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Daily, the retinal pigment epithelium (RPE) ingests a bolus of
lipid and protein in the form of phagocytized photoreceptor
outer segments (OS). The RPE, like the liver, expresses enzymes
required for fatty acid oxidation and ketogenesis. This suggests
that these pathways play a role in the disposal of lipids from
ingested OS, as well as providing a mechanism for recycling met-
abolic intermediates back to the outer retina. In this study, we
examined whether OS phagocytosis was linked to ketogenesis.
We found increased levels of �-hydroxybutyrate (�-HB) in the
apical medium following ingestion of OS by human fetal RPE
and ARPE19 cells cultured on Transwell inserts. No increase in
ketogenesis was observed following ingestion of oxidized OS or
latex beads. Our studies further defined the connection between
OS phagocytosis and ketogenesis in wild-type mice and mice
with defects in phagosome maturation using a mouse RPE
explant model. In explant studies, the levels of �-HB released
were temporally correlated with OS phagocytic burst after light
onset. In the Mreg�/� mouse where phagosome maturation is
delayed, there was a temporal shift in the release of �-HB. An
even more pronounced shift in maximal �-HB production was
observed in the Abca4�/� RPE, in which loss of the ATP-binding
cassette A4 transporter results in defective phagosome pro-
cessing and accumulation of lipid debris. These studies suggest
that FAO and ketogenesis are key to supporting the metabolism
of the RPE and preventing the accumulation of lipids that lead to
oxidative stress and mitochondrial dysfunction.

The retinal pigment epithelium (RPE)3 forms the outer blood
retinal barrier and plays a central role in maintaining metabolic

homeostasis in the outer retina through transport of nutrients
and waste products (1, 2). Glucose, the primary energy sub-
strate utilized by the outer retina is transported to the outer
retina by the RPE. The glucose transporter (GLUT1) is
expressed in the basal and apical membrane of the RPE and
facilitates transport of glucose from the choroid circulation into
the outer retina. Additionally, the RPE supports photoreceptor
activity and outer-segment (OS) renewal through the retinoid
visual cycle and ingestion of shed photoreceptor outer seg-
ments (1). On a daily basis, photoreceptors shed �10% of their
lipid and protein-rich OS, for uptake and degradation by the
RPE (3, 4). Individual RPE cells phagocytose numerous OS dai-
ly; in the central mouse retina, each RPE cell digests the con-
tents of over 200 photoreceptor outer segment tips daily (5).
These ingested OS provide a rich source of fatty acids (6 – 8) for
the RPE, suggesting that fatty acid �-oxidation (FAO) could
support the energy demands of the RPE, thus sparing glucose
for the outer retina (9).

Mitochondrial FAO is a main source for energy production
in skeletal muscle, as well as heart and kidney tubular epithe-
lium even when glucose supplies are plentiful (10). The com-
plex mix of saturated and highly unsaturated fatty acids, which
make up 50% of ingested OS (by weight), provides the RPE with
substrates for mitochondrial and peroxisomal FAO (6). Porcine
RPE metabolize saturated fatty acids via �-oxidation (11),
whereas human, monkey, and frog RPE incorporates OS-de-
rived arachidonic acid (20:4) and docosahexaenoic acid (22:6)
into triacylglycerols and phospholipids (8, 12–14). Our own in
vitro studies have demonstrated that human RPE cells can use
palmitate (16:0), a major lipid component of OS for FAO (15).
Use of these nutrients as metabolic substrates requires enzymes
essential for FAO, including carnitine palmitoyl transferase
1A and the trifunctional protein complex, both of which are
expressed in mouse and human RPE (16). Deficiencies in the
long-chain 3-hydroxyl-CoA-dehydrogenase activity of the tri-
functional protein leads to progressive pigment retinopathy,
characterized by lipid accumulation, RPE atrophy, and pigment
deposits (17). Similarly, lipid accumulation is found in the liver
and kidney when FAO is slowed because of mutations or met-
abolic reprogramming and is often associated with fibrosis (18).
We predict that in the RPE, mitochondrial dysfunction would
not only lead to metabolic reprograming but would also disrupt
the normal flow of nutrients to the outer retina.
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A fate of mitochondrial acetyl-CoA derived from FAO is the
formation of ketone bodies: acetoacetate and �-hydroxybu-
tyrate (�-HB). The liver synthesizes ketones during fasting and
lactation, providing a source of energy for peripheral tissues
(19). Recently, we reported that the RPE expresses 3-hydroxy-
3-methylglutaryl-CoA synthase 2 (HMGCS2), the rate-limiting
mitochondrial enzyme required for ketogenesis. We showed in
vitro that the RPE can generate �-HB from palmitate, a satu-
rated fatty acid that makes up 15% of all lipids in the OS (6, 15).
In the current study we tested the hypothesis that ingested OS
serve as a substrate for RPE ketogenesis. Ketone body release
was found to depend on diurnal phagocytosis of OS with defects
in phagosome maturation contributing to metabolic delay as
demonstrated in our mouse RPE explant models.

