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SUMMARY

Fumarate can be a surrogate for O2 as a terminal electron acceptor in the electron transport 

chain. Reduction of fumarate produces succinate, which can be exported. It is debated whether 

intact tissues can import and oxidize succinate produced by other tissues. In a previous report, 

we showed that mitochondria in retinal pigment epithelium (RPE)-choroid preparations can use 

succinate to reduce O2 to H2O. However, cells in that preparation could have been disrupted 

during tissue isolation. We now use multiple strategies to quantify intactness of the isolated RPE-

choroid tissue. We find that exogenous 13C4-succinate is oxidized by intact cells then exported 

as fumarate or malate. Unexpectedly, we also find that oxidation of succinate is different from 

oxidation of other substrates because it uncouples electron transport from ATP synthesis. Retinas 

produce and export succinate. Our findings imply that retina succinate may substantially increase 

O2 consumption by uncoupling adjacent RPE mitochondria.
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Graphical Abstract

In brief

The retina releases succinate, a source of reducing power for mitochondria. Hass et al. outline a 

pathway by which retina succinate can enter intact RPE-choroid cells and stimulate mitochondrial 

respiration that is uncoupled from ATP synthesis. Rapid RPE succinate oxidation may limit O2 

levels in the retina.

INTRODUCTION

Mitochondria are the principal sites of cellular O2 consumption. O2 consumption rate (OCR) 

depends on partial O2 pressure (pO2) and substrate levels. Mammalian tissues normally 

operate at a pO2 < 70 mm Hg (Ast and Mootha, 2019; Keeley and Mann, 2019). In the 

photoreceptor layer of mammalian retinas, the physiological pO2 is far lower at pO2 < 15 

mm Hg (Linsenmeier and Zhang, 2017; Yu and Cringle, 2006).

When pO2 is low, it can affect electron transport in mitochondria by diverting electrons 

to reduce fumarate to succinate rather than reducing O2 to H2O (Bisbach et al., 2020; 

Chouchani et al., 2014; Spinelli et al., 2021). Reduction of fumarate to succinate occurs in 

hypoxic tissues, and it is generally considered a deviation from normal tricarboxylic acid 

(TCA) cycle metabolism (Chouchani et al., 2014; Hochachka et al., 1975).
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Recent findings suggest that reduction of fumarate to succinate may be normal for some 

tissues in physiological settings where pO2 is low (Spinelli et al., 2021; Bisbach et 

al., 2020). For example, retinas produce and export succinate (Bisbach et al., 2020), 

and exercising muscle depleted of O2 generates succinate and releases it into circulation 

(Hochachka and Dressendorfer, 1976; Mills et al., 2021).

Circulating succinate can affect metabolism in downstream tissues. Succinate can stimulate 

brown adipose tissue thermogenesis (Mills et al., 2018, 2021). Succinate also can stimulate 

consumption of O2 by retinal pigment epithelium (RPE) tissue isolated from mouse eyes 

(Bisbach et al., 2020). However, some reports have suggested that intact cells do not 

metabolize succinate and that oxidation of succinate occurs only when cells within the tissue 

have been permeabilized (Jolly et al., 1979; Ehinger et al., 2016; MacDonald et al., 1989).

In this report we rigorously address the hypothesis that intact RPE-choroid imports and 

oxidizes succinate. We use multiple independent strategies to address the possibility that 

oxidation of succinate in these preparations occurs only in broken cells. We find that most of 

the succinate metabolized by RPE-choroid preparations is oxidized by mitochondria within 

intact cells. We were surprised to find that succinate utilization also stimulates uncoupling of 

mitochondrial electron transport from ATP synthesis. The retina is one of many tissues that 

release succinate (Jang et al., 2019; Reddy et al., 2020; Bisbach et al., 2020). Our findings 

show that in physiological settings where succinate release is favorable, succinate released 

from one tissue may fuel metabolism and uncouple mitochondria in another tissue.

RESULTS

Tissue preparation

To evaluate the ability of RPE cells to import and oxidize succinate, we use a mouse 

RPE-choroid preparation. To prepare RPE-choroid, we euthanize each mouse, enucleate its 

eye, and trim away extraocular muscles. We cut at the ora serrata, removing the lens, then 

the retina. We place the remaining RPE-choroid in culture medium. The outer surface of 

this preparation is metabolically inactive scleral connective tissue. The inner surface is a 

monolayer of metabolically active RPE cells that fully covers Bruch’s membrane and the 

choriocapillaris. We refer to this preparation as “RPE-choroid.”

Succinate enhances OCR in the RPE-choroid but not in the retina

Once succinate is taken up, succinate dehydrogenase oxidizes it to fumarate, and the 

electrons are used by complex IV to reduce O2 to H2O. Ex vivo RPE-choroid depletes 13C4-

succinate from the culture medium in a concentration-dependent manner (Figure 1A). We 

used a tissue perifusion apparatus (Neal et al., 2015) to measure the OCR by RPE-choroid. 

Succinate substantially increases OCR above the baseline respiration with glucose alone 

(Figure 1B).

To be certain our measures of succinate uptake and OCR are comparable, we predicted 

OCR from succinate uptake then compared predicted and experimental values. We used two 

prediction models, based either on the stoichiometry of electron donation from succinate to 

O2 (electrons from two succinate molecules are needed to reduce one O2 molecule, e.g., 
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divide succinate import rate by two) or complete succinate oxidation in the tricarboxylic 

acid (TCA) cycle (complete oxidation of one succinate molecule results in reduction of 

three O2 molecules, e.g., multiply import rate by three). At all concentrations of succinate 

we tested, experimental OCR fell between the predictions of the two models, suggesting 

that our experimental systems are well aligned and that succinate uptake does not result in 

complete oxidation to CO2 (Figure 1C). We also confirmed that succinate uptake is tissue 

specific: unlike OCR by RPE-choroid, retina OCR is affected only slightly even by 100 

mM succinate (Figure 1D). These results confirm our previous finding that RPE-choroid 

consumes succinate faster than retinas (Bisbach et al., 2020).

