
Prostaglandins and Other Lipid Mediators (POLM), Special Issue 
of the 6th European Workshop on Lipid Mediators:
Role of Müller cell cytochrome P450 2c44 in murine retinal angiogenesis

Jiong Hu1,2,*, Alexandra Geyer1,*, Sarah Dziumbla1,2, Khader Awwad1, Darryl C. Zeldin3, 
Wolf-Hagen Schunck4, Rüdiger Popp1, Timo Frömel1,2, Ingrid Fleming1,2

1Institute for Vascular Signalling, Centre for Molecular Medicine, Goethe University, Frankfurt am 
Main, D-60596, Germany

2German Center of Cardiovascular Research (DZHK) Partner site Rhein-Main, Frankfurt am 
Main, Germany.

3Division of Intramural Research, National Institute of Environmental Health Sciences, National 
Institutes of Health, Research Triangle Park, NC, USA.

4Max-Delbrück Center for Molecular Medicine, Robert-Rössle-Str 10, 13092 Berlin, Germany.

Abstract

Polyunsaturated fatty acids (PUFA) and their cytochrome P450 (CYP450) metabolites have been 

linked to angiogenesis and vessel homeostasis. However, the role of individual CYP isoforms and 

their endogenous metabolites in those processes are not clear. Here, we focused on the role of 

Cyp2c44 in postnatal retinal angiogenesis and report that Cyp2c44 is highly expressed in Müller 

glial cells in the retina. The constitutive as well as inducible postnatal genetic deletion of Cyp2c44 

resulted in an increased vessel network density without affecting vessel radial expansion during 

the first postnatal week. This phenotype was associated with an increased endothelial cell 

proliferation and attenuated Notch signaling. LC-MS/MS analyses revealed that levels of 

hydroxydocosahexaenoic acids (HDHA), i.e., 10-, 17- and 20-HDHA were significantly elevated 

in retinas from 5 day old Cyp2c44−/− mice compared to their wild-type littermates. Enzymatic 

activity assays revealed that HDHAs were potential substrates for Cyp2c44 which could account 

for the increased levels of HDHAs in retinas from Cyp2c44−/− mice. These data indicate that 

Cyp2c44 is expressed in the murine retina and, like the soluble epoxide hydrolase, is expressed in 
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Müller glia cells. The enhanced endothelial cell proliferation and Notch inhibition seen in retinas 

from Cyp2c44-deficient mice indicate a role for Cyp2c44-derived lipid mediators in physiological 

angiogenesis.
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Docosahexenoic acid; Lipid mediators; Müller glia cells; Retinal angiogenesis; Soluble epoxide 
hydrolase

1. Introduction

The role of cytochrome P450 (CYP) enzymes in the vasculature was initially linked to the 

acute, endothelium-dependent regulation of tone by mechanisms involving endothelial cell 

hyperpolarization or an endothelium-derived hyperpolarizing factor [1,2]. Since those first 

reports it has become clear that metabolites of polyunsaturated fatty acids (PUFAs) 

generated by CYP enzymes can affect numerous signal transduction cascades as well as 

angiogenesis (for review see [3]). However, despite the fact that epoxides of arachidonic acid 

(the epoxyeicosatrienoic acids or EETs) exert potent angiogenic effects in vitro [4-7], as 

well as when applied to control animals e.g. in Matrigel plugs [6-8], there is a lack of 

evidence for CYP-derived metabolites in the regulation of physiological angiogenesis in 
vivo. Moreover, the angiogenic effects of the ω-6 PUFA epoxides are reportedly reversed in 

the presence of ω-3 fatty acids [9, 10] or cyclo-oxygenase inhibitors [11].

To date, most information about the role of endogenously generated CYP metabolites in 

angiogenesis has been obtained using animals lacking the soluble epoxide hydrolase (sEH), 

the enzyme that metabolizes fatty acid epoxides to their corresponding diols. sEH−/− mice 

demonstrate elevated tissue and circulating levels of EETs [12, 13], but rather than being 

associated with increased angiogenesis, the development of the retinal vascular plexus was 

attenuated in sEH−/− mice [9]. Similarly, the vascularization of Matrigel plugs and the 

vascular repair and recovery of blood flow after ischemic injury were attenuated in sEH−/− 

mice, especially following mobilization of bone marrow-derived progenitor cells [14]. A 

role for CYP-derived lipid mediators has been demonstrated in vivo e.g. in a humanized 

mouse models e.g. in mice overexpressing CYP enzymes [15, 16] but less has been done to 

assess the role of endogenously expressed CYP enzymes in regulating endothelial cell 

proliferation and angiogenesis in CYP knockout mice, simply because knocking down one 

specific CYP enzyme frequently results in the upregulation of another that can functionally 

compensate for it [17, 18].

