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Purpose: The purpose of this study was to explore the involvement of two known
mediators of the apoptotic processes in ganglion cells, the proteins alpha-2-macroglobulin
(α2M) and tumor necrosis factor-α (TNF-α), in the pathogenesis of primary open-angle
glaucoma (POAG) and pseudoexfoliation (PXF) syndrome.
Methods: Aqueous humor samples were collected at the beginning of cataract surgery.
Levels of α2M and TNF-α were measured using western blot analysis and expressed as
fold values. Commercially available pure α2M protein and TNF-α were used as controls.
For digital quantification, nitrocellulose membranes were scanned and analyzed using
Image J software.
Results: Levels of α2M level were measured in 61 samples, which included 18 with
PXF, 15 with POAG, and 28 controls. Mean levels of α2M in the aqueous humor of
patients with PXF without glaucoma were comparable to control levels and lower than
for patients with POAG (0.63 ± 0.1; 0.6 ± 0.05; and 0.92 ± 0.1, respectively, P = 0.05).
TNF-α levels were measured in 25 aqueous humor samples including eight with PXF,
seven with POAG, and 10 controls. TNF-α protein fold level values were higher in
patients with glaucoma, with and without PXF, and compared to control values (0.77 ±
0.1 and 0.5 ± 0.4 compared to 0.06 ± 0.01, respectively, P = 0.05 post-log conversion).
Conclusion: This work further documents the role of α2M protein in the apoptotic
process in ganglion cells related to increased IOP but marks its absence in PXF material
accumulation without glaucoma. Our findings regarding TNF-α levels may still suggest a
role for this protein in PXF syndrome alone.
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Introduction
Primary open-angle glaucoma (POAG) is a chronic progressive
optic neuropathy, with progressive loss of visual field,
associated with increased intraocular pressure (IOP) as a
primary comorbidity or risk factor.[1] It is still unknown why
some patients have optic neuropathy despite constant normal
measured IOP while others may have increased IOP and present
no optic neuropathy. It is even less clear why nerve damage and
visual field loss may continue advance even in patients achieving
normal IOP under optimal treatment.[2-5]

The common pathway of the chronic glaucoma of various
etiologies is apoptosis of retinal ganglion cells (RGCs), causing
gradual visual field constriction, with possible blindness at the
final stages.[6] Therefore, identifying proteins participating in the
apoptosis cascade are of a paramount importance, with alpha2-macroglobulin (α2M) and tumor necrosis factor-α (TNF-α)
already shown to be part of that group.[7-11]
The expression of these two proteins not only is upregulated
in the eye after IOP elevation but also remains high long after
IOP is normalized. The facts that α2M appears to colocalize
with TNF-α in Müller glia that both proteins can be neurotoxic
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when elevated in their expressionand that expression of both
proteins remains elevated even after IOP normalization
provides a potential link to RGC apoptosis, as well as a potential
explanation to why IOP normalization does not always arrest
visual field loss.[12-14]
Pseudoexfoliation (PXF) syndrome, in which proteinaceous
material is deposited in the trabecular meshwork, may lead to
IOP elevation and further development of PXF glaucoma.[15] This
syndrome provides us with the opportunity to further investigate
whether α2M and TNF-α are directly affected by increased IOP
or coinfluenced by additional mechanisms.
For this purpose, we measured α2M and TNF-α in the aqueous
humor of patients with PXF, with and without glaucoma, and
compared them to patients with POAG and cataract patients.

Results

Methods

TNF-α protein

Aqueous humor sampling

A total of 25 aqueous humor samples were further analyzed for
TNF-α, in eight eyes with PXF, seven eyes with POAG, and 10
eyes of controls. TNF-α protein fold level values were highest in
patients with glaucoma, with and without PXF (0.77 ± 0.1 and
0.5 ± 0.4, respectively), and compared to control values (0.06
± 0.01, P = 0.05 post-log conversion). Mean levels of TNF-α
protein in patients with PXF without glaucoma were 0.29 ±
0.1, suggesting an intermediate value, not reaching statistically
significant change from the other study groups. Data and western
blot analysis examples are presented in Figure 2.

