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Abstract
Age-related	macular	degeneration	(AMD)	is	the	leading	cause	of	blindness	in	older	
people	 in	 the	developed	world	while	Stargardt's	disease	 (SD)	 is	a	 juvenile	macular	
degeneration	and	an	orphan	disease.	Both	diseases	are	untreatable	and	are	marked	
by accumulation of lipofuscin advancing to progressive deterioration of the retinal 
pigment	 epithelium	 (RPE)	 and	 retina	 and	 subsequent	 vision	 loss	 till	 blindness.	We	
discovered that a small molecule belonging to the tetrahydropyridoether class of 
compounds,	 soraprazan	 renamed	 remofuscin,	 is	 able	 to	 remove	existing	 lipofuscin	
from	 the	 RPE.	 This	 study	 investigated	 the	 drug	 penetration,	 distribution,	 and	
elimination	into	the	eyes	of	a	mouse	model	for	increased	lipofuscinogenesis,	following	
a single intravitreal injection. We measured the time course of concentrations of 
remofuscin	 in	different	eye	 tissues	using	high-performance	 liquid	chromatography	
combined	with	mass	 spectroscopy	 (HPLC-MS).	We	also	visualized	 the	penetration	
and distribution of 3H-remofuscin	 in	 eye	 sections	 up	 to	 20	 weeks	 post-injection	
using	transmission	electron	microscopic	(TEM)	autoradiography.	The	distribution	of	
silver grains revealed that remofuscin accumulated specifically in the RPE by binding 
to	the	RPE	pigments	(melanin,	lipofuscin	and	melanolipofuscin)	and	that	it	was	still	
detected	after	20	weeks.	 Importantly,	 the	melanosomes	 in	 choroidal	melanocytes	
only rarely bind remofuscin emphasizing its potential to serve as an active ingredient 
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1  | INTRODUC TION

In	 the	western	world,	 age-related	macular	 degeneration	 (AMD)	 is	
the leading cause of irreversible blindness among Caucasians over 
the age of 65.1	 It	 occurs	 in	 a	wet	 form,	with	 the	 development	 of	
abnormal	blood	vessels,	 and	a	dry	 form	which	accounts	 for	about	
90%	of	all	cases.	Stargardt's	disease	(SD)	is	a	form	of	juvenile	onset	
macular degeneration and is an orphan disease.2	Dry	AMD	and	SD	
are	 characterized	 by	 progressive	 loss	 of	 central	 vision,	 atrophy	 of	
the	 retinal	pigment	epithelium	 (RPE),	 and	accumulation	of	 lipofus-
cin.3,4	Both	diseases	result	in	legal	blindness.	Whereas,	the	specific	
pathogenic	 causes	 of	 AMD	 are	 multi-complex	 and	 poorly	 under-
stood,	SD	is	caused	by	single	gene	defect	with	either	an	autosomal	
dominant	or	an	autosomal	recessive	(90%)	inheritance.	Loss	of	vision	
usually starts in the teenage years. The autosomal recessive form 
of	SD	is	 linked	to	mutations	in	the	Abca4 gene. This gene encodes 
an	ATP-binding	cassette	(ABC)	transport	protein	located	in	the	disc	
membranes of rod and cone outer segments.5	The	Abca4	protein	is	
involved	 in	 the	 transport	 of	 all-trans-retinal	 conjugates	 across	 the	
disc	membranes.	In	the	absence	of	a	functional	Abca4	protein,	bis-
retinoid	products	accumulate	in	retinal	cells,	resulting	in	the	deposi-
tion	of	lipofuscin,	causing	secondary	photoreceptor	degeneration.6 
While	 there	 is	no	animal	model	 for	dry	AMD,	a	pigmented	Abca4-

/- mouse strain has been described and is currently used as mouse 
model for SD and for increased lipofuscinogenesis in general.7-11

Currently,	there	are	no	Food	and	Drug	Administration–approved	
treatments	for	SD	and	dry	AMD,	thus	there	is	a	high	medical	need.12 
Several small molecules have been identified for their abilities to de-
crease the new formation of lipofuscin in the RPE13-15;	to	block	the	
formation	of	N-retinylidene-N-retinylethanolamine	(A2E),	a	lipofus-
cin	bisretinoid,	from	RPE16	or	to	remove	it,17 to directly target toxic 
all-trans-retinal	that	forms	RPE	lipofuscin	18 or to inhibit the forma-
tion	of	bisretinoids	using	retinol	binding	protein	4	antagonists.9,19

