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Abstract

Alterations in gut bacterial homeostasis result in changes in intestinal metabolites. To investigate 

the effects of alcohol on fecal metabolites and the role of cathelicidin-related antimicrobial peptide 

(CRAMP) in alcoholic liver disease (ALD), CRAMP knockout (KO) and their control wild type 

(WT) mice were fed a Lieber-DeCarli liquid diet with or without alcohol. Polar metabolites in 

mouse feces were analyzed by GC × GC-MS and 2DLC-MS, and the concentrations of short chain 

fatty acids (SCFAs) were measured by GC-MS. A total of 95 and 190 metabolites were detected 
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by GC × GC-MS and 2DLC-MS, respectively. Among the significantly changed metabolites, 

taurine and nicotinic acid were decreased in WT mice fed alcohol, which were also down-

regulated in KO mice fed without alcohol. Interestingly, these two metabolites were increased in 

KO mice fed alcohol compared to them in WT controls. Additionally, SCFAs were significantly 

decreased in WT mice fed alcohol and in KO mice fed without alcohol, whereas two branched-

chain SCFAs were increased by alcohol treatment in KO mice. In summary, the analytical 

platforms employed in this study successfully dissected the alterations of polar metabolites and 

SCFAs in fecal samples, which helped understand the effects of alcohol consumption and CRAMP 

in intestinal metabolism and alcohol-induced liver injury.
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1. INTRODUCTION

Alcoholic liver disease (ALD) is a major cause of chronic liver disease and encompasses a 

broad spectrum of disorders including steatosis, steatohepatitis, fibrosis, and cirrhosis. ALD 

is characterized by gut dysbiosis and increased intestinal permeability, which lead to 

increased translocation of bacteria and their products, such as lipopolysaccharide (LPS), into 

the portal circulation and consequent activation of NFκB signaling pathways in the liver. 

The activation of NFκB causes an increased production of reactive oxygen species and 

proinflammatory factors that contribute to the development of liver injury.1,2 Accumulating 
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evidence has shown that intestinal microbiota play a key role in gut metabolite regulation. 

As an example, short chain fatty acids (SCFAs) are critical in epithelial energy metabolism 

and host cell epigenetic regulation.3 Studies have shown that alcohol feeding decreased fecal 

SCFAs in mice.4

Antimicrobial peptides (AMPs) are endogenous polypeptides produced by a variety of 

organisms with the majority found in animals. They serve as an essential component of 

innate immune system of the host to counter microbial infections.5–7 Cathelicidin-related 

antimicrobial peptide (CRAMP, encoded by the CAMP gene) is an antimicrobial peptide in 

mice and rats produced by macrophages,8 neutrophils,9 and epithelial cells10 in response to 

invasive or inflammatory stimuli. CRAMP deficient mice are more sensitive to bacterial 

infection compared to wild type mice.10 CRAMP binds directly to bacterial cell membranes, 

kills bacteria by disrupting the membrane structure, and causes cytoplasm leakage.8,11 

CRAMP also neutralizes microbial-derived endotoxins such as LPS and then suppresses 

inflammation.12–14 Studies also identified CRAMP as immune modulators in metabolic 

disease. CRAMP produced by β-cell in the pancreatic islets induces regulatory macrophages 

and dendritic cells (DCs), generating the pancreatic regulatory T cells; whereas in the 

absence or deficient of CRAMP, the macrophags and dendritic cells exhibit an inflammatory 

profile thus generating diabetogenic T cells, which attacks the pancrease and destroys the 

insulin-secreting cells, leading to decreased insulin production and type I diabetes. Notably, 

the production of CRAMP is controlled by gut derived SCFAs, which again demonstrated 

the importance of gut microbiota in the CRAMP regulation.15 Studies also demonstrated 

metabolic effects of CRAMP in the development of fatty liver in diabetic mice. CRAMP has 

been shown to suppress lipid accumulation and hepatic steatosis in high-fat diet (HFD) 

treated diabetic mice,16 suggesting that CRAMP may play a role in alcohol-induced hepatic 

steatosis. Our previous work showed that the intestinal CAMP mRNA expression was 

decreased in mice with ALD,17 indicating that CRAMP may play an important role in ALD. 

Further study showed that deficiency of CRAMP exacerbated ALD in mice (to be published 

separately). Therefore, examining the gut metabolite alterations will add valuable 

information for understanding the role of CRAMP in alcohol exposure and ALD.

The aim of this study was to analyze the fecal metabolite changes induced by alcohol 

consumption and CRAMP depletion in mice. Wild type and CRAMP knockout mice were 

treated with or without chronic-binge alcohol exposure. The feces of all mice were collected 

and analyzed. To increase metabolite coverage, the polar metabolites extracted from each 

fecal sample were analyzed by comprehensive two-dimensional gas chromatography mass 

spectrometry (GC × GC-MS) and parallel two-dimensional liquid chromatography mass 

spectrometry (2DLC-MS), respectively. SCFAs in each fecal sample were quantified by gas 

chromatography mass spectrometry (GC-MS) via selected ion monitoring (SIM).

