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a b s t r a c t

It is necessary to explore potent therapeutic agents via regulating gut microbiota and metabolism to
combat Parkinson's disease (PD). Dioscin, a bioactive steroidal saponin, shows various activities. How-
ever, its effects and mechanisms against PD are limited. In this study, dioscin dramatically alleviated
neuroinflammation and oxidative stress, and restored the disorders of mice induced by 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP). 16 S rDNA sequencing assay demonstrated that dioscin
reversed MPTP-induced gut dysbiosis to decrease Firmicutes-to-Bacteroidetes ratio and the abundances of
Enterococcus, Streptococcus, Bacteroides and Lactobacillus genera, which further inhibited bile salt hy-
drolase (BSH) activity and blocked bile acid (BA) deconjugation. Fecal microbiome transplantation test
showed that the anti-PD effect of dioscin was gut microbiota-dependent. In addition, non-targeted fecal
metabolomics assays revealed many differential metabolites in adjusting steroid biosynthesis and pri-
mary bile acid biosynthesis. Moreover, targeted bile acid metabolomics assay indicated that dioscin
increased the levels of ursodeoxycholic acid, tauroursodeoxycholic acid, taurodeoxycholic acid and b-
muricholic acid in feces and serum. In addition, ursodeoxycholic acid administration markedly improved
the protective effects of dioscin against PD in mice. Mechanistic test indicated that dioscin significantly
up-regulated the levels of takeda G protein-coupled receptor 5 (TGR5), glucagon-like peptide-1 receptor
(GLP-1R), GLP-1, superoxide dismutase (SOD), and down-regulated NADPH oxidases 2 (NOX2) and nu-
clear factor-kappaB (NF-kB) levels. Our data indicated that dioscin ameliorated PD phenotype by
restoring gut dysbiosis and regulating bile acid-mediated oxidative stress and neuroinflammation via
targeting GLP-1 signal in MPTP-induced PD mice, suggesting that the compound should be considered as
a prebiotic agent to treat PD in the future.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Parkinson's disease (PD), one of the most prevalent neurode-
generative diseases, is characterized by dopaminergic neurons in
substantia nigra pars compacta [1]. The incidence of PD has steadily
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risen in recent years and become a major source of health deteri-
oration in the elderly [2,3].

The main pathological changes of PD are the degeneration and
death of dopaminergic neurons, leading to the decreased dopamine
(DA) levels in the substantia nigra striatum pathway [4]. The causes
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on substantia nigra striatum lesions are not entirely known [5,6].
Oxidative stress plays important roles in the degeneration of
dopamine neurons and PD development. There are both enzymatic
and nonenzymatic antioxidant defense systems to protect brain
from oxidative damage [7]. PD is closely related to oxidative dam-
agemediated by free radicals [8]. Reactive oxygen species (ROS) can
affect DNA, which is more likely to occur under oxidative stress in
substantia nigra [9,10]. Similarly, inflammation also plays an
essential role during the pathological process of PD [2]. Inflam-
matory factors and immune cells can increase blood brain barrier
(BBB) permeability and suppress enzymatic function, leading to
neurodegeneration [11]. Hence, the ability on controlling oxidative
stress and inflammation has profound meaning in identifying new
antioxidant and anti-inflammatory medicines for PD therapy.

To maintain metabolic homeostasis, gut microbiota can influ-
ence the composition, diversity and function of microbiota. Hence,
microbial composition and host metabolic disorders can cause
various diseases. Recently, powerful evidences have found that the
abundances of Verrucomicrobiaceae, Lactobacillaceae and Lactoba-
cillus in PD patients are high [11,12]. Meanwhile, the abundances of
other species such as Enterococcus and Lactobacillus can trigger
levodopa degradation pathways in gut and ultimately lead to high
drug dosages in clinical practice [13], suggesting that microflora
dysfunction plays an essential role in PD-related neuro-
degeneration, and alteration of gut microbiota might be recognized
as targets. Some studies have focused on gut microbiota and the
progression of neurodegenerative diseases [14]. However, explo-
ration of effective compound to prevent PD via adjusting micro-
biome and metabolism is necessary.

Metabolomics, a rapidly evolving tool, is targeted to define small
molecular metabolites in biological samples. As the dominant
downstream products of cholesterol catabolism, biosynthesis or
excretion of bile acids (BAs) is crucial for the maintenance of
cholesterol homeostasis [15,16]. Recently, robust evidence has
demonstrated that bile acid signaling has an essential role in the
central nervous system, and some BAs can exert neuroprotective
potential in neurological diseases [17e19]. Intraperitoneal injection
of ursodeoxycholic acid (UDCA) can protect rotenone-induced PD
rats [20]. Tauroursodeoxycholic acid (TUDCA) can downregulate
Parkin level in mice induced by 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) [21]. Thus, controlling gut metabolites
should be a useful method to treat PD.

Recently, the interaction between brain and gut microbiota has
been confirmed. Glucagon-like peptide-1 (GLP-1), a key mediator
in regulating gut microbiota [22], plays a beneficial role in brain by
binding to its receptor (GLP-1R) [23]. A study has revealed that
lixisenatide and liraglutide, which are GLP-1 analogs, have pro-
tective effects on improving motor function in MPTP rodent model
of PD [24]. Moreover, GLP-1 can influence neuroinflammation and
enhance neural structure in microglia experiments [25]. A large
number of G protein-coupled receptors (GPCRs) are distributed on
the surface of intestinal endocrine cells. As a member of GPCR
subfamily, TGR5 is highly involved in energy homeostasis, bile acid
balance and glucose metabolism. It has been reported that stirring
TGR5 can promote GLP-1 secretion and regulate glycolipid meta-
bolism [26]. In addition, up-regulated GLP-1 can increase the levels
of inducible nitric oxide synthase (iNOS) and NADPH oxidases 2
(NOX2) in diabetic rats under cerebral ischemia/reperfusion injury
condition [27]. Enhancing GLP-1 level can markedly hinder nuclear
factor-kappaB (NF-kB) pathway and alleviate Cigarette smoking-
induced neuroinflammation [28]. Therefore, GLP-1 might be
involved in the pathogenesis of PD via regulating microbiota-gut-
brain axis, neuroinflammation and oxidative stress.

