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1 | INTRODUCTION

Abstract

Low-density lipoprotein (LDL) apheresis is effective and safe for patients with
diabetes, proteinuria, and dyslipidemia. Diabetes mellitus is accompanied by
ocular microvascular complications like retinal neovascularization or diabetic
macular edema. These are leading causes of blindness and can be mediated by
abnormal vessel growth and increased vascular permeability due to elevated
levels of vascular endothelial growth factor (VEGF) in diabetic patients. In this
study, we established methods to study the expression of different VEGF
isoforms in human retinal and endothelial cells. The VEGF-A 145, isoform is
much higher expressed in retinal cells, compared to endothelial cells. Stimula-
tion with glyoxal as a model of oxidative stress under diabetic conditions lead
to a pronounced induction of VEGF-A,¢s, in human retinal and endothelial
cells. These data suggest that diabetes and oxidative stress induce VEGF-A
isoforms which could be relevant in regulating the ingrowths of novel blood
vessels into the retina in diabetic patients.
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could be caused by abnormal vessel growth and increased
vascular permeability due to elevated levels of vascular

Low-density lipoprotein (LDL) apheresis is effective and
safe for patients with diabetes, proteinuria, and dys-
lipidemia [1]. Apheresis is even considered as potential
therapeutic strategy in COVID-19 patients [2-4]. Diabetes
mellitus is accompanied by retinal diseases like retinal
neovascularization, proliferative vitreoretinopathy, or
diabetic macular edema (DME) [5]. DME is one of the
leading causes of blindness in the industrial world. DME

endothelial growth factor (VEGF) in vitreous probes of
diabetic patients. Enhanced expression of the VEGF-A
might be pivotally involved in hyperpermeability of capil-
laries and breakdown of the blood-retinal barrier [6, 7].
Indeed, vascular endothelial growth factor (VEGF or
VEGF-A), also known as vascular permeability factor,
plays an important role in the regulation of physiological
and pathophysiological blood vessel growth [8]. The
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formation of new blood vessels by angiogenesis and the
inhibition of this process involves stimulation and inhibi-
tion of VEGF [9].

For the treatment of one of the most common and
severe microvascular complications of diabetes, DME,
anti-VEGF-A therapy became the current standard of care
[10]. Inhibitors of VEGF are approved drugs for the treat-
ment of age-related macular degeneration (AMD;
pegaptanib, ranibizumab, or bevacizumab) [11].
Pegaptanib (Macugen) is an adaptamer representing a
selective anti-VEGF-A s, treatment [12]. Furthermore,
aflibercept (VEGF-Trap) is a potent modulator of
vasoregenerative responses and protects the retina in
degenerative ischemic neovascular retinopathy [13].
These new therapeutic strategies might also have a posi-
tive impact on diabetic retinopathy [14, 15]. On the
other hand, systemic safety of intravitreal anti-VEGF
therapy is a matter of debate [16, 17]. Therefore, further
research is necessary to achieve a better understanding
of the underlying molecular mechanisms that regulate
VEGF-A expression and release.

Different VEGF isoforms generated by alternative
splicing have been described [18]. In the eye, retinal and
the endothelial cells grow in close vicinity [19]. They
might express different VEGF-A isoforms. In particular
microvascular aberrations in the inner retinal vascular
plexus might contribute to the pathogenesis of DME [20].
Therefore, we developed techniques to measure the
expression of different VEGF isoforms in human retinal
and endothelial cells. In addition, we stimulated human
retinal and endothelial cells with glyoxal as model of oxi-
dative stress under diabetic conditions and analyzed the
VEGF-A 45, expression.

2 | MATERIALS AND METHODS

2.1 | Cell culture of retinal and human
endothelial cells

Arising retinal pigment epithelial cell line-19 (ARPE-19)
(ATCC) are a human adult diploid RPE cell population
derived from a 19-year-old donor [21]. ARPE-19 cells
were grown in Dulbecco's MEM (DMEM) and Ham's F12
nutrient mixture (DMEM/F12; Life Technologies) sup-
plemented with 10% fetal calf serum (Biochrom AG).
Cells were analyzed between passages P25 to P28.
Trypsinized cells were counted and plated at a density of
3000 cells/cm?.