2. MATERIALS AND METHODS

2.1. Chemicals and Reagents

A total of 205 polar metabolite standards were purchased from Sigma-Aldrich Corp. (St. 

Louis, MO, U.S.A.), Fisher Scientific (Loughborough, U.K.), and Cayman Chemical (Ann 

Arbor, MI, U.S.A.). Eight SCFA standards (sodium formate, sodium acetate, sodium 
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propionate, sodium butyrate, isobutyric acid, sodium pentanoate, 2-methylbutyric acid, and 

isovaleric acid), 2,3,4,5,6-pentafluorobenzyl bromide (PFBBr), methoxyamine 

hydrochloride (MH), and N-(tert-butyldimethylsilyl)-N-methyltrifluoroacetamide 

(MTBSTFA) were purchased from Sigma-Aldrich Corp.

2.2. Animal and Biological Sample Preparation

Eight-week-old male C57BL/6J wild type (WT) mice were purchased from The Jackson 

Laboratory (Bar Harbor, ME, U.S.A.). The CRAMP knockout (KO) mice were crossed back 

to C57BL/6J background before establishing the colony. Mice were housed in a pathogen-

free barrier facility accredited by the Association for Assessment and Accreditation of 

Laboratory Animal Care. The procedures of animal care were approved by the University of 

Louisville Institutional Animal Care and Use Committee. Mice were subjected to chronic-

binge alcohol feeding as described previously18 with modification. Mice were fed Lieber 

DeCarli liquid diet containing 5% alcohol (alcohol-fed, AF) or isocaloric maltose dextrin 

(pair-fed, PF) for 24 days. At day 24, mice were gavaged with a bolus of alcohol at 5 g/kg 6 

h before sacrificing. Four animal groups, PF-WT (n = 5), AF-WT (n = 9), PF-KO (n = 5), 

and AF-KO (n = 5) were, therefore, included in this study. After 24-day dietary intervention, 

mice were anesthetized with ketamine/xylazine (100/15 mg/kg i.m.), feces were collected 

from mouse colons, immediately frozen in liquid nitrogen, and stored in a 1.5 mL Eppendorf 

tube at −80 °C.

2.3. Polar Metabolite Extraction and Derivatization

All sample processing procedures were performed at 4 °C to minimize the loss of volatile 

metabolites, unless stated otherwise. To extract polar metabolites for GC × GC-MS and 

2DLC-MS analysis, fecal samples were thawed on ice. About 60 mg of mouse feces was 

weighed and ground in a glass vial. After adding 80% methanol at a ratio of 1:10 (g feces: 

mL solution), the mixture was sonicated for 20 min in an ultrasonic cleaner followed by 

centrifugation at 15,300 g for 20 min. The supernatants were collected and divided into two 

aliquots. One aliquot was lyophilized and redissolved in 20% acetonitrile. After 

centrifugation, the supernatant was used for 2DLC-MS analysis. A pooled sample was 

prepared for each group by mixing a small portion of the supernatant from each mouse 

sample in that group. A total of four pooled samples were prepared.

The other aliquot was derivatized by N-(tert-butyldimethylsilyl)-N-methyltrifluoroacetamide 

(MTBSTFA) and analyzed by GC × GC-MS. Two hundred microliters of the aliquot of each 

fecal sample was aspirated into a plastic tube and lyophilized. The metabolite extract was 

then dissolved in 20 μL of methoxyamine hydrochloride solution (30 mg/mL) and 

vigorously vortex-mixed for 1 min. Methoxymation was carried out at 60 °C for 1 h. After 

adding 30 μL of MTBSTFA mixed with 1% tert-butyldimethylchlorosilane (TBDMSCI), 

derivatization was carried out at 60 °C for 1 h. The derivatized sample was then transferred 

to a GC vial for analysis. The methoxymation and derivatization were prepared just before 

GC × GC-MS analysis. A pooled sample was also prepared by mixing a small portion of 

each derivatized sample.
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To extract SCFAs from each fecal sample, about 30 mg of mouse feces was weighed and 

ground in a 1.5 mL Eppendorf tube. After adding water at a ratio of 1:10 (g feces: mL 

solution), the mixture was sonicated for 20 min and centrifuged at 15 300g for 20 min. The 

supernatant was collected and derivatized by pentafluorobenzyl bromide (PFBBr).19 Briefly, 

150 μL of supernatant, 100 mM PFBBr in acetone, and 0.5 M phosphate buffer (pH 7.0) 

were mixed at a ratio of 5:14:2 (v:v:v) to make the acetone:water 14:7 (v:v) in a 2 mL glass 

tube. After 1 min of vigorous vortex-mixing, the mixture was incubated in a water bath at 

60 °C for1.5 h. A total of 150 μL of hexane were added after the mixture cooled to room 

temperature. The mixture was then vortexed for 3 min followed by centrifugation in a 

SpeedVac at 3500g for 5 min, and 100 μL of supernatant (hexane phase) was transferred to a 

200-μL GC vial for immediate GC-MS analysis. A blank sample prepared using distilled 

Milli-Q water was also derivatized as a reference for quality control.

