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Abstract: Hyperuricemia (HUA) is a metabolic disorder characterized by excessive uric
acid (UA) production and impaired excretion. Goji, as a representative medicinal food,
holds significant research and development value, while probiotic fermentation technology
is finding increasingly widespread applications in the functional food sector. This study
developed a novel goji fermented with three probiotic strains (Lactoplantibacillus plantarum
CGMCC8198, Lactococcus lactis LTJ28, and Lactocaseibacillus casei YR2-2) and investigated
its anti-HUA effects. Optimal fermentation conditions (7.913 material–liquid ratio, 3.92%
inoculation, 7.49 h at 37 ◦C with 1:1:2 strain ratio) yielded a beverage with enhanced
flavor profiles (19 aroma compounds) and high viable counts. In HUA cell models, the
15% fermented goji juice significantly reduced UA levels by 56% (p < 0.01). In potassium
oxonate-induced HUA mice, the beverage effectively lowered serum UA, xanthine oxidase
activity, and renal function markers (blood urea nitrogen and creatinine, p < 0.0001) while
improving hepatic parameters (alanine aminotransferase, aspartate Aminotransferase). The
goji-fermented juice significantly reduced the expression of renal UA transporters GLUT9
and URAT1 (p < 0.0001) while improving gut microbiota composition, as evidenced by
increased beneficial SCFAs (acetic acid, butyric acid, p < 0.0001) and elevated Lactobacillus
abundance 2.14-fold. Our findings demonstrate that this triple-probiotic-fermented goji
beverage represents an effective dietary strategy for HUA management by simultaneously
inhibiting UA production, enhancing excretion, and restoring gut microbiota homeostasis,
providing a scientific basis for developing probiotic-based functional foods against HUA.

Keywords: goji (Lycium barbarum L., wolfberry); hyperuricemia; fermented beverages;
combined probiotics; flavor compounds; intestinal flora

1. Introduction
Hyperuricemia (HUA) is a metabolic disease caused by a disorder of purine

metabolism and an imbalance in the formation and secretion of uric acid (UA). Chronic
HUA may cause metabolic syndrome and gout, damage the kidneys, and is also associated
with many health problems, such as cardiovascular disease, as well as affecting the balance
of intestinal microorganisms in vivo and the integrity of intestinal epithelium [1]. Current
therapeutic strategies for HUA primarily focus on pharmacological interventions, such as
xanthine oxidase (XOD) inhibitors (e.g., allopurinol) and uricosuric agents (e.g., probenecid).
However, these treatments are often associated with adverse effects, including hypersensi-
tivity reactions, gastrointestinal disturbances, and renal toxicity [2]. Consequently, there
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is a growing interest in exploring alternative or adjunctive therapies, particularly those
derived from natural sources, to manage HUA effectively and safely.

In recent years, probiotics have emerged as promising candidates for modulating
metabolic disorders, including HUA. Probiotics are considered potential functional foods;
they not only enhance the nutritional value and flavor of foods but also help to maintain the
stability of intestinal flora [3]. Fermented foods with added probiotics occupy an important
position in modern diets, such as the application of probiotics such as Lactobacillus bulgar-
icus and Bifidobacterium bifidum in the production of dairy products and the application
of lactobacilli in fermented fruit and vegetable juices [4]. Among the various probiotic
strains, Lactoplantibacillus plantarum (previously Lactobacillus plantarum), Lactococcus lactis,
and Lactocaseibacillus casei (previously Lactobacillus casei) have garnered significant attention
due to their well-documented health-promoting properties, including anti-inflammatory,
antioxidant, and immunomodulatory effects [5]. These strains have been extensively stud-
ied for their ability to modulate gut microbiota, enhance intestinal barrier function, and
regulate host metabolism [6,7]. Notably, emerging evidence suggests that gut microflora
and certain probiotic strains can influence purine metabolism and uric acid excretion,
potentially offering a novel approach to managing HUA [8]. L. plantarum has been shown
to exert beneficial effects on lipid metabolism, glucose homeostasis, and oxidative stress [9].
Its ability to produce bioactive peptides and short-chain fatty acids (SCFAs) may contribute
to its metabolic regulatory effects [10]. L. lactis has demonstrated the potential to reduce
systemic inflammation and improve gut health. Its capacity to produce beneficial com-
pounds, such as exopolysaccharides (which can modulate immune responses and protect
the gut barrier) and bacteriocins (antimicrobial peptides that inhibit pathogenic bacteria),
could further enhance its therapeutic potential [11,12]. L. case has been reported to alleviate
components of metabolic syndrome, such as obesity and insulin resistance, and possesses
immunomodulatory effects [13]. These three strains, when used in combination, may offer
a multifaceted approach to addressing the complex pathophysiology of HUA.

As a traditional medicinal and edible plant with a history spanning thousands of years,
goji (Lycium barbarum L., wolfberry) is recognized for its rich nutritional composition and
potential health benefits [14]. Modern pharmacological research has shown that goji berries
are rich in lycium polysaccharides, betaine, ascorbic acid, and other trace elements, which
can improve cardiovascular disease, reproductive organ damage, Alzheimer’s disease, and
other diseases [15]. Recent studies have suggested that goji consumption may improve
lipid profiles, enhance antioxidant capacity, and modulate gut microbiota composition [16].
In previous studies in our laboratory, probiotics with uric acid-lowering function have been
screened from naturally fermented goji, and the mechanism of uric acid-lowering effect of
this strain of Pediococcus acidilactici GQ01 and its postbiotic elements on HUA mice and the
composition of intestinal microorganisms have been investigated [17]. The combination of
fermented foods and probiotics not only enhances the nutritional value of the food but also
enhances its positive impact on health, including improving gut health, boosting immunity,
and providing essential nutrients [10]. Given its potential to synergize with probiotics,
goji represents an ideal substrate for developing functional fermented beverages aimed at
managing metabolic disorders, including HUA.

Multi-probiotic-fermented functional beverages demonstrate specific metabolic disease-
modulating effects through their synergistic microbial activities and bioactive compound
profiles [11]. They help to provide probiotics and maintain a healthy microbiota with signif-
icant effects on the immune system and metabolic function [18,19]. Despite the promising
potential of probiotic-fermented goji beverages in managing HUA, there is a paucity of
research investigating the specific effects of L. plantarum, L. lactis, and L. casei co-fermented
goji on UA metabolism. Existing studies have primarily focused on the individual effects
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of these strains or their application in other metabolic contexts. The rationale for using
a multi-strain probiotic approach lies in the potential for combined effects of the strains,
leading to enhanced metabolic effects [20]. In this study, we established the fermentation
process of goji beverage using three probiotic strains (L. plantarum TCCC11824, L. lactis
LTJ28, and L. casei YR2-2), and investigated the therapeutic effects of both conventional goji
juice and the probiotic-fermented beverage on HUA using cellular and murine models,
with particular emphasis on UA metabolism and intestinal flora modulation.

2. Materials and Methods
2.1. Reagents and Materials

The dried goji berries were collected and purchased in Zhongning County, Ningxia
Hui Autonomous Region, China. L. plantarum TCCC11824 (CGMCC NO. 8198) [21],
L. lactis LTJ28 (CGMCC NO. 20087) [22], L. casei YR2-2, and HepG2 cells, all of which
were preserved in Tianjin University of Science and Technology.

2.2. Strain Culture and Preparation of Goji-Fermented Beverage

The strains were inoculated into MRS liquid medium at a 1% inoculum for activation,
cultured in a biochemical incubator at 37 ◦C, and passaged three times during the expo-
nential period to activate to a viable count of more than 108 CFU/mL. The goji beverage
was pasteurized, and a triple-probiotic combination consisting of L. plantarum TCCC11824,
L. lactis LTJ28, and L. casei YR2-2 was inoculated into the sterilized and cooled goji beverage
for fermentation.

2.3. Detection of Antioxidant Activity of Probiotic-Fermented Goji Beverage

A 0.2 mmol/L DPPH working solution was prepared using anhydrous ethanol as
the solvent. A 1.0 mL aliquot of the fermentation sample was mixed with 1.0 mL of the
DPPH solution and 3.0 mL of deionized water in a test tube. After thorough vortexing,
the mixture was incubated in darkness for 30 min at room temperature. The absorbance
was measured at 517 nm using a spectrophotometer. The radical scavenging activity was
calculated using the following formula:

Clearance Rate = [1 − (AX − AX0)]/A0 × 100% (1)

AX: 1.0 mL fermentation solution + 1.0 mL DPPH+ 3.0 mL distilled water;
A0: 1.0 mL DPPH+ 4.0 mL distilled water;
AX0: 5.0 mL anhydrous ethanol.