We discovered that the tetrahydropyridoethers class of com-
pounds,	 in	 particular	 (7R,8R,9R)-	 2,3-dimethyl-8-hydroxy-7-(2-me-
thoxyethoxy)-9-phenyl-7,8,9,10-tetrahydro-5-imidazo[1,2-	 h]
[1,7]-naphthyridine	 (soraprazan	 renamed	 remofuscin),20 a potent 
and	reversible	inhibitor	of	the	H+/K +	ATPase,	leads	to	a	significant	
removal	of	lipofuscin	from	the	RPE	cells	of	healthy	monkeys	without	
obvious	side-effects	after	a	one-year	oral	 treatment.21 Efficacy of 
remofuscin	and	absence	of	 toxicity	 in	the	electroretinogram	(ERG)	
have also been confirmed in the pigmented Abca4-/-	mice	four	weeks	

after a single intravitreal injection as a suspension.22,23	Moreover	
the successful removal of lipofuscin from cultured primary aged 
human and Abca4-/- mouse RPE cells has no cytotoxic effects and 
did	not	alter	the	function	of	RPE	cells,	measured	by	the	capacity	for	
phagocytosis.24,25	Therefore,	 remofuscin	may	be	 a	promising	drug	
candidate to manage neurodegenerative diseases related to lipofus-
cin	accumulation.	Our	previous	findings	contributed	to	the	Orphan	
Medicinal	Product	Designation	of	remofuscin	for	the	treatment	of	SD	
in	the	USA	and	by	the	European	Medicines	Agency	(EU/3/13/1208)	
and	the	funding	from	the	European	Union's	Horizon	2020	research	
and	innovation	program	(grant	agreement	No	779	317)	of	a	proof-
of-concept	clinical	trial	for	SD	which	is	currently	running	under	the	
name	“STARTT:	Stargardt	Remofuscin®	Treatment	Trial:	A	multi-na-
tional,	 multi-center,	 double-masked,	 placebo-controlled	 proof	 of	
concept trial to evaluate the safety and efficacy of oral soraprazan in 
Stargardt	disease”	(EudraCT	Number:	2018-001496-20).

In	the	present	experimental	study,	the	penetration,	distribution,	
and elimination of remofuscin following a single intravitreal injec-
tion	was	 investigated	 in	 a	mouse	model	 for	 SD	using	high-perfor-
mance	 liquid	 chromatography	 combined	 with	 mass	 spectroscopy	
(HPLC-MS)	as	well	as	transmission	electron	microscopic	 (TEM)	au-
toradiography	and	the	sensitivity	of	both	techniques	was	compared.

2  | MATERIAL S AND METHODS

2.1 | Remofuscin and 3H-labelled remofuscin

A	 compound	 of	 the	 tetrahydropyridoethers	 class,	 Soraprazan	
(7R,8R,9R)-2,3-dimethyl-8-hydroxy-7-(2-methoxyethoxy)-9-phenyl-
7,8,9,10-tetrahydro-5-imidazo[1,2-h][1,7]-naphthyri-dine)	 renamed	
remofuscin as well as the radiolabeled substance 3H-labeled	
remofuscin	were	synthetized	by	Chemical	Lab	(Tuebingen,	Germany).

2.2 | Animals

Pigmented Abca4−∕−	 mice	 (129S4/SvJae-Abca4tm1Ght)	 were	
purchased	 from	Charles	River	 (Sulzfeld,	Germany).	This	 strain	was	
bred	in	our	in-house	facility.	In	total	18	mice	(9	females	and	9	males)	
were used. The age of the animals was between 5 and 7 months 
old	 when	 starting	 the	 experiments.	 Light	 cycling	 was	 12	 hours	

in	the	RPE	for	the	treatment	of	SD	and	dry	AMD.	In	addition,	our	study	highlights	the	
importance of electron microscopic autoradiography as it is the only method able to 
show drug binding with a high intracellular resolution.

K E Y W O R D S

autoradiography,	high-performance	liquid	chromatography	mass	spectroscopy,	intravitreal	
injection,	pharmacokinetic,	retinal	pigment	epithelium,	Stargardt's	disease,	Transmission	
electron microscopy
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light	(approximately	50	lux	in	cages)/12	hours	dark,	food	and	water	
were	available	ad	libitum.	All	procedures	 involving	animals	were	in	
accordance	with	the	German	laws	governing	the	use	of	experimental	
animals and were previously approved by the local agency for 
animal	 welfare	 (Einrichtung	 für	 Tierschutz,	 Tieraerztlichen	 Dienst	
und	 Labortierkunde	 der	 Eberhard	 Karls	 Universitaet	 Tuebingen,	
Germany)	 and	 the	 local	 authorities	 (Regierungspraesidium	
Tuebingen,	Germany).