Dioscin, a natural steroidal saponin, exerts excellent anti-
inflammatory and anti-oxidant activities [29e31]. Our studies
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have shown that dioscin can attenuate cerebral ischemia/reperfu-
sion injury [32], and protect brain aging by decreasing oxidative
stress [33]. It has been reported that dioscin-zein-carboxymethyl
cellulose (CMC) complexes can prevent PD in Caenorhabditis ele-
gans [34]. Interestingly, oral administration of dioscin is retained in
intestine for an extended time, and most of it is excreted from in-
testine in a prototype mode [35]. Recent report has confirmed that
dioscin can inhibit cisplatin-induced gut microbiota dysbiosis,
relieve the connection between ileal epithelial cells, and increase
mucus secretion to alleviate cisplatin-induced mucositis [36]. In
addition, dioscin can regulate the abundance of Muribaculaceae to
improve inflammation in enteric nervous system microenviron-
ment in slow transit constipation mice [37]. Thus, the purpose of
the study was to evaluate the pharmacological effect of dioscin
against PD, and then the methods of 16 S ribosomal DNA-based
microbiota analysis and metabolomics profiling were used to
focus on the therapeutic mechanism.

2. Materials and methods

2.1. Chemicals

Pure dioscin was produced in our laboratory and dissolved in
0.5% CMC-Na for intragastric administration. Glutathione (GSH)
and superoxide dismutase (SOD) kits were purchased from Nanjing
Jiancheng Biotechnology Company (Nanjing, China). Tissue protein
extraction kit was purchased from Key GEN Biotech. Co., Ltd.
(Nanjing, China). MPTP reagent was purchased from Aladdin Bio-
logical Reagent Company (Shanghai, China). UDCA standard was
obtained from Sigma Aldrich (Shanghai, China) and Steraloids
(Shanghai, China). Triple antibiotics (vancomycin, ampicillin and
metronidazole) were purchased fromMedChemExpress (Shanghai,
China).

2.2. Animals

Sixty male C57BL/6 J mice weighing 18e22 g (4e6 weeks old)
were purchased from the Experimental Animal Center of Dalian
Medical University (SCXK: 2013e0006). All animal care and labo-
ratory procedures were carried out in accordance with the relevant
regulations of the “Use and Care of Laboratory Animals” and
approved by the Animal Care and Use Committee of Dalian Medical
University (Ethical number: AEE21010). Animals were kept in a
controlled environment with a 12 h light schedule, with tempera-
ture of 20 ± 3 �C and relative humidity of 60% ± 10%.

2.3. Pharmacological treatment and design

After adapting to the environment for 1 week, the mice were
randomly divided into control group, MPTP group, MPTP þ dioscin
groups and MPTP þ 3,4-dihydroxyphenylalanine (L-DOPA) group
with 12 mice in each group. The mice in MPTP group were intra-
peritoneally injected with MPTP (30 mg/kg/day) for 7 consecutive
days, and same volume of normal saline was injected intraperito-
neally on the 8th to 28th days. The animals inMPTPþ dioscin and L-
DOPA groups were administered intragastrically with dioscin (20,
40, and 80 mg/kg), and L-DOPA (8.4 mg/kg) on the 8th to 28th days
[35,36]. The control mice were administeredwith the equal volume
of saline every day for 28 consecutive days. The experimental
procedures are shown in Fig. 1A. For anti-PD effect of UDCA com-
bined with dioscin experiment, C57 mice were divided into control
group, MPTP group, MPTP þ UDCA (50 mg/kg) group,
MPTP þ dioscin (80 mg/kg) group and MPTP þ UDCA group. MPTP
modeling and dioscin administration methods were conducted as
above. UDCA was administered intraperitoneally for 2 weeks.



Fig. 1. Dioscin improves the behavior of mice induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). (A) The group assignments and time line of the experimental
process. (B) Motor behavior of mice after dioscin treatment on MPTP-induced Parkinson's disease (PD) model, including pole test and traction test. (C) CatWalk print and mean
intensity of the corresponding print of mice after dioscin treatment on MPTP-induced PD model. The upper panel (green prints in black background) shows the digitized prints, and
the lower panel shows walking pattern and individual paws (RF: right front; RH: right hind; LF: left front; and LH: left hind). (D) The mice gait behavior indicators change after
dioscin treatment on MPTP-induced PD model, including average speed, stands, step cycle, stride length, swing speeds and the base of support. All data are given as
mean ± standard deviation (SD) (n ¼ 8). *P < 0.05 and **P < 0.01 compared with MPTP group.
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2.4. Pole and traction tests

The mice were placed on the top of a homemade climbing pole
foam ball, and the times spent climbing down the metal rod from
the small ball (turning time), the upper part, the lower part and the
whole rod were recorded. In traction test, all mice were hung on a
suspension wire, and the specific evaluation criteria were as fol-
lows. Two hind limbs of mice hooked on the electric wire were
scored as 3 points. The mice with only one hind limb hooked on the
wire were counted as 2 points, and the mice without a hind limb
hooked on the wire were counted as 1 point. The incubation period
of the three groups of mice from hanging to falling was recorded.

