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Abstract Flavonoids comprise the most common group

of plant polyphenols and provide much of the flavor and

color to fruits and vegetables. More than 5,000 different

flavonoids have been described. The biological activities of

flavonoids cover a very broad spectrum, from anticancer

and antibacterial activities to inhibition of bone reabsorp-

tion and neuroprotection effect. Although emerging evi-

dence suggests that flavonoids have an important role on

brain development, little is known about their mechanisms

of action. In the present work, we performed a screening of

flavonoid actions by analyzing the effects of these sub-

stances (hesperidin and rutin) on neural progenitors and

neuronal morphogenesis in vitro. We demonstrated that

treatment of neural progenitors with the flavonoid hesper-

idin enhanced neuronal population as revealed by an 80%

increase in the number of b-tubulin III cells. This effect

was mainly due to modulation of neuronal progenitor

survival. Pools of astrocyte and oligodendrocyte progeni-

tors were not affected by hesperidin whereas rutin had no

effect on neuronal population. We also demonstrated that

the flavonoid hesperidin modulates neuronal cell death by

activating MAPK and PI3K pathways. This opens the

possibility of using flavonoids for potential new therapeutic

strategies for neurodegenerative diseases.

Keywords Flavonoids � Neurons � Survival � PI3 and

MAP kinase pathways

Introduction

Flavonoids are naturally occurring polyphenolic com-

pounds that are present in the human diet. They can be

found in a variety of fruits, vegetables, cereals, tea, wine,

and fruit juices [1, 2]. Most of the known actions of

flavonoids are related to their antioxidant properties, which

can directly quench free radicals, inhibit enzymes of oxy-

gen-reduction pathways and sequester transient metal cat-

ions [3–5]. These effects have attracted increasing interest

because they can prevent certain chronic diseases such as

cancers and cardiovascular pathologies [6, 7].

The bioflavonoid hesperidin is a specific flavonoid gly-

coside which is frequently found in oranges and lemons

[8]. It has been reported to possess significant anti-

inflammatory, analgesic, antifungal, antiviral, and anti-

cancer properties [5]. Further, hesperidin significantly

contributes to the intracellular antioxidant defense system

and has been reported to act as a powerful agent against

superoxide, singlet oxygen and hydroxyl radicals [9].

In the central nervous system (CNS) hesperidin has also

a pharmacological profile as a sedative and sleep-inducing

compound [10, 11]. Besides that, this compound has an

important neuroprotective property related to diverse neu-

ronal insults such as ischemia, oxidative-induced damage,

dopamine-induced neurotoxicity and anti-amyloidogenic in

Alzheimer’s disease [11–19].

Recently, our group demonstrated a novel mechanism

of action of casticin, a flavonoid extracted from Croton

betulaster, by modulating cellular death in the cerebral

cortex through astrocyte’s action and by increasing cell

population derived from neuronal progenitors [20].

Although emerging evidence suggests that flavonoids

might have an important role in brain development, little is

known about their modes of action. It has been reported
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that many flavonoids interact in vitro with protein kinases

involved in different signaling pathways such as protein

kinase C, tyrosine kinases [21, 22], serine/threonine kina-

ses [23] and mitogen-activated protein kinase (MAPK) [24,

25]. More recently, it was demonstrated that flavonoids act

through ATP binding sites or by activating mitogen acti-

vated kinase (MAPK) and phosphatidylinositol 3-kinase

(PI3K) signaling cascades [13, 16, 26, 27].

In the present work, we investigated the effects of two

different flavonoids in neuronal morphogenesis. By using

an in vitro system, we demonstrated that the flavonoid

hesperidin modulates neuronal cell death in vitro. We also

report a novel mechanism of action of hesperidin, by

activation of the PI3 and MAP kinases pathways.

The fact that this compound might represent an alter-

native neuroprotective drug underscores the relevance of

understanding the cellular responses elicited by this mol-

ecule under normal and pathological conditions.

Experimental Procedure

Drugs

Two flavonoids from different chemical groups were used:

hesperidin (C28H34O15)—Sigma Chemical Co., St. Louis,

MO, number 520-26-3 and rutin (C10H30016)—Sigma

Chemical Co., St. Louis, MO, number 207671-50-9. The

drugs were maintained in a stock solution of 10 mM

diluted in dimethyl sulfoxide (DMSO) (Sigma Chemical

Co., St. Louis, MO) and kept at -20�C protected from

light. These flavonoids were used at a final concentration of

10 lM.

