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Abstract

The gut microbiota plays a critical role in the pathogenesis of nonalcoholic fatty liver disease
(NAFLD). Increased fructose consumption and inadequate copper intake are two critical risk
factors in the development of NAFLD. To gain insight into the role of gut microbiota, fecal
metabolites, obtained from rats exposed to different dietary levels of copper with and without high
fructose intake for 4 weeks, were analyzed by comprehensive two-dimensional gas
chromatography time-of-flight mass spectrometry (GC x GC-TOF MS). In parallel, liver tissues
were assessed by histology and triglyceride assay. Our data showed that high fructose feeding led
to obvious hepatic steatosis in both marginal copper deficient rats and copper supplementation
rats. Among the 38 metabolites detected with significant abundance alteration between groups,
short chain fatty acids were markedly decreased with excessive fructose intake irrespective of
copper levels. C15:0 and C17:0 long chain fatty acids, produced only by bacteria, were increased
by either high copper level or high fructose intake. In addition, increased fecal urea and malic acid
paralleled the increased hepatic fat accumulation. Collectively, GC x GC-TOF MS analysis of rat
fecal samples revealed distinct fecal metabolome profiles associated with the dietary high fructose
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and copper level, with some metabolites possibly serving as potential noninvasive biomarkers of
fructose induced-NAFLD.

GRAPHICAL ABSTRACT
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1. INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) has emerged as the most common liver disease in
the developed countries. As a spectrum of diseases, NAFLD ranges from simple steatosis to
nonalcoholic steatohepatitis (NASH) to fibrosis and cirrhosis, and potentially to
hepatocellular carcinoma. As of 2011, the prevalences of NAFLD and NASH were reported
to be 46% and 12.2%, respectively, in the United States.> Moreover, NAFLD is strongly
associated with obesity as well as insulin resistance and type Il diabetes and is considered to
be the hepatic manifestation of metabolic syndrome.23 Among the patients with simple
steatosis, 12—40% will progress to NASH after 8-13 years.*

Despite significant progress, the pathogenesis and development of NAFLD remain
incompletely understood. The rapid rise in the prevalence of NAFLD suggests a possible
role of environmental factors in the pathogenesis of this disease. Increased fructose
consumption parallels the increased prevalence of obesity and the metabolic syndrome in the
United States.>6 NAFLD patients have been shown to have excessive fructose consumption,
7 which most likely can be attributed to the increased use of high fructose corn syrup
(HFCS). In addition, a growing body of evidence supports the causative role of fructose in
the increased rates of obesity and metabolic phenotypes.8-19 It is well-known that fructose is
a highly lipogenic sugar due to its unique metabolic pathway, which bypasses the rate-
limiting enzyme phosphofructokinase and leads to rapid hepatic de novo lipogenesis.1! On
the other hand, because of the limited absorption in the upper gastrointestinal tract, the
unabsorbed fructose goes to the distal intestine, which may cause gut bacterial overgrowth,
gut barrier dysfunction, and endotoxemia.12-13 The results of gut bacterial overgrowth may
lead not only to increased gut permeability, but also to a change of intestine luminal
metabolites, both of which may contribute to the pathogenesis of NAFLD.
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Inadequate copper intake represents another important nutritional issue in the United States.
Extensive studies, including ours, have shown that dietary fructose—copper interactions
impair copper status and exacerbate the phenotypes of the metabolic syndrome, in particular,
hepatic fat accumulation.24-16 Importantly, NAFLD patients have been shown to have lower
copper availability. Moreover, a copper- deficient diet induces fatty liver in rodents.17:18

Taken together, increased fructose consumption and inadequate copper intake are two
critical risk factors in the pathogenesis of NAFLD. However, their combinational role in the
alteration of gut metabolites remains unknown. In the current study, we employed a
metabolomics approach to study the effects of different dietary doses of copper combined
with high fructose feeding on the homeostasis of intestine luminal metabolites to understand
the pathogenesis of NAFLD. Male weanling Sprague—-Dawley rats were exposed to three
different levels of copper for a period of 4 weeks, with and without high fructose
coexposure. Liver and fecal samples were collected at the end of the feeding period. The
liver samples were used for histological study, while the metabolite extracts from rat feces
were analyzed using comprehensive two-dimensional gas chromatography time-of-flight
mass spectrometry (GC x GC- TOF MS) for metabolic profiling.

