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Cholesterol 24S-hydroxylase (CYP46A1) converts cholesterol into 24S-hydroxycholesterol in neurons and
participates in cholesterol homeostasis in the central nervous system, including the retina. We aimed to
evaluate the consequences of CYP46A1 inhibition by voriconazole on cholesterol homeostasis and func-

l<eyW0rdS: ) tion in the retina. Rats received daily intraperitoneal injections of voriconazole (60 mg/kg), minocycline
Retinal ganglion cell (22 mg/kg), voriconazole plus minocycline, or vehicle during five consecutive days. The rats were submit-
Glia . ted to electroretinography to monitor retinal functionality. Cholesterol and 24S-hydroxycholesterol were
Cholesterol homeostasis . . . .

CYP46A1 measured in plasma, brain and retina by gas chromatography-mass spectrometry. The expression of

CYP46A1, and GFAP as a marker for glial activation was analyzed in the retina and brain. Cytokines
and chemokines were measured in plasma, vitreous, retina and brain. Voriconazole significantly impaired
the functioning of the retina as exemplified by the reduced amplitude and increased latency of the
b-wave of the electroretinogram, and altered oscillary potentials. Voriconazole decreased 24S-hydroxy-
cholesterol levels in the retina. Unexpectedly, CYP46A1 and GFAP expression was increased in the retina
of voriconazole-treated rats. ICAM-1 and MCP-1 showed significant increases in the retina and vitreous
body. Minocycline did not reverse the effects of voriconazole. Our data highlighted the cross talk between
retinal ganglion cells and glial cells in the retina, suggesting that reduced 24S-hydroxycholesterol con-
centration in the retina may be detected by glial cells, which were consequently activated.

© 2014 Elsevier Inc. All rights reserved.

Voriconazole

1. Introduction Niemann-Pick type C syndrome gives a similar feature of loss of
neurons in the brain [6] and retina [7].

Free cholesterol accounts for 85% of total cholesterol in the neu- Cholesterol  24S-hydroxylase (CYP46A1), cholesterol-27-

rosensory retina, the remaining consists of cholesteryl esters [1].
Dysregulations of cholesterol homeostasis leading to cholesterol
deficiency or accumulation have detrimental consequences on
the retina and are associated with neurodegeneration [2]. As an
example, the Smith-Lemli-Opitz syndrome that is due to 7-dehy-
drocholesterol reductase deficiency [3] causes the inability of the
cells to synthesize cholesterol, results to the accumulation of
7-dehydrocholesterol in brain [4], retinal neurons [5] and is associ-
ated with neurodegeneration. Cholesterol accumulation in
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hydroxylase (CYP27A1) and CYP11A1 are cholesterol-metabolizing
enzymes that are involved in cholesterol homeostasis, and are
expressed in the retina [8]. Cholesterol 24S-hydroxylase (CYP46A1)
converts cholesterol into 24S-hydroxycholesterol (24SOH) in neu-
rons of the central nervous system [9]. CYP46A1 expression and
24SOH are specific to neurons of the CNS [10], including inner
neurons of the retina and retinal ganglion cells (RGC) [10,11].
The exact role of CYP46A1 in the retina remains partly unknown.
Alike brain neurons [9] the formation of 24SOH may represent a
pathway for retinal neurons to maintain the balance of cholesterol.
Interestingly, in an experimental rat model of glaucoma, we found
steady-states levels of CYP46A1 and 24SOH in the retina, despite
the expected loss of retinal neurons and as a consequence, the ex-
pected decrease in CYP46A1 and 24SOH levels [12].
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Voriconazole is an antifungal agent that inhibits CYP46A1 with
high affinity in mice brain [13]. In vitro, voriconazole potentiated
the activation of monocytes triggered by fungal infection, espe-
cially by up-regulating the expression of immunomodulatory
genes, including TNF-a [14]. The safety of intravitreous injection
of voriconazole on the function of the retina has been established
in rats [15] and rabbits [16]. On the contrary, when injected intra-
venously, voriconazole transiently impaired bipolar cell function in
monkeys [17]. The reason for the discrepant data in the simian spe-
cies compared to rodents and rabbits may be linked to the systemic
effect of voriconazole on monocyte activation [14] that may infil-
trate the retina when voriconazole was used intravenously. On
the contrary, such inflammatory process would not occur when
used intravitreally. Retinal impairment may alternatively be asso-
ciated to the inhibition of CYP46A1 in retinal cells that specifically
express CYP46A1. Until now the role of CYP46A1 in the electro-
physiological response of the retinal cells remains unknown.