2.3 | Pharmacokinetic study

A	suspension	of	40	µg of remofuscin in 2 µL	of	PBS	containing	1%	
DMSO	was	intravitreally	injected	in	both	eyes	of	seven	pigmented	
Abca4−∕−	mice	(three	females	and	four	males),	one	untreated	mouse	
(a	 female)	 served	 as	 control.	 After	 euthanasia,	 the	 eyes	 were	
immediately enucleated and stored in PBS at +4°C	overnight	for	a	
better separation of the retina from the RPE/choroid complex. The 
next	day,	the	eyes	were	prepared	in	two	parts,	cornea,	iris,	ciliary	
body,	 lens,	 vitreous	 and	 retina	 separated	 from	 the	RPE,	 choroid	
and	sclera.	The	samples	were	weighed	and	stored	at	−80°C	until	
further	 processing.	 Remofuscin	 was	 quantified	 before	 injection	
(control),	2	hours,	1,	3,	7,	14,	21,	and	28	days	after	injection.	Two	
eyes per time point were investigated and statistically analyzed 
using	Microsoft	excel	to	calculate	mean.	No	formal	hypothesis	or	
comparison	was	made	or	tested,	however,	mean	values	were	used	
to	 model	 standard	 pharmacokinetic	 parameters	 of	 Area	 under	
the	 concentration/	 time	 curve	 (AUC)	 and	half-life	 in	 the	 eye.	 To	
this	 end,	 the	 PKF	 Exel	Macros	were	 employed	 (Joel	 I.	 Usansky,	
PhD,	 Atul	 Desai,	 MS	 and	 Diane	 Tang-Liu,	 PhD	 Department	 of	
Pharmacokinetics	 and	 Drug	 Metabolism	 Allergan,	 Irvine,	 CA	
92	606,	USA).

2.4 | HPLC-MS

A	 liquid	 chromatography–electrospray	 ionization–tandem	 mass	
spectrometry	 (LC–ESI–MS–MS)	 method	 was	 developed	 for	
determination of remofuscin in mouse eyes. Each eye was divided 
into	an	anterior	 (cornea,	 retina,	 iris	and	vitreous)	and	a	posterior	
(sclera,	chorioidea	and	RPE)	compartment.	Samples	were	weighed,	
and	 homogenized	 in	 6	 volumes	 (6	 µL	 of	 solvent	 per	 mg	 tissue)	
of	 acetonitrile	 containing	 10	 nM	 internal	 standard,	 and	 after	
centrifugation	 (14	 000	 g,	 5	 min)	 the	 supernatant	 was	 prepared	
for	 analysis	 by	 LC–ESI–MS–MS	 system.	 Chromatographic	
separation	 used	 a	 C18	 (Reprosil-pur	 column,	 60	×	 2	mm,	 3	 μm,	
Dr	Maisch,	 Ammerbuch,	 Germany)	 using	 an	 Agilent	 1260	HPLC	
with	column	maintained	at	45°C.	The	mobile	phases	were	water	
(A)	and	acetonitrile:water	 (B)	 (90:10,	v/v)	containing	0.1%	formic	
acid,	 at	 a	 flow	 rate	 of	 0.5	mL/min.	 The	 injected	 sample	 volume	
was	 6 μL	 which	 was	 eluted	 using	 the	 following	 gradient,	 0	 -	
0.5	min,	 10%	B;	 2-5	min,	 100%	B;	 and	 6-9	min,	 10%	B	 to	 allow	
column	 re-equilibration.	 Mass-spectrometric	 quantification	 was	

performed	 on	 API	 4000	 Triple	 Quad	 mass	 spectrometer	 using	
Analyst	 1.6.2	 for	 data	 acquisition	 (Applied	Biosystems	 Sciex),	 in	
the	multiple	 reaction	monitoring	 (MRM)	mode.	 Remofuscin	 was	
detected	with	 the	m/z	 transition	 368.1	→	 292.2	 in	 positive	 ion	
mode. The linear calibration curve covered a concentration range 
of	 5-100000	 nmol/L.	 Remofuscin	 standard	 (10	 mmol/L)	 was	
prepared	 in	 DMSO,	 and	 further	 diluted	 with	 water/acetonitrile	
to	 obtain	 the	 calibration	 samples.	 Quality	 control	 (QC)	 samples	
of	1000	nM	were	prepared	 in	a	similar	manner.	A	comparison	to	
a linear regression of the standard curve was used to calculate 
sample	concentrations.	Results	were	calculated	in	nmol/kg	tissue	
weight.