2.5. Gait analysis

Catwalk XT (Noldus, Wageningen, Netherlands) was used to
assess the natural motor behavior and coordination of mice. The
training was conducted for 3 days before the experiment. During
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detection, the mice were allowed to pass through the detection
channel of the set length freely. The footprints were processed
efficiently using footprint refraction technology with an internal
light source, and each mouse was tested three times.

2.6. Histopathological and immunochemical examination

Brain tissues were harvested, washed and fixed in 4% para-
formaldehyde at 4 �C for 12 h. Next, the sample was embedded in
paraffin, sliced (5 mm) and stained with hematoxylin and eosin
(H&E). Immunohistochemical assay kit was used to detect tyrosine
hydroxylase (TH) expression.

2.7. Immunofluorescence examination

Paraffin sections ofmicewere dewaxed andprocessed for staining
as Section 2.6. Then, the sections of substantia nigra and striatum
tissues were incubated with ionized calcium bindingadaptor
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molecule-1 (IBA-1)andglialfibrillaryacidicprotein (GFAP) antibodies
at 4 �C in a humidified chamber overnight. Then, the labeled sec-
ondary antibody (1:500, V/V) was used to incubate the tissue section
at room temperature for 1 h. After incubationwith 4',6-diamidino-2-
phenylindole (DAPI) (1:100, V/V) at room temperature for 30 min, 5
visual fields were observed by TE2000U fluorescence microscope
(Nikon, Tokyo, Japan), and the positive cells were counted.

2.8. Antioxidant assay

Malondialdehyde (MDA), glutathione (GSH)/glutathione syn-
thase (GSS) and superoxide dismutase (SOD) levels in tissues were
detected using the kits. The level of intracellular reactive oxygen
species (ROS) was detected by dihydroethidium (DHE) staining, in
which the cryosectionwas incubatedwith dihydroergotamine (DHE)
(10 mM) at 37 �C. The results were obtained by a SpectraMax
Microplate Reader (Molecular Devices, San Jose, CA, USA).

2.9. Fecal bile salt hydrolase (BSH) activity

BSH activity was tested as previously described [38], and taurine
was considered as a standard and the detection absorbance was
570 nm.

2.10. Fecal microbiota transplantation (FMT) test

In FMT test, the recipient mice was conducted as previously
reported [39]. The specific operation method was in Supplemen-
tary data.

2.11. Metabolomics profiling of fecal samples

Fecal samples totaling 100 ± 1 mg were analyzed. For gas
chromatography-mass spectrometry (GC-MS) and liquid
chromatography-mass spectrometry (LC-MS) assays, the samples
were extracted as previously described [40]. An Agilent 7890 gas
chromatograph coupled with a time-of-flight mass spectrometer
was applied, and the specific analysis conditions were conducted as
described in a previous study [41]. A 1,290 Infinity series ultra-
performance liquid chromatography (UPLC) system (Agilent Tech-
nologies, Santa Clara, CA, USA) equipped with a UPLC BEH Amide
column (2.1 mm � 100 mm, 1.7 mm) was used, and the analysis
conditions were applied according to previous studies [42e44]. The
MS analysis conditions are shown in the Supplementary data.

2.12. Targeted bile acid quantification

Bile acids were quantified by an Agilent 1290 infinity series
UPLC system equipped with a Waters ACQUITY UPLC BEH C18 col-
umn ((Miford, MA, USA; 150 mm � 2.1 mm, 1.7 mm). The chro-
matographic conditions are shown in the Supplementary data.
Metabolite extraction and method validation were performed ac-
cording to a previous description [45].

2.13. Western blotting assay

Proteins from brain and ileum tissues were extracted and
quantified. More experimental operation details are shown in the
Supplementary data. The primary antibodies are listed in Table S1.

2.14. qPCR assay

Total RNA samples were extracted from brain and ileum tissues
using TRIzol reagent. The sequences of the primers are shown in
Table S2 and more details are shown in the Supplementary data.
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2.15. Statistical analyses

The data are presented as the mean ± standard deviation (SD).
GraphPad Prism 7.0 was used to analyze result. One-way ANOVA
was adopted to compare themean samples amongmultiple groups.
P < 0.05 and P < 0.01 were considered statistically significant.

3. Results

3.1. Dioscin improved motor behavior in mice

The pole test in Figs. 1B and S1A showed that MPTP significantly
induced bradykinesia in mice, whereas dioscin decreased the pro-
longation of descent time compared with MPTP group. In addition,
the traction test results revealed that the mice in MPTP group
received lower scores, which were increased by dioscin. As shown
in Figs. 1C, 1D and S1B, the mice in control group traversed the
walkway with short consistent steps, while the animals in MPTP
group walked at a slower irregular pace with fewer steps per s.
After dioscin treatment, the long uneven steps were decreased to
consistent repetitive short steps. The stand phase revealed that the
period of contact between all paws and the glass plate was
decreased by dioscin compared with MPTP group. In addition, the
stride length, average speed and swing speedwere improved by the
compound. Our results revealed that dioscin improved neuron
viability and motor behavior in mice.

3.2. Dioscin improved neuron viability and oxidative stress

H&E staining in Fig. 2A showed that the corpus striatum with
nuclear pyknosis and anachromasis was damaged, which was
reduced by dioscin. As shown in Figs. 2B and C, TH levels were
decreased in the substantia nigra and stratum ofmodel mice, which
were increased by dioscin. In addition, the activation of astrocytes
and microglia based on IBA-1 and GFAP staining was increased in
MPTP group compared with control group, which was reversed by
the compound (Fig. 2D). As shown in Figs. 2E and F, the levels of
SOD and MDA in serum, GSH/glutathione disulfide (GSSG) level,
and ROS levels were all dramatically reversed by dioscin compared
with MPTP group.

