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Abstract: Aconitase 1 (ACO1) links oxidative stress and iron accumulation in Parkinson’s disease
(PD). ACO1 loses its aconitase activity and turns into iron regulatory protein 1 (IRP1) upon oxidative
stress. IRP1 plays an important role in the accumulation of intracellular iron. Baicalein is a flavonoid
isolated from the roots of Scutellaria baicalensis. The present results show that baicalein could bind to
ACO1 and protect its isoform from the oxidative stress induced by reactive oxygen species (ROS) and
reactive nitrogen species (RNS). Furthermore, baicalein promoted aconitase activity and inhibited
IRP1 activation in rotenone-induced PD models. Additionally, baicalein decreased the hydroxyl
radicals generated by iron. In conclusion, baicalein attenuated iron accumulation and iron-induced
oxidative stress in the brain of PD rats by protecting ACO1.

Keywords: baicalein; Aconitase 1 (ACO1); iron regulatory protein 1 (IRP1); Parkinson’s disease;
iron accumulation

1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease
worldwide. The loss of dopaminergic neurons and the accumulation of α-synuclein in the
substantia nigra, are the neuropathological hallmarks of PD [1]. Oxidative stress, mito-
chondrial dysfunction, cellular calcium imbalance, neuroinflammation, and the imbalance
of neurotransmitters are involved in the pathological mechanisms of PD [2]. The number
of patients with PD is expected to double in the next 20 years, with more than 14 million
patients worldwide by 2040 [3]. However, current PD therapies are limited to symptomatic
treatment rather than disease-modifying interventions.

Iron accumulation in the substantia nigra is positively correlated with the severity
of PD [4–8]. Furthermore, iron overload is reported in PD models induced by rotenone,
6-hydroxydopamine (6-OHDA), or 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) [9–14].
Alleviating iron accumulation is a potential therapeutic strategy for PD. Deferiprone is an
iron chelator that removes excess iron from cells, improves dyskinesia, and attenuates iron
accumulation in patients with PD [15].

Aconitase 1 (ACO1) is a key regulator of intracellular iron. Hydrogen peroxide or nitric
oxide disrupts the iron–sulfur cluster of ACO1 and activates its iron regulatory protein 1
(IRP1) conformation [16,17]. IRP1 regulates the expression of TfR1, DMT1, and FPN1, to
promote intracellular iron accumulation [18].

Baicalein (5,6,7-trihydroxyflavone) is a bioactive flavonoid isolated from the root of
Scutellaria baicalensis. Baicalein demonstrates various biological activities and improves
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motor and non-motor symptoms in PD [19–26]. Baicalein has also been reported to chelate
iron and alleviate iron accumulation [27,28]. Baicalein is well tolerated and shows little
toxicity in humans [29]. Additionally, quercetin, an analog of baicalein, has recently been
reported to antagonize the inhibition of mammalian aconitase by hydrogen peroxide [30].
This study aims to investigate the effects of baicalein on ACO1 through molecular, cel-
lular, and in vivo experiments. The potential mechanisms wherein baicalein inhibits the
activation of IRP1 are further studied.

2. Materials and Methods
2.1. Analysis of Mechanisms that Baicalein Regulates Intracellular Iron

The mechanisms of baicalein regulating intracellular iron were analyzed using Drug
Regulation Path Searcher version 1.0.0, software developed by our laboratory earlier. The
reported mechanisms of baicalein were collected from the literature and imported into the
software. The maximum distance for pathway searching was set at 2. The results were
visualized using Cytoscape version 3.8.2.

The molecular docking of baicalein to ACO1 was performed using AutoDock Vina
version 1.2.0 (Scripps Research Institute, La Jolla, USA). The protein file (PDB:2B3X) was
preprocessed with AutoDock Tools, i.e., polar hydrogens were added, and the pdbqt format
was exported for molecular docking. The 3D structure of baicalein was obtained from the
PubChem database.

2.2. Chemicals, Cells, and Animals

Baicalein was prepared by the Institute of Materia Medica, Chinese Academy of
Medical Sciences & Peking Union Medical College. The purity of baicalein was >98%.
Rotenone, sodium nitroprusside, and ferrous sulfate were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Fetal bovine serum (FBS) and Dulbecco’s modified Eagle’s medium
(DMEM) were purchased from Gibco (Gaithersburg, MD, USA). Antibodies against ACO1,
DMT1, TfR1, FPN1, and β-actin were purchased from Santa Cruz Biotechnology (Dallas,
TX, USA). Goat anti-mouse/rabbit antibodies were purchased from CWBiotech (Beijing,
China). Recombinant human ACO1 protein was purchased from Sino Biological (Beijing,
China). The enzyme-linked immunosorbent assay (ELISA) kits for rat tetrahydrobiopterin
(BH4) and coenzyme Q10 (CoQ10) were purchased from Jianglai Biotechnology (Shanghai,
China). The other reagents were of commercially available analytical grade.

Human neuroblastoma SH-SY5Y cells were obtained from the Chinese Academy of
Medical Sciences & Peking Union Medical College. The cells were grown as monolayers in
DMEM with 10% heat-inactivated FBS and 5 µM ferrous sulfate at 37 ◦C in a humidified
incubator with 95% air and 5% CO2. The cells in the exponential growth phase were
treated with different concentrations of baicalein and 1 µM rotenone. Then, the cells were
incubated for 24 h before further experiments.

Male SD rats, weighing 220 g, were purchased from Beijing Vital River Laboratory
Animal Technology Co., Ltd. (Beijing, China). The animals were housed in an SPF environ-
ment with a 12 h/12 h light–dark cycle and had free access to food and water. All of the
experiments were approved by the Ethics Review Committee for Animal Experimentation
of the Institute of Materia Medica, Chinese Academy of Medical Sciences & Peking Union
Medical College, and were in line with the requirements of the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals (NIH Publications No. 8023, revised
1978).

2.3. Aconitase Activity Assay

The freshly collected rat hearts were washed in physiological saline to remove the
blood and transferred into Tris-HCl buffer (20 mM, pH = 7.4). The mixture was homoge-
nized and centrifuged at 12,000× g for 10 min. The aconitase activity was measured using
a method described earlier with some modifications [31]. Briefly, the increase in aconitate
absorbance in 240 nm was measured in Tris-HCl buffer, with 4 micromolar citrate and
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100 µg of protein at room temperature. The relative aconitase activity was calculated using
the following equation:

Activity (%) = (At20 − At0)/(Au20 − Au0) × 100% (1)

where At20, At0, Au20, and Au0 were the optical density (OD) of the sample at 20 min, sample
at 0 min, uninhibited control at 20 min, and uninhibited control at 0 min, respectively.