Neural Progenitor Cultures and Treatments

For neural progenitor cultures assays, timed-pregnant

Swiss females were killed by halothane followed by cer-

vical dislocation, and embryos were removed at embryonic

day 14 (E14). The embryos (E14) were decapitated, and the

cerebral cortices were removed and carefully stripped of

the meninges. Tissues were washed in phosphate buffered

saline (PBS)/0.6% glucose (Sigma Chemical Co., St.

Louis, MO) and dissociated into single cells in a medium

consisting of DMEM and nutrient mixture F12 (DMEM/

F12; Sigma Chemical Co., St. Louis, MO) enriched with

glucose (3.3 9 10-2 M), glutamine (2 9 10-3 M), and

sodium bicarbonate (0.3 9 10-2 M). Cells were freshly

dissociated and 1 9 105 cells were plated onto glass cover

slips coated with polyornithine (1.5 lg/ml, 41,000 MW;

Sigma Chemical Co., St. Louis, MO) in DMEM/F12

medium with the same supplements described before. The

cultures were incubated at 37�C in a humidified 5% CO2/

95% air atmosphere. Cell culture medium (DMEM/F12)

was changed 24 h after plating and subsequently cultures

were incubated with DMSO (control group—C) or 10 lM

of flavonoids: hesperidin (H) or rutin (R) for 48 h at 37�C

in a humidified 5% CO2, 95% O2 air atmosphere. For PI3K

and MAPK inhibition assays, the MAPK-ERK specific

inhibitor, PD98059 (50 lM; Biomol Research Laborato-

ries, Plymouth Meeting, PA) or the PI3-K specific inhibi-

tor, LY294002 (5 lM; Sigma Chemical Co., St. Louis,

MO) was concomitantly added to cells with flavonoids.

Immunocytochemistry

Cultured cells were fixed with 4% paraformaldehyde for

15 min. For cytoskeleton proteins analysis, cells were

permeabilized with 0.2% Triton-X (Vetec Quı́mica Fina

Ltda, Rio de Janeiro, Rio de Janeiro, BR) for 5 min at room

temperature. Subsequently, cells were incubated with 5%

bovine serum albumin (BSA, Sigma Chemical Co., St.

Louis, MO) and 3% normal goat serum (Invitrogene,

Rockville, MD) in PBS (blocking solution) for 1 h, fol-

lowed by an overnight incubation at 4�C with the specified

primary antibody diluted in blocking solution. Primary

antibodies were mouse anti-b-Tubulin III antibody (Pro-

mega Corporation; Madison, Wisconsin, USA; 1:1,000);

rabbit anti-GFAP (Dako, Glostrup, DK; 1:500); rabbit anti-

cleaved caspase-3 (Cell Signaling; Beverly, MA; 1:50);

rabbit anti-Ki67 antigen (Abcam Cambridge, MA; 1:200);

rabbit Olig2 (Abcam Cambridge, MA; 1:200). After pri-

mary antibodies incubation, cells were extensively washed

in PBS and incubated with secondary antibodies diluted in

blocking solution for 2 h. Secondary antibodies were goat

anti-mouse IgG conjugated with Alexa Fluor 488 or goat

anti-rabbit IgG and anti-rat IgG conjugated with Alexa

fluor 546 (Molecular Probes, Eugene, Oregon, USA;

1:400, 1:500 and 1:1,000, respectively). Cell nuclei were

labelled with 40,6-diamidino-2-phenylindole dihydrochlo-

ride (DAPI) and cell preparations were mounted directly on

N-propyl gallate (Sigma Chemical Co., St. Louis, MO).

Negative controls were obtained by omitting primary

antibodies. In all cases, no reactivity was observed when

the primary antibody was absent.