3.3. Dioscin remodeled gut microbiota composition in MPTP mice

16 S rDNA sequencing assay was applied to study gut microbiota
(Supplementary data). The results of Chao1 index and operational
taxonomic unit (OTU) numbers revealed that compared with MPTP
group, the control and MPTP þ Dio groups had higher microbial
diversity (Figs. 3A, 3B, S2A, and S2B), and the results in Fig. 3C
showed that there were 195 common OTUs between the three
groups. Principal coordinate analysis (PcoA) showed that MPTP
group had a different pattern of microbiota composition compared
with control group, and a difference betweenMPTP and MPTPþ Dio
groups was found (Fig. 3D). The results of linear discriminant anal-
ysis (LDA) effect size (LEfSe) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis also showed that the microbial
structure of gut microbiota in MPTP mice was reshaped by dioscin
(Figs. S2CeF). The degree of bacterial taxonomic similarity on
phylum level in Figs. 3E and F revealed three dominant phyla: Fir-
micutes, Proteobacteria and Bacteroidetes. Compared to control mice,
MPTP-mice displayed a significant decrease in the relative abun-
dance of Firmicutes and Proteobacteria, and a lower Firmicutes-to-
Proteobacteria ratio, which were protected by dioscin. As shown in
Figs. 3GeI, on class and order levels, the abundances of Bacteroidia,
Bifidobacteriales and Lactobacillales were increased. Simultaneously,
the decreased abundances of Clostridia, Deltaproteobacteria,



Fig. 2. Dioscin inhibits neuron viability and oxidative stress. (A) The histological changes of brain tissues after dioscin treatment on 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced Parkinson's disease (PD) mice. (B) Western blotting of tyrosine hydroxylase (TH) in mice brain tissues after dioscin treatment on MPTP-induced PD mice (n ¼ 3).
(C) Immunohistochemistry assay of TH in mice brain tissues after dioscin treatment on MPTP-induced PD mice (n ¼ 3). (D) Fluorescence semi-quantitative analysis of glial fibrillary
acidic protein (GFAP) and ionized calcium bindingadaptor molecule-1 (IBA-1) expression in brain tissues after dioscin treatment on MPTP-induced PD mice (n ¼ 3). (E) The levels of
superoxide dismutase (SOD) and malondialdehyde (MDA) in brain tissues after dioscin treatment on MPTP-induced PD mice (n ¼ 6). (F) The levels of glutathione (GSH)/glutathione
disulfide (GSSG) and reactive oxygen species (ROS) in brain tissues after dioscin treatment on MPTP-induced PD mice (n ¼ 6). Data are expressed as mean ± standard deviation (SD).
*P < 0.05 and **P < 0.01 compared with MPTP group.
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Gammaproteobacteria, Clostridiales and Enterobacteriales in MPTP
group were reversed by dioscin. In addition, the increased abun-
dances of Enterococcus, Streptococcus, Bacteroides and Lactobacillus
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were reversed by dioscin compared with model group on genus
level. The results in Fig. 3J revealed that BSH activity was decreased
by dioscin.



Fig. 3. Dioscin adjusts gut microbiota composition in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mice. (A) Chao1 index of control, MPTP and MPTP þ Dio80 groups. (B)
The operational taxonomic unit (OTU) numbers of control, MPTP and MPTP þ Dio80 groups. In general, if the similarity between sequences exceeds 97% (species level), it can be
defined as an OTU, with each OTU representing a species. (C) Venn diagram illustrates the common and differential microbiota among control, MPTP and MTPT þ Dio80 groups. (D)
UniFrac distance-based principal coordinate analysis (PCA). (E) Distribution of relative abundance of gut microbiota at the phylum level observed in the control, MPTP and
MPTP þ Dio80 groups. (F) Relative abundance of microbiota at phylum in control, MPTP and MPTP þ Dio80 groups. (G) Relative abundance of microbiota at class in control, MPTP
and MPTP þ Dio80 groups. (H) Relative abundance of microbiota at order in control, MPTP and MPTP þ Dio80 groups. (I) Relative abundance of microbiota at genus level in control,
MPTP and MPTP þ Dio80 groups. (J) Fecal bile salt hydrolase (BSH) activity. Data are expressed as mean ± standard deviation (SD) (n ¼ 6). *P < 0.05 and **P < 0.01 compared with
MPTP group.
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Fig. 4. Regulating effect of fecal transplantation from dioscin-treated mice to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mice. (A) Pole test of mice after fecal microbiota
transplantation (FMT) treatment (n ¼ 8). (B) Traction test of mice after FMT treatment (n ¼ 8). (C) CatWalk print and mean intensity of the corresponding print of mice after FMT
treatment (n ¼ 8). The upper panel (green prints in black background) shows the digitized prints, and the lower panel shows walking pattern and individual paws (RF: right front,
RH: right hind, LF: left front, and LH: left hind). And several parameters of CatWalk, i.e., the average speed, stride length, swing speed, run variation, stands, and step cycle, were
affected variously in four groups. (D) Fluorescence semi-quantitative analysis of glial fibrillary acidic protein (GFAP) and ionized calcium bindingadaptor molecule-1 (IBA-1)
expression in mice brain tissue after FMT treatment (n ¼ 3). (E) Immunohistochemistry assay and western blotting assay of TH in mice brain tissues after FMT treatment
(n ¼ 3). (F) The levels of superoxide dismutase (SOD), malondialdehyde (MDA), glutathione (GSH)/glutathione synthase (GSS), reactive oxygen species (ROS) after FMT treatment
(n ¼ 6). (G) The levels of fecal bile salt hydrolase (BSH) activity after FMT treatment (n ¼ 6). All data are given as mean ± standard deviation (SD). *P < 0.05 and **P < 0.01 compared
with MPTP-MPTP group.