To better understand the role of CYP46A1 in the retina, we took
advantage of voriconazole as an inhibitor of CYP46A1 activity to
evaluate its potential to modulate cholesterol homeostasis and
function in the retina. Meanwhile, minocycline was used in parallel
and in addition to voriconazole to inhibit monocyte activation, and
therefore delineate the specific effects of voriconazole in this
pathway.

2. Materials and methods

All animals were handled according to the regulations of the
Institutional Animal Care Committee (University of Burgundy, Di-
jon, France), and all procedures adhered to the tenets of the state-
ments of the Association for Research in Vision and Ophthalmology
for the use of Animals in Ophthalmic and Vision Research.

2.1. Voriconazole and minocycline administration

Fifty male Wistar rats (7-8 weeks of age, Elevage Janvier, Le
Genest Saint Isle, France) were maintained under pathogen-free
conditions of temperature (22 + 1 °C), hygrometry (55-60%) and
light (50 lux, from 07:00 am to 07:00 pm). The rats received intra-
peritoneal injections of either voriconazole (Vor) (60 mg/kg in PBS
1x, once a day, n=15) (Pfizer, Groton, USA), minocycline (Mino)
(22 mg/kg in PBS 1x, once a day, n=10) (Sigma-Aldrich, Saint
Quentin Fallavier, France), voriconazole plus minocycline (Vor + -
Mino) (60 and 22 mg/kg respectively in PBS 1x, n = 10), or vehicle
(0.2 mL PBS 1x, once a day, n = 15) during five consecutive days.

2.2. Electroretinography (ERG)

Before ERG recordings, the rats (n =10 per group) were dark-
adapted for at least 12 h. Further procedures were carried out un-
der dim red light (1 =650 nm) and at a constant temperature of
25°C. Animal anaesthesia, pupil dilatation, corneal hydratation
and ERG measurements were carried out as described [18] with
the following modifications. The band-pass filter width was 1-
300 Hz for the recording procedure of scotopic single-flash re-
sponses. Stimuli of the scotopic single-flash were recorded with
ten increasing intensities from 0.0003 to 10 cd.s/m? These
responses were averaged with an inter-stimulus interval of 5s
(from 1 to 10 cd.s/m?) or 17 s (up to 0.3 cd.s/m?). The band-pass fil-
ter width was 0.2-30 Hz for the recording procedure of scotopic
threshold responses (STR). Stimuli of the STR were recorded with
three increasing intensities: —4.60log, —-4.32log and
—4.02log cd.s/m?, with an inter-stimulus interval of 2 s. For the
oscillatory potentials (OPs) recording, the band-pass filter width
was 200-500 Hz. One single stimulus was applied at 0.06 Hz. The

inter-stimuli interval was about 17 s. After amplification, the signal
was digitized and processed.

The a- and b-waves amplitudes and latencies of the scotopic
and photopic responses were analyzed as previously described
[19]. OPs were recorded as previously published [20] and analyzed
on the basis of means of amplitude and time-latency measure-
ments of each of the four peaks [21].

2.3. Sample processing

After ERG recordings, rats were euthanized. Eyeballs were
removed. Blood (5 mL in EDTA) was taken by aortic puncture and
plasma was prepared by 15-min centrifugation at 3000 rpm at
4 °C. Vitreous of both eyes was collected and pooled for each ani-
mal (n = 10 per group). Retinas were dissected from the underlying
choroid and sclera. For each animal, one retina was stored at
—20°C in 2 mL of 1 M KOH for 24SOH and cholesterol quantifica-
tion (n =10 per group) (see paragraph 2.4). The other retina was
snap-frozen at —80 °C until whole protein extraction (n=10 per
group). The retinal lysates were further divided for cytokines/che-
mokines quantification (see paragraph 2.5) and Western blotting
(see paragraph 2.6). Brains were dissected sagitally and divided
in two parts. One half-brain was stored in 5 mL of chloroform/
methanol (2:1, v/v) for 24SOH and cholesterol quantification
(n=10 per group) and 10 mg cortex was used for cytokines/che-
mokines quantification and Western blotting (n = 10 per group).

2.4. Quantification of cholesterol and 24-hydroxycholesterol in the
retina, brain and plasma

Total lipids were extracted from the brains as described [22].
Plasma and retina were processed as previously published [12].
Cholesterol and 24SOH were quantified from one tenth of the lipid
extract in one single retina (n=10 per group), plasma
(n=10 x 1 mL per group) and a half-brain (n = 10 per group) using
authentic internal standards: 5a-cholestane (5 pg in plasma and
retina, 10 ug in the brain) for cholesterol quantification, and
deuterated racemic [23,23,24-2H;]-24-hydroxycholesterol (gener-
ous gift from Pr Bjorkhem, Karolinska Institutet, Stockholm,
Sweden) for 24SOH quantification (100 ng in plasma and retina,
150 ng in the brain).