The human microvascular endothelial cell line-1
(HMEC-1) [22] was kindly provided by Dr. Francisco
J. Candal, Centers for Disease Control and Prevention
and cultured on gelatin-coated plates in medium M199
supplemented with 10% (v/v) serum.

2.2 | Exposure of ARPE-19 and
endothelial cells to glyoxal

Optimal glyoxal concentrations and incubation times were
determined in preliminary experiments [23]. As a result,
glyoxal (Sigma-Aldrich) was added at a concentration of
0-5mM to the culture medium for 5 h at 24 h after
seeding. In all experiments, cells cultured in medium
without glyoxal served as internal time-matched controls.

2.3 | Cell viability
Cell viability was determined by Cell Titer Blue® as previ-
ously described [24].

2.4 | RNA preparation and RT-PCR

Total RNA from endothelial cells was isolated
from human retinal and endothelial cells using peqGOLD
TriFast™ (peqlab Biotechnologie), reverse transcribed
using SuperScript™ II Reverse Transcriptase (Invitrogen),
and quantified by real-time PCR using a BioRad iQ iCycler
Detection System (BioRad Laboratories) with Maxima™
SYBR Green qPCR Master Mix (2X) (Thermo Fisher Scien-
tific Inc.). Optical density of amplified PCR fragments was
quantified using AIDA software (Raytest) and normalized
to EF as previously described [25].

2.5 | Data analysis

Values are expressed as mean + standard deviation
(SD). The statistical analysis was performed using
Graph Pad Prism 6 Software (GraphPad Software, Inc.).
Differences in means with p values < 0.05 were consid-
ered statistically significant.

3 | RESULTS

3.1 | Development of methods to detect
human VEGF-A splice variants

In this study, we established methods to study the
expression of different VEGF isoforms in human reti-
nal and endothelial cells. Isoform-specific primers
(position indicated in orange and green in Figure 1)
have been generated. They specifically detect the VEGF
isoforms 121a, 121b, 148a, 165a, 165b, 183a, 183b,
189a, and 189b (Figure 1). Their molecular identity
was confirmed by DNA sequencing. Primers for the
isoforms VEGF 148b, 206a, and 206b did not amplify
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< _antisense primer] < _antisense primer
splice product size (bp) product size (bp)
variant
VEGF206a 484 158
VEGF206b 418 151
VEGF189a 433 159
VEGF189b 367 152
VEGF183a 415 160
VEGF183b 349 153
VEGF165a 361 163
VEGF165b 295 156
VEGF148a 326 223
VEGF148b 260 228
VEGF121a 229 166
VEGF121b 163 100
FIGURE 1

modified after Harper & Bates [18]

FIGURE 2
arising retinal pigment epithelial
cell line-19 (ARPE-19) (A, left)
and human microvascular
endothelial cell line-1 (HMEC-1)
(B, right)

Morphology of
(ARPE-19)

specific fragments from RNA of human endothelial
cells.

3.2 | Induction of VEGF-Ays, by glyoxal
as model of oxidative stress in diabetes in
human retinal and endothelial cells

Diabetic conditions can lead to increased glyoxal forma-
tion and the generation of oxidative stress. Therefore, we
studied the impact of glyoxal on human retinal pigment
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Development of methods to study the expression of different vascular endothelial growth factor isoforms. The upper part is

Human microvascular endothelial cell line-1
(HMEC-1)

epithelial cells (ARPE-19) and human microvascular
endothelial cells (HMEC-1) (Figure 2).

We analyzed the impact of increasing dosages of
glyoxal (0-5 mM) on the VEGF-A s, expression in human
retinal cells (ARPE-19) as a model of oxidative stress under
diabetic conditions. Stimulation of ARPE-19 cells with
glyoxal for 5 h increased VEGF-A,4s, expression in human
retinal cells reaching its maximum at 4.5 mM glyoxal (313
+ 54% of control, p < 0.05 vs. control, n  5) (Figure 3).
The viability of the human retinal cells was not affected by
glyoxal treatment (data not shown).
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FIGURE 3 Dose-dependent impact of glyoxal on VEGF-A s,

expression in human retinal cells. Total RNA was isolated from
human retinal cells exposed to glyoxal (0-5 mM) for 5 h, compared
to internal time-matched control. Amplification of VEGF-A1¢s,
variant was performed by real-time RT-PCR assay and normalized
to EF2 (n = 5). *p < 0.05 vs. con
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FIGURE 4 Impact of glyoxal on VEGF-A¢s, expression in
human endothelial cells. Total RNA was isolated from human
endothelial cells exposed to glyoxal (4.5 mM) for 5 h, compared to
internal time-matched control. Amplification of VEGF-A s,
variant was performed by real-time RT-PCR assay and normalized
to EF2 (n = 3). **p < 0.01 vs. con