Aqueous humor (20 µL–200 µL) was carefully collected at the
beginning of cataract surgery from patients with PXF syndrome
with or without glaucoma, POAG, and normal cataract patients.
Collection was performed through a corneal paracentesis,
using a small cannula connected to a tuberculin syringe
under an operating microscope. Special care was taken to
avoid blood contamination and to collect immediately after
the incision. All patients gave informed consent to allow the
collection. Aqueous humor was combined with 2% sodium
dodecyl sulfate (SDS) and immediately frozen to preserve the
samples. The study was approved by the institutional ethics
committee.
Western blot analysis

About 10 µg of total aqueous humor proteins were resolved
in SDS-polyacrylamide gel electrophoresis and transferred
to nitrocellulose membranes. The α2M protein was detected
using rabbit polyclonal antibodies against α2M (Santa
Cruz Biotechnology, Santa Cruz, CA) at a 1:2000 dilution.
TNF-α protein was detected using rabbit polyclonal
antibodies against TNF-α (Peprotech) at a 1:2000 dilution.
Commercially available pure α2M protein and TNF-α were
used as controls. Goat anti-rabbit antibodies conjugated with
horseradish peroxidase (HRP; Sigma Chemical) were used as
secondary reagents. For digital quantification, nitrocellulose
membranes were scanned and analyzed using ImageJ
software.
Statistical analysis

To compare between the groups, each reading was converted to
its Log value, to minimize the effect of extreme values on both
sides. Log data were subjected to ANOVA and Tukey’s post hoc
test, with P values reported. The fold increase in α2M and TNF-α
is reported as the mean ± standard mean of the error.
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α2M protein

Aqueous humor samples from 61 eyes of 61 patients were
analyzed for the protein levels and included 18 patients
diagnosed with PXF, 15 with POAG, and 28 patients with
cataract served as controls. The mean level of α2M protein in
the aqueous humor of patients with PXF without glaucoma was
similar to control samples and lower than patients with POAG
(0.63 ± 0.1; 0.6 ± 0.05; and 0.92 ± 0.1, respectively) (P = 0.05
post-log conversion). In a small subgroup of four patients with
PXF glaucoma, the mean level of α2M was 1.4 ± 0.5, was highest,
and comparable to the mean level in patients with POAG. Data
and western blot analysis examples are presented in Figure 1.

Discussion
Lowering IOP is still the main target of glaucoma treatment.
Yet, it is well recognized that none of the current medical or
surgical interventions provide the anticipated prevention of
further deterioration of the disease.[16] Therefore, it is becoming
clear that therapy should aim to target other mechanisms of
action.[17-19]
The concepts of neuroprotection to reduce RGC death
and reduce neurotoxicity to prevent neuronal death have been
pursued experimentally.[11] The present study validates that both
α2M and TNF-α may be etiological in retinal neuropathies, as
presented by other studies in glaucoma.[8,14,20] In our study, we
also found elevated intraocular levels of both α2M and TNF-α in
patients with glaucoma defined as optic neuropathy related to
increased IOP. In addition, we also show comparable elevated
levels of α2M in eyes with glaucoma with and without PXF, but
not in eyes with PXF and no glaucoma.
TNF-α was found elevated in the aqueous humor in eyes
that developed glaucoma with or without PXF. Levels in eyes
with PXF and no glaucoma were slightly elevated compared
to control samples, though this trend did not reach statistical
significance. To the best of our knowledge, this is the first study
to coinvestigate α2M protein and TNF-α in PXF patients.
α2M is a soluble acute phase protein, with both receptor
mediated and intrinsic activities. It has been investigated for its
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Figure 1: Comparison of alpha-2-macroglobulin (α2M) protein levels between the four groups of patients. Western blot analysis of α2M
protein demonstrating increased expression of α2M protein in pseudoexfoliation (PXF) glaucoma and primary open-angle glaucoma (POAG)
(a). Equal amounts of protein from aqueous humor were loaded in every lane (15 µg), and blots were probed with anti-α2M antibody or
with anti-human IgG-Fc (heavy chain) as control. Mean level of α2M in the aqueous humor of patients with PXF glaucoma and patients with
POAG was higher than the mean level in patients with PXF without glaucoma and in normal control samples (b)
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Figure 2: Comparison of tumor necrosis factor-α (TNF-α) protein levels between the four groups of patients. Western blot analysis of TNF-α
protein demonstrating increased expression of the protein in PXF glaucoma and primary open-angle glaucoma (POAG) (a). Equal amounts
of protein from aqueous humor were loaded in every lane (15 µg), and blots were probed with anti-TNF-α antibody or with anti-human IgGFc (heavy chain) as control. Mean level of TNF-α in the aqueous humor of patients with PXF glaucoma and patients with POAG was higher
than the mean level in normal control patients (b). An intermediate value was measured in patients with PXF without glaucoma

