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In the mammalian retina, a metabolic ecosystem exists in
which photoreceptors acquire glucose from the choriocapillaris
with the help of the retinal pigment epithelium (RPE). While
the photoreceptor cells are primarily glycolytic, exhibiting
Warburg-like metabolism, the RPE is reliant on mitochondrial
respiration. However, the ways in which mitochondrial meta-
bolism affect RPE cellular functions are not clear. We first used
the human RPE cell line, ARPE-19, to examine mitochondrial
metabolism in the context of cellular differentiation. We show
that nicotinamide induced rapid differentiation of ARPE-
19 cells, which was reversed by removal of supplemental
nicotinamide. During the nicotinamide-induced differentia-
tion, we observed using quantitative PCR, Western blotting,
electron microscopy, and metabolic respiration and tracing
assays that (1) mitochondrial gene and protein expression
increased, (2) mitochondria became larger with more tightly
folded cristae, and (3) mitochondrial metabolism was
enhanced. In addition, we show that primary cultures of human
fetal RPE cells responded similarly in the presence of nicotin-
amide. Furthermore, disruption of mitochondrial oxidation of
pyruvate attenuated the nicotinamide-induced differentiation
of the RPE cells. Together, our results demonstrate a remark-
able effect of nicotinamide on RPE metabolism. We also
identify mitochondrial respiration as a key contributor to the
differentiated state of the RPE and thus to many of the
RPE functions that are essential for retinal health and
photoreception.

In the early 20th century, the German physiologist Otto
Warburg investigated the metabolism of rapidly dividing
cancer cells, which he showed utilized aerobic glycolysis to fuel
their anabolic activities, including DNA replication and lipid
synthesis (1, 2). Interestingly, Warburg (3, 4) also observed this
type of metabolism in the postmitotic cells of the retina. Since
then, there have been several studies demonstrating that the
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light-sensitive photoreceptor cells of the retina are among the
most energy-demanding cells in the body (5, 6). As in cancer
cells, this is likely because of their large anabolic activity,
including the continual synthesis of the phototransductive disk
membranes of the outer segment (7, 8), as well as maintenance
of the dark current (9). To fuel this type of metabolism, the
photoreceptor cells are heavily dependent on an adjacent
monolayer of cells called the retinal pigment epithelium (RPE).

The apical surface of the RPE faces the outer segment of the
photoreceptors, whereas its basal surface is juxtaposed to the
nutrient-rich blood supply of the choriocapillaris. The polarity
of this epithelium is essential to the many functions that it
performs to maintain the health of the photoreceptors,
including (1) vectorial transport of water, ions, nutrients, and
waste products, (2) regeneration of the visual chromophore,
(3) growth factor secretion, and (4) phagocytosis of distal
photoreceptor outer segment disk membranes (10, 11).

In the retinal metabolic ecosystem, glucose supplied by the
choriocapillaris enters the RPE, which then spares this fuel
molecule, and exports it to the photoreceptor cells (12). In
return, the photoreceptor cells transport lactate, the major
byproduct of incomplete glucose oxidation, to the RPE, where
it may serve as a fuel source. Lactate in the RPE can be con-
verted to pyruvate, via lactate dehydrogenase, which is then
able to enter the mitochondrial matrix and completely
oxidized to power ATP production via oxidative phosphory-
lation. Interestingly, this complementary metabolic relation-
ship between photoreceptor and RPE cells is similar to that
between neurons and glial cells, which rely on lactate and
glucose as fuel sources, respectively (13, 14).

In contrast to photoreceptor cells, the RPE has been shown
to be heavily dependent on oxidative phosphorylation and
mitochondrial metabolism. This is presumably because RPE
cells suppress glucose consumption to allow a sufficient
amount of it to pass through to the photoreceptors. Instead,
the RPE utilizes lactate (12), succinate (15), glutamine (16),
proline (17), and fatty acids derived from ingested photore-
ceptor outer segment disk membranes (18, 19) as fuel sources
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RPE metabolism and differentiation

for mitochondrial respiration. Studies have shown that RPE
cells that switch to a glycolytic-based metabolism become less
supportive of their neighboring photoreceptor cells, eventually
causing progressive rod and cone degeneration (20). In addi-
tion, disruption of mitochondrial oxidative phosphorylation or
biogenesis has been shown to induce dedifferentiation in
mouse RPE in vivo (21). These studies suggest a link between
the mitochondrial metabolism of the RPE and its state of
differentiation as a polarized epithelium.

In the present study, we used the human immortalized RPE
cell line, ARPE-19, and primary cultures of human fetal RPE
(hfRPE) cells to examine mitochondrial metabolism in the
context of RPE cell differentiation. We took advantage of the
default state of ARPE-19 cells, which exist in an undifferenti-
ated fusiform form when cultured under standard conditions.
We have previously identified the vitamin B3 nicotinamide and
nicotinamide riboside as rapid inducers of ARPE-19 differen-
tiation (22). Moreover, nicotinamide is often used in media for
the differentiation of pluripotent stem cells into RPE (23, 24).
Our current study explores the effect of nicotinamide on the
metabolism of RPE mitochondria. Importantly, our results
show that mitochondrial metabolism is a driver of the differ-
entiation of human RPE cells into a polarized epithelium.

