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ABSTRACT 

 

Neuroprotective effects of agmatine on oxidative stress-induced 

apoptosis in retinal ganglion cells 

 

Samin Hong 

 

Department of Medicine 

The Graduate School, Yonsei University 

 

(Directed by Professor Gong Je Seong) 

 

Agmatine is a primary polyamine and putative neuromodulator that 

rescues neurons from ischemia or ischemia-reperfusion injury. In this study, 

the neuroprotective effects of agmatine on retinal ganglion cells (RGCs) 

under oxidative stress were assessed in vivo and in vitro. For in vivo studies, 

acute ocular ischemia-reperfusion was induced by transient intraluminal 

middle cerebral artery occlusion (MCAO) and chronic ocular hypertension 

was induced by episcleral vein cauterization (EVC). For in vitro studies, 

tumor necrosis factor (TNF)-α and hypoxia were used to injure a transformed 

RGC cell line (RGC-5) and hydrogen peroxide was used to injure primary 
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RGCs and Müller glial cells. For each experimental model, the effects of 

agmatine on the oxidative stress-induced RGC injury were tested. 

Although transient MCAO for two hours caused RGC death, 

intraperitoneally administered agmatine (100 mg/kg) 30 minutes before 

MCAO reduced the proportion of RGCs with pyknotic nuclei from 38.67% to 

14.11% (p<0.001). Chronic ocular hypertension also induced RGC loss, but 

topically instilled agmatine (10-3 M) reduced this loss from 55.44% to 

18.65% (p=0.001). Agmatine (100 μM) also reduced TNF-α (50 ng/mL) 

cytotoxicity from 17.00% cell death at 48 hours to 8.14% (p<0.001); the cell 

death in this system occurred through apoptosis, as established by the 

annexin V assay. Under hypoxic condition of 5% oxygen, RGC-5 cells 

increased their TNF-α protein expression, but agmatine inhibited this increase. 

In primary RGC cultures, agmatine (100 μM) did not affect cytotoxicity at 

any hydrogen peroxide concentration, but it reduced the cytotoxicity of 

Müller glial cells from 39.44% to 21.06% (p<0.001) at an intermediate 

concentration (400 μM) of hydrogen peroxide, as determined by the lactate 

dehydrogenase assay. In RGCs co-cultured with Müller glial cells, oxidative 

stress resistance increased compared to isolate cultured RGCs, and agmatine 

reinforced this resistance. Agmatine may induce this RGC protective effect 

through the regulation of TNF-α signaling between RGCs and Müller glial 

cells, as determined by the TNF-α enzyme-linked immunosorbent assay. 
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 Overall, agmatine appeared to effectively rescue the RGCs from 

experimental oxidative stress in vivo and in vitro. Agmatine may potentially 

provide a powerful new neuroprotective agent for the eyes in oxidative 

stress-associated diseases such as glaucoma. 
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Neuroprotective effects of agmatine on oxidative stress-induced 

apoptosis in retinal ganglion cells 

 

Samin Hong 

 

Department of Medicine 

The Graduate School, Yonsei University 

 

(Directed by Professor Gong Je Seong) 

 

I. INTRODUCTION 

 Glaucoma is the second leading cause of irreversible blindness 

worldwide.1 Previous studies have identified elevated intraocular pressure 

(IOP) as the single most important risk factor for retinal ganglion cell (RGC) 

loss and visual field deterioration,2,3 hence ophthalmologists strive to lower 

IOP in glaucoma patients. However, in East Asian counties, including Korea, 

the profile of glaucoma differs from that in Western countries, as more than 

90% of glaucoma patients do not show high IOPs.4 Also of interest is that 

even in Western populations, substantially lowering IOP does not always 

prevent further visual field loss. Recent glaucoma research has therefore 
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shifted toward identifying other risk factors and developing new therapies 

that directly protect RGCs.5 

 Agmatine is an endogenous polyamine formed by the 

decarboxylation of L-arginine. A putative neuromodulator, agmatine acts as 

an agonist for imidazoline and α2-adrenergic receptors, an antagonist for N-

methyl-D aspartate (NMDA) receptors, and an inhibitor for inducible nitric 

oxide synthase (iNOS).6,7 In the CNS, agmatine is reported to protect neurons 

against ischemia-reperfusion injury.8 In transformed rat RGCs (RGC-5 cell 

line), it was previously showed that agmatine reduces hypoxia-induced 

apoptosis,9 and that this neuroprotective activity may involve signaling by c-

Jun N-terminal kinase (JNK) and nuclear factor (NF)-κB. Although both JNK 

and NF-κB interact with the tumor necrosis factor (TNF)-α pathway, 

especially in oxidative stresse,10 there was no report in the literature linking 

agmatine and TNF-α. 

In the present investigation, the protective effects of agmatine on 

RGCs were examined using acute and chronic oxidative stress in animals and 

in primary cultures of RGCs and Müller glial cells. The association between 

agmatine and TNF-α signaling was also studied in vitro. 
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II. MATERIALS AND METHODS 

1. Agmatine and ischemia-reperfusion-induced retinal ganglion cell 

injury 

A. Animals 

 A total of 32 adult male ddY mice (7 weeks old, 30 to 35 g) were 

used for this study. The animals were maintained in controlled conditions 

with a 12:12 light/dark cycle and standard food and water provided ad 

libitum. They were treated in accordance with the Statement for the Use of 

Animals in Ophthalmic and Vision Research (ARVO) making very effort to 

minimize animal suffering and the number of animals sacrificed. 

B. Agmatine treatment 

Mice in the agmatine treatment group received one intraperitoneal 

injection of agmatine (30 mg/mL; Sigma-Aldrich, St. Louis, MO, USA) at 

100 mg/kg 30 minutes before middle cerebral artery occlusion (MCAO). 

Mice in the control group received a 0.1 mL injection of normal saline. 