roll in other diseases including Alzheimer and Parkinson.[21,22] Due
to its protease inhibitory function, it can enhance procoagulant
properties and possesses radioprotective effects.[23] In the eye,
α2M is produced by retinal glia[11,12] and was found elevated as
a soluble factor in the aqueous humor of eyes with glaucoma.[13]
As true for other key proteins, α2M function is multifactorial,
and includes, inhibiting the neuroprotective activity of nerve
growth factor (NGF) through TrkA receptors, and enhanced
the neurotoxic effect of proNGF through p75NTR receptor,
α2M–LRP1 interactions, and immune bystander effects as
well as glutamatergic stress.[10-13] Shi et al. studied α2M protein
gene expression along with RGCs loss in a glaucoma model
in rats.[10] They found α2M gene to be specifically regulated
by ocular hypertension, not by RGCs death, as it was elevated
by inducing high IOP but not by nerve axotomy. Injecting
the protein to normal rat eyes induced RCG death, without
increased IOP. The changes described in this study were long
lasting and independent of continuous high IOP. The authors
concluded that α2M protein is a critical mediator in the cascade
of RGC death. The presence of this protein in normal retinas, as

well as the delay in its effect after high IOP, suggests that it is not
directly cytotoxic, but rather that it initiates a signal leading to
RGC death further along the process.[10] A significant portion of
the proNGF and NGF in diseased or injured tissue is in the α2Mbound state. This would result in potentiation of neurotoxic
proNGF and neutralization of neuroprotective mature NGF in
diseased tissue, thereby exacerbating the death of injured cells.[10]
Our findings of the elevated levels of α2M in patients with
glaucoma regardless of the presence of PXF, but not in patients
with PXF and no glaucoma, further support the role of α2M in
the pathogenesis of optic neuropathy triggered by increased
IOP, rather than in the pathogenesis of PXF alone.
TNF-α, a well-investigated pro-inflammatory protein,
targeted in the treatment of immune-mediated diseases,
including uveitis, was also found to be elevated after spikes of
elevated IOP.[7] The proposed connection between TNF-α and
RGCs apoptosis is also multifactorial. It acts through receptormediated caspase cascade, mitochondrial dysfunction, and
oxidative damage to cause RGCs programmed cell death.[7,8,10]
Bai et al. demonstrated that TNF-α knockout mice were resistant

Clinical and Experimental Vision and Eye Research ● Vol. 1:2 ● Jul-Dec 201823

Barcelona, et al.

to glaucomatous RGC cell death. Another interesting finding
in those mice was that α2M protein levels were not elevated, in
contrast to wild-type mice.[12]
The exact process leading to the accumulation of
pseudoexfoliation material in the eye is still unclear. Glaucoma
occurs when this material localizes in the anterior chamber angle,
leading to partial obstruction of the aqueous flow, resulting in
increased IOP.[15] Our findings, therefore, may suggest either
that the pseudoexfoliation material correlates with higher levels
of inflammatory mediators or that the decrease in flow and
increased IOP is the cause for higher levels of these proteins.
Aqueous humor of PXF and PXF glaucoma patients had been
studied in the past, for the detection of various cytokines and
pro-inflammatory mediators.[24-26] Decreased concentration of
ascorbic acid in the aqueous humor of patients with PXF was
reported by Koliakos et al. and further confirmed by Sarenac
Vulovic et al. in their patients with PXF glaucoma.[25,26] The latter
group found these low levels to be associated with increased
levels of TNF-α in the aqueous humor, in both patients with
PXF and PXF glaucoma alike.[26] Another study using multiplex
bead immunoassay system for cytokines’ measurement did not
detect differences between similar groups.[27] Our finding further
supports a possible separate role for TNF-α protein in PXF
disease, not related to glaucoma, elevated IOP, or RGC death.
The limitations of our study include the small number of
patients with PXF and PXF glaucoma. We found that collecting
samples from patients with PXF glaucoma were particularly
challenging since most patients with PXF are encouraged to
undergo cataract surgery early, to reduce the risk of surgical
complications. Another limitation stems from the fact that those
higher factor levels could be affected by higher levels of IOP,
specifically in regard to intraocular surgery.
In summary, we found α2M protein to be elevated in the
aqueous humor of patients with PXF glaucoma but not PXF
alone. Its absence in eyes with PXF alone further confirms the
role of this protein in the apoptosis of RGC related to increased
IOP, but not PXF material accumulation. TNF-α that was found
elevated not only in glaucoma patients but also to some extent in
PXF without glaucoma suggests some role of this protein in PXF
syndrome alone.
References
1. Kass MA, Heuer DK, Higginbotham EJ, Johnson CA, Keltner JL,
Miller JP, et al. The ocular hypertension treatment study:
A randomized trial determines that topical ocular hypotensive
medication delays or prevents the onset of primary open-angle
glaucoma. Arch Ophthalmol 2002;120:701-13.
2. Hart WM Jr., Becker B. The onset and evolution of glaucomatous
visual field defects. Ophthalmology 1982;89:268-79.
3. Kwon YH, Kim YI, Pereira ML, Montague PR, Zimmerman MB,
Alward WL, et al. Rate of optic disc cup progression in treated
primary open-angle glaucoma. J Glaucoma 2003;12:409-16.
4. O’Brien C, Schwartz B, Takamoto T, Wu DC. Intraocular
pressure and the rate of visual field loss in chronic open-angle
glaucoma. Am J Ophthalmol 1991;111:491-500.
24

