7890A gas chromatography system coupled to an Agilent 5975C inert XL EI/CI 

mass spectrometric detector (MSD, Agilent, Santa Clara, CA). Chromatographic separation 

was performed on an HP-5ms capillary column coated with 5% phenyl-95% 

methylpolysiloxane (30 m × 250 µm i.d., 0.25 µm film thickness, Agilent J & W Scientific, 

Folsom, CA) with helium as carrier gas at a constant flow rate of 1 mL/min. The initial oven 

temperature was held at 50 °C for 2 min, ramped to 70 °C at a rate of 10 °C min−1, to 85 °C 

at a rate of 3 °C min−1, to 110 °C at a rate of 5 °C min−1, to 290 °C at a rate of 30 °C min−1, 

and finally held at 290 °C for 8 min. The temperatures of the front inlet, transfer line, and 

electron impact (EI) ion source were set at 260, 290, and 230 °C, respectively. The electron 

energy was −70 eV, and the mass spectral data was collected in a full scan mode (m/z 30–

600).

c) Data analysis—Raw GC-MS data files were converted to NetCDF files using the 

Agilent’s MSD ChemStation Data Analysis Application and subsequently the NetCDF data 

files were then imported to ChromaTOF (v4.32, Leco Corp., St. Joseph, MO) for extracting 

data information. Compound identification was performed by comparing both MS spectra 

and retention times with those of standard compounds. The peak area of each derivatized 

SCFA or BCAA was calculated using the unique mass selected by ChromaTOF and 

exported as a .csv file that included sample names, compounds, RT, quantification mass, and 

peak area for further statistical analysis. A student’s t test was used to investigate differences 

between the groups in metabolite measurements. We regarded p values of < 0.05 as 

significant.
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Results

General Information about the Animal Experiment

As indicated in Figure 1A, there was no statistically significant difference on the body 

weight between the control group and the chronic ethanol consumption group. The activity 

of serum alanine aminotransferase (U/L) was markedly increased due to ethanol 

consumption (p < 0.05, Figure 1B). Ethanol exposure caused lipid accumulation and 

inflammatory cell infiltration in the liver as indicated by hematoxylin and eosin (HE) 

staining (Figure 1C, arrowhead).

Ethanol Content in Serum and GI Contents

We measured the ethanol levels in serum and in the content of ileum, cecum and colon in 

control rats and rats with chronic ethanol consumption (Table 1). The ethanol content in 

ethanol consumption group was significantly increased compared to the control group. 

While within each group, there’s no significant difference in ethanol content among different 

GI regions.

Metabolic Profiles of GI Contents in Control Rats

The metabolic profile of the GI content of control rats was systemically characterized by 

LC-TOFMS, which was delineated by the heatmap of the GI metabolites showing metabolic 

variations from stomach to small intestine and then large intestine in Figure 2. A PCA model 

was initially constructed for the content metabolic profiles of the whole GI tract (stomach, 

duodenum, jejunum, ileum, cecum, colon and rectum). The first two principal components 

accounted for 40% and 26% of the total variance in the combined multi-compartment data, 

respectively, and contributed to the separation of the small bowel from the large intestine, 

and among the ileum, the duodenum and the jejunum (Supplementary Figure S1A). The 

concentrations of amino acids, steroids, fatty acids, lipids, carnitines and phenols altered 

significantly from contents of the stomach to the duodenum, the jejunum, the ileum, the 

cecum, the colon, and then the rectum (Supplementary Figure S2–S4 and Supplementary 