C. Transient intraluminal middle cerebral artery occlusion 

Intraluminal MCAO was induced using an 8-0 nylon monofilament 

(Ethicon, Somerville, NJ, USA) coated with a mixture of silicone resin and a 

hardener (Xantopren VL plus and Activator Universal; Heraeus Kulzer, 

Hanau, Germany).11 Mice were anesthetized with 2.0% isoflurane and 

subsequently maintained with 1.0% isoflurane in 70% N2O and 30% O2 via a 
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face mask. The common carotid artery and external carotid artery of the left 

side were ligated with silk sutures, and the coated filament was then 

introduced into the internal carotid artery through the common carotid artery 

and advanced up to the origin of the anterior cerebral artery. This 

intraluminal MCAO is known to cause an occlusion of the ophthalmic artery 

as well as the middle cerebral artery (Figure 1).12 

 

Figure 1. Ophthalmic ischemia using intraluminal middle cerebral artery occlusion. 

(A) Anatomical relations of the arteries around the ophthalmic artery. A 

monofilament was introduced into the internal carotid artery through the common 

carotid artery (B), advanced to the origin of the anterior cerebral artery (C), and then 

used to occlude the ophthalmic artery as well as the middle cerebral artery (D). 
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After two hours of occlusion, the animals were re-anesthetized and 

the filament was withdrawn to allow for reperfusion. Twenty-four hours after 

occlusion, the eyeballs were removed for histological analysis. The forebrain 

was divided into 2-mm thick coronal slices using a mouse brain matrix 

(RBM-2000C, Texas Scientific Instruments, San Antonio, TX, USA) and 

stained with 2% 2,3,5- triphenyltetrazolium chloride (TTC; Sigma-Aldrich) 

to confirm successful MCAO (Figure 2). 

 

Figure 2. Forebrain infarction caused by transient middle cerebral artery occlusion 

(MCAO). (A) Control; (B) MCAO for two hours and reperfusion for 22 hours. 
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For mice in the control group, the common carotid artery and 

external carotid artery were exposed but the filament was not introduced into 

the internal carotid artery. 

D. Neurological deficit score 

 The mice were tested for neurological deficits 30 minutes after 

MCAO and were scored using the following scale: 0, no observable 

neurologic deficits (normal); 1, failure to extend the right forepaw (mild); 2, 

circling to the contralateral side (moderate); 3, loss of walking or righting 

reflex (severe).13 Only mice with a score of 2 (Figure 3) at this time point 

were included for further analysis. The neurological deficit scores were re-

determined using the same scale 24 hours after occlusion, and these scores 

were then compared to the scores at 30 minutes after MCAO. 

 

Figure 3. Mouse with a neurological deficit score of 2. The animal is circling to the 

contralateral (right) side. 
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E. Histological analysis 

 Enucleated eyes were immersed for 24 hours at 4 °C in a 4% 

paraformaldehyde fixative solution. Paraffin-embedded 4-μm sections were 

cut parallel to the maximum circumference of the eyeball through the optic 

disc and were stained with hematoxylin and eosin. To quantify ischemia-

reperfusion-induced RGC damage, pyknotic nuclei and total cellular nuclei 

within a field between 375 and 625 μm from the optic disc were counted on 

the photographs (two areas per section).14 Data from four sections were 

selected for each eye. 

 

2. Agmatine and retinal ganglion cell loss in chronic ocular 

hypertension 

A. Animals 

  For this study, 56 male Sprague-Dawley rats (six weeks old, 150 to 

170 g) were used. They were grouped as follows: 16 animals were sacrificed 

to test the corneal safety of topically applied agmatine; ten animals were used 

for a chronic ocular hypertension model; and 30 animals were used for the 

agmatine treatment study. All animals were treated in accordance with the 

ARVO Statement, with efforts to minimize animals sacrificed and suffering. 

B. Optimal concentration for topical agmatine 

  To evaluate the safety of agmatine applied topically to the cornea and 
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to determine the optimal therapeutic agmatine concentration of agmatine, 

eyedrops were formulated at concentrations of 10-1, 10-2, 10-3, 10-4, 10-5, 10-6, 

10-7, and 10-8 M in preservative-free 0.1% hyaluronic acid (HA) ophthalmic 

solution (Santen Pharmaceutical, Osaka, Japan). Eyedrops of each 

concentration were applied to the right eyes of two rats each, and the 0.1% 

HA vehicle was applied to the left eyes, four times daily for seven 

consecutive days. 

  Animals were anesthetized with intraperitoneal injections of 

ketamine and xylazine.15 Their corneas were examined with a slit-lamp 

biomicroscope, and IOP was measured before and after the administration of 

agmatine. All eyeballs were then collected by enucleation for histological 

analysis.16 Eyeballs were fixed in 4% paraformaldehyde solution for 24 hours 

and prepared for paraffin-embedding. Sections 4-μm thickness were stained 

with hematoxylin and eosin and examined by light microscopy.16,17 

  The optimal concentration of topical agmatine was determined as the 

concentration that consistently lowered IOP by more than 20% of baseline 

without causing corneal toxicity in normal rat eyes. Thus, a concentration of 

10-3 M agmatine was selected for the subsequent experiments. 

C. Intraocular pressure monitoring 

  Sprague-Dawley rats are generally docile, and after a short period of 

training, permitted to measure IOPs with a hand-held digital tonometer 
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(Tono-Pen XL Applanation Tonometer, Reichert, Depew, NY, USA) using 

only a topical anesthetic (0.5% proparacaine ophthalmic solution, Alcon 

Laboratories, Fort Worth, TX, USA).18,19 To measure IOP, the probe tip was 

repeatedly touched lightly and briefly perpendicular to the central cornea. For 

each eye, the average value of four consecutive measurements having a 

coefficient of variation less than 5% was recorded. All IOP measurements 

were taken at the same time of day to avoid circadian changes. The IOPs 

were checked before cauterization, one hour after cauterization and weekly 

thereafter. 

D. Rat model for chronic ocular hypertension 

  Chronic ocular hypertension was induced by episcleral vein 

cauterization (EVC). After the animals were deeply anesthetized with 

ketamine and xylazine, an incision was made through the conjunctiva and 

Tenon’s capsule on the limbus. The episcleral veins in the right eye were 

identified by their location in relation to the extraocular muscles; three of 

them (two dorsal veins and one temporal ventral vein) were cauterized with a 

hand-held ophthalmic cautery (Electric Eye Cautery, Rumex International, St. 