2. EXPERIMENTAL METHODS

2.1 Animals and Diets

Male weanling Sprague—Dawley rats (35-45 g) from the Harlan Laboratories (Indianapolis,
IN) were fed (ad /ib) a purified AIN-76 diet with a defined copper content in form of cupric
carbonate. The rats received 1.6, 6.0, or 20 ppm of copper as marginal, adequate, or
supplemental doses, respectively. The animals were housed in stainless steel cages in a
temperature- and humidity-controlled room with a 12:12 h light—dark cycle. Animals had
free access to either deionized water or deionized water containing 30% fructose (w/v)
during the entire 4 week feeding period. Fructose enriched drinking water was changed
twice each week. At the end of the feeding period, all animals were killed under anesthesia
with pentobarbital (50 mg/kg I.P. injection) after overnight fasting. The colon fecal samples
and liver tissues were collected from each rat. All fecal samples were immediately snap-
frozen with liquid nitrogen. Portions of liver tissue were fixed with 10% formalin for
subsequent sectioning, while other sections were snap-frozen with liquid nitrogen. All
studies were approved by the University of Louisville Institutional Animal Care and Use
Committee, which is certified by the American Association of Accreditation of Laboratory
Animal Care.

2.2. Histological Analysis

Formalin-fixed, paraffin-embedded liver tissue sections were cut at 5 gm thickness. Sections
were stained with hematoxylin and eosin (H&E).

2.3. Hepatic Triglyceride Assay

Liver tissues were homogenized in ice-cold phosphate buffered saline. Hepatic total lipids
were extracted using solvent chloroform/methanol (2:1) according to the method described
by Bligh and Dyer.19 The lipids extracted in chloroform were first dried and then redissolved
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in 2% Triton X-100 in water. Hepatic triglyceride content was determined by commercially
available kits (Infinity, Thermo Electron, Melbourne, Australia).

2.4. Metabolite Sample Preparation

Rat colon fecal samples were prepared following the protocol described in detail in our
previous work.20 Briefly, each fecal sample was first weighed and homogenized on ice. Each
homogenized fecal sample was added to ice cold 80% methanol with a ratio of 50 mg of
feces in 1 mL of 80% methanol. The mixture was vortexed for 10 min, followed by
centrifugation for 10 min at 15 000 rpm. Four-hundred microliters of the supernatant was
aspirated into a glass vial and dried by SpeedVac overnight at 14 °C. The dried metabolite
extracts were dissolved in 40 gL of the methoxyamine hydrochloride solution in pyridine
(20 mg/mh) and vigorously vortex-mixed for 2 min. Methoxymation was carried out at
70 °C for 30 min. After the addition of 40 L of N-(tert-butyldimethylsilyl)-N
methyltrifluoroacetamide (MTBSTFA) mixed with 1% fert- butyldimethylchlorosilane
(TBDMSCI), derivatization was carried out at 70 °C for 1 h.

To verify metabolite identification, commercially available authentic standards of
metabolites detected with significant abundance alteration between sample groups were
prepared in equal molarity and analyzed by GC x GC-TOF MS. The methoxymation and
derivatization of the fecal samples and compound standards were carried out right before GC
x GC- TOF MS analysis, respectively.

2.5. GC x GC-TOF MS Analysis

The LECO Pegasus 4D GC x GC-TOF MS instrument was equipped with an Agilent 6890
gas chromatograph and a Gerstel MPS2 autosampler (GERSTEL Inc., Linthicum, MD)
featuring a LECO two-stage cryogenic modulator and secondary oven. The primary column
was a 60 m x 0.25 mm 1, x 0.25 zm 1dj; DB-5 ms GC capillary column (phenyl arylene
polymer virtually equivalent to a (5%-phenyl)- methylpolysiloxane). A second GC column
of 1 m x 0.25 mm 1d, x 0.25 um 2ds DB-17 ms ((50%-phenyl)- methylpolysiloxane) was
placed inside the secondary GC oven after the thermal modulator. Both columns were
obtained from Agilent Technologies (Agilent Technologies J&W, Santa Clara, CA). The
helium carrier gas (99.999% purity) flow rate was set to 2.0 mL/min at a corrected constant
flow via pressure ramps. The inlet temperature was set at 280 °C. The primary column
temperature was programmed with an initial temperature of 60 °C for 0.5 min and then
increased at 5 °C/min to 280 °C and kept for 15 min. The secondary column temperature
program was set to an initial temperature of 70 °C for 0.5 min and then also increased using
the same temperature gradient employed in the first column to 280 °C. The thermal
modulator was set to +15 °C relative to the secondary oven, and a modulation time of Ay =
2 s was used. The mass range was set as 29-800 /m/z with an acquisition rate of 200 mass
spectra per second. The ion source chamber was set at 230 °C with the transfer line
temperature set to 280 °C, and the detector voltage was 1450 V with electron energy of 70
eV. The acceleration voltage was turned on after a solvent delay of 675 s. The split ratio was
set at 20:1.