2.4. GC × GC-MS Analysis

The LECO Pegasus 4D GC × GC-MS (St. Joseph, MI, U.S.A.) instrument was equipped 

with a Gerstel MPS2 autosampler and an Agilent 6890 gas chromatograph featuring a LECO 

two-stage cryogenic modulator and a secondary oven. A DB-5 ms (phenyl arylene polymer 

virtually equivalent to a (5%-phenyl)-methylpolysiloxane) 60.0 m × 0.25 mm 1dc ×0.25 μm 

1df column was used as the first dimension column, and a DB-17 ms ((50%-phenyl)-

methylpolysiloxane) 1.0 m × 0.1 mm 2dc ×0.1 μm 2df column was used as the second 

dimension column. Both columns were purchased from Agilent Technologies (Santa Clara, 

CA, U.S.A.), and were connected by means of a press-fit connector before the thermal 

modulator. The flow rate of ultrahigh purity helium carrier gas (99.999%) was set to 2.0 

mL/min at a corrected constant flow via pressure ramps with an initial head pressure of 36.9 

psi. One microliter sample was injected into the inlet chamber of the GC × GC-MS system 

and the split ratio was set to 5:1. The inlet temperature was 280 °C. The secondary oven and 

the thermal modulator were respectively set to +10 °C and +20 °C relative to the primary 

oven. The MS parameters were: MS range 45–800 m/z; data acquisition rate 200 spectra/s; 

temperature of ion source chamber 230 °C; temperature of MS transfer line 280 °C; detector 

voltage 1600 V; and electron energy 70 eV. The acceleration voltage was turned on after a 

solvent delay of 220 s. A mixture of C6–C24 n-alkanes was also analyzed for retention 

index calculation.

2.5. 2DLC-MS Analysis

All samples were analyzed on a Thermo Q Exactive HF Hybrid Quadrupole-Orbitrap Mass 

Spectrometer coupled with a Thermo DIONEX UltiMate 3000 HPLC system (Thermo 

Fisher Scientific, Waltham, MA, U.S.A.). The UltiMate 3000 HPLC system was equipped 

with a hydrophilic interaction chromatography (HILIC) and a reversed-phase 

chromatography (RPC) column. The HILIC column was a SeQuant ZIC-cHILIC HPLC 

column (150 × 2.1 mm i.d., 3 μm) purchased from Phenomenex (Torrance, CA, U.S.A.). The 

RPC column was an ACQUITY UPLC HSS T3 column (150 × 2.1 mm i.d., 1.8 μm) 

purchased from Waters (Milford, MA, U.S.A.).

The HILIC and RPC columns were configured in parallel mode.20 Each column was 

connected with a 2-μL sample loop. The temperature of these two columns was set to 40 °C. 
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For separation on the HILIC column, 10 mM ammonium acetate (pH 3.25) was used as 

mobile phase A, and 100% acetonitrile was used as mobile phase B. The gradient was as 

follows: 0 min, 95% B; 0 to 5 min, 95% B to 35% B; 5 to 6 min, 35% B; 6.0 to 6.1 min, 

35% B to 5% B; 6.1 to 23 min, 5% B; 23.0 to 23.1 min, 5% to 95%. The flow rate was 0.3 

mL/min. For separation on the RPC column, water with 0.1% formic acid was used as 

mobile phase A, and 100% acetonitrile with 0.1% formic acid was used as mobile phase B. 

The gradient was as follows: 0 min, 5% B; 0 to 5 min, 5% B; 5 to 6.1 min, 5 to 15% B; 6.1 

to 10 min, 15 to 60% B; 10 to 12 min, 60% B; 12 to 14 min, 60% to 100% B; 14 to 27.0 

min, 100% to 5% B; 27.0 to 27.1 min, 5% B. The flow rate was 0.4 mL/min.

The parameters for mass spectrometry were set up exactly in the same way as our previous 

study.21 The full scan range from 60 to 900 (m/z), maximum injection time was 50 ms, and 

the resolution was set to 30 000 for both positive and negative modes. Each biological 

sample was analyzed by 2DLC-MS in both positive mode (+) and negative mode (−) to 

obtain the full MS data. Four pooled samples were made for each group and these pooled 

samples were analyzed by 2DLC-MS/MS in positive and negative mode to acquire MS/MS 

spectra at different collision energies (10, 20, 40, and 60 eV) for metabolite identification.