Z. Mao, H. Hui, X. Zhao et al. Journal of Pharmaceutical Analysis 13 (2023) 1153e1167
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3.4. Dioscin fecal transplants exhibited a protective effect in MPTP
mice

As shown in Figs. 4A and B, the mice in Dio-MPTP and
Dio þ MPTP-MPTP groups showed the decreased descent time
and the increased traction score compared with MPTP-MPTP
group. In Fig. 4C, the average speed, stride length and swing
speed of mice were upregulated by Dio-MPTP treatment. Run
variation, stands, and step cycle in Dio-MPTP group were
decreased compared with MPTP-MPTP group. Interestingly, the
mice in control-MPTP group displayed a significant impairment
of gait disorders compared with MPTP-MPTP group. As shown in
Fig. 4D, the expression levels of GFAP and IBA-1 were obviously
increased in MPTP-MPTP group and decreased in control-MPTP,
Dio-MPTP and Dio þ MPTP-MPTP groups. Our results further
Fig. 5. Dioscin adjusts fecal metabolome by untargeted metabolomic analysis. (A) Principa
control, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), and MPTP þ Dio groups. (B)
(C) Radar chart of differential metabolites among control, MPTP and MPTP þ Dio groups. (D
MPTP þ Dio groups. (E) Some typical differential metabolites including cholic acid, deoxych
acid, tauroursodeoxycholic acid and lithocholic acid among control, MPTP and MPTP þ Dio
(G) Tree map blot of metabolites and significant pathway after dioscin treatment. All data a
with MPTP group.
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demonstrated that fecal transfer of the mice in control, Dio and
Dio þ MPTP groups upregulated TH levels compared with MPTP-
fed mice (Fig. 4E).In addtion, the results in Fig. 4F revealed that
SOD, MDA, GSH/GSSG and ROS levels have statistically significant
changes in Control-MPTP, Dio-MPTP, and Dio þ MPTP-MPTP
groups compared with MPTP-MPTP group. The results in Fig. 4G
showed that BSH activities were decreased in Dio þ MPTP-MPTP,
Dio-MPTP and Control-MPTP groups compared with MPTP-MPTP
group.

3.5. Dioscin recovered the fecal metabolome by untargeted
metabolomic analysis

The results in Fig. 5A revealed that distinct separation of me-
tabolites was observed among control, MPTP and MPTP þ Dio
l components analysis (PCA) score plots for discriminating the fecal metabolome from
Volcanic plot of differential metabolites among control, MPTP and MPTP þ Dio groups.
) Hierarchical clustering heat map of differential metabolites among control, MPTP and
olic acid, glycocholic acid, glycolithochilc acid, taurodeoxycholic acid, taurolithocholic
groups. (F) Bubble plot of metabolites and significant pathway after dioscin treatment.
re given as mean ± standard deviation (SD) (n ¼ 6). *P < 0.05 and **P < 0.01 compared
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groups. orthogonal projections to latent structures discriminant
analysis (OPLS-DA) also showed distinct separation among the
groups (Fig. S3A). The results in Fig. 5B indicated that many dif-
ferential metabolites were detected in feces (Tables S3eS6).
Notably, dioscin partially regulated the changes of L-arabinose, 4-
acetoxyphenol, 3b-hydroxy-5-cholenoic acid and deoxycholic acid
(Fig. 5C). In addition, the levels of cholic acid and deoxycholic acid
were obviously elevated, and the levels of taurodeoxycholic acid,
taurolithocholic acid and tauroursodeoxycholic acid were
Fig. 6. Dioscin adjusts 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced bile a
coordinate analysis in feces, serum and intestine of control, MPTP and MPTP þ Dio80. (B) Qu
in feces after disocin treatment on MPTP-induced Parkinson's disease (PD) mice. (C) Quantit
serum after disocin treatment on MPTP-induced PD mice. (D) Quantitative analysis of uncon
treatment on MPTP-induced PD mice. All data are given as mean ± standard deviation (SD
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significantly decreased in MPTP group compared to control mice,
which were reversed by dioscin (Figs. 5D and E). The bubble plot
and treemap plot described the effects of dioscin on the responsive
metabolites, and demonstrated the most significant pathway
influenced by steroid biosynthesis and primary bile acid biosyn-
thesis (Figs. 5F, 5G, and S3B). Specifically, crosstalk between gut
microbiota and bile acid metabolites was observed, and Mogi-
bacterium was correlated with most of bile acid metabolites
(Figs. S3CeE).
cid (BA) levels by targeted metabolomic analysis. (A) UniFrac distance-based principal
antitative analysis of unconjuated BAs concentration and conjuaated BAs concentration
ative analysis of unconjugated BAs concentration and conjugated BAs concentration in
jugated BAs concentration and conjugated BAs concentration in intestine after disocin
) (n ¼ 6). *P < 0.05 and **P < 0.01 compared with MPTP group.



Fig. 7. Ursodeoxycholic acid (UDCA) enhances the protective effect of dioscin against Parkinson's disease (PD). (A) CatWalk print and mean intensity of the corresponding print of
mice after dioscin and UDCA treatment on 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced PD mice (n ¼ 8). The upper panel (green prints in black background)
shows the digitized prints, and the lower panel shows walking pattern and individual paws (RF: right front, RH: right hind, LF: left front, and LH: left hind). (B) Mice gait behavior
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3.6. Dioscin altered MPTP-induced BA levels by targeted
metabolomic analysis

