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ABSTRACT 

Metabolite transport is a major function for 

the retinal pigment epithelium (RPE) to support 

the neural retina. RPE dysfunction plays a 

significant role in retinal degenerative diseases. 

We have used mass spectrometry with 13C tracers 

to systematically study nutrient consumption and 

metabolite transport in cultured human fetal RPE. 

LC MS/MS detected 120 metabolites in the 

medium from either the apical or basal side. 

Surprisingly, more proline is consumed than any 

other nutrient including glucose, taurine, lipids, 

vitamins, or other amino acids. Besides being 

oxidized through the Krebs cycle, proline is used 

to make citrate via reductive carboxylation. Citrate, 

made either from 13C proline or from 13C glucose, 

is preferentially exported to the apical side, which 

is taken up by retina. In conclusion, RPE cells 

consume multiple nutrients, including glucose and 

taurine, but prefer proline, and they actively 

synthesize and export metabolic intermediates to 

the apical side to nourish the outer retina.  

INTRODUCTION 

 The retinal pigment epithelium (RPE) in the 

vertebrate eye is a monolayer of polarized 

pigmented epithelial cells that are situated between 

the photoreceptors and the choroidal blood supply. 

The RPE provides critical support for the function 

of the neural retina. It has many long microvilli at 

its apical side that wrap around the photoreceptor 

outer segments. On its basal side the RPE forms 

convoluted microinfolds that increase its surface 

area.  It transports nutrients and metabolites, 

recycles retinoids, and engulfs shed outer segment 

(1,2). Failure of the RPE leads to photoreceptor 

degeneration in diseases including age-related 

macular degeneration (AMD), bestrophinopathy 

and Sorsby fundus dystorphy (3-7). 

 http://www.jbc.org/cgi/doi/10.1074/jbc.M117.788422The latest version is at 
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             A major function of the RPE is to 

transport metabolites between the choroid and 

retina. Photoreceptors have a high demand for 

energy and are highly glycolytic; like many cancer 

cells they metabolize about 90% of the glucose 

they consume into lactate (8,9). RPE cells 

directionally transport glucose to the retina and 

lactate into the blood through highly expressed 

glucose transporters and monocarboxylate 

transporters (MCTs) on both the apical and basal 

membranes (1,10,11). Loss of MCTs causes 

retinal dysfunction and degeneration (12,13). 

However, less is known about the transport of 

other nutrients and metabolites through the RPE. 

            The RPE requires an active metabolism to 

support its multiple functions. Either suppression 

of its mitochondrial metabolism or activation of 

glycolysis can cause RPE dysfunction to induce an 

AMD-like phenotype in mouse models (14,15). 

How the RPE imports nutrients to support its own 

energy demands is still unclear.   

Human fetal RPE (hfRPE) cultures have 

similar morphological and physiological 

characteristics to native RPE (16). These cultures 

have been well characterized as a useful model in 

evaluating RPE metabolism (17) and RPE diseases, 

including AMD (18). The RPE cultures used in the 

experiments conducted in this manuscript are of a 

similar age in culture as the ones used in 

previously published studies, including 

investigations of the cause of AMD. 

             Mass spectrometry (MS) provides a 

sensitive, quantitative and high throughput 

platform to measure metabolites. Transport of 

metabolites labeled with a stable isotope and 

biochemical transformations of those metabolites 

can be monitored. In this report, we use both 

liquid chromatography (LC) MS/MS and gas 

chromatography (GC) MS coupled with 13C 

metabolic flux analysis to investigate how 

nutrients are consumed and how metabolites are 

transported through cultured hfRPE cells. 

Surprisingly, we found that proline is the most 

preferred fuel for RPE cells. They convert proline 

into ornithine and mitochondrial intermediates 

through multiple mitochondrial pathways. We also 

found that RPE transports metabolic intermediates, 

including citrate, glutamate, serine, and glycine to 

its apical side, and that when these metabolites are 

released from the apical RPE, they can be taken up 

by the retina. We report here a comprehensive 

study of nutrient utilization and metabolite 

transport in RPE. Our findings provide new 

insights into RPE biochemistry and physiology 

and its role in the pathogenesis of retinal diseases 

including AMD.     

