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Abstract. At present, the treatment of hyperuricemia is 
designed primarily to decrease the production of uric acid using 
xanthine oxidase inhibitors; however, the therapeutic effect is 
not satisfactory. Therefore, the key to the successful treatment 
of hyperuricemia is to increase the excretion of uric acid. 
The aim of present study was to construct uricase‑expressing 
genetically engineered bacteria and analyze the effects of 
these engineered bacteria on the lowering of uric acid levels 
in a rat model of hyperuricemia. The uricase expression vector 
was constructed by gene recombination technology and trans-
fected into Escherichia coli. The expression and activity of 
uricase were analyzed by SDS‑PAGE analysis and Bradford 
assay. The water consumption, food intake, body weight, 
eosinophil count and intestinal histology, in addition to the 
levels of serum uric acid (SUA) and allantoin in the feces of 
the rats, were assessed. The intestinal contents of the rats were 
analyzed by 16S rDNA sequencing technology. The results 
demonstrated that uricase‑expressing genetically engineered 
bacteria secreted active uricase. All rats exhibited a natural 
growth trend during the entire experiment, and the SUA of 
hyperuricemic rats treated with uricase‑expressing engi-
neered bacteria was significantly decreased. In conclusion, 
these results indicate that uricase secreted by recombinant 
uricase‑expressing genetically engineered bacteria served 
an important role in decreasing SUA levels in a rat model of 
hyperuricemia.

Introduction

Uric acid is the product of purine metabolism in animals (1). 
Some animals decompose uric acid into allantoin by uricase and 
expel it from body. However, due to the lack of the uricase gene, 
the product of purine metabolism is excreted by humans in form 
of uric acid (2,3). Therefore, serum uric acid (SUA) is maintained 
at a high level in humans. When normal human purine metabo-
lism is disrupted, the production and excretion of uric acid in the 
body are dysregulated, leading to hyperuricemia (4). The clinical 
diagnostic criteria for hyperuricemia are SUA >420 µmol/l in 
males and SUA >360 µmol/l in females (5). Recent studies have 
shown that following changes to the structure of the human diet, 
the incidence of hyperuricemia in the world is increasing (6‑8), 
and the age of onset of hyperuricemia is decreasing (9,10).

It has been demonstrated that hyperuricemia is not only a 
risk factor for gout and chronic kidney disease, but also a risk 
factor for hypertension, hyperlipidemia, diabetes and cardio-
vascular disease, which are conditions that seriously affects 
human health (11‑17). Therefore, xanthine oxidase inhibitors 
are commonly used in clinical practice to inhibit the synthesis 
of uric acid (18,19), but the effect is not as good as expected and 
has serious side effects (20‑23). It was observed from previous 
studies that approximately two‑thirds of uric acid in the human 
body is excreted by the kidneys, and one‑third is excreted by 
intestinal microorganisms following degradation  (24‑28). 
Due to the limited water‑solubility of uric acid, increasing 
the level of uric acid excretion in the kidneys will increase 
the burden on the organ and lead to renal diseases (29,30). 
Furthermore, recombinant uricase has been used to convert 
uric acid into allantoin in the human body in order to decrease 
the levels of uric acid, but its clinical application is limited due 
to its side effects, including immunogenicity of heterologous 
proteins (31,32). Therefore, increasing the excretion of uric 
acid through the intestine has become an alternative treatment 
strategy. In the present study, genetically engineered bacteria 
containing a recombinant uricase gene that could be expressed 
extracellularly without induction were constructed. The uricase 
secreted by the engineered bacteria in the intestinal tissues of a 
hyperuricemia rat model served a role in decreasing the levels 
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of uric acid. The present study aimed to identify new methods 
for the treatment of hyperuricemia.

Materials and methods

Ethics statement. In the present study, all the experimental 
protocols involving animals approved by the Ethics Committee 
of Chongqing Medical University.