Results
Morphology of ARPE-19 cells in the presence of nicotinamide

When the human immortalized cell line, ARPE-19, was first
derived in 1996, it exhibited many characteristics of native
RPE, including pigmentation, cobblestone appearance, and
expression of RPE-specific markers (25). Following extensive
passaging of the cell line over time, many of these character-
istics have been lost; today, ARPE-19 cells cultured in standard
media have a flat morphology that resembles fibroblastic cells.
We have previously reported a culturing method and medium
that rapidly differentiates fibroblastic-like ARPE-19 cells into
cultures with RPE-like characteristics, including cobblestone
morphology, expression of RPE-specific markers, and polar-
ized secretion of proteins (22). Moreover, we identified the
vitamin B3, nicotinamide, as an essential component of our
culture medium that supported this rapid differentiation of
ARPE-19 cells; in the absence of nicotinamide, cultures did not
differentiate into a polarized epithelium even after 6 or more
weeks in culture.

When cultured on plastic surfaces in the presence of nico-
tinamide, ARPE-19 cells acquired a cobblestone morphology
that resembles that of a polarized epithelium (Fig. 1A4). To test
for a differentiated morphology, we cultured ARPE-19 cells on
laminin-coated Transwell inserts in the presence or the
absence of nicotinamide, and determined cytoskeletal organi-
zation, as well as polarity (Fig. 1, B—D). Immunolabeling of the
junctional protein, zonula occludens-1 (ZO-1), revealed a
compact and organized cobblestone morphology only in
ARPE-19 cells cultured with nicotinamide (Fig. 1B). Because
actin filaments have a contrasting arrangement in a polarized
and unpolarized epithelium, we labeled ARPE-19 cells cultured

2 J Biol. Chem. (2022) 298(9) 102286

in the presence or the absence of nicotinamide with phalloidin.
We observed that the actin cytoskeleton in ARPE-19 cells,
cultured without nicotinamide, consisted mainly of stress fi-
bers, a characteristic of fibroblastic cells, whereas those
cultured with nicotinamide possessed a cortical belt of actin
filaments that is normally found in differentiated RPE cells
(Fig. 1C). In a recent study, Paniagua et al. (26) demonstrated
that crumbs cell polarity complex component 2 (CRB2) was
essential for the development and the maintenance of a
polarized epithelial state in RPE cells. We therefore tested the
expression and localization of CRB2 in ARPE-19 cells cultured
in the presence or the absence of nicotinamide. Cells not
exposed to nicotinamide showed low expression of CRB2 and
primarily cytoplasmic localization of the protein, whereas
those cultured with nicotinamide showed robust expression
and peripheral localization of CRB2 at the plasma membrane
of the cells (Fig. 1D). These experiments demonstrate the role
of nicotinamide in promoting the differentiation of ARPE-
19 cells into a well-polarized epithelium.

We next asked whether the effects of nicotinamide on
ARPE-19 cell differentiation are reversible. In one experiment
(Fig. 2A), we differentiated ARPE-19 cells in nicotinamide-
containing minimum essential medium (MEM-Nic) for
2 weeks, during which they formed a compact monolayer with
a cobblestone appearance (Fig. 2B). The monolayer of cells was
dissociated enzymatically with trypsin, and an equivalent
number of cells was seeded in MEM or MEM-Nic. The cul-
tures were maintained for an additional 2 weeks and then
imaged. ARPE-19 cells that were seeded in MEM-Nic
reformed a homogeneous monolayer with cobblestone
morphology (Fig. 2C). In contrast, ARPE-19 cells that were no
longer in the presence of nicotinamide (MEM) failed to reform
the cobblestone appearance and instead adopted a fusiform
morphology uncharacteristic of polarized epithelial cells
(Fig. 2D).

To further test the effects of nicotinamide on ARPE-19 cell
differentiation, we adopted a slightly different experimental
scheme (Fig. 2E). Two ARPE-19 cultures were seeded and
maintained in MEM-Nic for 1 week. The cells began to
differentiate and take on the cobblestone appearance as ex-
pected (Fig. 2F). On day 7, one of the cultures was kept in
MEM-Nic, whereas the other culture was switched to an
identical medium lacking nicotinamide (MEM). The ARPE-19
culture kept in the presence of nicotinamide continued to
differentiate, and on day 14, it exhibited a compact
morphology with cobblestone appearance (Fig. 2G). In
contrast, the ARPE-19 culture that was no longer exposed to
nicotinamide lost the cobblestone appearance it had on day 7
and appeared to have undergone dedifferentiation (Fig. 2H).

These experiments highlight the role of nicotinamide in
promoting an ARPE-19 cell morphology resembling that of a
differentiated and polarized epithelium. Moreover, they show
that nicotinamide was necessary for not only establishing but
also maintaining the epithelial morphology of ARPE-19 cells,
as its removal from the culture medium resulted in dediffer-
entiation of the cells.
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MEM-Nic

