
Contents lists available at ScienceDirect

Experimental Eye Research

journal homepage: www.elsevier.com/locate/yexer

Alpha-1-antitrypsin ameliorates inflammation and neurodegeneration in the
diabetic mouse retina

Gustavo Ortiza, Emiliano S. Lopeza, Juan P. Salicaa, Constanza Potilinskia,
Mariano Fernández Acquierb, Eduardo Chuluyanc, Juan E. Galloa,∗

aNanomedicine & Vision Group, Facultad de Ciencias Biomédicas, Instituto de Investigaciones en Medicina Traslacional, Universidad Austral, Consejo Nacional de
Investigaciones en Ciencia y Tecnología (CONICET), Avenida Presidente Perón 1500, Pilar, Buenos Aires, Argentina
b Servicio de Neumonología, Hospital Cetrángolo, Italia 1750, Vicente López, Buenos Aires, Argentina
c Centro de Estudios Farmacológicos y Botánicos, Paraguay 2155, Facultad de Medicina, Universidad de Buenos Aires, Buenos Aires, Argentina

A R T I C L E I N F O

Keywords:
Diabetes
Retina
Alpha 1-antitrypsin
Inflammation
Diabetic retinopathy
Blindness

A B S T R A C T

Diabetic retinopathy (DR) is the most common cause of blindness in the working age population. Early events of
DR are accompanied by neurodegeneration of the inner retina resulting in ganglion cell loss. These findings
together with reduced retinal thickness are observed within the first weeks of experimental DR. Besides, an
inflammatory process is triggered in DR in which the innate immune response plays a relevant role. Alpha 1
antitrypsin (AAT), an inhibitor of serine proteases, has shown anti-inflammatory properties in several diseases.
We aimed at evaluating the use of AAT to prevent the early changes induced by DR. Diabetic AAT-treated mice
showed a delay on ganglion cell loss and retinal thinning. These animals showed a markedly reduced in-
flammatory status. AAT was able to preserve systemic and retinal TNF-α level similar to that of control mice.
Furthermore, retinal macrophages found in the AAT-treated diabetic mouse exhibited M2 profile (F4/
80+CD206+) together with an anti-inflammatory microenvironment. We thus demonstrated that AAT-treated
mice show less retinal neurodegenerative changes and have reduced levels of systemic and retinal TNF-α. Our
results contribute to shed light on the use of AAT as a possible therapeutic option in DR.

1. Introduction

Diabetic retinopathy (DR) is the leading cause of blindness in the
working age population (Lee et al., 2015) and is characterized by ret-
inal changes that include microaneurisms, hemorrhages, hard and
cotton-wool exudates, edema, neovessels and retinal detachment. Ac-
cording to these findings, DR is classified as non-proliferative, pre-
proliferative and proliferative DR. Also retinopathy could be graded
into mild, moderate or severe depending on the development of the
disease. DR is characterized by a slow progression that usually takes
several years to reach the advanced stages (Viswanath and McGavin,
2003).

In the diabetic patient the retinal neurovascular unit is affected by
persistent hyperglycemia which generates degenerative changes and a
chronic pro-inflammatory state (Antonetti et al., 2012). Both processes
are responsible for early changes in the retina and involve different
types of cells such as endothelial cells, pericytes, Müller cells, microglia,
ganglion cells and bone marrow (BM) derived cells (Tang and Kern,
2011; Abcouwer and Antonetti, 2013). Migration, homing and vascular

reparative properties of BM-derived cells are affected in diabetes
(Chakravarthy et al., 2016). In fact, trafficking of BM-derived mono-
cytes/macrophages in the diabetic mouse retina (Rangasamy et al.,
2014) and in patients with DR have been reported (Zeng et al., 2008).
These cells are able to secrete inflammatory cytokines and chemokines
as Interleukin-1-beta (IL-1β), Tumor Necrosis Factor Alpha (TNF-α) and
interleukin-3 (IL-3) which have been found increased in the retina of
diabetic animals (Hazra et al., 2013) and in the vitreous of patients with
DR (Kocak et al., 2010). The role of TNF-α is well known in the de-
velopment of diabetic retinopathy (Doganay et al., 2002; Joussen et al.,
2002; Demircan et al., 2006).

It has been described that BM-derived macrophages are capable of
developing into at least two main profiles: inflammatory M1 macro-
phages and anti-inflammatory M2 macrophages (Martinez and Gordon,
2014). The M1 profile is directly related to the expression and activity
of the inducible nitric oxide synthase (iNOS) enzyme and the produc-
tion of inflammatory cytokines such as TNF-α and IL-1β, as well as
chemokines such as Monocyte Chemoatractant Protein 1 (MCP-1). The
M1 type also presents F4/80high surface expression. The M2
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macrophages are related to the expression and activity of Arginase1
(Arg1) and present F4/80low and the macrophage mannose receptor
CD206high expression in their surface (Porcheray et al., 2005; Martinez
and Gordon, 2014). The M2 type is involved in the remodeling and
repairing of different tissues as well as in the resolution of inflammatory
processes (Bystrom et al., 2008; Laskin et al., 2011; Ortega-Gomez
et al., 2013; Wynn et al., 2013). Although there is a large amount of
data on how macrophages work in acute and chronic inflammation,
their role in the development of DR has not been fully elucidated.

Alpha-1-antitrypsin (AAT) is an acute phase protein released mainly
by hepatocytes during inflammation and acts as the major inhibitor of
serine proteases (serpins) in blood (Lewis, 2012). Several researchers
have pointed out the anti-inflammatory effects of AAT on the expres-
sion of neutrophil elastase (NE), cathepsin G and proteinase 3 by im-
mune cells, as well as suppressing some cytokines and chemokines
production, complement activation and immune cell infiltration
(Gottlieb et al., 2014; Guttman et al., 2015). New evidence reveals that
AAT has several mechanisms of action which do not involve serpin
activity (Lewis, 2012; Jonigk et al., 2013). AAT is currently used in
patients with deficit of AAT and non-genetic chronic obstructive pul-
monary disease (Edgar et al., 2017). In this illness lung inflammation is
driven by TNF-α (Cosio et al., 2009; Hurley et al., 2016).