Nitrite Measure

The accumulation of nitrite in the supernatant, an indicator

of the production of NO, was determined with a colori-

metric assay using Greiss reagent (0.1% N- (1-naphthyl)

ethylenediamine dihydrochloride, 1% sulfanilamide and

2.5% phosphoric acid). Equal volumes of supernatant and

Greiss reagent were mixed; the mixture was incubated for

10 min at room temperature in the dark and the absorbance

was determined at 540 nm with a spectrophotometer. The
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concentration of nitrite in the supernatant was determined

from a sodium nitrite standard curve. A ratio between the

amount of nitrite and the average number of existing cells

in culture was performed.

Quantitative Analysis

To evaluate cell density, neuronal and neural progenitor

number, cell death and proliferation in different condition

assays, the cells were immunostained with specific anti-

bodies and visualized and counted using a TE300 Nikon

microscope. The number of neurites per cell was measured

and the lengths of individual neurites were analyzed using

NeuronJ plug-in of Image J 1.36b software. Neurite length

was assessed by measuring the distance from one cell body

to the end of all neurites, in which the final length was

considered the sum of all neurites measured from this cell

body. At least ten fields were measured per well. In all

cases, at least 100 neurons randomly chosen were observed

per well.

Statistical Analyses

Statistical analyses were done using one-way ANOVA

nonparametric coupled with Tukey post test by GraphPad

Prism 4.0 software, and P \ 0.05 was considered statisti-

cally significant. The experiments were performed in trip-

licate, and each result represents the mean of at least three

independent experiments.

Results

Hesperidin Increases the Number of b-Tubulin III

Positive Cells

In order to investigate the role of two different flavonoids

on neural progenitors differentiation, E14 cerebral cortex

progenitors were cultured in the presence of 10 lM of

hesperidin (H) or rutin (R), (Fig. 1a–c) and neuronal dif-

ferentiation was assessed after 48 h. Treatment with hes-

peridin resulted in a 71% increase in the number of DAPI

labelled cells and 80% in the number of b-tubulin III

positive cells (Fig. 1d–e). We did not observe any differ-

ence between the rutin-primed group and the control one

concerning these two parameters (number of DAPI and

b-tubulin III positive cells) (Fig. 1d–e).

Neither rutin nor hesperidin had any effect on astrocyte

or oligodendrocyte differentiation as suggested by analysis

of the number of GFAP and Olig2 labelled cells, respec-

tively (Fig. 2).

The number of neurons was greatly increased by hes-

peridin treatment (Fig. 1d–e), leading us to postulate that

enhancement in neuronal population might be due to two

different mechanisms: (1) an increase in progenitor pro-

liferation or (2) a decrease in neuronal death.

Flavonoids Do Not Increase the Neuronal Arborization

and Neurite Outgrowth

To evaluate the role of the two different flavonoids as

modulators of neuronal morphology, E14 cerebral cortex

progenitors were cultured in the presence of hesperidin

(H) or rutin (R) (10 lM) for 48 h (Fig. 3a–c) and mor-

phology visualized by immunostaining for the neuronal

marker, b-tubulin III. Morphometrical analysis revealed no

differences either in the number of processes per neuron or

in the mean of the neurite length (Fig. 3d–f).

Flavonoids Do Not Increase Cell Progenitor

Proliferation

In order to evaluate whether neuronal population

enhancement was due to an increase in cell proliferation,

E14 cortical precursors were incubated with 10 lM of each

flavonoid (hesperidin or rutin) and cell proliferation

assessed after 48 h by immunostaining for Ki67, a prolif-

eration marker. As shown in Fig. 4, neither hesperidin nor

rutin induces cellular proliferation.

Hesperidin Reduces Neuronal Death

In order to address the effect of flavonoids in cell death,

cortical cultures were treated for 48 h with 10 lM of each

flavonoid (hesperidin or rutin), followed by immunostain-

ing analysis for the cell death marker, activated caspase-3

(Fig. 5a–d). Quantitative analyses revealed a 50% decrease

in neuronal death in hesperidin-treated cultures (Fig. 5f–j).

Nitric oxide (NO) and other oxidizing agents generated in

vivo are associated with tissue damage and might affect

biological molecules’ activities [5]. Most of flavonoids’

neuroprotection effects are associated with their anti-oxidant

activities [28]. In order to analyze whether NO was involved

in the cell death observed, E14 cortical precursors were

incubated with 10 lM of each flavonoid (hesperidin or

rutin), and after 48 h, the accumulation of nitrite in the

supernatant (an indicator of the production of NO) was

determined by a colorimetric assay using Greiss reagent. As

shown in Fig. 5e, treatment with hesperidin reduced nitrite

production by 50% whereas rutin had no effect in this event.

