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Article History: Objective: High fructose consumption exacerbates purine degradation and intestinal dysbiosis, which are
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disturbance and intestinal dysbiosis. Previously we isolated a Lactobacillus strain named DM9218 that could
Accepted 17 November 2018

reduce the serum uric acid (UA) level by assimilating purine nucleosides. The present study aimed to evaluate
the effects of DM9218 on high-fructose—induced hyperuricemia and to elucidate the underlying mechanisms.

f;fgggﬁf,}us Methods: Mice were fed a normal diet, a high-fructose diet, or high-fructose diet with DM9218. Metabolic
Fructose parameters, fructose- and UA-related metabolites, and fecal microbiota were investigated. Whole-genome
Hyperuricemia sequencing of strain DM9218 was also conducted. In addition, an inosine hydrolase from DM9218 was heter-
Inosine ologously expressed in Escherichia coli, and its inosine-degrading activity was detected.

Intestinal dysbiosis

Results: Our results indicated that DM9218 could decrease serum UA level and hepatic xanthine oxidase activity in
Xanthine oxidase

fructose-fed mice. It could protect against high-fructose—induced liver damage and retard UA accumulation by
degrading inosine. The modulation effect of DM9218 on high-fructose—induced intestinal dysbiosis resulted in
enhancement of intestinal barrier function and reduction of liver lipopolysaccharide, which was closely correlated
with the down-regulation of inflammatory cytokine—stimulated xanthine oxidase expression and activity.
Conclusions: Lactobacillus brevis DM9218 is a probiotic strain with the potential to ameliorate fructose-
induced hyperuricemia.

© 2018 Elsevier Inc. All rights reserved.

Introduction products; high levels of these products are dangerous to the body.

Moreover, adenosine triphosphate (ATP) depletion and reactive

Fructose consumption in the form of high-fructose corn syrup
in soft drinks and processed foods has increased dramatically in
recent years. Absorption of fructose is aided by glucose transport-
ers, and it is metabolized in the liver [1]. Triglyceride (TG), free fatty
acid, uric acid (UA), and methylglyoxal are fructose degradation
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oxygen species production during fructose metabolism stimulate
overproduction of inflammatory cytokines and endotoxins, which
are also risk factors for health [2]. Emerging evidence suggests that
increased dietary consumption of fructose can elevate the risk of
development of diseases and disorders including metabolic syn-
drome, chronic renal disease, insulin resistance 3], cardiovascular
disease [4], and type 2 diabetes [5,6].

High fructose intake is in particular a risk factor for hyperurice-
mia (excess uric acid in the blood). Metabolism of fructose can acti-
vate adenosine monophosphate (AMP) deaminase and enhance
purine degradation and the production of inosine, which results in
elevation of serum uric acid [7]. In addition, long-term fructose
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consumption can suppress ileal uric acid excretion through activa-
tion of nicotinamide adenine dinucleotide phosphate oxidase, lead-
ing to a further increase of the uric acid level [8]. Hyperuricemia is
well known as a cause of gout. In recent years a number of epide-
miologic studies have also found a correlation between hyperurice-
mia and the development of hypertension, obesity, renal disease
[9], cardiovascular disease [10], and diabetes [11]. Studies in animal
models suggested that cardiovascular and kidney diseases could
benefit from lowering serum uric acid [12—14].

Although much attention has been paid to pharmacologic inter-
ventions to reduce serum uric acid [15,16], diet has long been iden-
tified as a non-negligible determinant of serum uric acid level
[17,18]. To reduce serum uric acid levels, patients are usually told
to limit their consumption of certain purine-rich foods like organ
meats and shellfish. The intestinal microbiota must also be consid-
ered another important determinant of serum uric acid level
because they directly take part in food digestion and absorption
[19]. Intestinal dysbiosis was found in patients with gout [20],
which highlighted its role in purine degradation and regulation of
uric acid accumulation. Therefore manipulation of intestinal dys-
biosis may contribute to the prevention of hyperuricemia.

Probiotics are powerful weapons to combat intestinal dysbiosis
[21]. In the past few years, probiotics have rapidly emerged as potential
natural therapeutics for metabolic syndrome [22]. Probiotic microor-
ganisms are well known for their beneficial effect in modulating intes-
tinal microbiota and their contribution to health and well-being
[23,24]. However, to our knowledge, few studies have considered the
beneficial effects of probiotics on high-fructose—induced hyperurice-
mia. Previously we isolated a Lactobacillus strain named DM9218 from
Chinese sauerkraut; this strain could efficiently reduce serum uric acid
levels by assimilating purine nucleosides (inosine and guanosine) and
exhibited good potential in hyperuricemia prevention [25]. The present
study aimed to evaluate the effects of DM9218 on high-fructose—
induced hyperuricemia in a mouse model and to investigate the under-
lying mechanisms.

Methods
Animals

BALB/c male mice raised under specific pathogen-free conditions were
assigned to three groups (n =15 in each group): a control group fed with standard
diet and normal drinking water; a high-fructose group (HF group) with standard
diet and 15% fructose solution; and a probiotic-treated group (probiotic group)
with standard diet, 15% fructose solution, and DM9218 treatment at a dose of 10°
cfu/kg per day intragastrically for 8 wk.