MEM-Nic

Figure 1. Cellular morphology of ARPE-19 cells cultured in the presence or the absence of nicotinamide. A, brightfield micrographs of ARPE-19 cells
cultured for 2 weeks in MEM or MEM-Nic. B, immunofluorescence micrographs of ZO-1 labeling in ARPE-19 cells cultured on laminin-coated Transwell
inserts for 3 weeks in the same media as for A. Cells cultured in MEM-Nic exhibited compact and cobblestone morphology. C, phalloidin labeling showed
cortical arrangement of actin filaments in cells cultured in MEM-Nic. Cells cultured in the absence of nicotinamide (MEM) contained actin filaments arranged
in stress fibers. D, immunofluorescence micrographs of CRB2 labeling in ARPE-19 cells cultured on laminin-coated Transwell inserts for 3 weeks in the same
media as for A. Cells differentiated in MEM-Nic showed higher expression of CRB2 as well as junctional localization at the apical plasma membrane. The
scale bars represent 50 um (A) and 20 pm (B-D). All images are representative from at least three independent experiments. CRB2, crumbs cell polarity
complex component 2; MEM-Nic, nicotinamide-containing minimum essential medium; ZO-1, zonula occludens-1.
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Figure 2. The effects of nicotinamide on ARPE-19 cell differentiation are reversible. A-D, schematic diagram (A) of an experiment in which ARPE-
19 cells cultured in MEM-Nic for 2 weeks (B) were trypsinized, passaged, and then plated in MEM-Nic (C) or MEM (D) media for 2 weeks. Cells switched to
media lacking nicotinamide (MEM; D) lost their cobblestone morphology. E-H, schematic diagram (E) of an experiment in which two separate cultures of
ARPE-19 cells were grown in MEM-Nic for 1 week (F), and on day 7, one of the cultures was kept in MEM-Nic for an additional week (G), whereas the other
was switched to MEM (H). Cells that exhibited cobblestone morphology after 1 week in MEM-Nic lost that appearance when nicotinamide was removed
from the medium. The scale bars represent 300 um (B-D and F-H). MEM-Nic, nicotinamide-containing minimum essential medium.

Expression of mitochondrial genes and proteins in the
presence of nicotinamide

Nicotinamide is a water-soluble member of the vitamin B3
family. Among its prominent biological roles, nicotinamide
has been shown to be a key player in the biosynthetic salvage
pathway used by cells to generate NAD" (27). NAD" is one of
the most abundant metabolites in the body and plays a vital
role in numerous cellular processes, including mitochondrial
metabolism, redox homeostasis, DNA repair, RNA processing,
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and epigenetic pathways (28). We therefore began by testing
whether nicotinamide altered the redox status of the NAD"/
NADH pool in ARPE-19 cells. Undifferentiated ARPE-19 cells
were seeded on 96-well culture plates in MEM lacking nico-
tinamide. The following day, some of the cultures were
switched to MEM-Nic medium containing 10 mM nicotin-
amide. After 24 h, the cells were then lysed to measure the
pools of NAD" and NADH separately using a luciferase-based
assay. The results showed a two-fold increase in the levels of
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NAD" when the ARPE-19 cells were exposed to nicotinamide
in the culture medium (Fig. 34). In contrast, there was no
significant difference in the levels of the reduced form, NADH
(Fig. 3B). Several studies have previously demonstrated that
nicotinamide and its related form, nicotinamide riboside, in-
crease the ratio of NADY/NADH in different types of
mammalian cells (29-31). In agreement with those studies, we
have found that nicotinamide increased the pool of NAD* and
therefore the ratio of NAD*/NADH in ARPE-19 cells
(Fig. 30).

Boosting NAD™ levels by supplementation with NAD"
precursors, including nicotinamide riboside, has been shown
to increase mitochondrial gene expression in some other cell
types (29, 32). We therefore tested the expression of mito-
chondrial proteins and genes in ARPE-19 cells differentiated in
the presence of nicotinamide. Immunoblotting showed a sig-
nificant increase in the expression of mitochondrial importer
proteins, including translocase of outer membrane 20 kDa
subunit (TOM20) and translocase of inner mitochondrial
membrane 23 (TIMM23), as well as mitochondrial enzymes,
including cytochrome ¢ oxidase 4 (COX4) and the
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RPE metabolism and differentiation

tricarboxylic acid (TCA) cycle enzyme, fumarase, after 2 weeks
of differentiation in MEM-Nic (Fig. 3, D and E). To test our
hypothesis using a different approach, we cultured ARPE-
19 cells in the presence or the absence of nicotinamide for
2 weeks and harvested total RNA to test the expression of
mitochondria-related genes. Consistent with the immuno-
blotting data, we found that nicotinamide significantly
increased the expression of genes encoding mitochondrial
enzymes, including COX1, COX3, COX4, the ATP synthase
subunit (ATP5G1; ATP synthase, H+ transporting, mito-
chondrial FO complex, subunit C1 [subunit 9]), and fumarase
(Fig. 3F). We also observed a significant increase in the
mitochondria-related  transcription factor  peroxisome
proliferator—activated receptor-gamma coactivator-1 alpha
(PGCla), which has previously been shown to promote an
increase in expression of mitochondria-related genes (33, 34)
(Fig. 3F). These results demonstrate a biologically significant
effect of nicotinamide, enhancing the expression of mito-
chondrial proteins and genes in differentiated ARPE-19 cells.

