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Proline mediates metabolic communication between retinal
pigment epithelial cells and the retina
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The retinal pigment epithelium (RPE) is a monolayer of pig-
mented cells between the choroid and the retina. RPE dysfunc-
tion underlies many retinal degenerative diseases, including
age-related macular degeneration, the leading cause of age-re-
lated blindness. To perform its various functions in nutrient
transport, phagocytosis of the outer segment, and cytokine
secretion, the RPE relies on an active energy metabolism. We
previously reported that human RPE cells prefer proline as a
nutrient and transport proline-derived metabolites to the api-
cal, or retinal, side. In this study, we investigated how RPE uti-
lizes proline in vivo and why proline is a preferred substrate. By
using [*3C]proline labeling both ex vivo and in vivo, we found
that the retina rarely uses proline directly, whereas the RPE uti-
lizes it at a high rate, exporting proline-derived mitochondrial
intermediates for use by the retina. We observed that in primary
human RPE cell culture, proline is the only amino acid whose
uptake increases with cellular maturity. In human RPE, proline
was sufficient to stimulate de novo serine synthesis, increase
reductive carboxylation, and protect against oxidative damage.
Blocking proline catabolism in RPE impaired glucose metabo-
lism and GSH production. Notably, in an acute model of RPE-
induced retinal degeneration, dietary proline improved visual
function. In conclusion, proline is an important nutrient that
supports RPE metabolism and the metabolic demand of the
retina.

The retinal pigment epithelium (RPE)? is a monolayer of pig-
mented cells between the choroid and the retina. RPE dysfunc-
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tion contributes to the pathogenesis of many retinal degenera-
tive diseases, including age-related macular degeneration
(AMD), the leading cause of blindness in the older population.
To maintain its functions in nutrient transport, phagocytosis of
outer segment, and cytokine secretion, the RPE relies on an
active energy metabolism. We reported recently that the RPE
has a high capacity for reductive carboxylation, a reverse tricar-
boxylic acid (TCA) cycle (1). Using an unbiased metabolomics
screen, we found that RPE heavily consumes proline to fuel
both mitochondrial oxidative phosphorylation and reductive
carboxylation (2).

Proline has diverse functions in different organisms (3-5).
Proline is well-known to accumulate in plants to combat
various environmental stressors (6, 7). Proline is also a sig-
nificant component (up to 25%) of collagen, which is the
most abundant protein in extracellular matrix (ECM), such
as the Bruch’s membrane located underneath RPE cells (3).
Proline can be catabolized through proline dehydrogenase
(PRODH) to donate electrons directly to ubiquinone or into
glutamate to enter the mitochondrial TCA cycle (2, 4, 8, 9).
In several invertebrates, proline is the major energy source
(9). In worms, proline supplementation extends their lifes-
pans, (10), and a mutation that shifts their metabolism
toward proline catabolism increases their lifespans more
than 2-fold (11, 12).

Proline is not an essential amino acid. It can be produced
from glutamate through pyrroline-5-carboxylate synthase
(P5CS), from collagen degradation through prolidase, or from
ornithine through ornithine aminotransferase (OAT). Inborn
errors of genes in proline metabolism can result in retinal
degeneration. A mutation in the gene encoding P5CS has been
associated with retinitis pigmentosa (13). Mutations in OAT
are well-documented to cause gyrate atrophy, characterized by
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Figure 1. Mouse RPE/choroid utilizes ['*C]proline ex vivo. A, schematic for ex vivo incubation of [‘3C]pro||ne. Freshly isolated RPE/choroid or retina was
incubated in 5 mm glucose and 1 mm ['CJproline for different times. B-D, RPE/choroid consumes much more proline than retina and generates mitochondrial
intermediates (E-/). Metabolites were analyzed by GC MS. The '3C fraction is the percentage of labeled carbon of total isotopologues or '*C-labeled metabolite
in the total pool. Arrows represent the direction in which the carbons flow in the mitochondrial Krebs cycle. J-L, proline-derived metabolites are exported into
medium. The "3C abundance -fold change was calculated from the ion intensity of labeled metabolites relative to those in retina at 1 h. ¥, p < 0.05 versus retina.

n = 4. Error bars, S.D.

lobular loss of the RPE/choroid and progressive retinal degen-
eration (14-16). OAT deficiency results in accumulation of
more than 10-fold levels of ornithine in the plasma, and orni-
thine can inhibit P5CS in vitro (17). In RPE cell lines, supple-
mentation of proline has been shown to rescue ornithine cyto-
toxicity (18, 19). A proline transporter solute carrier family 6,
member 20 (SLC6A20) has been regarded as an RPE signature
gene (20-22), and it is one of 22 RPE genes shared by both
human and mouse RPE (20). A recent large-scale genome-wide
association study reports that the locus of this proline trans-
porter is significantly associated with AMD (22, 23). Overall,
previous findings implicate proline metabolism as a potentially
essential component of RPE health and function.