Petersburg, FL, USA) under a surgical microscope (Figure 4).20,21 The left 

eye received sham surgery (conjunctival incisions only without cauterization). 
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Figure 4. Chronic ocular hypertension in rats induced by episcleral vein 

cauterization. (A) Anatomy of episcleral veins. (B) Two dorsal veins and one 

temporal ventral episcleral vein were cauterized with a hand-held ophthalmic 

cautery. IO = inferior oblique; IR = interior rectus; LR = lateral rectus; MR = medial 

rectus; SR = superior rectus. 

 

  After the surgical procedure, antibiotic eyedrops were topically 

applied. Great care was taken to avoid damage to the conjunctiva and the 

underlying sclera. Only those eyes that did not display scleral burns with 

subsequent necrosis or any other complications when observed one week 

later were considered for further analysis. Successful EVC was defined as (1) 

an IOP greater than 50 mmHg at one hour post-cauterization, and (2) an IOP 

elevation greater than 30% of baseline with no complications, one week after 

cauterization. 
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E. Topical agmatine for chronic ocular hypertension 

  Beginning at four weeks after EVC, 10-3 M agmatine eyedrops were 

administered to the right eye of the agmatine group four times daily for six 

consecutive weeks. The 0.1% HA ophthalmic solution was administered to 

the control group, and in both groups, 0.1% HA ophthalmic solution was 

instilled to the left eye at the same time points. To evaluate the washout 

period of topically applied agmatine and to verify the return of IOP to the 

pretreatment level, the IOP was monitored for another three weeks. Because 

the ocular hypertensive effect of EVC seemed to decrease after 12 weeks, the 

further experiments were tried to complete within that time. 

F. Quantification of retrograde-labeled retinal ganglion cells 

  Retinal ganglion cells were labeled by retrograde transport using 

crystals of 3,000 MW dextran tetramethylrhodamine (DTMR; Molecular 

Probes, Eugene, OR, USA),22-26 a hydrophilic neuronal tracer dye. For each 

study group (EVC only, agmatine treatment after EVC, and untreatment 

control), six eyes were labeled by this procedure. Animals were deeply 

anesthetized and the optic nerves were exposed. A longitudinal incision was 

made on the optic nerve sheath with a 20-gauge microvitreoretinal blade, and 

the optic nerve was completely transected at least 3 mm behind the globe. 

Crystals of DTMR were then directly applied into the intraorbital portion of 

the optic nerve. 
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  Twenty-four hours after DTMR application, the eyeballs and the 

optic nerves were removed and fixed with 4% paraformaldehyde for one hour. 

The retinas were detached from the eyes, flattened with four radial cuts (at 

superior, inferior, temporal and nasal poles), and mounted vitreal side up onto 

glass slides. For each retina, 12 fields (peripapillary, middle, and peripheral 

fields per retinal quadrant) were selected17 and assessed by fluorescence 

microscopy. The number of labeled cells was divided by the area of the field, 

and the field values were pooled to calculate the mean density of the labeled 

RGCs for each retina. 

 

3. Agmatine in TNF-α-induced apoptosis of transformed rat retinal 

ganglion cells (RGC-5 cell line) 

A. RGC-5 cell culture and TNF-α treatment 

  The RGC-5 cell line, a transformed rat RGC line positive for Thy-1 

and negative for glial fibrillary acidic protein,27 was generously provided by 

Alcon Research (Fort Worth, TX, USA). The cells were grown in modified 

Dulbecco's modified Eagle's medium (DMEM; Gibco, Carlsbad, CA, USA) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco), 

100 U/mL of penicillin and 100 μg/mL of streptomycin (Gibco). Cells were 

passaged every 2 to 3 days and incubated at 37 °C in 5% CO2 and air. For all 

experiments, cells were used at 80% confluence. 
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  The RGC-5 cells were cultured in serum-free DMEM and treated 

with either 10 or 50 ng/mL recombinant TNF-α (Chemicon, Temecula, CA, 

USA) for up to 48 hours. Control cells were not exposed to TNF-α. At the 

start of TNF-α treatment, 100 μM agmatine was added to the culture medium. 

B. Lactate dehydrogenase assay 

  Cell viability was quantified by measuring the lactate dehydrogenase 

(LDH) released from injured cells into the culture medium.28-31 At each time 

point after TNF-α treatment, a sample of medium (25 μL) was added to 

18.75 μg of NADH in 125 μL of 0.1 M phosphate buffer (pH 7.4, using a 1:2 

mix of KH2PO4:K2HPO4) and incubated for 10 minutes at room temperature. 

Following the addition of 25 μL of pyruvate solution (22.7 mM), the 

absorbance at 340 nM, an index of NADH concentration, was immedicately 

recorded. The maximum LDH release values were obtained after freezing 

each culture at − 70 °C overnight and then rapidly thawing, thus inducing 

nearly complete cell rupture. All experiments were repeated eight times using 

independent cell cultures. 

C. Hoechst 33342 and propidium iodide staining 

  Apoptotic and necrotic cell deaths were distinguished by double 

staining cells with Hoechst 33342 (10 μg/mL) and propidium iodide (PI; 

10 μg/mL) for 30 minutes at 37 °C. Cells were examined with a fluorescence 

microscope. 
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D. Annexin V assay 

  The proportion of cells actively undergoing apoptosis was 

determined by flow cytometry using the Annexin V-FITC Apoptosis 

Detection Kit (BD Biosciences, San Jose, CA, USA). The cells were 

harvested and resuspended in binding buffer (106 cells/mL), and 105 cells 

were mixed with 5 μL of annexin V-FITC and 5 μL of PI. After incubating at 

room temperature for 15 minutes in the dark, cells were excited at 488 nm, 

and emission was measured at 530 and 585 nm for FITC and PI 

fluorescences, respectively, using a flow cytometer. 

 

4. Agmatine and hypoxia-induced TNF-α synthesis in RGC-5 cells  

A. RGC-5 cell culture 

  The RGC-5 cells were grown in DMEM supplemented with 10% 

heat-inactivated FBS, 100 U/mL of penicillin and 100 μg/mL of streptomycin. 