Vectors, bacterial strains and growth conditions. The plasmid 
containing the gene of staphylococcal protein A (spa) and 
uricase (UOX), pET‑28a‑sUOX (accession no. D32043.1) (33‑36), 
was preserved by the Department of Biochemistry and Molecular 
Biology, Chongqing Medical University, and the plasmid was 
purchased from Beijing Beina Chuanglian Biotechnology 
Research Institute. The pMG36e vector was purchased from the 
Suzhou Bei Na Chuanglian Biological Corporation. The pUC57 
vector containing the S‑layer protein signal peptide gene (spo) 
(accession no. Z14250.1) of Lactobacillus brevis was purchased 
from the Chengdu Qingke Zixi Biological Company. In this 
study, Escherichia coli DH5α and BL‑21 cells were used for 
cloning and expression, respectively, which were grown in LB 
medium (Beijing Dingguo Changsheng Biotechnology Co., Ltd.) 
broth containing 200 µg/ml erythromycin incubated at 37̊C 
with 200 r/min rotation. Restriction enzymes XbaI, HindIII, SalI 
and T4 ligase and polymerase chain reaction (PCR) kit (catalog 
no. R060A) were purchased from Takara Biotechnology Co., Ltd.

Construction of recombinant plasmids pMG36e‑sUOX 
and pMG36e‑spo‑uox. UOX and sUOX gene primers were 
designed by Primer 5.0 software (Premier Software, Inc.) 
using the UOX and sUOX sequences in the pET‑28a‑sUOX 
vector as templates and the corresponding restriction sites 
and protection base sequences were added to the primers. The 
primers were synthesized by Shanghai Shenggong Biological 
Engineering Co., Ltd. The sequences of primer are listed 
in Table I. The vector pet‑28a‑sUOX was used as a template, 
and corresponding target genes were amplified by PCR using 
primers OUX‑forward (f), UOX‑reverse (r), sUOX‑f, sUOX‑r 
and high‑fidelity rTaq DNA polymerase (Takara Biotechnology 
Co., Ltd.). The PCR reaction conditions were as follows: 
Pre‑denaturation at 94̊C for 10 min, followed by 32 cycles of 
94̊C for 1 min, 60̊C for 30 sec and 72̊C for 2 min, and final 
extension for 10 min at 72̊C. PCR products, and the pUC57 
(containing the spo signal peptide) and pMG36e vectors were 
double digested with the corresponding restriction enzymes: 
The sUOX fragment and pMG36e vector were digested with 
restriction endonucleases XbaI and HindIII, respectively. 
Both ends of the UOX fragment were digested with SalI 
and HindIII. The spo fragment was digested with restriction 
endonucleases XbaI and SalI, and then ligated by T4 ligase. 
Next, the recombinant plasmids were introduced into E. coli 
DH5α and BL‑21 cells. Then, these bacteria were spread onto 
LB agar plates containing erythromycin. Following successful 
culture, single colonies were selected and grown in LB liquid 
medium containing erythromycin.

Secretion and expression of uricase. Positive clones were 
selected and grown in LB medium containing 200  µg/ml 
erythromycin, and incubated at 37̊C with 200 r/min for 12 h. 

The bacterial solution was used to inoculate the LB medium 
at a ratio of 1:20 at 37̊C for 200 r/min. Following agitation for 
3, 6, 9 and 12 h, the supernatant of the bacterial solution was 
collected after centrifugation (4,000 x g, 15 min) at 4˚C and 
concentrated by polyethylene glycol. The protein concentration 
was detected using the Bradford protein detection kit (Beyotime 
Institute of Biotechnology; cat. no. P0006). The steps were as 
follows: 10 µl protein standard was diluted by 0.9% NaCl to 
a concentration of 0.5 mg/ml. Subsequently, 0, 1, 2, 4, 8, 12, 
16 or 20 µl of the protein standard was added to the standard 
wells of a 96‑well plate, and then the standard dilution was 
added to make up to 20 µl. The sample (10 µl) was added to the 
sample wells of the 96‑well plate and then made up to 20 µl with 
standard dilution. Then, 200 µl coomassie blue g‑250 staining 
solution was added to each well, placed at room temperature for 
5 min, and the absorbance was detected at 595 nm. Finally, the 
protein concentration in the samples was calculated according 
to the standard curve. The optimal protein expression time was 
determined by 10% SDS‑PAGE analysis with 40 µg protein 
loaded per lane. Coomassie G‑250 dye solution purchased from 
Beyotime Institute of Biotechnology was used for visualization 
at room temperature for 1 h.

The activity of uricase was determined, and the unit of 
activity of the enzyme was defined as: The amount of enzyme 
required to catalyze the decomposition of 1 µmol of uric acid 
per min at 40̊C and pH 8.5. The protein content was deter-
mined using a Bradford assay.