J Proteome Res. Author manuscript; available in PMC 2019 June 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wei et al. Page 5

2.6. Data Analysis

The GC x GC-TOF MS data were processed using LECQO’s software ChromaTOF (version
4.50.8.0) for peak picking and tentative metabolite identification, followed by peak merging,
peak list alignment, retention index filtering, normalization, and statistical significance test
using MetPP.21 Two-way ANOVA test with up to 1000-times sample permutation was used
to determine whether a metabolite has a significance difference of abundance level between
sample groups, where the threshold of probability was set p < 0.05.

Metabolite identification was achieved in three sequential steps. Mass spectrum matching
was first employed to identify the top five matched candidate compounds for each
experimental mass spectrum if the experimental mass spectrum and the best matched mass
spectrum recorded in the NIST/ EPA/NIH Mass Spectral Library 2011 (NIST11) have a
spectral similarity score higher than 600 regardless of the magnitude of the matching scores
of the other top four ranked candidates. The tentatively assigned metabolites were then
filtered by retention index matching using iMatch software with a p-value threshold of p <
0.001.22 The best retention index matched metabolite was preserved if multiple tentatively
assigned metabolites had the correct retention index values. To verify the identification of
metabolites detected with significant abundance difference between sample groups, the
authentic standards of these metabolites, if commercially available, were analyzed by GC x
GC-TOF MS under the same experimental conditions as the biological samples analyzed. A
tentative metabolite assignment 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 Al# < 10 s, difference of the second dimension retention time
N?1 < 0.05 s, and the mass spectral similarity AS> 700.20.23

3. RESULTS

Six biological sample groups were formed in this study: rats fed with marginal copper
without exposure to fructose (M-N, 7= 5); rats fed with marginal copper and exposed to
fructose (M-F, n=7); rats fed with adequate copper without exposure to fructose (A-N, n=
6); rats fed with adequate copper and exposed to fructose (A-F, /7= 8); rats fed with
supplemental copper without exposure to fructose (S-N, 7= 7); and rats fed with
supplemental copper and exposed to fructose (S-F, n=8).

Figure 1 depicts the histological analysis and hepatic triglyceride assay of rat liver tissue.
Feeding rats with different levels of copper (i.e., marginal, adequate, or supplemental dose)
without fructose for 4 weeks did not lead to obvious changes in liver histology (upper panel
of Figure 1A). However, 4 weeks of feeding with high fructose led to obvious hepatic
steatosis in both marginal copper deficient rats and copper supplementation rats compared to
the controls, that is, sample group A-N (lower panel of Figure 1A). These changes were
consistent with the hepatic triglyceride assay (Figure 1B).

Using GC x GC-TOF MS-based metabolomics, we examined whether different dietary
doses of copper play a role in fructose-induced fatty liver by, respectively, studying the
effects of copper, fructose, and their interaction on the fecal metabolite profiles of the six
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sample groups. Figure 2 depicts clustering result of the metabolite profiles of the six sample
groups using partial least-squares discriminant analysis (PLSDA). Figure S1 shows the
results of cross-validation of the PLSDA model. High values of ¢? = 0.77 and /2 = 0.94
demonstrate very good predictive ability of the PLSDA model in clustering the rat fecal
metabolites. Clear separation between the sample groups indicates that the significant
difference in the rat fecal metabolome was caused by feeding rats with different doses of
copper, with and without high fructose exposure.