Interestingly, investigations have found that AAT modulates lung
inflammatory responses to TNF-α and suppress its production by sti-
mulated macrophages (Churg et al., 2007; Jonigk et al., 2013). Also,
serum levels of TNF-α were found reduced in AAT-treated diabetic mice
accompanied by the fall of lymphocytic infiltration in a model of islet
transplantation (Wang et al., 2017). As AAT modulates TNF-α, a major
player in chronic inflammation and the pathogenesis of diabetic re-
tinopathy, we thought it was interesting to evaluate the effect of AAT in
experimental diabetic retinopathy. Furthermore, the modulation of pro-
inflammatory factors represents an interesting approach to ameliorate
the extent of damage caused by diabetes. This may enable prevention or
delay in the development of diabetic complications such as DR. We
expect that delivery of AAT affect and improve features of the pa-
thology of diabetic retinopathy. The aim of our study was to evaluate
the potential of AAT (Trypsan®, Grifolds, Barcelona, Spain) to moderate
retinal degenerative and inflammatory changes that usually appear in
the retina of diabetic mice (Yang et al., 2012). In order to achieve this,
we evaluated the protein expression of several cytokines and chemo-
kines, determined the level of TNF-alpha both in serum and retina,
measured the thickness of the retina, counted retinal ganglion cells and
made an analysis of the macrophage cells and its microenvironment in
the retina.

2. Material and methods

2.1. Animals and model of diabetes

Eight-week-old male C57BL6J mice were purchased from
Laboratory of Experimental Animals (LAE, Facultad de Ciencias
Veterinarias, Universidad Nacional de La Plata, Buenos Aires). Animals
were maintained at our Animal Resources Facilities (IIMT-CONICET) in
accordance with the experimental ethical committee and the NIH
guidelines on the ethical use of animals. The Animal Care Committee
from School of Biomedical Sciences, Austral University, approved the
experimental protocol (CICUAL IIMT 16–05). Model development was
obtained as previously described (Li et al., 2010; Lai and Lo, 2013).
Briefly, mice were intraperitoneally (i.p.) injected with 100mg/kg
streptozotocin (STZ) twice (day 0 and day 2). On day 9, a blood glucose
test was performed on fasting 16 h. Animals with blood glucose levels of
200mg/dl or higher were considered diabetic, and were used for the
experimental groups (AAT-treated or untreated mice).

2.2. Cells

Raw 264.1 and J774.1 cells were maintained in RPMI supplemented
with 10% heat-inactivated FBS (fetal bovine serum), 2mmol/L L-glu-
tamine, 100 U/mL streptomycin, and 100mg/ml penicillin and in-
cubated at 37 °C in a 5% CO2 humidified atmosphere.

2.3. Glycemic levels, weight control, water consumption

C57BL6J mice were housed in groups (n=7) with free access to
food and water. Glycemic levels were evaluated fasting 16 h, taking one
drop of blood from the tail vein and using test strips from One Touch
Ultra kit (Johnson & Johnson, New Jersey, USA). Also, water con-
sumption and weight were weekly monitored for 8 weeks until sacrifice
(Supplementary material and Supplementary Fig. S1).

2.4. Human alpha-1-antitrypsin treatment

As previous studies described, animals were i.p. injected with
100mg/kg AAT (2 mg/mouse) (Wang et al., 2017) in a 100 μl final
volume, weekly during 8 weeks. In our laboratory we have indicated
the presence of AAT in the microvasculature of the rat retina up to 6
days after intraperitoneal injection (Ortiz, 2013). Similar results were
seen in mice.

2.5. Flatmount retinal ganglion cell quantification

Flatmount retinas were obtained as previously described (Gonzalez
Fleitas et al., 2015), and incubated overnight with a polyclonal goat
anti-Brn3a antibody (1:500; catalogue #: sc31984, Santa Cruz Bio-
technology, CA, USA). After several washings, secondary antibodies
were added, and sections were incubated for 2 h at room temperature.
Images (200×; area corresponding to 0.1mm2) from 4 different
quadrants from the central and peripheral retina were captured, and the
mean of 20 images was considered as the representative value, and
expressed as the total number of Brn3a(+) cells in 2 mm2.

2.6. Measurement of retinal thickness

The eyes extracted were fixed in 4% paraformaldehyde (Sigma-
Aldrich P-6148, USA) for 1 h. The anterior segment was dissected and
removed as well as the vitreous and then the optic cup was left 16 h in
fixation. Then, it was paraffin embedded. Five micron sections were
performed. The histological sections were stained with hematoxylin
and eosin for examination using the microscope Nikon Eclipse E800
(Tokyo, Japan). Thickness measurements in micrometers (μm) of dif-
ferent layers and the entire retina were quantified in the posterior re-
tina from central (close to the optic disc) and peripheral retina. Image
analyses were performed using a Nikon DXM1200 digital camera
(Tokyo, Japan) mounted onto an Eclipse Nikon E−800 microscope for
image acquisition. Images were digitalized in a rectangular frame of
1280×960 pixels using the 20×objectives for thickness measure-
ments. Statistical analysis was carried out using one-way analysis of
variance.

2.7. ELISA for TNF-α

Serum samples of each animal at 8 week were taken. The four ex-
perimental groups (n=4) were tested by ELISA using a specific kit to
quantify TNF-α (DuoSet mouse TNF- α, cat#: DY493; R&D Systems,
MN, USA) following the manufacturer's recommendations. Measures
were done by triplicate. TNF-α level were determined using spectro-
photometer and absorbance was measured at 450 nm with 540 nm
correction according to the manufacturer's recommendations.
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2.8. Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA from whole retina was extracted using Trizol Reagent
(Sigma-Aldrich). Total RNA (1 μg) was reverse transcribed with 200
Units of Superscript II Reverse Transcriptase (Invitrogen) using 500 ng
of Oligo (dT) primers. cDNAs were subjected to real-time polymerase
chain reaction (qPCR) (Stratagene Mx3005p, Stratagene, La Jolla, CA).
For qRT-PCR, the mRNA levels of iNOS, arginase 1 (arg1) and f4/80,
were quantified by SYBR Green (Invitrogen, MA, USA), using the fol-
lowing primers: iNOS forward 5′- AAGATGGCCTGGAGGAATGC-3′and
reverse 5′- TGCTGTGCTACAGTTCCGAG-3′; arg1 forward 5′- CAGAAG
AATGGAAGAGTCAG-3′ and reverse 5′- CAGATATGCAGGGAGTC
ACC-3′; f4/80 forward 5′- CTGTAACCGGATGGCAAACT -3′ reverse 5′-
CTGTACCCACATGGCTGATG -3’.PCR amplifications were carried out
using a cycle of 95 °C for 10min and 40 cycles under the following
parameters: 95 °C for 30 s, 56 °C for 30 s, 72 °C for 1min. At the end of
the PCR, the temperature was increased from 60 to 95 °C at a rate of
2 °C/minute, and fluorescence was measured every 15 s to construct the
melting curve. Values were normalized to levels of glyceraldehyde-3-
phosphate dehydrogenase transcript (gapdh; used as housekeeping)
(forward 5′-ATCTCTGCCCCCTCTGCTG-3′and reverse 5′-GCCTGCTTCA
CCACCTTCTTG-3′). Data were processed by the ΔΔCtmethod. The re-
lative amount of the PCR product amplified from control AAT-untreated
animals was set as 1. A non-template control (NTC) was run in every
assay, and all determinations were performed as quadruplicates for
each animal (n=4/group) in three separated experiments.