The aim of this study was to determine the role of endogenous CYP-derived mediators in 

physiological angiogenesis by targeting the expression of a CYP enzyme using a 

combination of constitutive and inducible knockout mouse models. Cyp2c44 was chosen as 

a target given that: it is closely related to the human CYP2C8 and CYP2C9 isoforms [19], 

the enzyme generates EETs [20], and previous reports linking this enzyme with tumor 

growth [21] and signaling induced by vascular endothelial cell growth factor (VEGF) [22].
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2. Materials and Methods

2.1 Chemicals and Reagents

All of the fatty acids, i.e., EETs, EpOMEs and HDHAs were obtained from Cayman 

Chemicals Europe (Tallinn, Estonia). NADPH was from Applichem (Darmstadt, Germany) 

and tamoxifen was from Sigma Aldrich (Deisenhofen, Germany). Other chemicals were 

purchased from Merck (Darmstadt, Germany) or Sigma Aldrich. The anti-Cyp2c44 antibody 

was generated as described [23], and the antibody directed against aquaporin 4 (AQP4) was 

from Santa Cruz (TX, USA), the antibody against CD31 was from BD biosciences 

(Heidelberg, Germany), the phospho histone 3 antibody was from Merck Millipore 

(Darmstadt, Germany), and the anti-ETS-related gene (ERG) antibody from Abcam 

(Cambridge, UK).

2.2 Animals

C57BL/6 mice (6-8 weeks old) were purchased from Charles River (Sulzfeld, Germany). 

Floxed Cyp2c44 mice were generated by TaconicArtemis (Cologne, Germany) using 

C57BL/6 embryonic stem cells for gene targeting. The positive selection cassettes flanked 

by FRT/F3 sites were deleted by crossing with a ubiquitously expressing FLP1 recombinase 

strain (TaconicArtemis). The conditional knock out allele was confirmed by PCR with 

primers flanking the loxP site modified genomic locus using the following primers: 5’-

TTATATCATTGCTAGTGGCAATCG-3’, and 5’-GGCAGTTCTCTTCTATGTATGTGC-3’ 

resulting in a 233 bp product lengths for the wild-type allele and a 384 bp product for the 

conditional allele (loxP and F3). The Cre dependent recombination (excision) was assessed 

with PCR using the primer pair 5’-TTATATCATTGCTAGTGGCAATCG-3’ and 5’-

TGGAGCTCTGTTCAGTAGTGTTCC-3’ that results in a (305 bp) product for the 

recombined locus. Genotyping was performed on genomic DNA derived from tail biopsies 

with the following PCR parameters: 95°C for 5 minutes, followed by 35 cycles, at 95°C for 

30 seconds, 60°C for 30 seconds, 72°C for 30 seconds and 72°C for 10 minutes. Genotyping 

PCRs were performed with the following conditions 95°C for 5 minutes, followed by 30 

cycles, at 95°C for 30 seconds, 60°C for 30 seconds, 72°C for 30 seconds and 72°C for 10 

minutes (Supplementary Fig. S1). Floxed Cyp2c44 mice were crossed with 

Gt(ROSA)26Sortm16(Cre)Arte mice expressing Cre under the control of the endogenous 

Gt(ROSA)26Sor promoter (TaconicArtemis) to generate mice globally lacking Cyp2c44 

(Cyp2c44−/−) or with Gt(ROSA)26Sortm(CreERT2)Arte mice (TaconicArtemis) to generate 

inducible Cyp2c44 knockout (Cyp2c44iKO) mice.

Mice were housed in conditions that conform to the Guide for the Care and Use of 
Laboratory Animals published by the U. S. National Institutes of Health (NIH publication 

no. 85-23). All experiments were approved by the governmental authorities 

(Regierungspräsidium Darmstadt: F28_38). Age- and strain-matched animals of both sexes 

(usually littermates) were used throughout. For the isolation of organs, mice were sacrificed 

using 4% isoflurane in air and subsequent exsanguination.
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2.3 Immunohistochemistry

Retina: Retinas were isolated, fixed in PBS containing 4% PFA for 2 hours at room 

temperature, washed in PBS containing 0.5% Triton X-100, 1 mmol/L CaCl2, 1 mmol/L 

MgCl2, and 1 mmol/L MnCl2 (pH 6. 8), permeabilized using 0.5% Triton X-100 overnight 

at 4°C, and blocked with the “mouse on mouse” blocking reagent (Vector Laboratories) 

before addition of the anti-Cyp2c44 antibody [23] overnight at 4°C. Afterwards samples 

were incubated with FITC-labelled Isolectin B4 and a fluorophore-conjugated secondary 

antibody (Alexa Fluor, Invitrogen, Karlsruhe, Germany).

Müller cells: Retinas were isolated and digested immediately with collagenase I (100 

U/ml, Biochrom, Berlin, Germany) in DMEM/F12 medium for 30 minutes at 37°C. The 

reaction was stopped by the addition of DMEM with 10% FCS and the tissue was further 

dissociated by gentle trituration using a sterile Pasteur pipette [24]. Cells were fixed and 

permeabilized by using FIX & PERM cell fixation and cell permeabilization kit (Invitrogen) 

according to the standard protocol. Antibodies directed against Cyp2c44 and AQP-4 were 

used at 1:200 and 1:500 dilution, respectively.

2.4 Retinal angiogenesis

Freshly isolated eyes from 2, 5 and 7 day old wild-type and Cyp2c44−/− littermates were 

fixed in PBS containing 4% formalin for 2 hours at room temperature. Thereafter, the retinas 

were isolated, washed in PBS supplemented with 0.5% Triton X-100, 1 mmol/L CaCl2, 1 

mmol/L MgCl2, and 1 mmol/L MnCl2 (pH 6. 8) and blocked as well as permeabilized in 1% 

BSA and 0.5% Triton X-100 overnight at 4°C. Endothelial cells were visualized using FITC-

labelled Isolectin B4 (1:100, Sigma-Aldrich). Samples were visualized using a confocal 

microscope (LSM 780 scanning confocal microscope; Zeiss, Jena, Germany) and all 

quantification was performed using high resolution images and Axiovision software (Zeiss) 

as described [9].