Two-way ANOVA tests were employed to recognize metabolites with significant abundance
changes between sample groups. Fold-change was defined as the ratio of the abundance
value (peak area) of a metabolite in a test group divided by the abundance value of the same
metabolite in a reference group. A total of 38 metabolites were detected with significant
abundance level changes due to different doses of copper, fructose, or their synergetic
interaction (Table 1). Among these metabolites, nine are amino acids, nine are fatty acids,
and the other 20 metabolites include nonproteinogenic amino acids, organic acids, etc. The
abundance level alteration of 24 metabolites (four fatty acids, four amino acids, 16 others)
was induced by the copper concentration alone (i.e., p-1 < 0.05). When the rats were
exposed to a marginal level of copper, the mean fold-change of the nine fatty acids is 0.95
with standard error of the mean (SEM) 0.05, minimum 0.71, and maximum 1.21 (column
M-N/A-N). When the rats were exposed to a supplemental level of copper, the mean fold-
change of the nine fatty acids is 1.19 with SEM 0.25, minimum 0.59, and maximum 3.08
(column S-N/A-N). This may indicate that some of the fatty acid composition in rat fecal
metabolome was more affected when the rats were exposed to the supplemental level of
copper such as elaidic acid, pentadecylic acid, and paullinic acid (Table 1).

The high fructose affected the abundance level of 23 metabolites (i.e., p-2 < 0.05), as listed
in Table 1. A pronounced effect was observed in short chain fatty acids (SCFASs). Figure 3
shows four sample abundance distributions of four SCFASs, isobutyric acid, butyric acid,
isovaleric acid, and valeric acid, in the six sample groups. The difference of the metabolite
abundance levels among sample groups indicates that all four SCFAs were markedly
decreased by excessive dietary fructose intake. However, this effect was independent of
copper levels (ranging from 1.6-20 ppm). A similar effect was also observed in L-
methionine and L-isoleucine (Table 1). While some SCFAs were decreased, some of the long
chain fatty acids (LCFASs) were increased by high fructose feeding such as margaric acid and
elaidic acid (Table 1).

A total of 12 metabolites have significant abundance level alterations between sample
groups due to the synergistic interaction of copper and fructose (Table 1). The profound
changes were observed in urea, glyceraldehyde, glycerol, o-pyroglutamic acid, and .-
pyroglutamic acid. Among them, the greatest synergistic effects were observed between high
fructose and high copper level, whereas some effects were due to high fructose and marginal
copper.

To understand the inter-relationships between the metabolites with significant abundance
changes between sample groups, all 38 metabolites listed in Table 1 were submitted to
Ingenuity Pathway Analysis (IPA) to correlate these metabolites with potential metabolic
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pathways. Of the 38 metabolites, 31 were mapped into the IPA database. These mapped
metabolites are mainly related to inflammatory diseases and responses. Sixteen metabolites
were mapped to the most probable metabolite associated network functions entitled
Increased Levels of Albumin, Amino Acid Metabolism, Small Molecule Biochemistry, with
a score of 37 (Figure S2A). The second most probable network function is Connective
Tissue, Development and Function, Tissue Morphology, Carbohydrate Metabolism that
contains nine matched metabolites with a score of 21 (Figure S2B). IPA also recognized that
the top hepatotoxicity is liver steatosis and inflammation/hepatitis.

4. DISCUSSION

The importance of gut microbiota in the development of obesity and the metabolic syndrome
is increasingly being recognized. However, the underlying mechanisms remain largely
unknown. The composition of the gut microbial community is closely related to the diet
consumed and is highly modifiable.24 One of the functional roles of gut microbiota is the
generation of metabolites by breaking down the protein, amino acids, and nondigestible
carbohydrates of the diet, which contribute to energy and protein homeostasis between host
and microbial community.25 In this study, we aimed to define the effects of two crucial
dietary factors, fructose and copper, that are highly relevant to the development of NAFLD
on the alteration of gut metabolites.