By the end of the study, the stool of each mouse was collected and stored at
—70°C until analysis. Before sacrifice, mice were fasted for 12 h and anesthetized
with diethyl ether. Blood samples were taken from the inferior vena cava for
plasma analysis. Liver tissue and intestinal tissue were removed, rinsed with phos-
phate buffered saline, weighed, and immediately frozen at —70°C. Serum was
obtained by centrifugation of blood at 1500 x g for 10 min and stored at —70°C
until further analysis. The experimental design was approved by the Ethics Com-
mittee of Dalian Medical University, China (SYXK [Liao] 2016-0001).

Biochemical parameters analyzing

The biochemical parameters, including glucose, TG, total cholesterol, low-density
lipoprotein cholesterol, high-density lipoprotein cholesterol, serum UA, and alanine
aminotransaminase activity, were analyzed with corresponding detection kits (Nanjing
Jiancheng Bioengineering Institute, Jiangsu Sheng, China). The concentration of lipo-
polysaccharide (LPS), interferon-y (IFN-y), ATP, AMP, xanthine oxidase (XOD), interleu-
kin-1f3 (IL-183), and inosine and the activity of XOD were determined using commercial
enzyme-linked immunosorbent assay kits (Lengton, Shanghai, China).

RNA extraction, complementary DNA synthesis, and quantitative real-time PCR

A total of 50 mg of tissue samples were homogenized in 1 mL Trizol reagent
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Total RNA was
extracted from the tissue samples using Trizol reagent following the

manufacturer's protocol. The complementary DNA (cDNA) synthesis reaction was
performed three times using the M-MuLV First Strand cDNA Synthesis kit (Sangon
Biotech Co., Ltd., Shanghai, China) according to the manufacturer's protocol. For
real-time quantitative polymerase chain reaction (qPCR), the primers of XOD and
3-actin were shown as follows: XOD (forward: 5'-ATGCGGACCCTGAAACAACA-3,
reverse: 5-TGTTCTGAAGACGGTCATACTTGGA-3'); B-actin (forward: 5-TGACAG-
GATGCAGAAGGAGA-3/, reverse: 5'-GCTGGAAGGTGGACAGTGAG-3'). The primers
were synthesized by Sangon Biotech Co. Ltd. (Shanghai, China). The relative mRNA
expression was expressed as ACt = Ct (target genes) — Ct (calibrator). The expres-
sion of the 3-actin gene was used as a calibrator after verification of its stability
undercurrent experimental conditions. The relative messenger RNA (mRNA)
expression was calculated as AACt = ACt (test group) — ACt (control group) and
expressed as fold change (= 2 —AAc,

Denaturing gradient gel electrophoresis profiling and sequence analysis

The meta-genomic DNA was extracted from the frozen fecal content of mice by
the QIAamp DNA stool mini kit (Qiagen, Hilden, Germany). A NanoDrop 2000 spec-
trophotometer was used to measure the purity and concentration of the DNA
(Thermo Fisher Scientific). PCR was conducted using universal primers F338+GC
clamp and R518 targeting the hypervariable V3 region of the 16S ribosomal RNA
(rRNA) gene. The resulting 16S ribosomal DNA (rDNA) amplicons were analyzed
using the DCode system (Bio-Rad, Hercules, CA, USA) according to a previous descrip-
tion [26]. The digitized denaturing gradient gel electrophoresis (DGGE) images were
analyzed as described before [27]. The Shannon-Wiener index of diversity was used
to determine the diversity of taxa present in fecal samples collected from the three
groups. To identify some separated and strong bands, bands were excised under
ultraviolet transilluminator and sequenced as previously described [26].

16S rDNA sequencing and data analysis

The universal primers (520F, 802R) were used to amplify the V3—V4 region of 16S
rDNA from metagenomic DNA in mice feces. Primer sets were modified with Illumina
adapter regions for sequencing on the IlluminaGAllx platform (Illumina, San Diego,
CA, USA). The reverse primers were modified with an 8-bp Hamming error correcting
barcode to distinguish among samples. The 50 wL PCR mixture contained the follow-
ing components: 100 ng of DNA template, 5 L PCR buffer, 1 wL dNTPs, 0.25 L Hot-
StarTaq Plus DNA Polymerase (Qiagen), and 2.5 pmol of each primer. The PCR
program consisted of an initial step at 95°C for 5 min; 30 cycles of 94°C for 45 s, 55°C
for 45 s, and 72°C for 60 s; and a final extension at 72°C for 8 min. PCR products were
checked by 1.5% (weight/volume) agarose gel electrophoresis in 0.5 mg/mL ethidium
bromide and purified with the Qiaquick gel extraction kit (Qiagen). Sequences of 16S
rDNA were detected by Illumina HiSeq 2000 platform (reconstructed cDNA sequence:
2 x 250 bp). Ribosomal Database Project Classifier 2.8 was used for taxonomical
assignment of all sequences at 50% confidence after the raw sequences were identi-
fied by their unique barcodes. Operational taxonomic units (OTUs) present in more
than 50% the fecal samples were identified as core OTUs. Partial least squares discrim-
inant analysis of core OTUs was performed using Simca-P Version 12 (Umetrics,
Sartorius Stedim, Umea, Sweden). The heat map was generated with Multi-
Experiment Viewer (MeV) software to visualize and cluster the microbial community
into different groups. Community diversity was measured by the Shannon-Weiner
biodiversity index (Shannon index).The data analysis were subsequently performed
on an Illumina HiSeq 2000 platform by Personal Biotechnology Co. Ltd (Shanghai,
China) as described previously [28].