2.5 Endothelial cell culture

Human umbilical vein endothelial cells were isolated and cultured as described [25] and 

used exclusively after only 1 passage. The use of human material in this study conforms to 

the principles outlined in the Declaration of Helsinki [26] and the isolation of endothelial 

cells was approved in written form by the ethics committee of the Goethe-University.

2.6 Cell proliferation

Cells were transfected with a control plasmid (pcDNA) or a plasmid encoding Cyp2c44 and 

after 48 hours cells were re-seeded onto 48 well plates (18000 cells) coated with fibronectin 

(25 μg/mL). Proliferation was assessed with Casy TT cell counter and analyzer system 

(Roche, Basel, Switzerland) in the absence and presence of VEGF (20 ng/ml) and 20-HDHA 

(1 μmol/L) in medium supplemented with 5% fetal calf serum (FCS).

2.7 RNA isolation and quantitative real time PCR (RT-qPCR)

Total RNA was extracted using TriReagent (Sigma-Aldrich). For the generation of cDNA, 

total RNA (1 μg) was reverse transcribed using the Superscript III (Life Technologies 
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GmbH, Darmstadt, Germany) and random hexamer primers according to the manufacturer’s 

protocol. The amount of mRNA was quantified using the threshold cycle (c⊺) value using a 

SYBR green master mix (ABgene, Dreieich, Germany) with intron spanning primers in a 

Mx4000 multiplex qPCR system (Stratagene, Heidelberg, Germany). RNA amount was 

calculated relative to a housekeeping gene, i. e. 18S rRNA, using the ΔΔc⊺ method.

Primer sequences used in the study.

Name Forward primer Reverse primer

18S CTTTGGTCGCTCGCTCCTC CTGACCGGGTTGGTTTTGAT

Dll1 CATCCGATACCCAGGTTGTC ACGGCTTATGGTGAGTACAG

Jagged1 TCTCTGACCCCTGCCATAAC TTGAATCCATTCACCAGATCC

Notch 1 CCTCAGATGGTGCTCTGATG CTCAGGTCAGGGAGAACTAC

Hes1 GAGGCGAAGGGCAAGAATAAA GTGGACAGGAAGCGGGTCA

Hey1 TGAGCTGAGAAGGCTGGTAC ACCCCAAACTCCGATAGTC

VEGF GCACTGGACCCTGGCTTTACTGCTGTA GAACTTGATCACTTCATGGGACTTCTGCTC

Ang1 GGCCACAGGCATCGAACCACC CGGTGCCGATTTCAGCACGAAG

Pdgfa CCTGTGCCCATTCGCAGGAAGAGA TTGGCCACCTTGACACTGCGGTG

2.8 Insect cell (Sf-9) culture and overexpression of Cyp2c44

Cyp2c44 was subcloned with Sall and NotI (NEB, Frankfurt, Germany) from a I.M.A.G.E. 

full length cDNA clone (IRAVp968E0871D; BioScience ImaGenes, Berlin, Germany) into 

the pFastBac vector (Invitrogen). The bacmid was generated using the Bac-to-Bac 

Baculovirus expression system (Invitrogen) according to the manufacturer’s instructions. For 

transposition the pFastbac-CYP vector was transformed by heat shock in DH10Bac E. coli 
cells (Invitrogen) and plated on agar supplemented with 50 μg/mL kanamycin, 7 μg/mL 

gentamycin, 10 μg/mL tetracycline (Applichem, Darmstadt, Germany), 100 μg/mL 5-

brom-4-chlor-3-indolyl-β-D-galactopyranosid (Applichem) and 40 μg/mL isopropyl β-D-

thiogalactopyranoside. The successful recombination was checked by PCR using the 

following primers: M13 Forward: 5’-GTTTTCCCAGTCACGAC-3’; M13 Reverse: 5’-

CAGGAAACAGCTATGAC-3’ (Biospring, Frankfurt, Germany). After the cellfectine-

mediated transfection of Cyp2c44 and human CYP oxidoreductase bacmids in Spodoptera 

frugiperda (Sf-9) cells (Invitrogen), virus generation and protein expression were achieved 

as described previously [27]. Sf-9 cells were grown in Ex-Cell 405 medium (with 10% heat-

inactivated FCS, 100 U/mL of both penicillin and streptomycin) and infected at a density of 

2×106 cells/mL with the recombinant Cyp2c44-baculoviruses (multiplicity of infection of 3; 

titrated against a human CYP oxidoreductase-baculovirus). After 24 hours hemin (5 μmol/L) 

and metyrapone (30 μmol/L) were added. The successful overexpression was verified by 

Western blotting for Cyp2c44 as well as FACS analysis for the viral envelope protein GP-64 

(BD Biosciences, Heidelberg, Germany). Cells were harvested after additional 72 hours, 

resuspended in 0.1 mol/L potassium phosphate buffer (pH 7.4, containing 20% glycerol and 

1 mmol/L EDTA, 1 mmol/L DTT, 0.1 mmol/L PMSF) and lysed by sonication. The 

cytosolic fraction was prepared by differential centrifugation (1000g for 10 minutes, 10.000g 
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for 20 minutes and 100000g for 90 minutes; all at 4°C), the resulting pellet was 

homogenized in 50 μL potassium phosphate buffer and stored at −80°C until used. 