2.4. Single-Factor Experiment on Goji Fermentation

We determined the following parameters and ratios based on the results of the prelimi-
nary experiment. The fermentation process of goji juice was optimized through single-factor
experiments, focusing on five key parameters: liquid-to-solid ratio (2, 4, 6, 8, 10), fermen-
tation time (4, 6, 8, 10, 12 h), fermentation temperature (31, 34, 37, 40, 43 ◦C), probiotic
strain ratio (L. plantarum TCCC11824: L. lactis LTJ28: L. casei YR2-2 at 1:1:1, 2:1:1, 1:2:1,
1:1:2, 3:1:1), and inoculation concentration (1, 2, 3, 4, 5%). Based on antioxidant activ-
ity and viable cell count (Table 1), the three most influential factors were identified for
subsequent response surface methodology (RSM) optimization to determine the optimal
fermentation conditions.
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Table 1. Evaluation standard of goji fermentation process.

Evaluation Indicators and Scores Evaluation Criteria Scores

Viable bacteria count (50)

1010 CFU/mL < Viable bacteria count ≤ 5 × 1010 CFU/mL 40–50
5 × 109 CFU/mL < Viable bacteria count ≤ 1010 CFU/mL 30–40
109 CFU/mL < Viable bacteria count ≤ 5 × 109 CFU/mL 20–30
5 × 108 CFU/mL < Viable bacteria count ≤ 109 CFU/mL 10–20
108 CFU/mL < Viable bacteria count ≤ 5 × 108 CFU/mL 0–10

Oxidation resistance (50)

45% < clearance rate ≤ 50% 40–50
40% < clearance rate ≤ 45% 30–40
35% < clearance rate ≤ 40% 20–30
30% < clearance rate ≤ 35% 10–20
25% < clearance rate ≤ 30% 0–10

2.5. Optimization of Goji Fermentation Process Using Response Surface Analysis

To quantify viable bacteria in probiotic-fermented goji beverages, serial 10-fold di-
lutions were prepared. Three serial ten-fold dilutions (10−8, 10−9, 10−10 CFU/mL) were
prepared, and 100 µL aliquots were plated in triplicate on MRS agar. After incubation at
37 ◦C for 36 h, colony-forming units were enumerated. The fermented beverages were
evaluated according to the scoring criteria in Table 2. Significant factors were identified
through single-factor experiments, and their optimal ranges were determined based on the
comprehensive scores of antioxidant activity and viable cell counts (Table 1). Subsequently,
the RSM experimental design was established using statistical software, with the detailed
design presented in Table 2.

Table 2. Three-factor and three-level table of fermentation process.

Level
Factor

A Fermentation Time B Vaccination Load C Material–Liquid Ratio

−1 6 h 3% 6
0 8 h 4% 8
1 10 h 5% 10

2.6. Determination of Flavor Substances in Fermented Beverages by SPME-GC/MS

For the analysis of volatile compounds in goji juice and goji-fermented beverage, a
solid-phase microextraction (SPME) combined with gas chromatography–mass spectrome-
try (GC–MS) method was employed [23]. Five milliliters of each sample were transferred
into sample vials and equilibrated in a 40 ◦C water bath for 15 min to homogenize the
volatile distribution. An SPME fiber was then inserted into the vial to adsorb volatile
substances for 30 min. In the GC–MS analysis, the GC oven temperature was initially set at
40 ◦C for 2 min, then increased to 150 ◦C at a rate of 4 ◦C/min, and held for 2 min, followed
by a final increase to 250 ◦C at 8 ◦C/min and held for 6 min. The MS quadrupole tempera-
ture was set at 250 ◦C, and the ion source temperature was set at 280 ◦C. After the analysis,
the obtained mass spectra were compared with the NIST general database. Compounds
with a matching degree > 98% were selected to identify the types and determine the relative
contents of alcohols, aldehydes, ketones, acids, and other compounds in the samples.

2.7. Cell Viability Assay and Construction of Cellular Models

HepG2 cells meeting viability and quality criteria (>95% viability, displaying typical
morphology, and showing no contamination signs) were seeded into 24-well plates and
cultured in a cell incubator until adherent. The cells were treated with basic culture medium
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or goji-fermented beverages at different concentrations for 24 h. Subsequently, 2 µL of
2.5 mol/L adenosine was added to the medium and incubated for another 24 h. Finally,
0.46 µL of xanthine oxidase was added, followed by an 8 h incubation. UA levels were then
measured according to the UA detection kit instructions.

2.8. Animals and Treatment

The animal experiments were approved by the Ethics Committee of Tianjin University
of Science and Technology and conducted in accordance with the guidelines in the Manual
for the Treatment and Utilization of Laboratory Creatures (ethics number: SWKL20231116).
Fifty 4-week-old male Kunming mice were obtained from SPF Biotechnology Co., Ltd.
(Beijing, China) (Quality Certificate SCXK (JING) 2019-0010). All mice were kept in a
constant environment (24 ± 2 ◦C, 52 ± 5% humidity, 12 h light–dark cycle) with free
access to water and a normal diet. The mice were randomly divided into 5 groups (n = 10)
after 1 week of co-housing, as follows: normal control group (NC), HUA group (M), goji
juice group (GJ), triple-probiotic-fermented goji beverage group (TR, with L. plantarum
TCCC11824, L. lactis LTJ28, and L. casei YR2-2), and positive-control allopurinol group
(AP). The HUA mouse model was established by intraperitoneal injection of 300 mg/kg·d
potassium oxazinate and a high-purine diet (10 g/kg·d yeast paste). Mice in the NC group
received 0.2 mL/d of normal saline, while those in the M group received the same amount
of normal saline along with the HUA-induction treatment. Mice in the GJ group were
given 0.2 mL/d goji juice; the TR group received 0.2 mL/d triple-probiotic-fermented
goji beverage; and the AP group was given 30 mg/kg·d allopurinol for 28 days. All
administrations were performed via oral gavage. After fasting for 12 h, the mice were
euthanized 1 h after the last administration of treatments. Blood was obtained from the eye
sockets, and serum was obtained via centrifugation for 10 min at 4 ◦C and 3000 rpm. The
liver and kidney tissues were dissected and weighed, and the liver, kidney, small intestine,
and colon contents were rapidly frozen in liquid nitrogen and stored at −80 ◦C for further
analysis. The samples were tested for UA, BUN (Urea nitrogen), CRE (Creatinine), ALT
(Albuminous transaminase), AST (Albuminous transaminase), and XOD (Xanthine oxidase)
activity using a Nanjing JianCheng Bioengineering Institute kit (Nanjing, China).

2.9. Histological Analysis of Kidney and Small Intestine Tissues

Kidney and small intestine tissues were dehydrated and preserved in 4% paraformalde-
hyde, embedded in paraffin, and then stained with hematoxylin and eosin (H&E). The
slides were observed in a blinded fashion with the utilization of an orthogonal fluorescence
microscope (Olympus BX53, Tokyo, Japan). At least 3 samples per group from each section
were randomly selected for analysis at 200× and 100× magnification. Renal tubules with
the following histopathological changes were determined as injured: tubular dilatation,
irregular lumen shape, flattening, and sloughing of renal tubular epithelial cells. Patho-
logical damage was scored 0–4 grades by the percentage of injured tubules (0: no injury;
1: mild < 25%; 2: moderate < 50%; 3: severe < 75%; 4: very severe > 75%). The scoring
corresponds to intestinal morphology as follows: 0, normal villi; 1, twisted villus tips;
2, goblet cell and crypt disappearance; 3, patchy epithelial cell sloughing; 4, exposed villi,
intact lamina propria, and epithelial cell shedding; 5, exposed lamina propria; and 6, villous
hemorrhage or sloughing. Sixty villi per group were scored, and the average score was
used for statistical analysis.

2.10. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) Analysis

Total RNAs were extracted from mouse kidney tissues using Trizol reagent (Takara,
Kyoto, Japan). Subsequently, 2 mg of the extracted RNA was reverse-transcribed into
cDNA with the LunaScript RT SuperMix Kit (NEB, Ipswich, MA, USA) following the
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manufacturer’s instructions. For gene expression analysis, RT-PCR was conducted utilizing
the SYBR Green Premix Pro Taq HS qPCR kit from Accurate Biotechnology (Guangzhou,
China). All gene expression levels were then normalized to those of β-actin. All primers
(Table 3) used in this study were synthesized by GENEWIZ Biotechnology Co. (Tianjin,
China). The relative mRNA levels of the PCR products were quantified using β-actin as an
internal standard and calculated with the 2−∆∆Ct method.