Alpha-2-macroglobulin and tumor necrosis factor-α pseudoexfoliative syndrom

5. Kass MA, Gordon MO, Hoff MR, Parkinson JM, Kolker AE,
Hart WM Jr., et al. Topical timolol administration reduces
the incidence of glaucomatous damage in ocular hypertensive
individuals. A randomized, double-masked, long-term clinical
trial. Arch Ophthalmol 1989;107:1590-8.
6. Kerrigan LA, Zack DJ, Quigley HA, Smith SD, Pease ME.
TUNEL-positive ganglion cells in human primary open-angle
glaucoma. Arch Ophthalmol 1997;115:1031-5.
7. Yuan L, Neufeld AH. Tumor necrosis factor-alpha: A potentially
neurodestructive cytokine produced by glia in the human
glaucomatous optic nerve head. Glia 2000;32:42-50.
8. Tezel G, Li LY, Patil RV, Wax MB. TNF-alpha and TNF-alpha
receptor-1 in the retina of normal and glaucomatous eyes. Invest
Ophthalmol Vis Sci 2001;42:1787-94.
9. Wax MB, Tezel G. Neurobiology of glaucomatous optic
neuropathy: Diverse cellular events in neurodegeneration and
neuroprotection. Mol Neurobiol 2002;26:45-55.
10. Shi Z, Rudzinski M, Meerovitch K, Lebrun-Julien F, Birman E,
Di Polo A, et al. Alpha2-macroglobulin is a mediator of retinal
ganglion cell death in glaucoma. J Biol Chem 2008;283:29156-65.
11. Barcelona PF, Sitaras N, Galan A, Esquiva G, Jmaeff S, Jian Y, et al.
P75NTR and its ligand proNGF activate paracrine mechanisms
etiological to the vascular, inflammatory, and neurodegenerative
pathologies of diabetic retinopathy. J Neurosci 2016;36:8826-41.
12. Bai Y, Dergham P, Nedev H, Xu J, Galan A, Rivera JC, et al.
Chronic and acute models of retinal neurodegeneration
trkA activity are neuroprotective whereas p75NTR activity
is neurotoxic through a paracrine mechanism. J Biol Chem
2010;285:39392-400.
13. Bai Y, Shi Z, Zhuo Y, Liu J, Malakhov A, Ko E, et al. In glaucoma
the upregulated truncated trkC.T1 receptor isoform in glia
causes increased TNF-alpha production, leading to retinal
ganglion cell death. Invest Ophthalmol Vis Sci 2010;51:6639-51.
14. Bai Y, Sivori D, Woo SB, Neet KE, Lerner SF, Saragovi HU,
et al. During glaucoma, alpha2-macroglobulin accumulates in
aqueous humor and binds to nerve growth factor, neutralizing
neuroprotection. Invest Ophthalmol Vis Sci 2011;52:5260-5.
15. Plateroti P, Plateroti AM, Abdolrahimzadeh S, Scuderi G.
Pseudoexfoliation syndrome and pseudoexfoliation glaucoma:
A review of the literature with updates on surgical management.
J Ophthalmol 2015;2015:370371.
16. Heijl A, Leske MC, Bengtsson B, Hyman L, Bengtsson B,
Hussein M. Early Manifest glaucoma trial group. Reduction of
intraocular pressure and glaucoma progression: results from the
early manifest glaucoma trial. Arch Ophthalmol 2002;120:1268-79.
17. Yang X, Hondur G, Tezel G. Antioxidant treatment limits
neuroinflammation in experimental glaucoma. Invest
Ophthalmol Vis Sci 2016;57:2344-54.
18. Tamm ER, Ethier CR, Lasker/IRRF Initiative on Astrocytes
and Glaucomatous Neurodegeneration Participants. Biological
aspects of axonal damage in glaucoma: A brief review. Exp Eye
Res 2017;157:5-12.
19. Panchal SS, Patidar RK, Jha AB, Allam AA, Ajarem J,
Butani SB, et al. Anti-inflammatory and antioxidative stress
effects of oryzanol in glaucomatous rabbits. J Ophthalmol
2017;2017:1468716.
20. Barcelona PF, Saragovi HU. A pro-nerve growth factor
(proNGF) and NGF binding protein, α2-macroglobulin,
differentially regulates p75 and trkA receptors and is relevant
to neurodegeneration ex vivo and in vivo. Mol Cell Biol
Clinical and Experimental Vision and Eye Research ● Vol. 1:2 ● Jul-Dec 2018