Application of engineered bacteria in a rat model
Establishment of rat model of hyperuricemia and 
administration of engineered bacteria. A total of 50 male 
SPF‑grade Sprague‑Dawley (SD) rats were purchased from 
the Animal Experimental Center of Chongqing Medical 
University. The rats were maintained at 24±2̊C, 50‑70% 
humidity and a 12 h light: Dark cycle (8:00 a.m.‑8:00 p.m.). 
Rats were divided into the following 5 groups by random: 
Recombinant uricase‑expressing genetically engineered 
E.  coli bacteria group (E36eu); empty vector‑expressing 
engineered E. coli bacteria group (E36e); E. coli group (E); 
carboxymethylcellulose suspension group (NS); and blank 
control (Con) group. The Con group was fed with water, the 
rats in the other groups were fed with 5% fructose and injected 
intraperitoneally with oteracil potassium (100 mg/kg/day) 
twice daily for 8 weeks to maintain a high uric acid state, as 
described previously (37‑43). During the entire experiment, 
all rats were fed standard rat chow and were given ad libitum 
access to water.

The suspension of engineered bacteria (bacterial solution 
concentration of 0.02 g/ml) was made from carboxymethylcel-
lulose solution. An total of 5 ml/kg/day was administered via 
intragastric gavage at 2:00 p.m. every day to the E36eu group 
(carboxymethylcellulose suspension administered with recom-
binant uricase E. coli genetically engineered bacteria), E36e 
group (carboxymethylcellulose suspension administered with 
empty vector E. coli engineered bacteria), E group (carboxy-
methylcellulose suspension administered with E. coli) and NS 
group (carboxymethylcellulose suspension).

Collection and processing of samples. During the experiment, 
the water consumption, food intake and body weight of rats were 
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measured daily. After fasting rats for 12 h, at 8:00 a.m. every 
Sunday, 0.5‑1.0 ml of blood was collected by tail cutting, and 
serum was collected by centrifugation (1,000 x g, 10 min) at 4̊C.

i) Measurement of SUA levels. SUA levels were deter-
mined by enzyme colorimetry. The uric acid detection kit 
was purchased from Nanjing Jiancheng Technology Co., Ltd 
(cat. no. C012). The principle of measuring uric acid is that, 
in the protein‑free filtrate, uric acid reduces phosphotungstic 
acid to generate tungsten blue, allantoin and carbon dioxide 
in the alkaline state. The shade of blue coloring is directly 
proportional to the concentration of uric acid. The kit was used 
as follows: A total of 0.2 ml serum, uric acid standard applica-
tion solution and distilled water were added to the test tube, 
standard tube and blank tube respectively. Then, 2 ml tung-
state protein precipitator was added to the 3 tubes. The fully 
mixed solutions were allowed to stand for 10 min, and then 
centrifuged at 1,000 x g for 5 min at 4̊C. Following removal 
of 1.6 ml supernatant from each tube, 0.5 ml sodium tungstate 
reagent and phosphotungstic acid reagent were added to each 
tube, and the solutions were mixed well. After 10 min, the 
absorbance value of each tube was measured at a wavelength 
of 690 nm with 1 cm light diameter. A blank tube was used to 
calibrate the machine. Finally, the values of SUA were calcu-
lated according to the formula: SUA=OD of the test tube/(OD 
of the standard tube x content of the standard substance). At the 
end of the experiment, blood samples from the rats were used 
to coat slides. At room temperature, 0.5 ml Wright's stain was 
added to the slides for 1 min, and then 1 ml buffer was added 
to mix with the Wright's stain for 5 min. Finally, the dyeing 
solution was washed away by running water. Subsequently, 
the cells on each slide were observed at magnification, x40, 
and images were captured at a magnification, x400 from three 
different field of view, and eosinophil counts were performed.