Given the reversible effects of nicotinamide on ARPE-19
morphology we observed, we next tested whether the
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Figure 3. Nicotinamide increases the intracellular NAD* pool as well as the expression of mitochondrial proteins and genes in ARPE-19 cells. A-C,
quantification of the NAD* (A) and NADH (B) pools in undifferentiated ARPE-19 cells exposed to 10 mM nicotinamide over a 24 h period using a luciferase-
based assay; the quantification was used to calculate an NAD*/NADH ratio (C). D, immunolabeled Western blot revealing the expression of several
mitochondrial proteins in ARPE-19 cells cultured for 2 weeks in MEM or MEM-Nic. Tubulin was used as a loading control. The positions of apparent mo-
lecular mass markers are indicated on the right. E, quantification of band intensity on the immunoblot showed significantly higher abundance of mito-
chondrial proteins in cells exposed to nicotinamide, including TOM20, TIMM23, COX4, and fumarase. The normalized expression of these proteins in cells
cultured in MEM (control group) was set to 1, indicated by the red-dotted line on the graph. The mean of the SDHA expression level was elevated under
MEM-Nic conditions, but statistical analysis of our data determined p = 0.14. Mitochondrial protein expression was normalized to tubulin expression.
F, quantification of real-time PCR for mitochondrial-related genes showed significantly higher expression in ARPE-19 cells cultured for 2 weeks under MEM-
Nic conditions. The normalized expression of these genes in cells cultured in MEM (control group) was set to 1, indicated by the red-dotted line on the graph.
Both Western blot and real-time PCR data are collated from at least three independent experiments. Error bars in (A-C, E, and F) represent £SEM. *p < 0.05,
**p < 0.01, and ****p < 0.0001 using Student’s t test. COX4, cytochrome c oxidase 4; MEM-Nic, nicotinamide-containing minimum essential medium; SDHA,
succinate dehydrogenase complex flavoprotein subunit A; TIMM23, translocase of inner mitochondrial membrane 23; TOM20, translocase of outer
membrane 20 kDa subunit.
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changes to mitochondrial protein expression were also
reversible. We adopted an experimental scheme in which
ARPE-19 cells seeded in MEM-Nic were no longer exposed to
nicotinamide after 7 or 14 days of differentiation (Fig. 4A).
Cells were cultured in MEM without nicotinamide for an
additional 7 or 14 days, respectively, and harvested for total
protein. Immunoblotting for COX4 (Fig. 4B) revealed that,
during culture in medium without nicotinamide, expression of
this mitochondrial enzyme was decreased by 54% in the 7-day
protocol (Fig. 4C), and by 51% in the 14-day protocol (Fig. 4D).
These results demonstrate that, as with the morphology
phenotype, nicotinamide exhibits reversible effects on the
expression of mitochondrial proteins.

Mitochondrial morphology

The morphology of mitochondria is an important charac-
teristic that has been linked to specific mitochondrial meta-
bolic profiles that reflect respiratory activity in different cell
types (35-37). Large and filamentous mitochondria are
frequently associated with higher rates of oxidative phos-
phorylation compared with smaller fragmented mitochondria
(38, 39). The changes in expression of mitochondrial proteins
in ARPE-19 cells differentiated with nicotinamide led us to
investigate the morphology of the mitochondria in these cells.
We used transmission EM to image ARPE-19 cells
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differentiated on Transwell inserts for 2 weeks in the presence
or the absence of nicotinamide. ARPE-19 cells differentiated
with nicotinamide had significantly larger mitochondria in
comparison with cells that were not exposed to nicotinamide
(Fig. 5, A, C and D). The mitochondria in these cells were also
less circular in shape than those in cells that were not exposed
to nicotinamide (Fig. 5B). In addition, higher magnification
micrographs indicated that the mitochondrial cristae were
more numerous and more tightly folded in cells differentiated
with nicotinamide (Fig. 5, E-H). These findings revealed that
in addition to an altered morphology of the ARPE-19 cells
themselves, supplementation with nicotinamide affected the
morphological characteristics of their mitochondria.

Mitochondrial respiration

Given the changes in mitochondrial morphology and pro-
tein expression we observed in ARPE-19 cells in the presence
of nicotinamide, we then tested the hypothesis that these cells
were becoming more reliant on oxidative phosphorylation to
meet their energy demand. We cultured ARPE-19 cells for
2 weeks in the presence or the absence of nicotinamide and
used the Seahorse XF Analyzer to measure rates of both
glycolysis and mitochondrial respiration. Measuring the basal
extracellular acidification rate (ECAR) served as an indirect
measurement of glycolysis and revealed that it was significantly
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Figure 4. Removal of nicotinamide results in decreased expression of mitochondrial protein, COX4. A, schematic diagram of experiments in which
ARPE-19 cells were seeded on plastic surfaces in MEM-Nic and cultured for 1 or 2 weeks. On day 7 or day 14, the media were switched to an identical
medium lacking nicotinamide (MEM), and the cells were continued to be cultured for an additional 1 or 2 weeks, respectively, before being harvested for
total protein. B, immunolabeled Western blot revealing expression of COX4 in ARPE-19 cells following removal of nicotinamide from the medium after 1 or
2 weeks of differentiation in MEM-Nic. The positions of apparent molecular mass markers are indicated on the right. C and D, quantification of COX4 band
intensity on immunoblots showed a significant decrease in the levels of COX4 when nicotinamide was removed from the culture medium after 1 (C) or 2 (D)
weeks of differentiation in MEM-Nic. COX4 expression was normalized to B-tubulin expression. Error bars in (C and D) represent £SEM. **p < 0.01,
***p < 0.001, using Student’s t test. COX4, cytochrome ¢ oxidase 4; MEM-Nic, nicotinamide-containing minimum essential medium.
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Figure 5. Nicotinamide alters the size and morphology of mitochondria in ARPE-19 cells. A, quantification of mitochondrial cross-sectional area
revealed that the mitochondria in cells treated with nicotinamide were larger in size compared with those in cells not exposed to nicotinamide. B,
quantification of mitochondrial circularity revealed that the mitochondria in ARPE-19 cells cultured with nicotinamide were less circular in shape than those
in ARPE-19 cells not exposed to nicotinamide. A and B, each dot represents a measurement made from an individual mitochondrion, and all the mea-
surements were made from a total of 17 EM micrographs acquired from three separate experiments. Horizontal bar indicates median of the data with 95%
confidence intervals (Cls). C and D, EM micrographs of mitochondria (highlighted in red) in ARPE-19 cells cultured on laminin-coated Transwell inserts for
2 weeks in the absence (C) or the presence (D) of nicotinamide. E-H, higher magnification EM micrographs of mitochondria in ARPE-19 cells cultured on
laminin-coated Transwell inserts for 2 weeks in the absence (£ and F) or the presence (G and H) of nicotinamide. The mitochondrial cristae in ARPE-19 cells
exposed to nicotinamide were more numerous and more tightly folded than those in cells not exposed to nicotinamide. C and D are the same magni-
fication, as are E-H. The scale bars represent 0.5 um (C and D) and 0.1 um (E-H). Confidence intervals: (A) MEM: 95% Cl, 0.06 to 0.08. MEM-Nic: 95% Cl, 0.15 to
0.23. B, MEM: 95% Cl, 0.88 to 0.90. MEM-Nic: 95% Cl, 0.75 to 0.84. ****p < 0.0001, using the Mann-Whitney U test. MEM-Nic, nicotinamide-containing