2.9. Retina and serum cytokine proteome profiler array

Serum samples from each animal were taken at week 8 before

sacrifice, used for a pool (n=8). The proteome profiler mouse cytokine
array panel A kit (cat #: ARY006, R&D Systems, MN, USA) was used to
assess the levels of 40 cytokines in samples of interest. As detailed in the
manufacturers' instructions, a single membrane with antibodies against
40 cytokines in duplicate spots was used per treatment group.
Membranes were blocked with the supplied blocking buffer for 1 h and
incubated with serum or retina samples pool of each experimental
group overnight at 4 °C. Each serum pool was made up of 70 μl per
animal. Briefly, the retina pool was performed as follows: seven retinas
of each experimental group were extracted and incubated with RIPA
buffer (150mM sodium chloride 1.0%, Triton X-100 0.5%, sodium
deoxycholate, 0.1% SDS, 50mM Tris, pH 8.0) and protease inhibitor
(Sigma Aldrich cat#: P8340). The extracts were lysed in rounds of
frozen thawing at −80 °C and centrifuged at 15,000 rpm, keeping the
supernatant ready to use. The spots were visualized using the enhanced
chemiluminescence detection system (ECL, Amersham, Arlington
Heights, IL, U.S.A.). Fluorescence intensity was measured using Image
Studio Lite software (LI-COR, NE, USA). The average intensity of du-
plicate spots per antibody was calculated and plotted on a bar graph
using Graph Pad Prism® 5.

2.10. Flow cytometry

At 8 weeks of AAT treatment, animals were anesthetized and eyes
were extracted. Retinas were dissected and incubated with Hank's
buffer and collagenase type I (Sigma Aldrich cat#: 9891) for 30min at
37 °C. Single-cell suspension was prepared by mechanical disruption.
Then, were stained with different conjugated-antibodies: anti-CD11b-
APC (cat#: 553312; BD Biosciences) anti-F4/80-FITC (105155; Abcam,
MA, USA), anti-CD206-PE (cat#: 553050; BD Biosciences), or isotypes

Fig. 1. (A) Representative photomicrographs stained with H&E show the histological appearance of central retinas from control (healthy mice), AAT-treated healthy
mice (Control + AAT), untreated diabetic mice (DBT) and AAT-treated diabetic mice (DBT + AAT) at 8 weeks post diabetes induction. GCL: ganglion cell layer, IPL:
inner plexiform layer; INL: inner nuclear layer, OPL: outer plexiform layer, ONL, outer nuclear layer, PRL: Photoreceptor Layer. RPE: Retinal Pigment Epithelium. (B)
Quantification of central thickness. Differences in the Total layers, GCL and IPL were observed in control vs. DBT, and DBT vs. DBT + AAT groups (#p < 0.05
Control vs.DBT and *p < 0.05 DBT vs. DBT + AAT; Two way ANOVA; Bonferroni post-test). (C) Representative photomicrographs stained with H&E show the
histological appearance of peripheral retinas from all experimental groups at 8 weeks. (D) Quantification of the total and different layers of peripheral thickness. No
significant differences were observed in peripheral retina. Scale bar: 50 μm.
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(rat IgG2bκ, ab1316125-rat monoclonal IgG2b, Rat IgG2a respectively)
diluted in PBS 1% of BFS. For in vitro assay, 1× 106 J774.1 or
Raw264.1 cells were incubated with CD206-PE and F4/80-FITC anti-
bodies or isotypes diluted in PBS 1% of BFS. Finally, cell suspensions
were fixed with 2% paraformaldehyde and subjected to flow cytometry
(FACS Calibur, BD Biosciences). Data were analyzed using FlowJO.

2.11. Statistical analysis

All experiments were performed in triplicate and repeated at least
twice. Values were expressed as the mean ± SEM. Student T test, or
Kruskal–Wallis (ANOVA) tests were used to evaluate the statistical
differences between two groups or more than two groups, respectively.
A p value < 0.05 was considered statistically significant. Prism 5
software (Graph Pad, San Diego, CA) was used for the analysis.

3. Results

3.1. Intraperitoneal administration of AAT decreases both retinal thinning
and loss of ganglion cells

In order to determine whether AAT has a protective effect we in-
vestigated retinal thinning and ganglion cell quantity in the retina of
diabetic mice. While we observed both retinal thinning and ganglion
cell loss in diabetic mice, these events were markedly improved in AAT-
treated mice (Figs. 1 and 2). The central retinal thinning in AAT-treated
diabetic animals showed similar values to the control mouse retinas.
Differences were found in the inner retina composed by, Fiber and
Ganglion Cell Layer (FCL and GCL) and Inner Plexiform Layer (IPL)
(p < 0.05) (Fig. 1A and B). No difference was found in the peripheral
retina and in each of its layers (Fig. 1C and D). Moreover, 8 weeks after
diabetes induction by streptozotocin (STZ) injection we observed a
significant difference in the number of central and peripheral retinal
Bcrn3+ nuclei in AAT-treated diabetic mice compared to diabetic ani-
mals (p < 0.05) (Fig. 2A and B).