Next, we stimulated human endothelial cells with the
same concentration of glyoxal for 5 h. We found an
increased VEGF-A 45, expression in human endothelial
cells reaching its maximum at 4.5 mM glyoxal (1236
+ 299% of control, p < 0.01 vs. control, n  3; Figure 4).
Glyoxal treatment did not affect the viability of the endo-
thelial cells (data not shown).

4 | DISCUSSION

The expression of pro- and antiangiogenic VEGF-A
isoforms is differentially regulated by alternatively

splicing and growth factors such as IGF1, TNFa, and
TGFp [26]. Whether glyoxal as a model of oxidative stress
and diabetes is able to induce VEGF-A isoforms in differ-
ent cell types is currently not well understood. In this
study, we developed methods to detect VEGF-A isoforms
in human retinal and endothelial cells. We could detect
the proangiogenic isoforms VEGF-A 121a, 148a, 165a,
183a, and 189a and the antiangiogenic VEGF-A
isoforms 121b, 165b, 183b, and 189b. Furthermore, we
found a significant upregulation of the most important
proangiogenic isoform VEGF-A,g4s, by glyoxal in retinal
and endothelial cells. We could previously show that
glyoxal induces advanced glycation end products and
reactive oxygen species formation, VEGF-A protein
release and apoptosis in retinal cells after 24 h [23].
Therefore, in this study we exposed human retinal and
in addition microvascular endothelial cells to glyoxal
for 5 h. The cell viability was not affected under these
conditions in both cell types. The observed induction
of the proangiogenic VEGF-A4s, in both human
retinal and endothelial cells might contribute to
enhanced vessel formation in patients with diabetic
retinopathy [27, 28]. Furthermore, a cross-talk
between retinal cells and the endothelial cells from
microvessels could potentiate the deleterious effects
of proangiogenic VEGF-A isoforms. Further studies
are necessary to investigate a potential cross-talk
between retinal and endothelial cells and the impact
of oxidative stress. Selective inhibition of VEGF-A
isoforms might provide a more specific therapeutic
strategy in the prevention of enhanced vessel forma-
tion during diabetic retinopathy.

We observed in previous studies that lipoprotein
apheresis reduced the expression of the proathero-
sclerotic oxLDL receptor LOX-1 and adhesion molecule
VCAM-1 and increased the expression of vasoprotective
and NO generating eNOS in human endothelial cells in
response to serum of hypercholesterolemic patients [29].
This shows the potential of LDL apheresis to mediate
positive effects on endothelial gene expression and func-
tion. Corresponding experiments will be the focus of
future studies.

5 | CONCLUSION

In this study, we could detect pro- and antiangiogenic
VEGF-A isoforms in human retinal and endothelial
cells. The proangiogenic isoform VEGF-A¢s, was
induced by glyoxal in both cell types. These data sug-
gest that diabetes and oxidative stress induce VEGF-A
and the ingrowths of new blood vessels into the retina
of diabetic patients. This might provide the basis for
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novel and more selective therapeutic strategies in
diabetic retinopathy.

ACKNOWLEDGMENTS

This work was supported by a research grant from
Pfizer and in part by funding of the Excellence Initia-
tive by the German Federal and State Governments
(Institutional Strategy, measure “support the best” to
Henning Morawietz). Open Access funding enabled
and organized by Universitatsklinikum Carl Gustav
Carus within Projekt DEAL.

CONFLICT OF INTEREST
The authors declare that they have no conflict of interest.

ORCID
Henning Morawietz '~ https://orcid.org/0000-0001-9360-
9736

REFERENCES

1. Wada T, Hara A, Muso E, Maruyama S, Kato S, Furuichi K,
et al. Effects of LDL apheresis on proteinuria in patients with
diabetes mellitus, severe proteinuria, and dyslipidemia. Clin
Exp Nephrol. 2021;25(1):1-8.

2. Morawietz H, Julius U, Bornstein SR. Cardiovascular diseases,
lipid-lowering therapies and European registries in the
COVID-19 pandemic. Cardiovasc Res. 2020;116(10):e122-e5.

