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Abstract Parkinson’s disease (PD) is the second most

common neurodegenerative disorder affecting humans. It is

characterized by dopaminergic neurodegeneration, mito-

chondrial impairment, and oxidative stress, enhanced lipid

peroxidation, and induction of pro-inflammatory cytokines.

We evaluated the neuroprotective efficacy of glycyrrhizic

acid (GA), an active component of licorice, against rote-

none-induced-oxidative stress and neuroinflammation in a

PD rat model. Since PD is progressive and chronic, we

investigated the effect of chronic administration of GA for

4 weeks (50 mg/kg/day), 30 min prior to rotenone admin-

istration. Rotenone administration significantly reduced the

activity of superoxide dismutase and catalase, and caused

the depletion of reduced glutathione. A concomitant

increase in the levels of the lipid peroxidation product

malondialdehyde was observed. It also significantly

enhanced the levels of pro-inflammatory cytokines in the

midbrain and elevated the levels of inflammatory

mediators such as cyclooxygenase-2 (COX-2) and

inducible nitric oxide synthase (iNOS). Immunohisto-

chemical analysis revealed significant increments in

ionized calcium-binding adaptor molecule-1 (Iba-1)

levels, and in glial fibrillary acidic protein (GFAP)

levels, and loss of dopamine neurons in the substantia

nigra pars compacta upon rotenone challenge. GA

treatment significantly attenuated the dopamine neuron

loss and decreased the Iba-1 and GFAP activation

induced by the rotenone insult. GA also improved

antioxidant enzyme activity, prevented glutathione

depletion, inhibited lipid peroxidation, and attenuated

induction of pro-inflammatory cytokines. Subsequently,

GA attenuated the increased levels of the inflammatory

mediators COX-2 and iNOS. In conclusion, GA protects

against rotenone-induced-PD. The neuroprotective

effects of GA are attributed to its potent antioxidative

and anti-inflammatory properties.
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Abbreviations

ABC Avidin biotin complex

COX-2 Cyclooxygenase-2

DAB Diamino benzidine

GA Glycyrrhizic acid

GFAP Glial fibrillary acidic protein

GSH Reduced glutathione

IBA-1 Ionized calcium-binding adaptor molecule-1

iNOS Inducible nitric oxide synthase

MDA Malondialdehyde

PD Parkinson’s disease

ROT Rotenone

SOD Superoxide dismutase

TH Tyrosine hydroxylase
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Introduction

Parkinson’s disease (PD) is a progressive neurodegenera-

tive disease characterized by the loss of dopaminergic

neurons within the substantia nigra pars compacta (SNc).

This in turn contributes to the depletion of dopamine,

which results in motor behavioral deficits such as slowness

of movements, rigidity, tremors, and postural imbalance

(Dexter and Jenner 2013; Schapira et al. 2014). The

severity of these motor symptoms is associated with the

loss of tyrosine hydroxylase-positive dopaminergic neu-

rons in the SNc area (Anderson and Maes 2014). A number

of convincing studies have demonstrated that oxidative

stress, mitochondrial dysfunction, proteasomal inhibition,

and inflammation are the critical players in the pathogen-

esis of PD that accelerate dopaminergic neurodegeneration

(Anderson and Maes 2014; Celardo et al. 2014; Niranjan

2014).

Oxidative stress and inflammatory processes are inti-

mately connected and are linked to the death of dopamin-

ergic neurons in the brain, which is more susceptible to

oxidative stress than other organs (Taylor et al. 2013;

Schapira et al. 2014; Anderson and Maes 2014). Although

many pharmacotherapeutic interventions are available to

provide symptomatic treatment, there is still a paucity of

disease-modifying or preventive agents for PD (Al Dakheel

et al. 2014; Schapira et al. 2014). Therefore, halting the

disease progression appears perplexing and current approa-

ches are far from satisfactory. Thus, there is a need for novel

agents that have the potential to target these intimately linked

cascades of oxidative stress–inflammatory-cytokine signal-

ing and delay the development and progression of PD

(Schapira et al. 2014). In recent years, besides the other

pharmacotherapeutic approaches, treatment with antioxi-

dants has gradually gained importance as a disease-preven-

tive strategy in the treatment of PD (Albarracin et al. 2012;

Song et al. 2012; Al Dakheel et al. 2014).

Since oxidative stress and inflammation appear to be

major players in brain-aging and neurodegeneration (Tay-

lor et al. 2013; Niranjan 2014; Al Dakheel et al. 2014), it is

believed that naturally occurring molecules possessing

antioxidant and anti-inflammatory properties along with

other pharmacological activities could be effective in pre-

venting or ameliorating these neurodegenerative changes

(Albarracin et al. 2012; Song et al. 2012; Fu et al. 2015). In

recent years, numerous experimental and epidemiological

studies have shown that medicinal herbs or herb-derived

antioxidants might be promising drug candidates for PD

(Albarracin et al. 2012; Koppula et al. 2012; Song et al.

2012; Takeda et al. 2014; Fu et al. 2015). Thus, in search of

better pharmacotherapeutic agents, medicinal herbs have

been extensively explored as a major source of novel

agents (Fu et al. 2015). Using this approach, licorice, one

of the most widely used food additives and herbal

medicines, has received wide attention based on current

reports of its beneficial effects in several chronic degen-

erative diseases including age-related neurodegenerative

diseases (Mazzio et al. 2013; Ojha et al. 2013). In licorice,

glycyrrhizic acid (GA, Fig. 1), a triterpenoid saponin, has

been identified as one of the potent active components that

contributes to its biological and pharmacological activities

(Asl and Hosseinzadeh 2008).