Table 3. Primer sequence table for real-time PCR.

Gene Sequence (5′→3′)

GAPDH
ATGGTGAAGGTCGGTGTGAACGG

TGGAACATGTAGACCATGTAGTTGAGG

URAT1
TCCTGAACTCCTGGACCGAGTG

AGTTCTCCAGCATGTTCTGA

GLUT9
GTGAAAAGAACTCCGCAGAAACCA

AGGAAGGAGGACCCGAAGGCTC

2.11. Gut Microbiota Analysis

The mouse colon contents were sent to Majorbio Technology Co. (Shanghai, China)
for 16S rDNA sequencing. The following procedures were sequentially performed:
DNA extraction from the mouse colon contents, PCR amplification, construction of
the sequencing library by ligating sequencing adapters, and high-throughput sequenc-
ing. The V3-V4 region of 16S rDNA was amplified using specific primers 338F (5′-
ACTCCTACGGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′).
The UPARSE pipeline was employed to cluster valid tags into operational taxonomic
units (OTUs) with a minimum similarity of 97%. The sequencing data were further an-
alyzed for interactions. Based on the OTUs in the mouse intestine, α-diversity analysis,
β-diversity analysis, hierarchical clustering analysis, principal coordinate analysis, and
species difference analysis were carried out.

2.12. Analysis of SCFAs via Gas Chromatography (GC)

GC (Agilent GC7890A, Santa Clara, CA, USA) was employed to detect SCFAs in the
mouse colon contents. The parameters of the instrument were set as follows: an injection
volume of 1 µL, an inlet temperature of 250 ◦C, a split ratio of 1:1, a chromatographic
column of HP-5 (19091J-413) with dimensions of 30 cm length, a 320 µm inner diameter,
and a column flow rate of 2 mL/min. The initial column temperature was set at 90 ◦C, held
for 6 min, and then increased to 200 ◦C at a rate of 10 ◦C per minute. The detector heater
was set to 250 ◦C, with an H2 flow rate of 30 mL/min and an airflow rate of 300 mL/min.

2.13. Statistical Analysis

Data were analyzed using SPSS statistical software 23.0 with one-way ANOVA and
Duncan post-hoc test, Design-Expert response surface analysis software for processing and
statistical analysis. Graphing was performed using GraphPad Prism 8.0 software. Quanti-
tative data were expressed as mean ± standard deviation (SD). p < 0.05 was considered
statistically significant.

3. Results and Discussion
3.1. Optimization of Fermented Goji Beverage by Triple Probiotics

This experiment aimed to separately examine the impacts of material–liquid ratio,
fermentation time, fermentation temperature, inoculation amount, and the proportion of
the triple-probiotic on both the antioxidant capacity and the viable probiotics count of
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the fermented goji beverage. Beverages with high antioxidant activity can scavenge free
radicals and reduce oxidative stress, thus helping to prevent many chronic diseases [24].
A high viable count means that the beverage has a stronger probiotic effect, which can pro-
vide more health benefits to consumers, such as improved intestinal health and enhanced
immunity [17].

As shown in Figure 1, the influence of all the investigated factors on the score of fer-
mented beverages presented a parabolic pattern. Specifically, when the liquid–liquid ratio
was set at 8 mL/mL, the comprehensive score, which was composed of antioxidant capacity
and the viable bacterial count, reached its peak (Figure 1A). The highest score was obtained
when the fermentation time was 8 h (Figure 1B). This phenomenon might be attributed to
the fact that if the fermentation time is too short, the probiotics in the beverage have not yet
entered the logarithmic growth phase. On the contrary, an overly long fermentation time
could cause the probiotics in the beverage to enter the plateau growth phase. Regarding the
fermentation temperature, it appeared that 37 ◦C was the most optimal choice (Figure 1C).
In terms of the fermentation strains, the most appropriate inoculation amount for the
triple-strain mixture was 4%, and the optimal ratio for L. plantarum CGMCC8198, L. lactis
LTJ28, and L. casei YR2-2 should be 1:1:2.

Figure 1. Influence of single-factor triple-probiotic fermentation on the comprehensive score of goji-
probiotic-fermented beverages. (A) Material–liquid ratio; (B) Fermentation time; (C) Fermentation
temperature; (D) Strain inoculation amount; (E) Ratio of triple-probiotic.

Subsequently, in order to further explore the comprehensive impact of the three key
factors (fermentation time, strain inoculation amount, material–liquid ratio) obtained in the
single-factor experiment on the beverage fermentation, the response surface optimization
analysis was performed. The design scheme and results of the response surface analysis
are shown in Table 4.

Moreover, through further analysis by the Design-Expert.10 software, it was found
that the multivariate quadratic regression equation of the fermented beverage scores with
the three factors was Y = 82.04 − 3.10A − 1.07B − 0.075C + 0.5AB + 1.5AC − 1.45BC −
6.4A2 − 7.15B2 − 3.84C2. In addition, the significance of the tested results of model regres-
sion coefficients is shown in Table 5; the impact order of the three factors was A > B > C,
indicating that fermentation time had a more significant effect on beverage fermentation.
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Table 4. Response surface experiment design and results scheme table.

Serial Number

Factor

A
Fermentation

Time (h)

B
Inoculation
Amount (%)

C
Material–Liquid

Ratio
Score

1 6 3 8 70.8
2 6 5 8 69
3 8 3 6 71
4 10 5 8 67.2
5 6 4 10 74.6
6 8 4 8 80
7 8 5 6 70.4
8 6 4 6 78.6
9 8 3 10 74.6
10 10 3 8 67
11 10 4 10 68
12 8 4 8 82.2
13 8 4 8 82
14 8 4 8 85
15 10 4 8 66
16 8 4 8 81
17 8 5 10 68.2

Table 5. The results of the significance test of the regression coefficients of the response surface model.

Source of
Variance SS DoF Variance F p Significance

Model 602.62 9 66.96 11.10 0.0022 ** (p < 0.01)
A 76.88 1 76.88 12.74 0.0091 ** (p < 0.01)
B 9.24 1 9.24 1.53 0.2557
C 0.045 1 0.045 7.457 × 10−3 0.9336

AB 1 1 1 0.17 0.6961
AC 9 1 9 1.49 0.2615
BC 8.41 1 8.41 1.39 0.2763
A2 172.19 1 172.19 28.53 0.0011
B2 214.95 1 214.95 35.62 0.0006
C2 62.25 1 62.25 10.32 0.0148

Residuals 42.24 7 6.03
Ack of fit 28.21 3 9.40 2.68 0.1823
Pure error 14.03 4 3.51

Total deviation 644.86 16

Furthermore, the 3D response surface and contour plots of the interaction between
different factors were illustrated in Appendix A, Figure A1. From the 3D response surface
plots, it could be seen that the interaction was AC > BC > AB, indicating that the fermen-
tation time and liquid ratio had the most significant effect on the beverage fermentation.
Taken together, the optimal fermentation process conditions for the fermentation of goji
beverage by triple probiotics were obtained as follows: the liquid-to-feed ratio was 7.91;
the inoculum amount was 3.92%; the fermentation time was 7.49 h; the fermentation tem-
perature was 37 ◦C, and the ratio of the triple-probiotic was 1:1:2. Finally, the validation
tests under these conditions were carried out, and the actual value of the composite score
was 83, which was close to the predicted value of the model, proving that the model was
stable and reliable, and the resulting fermented beverage was rich in viable bacteria and
high in antioxidant properties.
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3.2. Analysis of Flavor Substances of Triple-Probiotic-Fermented Goji Beverages

Aroma components, though present in trace amounts, significantly influence the flavor
profile and market competitiveness of probiotic-fermented beverages [25]. Importantly,
some bioactive compounds in these beverages may directly or indirectly contribute to the
therapeutic effects on HUA, while the optimization of fermentation conditions can further
enhance both their aromatic characteristics and potential health benefits. Compounds such
as alcohols, acids, ketones, and aldehydes were analyzed and identified, and the results
are shown in Appendix A, Table A1. As shown in Appendix A, Table A1, 17 kinds of
flavor substances, including 8 kinds of alcohols, 1 kind of acid, 4 kinds of ketones, and
4 kinds of aldehydes, were detected in the goji juice. A total of 19 kinds of flavor substances,
including 9 kinds of alcohols, 2 kinds of acids, 4 kinds of ketones, and 4 kinds of aldehydes,
were detected in the triple-probiotic-fermented goji beverage. This indicated that the types
and contents of flavor substances of goji were significantly increased after fermentation
with triple probiotics. The relative peak area of alcohols in the beverage was 20.27%, in
which the most contained alcohols were n-hexanol with slight wine and fruit aroma; the
relative peak area of acids was 5.91%; the most contained acid was acetic acid, which could
give the fermented beverage a sweet and sour taste; the relative peak area of ketones was
26.6%; the most abundant ketone was 2,3-butanedione, which had a light milky and sweet
aroma; the relative peak area of aldehydes was 5.97%, and the most abundant aldehy-
des was decanal, which was capable of presenting the fruity aroma of vanilla and sweet
orange. In addition, 1-octen-3-ol had a special aroma of mushroom; 2-undecanol had a
light sweet aroma; phenylethanol had a pleasant rose aroma; 3-hydroxy-2-butanone had a
characteristic milk aroma; n-octanal had a jasmine and grassy aroma, and β-violet ketone
had a special hyacinth aroma, which were all crucial to the flavor of the triple-probiotic-
fermented juice. Notably, acetic acid and 2,3-butanedione showed significant increases
after probiotic fermentation (5.53-fold and 4.46-fold higher, respectively). While acetic
acid (SCFA) may indirectly influence uric acid excretion through gut microbiota modula-
tion or renal transporters like URAT1 and 2,3-butanedione (ketone) might have potential
metabolic links through its association with energy metabolism disorders often comorbid
with hyperuricemia, we acknowledge that direct evidence remains limited [26,27].