In this report, we investigate how proline is utilized by the
RPE and retina as well as the functional roles of proline con-
sumption. By using **C tracing, we found that proline fuels
RPE mitochondrial metabolism. The RPE also exports pro-
line-derived intermediates to the retina ex vivo and in vivo.
As RPE cells mature in vitro, they become more dependent
on proline as a nutrient substrate. Proline supplementation
confers resistance against oxidative damage and improves
visual function.
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Results

Mouse RPE/choroid but not retina utilizes proline ex vivo and
exports proline-derived intermediates

We previously reported that human fetal RPE (hRPE) in cul-
ture consumes more proline than other amino acids (2). To
investigate whether native RPE utilizes proline, we isolated
mouse RPE/choroid and retina and incubated them with *3C-
labeled proline (Fig. 14). We did not isolate the RPE from the
choroid, as separation could disrupt RPE metabolism and influ-
ence cell viability. We found that the RPE/choroid complex
consumed proline >100 times faster than the retina (Fig. 1B).
This finding supports our previous reports that glucose and
glutamine are major fuels for retinal mitochondrial metabolism
(24). Proline can be metabolized into mitochondrial intermedi-
ates through PRODH. After incubation with [**C]proline, we
found a high percentage of labeled TCA cycle intermediates
(20-30%), with the exception of succinate, in total pools in the
RPE/choroid. This is in contrast to only 2% of labeled interme-
diates in the retina (Fig. 1, C—I), confirming that proline might
be a major nutrient for RPE. ['*C]Proline could generate a-ke-
toglutarate (aKG) for either the TCA cycle to produce M4 cit-
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Figure 2. Proline utilization in RPE and retina in vivo. A, schematic for ['*Clproline infusion in vivo. After fasting for 6 h, ['*Clproline was constantly infused
through a jugular catheter in free-moving mice. Blood samples were collected through an arterial catheter. B, ['3*C]proline replaced unlabeled proline and
reached steady state in the plasma after infusion. C, RPE/choroid had more ['*Clproline than retina. D and E, schematic of '*C-labeling pattern in RPE and retina.
After entering the TCA cycle, five-carbon-labeled ['*C]proline was catabolized mostly into M5/M4 metabolites in the first turn (1T) of the TCA cycle, M2/M3 in
2T, and M1 in 3T. When RPE used proline initially and exported the intermediates, RPE should have more M5/M4, and retina should have more M1. F and G,
M5/M4 metabolites were increased, whereas M1 metabolites were decreased in the RPE comparable with the retina. n = 4. %, p < 0.05 versus retinas with 2
mg/kg/min of ['3*Clproline; #, p < 0.05 versus retinas with 4 mg/kg/min ['3*Clproline. Error bars, S.D.

rate or reductive carboxylation to produce M5 citrate (Fig. S1A)
(2). We found M5 citrate in the RPE/choroid but not retina,
indicating that reductive carboxylation is active in native RPE
cells (Fig. S1, B and C). Additionally, we found ~2% of M3
pyruvate and ~0.5% of M3 PEP labeled by ['*C]proline, which
should be generated mostly through malic enzyme rather than
phosphoenolpyruvate carboxykinase (Fig. S1, A and D). To
study whether RPE can release proline-derived intermediates,
we measured the incubation medium and found that '*C-la-
beled intermediates increased in a time-dependent fashion in
RPE/choroid cultures (Fig. 1, J-L).

RPE utilizes proline to fuel retinal metabolism in vivo

To study proline metabolism in vivo, we performed hyperin-
sulinemic-euglycemic clamp in conscious, unrestrained mice
and infused [**C]proline through the jugular vein continuously
for 4 h (25). Blood from the carotid artery was sampled at dif-
ferent time points to monitor ['*C]proline labeling in the
plasma, and the RPE/choroid and retina were collected quickly
after the 4-h infusion (Fig. 2A4). We infused at 2 and 4 mg/kg/
min based on the concentration of proline in the plasma relative
to glutamine. Plasma glutamine is slightly higher than proline,
and glutamine is infused at 2 mg/kg/min in the literature (26).
Both doses of proline rapidly replaced 60 —80% of endogenous
proline and reached a steady state within 30 min (Fig. 2B). '*C-
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Labeled proline is about 3—4-fold higher in the RPE/choroid
than retina (Fig. 2C). To study the flow of proline-derived inter-
mediates from RPE to retina, we analyzed the labeled patterns
in the intermediates. Five-carbon—labeled *C (M5) proline can
be converted into M5 glutamate and M5 aKG to enter the TCA
cycle. In the first turn, one carbon will be lost as CO, through
aKG dehydrogenase to generate M4 intermediates (Fig. 2, D
and E). More carbons will be lost in the second and third turn.
Interestingly, M5 glutamate, M5 aKG, and M4 mitochondrial
intermediates were much higher in RPE/choroid than retina
(Fig. 2F), whereas M1 intermediates were much higher in the
retina than RPE/choroid (Fig. 2G). These results further sup-
port our hypothesis that RPE utilizes proline to form mitochon-
drial intermediates, which are then exported to fuel retinal
mitochondria (Fig. 2E).