RESULTS 

RPE preferentially consumes proline, glucose and 

taurine, and it exports metabolic intermediates 

from both its apical and basal surfaces--To 

examine how the RPE consumes and metabolizes 

nutrients, we cultured hfRPE cells on filter 

membrane inserts (Fig 1A) and quantified 

metabolites in the RPE culture medium from both 

the apical and basal chambers at 0 h, 8 h and 24 h 

after changing the culture to fresh medium (Fig 

1B). RPE cells cultured on filter inserts developed 

the polarity seen in native tissue, including apical 

microvilli, basal infoldings, and tight junctions as 

seen by transmission electron microscopy 

(Supplemental Fig 1).  For these experiments, we 

used a rich RPE medium containing all twenty 

amino acids, glucose, taurine, pyruvate and other 

supplements (formulation listed in Supplemental 

Table 1). We quantified 202 metabolites, covering 

most major metabolic pathways and detected 110 

metabolites in the medium (Supplemental Table 2). 

Of these metabolites, 53 changed substantially 

between 0 h and 8 h (fold change >1.3 or <-1.3) 

(Fig 1B). Surprisingly, more proline was 

consumed than any of the other metabolites we 

measured.  After 24 h, the amount of proline 

decreased 15.3-fold on the apical side and 2.1 on 

the basal side.  As expected, RPE also consumed 

substantial amounts of glucose (-2.5) and taurine (-

3.3). Other metabolites decreased by less than -2 

fold change. Nutrients in the medium were 

consumed through multiple pathways including 

the tricarboxylic acid (TCA), -oxidation, 

ketogenesis and pentose phosphate pathway. 

Intermediates in those pathways accumulated in 
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the medium at 8 h and 24 h. For example, lactate, 

3-hydroxybutyrate, citrate and 1-methyladenosine 

increased >10 fold at the apical side. (Figure 1B).  

In general, these intermediates increased earlier 

and more substantially at the apical side than the 

basal side, suggesting RPE may actively transport 

these metabolites. To exclude the influence of 

filter coating on metabolite transport, we 

quantified the ratios of metabolites from the two 

sides from wells with coated inserts without RPE 

after 24 hour incubation. The metabolites reached 

equilibrium with ratios between the two sides of 

less than 1.2. (Supplemental Table 3). 

Proline is converted into ornithine and TCA cycle 

intermediates through both oxidative and 

reductive pathways--To determine how proline is 

metabolized, we used U-13C proline to trace its 

metabolism through known pathways.  For 

example, proline can be reduced to form pyrroline-

5-carboxylate (P5C). P5C can be converted into 

ornithine or glutamate which can feed into the 

TCA cycle (Fig 2A). To avoid interference from 

other nutrient sources, we changed the medium 

into KRB containing only 5 mM glucose and 2 

mM U-13C proline. After 1 hour, the intensity of 

U-13C proline dropped 20% in the medium 

(Supplemental Fig 2), consistent with our finding 

that RPE cells prefer proline. Even in the presence 

of unlabeled glucose, about half the pool of 

ornithine, glutamate and TCA cycle intermediates 

were labeled with 13C from 13C proline (Figure 2B). 

Only ~5% of pyruvate, alanine and lactate become 

labeled, possibly through malic enzyme activity.  

Proline can also be hydroxylated to form 

hydroxyproline. However, we did not detect any 
13C hydroxyproline after 1 hour, indicating that 

free proline may not be hydroxylated into 

hydroxyproline or that hydroxyproline turnover is 

slow.  

             Recently, we reported that reductive 

carboxylation is a major metabolic pathway in 

RPE cells (19). When U-13C proline is used to 

generate citrate by reductive carboxylation, all 5 

carbons from citrate are labeled with 13C (M5); if 

it goes through the classic TCA cycle, one carbon 

is removed by decarboxylation catalyzed by -

ketoglutarate (KG) dehydrogenase so the citrate 

produced is M4 (Fig 2C). We found that M5 

citrate/isocitrate is the predominant isotopomer 

after 1 hour labeling of hfRPE cells with 13C 

proline. M5 citrate is 2.5 fold more enriched than 

M4 citrate/isocitrate (Figure 2D). The M3 and M2 

isotopomers are derivatives from M5 and M4, 

respectively after a second round of reactions after 

citrate lyase. Proline-derived citrate and other 

intermediates are exported into the medium (Fig 

2E). M5 citrate also is the predominant isotopomer 

in the medium (Fig 2F).  