The cells were incubated at 37 ºC in 5% CO2 and air. 

B. Hypoxic injury and agmatine treatment 

  Cultures were transferred to a closed hypoxic chamber (Forma 

Scientific, Seoul, Republic of Korea) with a controlled atmosphere (5% O2, 

5% CO2, and 90% N2) and temperature (37 ºC). After washing with 

deoxygenated serum-free DMEM, cells were maintained in the hypoxic 

chamber up to 48 hours. Control cells were not exposed to hypoxia. An 
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amount of agmatine (100 μM) was added to the culture medium at the start of 

hypoxia treatment. 

C. Western blot analysis 

  For extraction of total cell protein, cells were lysed in cell lysis 

buffer (50 mM Tris-HCl pH 7.4, 1% NP-40, 0.25% Na-deoxycholate, 150 

mM NaCl, 1 mM EDTA, 10 mM Na3VO4, 50 mM NaF, 1 mM PMSF, 1 

μg/mL aprotinin, 1 μg/mL leupeptin, 1 μg/mL pepstatin) on ice for 30 

minutes. Lysates were sonicated and the cell homogenates were centrifuged 

at 15,000 g for 10 minutes at 4 ºC. 

  Protein concentrations in the resultant supernatants were determined 

with the Bradford reagent, and equal amounts of protein (40 μg) from each 

sample were boiled in Laemmli sample buffer and resolved by SDS-PAGE 

on 10 or 15% gels. The proteins were transferred to polyvinylidene fluoride 

membranes and incubated overnight with antibodies against TNF-α (Cell 

Signaling Technology, Danvers, MA, USA), TNF-R1 (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA), or β-actin (Santa Cruz 

Biotechnology) (diluted 1:1,000). The immunoreactive bands were detected 

with horseradish peroxidase (HRP)–conjugated secondary antibodies and 

were visualized by enhanced chemiluminescence. All procedures were 

repeated in triplicate. 
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5. Agmatine in the oxidative stress-induced cell deaths of primary 

retinal ganglion cells and Müller glial cells 

A. Retinal cell suspension 

  Three-day-old ICR mice were killed to obtain about 60 enucleated 

eyes for each RGC experiment and about ten eyes for each Müller glial cell 

experiment. Separated retinas were incubated for 20 minutes in Ca2+/Mg2+-

free Hanks’ balanced salt solution (HBSS; Gibco) containing 5 mg/mL 

papain, 0.24 mg/mL L-cysteine, 0.5 mmol/L EDTA, and 10 U/mL DNase І. 

The retinal cells were dissociated by gentle pipetting and collected. 

B. Primary retinal ganglion cell isolation 

  Primary RGCs were isolated using the immunopanning-magnetic 

separation method (Figure 5). The retinal cell suspension was incubated for 

five minutes with rabbit anti-macrophage antibody (1:50 dilution; Fitzgerald 

Industries International, Concord, MA, USA), and then distributed for 30 

minutes over 100-mm petri dishes coated with goat anti-rabbit IgG (H + L 

chains) antibody (1:200 dilution; Southern Biotechnology Associates, 

Birmingham, AL, USA).32,33 Cells not adhering to the plates were incubated 

for one hour at 37 °C with biotinylated rat anti-mouse Thy 1.2 IgM antibody 

(1:20 dilution, Abcam, Cambridge, MA, USA). The cells were then reacted 

with MACSTM anti-biotin MicroBeads (1:10 dilution; Miltenyi Biotec, 

Bergisch Gladbach, Germany) for 30 minutes at 4 °C. After careful washing, 
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the cells were loaded onto the MACSTM MS Column (Miltenyi Biotec) 

placed in a MiniMACSTM Separator (Miltenyi Biotec). The column was 

removed from the separator and the retained cells were eluted as a RGC 

fraction.34-37 

 

Figure 5. Retinal ganglion cell isolation using immunopanning-magnetic separation. 
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  The 12-mm glass coverslips were coated with 0.1 mg/mL poly-D-

lysine (Sigma-Aldrich) for at least 4 hours, then coated overnight with 5 

μg/mL Engelbreth-Holm-Swarm-laminin (Sigma-Aldrich). The RGCs were 

grown on the coverslips in DMEM/F12 (Gibco) containing 10% heat-

inactivated FBS, 100 U/mL penicillin and 100 μg/mL streptomycin, and 

incubated at 37 °C in humidified 5% CO2 and 95% air. 

C. Primary Müller glial cell culture 

  Müller glial cells were isolated by the expansion culture method,38-41 

Dissociated retinal cells were plated into culture dishes containing 

DMEM/F12, 10% heat-inactivated FBS, 100 U/mL penicillin and 100 μg/mL 

streptomycin. The medium was left unchanged for five days and 

subsequently replaced every three days. The Müller glial cell cultures were 

passaged no more than three times. 

D. Identification of retinal ganglion cells and Müller glial cells 

  Primary antibodies used for the immunocytochemical study were rat 

anti-mouse Thy 1.2 antibody (1:10 dilution; Abcam), goat anti-mouse Brn-3 

antibody (1:10 dilution; Santa Cruz Biotechnology), and rabbit anti-mouse 

glutamine synthetase antibody (1:75 dilution; Santa Cruz Biotechnology). 

Twenty-four hours after seeding, the cells were fixed with 4% 

paraformaldehyde for 30 minutes, treated with 0.1% Triton X-100 in 0.1% 

Na-Citrate for five minutes, and then blocked with 2% bovine serum albumin 
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(BSA; Sigma-Aldrich) for 20 minutes. Cells were incubated with indicated 

primary antibody overnight at 4 °C and exposed to the corresponding 

fluorescent secondary antibody (1:100 dilution) for 60 minutes at room 

temperature. After applying a mounting medium (Vectashield, Vector 

Laboratories, Burlingame, CA, USA), the immuno-reacted RGCs were 

observed under the fluorescence microscope. 