Microsomes were incubated with the PUFAs described in the results section and reactions 

started by the addition of NADPH (1 mmol/L). After 20 minutes, reactions were stopped by 

the addition of 40 μL of 0.4 mmol/L citric acid and placed on ice.

2.9 LC-MS/MS analyses

Samples (murine retina lysates or Sf-9 microsomes) were mixed with 500 μL methanol and 

300 μL 10 mol/L sodium hydroxide and deuterated internal standards. The samples were 

hydrolyzed for 30 minutes at 60°C and then neutralized with acetic acid and adjusted to 

pH6.2. A solid phase extraction procedure using Agilent Bond-Elut-Certify II (Santa Clara, 

CA, USA) was performed as described [28]. The measurements were performed by 

LIPIDOMIX GmbH (Berlin, Germany) with a Triplequad LC-MS-MS instrument Agilent 

6460/1200SL (Agilent Technologies, Waldbronn, Germany) equipped with a Phenomenex 

Kinetex Column (150 mm × 2.1 mm, 2.6 μm, Phenomenex, Aschaffenburg, Germany). 

Chromatography was achieved under gradient conditions with acetonitrile/0.1% formic acid 

in water as the mobile phase, a flow rate of 0.3 mL/min and a run time of 16 minutes. The 

injection volume was 7.5 μL. After optimization the following MS-MS conditions were 

used: electrospray ionization (ESI) in negative mode, capillary voltage 3500 V, nozzle 

voltage 1500 V, drying gas 210 °C/7 L/min, sheath gas 350 °C/11 L/min and nebulizer 

pressure 30 psi.

Metabolite analysis was performed using multiple reaction monitoring (MRM), as 

established previously [29,30]. The internal standards added to the samples before extraction 

included 10 ng each of 20-HETE-d 6, 14,15-EET-d 8, 14,15-DHET-d 11, prostaglandin E2 

(PGE2)-d4, leukotriene B4 (LTB4)-d5, and 15-HETE-d 8 (Cayman Chemical, Ann Arbor, 

MI) and served for the quantification of groups of similar metabolites. Calibration curves for 

the quantification of individual metabolites were established using authentic unlabeled 

standard compounds as purchased from Cayman Chemical and measuring the changes in the 

relative peak area in response to different target compound/internal standard-concentration 

ratios. Linearity was r2 > 0.99 over a range from 1 to 20 ng absolute for all metabolites 

determined. Metabolite identities rely on their characteristic retention times in combination 

with two characteristic transitions (quantifier and qualifier) resulting from metabolite 

specific fragmentation.

The eicosanoid profile in murine plasma and the metabolism of 17- or 20-HDHA by Sf-9 

microsomes were performed after liquid–liquid extraction of 100 ul sample. Briefly, samples 

were extracted twice into ethyl acetate, evaporated under nitrogen and resuspended in 

methanol/water (vol. 1:2). The metabolites were analyzed using a C18 reversed-phase 

chromatographic column (Gemini NX C18; Phenomenex) that was coupled to a tandem MS 

system (API 4000; AB Sciex). Quantification was performed using internal standards (with 

deuterated standards) and one precursor to product ion transition per analyte as described 

[14,31]. In all cases, a calibration curve from 0.5 to 2500 ng/ml was generated. All of fatty 

acid epoxides, diols and deuterated analogs were from Cayman Europe (Tallinn, Estonia).
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2.10 Statistical analysis

Data are expressed as mean ± SEM. Statistical evaluation was performed using Student’s t 

test for unpaired data, one-way ANOVA followed by a Bonferroni t test or ANOVA for 

repeated measures where appropriate. Values of P<0.05 were considered statistically 

significant.

3. Results

3.1. Expression of Cyp2c44 in the murine retina

A specific antibody was used to determine the presence and localization of Cyp2c44 in 

cross-sections of the adult murine retina. The Cyp2c44 signal failed to colocalize with that 

of Isolectin B4 indicating that the enzyme was not expressed in any of the endothelial cell 

layers (Fig. 1A). Rather, Cyp2c44 was detected in the ganglion cell, inner plexiform, and 

outer plexiform layers which indicated that it may expressed in retinal Müller glia cells. 

Indeed, Cyp2c44 was highly expressed in Müller cells freshly dissociated from adult retinas, 

identified by their typical morphology and the expression of aquaporin 4 (Fig. 1B).

Cyp2c44−/− mice were generated by crossing floxed Cyp2c44 mice with animals expressing 

Cre under the control of the CMV promoter (Supplementary Fig. S1). Deletion of Cyp2c44 

resulted in altered plasma levels of 14,15-dihydroxyeicosatrienoic acid (DHET) without 

affecting levels of other arachidonic acid-derived epoxides and diols (Supplementary Fig. 