2.6. SCFAs Quantification by GC-MS

For GC-MS analysis, a Thermo ITQ 1100 GC-Ion Trap MS instrument was coupled with a 

1310 autosampler and a Thermo Trace 1310 gas chromatography system (Thermo Scientific, 

Waltham, MA, U.S.A.). The instrument settings were identical to our previous study,19 

except that the column temperature was programmed with an initial temperature of 40 °C to 

better focus the sample on the column head. Briefly, two GC columns, DB-225 ms (30 m × 

0.25 mm 1dc ×0.25 μm 1dp, (50%-cyanopropylphenyl)-methylpolysiloxane) and DB-5 ms 

(30 m × 0.25 mm 1dc ×0.25 μm 1dp, (5%-phenyl)-methylpolysiloxane) were purchased 

from Agilent Technologies J&W (Santa Clara, CA, U.S.A.). The two columns were 

connected by a column connector purchased from Restek Corporation (Bellefonte, PA, 

U.S.A.), where the DB-225 ms column was the first column and the DB-5 ms column was 

the second column. The helium carrier gas (99.999% purity) flow rate was set to 1.0 mL/

min. The temperatures of inlet, ion source, and transfer line were all set to 220 °C. The 

column temperature was programmed as follows: initial temperature 40 °C for 0.5 min; 

10 °C/min to 170 °C; holding at 170 °C for 0.5 min; 5 °C/min to 220 °C; and holding at 

220 °C for 5 min. The energy of electron ionization (EI) was set to 70 eV.

Next, 1 μL of PFBBr derivatives was injected into GC-MS in splitless mode with a splitless 

time of 1.0 min. Solvent delay time was set to 13.8 min. The mass spectral data were 

collected in selected ion monitoring (SIM) mode.

2.7. RNA Isolation and Real-Time PCR

The mRNA levels were assessed by real-time PCR. In brief, the total RNA was extracted 

with Trizol according to manufacturer’s protocol (Invitrogen, Carlsbad, CA, U.S.A.). 

GenAmp RNA PCR kit (Applied Biosystems, Foster City, CA, U.S.A.) was then used to 

reverse-transcribe RNA to cDNA. Prepared cDNA samples were analyzed on an ABI 7500 

real-time PCR thermocycler for quantitative real-time PCR analysis using SYBR green PCR 
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Master Mix (Applied Biosystems). The relative quantities of target transcripts were 

calculated from duplicate samples after normalization of the data against the housekeeping 

gene, 18S. Dissociation curve analysis was performed after PCR amplification to confirm 

the specificity of the primers. Relative mRNA expression was calculated using the Ct 

method. The following primer pairs were used: Taut forward 

5′GCACACGGCCTGAAGATGA3′, Taut reverse 5′ATTTTTGTAGCAGAGGTACGGG3′, 

Csd forward 5′CCAGGACGTGTTTGGGATTGT3′, Csd reverse 

5′ACCAGTCTTGACACTGTAGTGA3′, Cdo forward 

5′GGGGACGAAGTCAACGTGG3′, Cdo reverse 5′ACCCCAGCACAGAATCATCAG3′, 

18S forward 5′ GTAACCCGTTGAACCCCATT 3′, and 18S reverse 5′ 
CCATCCAATCGGTAGTAGCG 3′.

2.8. Hematoxylin and Eosin Staining

Formalin fixed, paraffin embedded liver tissue was sliced at 5 μm and mounted on positively 

charged glass slides. The sections were then deparaffinized with Citrisolv and rehydrated by 

immersing in graded ethanol solutions. Hematoxylin and eosin (H&E) was then used to stain 

the nuclear and cytoplasm components, respectively. After staining, sections were 

dehydrated through graded alcohol, cleared in Citrisolv, and mounted with Cytoseal XYL 

(Thermo Scientific, Waltham, MA, U.S.A.). Liver tissue morphology was observed by 

microscopy.

2.9. Data Analysis

The LECO ChromaTOF software (version 4.51), equipped with the National Institute of 

Standards and Technology MS database (NIST 2014), was used to analyze the GC × GC-MS 

data for spectrum deconvolution and tentative metabolite identification.22 MetPP software 

was used for retention index matching, cross-sample peak list alignment, normalization, and 

statistical analysis.23 For metabolite tentative identification, the threshold of spectral 

similarity score was set as S ≥ 600 with a maximum spectral similarity score of 1000. The p-

value threshold was set as p ≤ 0.001 for retention index matching in MetPP. A tentative 

metabolite identification was considered as a correct identification only if the experimental 

information on the authentic metabolite agreed with the corresponding information on the 

chromatographic peak in the biological samples; that is, difference of the first dimension 

retention time Δ1tR ≤ 10 s, difference of the second dimension retention time Δ2
R ≤ 0.05 s, 

and the spectral similarity score S ≥ 600.