RPE exports proline-derived intermediates 

preferentially to the apical side.  We evaluated the 

fate of metabolites derived from proline by 

incubating hfRPE on transwell filters with U-13C 

proline in DMEM with glucose and 1% FBS on 

the basal side of the filter (Fig 3A). The 

enrichment of intermediates with 13C increased 

from 2 h on both the apical and basal sides and 

reached its highest point at 24 h (Fig 3B-C). The 

metabolites at the apical side increased more 

substantially at 8 h (Fig 3D) but the differences 

between apical and basal levels were somewhat 

smaller by 24 h.  

RPE exports glucose-derived intermediates 

preferentially to the apical side--Glucose is 

considered to be an essential nutrient source for 

RPE (20). We confirmed this by showing that 

glucose is consumed significantly in hfRPE 

culture (Fig 1B). To study how intermediates 

derived from glucose are exported from RPE cells, 

we added U-13C glucose at either the apical or 

basal side with unlabeled glucose on the opposite 

side and quantified the labeled intermediates from 

both sides at 8 h, 24 h and 48 h (Fig 4A, 4E). GC 

MS data showed time-dependent increase of 

intermediates from glucose metabolism in the 

medium from both apical and basal sides. Lactate, 

pyruvate, alanine, serine and glycine are generated 

from glycolysis, and citrate, malate, glutamate and 

glutamine are from mitochondrial TCA cycle (Fig 

4 and Supplemental Fig 3). When 13C glucose is 

added to the apical side, the apical intermediates 

reach steady state by 24 h, while accumulation of 

most intermediates at the basal side is delayed (Fig 
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4B-C). The concentration difference of labeled 

metabolites between apical and basal 

compartments was highest at 8 h with ~10-fold 

more on the apical side. (Fig 4D). When 13C 

glucose is provided on the basal side (Fig 4E), 

intermediates were labeled more slowly with 

lower enrichment. The concentration difference 

also is less obvious for most intermediates, with 

the exception of glutamine (Fig 4F-H). Serine and 

glycine labeled with 13C also are exported 

(Supplemental Fig 3). Since there were high 

concentrations of unlabeled serine and glycine (0.4 

mM) in the DMEM, the apparent enrichment of 

serine and glycine were diluted to less than 5%. 

Remarkably, no matter the side to which 13C 

glucose was added, citrate, glutamate, and 

glutamine were at higher levels on the apical side 

than basal side, suggesting that export of these 

metabolites can supply energy to the outer retina.  

Mitochondrial function enhances transport of 

some metabolic intermediates--We noted that 

mitochondrial intermediates are exported into the 

medium. To test the importance of mitochondrial 

energy metabolism in metabolite transport, we 

used rotenone to block mitochondrial respiratory 

complex I in hfRPE cells (Figure 5A). When 

complex I (NADH dehydrogenase) is inhibited, 

NADH should accumulate in the mitochondrial 

matrix. Malate can be exported to the cytoplasm 

where its reducing power can be transferred 

through NADH to convert pyruvate to lactate. 

Pyruvate is drawn away from entering 

mitochondria and oxaloacetate is drawn out of the 

matrix as malate. Together these would   decrease 

the matrix concentrations of the substrates for 

synthesizing citrate (Fig 5A). Consistent with this 

interpretation, we found that 8 hours of rotenone 

treatment caused relative increases of lactate and 

malate and a relative decrease of pyruvate and 

citrate. We noted that glycine and serine decreased 

more substantially on the basal side (Fig 5B-C). 

We also noted that inhibition of mitochondrial 

metabolism abrogated the apical preference for 

citrate, malate, glutamate and alanine (Fig 5D). To 

monitor cell death， we tested the release of LDH 

from the cells into the medium. There was little 

evidence of cell death in these experiments 

(Supplemental Fig 4).  