Results

Human RPE cells can utilize photoreceptor outer segments for
ketogenesis

The RPE has a daily diet of fatty acid rich OS that could
provide substrates for FAO and ketogenesis. HMGCS2, the

rate-limiting mitochondrial enzyme in ketogenesis, converts
acetoacetyl-CoA to 3-hydroxy-3-methyl-glutaryl-CoA as illus-
trated in Fig. 1A. HMGCS2 protein was expressed in polarized
hfRPE cells (Fig. 1B). To determine whether human fetal RPE
(hfRPE) uses lipids from OS as substrates for FAO and ketogen-
esis, polarized hfRPE in culture were fed purified OS, and �-HB
released into the apical and basal media was quantified. The
cells were incubated with Ringer’s containing: 1) no substrate;
2) glucose (5 mM); 3) purified OS (200 �M, total phospholipid);
or 4) glucose (5 mM) and purified OS (200 �M). �-HB levels in
the apical and basal chambers were determined after 2- and 3-h
incubations. As shown in Fig. 1C, hfRPE fed glucose alone pro-
duced little �-HB (0.83 � 0.10 nmol in 3 h), whereas cells fed OS
in the presence of 5 mM glucose released significantly more
�-HB into the apical chamber (3.48 � 0.11 nmol in 3 h). �-HB
released with glucose � OS was time-dependent with an
increase from 2.27 � 0.03 nmol in 2 h to 3.48 � 0.11 nmol in 3 h
(Fig. 1C). �-HB levels in the basal chamber were below the limit
of detection as reported previously with palmitate as the sub-
strate for �-oxidation (15).

Figure 1. hfRPE generates �-HB through FAO of lipids from ingested outer segments. A, schematic representation of enzymatic reactions in ketogenesis.
B, hfRPE expresses HMGCS2. C, �-HB is preferentially transported across the apical membrane of hfRPE after OS ingestion. hfRPE cells were incubated in apical
chamber with glucose, OSs, or both, and the apical media were evaluated for �-HB content using a StanBio �-HB kit. *, p � 0.05; ***, p � 0.001., not significant.
Plots are box-whisker plots showing median, with maximum and minimum range of the data for three independent experiments each done in triplicate. D,
DHA serves as a substrate for FAO and ketogenesis, whereas oxidized OS and latex beads do not. hfRPE cells were incubated with glucose in the presence or
absence of 200 �M DHA, 200 �M OS, 200 �M OxOS, or latex beads in apical chamber, and �-HB released was measured in the apical compartment using a
StanBio �-HB kit. ***, p � 0.001. The values are means � S.E. for three independent experiments, each done in triplicate.
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The lipid composition of mammalian OS is unique with a
relatively high concentration of DHA (7, 20, 21). When hfRPE
cells were incubated with DHA conjugated to BSA (200 �M

DHA � 5 mM glucose), a 237 � 14.7% increase in �-HB secre-
tion was observed as compared with Ringer’s solution alone
(Fig. 1D). To provide further evidence that the ingested OS
lipids provided substrate for FAO and �-HB generation, OS
were photo-oxidized under UV light. Oxidized fatty acids do
not serve as substrates for FAO and �-HB generation; instead
they are detoxified via a glutathione peroxidase (22). There was
no increase in �-HB levels when hfRPE were incubated with
photo-oxidized OS (oxOS) (Fig. 1D). Furthermore, latex beads
were used as a control to determine whether non-lipid-contain-
ing phagocytosed particles provide a substrate for �-HB pro-
duction. There was no increase in �-HB levels when hfRPE
were incubated with latex beads (Fig. 1D).

The human RPE cell line, ARPE-19, expressed HMGCS2
(Fig. 2A) and released similar amounts of �-HB into the apical
medium (3.10 � 0.04 nmol) as hfRPE upon OS challenge in 5
mM glucose for 3 h (Fig. 2B). Little �-HB was released when OS

were added in the absence of glucose. �-HB secretion was dose-
dependent; as the concentration of ingested OSs increased
from 25 to 250 �M, �-HB secretion increased 13-fold from
0.22 � 0.08 to 1.66 � 0.15 nmol (Fig. 2C). This dose-dependent
increase in �-HB mirrored the extent of OS phagocytosed as
reflected in the levels of rhodopsin in the RPE after 3 h (Fig. 2D).
Moreover, 3 h after OS addition, the free-fatty-acid content of
the RPE more than doubled from 10.3 � 1.92 to 25.5 � 1.13 �M.
When only purified OS lipids in the form of liposomes were
provided as substrates, there was a dose-dependent increase in
�-HB released up to �200 �M total phospholipid (Fig. 2E). Sim-
ilar levels of �-HB were released into the apical chamber with
OS and purified lipids, suggesting that protein-derived meta-
bolic intermediates were not the source of ketones. Analogous
to hfRPE, no increase in �-HB was detected when ARPE19 was
incubated with oxOS or latex beads (Fig. 2F). DHA was also a
substrate for ketogenesis in ARPE19.