Human RPE cell switches to proline utilization during RPE
maturation

Depending on culture conditions, hRPE can take 4 — 6 weeks
to mature, forming their characteristic cobblestone hexagonal
morphology, pigmentation, and expression of typical RPE
markers (Fig. 3, A-D). To study proline consumption during
RPE maturation, we sampled medium 24 h after medium
change in hRPE culture at weeks 1—4 and measured the metab-
olites by GC-MS (Fig. 3, A-E). Week 0 (W0) consisted of the
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Figure 3. RPE switches to utilize proline during maturation. A-D, human RPE matured after 3—-4 weeks of culture. RPE cells showed typical cobblestone
morphology and are pigmented under bright-field microscopy. Scale bar, 100 um. E, nutrient consumption at different weeks of culture. For each week of
culture, medium was collected for GC-MS 24 h after being changed. The y axis represents the amount of nutrient left in the medium relative to fresh medium.
F, RPE cells were plated at different densities and grown for a week. Nutrients remaining in the medium 24 h after medium change were analyzed by GCMS. G,
proline consumption in RPE cells and cell lines.n = 4.*, p < 0.05 versus RPE cells plated at 12,000 cells/well; #, p < 0.05 versus RPE cells plated at 36,000 cells/well.

Error bars, S.D.

control medium incubated for 24 h without hRPE cells. Proline
was the only amino acid whose consumption increased with
RPE maturation. Proline was almost undetectable in week 3 and
4 medium (W3 and W4; Fig. 3E), consistent with our previous
report that RPE consumes a large amount of proline (2). Week
4 hRPE consumed most other amino acids at a similar rate to
week 1 hRPE, with the exception of alanine, glutamine, gluta-
mate, and taurine. To confirm this finding, we measured the
nutrient consumption at the same time plated at different den-
sities. After culture for 1 week, the hRPEs with higher initial
plating densities were noted to mature more quickly than those
plated at lower densities (Fig. S2, A-C). As expected, proline
was the only amino acid that was consumed in a density/
maturity-dependent manner, suggesting that RPE cells increase
their proline consumption with cellular maturity (Fig. 3F). Con-
sistently, both mature hRPE and induced pluripotent stem (iPS)
cell-derived RPE demonstrated high proline consumption,
whereas RPE cell lines (ARPE-19 and hRPE-1 cells) and human
kidney epithelial cell line HEK 293T used either much less pro-
line or none at all (Fig. 3G).

Inhibition of PRODH patrtially blocks RPE proline consumption
and disrupts glucose and amino acid metabolism

To determine the pathway responsible for high proline
uptake in RPE, we used inhibitors to block several known path-
ways in proline catabolism, including tetrahydro-2-furoic acid
(T2FA), canaline, halofuginone (HF), and 1,4-dihydrophenon-
throlin-4-one-3-carboxylic acid (DPCA) (Fig. 44). These inhib-
itors block PRODH, OAT, prolyl-tRNA synthetase (PRS), and
prolyl-4-hydroxylase (P4H) to inhibit proline catabolism into
glutamate, ornithine, an L-prolyl-tRNAPro in protein synthesis

SASBMB

and 4-hydroxyproline (4-OH Pro) in collagen, respectively (27—
30). After 48 h in RPE medium (containing 0.447 mm proline),
95% of proline was used (Fig. 4B). With the exception of T2FA,
all other inhibitors could not block proline consumption, sup-
porting our previous finding that proline is partly metabolized
into glutamate for mitochondrial metabolism (Fig. 4C). To
study the impact of PRODH on the consumption of other nutri-
ents and cell metabolism, we quantified key metabolites in glu-
cose and amino acid metabolism (Table S1) by LC MS/MS and
GC MS in the medium and the cell supernatant with T2FA
treatment. In addition to proline, inhibition of PRODH resulted
in significant accumulation of glucose in both RPE medium and
RPE cells (Fig. 4, D and E). Consistently, glucose-derived inter-
mediates including lactate, alanine, dihydroxyacetone phos-
phate (DHAP), glyceraldehyde 3-phosphate (G3P), and serine
were substantially decreased in medium and/or cells (Fig. 4, D
and E). Purine metabolites are sensitive to the availability of
glucose in RPE (31). As expected, xanthine, guanosine, and
inosine dramatically increased in RPE cells (Fig. 4E). Addi-
tionally, inhibition of PRODH decreased many mitochon-
drial intermediates, GSH, and glutamine and increased
branched-chain amino acids. These data suggest that proline
metabolism may be critical for glucose metabolism and uti-
lization of other amino acids.