3.3. Effects of Goji Juice and Probiotic-Fermented Goji Beverages on HUA In Vitro and In Vivo

HepG2 cells induced by adenosine and xanthine oxidase were treated with 10% triple-
probiotic-fermented beverages. The effects on the intracellular UA content are presented
in Figure 2A. The elevated intracellular UA content in the M group indicated that the
adenosine and xanthine oxidase-induced HUA cell model was successfully established.
The content of intracellular UA within each experimental group showed different degrees
of reduction compared to the M group. The UA levels in the 5% and 7.5% beverage groups
were reduced by 31%, 40.4% in the 10% beverage group, 45.6% in the 12.5% beverage
group, and 56% in the 15% beverage group. The cellular UA level was significantly reduced
(40.4% and 45.6%, p < 0.05) after treatment with 10% and 12.5% fermented beverages,
respectively, and significantly (p < 0.01) reduced in the 15% fermented beverage group by
56% compared to group M. The UA level was significantly reduced (p < 0.05) in the 15%
fermented beverage group. The above results indicated that 10–15% fermented beverage
of goji was able to inhibit the adenosine and xanthine oxidase-induced elevation of UA
content in hepatocytes.
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Figure 2. Effects of goji juice and probiotic-fermented goji beverages on HUA cells and mouse models.
(A) UA level in HepG2 cell model; (B) Serum UA level; (C) Serum XOD activity; (D) Serum CRE level;
(E) Serum BUN level; (F) Liver ALT level; (G) Liver AST level; (H) Liver XOD activity. * or # p < 0.05,
** or ## p < 0.01, *** or ### p < 0.001, **** or #### p < 0.0001 (# vs. NC and * vs. M group). NC was
normal control group. M was HUA model group. AP was the group treated with allopurinol. GJ was
goji juice. TR was triple-probiotic-fermented goji beverage (L. plantarum TCCC11824, L. lactis LTJ28,
L. casei YR2-2).

XOD is a key rate-limiting enzyme in purine metabolism, capable of converting hy-
poxanthine to xanthine in the liver and then transforming xanthine to UA [28,29]. BUN
and CRE are two important indicators for the clinical evaluation of renal function impair-
ment [30]. As shown in Figure 2B, goji juice and triple-probiotic-fermented beverages
significantly reduced the UA level of HUA mice (p < 0.0001), indicating the success of the
animal test modeling. As shown in Figure 2C, the XOD level of the mice in group M was sig-
nificantly higher than that of the mice in group NC (p < 0.0001), and as shown in Figure 2C;
the BUN and CRE levels of the mice in group M were significantly higher than that of the
mice in group NC (p < 0.05), suggesting that the high-purine diet in combination with the
potassium oxalate modeling method seriously affected the UA metabolism of the mice and
caused damage to their metabolic system. Goji juice and a triple-probiotic-fermented bev-
erage were able to reduce xanthine oxidase activity and alleviate impaired renal function.
In addition, triple-probiotic-fermented goji beverage could significantly reduce the HUA-
induced elevation of BUN and CRE (p < 0.0001) (Figure 2D,E). These findings suggested
that both goji and fermented beverages had the effect of tonifying the kidneys, and the
functional substances of goji that exert UA-lowering and anti-inflammatory effects might
have been strengthened after the probiotic fermentation treatment.

AST and ALT are mainly found in the cytoplasm of the liver and are commonly used
clinically to evaluate liver function impairment [31]. Liver homogenates from mice were
assayed for AST, ALT, and XOD, as shown in Figure 2F–H. The enzyme activities of AST,
ALT, and XOD were increased in group M mice compared with those in the NC group.
However, while unfermented goji shows only weak effects on these three enzymes, the
probiotic-fermented goji beverage can effectively inhibit the activity of these enzymes
(especially ALT and XOD).
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3.4. Probiotic-Fermented Goji Beverage Alleviates HUA-Induced Hepatic, Renal, and Intestinal
Damage by Modulating Pathological Changes

Previous studies have indicated that the effects of HUA on hepatic and renal injury
are multifaceted, including promotion of urate crystal deposition, endothelial cell damage,
inflammatory response, insulin resistance, and direct inhibition of insulin signaling, which,
together, may lead to further deterioration of renal function and liver injury [32]. The
effects of HUA on intestinal damage are multifaceted and include dysbiosis of the intestinal
flora, impaired intestinal barrier function, and inflammatory responses [33]. HUA often
causes atrophy of organs such as kidneys and spleens in mice and can trigger metabolic
syndrome, such as obesity, and thus, liver hypertrophy [34]. As shown in Table 6, compared
with the NC group mice, the body weight and liver index of the M group mice increased
(p < 0.01). The results of the GJ and TR groups showed a decrease in the liver index and
a non-significant change in the renal index after the intervention of goji juice and the
triple-probiotic-fermented goji beverage. This indicated that the means of a high-purine
diet combined with injection of potassium oxalate could lead to liver and kidney function
damage in mice and that goji juice and triple-probiotic-fermented goji beverage had a
protective effect on the organs of mice with HUA.

Table 6. Effects of goji juice and probiotic-fermented goji beverages on body weight and organ index
of animal (x ± n, n = 10; ** p < 0.01).

Group Weight (g) Liver Index (%) Kidney Index (%)

NC 35.75 ± 2.92 3.58 ± 0.57 1.34 ± 0.18
M 36.05 ± 2.58 4.28 ± 0.39 ** 1.24 ± 0.15
AP 36.28 ± 2.08 4.80 ± 0.64 1.37 ± 0.21
GJ 36.7 ± 1.78 4.24 ± 0.21 1.10 ± 0.07
TR 36.6 ± 2.42 4.18 ± 0.40 1.24 ± 0.11

In order to assess the protective effect of goji juice and triple-probiotic-fermented goji
beverage on kidney injury in HUA mice, HE staining was performed on kidney sections.
As shown in Figure 3A, the glomerular structure of NC group mice was intact; the renal
tubules were clearly visible, and the renal cells were arranged more neatly; in the mice
of group M, the nuclei of the renal tissues were aggregated, and there was infiltration of
renal interstitial inflammatory cells, as well as dilatation of the distal renal tubules, lumen
increase, and a tendency toward vacuolization in the tubular epithelial cells; compared
with group M, there was a significant decrease in the number of vacuolated cells, and the
renal tissue structure also basically tended to be normal. The renal tissue structure was
also basically normalized. This suggested that both goji juice and probiotic-fermented
beverages could improve kidney tissue and cell morphology to different degrees and
protect the kidneys. In addition, the kidney sections of mice in the AP group showed severe
vacuolization of renal tubular epithelial cells. This finding suggests that the current drugs
used to alleviate HUA and gout may have an impact on the metabolism of the organism,
which is consistent with the literature reports.

Approximately 70% of UA in the body is excreted through the kidneys and 30%
through the intestine [30]. In order to detect the effect of HUA on intestinal tissues, HE
staining was performed on small intestinal sections from different groups of mice. As
shown in Figure 3B, the small intestinal villus tissue of NC group mice was morphologically
normal and free of breakage, and the tips of villi of HUA mice induced by a high purine
diet combined with potassium oxalate showed different degrees of breakage. Goji juice and
a triple-probiotic-fermented goji beverage improved the breakage of the villi of the small
intestines. The comparable extent of intestinal mucosal damage observed in the AP and M
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mouse groups further corroborates the potential hazards associated with the side effects of
anti-gout medications, such as allopurinol [32].