Neuroprotection Trigged by Hesperidin is Mediated

by PI3 and MAP Kinase Pathways

The phosphatidylinositol 3-kinase (PI3K) and mitogen-

activated protein kinase (MAPK) signaling pathways

1778 Neurochem Res (2011) 36:1776–1784

123



regulate several responses including mitosis, apoptosis,

motility, proliferation and differentiation [29]. It is already

known that flavonoids’ effects are triggered by different

signaling pathways such as protein kinase C, tyrosine

kinases, serine/threonine kinases, mitogen-activated pro-

tein kinase (MAPK) including ERK1/2 [16, 21–25, 30–32].

We therefore verified whether hesperidin modulated

neuronal survival through activation of PI3 and MAP

kinase activity cells. To do that, neural progenitor cells

were cultured with hesperidin 10 lM in the presence of

LY294002 (PI3K specific inhibitor) or PD98059 (MAP

kinase specific inhibitor), respectively. After 48 h, cells

Fig. 1 Hesperidin enhances

neuronal population. Cortical

progenitors obtained from E14

Swiss mice were cultured in the

presence of 10 lM of

hesperidin (b–b0), rutin (c–c0) or

their vehicle (a–a0) for 48 h.

The total number of cells was

determined by DAPI staining

(d). Subsequently, cells labeled

for the neuronal marker b-

tubulin III were quantified as a

percentage of the total cells (e).

Values are represented as

percentage (%) of the control.

Hesperidin enhanced the total

number of cells and neurons by

approximately 80%. *P \ 0.05.

Scale bars correspond to 30 lm.

Error bars correspond to SEM

Fig. 2 Flavonoids do not

induce neural differentiation.

Cortical progenitors obtained

from E14 Swiss mice were

cultured in the presence of

10 lM of hesperidin (b, e), rutin

(c, f) or their vehicles (a, d) for

48 h. The total number of cells

was determined by DAPI

staining. Subsequently, cells

labeled for the astrocyte marker,

GFAP (g), and for the

oligodendrocyte precursor

marker, Olig2 (h), were

quantified as a percentage of the

total cells. Flavonoids do not

increase GFAP or Olig2

positive cells. Scale bar
corresponds to 30 lm. Error
bars correspond to SEM
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were fixed and double stained for activated-caspase 3 and

b-tubulin III (Fig. 5f–j). Quantitative analyses revealed a

50% decrease in neuronal death in hesperidin-treated cul-

tures (Fig. 5j). This effect was completely inhibited by the

addition of either LY294002 or PD98059. Addition of

these inhibitors to the control medium had no effect on cell

death (data not shown).

Discussion

In the present study we demonstrated for the first time that

the flavonoid hesperidin protects pos-mitotic neurons from

death in vitro, leading to an increase in the neuronal pop-

ulation. This effect was mainly due the activation of the

PI3 and MAP kinases pathways.

Although flavonoids have been reported to act on glial

cells, we did not observe effects in oligodendrocytes and

astrocyte pools [20, 33]. A specific receptor for flavonoids

has not been identified yet. However, putative flavonoid-

binding sites have been described, such as adenosine and

GABAA receptors present in postmitotic neurons and tes-

tosterone and estrogen receptors [34]. These data support

the hypothesis that neurons might be the main targets of

flavonoids actions in central nervous system. Another

possibility is that since cortical progenitor cultures used

here contain few glial progenitors, this could hamper the

identification of protective effects of flavonoids in these

cell types.

We observed that the neuroprotection effect was specific

for the flavonoid hesperidin since we did not observe any

difference in neuronal differentiation and cell death after

Fig. 3 Flavonoids do not

increase neuronal arborization

and neurite length. Cortical

progenitors obtained from E14

Swiss mice were cultured in the

presence of 10 lM of

hesperidin (b), rutin (c) or their

vehicles (a) for 48 h.