E. Co-culture of retinal ganglion cells and Müller glial cells 

  Retinal ganglion cells and Müller glial cells were co-cultured in the 

same well without direct contact (Figure 6).42 The passaged Müller glial cells 

were first seeded onto laminin-coated nitrocellulose membranes (membrane 

area, 0.6 cm2; Millicell-CM; Millipore, Bedford, MA, USA) and cultured for 

two days. The RGCs were seeded in a 24-well culture plate, and a membrane 

with Müller glial cells was placed into each well. The two cell types were 

then cultured together. The seeding density was approximately 3.0 × 105 

RGCs and 3.0 × 104 Müller glial cells per well. 

 
Figure 6. Co-culture of retinal ganglion cells and Müller glial cells. 
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F. Oxidative stress and agmatine treatment 

  At 24 hours after seeding, cells were stressed by the addition of 

hydrogen peroxide (Sigma-Aldrich) to the culture medium at concentrations 

of 0, 100, 300, 400, and 1,000 μM for 16 hours with or without 100 μM 

agmatine. 

G. Cell viability assays 

  The proportion of injured cells in the total cell population was 

calculated as described above (Section 3.B) from the measurement of LDH 

released into the culture media by damaged cells (CytoTox 96® Non-

Radioactive Cytotoxicity Assay; Promega Corporation, Madison, WI, USA). 

  Apoptotic cells detected using the terminal deoxynucleotide 

transferase-mediated terminal uridine deoxynucleotidyl transferase nick end-

labeling (TUNEL) assay (Apo-BrdU In Situ DNA Fragmentation Assay, 

BioVision, Mountain View, CA, USA). Bromolated deoxyuridine 

triphosphate nucleotides (Br-dUTP) transferred to the free 3’-OH of cleaved 

DNA by terminal deoxynucleotide transferase (TdT) were detected by the 

anti-BrdU-FITC antibody under fluorescence microscopy. Cells were 

counter-stained with PI. 

 

6. Agmatine’s effects on oxidative stress-induced TNF-α release 

from retinal ganglion cells and Müller glial cells 
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A. TNF-α enzyme-linked immunosorbent assay 

  Cellular TNF-α synthesis and secretion were quantified using an 

enzyme-linked immunosorbent assay (ELISA; RayBio® Mouse TNF-α 

ELISA, RayBiotech, Norcross, GA, USA) of the culture medium. Samples 

were pipetted into wells of a 96-well plate coated with antibodies specific for 

mouse TNF-α. Biotinylated anti-mouse TNF-α antibody, HRP-conjugated 

streptavidin, and 3,3’,5,5’-tetramethylbenzidine (TMB) substrate solution 

were added sequentially to the wells. Color intensity, proportionate to TNF-α 

concentration in each sample, was measured at 450 nm. 

 

7. Statistical analysis 

Data were analyzed by the Mann-Whitney U test, Student’s t-test, 

Kruskal-Wallis test, and one-way ANOVA using the SPSS program for 

Windows, version 12.0.1 (SPSS, Chicago, IL, USA). P-values less than 0.05 

were considered to be statistically significant. 
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III. RESULTS 

1. Agmatine’s protective effects on retinal ganglion cells from 

ischemia-reperfusion-induced injury 

 Intraluminal MCAO was initially performed in 22 mice, but later 

excluded two mice that had neurological deficit scores of 1 (low) and 3 

(high) at 30 minutes after the procedure. A total of 30 mice were ultimately 

analyzed (MCAO only, n=10; MCAO after agmatine treatment, n=10; 

agmatine treatment only, n=5; no treatment control, n=5). 

 When the neurological deficits were re-evaluated 24 hours after occlusion, 

the scores had improved from 2 to 1 in 60% (n=6) of the mice in the 

agmatine group (Figure 7), but only in 10% (n=1) of the mice in the MCAO-

only group.  

 

Figure 7. Improved neurological deficit score from 2 to 1 in the agmatine group. 
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 The average deficit scores differed significantly between these two 

groups (Mann-Whitney U test, p=0.022) (Figure 8). All mice that did not 

undergo MCAO displayed normal behaviors (score 0). 

 

Figure 8. Agmatine’s effect on neurological deficits induced by transient middle 

cerebral artery occlusion (MCAO). Asterisk refers to p=0.022. 

 

 In the histological analysis of RGCs, the total cell counts were similar in 

the agmatine-treated and MCAO-only mice (12.28 ± 0.15 and 12.47 ± 0.14 

cells/field, respectively, Student’s t-test, p=0.373). The number of pyknotic 

cells, however, was significantly lower in retinas from agmatine-treated mice 

(1.74 ± 0.06 cells/field) than in retinas from MCAO-only mice (4.82 ± 0.11 

cells/field) (Student’s t-test, p<0.001; Figure 9). The proportion of pyknotic 

cells was 38.67 ± 0.80% in the MCAO-only group and 14.11 ± 0.47% in the 
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agmatine treatment group (Student’s t-test, p<0.001; Figure 10). The retinas 

of the mice treated with agmatine without MCAO and the control mice had 

no abnormal RGCs. 

 

Figure 9. Agmatine’s effect on retinal ganglion cell damage caused by transient 

middle cerebral artery occlusion (MCAO). Retinas were stained with hematoxylin 

and eosin. (A) MCAO only; (B) MCAO after agmatine treatment. Arrows indicate 

pyknotic cells in the retinal ganglion cell layer. The length of entire field is 250 μm. 
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Figure 10. Pyknotic retinal ganglion cells in a transient middle cerebral artery 

occlusion (MCAO) model. Pyknotic cells within a field at a distance between 375 

and 625 μm from the optic disc were counted. Asterisks refer to p<0.001. 

 

2. Agmatine and retinal ganglion cell loss in chronic ocular 

hypertension 

 Sixteen rats were initially examined with a slit-lamp biomicroscope and 

their IOPs were checked under general anesthesia. All showed comparable 

ocular surface morphologies and had good corneal reflexes. The mean IOP 

was 9.88 ± 2.55 mmHg for right eyes and 9.81 ± 2.54 mmHg for left eyes 

(Mann-Whitney U test, p=0.985). After seven daily applications of agmatine, 

the eyes were re-evaluated. Agmatine at 10−1 M caused rat corneas to become 

hazy and to lose the corneal reflex, but lower concentrations did not alter 
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corneal appearance. In histological and morphological analyses, only the 

10−1 M agmatine caused signs of corneal toxicity, including thinning and 

destruction of the stratified epithelium, loss of stromal matrix organization, 

and abnormal cellular proliferation and neovascularization on the endothelial 

layer (Figure 11). In contrast, the lower agmatine concentrations caused no 

significant changes in the central and peripheral corneal areas. 