Table S2). Significantly altered amino acids include alanine, arginine, argininic acid, aspartic 

acid, citrulline, γ-aminobutyric acid, glutamic acid, ornithine, and threonine. Altered 

steroids include 3,7-dihydroxy-12-oxocholanoic acid, 3β-hydroxy-5-cholenoic acid, 3-

oxo-4,6-choladienoic acid, 4-hydroxyestrone, 7α-hydroxy-3-oxo-5β-cholanoic acid, 7-

ketodeoxycholic acid, nutriacholic acid. Altered fatty acids include 3-

methylglutarylcarnitine, (R)-3-hydroxy-octadecanoic acid, 2-ethylacrylic acid, 3-

oxooctadecanoic acid, docosahexaenoic acid, elaidic acid, maleic acid, and 

tetracosahexaenoic acid. Altered metabolites involved in lipid metabolism are sphinganine, 

sphingosine, phytosphingosine, acetylcholine, and choline (Supplementary Figure S3). The 

levels of acetylcholine were significantly increased in jejunum, ileum, cecum, colon and 

rectum compared to it in stomach (p<0.05). The levels of sphinganine and phytosphingosine 

were higher in the contents of duodenum, jejunum, ileum, cecum, colon, and rectum 

compared to those in stomach. In addition, the levels of sphinganine were significantly 

increased in ileum and cecum contents (p<0.05), while for phytosphingosine, it was 

significantly increased in cecum, colon and rectum contents (p<0.05) compared to those in 

stomach. Altered carnitines include carnitine, 3-dehydroxycarnitine, and 3-
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methylglutarylcarnitine (Supplementary Figure S3). The levels of carnitine were 

significantly increased in the contents of jejunum and ileum, the levels of 3-

dehydroxycarnitine were significantly increased in the contents of cecum, colon and rectum, 

and the level of 3-methylglutarylcarnitine was significantly increased in the contents of 

ileum, cecum and colon compared to those in stomach (p<0.05).

Specific metabolite panels, such as the SCFAs (acetic acid, propionic acid, isobutyric acid, 

butyric acid, 2-methlbutanoic acid, isovaleric acid, valeric acid, caproic acid, and heptanoic 

acid) and BCAAs (leucine, isoleucine and valine) were quantitatively measured by GC-MS 

in the GI contents in the stomach, duodenum, jejunum, ileum, cecum, colon, and rectum 

(Figure 3). The concentrations of all measured SCFAs in the contents of ileum, cecum, colon 

and rectum were significantly increased compared to those in stomach (p<0.05) and reach 

the highest in cecum, and then their levels were gradually decreased in colon and rectum 

contents (Figure 3 and Supplementary Table S3). The three SCFAs, namely acetic acid, 

propionic acid, and butyric acid, were most abundant in the entire intestinal content, 

particularly in ileum, cecum, colon, and rectum. For example, the concentration of acetic 

acid was the highest in the cecum content (68.03 µmol/g), but only a very low level of acetic 

acid was detected in the stomach (0.053 µmol/g) and duodenum and jejunum content (under 

detection limit). The concentrations of isobutyric acid, 2-methlbutanoic acid, isovaleric acid, 

valeric acid, caproic acid, and heptanoic acid were too low to be detected in duodenum and 

jejunum contents.

Contrary to SCFAs levels in GI contents, the levels of three BCAAs, valine, leucine and 

isoleucine, were predominant in the contents of duodenum, jejunum and ileum and of the 

highest concentration in ileum content. The BCAAs levels were relatively low in cecum, 

colon and rectum contents compared to those in the upper part of the intestine, but were all 

significantly higher compared to stomach (p<0.05, Figure 3 and Supplementary Table S4).

Chronic Ethanol Consumption Alters the Metabolic Profiles of GI Contents

A PCA model was constructed for the metabolic profile of contents of the whole GI tract 

(stomach, duodenum, jejunum, ileum, cecum, colon and rectum) for control rats and rats 

under chronic ethanol consumption (Supplementary Figure S1B). Clear separation was also 

observed between the small bowel from the large intestine as well as the separation between 

the control group and the chronic ethanol consumption group. The bar plots in Figures 4 and 

5 indicated distinct metabolite signatures for the contents of different intestinal regions in 

rats between chronic ethanol consumption group and control group. Interestingly, ethanol 

consumption resulted in a significant decrease in all amino acids in contents of the whole GI 

tract (Figure 5). The levels of steroids were significantly increased after ethanol 

consumption in stomach, duodenum, and jejunum contents to ileum. Most of the fatty acids 

detected were at higher levels after chronic ethanol consumption. There’s no significant 

alteration of phenol and derivatives after ethanol intervention (Supplementary Figure S4). 

