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PURPOSE. Acrolein, a highly reactive unsaturated aldehyde, is known to facilitate glial cell
migration, one of the pathological hallmarks in diabetic retinopathy. However, cellular
mechanisms of acrolein generation in retinal glial cells remains elusive. In the present
study, we investigated the role and regulation of spermine oxidase (SMOX), one of the
enzymes related to acrolein generation, in retinal glial cells under hypoxic condition.

METHODS. Immunofluorescence staining for SMOX was performed using sections of
fibrovascular tissues obtained from patients with proliferative diabetic retinopathy.
Expression levels of polyamine oxidation enzymes including SMOX were analyzed in rat
retinal Müller cell line 5 (TR-MUL5) cells under either normoxic or hypoxic conditions.
The transcriptional activity of Smox in TR-MUL5 cells was evaluated using the luciferase
assay. Levels of acrolein-conjugated protein, Nε-(3-formyl-3,4-dehydropiperidino) lysine
adduct (FDP-Lys), and hydrogen peroxide were measured.

RESULTS. SMOX was localized in glial cells in fibrovascular tissues. Hypoxia induced SMOX
production in TR-MUL5 cells, which was suppressed by silencing of hypoxia-inducible
factor-1α (Hif1a), but not Hif2a. Transcriptional activity of Smox was regulated through
HIF-1 binding to hypoxia response elements 2, 3, and 4 sites in the promoter region of
Smox. Generation of FDP-Lys and hydrogen peroxide increased in TR-MUL5 cells under
hypoxic condition, which was abrogated by SMOX inhibitor MDL72527.

CONCLUSIONS. The current data demonstrated that hypoxia regulates production of SMOX,
which plays a role in the generation of oxidative stress inducers, through HIF-1α signaling
in Müller glial cells under hypoxic condition.
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Diabetic retinopathy, a microvascular complication in
patients with diabetes, is the leading cause of blindness

in developed countries.1 Accumulating evidence from the
recent basic and clinical researches suggests that vascular
endothelial growth factor (VEGF) induced by hypoxia plays
a crucial role in retinal neovascularization, which eventu-
ally leads to fibrovascular proliferation in late-stage diabetic
retinopathy.2–4 However, molecular mechanisms underlying
fibrovascular proliferation in diabetic retinopathy have not
been fully elucidated.

Polyamines are small polycationic molecules with
two or more primary amino groups. They function
in various biological processes, including cell prolifer-
ation and differentiation.5 Mammals have three natu-
rally occurring polyamines: putrescine, spermidine, and
spermine.6 Of these, spermine possesses the highest biolog-
ical activity,7 and conversion of spermine to spermi-
dine occurs through one of two distinct pathways. Sper-
mine is degraded through the back-conversion via the
spermine N1-acetyltransferase (SAT1)/peroxisomal N(1)-
acetyl-spermine/spermidine oxidase (PAOX) cascade, which
generates 3-acetamidopropanal.8 Alternatively, spermine

is directly oxidized by spermine oxidase (SMOX) that
produces 3-aminopropanal. Whereas 3-acetamidopropanal
hardly forms acrolein as its byproduct,9 3-aminopropanal is
nonenzymatically converted to acrolein.10

Acrolein is a highly reactive unsaturated aldehyde that
preferentially reacts with cysteine, lysine, and histidine
residues in peptide chains to preserve aldehyde functional-
ity.11,12 Our previous study demonstrated that the acrolein-
conjugated protein Nε-(3-formyl-3,4-dehydropiperidino)
lysine adduct (FDP-Lys) accumulates in glial cells of
fibrovascular tissues of patients with proliferative diabetic
retinopathy (PDR).13 Furthermore, subsequent analyses
revealed that the production of acrolein is catalyzed by
semicarbazide-sensitive amine oxidase (SSAO), a copper-
containing enzyme that deaminates aromatic and aliphatic
amines, reduces glutathione production, and consequently
increases the generation of reactive oxygen species in reti-
nal microvascular endothelial cells.14 This causes oxidative
stress and disrupts cellular homeostasis in patients with
diabetes. We recently elucidated that acrolein increases
oxidative stress by reducing the antioxidant glutathione
in cultured Müller glial cells and accelerates its cellular
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motility by inducing chemokine (CXC motif) ligand 1 in an
autocrine fashion.15 In eyes with PDR, postmortem immuno-
histochemical studies elucidated that Müller glial cells, a
major cellular source of VEGF, migrate into the retina and
toward the vitreoretinal surface.16,17 Thus evidence indicates
that acrolein is a causative factor for glial cell migration
in diabetic retinopathy, and cellular machinery of acrolein
generation in retinal glial cells, which lack SSAO, is yet to
be understood.