2.4. Surface Plasmon Resonance (SPR) Assay

The interaction between baicalein and ACO1 was analyzed with a Biacore™ ×100
system (Chicago, IL, USA). In brief, the purified protein solution was adjusted to pH 4.0
with acetic acid and then coupled with a CM5 chip. Different concentrations of baicalein
(100, 30, 10, 3, 1, and 0.3 µM) were diluted with a running buffer, and the samples were
loaded to detect the response units (RU). Biacore ×100 evaluation software version 2.0.2
(Chicago, IL, USA) was used to analyze the data and calculate the Kd values.

2.5. Iron-Induced Hydroxyl Radical Assay

Hydroxyl radicals were captured by benzoic acid to produce hydroxybenzoic acid,
which can be analyzed using fluorescence detection (λex = 300 nm; λem = 408 nm) [32].

Baicalein, deferiprone, or levodopa (10 µM) were mixed with ferrous sulfate (50 µM)
in PBS buffer (20 mM, pH = 7.4) and left incubating for 30 min. Then, ascorbic acid (2 mM)
and benzoic acid (10 mM) were added (final concentrations shown in parenthesis). For
the Fenton reaction, hydrogen peroxide (2 mM) was then added, and the fluorescence of
the complex was measured immediately for 20 min. For iron and the dissolved-oxygen-
induced hydroxyl radicals, no hydrogen peroxide was added, and the fluorescence of the
complex was monitored for 24 h.

2.6. Animal Experiments

The rats were randomly divided into 5 groups: the control group, model group,
BAI-300 group, BAI-150 group, and DFP-150 group. All of the groups received an in-
traperitoneal injection of 2.5 mg/kg rotenone q.d. for 6 weeks, except for the control group,
which received an equal volume of vehicle. From the third week to the sixth week, the
rats were administered 300 mg/kg of baicalein (BAI-300 group), 150 mg/kg baicalein
(BAI-150 group), or 150 mg/kg of deferiprone (DFP-150 group) q.d. by gavage, while
the control group and the model group received an equal volume of vehicle. The dose
of baicalein was determined based on a previous study [20]; the dose of deferiprone was
based on its clinical trial (30 mg/kg/d) and preclinical studies [10,15].

2.7. Behavioral Test

The rotarod performance test was conducted using the methods described by
Sindhu et al. [33]. The rats were trained once a day for 3 days before the start of modeling.
The test time was set on days 0, 14, 21, 28, 35, and 42.

To perform an inclined plane test, the rats were placed on a rough surface at an angle
of 60 degrees to the ground with rubber barbs. The rats were placed in the center of the
rough surface, and the retention time on the inclined plate was recorded, with an upper
limit of 120 s. Three tests were performed, each with a 30 min interval. The rats were
trained once a day for 3 days prior to the start of modeling. The test was performed on
days 0, 14, 21, 28, 35, and 42.

A forced-swimming test was conducted using the methods described by Porsult et al.
with some modifications [34]. Briefly, the rats were put into a water-filled glass tank with
a water depth of 50 cm and at a temperature of 25 ◦C. The rat’s tail and hind limbs could
not touch the bottom to support the body, nor could they climb out of the tank. After the
rats entered the water, their immobility time was recorded. A forced-swimming test was
carried out on day 43.
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2.8. Immunochemistry

The brain tissue samples were collected from 3 rats in each group at random after the
final behavioral test. The rats were anesthetized and perfused with 4% paraformaldehyde.
Then, the brains were removed and fixed in 4% paraformaldehyde at 4 ◦C overnight.
Then, 4-µM-thick coronal sections were prepared at Bregma 0.6 mm (striatum) and Bregma
−4.92 mm (substantia nigra). The sections were then subjected to tyrosine hydroxylase
(TH) immunohistochemical staining.

2.9. Sample Preparation

The cell samples were lysed with 0.02% digitonin for 10 min at 4 ◦C and were further
frozen and thawed 3 times to rupture the mitochondrial membrane. Then, the samples
were centrifuged at 12,000× g for 10 min.

The substantia nigra tissue of the rats was collected, transferred to Tris-HCl buffer
containing a protease inhibitor, and homogenated. The samples were frozen and thawed
3 times. The homogenate was centrifuged at 12,000× g at 4 ◦C for 10 min.

The supernatant of the samples was quantified using the BCA Protein Assay Kit before
further experiments.

2.10. Colorimetric Ferrozine-Assay for the Quantitation of Iron

Ferrous iron was measured by the colorimetric ferrozine assay. The samples were
incubated with 0.5 mM ferrozine and 1.5 M sodium acetate for 30 min at 37 ◦C, then OD562
was measured.

To further release iron from ferritin, a buffer containing 10% trichloroacetic acid and
10% hydrochloric acid was added to the samples at a volume ratio of 1:1. Then, the samples
were heated at 95 ◦C for 20 min. After centrifugation at 12,000× g for 5 min, the supernatant
was added with 0.5 mM ferrozine, 1.5 M sodium acetate and 10 mM ascorbate, then OD562
was measured.

2.11. Measurement of TBARS, BH4 and CoQ10

Then, 200 µL of the sample lysate and 120 µL of 1% 2-thiobarbital solution were mixed
and then heated at 98 ◦C for 60 min. After centrifugation at 12,000× g for 10 min, the OD562
of the 200 µL supernatant was measured.

The BH4 and CoQ10 contents were measured using ELISA kits according to the corre-
sponding instructions.

2.12. Western Blot

The brain tissue and cell lysates were prepared according to the standard proto-
col using RIPA buffer. Equal amounts (20 µg) of total protein were separated by 12%
SDS-PAGE and then transferred to PVDF membranes. Membranes with proteins were
subjected to blocking, washing, incubation with antibodies, and finally, detection with
enhanced chemiluminescence. β-actin was used as the loading control.

2.13. Statistical Analysis

One-way ANOVA (Fisher’s LSD test) was performed using Graphpad Prism version
7.0 (GraphPad, La Jolla, CA, USA).