The effect of succinate on OCR in RPE-choroid could reflect its use as a mitochondrial 

fuel or alternatively as a stimulator of the G-protein-coupled receptor SUCNR1. The EC50 

of SUCNR1 for succinate 4.5–56 μM (Geubelle et al., 2017; He et al., 2004), and we use 

far higher concentrations of extracellular succinate in our experiments. However, SUCNR1 

also is unlikely to stimulate OCR in the RPE-choroid because 500 μM of the agonist 

cis-epoxysuccinate (EC50: 2.7 μM) does not alter OCR (Figure S1).

Do RPE-choroid cells need to be leaky to consume succinate?

Our findings suggest that rapid consumption of succinate is a biological activity of cells 

in the RPE-choroid. However, an alternative explanation is that succinate is consumed by 

mitochondria only in cells damaged during tissue isolation, as has been suggested for liver, 

heart, and fibroblasts (Jolly et al., 1979; Mapes and Harris, 1975). To distinguish these 

explanations, we used the following strategies to estimate plasma membrane damage and 

evaluate its influence on succinate consumption:

1. Quantify 14C-sucrose that can infiltrate tissue.

Water enters all cells, but there are no sucrose transporters in mice. Intact cells take up 
3H2O, but exclude 14C-sucrose, whereas leaky cells should take up both 3H and 14C. We 

incubated freshly prepared mouse retinas and RPE-choroid with 3H2O and 14C-sucrose for 

1 h and quantified tissue 3H and 14C uptake as a percentage of total for each radioactive 

dose. Retinas retained 0.34% of the total 3H2O dose and 0.09% of the total 14C-sucrose 

dose. RPE-choroid retained 0.17% of the total 3H2O dose and 0.05% of total 14C-sucrose. 

The ratios of sucrose uptake to water uptake within each tissue suggests that retinas are at 

most 25.4% ± 0.9% permeable, and RPE-choroid is at most 28.6% ± 2.3% permeable (mean 

± SEM; Figure 2A). These are upper limits because vasculature and other extracellular 

compartments contribute substantially to sucrose retention.

2. Quantify LDH released from broken cells.

When the plasma membrane of a cell is disrupted, intracellular components such as lactate 

dehydrogenase (LDH) and metabolites diffuse from the cytoplasm into the culture medium 

(Figure 2B). We measured LDH activity in the media into which the dissected retinas and 

RPE-choroid had been placed and incubated for 1 h. The media contained 0% of the LDH 

that was in the retina and <10% of the LDH that was in the RPE-choroid. As a positive 

control to show that permeabilization releases intracellular components, we measured LDH 

remaining in the tissues over a range of concentrations of digitonin, a non-ionic detergent 
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(Figure 2C). We confirmed that release of LDH into the medium reached its maximum level 

by measuring LDH in aliquots of medium over time (Figure 2D).

3. Evaluate the effect of permeabilization on import of succinate into RPE-choroid.

The percentage of cells in the mouse retina damaged during dissection is 0%–25% based 

on our radioisotope and LDH experiments. It is slightly higher in RPE-choroid preparations 

(10%–30%). Those broken cells could account for succinate usage by RPE-choroid, and 

the intact cells would not contribute at all to succinate uptake. If that hypothesis were 

correct, adding digitonin to permeabilize the remaining cells that had been intact would 

allow more succinate to access their mitochondria. Succinate depletion would increase 

substantially. We tested this hypothesis by incubating retinas and RPE-choroid with 5 mM 

glucose, 50 μM 13C4-succinate, and increasing amounts of digitonin (Figures 2E-2H). We 

used gas chromatography-mass spectrometry (GC-MS) to quantify metabolites in the tissue 

and media.

Digitonin decreases export of glycolytic end products lactate and pyruvate by RPE-choroid 

and retina. This is consistent with permeabilization disrupting glycolysis by allowing 

diffusion of glycolytic metabolites and enzymes out of the tissue (Figures 2E and 2G). 

Digitonin does not increase the rate of 13C4-succinate depletion by RPE-choroid tissue 

(Figure 2F). That shows that even in the absence of digitonin, all cells in the RPE-choroid, 

not just broken cells, import succinate. In retinas, digitonin substantially increased the rate 

of 13C4-succinate depletion, indicating that unlike in the RPE-choroid, succinate is not 

transported into the retina until cells are permeabilized (Figure 2H).

Unique features of succinate as a fuel for RPE-choroid mitochondria

O2 consumption stimulated by succinate is uniquely rapid—In mitochondria, 

succinate is oxidized at the inner surface of the inner mitochondrial membrane by complex 

II (succinate dehydrogenase), which delivers electrons directly into the electron transport 

chain (ETC). Other fuels (e.g., pyruvate, lactate, glutamine) are oxidized in a qualitatively 

different way, by soluble enzymes either in the cytoplasm or in the mitochondrial matrix 

that deliver reducing power to the ETC via NADH and complex I. Those fuels are not as 

effective as succinate at stimulating O2 consumption by RPE-choroid preparations (Bisbach 

et al., 2020).

To determine how succinate can be so effective at stimulating OCR, we analyzed metabolic 

flux using either 1 mM 13C4-succinate as a fuel or 1 mM pyruvate + 1 mM 13C4-malate. 

Malate and pyruvate are commonly used together to fuel respiration in isolated mitochondria 

(Doerrier et al., 2018). Pyruvate provides 2 carbons to make acetyl-CoA, and malate 

provides 4 carbons to make oxaloacetate. In the canonical TCA cycle, both reactions 

produce NADH, and the products can be condensed to make citrate. We quantified OCR 

by the RPE-choroid as a function of concentration of these substrates. Succinate stimulates 

much more O2 consumption than pyruvate/malate (Figure 3A).

This difference in OCR could result from succinate uptake that is more rapid than pyruvate 

or malate uptake. To determine if this occurs, we measured the rate at which RPE-choroid 

depletes each metabolite from culture medium (Krebs-Ringer bicarbonate buffer [KRB] 
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containing 5 mM glucose, 1 mM pyruvate, 1 mM malate, and 1 mM succinate). Eyecups 

consume pyruvate and malate at least as fast as succinate, suggesting that OCR from 

succinate is not greater due to faster uptake (Figure 3B).