Melanoregulin (MREG) is an intracellular cargo-sorting pro-
tein required for the degradation of OS disks (21, 22). It is a
LC3-binding partner that is critical for complete degradation of

Figure 2. Generation of �-HB by ARPE19 cells is OS dose-dependent. A, ARPE19 cells express HMGCS2. B, �-HB is preferentially transported across the apical
membrane of ARPE19 cells after OS ingestion. ARPE19 cells were incubated in apical chamber with glucose (Glc), OS, or OS plus glucose, and the apical
supernatant was evaluated for �-HB content. **, p � 0.005. Plots are box-whisker plots showing median, with maximum and minimum range of the data for
three independent experiments each done in triplicate. C, �-HB release increases as ingested OS levels increase. ARPE19 cells were incubated with glucose and
increasing concentration of OSs (25–250 �M) in apical chamber for 3 h, and �-HB, the apical supernatant, was measured. *, p � 0.05; **, p � 0.005. The values
are means � S.E. for three independent experiments each done in triplicate. D, levels of opsin in ARPE19 cells challenged with increasing concentrations of OSs.
Cleared ARPE19 cell lysates were prepared 3 h after OS challenge at the indicated concentrations and levels of opsin detected using anti-opsin 4D2 by
immunoblot. E, ARPE19 cells were incubated with glucose and increasing concentration of OS-derived lipid liposomes in apical chamber for 3 h (25–200 �M),
and then �-HB was measured in the apical compartment. **, statistical significance with p value � 0.005. The values are means � S.E. for three independent
experiments each done in triplicate. F, DHA serves as a substrate for FAO and ketogenesis, whereas oxidized OS and latex beads are not substrates. ARPE19 cells
were incubated with glucose in the presence or absence of 200 �M DHA, 200 �M OS, 200 �M OxOS, or latex beads in the apical chamber, and �-HB was measured
in the apical compartment content using a StanBio �-HB kit. ***, p � 0.001. The values are means � S.E. for three independent experiments each done in
triplicate.
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OS through LC3-associated phagocytosis (35). To determine
whether delayed phagosome degradation correlated with
diminished �-HB secretion, MREG-deficient ARPE19 cells
(MREG KD, designated M5) were fed OS (Fig. 3). In M5 cells,
�-HB release decreased by �50% at the 3-h time point (Fig. 3B).
This decrease was not due to diminished OS uptake because
loss of MREG did not affect OS uptake in vitro or in vivo (23,
24). Moreover, the HMGCS2 enzyme levels in the MREG KD
(M5) were comparable with controls (C2) (Fig. 3B).

BHB production is temporally correlated with outer segment
shedding and phagocytosis

In the mouse retina, Hmgcs2 was detected in RPE but was not
detected in the neural retina as determined by in situ hybrid-
ization with an Hmgcs2-specific probe (Fig. 4A). The HMGCS2
protein was expressed in mouse RPE where it co-localized with
the mitochondrial enzyme COXIV (Fig. 4B). To determine
whether in vivo ketogenesis is linked to FAO of ingested OS
lipids, we developed an ex vivo assay. Eyes were isolated at dif-
ferent times in the light-dark cycle, and �-HB release was mea-
sured from mouse RPE explants as illustrated schematically in
Fig. 4C. The number of phagosomes in mouse RPE peaks within
an hour after light onset (Refs. 25 and 26 and Fig. 5A). We
reasoned that if RPE cells utilize ingested OS as substrate for
ketogenesis, �-HB production should increase following inges-
tion and degradation of outer segments. Therefore, we mea-
sured the release of �-HB from isolated RPE choroid explants
isolated at different times after light onset. In these experi-
ments, posterior eyecups were prepared and immediately incu-
bated in Ringer’s solution as detailed previously (15). The
amount of �-HB released was measured 2 h after explant har-
vest. As shown in Fig. 4D, the highest levels of �-HB were cor-
related with RPE harvest at 7 a.m. (lights on), a point at which
the RPE generally ingests the largest percentage of OS; �-HB
levels subsequently decreased with no other statistically signif-
icant changes. HMGCS2 levels were highest at 7 a.m. harvest
time (9 a.m. assay time), with no significant change in RPE
HMGCS2 levels over the remaining 12-h time analyzed.