2.5 | 3H-Labelled remofuscin dosing and endpoints

Both eyes of 10 pigmented Abca4−∕−	 mice	 (5	 females	 and	 5	
males) were intravitreally injected with two µl of a suspension of 
3H-labelled	remofuscin.	The	radiolabeled	substance	was	suspended	
extemporaneously	 in	 PBS	 containing	 1%	 DMSO	 on	 the	 day	 of	
injection.	 The	 target	 dose	 level	 was	 about	 40	 µg/eye,	 and	 the	
radioactive	dose	approximately	4	MBq	(104	µCi)/ eye.

Nine	endpoints	were	defined	and	two	eyes	per	time	points	were	
investigated.	The	mice	were	sacrificed	2	hours	(h),	1	day	(d),	1	week	
(w),	2	w,	4	w,	6	w,	8	w,	12	w,	and	20	w	post-dose.

2.6 | Intravitreal injection

The mice were anaesthetized with an intraperitoneal injection of a 
three-component	narcosis	(0.05	mg	fentanyl,	5.00	mg	midazolam	
and	 0.5	 mg	 of	 medetomidine/1	 kg	 body	 weight).	 The	 reagents	
were	purchased	from	Albrecht	GmbH,	Aulendorf;	Hameln	Pharma	
Plus	 GmbH,	 Hameln	 and	 Alfavet,	 Neumuenster	 in	 Germany.	
The	pupils	were	dilated	with	1	 to	2	drops	of	Medriaticum	drops	
(Pharmacy	of	 the	University	of	Tuebingen,	Germany)	 and	a	drop	
of	topical	anesthetic	Novesine	(OmniVision,	Puchheim,	Germany)	
was	 applied.	 Methocel	 (OmniVision,	 Puchheim,	 Germany)	 eye	
drops	 were	 used	 to	 avoid	 drying	 of	 the	 eyes.	 Injections	 were	
performed	using	a	surgical	microscope	equipped	with	illumination.	
A	small	incision	was	made	into	the	conjunctiva	at	the	outer	corner	
of the eyes. The eyeball was rotated by grasping the conjunctiva 
with	a	pair	of	fine	tweezers	and	gentle	pulling.	A	volume	of	2	μL	
was injected through the hole intravitreally using a 10 μL	NanoFil	
syringe	with	a	NanoFil	34	gauge	beveled	needle	(World	Precision	
Instruments).	After	the	injection,	the	needle	remained	in	the	eye	
for	 an	 additional	 3	 or	 4	 seconds	 to	 reduce	 reflux	 and	was	 then	
drawn	back.	The	eyeball	was	brought	back	into	its	normal	position,	
and	 the	antibiotic	ointment	was	applied	 to	 the	eye	 (Gentamicin-
POS®,	Ursapharm,	Saarbruecken,	Germany).	Finally,	the	mice	were	
injected	s.c.	with	an	antidote	(1.2	mg	naloxon,	0.5	mg	flumazenil,	
2.5	 mg	 atipamezol/1	 kg	 body	 weight)	 which	 neutralized	 the	
anesthetic.	 The	 reagents	 were	 purchased	 from	 Hameln	 Pharma	
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Plus	GmbH,	Hameln;	 Fresenius-Kabi,	 Bad	Homburg	 and	Alfavet,	
Neumuenster	in	Germany.

2.7 | Sample preparation and transmission electron 
microscopic (TEM) autoradiography

Animals	were	sacrificed	by	carbon	dioxide	inhalation	and	subsequent	
cervical dislocation and the eyes were immediately enucleated.

For	electron	microscopy,	eyes	were	 fixed	overnight	at	4°C	 in	
5%	glutaraldehyde	in	0.1	M	cacodylate	buffer	(pH	7.4).	After	wash-
ing	in	cacodylate	buffer,	the	cornea	and	lens	were	removed.	The	
eye	cups	were	then	post-fixed	with	1%	osmium	tetroxide	in	0.1	M	
cacodylate	 buffer	 for	 2	 hours,	 dehydration	was	 then	 started	 by	
a	 series	 of	 incubations	 in	 30%,	 50%,	 70%,	 80%,	 96%	 and	 abso-
lute ethanol. The samples were then embedded in Epon. Reagents 
were	 purchased	 from	 AppliChem	 (Darmstadt,	 Germany),	 Merck	
(Darmstadt,	Germany),	and	Serva	(Heidelberg,	Germany).	Ultrathin	
sections	 (80	 nm)	 were	 cut	 with	 an	 ultra-microtome	 (Ultracut	
E,	 Reichert)	 and	mounted	 to	 polylysine	 coated	 nickel	 grids	 (100	
mesh,	hexagonal).