 

 

Figure 3. Histopathological analysis of goji juice and probiotic-fermented goji beverages on HUA
mice. (A) Staining of kidney sections (200×); (B) Staining of small intestine sections (100×). NC was
normal control group. ** p < 0.01, *** p < 0.001, **** or #### p < 0.0001 (# vs. NC and * vs. M group).
M was HUA model group. AP was the group treated with allopurinol. GJ was goji juice. TR was
triple-probiotic-fermented goji beverage (L. plantarum TCCC11824, L. lactis LTJ28, L. casei YR2-2).

3.5. Probiotic-Fermented Goji Beverage Attenuates UA Reabsorption Through GLUT9 and
URAT1 Regulation

The major excretion of UA in the kidney involves both secretion and reabsorption
in the kidney, with almost 90% of UA being reabsorbed back into the bloodstream in the
renal tubules, and this reabsorption process is mainly regulated by the urate transport
proteins [34]. GLUT9 and URAT1 are the main proteins responsible for the regulation of UA
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transport, which act on the epithelium of the renal tubule to inhibit tubular reabsorption [35].
Regulating the expression level of urate transporter proteins may affect UA excretion, which,
in turn, affects blood UA levels [36]. From Figure 4A, the mRNA level of renal GLUT9 was
elevated in mice of group M compared with group NC, which was improved to different
degrees after the intervention of goji juice and goji probiotic-fermented beverage. Among
them, the triple-probiotic-fermented goji beverage decreased the mRNA level of GLUT9 in
the kidneys of mice (p < 0.0001). As shown in Figure 4B, the mRNA transcription level of
renal URAT1 in the M group of mice was higher than that in the NC group. The goji juice
and triple-probiotic-fermented goji beverage could significantly reduce the mRNA level of
renal URAT1 in mice (p < 0.0001). Therefore, goji juice and goji-fermented beverages can
reach the effect of reducing uric acid levels by inhibiting UA reabsorption.

Figure 4. Effects of goji juice and probiotic-fermented goji beverages on transcription of UA transport-
related genes in the kidneys of mice in each group. (A) GLUT9 mRNA level; (B) URAT1 mRNA
level. Data are expressed as mean ± SD (n = 10). # p < 0.05, ## p < 0.01, ### or *** p < 0.001, #### or
**** p < 0.0001 (# vs. NC and * vs. M group). NC was normal control group. M was HUA model group.
AP was the group treated with the allopurinol. GJ was goji juice. TR was triple-probiotic-fermented
goji beverage (L. plantarum TCCC11824, L. lactis LTJ28, L. casei YR2-2).

3.6. Intestinal Flora Remodeling and Intestinal Barrier Restoration by Probiotic-Fermented Goji
Beverage in HUA Mice

HUA can lead to dysbiosis of the intestinal flora, a dysbiosis that has been associated
with a variety of renal diseases [37]. Studies suggested that HUA-induced dysbiosis of the
gut flora may contribute to the development of kidney injury by promoting the produc-
tion of enteric-derived uremic toxins and subsequent activation of NLRP3 inflammatory
vesicles [38]. This intestinal dysbiosis may also affect intestinal barrier function, increasing
intestinal permeability and leading to endotoxin translocation, which, in turn, triggers or
exacerbates systemic inflammation [39]. HUA can lead to impaired intestinal barrier func-
tion, which may be associated with intestinal dysbiosis. Impairment of intestinal barrier
function may lead to easier entry of harmful substances from the gut into the circulation,
thus affecting systemic health [40]. Intestinal flora is involved in the catabolism of purines
and UA, which may reduce the absorption of purines and UA from the gut, thus alleviating
the symptoms and reducing the risk of HUA [41]. As shown in Table 7, Shannon’s index
was reduced in all groups of group M compared with group NC, and Shannon’s index
was improved by instilling fermented goji beverage; the results of flora diversity indicated
that HUA impaired the diversity and richness of intestinal flora, and the goji-fermented
beverage could promote the recovery of intestinal flora. However, this change in indices
was not very significant, perhaps due to the short modeling time. In addition, it has been
reported that diet is also a key factor in shaping the intestinal flora, i.e., the groups of mice
fed the same food and water showed fewer differences in their intestinal microecology [42].
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From the PCoA analysis in Figure 5A, the difference in colony structure between
the NC group and the M group was large, and the other groups of mice could improve
the colony structure of mice to different degrees compared with the M group. Principal
coordinates analysis revealed distinct clustering patterns: the GJ group’s microbiota com-
position closely resembled that of the M group, whereas the fermented goji beverage group
exhibited significant separation from the M group and closer proximity to the NC group. In
addition, it was further shown that in this animal test, the intestinal flora of HUA mice was
less affected by the infusion of goji alone, and the intestinal flora structure of HUA mice
could be improved after being prepared as a beverage by probiotic fermentation. Based
on the OTU data, gut microorganisms were classified at the phylum level, as shown in
Figure 5B. The composition of the flora at the phylum level in each group of mice was
mainly composed of Bacteroidetes, Firmicutes, Actinobacteriota, Verrucomicrobia, Proteobacteria,
and Patescibacteria, which are six phyla, in addition to unclassified bacteria. Compared with
the colony abundance of Mycobacterium anisopliae in the NC group (with a percentage of
35.14%), it was significantly lower in the M group (with a percentage of 25.93%); whereas
the GJ, TR, and AP groups all significantly increased the abundance of Mycobacterium aniso-
pliae compared to the model group, with the GJ group with a percentage of 37.95%, the TR
group with a percentage of 39.77%, and the AP group with a percentage of 60.38%. In addi-
tion, the abundance of thick-walled bacilli phylum was significantly lower in the M group
compared to the NC group (with a percentage of 60.21%). Similarly, the GJ and TR groups
could significantly increase the abundance of the thick-walled bacilli phylum compared
to the model group, with 45.03% share in the GJ group and 51.04% share in the TR group.
The anabaena phylum and thick-walled phylum flora are responsible for promoting the
body’s absorption of energy from dietary sources, and together, they maintain the energy
metabolism of the body and the stable operation of intestinal physiological functions. In
animal experiments, the yeast paste combined with potassium oxonate induced a decrease
in the abundance of Bacteroides uniformis and other Firmicutes bacteria in the M group of
mice. And after 28 d of intervention, Bacteroides spp. with abnormal abundance and the Fir-
micutes phylum were increased, suggesting that this may be a result of the goji-fermented
beverage regulating and improving the structure of the intestinal dominant bacterial flora
and promoting the restoration of a normal intestinal micro-ecological environment. This
suggests that the goji-fermented beverage has a significant effect on the dysregulation
of intestinal flora in HUA mice. These results indicate that the goji-fermented beverage
might have a certain effect on improving and regulating the dysbiosis of intestinal flora in
HUA mice.

Table 7. Species diversity and richness of mouse colon contents.

Graph Simpson Shannon Chao Ace

NC 0.04 ± 0.01 4.18 ± 0.13 382.88 ± 19.54 384.21 ± 15.29
M 0.06 ± 0.03 3.83 ± 0.36 383.42 ± 13.08 385.34 ± 9.02
AP 0.03 ± 0.01 4.26 ± 0.11 414.63 ± 7.14 406.87 ± 8.60
GJ 0.06 ± 0.01 3.81 ± 0.13 385.92 ± 4.95 380.82 ± 1.39
TR 0.05 ± 0.01 4.07 ± 0.10 411.3 ± 45.10 404.41 ± 46.39
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Figure 5. Effects of goji juice and probiotic-fermented goji beverages on intestinal flora of HUA
mice. (A) Analysis of principal coordinates based on the OTU level; (B) The species composition
of intestinal flora at the Phylum level; (C) The species composition of intestinal flora at the Family
level; (D) The species composition of intestinal flora at the Genus level; (E) Hierarchical Tree Map
of Lefse Multi-level specie. NC was normal control group. M was HUA model group. AP was the
group treated with the allopurinol. GJ was goji juice, TR was triple-probiotic-fermented goji beverage
(L. plantarum TCCC11824, L. lactis LTJ28, L. casei YR2-2).
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At the family level, as shown in Figure 5C, the main constituent bacteria of the intesti-
nal flora of the five groups of mice at the family classification level were Muribaculaceae,
Lachnospiraceae, Lactobacillaceae, norank_o_Clostridia_UCG-014, Rikenellaceae, Marinifilaceae,
Oscillospiraceae, Eggerthellaceae, Ruminococcaceae, and Corynebacteriacea, which are 10 families
of bacteria. Among them, Muribaculaceae and Lachnospiraceae are the two most dominant.
Compared with the abundance of Mycobacteriaceae in the NC group (with a percentage of
23.94%), it was significantly lower in the M group (with a percentage of 18.84%), whereas
the GJ, TR, and AP groups showed different degrees of increase compared with the model
group, with a percentage of 29.27% in the GJ group, 33.52% in the TR group, and 43.85% in
the AP group. The abundance of triple-probiotic-fermented beverages was also significantly
lower in the M group compared to the NC group (with a percentage of 24.69%). Previous
studies have shown that Anabacteriaceae, the dominant family under the phylum Anabacteria
in the mouse intestine, is highly functional in degrading complex carbohydrates, and, thus,
Anabacteriaceae abundance tends to decrease in the intestinal flora of obese mice fed with
high-calorie diets [43]. As for Trichoderma, its abundance has been reported to be negatively
correlated with blood pressure and cholesterol levels, and in the present study, the reduced
abundance of Anabaena and Trichoderma in the HUA model group of mice revealed the
relevance of HUA to obesity as well as cardiovascular disease [44].