qPCR evaluation of the abundance of Lactobacillus brevis in mice

The abundance of Lactobacillus brevis in fecal contents of mice was quantified
using the Thermal Cycler Dice Real TimeSystemll (Takara, Japan). Amplification
and detection were carried out in 96-well plates using SYBR Premix DimerEraser
(Perfect RealTime, Takara, Japan). Each reaction was done in triplicate in a 25 L
total reaction mixture using 2 L of appropriate dilutions of the DNA sample and
0.3 mM final qPCR primer concentration. The amplification program used was one
cycle of 95°C for 1 min, followed by 50 cycles of 95°C for 5s, 55°C for 30 s, 72°C for
30 s, and dissociation at 95°C for 15 's, 60°C for 30 s, and 95°C for 15 s. For construc-
tion of the standard curve, the PCR products were generated using the following
PCR primers—s-Lbre-F:ATTTTGTTTGAAAGGTGGCTTCGG, s-Lbre-R: ACCCTTGAA-
CAGTTACTCTCAAAGG—and proper dilutions of genomic DNA of L. brevis DM9218
were used as templates. The copy numbers of samples were determined by read-
ing off the standard series with the cycle threshold (Ct) values of the samples.
Gene copy numbers were expressed as log10 values per gram wet weight of mice
fecal samples.

Whole-genome sequencing of DM9218

The overnight culture of DM9218 in MRS medium was treated with 500 p.L of
TE buffer (25 mM Tris-HCl, pH 8.0, 10 mM EDTA, pH 8.0, and10 mM NacCl) and
1 mg/mL of proteinase K at 37°C, and the genomic DNA was extracted using
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phenol-chloroform and alcohol precipitation. DNA was then visualized on an ethi-
dium bromide—stained 0.7% agarose gel. Bacterial genome sequencing was out-
sourced to Shanghai Personal Biotechnology Co. Ltd (Shanghai, China) and
performed using the Illumina Miseq (Illumina). DNA libraries were prepared using
TruSeq DNA LT Sample Prep Kits ([llumina) as recommended. A total of 13.2 billion
reads were obtained from the library. Genome assembly was performed with ALL-
PATHLG (http://www.broadinstitute.org/software/ allpaths-lg/blog/).

Heterologous expression of ORFO0084 gene and protein purification

The ORF00084 gene was cloned from Lactobacillus brevis DM9218 genome
DNA with the following primers: 5 -CCATGGCTAAACGCAAGATGAT-3' and
5'-CTCGAGGTTCTCTTTGAACAGGT-3'. The 962 bp PCR product was confirmed
through electrophoresis and assembled into the plasmid pET28a through Ncol
and Xhol restriction endonuclease sites. Escherichia coli DH5« was used for plasmid
construction. The construct pET28a-ORF00084 was introduced into E. coli BL21
(DE3) cells via electroporation. The positive clone was confirmed by restriction
mapping and then cultured in LB broth containing kanamycin (50 p.g/mL) at 37°C
overnight. For the induction of expression construct, culture was grown till the
absorbance of 0.4 at 600 nm and then isopropyl 3-D-thiogalactoside (IPTG) was
added with a final concentration 100 mM. After 6 h of incubation at 25°C, cells
were harvested and suspended in 50 mM Tris buffer, pH 7.5. The cells were soni-
cated by 6 x 30 s pulses with amplitude of 75% at 4°C (Labsonic U, Melsungen, Ger-
many), and the intracellular fraction was taken for purification. The expressed
His-tagged ORF00084 protein was purified with Ni-NTA-Sepharose column by fol-
lowing the manufacturer's instruction.

High-performance liquid chromatography detection of the inosine-degrading activity

A high-performance liquid chromatography (HPLC) system was used to detect
both inosine and guanosine simultaneously [25]. The standard samples of inosine
and guanosine were purchased from Sigma-Aldrich (St. Louis, MO, USA). To evalu-
ate the inosine and guanosine assimilating ability, the purified His-tagged
ORF00084 protein, the supernatant of BL21 cell lysate before and after induced by
IPTG were inoculated with the inosine-guanosine solution and incubated at 37°C
for 60 min, with shaking (120 rpm). The standard sample solution was used as the
control. After that, the solution was centrifuged at 4000 x g, 4°C for 10 min. Then
270 mL of the supernatant was extracted and 30 mL HClO4 (0.1 mol/L) was added
into the supernatant, mixed thoroughly to prevent further degradation. After fil-
tration, 20 mL of the mixture was injected into the HPLC device. The remaining
inosine and guanosine contents were determined by the peak area at the retention
time points 14 and 10 min, respectively.

Statistical analysis

All data were evaluated as mean + standard error of the mean (n =5). Statistical
analysis of the quantitative multiple group comparisons was performed using one-
way analysis of variance (and non-parametric), followed by Tukey's test (compare
all pairs of columns); when two groups were compared, the non-parametric t test
was performed with the assistance of GraphPad Prism 6 (GraphPad Software, La
Jolla, CA, USA). Results were considered to be statistically significant with P < 0.05.