3.2. Cytokines and chemokines involved in retinal remodeling induced by
AAT

In order to assess if the delay of neurodegenerative changes ob-
served in retina of AAT-treated mice was related to the inflammatory
status, we analyzed several cytokines and chemokines in both serum
and retinal samples using microarrays. The followings cytokines were
down-regulated in serum of AAT-treated diabetic mice compared to
non-treated diabetic mice: Tumor Necrosis Factor-α (TNF-α), Soluble
Intercellular Adhesion Molecule-1 (sICAM-1), Interleukin-1α (IL-1α),
Interleukin-1β (IL-1β), Interleukin-3 (IL-3), Interleukin-7 (IL-7),
Interleukin-17 (IL-17), Interleukin-27 (IL-27), Interferon-γ (INF-γ),
Macrophage Inflammatory Protein-1 alpha (MIP-1a/CCL3), Monocyte
Induced by Gamma interferon (MIG/CXCL9), Interferon inducible T-
cell Alpha Chemoattractant (I-TAC/CXCL11). The serum cytokines that
were found to be up-regulated: Chemokine C-C motif ligand-1 (CCL-1),
Macrophage Inflammatory Protein-2-alpha (MIP-2-α/CXCL2),
Granulocyte-Colony Stimulating Factor (G-CSF). Finally, several cyto-
kines were unmodified: Monocyte Chemoattractant Protein-1 (MCP-1/
CCL2), Regulated on Activation Normal T Cell Expressed and Secreted
(RANTES/CCL5), Chemokine (C-X-C motif) ligand-1 (CXCL-1),
Interferon gamma Induced Protein-10 (IP-10/CXCL10), Stromal cell-
Derived Factor-1 (SDF-1/CXCL12), B Lymphocyte Chemoattractant
(BLC/CXCL13), Interleukin-1 receptor a (IL-1ra), Interleukin-4 (IL-4),
Interleukin-13 (IL-13), Interleukin-16 (IL-16), Interleukin-23 (IL-23),
Complement c5 precursor (C5a), Macrophage Colony Stimulator Factor
(M-CSF) Tissue Inhibitor Metalloproteinase-1 (TIMP-1), Triggering re-
ceptor expressed on myeloid cells-1 (TREM-1) (Table 1 and Fig. S2).
There were 10 cytokines not detected. As a result, AAT was able to
induce downregulation of the most potent inflammatory cytokines TNF-
α, IL-1α, IL-1β, and soluble integrin ICAM (p < 0.05 AAT-treated vs.
untreated diabetic mice) (Fig. S2).

At the retina level we observed that IL-3 was down-regulated; and
MIP-1a/CCL3 and RANTES/CCL5 were up-regulated in AAT-treated
diabetic compared with non-treated diabetic mice; (p < 0.05; AAT-
treated vs. untreated diabetic mice; Student's T test). Also, as well as
serum, several cytokines showed no changes: CXCL2, MIG/CXCL9, IP-
10/CXCL10, I-TAC/CXCL11, SDF-1/CXCL12, BLC/CXCL13, IL-1ra, IL-4,
IL-7, IL-13, IL-17, IL-27, C5a, sICAM-1, IFN-γ, M-CSF, TIMP-1 and

Fig. 2. Retinal ganglion cell analysis. Images are representative of Brn3a+ immunostaining in flat-mounted retinas in (A) central retina and (B) peripheral retina.
Ganglion cells quantification (NRGCs/mm2) in all experimental groups. Differences were founded between DBT and DBT + AAT mice (p < 0.05; ANOVA, Kruskal-
Wallis test). Scale bar: 50 μm.
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TREM-1. The remaining cytokines were not detected in any animal
groups (Table 2 and Fig. S2).

3.3. AAT modulates the serum and retina level of TNF- α

Different studies have shown that the inflammatory cytokine TNF-α
is increased in the retina (Joussen et al., 2002) and vitreous of diabetic
mice. Furthermore, TNF-α was also found to be increased in patients
with DR (Doganay et al., 2002; Demircan et al., 2006). Recent research
(Wang et al., 2017) showed that an i.p. injection of AAT was able to
decrease the serum level of TNF-α in diabetic animals. In order to
confirm the reduced expression of TNF-α found by the microarray assay
in serum we analyzed the level of TNF-α in AAT-treated and non-
treated diabetic mice by ELISA. We observed that both retinal and
serum levels of TNF-α were significantly increased in non-treated dia-
betic animals while diabetic AAT-treated showed reduced TNF-α levels
reaching values of healthy (control) mice (p < 0.05 AAT-treated vs.
untreated diabetic mice ANOVA; Kruskal-Wallis test) (Fig. 3A and B).

3.4. The percentage of CD11b+F4/80+ macrophages is increased in the
retina of diabetic animals

It has been described that F4/80 is a good marker for murine
macrophages (Martinez and Gordon, 2014; Gordon and Pluddemann,
2017). Regarding that retina upregulated cytokines are monocyte
chemotactic CCL3 and CCL5 (Table 2), we decided first to evaluate the
levels of f4/80 transcripts in the whole retina. We found that mRNA
levels of f4/80were increased in both diabetic AAT-treated and diabetic
non-treated groups compared to controls (p < 0.05 ANOVA; Kruskall-
Wallis test; Fig. 4A). Then, we determined the percentage of
CD11b+F4/80+ cells in all experimental groups by flow cytometry. We
found that CD11b+F4/80+ cells were increased in diabetic group and
an increase trend in AAT-treated diabetic group compared to control
mice. No significant differences were seen among diabetic and AAT-
treated diabetic groups (p < 0.05 Control vs. diabetic and control vs.
AAT-treated diabetic mice, ANOVA; Kruskal-Wallis test) (Fig. 4B).

Table 1
Serum cytokines.