Retina imports metabolites exported by RPE--To 

determine whether metabolites from the RPE can 

be imported as nutrients by retina, we co-cultured 

mouse retina with photoreceptors in contact with 

the apical side of RPE cells grown on transwell 

filters. We then added 13C glucose to the basal side 

(Fig 6A). Retina has a high rate of aerobic 

glycolysis that metabolizes glucose to lactate. As 

expected, the retina enhanced accumulation of 

labeled lactate in both the apical and basal 

chambers. The retina caused depletion of both 

citrate and glutamate from the apical medium 

indicating that they were taken up by the retina. 

Glutamine accumulated on the apical side but 

decreased at the basal side. Labeled serine and 

glycine were depleted only on the basal side (Fig 

6B-C). To examine how retina co-culture affected 

RPE metabolism, we quantified the intracellular 

metabolites in RPE cells. Only lactate was 

increased in the RPE cells co-cultured with retina, 

supporting the idea that RPE imports retina-

derived lactate. These results suggest that retina 

does not significantly impact intracellular glucose 

metabolism in RPE under these conditions (Fig 

6D).       

           To further examine whether metabolites 

released into the medium by RPE cells are used by 

the retina, we compared labeled metabolites in 

retina from 13C glucose with or without RPE. 

Strikingly, co-culture with RPE markedly 

increased lactate, pyruvate, citrate, KG, alanine, 

glutamine, serine and glycine (Fig 6E), 

corroborating our hypothesis that RPE exports 

intermediates to support the retina (Fig 6F).       

 

DISCUSSION 

            RPE culture is an excellent in vitro model 

to study RPE function and AMD (17,21). In this 

study, we used targeted metabolomics to study 

how the RPE consumes nutrients. Unexpectedly, 

we found that RPE cells prefer proline as an 

energy substrate. We also developed a stable 
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isotope-based approach to trace metabolite 

transport out of the RPE to either its apical or its 

basal side, and we showed that metabolites 

exported from the RPE can support retinal 

metabolism.  

            Proline is consumed by RPE cells faster 

than any other nutrients in the culture medium. 

Proline is a non-essential amino acid that is not 

normally included in standard DMEM 

preparations. However, proline ranging from 10-

115 mg/L is typically included in most of the 

widely used protocols for human RPE culture 

media (16,21-27). Proline can be provided within 

the RPE by synthesis either from glutamate by 

P5C synthase or from ornithine by ornithine 

aminotransferase (OAT). Deficiency of OAT can 

cause gyrate atrophy, an inborn error of 

metabolism characterized by lobular loss of RPE 

and choroid (28,29). RPE has been identified as 

the major and most early damaged site in gyrate 

atrophy (29). Intriguingly, supplementation with 

proline rescues ornithine cytotoxicity induced by 

inhibition of OAT in RPE cells (30,31). Under our 

experimental conditions, glutamate and arginine 

(the precursor of ornithine) are not significantly 

used in 24 hours (Figure 1B), indicating that 

proline in RPE cells is more dependent on 

exogenous supply.  

           Proline imported into RPE cells can be 

catabolized into glutamate for mitochondrial 

intermediates and into ornithine for urea cycle 

activity. We found that 13C from proline replaced 

50% of the endogenous glutamate, ornithine and 

mitochondrial intermediates within 1 hour (Fig 

2B). Labeled glutamate and ornithine accumulated 

at 24 hours even in the presence of abundant 

glutamate, glutamine and arginine in the RPE 

culture medium (Fig 2B). These results 

demonstrate that proline is an important nutrient 

source for RPE metabolism. In addition to being 

oxidized through the TCA cycle, proline fuels the 

active reductive carboxylation pathway that we 

previously reported in RPE cells (19). Reductive 

carboxylation increases mitochondrial 

bioenergetics and cellular resistance against 

oxidative damage. Both mitochondrial dysfunction 

and oxidative stress are major contributors to the 

pathogenesis of AMD. Our findings highlight the 

need to elucidate how proline catabolism 

contributes to RPE metabolism in vivo and how it 

is influenced in diseased RPE cells. 