GA has been shown to possess numerous pharmaco-

logical properties including anti-inflammatory, antioxidant,

antiviral, antitumor, gastroprotective, cardioprotective,

hepatoprotective, and neuroprotective properties (Asl and

Hosseinzadeh 2008). Recently, GA has garnered attention

for its neuroprotective activity in experimental models of

brain injury, spinal ischemia, and cerebral ischemia

(Kawakami et al. 2010; Luo et al. 2013; Gong et al. 2014).

Very recently, in vitro studies have reported its protective

role against neurotoxicity induced by b-amyloid (Zhu et al.

2012), glutamate (Wang et al. 2014), and 1-methyl-4-

phenylpyridinium (MPP?; Teng et al. 2014). However, to

translate the in vitro findings, evidence from in vivo studies

is vital in drug development as one of a series of incre-

mental steps leading from bench to bedside. Previous

in vitro studies have revealed that anti-inflammatory effects

contribute to the neuroprotective properties of GA; how-

ever, the precise underlying mechanism is still unclear and

evidence of efficacy in in vivo models is lacking.

Therefore, in the present study, we investigated the

effects of GA, a naturally derived molecule, in a rotenone

(ROT)-induced rat model of PD, an in vivo model that

recapitulates human PD pathogenesis and represents a

clinically relevant animal model for the screening of novel

agents (Cannon et al. 2009; Betarbet et al. 2000; Litteljohn

et al. 2011; Johnson and Bobrovskaya 2014). Based on the

hypothesis that oxidative injury and inflammation underlie

neurodegeneration, investigating the effect of GA in ROT-

induced neurodegeneration may provide an alternative and

early intervention approach to prevent or halt the pro-

gression of neurodegenerative changes in PD.

Materials and Methods

Drugs and Chemicals

Polyclonal rabbit anti-cyclo-oxygenase-2 (COX-2), anti-

inducible nitric oxide synthase (iNOS), and anti-glial fib-

rillary acidic protein (GFAP) were purchased from Abcam,

Cambridge, MA. Anti-ionized calcium-binding adaptor

molecule-1 (Iba-1) polyclonal rabbit was purchased from
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Wako Chemicals, Richmond, VA, USA. Anti-tyrosine

hydroxylase was obtained from Novus Biologicals, Little-

ton, CO, USA. Secondary horseradish peroxidase-conju-

gated goat anti-rabbit antibodies were obtained from

Jackson Immunoresearch, West Grove, PA, USA. Alexa

Fluor 488 and 594-conjugated secondary goat anti-rabbit

antibodies were purchased from Life Technologies, Grand

Island, NY, USA. ROT, GA, and the assay kit for reduced

glutathione (GSH), and other reagents were purchased

from Sigma-Aldrich, St. Louis, MO, USA.

Experimental Animals

Six- to seven-month-old male Wistar rats (280–300 g) bred

in the animal research facility of the College of Medicine

and Health Sciences, United Arab Emirates University

were used. A maximum of four rats were housed per cage

and were acclimatized for 1 week to the laboratory con-

ditions prior to the start of the experiment. The animals

were housed under standard laboratory conditions of light

and dark cycle. The animals had access to commercially

available rodent food and water ad libitum. All the

experiments were carried out between 09:00 and 15:00 h.

The experimental protocol for animal experimentation was

approved by the Animal Research Ethics Committee,

United Arab Emirates University, UAE.

Experimental Design

For the induction of neurodegeneration, ROT (2.5 mg/kg

body weight) was administered intraperitoneally (i.p.) once

daily for 4 weeks. It was first dissolved in dimethyl sul-

foxide (DMSO) to obtain 50X stock solution and further

diluted in sunflower oil to attain a final concentration of

2.5 mg/ml for administration to rats. The above regimen

used in the current study for the induction of Parkinsonism

in rats following ROT administration was adopted with

slight modification from a previous report (Fujikawa et al.

2005). To test the neuroprotective efficacy of GA, it was

dissolved in sterile water and injected i.p. at a dose of

50 mg/kg body weight once daily for 4 weeks, 30 min

prior to each dose of ROT. The control group received an

equal amount of vehicle only. Animals were sacrificed 48 h

after the last injection of ROT/GA/vehicle to wash out the

effects of ROT/GA. The rats were divided into four

experimental groups, each containing eight rats. The

experimental groups were as follows:

Group I Vehicle-injected control group (CONT)

Group II ROT-injected and vehicle-treated group (ROT)

Group

III

ROT-injected and GA-treated group

(ROT ? GA)

Group

IV

GA-only injected group (GA)

Tissue Preparation for Biochemical Studies

At the end of the experiments, the animals were anes-

thetized with pentobarbital (40 mg/kg body weight) and

cardiac perfusion was carried out using 0.01 M phosphate-

buffered saline (PBS) at pH 7.4 to wash out blood. The

brains were quickly removed and placed on an ice-plate

where the two hemispheres were separated. The midbrain

region was dissected from one hemisphere and immedi-

ately frozen in liquid nitrogen for further use. The other

hemisphere was post-fixed in 4 % paraformaldehyde

solution for 48 h and subsequently transferred to 10 %

sucrose solution for three consecutive days at 4 �C before

being prepared for cryostat sectioning.