The peak time of �-HB production is shifted in mutant mice
that exhibit delayed degradation of ingested outer segments

To demonstrate a temporal link between phagosome degra-
dation and ketogenesis, we analyzed a mouse model of dys-
functional phagosome maturation: the Mreg�/� mouse. The
Mreg�/� mouse exhibits a phagocytic burst at light onset; how-
ever, phagosome levels remain elevated for up to 8 h when
compared with control C57Bl6/J RPE (Fig. 5A). HMGCs2 was
expressed in Mreg�/� RPE mitochondria (Fig. 5B) with protein
levels following a time-dependent distribution profile similar to
that observed in wild-type C57Bl6/J mice (Fig. 5C), with a peak
at 7 a.m. harvest time (9 a.m. assay time). �-HB release, how-
ever, did not follow the same temporal profile as seen in wild-
type mice; delayed phagosome maturation resulted in a shift in
peak time of �-HB production from 7 a.m. harvest and 9 a.m.
assay to 10 a.m. harvest time corresponding to 12 p.m. assay
time (Fig. 5D). This was a 3-h delay in maximal �-HB released.
An even more pronounced shift in maximal �-HB production
was observed in the Abca4�/�, in which loss of the ABCA4
transmembrane transporter (27) results in defective phago-
some processing and accumulation of lipid debris (28). Maxi-
mal �-HB release in the Abca4�/� was observed 6 h after light
onset (Table 1). In addition to a temporal shift in the maximal
release of �-HB, the amount of �-HB released was less in the
Abca4�/�, than control C57Bl6/J (Table 1). Collectively, these
results suggest that phagosome maturation and processing by
the RPE are integral to ketogenesis and transport of �-HB to the
outer retina.

Discussion

The participation of the RPE in photoreceptor renewal has
been known for almost 50 years. Bok and Young (3, 4) showed
that the RPE was involved in the disposal phase of shed OS. In
their 1969 paper, they noted that further work was needed to
understand how the phagocytized OS material was “destroyed”
(4). We propose that the daily fat intake of the RPE through OS
ingestion is similar to the lipid load of the hepatocyte. Individ-
uals consuming a standard Western diet metabolize �100 g of
fat daily or 0.4 nmol of fatty acids, with individual hepatocytes
responsible for the metabolism of 0.1 pmol of fatty acid per day.
Human RPE cells ingest and process 30 OS daily, which is
equivalent to 0.1– 0.15 pmol of fatty acid per cell (5). Herein we
present the novel observation that the phagocytic function of
the RPE provides metabolic substrates for RPE FAO and keto-
genesis. These processes allow the RPE to spare glucose for the
outer retina and prevents the accumulation of lipid debris (9).

Our previous studies demonstrated that hfRPE utilize the
16-carbon fatty acid, palmitate as a substrate for FAO and keto-
genesis (15). Herein we extended those studies to show that
after ingestion of OS, the RPE produces �-HB. The relationship
between OS degradation and the apical release of �-HB was
firmly established in our in vitro models: hfRPE and ARPE19.
Dysregulated phagosome processing, which occurs in the
Mreg-KD M5 ARPE19 cells, resulted in decreased �-HB
released. Given that OS uptake is not reduced in the Mreg-KD,
the decreased �-HB is likely due to the delay in phagosome
maturation documented in these cells (23). Collectively, our in

Figure 3. Defective phagosome maturation contributes to diminished
apical �-HB. A, Western blot analysis of ARPE-19 cell lysates from cells stably
transfected with control shRNA (C2) or MREG ShRNA (M5) both C2 and M5
cells have similar HMGCS2 levels. B, C2 and M5 ARPE-19 cells were incubated
with glucose (5 mM) and OSs (200 �M) in the apical chamber for 3 h, and �-HB
was measured in the apical compartment. Box-whisker plot representing the
median and for three independent experiments each done in triplicate, with
maximum and minimum range of the data. **, p � 0.005 compared with C2,
with Student’s t test.

Phagocytosis-dependent ketogenesis

J. Biol. Chem. (2017) 292(19) 8038 –8047 8041



Figure 4. �-HB secretion from mouse RPE correlates with time of day. A, Hmgcs2 is preferentially expressed in the RPE. In situ hybridization with an Hmgcs2
specific probe (in red) using RNAscope. Confocal micrograph of albino retinal section stained for HMGCS2 probe using RNAscope technology (left) and
transmitted light image to show the retinal layers (right). HMGCS2 transcript is highly restricted (red puncta) to the RPE. IS, inner segments; ONL, outer nuclear
layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. B, localization of HMGCS2 to mitochondria in mouse
RPE. Confocal micrograph of wild-type C57Bl6/J retinal sections immunostained for COXIV (green) and HMGCS2 (red) shows exclusively mitochondrial local-
ization of HMGCS2 in the RPE. Nuclei are indicated in the merged image as blue. As expected, most of the staining is in the basolateral RPE. C, schematic
representation of experimental design and RPE/choroid explant isolation. D, �-HB is released from mouse RPE/choroid explants upon OS ingestion. Superna-
tant was collected from RPE/choroid explants harvested as shown in C, and �-HB levels were determined immediately. *, p � 0.05; **, p � 0.005. Plots are
box-whisker plots showing median, with maximum and minimum range of the data from six individual mice at each time point. E, HMGCS2 protein levels
normalized to actin in RPE explants utilized for �-HB release experiments in D. Cleared lysates were isolated immediately after the 2-h sample was collected, and
Western blotting for HMGCS2 was performed as described under “Experimental procedures.” **, p � 0.005. Plots are box-whisker plots showing median, with
maximum and minimum range of the data for 12 eyes from 6 individual mice at each time point.
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vitro studies show that human RPEs express HMGCS2, the
rate-limiting enzyme in ketogenesis, and generate �-HB upon
OS digestion. These studies are the first to link ketogenesis with
phagosome maturation in the RPE. Furthermore, DHA, like
ingested OS, provides substrate for ketogenesis, whereas pho-
to-oxidized OS does not. These findings are consistent with our
hypothesis that FAO plays an important role in facilitating the
disposal of ingested OS, suggesting that FAO may be the pri-
mary pathway used by the RPE for energy production. Our pre-
vious studies suggest that RPE cells used �50% of acetyl-CoA
derived from palmitate to produce �-HB (15). In these studies,
feeding hfRPE cells 200 �M total phospholipid equivalent to