Proline stimulates de novo serine/glycine synthesis, glycolysis,
and mitochondrial metabolism

To further examine the impact of proline on glucose metab-
olism, we incubated RPE cells with or without 1 mm proline in
the presence of '*>C glucose (Fig. 54) and analyzed metabolites
in both medium and cells (Fig. 5, B and C). ~85% of proline in
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the medium was used by 24 h, and almost of all proline was
consumed by 48 h (Fig. 54). The addition of proline reduced the
percentage of '>C-labeled mitochondrial TCA intermediates in
the medium and cells (Fig. 5 (B and C) and Fig. S3). The labeling
pattern (isotopologue) showed that M2 metabolites (derived
from first turn of the TCA cycle) remained unchanged, but M4
(derived from the second turn of the TCA cycle) and M3 and
M1 (derived from pyruvate carboxylase or multiple turns of the
TCA cycle) intermediates were decreased (Figs. S4 and S5).
These results indicate that mitochondria have a preference for
utilizing proline rather than glucose as a substrate for four-
carbon pools. Surprisingly, proline increased the flux of serine
and glycine from [**C]glucose (Fig. 5 (B and C) and Fig. S3).
Whereas the abundance (concentration or pool size) of labeled
serine and glycine was significantly increased, the unlabeled
serine and glycine were not (Fig. 5 (D and E) and Fig. S6), con-
firming that proline stimulates de novo serine biosynthesis from
glucose. Additionally, proline increased [**C]lactate, [**C]py-
ruvate, and [**C]alanine in medium and cells (Fig. 5, C—E) and
increased the overall concentration of aspartate, glutamate, and
glutamine in RPE (Fig. 5E and Fig. S6). These results suggest
that proline enhances glycolysis and synergizes with glucose
metabolism. To further examine whether proline enhances
mitochondrial energy metabolism, we measured mitochondrial
O, consumption using an extracellular flux analyzer. Proline
doubled the maximum O, consumption, comparable with glu-
cose alone (Fig. S7). This is comparable with the combined
effect of pyruvate and glutamine.

Proline protects RPE cells from oxidative damage

To test whether proline protects against oxidative damage in
RPE, we incubated hRPE cells with proline in the presence of 1

10282 J Biol. Chem. (2019) 294(26) 10278-10289

mM hydrogen peroxide. Cell death was assessed by quantifying
ethidium homodimer (EthD) staining of dead cells, lactate de-
hydrogenase (LDH) activity assay in the culture medium, and
bright-field imaging of morphological changes. There was no
difference in cell death in control hRPE with or without the
addition of proline within 48 h. Hydrogen peroxide treatment
increased EthD-positive cells, accumulated LDH in the
medium, and decreased cell density (Fig. 6, A-D). Supplemen-
tation with proline significantly reduced the number of dead
cells and decreased LDH activity compared with hydrogen per-
oxide treatment alone (Fig. 6, A-D). To understand the mech-
anism for this protection, we analyzed metabolites in the cell
medium. Hydrogen peroxide increased DHAP and GAP but
decreased downstream lactate and pyruvate (Fig. 6, E-F), con-
sistent with our previous report that oxidative stress blocks
glyceraldehyde-3-phosphate dehydrogenase in glycolysis (1).
Proline decreased DHAP and GAP and offset the reduction of
downstream metabolites, including lactate, pyruvate, alanine,
glutamate, and glutamine, confirming our finding that proline
is important for glucose metabolism.

Proline-enriched diet improves visual function after induced
oxidative damage to the RPE