ii) Histology. To obtain tissue samples for further analysis, 
4% paraformaldehyde was injected into the heart of anesthe-
tized rats (IP, 40 mg/kg sodium pentobarbital). Following 
perfusion, small intestine tissues were extracted, fixed in 4% 
paraformaldehyde at 4̊C for 24 h, and sectioned to 5 µm. At 
room temperature, paraffin sections were dewaxed with pure 
xylene (twice for 5 min each), and then washed with distilled 
water following rehydration using high concentration to low 
concentration alcohol (anhydrous ethanol, twice for 5 min each; 
95% alcohol, 80% alcohol, 70% alcohol, each time for 5 min). 
The slides were then stained using hematoxylin for 5 min at 
room temperature. Color separation was then conducted using 
acidic and ammonia solutions (1% hydrochloric acid alcohol 

solution, 15 sec; 0.6% ammonia water, 15 sec). The slides were 
rinsed with running water and placed in distilled water for 
15 min. The samples were then stained with eosin for 2 min 
at room temperature, followed by dehydration with alcohol 
(95% alcohol, twice for 5 min each; anhydrous ethanol, twice 
for 5 min each) and then treatment with pure xylene (twice 
for 5 min each). They were then covered and observed using 
an optical microscope (magnification, x400) and images were 
captured.

iii) High‑throughput sequencing. The contents of the small 
intestine tissues of rats were stored at ‑80̊C, and then analyzed 
by Chengdu Lilai Biotechnology Co., Ltd. The methods for 
high‑throughput sequencing were as follows: The total micro-
biome DNA was extracted using the E.Z.N.A.® Stool DNA 
kit (cat. no. D4015; Omega Bio‑Tek, Inc.), and target fragment 
libraries were constructed. The corresponding primers were 
designed according to the conserved region in the microbial 
ribosomal RNA sequence, and the sequencing universal 
adapters and sample specific Barcode sequences were added 
to the common primers, so as to amplify the variable region 
gene (V3+V4) or specific gene fragments of rDNA by PCR. 
The PCR amplification products were then detected by 2% 
agarose gel electrophoresis and the target fragments were 
recovered using the AMPure XT beads recovery kit (cat. 
no. A63881; Beckman Coulter, Inc.). A Qubit fluorometer was 
used to quantify the purified PCR products, using a cut‑off 
value of >2 nM. Following gradient dilution of the qualified 
sequencing libraries, they were mixed according to the amount 
required for sequencing, and then modified into a single chain 
by NaOH for machine sequencing. The MiSeq sequencer was 
used for 2 x 300 bp double‑end sequencing. Finally, bioin-
formatics analysis was performed. Bioinformatics analysis 
included Operational Taxonomic Units (OTU) cluster analysis, 
Alpha diversity analysis, Bate analysis and species analysis. 
The sequence for OTU cluster analysis was performed using 
USEARCH software (https://www.drive5.com/usearch/; 
version 10.0) based on 97% sequence similarity. USEARCH 
software was also used for Alpha diversity analysis and 
Beta analysis. Alpha diversity analysis includes Chao1, 
Observed_species, Goods_coverage, Shannon and Simpson 
index. And Beta diversity analysis and species analysis were 
performed based on the results obtained by OTU cluster 
analysis. Beta diversity analysis was started by calculating 
the distance matrix between environmental samples, which 
included the distance between any two samples. The sample 
distance matrix was clustered using the Unweighted Pair 

Table I. Target gene primer sequences.

Primer	 Primer sequence (5'‑3')	 Restriction sites

UOX‑F	 GGTCGACATGTCAACAACGCTCTCATCCACC	 SalI
UOX‑R	 GCGAAGCTTTTAGTGGTGGTGGTGGTGGTGCAACTTG	 HindIII
sUOX‑F	C GTCTAGAATGACTTTACAAATACATACAGGGGGTATTAATTTGAAAAAG	 XbaI
sUOX‑R	 ATAAAGCTTTTAGTGGTGGTGGTGGTGGTG	 HindIII

The underlined letters indicate restriction enzyme cutting sites. UOX, uricase; sUOX, Staphylococcal Protein A + uricase; F, forward; R, 
reverse.
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Group Method with Arithmetic Mean method (44). The gener-
ated cluster tree data file was imported into the cluster tree 
viewing software Figtree (version v1.4.4; http://tree.bio.ed.ac.
uk/software/figtree/). Principal coordinates analysis and clus-
tering analysis were used to decompose the community data 
structure naturally, and to observe the differences between 
samples by ordinating the samples. Then, species analysis 
was performed. RDP (http://rdp.cme.msu.edu/index.jsp) 
and NT‑16S (http://ftp.ncbi.nlm.nih.gov/blast/db) databases 
were used for species classification and subsequent analysis. 
According to the OTU annotation results and the OTU 
abundance table of each sample, the species abundance tables 
of phylum and genera level were obtained, and the species 
composition and difference analysis of different groups were 
performed for different levels of species abundance table. In 
the analysis, Blast (http://blast.ncbi.nlm.nih.gov/Blast.cgi) was 
used for classification comparison.