In RPE-choroid, neither succinate nor malate are oxidized fully by the TCA cycle, but 
partial succinate oxidation fuels OCR

We investigated the metabolic basis for this difference by comparing flux from succinate 

and flux from pyruvate/malate. We incubated freshly dissected RPE-choroid with medium 

containing 5 mM glucose and either 1 mM of 13C4-malate (with 1 mM 12C-pyruvate) or 1 

mM 13C4-succinate. After 10 min, we collected tissues and media to quantify 13C labeling 

in metabolites. Individual metabolites establish distinct distributions between the tissue and 

medium (Figure S2). This is further evidence that plasma membranes in the RPE-choroid 

preparation are intact and function as a selective barrier.

Figure 3C shows the canonical TCA cycle and the pathways for these labeled substrates. 

Figures 3D and 3E show accumulation of labeled intermediates in the tissue (black) and 

in the medium (blue) at 10 min. When the labeled substrate is 13C4-malate, 44.1% ± 

3.8% of the downstream 13C label in RPE-choroid tissue is on m+4 fumarate, which is 

predominantly exported. Only a small portion of labeled malate is converted to downstream 

metabolites, showing that export of malate is much faster than oxidation of malate to 

oxaloacetate. The TCA cycle intermediate amounts and isotopologue distributions are 

available as Figure S3.

13C4-succinate that enters mitochondria can be oxidized to fumarate then hydrated to malate. 

At 10 min, 17.2% ± 0.8% of the 13C label downstream of succinate in RPE-choroid tissue 

is m+4 fumarate, and 52.0% ± 4.1% is m+4 malate. The majority of fumarate and malate is 

exported. If we assume linear fumarate and malate generation over time in this experiment, 

these metabolites are synthesized at 221 ± 44 pmol/min/RPE-choroid (Figure 3E). This is 

more than half the 13C4-succinate uptake rate (Figure 1A) and is thus the dominant form 

of succinate metabolism under these conditions. Like the incubation in 13C4-malate, only 

limited amounts of metabolites downstream of oxaloacetate had 13C in them (Figure 3E).

When either 13C label enters mitochondria and is oxidized, the total labeled carbon 

downstream of oxaloacetate is similar, but OCR is stimulated by succinate much more 

than by pyruvate and malate (Figures 3A, 3C, and 3D). To better account for differences in 

OCR, we quantify “energetically productive” carbon that by 10 min participated in oxidative 

reactions. We integrated TCA cycle intermediates metabolized either from 13C4-succinate 

or from 13C4-malate. We excluded a metabolite if it was in the medium from the start 

(e.g., m+4 succinate in 13C4-succinate-incubated samples) or if it was not energetically 

productive (m+4 fumarate from m+4 malate). Oxidation of 13C4-succinate and export of its 

products stimulates substantial consumption of O2 (Figure 3F). These reactions account for 

69% of 13C from 13C4-succinate uptake (293 of 422 pmol/min/RPE-choroid). In contrast, 

import of 13C4-malate does not contribute to oxidation reactions, and flow of its carbons to 

downstream TCA intermediates is slow.
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In summary, the mouse RPE-choroid preparation rapidly oxidizes 13C4 succinate (Figure 

3A) and exports the products (Figure 3E). In contrast, when pyruvate and malate are used 

as fuel, there is comparably little oxidation of 13C4 malate prior to the metabolites produced 

from it getting exported (Figure 3D).

Uncoupling by succinate

Respiration in most cells is coupled to ATP synthesis by the proton-motive force (Δρ). 

A high Δρ is a thermodynamic barrier to H+ translocation by complexes I, III, and IV. 

Flow of protons to the matrix that is not through ATP synthase can uncouple electron 

transport from ATP synthesis. Uncoupling allows unrestrained electron transport to reduce 

O2 to H2O. We hypothesized that the high rate of OCR when RPE-choroid oxidizes 

succinate could be caused by uncoupling. We tested this by initially fueling RPE-choroid O2 

consumption with glucose (Figure 4A). Addition of the ATP synthase inhibitor oligomycin 

almost completely inhibited transport of electrons to O2, indicating that mitochondria in the 

tissue were tightly coupled. Oligomycin was present throughout the rest of the experiment. 

Remarkably, addition of 5 mM succinate (at 90 min) overcame the inhibition and stimulated 

O2 consumption to ~3-fold its original rate. Therefore succinate not only provides electrons 

to reduce O2 but also uncouples respiration from ATP synthesis. Succinate has these effects 

over a broad range of concentrations (Figure 4B). Pyruvate and malate are less effective 

than succinate at overcoming the effect of oligomycin but still stimulate a mild oligomycin-

insensitive OCR (Figure 4A). This suggests that oligomycin-insensitive OCR could depend 

on the rate of substrate oxidation, which for succinate is more rapid.

If succinate uncouples mitochondria by dissipating Δρ, it would enhance electron transport 

at both complex I and complex II. Figure 4C confirms that oligomycin fully inhibits O2 

consumption fueled only with glucose. Addition of succinate increases OCR substantially 

even in the continued presence of oligomycin. To determine if all the additional OCR 

is from oxidation of succinate or from oxidation of NADH at complex I, we added 

rotenone, a selective complex I inhibitor. Blocking complex I partially inhibits succinate-

stimulated OCR (by ~0.2 nmol O2/min/RPE-choroid). The portion of succinate-stimulated 

OCR blocked by rotenone is from transport of electrons from NADH through complexes I, 

III, and IV to O2, as it is inhibited entirely either by antimycin A or by potassium cyanide 

(Figures 4G and 4J). That rules out superoxide formation through reverse electron transport 

at complex I as a source of rotenone-sensitive OCR (Robb et al., 2018).