All	further	autoradiography-implementations	were	performed	in	
a	darkroom	 illuminated	with	green	 light.	 For	nuclear	 emulsion	 the	
Ilford	Emulsion	L4	was	used.	The	solution	was	made	up	extempora-
neously,	melted	in	a	glass	vessel	in	a	water	bath	at	40°C.	To	ensure	
an	even,	uniform	and	thin	layer	of	emulsion,	the	heated	emulsion	was	
diluted 1 + 7 with deionized water. A platinum wire loop was dipped 
into	the	emulsion	in	order	to	form	a	thin,	even	membrane	which	was	
applied to the specimen by touching.

After	 coating	 and	 drying	 the	 grids	 in	 the	 darkroom	 at	 room	
temperature	 for	1h,	emulsion	coated	sections	were	stored	 for	 the	
exposure	period	in	light	sealed	boxes	with	silica	gel	orange	at	4°C.	
Specimens were exposed between 10 to 20 days and afterwards 
developed	with	Kodak	GBX	developer	for	3	minutes,	washed	with	
deionized	water,	fixed	for	3	minutes	with	Ilford	Ilfostop	and	washed	
again.	 Post-staining	with	 lead	 citrate	was	 performed	 for	 1	minute	
from	the	non-coated	side	of	the	grid.	After	drying	sections	were	ob-
served	and	analyzed	under	an	electron	microscope	(model	900;	Carl	
Zeiss,	Jena,	Germany).

2.8 | Quantification of 3H-remofuscin binding to 
melanin, lipofuscin and melanolipofuscin in RPE

Autoradiographed	 sections	 of	 Abca4-/- mouse eyes were 
comprehensively	 examined	 by	 electron	 microscopy	 (Zeiss	 TEM	
900). To determine the distribution and the dwell time of remofuscin 
in	 the	 tissue,	 nine	 different	 time-points	were	 investigated	 after	 a	
single intravitreal injection of 3H-remofuscin	 (2	hours,	1	day,	1,	2,	
4,	6,	8,	12,	and	20	weeks	after	 injection).	For	each	 time	point	1-2	
eyes were reviewed. To statistically analyze the binding specificity 
of	remofuscin	to	RPE	pigments,	electron	micrographs	of	comparable	

sections	of	the	RPE	(12.000	x	magnification)	were	taken	(4-40	digital	
images per section).

The number of silver grains was counted within the cytoplasm of 
RPE cells at a length of 10 µm RPE in each micrograph and analyzed 
statistically	using	an	ANOVA	with	Tukey	post	hoc	test.

3  | RESULTS

3.1 | Pharmacokinetics of remofuscin in eyes after a 
single intravitreal injection in pigmented Abca4-/- mice

Following	 intravitreal	 injection,	 remofuscin	 was	 recovered	 from	
both	 the	 front	 and	 back	 of	 the	 eye.	 The	 relative	 amounts	 initially	
favored	the	front	components,	however,	over	time,	the	differential	
decreased. The initial higher concentrations in the front of the eye 
may	reflect	transport	of	remofuscin	in	aqueous	flow	from	the	back	
to the front of the eye. The reduction of this differential over time is 
likely	due	to	the	affinity	of	remofuscin	for	the	lipophilic	components	
of the RPE while having no specific binding sites in the front of the 
eye.	 Following	 application,	 the	 initial	 half-life	 was	 approximately	
12	hours.	However,	 following	absorption	 to	 the	RPE,	 the	 terminal	
half-life	of	 remofuscin	 in	 the	RPE	 in	 the	mouse	approximates	 to	a	
week	 (5,8	 days	 in	 the	 anterior	 compartment,	 and	 6.1	 days	 in	 the	
posterior compartment.

The amount of remofuscin decreased with time but remained in 
the	vitreous	and	in	the	RPE	four	weeks	after	injection	(Figure	1).	The	
bulk	concentration	 in	 the	anterior	 compartment	was	490	nmol/kg	
(approximates	 to	 nM)	 and	 154	 nmol/kg	 in	 the	 posterior	 compart-
ment at day 28. The area under the time concentration curve was 
78 µmol/kg*d	 for	 the	anterior	compartment	and	27	µmol/kg*d	 for	
the	 posterior	 compartment	 which	 likely	 reflects	 clearance	 to	 the	
front	of	the	eye	by	aqueous	flow.