             Proline and its hydroxylated form, 

hydroxyproline, make up 25% of collagen (32), 

which is the most abundant protein in extracellular 

matrix (ECM) and in the collagenous zones of 

Bruch’s membrane (BrM).  BrM is located 

between the RPE and the choroid, and ECM 

remodeling plays a critical role in the deposition of 

drusen in BrM in AMD (33). Mutations of ECM 

metabolism genes have been identified in AMD 

patients (34). RPE cells control collagen synthesis 

for BrM (35).  Both 14C proline and 3H proline 

were incorporated in newly synthesized collagen 

in feline RPE cells and aged primate RPE cells 

(36,37). In our preparations, RPE cells have 

abundant free hydroxyproline, however, it is not 

labeled by 13C proline in 1 hour (Fig 2B). This 

indicates that the hydroxylation of proline occurs 

after nascent collagen synthesis (38). It also 

suggests that the hydroxyproline turnover in 

collagen synthesis and degradation is a very slow 

process. Interestingly, one proline transporter, 

SLC6A20, is one of 154 RPE signature genes that 

is specifically and highly expressed in human RPE 

by a comparative study of gene expression from 

78 tissues (39).  Additional investigations will be 

required to show how carbons from proline are 

distributed to various metabolic pathways, how 

proline is transported and how deprivation of 

proline in culture impacts RPE differentiation and 

function.  

           Besides proline, RPE also consumes 

substantial amounts of taurine and glucose. 

Photoreceptors are enriched with taurine and they 

use glucose for aerobic glycolysis. RPE expresses 

glucose transporters and taurine transporters, and 

is enriched with these two nutrients (10,40,41). 

Taurine supplementation promotes RPE 

proliferation and suppresses cell death in RPE 

culture (42,43). As a well-known essential nutrient 

source, glucose is included in almost all RPE 

culture protocols. Deprivation of glucose reduces 



                                                                                                                                         Metabolite transport in RPE                 

6 
 

RPE viability and attempts to rescue glucose-

deprived RPE using other energy substrates have 

not been successful. (20). These reports are 

consistent with our finding that the RPE needs 

these two basic nutrients under standard culture 

conditions. 

           We found that RPE cells export metabolic 

intermediates other than lactate and -

hydroxybutyrate into the culture medium. Citrate, 

glutamate and glutamine are predominantly 

enriched in the culture medium on the apical side. 

Little is known about plasma membrane 

transporters for citrate and glutamine in RPE. 

Glutamate transporters have been found in 

cultured RPE cells but their distribution is 

unknown (44,45). Citrate is a key component of 

the TCA cycle, an important substrate for lipid 

biosynthesis, and a chelator for divalent cations 

like Ca2+, Zn2+, Fe2+ and Mg2+(46).  Citrate is 

produced in the mitochondria and exported into 

the cytosol through the mitochondrial citrate 

transporter (SLC25a1). Alternatively, citrate can 

also be synthesized in cytosol from KG through 

reductive carboxylation by isocitrate 

dehydrogenase 1 (47). Three citrate transporters 

(SLC13A2, SLC13A3 and SLC13A5) are 

responsible for intracellular citrate transport or for 

import of citrate from blood (48). The citrate 

concentration in cerebrospinal fluid is about 0.4 

mM (49). 13C NMR spectroscopy has shown that 

astrocytes, but not neurons, are capable of 

exporting citrate (46,49). Microvilli from the RPE 

surround photoreceptors outer segments. 

Photoreceptor uptake of citrate derived from the 

RPE might facilitate glycolysis by supplying 

oxaloacetate to shuttle reducing power into 

mitochondria, provide acetyl-CoA for fatty acid 

synthesis, be utilized directly for TCA cycle, 

and/or regulate divalent cations in the outer 

segment.  Our RPE/retina co-culture experiments 

showing increased lactate, pyruvate, KG and 

glutamine in the mouse retina (Fig 6E) support this 

hypothesis.  