Carnitines and metabolites involved in lipid metabolism were decreased after chronic 

ethanol consumption (Supplementary Figure S3).

As described above, the concentration of SCFAs in control rats increased steadily from the 

stomach to cecum (0.05 to 68.30 µmol/g) and then decreased in colon and rectum (68.03 to 
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2.18 µmol/g). The same trend was observed in the ethanol group (0.32 to 98.50 µmol/g from 

stomach to cecum and 98.50 to 1.86 µmol/g) (Figure 4 and Supplementary Table S3). In the 

groups administrated with ethanol, acetic acid was significantly (p<0.05) elevated in 

stomach, ileum and cecum contents, whereas, propanoic acid, 2-methyl-propanoic acid, 

butyric acid, 2-methyl-butyric acid, 3-methyl-butyric acid, and heptanoic acid were 

significantly (p<0.05) decreased in ileum, colon, cecum and rectum contents. The SCFAs 

profiles for all GI tract contens in the ethanol-treated rats were abundant with acetic acid, 

propionic acid and butyric acid, with other SCFAs present in small amounts (15% in 

stomach, 0% in duodenum and jejunum, 10% in ileum, 3% in colon, 6% in cecum and 7% in 

rectum contents), so as in the control rats that the concentrations of acetic, propanoic, and 

butyric acid, were predominant (67% in stomach, 100% in duodenum and jejunum, 85% in 

ileum, 97% in colon, 94% in cecum and 93% in rectum) in all intestinal content samples 

(see pie plots in Supplementary Figure S5). Finally, a very low level of SCFAs was detected 

in the duodenums and jejunums contents of both control and ethanol-treated rats.

Similarly, the three BCAAs in luminal contents were steadily increased from stomach to 

ileum and then decreased from ileum to rectum (Figure 4 and Supplementary Table S4). 

Ethanol consumption led to significantly lower levels (p<0.05) of all three BCAAs in 

luminal contents of the ileum, cecum, colon and rectum relative to control rats.

Discussion

In this study, we examined the metabolic profiles of the GI contents in normal rats and 

determined how those metabolic profiles were impacted by ethanol consumption. Serum 

alanine aminotransferase, one of the widely used markers in evaluating the degree of liver 

injury,31 was markedly increased due to ethanol consumption. Consistent with our previous 

study,1 lipid accumulation and inflammatory cell infiltration in the liver caused by ethanol 

exposure was found by the liver histopathology result. Chronic ethanol consumption resulted 

in a global metabolite alteration including significantly altered amino acids, fatty acids, 

steroids, lipids, carnitine, SCFAs and BCAAs in GI tract. Due to the volatile properties of 

SCFAs and the very similar chemical and physical properties of leucine and isoleucine, it’s 

difficult to measure them accurately with the current LC-MS-based metabolic profiling 

approach. In view of the important role of SCFAs and BCAAs play in physiological and 

pathological processes, we applied the GC-MS to measure them quantitatively. The variation 

in metabolic profiles of both control rats and rats exposed to ethanol is indicative of the 

altered gut microbial composition leading to specific metabolic changes in each portion of 

the intestine, especially between small and large intestine.25,32, 33 The metabolites detected 

in the intestinal contents were mainly the endogenous metabolites of gut microbiota, 

metabolites excreted by epithelial cells of mammalian intestine, and food metabolites. 

Therefore, the dynamic changes of biochemical composition of the intestinal contents carry 

important information of ethanol-mediated gut microbial-host co-metabolism in the GI tract.