S2A). Interestingly, metabolites of linoleic acid and docosahexenoic acid (DHA) and were 

more affected than those of arachidonic acid with significantly less 9,10-epoxyoctadecenoic 

acid (9,10-EpOME) and 9,10- dihydroxyoctadecenoic acid (9,10-DiHOME) as well as 

19,20-epoxydocosapentaenoic acid (19,20-EDP) and 19,20-dihydroxydocosapentaenoic acid 

(DHDP) detected in samples from Cyp2c44−/− mice (Supplementary Fig. S2B-C). No 

Cyp2c44 signal was detected in retinal cross sections or Müller cells isolated from these 

mice (Fig. 1A-B). Thus, the expression of Cyp2c44 in the murine retina is similar to that of 

the sEH as both are expressed mainly in Müller glia cells [9].

3.2. Consequences of Cyp2c44 deletion on the retinal vascular network

The importance of Cyp2c44 in sprouting angiogenesis was studied during retinal 

development in the first postnatal week. Wild-type and Cyp2c44−/− littermates displayed 

normal vessel radial expansion from the optic nerve to the periphery on postnatal days (P) 2, 

5 and 7 (Fig. 2A). However, a significant increase in vessel network density as well as 

branching and vessel diameter was observed at the angiogenic front in retinas from 

Cyp2c44−/− mice versus their wild-type littermates at P5 (Fig. 2B-D) and remained 

significantly elevated at P7 (Fig. 2E). The increase in retinal vessel density at the angiogenic 

front in Cyp2c44−/− mice on P5 was associated with a significant increase in tip cell 

filopodia numbers (Fig 3A) as well as elevated numbers of phosphorylated histone 3 positive 

endothelial cells (Fig. 3B), implying that the loss of Cyp2c44 promoted endothelial cell 

proliferation.

In order to confirm the defects observed in the constitutive Cyp2c44−/− mice, an inducible 

Cyp2c44 knockout strain (Cyp2c44iKO) was generated by breeding floxed 2C44 mice with 
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CreERT2 mice. The postnatal deletion of genes is usually associated with a milder 

phenotype and treating the Cyp2c44iKO mice with tamoxifen (from P1 to P4) resulted in 

~45% reduction in Cyp2c44 expression on P5 (Fig. 4A). Despite the incomplete 

downregulation of Cyp2c44 in the latter model the acute postnatal down-regulation of the 

enzyme increased vessel density without affecting vessel radial expansion (Fig. 4B), thus 

phenocopying the Cyp2c44−/− mice. Consistent with the increased endothelial cell 

proliferation observed in retinas from Cyp2c44−/− mice, ERG staining to mark endothelial 

cell nuclei was increased in Cyp2c44iKO retinas (Fig. 4C). This indicates that the increased 

vessel density could be mainly attributed to cell proliferation rather than a change in cell 

morphology. Also at the angiogenic front filopodia numbers were elevated in retinas from 

Cyp2c44iKO mice (Fig. 4D).

3.3. Consequences of Cyp2c44 deletion on gene expression

The increase in vascular diameter at the angiogenic front was reminiscent of the effects 

elicited by Notch inhibition which triggers the excessive formation of tip cells, increased 

sprouting and branching, and endothelial hyperproliferation [32]. Indeed, the expression of 

Notch 1, Dll1 Hes1 and Hey1 were all attenuated in retinas from 5 day old Cyp2c44−/− mice 

versus their wild-type littermates (Fig. 5A). In the same samples there was a tendency 

towards increased VEGF expression that failed to reach significance, a decrease in 

angiopoietin I and an increase in platelet-derived growth factor A expression (Fig. 5B).

3.4. Enhanced retina HDHA levels in Cyp2c44−/− mice

The altered lipid profile in the plasma from Cyp2c44−/− animals does not necessarily reflect 

the lipid profile of the retina which contains much more DHA and DHA-derived metabolites 

than arachidonic acid and arachidonic acid-derived metabolites [9,33]. To determine which 

of the Cyp2c44 substrates or products could account for the increase in retinal vessel 

density, LC-MS/MS was used to assess the levels of epoxides and diols in retinas from 5 day 

old wild-type and Cyp2c44−/− littermates. Surprisingly, none of epoxides of arachidonic 

acid, linoleic acid or DHA were altered in retinas from Cyp2c44−/− mice (Fig. 6A-E). 

However, in the same samples, several hydroxydocosahexaenoic acids (HDHA), i.e., 10-, 

17- and 20-HDHA were more abundant in P5 retinas from Cyp2c44−/− mice compared to 

their wild-type littermates (Fig. 6F,). This is of interest as at least 17-HDHA is a marker for 

the formation of anti-inflammatory D-resolvins [34].

HDHAs are generated by auto-oxidation from DHA in vitro and can also be generated by 

enzymatic transformation e.g., via lipoxygenases in vivo [34] (see Supplementary Fig. S3 

for structures), but there is no known link to CYP2C enzymes. The observed increase in 

HDHA levels in Cyp2c44−/− retinas suggested that they may be metabolized by Cyp2c44. 