SMOX is a flavin adenine dinucleotide-containing enzyme
that catalyzes the oxidative degradation of spermine, a
polyamine, to produce spermidine, hydrogen peroxides, and
3-aminopropanal that is, as aforementioned, nonenzymati-
cally converted to acrolein. Müller glial cells are the cellular
components of the mammalian retina that contain endoge-
nous spermine.18 Moreover, a study showed that the level
of spermine in the vitreous was approximately 15 times
higher in patients with PDR than in those without diabetic
retinopathy.19 These findings indicate that spermine and its
related products are involved in the pathogenesis of diabetic
retinopathy. However, spermine metabolism in retinal glial
cells, which is likely to be important for further understand-
ing of the pathogenesis of diabetic retinopathy, has not fully
been investigated.

The aim of this study was to investigate the effect of
hypoxia on SMOX production and its regulatory mechanism
in retinal glial cells under hypoxic condition.

MATERIALS AND METHODS

Cell Culture

Conditionally immortalized rat retinal Müller cell line
5 (TR-MUL5) from transgenic rats harboring the
temperature-sensitive simian virus 40 large T-antigen
gene was provided by Fact Inc. (Sendai, Japan).20 TR-MUL5
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan) containing 10% fetal bovine serum (FBS; Thermo
Fisher Scientific, Waltham, MA, USA) and incubated at 33°C.
The following experiments were performed at a 5% CO2

with either 20% O2 for normoxia or 1% O2 balanced with
N2 for hypoxia at 37°C. All experiments were performed
with cells in a subconfluent state and at passages 25 to
40.

Immunofluorescence Microscopy

Fibrovascular tissues were collected from patients with PDR,
including two men and one woman, with a mean age of
52.7 ± 4.0 years, and embedded in paraffin after fixa-
tion in 4% paraformaldehyde (PFA) and stored at 4°C.
This study was conducted in accordance with the tenets
of the Declaration of Helsinki. The study protocol was
approved by the institutional review committee of the
Hokkaido University Hospital (#014-0293). Sections were
deparaffinized in xylene, dehydrated through a graded alco-
hol series, and subsequently rehydrated in deionized water.
After microwave-based antigen retrieval with 10 mM citrate
buffer (pH 6.0) for 15 minutes, sections were blocked in 10%
normal goat serum (Thermo Fisher Scientific) for 1 hour.
At 4°C, sections were probed overnight with the follow-
ing primary antibodies: rabbit anti-SMOX (1:100; Protein-
tech, Chicago, IL, USA), rabbit anti-SAT1 (1:100; Thermo
Fisher Scientific), rabbit anti-PAOX (1:100; Proteintech), and

mouse anti-glial fibrillary acid protein (GFAP) (1:100; Leica
Microsystems, Exton, PA, USA). The secondary antibod-
ies Alexa Fluor 488 and 546 (1:200; Thermo Fisher Scien-
tific) were used for fluorescence detection. Normal rabbit
IgG (1:100; R&D Systems, Inc., Minneapolis, MN, USA) and
normal mouse IgG (1:100; Dako, Santa Clara, CA, USA) were
used as a negative control. Nuclei were counterstained with
DAPI, and sections were visualized under a fluorescence
microscope (Keyence, Tokyo, Japan).

For immunofluorescence staining of vimentin in TR-
MUL5, the cells were cultured in a 6-well plate with sterile
glasses for 24 hours under either normoxic or hypoxic condi-
tions, fixed with 4% PFA for 10 minutes, and permeabilized
with 0.2% Triton X-100 for 15 minutes. Subsequently, cells
were blocked with 5% normal goat serum and incubated
overnight at 4°C with mouse anti-vimentin (1:50; Thermo
Fisher Scientific) antibody. Normal mouse IgG (1:50; Dako)
in place of the primary antibody was used as a negative
control. The secondary antibodies for fluorescent detec-
tion were Alexa Fluor 546 (1:200; Thermo Fisher Scientific).
Nuclei were counterstained with DAPI, and stained sections
were visualized using fluorescence microscope (Keyence).