iv) Allantoin ELISA analysis. Fecal excrement from the 
rat large intestine tissues was stored in liquid nitrogen for 
determination of allantoin levels. A rat allantoin ELISA kit 
was purchased from Jiangsu Mei Biao Biological Technology 
Co., Ltd. (cat. no. MB‑7159A). The stop solution changed the 
reaction color from blue to yellow, and the color intensity 
was measured at 450 nm using a spectrophotometer. In order 
to measure the concentration of allantoin in the sample, the 
allantoin ELISA kit used included specific calibration stan-
dards. The calibration standards were assayed concomitantly 
with the samples, which produced a standard curve of optical 
density (OD) vs. allantoin concentration. The concentration of 
allantoin in the samples was then determined by comparing 
the OD of the samples with the standard curve.

Statistical analysis. Measurement data were expressed as 
mean ±  standard deviation. The Student's t‑test was used 
for comparison between the two groups (Tables II, III, IV, 
V and VI). One‑way analysis of variance was used to compare 
multiple groups (Table VII). If the variances were equal, 
Tukey's post hoc test was used. If the variances were not 

equal, Tamhane T2 test was used. GraphPad Prism (GraphPad 
Software, Inc.) was used to analyze the data. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Identification of target genes and recombinant expression 
vectors pMG36e‑sUOX and pMG36e‑spo‑uox. The target 
genes UOX, sUOX and spo exhibited target bands of 948 bp 
[Fig. 1A (lanes 2‑5) and C (lanes 3‑4)], 1,093 bp [Fig. 1B 
(lanes 2‑5) and C (lane 2)] and 105 bp [Fig. 1D (lane 2)] by 
1.0% agarose gel electrophoresis, respectively. The pMG36e 
plasmid exhibited a band at 3,600 bp [Fig. 1C (lane 5)] by 1.0% 
agarose gel electrophoresis. Plasmids of positive clones were 
extracted for PCR identification and restriction enzyme diges-
tion, and were confirmed by 1.0% agarose gel electrophoresis. 
As demonstrated in Fig. 1, vector pMG36e was 3.6 kb [Fig. 1F 
(lane 2)], UOX gene was 1 kb [Fig. 1E (lane 3)], and sUOX 
gene was 1.1 kb [Fig. 1E (lane 2)], which coincided with the 
size of the target gene. Sequencing results indicated that the 
base sequence was complete and consistent with GenBank 
base sequence (45).

Secretion expression of uricase. Following transformation 
of pMG36e‑sUOX and pMG36e‑spo‑uox into E. coli BL21 
cells, the expression levels of proteins were analyzed by 
SDS‑PAGE at different culture times in the supernatant, 
periplasmic space and inclusion bodies. As indicated in 
Fig.  1G, the supernatants of the recombinant plasmids 
pMG36e‑sUOX and pMG36e‑spo‑uox exhibited a band at 
34 kDa [Fig. 1G (lane 4)], which was consistent with the 
expected molecular weight of the target protein. In addition, 
the expression level of pMG36e‑spo‑uox was increased 
compared with that of pMG36e‑sUOX, and maximum 
expression was obtained at 9 h. The enzyme activity was 
identified to be 2.97  U/mg. Therefore, the recombinant 
plasmid pMG36e‑spo‑uox was selected for subsequent 
analysis in vivo.

Table VI. Fecal allantoin levels.

Group	 E36eu	 E36e	 E	 NS	C on

Allantoin, µg/ml	 393.94±5.16A-D	 259.92±14.58a	 271.71±9.34	 250.49±11.09	 241.27±8.87

aP<0.05 and AP<0.01 vs. Con group. BP<0.01 vs. NS group. CP<0.01 vs. E group. DP<0.01 vs. E36e group. E36eu, recombinant uricase‑expressing 
genetically engineered E. coli bacteria group; E36e, empty vector‑expressing engineered E. coli bacteria group; E, E. coli group; NS, carboxy-
methylcellulose suspension group; Con, blank control.