For 2DLC-MS data analysis, MetSign software was used for spectrum deconvolution, 

metabolite identification, cross-sample peak list alignment, normalization, and statistical 

analysis.24–27 To identify metabolites, the 2DLC-MS/MS data of the four pooled samples 

were first matched to an in-house database that contains the parent ion m/z, MS/MS spectra, 

and retention time of 205 metabolite standards. The threshold for the spectral similarity of 

the MS/MS spectra of a metabolite standard and a spectrum of the pooled sample was set as 

≥0.4 with a maximum score of one, while the thresholds of retention time difference and m/z 
variation window were respectively set to ≤0.15 min and ≤4 ppm. The 2DLC-MS/MS data 

without a match in the in-house database were then analyzed using Compound Discoverer 

He et al. Page 7

J Proteome Res. Author manuscript; available in PMC 2020 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



software (version 2.0, Thermo Fisher Scientific, Inc., Germany), where the MS/MS spectra 

similarity score threshold was set as ≥40 with a maximum score of 100.

For GC-MS data, Thermo Xcalibur software Quan (version2.2 SP1.48) was used for peak 

picking. The calibration curves were determined by analyzing a series of SCFA solutions 

with different concentrations as described in our previous study.19 The signal-to-noise ratio 

(S/N) was set to S/N = 3.

2.10. Statistic Analysis

Statistical analyses were performed using the software MetPP, MetSign, and R v.3.5.1. 

Results are expressed as mean ± standard error of mean (SEM). Statistical comparisons were 

performed using an unpaired two-tailed t test. To investigate metabolic profiling difference 

between groups, metabolites identified by GC × GC-MS and 2DLC-MS/MS in each sample 

were merged based on the name of native metabolites, i.e., the names of metabolites without 

derivatization. Partial least-squares discriminant analysis (PLS-DA), a supervised technique 

that uses the PLS algorithm to explain and predict the membership of samples to groups, 

was performed to give an overview on the metabolic profile difference between groups. For 

purpose of comparison, principal component analysis (PCA), an unsupervised pattern 

recognition method, was also performed. PCA seeks a linear combination of variables such 

that the maximum variance is extracted from the variables for each component.

3. RESULTS AND DISCUSSION

3.1. Fecal Metabolic Profiling

A total of 95 metabolites were identified by GC × GC-MS, while 106 metabolites were 

identified by 2DLC-MS/MS (−) and 84 metabolites by 2DLC-MS/MS (+). Among those 

metabolites, 14 were identified by all three platforms and 36 were identified by two 

platforms (Figure 1A). The identified metabolites included fatty acids, organic acids, amino 

acids, and other metabolites.

To study the metabolic profile difference among the four groups, the GC × GC-MS data and 

the full MS data of 2DLC-MS (−) and 2DLC-MS (+) were merged. The merged data were 

then clustered using PLS-DA. Figure 1B depicts the PLS-DA results. Distinct separation of 

the metabolic profiles of the identified metabolites suggests a remarkable alteration in mouse 

fecal metabolites caused by alcohol-feeding and CRAMP knockout. The large values of R2 

= 1.00 and Q2 = 0.75 demonstrate the PLS-DA model has good discrimination and high 

predictability for clustering the metabolic profile data acquired in this study. Figure S-1 

depicts the PLS-DA results of respectively classifying the four groups using data acquired 

by each analytical platform. The single platform-based PLS-DA models have worse 

discrimination and lower predictability than the merged data, suggesting that the merged 

data have more metabolite information and are more close to represent the mouse fecal 

metabolome. Similarly, the merged data provide a better discrimination than the single 

platform data when PCA was employed (Figure S-2).
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3.2. Alcohol-Feeding Changed Metabolites in Feces of Wild Type Mice

The abundance of metabolites detected in groups PF-WT and AF-WT were used to study the 

influence of alcohol in the fecal metabolome in wild type mice. Figure 2 shows that 23, 45, 

and 35 metabolites were detected with significant changes in their abundance levels by GC × 

GC-MS, 2DLC-MS (−), and 2DLC-MS (+), respectively. Among those metabolites, four and 

seven metabolites were detected in three and two platforms, respectively. Figure 3A shows 

the abundances of the four metabolites (taurine, α-aminoisobutyric acid, nicotinic acid, and 

serine) that were detected in all three platforms. The abundance levels of those four 

metabolites were lower in AF mice than those in PF mice, and were consistently 

demonstrated by all three analytical platforms, showing the high accuracy and high stability 

of the three platforms in analyzing complex biological samples.