Serum fold change

Chemokines RefSeq +AAT DBT DBT + AAT Description

Down-regulated
TNF-α NP_038721.1 −3.80 ± 0.02 −1.30 ± 0.77 −3.19 ± 0.07 Potent proinflamatory cytokine. Secreted by macrophages. Endothelium activation.
sICAM-1 NP_034623.1 −1.88 ± 0.01 1.00 ± 0.93 −2.03 ± 0.01 Binds LFA-1. It participates in the innate immune response
IL-1α NP_034684.2 −4.18 ± 0.01 −1.29 ± 0.63 −8.57 ± 0.09 Produced by activated macrophages. Are involved in the inflammatory response
IL-1β NP_032387.1 −4.76 ± 0.02 −5.33 ± 0.38 −7.19 ± 0.14 Potent proinflammatory cytokine induces neutrophil influx.
IL-3 NP_034686.2 −4.14 ± 0.01 −3.73 ± 0.26 −2.01 ± 0.39 Induces granulocytes, macrophages, mast cells, stem cells, eosinophils.
IL-7 NP_001300817.1 −5.22 ± 0.06 −4.30 ± 0.19 −11.17 ± 0.03 Hematopoietic growth factor. Stimulate the proliferation of lymphoid progenitors.
IL-17 NP_034682.1 −7.79 ± 0.04 −1.87 ± 0.45 −20.09 ± 0.03 Pro-inflammatory. Produced by activated T-cells and cells of innate immune
IL-27 NP_663611.1 −5.53 ± 0.02 −2.75 ± 0.52 −12.57 ± 0.07 Pro-/anti-inflammatory. Suppresses production of IL2, IL4, IL5 and IL6
IFN-γ NP_032363.1 −5.14 ± 0.3 −1.52 ± 0.67 −3.79 ± 0.08 Is secreted by cells of both the innate and adaptive immune systems.
CCL3 NP_035467.1 −6.23 ± 0.1 −3.63 ± 0.21 −6.44 ± 0.14 Potent chemotactic activity for eosinophils.
CXCL9 NP_032625.2 −5.94 ± 0.01 −1.85 ± 0.48 −2.54 ± 0.19 Affects the growth, movement, or activation state of cells in inflammatory response.
CXCL11 NP_062367.1 −4.63 ± 0.1 −1.77 ± 0.64 −21.25 ± 0.03 Chemotactic for monocytes, activated T-cells, or neutrophils.
Up-regulated
CCL1 NP_035459.1 −2.79 ± 0.01 −1.58 ± 0.47 8.03 ± 2.98 Secreted by activated T cells and have chemotactic activity for monocytes.
CXCL2 NP_033166.1 −2.45 ± 0.01 −1.79 ± 0.72 3.60 ± 1.66 Chemotactic for human polymorphonuclear leukocytes.
G-CSF NP_034101.1 −3.08 ± 0.01 −2.61 ± 0.30 3.70 ± 2.30 Production, differentiation, and function of granulocytes and macrophages
Unmodify
CCL2 NP_035463.1 −1.58 ± 0.01 −1.40 ± 0.54 1.54 ± 0.44 Displays chemotactic activity for monocytes and memory T cells.
CCL5 NP_038681.2 −2.09 ± 0.01 1.26 ± 1.20 −1.11 ± 0.23 Chemoattractant. Eosinophils, monocytes, memory T cells, B, NK, and DCs
CXCL1 NP_032202.1 −1.65 ± 0.01 −1.07 ± 0.97 −1.16 ± 0.07 Responsible to recruit neutrophils.
CXCL10 NP_067249.1 −2.73 ± 0.01 −1.29 ± 0.73 1.22 ± 0.27 A chemoattractant for activated T cells
CXCL12 NP_001012495.1 −1.56 ± 0.01 1.11 ± 0.84 −1.16 ± 0.09 Immune surveillance, inflammation response, tissue homeostasis, and tumor growth.
CXCL13 NP_061354.1 −2.18 ± 0.01 −2.12 ± 0.44 1.22 ± 0.01 CXCR5 CXCR3 CCR10 chemokine receptor binding
IL-1ra NP_001116854.

1
−2.28 ± 0.01 −1.04 ± 0.72 −1.08 ± 0.04 Inhibits the activity of interleukin-1 by binding to receptor IL1R1.

IL-4 NP_067258.1 −7.00 ± 0.2 −4.11 ± 0.17 −2.58 ± 0.33 B-cell activation processes as well as of other cell types
IL-13 NP_032381.1 −2.46 ± 0.1 −1.93 ± 0.40 −1.41 ± 0.36 Inhibits inflammatory cytokine production. Regulating interferon-gamma synthesis.
IL-16 NP_034681.2 −2.20 ± 0.01 −1.60 ± 0.64 1.25 ± 0.47 Stimulates a migratory response in monocytes, CD4+ cells, and eosinophils
IL-23 NP_112542.1 −1.48 ± 0.09 −3.68 ± 0.27 −1.32 ± 0.75 Associates with IL12B. Promotes production of proinflammatory cytokines
c5/c5a NP_034536.2 −2.75 ± 0.01 −2.64 ± 0.37 1.28 ± 0.01 Complement system. Anaphylatoxin, which possesses potent chemotactic activity
M-CSF NP_001107001.1 −3.07 ± 0.01 1.05 ± 0.96 −1.46 ± 0.03 Survival, proliferation and differentiation of macrophages.
TIMP-1 NP_001037849.1 −2.00 ± 0.01 −1.27 ± 0.80 1.30 ± 0.27 Metalloproteinase inhibitor. Regulates cell differentiation, migration and cell death
TREM-1 NP_001334328.

1
−3.32 ± 0.01 1.04 ± 0.77 1.79 ± 0.07 Multifunctional proinflammatory cytokine that belongs to the tumor necrosis factor

Cytokines and chemokines down-regulated: Tumor Necrosis Factor-α (TNF-α), soluble Intercellular Adhesion Molecule-1 (sICAM-1), Interleukin-1α (IL-1α), Interleukin-
1β (IL-1β), Interleukin-3 (IL-3), Interleukin-7 (IL-7), Interleukin-17 (IL-17), Interleukin-27 (IL-27), Interferon-γ (INF-γ), Macrophage Inflammatory Protein-1 alpha
(MIP-1a/CCL3), Monocyte Induced by Gamma interferon (MIG/CXCL9), Interferon inducible T-cell Alpha Chemoattractant (I-TAC/CXCL11), (p < 0.05 DBT vs.
DBT + AAT; Student's T test).
Cytokines up-regulated: Chemokine (C-X-C motif) ligand-1 (CXCL-1), Granulocyte-Colony Stimulating Factor (G-CSF), Macrophage Inflammatory Protein-2-alpha
(MIP-2-alpha/CXCL2) (p < 0.05 DBT vs. DBT + AAT; Student's T test). Cytokines and chemoquines unmodify: Monocyte Chemoattractant Protein-1 (MCP-1/CCL2),
RANTES/CCL5 (Regulated on Activation, Normal T Cell Expressed and Secreted), KC/CXCL1 (C-X-C motif ligand-1), Interferon gamma Induced Protein-10 (IP-10/
CXCL10), Stromal cell-derived factor-1 (SDF-1/CXCL12), B Lymphocyte Chemoattractant (BLC/CXCL13), Interleukin-1ra (IL-1ra), Interleukin-4 (IL-4), Interleukin-13
(IL-13), Interleukin-16 (IL-16), Interleukin-23 (IL-23), Complement component 5a (c5/c5a), Macrophage-Colony Stimulating Factor (M-CSF), Tissue Inhibitor
Metalloproteinase-1 (TIMP-1), Triggering receptor expressed on myeloid cells-1 (TREM-1) (http://www.uniprot.org/2002–2018).
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Fig. 3. TNF-α level quantified by ELISA were found higher in DBT mice compared with control (healthy mice), while were significantly reduced in DBT + AAT mice
both (A) serum and (B) retina (#p < 0.05 Control vs. DBT, **p < 0.05 DBT vs. DBT + AAT; ANOVA, Kruskal-Wallis test).