2.5. Quantification of cytokines, chemokines and growth factors in
plasma, vitreous, retina and cortex homogenates

IL6, MCP-1, VEGF, IL1B, ICAM-1 and TNFa were quantified
simultaneously in plasma, vitreous, retinal and brain homogenates
with Procarta® Cytokine Assay kit (Affymetrix, Santa Clara, USA).
Cytokines and chemokines were measured by Luminex® with the
BioPlex® software (BioRad Laboratories, Hercules, USA) and ex-
pressed as picograms per milligram of total proteins analyzed
using the bicinchoninic acid assay (Pierce, Rockford, USA).

2.6. CYP46A1 and GFAP expression levels in the retina and cortex

Technical procedures to complete Western-blotting (from 25 pg
of total proteins) and revelation protocols were reproduced as pre-
viously described [12] using the following primary antibodies:
polyclonal rabbit anti-GFAP (clone N-18, 1:2000 dilution) and
monoclonal mouse anti-CYP46A1 antibody (clone 1F11, 1:1000)
(Santa Cruz Biotechnology Inc., Santa Cruz, USA). The secondary
antibodies were goat anti-rabbit and goat anti-mouse HRP-linked
antibodies, respectively (1:4000, Dako A/S, Denmark). The signal
was quantified by comparison with monoclonal mouse anti-p-
tubulin (dilution 1:4000, Zymed Laboratories, South San Francisco,
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USA) as a gel-loading control and revealed with the same anti-
mouse secondary antibody as described above.

2.7. Statistical analyses

A nonparametric Kruskal-Wallis test was used to compare pro-
tein expression levels, 24SOH/cholesterol amounts, cytokines and
chemokines between groups. The relationship between each out-
come (GFAP, CYP46A1, 24SOH, cytokines and chemokines) and
each of the explanatory variables (sample and group) was modeled
as a generalized estimating equation (GEE), to account for the cor-
related nature of the data. A robust variance estimator was used.
The explanatory variables — sample (plasma, vitreous, retina and
brain) and group (no intervention or intervention) — were binary
coded. Dunn’s comparison test was used. All analyses were con-
ducted using STATA version 12.0 (STATACORP, College Station,
USA). The level of statistical significance was set at p <0.05 and
the tests were two-tailed.

3. Results
3.1. Impairment of retinal functionality

Voriconazole injected alone or with minocycline significantly
impaired the function of the inner retina as exemplified by the
reduced b-wave amplitude (Fig. 1). ERG b-wave latency was unaf-
fected by voriconazole. Minocycline alone had no effect on the ERG.
The a-wave amplitude was unaffected by any treatment compared
to control, whereas a-wave latency was slightly but not signifi-
cantly increased after Vor and Vor + Mino injections (data not
shown). OPs were altered by Vor, and Vor + Mino, especially when
considering P2 and P3 peaks and the sum of the four individual OPs
(p <0.0001, Fig. 2a). Time latencies of the pSTR and nSTR were
unaffected by the treatments (data not shown). At higher light
intensities, pSTR and nSTR were significantly decreased in Vor + -
Mino group (p <0.0002) (Fig. 2b and c). At the lower intensity,
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pSTR were significantly decreased in Vor group only (p <0.05).
On the contrary to the vehicle and minocycline groups, pSTR
amplitudes did not increase as a function of light stimulus inten-
sity in animals treated with Vor and Vor+ Mino, suggesting
specific effects of voriconazole on retinal function.

3.2. Dysregulation of cholesterol homeostasis

24SOH levels decreased by 37% (p < 0.05) and 25% (not signifi-
cant) in the retina of Vor and Vor + Mino groups, respectively, com-
pared to the control group (Fig. 3). In the brain, 24SOH levels were
unaffected by Vor but were decreased by 43% in the Vor + Mino
group (p < 0.001, Fig. 3). Plasma 24SOH concentrations were signif-
icantly decreased by 45% (p < 0.005) in the Vor + Mino groups, 18%
and 16% in the Vor and Mino groups respectively (not significant,
Fig. 3). Moreover, minor changes in cholesterol levels were found
in the retina: —12% in Vor + Mino group (p < 0.05) compared to
Vor group in which levels reached +18% of the value in the group
injected with vehicle (not significant).