�100 nmol of fatty acid substrate resulted in the release of 15
nmol of �-HB into the apical medium.

The glucose requirement in the cultured model system Fig.
2B is likely 2-fold, glucose is required for phagosome matura-
tion and is likely the source of reducing equivalents. In differ-
entiated RPE, as is the case here, analysis of a panel of metabo-
lites demonstrated that RPE cells produce NADH more rapidly
from glucose than oxidative substrates (38). The glucose
requirement is likely important in vivo as the relationship
between fatty acids and inhibition of glucose utilization is reg-
ulated by the Randle cycle (9).

OS contain a prodigious amount of long-chain fatty acids
(species with 20� carbons); therefore, their oxidation relies on
peroxisomal degradation (29). These longer chain fatty acids
are converted to acyl carnitine derivatives in the peroxisome,
which can be oxidized by the mitochondria. Our observation
that RPE can generate �-HB from DHA, a 22-carbon unsat-
urated fatty acid, suggests that in addition to detoxifica-
tion, peroxisomes play an essential role in maintaining lipid
homeostasis.

Ex vivo studies with RPE explants showed that �-HB produc-
tion was linked to the shedding/phagocytosis phase of photo-
receptor renewal. RPE/choroid harvested at different times
after the onset of light showed a peak of �-HB release when

Figure 5. �-HB secretion is delayed coincident with slowed phagosome maturation in mouse RPE. A, loss of MREG leads to phagosome accumulation in
the RPE. Phagosome numbers per 100 �m of RPE length in Mreg�/� and Mreg�/� mice at different time points relative to lights on. Counts were done in
duplicate on 10 individual areas per mouse in a total of 2 mice/4 eyes with analyst blind to the strain of mouse. The results are means � S.E. B, localization of
HMGCS2 to mitochondria in mouse Mreg�/� RPE. Confocal micrographs of MREG�/� retinal sections immunostained for COXIV (green) and HMGCS2 (red)
showing mitochondrial localization of HMGCS2 similar to WT. Nuclei are indicated in the merged image as blue. Note that the basolateral pattern of mitochon-
drial distribution closely resembling the WT. C, HMGCS2 protein levels in RPE explants utilized for �-HB release experiments in D. Cleared lysates were isolated
immediately after the 2-h sample was collected, and Western blotting for HMGCS2 was performed as described under “Experimental procedures.” **, p � 0.005.
Plots are box-whisker plots showing median, with maximum and minimum range of the data for 12 eyes from 6 individual mice at each time point. D, �-HB is
released from mouse RPE/choroid explants upon OS ingestion. Supernatant was collected from RPE/choroid explants, and �-HB levels were determined
immediately. *, p � 0.05; **, p � 0.005. the plots are box-whisker plots showing median, with maximum and minimum range of the data for 12 eyes from 6
individual mice at each time point.

Table 1
Peak of maximal �-HB release varies with phagosome degradation
efficiency
The table shows a comparison of the time after light onset when the maximal
amount of �-HB was detected in the media. The values are the means � S.E. of 12
eyes from 6 individual mice at each time point.

Strain
Peak of �-HB release

(time after light onset) �-HB in media

h �M
C57Bl6/J 2 15.0 � 1.89
Mreg�/� 5 13.3 � 0.94
Abca4�/� 6 9.52 � 2.04a

a Statistical significance with p value � 0.050.
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isolated from mice at 7 a.m., when the burst of shedding and
phagocytosis occurs. This peak is coincident with the maximal
levels of HMGCS2. Consistent with our findings, it was recently
reported the levels of �-HB increase in the outer retina after
light onset (30).