Real-Time Quantitative-Polymerase Chain
Reaction (qPCR)

Following the manufacturers’ instructions, total RNA was
isolated using TRI Reagent (Molecular Research Center, Inc.,
Cincinnati, OH, USA), and reverse transcription was then
performed to cDNA with GoScript reverse transcriptase
(Promega, Madison, WI, USA). The primer sequences used
for real-time qPCR were 5′-CGGGGAAAATGGAAACGTCAG-
3′ (forward) and 5′-ACTTTGCATACCGTCCGTACT-3′

(reverse) for Smox, 5′-CCTGGTTGCAGAAGTGCCTAA-
3′ (forward) and 5′-GTACATGGCAAAACCAACAATGC-
3′ (reverse) for Sat1, 5′-TGGGCCCTCCCATTAGACAG-3′

(forward) and 5′-GTCCTGCTGAGGGTTCAAG-3′ (reverse)
for Paox, 5′-AGCAGATGTGAATGCAGACCAAAGA-3′

(forward) and 5′-TGGCTCACCGCCTTGGCTT-3′ (reverse)
for Vegfa, and 5′-GGGAAATCGTGCGTGACATT-3′ (forward)
and 5′-GCGGCAGTGGCCATCTC-3′ (reverse) for Actb. Real-
time qPCR was performed using the GoTaq qPCR Master
Mix (Promega) and StepOne Plus Systems (Thermo Fisher
Scientific). Gene expression levels were calculated using
the 2-��CT method, and all experimental samples were
normalized using Actb as the internal control.

Enzyme-Linked Immunosorbent Assay (ELISA)

TR-MUL5 cells were cultured under normoxic or hypoxic
condition for 24 hours. Levels of SMOX protein in
the cell lysate were analyzed using ELISA kits for rat
SMOX (MyBioSource, San Diego, CA, USA) following the
manufacturer’s protocol. Absorbance was read at 450
nm on a microplate reader (Tecan Sunrise; Tecan, Inc.,
Männedorf, Switzerland). SMOX concentration was normal-
ized by total protein concentration of cell lysates measured
by bicinchoninic acid protein assay kit (Thermo Fisher
Scientific).

Cell Viability Assay

TR-MUL5 cells were seeded into a 96-well plate and incu-
bated for 24 hours at 33°C in the atmosphere of 95% air
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and 5% CO2. Subsequently, the cells were cultured under
normoxic or hypoxic condition for 6 or 24 hours, and cell
viability was assessed using CellTiter-Glo 2.0 (Promega),
according to the manufacturer’s instruction. Luminescence
was measured by an Infinite 200 PRO microplate reader
(Tecan Sunrise; Tecan, Inc.).

RNA Interference

TR-MUL5 cells were transfected with a 5-nM final concen-
tration of various Dicer-substrate siRNA (DsiRNA) for
suppressing the gene expression of hypoxia-inducible
factor-1α (Hif1a) or HIF-2α (Hif2a) (Hif1a siRNA-1,
rn.Ri.Hif1a.13.1; Hif1a siRNA-2, rn.Ri.Hif1a.13.2; Hif2a
siRNA-1, rn.Ri.Hif2a.13.1; Hif2a siRNA-2, rn.Ri.Hif2a.13.2)
(IDT, Coralville, Iowa, USA), and negative control
siRNA (Ctrl-siRNA, Mission SIC-001; Sigma-Aldrich Corp.,
St. Louis, MO, USA). Transfections were performed using
the Lipofectamine RNAiMAX reagent (Thermo Fisher Scien-
tific). The composite transfection mixture was replaced
with 10% FBS/DMEM 24 hours after the transfection.
Subsequently, real-time PCR and ELISA for SMOX were
performed after 6 and 24 hours of hypoxic stimulation,
respectively.

