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Abstract Agmatine is a novel neuromodulator that plays

a protective role in the CNS in several models of cellular

damage. However, the mechanisms involved in these pro-

tective effects in neurodegenerative diseases are poorly

understood. Fourier transform infrared (FTIR) spectros-

copy analysis detects biomolecular changes in disordered

cells and tissues. In this report, we utilize FTIR spectros-

copy to characterize the changes in rotenone-induced

damage in neuronal-like differentiated SH-SY5Y neuro-

blastoma cells in the presence or absence of agmatine. The

analysis of the FTIR spectra demonstrates significant

alterations in rotenone-treated cells, whereas the FTIR

spectra obtained after pre-incubation with agmatine

(250 nM) significantly reduces these redox alterations and

more closely resembles those of the control cells. In par-

ticular, rotenone-damaged cells demonstrate spectral

alterations related to amide I, which correspond to an

increase in b-sheet components, and decreases in the amide

II absorption intensity, suggesting a loss of N–H bending

and C–N stretching. These alterations were also evident by

Fourier self-deconvolution analysis. Thus, rotenone-

induced increases in the levels of stretching vibration band

related to the protein carboxyl group would account for a

significant amount of misfolded proteins in the cell.

Agmatine effectively reduces these effects of rotenone on

protein structure. In conclusion, antioxidant and scaveng-

ing properties of agmatine reduce rotenone-produced cel-

lular damage at the level of protein structure. These,

together with other previous observations, demonstrate the

therapeutic potential of agmatine in the treatment of

Parkinson’s disease.
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Abbreviations

FTIR Fourier transform infrared

NF-jB Nuclear factor jB

PD Parkinson’s disease

ROS Reactive oxygen species

Dwm Mitochondrial membrane potential

Rh-123 Rhodamine-123

FSD Fourier self-deconvolution

ATR Attenuated total reflection; asymmetric

stretching vibration
asCOO- Unprotonated carboxyl group
sCOO- Symmetric unprotonated carboxyl group
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Rotenone-induced cell damage in neuronal-like dopami-

nergic cells is associated with reduced activity of
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E. Calabrò � S. Magazù
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mechanisms observed in Parkinson’ disease (PD) (Mizuno

et al. 1989; Xie et al. 2010). Mitochondrial dysfunction has

been proposed as a principal component in the pathogenesis

of PD (Ben-Shachar et al. 1991; Schapira 2006). Evidence

from animal models suggests that rotenone induces oxida-

tive effects that are responsible for some of the toxicity, and

that these effects can be blocked by antioxidant therapy

(Kim et al. 2008; Clark et al. 2010). However, there cur-

rently remain no known treatments to suppress the pro-

gression of neuronal cell injury and death, with clinical

intervention limited primarily to palliative care (Morley and

Hurtig 2010; Kang et al. 2010).

Recently, we reported that exposure to agmatine, the

endogenous metabolite of arginine, demonstrates protec-

tive effects in the rotenone model of cell injury in human-

derived dopaminergic neuroblastoma cell line (SH-SY5Y)

(Condello et al. 2011). The neuroprotective action of

agmatine was associated with suppression of rotenone

induction of nuclear factor-jB (NF-jB) nuclear translo-

cation, reactive oxygen species (ROS), mitochondrial

membrane dissipation, and the apoptotic-signaling cascade.

Our results are in accordance with findings indicating that

agmatine may cause attenuation of cell damage resulting

from reactive oxygen production, and hypoxia-induced

alterations (Hong et al. 2007; Iizuka et al. 2008; Agostinelli

et al. 2010; Ahn et al. 2011), and is able to reduce oxidative

damage by scavenger effects or inhibiting receptor-medi-

ated alterations (Roberts et al. 2005; Gilad et al. 2005;

Battaglia et al. 2010). Furthermore, we recently reported

that protective effects of agmatine are associated with

suppression of apoptosis through stabilization of mito-

chondrial function (Arndt et al. 2009).

Several different and complementary experimental

techniques have been employed in the study of biological

systems as potential tools to provide, in near real time,

information about the different biochemical and morpho-

logical structures in normal and altered conditions. Fourier

transform infrared (FTIR) spectroscopy is a method of

vibration spectroscopy, extremely sensitive to molecular

structural changes (Zhang et al. 2007; Di Giambattista et al.