To study whether proline can reduce oxidative damage in
vivo, we fed mice with a customized high proline (High-Pro)
diet or regular-amino acid diet for 2 weeks. Although the total
amounts of calories in the diets were similar, the High-Pro diet
consisted of 2% proline (5.7 times higher proline compared
with the regular-amino acid diet) (Table S2). We then injected
the mice with sodium iodate (SI), which selectively damages the
RPE and induces retinal degeneration (32, 33). Mice had similar
body weight and food intake between the regular diet and High-
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Pro diet (Fig. S8). The High-Pro diet increased plasma proline
~2-fold over the regular diet in mice (Fig. 7A). In the electro-
retinogram (ERG) testing, there was no difference in either the
scotopic or photopic responses between the regular diet and
High-Pro diet at baseline (Fig. 7, B—F). We did not quantify
photopic a-wave because the response was small with more
variations. As expected, SI treatment attenuated ERG
responses. However, the High-Pro diet protected the decreased
a-wave amplitudes and b-wave amplitudes (Fig. 7, B—F), sug-
gesting that proline improves both rod and cone function. Fur-
thermore, we examined glial cell activation by immunostaining
with glial fibrillary acidic protein (Fig. S9). SI caused massive
staining of glial fibrillary acidic protein to activate glia, but
High-Pro reduced this activation (Fig. S9). To test the effect on
photoreceptor viability, we stained cone photoreceptors with
peanut agglutinin (PNA) in flat mount retinas. The High-Pro
diet showed protection against the photoreceptor damage
caused by SI treatment (Fig. 8, A and B). These results suggest
that a proline-enriched diet is sufficient to improve acute reti-
nal damage in SI-treated mice.
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Figure 5. Proline regulates glucose metabolism and stimulates synthesis of serine and glycine. A, schematic for ['*Clglucose incubation in matured hRPE
cells cultured with or without proline in DMEM. B, proline decreased the ">C fraction ('*C enrichment) of mitochondrial intermediates in the medium after 24 h
of culture. Top, medium without proline; bottom, medium with 1 mm proline. C, the '3C fraction of mitochondrial intermediates was decreased, but serine and
glycine were increased by proline. D and E, proline regulated the levels of '*C-labeled metabolites from [*Clglucose in medium and RPE cells. Metabolites were

measured by GCMS. n = 4.*, p < 0.05 versus Con without proline or Con at 24 h. #, p < 0.05 versus Con at 48 h. Lac, lactate; Pyr, pyruvate; Oxp, 5-oxoproline. Error
bars, S.D.

Discussion

The RPE has easy access to different nutrients to support its
active metabolism and to meet the energetic demand of the
outer retina. However, how the RPE utilizes these nutrients and
shares them with the retina is still unclear. In this study, we
report that proline is an important substrate for both RPE
metabolism and its metabolic communication with the retina
(Fig. 9). Proline regulates glucose metabolism and can protect
the RPE from oxidative damage.

Why do cells consume large amounts of free proline? A
recent study examining the proteomes of bacteria, basal
eukaryotes, and animals reveals that the demand for free pro-
line increased with the emergence of animals. This may be nec-
essary, as multicellular organisms require the production of
proline-rich proteins such as collagens. The consumption of
proline may also avoid the depletion of glutamate, as there is a
conserved evolution of a fusion protein of glutamyl-tRNA syn-
thetase and prolyl tRNA synthetase (34). We have found that
proline increases glutamate and glutamine content in RPE. Glu-
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Figure 6. Proline protects oxidative damage in RPE cells. A, representative images for EthD staining. RPE cells were stained with EthD, and red fluorescent
cells were dead cells. Scale bar, 400 um. B, quantitation of dead cells stained by EthD by Imagel. *, p < 0.05 versus Con without proline; #, p < 0.05 versus cells
with H,0,.n = 12.C, proline reduced the LDH activity by H,O, in the medium. LDH activity was -fold change relative to Con without proline. *, p < 0.05 versus
Con without proline; #, p < 0.05 versus cells with H,0,. n = 4. D, proline improved cell morphology impaired by H,O,. Scale bar, 400 um. E and F, significantly
changed metabolites in RPE medium (E) and cells (F) with proline after H,O, treatment for 24 h.n = 4. %, p < 0.05 versus Con without proline; #, p < 0.05 versus
cells with H,0,. Ac-Car, acetyl-carnitine; Oxo, 5-oxoproline; M-Nic, methyl-nicotinamide. Error bars, S.D.
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Figure 7. Proline improves visual function induced by oxidative damage. A, high-proline diet doubled plasma proline in mice with or without SI.n = 6. %,
p < 0.05 versus amino acid (AA) diet alone; #, p < 0.05 versus amino acid diet with SI. B-F, high-proline diet improved ERGs with SI. B, representative raw trace

of scotopic response at —12 db; C, raw trace of photopic response at 10 db. n = 10. ¥, p < 0.05 versus amino acid diet alone; #, p < 0.05 versus amino acid diet
with Sl. Error bars, S.D.
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Figure 8. Proline reduces Sl-induced photoreceptor cell death. A, representative images of flat mount staining with PNA. Scale bar, 10 um. B, quantification
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Figure 9. A model of proline-mediated metabolic communication
between RPE and photoreceptors. RPE cells utilize proline in RPE to gener-
ate mitochondrial intermediates through the TCA cycle and NADPH. These
intermediates export RPE to be used by photoreceptors. The activation of
NADPH-generation pathways by proline protects RPE from oxidative dam-
age. Additionally, the utilization of proline in RPE may spare the oxidation of
glucose, which is a major nutrient in photoreceptors. Red arrows, pathways in
proline utilization.

tamate and its products in the TCA cycle, such as aKG, can be
exported to support outer retinal metabolism in vitro (2) and in
vivo. The oxidation of proline may allow maximal flux through
the TCA cycle in the oxidation of glucose and ensure a steady
supply of these important intermediates in both the RPE and
retina. RPE is active in synthesizing ECM, including different
types of collagens, and exports them to maintain Bruch’s mem-
brane (35, 36). Radioactive-labeled proline was readily incorpo-
rated into collagen in feline and primate RPE cells (37, 38). The
ECM remodeling occurs in both early and advanced AMD,
simultaneously with RPE metabolic dysfunction (35, 39, 40).