minimum essential medium.

lower in the cells cultured with nicotinamide (Fig. 6, A and B).
This difference suggested that differentiated ARPE-19 cells
were less dependent on glycolysis to meet their energy de-
mand. Next, we measured the oxygen consumption rate (OCR)
and found that it too was significantly lower in differentiated
ARPE-19 cells (Fig. 6, C and D). While this finding may be
counterintuitive, it likely reflects a low-energy demand upon
differentiation as seen in several other terminally differentiated
and postmitotic cells (40). Indeed, this is clear when
comparing rates of cellular ATP production from glycolysis
(ATPgjyco) and oxidative phosphorylation (ATPoyphos)s as the
differentiated ARPE-19 cells have a lower ATP demand but a
pronounced shift toward oxidative phosphorylation (41). In
ARPE-19 cells exposed to nicotinamide, oxidative phosphor-
ylation contributes to 89% of the total ATP pool but only 69%
in ARPE-19 cells cultured without nicotinamide (Fig. 6E). A
caveat to these experiments, however, is that the media lack
fatty acids that are available in serum that may be an important
substrate for RPE cells. Interestingly, the cells cultured in the

SASBMB

absence of nicotinamide had a larger overall ATP production
rate. In culturing the ARPE-19 line, we have consistently
observed that the cells cultured with nicotinamide differenti-
ated into a single monolayer of cells, becoming quiescent once
they reached full confluency. In contrast, ARPE-19 cells
cultured in the absence of nicotinamide had a higher pro-
pensity to divide, and grow on top of each other, even after
reaching full confluency. Given the high-energy cost of cell
division, this may explain why the undifferentiated cells
exhibited a higher overall ATP production rate (42).

To demonstrate that the reduced rates of oxidative phos-
phorylation were due to a reduced energy demand, we
measured respiration after addition of the ATP synthase in-
hibitor, oligomycin, and the uncoupler, carbonilcyanide p-tri-
flouromethoxyphenylhydrazone (FCCP) (Fig. 6F). This
estimates the maximal capacity for mitochondrial substrate
oxidation by decoupling oxygen consumption from any rate
limitations set by the ATP demand (40). Maximal respiration
rates in the ARPE-19 cells cultured with nicotinamide were so
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Figure 6. Enhanced mitochondrial metabolism in ARPE-19 cells by nicotinamide. ARPE-19 cells cultured in MEM or MEM-Nic for 2 weeks and analyzed
by a Seahorse XF Analyzer to measure cellular respiration. A, representative ECAR trace. B, basal ECAR. C, representative OCR trace. D, basal respiration.
E, ATP production rate. F, representative trace of oxygen depletion in the well demonstrating that ARPE-19 cells cultured in MEM-Nic have a higher oxygen
consumption, but that the OCR was underestimated because of rapid oxygen depletion in the well. All measurements were derived from three independent
experiments, each with four replicates per condition. In all experiments, the following were used at the indicated concentration: oligomycin (2-2.5 pM),
FCCP (0.45 pM for first injection and 0.90 uM for second injection), and antimycin A/rot (2 uM/2 uM). Error bars represent +SEM. *p < 0.05, **p < 0.01 using
Student’s t test (B and D) or two-way ANOVA followed by Sidak’s multiple comparisons test (E) to compare mean difference of ATPgy.c, and ATPoyuphos
production. ECAR, extracellular acidification rate; FCCP, carbonilcyanide p-triflouromethoxyphenylhydrazone; glyco, glycolysis; MEM-Nic, nicotinamide-
containing minimum essential medium; OCR, oxygen consumption rate; oxphos, oxidative phosphorylation.

high that oxygen was depleted in the XF24 microchamber well
prior to the completion of the 3-min measurement time. The
depletion of oxygen prior to the completion of the measure-
ment cycle causes an artifactual and untrustworthy rate re-
ported by the instrument software, making quantification
impossible (43). However, the rapid depletion of oxygen clearly
shows a substantially increased maximal respiratory capacity
upon differentiation in the presence of nicotinamide. Collec-
tively, these experiments support the hypothesis that ARPE-
19 cells, in the presence of nicotinamide, differentiate into
polarized epithelial cells that undergo a metabolic switch by
which they become less reliant on glycolysis and more
dependent on oxidative phosphorylation for their energy
demands.