The link between �-HB production and phagosome matura-
tion is demonstrated in our studies on Mreg�/� mouse RPE
explants, where phagosome maturation is delayed. In explants
from the Mreg�/� mouse, the peak time of �-HB released was
shifted to 12 p.m., 5 h after light onset. The peak of HMGCS2
expression was identical to that observed in WT (C57Bl6/J), at
7 a.m. At this time point, the Mreg�/� RPE explant released
9.83 � 1.30 nmol of �-HB compared with 15.03 � 1.89 nmol in
the WT RPE explant. These findings suggest that the increase in
HMGCS2 is regulated by signaling pathways downstream of
ingestion, and substrate availability determines �-HB genera-
tion. Mutations in the photoreceptor-specific flippase ABCA4
lead to accumulation of the toxic bisretinoid A2E, resulting in
atrophy of the RPE and death of the photoreceptor cells (28, 36).
Many blinding diseases are associated with these mutations
including Stargardt’s disease (STGD1), cone-rod dystrophy,
retinitis pigmentosa, and increased susceptibility to age-related
macular degeneration. A characteristic of this model is an
increase in oxidized lipid and alkalinization of lysosomes, thus
rendering them less able to degrade ingested OS (31). Our
explant studies (Table 1) show not only a delay in �-HB released
but also a decrease in total �-HB released over the 12-h time
frame studied. These results, coupled with our in vitro observa-
tions, support the hypothesis that FAO and ketone body forma-
tion prevent the accumulation of lipid in the RPE.

We propose that providing the RPE with a daily bolus of lipid
rich OS shifts their metabolism to fatty acid rather than glucose
oxidation. RPE FAO would thus spare glucose for the outer
retina, consistent with studies establishing that glucose is
required to support the health of rod and cone photoreceptor
cells (32). Support for the notion that RPE spares glucose for the
outer retina comes from recent studies characterizing the dis-
tribution fluorescent 2-deoxy glucose in retinas of mice with
P23H mutation in rhodopsin that results in a loss of photore-
ceptor cells. In these studies, fluorescent glucose was trans-
ported into the retina in wild-type mice, whereas in the P23H
mice it was “sequestered” in the RPE. Sequestration of glucose
in RPE resulted in nutrient deprivation to cones, causing them
to lose their outer segments and eventually their connecting
cilium (32). Based on our model of metabolic coupling in the
outer retina, we predict that sequestration of glucose in the RPE
was due to metabolic reprogramming of the RPE. In the absence
of a supply of fatty acids from rod outer segment renewal, the
RPE utilized glucose as an energy substrate.

Mitochondrial dysfunction and a shift from oxidative to gly-
colytic metabolism are found in several age-related diseases
including age-related macular degeneration (33). In the RPE-
specific VHL-KO mouse, in which HIFs are stabilized, an
increase in glycolytic and a decrease in genes associated with
FAO and ketogenesis, including HMGCS2 was observed (34). A
decrease in HMGCS2 would be expected to reduced fatty acid
oxidation and an increase in lipid debris in the RPE and subreti-
nal space. Consistent with this hypothesis, an increase in lipid

debris in the RPE and a thickening of Bruch’s membrane was
observed in the RPE-specific VHL-KO mouse (34).

In addition to mitochondrial dysfunction, changes in phago-
some maturation also lead to lipid accumulation. In this regard,
Jiang et al. (35), show that dysregulated phagosome trafficking
as observed in the absence of kinesin-1 light chain 1 leads to
excessive accumulation of RPE and sub-RPE deposits. Our
studies herein now provide a working hypothesis by which to
understand the molecular mechanism of lipid accumulation.
They suggest that FAO and ketone body formation is necessary
to prevent lipid accumulation in RPE subretinal space. There-
fore, stimulation of FAO should provide a means by which to
increase fatty acid utilization providing a viable therapeutic for
decreasing lipid accumulation.

Experimental procedures

Materials

Commercially available antibodies were acquired as fol-
lows: mouse anti-actin (A2228; Sigma-Aldrich), rabbit anti-
HMGCS2 (ab137043, EPR8642; Abcam, Cambridge, MA),
mouse anti-opsin mAb 4D2 (generous gift from Dr. R. Molday,
University of British Colombia), goat anti-mouse and goat anti-
rabbit HRP-conjugated secondary antibody (Thermo Fischer
Scientific). For the lipids, palmitate was purchased from TCI
America (catalog no. P0007; Portland, OR) and DHA from Toc-
ris Bioscience (catalog no. 3687; Bristol, UK). Latex beads
(F8811) were purchased from Life Technologies. For immu-
nohistochemistry, we used rabbit anti-HMGCS2 antibody
(ab137043; Abcam), mouse anti-CoxIV subunit 1 (1D6E1A8;
Invitrogen), Alexa Fluor 594 donkey anti-mouse and Alexa
Fluor 647 donkey anti-rabbit IgGs (Life Technologies), and
Hoechst 33258 (Ana Spec Inc. Fremont, CA).