Targeted metabolomics was applied to analyze the levels of BAs
in feces, serum and intestine ofmice. As shown in Fig. 6A, the results
of UniFrac distance-based PCoA revealed that mice in the three
groups had distinctly different patterns of BAs in feces and serum.
However, no significant clustering of BA metabolites was found
among the groups in intestine. Specifically, dioscin reversed the
fecal concentrations of b-muricholic acid (b-MCA), hyocholic acid
(HCA), ursodeoxycholic acid (UDCA), tauro-beta-muricholic acid
(T-b-MCA), tauroursodeoxycholic acid (TUDCA) and taurodeox-
ycholic acid (TDCA) (Figs. 6B and S4A), the serum levels of b-MCA,
HCA, UDCA, deoxycholic acid (DCA), lithocholic acid (LCA), T-b-MCA,
TCA (Figs. 6C and S4B), and the intestinal levels of UDCA, TCA and
TDCA (Figs. 6D and S4C). The fecal and serum cholic acid (CA)/DCA
ratios in Fig. S4D showed that dioscin upregulated CA/DCA ratio.
These results further indicated that reduced BSH activity by dioscin
increased the levels of tauro-conjugated BAs. Interestingly, UDCA
was the most variable bile acid in feces, serum and intestine
(Fig. S4E).

3.7. UDCA mediated the therapeutic of dioscin in MPTP mice

As shown in Figs. 7A and B, traction test score, average speed,
stride length, and swing speed were increased, whereas pole test
time, stands and step cycle were decreased in MPTP þ UDCA group
and MPTP þ UDCA þ Dio group compared with MPTP group. In
addition, the results in Figs. 7C and D revealed the increased level of
TH in MPTP þ UDCA group and MPTP þ UDCA þ Dio group
compared with MPTP group. As shown in Figs. 7EeG, UDCA and
dioscin administration decreased the levels of GFAP, IBA-1, MDA,
ROS and BSH activity, while the levels of SOD and GSH/GSSG were
increased in MPTP þ Dio group and MPTP þ UDCA þ Dio group.

3.8. Dioscin promoted BAs-mediated GLP-1 pathway

As shown in Fig. 8A, the mRNA levels of GLP-1 and the protein
levels of GLP-1R in brain and intestine were upregulated by dioscin,
and the protein level of TGR5 in intestine was also upregulated by
dioscin. In addition, the brain protein or mRNA levels of NOX2, NF-
kB, interleukin-6 (IL-6) and intercellular adhesion molecule (ICAM)
were decreased, while the levels of SOD were increased by dioscin
compared with MPTP group. In FMT test (Fig. 8B), the mRNA levels
of GLP-1 and the protein levels of GLP-1R in brain and intestine
were increased in control-MPTP, Dio-MPTP, and MPTP þ Dio-MPTP
groups, and the protein level of TGR5 in intestine was also upre-
gulated compared with MPTP-MPTP group. The levels of NOX2, NF-
kB, IL-6 and ICAMwere downregulated, while SODwas increased in
control-MPTP, Dio-MPTP, and MPTP þ Dio-MPTP groups compared
with MPTP-MPTP group. Similar results were observed for UDCA
treatment combined with dioscin in Fig. 8C. The combination of
UDCA and dioscin slightly enhanced the therapeutic effect of dio-
scin. These results concluded that dioscin exerted anti-PD effects
partially by adjusting BAs through GLP-1 signaling in a gut
microbiota-dependent manner.
indicators change after dioscin and UDCA treatment on MPTP-induced PD mice, including p
(n ¼ 8). (C) Western blotting assay of tyrosine hydroxylase (TH) in mice brain tissues after dio
of TH in mice brain tissues after dioscin and UDCA treatment on MPTP-induced PD mice. (
ionized calcium bindingadaptor molecule-1 (IBA-1) expression after dioscin and UDCA t
malondialdehyde (MDA), glutathione (GSH)/glutathione synthase (GSS), reactive oxygen spe
mice. (G) The levels of fecal bile salt hydrolase (BSH) activity after dioscin and UDCA treatme
(n � 3). *P < 0.05 and **P < 0.01 compared with MPTP group.
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4. Discussion

Recently, development of drugs to treat PD has gained widely
attention. Previous study has suggested that dioscin is an attractive
candidate due to its potent protective effects against neurode-
generative disease. The classic animal model of PD is a neurotoxin
model mainly targeting dopamine signaling, and conduction se-
lective degeneration of substantia nigra dopamine neurons can be
induced. MPTP is a highly lipophilic compound that can effectively
penetrate BBB, and subsequently auto-oxidize to MPPþ. MPPþ can
decrease striatal dopamine levels within 12e72 h, and lead to the
death of single nucleotide polymorphisms (SNPs) dopamine neu-
rons. Thus, an acute PDmodel with a single high-dose injection and
a chronic PD model with a long-term low-dose injection can all be
established. Chronic or subacute models are generally preferred,
because acute model has a higher mortality rate, and chronic
model can be established after 2 weeks with the bradykinesia
lasting for 6 months. Here, we used MPTP, an inhibitor of the
mitochondrial complex that encompasses most of the pathological
features of PD and enhances oxidative stress and neuro-
inflammation, to design an animal model [46]. The motor function
tests showed that the mice in MPTP þ Dio group exhibited shorter
descent times in the pole test and higher scores in the traction test
than those in MPTP group. In addition, there are numerous tests to
assess crucial symptoms of PD, such as bradykinesia and gait dis-
orders [47,48]. Previous studies have demonstrated that the
CatWalk method can be used to analyze gait changes in 6-OHDA-
induced rat models, and gait disorders and deficits in PD mouse
models can also be sensitively evaluated [49,50]. In our study, the
results showed that average speed, stride length and swing speeds,
which are the major symptoms of PD, were significantly improved
by dioscin. Moreover, the levels of stands, step cycles and base of
support were decreased following dioscin treatment. These find-
ings suggested that dioscin improved motor behavior. Further-
more, dioscin upregulated the expression of TH, an essential rate-
limiting enzyme for the synthesis and release of DA and epineph-
rine, and activated astrocytes and microglia, suggesting that dio-
scin exerted its neuroprotective effects by inhibiting the activation
of microglia and astrocytes.