Table 2
Cytokines and chemokines in the retina.

Retina fold change

Chemokines RefSeq +AAT DBT DBT + AAT Description

Down-regulated
IL-3 NP_034686.2 1.12 ± 0,03 12.30 ± 0,23 −13.21 ± 0,01 Induces granulocytes, macrophages, mast cells, stem cells, erythroid cells,

eosinophils.
Up-regulated
CCL3 NP_035467.1 1.00 ± 0,04 5.41 ± 0,23 3.20 ± 0,03 Potent chemotactic activity for eosinophils.
CCL5 NP_038681.2 1.00 ± 0,04 2.38 ± 0,09 3.14 ± 0,07 Chemoattractant eosinophils, basophils, monocytes, memory T cells, B, NK and DCs
Unmodify
CXCL2 NP_033166.1 −1.49 ± 0,41 1.13 ± 0,34 1.67 ± 1,12 Chemotactic for human polymorphonuclear leukocytes.
CXCL9 NP_032625.2 1.32 ± 0,50 3.94 ± 0,43 1.12 ± 0,08 Affects the growth, movement, or activation state of cells in inflammatory response.
CXCL10 NP_067249.1 1.01 ± 0,78 15.90 ± 0.34 −8.84 ± 6.90 A chemoattractant for activated T cells.
CXCL11 NP_062367.1 1.04 ± 0,43 5.10 ± 0,56 −1.18 ± 1,10 Chemotactic for monocytes, activated T-cells, or neutrophils.
CXCL12 NP_001012495.1 1.71 ± 0,53 2.41 ± 0,12 −2.45 ± 1.54 Immune surveillance, inflammation response, tissue homeostasis, and tumor growth.
CXCL13 NP_061354.1 18.01 ± 0,70 11.21 ± 0,19 1.36 ± 1,23 CXCR5 CXCR3 CCR10 chemokine receptor binding
IL-1ra NP_001116854.1 2.74 ± 0,90 1.25 ± 0,98 1.55 ± 1,20 Inhibits the activity of interleukin-1 by binding to receptor IL1R1.
IL-4 NP_067258.1 1.00 ± 0,65 18.70 ± 2,89 −1.41 ± 0,93 Participates in at least several B-cell activation processes as well as of other cell types
IL-7 NP_001300817.1 1.74 ± 0,95 2.70 ± 1,10 −1.27 ± 0,87 Hematopoietic growth factor capable of stimulating the proliferation of lymphoid

progenitors.
IL-13 NP_032381.1 1.19 ± 0,01 4.17 ± 2,10 1.61 ± 0,79 Inhibits inflammatory cytokine production. Regulating interferon-gamma synthesis.
IL-17 NP_034682.1 3.76 ± 0,03 5.86 ± 0,12 −1.91 ± 090 Pro-inflammatory. Produced by activated T-cells and cells of innate immune
IL-27 NP_663611.1 1.41 ± 0,09 3.09 ± 0,16 −2.25 ± 1.23 Pro-/anti-inflammatory.Suppresses production of IL2, IL4, IL5 and IL6
c5/c5a NP_034536.2 7.85 ± 2,21 10.22 ± 0,19 −1.44 ± 0,89 Complement system. Anaphylatoxin which possesses potent chemotactic activity
sICAM-1 NP_034623.1 1.31 ± 1,12 1.60 ± 0,29 1.26 ± 0,76 Binds leukocyte adhesion protein LFA-1. It participates in the innate immune

response
IFN-γ NP_032363.1 2.16 ± 0,09 2.00 ± 1,10 1.35 ± 0,91 Is secreted by cells of both the innate and adaptive immune systems.
M-CSF NP_001107001.1 2.85 ± 0,45 5.74 ± 2,18 −1.51 ± 0,16 Survival, proliferation and differentiation of macrophages.
TIMP-1 NP_001037849.1 −2.84 ± 0,64 2.83 ± 1,14 −1.52 ± 0,98 Metalloproteinase inhibitor. Regulates cell differentiation, migration and cell death
TREM-1 NP_001334328.1 1.03 ± 0,01 1.12 ± 0,16 3.11 ± 1,68 Multifunctional proinflammatory cytokine that belongs to the tumor necrosis factor

Cytokines and chemokines down-regulated: Interleukin-3 (IL-3).
Cytokines up-regulated: Macrophage Inflamatory Protein-1 alpha (MIP-1a/CCL3), Regulated on Activation, Normal T Cell Expressed and Secreted (RANTES/CCL5).
Citokynes and chemoquines unmodify: Macrophage Inflammatory Protein-2-alpha (MIP-2-alpha/CXCL2), Monocyte Induced by Gamma interferon (MIG/CXCL9),
Interferon gamma Induced Protein-10 (IP-10/CXCL10), Interferon inducible T-cell Alpha Chemoattractant (I-TAC/CXCL11), stromal cell-derived factor-1 (SDF-1/
CXCL12), B Lymphocyte Chemoattractant (BLC/CXCL13), Interleukin-1ra (IL-1ra), Interleukin-4 (IL-4), Interleukin-7 (IL-7), Interleukin-13 (IL-13), Interleukin-17
(IL-17), Interleukin-27 (IL-27), Complement component 5a (c5/c5a), soluble Intercellular Adhesion Molecule-1 (sICAM-1), Interferon-γ (INF-γ), Macrophage-Colony
Stimulating Factor (M-CSF), Tissue Inhibitor Metalloproteinase-1 (TIMP-1), Triggering receptor expressed on myeloid cells-1 (TREM-1) (http://www.uniprot.org/
2002–2018).
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3.5. Macrophage-microenvironment profile of AAT-treated mice