Transient Transfection and Luciferase Assay

TR-MUL5 cells were seeded in a 96-well plate at 1.5 × 104

cells/well containing 65 μL of 10% FBS/DMEM. After incu-
bation for 24 hours, cells were cotransfected with the X-
tremeGENE HP DNA transfection reagent (Sigma-Aldrich)
containing the pGL4.10 luciferase vector (Firefly-expressing
plasmid; Promega), with the Smox promoter (–1067 to
+122 bp from transcriptional start site of Smox), and pRL-
CMV vector (Renilla-expressing plasmid; Promega). Cells
were incubated under hypoxic or normoxic conditions for
24 hours after waiting 24 hours after transfection. Fire-
fly and Renilla luciferase activities were determined using
the Dual-Glo luciferase assay system (Promega), and the
luciferase activity (a Firefly: Renilla luciferase ratio) was
measured according to the manufacturer’s instructions. The
promoter sequence analysis revealed six putative hypoxia
response elements (HREs), 5′-A/GCGTG-3’, over the Smox
promoter region. Subsequently, the Smox promoter reporter
with each of the six mutant sites was modified into a
pGL4.10 luciferase vector using PrimeSTAR Mutagenesis
Basal Kit (Takara Bio, Shiga, Japan). The HRE wild-type
or mutated constructs, together with pRL-CMV, were tran-
siently cotransfected into TR-MUL5 cells, followed by treat-
ment with hypoxia, and the luciferase activity was measured.

Measurement of Hydrogen Peroxide and FDP-Lys
Production

TR-MUL5 cells were cultured with or without 50 μM SMOX
inhibitor (MDL72527; Sigma-Aldrich) for 24 hours with or
without hypoxia stimulation. Subsequently, cells were incu-
bated in phosphate buffered saline at 37°C for 3 hours, and
the concentration of hydrogen peroxide in the supernatant
was measured using the Hydrogen Peroxide Detection Kit
(Cell Technology, Inc., Fremont, CA, USA), according to the
manufacturer’s protocol.

FDP-Lys concentration in the supernatant was evaluated
using the ELISA kit (MK-150; Takara Bio) and normalized by

protein concentration measured using the Quick Start Brad-
ford 1× Dye Reagent (Bio-Rad, Hercules, CA, USA).

Statistical Analyses

Data are expressed as mean ± standard error of the mean
for three to six individual experiments. Differences between
two groups were compared using the Student’s t-test. For
comparisons of multiple groups, the 1-way ANOVA and
Tukey’s honestly significant difference multiple comparisons
test were used. A P value <0.05 was considered statistically
significant.

RESULTS

Localization of SMOX, SAT1, and PAOX in
Fibrovascular Tissues

To investigate the tissue localization of polyamine catabolic
enzymes in fibrovascular tissues of patients with PDR,
we performed immunofluorescent staining for polyamine
oxidase enzymes, that is, SMOX, SAT1, and PAOX.
Immunofluorescence staining showed that SMOX signals
were intensely localized in the nucleus of GFAP-positive
cells of the fibrovascular tissues (Fig. 1A). However, SAT1
and PAOX signals were weakly detected in glial cells
(Figs. 1B, 1C). The staining data indicated that SMOX
predominantly plays a role in spermine oxidation in retinal
glial cells of fibrovascular tissues.

Hypoxic Upregulation of SMOX Expression in
TR-MUL5 Cells

To determine whether polyamine catabolic enzymes are
regulated by hypoxic stimulation in TR-MUL5 cells, we
examined the mRNA expression levels of Smox, Sat1, and
Paox. Under hypoxic condition, the mRNA expression of
Smox was significantly upregulated in TR-MUL5 cells at 6
hours and followed with a slight upregulation at 24 hours
(Fig. 2A). In contrast, no significant upregulations were
observed in mRNA expressions of Sat1 and Paox in TR-
MUL5 cells (Figs. 2B, 2C). The mRNA expression level of
Vegfa, which was used as a positive control, significantly
increased under hypoxic condition (Fig. 2D). Hypoxic condi-
tion reduced the cell viability of TR-MUL5 when cultured
for 24 hours, but not at 6 hours (Fig. 2E). In addition,
immunofluorescent signal of vimentin was found more
intensely in TR-MUL5 cells cultured under hypoxic condi-
tion than those under normoxic condition (Fig. 2F), indicat-
ing the presence of cellular stress at 24 hours after hypoxic
stimulation, which reduced Smox mRNA upregulation with
time. Consistent with the mRNA data, protein concentration
of SMOX under hypoxic condition significantly increased
to 1.5 times (P < 0.05) of that under normoxic conditions
(Fig. 3). The current data demonstrated that hypoxia upreg-
ulates SMOX in retinal glial cells.