Biochemical Studies

The midbrains from each group were homogenized in KCl

buffer (Tris–HCl, 10 mM NaCl, 140 mM KCl, 300 mM

EDTA, 1 mM Triton-X-100 0.5 %) at pH 8.0 supple-

mented with protease and phosphatase inhibitor. The tissue

homogenates were centrifuged at 14,0009g for 20 min at

4 �C to obtain the post-mitochondrial supernatant for

estimation of markers of oxidative stress, lipid peroxida-

tion, and pro-inflammatory cytokines using spectrophoto-

metric measurements and enzyme-linked immunosorbent

assays (ELISA).

Estimation of Lipid Peroxidation

The concentration of the lipid peroxidation product,

malondialdehyde (MDA), was estimated using the detec-

tion kit according to the manufacturer’s instructions (North

Fig. 1 The chemical structure

and drug-likeness properties of

glycyrrhizic acid
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West Life Science, Vancouver, WA, USA). Briefly, 250 ll

samples or calibrator were incubated in the presence of

250 ll acid reagent and 250 ll thiobarbituric acid and

vortexed vigorously. Samples were incubated for 60 min at

60 �C and then centrifuged at 10,0009g for 2–3 min. The

reaction mixture was transferred to a cuvette and the

spectra were recorded at 532 nm. The results were

expressed as lM MDA/mg protein.

Estimation of Reduced Glutathione (GSH)

The level of GSH was estimated using a commercially

available kit following the manufacturer’s instructions

(Sigma-Aldrich). Briefly, the samples were first depro-

teinized with 5 % 5-sulfosalicylic acid solution and cen-

trifuged to remove the precipitated protein and then the

supernatant was used to measure glutathione concentration.

Samples (10 ll) and standards of different concentrations

were incubated for 5 min with 150 ll of working mixture

(assay buffer ? 5,50-Dithiobis (2-nitrobenzoic acid) ?

glutathione reductase) in a 96-well plate. Diluted nicoti-

namide adenine dinucleotide phosphate solution (50 ll) was

added to each well and mixed thoroughly. Absorbance of the

samples was measured at 412 nm with kinetics for 5 min

using a microplate reader. The results were expressed as lM

GSH/mg protein.

Estimation of the Activity of Antioxidant Enzymes

The activity of the antioxidant enzymes, superoxide dis-

mutase (SOD) and catalase (CAT), was estimated using

commercially available assay kits according to the man-

ufacturer’s instructions (Cayman Chemical Company,

Ann Arbor, MI, USA). Briefly, CAT was estimated by

adding 20 ll samples or standards of different concen-

trations to 100 ll assay buffer and 30 ll methanol in a

96-well plate. H2O2 (20 ll) was added to initiate the

reaction and samples were incubated for 20 min at room

temperature (RT). Potassium hydroxide (30 ll) was

added to terminate the reaction and subsequently 30 ll

CAT purpald and 10 ll CAT potassium periodate were

added. The plate was incubated for 5 min at RT on a

shaker and absorbance was read at 540 nm using a micro

plate reader. For SOD measurement, 10 ll samples or

standard were added in each well of a 96-well plate.

Xanthine oxidase (20 ll) was added to each well to ini-

tiate the reaction. The plate was shaken for a few seconds

and incubated for 30 min at RT. Absorbance was read at

450 nm using a microplate reader. CAT activity was

expressed as nmol/min/mg protein and SOD activity was

expressed as units/mg protein.

Estimation of Pro-inflammatory Cytokines Using

ELISA Assays

The ELISA kits for interleukin-1b (IL-1b), interleukin-6

(IL-6), and tumor necrosis factor-alpha (TNF-a) were

purchased from R&D system, Minneapolis, MI, USA. The

levels of IL-1b, IL-6, and TNF-a were estimated using

commercial ELISA kits following the manufacturer’s

instructions. Briefly, a 96-well plate was coated with

100 ll diluted capture antibody overnight at RT. Each well

was aspirated and washed with wash buffer (0.05 % Tween

20 in PBS 0.01 M pH 7.4). The plate was blocked by

adding 300 ll reagent diluent (1 % bovine serum albumin

in PBS) for 1 h and washed with wash buffer. Samples or

standards (100 ll) of different concentrations were added

to the wells and incubated for 2 h. Each well was

exchanged with 100 ll detection antibody and then incu-

bated for 2 h at RT. Wells were then exchanged with

100 ll working solution (1:200) of streptavidin horseradish

peroxidase and further incubated for 20 min. The wells

were exchanged with 100 ll substrate solution and incu-

bated for 20 min. Stop solution (2 N H2SO4; 50 ll) was

added and the plate was gently tapped to ensure proper

mixing. The optical density of each well was read imme-

diately at 450 nm using a micro plate reader. The results

were expressed as pg/mg protein.

Immunofluorescence Staining for Tyrosine

Hydroxylase (TH), GFAP, and Iba-1

Immunofluorescence staining was performed on the coro-

nal sections of the brain containing the SNc and striatum

area to observe the expression sites of TH, GFAP, and Iba-

1. Briefly, 14-lm serial, coronal brain sections were cut at

the level of the striatum and SNc using a cryostat (Leica,

Germany) and incubated with blocking reagent (10 %

normal goat serum in PBS 0.3 % Triton-X 100) followed

by incubation with the primary antibodies such as poly-

clonal rabbit anti-TH (1:500), anti-GFAP (1:1000) and

anti-Iba-1 (1:1000) overnight at 4 �C. The sections were

washed and incubated for 1 h with fluorescent secondary

antibody alexa flour 488 or alexa flour 594 goat anti-rabbit

at RT. Sections were then washed and mounted using

Fluoroshield mounting media (Sigma-Aldrich). Images

were taken with a fluorescent microscope (Olympus,

Hamburg, Germany).