In order to characterize the retinal microenvironment where the F4/
80+ cells were found, a real-time PCR of the whole retina for iNOS and
arg1 genes was performed in the different treatments groups. The ex-
pression of iNOS mRNA was found to be 0.46 fold lower in diabetic
AAT-treated group compared to diabetic untreated mice (p < 0.05;
AAT-treated vs. untreated diabetic mice; ANOVA; KruskalWallis test).
Unexpectedly we found similar differences between control and control
AAT-treated mice, suggesting that AAT has an effect independent of
diabetes condition (p < 0.05; AAT-treated vs. untreated control mice;
ANOVA; Kruskal-Wallis test). Importantly, arg1 was found to be 2.65
fold higher in AAT-treated animals (Fig. 4C) (p < 0.05; AAT-treated
vs. untreated diabetic mice; ANOVA; Kruskal-Wallis test), indicating an

anti-inflammatory profile in the retinal milieu.

3.6. AAT modulates macrophage phenotype toward M2 in vivo and in vitro

M2 macrophages are characterized by a lower expression of iNOS
and an elevated expression of arg1, and expressed the mannose receptor
CD206 as well (Gordon and Pluddemann, 2017). We therefore carried
out flow cytometry analysis for F4/80+ and CD206+ on retina samples
of mice from all experimental groups. We observed that macrophages
CD206+F4/80+ double positive cells were increased in the retina of
AAT-treated diabetic mice (Fig. 5) (p < 0.05; AAT-treated vs. un-
treated diabetic mice; ANOVA; Kruskal-Wallis test). Collectively, these
results suggest that AAT was capable to modulate the macrophage
profile toward a M2 phenotype without modifying the percentage of

Fig. 4. AAT and macrophages in the retina. (A) Fold changes of f4/80 mRNA (p < 0.05; Control vs. DBT and DBT + AAT; ANOVA; Kruskall-Wallis test). (B)
CD11b+F4/80+ cells from whole retina. Representative Zebraplots from CD11b+F4/80+ cells in different groups were obtained from gated single-cell population,
the second gating was performed in a two-step fashion in CD11bhigh cells (gating between dash), finally the CD11bhigh positive population was gated in F480+ cells
(p < 0.05 Control vs. DBT and control vs. DBT + AAT mice, ANOVA; Kruskal-Wallis test). (C) Analysis of mRNA levels of inducible nitric oxidase syntase (iNOS) and
arginase 1 (arg1) of the whole retina (iNOS: p < 0.05; Control vs. Control + AAT, and p < 0.05 DBT vs. DBT + AAT; arg1: DBT vs. DBT + AAT: ANOVA; Kruskal-
Wallis test).
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F4/80+ cells in the retina of treated mice.
Investigations reported that AAT can modulate the inflammatory

profile of different types of cells (Ozeri et al., 2012; Gottlieb et al.,
2014). Therefore, we decided to evaluate whether AAT was able to
modulate the profile in vitro of macrophage cell lines Raw264.1 and
J774.2. Surprisingly, we found that AAT could modulate CD206 ex-
pression in both cell lines. A slightly increase of CD206 expression of
Raw264.1 and J774.2 cells exposed to AAT was observed (Fig. 6C and
D) (p < 0.05, Control vs. 4.5 mg/ml AAT, Student's T test).

3.7. Toxicology parameters during AAT treatment

Finally, we assessed the toxicology profile of AAT administration in
mice and found that the scheme applied was well tolerated with no
evident signs of clinical, biochemical or hematological toxicity within
the studied period of time (Fig. 7). We did not find differences in sys-
temic leukocyte number between groups (Fig. 7A) or in levels of

aspartate transaminase (AST) and alanine aminotransferase (ALT) he-
patic enzymes (Fig. 7B and C) (p < 0.05, ANOVA, Kruskall-Wallis).

4. Discussion

We have carried out a research study on the use of AAT to prevent
neurodegenerative and inflammatory changes in the retina of type 1
diabetes mice. At 8 weeks of diabetes AAT treated animals had less
ganglion cells loss, a thicker retina, a group of downregulated pro-in-
flammatory cytokines, decreased levels of TNF-α in serum and retina as
well as an anti-inflammatory profile of the retinal microenvironment of
macrophage cells. It has been widely reported that a chronic and pro-
gressing neurodegenerative process starts early in the diabetic retina,
both in humans and in mice (van Dijk et al., 2010; Yang et al., 2012,
Tavares Ferreira et al. 2016; Srinivasan et al., 2017).

Longitudinal studies carried out in type 1 diabetic patients con-
firmed the presence of retinal neurodegeneration before the vascular

Fig. 5. Phenotype of retinal macrophages. (A) Representative dot plots of double positive F4/80+CD206+ cells of the whole retina were obtained using gated
regions: single-cell population and F4/80+ cells; (upper panel). CD206+ cells were increased in DBT and more significantly in DBT + AAT (p < 0.05; DBT vs.
DBT + AAT; ANOVA; Kruskal-Wallis test).
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unit is affected. Particularly the inner retina was affected (van Dijk
et al., 2009). Retinal thinning and ganglion cell loss occur even when
the vascular component of DR remains minimally damaged in these
patients (van Dijk et al., 2010; Sohn et al., 2016). It is known that
Brn3+ retinal ganglion cells (RGCs) in STZ-induced diabetic mice are

reduced from 6 weeks onwards and precedes microvascular changes
(Martin et al., 2004; Yang et al., 2012). Also, Nuclear Fiber Layer and
Ganglion Cell Layer (NFL + GCL) have been found to be thinner 6
weeks after diabetes induction (Sohn et al., 2016). In our model, we
found that AAT minimized the loss of Brn3+ RGCs at 8 weeks of

Fig. 6. Flow cytometry of (A) Raw 264.1 and (B) J774.2 macrophages cells treated or not with 4.5 mg/ml AAT ON. Representative Zebraplots of control and AAT-
treated cells (+AAT) for both cell lines. Raw: *p < 0.05 Control vs. AAT-treated cells; Student's T test. J774.2: *p < 0.05 Control vs. AAT-treated cells; Student's T
test.