Therefore, Cyp2c44 metabolism was assessed in microsomes prepared from Sf-9 

overexpressing Cyp2c44 and the cytochrome reductase. The enzyme was able to metabolize 

arachidonic acid to EETs as well as hydroxyeicosatetraenoic acids (HETEs), 

eicosapentaenoic acid (EPA) to epoxyeicosatetraenoic acids (EEQs) and 

hydroxyeicosapentaenoic acids (HEPEs), and linoleic acid to EpOME as well as DHA to 

EDPs and HDHAs. However, only low amounts of the 10-, 17- and 20-HDHA detected in 

the retina were generated by the microsomal preparations indicating that Cyp2c44 may be 
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involved in the metabolism of HDHA rather than its generation (Supplementary Fig. S4). 

Indeed, the incubation of Cyp2c44-expressing microsomes with 17- or 20-HDHA results in 

their rapid metabolism in the presence of NADPH (Fig. 7A) to as yet unidentified 

metabolites.

3.5. Effect of 20-HDHA on endothelial cell proliferation in vitro

To determine whether or not Cyp2c44 and HDHAs could affect endothelial cell function, 

human endothelial cells that expressed little or no endogenous CYP enzymes [35] were 

transfected with a control plasmid or a plasmid encoding Cyp2c44. The overexpression of 

Cyp2c44 resulted in a marked increase in endothelial cell proliferation (Fig. 7B) without any 

clear effect on cell migration (Supplementary Fig. S5). The effect elicited by the 

overexpression of Cyp2c44 was comparable with that of VEGF stimulation and is consistent 

with a previous report [22]. The application of 20-HDHA (1 μmol/L) also increased 

endothelial cell proliferation (Fig. 7C), but only in endothelial cells that lacked CYP 

expression as no 20-HDHA-induced increase in proliferation was detected in cells 

expressing Cyp2c44 (Fig. 7D).

4. Discussion

The results of the present investigation revealed that Cyp2c44 is expressed in Müller glia 

cells in the murine retina. The constitutive as well as the acute deletion of the enzyme 

modulated sprouting angiogenesis by promoting endothelial cell proliferation and vessel 

diameter expansion as well as tip cell filopodia numbers. Mechanistically, the effect of 

Cyp2c44 deletion could be attributed to the accumulation of HDHAs in the retina, and at 

least 20-HDHA was able to increase endothelial cell proliferation in vitro – but only in cells 

lacking Cyp2c44. Thus it appears that in vivo Cyp2c44 limits retinal angiogenesis by 

ensuring the continuous metabolism of HDHAs.

Cyp2c44 is closely related to the human CYP2C8 and CYP2C9 isoforms and is reported to 

be the predominant epoxygenase in the mouse kidney [19]. It is expressed in the cortical 

collecting duct and plays a role, in the regulation of blood pressure by inhibiting the 

epithelial sodium channel (ENaC) [20]. The genetic deletion of Cyp2c44 blunts the 

inhibition of ENaC to cause salt-sensitive hypertension and 11,12-EET was reported to 

inhibit ENaC in wild-type and Cyp2c44−/− mice [20]. Cyp2c44 is particularly interesting 

with respect to angiogenesis because of the fact that its expression can be induced by VEGF 

[22], and its 11,12- and 14,15-EET metabolites increase cell proliferation, tubulogenic 

activity, and the phosphorylation states of the ERK1/2 and Akt kinases in cultured cells [36] 

as well as in vivo models (for review see [3]). The finding that the deletion of Cyp2c44 

resulted in an increase rather than a decrease in endothelial cell proliferation as well as an 

increase in flipodia formation was therefore initially unexpected. Indeed, the lack of 

Cyp2c44 was expected to prevent retinal epoxide generation and thus attenuate postnatal 

sprouting angiogenesis.

However, the genetic deletion of CYP enzymes has been reported to result in the 

compensatory upregulation of alternative isoforms to at least partially compensate for the 

loss of CYP activity. For example, the increased expression of Cyp4a12 was found to 
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underlie the hypertensive phenotype of Cyp4a14−/− mice [17]. To avoid such an effect 

studies were repeated using Cyp2c44iKO mice in which tamoxifen was used to acutely 

downregulate Cyp2c44 expression postnatally. Although the knockdown of the enzyme was 

incomplete, the inducible model phenocopied that of the constitutive knockout mouse 

indicating that the effects observed could be attributed to the loss of Cyp2c44. However, it is 

important to note that such experiments cannot rule out that the expression of other CYP 

isoforms was altered under the experimental conditions studied.

Ours is not the first report of Cyp2c protein expression in the murine retina as an antibody 

recognizing a cluster of different Cyp2c isoforms was previously used to implicate Cyp2c in 

monocytes/macrophages throughout the retina in pathologic neovascularization [16]. 

However, although not a focus of the latter study a clear Cyp2c signal was detected in the 

ganglion cell layer, inner nuclear layers, and outer nuclear layer of the retina, consistent with 

expression on Müller cells [16]. A selective Cyp2c44 antibody was used in the present study 

to demonstrate the enrichment of Cyp2c44 in Müller glia cells in the retina. The 

coexpression of Cyp2c44 and the sEH in Müller glia cells strongly supported the hypothesis 

that the Müller glia cells act as a primary source of lipid mediators in the retina and the 

processing of lipid mediators in these cells consequently results in the modulation of 

vascular function development and possibly also vascular function. More recently, 

fenofibrate was reported to bind to and inhibit CYP2C with higher affinity than to 

peroxisome proliferator-activated receptor (PPAR)α and to inhibit oxygen-induced 

retinopathy in mice by reducing the generation of Cyp2c ω-3 and ω-6 PUFA metabolites 

[37]. Although Cyp2c44 expression is upregulated by hypoxia and the enzyme would be 

expected to be implicated in retinopathy, it remains to be determined whether or not 

fenofibrate affects Cyp2c44 activity or whether or not the phenotype observed reflected 

alterations in the expression or activity of the sEH. Certainly, PPARα agonist such as 

fenofibrate have been reported to induce the expression of the sEH [38], however, this does 

not appear to be a universal observation as the compound failed to affect sEH expression in a 

mouse model of hypertension [39].