3.2 | Distribution of radioactivity using transmission 
electron microscopic autoradiography

The	 distribution	 of	 radioactivity	 (silver	 grains)	 in	 the	 poste-
rior pole of the eye of pigmented Abca4-/- mice following a sin-
gle intravitreal injection of 3H-remofuscin	was	 determined	 in	 a	
subjective	manner	 using	 TEM	 autoradiography.	 Since	 the	mode	
of action of remofuscin is to remove mainly lipofuscin and mel-
anolipofuscin	 from	the	RPE,21 only tissues of the posterior pole 
of the eye were selected for analysis and are presented in Table 1 
and	 illustrated	 in	 Figure	 2.	 The	 quantification	 of	 silver	 grains	
per 10 µm RPE length is shown in Figure 3. The highest distri-
bution of silver grains was observed in the RPE at all sampling 
time	starting	2	hours	post-injection	until	20	weeks	after	injection	
of 3H-remofuscin.	Occasionally,	low	level	or	only	traces	of	silver	
grains	were	 also	 detected	 in	 the	 retina,	 the	 Bruch´s	membrane	
and the choroid.
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3.3 | Quantification of radioactivity in the RPE using 
transmission electron microscopic autoradiography

The amount of silver grains within the cytoplasm of RPE cells at a 
length of 10 µm RPE was determined at all nine time points following 
a single intravitreal injection of 3H-remofuscin	 in	 pigmented	
Abca4-/- mice.

Given	 that	 little	or	no	metabolism	of	 remofuscin	has	been	ob-
served	in	the	eye,	and	there	is	no	loss	of	3H	via	exchange	to	solvent,	
the presence of silver grains indicated the presence of radioactive 
labeled remofuscin. These grains were found at all investigated time 
points	with	a	peak	between	day	1	(14	±	3.5)	and	day	7	(14.9	± 7.5) 
after	the	administration.	Between	week	1	 (14.9	±	7.5)	and	week	2	
(5	±	8.7),	the	amount	of	silver	grains	decreases	considerably.	After	
week	4	(6.6	±	4.6),	it	decreases	slowly.	Noticeably,	the	silver	grains	
were	still	detectable	20	weeks	(2.2	± 3.8) after a single intravitreal 
injection of 3H-remofuscin	(Figure	3).

4  | DISCUSSION

Pathogenic	events	in	SD	and	dry	AMD	are	very	similar.	In	both	dis-
eases,	the	accumulation	of	lipofuscin	in	cells	of	the	RPE	is	a	hallmark	
of the disease.26	Lipofuscin	is	regarded	as	a	waste	product	which	ac-
cumulates	in	post-mitotic	cells	in	the	body	and	it	can	occupy	a	consid-
erable	portion	of	the	free	cytoplasmic	space	of	RPE	cells.	Lipofuscin	
and	one	of	its	components,	A2E,	have	been	shown	to	exert	a	number	
of negative effects for the retina.27	It	is	stored	in	storage	compart-
ments	called	lysosomes.	In	cells	unable	to	divide,	such	as	RPE	cells,	
it is accumulated over a life time. The continuous accumulation over 
time	has	been	 recognized	 for	more	 than	100	years,	 but	 the	exact	
mechanisms behind lipofuscin accumulation are still unclear.

In	 patients	 with	 advanced	 dry	 AMD,	 retinal	 areas	 adjacent	 to	
geographic atrophy that have the highest accumulation of lipofuscin 
were	the	area	most	likely	to	lose	function	in	subsequent	years.28,29 
Although	lipofuscin	composition	varies	between	different	types	of	

F I G U R E  1   Concentration vs time 
following	intravitreal	application	of	40	µg 
remofuscin/eye. The two data points 
are	shown	for	each	time	point	(n	= 2 
eyes/time	point).	The	X-axis	indicates	
the	time	in	day,	the	Y-axis	shows	the	
concentration	of	remofuscin	in	nmol/kg.	
Anterior	compartment:	cornea,	iris,	ciliary	
body,	lens,	vitreous,	and	retina.	Posterior	
compartment:	RPE,	choroid,	and	sclera

Tissue Sampling
time 2hrs d1 w1 w2 w4 w6 w8 w12 w20

Retina ++ + - - - - - - -

RPE + ++++ ++++ +++ +++ ++ ++ ++ ++

Bruch´s	
membrane

++ + - - - - - - -

Choroid: red 
blood cells

++ + † - - - - - -

Choroid: 
melanocytes

- † † † † - - - -

Note: ++++ Very high levels of silver grains; +++ high levels of silver grains; ++ moderate levels 
of silver grains; +	low	levels	of	silver	grains;	†	trace	of	silver	grains,	-	no	silver	grains	(hrs,	hours;	d,	
day;	w,	week).