Table VII. Eosinophil count.

Group	 E36eu	 E36e	 E	 NS	C on

Number	 3.80±2.42	 4.01±0.18	 3.63±0.12	 2.30±0.15	 2.08±0.17

E36eu, recombinant uricase‑expressing genetically engineered E.  coli bacteria group; E36e, empty vector‑expressing engineered E.  coli 
bacteria group; E, E. coli group; NS, carboxymethylcellulose suspension group; Con, blank control.
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Application of engineered bacteria in rat model
Changes in water consumption, food intake, body weight 
and SUA of rats, and fecal allantoin. Compared with the 
Con group, the water consumption of the E36eu group was 
increased at weeks 6 and 8 (P<0.05; Table II) and increased 
significantly at weeks 2, 3, 4, and 7 (P<0.01; Table II), and food 
intake was decreased at week 5 (P<0.05; Table III). Compared 
with the NS group, water consumption in the E36eu group 
was significantly increased at week 3 (P<0.01; Table II) and 
body weight was significantly decreased at week 7 (P<0.01; 
Table IV). The changes of SUA in rats are presented in Table V. 
During the whole experiment, SUA in the Con group was 
significantly decreased compared with that in the other groups 

(P<0.01). Between week 5 to week 8, the levels of SUA in the 
E36eu group were decreased, and were significantly decreased 
compared with those in the NS, E and E36e groups (P<0.01). 
Compared with the NS group, the SUA levels in the E36e group 
at week 5 and the E group at weeks 5 and 7 were higher than 
that in the NS group (P<0.05). The SUA levels in the E36e 
group at weeks 7 and 8 and the E group at week 8 were signifi-
cantly higher than that in the NS group (P<0.01). As observed 
in Table VI, the allantoin levels in the feces of the E36eu group 
were significantly increased compared with those of the other 
groups (P<0.01). These data indicate that there was no decrease 
in the SUA levels in the rats who were administered the empty 
vector E. coli engineered bacteria and E. coli. The SUA levels in 

Figure 1. Results of target gene amplification, identification of recombinant plasmid and expression of uricase. (A) Molecular weight marker DL4500 (lane 1) 
and PCR results for the UOX gene (lanes 2‑5). (B) DL4500 (lane 1) and PCR results for sUOX gene analysis (lanes 2‑5). (C) DL4500 (lane 1), double digestion 
of sUOX gene (lane 2), double digestion of UOX gene (lanes 3‑4) and double digestion of pMG36e (lane 5). (D) DL500 (lane 1) and double digestion of spo gene 
(lane 2). (E) DL4500 (lane 1), PCR results of sUOX gene analysis in recombinant plasmid (lane 2); PCR results of UOX gene analysis in recombinant plasmid 
(lane 3). (F) DL4500 (lane 1), double digestion of pMG36e in recombinant plasmid (lane 2), double digestion of recombinant plasmid pMG36e‑spo‑uox (lanes 
3‑5) and double digestion of recombinant plasmid pMG36e‑sUOX (lanes 6‑8). (G) Protein marker 170 kDa (lane 1), protein expression of pmg36e‑spo‑uox in 
the periplasmic space, protein inclusion bodies and supernatant following 9 h culture (lanes 2‑4), protein expression of pmg36e‑sUOX in the periplasmic space, 
protein inclusion bodies and supernatant following 9 h culture (lanes 5‑7) and protein expression of pmg36e‑spo‑uox in supernatants after 3, 6, and 12 h culture 
(lanes 8‑10). PCR, polymerase chain reaction; UOX, uricase, sUOX, staphylococcal protein A + uricase.

Figure 2. Eosinophil count in each treatment group. (A) E36eu group. (B) E36e group. (C) E group. (D) NS group. (E) Con group. All images at magnification, 
x400. Scale bar=200 µm.
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the rats who were administered uricase genetically engineered 
bacteria was significantly decreased.

Analysis of eosinophil count and histological observation 
of small intestine in rats. Compared with the Con group, the 
number of eosinophils in the E36eu, E36e, E and NS groups 
increased slightly, but the difference was not significant (P>0.05; 
Table VII and Fig. 2A‑E). The structure of the intestinal mucosa 
was intact, epithelial cells were closely arranged and goblet cells 

were scattered between absorptive cells. There were no patho-
logical changes in observed in the cells (Fig. 3A‑E).