Animals

For immunostaining experiments, 11–12-month-old C57Bl6/J
mice (obtained from the Jackson Laboratory) were used.
Mregdsu (a.k.a. Mreg�/�) mice (11–12 months old) were
obtained from Drs. Jenkins and Copeland (Methodist Hospital
Research Institute) (36). We have used the Mreg�/� desig-
nation herein. Pigmented, Abca4�/� mice (129S4/SvJae-
ABCA4tm1Ght, 11 months old) were provided by Dr. Gabriel
Travis (David Geffen School of Medicine, University of Califor-
nia, Los Angeles, CA) (37). The mice were housed under stan-
dard cyclic light conditions: 12-h light/12-h dark and fed ad
libitum, with both female and male mice used in these studies.
All procedures involving animals were approved by the Univer-
sity of Pennsylvania Institutional Animal Care and Use Com-
mittee and were in accordance with the Association for
Research in Vision and Ophthalmology guidelines for use of
animals in research.

RPE explant harvest

C57Bl6/J, Abca4�/� or Mreg�/� mice were sacrificed at spe-
cific times relative to light onset (6 a.m., 7 a.m. (light onset),
8 a.m., 10 a.m., 12 p.m., 2 p.m., 4 p.m., and 7 p.m.) with at least
three mice of each genotype analyzed at each time point. Both
male and female 12–15-month-old mice were analyzed for all
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strains tested. Extracted eyes were placed in ice-cold Ringer’s
solution. To isolate the RPE layer, the lens, optic nerve, excess
muscle and fat, iris epithelium, and neural retina were removed
under a dissection microscope, the RPE layer was exposed. For
mice sacrificed at 6 a.m., 60 min before lights on, the removal of
lens, optic nerve, and excess muscle and fat was done under dim
red light. All procedures were performed on ice. RPE explants
were placed in a 96-well plate with 170 �l of Ringer’s solution
and incubated at 37 °C, 5%CO2. 1 or 2 h after harvest, 100 and
50 �l of Ringer’s solution were collected for �-HB determina-
tion. RPE cell lysates were immediately prepared from the
explants for immunoblotting.

Cell culture

hfRPE cells—T75 flasks of P0 hfRPE were obtained from the
Drs. Sheldon Miller and Arvydas Maminishkis at the National
Eye Institute of Health. hfRPE cells were trypsinized from a T25
flask and seeded onto 12-well Transwells at �1.25 � 105 cells/
well (passage 1; P1) as previously described (38). The cells were
used for experiments 3– 4 weeks after plating when transepi-
thelial resistance was greater than 500 	�cm2) prior to experi-
mentation. For dedifferentiated hfRPE, the cells were plated at
1.25 � 105 cells/well.

ARPE-19 cells—(CRL-2302, ATCC) were maintained as
described (39, 40). The cells were grown on Transwell filters
(12-well, 0.4-�m pore size) maintained in DMEM/F12 with 1%
fetal bovine serum (Sigma) and 5% penicillin-streptomycin
(Life Technologies, Inc.) at 37 °C, 5%CO2. Individual filters
were seeded with 1.6 � 105 cells/well in a total volume of 0.5 ml
in the apical chamber and 1.5 ml of medium in the basal cham-
ber with the medium changed twice weekly beginning the day
after plating. Polarized MREG knockdown (M5) and Ctrl (C2)
ARPE19 cells were cultured as described (24).

Immunoblotting—Cleared RPE and retinal lysates were pre-
pared in radioimmune precipitation assay buffer with 1% pro-
tease inhibitor mixture (Sigma; P8340) and 2% phosphatase
inhibitor mixture 2 (Sigma; P5726) (39). Lysates normalized for
protein (10 –15 �g) were separated on 4 –12% Bis-Tris-PAGE
(Invitrogen) under reducing conditions and transferred to
PVDF membranes (Millipore, Billerica, MA). After transfer,
membranes were blocked with 5% milk in PBS, 0.1% Tween 20
for 1 h at room temperature and incubated with primary anti-
bodies for anti-HMGCS2 (1:1,000) as described (41), anti-�-
actin (1:5,000), or anti-opsin (4D2) (1:1,000) overnight at 4 °C.
Membranes were washed and incubated with goat anti-rabbit
(1:3,000) or goat anti-mouse (1:3,000) horseradish peroxidase-
conjugated secondary antibodies for 1 h at room temperature.
The blots were developed using ECL (SuperSignal� West Dura
extended duration substrate (Thermo Scientific) and captured
on ImageQuantTM LAS 400 image reader (GE Healthcare) and
quantified as described (42).