Species composition analysis at the genus level is shown in Figure 5D, in which the top
three homogeneous genera with more significant changes were norank_f_Muribaculaceae,
Lactobacillus, and unclassified_f_Lachnospiraceae, respectively. Compared with the NC group,
the relative proportion of the M group, norank_f_ Muribaculaceae (with a percentage of
18.84%), decreased, while the GJ group and TR group both had different degrees of elevation.
Muribaculaceae (with a percentage of 18.84%) showed a decrease in relative percentage,
while the GJ and TR groups showed different degrees of increase. Compared with group
M, the abundance of Lactobacillus in group TR was 2.14 times higher than that in group
M. The probiotic-fermented goji beverage significantly increased the abundance of the
beneficial gut bacterium Lactobacillus spp. in mice. This indicates that fermented beverages
with live bacteria may have better physiological functions. Overall, the results suggest that
probiotic-fermented goji beverages can treat HUA by regulating the intestinal flora.

A total of 15 different species were found at the genus level, as can be seen in Figure 5E.
It can be seen that group M was significantly enriched in p_Proteobacteria, and group GJ
was significantly enriched in p_Actinobacteriota. It has been shown that the Ascomycota
disrupts the anaerobic equilibrium state of the intestines, and that upregulation of Actinobac-
teria abundance is also a significant contributor to the differential effect of the intestinal
flora [45]. Upregulation is also an important feature of intestinal dysbiosis, and in this
study, HUA disrupted the anaerobic environment in the mouse colon, resulting in dysbiosis
and metabolic disorders. This dysbiosis was not improved by the intake of goji alone. The
abundance of Clostridium is generally negatively correlated with the degree of enteritis,
such as Clostridium typhimurium ATCC25755, which exerts anti-inflammatory and intestinal
homeostatic effects [46]. Although whether Clostridium plays a role within the intestinal
environment of HUA patients has not been reported, it is clear from the combination of the
results of the present study that probiotics played a positive role in the intestinal flora of the
HUA model and that the probiotic-fermented goji beverage could regulate the intestinal
flora and exert its homeostatic function in HUA mice.

3.7. Probiotic-Fermented Goji Beverage Modulates Gut Microbiota-Derived SCFAs in HUA

Metabolites (SCFAs) of the intestinal flora are associated with UA excretion and can
influence UA levels in the host, and therapies targeting the intestinal flora may be a new
target for controlling the pathogenesis of HUA [47]. SCFAs are major metabolites of
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intestinal flora, including acetic acid, propionic acid, and butyric acid. Studies have shown
that acetic acid is an important ligand in the inflammatory response to gout, and a deficiency
of acetic acid leads to low immunity in mice [48]; propionic acid inhibits intracellular lipid
degradation and increases the lipid buffering capacity of adipose tissues; butyric acid is
essential for the maintenance of the integrity of the intestinal barrier [33]. However, recent
findings suggest that SCFAs, such as acetic acid, while beneficial to host health, are equally
harmful at high levels [49]. The effects of goji juice and goji probiotic-fermented beverage
on HUA mice were investigated by examining the levels of the three SCFAs in the colon
contents, and the results are shown in Figure 6A–C. Compared with the NC group of mice,
group M mice showed a significant increase in the levels of acetic acid and butyric acid
in the colon (p < 0.001; p < 0.0001) and propionic acid in the colon, with no statistically
significant difference. The butyric acid content of the HUA mice was significantly reduced
(p < 0.0001) by the intervention of goji juice and triple-probiotic-fermented beverage and
converged to the level of the NC group. As for propionic acid contents, the effects of
goji juice and fermented beverages were not significant. Goji juice and goji probiotic-
fermented beverages significantly increased the acetic acid content of cecum contents in
mice (p < 0.001; p < 0.0001). Importantly, the restoration of butyrate levels to near NC group
following goji probiotic-fermented beverage intervention (p < 0.0001) suggests a protective
effect on gut health, consistent with its known function in strengthening the intestinal
barrier. While acetic acid levels rose significantly (p < 0.0001), they remained within ranges
reported in prior studies. The increased abundance of SCFAs in the intestinal tract of mice
treated with the goji probiotic-fermented beverage suggests a potential improvement in
the gut microenvironment, which is associated with intestinal barrier function and overall
gut health.

Figure 6. Effects of goji juice and probiotic-fermented goji beverages on colonic SCFAs content in
mice. (A) Acetic acid level; (B) Propionic acid level; (C) Butyric acid level. Data are expressed as
mean ± SD (n = 10). * or # p < 0.05, ## p < 0.01, **** or #### p < 0.0001 (# vs. NC and * vs. M group). NC
was normal control group. M was HUA model group. AP was the group treated with the allopurinol.
GJ was goji juice. TR was triple-probiotic-fermented goji beverage (L. plantarum TCCC11824, L. lactis
LTJ28, L. casei YR2-2).

4. Conclusions
This research established for the first time a fermentation process for a goji-fermented

beverage by triple probiotics (L. plantarum TCCC11824, L. lactis LTJ28, L. casei YR2-2) and
investigated its effects on HUA at cellular and animal levels. The effects of goji juice, as
well as the triple-probiotic-fermented goji beverage, on HUA mice were also compared.
The optimal process conditions of the triple-probiotic-fermented beverage were as follows:
liquid-to-feed ratio of 7.913, inoculum amount of 3.92%, fermentation time of 7.49 h,
fermentation temperature of 37 ◦C, and the ratio of L. plantarum CGMCC8198: L. lactis
LTJ28: L. casei YR2-2 strains of 1:1:2. The content and types of flavoring substances of the
triple-probiotic-fermented beverage increased significantly compared with those of the
unfermented goji juice.
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Triple-probiotic-fermented beverages could reduce UA production in the HUA cell
model of HepG2. Among them, the 15% beverage treatment led to the most significant
reduction, with the UA value being reduced by 56% compared to the HUA model. Goji
juice and a triple-probiotic-fermented beverage could effectively reduce the liver index
and increase the kidney index in HUA mice. Compared with the HUA model, goji juice
and triple-probiotic-fermented beverage could reduce the levels of serum UA, BUN, CRE,
XOD, and liver XOD, AST, and ALT levels and regulate the metabolic disorders of renal
and hepatic functions induced by HUA. However, the effect of triple-probiotic-fermented
beverage on improving uric acid metabolism was better than other groups; goji juice
and triple-probiotic-fermented beverage could improve the abundance of SCFAs such as
acetic, propionic, and butyric acids in the colons of the mice with HUA, and maintain
the health of intestinal barrier; goji juice and triple-probiotic-fermented beverage were
able to downregulate GLUT9 and URAT1 genes in HUA mice, and the downregulation
trend of triple-probiotic-fermented beverage was greater than that of other experimental
groups, thus promoting uric acid excretion and improving nephritis and intestinal mucosal
injury. Goji juice and a triple-probiotic-fermented beverage improved intestinal species
diversity and augmented the relative abundance of beneficial flora, including Mycobacterium
anisopliae, Mycobacterium thickum, Mycobacteriophage, and Trichosporonaceae.

In conclusion, the triple-probiotic-fermented goji juice demonstrated modulatory
effects on the intestinal microecological environment in HUA mice, suggesting its potential
as a novel strategy for HUA management at the microbial level. These results indicate a
promising approach for HUA intervention; however, further clinical studies are necessary
to validate these findings and evaluate their therapeutic efficacy in human applications.
This study highlights the potential of probiotic-fermented functional foods as a natural
therapeutic approach for managing HUA and associated metabolic disorders.
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Appendix A

Figure A1. A 3D response surface and contour plots of the interaction between different factors.
(A) Response surface and contour map of the influence of fermentation time and liquid-solid ratio
on the comprehensive score; (B) Response surface and contour map of the influence of fermentation
time and liquid–solid ratio on the comprehensive score; (C) Response surface and contour map of the
influence of inoculum size and liquid–solid ratio on the comprehensive score.
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Table A1. Volatile flavor components and relative content before and after fermentation.