Assessment of TH-Immunoreactive (TH-ir)

Dopaminergic Neurons and TH-ir Dopamine Nerve

Fiber Loss

To determine the loss of TH-ir neurons in the SNc area,

coronal sections at three different levels (-4.8, -5.04, and
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-5.28 mm from the bregma) of the medial terminal

nucleus (MTN) region were counted and the average was

presented as a percentage. Loss of striatal nerve fibers was

evaluated by measuring the optical density of TH-ir nerve

fibers in the striatum using NIH Image J software (NIH,

Bethesda, USA). The optical density of TH-ir fibers at

three different fields in each section (three sections/rat)

with equal areas within the striatum (adjacent to 0.30 mm

from the bregma) was measured for each rat and an average

of the three areas was calculated and represented as a

percentage. The optical density of the overlying cortex was

taken as a background measure and subtracted from the

value generated from the striatum. The counting of TH-ir

neurons and measurement of optical density of the TH-ir

fibers were carried out by an investigator blind to the

experimental groups.

Assessment of Activated Astrocytes and Microglia

in the Striatum

A minimum of three coronal sections at similar levels of

the striatum from each group were used to analyze the

number of activated astrocytes and microglia. From each

section, activated astrocytes and microglia were counted

from three different randomly chosen fields of equal area

using Image J software.

Western Blot Analysis of COX-2 and iNOS

The striatum was collected from the rats of each experimental

group. Cytosolic extracts were prepared by homogenizing the

tissues in radioimmunoprecipitation assay buffer supple-

mented with protease and phosphatase inhibitor and cen-

trifuged at 15,000 rpm for 20 min. Samples of cytoplasmic

fractions containing equal amounts of protein (35 lg) were

separated using 10 % sodium dodecyl sulfate–polyacry-

lamide gel electrophoresis. The proteins were transferred onto

polyvinylidene difluoride membranes and incubated over-

night at 4 �C with specific primary rabbit polyclonal anti-

bodies against COX-2 (1:1000) and iNOS (1:500) followed by

horseradish peroxidase-conjugated secondary antibody. The

protein recognized by the antibody was visualized using an

enhanced chemiluminescence pico kit (Thermo Scientific,

Rockford, IL, USA). The blots were stripped and re-probed for

b-actin (1:5000, monoclonal mouse; Millipore, MA, USA) as

a loading control. The intensity of the bands was measured by

densitometry and quantified using Image J software.

Protein Estimation

The protein content was estimated using the Pierce bicin-

choninic acid protein assay kit (Thermo Scientific) fol-

lowing the manufacturer’s instructions.

Statistical Analyses

The data were expressed as the mean value ± SEM. The

data for all studies were analyzed using one-way analysis

of variance (ANOVA) followed by Tukey’s test to calcu-

late the statistical significance between various groups. The

software used was GraphPad InStat (La Jolla, CA, USA).

In all tests, the criterion for any statistically significant

difference was set at p\ 0.05.GA.

Results

Effect of GA on Dopamine Neurons and Striatal

Dopamine Nerve Terminal Loss

Following administration of ROT, a significant (p\ 0.05)

loss of dopamine neurons was observed compared with that

in vehicle-injected control rats (Fig. 2a, c). Interestingly, GA

pretreatment of ROT-injected rats was associated with sig-

nificant protection of dopamine neurons when compared

with that in ROT-injected rats. The dopamine neurons in the

SNc project their processes to the striatum where the dopa-

mine nerve terminal fibers are enriched and are immunore-

active to tyrosine hydroxylase (TH) antibody. Therefore, we

examined whether the loss of dopamine neurons in the SNc

area correlated with terminal loss of striatal dopamine fiber

intensity as stained by the TH antibody. As anticipated, we

observed a significant decrease in striatal nerve terminal

density in ROT-treated animals when compared with that in

vehicle-treated controls (Fig. 2b, d). However, we did not

observe any marked loss of dopamine neurons and striatal

fibers in the GA alone injected rats. Thus, our results suggest

that treatment with GA protects dopamine neurons from

ROT-neurotoxicity.

Effect of GA on Lipid Peroxidation and Glutathione

Level

The rats administered ROT showed a significant (p\ 0.01)

increase in the lipid peroxidation product, MDA, as com-

pared to the control group (Fig. 3a). Concomitantly, ROT

administration caused a significant (p\ 0.01) decrease in

GSH levels when compared to the control group (Fig. 3b).

However, the ROT-treated rats that received GA signifi-

cantly (p\ 0.05) attenuated the rise in MDA level

(Fig. 3a) and exhibited improved GSH levels (Fig. 3b)

when compared to the ROT group.

Effect of GA on Antioxidant Enzyme Activity

The activity of the antioxidant enzymes, SOD (Fig. 3c) and

CAT (Fig. 3d), was decreased significantly (p\ 0.01) in
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ROT-injected animals in comparison with control animals.

However, treatment with GA significantly (p\ 0.05)

increased the activity of SOD (Fig. 3c) and CAT (Fig. 3d)

when compared to the ROT-treated group. We did not observe

any significant changes in SOD (Fig. 3c) or CAT (Fig. 3d)

activity between controls and animals injected with GA.