Subsequently, cells labeled for

the neuronal marker b-tubulin

III were morphologically

characterized and the number of

neurites evaluated (d). Neurite

total length (e–f) was evaluated

by using the ImageJ Software

(National Institutes of Health,

USA). In all cases, at least 100

neurons randomly chosen were

observed. All quantifications

were made at least three times.

Scale bar corresponds to 30 lm.

P [ 0.05. Error bars
correspond to SEM
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rutin treatment. Rutin is a quercetin rutinoside that showed

measurable permeability across an in vitro BBB model

[35]. Recently, it was demonstrated that rutin has a direct

effect on glial cells in vitro, leading to activation of

astrocytes and microglia, TNFa release and iNOS induc-

tion [33]. The effects on their neuronal partner were not

investigated by the authors. Here, we demonstrated that

rutin has no direct effect on neural precursors and neuronal

cells, at least concerning cell death, proliferation or dif-

ferentiation. Two possibilities must be considered: First,

only one concentration was tested; it is possible that an

optimal concentration is required to elicit the observed

effect. Studies have shown that flavonoids act as a dose/

response curve [5, 33]. Then, other concentrations might be

tested to assure that rutin has no effect on neural progen-

itors. Second, hesperidin is comprised of the flavanone (a

class of flavonoids) hesperitin and the disaccharide rutin-

ose. These flavanones (hesperidin) have a saturated het-

erocyclic C ring and consequently lack of conjugation

between the A and B rings, in contrast to the flavones (like

rutin), that are defined by their UV spectral characteristics

as well as by their lower antioxidant activity [3]. Also,

pharmacokinetic properties such as bioavailability,

absorption and metabolism of the polyphenols are different

and perhaps might account for different effects obtained

here.

Previous studies demonstrated that some flavonoids

protect neuronal cells from several oxidative injuries, like

oxidative glutamate toxicity, mainly by preventing the

GSH (intracellular glutathione) decrease, blocking ROS

that acts as an antioxidant and inhibiting Ca2? influx [36].

NO is a diffusible messenger of many forms of intercellular

communication and intracellular signaling that regulates

crucial physiological processes in the nervous system such

as learning, memory, and neuronal survival and differen-

tiation [37]. Recently, it was demonstrated that NO has a

remarkable anti-proliferative action on dividing neural

precursor cells as well as on cells giving rise to neural-

derived tumors [38]. We did not observe any difference in

cell proliferation, moreover, a sensitive reduction of nitrite

could be observed when considering the proportion of

nitrite produced in the average number of cells in each

experimental group suggesting that modulation of NO

production might be involved in the mechanism underlying

hesperidin protection.

Although the specific receptor by which flavonoids

trigger their signals has not been identified, there is some

evidence that the flavonoids could signalize trough the

c-aminobutyric acid type A (GABAA) receptors in the cen-

tral nervous system (CNS) [39]; neurotrophic factor IGF-1

receptor in hippocampal neurons [40]; 5-HT1A serotonin

receptor [41]; the glutamatergic AMPA receptor or adeno-

sine (type I) receptors [10] among others. It is already known

that in vitro flavonoids can interact with protein kinases

involved in different signaling pathways such as protein

kinase C, tyrosine kinases, serine/threonine kinases and

mitogen-activated protein kinase (MAPK) [16, 21–25].

In the present manuscript, we demonstrated that hes-

peridin activated the PI3K and MAPK pathways. Our

results corroborate other findings [13, 16, 42], that dem-

onstrated that a similar flavonoid, hesperitin, affects the

phosphorylation state of ERK 1/2 kinases, a member of

MAPK pathway. In contrast, whereas those works dem-

onstrated a distinction between the antioxidation and

neuroprotection effects of hesperitin, our data suggest that

activation of ERK1/2 and Akt might be linked to

Fig. 4 Flavonoids do not

increase cell proliferation.

Cortical progenitors obtained

from E14 Swiss mice were

cultured for 48 h in the presence

of 10 lM of hesperidin (b and

b0), rutin (c–c0) or their vehicles

(Control a and a0). The total

number of cells was determined

by DAPI staining.

Subsequently, cells were labeled

for the proliferation marker,

Ki67 (d). Neither hesperidin nor

rutin alters the proliferation rate

of neural cortical progenitors.