The levels of amino acids in the intestinal contents were decreased markedly from 

duodenum to jejunum and then ileum with a further decline when reached cecum and then 

remained unchanged from cecum to rectum (Supplementary Figure S2). This trend is 

consistent with the findings of previous report,24 which indicates that the absorption of 
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amino acids in rats mainly occurred in jejunum and to a less extent in ileum.34 It was also 

reported that the gastric juice contains a coarse matrix of fat droplets together with major 

fragments of proteins and polysaccharides that are subsequently digested to both peptides 

and amino acids and monosaccharides respectively, which are absorbed in the duodenum 

and jejunum.35 Therefore, the observation of higher concentrations of amino acids in these 

tissues25 supports the essential role of the small intestine in catabolizing up to 50% of the 

dietary amino acids for energy production, intestinal de novo synthesis and maintenance of 

mucosa.34 These metabolic differences may have important implications for the utilization 

efficiency of dietary proteins and amino acids and their subsequent availability to extra-

intestinal tissues. Notably, we observed high abundances of alanine, arginine, glutamic acid, 

proline and threonine in all the intestinal regions and a dramatic decrease after ethanol 

intervention (p<0.05). Since ethanol consumption can profoundly impact the gut microbial 

composition,20, 36 it is possible that the reduced abundance of amino acids in ethanol-treated 

rats is resulting from a disruption of the gut microbiota leading to a disrupted gut microbial-

host co-metabolism.

BCAAs are essential nutrients obtained from food, as they cannot be synthesized de novo by 

mammals. Previous studies demonstrated that about 30% of the total ingested dietary leucine 

was extracted by dog small intestine37 and 20–30% of enterally available leucine was 

utilized in the first pass in human,38 suggesting substantial catabolism of dietary BCAA by 

the small intestinal mucosa in mammals. This also explains our observation that the high 

levels of BCAAs in duodenum, jejunum and ileum of both control and ethanol treated rats. 

Although not able to directly catabolize BCAAs, liver has a very active system for the 

degradation of the branched-chain α-keto acids derived from the corresponding BCAAs. 

The decreased BCAA levels in ethanol treated rats may be a result of the decreased BCAA 

catabolism due to decreased activity of the branched-chain α-keto acid dehydrogenase 

(BCKDH) complex in rat liver upon ethanol treatment.

SCFAs, such as acetic, propionic and butyric acids, are mainly produced by microbial 

fermentation of indigestible dietary fibers in the gut,39 or amino acids.40 SCFAs influence 

the gut microbiota by stimulating bifidobacteria growth while inhibiting gram-negative 

facultative and anaerobic bacteria.41 SCFAs are important energy sources for epithelial cells 

in the animal intestines, regulating the colonic and intracellular environment,42 and 

modulating cell proliferation and gene expression.43, 44 They also serve as fuel for active ion 

transportation in the large intestines.45 Consistent with previous reports,46 significantly 

elevated acetic acid levels after ethanol consumption is presumably due to the oxidation of 

ethanol to acetaldehyde and subsequently oxidized by the colonic mucosal or bacterial 

aldehyde dehydrogenase to acetic acid, which shown as protective effect against ethanol-

induced damage. We also observed remarkable increases for SCFAs in the cecum compared 

with ileum and the levels of SCFAs appeared to be relatively high throughout the large 

intestine (Figure 3). This suggests that gut microbiota with capability of fermenting dietary 

fibers is mainly located in large intestine and may also be due to the increased degradation 

of amino acids in large intestine (especially in cecum). Since SCFAs in human colon are the 

products of anaerobic fermentation of nonabsorbed carbohydrate and, to a lesser extent, 

protein by colonic microbiota47 and ethanol consumption will alter the content and 

composition of gut microbiota,2, 18, 48 the alteration of SCFAs in rats of chronic ethanol 
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consumption and in different GI regions may be due to the impact of ethanol on gut 

microbiota. Branched chain SCFAs, 2-methylpropanoic acid, 2-methylbutyric acid, and 3-

methylbutyric acid are derived from the catabolism of BCAAs.49 The lower levels of 

branched chain SCFAs in small intestine may be a result of the decreased BCAA catabolism 

due to the fact of the predominant BCAAs (~90%) in small intestine. Since ethanol 

consumption further reduce the enteric BCAAs level, which may be a reason for the further 

decreased levels of branched chain SCFAs after ethanol consumption.