2010). In particular, this technique provides information

concerning the structure and interactions of, but not limited

to, proteins, lipids, and nucleic acids, both in isolation and

in complex assemblies. These features provide biochemical

information at the onset of the disease, prior to the mor-

phological manifestations or downstream complications of

the disease itself.

Previously, we demonstrated that agmatine administra-

tion preserves mitochondrial membrane potential (Dwm)

thereby counteracting rotenone-induced cell damage

in neuronal-like differentiated SH-SY5Y neuroblastoma

cells. Herein, we present FTIR spectroscopy data related

to biochemical and structural changes resulting from

rotenone-induced cell stress, and the protective effects of

agmatine in this model of PD.

Materials and methods

The human neuroblastoma SH-SY5Y cell line (CRL-2266)

was purchased from American Type Culture Collections

(ATCC) (Rockville, Maryland, USA). Eagle’s minimum

essential medium, Ham’s F-12 nutrient mixture, fetal bovine

serum (FBS), penicillin/streptomycin mixture, all-trans

retinoic acid (RA), 3-(4, 5-methylthiazol-2-yl)-2, 5-diphe-

nyl-tetrazolium bromide (MTT), 20,70-dichlorofluorescein

diacetate (H2DCF-DA), dimethylsulfoxide (DMSO), glu-

tamine, sodium pyruvate, phosphate buffered saline solution

(PBS), other chemicals of analytical grade, were from Sigma

(Milan, Italy).

Cell culture and treatment

Human neuroblastoma SH-SY5Y cells were maintained at

37�C in a humidified incubator with 5% CO2 and 95% air,

and cultured in MEM/Ham’s F12 (1:1) medium containing

10% (v/v) FBS, L-glutamine (2 mM), sodium pyruvate

(1 mM), and 10 U/ml penicillin, and 100 mg/ml strepto-

mycin. Sub-confluent cells were washed twice with PBS,

then incubated in MEM/Ham’s F12 medium containing

10 lM retinoic acid (10 mM in DMSO stock solution), 1%

FBS, L-glutamine (2 mM), sodium pyruvate (1 mM). The

medium was renewed every 2 days. After 5 days of 10 lM

retinoic acid (RA) exposure, differentiated SH-SY5Y cells

were incubated with rotenone (500 nM) for 24 h in the

presence or absence of agmatine (250 nM) which were

added to the culture medium 30 min prior to rotenone

treatment.

Evaluation of cell viability and ROS production

Cell viability was evaluated by an MTT quantitative col-

orimetric assay as previously reported (Condello et al.

2011). ROS was quantified using the non-fluorescent probe

20-70-dichlorofluorescein (DCF) diacetate, which could be

oxidized to highly fluorescent compound DCF upon

exposure to ROS, as previously described (Condello et al.

2011).

Measurement of Dwm

Changes in Dwm were assayed by the incorporation of a

cationic fluorescent dye rhodamine-123 (Rh-123). After

treatments as previously described, the cells (2.5 9 105

cells/ml in 6-well plates) were changed to fresh medium

containing 10 lM Rh-123 and incubated for 15 min at
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37�C. The cells were then collected, washed twice with

PBS (pH 7.4) and the fluorescence intensity was analyzed

at wavelength of 488-nm excitation and 525-nm emission

by a microplate reader (Tecan Italia, Cologno Monzese,

Italy).

Infrared spectroscopy

Fourier transform infrared spectroscopy data were obtained

in rotenone-treated cultures in the presence or absence of

agmatine (250 nM). After rotenone treatment RA-differ-

entiated SH-SY5Y cells (5 9 105 cells/ml in 25 cm2 cul-

ture flask) were washed twice with PBS (pH 7.4),

harvested with non-enzymatic cell dissociation solution

(Sigma (Milan, Italy), centrifuged at 800 rpm for 10 min

and re-suspended in 50 ll of PBS. This volume was

transferred to a slide and air-dried.

Then, cells were placed upon the CaF2 windows for

FTIR measurements. FTIR spectra were recorded by a

Bruker Optics, Vertex 80v spectrometer.