Results

Effect of DM9218 treatment on metabolic parameters of high-
fructose—fed mice

Animal experiments were conducted as shown in Figure 1A.
After 8 weeks, as expected, the HF group had an obvious increase in
body weight and serum glucose as a result of the high fructose
intake compared with the control group (Fig. 1B and C). In addition,
serum triglyceride and total cholesterol levels were also increased
by the high-fructose diet. Administration of DM9218 had no obvious
effect on these events induced by high fructose (Fig. 1D and E).
Although some experimental results have found that a high-fructose
diet may increase the serum level of low-density lipoprotein choles-
terol and decrease the level of high-density lipoprotein cholesterol
[29,30], we did not identify any significant change in these two
parameters in either the HF group or the probiotic group compared
with the control group (Fig. 1F and G). However, it was interesting
that the serum uric acid levels, which were remarkably increased in
the HF group (both P < 0.01 compared with the control group),
were reduced by 20% (P < 0.01) in the probiotic group compared

with the HF group (Fig. 1H). And because in normal mice uric acid is
degraded to allantoin by hepatic uricase, which is a defect in humans
[31], we also found that the allantoin level was efficiently reduced
after treatment of DM9218 (Fig. 11). Collectively, these findings indi-
cated that DM9218 treatment could efficiently reduce an HF-
induced increase of UA and exert some beneficial influence on other
metabolic parameters.

Effect of DM9218 on fructose metabolism and UA synthetic pathway
in the liver

A synthetic pathway for UA on activation by fructose (based on
previous literature) is shown in Fig. 2A. In the liver, fructose is rap-
idly phosphorylated into fructose-1-phophate in hepatocytes by
ketohexokinase, which uses ATP as the phosphate donor, resulting
in a reduced level of ATP and intracellular phosphate. Low levels of
ATP and intracellular phosphate stimulate the activity of adenosine
monophosphate deaminase, which can convert AMP into inosine
monophosphate (IMP). Subsequently, IMP is metabolized into ino-
sine by 5'-nucleotidase and further degraded into xanthine by
purine nucleoside phosphorylase. Finally, xanthine is converted into
hypoxanthine, ultimately generating uric acid via XOD [32]. Some
cytokines, such as IFN-y and IL-13, are known to up-regulate XOD
activity and/or mRNA expression [33—35], which is highly corre-
lated with the bacterial LPS-induced liver inflammation in mice.

To determine whether DM9218 could affect fructose metabolism,
we first examined the concentrations of ATP and AMP in the liver.
Consistent with previous reports that fructose degradation can con-
sume ATP and increase AMP levels [36], we found that ATP was
decreased (P < 0.01) and AMP was increased dramatically (P < 0.001)
in livers of mice in the HF and probiotic-treated groups compared
with the control group (Fig. 2B and C). The ratio of AMP to ATP was
increased remarkably (P < 0.001) (Fig. S1). However, DM9218 treat-
ment had no obvious effect on either the amounts or the ratio of AMP
to ATP compared with those in the HF group.

Considering that inosine is an intermediate product during fruc-
tose metabolism and may circulate between the liver and gut, we
speculated that the ability of DM9218 to degrade inosine in the gut
may contribute to the decrease of inosine circulating into the liver;
we found previously that DM9218 is an efficient degrader of ino-
sine and guanosine [25]. We therefore monitored the inosine con-
centration in both the liver and intestinal dejecta. Indeed, the
inosine concentration, which was significantly increased (P < 0.01)
in mice of HF group after fructose consumption, decreased dramat-
ically (P < 0.01) after DM9218 treatment in both the liver and
excrement of mice in the probiotic group (Fig. 2D and E).

Effect of DM9218 on LPS-induced upregulation of UA synthesis in the liver

Next we wanted to find out whether DM9218 treatment could
also affect the hepatic XOD activity. Interestingly, the concentration,
mRNA level, and activity of XOD were all markedly increased
(P < 0.001, P < 0.01, P < 0.01, respectively, compared with the con-
trol group) by high-fructose feeding, but distinctly decreased
(P < 0.05, P < 0.001, P < 0.05, respectively, compared with the HF
group) by DM9218 treatment (Fig. 2F—H). These findings strongly
indicated that DM9218 could retard fructose-induced elevation of
XOD activity. It is reported that LPS can induce enterocyte barrier
injury and the LPS level in the circulatory system is inversely related
to gastrointestinal barrier function [37]. Here we found that high-
fructose treatment could significantly (P < 0.001) increase the LPS
level in the liver, which suggested that high fructose could lead to
intestinal dysbiosis and disruption of the intestinal barrier. Previous
studies have reported that probiotics can modify the structure of the
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Fig. 1. Effect of DM9218 treatment on metabolic parameters of high-fructose—fed mice. (A) Study design. BALB/c male mice were assigned to three groups (n=15 in each group): a
control group fed with standard diet and normal drinking water; a high-fructose group (HF group) with standard diet and 15% fructose solution; and a probiotic-treated group with
standard diet, 15% fructose solution, and DM9218 treatment at a dose of 109 cfu/kg per day intragastrically for 8 wk. (B) Body weight of mice, (C) serum glucose, (D) serum triglycerides
(TG), (E) serum total cholesterol (TC), (F) serum high-density lipoprotein cholesterol (HDL-C), (G) serum low-density lipoprotein cholesterol (LDL-C), (H) serum uric acid (UA), and (I)
allantoin in mice of different groups were detected. Results are expressed as mean =+ standard error of the mean (n=5). * P < 0.05; ** P < 0.01; *** P < 0.001. n.s., Nonsignificant.

gut microbiota and improve gastrointestinal barrier function [38].
Like the previous studies, our experimental results indicated that
the liver LPS concentration increased by the high-fructose diet was
significantly decreased by DM9218 treatment (P < 0.05) (Fig. 2I).
Notably, the levels of the XOD activity—upregulating cytokines IFN-
v and IL-13 were also remarkably lower in the probiotic group (all
P < 0.01 compared with the HF group; Fig. 2], K). Therefore we con-
cluded that DM9218 can improve gastrointestinal barrier function
and decrease the level of intestinal proinflammatory cytokines that
are increased by a high-fructose diet.