Fig. 7. (A) Determination of peripheral white cells. No differences were found between groups. (B) Analysis of hepatic enzyme AST: aspartate transaminase units (U)
per liter (L) and (C) ALT: alanine aminotransferase (U/L). No differences were found between four groups analyzed.
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diabetes and also delayed the thinning of inner retina (NFL, GCL and
IPL). Then, we demonstrated for the first time that AAT was able to
moderate retinal neurodegeneration caused by diabetes in mice.

Over the last years it has been described the role of the innate im-
mune cells and cytokines during the complications of diabetes (Tang
and Kern, 2011). In these sense, in the early stages, metabolic im-
balance may be detected by macrophages that could modify its profile
and secrete pro-inflammatory molecules such as IL-1β and TNF-α (Tang
and Kern, 2011; Xu and Chen, 2017) leading to the activation of retinal
endothelium and increase of integrins (sICAM-1) and selectins. Subse-
quently, activated endothelium contributes to generate leukostasis and
in turn, cause non-perfusion areas. In the current study we set out to see
if the early inflammatory changes caused by diabetes could be reduced
by AAT. By using microarrays of cytokines and chemokines analyzed in
both retina and serum, we demonstrated that lower levels of pro-in-
flammatory cytokines and factors TNF-α, IL1α, IL1β, INF-γ, IL-3, IL-7,
IL17, IL-23, IL-27, sICAM and chemokines CXCL1, CXCL9, CXCL11,
CXCL12, CCL3, CCL5, when mice received AAT. In addition, it has been
reported that TNF-α, one of the main inflammatory cytokines, is in-
creased in the serum of diabetic patients and relates to the severity of
DR (Doganay et al., 2002). TNF-α has been the target of several stra-
tegies (Behl et al. 2008, 2009), especially the blockade of TNF-α that
reduced leukocyte adhesion, suppressed blood retinal barrier break-
down and reduced ICAM-1 expression (Joussen et al., 2002). In this
study, we demonstrated that the use of AAT reduce the levels of TNF-α
both in the serum and in the retina of diabetic animals. Besides, we
observed lower expression of sICAM in the serum of diabetic AAT-
treated mice. Then, these findings suggest that AAT has the capability
to prevent the inflammatory state.

Macrophages with a M2 profile have been described to be anti-in-
flammatory, with beneficial potential in different tissues (Wynn et al.,
2013; Martinez and Gordon, 2014; Gordon and Pluddemann, 2017).
Interestingly, a recent report showed that AAT-treated macrophages
exhibit similarity to an M2-like profile (Churg et al., 2007). Here, we
showed that both transcript levels of f4/80 and F4/80+ cells are higher
throughout the retina of diabetic animals. This indicates an increased
number of macrophages in the diabetic retina, which has been pre-
viously reported (Rangasamy et al., 2014). Surprisingly, when we fo-
cused on the inflammatory profile of these cells, we found that the
retina of AAT-treated animals presented increased levels of double
positive F4/80+CD206+ cells. It is well-known that M2 profile has
CD206high surface expression (Wynn et al., 2013; Gordon and
Pluddemann, 2017). Also, lower iNOS and higher arg1 activity and
expression have been described as a characteristic of M2 (Wynn et al.,
2013). Accordingly, we showed that transcript levels of the enzymes
iNOS were decreased while transcripts levels of arg1 were increased in
the whole retina of diabetic AAT-treated animals. It has been previously
mentioned, that IL-13 and IL-4 cytokines could modulate macrophages
to an M2 profile with high expression of Arginase1 in mice (Van Dyken
and Locksley 2013). Interestingly, an injection of recombinant IL-13
could reduce inflammation in LPS-induced eye humor aqueous of rats
(Lemaitre et al., 2001). In our study we found higher levels of IL-13 in
the retina of AAT-treated animals suggesting a possible mechanism.
Another M2 cytokine is IL-10 which was not detected; perhaps it means
that those animals have a lower inflammatory state. Collectively our in
vivo findings about CD206high cells, iNOS, arg1, the retinal expression of
IL-13 and lower levels of retinal TNF-α, strongly support the idea that
AAT could modulate macrophages phenotype to an M2 profile. In ad-
dition, we observed that in vitro AAT-treated Raw 264.1 and J774.2
macrophages increased the percentage of CD206+ cells in comparison
with untreated cells. Then, AAT had the ability to modulate the mac-
rophage to an anti-inflammatory profile both in vivo and in vitro and to
decrease the production of pro-inflammatory cytokines as we observed
in the in vivo model. These mechanisms triggered by AAT might have
influenced and prevented retinal thinning and ganglion cell loss.

In this model, we have also seen that AAT-treated animals showed

upregulation of retinal CCL3, CCL5 as well as systemic CCL1. These
cytokines are chemo-attractant for several types of cells including
macrophages (Luster, 1998; Olson and Ley, 2002) and may be re-
sponsible for the increase trend in the number of CD11b+F4/80+ cells
in the retina of AAT-treated diabetic mice as we showed in this work.
Importantly, no differences were seen in all white blood cells. Never-
theless, we hypothesize that an increased number of macrophages in
the retina may not be detrimental of the disease if they are pre-
dominantly M2, considering their capability to disrupt the pro-in-
flammatory context observed in early diabetes and to maintain an anti-
inflammatory microenvironment which in turn reflects in better clinical
outcomes. Additionally, we suggest that the administration of AAT
might be beneficial not only in our animal model, also in other models
that need to boost the regenerative or anti-inflammatory capacity of
macrophages with a M2 profile or even for patients with DR. In fact, a
clinical trial of AAT and diabetes performed in young patients showed
that AAT-treated patients had a trend toward better metabolic control
than that observed in non-AAT treated diabetics (Phase 2 trial of Alpha-
1 Antitrypsin (AAT) in newly diagnosed type-1 diabetes (T1D) patients;
Clinical Trial NCT02005848).

5. Conclusion

In our study we have observed beneficial effects of AAT in the retina
and also systemically in type 1 diabetic animals. We think AAT is an
interesting molecule to be tested in diabetic retinopathy. However,
further investigation is necessary to evaluate this potentially beneficial
effect.
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