Succinic acid was detected with significant abundance changes by GC × GC-MS and 2DLC-

MS (−). In fact, it has the largest fold change in the GC × GC-MS data and the third largest 

fold change in the 2DLC-MS (−) data (Figure 2). Figure 3B shows that levels of succinic 

acid were significantly decreased by alcohol feeding. It has been reported that 

Parabacteroides distasonis could increase the production of succinic acid in gut, and oral 

gavage of Parabacteroides distasonis to ob/ob mice could alleviate nonalcoholic fatty liver 

disease and metabolic disorders by increasing succinic acid in gut and upregulating the 

intestinal gluconeogenesis pathway.28 The reduction of succinic acid in fecal samples 

suggests a decrease of succinic acid-producing bacteria, such as Parabacteroides distasonis 
in the intestine in response to alcohol exposure. However, this notion needs further 

investigation.

Taurine levels were decreased in AF-WT mice compared with that in PF-WT mice with 

fold-changes of 0.15, 0.68, and 0.56 in GC × GC-MS, 2DLC-MS (−), and 2DLC-MS (+), 

respectively (Table S-1). While the data of all three platforms showed that the abundance 

level of taurine was decreased in AF-WT, the magnitude of the fold-change calculated from 

the GC × GC-MS data has a larger variation than those calculated from the 2DLC-MS (−) 

and 2DLC-MS (+) data. Manual analysis showed that the low abundance taurine has a poor 

chromatographic peak shape in GC × GC-MS with a significant tailing in the second 

dimension GC. However, taurine had a large instrument response with a symmetric 

chromatographic peak shape in 2DLC-MS (−) and 2DLC-MS (+) (Figure 3C). The low 

instrument response and the poor chromatographic peak shape of taurine resulted in a degree 

of variation in quantifying its peak area in GC × GC-MS data.

Taurine is a sulfur-containing amino acid that exists naturally in the diet. It is absorbed by 

ileal intestine through transporters such as Taut. The absorbed taurine enters into the liver 

through the portal circulation, and conjugates bile acids. Conjugated bile acids flow back to 

the intestine and help with food digestion. The taurine-conjugated bile acids are 

deconjugated by gut bacteria that have bile salt hydrolase activity and the taurine is then 

released.29 Therefore, fecal taurine concentrations are composed of two important parts: the 

unabsorbed and the deconjugation-freed taurine. The detected level reflects the balance of 

the two contributions. Interestingly, alcohol feeding tended to increase Taut mRNA, while 

Csd and Cdo, two enzymes responsible for taurine synthesis from cysteine, remained 

unchanged (Figure 3D). In our study, the mass spectrometry data of taurine acquired by 
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three independent analytical platforms demonstrated that taurine was decreased in AF-WT 

mice. It is likely that AF-decreased fecal taurine levels are, at least in part, due to the 

increased intestinal transport.

Nicotinic acid (NA) is an organic compound that affects lipid metabolism in multiple organs 

by preventing lipolysis in adipose tissue, decreasing triglyceride synthesis in liver, and 

reducing oxidative damage.30 Our results showed that the level of NA was decreased in AF-

WT mice with fold-changes of 0.55, 0.56, and 0.64 in GC × GC-MS, 2DLC-MS (−), and 

2DLC-MS (+), respectively (Table S-1). The decreased NA in AF-WT mice indicates that 

lipolysis might be increased in alcohol-fed mice. In fact, the level of fatty acids such as oleic 

acid, palmitic acid, docosahexaenoic acid, and arachidonic acid detected by 2DLC-MS (−) 

were significantly increased in AF-WT mice (Table S-1). Levels of linoelaidic acid, oleic 

acid, palmitic acid, stearic acid, and pentadecanoic acid detected by GC × GC-MS were also 

increased (Table S-1). The increased levels of free fatty acids in fecal samples indicate a 

likely high level of lipolysis in adipose tissue. Indeed, alcohol feeding significantly 

decreased white fat mass in WT mice.31 In addition, a previous study showed that dietary 

NA supplementation increased hepatic fatty acid oxidation and decreased hepatic de novo 

lipogenesis.32 Therefore, the decreased levels of NA may be a contributing factor for the 

increased fatty liver induced by alcohol (Figure 3E).