Intestinal microbial composition of high-fructose—fed mice was
modified by DM9218

We next investigated the effects of DM9218 on the gut micro-
biota of high-fructose—treated mice by PCR-DGGE (Fig. 3A). The

DGGE fingerprint indicated that the complexity of the microbiota
in the HF group differed significantly (P < 0.001) from that in the
control group (Fig. 3B); the mean number of bands was 36.3 + 1.53
in the HF group and 44.0 + 3.29 in the control group. The mean
number of bands in the probiotic-treated group was 42.7 + 3.06,
which was much closer to that in the control group and signifi-
cantly higher (P < 0.001) than that in the HF group. Figure 3C
shows that there were two main clusters in the dendrogram based
on analysis of the DGGE profile: lanes 4, 5, 6 from the HF group and
7, 8, 9 from the probiotic-treated group joined in one cluster,
whereas lanes 1, 2, 3 from the control group formed the other clus-
ter. Twelve bands in Figure 3A that were obviously different among
the three groups were selected and excised for sequencing analy-
sis. Using the NCBI BLAST sequence analysis tool, the PCR products
were found to be similar to sequences of different species listed in
Table 1. The gene sequences of DGGE bands 1, 10, 11, and 12 were
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Fig 2. Effect of DM9218 treatment on fructose metabolism and uric acid (UA) synthetic pathway in mice. (A) Synthetic pathway of UA on activation by fructose. (B) The concentration of
liver adenosine triphosphate (ATP). (C) The concentration of liver adenosine monophosphate (AMP). (D) The concentration of liver inosine. (E) The concentration of intestinal inosine. (F)
The concentration of serum xanthine oxidase (XOD). (G) Serum XOD activity. (H) Relative XOD messenger RNA (mRNA) expression in liver. The concentration of liver lipopolysaccharide
(LPS) (1), interleukin-1f3 (IL-18) (J), and interferon-y (IFN-y) (K) were detected in mice of different groups. Results are expressed as mean =+ standard error of the mean (n=5).
*P < 0.05; ** P < 0.01; ** P < 0.001. AMPD, adenosine monophosphate deaminase; HF, high-fructose group; IMP, inosine monophosphate; KHK, ketohexokinase, PNP, purine nucleo-

side phosphorylase; 5'NT, 5'-nucleotidase.

clustered with the gene sequence of Bacteroides fluxus YIT 12057,
each with an identity of 94%. Bands 2 to 7 were respectively identi-
fied as similar to Clostridium saccharolyticum strain An168, Anae-
rostipes caccae DSM 14662, Barnesiella intestinihominis YIT 11860,

Oceanobacillus picturae strain S1, Eubacterium cellulosolvens 6 and
Marvinbryantia formatexigens DSM 14469. Bands 8 and 9 showed
95% and 94% similarity to members of the genus Enterococcus
(E. casseliflavus EC20 and E. thailandicus strain FO711D, respectively).
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We further adopted metagenomic analysis to systematically
characterize the composition of the intestinal microbiota in mouse
intestine after DM9218 treatment. There were significant differen-
ces between all groups when compared pairwise (Fig. 3D), with the
most significant difference observed between the control and HF
groups. DM9218 treatment resulted in obvious modification of the

bacterial structure of the mouse intestine, as confirmed by princi-
pal coordinate analysis (Fig. 3E) and non-metric multidimensional
scaling analysis (Fig. 3F). A significant decrease in the abundance of
Bacteroidetes (phylum) and an elevated abundance of Verrucomi-
crobia (phylum), Enterococcus (genus), Akkermansia (genus), and
Bacillus (genus) was detected in HF-treated mice (Fig. 3G and
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Table 1
Sequence analysis of 16S rRNA gene fragments identified by PCR-DGGE
Band Genus name NCBI accession no. Identity
1 Bacteroides fluxus YIT 12057 NZ_GL882626.1 94%
2 Clostridium saccharolyticum NZ_NFKU01000053.1 98%
strain An168
3 Anaerostipes caccae DSM 14662 NZ_DS499725.1 95%
4 Barnesiella intestinihominis YIT 11860 NZ_JH815206.1 94%
5 Oceanobacillus picturae strain S1 NZ_CCAX010000003.1 95%
6 Eubacterium cellulosolvens 6 NZ_CM001487.1 95%
7 Marvinbryantia formatexigens NZ_ACCL02000018.1 94%
DSM 14469
8 Enterococcus casseliflavus EC20 NC_020995.1 95%
9 Enterococcus thailandicus NZ_LWMNO01000007.1 94%
strain FO711D
10 Bacteroides fluxus YIT 12057 NZ_GL882626.1 94%
11 Bacteroides fluxus YIT 12057 NZ_GL882626.1 94%
12 Bacteroides fluxus YIT 12057 NZ_GL882626.1 94%

PCR-DGGE, polymerase chain reaction—denaturing gradient gel electrophoresis;
rRNA, ribosomal RNA.