*P \ 0.05. Scale bar
corresponds to 30 lm. Error
bars correspond to SEM
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hesperidin antioxidant potential. Some points should be

taken into account: (1) it is important to remember that

hesperidin and hesperetin are chemically different com-

pounds what could explain different effects; (2) whereas

we observed effects of hesperidin with 10 lM; other works

used 300 nM. As already discussed, flavonoids might have

dose-dependent effects; (3) We have not used cell death

inducer agents such as staurosporine or hydrogen peroxide

as performed by Rainey-Smith et al. (2008) and Vauzour

et al. (2008); (4) Supporting our work, Vauzour et al.,

proposed that flavanones may protect neurons by activation

of both ERK and Akt signalling pathways. These effects

are mainly related to modulation of neuronal apoptotic

machinery by flavonoids. Their data indicate that whereas

hesperetin and 5-nitrohesperetin exert significant protection

against oxidative injury to primary cortical neurons, hes-

peretin-7-O-b-D-glucuronide failed to induce protective

effects. This observation is partially in agreement with our

investigation, which also described the lack of cellular

reactivity of flavonoid glucuronides against oxidative

Fig. 5 Hesperidin decreased neuronal death through activation of PI3

and MAP kinases pathways. Cortical progenitors obtained from E14

Swiss mice were cultured for 48 h in the presence of 10 lM of

hesperidin (H), rutin (R) or their vehicles (Control). For inhibition

assays, hesperidin was concomitantly added with specific inhibitors of

PI3 and MAP kinases pathways, LY294002 and PD98059, respec-

tively. Subsequently, cells were double labeled for b-tubulin III and

for activated caspase-3. Total cell number was determined by DAPI

staining. e Levels of nitrite were evaluated after flavonoid treatment.

Arrows in f–i show caspase 3-b-tubulin II double-labeled cells.

Hesperidin increases neuronal population by approximately 50%

mainly by protecting pos-mitotic neurons from cell death through

PI3K and MAP kinases pathways. *P \ 0.05. Scale bar corresponds

to 30 lm. Error bars correspond to SEM

1782 Neurochem Res (2011) 36:1776–1784

123



neuronal injury. Differently, however, our data support

previous observations that suggest that the ability of

flavonoids to protect against oxidative neuronal injury is

related to their antioxidant potential.

Oxidative stress seems to be a major stimulus for MAPK

cascade, which might lead to cell survival/cell death.

Among the MAPKs, the extracellular signal-regulated

kinases (ERK1/2) are mainly activated by mitogen and

growth factors [43]. Previous in vitro studies demonstrated

that flavonoids, more specifically (_)-epigallocatechin-3-

gallate (EGCG), can induce antioxidant-response element

(ARE)-mediated defensive genes and MAPK pathways

including ERK, JNK, and p38 MAPK [44, 45], which

enhances cell survival and beneficial homeostatic response.

The role of ERK1/2 signaling seems to be connected to

attenuation of neuronal death and cellular injury by oxi-

dative stress [46]. The observation that specific inhibition

of MAPK signaling pathways completely abolished hes-

peridin effects in reducing cell death either by inducing

ARE, or by activating survival genes or by inducing

expression of antioxidant enzymes suggests several possi-

bilities underlying its mechanism of action [44, 47–49].

The specific mechanism by which hesperidin exerts its

neuroprotective action remains to be further investigated.

The neuroprotective effect of flavonoids in in vivo

studies has shown that these substances possess highly

potent properties in preventing striatal dopamine depletion

in mice as well as substantia nigra dopaminergic neuron

loss induced by the parkinsonism-inducing neurotoxin

[47].

Future efforts to elucidate the mechanism underlying

hesperidin effects must concentrate on deciphering the cell

targets affected by this compound. Furthermore, in vivo

studies are needed to clarify whether hesperidin, and also

other flavonoids and their metabolites, can reach the brain

at sufficient concentrations to alter cell signaling pathways,

either after ingestion or peripheral injection. Although

numerous studies have reported flavonoid-mediated neu-

roprotection in vitro and in vivo [5, 12] there is little

information about the interaction of flavonoids, or their

circulating metabolites, with the brain endothelial cells

forming the blood–brain barrier (BBB). A better under-

standing of the mechanisms involved in flavonoids’ func-

tions would be useful for developing new approaches for

treatment of neurodegenerative diseases.
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