3. Results
3.1. Baicalein Is Predicted to Regulate ACO1 Based on Network Pharmacology

The regulation network of baicalein shows that ACO1 is a key node in the mechanisms
wherein baicalein inhibits intracellular iron accumulation (Figure 1A). Molecular docking
reveals that baicalein could bind near the iron–sulfur cluster of ACO1, which is the active
site of ACO1 and the switch of ACO1 to IRP1 (Figure 1B). The docking score of baicalein to
ACO1 is −4.1 kcal/mol. IRP1 is activated under oxidative stress and promotes intracellular
iron accumulation (Figure 1C). These results suggest that baicalein could regulate ACO1.
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Figure 1. The regulation of ACO1 is a potential mechanism of baicalein against iron accumulation.
(A) The regulation network from the reported mechanisms of baicalein to the proteins that regulate
intracellular iron. The reported and predictive regulation of proteins by baicalein was colored orange
(up-regulated) or blue (down-regulated). The size of nodes is positively correlated with the number
of pathways that the protein participates in. (B) The chemical structure of baicalein and the molecular
docking result that baicalein binds to ACO1. The substrate binding site of ACO1 is shown as spheres.
The iron–sulfur cluster was colored yellow (sulfur) and orange (iron). (C) IRP1 can be activated from
ACO1 to promote intracellular iron accumulation.

3.2. Baicalein Protected ACO1 Activity against Oxidative Stress Induced by Hydrogen Peroxide
and Sodium Nitroprusside

The effects of hydrogen peroxide and sodium nitroprusside on the aconitase activity
were first evaluated. The protein was incubated with hydrogen peroxide or sodium
nitroprusside at room temperature for 30 min and exposed to light. Hydrogen peroxide
inhibited ACO1 activity with the IC50 at 1.26 mM (Figure 2A). Sodium nitroprusside
inhibited ACO1 activity with the IC50 at 198 µM (Figure 2B). Baicalein (0.3–10 µM) protected
ACO1 activity from hydrogen peroxide (Figure 2C). Additionally, baicalein (1–100 µM)
significantly protected ACO1 activity from sodium nitroprusside (Figure 2D). However,
baicalein incubation for 10 min inhibited ACO1 activity (Figure 2E) in the absence of
hydrogen peroxide or sodium nitroprusside. The IC50 of baicalein was 166 µM.

The results of the SPR assay showed that baicalein could bind to ACO1 with the
binding constant of Kd = 1.98 × 10−4 M (Figure 2F).

Oxidants release ferrous iron from iron–sulfur clusters, which induces the generation
of hydroxyl radicals via the Fenton reaction. The results of hydroxyl radicals generated
in the Fenton reaction are shown in Figure 2G. The hydroxyl radicals were generated
immediately after the addition of hydrogen peroxide. Baicalein significantly decreased
hydroxyl radical production, whereas deferiprone and levodopa did not show significant
inhibitory effects. Apart from hydrogen peroxide, dissolved oxygen can also lead to the
generation of hydroxyl radicals in the presence of ferrous iron (Figure 2H). Baicalein also
inhibited the generation of hydroxyl radicals. However, deferiprone and levodopa had
little effect on the production of hydroxyl radicals. Ferrous iron, rather than ferric iron, led
to the production of hydroxyl radicals.
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Figure 2. Effects of baicalein on ACO1 and ferrous iron-induced generation of hydroxyl radicals.
(A,B) Effects of (A) hydrogen peroxide and (B) sodium nitroprusside on ACO1 activity. (C,D) The
effect of baicalein on ACO1 activity treated with (C) 1 mM hydrogen peroxide or (D) 1 mM sodium
nitroprusside. SNP: sodium nitroprusside. (E) The effect of baicalein on ACO1 activity. (F) The
response units that baicalein binds to ACO1 by SPR assay. (G) Hydroxyl radical generated by iron
and hydrogen peroxide. (H) Hydroxyl radical generated by iron and dissolved oxygen. The data are
expressed as Mean ± SD (n = 3); ## p < 0.01 vs. control; * p < 0.05, ** p < 0.01 vs. model.

3.3. Baicalein Increased ACO1 Activity and Decreased IRP1 Levels in SH-SY5Y Cells Treated
with Rotenone

The oxidative stress in SH-SY5Y cells was induced by rotenone, a complex I inhibitor.
Rotenone significantly increased the content of intracellular ferrous and ferric iron. How-
ever, baicalein decreased intracellular levels of ferrous and ferric iron (Figure 3A,B). The
total levels of ACO1 and IRP1 were measured using Western Blot. Rotenone increased the
expression of ACO1 (and IRP1) in SH-SY5Y cells and was accompanied by a decrease in
ACO1 activity, indicating that IRP1 was overexpressed and activated. Baicalein increased
the ACO1 activity and also decreased the protein level of ACO1 and IRP1 (Figure 3C–E).
These results reveal that baicalein inhibited the conversion of ACO1 to IRP1 in SH-SY5Y
cells treated with rotenone.
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Figure 3. Effects of baicalein on intracellular iron content, ACO1 activity and ACO1 (and IRP1)
protein level in SH-SY5Y cells treated with rotenone. (A) Intracellular ferrous iron. (B) Intracellular
ferric iron. (C) Aconitase activity. (D,E) The expression of ACO1 (and IRP1) protein. The results are
expressed as the relative level of protein compared with β-actin. Data are presented as Mean ± SD,
n = 3. ## p < 0.01 vs. control; * p < 0.05, ** p < 0.01 vs. model.

3.4. Baicalein Improved Behavioral Impairments and Increased TH-Positive Cells in the Substantia
Nigra of Rotenone-Induced PD Rats

The PD rats induced with rotenone showed characteristics such as increased mortality,
behavioral impairments, and the loss of dopaminergic neurons. Baicalein (300 mg/kg, q.d.)
increased the survival rate of PD rats (Figure 4B). Depressive rats show immobility in forced-
swimming tests, rather than jumping and swimming. Compared with the model group,
baicalein (300 mg/kg, q.d. and 150 mg/kg, q.d.) significantly reduced the immobility
time of the rats after entering the water (p < 0.01, Figure 4C). In the rotarod test, baicalein
(300 mg/kg, q.d. and 150 mg/kg, q.d.) increased the time of rats staying on the rotarod
(p < 0.01, Figure 4D). Baicalein also increased the retention time of the rats on the inclined
plane (p < 0.01, Figure 4E). Baicalein (300 mg/kg, q.d. and 150 mg/kg, q.d.) increased
TH-positive neurons, although not complete, in the substantia nigra of PD rats (Figure 4F,G).