SASBMB

Proline metabolism provides a link between ECM remodeling
and mitochondrial metabolism. It remains to be determined
how cells balance the distribution of proline for collagen syn-
thesis and catabolism in healthy and diseased RPE.

Proline is an efficient mitochondrial fuel. In fly muscles, par-
tial oxidation of proline generates 0.52 mol of ATP/g, which is
only slightly lower than that of lipids (0.65 mol ATP/g) but
much higher than glucose (0.18 ATP/g) (41). Besides oxidizing
proline to generate NADH, PRODH is a flavin-dependent
enzyme that is capable of using FAD as a co-factor to drive ATP
synthesis (42). This is consistent with our data demonstrating
that proline elicits higher maximal O, in RPE cells. Interest-
ingly, a recent study reveals that RPE has much higher FAD
levels than retina (43). In breast cancer cells, mitochondrial
metabolism is shifted to proline catabolism to support their
growth and form lung metastases (44). We found that hRPEs
increasingly rely upon proline consumption in culture. Proline
may efficiently fuel mitochondrial metabolism to meet the high
metabolic demand during maturation. To control cellular
growth and division, a metabolic switch from glycolysis to
mitochondrial oxidative phosphorylation (OXPHOS) is a com-
mon feature during terminal differentiation (45, 46). Mito-
chondrial mass and OXPHOS genes are significantly increased
during RPE maturation (47). Inhibition of mitochondrial
OXPHOS decreases RPE maturation, resulting in RPE dediffer-
entiation (48). Additionally, we found that proline increases
pyruvate in both medium and cells. Pyruvate has been reported
to stimulate RPE differentiation and pigmentation in culture
(49).

It is surprising that proline enhances serine de novo synthesis
through glucose. Serine can be synthesized from the glycolytic
intermediate 3-phosphoglycerate (3PG), which involves three
enzymes: phosphoglycerate dehydrogenase, phosphoserine
aminotransaminase (PSAT), and phosphoserine phosphatase.
We did not find any difference in 3PG, indicating increased flux
of the latter two enzymes. PSAT catalyzes the conversion of
3-phosphohydroxypyruvate and glutamate to 3-phosphoserine
and aKG (Fig. 9). Transamination from glutamate to ketoacid is
a common reaction to generate aKG and nonessential amino
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acids. The increase of glutamate by proline most probably stim-
ulates the transamination reaction of PSAT to increase serine
and glycine biosynthesis. Consistently, in a transcriptome data-
base of human RPE/choroid and retina, PSAT transcripts were
30-fold higher than alanine transaminase and 2-fold higher
than cytosolic aspartate transaminase (50). Interestingly, glu-
tamine-derived glutamate contributes to PSAT activity to gen-
erate aKG, which regulates embryonic stem cell differentiation
(51). We reported previously that co-culturing retina with RPE
dramatically increases serine and glycine in the retina (2). A
pharmacological study has also indicated that retinal glycine
content comes from transport rather than de novo synthesis in
retinal neurons (52). The serine biosynthesis pathway is tightly
linked with the synthesis of phospholipids; the generation of
glycine, cysteine, GSH, and NADPH; and the donation of a
one-carbon unit (53). The retina has been found to have a
higher rate of serine incorporation in phospholipids (53). Gly-
cine and cysteine are substrates used to synthesize GSH, an
important antioxidant. We found that the inhibition of proline
catabolism decreases both serine and GSH in RPE. Glycine also
makes up one-third of collagen, and the serine de novo pathway
regulates transforming growth factor B-mediated collagen
synthesis in pulmonary fibrosis (20, 54). The transcripts of
phosphoglycerate dehydrogenase and PSAT are ~6-fold higher
in RPE/choroid than retina (50), which supports our finding
that the RPE may be the major site of serine and glycine synthe-
sis. Proline enhances this pathway to maintain the active
metabolism of the outer retina.