In brown adipose cells and tissue, succinate stimulates production of ROS that causes 

uncoupling through the actions of an uncoupling protein (Echtay et al., 2002; Mills et al., 

2018). We asked whether succinate stimulates the formation of reactive oxygen species 

(ROS), and whether mitochondrial ROS impacts succinate-stimulated respiration in RPE-

choroid. We measured the production of H2O2 in culture medium using extracellular HRP 

and Amplex Red (Figures 4D and 4E) and the ratio of reduced to oxidized glutathione 

(GSH/GSSG) (Figure 4F). Neither of these measures changes with addition of succinate, 

though antimycin A treatment decreases the GSH/GSSG ratio.

Mitochondrial ROS are generated at sites IQ or IIIQ in the ETC (Wong et al., 2019; Wong 

et al., 2017). ROS generation at these sites is inhibited by SIQEL or SIIIQEL (Goncalves 
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et al., 2020). Neither suppresses succinate-dependent oligomycin-insensitive respiration by 

RPE-choroid (Figure S5A). Similarly, the antioxidants mitoTempo (50 μM) or n-propyl 

gallate (100 μM) do not affect the ability of succinate to overcome the inhibitory effect of 

oligomycin (Figures S5B and S5C), suggesting that ROS do not drive the uncoupling caused 

by succinate in RPE-choroid.

Another source of uncoupling could be formation of a mitochondrial permeability transition 

pore complex (mPTP) (Novgorodovsot et al., 1992). The mPTP is a large unselective 

channel permeable to multiple ionic species and larger molecules. It is stimulated by high 

mitochondrial Ca2+ and inhibited by cyclosporine A. If succinate drives formation of the 

mPTP, it could increase respiration. Cyclosporine A does not influence succinate-stimulated 

OCR (Figure 4G). Furthermore, the mPTP should not form in the absence of Ca2+. For the 

experiments shown in Figure 4H, we used the Ca2+ chelator EGTA (8.6 mM) throughout 

the tissue dissection and the OCR experiment, yet it did not prevent oligomycin-resistant 

succinate-stimulated respiration.

Succinate uncouples intact mitochondria in the RPE-choroid

Succinate-dependent uncoupling of electron transport from ATP synthesis could occur 

for one of two reasons: (1) succinate directly uncouples intact mitochondria, or (2) in 

RPE-choroid there is a subpopulation of “non-intact” mitochondria, perhaps destined for 

autophagy, that can perform electron transport but not generate ATP due to a leaky inner 

mitochondrial membrane. To evaluate the effect of succinate on intact mitochondria, we 

used mitochondria isolated from mouse brains. The respiratory control ratio (RCR) is a 

measure of mitochondrial membrane intactness. It is the ratio of respiration with ADP 

over respiration when ATP synthase is inoperative (with oligomycin). Using pyruvate and 

malate as fuel, RCR is >5.5, indicating that the mitochondria are intact, and respiration 

is well coupled (Figure 4I, inset). Following inhibition of ATP synthase with oligomycin 

(state 4O respiration), we added increasing concentrations of succinate and measured O2 

consumption. Even in the presence of oligomycin, succinate stimulates respiration by these 

intact mitochondria to a level approaching state 3 values (Figure 4I). We next asked if the 

ability of succinate to uncouple mitochondria is complete, like with the classical uncoupler 

FCCP (carbonyl cyanide p-trifluoro methoxyphenylhydrazone). We measured OCR in intact 

RPE-choroid with increasing concentrations of succinate to maximally stimulate respiration. 

FCCP increases respiration above the maximal level achieved by succinate, suggesting 

that succinate only partially uncouples mitochondria (Figure 4J). An important caveat to 

this interpretation is that the RPE-choroid preparation comprises at least two cell types, 

a monolayer of RPE cells and choroidal endothelial cells under the RPE. The respiration 

uncoupled by FCCP could represent a population of mitochondria that is distinct from those 

that are uncoupled by succinate. Consistent with the interpretation that succinate uncouples 

mitochondria is the finding that succinate does not stimulate an increase in ATP levels 

or ATP/ADP (Figures S6A and S6B). A notable limitation of this interpretation is the 

possibility that the same data would be produced if succinate increased the rate of both ATP 

production and consumption. Future experiments using H2
18O to estimate ATP flux (Dawis 

et al., 1989) with or without succinate may resolve this issue.
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DISCUSSION

Our study reveals two important concepts about energy metabolism in the vertebrate eye.

1. 70%–90% of cells are intact in dissected RPE-choroid. These intact cells are 

responsible for succinate import and oxidation.

We show this by quantifying OCR, 13C4-succinate depletion and oxidation of 13C4-succinate 

to downstream metabolites. Our findings in RPE-choroid are consistent with reports that 

succinate stimulates consumption of O2 by explants of dog heart and by rabbit kidney 

(Furchgott and Shorr, 1948).

In striking contrast to RPE-choroid, retinas resist succinate import and succinate-stimulated 

O2 consumption. We detect succinate uptake by the retina only when it is permeabilized 

with digitonin. Our retina findings are similar to reports that succinate does not stimulate 

metabolism in isolated platelets or islets (MacDonald et al., 1989; Ehinger et al., 2016), 

and that, like liver cells (Mapes and Harris, 1975), retinas metabolize succinate only when 

damaged or permeabilized.

The general conclusion from our findings is that succinate is cell impermeant only to some 

types of cells and that cell-type-specific import and export mechanisms dictate which tissues 

are affected by succinate.

2. Electron transport to O2 in RPE-choroid mitochondria resists inhibition by 

oligomycin when succinate is a metabolic substrate.

Exogenous succinate can uncouple ATP synthesis from electron transport either from 

complex II or from NADH that enters the ETC via complex I. Our controls suggest that 

oxidation of succinate is not associated with mitochondria disrupted by oxidative stress, 

the mPTP, or in disrupted mitochondrial membranes. We directly and rigorously show that 

these factors are not responsible for succinate-stimulated uncoupling. Our findings indicate 

that oxidation of succinate and succinate-stimulated uncoupling occur in intact cells in our 

preparations.

How does succinate uncouple mitochondria?