Barcelona, et al.

2015;35:3396-408.
21. Blacker D, Wilcox MA, Laird NM, Rodes L, Horvath SM,
Go RC, et al. Alpha-2 macroglobulin is genetically associated
with Alzheimer disease. Nat Genet 1998;19:357-60.
22. Guo X, Tang P, Li X, Chong L, Zhang X, Li R, et al. Association
between two α-2-macroglobulin gene polymorphisms
and Parkinson’s disease: A meta-analysis. Int J Neurosci
2016;126:193-8.
23. Chen H, Li Z, Liu N, Zhang W, Zhu G. Influence of alpha-2macroglobulin 5 bp I/D and ile1000Val polymorphisms on the
susceptibility of Alzheimer’s disease: A systematic review and
meta-analysis of 52 studies. Cell Biochem Biophys 2014;70:511-9.
24. Zenkel M, Lewczuk P, Jünemann A, Kruse FE, Naumann GO,
Schlötzer-Schrehardt U, et al. Proinflammatory cytokines
are involved in the initiation of the abnormal matrix process
in pseudoexfoliation syndrome/glaucoma. Am J Pathol
2010;176:2868-79.
25. Koliakos GG, Konstas AG, Schlötzer-Schrehardt U, Bufidis T,
Georgiadis N, Ringvold A, et al. Ascorbic acid concentration

Alpha-2-macroglobulin and tumor necrosis factor-α pseudoexfoliative syndrom

is reduced in the aqueous humor of patients with exfoliation
syndrome. Am J Ophthalmol 2002;134:879-83.
26. Sarenac Vulovic TS, Pavlovic SM, Jakovljevic VLj, Janicijevic KB,
Zdravkovic NS. Nitric oxide and tumour necrosis factor alpha
in the process of pseudoexfoliation glaucoma. Int J Ophthalmol
2016;9:1138-42.
27. Takai Y, Tanito M, Ohira A. Multiplex cytokine analysis of
aqueous humor in eyes with primary open-angle glaucoma,
exfoliation glaucoma, and cataract. Invest Ophthalmol Vis Sci
2012;53:241-7.

How to cite this article: Barcelona PF, Schaap-Fogler M,
Garcia MDAG, Eiger-Moscovich M, Mimouni K, Saragovi HU,
Kramer M. Variable expression of alpha-2-macroglobulin and
tumor necrosis factor-α in the aqueous humor of patients with
pseudoexfoliative syndrome with and without glaucoma. Cli
Exp Vis Eye Res J 2018;1(2):21-25.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images or other third party material in this article are
included in the article’s Creative Commons license, unless indicated otherwise in the credit line; if the material is not included under the Creative
Commons license, users will need to obtain permission from the license hol-der to reproduce the material. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/ © Barcelona PF, Fogler MS, Garcia MDAG, MoscovichMG, Mimouni K, Saragovi HU, Kramer M. 2018

Clinical and Experimental Vision and Eye Research ● Vol. 1:2 ● Jul-Dec 201825