TA B L E  1  Qualitative	assessment	
of radioactivity in the posterior pole 
of the eye of pigmented Abca4-/- mice 
after a single intravitreal injection of 
3H-remofuscin
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F I G U R E  2  Time	course	TEM	autoradiographic	distribution	of	3H-remofuscin	(indicated	by	the	presence	of	silver	grains)	in	the	posterior	
pole of the eye following a single intravitreal administration. The magnification calibration in micrometers is indicated in each electron 
micrograph.	The	black	arrows	show	the	silver	grains,	the	asterisks	indicate	artefacts.	Br,	Bruch's	membrane;	CC,	choriocapillaris;	Ch,	choroid;	
d,	day;	hrs,	hours;	Ph,	photoreceptors;	RPE,	retinal	pigment	epithelium;	w,	week
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cells	that	suffer	from	its	accumulation,	all	lipofuscin	pigments	were	
always	 reported	 to	 be	 non-degradable.30	 It	was	 then	 notable	 and	
surprising that lipofuscin could be removed from RPE cells of mon-
keys	after	oral	 treatment	with	remofuscin.21 The proof of concept 
was also demonstrated in aged human and mouse cultured RPE 
cells24,25 as well as in the SD mouse model after a single intravit-
real injection of remofuscin.22,23	Unlike	existing	approaches	target-
ing	 lipofuscin	 formation	 process	 such	 as	 Alkeus	 Pharmaceuticals’	
oral	 substance	 ALK-001	 (C20-D3-retinyl	 acetate)	 already	 in	 clini-
cal	phase	2,	 remofuscin	reduces	existing	 levels	of	 lipofuscin	 in	the	
RPE instead of merely slowing down accumulation of further toxic 
Vitamin	A	aggregates.12 The effect of oral administered remofuscin 
is currently under investigation in a proof of concept clinical study in 
Stargardt's disease patients.

Intravitreal	 injections	 of	 drug	 suspensions	 are	 being	 increas-
ingly employed in the delivery of drugs to the posterior segment 
diseases where the target site is the macular region31 and are 

well tolerated by patients. Since SD patients are generally young 
patients,	 a	 drug	 that	 only	 needs	 to	 be	 intravitreally	 injected	 in-
frequently	 will	 be	 of	 great	 value.	 Therefore,	 the	 penetration,	
distribution and the duration of accumulation of remofuscin was 
investigated	 in	 this	 study.	 To	 obtain	 valid	 pre-clinical	 data,	 pig-
mented Abca4-/- mice were used since it is the only animal model 
that	 reflects	 the	 melanin	 and	 (melano)-	 lipofuscin	 pigmentation	
similar	to	SD	and	dry	AMD	patients.10	 Importantly,	many	studies	
have investigated the binding between drugs and melanin31,32 but 
our	study	is	the	first	reporting	in	addition,	the	binding	between	a	
drug	 and	melanolipofuscin	 and	 lipofuscin,	 two	pigments	present	
in high amounts in the elderly population and in patients suffering 
from	SD	and	dry	AMD.

Although	TEM	autoradiography	is	a	laborious	technique,	it	was	
chosen because it is the only method that is able to show precisely 
where the drug is located. Using 3H,	this	approach	yields	high	cellu-
lar	and	subcellular	resolution	(about	160	nm).33	 In	comparison,	the	

F I G U R E  3  Time	course	quantification	of	silver	grains	within	the	cytoplasm	of	RPE	cells	at	a	length	of	10	µm indicating the amount of 
radioactive labeled remofuscin in the RPE of pigmented Abca4-/-	mice,	shown	as	mean	and	standard	deviation	plots.	Electron	micrographs	
(4-40	digital	images	per	section)	of	comparable	sections	of	the	RPE	(12.000	x	magnification)	were	taken.	The	results	of	an	ANOVA	analysis	
with	Tukey	post	hoc	test	are	shown:	*	for	P <	.05,	***	for	P < .0001
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spatial resolution of matrix assisted laser desorption ionization imag-
ing	mass	spectrometry	(MALDI	IMS)	is	now	only	capable	of	uniting	
low micrometer spatial resolution allowing to differentiate the RPE 
and the photoreceptor layers34,35 but not to distinguish the different 
granules within the RPE.