Fig. S2). Intriguingly, DM9218 treatment resulted in the correction
of these bacterial groups to those seen in control mice. However,
we did not find an elevation in abundance of total Lactobacillus
spp. in DM9218-treated group. The bacterial abundance on species
level of the 16S rDNA sequencing results indicated that there are
mainly Lactobacillus animalis and L. intestinalis detected in control
mice (Fig. S3). After administration of DM9218, the abundance of
L. brevis increased dramatically in mice intestine; in contrast, the
abundance of L. animalis and L. intestinalis decreased obviously
compared with the control mice. Given that the 16S rDNA sequenc-
ing method cannot give a quantitative evaluation on bacterial spe-
cies level, we therefore performed qPCR analysis using primers to
specifically detect the abundance of L. brevis in mice fecal samples.
Our result indicated that the abundance of L. brevis in mice treated
by DM9218 is markedly higher than that of the control and HF
groups (Fig. 3H). Moreover, a canonical correspondence analysis
(CCA) was used to establish the relationship between environmen-
tal factors (including the UA level, serum glucose, LPS, IFN-a, and
IL-1B) and the bacterial community. As shown in Figure 3I, the
samples were clearly separated into three groups and the CCA
result explained 46.52% and 20.07% of the variation in the first two
axes, respectively. The UA, serum glucose, LPS, IFN-o, and IL-13

A B

GC-skew

levels were all closely correlated to the HF group, which was in
accordance with our experimental results that high fructose can
up-regulate serum glucose and UA levels and weaken intestinal
barrier function by increasing LPS, IFN-«, and IL-1f3 levels. In con-
clusion, these results indicated that DM9218 can modify the gut
microbiota (which was disturbed by high fructose) and improve
gastrointestinal barrier function.

An inosine hydrolase gene in Lactobacillus brevis DM9218 genome
was detected

To delineate the mechanism of inosine decrease induced by
DM9218 treatment, next-generation whole-genome sequencing
was performed. A total of 5282508 reads were obtained, leading
to 1321776569 bp of sequence data. The size of the DM9218
genome is 2 535529 bp, comprising one circular chromosome with
45.74% G+C content. The total number of ORFs is 2485 (2138910
bp). The genome contains three rRNAs, 54 tRNAs and 46 ncRNAs.
No CRISPRs were detected. The sequencing data for this project has
been deposited in DDBJ/ENA/GenBank with accession number
QAJZ00000000. The version described in this paper is
QAJZ01000000. A graphical circular map of the L. brevis DM9218
genome is presented in Figure 4A, and the general features of the
genome are listed in Table 2. Functional annotation was performed
using KEGG orthology, and a summary of functional categories is
shown in Figure 4B. Through BLAST analysis, we found that the
DM9218 genome was very similar to the genome of L. brevis ATCC
367 (NC_008497.1) (Fig. S5), and therefore we renamed the strain
used in the present work from Lactobacillus plantarum DM9218 to
Lactobacillus brevis DM9218. Importantly, we discovered a gene
named ORF00084 in the DM9218 genome was 99% identical to the
inosine-uridine nucleoside N-ribohydrolase gene of L. brevis ATCC
367 through alignment by the National Center for Biotechnology
Information BLAST (Basic Local Alignment Search Tool). Results
indicated that this protein is highly conserved among L. brevis
strains (99%) and has high similarities with other Lactobacillus
strains ranging from 68% to approximately 89% (Fig. S4A), but it
is quite different from other organisms such as E. coli. (Fig. S4B)
(https://blast.ncbi.nlm.nih.gov/smartblast/smartBlast.cgi). We hypo-
thesize that the product of ORFO0084 may contribute to the inosine-
degrading ability of strain DM9218.

WU gy " and
\\\\\ ?_\E\m\n\n\l\'ii'“’ '/”/// /, Overview
N\ \““\\“\\ i mﬂl/lh 4 v Nucleotide metabolism —"
\\\\\ “\‘\‘\\\\ A\ ”'//\ /// )
\\\\“‘\\ \\\ ’0 8 GC-content ob and poly -
~,‘ N o H,, ,// S, Metabolism Metabolism of other amino acids jm
~‘ N N \\N\\\ \lw 7 " ; it
3 K of an —
N\ ke M”’ Lipid metabolism
QN ™, Antisense strand Glycan biosynthesis and metabolism |
= Energy metabolism s
, & 7 i
= Genome frame is of other y
Amino acid
I3 Ti
L ¥ ’ f SIS Genetic information Transcription
=32 2 “ S { &\ Sense strand i icati i
N, S/S processing p and repair
{%\‘ A\,,‘\’ ZS— \f\ § / o palr =
/// ) 407 a"l‘/‘iw '”\"\f' “ \i\\ $ Environmental i:format!on Signal transduction
v, WA '
/,\,// / \\\\\\‘, N\ Cellular processes Transport and catabolism
7 Mau SN "\ =
/Q . I » T — P —)
/. s e \‘ 10 20 30 40 50 60 70 80 90
..lll "l\‘ Number of matched genes