3. Bomnstein SR, Voit-Bak K, Schmidt D, Morawietz H,
Bornstein AB, Balanzew W, et al. Is there a role for environ-
mental and metabolic factors predisposing to severe COVID-
19? Horm Metab Res. 2020;52(7):540-6.

4. Bornstein SR, Voit-Bak K, Donate T, Rodionov RN,
Gainetdinov RR, Tselmin S, et al. Chronic post-COVID-19 syn-
drome and chronic fatigue syndrome: is there a role for extra-
corporeal apheresis? Mol Psychiatry. 2021;17:1-4.

5. Schwarz PEH, Timpel P, Harst L, Greaves CJ, Ali MK,
Lambert J, et al. Blood sugar regulation for cardiovascular
health promotion and disease prevention: JACC health promo-
tion series. J Am Coll Cardiol. 2018;72(15):1829-44.

6. Singer MA, Kermany DS, Waters J, Jansen ME, Tyler L. Dia-
betic macular edema: it is more than just VEGF. F1000Res.
2016;5:F1000.

7. Ciulla TA, Amador AG, Zinman B. Diabetic retinopathy and
diabetic macular edema: pathophysiology, screening, and novel
therapies. Diabetes Care. 2003;26(9):2653-64.

8. Eelen G, Treps L, Li X, Carmeliet P. Basic and therapeutic
aspects of angiogenesis updated. Circ Res. 2020;127(2):310-29.

9. Yancopoulos GD, Davis S, Gale NW, Rudge JS, Wiegand SJ,
Holash J. Vascular-specific growth factors and blood vessel
formation. Nature. 2000;407(6801):242-8.

10. Fogli S, Mogavero S, Egan CG, Del Re M, Danesi R. Pathophys-
iology and pharmacological targets of VEGF in diabetic
macular edema. Pharmacol Res. 2016:103:149-57.

11. Solomon SD, Lindsley K, Vedula SS, Krzystolik MG,
Hawkins BS. Anti-vascular endothelial growth factor for
neovascular age-related macular degeneration. Cochrane
Database Syst Rev. 2019;3:CD005139.

12,

13.

14.

15.

16.

17.

13.

19.

20.

21.

22,

23.

24,

25.

26.

Therapeutic Apheresis
and Dialysis

= I _WILEY L=

Ng EW, Shima DT, Calias P, Cunningham ET Jr, Guyer DR,
Adamis AP. Pegaptanib, a targeted anti-VEGF aptamer for ocu-
lar vascular disease. Nat Rev Drug Discov. 2006;5(2):123-32.
Rojo Arias JE, Economopoulou M, Juarez Lopez DA,
Kurzbach A, Au Yeung KH, Englmaier V, et al. VEGF-trap is a
potent modulator of vasoregenerative responses and protects
dopaminergic amacrine network integrity in degenerative
ischemic neovascular retinopathy. J Neurochem. 2020;153(3):
390-412.

Virgili G, Parravano M, Evans JR, Gordon I, Lucenteforte E.
Anti-vascular endothelial growth factor for diabetic macular
oedema: a network meta-analysis. Cochrane Database Syst
Rev. 2018;10:CD007419.

Mitchell P, Bressler N, Tolley K, Gallagher M, Petrillo J,
Ferreira A, et al. Patient-reported visual function outcomes
improve after ranibizumab treatment in patients with vision
impairment due to diabetic macular edema: randomized clini-
cal trial. JAMA Ophthalmol. 2013;131(10):1339-47.

Dalvin LA, Starr MR, AbouChehade JE, Damento GM, Garcia M,
Shah SM, et al. Association of intravitreal anti-vascular endothe-
lial growth factor therapy with risk of stroke, myocardial infarc-
tion, and death in patients with exudative age-related macular
degeneration. JAMA Ophthalmol. 2019;137(5):483-90.

Ngo Ntjam N, Thulliez M, Paintaud G, Salvo F, Angoulvant D,
Pisella PJ, et al. Cardiovascular adverse events with intravitreal
anti-vascular endothelial growth factor drugs: a systematic
review and meta-analysis of randomized clinical trials. JAMA
Ophthalmol. 2021;139(6):1-11.