In	contrast	to	autoradiography,	LC-MSMS	has	less	spatial	res-
olution but is more able to identify the molecular species involved 
(radioactivity	can	also	be	derived	from	metabolites	of	the	parent	
material administered). The objective of determining the local 
pharmacokinetics	via	LCMS	was	to	confirm	both	that	remofuscin	
was	present	in	its	unmetabolized	form,	and	to	determine	the	likely	
bulk	tissue	distribution.	The	tissues	studied	essentially	consist	of	
the	front	and	back	of	 the	eye.	The	back	of	 the	eye	 is	dominated	
by	the	RPE	in	which	hydrophobicity	due	to	lipid,	retinoid	and	mel-
anin species leads to considerable drug absorption. The front of 
the eye is not considered the specific target of this therapy and 
tends	 to	 have	more	 hydrophilic	 surfaces.	 The	 kinetics	 following	
intravitreal application consists of two opposing actions: absorp-
tion	to	tissue	via	hydrophobic	and	electrostatic	 interactions,	and	
transport	in	the	aqueous	flow	to	the	front	of	the	eye.	The	drug	is	
deposited as a fine suspension in the narrow space between the 
lens and the retina. The suspended material and associated soluble 
material	then	partitions	between	the	aqueous	and	the	solid	com-
ponents in the eye driven largely by differential solubility in the 
aqueous	and	membrane	compartments.	The	RPE	in	particular	acts	
as	a	sink	allowing	further	dissolution	and	diffusion	of	remofuscin	
to	the	back	of	the	eye	where	it	is	partitioned	onto	lipophilic	sites	
by	equilibrium.	Remofuscin	has	 a	nominal	 solubility	maximum	 in	
vitreous/water of circa 1 µmol/L	based	on	our	assays.	The	aqueous	
is	exchanged	up	to	6	times	per	day	thus,	there	is	a	constant	aque-
ous elimination process dissolving and transporting the drug away. 
The	 kinetics	 that	 we	 observed	 are	 consistent	 with	 this	 general	
model of a depot reaching the RPE and being slowly exchanged by 
diffusion	to	the	aqueous	flow	over	a	period	of	up	to	4	weeks.	The	
loss	 to	aqueous	 is	dominated	by	 the	partition	coefficient	 for	 re-
mofuscin	(LogP	3-4)	which	favors	solubility	in	lipid	environments	
such as the RPE.

This study highlighted a depot effect of remofuscin in the RPE 
(Table	1,	Figure	3)	likely	due	to	its	ability	to	bind	specifically	RPE	
pigments.	 Indeed,	 it	was	shown	that	melanin	binding	affects	 the	
distribution and elimination of ocular drugs and that drugs admin-
istered intravitreally reach much higher concentrations in ocular 
tissues than systemically administered drugs and their accumula-
tion into the pigmented tissues is greater.32	In	rare	instances,	bind-
ing between remofuscin and choroidal melanocytes was observed 
by autoradiography. This can be due to chemical differences be-
tween melanosomes of RPE and choroidal melanocytes36 or due 
to the filter property of the RPE37 and/or the elimination of re-
mofuscin via the choriocapillaris inhibiting the further penetration 
into	the	choroid.	Consistent	with	this,	studies	in	rats	indicated	that	
remofuscin binds specifically to pigments of the RPE after oral ap-
plication	(data	not	shown).

It	is	known	that	many	substances,	even	when	administered	sys-
tematically	for	non-ocular	pathologies	(eg,	hydroxychloroquine),	may	
induce ocular toxicological complications leading to retinal degener-
ation due to their affinity to melanin.38	Although	remofuscin	clearly	
showed	affinity	to	RPE	pigments	(Figure	2),	neither	a	one-year	oral	
treatment	in	monkeys21 nor a single intravitreal injection22,23 induced 
ocular	side-effects	as	monitored	by	ERG.	The	fact	that	remofuscin	
not only associates with lipofuscin but also with melanolipofuscin 
and	melanin	could	be	an	advantage	for	the	treatment	of	dry	AMD	
or SD patients since it has been shown that these two pigments are 
associated with toxicity with increasing age39 or during disease.40	In	
the	current	study,	the	removal	of	pigments	 induced	by	remofuscin	
treatment was not investigated therefore it is not excluded that at 
least a part of the diminution of silver grain amounts over time may 
be due to the elimination of the pigments bound to remofuscin.

To	 conclude,	 this	 study	 confirms	 the	 specific	 affinity	 of	 remo-
fuscin to pigments of the RPE in an animal disease model. Twenty 
weeks	after	a	single	injection	of	remofuscin,	traces	of	the	drug	were	
still	 detected	 in	 the	RPE	 showing	a	depot	effect.	However,	 atten-
tion	should	be	taken	since	these	findings	were	obtained	in	a	mouse	
disease model and they may be not extrapolated completely to 
normal	mouse	 strain	or	 to	 human	 tissue.	 Indeed,	 previous	 studies	
reported about chemical and ultrastructural variations of lipofuscin 
and melanolipofuscin in different mouse strains10,41 as well as varia-
tion in melanin content between different species and even between 
regions of the same tissue.31

Moreover	this	study	emphasizes	the	importance	of	TEM	autora-
diography which is the only method that can show drug binding with 
high intracellular resolution of about 0.1 micron for tritium.42
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