3.5. Baicalein Inhibited the Activation of IRP1 and Alleviated Iron Accumulation in the Substantia
Nigra of PD Rats Induced by Rotenone

Consistent with the results from the SH-SY5Y cells, baicalein significantly allevi-
ated iron accumulation in the substantia nigra of the PD model, and so did deferiprone
(Figure 5A). Rotenone increased the expression of ACO1 (and IRP1) protein and decreased
ACO1 activity, indicating the increased activation of IRP1. The activation of IRP1 was
further confirmed by the results of the downstream proteins. DMT1 and TfR1 expression
were increased in the substantia nigra of the PD model. Accordingly, FPN1 expression
was decreased. DMT1 and TfR1 are the main mediators of iron import, while FPN1 is
the only protein by which iron is exported from cells. Baicalein (300 mg/kg, q.d. and
150 mg/kg, q.d.) significantly inhibited ACO1 activity (Figure 5B). Further, baicalein de-
creased the expression of DMT1 and TfR1 and increased the expression of FPN1
(Figure 5C–G). Deferiprone, however, did not show a similar effect to that of baicalein.
Deferiprone did not protect ACO1 activity from rotenone-induced oxidative stress, nor did
deferiprone regulate IRP1, DMT1, TfR1, or FPN1.
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Figure 4. (A) Animal experiment schedule. In the rotenone-induced PD rats, (B) the survival function,
(C) forced-swimming test performance, (D) rotarod test performance and (E) inclined plane test
performance of rats in each group. (F) TH immunohistochemistry in the substantia nigra in the
rotenone-induced PD rats. (G) Area coverage of TH immunohistochemistry in the substantia nigra.
Data are presented as Mean ± SEM. Control: n = 10; Model: n = 9; BAI-300: n = 10; BAI-150: n = 8;
DFP-150: n = 9. # p <0.05, ## p < 0.01 vs. control; * p < 0.05, ** p < 0.01 vs. model.

Figure 5. Baicalein inhibited IRP1 activation and iron accumulation in the substantia nigra of rotenone-
induced PD rats. (A) Iron content in the substantia nigra. (B) Aconitase activity. (C–G) ACO1(and
IRP1) and its iron-regulating downstream proteins FPN1, DMT1, and TfR1. All data are presented as
Mean ± SEM, n = 3. ## p < 0.01 vs. control; * p < 0.05, ** p < 0.01 vs. model.
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3.6. Baicalein Inhibited Rotenone-Induced Lipid Peroxidation in the Substantia Nigra of PD Rats

Iron overload and lipid peroxidation are key features of ferroptosis. Lipid peroxidation
was measured using TBARS assay. The content of TBARS in the substantia nigra of PD
rats was significantly increased by rotenone, whereas baicalein decreased the level of
TBARS (Figure 6A). Baicalein also increased the levels of BH4 and CoQ10, the antioxidants
against lipid peroxidation (Figure 6B,C), respectively. These results indicate that baicalein
alleviated the iron accumulation and lipid peroxidation induced by rotenone.

Figure 6. The metabolites on lipid peroxidation in the substantia nigra of rotenone-induced PD rats.
(A) TBARS contents. (B) Tetrahydrobiopterin contents. (C) Coenzyme Q10 contents. The data are
expressed as Mean ± SEM, n = 3; # p <0.05, ## p < 0.01 vs. control; * p < 0.05, ** p < 0.01 vs. model.

4. Discussion

Iron-induced oxidative injury is a potential pathological mechanism of PD. Firstly,
labile iron promotes dopamine oxidation, generating toxic products such as the complex I
inhibitor, aminochrome [35,36]. Secondly, iron induces free radical damage to mitochondria
via the Fenton reaction [37,38]. Thirdly, iron induces the aggregation of α-synuclein through
ligand bridge interactions [39]. Additionally, iron is associated with inflammatory factors
such as TNF-α and IL-6 [40].

IRP1 is activated upon iron depletion or oxidative stress, promoting intracellular iron
accumulation [41]. IRP1 can bind to iron-responsive elements (IRE) in certain mRNAs.
Then, IRP1 promotes or inhibits the expression of mRNAs depending on whether the IRE is
in the 3′- or 5′ untranslated regions. IRP1 binds to the 3′ IRE of TfR1 and DMT1 to stabilize
their mRNA and increase their half-life [42]. TfR1 promotes iron uptake from transferrin to
cells [43]. DMT1 transports ferrous iron and many other divalent metal ions [44]. On the
other hand, IRP1 binds to the 5′ IRE of FPN1 to inhibit mRNA translation [45]. FPN1 is
involved in the iron release from cells [46]. Rotenone, an inhibitor of complex I, inhibits
the electron transfer from the iron–sulfur centers of complex I to CoQ10 and leads to the
formation of reactive oxygen species (ROS) [47]. The balance between ACO1 and IRP1 is
disturbed in 6-OHDA and rotenone-induced PD animal and cellular models [9,48]. The
activation of IRP1 plays a key role in rotenone-induced SH-SY5Y cell death [49].

We reveal that baicalein inhibited the rotenone-induced activation of IRP1 and fur-
ther inhibited iron accumulation in the substantia nigra of PD rats. Baicalein decreased
the expression of TfR1 and DMT1 and increased the expression of FPN1, possibly by in-
hibiting IRP1 activation (Figure 7). The protective effect of baicalein may be due to its
role as an antioxidant rather than merely as an iron chelator. Baicalein has a Kd value of
1.98 × 10−4 M for binding to ACO1 and an IC50 of 1.66 × 10−4 M for inhibiting ACO1
activity. The proximity of these two values suggests that baicalein could bind near the
active site of ACO1 and then affect ACO1 activity. The iron–sulfur cluster of ACO1 is
also at its active site, and the binding of baicalein to ACO1 may further protect the iron–
sulfur cluster from ROS and RNS. Meanwhile, iron is thought to induce oxidative stress by
the liberation of oxygen free radicals from hydrogen peroxide. At a concentration much
lower than iron, baicalein, rather than the iron chelator, deferiprone, strongly inhibited
iron-induced hydroxyl radicals. The evidence suggests that baicalein is more than an
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iron chelator. Still, the ability of iron chelation and ACO1 binding may contribute to the
protective effects of baicalein. Iron chelation therapy deferiprone is the positive control in
this study. Deferiprone chelates ferric iron to promote iron excretion from cells [50]. We
report that deferiprone could not inhibit IRP1 activation. A previous study shows that
mitochondrial iron is chelated by deferiprone, inhibiting aconitase activity [51]. As a result,
baicalein differs from deferiprone in the mechanisms of alleviating iron accumulation.