Succinate oxidation can stimulate a high Δρ (Mookerjee et al., 2021). There is an 

exponential relationship between Δρ and H+ leak (Nicholls, 1974, 1997). The current 

best explanation that we know of is that high Δρ causes dielectric breakdown of the 

mitochondrial membrane (Nicholls, 1974). This is consistent with our findings but we 

cannot prove it. RPE cells are pigmented, so they are inaccessible to the fluorometric 

methods used to determine mitochondrial membrane potential. We cannot determine 

within a single mitochondrion both membrane potential and OCR simultaneously, which 

could test this hypothesis. Follow-up investigations should focus on determining if 

dielectric breakdown is responsible for uncoupling respiration from ATP synthesis in RPE/

choroid. An alternate hypothesis that also should be tested is that there may be distinct 

mitochondrial populations in the RPE-choroid, which could include non-intact mitochondria 

or mitochondria in a different cell type.
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In a previous study, we established the possibility that RPE-choroid may oxidize succinate 

from the retina (Bisbach et al., 2020). Our new data add more support to the model of 

succinate and malate exchange that we proposed occurs between retina and RPE. We add to 

this model the idea that when the retina releases succinate, O2 consumption by the RPE may 

become uncoupled from ATP synthesis. If that occurs, it could contribute to the remarkably 

low O2 pressure in regions of the retina near the RPE. Low retinal O2 pressure is generally 

thought to be a consequence of high OCR by the retina, but our findings suggest that 

comparable or even greater OCR in the succinate-stimulated RPE-choroid also depletes O2. 

Low O2 pressure in the retina, possibly maintained by succinate, may help protect it from 

light-induced oxidative damage.

Limitations of the study

We identify three critical limitations that should impact the interpretation of this study. The 

first is that we do not have information about the actual extracellular succinate levels in 

the small extracellular space between the retina and RPE in intact eyes in vivo. Secondly, 

our experiments were performed ex vivo, and we do not know the extent to which O2 

consumption by in vivo RPE-choroid is succinate dependent. Finally, we do not have 

information about the role of this system in sustaining retina or RPE physiology in vivo. Our 

future studies will address these current limitations.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for data, resources and reagents 

should be directed to and will be fulfilled by the lead contact, James Bryant Hurley 

(jbhhh@uw.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability

• Data generated in this study is available upon request.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this work 

paper is available from the lead contact upon request

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethical approval—This study was carried out in accordance with the National Research 

Council’s Guide for the Care and Use of Laboratory Animals (8th ed). All protocols 

were approved by the Institutional Animal Care and Use Committees at the University of 

Washington.

Animals—All experiments used 2–5 month-old male and female wild-type C57BL6/J mice 

(RRID: IMSR_JAX:000664). These mice were group housed at an ambient temperature of 
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25°C, with a 12-hour light cycle and ad libitum access to water and normal rodent chow. 

Animals were allocated to study groups randomly.

In all ex vivo labeling experiments, we quickly euthanized mice by awake cervical 

dislocation, enucleated the eye, and trimmed away extraocular muscles. In Hank’s Buffered 

Salt Solution (HBSS; GIBCO, Cat#: 14025-076) we removed the anterior part of the eye 

by cutting at the ora serrata, and removed the lens. The remaining retina and RPE-choroid 

separate with minimal manipulation and were used in different downstream experiments. 

The outer surface of this RPE-choroid preparation is made of sclera, which is not 

metabolically active. The inner surface is a monolayer of metabolically active RPE cells 

that fully covers Bruch’s membrane and the choriocapillaris.

METHOD DETAILS

Ex vivo metabolic flux—Indicated tissues were incubated in pH 7.4 Krebs-Ringer 

bicarbonate (KRB) buffer (98.5 mM NaCl, 4.9 mM KCl, 1.2 mM KH2PO4 1.2 mM 

MgSO4-7H2O, 20 mM HEPES, 2.6 mM CaCl2-2H2O, 25.9 mM NaHCO3) supplemented 

with 5 mM glucose and either 50 μM [U-13C4]-succinic acid (Cambridge isotope 

CLM-1571), 1 mM [U-13C4]-succinic acid, or 1 mM [U-13C4]-malic acid (CLM-8065) and 

1 mM Na Pyruvate. This buffer was pre-equilibrated at 37°C, 21% O2, and 5% CO2 prior 

to incubations. We incubated freshly dissected retinas in 200 μL media and RPE-choroid s 

in 100 μL, all at 37°C, 21% O2, and 5% CO2. To determine metabolite uptake or export 

rate we samples incubation media before (0 minutes), 20 minutes, or 40/45 minutes after 

the beginning of the incubation. Following incubations, media samples and tissue were 

flash frozen in liquid N2. To compare flux of U-13C4-succinate with flux of U-13C4-malate/

unlabeled pyruvate, we incubated RPE-choroid tissue for 10 minutes at 37°C, 21% O2, and 

5% CO2 before flash freezing tissue and media samples in liquid N2.

Metabolite extraction—Metabolites were extracted using 80% MeOH, 20% H2O 

supplemented with 10 μM methylsuccinate (Sigma, M81209) as an internal standard to 

adjust for metabolite loss during the extraction and derivatization procedures. The extraction 

buffer was equilibrated on dry ice, and 150 μL was added to each sample. Tissues were 

then disrupted by sonication and incubated on dry ice for 45 minutes to precipitate protein. 

Proteins were pelleted at 17,000 × g for 30 minutes at 4°C. The supernatant containing 

metabolites was lyophilized at room temperature until dry and stored at −80°C until 

derivatization. The pellet containing protein was resuspended by sonication in RIPA buffer 

(150 mM NaCl, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, 

pH 8.0) and protein was determined by a BCA assay (ThermoFisher, 23225).

Metabolite derivatization—Lyophilized samples were derivatized with 10 μL of 20 

mg/mL methoxyamine HCl (Sigma, Cat#: 226904) dissolved in pyridine (Sigma, Cat#: 

270970) and incubated at 37°C for 90 minutes. Samples were further derivatized with 10 μL 

tert-butyldimethylsilyl-N-methyltrifluoroacetamide (Sigma, 394882) and incubating at 70°C 

for 60 minutes.
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Gas chromatography-mass spectrometry—Metabolites were analyzed on an Agilent 

7890/5975C GC-MS using methods described extensively in previous work (Du et al., 

2015). Briefly, One microliter of derivatized sample is injected and delivered to an Agilent 

HP-5MS column by helium gas (flow rate: 1 mL/min). The temperature gradient starts 

at 100°C for 4 minutes then increases by 5°C/min to 300°C, where it is held for 5 min. 