Compound Type Chemical Compound CAS Relative Amount
in Goji Juice (%)

Relative Amount in
Triple-Probiotic-Fermented

Goji Beverage (%)

alcohol compound

3-Methyl-1-butanol 123-51-3 0.44% 0.33%
n-Hexyl alcohol 111-27-3 18.01% 13.5%

undecan-2-ol 1653-30-1 1.45% 1.15%
1-Octanol 111-87-5 - 0.81%

Phenethyl alcohol 60-12-8 0.51% 0.5%
trans-2-hexen-1-ol 928-95-0 12.42% 1.03%
2-Ethyl-1-hexanol 104-76-7 1% 0.75%

1-Heptanol 111-70-6 0.19% 0.34%
1-Octen-3-ol 3391-86-4 1.63% 1.86%

acid compounds Acetic acid 64-19-7 - 5.53%
Nonanoic acid 112-05-0 0.8% 0.38%

ketone compound

2,3-Butanedione 431-03-8 2.73% 12.17%
Acetyl methyl carbinol 513-86-0 18.29% 12.4%

6-Methyl-5-hepten-2-one 110-93-0 1.32% 1.2%
beta-ionone 79-77-6 1.28% 0.83%

aldehyde compound

Caproaldehyde 66-25-1 1.07% 0.54%
Benzaldehyde 100-52-7 0.4% 0.28%
Octyl aldehyde 124-13-0 0.51% 1.1%

Decanal 112-31-2 1.77% 4.05%
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18. Stachelska, M.A.; Karpiński, P.; Kruszewski, B. Health-Promoting and Functional Properties of Fermented Milk Beverages with
Probiotic Bacteria in the Prevention of Civilization Diseases. Nutrients 2024, 17, 9. [CrossRef] [PubMed]

19. Dimidi, E.; Cox, S.; Rossi, M.; Whelan, K. Fermented Foods: Definitions and Characteristics, Impact on the Gut Microbiota and
Effects on Gastrointestinal Health and Disease. Nutrients 2019, 11, 1806. [CrossRef]

20. Li, Z.-X.; Zhuo, J.-L.; Yang, N.; Gao, M.-B.; Qu, Z.-H.; Han, T. Effect of Lycium barbarum polysaccharide on osteoblast proliferation
and differentiation in postmenopausal osteoporosis. Int. J. Biol. Macromol. 2024, 271, 132415. [CrossRef]

21. Feng, X.; Hu, H.; Zhong, F.; Hou, Y.; Li, X.; Qin, Q.; Yang, Y.; Luo, X. Lactiplantibacillus plantarum TCCC11824 exerts
hypolipidemic and anti-obesity effects through regulation of NF-κB-HMGCR pathway and gut microbiota in mice and clinical
patients. Nutrition 2025, 130, 112598. [CrossRef] [PubMed]

22. Wang, J.; Lu, C.; Xu, Q.; Li, Z.; Song, Y.; Zhou, S.; Zhang, T.; Luo, X. Bacterial Diversity and Lactic Acid Bacteria with High Alcohol
Tolerance in the Fermented Grains of Soy Sauce Aroma Type Baijiu in North China. Foods 2022, 11, 1794. [CrossRef] [PubMed]

23. Do, S.; Kim, Y.; Yim, J.; Lee, K.-G. Analysis of volatile compounds, betaine, and antioxidant effect in goji berry (Lycium barbarum L.)
powder extracted by various drying methods and extraction solvents. Curr. Res. Food Sci. 2024, 9, 100798. [CrossRef] [PubMed]

24. Gao, L.-L.; Ma, J.-M.; Fan, Y.-N.; Zhang, Y.-N.; Ge, R.; Tao, X.-J.; Zhang, M.-W.; Gao, Q.-H.; Yang, J.-J. Lycium barbarum
polysaccharide combined with aerobic exercise ameliorated nonalcoholic fatty liver disease through restoring gut microbiota,
intestinal barrier and inhibiting hepatic inflammation. Int. J. Biol. Macromol. 2021, 183, 1379–1392. [CrossRef]

25. Zeinali, S.; Natalia Wieczorek, M.; Pawliszyn, J. Free versus droplet-bound aroma compounds in sparkling beverages. Food Chem.
2022, 378, 131985. [CrossRef]

26. Akhtar, M.; Chen, Y.; Ma, Z.; Zhang, X.; Shi, D.; Khan, J.A.; Liu, H. Gut microbiota-derived short chain fatty acids are potential
mediators in gut inflammation. Anim. Nutr. 2022, 8, 350–360. [CrossRef]

27. Fan, J.; Xie, W.; Ke, H.; Zhang, J.; Wang, J.; Wang, H.; Guo, N.; Bai, Y.; Lei, X. Structural Basis for Inhibition of Urate Reabsorption
in URAT1. JACS Au 2025, 5, 1308–1319. [CrossRef] [PubMed]

28. Xu, X.; Li, C.; Zhou, P.; Jiang, T. Uric acid transporters hiding in the intestine. Pharm. Biol. 2016, 54, 3151–3155. [CrossRef]
29. Li, J.; Gong, Y.; Li, J.; Fan, L. In vitro inhibitory effects of polyphenols from Tartary buckwheat on xanthine oxidase: Identification,

inhibitory activity, and action mechanism. Food Chem. 2022, 379, 132100. [CrossRef]
30. Sato, Y.; Feig, D.I.; Stack, A.G.; Kang, D.-H.; Lanaspa, M.A.; Ejaz, A.A.; Sánchez-Lozada, L.G.; Kuwabara, M.; Borghi, C.; Johnson,

R.J. The case for uric acid-lowering treatment in patients with hyperuricaemia and CKD. Nat. Rev. Nephrol. 2019, 15, 767–775.
[CrossRef]

31. Chen, Y.; Li, C.; Duan, S.; Yuan, X.; Liang, J.; Hou, S. Curcumin attenuates potassium oxonate-induced hyperuricemia and kidney
inflammation in mice. Biomed. Pharmacother. 2019, 118, 109195. [CrossRef] [PubMed]

32. Sanders, M.E.; Merenstein, D.J.; Reid, G.; Gibson, G.R.; Rastall, R.A. Author Correction: Probiotics and prebiotics in intestinal
health and disease: From biology to the clinic. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 642. [CrossRef]

33. Kasahara, K.; Kerby, R.L.; Zhang, Q.; Pradhan, M.; Mehrabian, M.; Lusis, A.J.; Bergström, G.; Bäckhed, F.; Rey, F.E. Gut bacterial
metabolism contributes to host global purine homeostasis. Cell Host Microbe 2023, 31, 1038–1053.e1010. [CrossRef] [PubMed]

34. Gherghina, M.-E.; Peride, I.; Tiglis, M.; Neagu, T.P.; Niculae, A.; Checherita, I.A. Uric Acid and Oxidative Stress—Relationship
with Cardiovascular, Metabolic, and Renal Impairment. Int. J. Mol. Sci. 2022, 23, 3188. [CrossRef]

35. Li, Y.; Zhao, Z.; Luo, J.; Jiang, Y.; Li, L.; Chen, Y.; Zhang, L.; Huang, Q.; Cao, Y.; Zhou, P.; et al. Apigenin ameliorates hyperuricemic
nephropathy by inhibiting URAT1 and GLUT9 and relieving renal fibrosis via the Wnt/β-catenin pathway. Phytomedicine 2021,
87, 153585. [CrossRef]

https://doi.org/10.3389/fmicb.2023.1274636
https://doi.org/10.1111/j.1365-2672.2010.04922.x
https://doi.org/10.1080/10408398.2022.2119934
https://doi.org/10.3389/fnut.2023.1094483
https://doi.org/10.1080/07315724.2019.1571454
https://www.ncbi.nlm.nih.gov/pubmed/30794474
https://doi.org/10.3390/foods13060923
https://doi.org/10.3390/nu17010009
https://www.ncbi.nlm.nih.gov/pubmed/39796443
https://doi.org/10.3390/nu11081806
https://doi.org/10.1016/j.ijbiomac.2024.132415
https://doi.org/10.1016/j.nut.2024.112598
https://www.ncbi.nlm.nih.gov/pubmed/39612553
https://doi.org/10.3390/foods11121794
https://www.ncbi.nlm.nih.gov/pubmed/35741991
https://doi.org/10.1016/j.crfs.2024.100798
https://www.ncbi.nlm.nih.gov/pubmed/39027326
https://doi.org/10.1016/j.ijbiomac.2021.05.066
https://doi.org/10.1016/j.foodchem.2021.131985
https://doi.org/10.1016/j.aninu.2021.11.005
https://doi.org/10.1021/jacsau.4c01188
https://www.ncbi.nlm.nih.gov/pubmed/40151250
https://doi.org/10.1080/13880209.2016.1195847
https://doi.org/10.1016/j.foodchem.2022.132100
https://doi.org/10.1038/s41581-019-0174-z
https://doi.org/10.1016/j.biopha.2019.109195
https://www.ncbi.nlm.nih.gov/pubmed/31362244
https://doi.org/10.1038/s41575-019-0199-6
https://doi.org/10.1016/j.chom.2023.05.011
https://www.ncbi.nlm.nih.gov/pubmed/37279756
https://doi.org/10.3390/ijms23063188
https://doi.org/10.1016/j.phymed.2021.153585