Among the identified 38 fecal metabolites with significant abundance level changes induced
by different dietary doses of copper or high fructose (Table 1), one of the most prominent
findings is the significantly decreased SCFAs that were solely caused by high fructose
feeding, independent of dietary copper (ranging from marginal (1.6 ppm) to supplemental
(20 ppm) dose). SCFAs are the principal metabolites generated from the dietary
carbohydrate fermentation by colon bacteria normally occurring in the ascending colon. We
detected four SCFAs, including valeric acid, butyric acid, isovaleric acid, and isobutyric
acid, as having major abundance changes. Among them, butyric acid is the major energy
source for colonocytes, and it plays important roles in maintaining gut barrier function and
modulating microbiota components.28 Despite the increased carbohydrate substrate from
fructose (branched chain fatty acids: isobutyric acid and isovaleric acid are from amino
acids),2” the four SCFAs are all decreased. This suggests that the decrease in SCFAs is not a
direct effect of fructose and may possibly be due to decreased butyrate generating bacteria
that are associated with the excessive fructose intake. Another important finding is the
marked increased elaidic acid by high fructose feeding. The abundance level of elaidic acid
increased more than three-fold in the rats fed with copper supplementation diet irrespective
of fructose consumption, suggesting that both dietary inappropriate copper and fructose
intake have a profound effect on the elaidic acid generation. Elaidic acid is a major source of
industrially produced trans-fatty acid in food stuffs, and transfats are well-known to be
deleterious to human health. Of note, even consumed in low amounts, elaidic acid increases
visceral fat and liver fat accumulation in rats.28 In addition, two LCFASs, margaric acid
(C17:0) and pentadecylic acid (C15:0), are impacted by dietary copper and fructose
consumption. Margaric acid was increased mainly by excessive fructose intake, and
pentadecylic acid was increased by highdose copper. Most strikingly, both of these LCFAs
can only be produced by bacteria, suggesting that dietary copper and fructose may modify
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the gut microbiota phylum profile, which might favor the growth of C15:0 and C17:0
generating bacteria. However, whether and how these bacteria species contribute to the
metabolic phenotype remain to be determined.

Dietary proteins not assimilated in the upper gastrointestinal tract may enter the colon,
wherein they are hydrolyzed to amino acids, which are then available for utilization by
bacteria.2® The gut microbiota plays a critical role in amino acid hemostasis. Amino acids
not only support the growth of bacteria, but also can be synthesized by the bacteria.3? The
pronounced alterations of fecal amino acids we found include: decreased L-methionine and
L-isoleucine; and increased L-threonine, L-aspartic acid, and L-glutamic acid. Decreased L-
methionine and L-isoleucine are likely associated with the dietary high fructose intake.
Methionine is an essential amino acid, which plays important roles in the transsulfuration
pathway and phospholipid synthesis. Methionine deficiency is a contributing factor to the
development of hepatic steatohepatitis.31 However, whether decreased fecal methionine can
predict the systemic methionine levels remains to be determined. In addition, decreased -
isoleucine parallels the decreased isovaleric acid, indicating that decreased isovaleric acid
might be attributed to decreased precursor, L-isoleucine.32 L-Threonine was significantly
increased by both marginal copper and copper supplementation diet, and it was further
increased by high fructose feeding in copper supplementation diet fed rats, whereas high
fructose intake led to decreased L-threonine in marginal copper deficient rats. L-threonine is
also an essential amino acid. Both methionine and threonine can be synthesized by
microorganisms from aspartic acid. However, the reasons for the discrepancy between the
alterations of these two amino acids are unclear, possibly related to the changed microbiota.
Both L-aspartic acid and L-glutamic acid were markedly increased by high fructose feeding
and further increased by marginal copper or copper supplementation diet, with more
pronounced effect on L-aspartic acid. The luminal amino acids could be either the substrates
or products of gut bacteria. Their functional roles are unclear. However, combining these
luminal profiles with serum amino acids profiles will help to better understand their
biological functions.

Urea is generated in the liver and passed into the gut, in which it is hydrolyzed to ammonia
by the gut microbiota.33 In the current study, we found that fecal urea was increased by
fructose feeding in adequate copper fed animals, whereas robustly increased urea (>4-fold)
was observed in the marginal copper deficient rats, irrespective of fructose intake. In
addition, a synergistic effect on fecal urea production was seen in copper supplementation
and high fructose fed rats, with up to a six-fold increase. It seems that accumulated urea in
the feces is likely due to the impaired breakdown by the gut bacteria.

Malic acid is an intermediate of the tricarboxylic acid cycle that is an energy metabolite.3* It
was significantly increased by both dietary high fructose intake and marginal copper or
copper supplementation diet. Moreover, the more profound effect was seen in the copper
supplementation diet and high fructose fed rats, which parallels the amount of fat
accumulation in the liver. However, it remains to be determined whether increased fecal
malic acid contributes to increased energy harvesting.
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5-Aminovaleric acid (5-AV) is a metabolite of protein degradation by several anaerobic
bacteria that cannot be detected in germ-free mice.35 We found that 5-AV was significantly
reduced by either marginal copper or copper supplementation diet. It was also markedly
increased with fructose feeding, particularly in marginal copper deficient rats. This suggests
that the 5-AV generating bacteria were enhanced by the combination of marginal copper and
high fructose feeding.