 

Figure 11. Effect of topically applied agmatine on normal rat corneas. (A) 0 M, (B) 

10-1 M, (C) 10-2 M, and (D) 10-4 M agmatine. Total magnification was 200×. 
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 Agmatine at 10−3 M or higher concentrations consistently lowered IOP by 

more than 20% of baseline (Figure 12) without signs of corneal toxicity. 

Therefore, 10−3 M agmatine was used for subsequent experiments. 

 

Figure 12. Intraocular pressure (IOP) change after instillation of agmatine. 

 

 Before verifying the effects of agmatine in chronic ocular hypertensive 

eyes, the success rate and duration of EVC-induced chronic ocular 

hypertension in the rats were confirmed. Using the criteria in Section 2.D, an 

overall success rate of 65% for EVC was obtained. Although the IOP of all 

40 treated eyes peaked higher than 50 mmHg one hour after cauterization, 14 

eyes (35%) developed phthisis within one week. 

 The changes in IOP after successful EVC are presented in Figure 13. At 

one week after EVC, IOP had increased from 15.50 ± 1.73 mmHg to 
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23.00 ± 2.16 mmHg (48.39% increase from baseline) and remained high for 

12 weeks (IOP, 28.00 ± 3.16 mmHg). After 12 weeks, however, the IOP 

gradually decreased. For this reason, all further studies to evaluate the ocular 

hypotensive effects of agmatine were designed for completion within 12 

weeks. 

 

Figure 13. Intraocular pressure (IOP) change after episcleral vein cauterization 

(EVC). Cauterization was performed only in right eyes (RE); sham surgery was 

performed in left eyes (LE). 

 

 To confirm the success of EVC, the application of agmatine and 0.1% HA 

vehicle was started four weeks after cauterization (Figure 14). In the 

agmatine group, the IOP was 28.79 ± 4.02 mmHg before medication, but fell 
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to 21.86 ± 2.28 mmHg (24.07% decrease) after two weeks of treatment and 

to 20.07 ± 2.09 mmHg (30.29% decrease) after six weeks of treatment. In the 

control group, the IOP did not change significantly with time. 

 

Figure 14. Effects of topical agmatine on chronic ocular hypotension in vivo. AG = 

agmatine; EVC = episcleral cauterization; HA = hyaluronic acid; IOP = intraocular 

pressure; LE = left eye; RE = right eye. 

 

 Representative retrograde RGC labeling is shown in Figure 15. For each 

retina, 12 fields were examined, and the mean density of the labeled RGCs 

was calculated. The mean density in the control eyes was 18.38 ± 2.42 

cells/1,000 μm2 and was 8.19 ± 2.18 cells/1,000 μm2 in eyes subjected to 

EVC (55.44% decrease relative to the control; Mann-Whitney U test, 
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p<0.001). Topical agmatine treatment attenuated this RGC loss to 

14.95 ± 2.94 cells/1,000 μm2 (18.65% relative to the control; Mann-Whitney 

U test, p=0.001) (Figure 16). 

 

Figure 15. Agmatine’s effect on retinal ganglion cells in chronic ocular hypertension. 

(A) Control eyes, (B) episcleral vein cauterization only, and (C) episcleral vein 

cauterization and topical agmatine treatment. Total magnification was 200×. 

 

 

Figure 16. Density of labeled retinal ganglion cells (RGCs). EVC = episcleral vein 

cauterization. Asterisk refers to p<0.001. 
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3. Agmatine in TNF-α-induced RGC-5 cell apoptosis 

 Following exposure to 50 ng/mL TNF-α for 48 hours, RGC-5 cells 

increased LDH release by 17.00 ± 1.92%, compared to 6.11 ± 1.28% in the 

control group (Student t-test, p<0.001) (Figure 17). At 100 μM, agmatine 

inhibited this TNF-α-induced LDH release by 8.14 ± 2.43% (Student t-test, 

p<0.001). 

 

Figure 17. Lactate dehydrogenase (LDH) release in cultured transformed rat retinal 

ganglion cells (RGC-5 cell line), illustrating the neuroprotective effect of agmatine 

against TNF-α at 48 hours. Asterisk refers to p<0.001. 

 

 The neuroprotective effects of agmatine were further studied using 

Hoechst 33342 and PI double staining (Figure 18). After 48 hours, control 
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cultures exhibited confluent Hoechst-positive cells with homogeneous and 

compact nuclear morphologies, and rare PI-positive cells. Exposure to TNF-α 

(50 ng/mL) resulted in a significant loss of Hoechst-positive cells (average, 

52 cells/125 μm2) and the appearance of many PI-positive cells (average, 

3.5 cells/125 μm2). Agmatine at 100 μM prevented this loss (Hoechst-positive 

cells, average, 64 cells/125 μm2; PI-positive cells, average, 1.0 cell/125 μm2) 

(Mann-Whitney U test, all p<0.001).  

 

Figure 18. Hoechst 33342 and propidium iodide double staining. (A) Control, (B) 

agmatine (100 μM), (C) TNF-α (50 ng/mL), (D) agmatine and TNF-α for 48 hours. 

The magnification was 400×. 
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 The annexin V assay was used to verify the the anti-apoptotic effect of 

agmatine in TNF-α-treated RGC-5 cells (Figure 19). Early apoptotic cells 

decreased significantly in the presence of 100 μM agmatine after a 24-hour 

exposure. The percentages of early apoptotic cells were 4.96 ± 1.00%, 

4.96 ± 1.32%, 13.58 ± 2.24%, and 7.76 ± 2.86% for the control, agmatine 

only, TNF-α only, and TNF-α plus agmatine groups, respectively (one way 

ANOVA, p<0.001). 