Stable isotope tracing

To further test our hypothesis that the ARPE-19 cells
differentiated with nicotinamide were more reliant on
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oxidative phosphorylation, we provided them with uniformly
labeled '*C-glucose and utilized gas GC/MS to trace incor-
poration of glucose into intermediary metabolism (Fig. 74). In
addition to decreased abundance of lactate (Fig. 7B), there was
increased enrichment of glucose-derived carbon in TCA cycle
intermediates in ARPE-19 cells cultured with nicotinamide
(Fig. 7C), further supporting our bioenergetics data of a switch
toward oxidative phosphorylation and away from glycolysis.

Mitochondrial metabolism drives ARPE-19 cell differentiation

RPE cells in vivo have a very high-energy demand, and
recent studies have shown that they are heavily dependent on
their mitochondrial metabolism (12, 21, 44, 45). Given the
increased mitochondrial oxidation of glucose we observed by
glucose tracing in ARPE-19 differentiated with nicotinamide
(Fig. 7), we asked whether the polarization of the cells, and
concomitant changes in their morphology, were driving the
alterations of mitochondrial metabolism, or whether enhanced
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Figure 7. Increased carbon shunting from glucose into TCA intermediates in the presence of nicotinamide. A, schematic diagram depicting metabolic
tracing of labeled glucose. B, mass spectrometry quantification of the abundance of metabolites in ARPE-19 cells differentiated in MEM or MEM-Nic. C, mass
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represent £SEM. *p < 0.05, **p < 0.01 using Student'’s t test. MEM-Nic, nicotinamide-containing minimum essential medium; TCA, tricarboxylic acid.

mitochondrial metabolism was permitting the cells to differ-
entiate into a polarized epithelium. To test this, we utilized a
chemical inhibitor, UK5099, specific to the mitochondrial
pyruvate carrier (MPC), a protein that transports pyruvate into
the mitochondria where it undergoes oxidation to feed the
TCA cycle (46) (Fig. 84). To confirm the efficacy of the in-
hibitor, we first cultured ARPE-19 cells in the presence of
nicotinamide, and two different concentrations of UK5099 (2.5
and 5.0 pM) (41), for 10 days before using the Seahorse XF
Analyzer to test their mitochondrial respiration. Both con-
centrations of the UK5099 inhibitor were sufficient to signifi-
cantly lower the OCR of the ARPE-19 cells and therefore
impair their mitochondrial respiration (Fig. 8B). Next, we
cultured ARPE-19 cells in the presence of nicotinamide and
2.5 uM or 5.0 uM of UK5099 on plastic surfaces and Transwell
inserts to test if they would differentiate into a polarized
epithelial monolayer. Gross morphological examination of the
cells cultured on plastic surfaces revealed that perturbation of
mitochondrial respiration by the UK5099 inhibitor impeded
the ARPE-19 cells from acquiring a uniform cobblestone
morphology even in the presence of nicotinamide (Fig. 8C).
These observations were further confirmed when ARPE-
19 cells cultured on Transwell inserts in the presence of
UK5099 were immunolabeled for the junctional protein, ZO-1.
As shown in Figure 8D, cells exposed to the inhibitor exhibited
noncontinuous ZO-1 labeling at their borders and appeared to
have lost their compact cobblestone morphology. These ex-
periments support the hypothesis that enhanced mitochon-
drial respiration, mediated by the addition of nicotinamide, is a
contributing mechanism that is allowing the ARPE-19 cells to
differentiate into a polarized epithelium and acquire native
RPE characteristics.

Effects of nicotinamide on differentiation of primary human
RPE

To test whether nicotinamide has a similar effect on a
different source of RPE, we complemented our ARPE-19
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studies with experiments on primary hfRPE cells from three
different donors. The RPE cells from each donor were cultured
separately in the presence or the absence of nicotinamide for
2 weeks. As with the ARPE-19 cells, hfRPE cultures matured
more rapidly in the presence of nicotinamide, exhibiting a
more uniform cobblestone morphology and a higher propor-
tion of pigmented cells than those lacking nicotinamide (Fig. 9,
A and B). Pigmentation is a notable characteristic of mature
RPE cells in vivo and one that does not develop in ARPE-
19 cells. Therefore, the hfRPE cells provided additional and
novel evidence that nicotinamide promotes key characteristics
of in vivo RPE.

Next, we tested whether nicotinamide had a comparable
effect on the expression of mitochondria-related genes in
hfRPE cells that we observed in the ARPE-19 cell line. We
cultured hfRPE cells in the presence or the absence of nico-
tinamide for 4 weeks and harvested total RNA to compare the
relative expression of mitochondrial genes. As with the ARPE-
19 cell line, nicotinamide significantly increased the expression
of mitochondrial genes, including those that are nuclear
encoded and mitochondrial encoded (Fig. 9C).