In particular, the significant altered abundance in some of the metabolites was attributed to
the synergistic effect of fructose and copper level such as glyceraldehyde, an intermediate of
glycolysis, and de novo lipogenesis. The elevated fecal glyceraldehyde induced by fructose—
copper interaction paralleled the amount of hepatic fat accumulation, suggesting it may
contribute to the pathogenesis of fatty liver. We also observed the significant increased
pyroglutamic acid by the fructose— copper interaction, suggesting the disturbance of
glutathione metabolism3® likely due to the altered gut microbiota. However, how those
metabolites regulate hepatic lipid metabolism remains to be further determined.

In summary, our data revealed a distinct fecal metabolomics profile associated with the
dietary high fructose and different doses of copper intake. The unique fecal metabolomics
signature associated with the specific dietary components enables the identification of
potential biomarkers. However, the addition of a metagenomics study will help to better
understand the contribution(s) of gut microbiota to the alterations of fecal metabolomics.
Moreover, the biological functions of the altered fecal metabolites require more mechanistic
study. Simultaneous plasma and liver metabolomics analysis will provide a more
comprehensive and integrative metabolites profile.

It should also be noted that we extracted metabolites from rat feces using a solvent mixture
of methanol and water. The hydrophobic metabolites such as triglycerides were not
analyzed, and their regulation information was lost in this study. The extracted metabolites
were derivatized using MTBSTFA and analyzed on GC x GC-TOF MS. Compared with
conventional GC-MS, GC x GC-TOF MS has a much increased separation power.3’
However, the metabolites presented in the extracted fecal samples may still be well beyond
the separation power of the GC x GC-TOF MS system. For this reason, some low abundance
metabolites may not have been detected. Furthermore, the derivatized metabolites were
identified by matching the experimental mass spectra to the mass spectra recorded in the
NIST11 library. The NIST11 main library contains 243 893 election ionization (EI) mass
spectra for 212 961 compounds, of which fewer than 2000 MTBSTFA derivatized
compounds have their EI mass spectra. Therefore, it is possible that an MTBSTFA
derivatized metabolite that does not have EI mass spectra in the NIST11 library can be
identified as another compound. For this reason, we removed all metabolites that were
identified by ChromaTOF as derivatized metabolites by other derivatization reagents. Third,
the GC x GC-TOF MS instrument was set to collect data after the solvent chromatographic
peak. Some metabolites such as the SCFAs, formic acid, ethanoic acid, and propanoic acid,
have low boiling points. These metabolites eluted earlier than the solvent and were not
detected in this study. Lastly, GC x GC-TOF MS can only detect the metabolites that are
volatile or volatile after derivatization. Some metabolites in the extracted fecal samples thus
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may not be detected. Analyzing the metabolite extracts on both the liquid chromatography
(LC)-MS and GC x GC-TOF MS platforms is an option of increasing metabolite coverage.

5. CONCLUSIONS

GC x GC-TOF MS analysis of rat fecal samples revealed distinct fecal metabolome profiles
associated with the dietary high fructose and different doses of copper intake, the two risk
factors involved in the etiology of NAFLD. Among the 38 metabolites identified with
significant abundance change between sample groups, some of them are clearly related to
the alteration of gut microbiota associated with dietary copper or fructose intake, including
SCFAs, C15:0 and C17:0, LCFAs, urea, 5-AV, and two essential amino acids (L-methionine
and L-isoleucine). Robustly increased malic acid correlates with the excessive fructose intake
and was further enhanced by copper intake. Our results indicate that fecal metabolite
analysis provides novel insights into the role of gut microbiota in the development of
NAFLD and open new avenues for future research.
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Figure 1.
Effect of dietary different doses of copper and high fructose feeding on liver fat

accumulation. (A) Representative photomicrographs of the H&E staining of liver section
(100x%). The red background is cell cytoplasm, black dots are cell nucleii, and the white color
is fat droplets. (B) Hepatic triglycerides. Data represent means + SD (7= 5-8). *, versus
CuA without fructose; #, versus CuM without fructose; $, versus CuS without fructose; T,
versus CuA with fructose (p < 0.05, two-way ANOVA). CuA, adequate copper diet; CuM,
marginal copper deficient diet; CuS, copper supplementation diet.
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Clustering of metabolite profiles using PLSDA.
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Abundance distribution of metabolite (A) isobutyric acid, (B) butyric acid, (C) isovaleric

acid, and (D) valeric acid in six sample groups.
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