Harper SJ, Bates DO. VEGF-A splicing: the key to anti-
angiogenic therapeutics? Nat Rev Cancer. 2008;8(11):880-7.
Funk RH. Functional differences in the microcirculatory units
of the eye. Klin Monbl Augenheilkd. 2015;232(2):133-40.
Hasegawa N, Nozaki M, Takase N, Yoshida M, Ogura Y. New
insights into microaneurysms in the deep capillary plexus
detected by optical coherence tomography angiography in dia-
betic macular edema. Invest Ophthalmol Vis Sci 2016;57(9):
OCT348-55, OCT355.

Dunn KC, Aotaki-Keen AE, Putkey FR, Hjelmeland LM.
ARPE-19, a human retinal pigment epithelial cell line with dif-
ferentiated properties. Exp Eye Res. 1996;62(2):155-69.

Ades EW, Hierholzer JC, George V, Black I, Candal F. Viral
susceptibility of an immortalized human microvascular endo-
thelial cell line. J Virol Methods. 1992;39(1-2):83-90.
Roehlecke C, Valtink M, Frenzel A, Goetze D, Knels L,
Morawietz H, et al. Stress responses of human retinal pigment
epithelial cells to glyoxal. Graefes Arch Clin Exp Ophthalmol.
2016;254(12):2361-72.

Giebe S, Cockcroft N, Hewitt K, Brux M, Hofmann A,
Morawietz H, et al. Cigarette smoke extract counteracts
atheroprotective effects of high laminar flow on endothelial
function. Redox Biol. 2017:12:776-86.

Engel B, Muller G, Roch B, Schroder HE, Aringer M,
Bornstein SR, et al. Serum of patients with antiphospholipid
syndrome induces adhesion molecules in endothelial cells.
Atheroscler Suppl. 2017;30:141-8§.

Nowak DG, Woolard J, Amin EM, Konopatskaya O,
Saleem MA, Churchill AJ, et al. Expression of pro- and anti-
angiogenic isoforms of VEGF is differentially regulated by
splicing and growth factors. J Cell Sci. 2008;121(Pt 20):3487-95.

IPUO) PUE SULD Y ) 208 T T0E/1/LT] wo Aresqr] Mnuey A3(1a, [HPonqIspue] MPSISYS AG EORET LRG6-FRLL/TTTT 01/ 0P woo A Aremgrpuruo: sty wo.g popeopumo 1§ TI0T LAGHFFLI

p:sdig)

00" K[ 1m AL

SEULDNT SUGUAL0 ) daEa) d(qea(dde g fq powanod are sPIE ) BN 10 S0 0] ATERIT SUIUQ A3y e (s



* | WILEY_ T T L

27.
28.

29.

MORAWIETZ ET AL.

Fukai T, Ushio-Fukai M. Cross-talk between NADPH oxidase
and mitochondria: role in ROS signaling and angiogenesis.
Cell. 2020;9(8):1849.

Favard C, Ortega N, Bayard F, Plouet J. Vascular endothelial growth
factor and retinal neovascularisation: a new therapeutic approach
for diabetic retinopathy. Diabetes Metab. 1996;22(4):268-73.
Morawietz H, Goettsch W, Brux M, Reimann M, Bornstein SR,
Julius U, et al. Lipoprotein apheresis of hypercholesterolemic
patients mediates vasoprotective gene expression in human
endothelial cells. Atheroscler Suppl. 2013;14(1):107-13.

How to cite this article: Morawietz H, Frenzel A,
Mieting A, Goettsch W, Valtink M, Roehlecke C,

et al. Induction of vascular endothelial growth
factor-A;¢s, in human retinal and endothelial cells
in response to glyoxal. Ther Apher Dial. 2022;
26(S1):29-34. https://doi.org/10.1111/1744-9987.
13803

A ‘IS ‘TTOT “LYGOYFLL

:sdpy wouy papeoy;

ASULII suowwo)) danear) ajqesrjdde ayy £q pautoao are sofone v osn Jo sajni 1oy Kreiqry auljuQ L3[IA UO (SUONIPUOD-PUE-SULIA)/W0d Ko 1m  Kreiqijaur[uo//:sdiy) suonipuo) pue sud |, oy 298 *[£z07/11/L7] uo Areiqu aurjuQ L3 “Yoyrorjqiqsopue] ayosisys Aq €08 1'L866-FFL1/1111'01/10p/wod Ko[im A,