Finally, we tested the effect of nicotinamide on mitochon-
drial function in hfRPE cells. Similar to the ARPE-19 cell line,
hfRPE cells exhibited reduced ECAR in the presence of nico-
tinamide, thus indicating a decreased dependence on glycolysis
(Fig. 10A). Furthermore, respirometry measurements revealed
a similar phenotype to that observed in ARPE-19 cells. Basal
OCR was decreased in the hfRPE cells cultured with nicotin-
amide, likely reflecting a low energy demand upon differenti-
ation of the cells (Fig. 10B). Consistent with this hypothesis, we
also observed a lower overall ATP demand in the hfRPE cells
cultured with nicotinamide. Similar to the ARPE-19 cell line,
the hfRPE cells exhibited a pronounced shift toward oxidative
phosphorylation, which contributed to 82% of the ATP pool in
cells cultured with nicotinamide, but only 67% in those
cultured without nicotinamide (Fig. 10C). Finally, as was
observed in the ARPE-19 cell line, respirometry measurements
after the addition of oligomycin and FCCP revealed a rapid
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zonula occludens-1.

depletion of oxygen from the microchamber well when the
hfRPE cells were cultured with nicotinamide, indicating a
profound increase in the maximal respiratory capacity
(Fig. 10D).

Collectively, these experiments demonstrate that similar to
ARPE-19 cells, primary hfRPE cells mature more rapidly in the
presence of nicotinamide and undergo a metabolic switch
whereby they become less dependent on glycolysis and more
dependent on oxidative phosphorylation.

Discussion

Beginning with the observation that nicotinamide pro-
motes the rapid differentiation and polarization of ARPE-
19 cells, we sought to determine the metabolic consequences
of nicotinamide treatment and thus gain insight into the
relationship between RPE differentiation and metabolism.
Early changes in NAD*/NADH ratio, and then, 2 weeks later,
in mitochondrial gene and protein expression and
morphology, indicate mitochondrial respiration as a driver of
differentiation, rather than vice versa. Similar results with

10 J Biol. Chem. (2022) 298(9) 102286

primary hfRPE cells suggest that this relationship is a general
RPE characteristic. Inhibition of the rapid differentiation by
inhibiting the MPC provided further support that the meta-
bolic changes induced by nicotinamide promoted differenti-
ation of ARPE-19 cells. These findings indicate that the RPE
is not only important for its role in the retinal metabolic
ecosystem (47) but also that metabolism is key for estab-
lishing its own polarized organization, on which many
essential RPE functions depend.

The ARPE-19 cell line has been notorious for generating
findings that have little relevance to human RPE cell biology
because the cells have often been studied in an undifferenti-
ated state (11). Nonetheless, the ease of using this cell line has
made it a popular model among both vision and nonvision
science laboratories worldwide. As shown in Figure 1, nico-
tinamide promoted rapid induction of RPE differentiation in
ARPE-19 cells. Nicotinamide’s addition to the cell culture
medium promoted a compact cobblestone morphology,
epithelial-like arrangement of the actin cytoskeleton, and
expression of polarity-specific proteins, including ZO-1 and
CRB2. Therefore, the characteristics induced by nicotinamide
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make the ARPE-19 cell line a more physiologically relevant
model without sacrificing the ease by which the cells can be
cultured in vitro. Furthermore, we confirmed that nicotin-
amide has a similar effect on the differentiation of primary
hfRPE, rapidly promoting a uniform cobblestone morphology
as well as pigmentation. The use of well-differentiated RPE
cells has been underscored by many studies. Specific to
metabolism, studies have shown that, unlike native RPE,
poorly differentiated ARPE-19 as well as human telomerase
reverse transcriptase RPE-1 cells are incapable of utilizing the
amino acid proline as a nutrient source (17, 48). Our current
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study demonstrates a clear link between RPE differentiation
and mitochondrial-related metabolism.