Effect of GA on the Expression of Iba-1 and GFAP

It has been well documented that GFAP and Iba-1 are

considered as markers of reactive oxygen species produc-

tion and inflammatory processes. In the immunohisto-

chemical analysis, remarkably high expression of GFAP,

which indicates increased numbers of astrocytes with

astrocytic hypertrophy, was observed in ROT-injected rats

when compared to that in control rats (Fig. 4a, c).

However, treatment with GA attenuated the expression of

hypertrophied astrocytes in rats administered ROT when

compared to the ROT challenged animals (Fig. 4a, c). A

similarly significant increase in the expression of Iba-1,

indicating activation of microglia, was observed as an

index of the inflammatory response in ROT-injected rats

(Fig. 4b, d). Treatment with GA significantly reduced the

ROT-induced microglial activation represented by Iba-1

expression (Fig. 4b, d). These observations clearly suggest

that GA inhibits the activation of microglia and astrocytes.

Effect of GA on the Induction of Pro-inflammatory

Cytokines

We also measured the concentration of the pro-inflamma-

tory cytokines, IL-1b, IL-6, and TNF-a in response to ROT

Fig. 2 Immunofluorescence staining of tyrosine hydroxylase-im-

munoreactive (TH-ir) neurons to quantify the number of dopamin-

ergic (DA) neurons in the substantia nigra (SNc) (a) and to detect the

expression of TH-ir dopamine nerve terminal fibers in the striatum

(b). The scale bar is 100 lm. a The number of TH-ir neurons were

reduced in the SNc area of rotenone (ROT)-injected rats as compared

with that in the control (CONT) group. Glycyrrhizic acid (GA)

treatment shows profound protection of TH-ir neurons in

ROT ? GA-injected rats relative to ROT rats. GA alone injected

rats did not show the any remarkable loss of dopamine neurons. b The

expression of TH-ir striatal dopamine nerve terminals in the striatum

of CONT, ROT, ROT ? GA, and GA alone group rats. The CONT

group shows higher immunoreactivity of TH in the striatum compared

to the ROT group. GA treatment increased immunoreactivity of TH in

the striatum of the ROT ? GA group relative to the ROT group.

c The number of DA neurons in the SNc was counted in three

different sections of the SNc at the level of -4.8, -5.04, and

-5.3 mm from the bregma for each animal. The number of DA

neurons was significantly (*p\ 0.05) higher in the SNc of the CONT

group when compared to the ROT group. GA treatment significantly

(#p\ 0.05) protected the DA neurons from the ROT-induced

neuronal death. d The expression of TH-ir dopamine nerve terminals

was significantly (*p\ 0.01) reduced in the striatum of rotenone

(ROT)-injected rats as compared with that in the control (CONT)

group. GA treatment shows significant (#p\ 0.01) attenuation of TH-

ir dopamine nerve terminals in ROT ? GA-injected rats relative to

ROT rats. Values are expressed as percentage of mean ± SEM

relative to 100 % control (n = 3)
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administration. Significant (p\ 0.01) increases in the

levels of IL-1b (Fig. 5a), IL-6 (Fig. 5b), and TNF-a
(Fig. 5c) were observed in the ROT-injected animals when

compared to the control group. However, GA treatment of

ROT-injected animals significantly (p\ 0.05) decreased

the levels of all of these cytokines when compared to

control group animals (Fig. 5a–c). Rats treated with GA

alone did not show any significant changes in the levels of

pro-inflammatory cytokines when compared to control

group animals.

Effect of GA on Inflammatory Mediators: COX-2

and iNOS Expression

We further investigated the expression of COX-2 and iNOS by

Western blots using the tissue lysates isolated from the stria-

tum region. A significant (p\ 0.05) increase in COX-2

expression (Fig. 6a, b) was observed in response to ROT

injection (201.13 %) when compared with that in the control

group (100 %). However, following treatment with GA in

ROT-administered rats, a modest reduction in the level of

COX-2 (21.17 %) was observed. Similarly, we also observed

a significant (p\ 0.05) increase in iNOS expression (Fig. 6a,

c) in the ROT-injected animals when compared to the control

group (168.35 vs. 100 %). Similar to the reduction in COX-2

following treatment with GA, a notable decrease (46.91 %) in

iNOS induction (Fig. 6c) was observed.

Discussion

The present study was undertaken to investigate the role of

GA in an ROT-induced rat model of neurodegeneration.

There are several neurotoxins such as 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP), ROT, paraquat, and

6-hydroxydopamine (6-OHDA), which are well known for

producing selective dopaminergic neurodegeneration in

animal models of PD (Litteljohn et al. 2011; Johnson and

Bobrovskaya 2014). However, among all existing models,

the ideal animal model is one that recapitulates the

majority of the relevant clinical and pathological features

of the disease. The ROT model has some advantages over

other available animal models as it produces most of the

pathophysiological features of PD (Cannon et al. 2009;