HIF-1α Modulation of the SMOX Expression Level
in TR-MUL5 Cells under Hypoxic Condition

HIF, a transcriptional factor, is responsible for cellular
responses to hypoxia and regulates various genes that
are required for adaptation to hypoxia. To determine
whether HIF mediates Smox expression under hypoxic
condition, we examined the expression level of Smox mRNA
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FIGURE 1. Immunofluorescence staining of SMOX, SAT1, and PAOX in fibrovascular tissues of patients with PDR. (A) Green, SMOX (Alexa
Fluor 488); red, GFAP (Alexa Fluor 546). (B) Green, SAT1; red, GFAP. (C) Green, PAOX; red, GFAP. (D) Negative control (rabbit and mouse
normal IgG) in sequential sections. Scale bar = 20 μm.

with silencing of either Hif1a or Hif2a. As shown in
Figure 4A, expression of Smox was significantly reduced by
Hif1a siRNAs, but not by Hif2a siRNAs (Hif2a siRNA-1, P
= 0.49; Hif2a siRNA-2, P = 0.06). In accordance with the
gene expression data, the protein level of SMOX increased
under hypoxic condition and was reduced by Hif1a knock-
down (Fig. 4B). Cell viability was unchanged by silencing
of either Hif1a or Hif2a (Fig. 4C). These results indicated
that HIF-1α, but not HIF-2α, is a primary mediator that
regulates SMOX production in TR-MUL5 cells under hypoxic
condition.

Functional HRE Sites in the SMOX Promoter
Region under Hypoxic Condition

Next we examined whether the hypoxic induction of Smox
is regulated at the transcriptional level. An analysis of
the genomic sequences of rat Smox (NCBI: NC_005102.4)
revealed six HRE sites within the promoter region (Fig. 5A).
Based on the locations of HRE sites, sequences from –
1067 to +122 of the Smox encoding region were cloned
into the pGL4.10 luciferase reporter plasmid (rsmox-
1067.pGL4.10). To evaluate the functional activity of the

Smox promoter, transfection experiments were performed
using Smox promoter–reporter vector constructs in TR-
MUL5 cells under normoxic or hypoxic condition. As shown
in Figure 5B, transcriptional activity of constructs contain-
ing rsmox-1067.pGL4.10 were higher under hypoxic condi-
tion compared with cells cotransfected with the empty
pGL4.10 vector. To further test whether hypoxia regu-
lates Smox transcriptional activity via HIF-1α, we evaluated
luciferase activity after cotransfecting the Smox promoter–
reporter vector with Hif1a siRNA. As a result, the tran-
scriptional activation of Smox was significantly suppressed
by silencing of Hif1a (Fig. 5C), indicating that Hif1a is
involved in the hypoxic regulation of Smox transcrip-
tional activity. To investigate the respective activity of the
six HRE sites, we generated mutant reporter constructs
using site-directed mutagenesis (Fig. 5D). As shown in
Figure 5E, the HRE mutant sites (mHRE) 2, 3, and 4 exhib-
ited significant decrease in luciferase activity compared
with the nonmutated control, suggesting that these three
HRE sites in the Smox promoter contribute to the tran-
scriptional activation of Smox. The current results suggest
that hypoxia regulates Smox transcriptional activity via HIF-
1α binding to HRE2, HRE3, and HRE4 sites in the Smox
promoter.
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FIGURE 2. Gene expression levels of polyamine catabolic enzymes in TR-MUL5 cells under hypoxic condition. (A–C) Real-time qPCR anal-
ysis for Smox, Sat1, and Paox in TR-MUL5 cells. (D) Real-time qPCR analysis for Vegfa as a positive control. (E) Cell viability assay. (F)
Immunofluorescence staining for vimentin. n = 3 in each group. **P < 0.01, n.s., not significant.

Production of Hydrogen Peroxide and FDP-Lys
Mediated by SMOX under Hypoxic Condition in
TR-MUL5 Cells

To investigate the role of SMOX in Müller glial cells under
hypoxic condition, we measured the concentration of
hydrogen peroxide and FDP-Lys, acrolein-conjugated

protein, with or without the SMOX inhibitor (MDL72527)
under hypoxic condition in TR-MUL5 cells. The concen-
tration of hydrogen peroxide significantly increased in
the supernatants of the TR-MUL5 cells under hypoxic
condition for 24 hours, whereas their production was
reduced by the SMOX inhibitor (Fig. 6A). In addition,
FDP-Lys production significantly increased under hypoxic
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FIGURE 3. SMOX protein levels in TR-MUL5 cells under hypoxic
condition (1% O2) for 24 hours. n = 3 in each group. *P < 0.05.

condition for 24 hours, which was suppressed by the SMOX
inhibitor (Fig. 6B). These data indicated that SMOX induced
by hypoxia participates in the production of hydrogen
peroxide and FDP-Lys in retinal glial cells.