The attenuated total reflection technique was chosen for

spectrum collection, as it allows overcoming solvent

masking. The penetration depth of infrared light is inher-

ently limited to a fraction of the wavelength of about k/10

(Smith and Franzen 2002) allowing secondary structure

analyses on small volumes. For each spectrum, 64 inter-

ferograms were collected with a spectral resolution of

4 cm-1 in the range from 4,000 to 1,000 cm-1. The

infrared spectra were baseline-corrected and area-normal-

ized for treated and control samples, as accurately descri-

bed in Calabrò and Magazù (2010).

In addition, Fourier self-deconvolution (FSD) allows

identifying the peak frequencies of the characteristic

spectral components providing a more detailed qualitative

assessment. FSD was applied to enhance vibration features

of spectra to our samples using the following parameters:

Lorentzian shape with bandwidth = 16.33, deconvolution

factor = 3, and noise reduction factor = 0.5.

Statistical analysis

All values are expressed as mean ± SEM Statistical anal-

ysis was carried out using Student’s t test for comparisons

between two groups with p \ 0.05 considered significant.

Results

Human neuroblastoma SH-SY5Y cells can be differenti-

ated in vitro to a neuronal phenotype by RA treatment. We

observed that extension of neurites, a typical neuronal

phenotype, was present 5 days after application of RA

while undifferentiated cells maintained relatively short

neurites. Cell differentiation was also checked by the

expression of a-tubulin, as neuron specific marker (result-

ing in the about fivefold increase vs. untreated cells).

We first evaluated the effects of rotenone on cellular

redox state. Rotenone incubation produced redox altera-

tions leading to a significant increase in relative DCF

fluorescence, representative of ROS levels. Agmatine

administration dose-dependently decreased this rotenone-

induced ROS production with the highest concentration

(250 nM) restoring the cells to control levels (Fig. 1). This

concentration of agmatine was utilized in the remaining

experiments evaluating the protective effects from rote-

none toxicity.

Cell damage was evaluated by MTT assay. Rotenone

diminished MTT reduction up to 58 ± 5.5% of control

level. Under these conditions, agmatine administration

suppressed rotenone effects on cell viability and the degree

of MTT reduction was about 80 ± 4.8% of controls

(Fig. 2a). Considering that rotenone-induced ROS produc-

tion is a major contributor to rotenone toxicity and cell

death, and that ROS is causal to the dissipation of Dwm, we

examined if this effect is also counteracted by agmatine

administration. In comparison to controls, rotenone expo-

sure significantly decreased Rh-123 fluorescence, a probe

for measurement of Dwm, by approximately 40 ± 2.5%.

Cell cultures pre-treated with agmatine before rotenone

administration protected the cells from this decline in

fluorescence and again approached control, non-rotenone

Fig. 1 Effects of agmatine on rotenone-induced ROS production in

RA-differentiated SH-SY5Y cells. Cell cultures were incubated with

rotenone (Rot 500 nM) for 24 h in the presence or absence of

agmatine (Agm) at indicated concentrations which was added to the

culture medium 30 min prior to rotenone treatment. Intracellular ROS

production was determined by DCF fluorescence as reported in

‘‘Materials and methods’’. The results are expressed as fold increase

of the fluorescence intensity over untreated control cells. Data from

5–6 experiments are expressed as mean ± SEM. Significant differ-

ences: *p \ 0.05 versus control, §p \ 0.05 versus rotenone

Agmatine protective effects and FTIR spectroscopy 777
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levels. This data confirms earlier work that agmatine pro-

tects mitochondrial function from rotenone injury (Fig. 2b).

The bioprotective effectiveness of agmatine was

also investigated by means of FTIR spectroscopy in

mid-infrared region. Preliminary data demonstrated that

agmatine added alone produced an FTIR spectrum super-

imposable with control (data not shown). FTIR analysis

evidenced an upshift from 1,651 to 1,657 cm-1 in the

centroid of the amide I band peak occurring after the

treatment with rotenone (500 nM) (Fig. 3a). In addition,

rotenone induced an evident decrease in the amide II

absorption intensity as well (around 1,538 cm-1) suggest-

ing a loss of N–H bending and C–N stretching. Preliminary

addition of agmatine counteracts both these effects

(Fig. 3a). Changes in attenuated total reflection (ATR)

units were also evaluated in the ranges 1,595–1,560 and

1,430–1,390 cm-1. Rotenone significantly increased the

vibration bands intensities relative to these frequency val-

ues, whereas the preliminary addition of agmatine yielded

no appreciable alterations and ATR units reached the

control values. These bands may be assigned to asymmetric

unprotonated carboxyl group (asCOO-) and symmetric

unprotonated carboxyl group (sCOO-) stretching vibration

modes, respectively (Barth 2000; Fabian and Vogel 2002).