3.3. Up-regulation of CYP46A1 and GFAP expression in the retina and
cortex

CYP46A1 expression was increased in the retina and cortex of
the Vor group (x1.4 and x1.2, respectively, compared to control)
and in the Vor + Mino group (x1.7 and x1.3, respectively, compared
to control) but the differences were not significant (Fig. 4). Mean-
while, GFAP expression was raised by a factor of 2.7 and 4.3 in the
retina (p < 0.05) and 1.8 and 1.6 in the cortex (not significant), after
Vor and Vor + Mino treatments respectively, compared to control
(Fig. 4). Interestingly, the levels of CYP46A1 expression in the ret-
ina and the cortex were positively associated (R?=0.241;
p=0.0013). The same positive association was observed between
CYP46A1 and GFAP expression in the retina (R%=0.298,
p=0.0003).
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Fig. 1. Scotopic b-wave amplitude of the ERG after 5 days of intraperitoneal injections of voriconazole (n = 15) (a), minocycline (n = 10) (b) and voriconazole + minocycline
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Minocycline did not reverse the effects of voriconazole.
CYP46A1 and the retina and cortex GFAP expression remained
unaffected by minocycline injection compared to vehicle.

3.4. Measurement of cytokines, chemokines and growth factors in
plasma, vitreous body, retina and cortex homogenates

The results of cytokines and chemokines measurements are
shown in the table. Voriconazole significantly increased plasma
MCP-1 concentration by 1.5-fold, and decreased VEGF levels by
65% in the vitreous body. Minocycline decreased by half TNFao in
the cortex. The most tremendous effects were found after Vor + Mi-
no treatment. MCP-1 and ICAM-1 levels were significantly in-

creased 2.3-fold in the retina and 12-fold in the vitreous
compared to vehicle. IL6 was also significantly increased in the vit-
reous of Vor + Mino groups (x12.5) compared to vehicle (Table 1).

4. Discussion

Among azoles that bind CYP46A1 [23], voriconazole inhibits
CYP46A1 and cholesterol biosynthesis in mice brain [13]. Until
now the question about similar effects of this molecule in the ret-
ina remained unknown. Similar to the brain, CYP46A1 is specifi-
cally expressed in neurons of the neural retina [11], on the
contrary to other CYP450 enzymes, such as CYP27A1 and CYP11A1
which are expressed in the retina but are not specific to neurons
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Table 1
Mean X-fold values related to vehicle of each cytokines or chemokines expressed as pg/mg of total proteins in the corresponding tissues or body fluids.
MCP-1 ICAM-1 IL1b IL6 VEGF TNFa
Retina
Vehicle 1.00 £ 0.09 1.00+£0.13 1.00 +0.03 1.00+0.13 1.00 £ 0.04 1.00 +0.07
Voriconazole 1.17£0,13 1.18 £0.21 1.13 £0.06 1.31+£0.17 0.91 £ 0.09 0.89+0.10
Minocycline 0.95+0.07 0.86 +0.12 0.89 + 0.06 0.94+0.17 0.89 +0.05 0.90 + 0.07
Vori + Mino 232 +042%¢ 1.68+0.21 1.11£0.07 1.29+£0.28 0.91+0.10 1.11£0.10
Cortex
Vehicle 1.00 £ 0.05 1.00+£0.11 1.00 +0.05 1.00+0.14 1.00 £ 0.06 1.00+0.11
Voriconazole 0.96+0.13 0.92+0.11 0.96+0.12 0.78£0.16 1.02 £0.09 0.74+0.13
Minocycline 0.84 +0.09 0.89+0.13 0.90 +0.08 0.75+0.15 0.89 +0.06 0.44 +0.06
Vori + Mino 0.90 + 0.07 0.99 +0.20 0.87 +0.08 0.84 +0.09 0.82+0.05 0.98+0.19
Vitreous
Vehicle 1.00£0.18 1.00 £0.12 1.00+0.19 1.00 +0.39 1.00+0.18 1.00 +0.17
Voriconazole 3.18+1.74 1.79 £0.52 1.35+£0.67 1.99 +1.09 035+0.11 1.05 +0.21
Minocycline 3.09+0.70 1.82+£0.35 1.30+0.33 267+1.13 1.24+0.27 117 £0.17
Vori + Mino 12.45 +4.28%F 2.67+0.63 " 1.60 +0.51 12.50+3.64 % 0.34+0.06 0.89+0.19
Plasma
Vehicle 1.00 £ 0.08 1.00 £ 0.06 1.00 £ 0.09 1.00 £ 0.07 1.00 £0.36 1.00 £ 0.48
Voriconazole 1.51+0.16 1.19+0.17 1.33£0.37 0.74 + 0.06 3.88+1.45 8.99+3.96
Minocycline 142 +£0.15 0.78 £ 0.06 0.71 +£0.09 0.99+0.14 1.70 £ 0.86 0.80 +0.41
Vori + Mino 1.25+£0.08 1.01+0.11 0.84+0.10 1.01 £0.08 1.82+£0.86 1.10£0.49

Mean X-fold values related to vehicle of each cytokines or chemokines expressed as pg/mg of total proteins in the corresponding tissues or body fluids.
$£ Significantly different from the value in the corresponding samples at p < 0.05 compared to vehicle.