           In retina, glutamine is synthesized in glia 

cells and transported into photoreceptors to 

generate glutamate. We have reported a neuron-

glial metabolism model in which lactate, together 

with neuron-derived aspartate, is used for 

glutamine synthesis in Müller cells in the retina 

(50). Our RPE/retina co-culture experiments 

revealed increased labeled glutamine in the retina 

and the apical medium, with no change in RPE 

cells. Under our culture conditions it appears that 

lactate produced either by the RPE or by 

photoreceptors in the retina contributes to 

glutamine synthesis within Müller cells. 

Additionally, glutamate is depleted from the apical 

medium when retina is present, suggesting RPE 

cells might contribute to the glutamine-glutamate 

cycle.  

              Serine and glycine are synthesized from 

3-phosphoglycerate, a glycolytic intermediate. 

Surprisingly, RPE causes a ~7 fold increase in 

incorporation of 13C from glucose into serine and 

glycine (Fig 6E). Serine is used for biosynthesis of 

glycerophospholipids, sphingosine and ceramide. 

These phospholipids are in high demand for the 

daily renewal of shed outer segments (51). Glycine 

is essential for purine biosynthesis. Purines like 

cGMP, ATP, and hypoxanthine are required for 

phototransduction (8). Additionally, metabolism of 

serine and glycine is an important source of 

NADPH which is needed for anti-oxidative stress 

and lipid synthesis (52). Recent genome-wide 

analyses have shown that several key enzymes in 

the serine and glycine pathways have common 

variants associated with macular telangiectasia 

type 2, a neurovascular degenerative retinal 

disease (53). 

            In summary, we have shown that proline is 

a preferred nutrient source for cultured RPE cells. 

Proline is used to generate mitochondrial 

intermediates through both oxidative and reductive 

pathways. We found that RPE cells transport 

glucose-derived citrate, glutamate, serine and 

glycine from their apical surface to be used by the 

retina. These findings reveal how RPE utilizes 

substrates and provide insights into RPE 

biochemistry and retinal diseases. It is important to 

note that we have shown in this study how RPE 

cells have these preferences when grown in culture. 

Additional experiments will be required to confirm 
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that RPE cells in the eye of a live animal have 

similar preferences for metabolic fuels.               

EXPERIMENTAL PROCEDURES 

           Reagents--Unless otherwise specified, all 

reagents were obtained from Sigma. 

           RPE Cell Culture--Human fetal RPE was 

isolated from fetal tissue (16-18 weeks gestation) 

as previously reported (19,26) and cultured for 4 

weeks to form a confluent, pigmented, monolayer 

of hexagonal cells. For nutrient transport 

experiments, RPE cells were passaged and grown 

on 0.4 μm Transparent PET Membrane inserts 

(Corning, #353180) pre-coated with matrigel (BD 

Bioscience) at 1 x 105 cells/per insert for 4-6 

weeks. The cells were cultured in RPE medium 

consisting of MEM (Life Technologies), non-

essential amino acids (NEAA, Life Technologies), 

N1 supplement (Life Technologies), 1% (Vol/Vol) 

FBS (Atlanta Biologicals), taurine, hydrocortisone 

and triodo-thyronine (detailed formulation of the 

medium in Supplemental Table 1). Transepithelial 

resistance (TER) was measured with a Millicell 

ERS-2 Epithelial Volt-Ohm Meter (Millipore). 

The pigmented RPE cells cultured on filter 

membranes with TER ≥200 Ω•cm2 were changed 

into 500 l of fresh RPE medium or DMEM with 

1% FBS and U-13C glucose (Cambridge Isotope 

Laboratories Inc) or U-13C proline. 20 l of 

medium was collected for metabolite analysis.  

             For the intracellular proline labeling 

experiments, RPE cells were cultured in pre-

coated 6-well plates for 4-6 weeks.  Prior to each 

experiment, the cells were changed into Krebs-

Ringer bicarbonate buffer (KRB) (54) containing 5 

mM glucose and 2 mM U-13C proline and 

incubated for 1 hour before collection of medium 

and cells for metabolite analysis.   