Betarbet et al. 2000). ROT is a potent naturally occurring

environmental toxicant used as an insecticide and pesti-

cide. It induces many of the key pathological features of

human PD through multiple mechanisms including mito-

chondrial complex I inhibition, oxidative stress, inflam-

mation, and glial activation. It also causes selective loss of

dopaminergic neurons within the SNc area, depletion of

Fig. 3 Estimation of MDA, GSH, SOD, and CAT in the midbrain

tissue. Rotenone (ROT) injections caused significant (*p\ 0.01)

increases in malondialdehyde (MDA) (a) and decreased the level of

reduced glutathione (GSH) (b) in the midbrain of ROT rats relative to

control (CONT) group rats. Glycyrrhizic acid (GA) treatment in the

ROT ? GA group significantly (#p\ 0.05) decreased the level of

MDA and increased (#p\ 0.05) the level of GSH. ROT injection also

caused a significant (*p\ 0.01) decrease in the activity of superoxide

dismutase (SOD) (c) and catalase (CAT) (d) relative to the CONT

group. GA treatment significantly (#p\ 0.05) improved the ROT-

induced decrease in SOD and CAT activity relative to the ROT-

injected rats. Values are expressed as mean ± SEM (n = 6–8)
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striatal dopamine, and aggregation of a-synuclein with

formation of Lewy body-like inclusions (Betarbet et al.

2000; Sherer et al. 2003; Cannon et al. 2009; Litteljohn

et al. 2011; Johnson and Bobrovskaya 2014). Thus,

oxidative injury and neuroinflammation contribute signifi-

cantly to PD pathogenesis. In order to investigate alterna-

tive and early intervention approaches to prevent or halt the

progressive nature of PD, we evaluated the potential of GA

in ROT-induced neurodegeneration.

GA, which is composed of one molecule of gly-

cyrrhetinic acid and two molecules of glucuronic acid, is

abundantly present in the roots of the genus Gly-

cyrrhiza glabra (Licorice or sweet root, family: Legumi-

nosae). The herb licorice is credited with many

pharmacological properties and is one of the most widely

used herbal medicines and food additives (Asl and

Hosseinzadeh 2008; Ojha et al. 2013). Recently, formula-

tions of the licorice herb have been reported to be benefi-

cial in neurodegenerative diseases, an effect that has been

attributed to several of its active constituents, particularly

GA (Shishkina et al. 2006; Kawakami et al. 2010; Mazzio

et al. 2013; Gong et al. 2014). Although the beneficial

effects of GA have been reported in in vitro models of

amyloid neurotoxicity (Kawakami et al. 2010), glutamate

excitotoxicity (Wang et al. 2014), and MPP? neurotoxicity

(Teng et al. 2014), it is not known whether GA is protective

in an in vivo ROT-induced model of PD. Hence, the pre-

sent study is the first to demonstrate the neuroprotective

effect of GA in an in vivo chronic model of PD.

As treatment of PD focuses on symptomatic relief rather

than amelioration of pathogenesis progression, the devel-

opment of disease-modifying agents based on antioxidant

Fig. 4 Immunofluorescence staining to detect the expression of glial

fibrillary acidic protein (GFAP)-positive astrocytes (green) and

ionized calcium-binding adaptor molecule-1 (Iba-1)-positive micro-

glia (green) in the striatum of control (CONT), rotenone (ROT), and

ROT ? glycyrrhizic acid (GA) rats. Profound expression of GFAP-

positive astrocytes (a) and Iba-1-positive microglia (b) was found in

the ROT-treated rats relative to the CONT rats. GA administration to

ROT-injected rats led to moderate staining of GFAP and Iba-1 in the

ROT ? GA rats relative to ROT-injected rats (scale bar 200 lm).

Quantitative analysis of activated astrocytes (c) and microglia

(d) revealed a significant (*p\ 0.05) increase in the number of

activated astrocytes and microglia in rats in the ROT-treated group

relative to CONT rats. GA administration significantly (#p\ 0.05)

reduced the number of activated astrocytes and microglia in the

ROT ? GA group rats relative to ROT rats. Values are expressed as

percentage of mean ± SEM (n = 3) (Color figure online)
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and anti-inflammatory strategies along with other phar-

macological properties would be useful in halting the

development and progression of PD (Albarracin et al.

2012; Koppula et al. 2012; Song et al. 2012; Takeda et al.

2014; Al Dakheel et al. 2014; Fu et al. 2015). The severity

of motor dysfunction has been shown to be caused by

selective loss of dopamine neurons, which is at least in part

associated with severe oxidative stress and inflammation

(Dexter and Jenner 2013; Niranjan 2014). Several antiox-

idants have been shown to confer substantial protection

against ROT-induced PD (Sherer et al. 2003; Verma and

Nehru 2009; Xiong et al. 2012). Therefore, in the current

study, we evaluated the neuroprotective potential of GA in

an ROT model of PD. The dose of GA used in our study

was selected based on our preliminary experiments and

previous studies (Ojha et al. 2013; Song et al. 2013).

Fig. 5 IL-1b, IL-6, and TNF-a
were measured by enzyme-

linked immunosorbent assay

(ELISA) in the midbrain of

control (CONT), rotenone

(ROT), and

ROT ? glycyrrhizic acid (GA)

group rats. The level of IL-1b
(a), IL-6 (b), and TNF-a (c) was

found to be significantly

(*p\ 0.05) increased in the

ROT group relative to CONT

rats. GA treatment significantly

(#p\ 0.05) decreased the ROT-

induced increase of these

cytokines in ROT ? GA rats.