DISCUSSION

In the present study, we obtained the following findings:
(1) SMOX, a polyamine oxidase enzyme, is localized in reti-
nal glial cells of fibrovascular tissues; (2) SMOX production
increases in retinal glial cells under hypoxic condition; (3)
HIF-1α is a regulator of SMOX induction in retinal glial cells
when exposed to hypoxia; and (4) SMOX mediates produc-
tions of hydrogen peroxide and acrolein as byproducts in
retinal glial cells. The current study provides evidence that
hypoxia induces SMOX via HIF-1α signaling in retinal glial

cells, presumably participating in fibrovascular proliferation
in eyes with PDR.

Müller glial cells are the principal glial cell type in the
retina that contribute to structural support and mainte-
nance of the complex metabolism.21,22 However, in PDR,
they provoke fibrovascular proliferation with propensities
for migration,16,17 myofibroblastic transdifferentiation,23 and
angiogenic activity.24,25 Therefore the activation mechanism
of Müller glial cells in diabetic retinopathy should be inves-
tigated. In the current study, we primarily focused on SMOX
induction in retinal glial cells because SMOX enzymati-
cally generates 3-aminopropanal, the precursor of unsatu-
rated aldehyde acrolein, which promotes cellular motility of
cultured Müller glial cells during spermine oxidation.15

In the present study, we stained polyamine oxidation
enzymes, including SMOX, SAT1, and PAOX, in fibrovas-
cular tissues and demonstrated that SMOX was predomi-
nantly present in a cluster of glial cells in the fibrovascu-
lar tissues. In contrast, fluorescent staining signals of SAT1
and PAOX were faint. Consistent with the immunofluores-
cence data, the PCR data showed that all the polyamine
oxidation enzymes are expressed in cultured Müller glial
cells and hypoxic stimulation exclusively upregulates SMOX
alone in cultured glial cells. In the advanced stage of
diabetic retinopathy, obliteration of retinal microvasculature
elicits a decrease in tissue oxygen concentration,26,27 and
tissue hypoxia induces extensive cellular responses, includ-
ing neovascularization, which eventually results in prolif-
erative changes at the vitreoretinal surface in eyes with
diabetic retinopathy. Hence fibrovascular tissues are theoret-
ically deprived of adequate tissue oxygen. The current data
indicated that SMOX is a predominant enzyme for spermine
oxidation in glial cells migrated into fibrovascular tissues.

SMOX is a highly inducible enzyme in the polyamine
catabolism cascade. SMOX expression is upregulated by
inflammatory cytokines, including tumor necrosis factor-α

FIGURE 4. Expression and production of SMOX in TR-MUL5 cells with silencing of Hif1a or Hif2a under hypoxic condition (1% O2). TR-
MUL5 cells were transfected with control siRNA (Ctrl-siRNA), siRNAs for Hif-1α (Hif1a siRNA-1 and -2), or siRNAs for Hif2a (Hif2a siRNA-1
and -2) and cultivated with or without hypoxic stimulation. (A) Real-time qPCR analysis for Smox mRNA expression 6 hours after hypoxic
stimulation. (B) SMOX protein levels in TR-MUL5 cells measured by ELISA 24 hours after hypoxia stimulation. (C) Cell viability assay. n =
3 in each group. **P < 0.01, n.s., not significant.
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FIGURE 5. Identification of HRE sites in the Smox promoter. (A) Six potential HRE sites located in the rat Smox promoter in the sequence
analysis. (B) Luciferase assay for the transcriptional activity of the Smox promoter in TR-MUL5 cells under either normoxic or hypoxic
conditions for 24 hours (20% O2 or 1% O2). (C) Effects of Hif1a silencing on Smox expression in TR-MUL5 cells under hypoxic condition
(1% O2) for 24 hours. (D) Mutant luciferase constructs designed for each of the six HRE sites via site-direct mutagenesis using the –1067 Luc
reporter plasmid as a backbone. (E) Effects of Smox promoter mutations on the Smox transcriptional activity in TR-MUL5 cells stimulated
with hypoxia for 24 hours. n = 6 in each group. **P < 0.01.