How does proline protect RPE cells from oxidative damage?
NADPH is needed for reduced GSH to remove reactive oxygen
species and manage oxidative stress (55). Major sources of
NADPH include the pentose phosphate pathway (PPP), serine-
driven one-carbon metabolism, malic enzyme, and NADP-de-
pendent isocitrate dehydrogenases (IDHs) (34, 57). In cancer
cells, serine-driven NADPH is comparable with the PPP (34).
IDH provides a substantial amount of NADPH in rod photore-
ceptors (58). The protozoan parasite, Trypanosoma brucei,
adapts to its host’s environment and relies on proline as a car-
bon source. Malic enzyme and PPP are two major pathways
used by this parasite to generate NADPH through proline to
combat oxidative stress (59). In human RPE, we reported that
reductive carboxylation through IDH confers on RPE resis-
tance against oxidative damage (1). Our data showed that pro-
line stimulates the serine pathway, increases the malic enzyme
pathway to generate pyruvate, and enhances reductive carbox-
ylation in RPE (Fig. 9). Furthermore, inhibition of proline oxi-
dation inhibits serine synthesis and reduces the level of GSH
(Fig. 4). The activation of the pathways for NADPH production
may contribute to the ability of proline to protect against oxi-
dative damage.

Proline is a nonessential amino acid, but 10-115 mg/liter of
proline is included in most of the widely used protocols for
human RPE culture medium (60-62). Our data suggest that
proline may be critical for RPE maturation and retinal function.
To our knowledge, there are five known proline transporters
(SLC6A20, SLC6A7, SLC3A1, SLC36A2, and SLC36A4). We
analyzed a transcriptional database for maturation and differ-
entiation of human RPE culture (63). Only SLC6A20 is signifi-
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cantly up-regulated in matured and differentiated RPE cells
(Fig. S10). SLC6A20, a Na™ - and Cl~-dependent proline trans-
porter, is highly enriched in human RPE and mouse RPE (20—
22). Further study should elucidate the importance of this
transporter in proline metabolism, the synthesis of proline-rich
proteins, and RPE function.

One important finding in this study is that RPE utilizes pro-
line to generate mitochondrial intermediates for the outer ret-
ina. To maintain visual function and high turnover of outer
segments, the retina has an extremely active metabolism (64).
Glycolysis and mitochondrial oxidative phosphorylation are
two primary pathways for energy metabolism. Like tumors, ret-
inas prefer aerobic glycolysis, also called the Warburg effect,
converting most glucose into lactate rather than into mito-
chondrial intermediates (24, 64). However, the retina also has
active oxidative phosphorylation in its mitochondria packed in
the ellipsoid (64). The proline-derived intermediates may pro-
vide substrates to retinal mitochondria for ATP synthesis and
generation of neurotransmitters. Consistently, a high-proline
diet improves visual function and increases photoreceptor sur-
vival in an acute model of retinal degeneration. We found that
proline protects both rod and cone responses, but the scotopic
a-wave is better preserved than b-wave. The a-wave reflects the
hyperpolarization of the photoreceptors due to closure of
sodium ion channels in the outer-segment membrane, and the
b-wave originates from photoreceptor-driven bipolar cells
induced by neurotransmitter glutamate and the change of
potassium (65, 66). It is reported that sodium iodate could
directly cause synaptic damage to diminish b-wave (67). Addi-
tionally, Miiller glial cells also significantly contribute to b-wave
by regulating the biosynthesis of glutamate and extracellular
potassium concentration (64, 65). Our data found that proline
could only partially reduce the glial activation by sodium iodate
(Fig. S9). Future investigation of the protection by proline in
vivo, including dose, longitude, and other models of retinal
degenerations, will yield important information for potential
treatment with proline supplementation.

In conclusion, we provide evidence that proline is an impor-
tant nutrient for RPE. The ability to utilize proline may promote
RPE maturation, regulate glucose metabolism, increase the
capacity of RPE to defend against oxidative stress, and allow for
the export of critical intermediates for utilization by the outer
retina.

Experimental procedures

All of the reagents, animals, and key resources are detailed in
the key resources form (Table S3).

Cell culture

Human fetal RPE cells were isolated and primarily cultured
as described previously (2, 68). The protocol was approved by
the University of Washington Institutional Review Board. All
procedures conform to the ethical principles outlined in the
Declaration of Helsinki. RPE cells were plated in 12- or 24-well
plates in RPE medium consisting of a-minimum Eagle’s
medium, nonessential amino acids, N1 supplement, 1% (v/v)
FBS, taurine, hydrocortisone, triiodothryonine, and penicillin-
streptomycin. The cells were changed into fresh medium 24 or
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48 h before harvesting medium for metabolite analysis. For pro-
line supplementation and the hydrogen peroxide experiment,
the RPE cells were changed into clear DMEM with 5.5 mm glu-
coseand 1% (v/v) EBS. iPS cells were differentiated to RPE using
the speed differentiation protocol developed by Buchholz et al.
(69). RPE cells were either manually picked or trypsinized,
depending on the quality of differentiation. The RPE was then
plated on Matrigel® matrix and cultured as described previ-
ously in an RPE medium containing 5% FBS and 10 um ROCK
inhibitor (Y-27632 dihydrochloride, Tocris Bioscience). After
reaching confluence, the FBS concentration in the medium was
decreased to 1%, and ROCK inhibitor was no longer added to
the medium. hRPE and iPS RPE cells were plated at 0.25 million
cells in a 24-well plate, 0.5 million cells for 12-well plates, and
0.8 million cells for 6-well plates. A-RPE 19, hRPE1, and HEK
293 T cells were plated seeded at 0.8 million cells/well in a
6-well plate and grown for a week in DMEM/F12 medium sup-
plemented with nonessential amino acids and 5% (v/v) FBS.