To emphasize the spectral structure, FSD analysis was

applied to the acquired spectra. The upshift of the amide I

peak centroid corresponding to cells treated with rotenone

was enhanced in comparison to the control (Fig. 3b). A

relative increase in the b-sheet contents at 1,635 and

1,685 cm-1 with respect to the a-helix component was also

evident in the amide I mode, whereas no increase in

b-sheet components was detectable in the cell samples

cultured in the presence of agmatine.

The increase in both vibration bands of the unprotonated

carboxyl groups after treatment with rotenone was

enhanced by FSD analysis as well. Furthermore, changes

were also observed in the frequency bands of CH2 bending

modes, as downshifts from 1,464 to 1,454 cm-1 and from

1,350 to 1,343 cm-1 occurring the spectra from cell cul-

tures after the addition of rotenone. Apparently, the addi-

tion of agmatine was not able to counteract these effects

(Fig. 3b).

Quantitative results were also obtained from the

acquired spectra by the integrated area from 1,590 to

1,570 cm-1 and from 1,420 to 1,390 cm-1 corresponding

to asCOO- and sCOO- stretching vibration band of car-

boxyl group, respectively. Statistical analysis demonstrated

that in comparison to controls the integrated area corre-

sponding to asCOO- and sCOO- the spectra of cell cultures

in the presence of rotenone significantly increased in

comparison to controls (p \ 0.0001 and 0.001, respec-

tively), whereas no appreciable changes were observed in

the presence of agmatine (Fig. 4a, b). Furthermore, the

band around 1,515 cm-1, due to tyrosine, was observed in

the spectra of samples in the presence of rotenone. Because

changes in the tyrosine band absorbance occur when

hydrophobic cores of a protein are formed, this spectral

shift has been considered a specific local marker for protein

conformational change (Fabian et al. 1993).

Discussion

Various studies have been reported supporting the neuro-

protective effects of agmatine, including our recent report

in the rotenone toxicity in SH-SY5Y neuroblastoma cell

Fig. 2 Protective effects of agmatine against rotenone-induced cell

damage. a Effects of agmatine on rotenone-induced cytotoxicity in

SH-SY5Y cells. Cell cultures were incubated with rotenone (Rot) for

24 h in the absence or presence of agmatine (Agm 250 nM) as per

Fig. 1. Cell viability was assayed using the MTT method. Values are

expressed as the percentage of the untreated control and represented

as mean ± SEM of at least five independent experiments. Significant

differences: *p \ 0.05 versus control, §p \ 0.05 versus rotenone

treatment, respectively. b Effects of agmatine on rotenone-induced

Dwm loss in RA-differentiated SH-SY5Y cells. Cell cultures were

incubated with rotenone for 24 h in the presence or absence of

agmatine (250 nM) which was added to the culture medium 30 min

prior to rotenone treatment, as per Fig. 1. Changes in Dwm were

assessed using cationic dye Rh-123. Cells were collected from culture

plates and rhodamine-123 fluorescence was measured by fluorimetry.

Mean ± SEM from six experiments are expressed as percentage of

controls. Significant differences: *p \ 0.05 versus control, §p \ 0.05

versus rotenone group, respectively
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model of PD (Gilad et al. 2005; Arndt et al. 2009; Condello

et al. 2011). Here, we first confirmed the formation of

radicals in neuronal-like differentiated cells exposed to

rotenone. Although it seems reasonable that exogenous

antioxidants could be utilized in diminishing the cumula-

tive effects of oxidative stress, antioxidant therapy has not

yet proven a proficient course of treatment in the clinic.

Agmatine also demonstrates antioxidant cell protection

with free-radical scavenging properties, and here we verify

its capacity to protect against rotenone-induced alterations

in the cellular redox state. The current study was carried

out specifically to further evaluate the relationship between

changes in the protein structures and redox status associ-

ated with the protective effects of agmatine.