 

Figure 19. Flow cytometric analysis of TNF-α-induced apoptosis in RGC-5 cells and 

the effects of agmatine. (A) Control, (B) agmatine (100 μM), (C) TNF-α (50 ng/mL), 

(D) agmatine and TNF-α for 24 hours. Cultures were stained with annexin V-FITC 

and propidium iodide. 
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4. Agmatine and hypoxia-induced TNF-α synthesis in RGC-5 cells 

Representative Western blots for levels of TNF-α, TNF-R1, and β-actin 

in hypoxia-treated RGC-5 cells are shown in Figure 20. Hypoxia up-

regulated TNF-α, but did not apparently influence TNF-R1 production. 

Agmatine suppressed hypoxia-induced TNF-α in RGC-5 cells, to a greater 

extent at 12 hours than at 6 hours. The β-actin was used as an internal control. 

 

Figure 20. Representative Western blot analysis showing the effect of agmatine on 

levels of TNF-α and its receptor (TNF-R1) after six and 12 hours of hypoxia. 

 

5. Agmatine and oxidative stresse-induced cell deaths in primary 

retinal ganglion cells and Müller glial cells 

The oxidative stress-induced cytotoxicity in cultured RGCs and Müller 

glial cells was assessed by LDH assay (Figure 21). Hydrogen peroxide at 100 
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μM significantly reduced viability in the RGCs but not in the Müller glial 

cells. At 1,000 μM, hydrogen peroxide significantly affected both cell types. 

 
Figure 21. Oxidative stress-induced cytotoxicity, assessed by the lactate 

dehydrogenase assay. (A) Retinal ganglion cells (RGCs); (B) Müller glial cells. 

 

At intermediate hydrogen peroxide concentrations, agmatine (100 μM) 

reduced oxidative stress-induced cytotoxicity in Müller glial cells, but 
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oxidative stress-induced cytotoxicity was not reduced in RGCs at any 

hydrogen peroxide concentration (Figure 22). In Müller glial cells exposed to 

400 μM hydrogen peroxide, agmatine attenuated cytotoxicity from 39.94 ± 

3.49% to 21.06 ± 1.56% (Mann-Whitney U test, p<0.001). 

 
Figure 22. Agmatine’s effect on oxidative stress-induced cytotoxicity, assessed by 

lactate dehydrogenase assay. (A) Retinal ganglion cells (RGCs); (B) Müller glial 

cells. Asterisk indicates to p<0.001. 
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As determined by the TUNEL assay (Figure 23), the RGCs co-cultured 

with Müller glial cells showed greater resistances to oxidative stress than 

RGCs cultured alone (Mann-Whitney U test, p<0.001), and agmatine 

reinforced this resistance (Mann-Whitney U test, p<0.001). Representative 

results of the TUNEL assay are shown in Figure 24. 

 

Figure 23. Cell viability assessed by terminal dUTP nick-end labeling (TUNEL) 

assay. Retinal ganglion cells (RGCs) and the RGCs co-cultured with Müller glial 

cells were exposed to hydrogen peroxide (400 μM) for 16 hours with or without 

agmatine (100 μM). Asterisks indicates to p<0.001. 
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Figure 24. Representative terminal dUTP nick-end labeling (TUNEL) assay. Retinal 

ganglion cells (RGCs) (A, B); RGCs co-cultured with Müller glial cells were 

exposed to 400 μM hydrogen peroxide for 16 hours with 100 μM agmatine (E, F) or 

not (C, D). The magnification is 100× and scale bar is 500 μm. 
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6. Agmatine and oxidative stress-induced TNF-α secretion from 

primary retinal ganglion cells and Müller glial cells 

Although agmatine did not alter hydrogen peroxide-induced TNF-α 

secretion from RGCs cultured alone, it reduced TNF-α secretion from RGCs 

in co-culture with Müller glial cells, as shown by TNF-α ELISA (Figure 25).  

 

Figure 25. Enzyme-linked immunosorbent assay (ELISA) for TNF-α. (A) Retinal 

ganglion cells (RGCs); (B) Müller glial cells; (C) RGCs co-cultured with Müller 

glial cells. Asterisks refer to p<0.001. 
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IV. DISCUSSION 

 In the present investigation, it was revealed in several experimental 

models that agmatine protects RGCs from oxidative stress-induced 

cytotoxicity. In acute ischemia-reperfusion induced by transient intraluminal 

MCAO in mice, systemically administered agmatine reduced the proportion 

of pyknotic RGCs. In chronic ocular hypertension induced by EVC in rats, 

topical agmatine significantly reduced the loss of RGCs. In addition, 

agmatine improved neurological deficits caused by MCAO and lowered the 

IOPs in ocular hypertensive eyes. 

Contrary to our expectations, based on studies in RGC-5 cells 

exposed to hypoxia,9 agmatine could not directly rescue primary RGCs from 

hydrogen peroxide-induced cytotoxicity. Although this could reflect a 

difference in injury type between hydrogen peroxide and hypoxia, a 

subsequent study revealed that agmatine also protects the RGC-5 cells from 

hydrogen peroxide.43 Hence, primary RGCs may be inherently more 

vulnerable to oxidative stress than are transformed cells. 

Agmatine did protect Müller glial cells in culture, as well as primary 

RGCs co-cultured with the Müller glial cells. Although resistant to hydrogen 

peroxide at low concentrations and susceptible at high concentrations, the 

Müller glial cells showed increased resistance at intermediate concentrations 

when treated with agmatine. At those same intermediate concentrations, the 
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primary RGCs co-cultured with Müller glial cells showed greater resistances 

to injury than did the primary RGCs alone, and agmatine enhanced this 

resistance. Altogether, these findings support the theory of interaction 

between the RGCs and Müller glial cells during oxidative stress and suggest 

that agmatine protects the RGCs from injury by controlling this interaction. 

 Mechanisms for agmatine’s effects may be related to its roles as an 

agonist for imidazoline and α2-adrenergic receptors, antagonist for NMDA 

receptors, and inhibitor for iNOS.6,7 In a previous report, however, agmatine’s 

protective effects on RGCs were associated with the inhibition of JNK and 

NF-κB activations,9 which implies a relationship between agmatine and TNF-

α signaling. Finding no information on this relationship in the literature, it 

was explored in this study.  