The vascular defects in the retinas from sEH−/− mice were attributed to activation of the 

Notch signaling cascade [9] and it was expected that the phenotype observed in retinas from 

Cyp2c44−/− mice may be associated with opposite effects i.e. Notch inhibition. This was 

indeed the case, with Notch 1, Dll1 Hes1 and Hey1 levels all suppressed in retinas from 

Cyp2c44−/− mice. Also, the increase in vascular diameter at the angiogenic front was 

reminiscent of the effects elicited by Notch inhibition which triggers the excessive formation 

of tip cells, increased sprouting and branching, and endothelial hyperproliferation 

[32,40-43]. Although altered Notch signaling was previously linked to 19,20-DHDP which 

acts as a γ-secretase inhibitor [9], lipid profiles from 5 day old Cyp2c44−/− retinas revealed 

a completely unaltered ω-3 and ω-6 PUFA metabolite profile - despite the fact that in vitro 
analyses demonstrated the ability of the enzyme to metabolize arachidonic acid, linoleic 

acid, EPA and DHA. However both PDGFA and VEGF were increased in retinas from 

Cyp2c44−/− mice indicating that more than one mechanism may underlie the effects 

observed. Our study also highlights the differential consequences of Cyp2c44 expression in 

different models i.e. while Cyp2c44 deletion increased endothelial cell proliferation in the 

retina in vivo, the overexpression of Cyp2c44 increased the proliferation of human 
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endothelial cells in vitro. These differential effects are most likely attributable to the 

markedly different lipid composition of the cells studied and in particular the high 

concentrations of DHA and HDHA in the retina [9,33].

HDHAs are currently of interest given that they can be further metabolized to produce a 

series of specialized “pro-resolving” lipid mediators termed the protectins, resolvins and 

maresins [44]. Several HDHAs were increased in retinas from Cyp2c44−/− mice retinas and 

microsomes from Cyp2c44-expressing Sf-9 cells rapidly metabolized 17- and 20-HDHA. 

Although the detailed chemical catalysis and potential metabolites generated remain 

unidentified, this observation strongly indicates that HDHAs may act as direct substrates of 

Cyp2c44. Little is known about the biological actions of HDHA metabolites but 17-oxo-

DHA has been attributed anti-inflammatory properties at least partly attributable to the 

nuclear accumulation of the transcription factor Nrf2 (nuclear factor, erythroid derived 2, 

like 2) [45,46], which has in turn been linked with Notch activation (for review see [47]). 17-

Oxo-DHA is known to be generated in activated macrophages by cyclooxygenase-2 but to-

date nothing is known about the role of CYP enzymes. Moreover, the lack of available 

standards has meant that it has not yet been possible to determine the role of Cyp2c44 in its 

generation. Whether or not altered Cyp2c44 expression also has consequences on the retinal 

levels of pro-resolving mediators remains to be determined but 17S-hydroxy-containing 

docosanoids and 17S series resolvins were reportedly biosynthesized via epoxide-containing 

intermediates in murine brain, human blood, and glial cells [48].

5. Conclusions

On the basis of the data presented we conclude that Cyp2c44 is expressed in the normal 

murine retina and that its constitutive or acute deletion modulates postnatal angiogenesis in a 

manner reminiscent of Notch inhibition. Mechanistically, Cyp2c44 metabolized a series of 

ω-3 and ω-6 PUFAs in vitro but the most pronounced difference between retinas from wild-

type and Cyp2c44−/− littermates was in the levels of three HDHA regioisomers (i.e. 10-, 17- 

and 20-HDHA), at least two of which could be further metabolized by Cyp2c44. At this 

stage there are of course a number of unknowns, including the identity of the source of the 

HDHA and whether or not the phenotype observed can be attributed to the Cyp2c44-

dependent elimination of a bioactive metabolite, or its generation. It will be interesting to 

determine whether or not this mechanism is preserved in humans and whether the CYP2C-

dependent metabolism of HDHAs has consequences on the retinal vasculature. It will also 

be interesting to determine whether or not other mouse CYPs can also metabolize HDHA 

and what the relative role of Cyp2c44 is compared to other enzymes.
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HEPE hydroxyeicosapentaenoic acid
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ONL outer nuclear layer

OPL outer plexiform layer

P postnatal day

PCL retinal pigment cell layer

pH3 phosphorylated histone 3

PUFA polyunsaturated fatty acids

sEH soluble epoxide hydrolase

VEGF vascular endothelial cell growth factor
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Highlights

Cyp2c44 is expressed in Müller glia cells in the murine retina.

Cyp2c44 deletion increases retinal endothelial cell proliferation.