Since the large intestine (the cecum and colon) has the highest abundance of microbes, the 

increase in levels of steroids (unconjugated bile acids) from the ileum to the cecum in 

control rats is primarily due to the de-conjugation of taurine- and glycine-conjugated bile 

acids by the gut microbiota.50, 51 Moreover, since ethanol consumption can have a profound 

impact on the structure of gut microbiota,20, 36 a reduction of steroids levels is probably 

resulted from an ethanol-induced disruption of the gut microbiota.

Choline is an essential nutrient with a wide range of biological functions,52 which can be 

absorbed and converted into phosphatidylcholine53 by mammals or into trimethylamine by 

gut microbiota.54 The levels of choline in the intestinal contents were increased markedly 

from stomach to duodenum and then jejunum but decreased from jejunum to ileum with a 

further decline when reached cecum and then remained unchanged from cecum to rectum 

(Supplementary Figure S3). The altered level of choline with amino acids (Supplementary 

Figure S2) was probably associated with the absorption of choline in jejunum and ileum, 

being agreeable with the kinetic results for choline uptake in the small intestine of neonatal 

and adult rats.55 The altered choline level with chronic ethanol consumption is probably 

resulted from an ethanol-induced disruption of the gut microbiota. Sphingolipids are basic 

constituents of cellular membranes and are essential for numerous functions such as 

intracellular signalling. Dysregulated sphingolipid metabolism has been implicated in 

alcoholic liver disease and the reduced levels of sphingolipid metabolites, phytosphingosine 

and sphinganine in serum samples of liver injury mice15, 56 were observed.

Carnitine, an essential factor in fatty acid metabolism, plays a major role in transport of 

activated long-chain fatty acids to sites of β-oxidation in mitochondria. Carnitine can be a 

useful and safe drug in the liver pathology induced by chronic ethanol exposure.57 The 

reduced levels of carnitine in all GI regions in our study as well as its lower levels in heart, 

liver, brain and blood of rats58 observed by others may be an indication of the liver injury 

induced by chronic ethanol consumption. Carnitine can be degraded by intestinal bacteria 

and the relatively low carnitine level in ileum to rectum, particularly in colon in control rats 

(Supplementary Figure S3) may be due to the relatively higher abundance of microbes in the 

large intestine.

Human studies have shown that the oro-cecal transit time (OCTT) of patients with alcoholic 

cirrhosis and heavy drinkers was increased,59–61 indicating a gut motility disorder. However, 

the OCTT of moderate drinkers was not changed compared to the normal controls.60 Study 

with rat models of acute (one dose) and chronic (30 days) alcohol exposure demonstrated 

that gastric empting and small bowl transit were inhibited by acute alcohol intoxication but 

accelerated by chronic alcohol exposure.62 Although alcohol impact on the intestine may 
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vary in different models (such as species, dosage and duration), it is noteworthy that ethanol 

consumption impacts on gut transit time and mobility,60 which in turn may account for the 

altered intestinal content metabolic profiles. Furthermore, a limitation of the Lieber-DeCarli 

liquid diet model used in this study is that part of carbohydrate (maltose dextrin) calories in 

the control diet must be replaced by ethanol in the ethanol diet to make up equal calories 

concentration. The less carbohydrate content in the ethanol diet may have impact on gut 

flora, and thereby the metabolites in the GI contents.

The aim of this study was to characterize the metabolic alterations of the GI tract (stomach, 

duodenum, jejunum, ileum, cecum, colon, and rectum) in male Sprague Dawley rats 

following 8 weeks ethanol exposure. The results of our study have indicated that the 

metabolite compositions of intestinal contents have unique signatures for different 

compartments under normal physiological conditions. A disruption in gut microbiota by 

chronic ethanol consumption will lead to remarkable changes in metabolite composition in 

intestinal contents of the concerned regions. It is thus conceivable that metabonomic analysis 

of the GI tract contents including fecal metabolome may be of significant importance for 

disease diagnosis as well as prognosis at a specific region of the GI tract. However, the 

ethanol can be originated from both exogenous and endogenous origin from bacteria and 

yeasts. We were not able to differentiate ethanol content of different origins, which is a 

limitation of the current study.