Indeed, the results from the FTIR spectroscopy uncover

information about the protein secondary structures in this

model. The amides I and II bands observed at approximately

1,650 and 1,550 cm-1 in the FTIR spectra, respectively, are

of particular interest. The band viewed at about 1,650 cm-1

is defined as amide I band and arises from the amide C=O

stretching vibration and N–H bending mode (Surewicz and

Mantsch 1988). Under our conditions, it appears that rote-

none-induced changes in the amide I band are derived from

alterations of the b-sheet of proteins (Ismail et al. 1992;

Lefevre and Subirade 2000). However, a relative increase in

b-turn content (around 1,660 cm-1) with respect to a-helix

component in the protein secondary structure may occur as

well. When considering the observed spectral changes in the

presence of agmatine, it is possible to hypothesize that these

effects can be due to the interaction of a polycation structure

of this compound with C=O and C–N groups of proteins.

The addition of agmatine to rotenone-treated cells produced

differences in spectra exhibiting positive changes at

1,657 cm-1 for the amide I and at 1,545 cm-1 for the amide

II bands, as indicative of major cation–protein interactions

which are associated with protective effects on protein

structure. b-turns are associated with characteristic bands

from 1,663 to 1,690 cm-1 (Jackson and Mantsch 1995;

Kong and Yu 2007). With rotenone, the typical ATR spectra

showed a relative increase near 1,660 cm-1 of b-turn con-

tent, with respect to the a-helix component in the protein

secondary structure that may have occurred as well.

Fig. 3 a Typical ATR spectra

in the amides I, II and III

regions, for SH-SY5Y

neuroblastoma cells samples

(solid thin line). Cells were

incubated with rotenone

(500 nM), for 24 h in the

absence (thick solid line) or in

the presence of agmatine

(250 nM) (dotted line),

respectively. Agmatine alone

did not change FTIR spectrum

in comparison to controls,

whereas an upshift from 1,651

to 1,657 cm-1 of the amide I

band peak centroid can be

observed after treatment with

rotenone. The regions in the

ranges 1,595–1,560 cm-1 and

1,430–1,390 cm-1 (both

indicated by arrows) appeared

to increase significantly in the

presence of rotenone, whereas

no appreciable changes

occurred in the presence of

agmatine. b Fourier self-

deconvolution analysis applied

to the same spectra of section A.

An increase in the b-sheet

contents at 1,635 and

1,685 cm-1 appeared also in the

amide I region with rotenone,

but not when in the presence of

agmatine

Agmatine protective effects and FTIR spectroscopy 779
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Several lines of evidence indicate that misfolded pro-

teins, such as tubulin, may be involved in PD (Galloway

et al. 1992). In addition to its widely recognized ability to

inhibit mitochondrial complex I, rotenone also potently

depolymerizes microtubules in vivo and in vitro (Higgins

and Greenamyre 1996; Marshall and Himes 1978). This

degradation of tubulin in response to neurotoxins is

involved in PD (Ren et al. 2003). More so, the inhibition of

complex I by rotenone leads to overproduction of ROS,

which covalently modify many cellular proteins and

increases their misfolding. A combination of the two

activities of this toxin would produce a significant accu-

mulation of misfolded proteins in the cell, which could

become toxic (Giasson and Lee 2001).

A question that arises from these results is whether there

is any connection with the neurodegenerative mechanisms

shown in PD. Many of the disease complications in PD are

well accounted for by the relationship between oxidative

conditions and altered protein folding (Cuervo et al. 2010).

Here, we demonstrate that antioxidant effects of agmatine

in the model of rotenone-induced neuronal damage may be

related to the observed reduction of b-sheet components

(Ismail et al. 1992; Lefevre and Subirade 2000). A more

detailed investigation would be needed to explore the

underlying mechanisms.

The antioxidant properties of natural compounds are of

great interest due to the potential of replacing synthetic

antioxidants with natural ones that may reinstate compo-

nents of a natural protective response and provide a more

effective therapy. Our results indicate that agmatine has the

capacity to scavenge free radicals and that this can protect

cells against apoptotic cell damage (Condello et al. 2011).

The results from FTIR detailed analysis further show that

agmatine administration counteracts rotenone-induced

structural changes occurring in proteins as a function of its

folded/unfolded state transition. This preliminary report

will also provide the basis for further studies in this area in

the hopes of future clinical application.
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