Values are expressed as

mean ± SEM (n = 6–8)

Fig. 6 Expression levels of striatal cyclooxygenase-2 (COX-2) and

inducible nitric oxide synthase (iNOS) were measured by Western

blot (a). A significant (*p\ 0.05) increase in COX-2 (201.13 %) was

observed in the rotenone (ROT) group relative to the control (CONT)

group. Glycyrrhizic acid (GA) treatment followed by ROT injection

remarkably decreased the expression of COX-2 by 21.71 % relative

to the ROT group (b). Similarly, iNOS expression was increased

(168.35 %) significantly (*p\ 0.05) in ROT group relative to the

CONT group. GA treatment notably decreased the iNOS expression

by 46.91 % relative to the ROT group (c). Values are expressed as

percentage of mean ± SEM relative to 100 % CONT (n = 3)
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Immunohistochemical staining of coronal brain sections

revealed significant degeneration of dopaminergic neurons

indicated by a decrease in TH-ir neurons in the SNc fol-

lowing chronic administration of ROT (Fig. 2a, c). TH is a

rate-limiting enzyme and a marker for DA neuron survival.

In keeping with previous studies, the reduction in TH-ir in

the SNc dopaminergic neurons following repeated admin-

istration of ROT indicates a significant effect of ROT on

SNc neurons (Litteljohn et al. 2011; Xiong et al. 2012). In

addition to dopamine neuron loss, we observed a signifi-

cant decrease in dopamine nerve terminals that project to

the striatum (Fig. 2b, d). The loss of dopamine neurons in

the SNc and reduction in the density of nerve terminals in

the striatum are considered to be pathological indices of PD

(Sherer et al. 2003). Interestingly, GA treatment prior to

ROT injection provided protection to dopamine neurons as

well as their nerve terminals, clearly indicating the neu-

roprotective properties of GA (Fig. 2a–d).

Oxidative stress generated by free radicals and subse-

quent lipid peroxidation plays an important role in PD

pathogenesis (Sherer et al. 2003; Litteljohn et al. 2011).

During oxidative injury, accumulation of oxidants makes

the cell membrane more susceptible to injury and results in

formation of the lipid peroxidation product, MDA (Verma

and Nehru 2009). The brain has less efficient antioxidant

defense mechanisms and is rich in polyunsaturated fatty

acids, so it is more sensitive to oxidative damage than other

tissue. Our results showed that lipid peroxidation resulting

from oxidative stress in the midbrain was clearly increased

after the ROT challenge, in agreement with previous

studies (Sherer et al. 2003; Verma and Nehru 2009; Lit-

teljohn et al. 2011; Xiong et al. 2012; Johnson and

Bobrovskaya 2014). The decrease in MDA level following

treatment with GA can be ascribed to the enhanced activity

of antioxidant defense mechanisms, as evidenced by

increased activity of antioxidant enzymes and increased

glutathione availability.

Endogenous antioxidant defense networks consist of

enzymatic (SOD and CAT) and non-enzymatic (GSH)

molecules that neutralize the oxygen free radicals that lead

to oxidative stress if the antioxidant system is compro-

mised (Anderson and Maes 2014; Celardo et al. 2014;

Niranjan 2014). Perturbation of antioxidant defense system

components such as GSH, SOD, and CAT has been well

documented in the PD brain (Verma and Nehru 2009;

Xiong et al. 2012; Anderson and Maes 2014; Celardo et al.

2014; Niranjan 2014). The decrease in GSH content fol-

lowing ROT administration in the current study likely

occurred to minimize the deleterious consequence of

oxidative stress. However, following GA pre-treatment to

ROT-administered rats, significant recovery or restoration

of GSH levels clearly demonstrates the antioxidant and free

radical scavenging activity of GA. An increase in oxidative

damage is often correlated with a simultaneous decline in

the activity of the intracellular antioxidant enzymes, SOD

and CAT. Following ROT administration, a significant

reduction in the activity of SOD and CAT was observed in

the midbrain tissues in our study (Fig. 3c, d). Low activity

of SOD and CAT in ROT-treated rats may result from

inactivation of the enzymes by H2O2 (Pigeolet et al.

1990). However, after simultaneous administration of GA

and ROT, the significant improvement in the activity of

SOD and CAT demonstrates the antioxidant activity of

GA. Consistent with previous observations, our present

findings suggest that the neuroprotective action of GA can

be attributed to its direct free radical quenching properties

or augmentation of antioxidant enzymes (Asl and Hos-

seinzadeh 2008). GA has been shown to protect

dopaminergic neurons in vitro, an effect that was attrib-

uted to its free radical scavenging activity (Teng et al.

2014). However, this was the first report to demonstrate

the antioxidant activity of GA in an in vivo rat model of

PD.

To explore the possible effects of GA on the inflam-

matory pathways, the levels of various inflammatory

molecules and pro-inflammatory cytokines were investi-

gated. The central inflammatory process, which includes

the activation of microglia and secretion of pro-inflam-

matory cytokines, is a key player in the neurodegenerative

processes of PD (Niranjan 2014). Activated microglia exert

their neurotoxic effects by releasing pro-inflammatory

cytokines, such as TNFa, IL-1b, and IL-6. Following ROT

administration, increased levels of IL-1b, IL-6, and TNF-a
in the midbrain tissues were observed in the current study,

in keeping with numerous previous reports (Sherer et al.