Microorganisms 2025, 13, 1367 22 of 22

36. Toyoda, Y.; Takada, T.; Miyata, H.; Matsuo, H.; Kassai, H.; Nakao, K.; Nakatochi, M.; Kawamura, Y.; Shimizu, S.; Shinomiya, N.;
et al. Identification of GLUT12/SLC2A12 as a urate transporter that regulates the blood urate level in hyperuricemia model mice.
Proc. Natl. Acad. Sci. USA 2020, 117, 18175–18177. [CrossRef]

37. Wang, J.; Chen, Y.; Zhong, H.; Chen, F.; Regenstein, J.; Hu, X.; Cai, L.; Feng, F. The gut microbiota as a target to control
hyperuricemia pathogenesis: Potential mechanisms and therapeutic strategies. Crit. Rev. Food Sci. Nutr. 2021, 62, 3979–3989.
[CrossRef] [PubMed]

38. Wang, M.; Lin, X.; Yang, X.; Yang, Y. Research progress on related mechanisms of uric acid activating NLRP3 inflammasome in
chronic kidney disease. Ren. Fail. 2022, 44, 615–624. [CrossRef]

39. Fan, X.; Liu, M.; Shi, Z.; Zhang, T.; Du, L.; Wu, Z.; Zeng, X.; Wu, X.; Pan, D. Binary probiotic fermentation promotes signal
(cyclic AMP) exchange to increases the number of viable probiotics, anthocyanins and polyphenol content, and the odor scores of
wolfberry fermented beverages. Food Chem. 2024, 448, 139085. [CrossRef]

40. Tawfick, M.M.; Xie, H.; Zhao, C.; Shao, P.; Farag, M.A. Inulin fructans in diet: Role in gut homeostasis, immunity, health outcomes
and potential therapeutics. Int. J. Biol. Macromol. 2022, 208, 948–961. [CrossRef]

41. Güler, Z.; Gürsoy-Balcı, A.C. Evaluation of volatile compounds and free fatty acids in set types yogurts made of ewes’, goats’ milk
and their mixture using two different commercial starter cultures during refrigerated storage. Food Chem. 2011, 127, 1065–1071.
[CrossRef] [PubMed]

42. Xiao, S.; Zhao, L. Gut microbiota-based translational biomarkers to prevent metabolic syndrome via nutritional modulation.
FEMS Microbiol. Ecol. 2014, 87, 303–314. [CrossRef] [PubMed]

43. Ridaura, V.K.; Faith, J.J.; Rey, F.E.; Cheng, J.; Duncan, A.E.; Kau, A.L.; Griffin, N.W.; Lombard, V.; Henrissat, B.; Bain, J.R.; et al.
Gut Microbiota from Twins Discordant for Obesity Modulate Metabolism in Mice. Science 2013, 341, 1241214. [CrossRef]

44. Etchart, M.G.; Anderson, L.L.; Ametovski, A.; Jones, P.M.; George, A.M.; Banister, S.D.; Arnold, J.C. In vitro evaluation of the
interaction of the cannabis constituents cannabichromene and cannabichromenic acid with ABCG2 and ABCB1 transporters. Eur.
J. Pharmacol. 2022, 922, 174836. [CrossRef] [PubMed]

45. Sokol, H.; Leducq, V.; Aschard, H.; Pham, H.-P.; Jegou, S.; Landman, C.; Cohen, D.; Liguori, G.; Bourrier, A.; Nion-Larmurier, I.;
et al. Fungal microbiota dysbiosis in IBD. Gut 2017, 66, 1039–1048. [CrossRef]

46. Xiao, Z.; Liu, L.; Jin, Y.; Pei, X.; Sun, W.; Wang, M. A Potential Prophylactic Probiotic for Inflammatory Bowel Disease: The Overall
Investigation of Clostridium tyrobutyricum ATCC25755 Attenuates LPS-Induced Inflammation via Regulating Intestinal Immune
Cells. Mol. Nutr. Food Res. 2021, 65, 2001213. [CrossRef]

47. Ni, C.; Li, X.; Wang, L.; Li, X.; Zhao, J.; Zhang, H.; Wang, G.; Chen, W. Lactic acid bacteria strains relieve hyperuricaemia
by suppressing xanthine oxidase activityviaa short-chain fatty acid-dependent mechanism. Food Funct. 2021, 12, 7054–7067.
[CrossRef]

48. Furci, F.; Cicero, N.; Allegra, A.; Gangemi, S. Microbiota, Diet and Acute Leukaemia: Tips and Tricks on Their Possible Connections.
Nutrients 2023, 15, 4253. [CrossRef]

49. Li, Y.; Li, L.; Tian, J.; Zheng, F.; Liao, H.; Zhao, Z.; Chen, Y.; Pang, J.; Wu, T. Insoluble Fiber in Barley Leaf Attenuates Hyperuricemic
Nephropathy by Modulating Gut Microbiota and Short-Chain Fatty Acids. Foods 2022, 11, 3482. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1073/pnas.2006958117
https://doi.org/10.1080/10408398.2021.1874287
https://www.ncbi.nlm.nih.gov/pubmed/33480266
https://doi.org/10.1080/0886022X.2022.2036620
https://doi.org/10.1016/j.foodchem.2024.139085
https://doi.org/10.1016/j.ijbiomac.2022.03.218
https://doi.org/10.1016/j.foodchem.2011.01.090
https://www.ncbi.nlm.nih.gov/pubmed/25214097
https://doi.org/10.1111/1574-6941.12250
https://www.ncbi.nlm.nih.gov/pubmed/24219358
https://doi.org/10.1126/science.1241214
https://doi.org/10.1016/j.ejphar.2022.174836
https://www.ncbi.nlm.nih.gov/pubmed/35306000
https://doi.org/10.1136/gutjnl-2015-310746
https://doi.org/10.1002/mnfr.202001213
https://doi.org/10.1039/D1FO00198A
https://doi.org/10.3390/nu15194253
https://doi.org/10.3390/foods11213482

	Introduction 
	Materials and Methods 
	Reagents and Materials 
	Strain Culture and Preparation of Goji-Fermented Beverage 
	Detection of Antioxidant Activity of Probiotic-Fermented Goji Beverage 
	Single-Factor Experiment on Goji Fermentation 
	Optimization of Goji Fermentation Process Using Response Surface Analysis 
	Determination of Flavor Substances in Fermented Beverages by SPME-GC/MS 
	Cell Viability Assay and Construction of Cellular Models 
	Animals and Treatment 
	Histological Analysis of Kidney and Small Intestine Tissues 
	Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) Analysis 
	Gut Microbiota Analysis 
	Analysis of SCFAs via Gas Chromatography (GC) 
	Statistical Analysis 

	Results and Discussion 
	Optimization of Fermented Goji Beverage by Triple Probiotics 
	Analysis of Flavor Substances of Triple-Probiotic-Fermented Goji Beverages 
	Effects of Goji Juice and Probiotic-Fermented Goji Beverages on HUA In Vitro and In Vivo 
	Probiotic-Fermented Goji Beverage Alleviates HUA-Induced Hepatic, Renal, and Intestinal Damage by Modulating Pathological Changes 
	Probiotic-Fermented Goji Beverage Attenuates UA Reabsorption Through GLUT9 and URAT1 Regulation 
	Intestinal Flora Remodeling and Intestinal Barrier Restoration by Probiotic-Fermented Goji Beverage in HUA Mice 
	Probiotic-Fermented Goji Beverage Modulates Gut Microbiota-Derived SCFAs in HUA 

	Conclusions 
	Appendix A
	References