and interleukin-6.28,29 In addition, dysregulation of SMOX
alters intracellular polyamine levels and is associated
with the progression of various human diseases, such as
cancer,30,31 ulcerative colitis,32 stroke,33 and diabetes.34 With
respect to ocular diseases, SMOX expression is upregu-
lated in the retinal tissue of streptozotocin-induced diabetic
mice.35 Additionally, the current study elucidated that
hypoxia enhances SMOX production in retinal glial cells.
In general, polyamines, including spermine, have been
recognized as essential components for various cellular
functions. Conversely, recent studies have demonstrated
that polyamines are implicated in cell apoptosis36,37 and
autophagy.38 Several studies showed that excessive spermine
exerts cellular toxicity.39,40 Spermine oxidation by SMOX
could be a common trigger for pathological changes in vari-
ous diseases, including diabetic retinopathy.

Cellular activities in response to hypoxia, for instance,
angiogenesis and erythropoiesis, are regulated via the highly
conserved HIF family, consisting of heterodimers composed
of one of the three α-subunits (HIF-1α, HIF-2α, or HIF-3α)

and a β-subunit known as the aryl hydrocarbon nuclear
translocator.41 Of these, HIF-1 is a heterodimeric basic helix-
loop-helix transcription factor composed of two subunits,
HIF-1α and HIF-1β.42 The HIF-1 complex recognizes HRE
motifs in the promoter of a broad range of target genes.43

In the present study, Hif1a knockdown using the siRNA
technique suppressed the increase in SMOX transcription,
whereas Hif2a knockdown showed no suppressive effect
on SMOX transcription, indicating that HIF-1, but not HIF-
2, regulates transcriptional activity of SMOX in glial cells
exposed to hypoxia. Furthermore, using luciferase assay, we
demonstrated that HIF binding sites in the promoter region
of SMOX are HRE2, HRE3, and HRE4. The luciferase assay
data also supported that HIF-1 is a mediator of SMOX tran-
scription in retinal glial cells under hypoxic condition.

Finally, the role of hypoxia-induced SMOX in retinal
glial cells was, at least in part, elucidated in the present
study. Hypoxic stimulation to cultured glial cells elevated
the levels of hydrogen peroxide and FDP-Lys, both of which
were abrogated by the potent SMOX inhibitor MDL72527,
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FIGURE 6. Hydrogen peroxide and acrolein generation in TR-MUL5
cells under hypoxic condition (1% O2) for 24 hours. (A) Hydrogen
peroxide and (B) FDP-Lys concentration in TR-MUL5 cells treated
with or without SMOX inhibitor MDL72527. n = 6 in each group.
**P < 0.01.

indicating that SMOX produces the two oxidative stress
inducers through the enzymatic conversion of spermine to
spermidine in retinal glial cells under hypoxic condition.
Previous studies elucidated that both hydrogen peroxide
and acrolein are implicated in a wide range of systemic
diseases, such as Alzheimer disease,44 brain infarction,45

cardiovascular diseases,46 and diabetes.47,48 In eyes with
PDR, FDP-Lys, a reactive intermediate that can covalently
bind to thiols, including glutathione, through the retained
electrophilic carbonyl moiety, accumulates in the vitreous14

and glial clusters of fibrovascular tissues13 in patients with
PDR. Collectively, the previous and current data indicated
that SMOX participates in the pathogenesis of PDR via
increased production of cellular stressors. Future in vivo
studies are warranted to further elucidate the pathological
properties of SMOX in eyes of diabetic retinopathy.

CONCLUSIONS

The current study elucidated the SMOX induction system
in retinal glial cells under hypoxic condition. One scien-
tific significance of the present research is that it implies
the involvement of SMOX in ischemic retinopathies, includ-
ing retinal vein occlusion, retinopathy of prematurity, and
diabetic retinopathy. To date, these diseases have been
treated as vascular diseases; however, much attention has
recently been paid to the neurodegenerative aspects of
the diseases. Because SMOX has been recognized as a
potential molecular target to prevent neurodegeneration in
diabetic retinopathy,49 SMOX inhibition may have the poten-

tial for simultaneous therapeutic intervention, neuroprotec-
tion, and fibrovascular proliferation prevention in diabetic
retinopathy.
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