3.3. Levels of SCFAs Were Decreased in Alcohol-Fed Wild Type Mice

SCFAs (volatile organic compounds) are produced in the intestine by gut bacteria. Recent 

studies have demonstrated that SCFAs mediate multiple mechanisms in ALD.33 Butyric acid 

is a major nutrient of enterocytes and serves as a histone deacetylase (HDAC) inhibitor to 

regulate gene expression.34 Propionic acid and isobutyric acid are involved in intestinal 

epithelial cell homeostasis and gut barrier integrity. The decreased abundance levels of these 

two metabolites in the feces of alcoholics compared to healthy individuals indicates that 

alcohol consumption might decrease the levels of those two metabolites in intestine.35

The concentrations of SCFAs were quantified by GC-MS via SIM in this study. Figures 

4A,B show that the abundance levels of seven SCFAs significantly decreased in the alcohol 

fed mice, i.e., AF-WT mice. However, the level of 2-methylbutyric acid was not 

significantly altered by alcohol (Figure 4B). The increased ratio of colonic propionic 

acid:acetic acid could prevent the accumulation of liver fat by impairing hepatic acetic acid 

metabolism.36 In this study, the ratio of colonic propionic acid:acetic acid in AF-WT mouse 

was 1:9.9, which is notably decreased compared with that in PF-WT mouse (1:3.3) in mouse 

feces (Table 1). Such a dramatic change indicates an increased fat accumulation in alcohol-

fed mice (Figure 3E), which is consistent with the previous report.37

3.4. Role of CRAMP in Mouse Fecal Metabolism

CRAMP plays an important role in intestinal microbiota and immune system. In order to 

investigate the role of CRAMP in mouse fecal metabolism, polar metabolites in feces of PF-

KO mice were compared with those in feces of PF-WT mice. Statistical significance tests 

showed that 18, 16, and 19 metabolites had significant changes in their abundance levels 

detected by GC × GC-MS, 2DLC-MS (−), and 2DLC-MS (+), respectively (Figure 5A). 
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Four metabolites (methionine, glycine, alpha-aminoisobutyric acid, and glutamic acid) were 

detected with significant abundance changes between PF-KO mice and PF-WT mice by two 

platforms (Figure 5B). While measured by different platforms, the levels of these four 

metabolites were consistently lower in the KO mice compared to WT mice under pair-

feeding conditions, demonstrating the high accuracy of the three platforms in quantifying 

these metabolites (Figure 5B and Table S-2). Interestingly, the changes of SCFAs in PF-KO 

mice mirrored their changes in AF-WT mice (Figure 5C), suggesting that the composition 

change of gut microbiota has a certain degree of similarity between alcohol feeding and 

CRAMP deficiency.

Taurine and NA were detected in all three platforms, but it was not considered with 

statistical significant changes between PF-KO mice and PF-WT mice. Notably, taurine 

levels were decreased by 2.0-fold in 2DLC-MS (+) data, and were decreased by 1.5- and 

6.3-fold in the 2DLC-MS (−) and GC × GC-MS data, respectively (Figure 5D). Manual 

investigation of the data shows that the variation in the magnitude of the fold-change of 

taurine was mainly caused by the low instrument response and poor chromatographic peak 

shape like illustrated in Figure 3C.

In order to determine the role of alcohol on fecal metabolism in CRAMP deficiency mice, 

the metabolite differences between AF-WT mice and AF-KO mice were analyzed. Figure 

6A shows that 43 metabolites had significant changes in their abundance levels in feces 

between the two groups. NA is the only metabolite that was detected with significant 

changes in its abundance level by the three platforms. Six metabolites (α-aminoisobutyric 

acid, malic acid, alpha-aminoadipic acid, tyrosine, citrulline, and N-acetylneuraminic acid) 

were detected with significant abundance changes between groups by two platforms. 

Compared with AF-WT mice, NA in AF-KO mice was increased by 1.6-, 1.7-, and 2.0-fold 

in AF-WT mice as detected by 2DLC-MS (+), 2DLC-MS (−), and GC × GC-MS, 

respectively (Figure 6B and Table S-3).

Figure 6B and Table S-3 show that taurine level was increased in AF-WT mice by 2.4-fold 

in 2DLC-MS (+) data (p = 0.041), 1.6-fold in 2DLC-MS (−) data (p = 0.077), 7.1-fold in GC 

× GC-MS data (p = 0.076). Taurine was not significantly changed between the two groups in 

GC × GC-MS and 2DLC-MS (–) data because of the large variations in its abundance data. 

We have shown that both alcohol and CRAMP deficiency decreased fecal taurine levels 

compared to their respective controls (Figures 3A and 5D), and the fecal taurine 

concentration may be a result of the balance of absorption and deconjugation of bile acids. 

Therefore, the increased taurine in the CRAMP KO mice induced by alcohol feeding may 

reflect the disturbance of that balance. Alcohol treatment did not significantly increase 

intestinal Taut mRNA levels, which might indicate an unchanged taurine absorption between 

the KO and WT mice by alcohol. The increased taurine levels in feces may be due to the 

increased deconjugation of taurine-conjugated bile acid by gut micro-biota, which were 

altered by alcohol and CRAMP deficiency (data not shown).