Figure 7. Baicalein attenuated iron accumulation by inhibiting the activation of IRP1 from ACO1.
Meanwhile, baicalein inhibited iron-induced oxidative stress in the brain of rotenone-induced PD
rats. The protein structure of ACO1 and IRP1 are from PDB: 2B3X and PDB: 3SNP, respectively.

Simultaneously, baicalein increased the contents of endogenous antioxidants BH4
and CoQ10, both of which can inhibit lipid peroxidation and counteract ferroptosis [52,53].
In addition, BH4 is an essential cofactor of TH, and BH4 deficiency decreases the levels
of TH and dopamine [54]. CoQ10 is the electron acceptor for complex I and complex II,
whose levels correlate with the activity of mitochondria in patients with PD [55]. The oral
administration of CoQ10 shows therapeutic effects in MPTP-, 6-OHDA-, and rotenone-
induced PD models [56–58]. Baicalein increased the contents of BH4 and CoQ10, possibly
through the inhibition of iron accumulation and iron-induced oxidative stress.

5. Conclusions

This study reveals the effects of baicalein on ACO1 and its ability to inhibit iron
accumulation in PD models. Baicalein protected the aconitase activity and inhibited IRP1
activation by oxidative stress in molecular, cellular, and animal experiments.



Antioxidants 2023, 12, 12 11 of 13

Author Contributions: Conceptualization, R.-Z.L. and G.-H.D.; writing—original draft preparation,
R.-Z.L., S.Z. and G.-H.D.; Writing—review and editing, R.-Z.L., W.Z., X.-Y.Z. and G.-H.D. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Key R&D Program of China (No. 2020YFC2008302,
China), the National Natural Science Foundaion of China (No. 82141204, China), and the CAMS
Innovation Fund for Medical Sciences (No. 2021-I2M-1-005, China).

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Review Committee for Animal Experimentation of the Institute of Materia Medica, Chinese Academy
of Medical Sciences & Peking Union Medical College (Ethical code: 00008451).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Aarsland, D.; Batzu, L.; Halliday, G.M.; Geurtsen, G.J.; Ballard, C.; Chaudhuri, K.R.; Weintraub, D. Parkinson disease-associated

cognitive impairment. Nat. Rev. Dis. Prim. 2021, 7, 47. [CrossRef] [PubMed]
2. Zaman, V.; Shields, D.C.; Shams, R.; Drasites, K.P.; Matzelle, D.; Haque, A.; Banik, N.L. Cellular and molecular pathophysiology

in the progression of Parkinson’s disease. Metab. Brain Dis. 2021, 36, 815–827. [CrossRef] [PubMed]
3. Dorsey, E.R.; Bloem, B.R. The Parkinson Pandemic—A Call to Action. JAMA Neurol. 2018, 75, 9–10. [CrossRef] [PubMed]
4. Dexter, D.T.; Wells, F.R.; Lee, A.J.; Agid, F.; Agid, Y.; Jenner, P.; Marsden, C.D. Increased Nigral Iron Content and Alterations in

Other Metal Ions Occurring in Brain in Parkinson’s Disease. J. Neurochem. 1989, 52, 1830–1836. [CrossRef] [PubMed]
5. Sofic, E.; Paulus, W.; Jellinger, K.; Riederer, P.; Youdim, M.B.H. Selective Increase of Iron in Substantia Nigra Zona Compacta of

Parkinsonian Brains. J. Neurochem. 1991, 56, 978–982. [CrossRef]
6. Ulla, M.; Bonny, J.M.; Ouchchane, L.; Rieu, I.; Claise, B.; Durif, F. Is R2* a New MRI Biomarker for the Progression of Parkinson’s

Disease? A Longitudinal Follow-Up. PLoS ONE 2013, 8, e57904. [CrossRef]
7. Wang, C.; Fan, G.; Xu, K.; Wang, S. Quantitative assessment of iron deposition in the midbrain using 3D-enhanced T2 star

weighted angiography (ESWAN): A preliminary cross-sectional study of 20 Parkinson’s disease patients. Magn. Reson. Imaging
2013, 31, 1068–1073. [CrossRef]

8. Zecca, L.; Berg, D.; Arzberger, T.; Ruprecht, P.; Rausch, W.D.; Musicco, M.; Tampellini, D.; Riederer, P.; Gerlach, M.; Becker, G.
In vivo detection of iron and neuromelanin by transcranial sonography: A new approach for early detection of substantia nigra
damage. Mov. Disord. Off. J. Mov. Disord. Soc. 2005, 20, 1278–1285. [CrossRef]

9. Jiang, H.; Song, N.; Xu, H.; Zhang, S.; Wang, J.; Xie, J. Up-regulation of divalent metal transporter 1 in 6-hydroxydopamine
intoxication is IRE/IRP dependent. Cell Res. 2010, 20, 345–356. [CrossRef]

10. Zhu, Y.; Wang, B.; Tao, K.; Yang, H.; Wang, Y.; Zhou, T.; Yang, Y.; Yuan, L.; Liu, X.; Duan, Y. Iron accumulation and microglia
activation contribute to substantia nigra hyperechogenicity in the 6-OHDA-induced rat model of Parkinson’s disease. Park. Relat.
Disord. 2017, 36, 76–82. [CrossRef]

11. Xu, J.; Xiao, C.; Song, W.; Cui, X.; Pan, M.; Wang, Q.; Feng, Y.; Xu, Y. Elevated Heme Oxygenase-1 Correlates with Increased Brain
Iron Deposition Measured by Quantitative Susceptibility Mapping and Decreased Hemoglobin in Patients with Parkinson’s
Disease. Front. Aging Neurosci. 2021, 13, 656626. [CrossRef]

12. Li, M.; Hu, J.; Yuan, X.; Shen, L.; Zhu, L.; Luo, Q. Hepcidin Decreases Rotenone-Induced α-Synuclein Accumulation via
Autophagy in SH-SY5Y Cells. Front. Mol. Neurosci. 2020, 13, 560891. [CrossRef]

13. Mursaleen, L.; Noble, B.; Chan, S.; Somavarapu, S.; Zariwala, M. N-Acetylcysteine Nanocarriers Protect against Oxidative Stress
in a Cellular Model of Parkinson’s Disease. Antioxidants 2020, 9, 600. [CrossRef]