Although some progress has been made in neurological dis-
eases, the exact mechanism of PD and gut microbiota imbalance is
still unclear. Previous studies have indicated that the genera Clos-
tridium IV and Clostridium XVIII are enriched, while the genus
Lactobacillus is reduced, and the relative abundance of Escherichia/
Shigella are associated with disease duration [51,52]. However, a
recent study has declared that the relative abundance of phylum
Firmicutes and order Clostridiales were down-regulated, along with
increased phylum Proteobacteria and Enterobacteriales, have been
found in fecal samples of MPTP-induced PD mice [53]. In our study,
we demonstrated that compared with MPTP group, dioscin up-
regulated the relative abundance of Clostridiales and Enter-
obacteriales on family level, and downregulated the relative levels
of Enterococcus, Streptococcus, Bacteroides and Lactobacillus on
genus level. Recently, a study has revealed that FMT can protect PD
mice by suppressing neuroinflammation. Here, FMT fecal micro-
biota transplantation experiments showed that compared with
ole test, traction test, average speed, stands, stride length, swing speeds, and step cycle
scin and UDCA treatment on MPTP-induced PD mice. (D) Immunohistochemistry assay
E) Fluorescence semi-quantitative analysis of glial fibrillary acidic protein (GFAP) and
reatment on MPTP-induced PD mice. (F) The levels of superoxide dismutase (SOD),
cies (ROS) in mice brain tissues after dioscin and UDCA treatment on MPTP-induced PD
nt on MPTP-induced PD mice. All data are presented as mean ± standard deviation (SD)



Fig. 8. Dioscin suppresses bile acids (BAs)-mediated oxidative stress and neuroinflammation via adjusting glucagon-like peptide-1 (GLP-1) signal. (A) The mRNA levels of GLP-1 in
intestine and brain, protein expression levels of takeda G protein-coupled receptor 5 (TGR5), glucagon-like peptide-1 receptor (GLP-1R), GLP-1 in intestine, mRNA levels of interleukin-
6 (IL-6), intercellular adhesion molecule (ICAM) in brain, and protein expression levels of GLP-1R, GLP-1, down-regulated NADPH oxidases 2 (NOX2), superoxide dismutase (SOD),

Z. Mao, H. Hui, X. Zhao et al. Journal of Pharmaceutical Analysis 13 (2023) 1153e1167

1164



Z. Mao, H. Hui, X. Zhao et al. Journal of Pharmaceutical Analysis 13 (2023) 1153e1167
MPTP-MPTP, MPTP þ dioscin administration restored gait disorder
and behavioral abnormalities in mice, which also inhibited micro-
glial activation and upregulated TH expression. Moreover, FMT
from control mice and Dio-dosed mice also recovered the evalua-
tion index, which was consistent with previous results [54]. Inter-
estingly, FMT from Dio-dosed mice even improved gait disorder
more profoundly than FMT from any other group, which demon-
strated that dioscin exerted its anti-PD effects by remodeling gut
microbiota. Simultaneously, this may be the reason that dioscin had
low bioavailability in humans but played a noticeable role in
indigenous biological activities.

In recent years, studies on the relationship between gut
microbiota and host have confirmed that intestinal flora and
metabolites are closely related to human diseases and health [55].
LC-MS is highly sensitive that can separate thousands of small
molecule metabolites with low detection limits. GC-MS is an
important method for the analysis of volatile or semi-volatile
small molecular compounds. Hence, GC-MS can be used as a
supplement to test heat stable compounds for non-targeted
metabolomics. In addition, the databases used by GC-MS and
LC-MS are not the same, and thus we used the two methods
simultaneously to find more differential metabolites. In our study,
a total of over 600 differential metabolites were detected in feces,
and we observed that somemetabolic pathways, including steroid
and primary bile acid biosynthesis, were closely related to ther-
apeutic interventions of dioscin. Moreover, the levels of cholic
acid and deoxycholic acid were obviously upregulated, and the
levels of taurodeoxycholic acid, taurolithocholic acid and taur-
oursodeoxycholic acid were significantly decreased in the feces of
MPTP group compared to control mice, while dioscin alleviated
the situation. Additionally, most of the differential bacteria can
encode BSH, which can maintain the balance of BA metabolism by
catalyzing the hydrolysis of conjugated bile salts into deconju-
gated BAs [56]. Previous studies have revealed that the regulation
of microbes associated with BSH can attenuate hypercholester-
olemia in high-fat diet mice and characterize aging-related dis-
orders in a mouse model [57,58]. Our data suggested that dioscin
directly inhibited the activity of BSH enzyme in feces, indicating
that the compound improved the relative abundance of these
BSH-coding bacteria to alter the levels of BAs. In a subsequent
study, targeted metabolomics revealed a remarkable changes of
BAs levels in dioscin-treated feces and serum. Remarkably, 41 BAs
were quantified, and 4 BAs including UDCA, TUDCA, TDCA and b-
MCA were changed. A previous study has shown that UDCA can
increase the striatal dopamine content and improve mitochon-
drial function in a rotenone PD rat model [18]. Our results showed
that ursodeoxycholic acid markedly alleviated motor deficits and
microglial activation, upregulated TH expression, inhibited
oxidative stress and neuroinflammation, and improved the pro-
tective effects of dioscin against PD in mice. Interestingly, dioscin
significantly increased the conjugated BA/unconjugated BA ratio
in feces which was consistent with the results of BSH activity. In
addition, we found that the fecal and serum CA/DCA ratios were
slightly increased after dioscin administration, indicating that
dioscin affected 7-a-dehydroxylation activity. It is known that
endogenous UDCA is a secondary bile acid formed by 7-
hydroxysteroid dehydrogenase (7-HSDH) regulated by gut
microbiome, which can isomerize 7a-hydroxy of urodeoxycholic
nuclear factor-kappaB (NF-kB) in brain after dioscin treatment onMPTP-induced Parkinson's di
and **P < 0.01 compared with MPTP group. (B) The mRNA levels of GLP-1 in intestine and brain
in brain, and protein expression levels of GLP-1R, GLP-1, NOX2, SOD, NF-kB in brain after fecal t
(n ¼ 3). *P < 0.05 and **P < 0.01 compared with MPTP-MPTP group. (C) The mRNA levels of G
mRNA levels of IL-6, ICAM in brain, and protein expression levels of GLP-1R, GLP-1, NOX2, SOD,
PD model. Data are presented as mean ± SD (n ¼ 3). *P < 0.05 and **P < 0.01 compared with