Immunohistochemistry—Immunostaining was performed on
frozen sections of mouse retinas (43). Mice were anesthetized
and perfused with 4% paraformaldehyde in PBS (pH 7.4). Eyes
were enucleated, incised just below the lens, cryoprotected in
30% sucrose, and embedded in OCT. 7-�m cryosections were
permeabilized and blocked in blocking solution containing 4%
BSA and 0.2% Triton X-100 in PBS (PBST), incubated with

rabbit anti-HMGCS2 antibody (ab137043; Abcam) and mouse
anti-CoxIV (459600; Invitrogen) diluted in blocking solution
(1:200) at 37 °C for 1 h, washed three times with PBST, incu-
bated in donkey anti-rabbit and anti-mouse secondary antibod-
ies conjugated to Alexa Fluor dyes (1:1,000) and Hoechst 33258
(1:10,000) at 37 °C for 1 h, and washed three times. For controls,
the primary antibody step was eliminated. Sections were
mounted in Cytoseal mounting medium (Electron Microscopy
Sciences, Hatfield, PA). Images were captured on a Nikon A1R
laser scanning confocal microscope with a PLAN APO VC 60�
water (NA 1.2) objective at 18 °C, and the data were analyzed
using Nikons Elements AR 4.30.01 software (39). In co-distri-
bution analyzes, the Pearsons’ coefficient was at least 0.55, and
analysis included standard LUT adjustment.

In situ hybridization—HMGCS2 RNA in situ hybridization
was performed using RNAscope 2.5 HD assay kit (Advanced
Cell Diagnostics, Newark, CA) using mouse HMGCS2 probe
(Mm Hmgcs2, catalog no. 437141; Advanced Cell Diagnostics).
Briefly, fresh frozen sections from 3-month-old C57Bl6/J
mouse retina were fixed in 4% prechilled paraformaldehyde at
4 °C for 15 min and dehydrated in ethanol series, followed by
pretreatment, hybridization, amplification, and detection (red
assay) steps as per the manufacturer’s instructions. Images were
captured with a 60� objective (NA 1.2) using Nikon A1R laser
scanning confocal microscope.

Metabolic studies

Preparation of metabolic substrates—Ringer’s solution was
prepared using the basic chemical components of RPE cell cul-
ture medium: CaCl2 (1.1 mM), KCl (4.2 mM), NaCl (120.6 mM),
NaHCO3 (14.3 mM), MgCl2 (0.3 mM), and HEPES (15 mM).
HEPES was dissolved separately and titrated to pH 7.4 with
N-methyl-D-glucamine. L-Carnitine (1 mM) in Ringer’s solution
was added before each experiment; the solution was equili-
brated to pH 7.4 with CO2 and filter-sterilized. The BSA-
vehicle control and BSA-conjugated palmitate and docosa-
hexaenoic acid substrates were prepared exactly as described
previously (38). Photoreceptor OSs purified from frozen dark-
adapted bovine retinas (44) or purified outer segment lipo-
somes (45) were added to cultured RPE cells as indicated in the
figure legends. The phospholipid content of the OS or OS lipo-
somes was determined using a Malachite Green assay kit per
the manufacturer’s instructions (K-1500; Echelon Biosciences)
as originally described (46). OS were photo-oxidized by irradi-
ation under UV light for 72 h as described (47).

On the day of experiment, the outer segments were thawed,
pelleted, and resuspended in Ringer’s solution at a final concen-
tration of 200 �M (based on total phospholipid content). Latex
beads were suspended in Ringer’s solution and added at an mul-
tiplicity of infection equivalent to the calculated number of
outer segments in 200 �M. The BSA-conjugated palmitate and
DHA substrates were diluted from the frozen stocks to obtain a
final working concentration of 200 �M, and 500 �l was added. 5
mM glucose was made fresh daily in water. All substrates were
added in Ringer’s solution alone or with the addition of 5 mM

glucose as indicated in the figure legends.
�-Hydroxybutyrate assay—Ringer’s solution containing dif-

ferent substrates was added to the apical chamber of ARPE-19
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or hfRPE cells grown on 12-well Transwell filters. Ringer’s solu-
tion (115 �l) was collected from the apical and basal chamber
and analyzed for �-HB at the 2- and 3-h time points essentially
as described (15). The �-HB levels were determined using the
�-hydroxybutyrate LiquiColor kit (Stanbio, Boerne, TX; cata-
log no. 2440-058). In this assay, reagent A was mixed with re-
agent B at a 6:1 ratio, and 150 �l of this mixture was added to
100 �l of samples or �-HB standards in each well. The plate was
light-protected and incubated at 37 °C for 1 h with gentle shak-
ing before absorbance at 492 nm was measured. Free fatty acids
were measured using a colorimetric enzymatic fatty acid quan-
tification assay (ab65341; Abcam) as described (48). No �-HB
was detected with OS alone.

Statistical analyses

Cell culture �-HB release measurements are presented as
means � S.E. with statistical significance determined using
Student’s t test with values compared with Ringer’s solution
alone. The explant studies are presented as means � S.E. of
�-HB released. The mouse explant data were analyzed using
1-way analysis of variance and Holm-Sidak post hoc test. *, p �
0.05; **, p � 0.005; ***, p � 0.001. Statistical analyses were all
performed using Sigma plot version 12.3.
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