14. Tai, S.; Zheng, Q.; Zhai, S.; Cai, T.; Xu, L.; Yang, L.; Jiao, L.; Zhang, C. Alpha-Lipoic Acid Mediates Clearance of Iron Accumulation
by Regulating Iron Metabolism in a Parkinson’s Disease Model Induced by 6-OHDA. Front. Neurosci. 2020, 14, 612. [CrossRef]

15. Devos, D.; Moreau, C.; Devedjian, J.C.; Kluza, J.; Petrault, M.; Laloux, C.; Jonneaux, A.; Ryckewaert, G.; Garcon, G.;
Rouaix, N.; et al. Targeting Chelatable Iron as a Therapeutic Modality in Parkinson’s Disease. Antioxid. Redox Signal. 2014, 21,
195–210. [CrossRef]

16. Martins, E.; Robalinho, R.; Meneghini, R. Oxidative Stress Induces Activation of a Cytosolic Protein Responsible for Control of
Iron Uptake. Arch. Biochem. Biophys. 1995, 316, 128–134. [CrossRef]

17. Soum, E.; Drapier, J.-C. Nitric oxide and peroxynitrite promote complete disruption of the [4Fe-4S] cluster of recombinant human
iron regulatory protein 1. JBIC J. Biol. Inorg. Chem. 2003, 8, 226–232. [CrossRef]

18. Pantopoulos, K. Iron Metabolism and the IRE/IRP Regulatory System: An Update. Ann. N. Y. Acad. Sci. 2004, 1012, 1–13. [CrossRef]
19. Cheng, Y.; He, G.; Mu, X.; Zhang, T.; Li, X.; Hu, J.; Xu, B.; Du, G. Neuroprotective effect of baicalein against MPTP neurotoxicity:

Behavioral, biochemical and immunohistochemical profile. Neurosci. Lett. 2008, 441, 16–20. [CrossRef]

http://doi.org/10.1038/s41572-021-00280-3
http://www.ncbi.nlm.nih.gov/pubmed/34210995
http://doi.org/10.1007/s11011-021-00689-5
http://www.ncbi.nlm.nih.gov/pubmed/33599945
http://doi.org/10.1001/jamaneurol.2017.3299
http://www.ncbi.nlm.nih.gov/pubmed/29131880
http://doi.org/10.1111/j.1471-4159.1989.tb07264.x
http://www.ncbi.nlm.nih.gov/pubmed/2723638
http://doi.org/10.1111/j.1471-4159.1991.tb02017.x
http://doi.org/10.1371/journal.pone.0057904
http://doi.org/10.1016/j.mri.2013.04.015
http://doi.org/10.1002/mds.20550
http://doi.org/10.1038/cr.2010.20
http://doi.org/10.1016/j.parkreldis.2017.01.003
http://doi.org/10.3389/fnagi.2021.656626
http://doi.org/10.3389/fnmol.2020.560891
http://doi.org/10.3390/antiox9070600
http://doi.org/10.3389/fnins.2020.00612
http://doi.org/10.1089/ars.2013.5593
http://doi.org/10.1006/abbi.1995.1019
http://doi.org/10.1007/s00775-002-0412-9
http://doi.org/10.1196/annals.1306.001
http://doi.org/10.1016/j.neulet.2008.05.116


Antioxidants 2023, 12, 12 12 of 13

20. Zhang, X.; Du, L.; Zhang, W.; Yang, Y.; Zhou, Q.; Du, G. Therapeutic effects of baicalein on rotenone-induced Parkinson’s disease
through protecting mitochondrial function and biogenesis. Sci. Rep. 2017, 7, 9968. [CrossRef]

21. Zhang, X.; Yang, Y.; Du, L.; Zhang, W.; Du, G. Baicalein exerts anti-neuroinflammatory effects to protect against rotenone-induced
brain injury in rats. Int. Immunopharmacol. 2017, 50, 38–47. [CrossRef] [PubMed]

22. Zhao, X.; Kong, D.; Zhou, Q.; Wei, G.; Song, J.; Liang, Y.; Du, G. Baicalein alleviates depression-like behavior in rotenone- induced
Parkinson’s disease model in mice through activating the BDNF/TrkB/CREB pathway. Biomed. Pharmacother. 2021, 140, 111556.
[CrossRef] [PubMed]

23. Mu, X.; He, G.-R.; Yuan, X.; Li, X.-X.; Du, G.-H. Baicalein protects the brain against neuron impairments induced by MPTP in
C57BL/6 mice. Pharmacol. Biochem. Behav. 2011, 98, 286–291. [CrossRef] [PubMed]

24. Yu, X.; He, G.-R.; Sun, L.; Lan, X.; Shi, L.-L.; Xuan, Z.-H.; Du, G.-H. Assessment of the treatment effect of baicalein on a model of
Parkinsonian tremor and elucidation of the mechanism. Life Sci. 2012, 91, 5–13. [CrossRef] [PubMed]

25. Rui, W.; Li, S.; Xiao, H.; Xiao, M.; Shi, J. Baicalein Attenuates Neuroinflammation by Inhibiting NLRP3/Caspase-1/GSDMD
Pathway in MPTP-Induced Mice Model of Parkinson’s Disease. Int. J. Neuropsychopharmacol. 2020, 23, 762–773. [CrossRef]

26. Xue, X.; Liu, H.; Qi, L.; Li, X.; Guo, C.; Gong, D.; Qu, H. Baicalein ameliorated the upregulation of striatal glutamatergic
transmission in the mice model of Parkinson’s disease. Brain Res. Bull. 2014, 103, 54–59. [CrossRef]

27. Wu, D.; Wen, X.; Xu, L.; Liu, W.; Hu, H.; Ye, B.; Zhou, Y. Iron chelation effect of curcumin and baicalein on aplastic anemia mouse
model with iron overload. Iran. J. Basic Med. Sci. 2019, 22, 660–668. [CrossRef]

28. Perez, C.A.; Wei, Y.; Guo, M. Iron-binding and anti-Fenton properties of baicalein and baicalin. J. Inorg. Biochem. 2009, 103,
326–332. [CrossRef]

29. Li, L.; Gao, H.; Lou, K.; Luo, H.; Hao, S.; Yuan, J.; Liu, Z.; Dong, R. Safety, tolerability, and pharmacokinetics of oral baicalein
tablets in healthy Chinese subjects: A single-center, randomized, double-blind, placebo-controlled multiple-ascending-dose study.
Clin. Transl. Sci. 2021, 14, 2017–2024. [CrossRef]