Conclusions

In conclusion, metabonomics analysis revealed a distinct profile of metabolites in the 

contents of rat stomach, duodenum, jejunum, ileum, cecum, colon and rectum, which were 

dependent on the topographical locations of the GI tract. Ethanol consumption has a 

profound impact on the metabolic profiles in GI contents. These differences in GI contents 

among intestinal regions and between controls and chronic ethanol-fed rats are also 

associated with the intestinal functions such as nutrient absorptions and activities of gut 

microbiota in different compartments of GI tract. This work provided a global metabolic 

profile of the GI contents in normal rats and how this profile was impacted by chronic 

ethanol consumption, demonstrating that the metabonomic analysis of intestinal contents 

may serve as a powerful tool for investigating the interactions between mammals and their 

gut microbiota.
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Figure 1. 
Liver injury in rats chronically fed ethanol for 8 weeks. (A) The body weight of rats in 

control group and chronic ethanol consumption group; (B) The serum alanine 

aminotransferase activity of rats in chronic ethanol consumption group was significantly 

increased compared to controls (*, p < 0.05); (C) Liver histopathology (hematoxylin and 

eosin (HE) staining). Arrows indicate lipid droplets in hepatocytes and arrowheads indicate 

inflammatory cell infiltration. CV, central vein; Scale bar = 50 µm.
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Figure 2. 
Heatmap of the representative intestinal content metabolites in control rats. Heatmap shows 

changes in metabolites compared to stomach at stomach, duodenum, jejunum, ileum, cecum, 

colon and rectum. Shades of red and blue represent fold increase and fold decrease of a 

metabolite, respectively, in duodenum, jejunum, ileum, cecum, colon and rectum relative to 

stomach (see color scale). Each cell in the heatmap represents the fold change of a particular 

metabolite, which is the ratio of the concentration in the contents of duodenum, jejunum, 

ileum, cecum, colon or rectum to that in the stomach.

* S, stomach; D, Duodenum; J, Jejunum; I, Ileum; Ce, Cecum; Co, Colon; R, Rectum
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Figure 3. 
Short chain fatty acids and branched chain amino acids profiles of the GI contents (A, 

stomach; B, Duodenum; C, Jejunum; D, Ileum; E, Cecum; F, Colon; G, Rectum) of control 

rats. Values are mean concentration (µmol/g intestinal contents) ± SEM measured using GC-

MS. * P < 0.05 different from stomach concentration of the same SCFAs and BCAAs.
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Figure 4. 
Alteration of short chain fatty acids and branched chain amino acids in the GI contents (A, 

stomach; B, Duodenum; C, Jejunum; D, Ileum; E, Cecum; F, Colon; G, Rectum) due to 

ethanol consumption. Values are mean concentration (µmol/g intestinal contents) ± SEM 

measured using GC-MS. *P < 0.05 vs. Control group.
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Figure 5. 
Alteration of metabolic profiles (A–G) in GI contents (A, stomach; B, Duodenum; C, 

Jejunum; D, Ileum; E, Cecum; F, Colon; G, Rectum) due to ethanol consumption. Values are 

mean intensities ± SEM measured using LC-MS. *P < 0.05 vs. Control group.
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Table 1

Ethanol content in serum and gastrointestinal contents in control rats and rats under ethanol consumption for 8 

weeks.

Ethanol content (mean ± SD)

Group Serum (mmol/L) Ileum (mmol/g) Cecum
(mmol/g)

Colon (mmol/g)

Control 0.791 ± 0.596 1.128 ± 0.241 1.962 ± 1.024 1.467 ± 0.796

Ethanol 40.361 ± 4.658* 37.574 ± 10.739* 23.896 ± 6.454* 31.153 ± 7.305*

*
P<0.05, significantly different from control group.
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