Fig. 4. Whole-genome sequencing of DM9218. (A) The graphical circular map of the Lactobacillus brevis DM9218 genome. Circle range is from 1 (inner) to 6 (outer). Circle 1,
GC-skew; circle 2, GC-content; circle 3, inosine hydrolase gene ORFO0084; circle 4, antisense strand; circle 5, genome frame; circle 6, sense strand. (B) The KEGG orthology
(KO) annotation and the summary of functional categories for the predicted genes of L. brevis DM9218.
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Table 2

General features of Lactobacillus brevis DM9218 genome
Property Contig Scaffold
Min sequence length 496 2618
Max sequence length 260831 2331362
Total sequence number 92 10
N20 148148 2331362
N20 Number 3 1
N50 83631 2331362
N50 Number 9 1
N90 15077 2331362
N90 Number 35 1
N Number 0 113934
N rate 0 0.4%
Total sequence length 2535529 23535529
GC content 45.74% 45.74%
Sequence greater than 1kb 89 10

Max, maximum; Min, minimum; N Number, uncertain base number; N rate, rate of
the uncertain base number out of the total base number; N20/50/90, the length of
the last sequence when the sum of the sequence length from the longest to the
shortest is greater than 20%/50%/90% of the total sequence length; N20/50/90 Num-
ber, the sequence number when the sum of the sequence length from the longest to
the shortest is greater than 20%/50%/90% of the total sequence length.

Characterization of the inosine hydrolase gene of DM9218

To verify the inosine hydrolyzing ability of ORFO0084, we cloned
it from the strain DM9218 genome into the prokaryotic expression
vector pET28a. Recombinant protein was expressed in E. coli BL21,
purified, and assayed for inosine hydrolysis. SDS-PAGE (sodium
dodecyl sulfate polyacrylamide gel electrophoresis) of the purified
recombinant protein is shown in Figure 5A. The molecular weight
of the protein was about 35 kDa and the purity of the His-tagged
protein reached 90% after elution from the nickel-affinity chroma-
tography column with 100 mM imidazole (Fig. 5A). Next we per-
formed HPLC detection to test the enzymatic activity; the
concentration of inosine and guanosine (as a control) was deter-
mined before and after incubation with the recombinant E. coli
BL21 or the purified recombinant protein. Before IPTG induction,
the E. coli could not degrade either guanosine or inosine, whereas
after IPTG induction it could assimilate inosine and transform it
into other products. After incubation with purified His-tagged
ORF00084 protein, there was rarely any inosine detectable in the
reaction mixture (Fig. 5B). The inosine degradation rates of both
the E. coli strain after IPTG induction and the purified His-tagged
ORF00084 were significantly higher than those of the controls and
uninduced E. coli (Fig. 5C). These findings strongly indicate that the
ORF00084 gene product was an inosine hydrolase.

Discussion

Fructose, a natural monosaccharide found in many fruits and
honeys, is sweeter than glucose and sucrose in equal amounts. An
increase in high-fructose corn syrup consumption has been linked
with a rise in metabolic disorders in recent decades, which raises
concerns regarding the long-term effects of fructose consumption
on human health [37,39]. One of the main metabolites of fructose
intake is uric acid, which may result in hyperuricemia [40]. Hyper-
uricemia is not only the main cause of gout but also a risk factor for
arteriosclerosis, cardiovascular diseases, and nephropathy in dia-
betic patients [41]. Therefore, normalizing serum uric acid level is
essential to reduce the risk of hyperuricemia and related complica-
tions. In the absence of an efficient drug list for asymptomatic
hyperuricemia, probiotic treatment is a promising strategy to pre-
vent such diseases. In this study we revealed that DM9218, a probi-
otic Lactobacillus brevis strain isolated from Chinese sauerkraut, can

modulate high-fructose—induced intestinal dysbiosis and decrease
high-fructose—induced increase of uric acid. Most importantly,
we found that the underlying mechanism of this activity is attribut-
able to an inosine hydrolase gene and the manipulation of fructose-
induced dysbiosis.

Intriguingly, a dramatic decrease in the level of serum uric acid
was identified when mice were fed a high-fructose diet together
with DM9218 at a dose of 10° cfu/kg per day (intragastrically) com-
pared with the HF group of mice. Uric acid is the ultimate product
of fructose metabolism in the liver. Unlike the metabolites and reg-
ulatory mechanism of glucose, fructose is metabolized in liver by
fructokinase (ketohexokinase), which phosphorylates fructose into
fructose-1-phosphate using ATP. Unlike hexokinases, which phos-
phorylate glucose and have a feedback regulatory mechanism to
prevent excessive phosphorylation, fructokinase catalyzes its sub-
strate as fast as it can, resulting in intracellular phosphate deple-
tion. The lower phosphate levels in the cell activate AMP
deaminase, transform AMP into IMP, and increase the concentra-
tion of inosine, which will finally be degraded into uric acid by
XOD. Consistent with previous studies, we found a dramatic
decrease of ATP and increase of AMP after high fructose consump-
tion. In addition, the inosine in the liver and the intestine was also
increased, as was the XOD concentration, mRNA level, and activity.
However, after DM9218 treatment, the levels of all these parame-
ters were modulated to normal. Moreover, the endotoxin LPS and
the intestinal proinflammatory cytokine IL-1(, which were
increased by the high-fructose diet, were both reduced by DM9218
treatment. It was reported that LPS and IL-13 could up-regulate
the XOD mRNA level and activity [34,42]. Thus the decrease of LPS
may be the reason for the normalization of XOD activity after
DM9218 treatment. LPS is an active endotoxin component, and
gut-derived bacterial LPS is brought to the liver by portal circula-
tion [43]. It can induce enterocyte barrier injury and is inversely
related to gastrointestinal barrier function [36]. Therefore we sup-
posed that DM9218 may have the ability to modify the intestinal
microbiota and strengthen intestinal barrier function.