We collect masses after a 6.5-min solvent delay. Select ion monitoring (SIM) records only 

selected m/z in expected retention time windows. These masses range from m/z: ~50–600. 

Retention times are validated using a solution consisting of known concentrations of specific 

metabolites we observe it tissue.

Peaks were integrated in MSD ChemStation (Agilent), and correction for natural isotope 

abundance was performed using the software IsoCor (Millard et al., 2012). Corrected 

metabolite signals were converted to molar amounts by comparing metabolite peak 

abundances in samples with those in a ‘standard mix’ containing known quantities of 

metabolites we routinely measure. Multiple concentrations of this mix were extracted, 

derivatized, and run alongside samples in each experiment. These known metabolite 

concentrations were used to generate a standard curve that allowed for metabolite 

quantification. Metabolite abundance was normalized to tissue protein concentration, and 

following this, paired tissues such as retinas and RPE-choroid from the same mouse were 

treated as technical replicates and averaged.

Ex vivo oxygen consumption—Following euthanasia, mouse tissues were dissected 

and cut into quarters in Hank’s buffered salt solution. These tissues were incubated in Krebs-

Ringer bicarbonate buffer (KRB) supplemented with 5 mM glucose and pre-equilibrated 

at 37°C and 5% CO2. We determined OCR using a custom-built perifusion flow-culture 

system (Neal et al., 2015). Tissues were perifused in chambers between Cytopore beads 

(Amersham Biosciences, Piscatawy, NJ) and porous frits. With KRB supplemented with 5 

mM glucose, 1 × Antibiotic-Antimycotic (Gibco), and 1 mg/mL fatty acid-free bovine serum 

albumin. An artificial lung oxygenated supplemented KRB with a mixture of 21% O2, 5% 

CO2, and 74% N2. Oxygenated media was passed through a bubble trap before exposure to 

mouse tissues. Outflow media came into contact with a glass wall coated with a thin layer 

of oxygen sensitive polymerized Pt(II) Meso-tetra(pentafluorophenyl)porphine dye (PtT975, 

Frontier Scientific, Logan, UT) painted on the inner glass wall of the chamber. Following 

a 405 nm light pulse, the dye-coated glass emits a phosphorescent signal detected at 650 

nm. The decay lifetime is dependent on oxygen tension. The flow rate of KRB along with 

the quantitative relationship between dye phosphorescent decay and oxygen concentration 

were used to determine tissue OCR. All OCR measurements were obtained under control 

conditions (baseline, 5 mM glucose), one or more experimental conditions, and a ‘zeroed’ 

condition wherein 3 mM potassium cyanide (KCN) was used to directly inhibit complex 

IV and thus subtract the effect of residual non-mitochondrial oxygen consumption from our 

measurements.

Lactate dehydrogenase assays—We quantified LDH levels using a CyQuant™ 

Cytotoxicity Assay kit (ThermoFisher C20300) and followed the manufacturers protocol. To 

obtain samples we dissected retinas and RPE-choroid s, incubated them in 200 μL (retina) 
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or 100 μL (RPE-choroid) KRB buffer, supplemented with 5 mM 12C-glucose and 50 μM 
13C-succinate and indicated concentrations of digitonin. We sampled 5 μL of incubation 

media at the indicated times for analysis. At the end of the experiment we homogenized 

tissue in 200 μL of lysis buffer (10% Triton X-100) and 5 μL was used for tissue LDH 

quantification. We confirmed that all absorbance (490 nm) measurements were in the linear 

range of the reaction using a BioTek Synergy 4 plate reader.

Measurement of H2O2—Freshly dissected RPE-choroid was incubated for 3 hours in 200 

μL KRB with 5 mM glucose, 5 U/mL HRP, 25 U/mL SOD1, and 25 μM amplex red reagent 

(Thermo-Fisher). H2O2 is produced in cells and diffuses through the plasma membrane. 

Extracellular H2O2 is used by HRP to oxidize Amplex Red to resorufin. We measured 

resorufin fluorescence (ex: 550 nm, em: 585 nm) in 10 μL media samples from samples and 

tissue free control aliquots using a Biotek Synergy 4 plate reader. H2O2 concentration was 

then quantified using a standard curve of known H2O2 concentrations.

Measurement of GSH and GSSG levels—Freshly dissected RPE-choroid was 

incubated for 60 minutes in 1 mL of KRB + 5 mM glucose, KRB + 5 mM glucose + 5 

mM succinate, or KRB + 5 mM succinate + 10 μM antimycin A. All media was made 

and equilibrated at 37°C and 5% CO2 prior to the start of the experiment. Following 

the incubation, tissue was homogenized by sonication in KRB + 2 mM EGTA (250 μL/

sample), and immediately pelleted at 17,000 x g, 4°C, 30 minutes. GSH content was 

analyzed in duplicate 50 μL aliquots of supernatant using the luciferase-based GSH-Glo 

glutathione assay (Promega, V6911) following manufacturer’s instructions. GSSG + GSH 

was determined by adding reducing agent tris(2-carboxyethyl)phosphine to the reaction mix 

(1 mM final concentration). Luminescence was integrated over 1 second and measured on a 

BioTek Synergy 4 plate reader.

Measurement of ATP and ADP levels—Following a 60 minute incubation in 

supplemented KRB, RPE-choroid ATP levels were determined by immediately incubating 

tissue in 100°C Milli-Q H2O for 10 minutes to quench ATPase activity (Yang et al., 

2002). Tissue was disrupted by sonication, then insoluble material was pelleted at 17,000 

× g and 4°C. ATP and ADP levels were sequentially measured and aqueous supernatant 

from boiled samples using a luciferin-luciferase based ATP/ADP assay (Sigma, MAK135). 