30. Laus, M.N.; Soccio, M. First Evidence of a Protective Effect of Plant Bioactive Compounds against H2O2-Induced Aconitase
Damage in Durum Wheat Mitochondria. Antioxidants 2020, 9, 1256. [CrossRef]

31. Popovic, Z.; Templeton, D.M. Cell density-dependent shift in activity of iron regulatory protein 1 (IRP-1)/cytosolic (c-)aconitase.
Metallomics 2012, 4, 693–699. [CrossRef]

32. Kwon, B.G.; Lee, J.H. A Kinetic Method for HO2
•/O2

•− Determination in Advanced Oxidation Processes. Anal. Chem. 2004, 76,
6359–6364. [CrossRef]

33. Sindhu, K.M.; Saravanan, K.S.; Mohanakumar, K.P. Behavioral differences in a rotenone-induced hemiparkinsonian rat model
developed following intranigral or median forebrain bundle infusion. Brain Res. 2005, 1051, 25–34. [CrossRef]

34. Porsolt, R.D.; Bertin, A.; Jalfre, M. “Behavioural despair” in rats and mice: Strain differences and the effects of imipramine. Eur. J.
Pharmacol. 1978, 51, 291–294. [CrossRef]

35. Aguirre, P.; Urrutia, P.; Tapia, V.; Villa, M.; Paris, I.; Segura-Aguilar, J.; Núñez, M.T. The dopamine metabolite aminochrome
inhibits mitochondrial complex I and modifies the expression of iron transporters DMT1 and FPN1. BioMetals 2012, 25,
795–803. [CrossRef]

36. Sun, Y.; Pham, A.N.; Hare, D.; Waite, T.D. Kinetic Modeling of pH-Dependent Oxidation of Dopamine by Iron and Its Relevance
to Parkinson’s Disease. Front. Neurosci. 2018, 12, 859. [CrossRef]

37. Cerri, S.; Milanese, C.; Mastroberardino, P.G. Endocytic iron trafficking and mitochondria in Parkinson’s disease. Int. J. Biochem.
Cell Biol. 2019, 110, 70–74. [CrossRef]

38. Ward, R.J.; Zucca, F.A.; Duyn, J.H.; Crichton, R.R.; Zecca, L. The role of iron in brain ageing and neurodegenerative disorders.
Lancet Neurol. 2014, 13, 1045–1060. [CrossRef]

39. Chen, B.; Wen, X.; Jiang, H.; Wang, J.; Song, N.; Xie, J. Interactions between iron and α-synuclein pathology in Parkinson’s disease.
Free Radic. Biol. Med. 2019, 141, 253–260. [CrossRef]

40. Martin-Bastida, A.; Tilley, B.S.; Bansal, S.; Gentleman, S.M.; Dexter, D.T.; Ward, R.J. Iron and inflammation: In vivo and
post-mortem studies in Parkinson’s disease. J. Neural Transm. 2021, 128, 15–25. [CrossRef]

41. Rouault, T.A. The role of iron regulatory proteins in mammalian iron homeostasis and disease. Nat. Chem. Biol. 2006, 2, 406–414.
[CrossRef] [PubMed]

42. Klausner, R.D.; Rouault, T.A.; Harford, J.B. Regulating the fate of mRNA: The control of cellular iron metabolism. Cell 1993, 72,
19–28. [CrossRef] [PubMed]

43. Richardson, D.R.; Baker, E. Two saturable mechanisms of iron uptake from transferrin in human melanoma cells: The effect of
transferrin concentration, chelators, and metabolic probes on transferrin and iron uptake. J. Cell. Physiol. 1994, 161, 160–168.
[CrossRef] [PubMed]

44. Gunshin, H.; MacKenzie, B.; Berger, U.V.; Gunshin, Y.; Romero, M.F.; Boron, W.F.; Nussberger, S.; Gollan, J.L.; Hediger, M.A. Cloning
and characterization of a mammalian proton-coupled metal-ion transporter. Nature 1997, 388, 482–488. [CrossRef] [PubMed]

45. Lymboussaki, A.; Pignatti, E.; Montosi, G.; Garuti, C.; Haile, D.J.; Pietrangelo, A. The role of the iron responsive element in the
control of ferroportin1/IREG1/MTP1 gene expression. J. Hepatol. 2003, 39, 710–715. [CrossRef]

46. Ward, D.M.; Kaplan, J. Ferroportin-mediated iron transport: Expression and regulation. Biochim. Biophys. Acta 2012, 1823,
1426–1433. [CrossRef]

http://doi.org/10.1038/s41598-017-07442-y
http://doi.org/10.1016/j.intimp.2017.06.007
http://www.ncbi.nlm.nih.gov/pubmed/28623717
http://doi.org/10.1016/j.biopha.2021.111556
http://www.ncbi.nlm.nih.gov/pubmed/34087694
http://doi.org/10.1016/j.pbb.2011.01.011
http://www.ncbi.nlm.nih.gov/pubmed/21262257
http://doi.org/10.1016/j.lfs.2012.05.005
http://www.ncbi.nlm.nih.gov/pubmed/22634324
http://doi.org/10.1093/ijnp/pyaa060
http://doi.org/10.1016/j.brainresbull.2014.02.004
http://doi.org/10.22038/IJBMS.2019.30840.7440
http://doi.org/10.1016/j.jinorgbio.2008.11.003
http://doi.org/10.1111/cts.13063
http://doi.org/10.3390/antiox9121256
http://doi.org/10.1039/c2mt20027a
http://doi.org/10.1021/ac0493828
http://doi.org/10.1016/j.brainres.2005.05.051
http://doi.org/10.1016/0014-2999(78)90414-4
http://doi.org/10.1007/s10534-012-9525-y
http://doi.org/10.3389/fnins.2018.00859
http://doi.org/10.1016/j.biocel.2019.02.009
http://doi.org/10.1016/S1474-4422(14)70117-6
http://doi.org/10.1016/j.freeradbiomed.2019.06.024
http://doi.org/10.1007/s00702-020-02271-2
http://doi.org/10.1038/nchembio807
http://www.ncbi.nlm.nih.gov/pubmed/16850017
http://doi.org/10.1016/0092-8674(93)90046-S
http://www.ncbi.nlm.nih.gov/pubmed/8380757
http://doi.org/10.1002/jcp.1041610119
http://www.ncbi.nlm.nih.gov/pubmed/7929602
http://doi.org/10.1038/41343
http://www.ncbi.nlm.nih.gov/pubmed/9242408
http://doi.org/10.1016/S0168-8278(03)00408-2
http://doi.org/10.1016/j.bbamcr.2012.03.004