Of note, it has been reported that high-fructose and high-fat
diets may induce intestinal dysbiosis [44]. Probiotics are consid-
ered a promising weapon to combat microbial dysbiosis. Through
PCR-DGGE and metagenomic analyses, we found that DM9218
treatment resulted in obvious modification of the bacterial struc-
ture of the mouse intestine at both the phylum and genus levels.
The bacterial composition in the gut has emerged as an important
factor in obesity and its related metabolic diseases. Previous
research in which a high-fructose diet was given to C57BL/6] mice
[45] found a decreased abundance of Bacteroidetes and increased
abundance of Proteobacteria and Verrucomicrobia. These results are
highly consist with our findings. We also observed a drastic
decrease of Bacteroidetes in HF-fed mice. Actually, a reduction of
Bacteroidetes was found in obese patients compared with that of
the lean people [46,47]; therefore DM9218 obviously has the
potential to increase the Bacteroidetes abundance in mice. How-
ever, treatment of DM9218 did not identify a reduction effect on
the abundance of Proteobacteria, which was also found increased in
HF-diet mice in a study by Tain et al. [48]. Some studies found that
the prior exposure to gastric acids can promote the growth of Pro-
teobacteria, resulting in production of metabolites that can improve
[3-pancreatic cell function and insulin secretion [49]. Thus the
role of Proteobacteria in high-fructose—induced metabolism syn-
drome remain unclear. Moreover, we found an elevation in the
abundance of Verrucomicrobia (phylum) in the gut of HF-treated
mice, and this was mainly contributed by the increase of the Akker-
mansia. This genus was found to be associated with a reduction in
the protective inner mucus layer, ultimately reducing the intestinal
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barrier integrity and promoting bacterial component and endo-
toxin leakage from the gastrointestinal tract into the liver [50]. In
view of the study by Tain et al. [48] and a previous study reporting
an increased abundance of A. muciniphila on ingestion of a high-fat
high-sucrose diet [51], Akkermansia seems to play a negative
role in high-fructose—induced metabolism syndromes. Although
some other studies in diet-induced obese mice reported that an
increase in Akkermansia spp. is beneficial for improving glucose
homeostasis [52,53], and Akkermansia muciniphila was found to
negatively affect IFN-y on glucose metabolism [54], results from
our study further highlighted the novel role of Akkermansia in
high-fructose—induced metabolic syndromes, and administration
of DM9218 is obviously effective in maintaining a proper abun-
dance of this genus. In addition, through CCA analysis, we revealed
that environmental factors, including UA, serum glucose, LPS, IFN-
a, and IL-1f3, were closely related to the bacterial community in
the HF group. In fact, numerous studies have reported that probiot-
ics can restore gut microbiota, inhibit proliferation of harmful bac-
teria, improve gastrointestinal barrier function, and delay the
progress of liver injury [21,55].

However, the manipulation of intestinal dysbiosis may not be
the only way that DM9218 can ameliorate fructose-induced hyper-
uricemia. Studies have found that some Lactobacillus spp., such
as L. panis, can ferment fructose via the Embden-Meyerhof (EM)
pathway [56], and species of L. kunkeei and L. brevis have been
identified as fructophilic Lactobacillus [57,58]. In contrast, L. ani-
malis spp. was found to be a poor fructose utilizer [59]. Thus there
is a possibility that the administrated DM9218 has consumed a
large amount of fructose, which results in extra fructose reaching
to liver. In addition, based on our previous study [25], DM9128 has
the high ability to degrade inosine, which is an intermediate prod-
uct of fructose metabolism that causes the elevation of serum uric
acid. Through whole-genome sequencing and BLAST analysis, we
discovered an inosine hydrolase gene (ORFO0084) in the genome
of strain DM9218. On heterologous expression of the protein in E.
coli BL21, we found that the BL21 strain gained the ability to assim-
ilate inosine. Purified recombinant ORFO0084 protein had high ino-
sine-degradation activity. Increasing the inosine degradation rate
in the intestine can reduce the amount of inosine circulating
between gut and liver. Therefore, in addition to fructose
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fermentation, the inosine degradation ability of DM9218 makes it
superior to other probiotics regarding the reduction of serum UA
levels and thus possess a potential application prospect for the pre-
vention of hyperuricemia.

Conclusions

Lactobacillus brevis DM9218 is a potential probiotic strain that
can decrease high-fructose diet—induced uric acid production by
degrading the intermediate metabolite inosine in the intestine and
thus reduce the circulating amount of inosine in the liver (Fig. 6).
DM9218 also has the ability to enhance gastrointestinal barrier
function by modifying high-fructose—induced intestinal dysbiosis.
In sum, probiotic strain DM9218 shows promise for preventing
high-fructose—induced hyperuricemia.

Supplementary materials

Supplementary material associated with this article can be
found in the online version at doi:10.1016/j.nut.2018.11.018.
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