The results of this study showed that both primary RGCs and RGC-5 

cells can synthesize TNF-α in response to oxidative stress, and that agmatine 

reduces TNF-α-induced cytotoxicity in RGC-5 cells. However, as in 

hydrogen peroxide-induced cytotoxicity, the agmatine decreased the 

autocrine TNF-α production only in the RGC-5 cells and primary RGCs co-

cultured with Müller glial cells but not in primary RGCs cultured alone. This 

implies that the RGCs and Müller glial cells interact, and that the agmatine 

may protect the RGCs from oxidative stress by controlling this interaction. In 

addition, the transformed RGC-5 cells may differ from primary RGCs. 
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Agmatine has various biological actions. It rescues neurons from 

ischemia-reperfusion injury in the CNS.8 It stimulates the release of 

catecholamines from adrenal chromaffin cells, insulin from pancreatic islets, 

and luteinizing hormone-releasing hormone from the hypothalamus.44-46 It 

enhances the analgesic effects of morphine and contributes to polyamine 

homeostasis.47-49 Even though agmatine is known to act as an agonist for α2-

adrenergic and imidazoline receptors, as an antagonist for NMDA receptors, 

and as an inhibitor for iNOS,6,7 its association with TNF-α signaling has not 

been well studied. The results of the present study now link the 

neuroprotective action of agmatine to TNF-α signaling. 

 Recent glaucoma research has focused on new therapeutic agents 

that directly protect RGCs and identified several molecules that possess this 

function, including α2-adrenergic agonists,50-53 NMDA receptor antagonists,54 

and NOS inhibitors.55,56 Insofar as agmatine acts in common with these 

molecules, it may exert similar neuroprotective effects on RGCs. As shown in 

this investigation, agmatine protects RGCs from oxidative stress in vivo as 

well as in vitro. 
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V. CONCLUSION 

 Agmatine reduces oxidative stress-induced cytotoxicity in RGCs in 

various experimental models. Accordingly, this endogenous polyamine may 

offer a powerful new neuroprotective agent for oxidative stress-related eye 

diseases, including glaucoma. 
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ABSTRACT (IN KOREAN) 

 

산화스트레스로 유발되는 망막신경절세포의 사멸에 대한 

아그마틴의 신경보호 작용 

 

< 지도교수 성공제 > 

 

연세대학교 대학원 의학과 

 

홍 사 민 

 

아그마틴은 체내에서 합성되는 일차 폴리아민의 일종으로 

신경조절물질로 여겨지고 있는데, 허혈 및 허혈-재관류로 인한 

신경세포의 손상을 줄이는 신경보호 효과를 나타내는 것으로 

알려져 있다. 이러한 사실을 바탕으로 본 연구에서는 동물실험 및 

세포실험을 통하여 산화스트레스에 의한 망막신경절의 사멸에 대한 

아그마틴의 신경보호 효과를 살펴보고자 하였다. 동물실험은 

일시적 중간대뇌동맥폐쇄로 급성 안허혈-재관류를 유발하는 모델과 

상공막정맥소작으로 만성 안압상승을 유도하는 모델을 사용하였고, 

세포실험은 종양괴사인자-알파 및 저산소 배양으로 형질전환된 

RGC-5 망막신경절세포주의 손상을 일으키는 모델과 과산화수소로 
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일차배양된 망막신경절세포와 뮬러교세포의 손상을 일으키는 

모델을 사용하였으며, 각 실험모델에서 산화스트레스로 유발되는 

망막신경절세포의 손상에 대한 아그마틴의 효과를 평가하였다. 

 두 시간 동안 중간대뇌동맥을 폐쇄한 후 재관류하였을 때 

유도되는 망막신경절세포의 사멸은 아그마틴(100 mg/kg)을 폐쇄 30 

분 전에 복강 내로 주사한 경우에는 현저히 감소하였는데, 

농축핵을 보이는 손상된 망막신경절세포의 비율이 38.67%에서 

14.11%로 의미있게 감소하였다(p<0.001). 상공막정맥의 소작으로 

인한 만성 안압상승으로 유발되는 망막신경절세포의 사멸도 6 주간 

아그마틴(10-3 M)을 하루 네번 점안하였을 때 감소하여, 세포손상이 

55.44%에서 18.65%로 현저히 감소하였다(p=0.001). 종양괴사인자-

알파(50 ng/mL)에 48 시간 동안 노출시켰을 때 나타난 17.00%의 

RGC-5 세포의 사멸은 아그마틴(100 μM)의 처치에 의해 8.14%로 

감소하였고 (p<0.001), 이러한 RGC-5 세포의 사멸은 아폽토시스에 

의한 것임을 아넥신 V 분석을 통하여 알 수 있었다. RGC-5 세포를 

5% 저산소환경에서 배양하였을 때 증가하는 종양괴사인자-알파의 

발현은 아그마틴에 의해 억제되었다. 한편, 뮬러교세포에서는 중간 

농도(400 μM)의 과산화수소에 의한 세포손상에 대해 아그마틴이 

보호 효과를 나타내어 세포사멸이 39.44%에서 21.06%로 

감소하였으나(p<0.001), 망막신경절세포에서는 과산화수소에 의한 

세포손상에 대해 아그마틴이 보호 효과를 나타내지 못하였다. 
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하지만 망막신경절세포는 뮬러교세포와 함께 배양하였을 때 

산화스트레스에 대한 저항성이 현저히 높아졌고, 아그마틴은 

이러한 망막신경절세포의 저항성을 더 증강시켰다. 종양괴사인자-

알파 효소면역측정분석에 의하면, 이러한 아그마틴의 보호 효과는 

망막신경절세포와 뮬러교세포 사이의 종양괴사인자-알파 신호의 

조절과 관련되어 있을 것으로 보인다. 

결론적으로, 본 연구에서는 동물실험 및 세포실험 모델을 

통하여 아그마틴이 산화스트레스로부터 망막신경절세포를 보호할 

수 있음을 알 수 있었다. 이는 녹내장 등 산화스트레스와 관련되어 

망막신경절세포의 손상을 일으키는 질병에서 아그마틴이 새로운 

신경보호 약물로 사용될 수 있는 가능성을 시사하는 결과라고 할 

수 있다. 
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