Antioxidants 2023, 12, 12 13 of 13

47. Palmer, G.; Horgan, D.J.; Tisdale, H.; Singer, T.P.; Beinert, H. Studies on the Respiratory Chain-linked Reduced Nicotinamide
Adenine Dinucleotide Dehydrogenase. XIV. Location of the sites of inhibition of rotenone, barbiturates, and piericidin by means
of electron paramagnetic resonance spectroscopy. J. Biol. Chem. 1968, 243, 844–847. [CrossRef]

48. Wang, J.; Jiang, H.; Xie, J.-X. Ferroportin1 and hephaestin are involved in the nigral iron accumulation of 6-OHDA-lesioned rats.
Eur. J. Neurosci. 2007, 25, 2766–2772. [CrossRef]

49. Urrutia, P.J.; Aguirre, P.; Tapia, V.; Carrasco, C.M.; Mena, N.P.; Núñez, M.T. Cell death induced by mitochondrial complex I
inhibition is mediated by Iron Regulatory Protein 1. Biochim. Biophys. Acta Mol. Basis Dis. 2017, 1863, 2202–2209. [CrossRef]

50. Sun, Y.; Pham, A.N.; Waite, T.D. Mechanism Underlying the Effectiveness of Deferiprone in Alleviating Parkinson’s Disease
Symptoms. ACS Chem. Neurosci. 2018, 9, 1118–1127. [CrossRef]

51. Goncalves, S.; Paupe, V.; Dassa, E.P.; Rustin, P. Deferiprone targets aconitase: Implication for Friedreich’s ataxia treatment. BMC
Neurol. 2008, 8, 20. [CrossRef]

52. Kraft, V.A.N.; Bezjian, C.T.; Pfeiffer, S.; Ringelstetter, L.; Müller, C.; Zandkarimi, F.; Merl-Pham, J.; Bao, X.; Anastasov, N.; Kössl, J.;
et al. GTP Cyclohydrolase 1/Tetrahydrobiopterin Counteract Ferroptosis through Lipid Remodeling. ACS Central Sci. 2020, 6,
41–53. [CrossRef]

53. Bersuker, K.; Hendricks, J.M.; Li, Z.; Magtanong, L.; Ford, B.; Tang, P.H.; Roberts, M.A.; Tong, B.; Maimone, T.J.; Zoncu, R.; et al.
The CoQ oxidoreductase FSP1 acts parallel to GPX4 to inhibit ferroptosis. Nature 2019, 575, 688–692. [CrossRef]

54. Homma, D.; Sumi-Ichinose, C.; Tokuoka, H.; Ikemoto, K.; Nomura, T.; Kondo, K.; Katoh, S.; Ichinose, H. Partial Biopterin Deficiency
Disturbs Postnatal Development of the Dopaminergic System in the Brain. J. Biol. Chem. 2011, 286, 1445–1452. [CrossRef]

55. Shults, C.W.; Haas, R.H.; Passov, D.; Beal, M.F. Coenzyme Q10 levels correlate with the activities of complexes I and II/III in
mitochondria from parkinsonian and nonparkinsonian subjects. Ann. Neurol. 1997, 42, 261–264. [CrossRef]

56. Beal, M.; Matthews, R.T.; Tieleman, A.; Shults, C.W. Coenzyme Q10 attenuates the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) induced loss of striatal dopamine and dopaminergic axons in aged mice. Brain Res. 1998, 783, 109–114. [CrossRef]

57. Prajapati, S.K.; Garabadu, D.; Krishnamurthy, S. Coenzyme Q10 Prevents Mitochondrial Dysfunction and Facilitates Pharmacological
Activity of Atorvastatin in 6-OHDA Induced Dopaminergic Toxicity in Rats. Neurotox. Res. 2017, 31, 478–492. [CrossRef]

58. Abdin, A.A.; Hamouda, H.E. Mechanism of the neuroprotective role of coenzyme Q10 with or without L-dopa in rotenone-induced
parkinsonism. Neuropharmacology 2008, 55, 1340–1346. [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.

http://doi.org/10.1016/S0021-9258(19)81742-8
http://doi.org/10.1111/j.1460-9568.2007.05515.x
http://doi.org/10.1016/j.bbadis.2017.05.015
http://doi.org/10.1021/acschemneuro.7b00478
http://doi.org/10.1186/1471-2377-8-20
http://doi.org/10.1021/acscentsci.9b01063
http://doi.org/10.1038/s41586-019-1705-2
http://doi.org/10.1074/jbc.M110.159426
http://doi.org/10.1002/ana.410420221
http://doi.org/10.1016/S0006-8993(97)01192-X
http://doi.org/10.1007/s12640-016-9693-6
http://doi.org/10.1016/j.neuropharm.2008.08.033

	Introduction 
	Materials and Methods 
	Analysis of Mechanisms that Baicalein Regulates Intracellular Iron 
	Chemicals, Cells, and Animals 
	Aconitase Activity Assay 
	Surface Plasmon Resonance (SPR) Assay 
	Iron-Induced Hydroxyl Radical Assay 
	Animal Experiments 
	Behavioral Test 
	Immunochemistry 
	Sample Preparation 
	Colorimetric Ferrozine-Assay for the Quantitation of Iron 
	Measurement of TBARS, BH4 and CoQ10 
	Western Blot 
	Statistical Analysis 

	Results 
	Baicalein Is Predicted to Regulate ACO1 Based on Network Pharmacology 
	Baicalein Protected ACO1 Activity against Oxidative Stress Induced by Hydrogen Peroxide and Sodium Nitroprusside 
	Baicalein Increased ACO1 Activity and Decreased IRP1 Levels in SH-SY5Y Cells Treated with Rotenone 
	Baicalein Improved Behavioral Impairments and Increased TH-Positive Cells in the Substantia Nigra of Rotenone-Induced PD Rats 
	Baicalein Inhibited the Activation of IRP1 and Alleviated Iron Accumulation in the Substantia Nigra of PD Rats Induced by Rotenone 
	Baicalein Inhibited Rotenone-Induced Lipid Peroxidation in the Substantia Nigra of PD Rats 

	Discussion 
	Conclusions 
	References