Cell death staining

The cell death staining was performed as reported previously
(1). RPE cells were grown for 4—5 weeks in 24-well plates and
treated with 1 mm H,O, with or without 1 mm pyruvate in
DMEM. Medium was removed and replaced with 500 ul of KRB
and EthD dye. Bright field and fluorescent images were taken
with the Evos digital inverted microscope (AMG) and counted
using Fiji or Image] software.

LDH activity assay

Culture medium (20 ul) was incubated with enzyme assay
mix as described (1). The change of absorbance (340 nm) over
time was read by a microplate reader.

Metabolite analysis

The metabolites harvested from retinal explants and human
RPE were analyzed with GC MS or LC MS as we described in
detail before (31, 70). For medium metabolites, 10 ul of medium
or plasma was mixed with 40 ul of cold methanol to extract
metabolites for analysis with GC MS or LC MS. The intracellu-
lar metabolites were extracted by using 80% cold methanol.
One mouse retina or RPE/choroid was snap-frozen in liquid
nitrogen and homogenized with 80% cold methanol to extract
metabolites. For GC MS, the samples were derivatized by
methoxyamine and N-tertbutyldimethylsilyl-N-methyltri-
fluoroacetamide and analyzed by the Agilent 7890B/5977B GC
MS system with a DB-5MS column (30 m X 0.25 mm X
0.25-pum film). Mass spectra were collected from 80 to 600 m1/z
under selective ion monitoring mode. The data were analyzed
by Agilent MassHunter Quantitative Analysis software, and
natural abundance was corrected by ISOCOR software. LC MS
used a Shimadzu LC Nexera X2 UHPLC coupled with a QTRAP
5500 LC MS/MS (AB Sciex). An ACQUITY UPLC BEH Amide
analytic column (2.1 X 50 mm, 1.7 wm; Waters) was used for chro-
matographic separation. Each metabolite was tuned with stan-
dards for optimal transitions. The extracted MRM peaks were
integrated using MultiQuant version 3.0.2 software (AB Sciex).
Table S1 lists the detailed parameters for the measured
metabolites.
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Animals

WT male C57 B6/] mice at 6 weeks were purchased from
Jackson Laboratory. The regular-amino acid diet and high-pro-
line diet were customized at Envigo (Table S2). We monitored
the food intake and animal body weight weekly to calculate food
intake and change of body weight. After being fed for 2 weeks,
animals received a single intraperitoneal injection of sodium
iodate (35 mg/kg) or PBS. Mouse experiments were performed
in accordance with National Institutes of Health guidelines, and
the protocol was approved by the Institutional Animal Care and
Use Committee of West Virginia University.

In vivo infusion of ['3*C]proline

Arterial and venous catheters were surgically implanted into
the jugular veins and carotid artery of animals with a vascular
access button on the back 1 week prior to infusions (25). After
fasting for 6 h in the morning, mice were constantly infused
with ["*C]proline through the jugular vein for 4 h using the
Pump 11 Elite Infuse pump and mouse infusion setup (Instech
Laboratories). The mouse infusion setup included a tether and
swivel system that enabled free movement of the infused mice
in the cage. 10 ul of blood was collected from an arterial cath-
eter. At the end of infusion, the mouse was euthanized by cer-
vical dislocation. Retinas and RPE/choroid were quickly dis-
sected with a cut and pick method (31) and snap-frozen in
liquid nitrogen for metabolite analysis.

Electroretinography

Mice were dark-adapted overnight before electroretinogra-
phy using the UTAS visual diagnostic system with BigShot
Ganzfeld with a UBA-4200 amplifier and interface (LKC Tech-
nologies, Gaithersburg, MD) (56). Mice were anesthetized with
isoflurane, and eyes were dilated with 2.5% phenylephrine (Par-
agon) and 1% tropicamide (Sandoz). Scotopic ERG recordings
were elicited using flashes of LED white light at increasing flash
intensities (—32, —24, —16, —12, —4, and 0 db) under red light.
Responses were averaged at each light intensity. Values were
normalized to the baseline, and each eye was evaluated sepa-
rately to determine the a-wave and b-wave amplitudes.

Statistics

The significance of differences between means was deter-
mined by unpaired two-tailed £ tests or analysis of variance with
an appropriate post hoc test. p < 0.05 was considered to be
significant using GraphPad Prism version 7.
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