Analysis of intestinal contents in rats. Following 
high‑throughput sequencing, the intestinal contents of the 
rats were analyzed by bioinformatics, including Operational 
Taxonomic Units (OTU) cluster analysis, Alpha diversity 
analysis, Beta diversity analysis and species analysis. The 
results are presented in Figs. 4‑7. The results of the OTU 

Figure 4. OTU cluster analysis and Alpha diversity analysis of the intestinal contents in the rat model. (A) Chao1 index. (B) Observed_species index. 
(C) Shannon Index. (D) Simpson index. (E) Goods_coverage index.

Figure 3. Histological analysis of intestinal tissue in rats. (A) E36eu group. (B) E36e group. (C) E group. (D) NS group. (E) Con group. The tissue structure of 
the small intestine in each group of rats was intact. There were no pathological changes observed in the cells. All images at magnification, x100.
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cluster analysis and Alpha diversity analysis demonstrated 
that the dilution curves of each group were generally smooth, 
indicating that the data volume of sequencing was reason-
able and could include the majority of microorganisms in the 
samples (Fig. 4). According to the Goods_coverage index, 
the results of sequencing can represent all samples (Fig. 4E). 
According to the Observed_species, Chao1, Shannon and 
Simpson indexes, the species richness and evenness of the Con 
and NS groups were relatively high (Fig. 4A‑D). The results of 
the Bate analysis and species analysis indicated that there were 
differences in species diversity between the E36eu and Con 
groups (Fig. 5A and B). According to the phylum level cluster 
analysis, intestinal flora of each group was primarily composed 
of Firmicutes, Proteobacteria, Bacteroidetes, Fusobacteria, 
Actinobacteria and Teneriquets (Figs. 6A and 7A). The compo-
sitions of the colonies in the Con and NS groups were similar, 
and the compositions of the colonies in the Con and E36eu 
groups were different. According to the genus level cluster 
analysis, composition and abundance of colonies in each group 
were different (Figs. 6B and 7B).

Discussion

Apart from the kidney, the intestine is the most important 
organ for excreting uric acid  (27,46). The uric acid in the 
intestine primarily originates from both endogenous (SUA) 
and exogenous (food) sources. Endogenous uric acid is not 
only comprised of SUA (46,47), but also a small amount of 
uric acid secreted from liver (48). The penetration of SUA into 
the intestine occurs through passive diffusion (49), and may 
be associated with the organic ion transporter 10 (OAT10) in 
the intestinal mucosa (50). Therefore, hyperuricemia signifi-
cantly increases the level of uric acid entering the intestine 
in this way (46). Furthermore, uric acid in the intestine may 
also be absorbed into the blood, which is associated with the 
secretory and absorptive functions of the intestinal mucosa. 
Under normal circumstances, microorganisms in the intestine 
convert some uric acid into allantoin, which is more easily 
soluble in water, and excreted in feces (51). The conversion of 
uric acid into allantoin not only decreases the level of uric acid 
in the intestine, but also facilitates the excretion of SUA into 

the intestine, which is conducive to the overall decrease of uric 
acid levels in the body.

Therefore, the present study successfully constructed 
uricase‑expressing genetically engineered bacteria by gene 
recombination technology, and the efficacy of the engineered 
bacteria was verified in a hyperuricemia rat model using 
oteracil potassium, which is a commonly used drug in animal 
models that inhibits uricase activity. When administered in 
certain amounts, it may partially inhibit the activity of uricase 
due to the competitive inhibition mechanism of the drug, which 
results in an rapid increase in the levels of SUA in rats. However, 
oteracil potassium is metabolized quickly in the body; there-
fore, the time of injection of oteracil potassium in the animal 
model of the present study was different from the time of 
administration of the genetically engineered bacteria, so that 
the oteracil potassium would not affect the activity of uricase 
secreted by the engineered bacteria. The results indicated 
that the SUA levels in rats who received uricase‑expressing 
genetically engineered bacteria decreased significantly and 
that the rats grew normally. In the upper part of the intestine, 
the number of bacteria in the lumen is relatively low, and it is 
generally accepted that bacterial communities increase in rela-
tive diversity and complexity in the proximal‑distal direction, 
from duodenum through to the jejunum and ileum. Based on 
early molecular studies, the genus Streptococcus appears to 
be the dominant genus in the duodenum and jejunum (52,53). 
There are more gram‑negative bacteria compared with 
gram‑positive bacteria in the terminal ileum. Located next 
to the ileocecal valve, the environment of the colon is condu-
cive to the growth of obligate anaerobic bacteria, and the 
number of bacteria increases rapidly. Normally, the flora of 
the small intestine is primarily distributed in the ileum. The 
duodenum and jejunum are relatively sterile, and the primary 
bacterial species are gram‑positive aerobic bacteria, including 
Streptococcus, Staphylococcus and Lactobacillus (54). In the 
distal ileum, the gram‑negative bacteria begin to outnumber 
the gram‑positive bacteria. Therefore, there are few bacteria in 
the upper part of the small intestine, and it is difficult to collect 
samples. As such, the contents of the whole intestinal segment 
of the small intestine were collected in the present study for 
intestinal contents analysis. It has been demonstrated that SUA 