" Significantly different from the value in the corresponding samples at p < 0.05 compared to vehicle.

" Significantly different from the value in the vitreous at p < 0.02 compared to vehicle and to voriconazole group (&) or minocycline group ().

[8]. Intravitreal injection of voriconazole is recommended in the
treatment of fungal endophthalmitis and its inocuity was demon-
strated in rats [15] and rabbits [16]. When injected intravenously,
voriconazole transiently impaired bipolar cell function [17]. In our
model, intraperitoneal voriconazole efficiently impaired the func-
tioning of the inner retina as demonstrated by the tremendous
reduction of the ERG b-wave amplitude and alteration of the OPs.
Similar to Kinoshita’s [17], photoreceptors were unaffected since
a-wave amplitude was unchanged. The STR recordings showed sig-
nificant alterations whereas nSTR were not or at least not signifi-
cantly affected. Cuenca et al. [24] pointed out the relevance to
interpret pSTR rather than nSTR. Vidal-Sanz has been a pioneer
in the evaluation of STRs in its models of acute RGC loss which sur-
mised the use of STRs to assess RGC dysfunction [25]. Our data
clearly highlighted that the inhibition of CYP46A1 in RGC which

specifically expressed CYP46A1 [10,11] impaired RGC function.
Therefore cholesterol homeostasis seems needed for proper RGC
function.

The level of CYP46A1 expression in the retina was slightly but
not significantly increased in Vor and Vor + Mino groups, when
compared to the control group. Meanwhile GFAP protein was sig-
nificantly up-regulated in Vor and Vor + Mino groups, suggesting
that the inhibition of CYP46A1 activity triggered glial reactivity.
Consistently, we found a positive association between CYP46A1
and GFAP expression levels in the retina. This is in accordance with
our previous work in a rat model of glaucoma since we suggested
that retinal glial cells were able to express CYP46A1 in order to
counterbalance the suffering or loss of RGC [12]. Again, as we
previously reported [12], the reduction of 24SOH in the retina
was associated with up-regulation of GFAP and CYP46A1. Our
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interpretation is that retinal glial cells could sense the changes of
24SOH concentration in the retina by over-expression of CYP46A1.
The Vor-induced decrease in 24SOH levels observed in the retina
but not in the brain can be linked to the greater permeability of
the blood-retinal barrier to voriconazole compared to the blood-
brain barrier, as previously observed by our group with dietary
fatty acids [26]. Of note, 24SOH diminished in the brain and plasma
of rats injected with Vor + Mino. Accounting the almost exclusive
cerebral origin of 24SOH, the reduction in plasma 24SOH levels is
consistent with similar reduced levels in the brain.

In combination with minocycline voriconazole had marked
effects on the inflammatory status of the retina and vitreous body,
as exemplified by increased levels of MCP-1 and GFAP signal in the
retina. Miiller cells are major producers of MCP-1 in the retina that
is able to attract microglial cells and monocytes/macrophages
upon retinal stress [27,28]. Our data revealed that the inhibition
of microglia by minocycline exacerbated the effects of voriconazole
on the activation of glia and up-regulation of CYP46A1 in the
retina. The protective effects of microglial inhibition by minocy-
cline was reported in glaucoma, diabetic retinopathy or even
photoreceptor loss [29-31]. Inhibition of microglial activation
might be a therapeutic strategy to slow RGC loss [32]. Accounting
the enhanced macroglial reactivity and inflammatory markers in
the retina and vitreous after voriconazole and minocycline treat-
ment, the neuroprotective effect of microglial inhibition by mino-
cycline may be hampered by CYP46A1 inhibition. Further
ongoing experiments will define the consequences of inhibiting
CYP46A1 activity in the course of RGC loss in glaucoma models.

Our study supports the role of CYP46A1 in the maintenance of
RGC function. Dysregulation of cholesterol homeostasis by vorico-
nazole impaired inner retinal neurons and RGC response. Our data
also highlighted the cross talk between RGC and glial cells in the
retina by suggesting that reduced 24SOH concentration in the
retina may be detected by glial cells which were consequently acti-
vated. Our work also showed a close interaction between choles-
terol homeostasis in the retina and microglia.
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