2003; Litteljohn et al. 2011; Xiong et al. 2012). Interest-

ingly, GA treatment of ROT-administered rats significantly

reduced levels of IL-1b, IL-6, and TNF-a concomitant with

decreased microglial activation. This suggests that GA

might counteract the activation process of microglia,

thereby controlling the levels of IL-1b, IL-6, and TNF-a,

which is consistent with previous studies (Zhu et al. 2012;

Song et al. 2013; Gong et al. 2014). These pro-inflamma-

tory cytokines have been shown to cause phosphorylation

and degradation of the inhibitory factor, inhibitor of kappa

B (IjB), which results in the activation of the nuclear

factor kappa-light-chain-enhancer of activated B cells (NF-

jB) signaling cascade (Litteljohn et al. 2011). The acti-

vation of NF-jB also promotes the induction of iNOS from

activated microglia. This in turn increases production of

nitric oxide (NO), which plays a pivotal role in mediating

the early stages of immune-inflammatory responses

(Hartlage-Rübsamen et al. 1999; Lawrence et al. 2001;

Yoke Yin et al. 2010). In our study, evidence for the anti-

inflammatory activity of GA is further supported by

attenuation of iNOS expression, which can be explained by
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its NF-jB inhibitory activity (Kawakami et al. 2010; Zhu

et al. 2012; Gong et al. 2014; Wang et al. 2014).

Rats challenged with ROT show activation of microglia,

which produce a myriad of neurotoxic and inflammatory

mediators (COX-2 and iNOS) that subsequently contribute

to DA neurodegeneration through immune activation and

production of inflammatory mediators (Sherer et al. 2003;

Xiong et al. 2012). In our study, we observed significant

increases in COX-2 after ROT administration, consistent

with earlier reports (Verma and Nehru 2009; Xiong et al.

2012). However, GA treatment to ROT-injected rats

reduced the up-regulation of COX-2, which is also known

to catalyze the oxidation of dopamine to generate toxic

dopamine-quinone, a common feature of the PD brain

(Sherer et al. 2003; Litteljohn et al. 2011; Johnson and

Bobrovskaya 2014). In our study, down-regulation of

COX-2 along with attenuation of pro-inflammatory

cytokines can be ascribed to the multimodal anti-inflam-

matory properties of GA in affording protection against

ROT-induced dopaminergic neuronal loss.

Recently, several studies have reported GA to be an

activator of the transcription factors peroxisome prolifer-

ated activator receptors (PPAR-c), which regulate inflam-

mation by counteracting the oxidative pathway (Yoke Yin

et al. 2010). The beneficial effect of PPAR-c agonists on

motor dysfunction and neurochemical deficits in PD is

mediated by augmentation of antioxidants and attenuation

of inflammatory mediators (Martin et al. 2012). Thus, the

amelioration of inflammatory mediators such as COX-2,

iNOS, and pro-inflammatory cytokines observed in the

present study supports the PPAR-c-mediated mechanism of

GA in its neuroprotective effects.

In addition to oxidative stress and neuroinflammation,

the activation of microglia, also known as the macrophages

of the brain, is a common and early hallmark of neurode-

generative diseases and contributes to virtually all neu-

ropathology (Anderson and Maes 2014; Celardo et al.

2014; Niranjan 2014). Several studies have reported that

activation of glial cells enhances the release of several pro-

inflammatory cytokines such as IL-1b, IL-6, and TNF-a
and subsequently causes dopaminergic neurodegeneration

following ROT administration (Sherer et al. 2003; Verma

and Nehru 2009; Litteljohn et al. 2011; Xiong et al. 2012;

Johnson and Bobrovskaya 2014). In our study, consistent

with previous reports (Sherer et al. 2003; Verma and Nehru

2009; Litteljohn et al. 2011; Xiong et al. 2012; Johnson and

Bobrovskaya 2014), we also observed microglial activation

upon chronic ROT administration as evidenced by

increased expression of Iba-1 and GFAP, which are con-

sidered to indicate microglial activation and subsequent

neuroinflammation (Fig. 4a–d). GFAP is a marker for

astrocytes known to be induced during central nervous

system degeneration and to be more highly expressed in the

aged brain. The density of GFAP-positive cells increases

with the severity of the dopaminergic neuronal loss in the

SNc (Damier et al. 1993). Similarly, in our study, we

observed activation of GFAP in ROT-injected rats, which

is suggestive of an inflammatory response (Damier et al.

1993; Sherer et al. 2003; Martin et al. 2012). However,

treatment with GA significantly attenuated the activation of

microglia and astrocytes as evidenced by reduced expres-

sion of GFAP and Iba-1, respectively. These results clearly

suggest that GA rescues dopaminergic neurons and sup-

presses microglial and astrocyte activation, a starting point

in dopaminergic neurodegeneration and neuronal loss.

In keeping with previous reports that have considered

the benefits of GA in behavioral disorders (Shishkina et al.

2006; Song et al. 2013) the results of the present study are

further suggestive of its therapeutic potential against ROT-

induced dopaminergic neurodegeneration. In addition to its

efficacy, the absence of adverse effects on brain tissue from

GA alone further supports its relative safety. The preven-

tive effects observed in this study could be further

extrapolated to provide a means of protection against

environmental toxicants that lead to neurodegeneration.

Conclusions

Based on the present study findings, we conclude that GA

impedes ROT-induced dopaminergic neurodegeneration by

restoration of the antioxidant system, inhibition of lipid

peroxidation and inflammation, and preservation of

dopaminergic neurons. Taken together, the present findings

and those from previous reports indicate that GA appears to

be a promising agent of natural origin for protection against

PD and neurodegeneration. However, the exact molecular

mechanism by which GA alters the antioxidant capacity or

inflammatory response warrants further investigation.
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