Figure 5. Beta analysis of the intestinal contents in the rats model. (A) PCoA analysis chart. (B) Unweighted Pair Group Method with Arithmetic Mean 
hierarchical cluster tree diagram. PCoA, principle coordinates analysis.
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can be excreted into the intestinal lumen throughout the small 
intestine to the large intestine (49,50). The mucosal area of 
the small intestine is large, and this organ serves an important 
role in lowering SUA levels. In the present study, the analysis 
of the whole contents of the small intestine, SUA values and 
allantoin values in rats suggested that uricase‑expressing 
genetically engineered bacteria colonized the intestine and 
served a role in lowering uric acid levels. In addition, one 
study has used montmorillonite to adsorb intestinal uric acid 
in order to decrease SUA levels (55), which is consistent with 
the results of the present study. However, the aforementioned 
study only analyzed the effect of adsorption of intestinal uric 
acid by montmorillonite on SUA in a short period of time, but 
the effect of long‑term use of montmorillonite on SUA was 
not analyzed. Therefore, it has not been demonstrated that 
this method can be used for long‑term treatment of hyperuri-
cemia. Recombinant uricase has also been used to decompose 
uric acid in vivo, but its clinical application has been limited 

by side effects such as immunogenicity of heterologous 
proteins (31,32). Using a different method, the present study 
used gene recombination technology to introduce the s‑layer 
protein signal peptide gene from Lactobacillus brevis at the 
N‑terminal end of the UOX gene, which is the signal peptide 
gene that directs extracellular secretion of uricase. Therefore, 
uricase‑expressing engineered bacteria colonized in the intes-
tine may secrete endogenous uricase. Additionally, E. coli is 
one of the normal species of intestinal flora. Uricase, which 
is expressed through normal intestinal flora, cannot enter the 
blood, and even if exposed for prolonged periods, the body 
will not produce antibodies. The present study also contains 
certain limitations; although E. coli is a normal intestinal flora 
but a conditional pathogen, excessive use may cause some side 
effects, including diarrhea and inflammation.

An increasing number of studies investigating probiotics have 
been performed in recent years. Lactobacillus is one of the probi-
otics present in the human intestine, which can improve intestinal 

Figure 6. Species analysis of the intestinal contents in the rat model. (A) Histogram of sample abundance by phylum. (B) Histogram of sample abundance by 
genus.
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microenvironment, regulate immunity and promote nutrient 
absorption (56‑59). Recent studies have demonstrated that probi-
otics also have a role in regulating abnormal brain activity (60,61). 
Therefore, this study group plans to transfect a recombinant UOX 
gene into Lactobacillus, to further analyze the practical applica-
tion value and significance of engineered bacteria.

In summary, the present study described a novel approach 
to treat hyperuricemia through degrading uric acid by uricase 
secreted by intestinal microorganisms carrying a recombinant 
uricase gene. The uricase secreted by uricase‑expressing 
engineered bacteria, constructed through gene recombination 
technology, promoted the conversion of intestinal uric acid into 

Figure 7. Species analysis of the intestinal contents in the rat model. (A) Taxa heatmap of species by phylum. (B) Taxa heatmap of species by genus.
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allantoin, which not only prevented the absorption of intestinal 
uric acid into the bloodstream but also accelerated the diffu-
sion of SUA into the intestine, thereby decreasing SUA levels.
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