              Retina and RPE co-culture--RPE cells 

grown on Millicell-HA filters (Millipore) for 4-6 

weeks with TER ≥200 Ω•cm2 were used for 

experiments. Isolated mouse retinas were laid on 

top of the RPE cells with the photoreceptors facing 

the apical side of the RPE. Four cuts were made to 

the retina to relieve the curvature and minimal 

medium was left in the apical chamber to make the 

retina flat. After one hour, the medium was 

carefully changed into DMEM containing 1% FBS 

and 2 mM glutamine with unlabeled glucose at the 

apical side and U-13C glucose at the basal side.    

             Sample preparation for metabolite 

analysis --20 l of medium was mixed with 80 l 

of cold methanol on ice for 15 min to precipitate 

proteins. The mixture was centrifuged at 13,300 

rpm for 15 min at 4°C and the supernatant was 

lyophilized for analysis by either LC MS/MS or 

GC MS. For RPE cells, after removing the 

medium, the cells were quickly rinsed with cold 

0.9% NaCl and placed on dry ice to quench 

metabolism (54). 300 l of 80% (V/V) methanol 

was added to each well and cells were scraped, 

homogenized and spin down at 13,300 rpm at 4°C 

for 15 min. Supernatant was dried for metabolite 

analysis and the protein concentrations in the 

pellet were determined by the BCA assay to 

normalize the metabolite data (54).  

              Metabolite analysis by LC MS/MS--The 

LC MS/MS method was described in detail as 

previously reported (8,55,56). Briefly, dried 

metabolites were reconstituted in 200 μl 5 mm 

ammonium acetate in 95% water, 5% acetonitrile, 

0.5% acetic acid and filtered through 0.45-μm 

PVDF filters. The metabolites were separated by a 

BEH Amid column (1.7 µm, 2.1 mm X 150 mm, 

Waters, MA) with an Agilent 1260 LC (Agilent 

Technologies, Santa Clara, CA) and detected using 

an AB Sciex QTrap 5500 mass spectrometer (AB 

Sciex, Toronto, ON, Canada) system. Targeted 

data acquisition was performed in multiple 

reaction monitoring (MRM) modes, which are 

monitored 202 MRM transitions in negative and 

positive mode listed in Supplemental Table 2. The 

extracted peaks were integrated using MultiQuant 

2.1 software (AB Sciex). 

            Metabolite analysis by GC MS--All stable 

isotope labeled metabolites were analyzed by GC 

MS as reported (8,19,54). Dried samples were 

derivatized by methoxymine (Sigma) and N-

tertbutyldimethylsilyl-N-methyltrifluoroacetamide 

(TBDMS, Sigma), and analyzed on an Agilent 
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7890/5975C GC/MS system (Agilent 

Technologies) using a HP-5MS column (30 m x 

0.25 mm x 0.25 μm, Agilent). The peaks were 

analyzed using Agilent Chemstation software and 

the measured distribution of mass isotopomers was 

corrected for natural abundance with IsoCor 

software. Methylsuccinate was added in each 

sample as a reference. Enrichment was calculated 

by dividing the labeled ions by the total ion 

intensity.  

Statistics--Data are expressed as the mean ± SD. 

The significance of differences between means 

was determined by unpaired two-tailed t tests or 

analysis of variance with an appropriate post hoc 

test. A p value < 0.05 was considered to be 

significant. 
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Figure Legends 

Figure 1. The nutrient consumption of hfRPE cells from the apical and basal sides. (A) Schematic 

illustrating hfRPE cultured on transwell filter membranes with 500 l of RPE medium on each side. (B) 

Metabolite consumption and generation in RPE. 40 l of medium was sampled from each side at different 

time points and metabolites were analyzed by LC MS/MS. Green represents consumed metabolites, and 

red represents generated metabolites. Data are the average of fold change ± standard deviation over the 

intensity at 0 h from the apical side with the exception of acetoacetate. Acetoacetate is undetectable at 0 h 

and its change is represented as fold over intensity at 8 h from the apical side. *P<0.05 vs 0 h control. 

N=4.  
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Figure 2. Proline is utilized to generate intermediates through both mitochondrial oxidative and 

reductive pathways. (A) Schematic for tracing proline metabolism in RPE cells. hfRPE cells were grown 

in 6 well plates and incubated with U-13C proline (13C carbon in blue) and glucose (12C carbon in black). 