Compared with AF-WT mice, the abundance levels of branched-chain fatty acids, isobutyric 

acid and isovalric acid, were significantly increased in AF-KO mice, while the levels of 

straight-chain SCFAs were not changed in AF-KO mice (Figure 6C). Branched-chain 
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SCFAs are mainly derived from the catabolism of branched-chain amino acids such as 

valine, leucine, and isoleucine.38 Thus, it is likely that upon the treatment by alcohol, 

CRAMP deficiency does not further change the gut microbiota that favor SCFAs production, 

but does increase branched-chain amino acids catabolism that favor isobutyric acid and 

isovalric acid production.

4. CONCLUSIONS

Profiling of polar metabolites extracted from mouse feces by three analytical platforms and 

quantification of SCFAs by GC-MS showed a significant metabolic profile difference 

between the four animal groups. Among the significantly changed metabolites that were 

detected by all three platforms, the levels of taurine and NA were decreased by alcohol in 

wild type mice and in pair fed mice by CRAMP depletion. Taurine and NA levels were 

increased when CRAMP KO mice were exposed to alcohol compared to the AF-WT mice. 

Compared with PF-WT mice, the abundance levels of all straight-chain SCFAs were 

significantly decreased in AF-WT mice and PF-KO mice. However, the abundance levels of 

branched-chain SCFAs were increased in AF-KO mice when compared with AF-WT mice. 

These results provide further evidence demonstrating the roles of alcohol and CRAMP in 

intestinal metabolism in ALD, and the utility of analytical platforms optimized to detect 

metabolic changes in ALD and other diseases.
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Figure 1. 
Metabolic profiling of mouse fecal metabolites by three platforms. (A) Overlap of identified 

metabolites by GC × GC-MS, 2DLC-MS/MS (−), and 2DLC-MS/MS (+). (B) Result of 

PLS-DA. All data measured by the three platforms GC × GC-MS, 2DLC-MS (−), and 

2DLC-MS (+) were merged and used as input for PLS-DA. The left is PLS-DA 3-D score 

plot and the right is the performance plot of PLS-DA model. AF, alcohol-fed; PF, pair-fed; 

WT, wild type; KO, CRAMP knockout.
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Figure 2. 
Metabolites with significant abundance changes in feces of wild type mice after PF or AF 

treatment for 24 days. The polar metabolites extracted from each sample were analyzed by 

GC × GC-MS, 2DLC-MS (−), and 2DLC-MS (+), respectively.
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Figure 3. 
Alcohol-feeding changed the amount of fecal metabolites and increased liver fat. (A) 

Abundance levels of the four metabolites detected by all three platforms. (B) Abundance 

levels of succinic acid in PF-WT mice and AF-WT mice detected by GC × GC-MS and 

2DLC-MS (−). (C) shows the chromatographic peak shapes of taurine measured by GC × 

GC-MS, 2DLC-MS (−) and 2DLC-MS (+). (D) is gene expression of Taut, Csd, and Cdo in 

the liver tissues of PF-WT mice and AP-WT mice. (E) H&E staining of the liver tissues of 

PF-WT mice and AP-WT mice. AF, alcohol-fed; PF, pair-fed; WT, wild type.
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Figure 4. 
Alcohol-feeding affected the amount of fecal SCFAs in wild type mice. (A) Alcohol-feeding 

decreased the concentrations of straight-chain SCFAs in feces of the wild type mice. (B) The 

concentrations of two branched-chain SCFAs in mouse feces were affected by alcohol-fed. 

** p < 0.01. AF, alcohol-fed; PF, pair-fed; WT, wild type.
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Figure 5. 
Fecal metabolite levels in PF-KO mice compared to that in PF-WT mice. (A) Overlap of 

metabolites with significant changes between PF-KO mice and PF-WT mice detected by GC 

× GC-MS, 2DLC-MS (−), and 2DLC-MS (+). (B) Relative abundance of four metabolites 

detected by two platforms. (C) Concentrations of SCFAs in feces of PF-KO mice and PF-

WT mice. ** p < 0.01. (D) Relative abundance of taurine and NA. PF, pair-fed; WT, wild 

type; KO, CRAMP knockout.
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Figure 6. 
CRAMP KO increased the amount of taurine, NA, and SCFAs in AF mice. (A) Overlap of 

significantly changed metabolites between AF-WT mice and AF-KO mice detected by GC × 

GC-MS, 2DLC-MS (−), and 2DLC-MS (+). (B) Changes of taurine and NA detected by all 

three platforms in feces of AF-WT mice and AF-KO mice. (C) Quantification results of 

SCFAs in feces of AF-WT mice and AF-KO mice. ** p < 0.01. AF, alcohol-fed; WT, wild 

type; KO, CRAMP knockout.
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