1165
acid into 7b-hydroxy. In addition, glycoursodeoxycholic acid
(GUDCA) and TUDCA secreted by bile also hydrolyze into UDCA
under the action of BSH [59]. In our work, the significant changes
of UDCA may be due to the effect of dioscin on the common ac-
tivity of BSH and 7-a-dehydroxylationc, and this conclusion is
needed further demonstration. In addition, previous research has
suggested that glycoside-type compound of dioscin can present in
low amounts in plasma and urine of rats [60], and most of it is
excreted from the intestine in a prototype mode. Importantly,
dioscin nearly cannot pass BBB to brain. Furthermore, some re-
ports have revealed that more kinds of metabolites can be found
in feces than in plasma, while the fewest kinds of metabolites can
be detected in urine [61,62], which was consistent with our
sequencing results.

At present, there are two bile acid indirect pathways in the
central system, including FXR-FGF19 pathway and TGR5-GLP-1
pathway. In intestine, a specific group of L-cells, enteroendocrine
cells, can produce GLP-1 upon the activation of TGR5, which can be
triggered by bile acids. As the well-studied bile acid receptor,
stimulation of TGR5 by bile acids can also cause the release of gut
hormone GLP-1, which is capable of extending the bile acid signal
from the intestine to other parts of body [63]. Interestingly, a recent
study has demonstrated that binding TUDCA to TGR5 has anti-
inflammatory effect on acute brain inflammation, suggesting the
neuroprotective effect of TUDCA for neurodegenerative diseases. In
the present work, the levels of TGR5 were activated by dioscin to
stimulate the secretion of GLP-1 in intestinal. GLP-1 is a pleiotropic
hormone with broad pharmacological potential, including obesity,
diabetes, and neurodegenerative disorders, and GLP-1 analogs have
been used for the treatment of PD [64,65]. It has been reported that
the probiotics Clostridium butyricum can ameliorate motor deficits
in a mouse model via gut microbiota-GLP-1 pathway, suggesting
that GLP-1 is related to PD pathogenesis [66]. Of note, GLP-1 re-
ceptor analogs can improve SH-SY5Y cell viability, normalize ROS
and attenuate reactive astrocytes, further illustrating that GLP-1
pathway can be regarded as an effective treatment on oxidative
damage and neuroinflammation [67]. GLP-1 receptor agonist can
affect the pathogenesis of neurodegenerative diseases [68]. In
addition, GLP-1 receptor agonists can regulate dopamine levels in
PD [69], which can further demonstrate the neuroprotective effects
of GLP-1 in PD. In our study, we provided the evidences that the
levels of GLP-1 and GLP-1R in the brain and intestine were upre-
gulated by dioscin, and the compound elevated the levels of SOD
and decreased the protein or mRNA levels of NOX2, NF-kB, IL-6 and
ICAM, leading to an evident inhibition of neuroinflammation and
oxidative stress. Furthermore, similar results were shown in FMT
test and UDCA combined with dioscin treatment. These findings
elucidated that the anti-PD effect of dioscin was achieved by
adjusting BAs through GLP-1 signaling in a gut microbiota-
dependent manner. Several studies have proven the protective ef-
fects of dioscin against some diseases, and various approaches have
confirmed the advantages of natural products over commercially
available drugs, indicating that dioscin has the potential to be
further incorporated into clinical practice [70]. Di-Ao-Xin-Xue-
Kang capsule containing dioscin has been applied to cure cardio-
vascular disease for more than 20 years in China. The rhizomes of
D. zingiberensis C. H. Wright has been used as one famous tradi-
tional medicine [71], whereas dioscin-containing DA-9801 has
sease (PD) model. Data are presented as mean ± standard deviation (SD) (n ¼ 3). *P < 0.05
, protein expression levels of TGR5, GLP-1R, GLP-1 in intestine, mRNA levels of IL-6, ICAM
ransplantation from dioscin-treated mice to MPTP mice. Data are presented as mean ± SD
LP-1 in intestine and brain, protein expression levels of TGR5, GLP-1R, GLP-1 in intestine,
NF-kB in brain after dioscin and ursodeoxycholic acid (UDCA) treatment onMPTP-induced
MPTP group.
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completed phase II clinical trials for treating diabetic neuropathy
[72]. However, the most currently available pharmacodynamic and
mechanistic data are derived from in vitro and in vivo experiments,
which are required additional works before dioscin can be used to
treat human diseases.

5. Conclusions

This study showed that dioscin remodeled gut microbiota and
regulated bile acid-mediated oxidative stress and neuro-
inflammation by targeting GLP-1 signaling. The data also indicated
that gut microbiota and bile acid may become interesting targets
for PD therapy. Dioscin should be considered a potent candidate,
and however, further studies are warranted to investigate the
specific strains and the exact roles of bile acids during PD with or
without dioscin treatments.
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