P5C, 1-Pyrroline-5-carboxylic acid.  (B) U-13C proline labeled metabolites in hfRPE. hfRPE cells were 

incubated with 2mM U-13C proline in the presence of 5mM glucose in KRB for 1 hour. (C) Schematic of 

mitochondrial oxidative and reductive pathways. Blue is the 13C (labeled) and black is 12C (unlabeled). (D) 

U-13C proline labeled both oxidative and reductive pathways. M4 citrate/isocitrate derives from the 

oxidative pathway and M5 citrate/isocitrate derives from the reductive pathway. (E-F) U-13C proline 

labeled intermediates that are exported into the medium. N=3.  

Figure 3. Proline is consumed to generate intermediates in both the apical and basal sides. (A) 

Schematic illustrating hfRPE cells with U-13C proline added to the basal side. hfRPE was cultured on 

filter membrane inserts with 500 l of DMEM containing 5.5 mM glucose and 1% FBS on each side. (B-

C) 13C labeled intermediates in the medium from the apical and basal sides.  (D) The distribution of 13C 

proline-labeled intermediates on the apical compared to the basal side. The data are represented as the 

ratio of the intensity of labeled metabolites from the apical side to that of the basal side. The red line 

represents an even distribution (ratio=1).  *P<0.05 vs 2h control; #P<0.05 vs 8h control. N=3. 

 

Figure 4.  Distribution of glucose-derived intermediates in the apical and basal sides. (A, E) 

Schematic illustrating hfRPE cultured on filter membrane inserts with 500 l of DMEM containing 2 mM 

glutamine and 1% FBS on each side. 5.5 mM U-13C glucose was added to either the apical side (A) or the 

basal side (E), and 5.5mM unlabeled glucose was added to the contralateral side. (B-C, F-G) The 13C 

labeled intermediates in the medium from the apical and basal side after 8h, 24h and 48h.  (D, H) The 

distribution of 13C glucose-labeled intermediates on the apical compared to the basal side. The data are 

represented as the ratio of the intensity of labeled metabolites from the apical side to that of the basal side. 

The red line represents even distribution (ratio=1). *P<0.05 vs 8 h control; #P<0.05 vs 24h control. N=3.  

 

Figure 5.  Mitochondrial function is essential for metabolite export. (A) Top: schematic illustrating 

hfRPE culture on filter membrane inserts with medium containing 5.5 mM glucose and 2mM glutamine 

in DMEM with 1% FBS in both apical and basal chambers; Bottom: schematic on how inhibition of 

mitochondrial complex I with Rotenone redistributes the redox from mitochondria to cytosol and impacts 

metabolite levels. Red denotes increase and green denotes decrease.  (B-D) Inhibition of mitochondrial 

complex I by treatment with Rotenone for 8h. The data are represented as the fold change of metabolite 

intensity with Rotenone treatment over the untreated control on the apical side (B) and basal side (C). (D) 

Data are represented as the fold change of metabolite intensity in the basal compartment of untreated 

controls. *P<0.05 vs Control at the apical or basal side; #P<0.05 vs Rotenone at the apical or basal side. 

NS, no significance.  N=3.    

 

Figure 6. Retina uptake of the metabolites released by RPE. (A) Top: schematic illustrating hfRPE 

cultured on filter inserts with and without mouse retina overlay.  The medium consisted of DMEM with 1% 

FBS and 2 mM glutamine with unlabeled 5.5 mM glucose on the apical side and 5.5 mM U-13C glucose 

on the basal side.  (B-C) The intensity of labeled metabolites in the apical or basal medium. *P<0.05 vs 
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RPE cells only. N=3. (D) The intensity of labeled metabolites in the RPE cells. *P<0.05 vs RPE cells 

only. N=3. (E) The intensity of labeled metabolites in mouse retina. Mouse retina was incubated with U-
13C glucose with or without RPE cells. *P<0.05 vs Retina only. N=3. (F) Schematic model of metabolite 

transport between the RPE and retina.     
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