Luminescence was measured on a BioTek Synergy 4 plate reader.

Radiation—To measure permeability we compared volume of distribution of an 

extracellular marker (14C-sucrose) to of 3H2O inside and outside tissue. Uptake of 3H2O 

and 14C-sucrose (Perkin Elmer, Waltham, MA) was measured as carried out previously 

(Sweet et al., 2004). ¼ retina or 1 RPE-choroid was incubated in 200 μL KRB with 

5 mM bicarbonate in 12 × 75 mm polypropylene test tubes at 37°C for 15 min in a 

shaking water bath. We added 0.5 mCi 3H and 0.2 mCi for 14C to the tubes and incubated 

tissue in radiotracer for 60 min. Accumulation of radiolabel was determined by separating 

the cell-associated radioactivity (CAR) from the free radioactivity by transferring the cell 

suspension to a 0.4 mL centrifuge tube (USA Scientific, Ocala, FL) with a layer of 1:37.5 

n-dodecane:bromo-dodecane (Sigma–Aldrich, St. Louis, MO) and spinning at 12,535 × g, 
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8 s. The tube was placed briefly in liquid N2 and we used a razer blade to cut through the 

radioactive-free oil layer. The bottom portion of the tube containing the tissue was placed 

into a 7 mL glass scintillation vial. We added 5 mL of Ecolume liquid scintillation cocktail 

(MP Biomedicals, Cat No. 0188247001) per tube, vortexed the vials, and counted 3H and 
14C using a liquid scintillation counter (Beckman, Model LS6500). The CAR data for each 

sample was normalized by subtracting the non-specific values and then dividing by the dose. 

Quench correction for samples was not needed since counts were normalized to the dose and 

quenching did not vary from sample to sample.

Mitochondrial isolation—Whole mouse brains were dissected into ice-cold 

mitochondrial isolation buffer (225 mM mannitol, 75 mM sucrose, 1 mM EGTA, 5 mM 

HEPES, pH 7.0) and homogenized in ice with 5 strokes of a Dounce homogenizer. 

Homogenate was spun at 1000 × g for 10 minutes to pellet debris and supernatant was 

transferred to a new tube. Supernatant was spun at 10,000 × g for 10 minutes and 

supernatant was resuspended in mitochondrial respiration buffer without BSA. We assessed 

protein concentration using a BCA assay, then performed respirometry using an O2K 

high-resolution respirometer (Ouroboros). All measurements were performed at steady-state 

OCR. We stimulated state 3 respiration using sequential additions of pyruvate, malate, and 

ADP (▯F = 0.5 mM each). We measured state 4O respiration after adding 10 μM oligomycin, 

then determined leak respiration using increasing concentrations of succinate (▯F = 0.1, 0.3, 

1, 3, 10 mM). OCR traces were analyzed in DatLab.

QUANTIFICATION AND STATISTICAL ANALYSIS

We performed all statistical data analyses using Prism Version 9 (GraphPad Software). The 

significance threshold was set at 0.05. To fit curves of oxygen consumption as a function of 

[succinate], for each sample we averaged steady-state oxygen consumption over >5 minutes 

at the end of a given treatment. These averaged values were considered as the OCR at each 

given [succinate] for each sample. We fit the curve to an allosteric sigmoidal shape (Figure 

1). We compared flux of 13C (Figure 3) using nonparametric Mann-Whitney tests. Data in 

all figures are displayed as mean ± SEM. “n” signifies sample size, which is indicated in the 

figure legend.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Succinate stimulates mitochondrial respiration in intact RPE-choroid tissue

• Extracellular succinate is imported and oxidized, then exported as fumarate or 

malate

• Succinate oxidation fuels a higher O2 consumption rate than NADH-linked 

substrates

• Respiration from succinate is not well-coupled to ATP synthase activity
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Figure 1. Extracellular succinate selectively increases oxygen consumption in RPE-choroid
(A) We determined succinate uptake rate by freshly dissected RPE-choroid from medium 

containing 0, 10 μM, 25 μM, 50 μM, 100 μM, 250 μM, 1 mM, and 2 mM 13C4-succinate (n 

= 3–15 per concentration). Rate was determined from medium m+4 succinate concentrations 

at 0, 20, and 40 min after the start of the incubation.

(B) We measured O2 consumption rate (OCR) in freshly dissected RPE-choroid (n = 5). We 

supplied this media with increasing concentrations of disodium succinate (30 μM, 100 μM, 

300 μM, 1 mM, 3 mM, 10 mM, 30 mM, or 100 mM) and determined steady-state OCR 

above the 5-mM glucose “baseline” respiration.

(C) We compared experimental OCR (blue circles) with “expected” OCR based on succinate 

uptake and oxidation only by (succinate dehydrogenase) SDH(uptake rate/2, redsquares) 

orcomplete oxidation (uptake rate × 3, green triangles).

(D) We measured OCR in retina tissue (n = 4) respiring in KRB buffer with 5 mM glucose 

and the same concentrations of succinate as in (B). Mean basal OCR with 5 mM glucose as 

the sole substrate is 0.83 ± 0.26 nmol O2/minute for retinas and 0.47 ± 0.08 nmol O2/minute 

for RPE-choroid. We fit an allosteric sigmoidal curve to the data in each panel. Each point 

represents the mean ± SEM. See also Figure S1.
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Figure 2. RPE-choroid permeability does not alter succinate uptake or oxidation
(A) Permeability of freshly dissected retina and RPE tissue assessed by the relative uptake of 
3H2O and 14C-sucrose over an hour ex vivo (n = 3).

(B) Model of the hypothesis to test whether succinate oxidation by RPE-choroid tissue is the 

result of cell permeability.

(C) Retina and RPE-choroid LDH release increases as a function of [digitonin]. Percentage 

of total was determined by assaying LDH in both tissue and culture medium when [LDH] 

was at a steady state in medium (n = 2–6 per concentration).

(D) Determination of the ex vivo culture time needed to reach steady-state [LDH] (n = 2–4 

per concentration).