Hydroxydocosahexaenoic acids are potential substrates for Cyp2c44.
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Figure 1. Cyp2c44 is expressed in the murine retina.
(A) Cryosections of the retina from adult wild-type and Cyp2c44−/− mice; Cyp2c44 = red, 

CD31 = green; bar = 100 μm. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, 

inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; PCL, retinal 

pigment cell layer; bar = 100 μm. (B) Cyp2c44 (red) and aquaporin 4 (blue) expression in 

Müller glia cells freshly isolated from wild-type and Cyp2c44−/− mice. Cell nuclear were 

labelled with DAPI (blue). PC: phase contrast image; bar = 10 μm. The images are 

representative of data from at least 3 additional experiments.
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Figure 2. Consequences of Cyp2c44 deletion on retinal angiogenesis.
(A) Isolectin B4 staining was assessed in whole-mounts of the retinal vasculature from wild-

type (WT) and Cyp2c44−/− (−/−) mice on postnatal days (P) 2, 5 and 7; bar = 500 μm. (B) 

Higher magnification images of P5 retinas from wild-type and Cyp2c44−/− mice. The front 

and central areas indicated by the white and yellow boxes show the position of the right 

hand images; bars = 500 and 20 μm. (C&D) Quantification of branching points (C) and 

vessel diameter (D) in P5 retinas from wild-type and Cyp2c44−/− mice. (E) Quantification of 

branching points in retinas from wild-type and Cyp2c44−/− mice at P7. The graphs 

summarise data from 6-14 mice in each group; ***P<0.001.
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Figure 3. Consequences of Cyp2c44 deletion on tip cell filopodia and proliferation at the 
angiogenic front.
(A) High magnification images and quantification of Isolectin B4–stained tip cells and 

filopodia in P5 retinas from wild-type (WT) and Cyp2c44−/− (−/−) littermates. Bar = 20 μm. 

(B) Proliferation assessed by phosphorylated histone 3 (pH3) staining (red) at the angiogenic 

front of P5 retinas. The vasculature was visualised using Isolectin B4; bar = 100 μm. The 

graphs summarise data from 6 mice in each group; **P<0.01; ***P<0.001.
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Figure 4. Retinal angiogenesis following the acute knockout of Cyp2c44.
Wild-type (WT) or Cyp2c44iKO (iKO) mice were treated with tamoxifen from P1 to P4. (A) 

Cyp2c44 expression on P5 determined by RT-qPCR. (B) Isolectin B4 staining in retinal 

whole mounts from the same animals; bars = 500μm. White boxes indicated the cropped 

areas shown on the right panels; bar = 100 μm. (C) Quantification of vascularization. (D) 

Quantification of vessel of branching points in P5 retinas from wild-type and Cyp2c44iKO 

mice. (E) ERG (endothelial nuclear, red) and Isolectin B4 (green) staining in P5 retinas from 

wild-type and Cyp2c44iKO mice; bar = 100 μm. (F) High magnification images and 

quantification of Isolectin B4–stained tip cells and filopodia on P5 retinas. Bar = 20 μm. The 

graph summarises data from 5-9 mice in each group; **P<0.01, *** P<0.001.
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Figure 5. Attenuated of Notch signaling in Cyp2c44−/− mice.
(A) Expression of genes of interest (GOI) involved in Notch signaling was assessed in P5 

retinas from wild-type (WT) and Cyp2c44−/− (−/−) mice. (B) Expression of VEGF, 

angiopoietin I (AngI) and platelet-derived growth factor A (pdgfa) expression in P5 retinas 

from wild-type and Cyp2c44−/− mice. The graphs summarize data from 5-9 mice in each 

group; *P<0.05, *P<0.01.
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Figure 6. PUFA product profile in retinas isolated from 5 day old wild-type (WT) or Cyp2c44−/− 

littermates.
Retinas were isolated from 5 day old wild-type (WT) and Cyp2c44−/− (−/−) littermates and 

lipid metabolite levels were determined by LC-MS/MS. (A) Epoxyeicosatrienoic acids 

(EET). (B) Hydroxyeicosapentaenoic acids (HEPE). (C) Epoxyeicosatetraenoic acid (EEQ). 

(D) Epoxyoctadecenoic acid (EpOME). (E) Epoxydocosapentaenoic acid (EDP). (F) 

Hydroxy docosahexaenoic acids (HDHA). The graphs summarize data from 5 different 

samples each representing a pool from 4 different retinas; *P<0.05.
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Figure 7. Effect of Cyp2c44 overexpression and HDHA on endothelial cell proliferation.
(A) Metabolism of 17- and 20-HDHA (each 1 μmol/L) by Cyp2c44 containing microsomes 

(50 pmol) isolated from Cyp2c44 overexpressing Sf9 cells. (B) Human endothelial cells 

were transiently transfected with either a control plasmid or a Cyp2c44 overexpression 

plasmid and proliferation followed over 120 hours. (C) Effect of solvent (Sol; DMSO), 20-

HDHA (1 μmol/L) versus VEGF (20 ng/mL) on the proliferation of human endothelial cells. 

(D) Effect of solvent (Sol; DMSO) and 20-HDHA (1 μmol/L) on the proliferation of human 

endothelial cells overexpressing Cyp2c44. The graph summarises data from 4 independent 

experiments, each using a different batch of endothelial cells; *P<0.05, *** P<0.001.
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