(E) Relative lactate and pyruvate release rate by RPE-choroid decreases with increasing 

[digitonin] (n = 8).

(F) RPE-choroid 13C4-succinate uptake rate however is unaltered by [digitonin] (n = 8).

(G) As with RPE-choroid tissue, lactate and pyruvate release decreases in retinas with 

increasing [digitonin] (n = 3–9).

(H) Unlike with RPE-choroid, retina 13C4-succinate uptake increases with [digitonin], 

suggesting that the plasma membrane is a barrier for retina but not RPE-choroid succinate 
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uptake (n = 3–9). Data are represented as the mean ± SEM. (A) also shows values from 

individual replicates. See also Figure S2.
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Figure 3. Succinate is preferred over pyruvate/malate for oxidation by RPE-choroid 
mitochondria
(A) RPE-choroid OCR from 5 mM glucose supplemented with increasing concentrations (30 

μM, 100 μM, 300 μM, 1 mM, 3 mM, 10 mM) of succinate or malate and pyruvate (n = 4).

(B) Pyruvate, malate, and succinate uptake (starting concentration: 1 mM ea.) by RPE-

choroid ex vivo. Media was sampled before tissue was added; then 5, 10, and 30 min later, 

tissue was added (n = 7–8).

(C) TCA cycle 13C labeling scheme when cells use 13C4-malate/12C-pyruvate/12C-glucose 

or 13C4-succinate/12C-glucose as a substrate.

(D) Medium and tissue m+4 succinate, m+4 fumarate, m+4 malate, m+4 aspartate, m+4 

citrate, and m+3 α-ketoglutarate in RPE-choroid incubated for 10 min in 1 mM 13C4-

malate/1 mM 12C-pyruvate/5 mM 12C-glucose (n = 4).

(E) The same metabolites in medium and tissue of RPE-choroid incubated in 1 mM 13C4-

succinate/5 mM 12C-glucose. In (C)–(D) the metabolite present in incubation medium was 

excluded from analysis (n = 4).

(F) Quantification of 13C in medium and tissue on energetically useful metabolites from 

each substrate, using data from (C)–(D). Reported p values result from (A) an extra sum-of-

squares F test and (F) two-tailed Mann-Whitney tests. Data are represented as the mean ± 

SEM, with individual replicates also visible in (D)–(F). See also Figure S3.
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Figure 4. Extracellular succinate is a substrate for and uncoupler of RPE-choroid mitochondria
(A) We determined ATP synthase-independent substrate oxidation by incubating RPE-

choroid tissue in 5 mM glucose, then in 5 mM glucose with 10 μM of the ATP synthase 

inhibitor oligomycin, and finally in a mix of 5 mM glucose, 10 μM oligomycin, and 5 mM 

of succinate (black) or pyruvate/malate (blue) (n = 3). 10 μM oligomycin is sufficient to 

maximize its effect on metabolism (Figure S4).

(B) We determined OCR as a function of [succinate] in the presence or absence of 10 μM 

oligomycin A (n = 3).

(C) To determine whether NADH oxidation was the source of uncoupled respiration, we 

first stimulated succinate-dependent uncoupling as in (A), then added 1 μM of the complex 

I inhibitor rotenone (n = 3). This partially inhibited respiration, suggesting that succinate 

re-actives NADH oxidation after oligomycin shuts it down.

(D–I) We next determined the effect of succinate on the generation of reactive oxygen 

species by probing (D–E) H2O2 generation rate (n = 4) and (F) glutathione redox status (n = 

3–4). 5 mM succinate did not alter these parameters, so it is unlikely a source of significant 

ROS in RPE-choroid. To determine the source of oligomycin-resistant respiration, we 

performed the treatments described in (A), but following the addition of 5 mM succinate, 

we attempted to shut down the succinate-dependent increase in OCR by adding (G) the 

mitochondrial permeability transition pore complex inhibitor cyclosporine A (n = 4) or 

(H) EGTA to deplete perifusion medium of free Ca2+ during the experiment (n = 4). We 

determined OCR in isolated brain mitochondria using an Oroboros O2K high-resolution 

respirometer and determined (I, inset) state 3/state 4O OCR and (I) oligomycin-resistant 

OCR as a function of [succinate] (from 0.1 to 10 mM; n = 4).
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(J) We also determined respiration with saturating concentrations of succinate (80–100 mM) 

and whether OCR could be increased by addition of FCCP. FCCP does increase respiration, 

suggesting that in RPE-choroid, succinate is not fully uncoupling all mitochondria (n = 4). 

Data are represented as mean ± SEM. (E), (F), and the inset of (I) also show values from 

individual replicates. See also Figures S4-S6.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

[U-13C]-malate Cambridge Isotope Labs Cat# CLM-8065

[U-13C]-succinate Cambridge Isotope Labs Cat# CLM-1571

Oligomycin Caymen Chemical Cat# 11342

Cyclosporine A Caymen Chemical Cat# 12088

S1QEL Millipore Sigma Cat# SML1948

S3QEL Millipore Sigma Cat# SML1554

n-propyl gallate Millipore Sigma Cat# P3130

Mito-tempo Millipore Sigma Cat# SML0737

Rotenone Millipore Sigma Cat# R8875

Antimycin A Millipore Sigma Cat# A8674

Amplex Red Thermo-Fisher Cat# A22189

Critical commercial assays

ATP/ADP Assay Millipore Sigma Cat# MAK135

GSH-glo Assay Promega Cat# V6911

CyQuant™ Cytotoxicity Assay Thermo Fisher Cat# C20300

BCA protein concentration assay Thermo Fisher Cat# 23225

Experimental models: Organisms/strains

C57BL6/J mice The Jackson Laboratory RRID: IMSR_JAX:000664

Software and algorithms

MSD Chemstation E.02.01.1177 Agilent Technologies https://www.agilent.com/

IsoCor, v1.0 Millard et al., 2012 https://isocor.readthedocs.io/en/latest/index.html#

DatLab V7.3.0.3 Oroboros Instruments https://www.oroboros.at/

Prism V9.3.1 Graphpad Software https://www.graphpad.com/; RRID:SCR_002798
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