Similar to its effects on some other mammalian cell types,
nicotinamide increased the NAD*/NADH ratio as well as the
expression of mitochondrial-specific genes and proteins in
ARPE-19 and hfRPE cells (Figs. 3 and 9). Furthermore, nico-
tinamide addition altered the size and shape of the mito-
chondria, making them larger and less spherical. They also
contained cristae that were more abundant and tightly folded
(Fig. 5). We hypothesize that the increased expression of
PGCla in the differentiated ARPE-19 cells may promote the
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Figure 10. Nicotinamide enhances mitochondrial metabolism in primary human RPE. Fetal human RPE cells cultured in MEM or MEM-Nic for 2 weeks
(as for Fig. 9, A and B) and analyzed by a Seahorse XF Analyzer to measure cellular respiration. A, representative ECAR trace. B, representative OCR trace.
C, ATP production rate. D, representative trace of oxygen depletion in the well demonstrating that hfRPE cells cultured in MEM-Nic have a higher oxygen
consumption, but that the OCR was underestimated because of rapid oxygen depletion in the well. The following were used at the indicated concentration:
oligomycin (2 pM), FCCP (0.45 puM for first injection and 0.90 pM for second injection), and antimycin A/rot (2 pM/2 pM). Error bars represent +SEM.
***%p < 0.0001 using two-way ANOVA followed by Sidak’s multiple comparisons test (C) to compare mean difference of ATPg,c, and ATP,hos Production.
ECAR, extracellular acidification rate; FCCP, carbonilcyanide p-triflouromethoxyphenylhydrazone; glyco, glycolysis; hfRPE, human fetal RPE; MEM-Nic,
nicotinamide-containing minimum essential medium; OCR, oxygen consumption rate; oxphos, oxidative phosphorylation; RPE, retinal pigment epithelium.
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expression of mitochondrial proteins, which, because of the
observed elaboration of the cristae, can be packed at a larger
density in a single mitochondrion. Nonetheless, these effects
on mitochondrial morphology and protein expression suggest
an enhancement of the RPE mitochondrial metabolic profile.
Similar increases in mitochondrial protein expression have
been shown to be a part of metabolic switches that occur
during the differentiation of several cell types, including neu-
rons (49), mature osteoblasts (50), and myotubes (51). More-
over, the findings from metabolic assays on ARPE-19 and
hfRPE cells, including respirometry and glucose tracing
(Figs. 6, 7 and 10), further supported the hypothesis that these
cells are undergoing a metabolic switch as they differentiate in
the presence of nicotinamide. Previous studies have demon-
strated that oxidative phosphorylation and mitochondrial-
based metabolism are essential for RPE function (12, 21, 44).
Here, we found that perturbation of mitochondrial metabolism
by the MPC inhibitor, UK5099, impeded the differentiation of
ARPE-19 cells, even in the presence of nicotinamide, indi-
cating that the promotion of differentiation by nicotinamide
occurs via mitochondrial function.

Interestingly, we have found the effects of nicotinamide to
be reversible with respect to both ARPE-19 differentiation and
mitochondrial protein expression. As shown in Figure 2,
simply removing nicotinamide from the ARPE-19 culture
medium caused the cells to dedifferentiate and revert to a
fibroblast-like morphology. Furthermore, loss of nicotinamide
from the cell culture medium significantly reduced the
expression of the mitochondrial protein COX4 (Fig. 4). This
would suggest that nicotinamide might serve as an autono-
mous reagent to manipulate mitochondrial protein expression
in cultured RPE cells. Mitochondrial function has been shown
to dramatically decline with normal aging (52) and especially
under pathological conditions. Mitochondrial dysfunction has
been implicated in age-related macular degeneration, the
number one cause of blindness in people over the age of 50
(53-56). In addition, RPE dedifferentiation has been impli-
cated in proliferative vitreoretinopathy (57). Further studies
are necessary to test whether nicotinamide, and other mem-
bers of the vitamin B3 family, can be used to restore RPE
mitochondrial function and its differentiated state under
pathological conditions.

The differentiated state of the RPE is essential for many of
its functions (10, 11). Here, we have studied mitochondrial
metabolism in relation to RPE differentiation. Our results
show that mitochondrial metabolism both drives and main-
tains the RPE differentiation state, thus demonstrating a key
effect of mitochondrial function in supporting retinal function
and viability.

Experimental procedures
Conditions for cell culture

ARPE-19 cells, obtained from American Type Culture
Collection (passage 19), and hfRPE from three different donors
were maintained as described previously (22). Briefly, the cells
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were cultured in MEM-Nic (MEM alpha with GlutaMAX
[Fisher Scientific]), 1% fetal bovine serum, 100 U/ml penicillin
and 100 pg/ml streptomycin, 1% N2 supplement (Sigma-—
Aldrich), taurine (83 mg/ml) (Sigma—Aldrich), hydrocortisone
(20 upg/ml) (Sigma—Aldrich), triiodothyronine (13 ng/ml)
(Sigma—Aldrich), and 10 mM nicotinamide (Sigma—Aldrich).
The MEM was identical to the one above but was lacking
nicotinamide. The media were changed every 2 or 3 days. In all
experiments, ARPE-19 cells were used within five additional
passages, whereas the hfRPE cells were used after no more
than two passages. For experiments on Transwells, 6.5-mm
inserts with polyester membranes (Costar; catalog no.: 3470)
were coated (10 pg/cm?) with natural mouse laminin (Fisher
Scientific). Transepithelial resistance of ARPE-19 cells on
coated Transwell inserts was ~40 Q c¢cm? (22). For some ex-
periments, ARPE-19 cells were cultured in the presence of the
MPC inhibitor, UK5099 (Sigma), at final concentrations of 2.5
or 5.0 pM.

Immunocytochemistry

ARPE-19 cells cultured on laminin-coated Transwell in-
serts were washed 3x with Dulbecco’s PBS (Fisher Scientific)
before being fixed with 4% formaldehyde for 10 min at room
temperature (RT). Cell permeabilization was then achieved
with 0.25% Triton X-100 for 15 min at RT. Nonspecific
antibody binding was blocked by incubating the cells with 4%
bovine serum albumin for 1 h at RT. Cells were then incu-
bated with Dulbecco’s PBS plus 1% bovine serum albumin
and one or a combination of primary antibodies overnight at
4 °C. The appropriate Alexa Fluor—conjugated secondary
antibodies were then used for 1 h at RT in the dark. For actin
labeling, the cells were incubated with Phalloidin—TRITC
(Sigma—Aldrich). To prepare the samples for imaging,
membranes of the Transwell inserts were excised and
mounted on frosted microscope slides using Fluoro-Gel II
mounting medium containing 4’,6-diamidino-2-phenylindole
(Electron Microscopy Sciences). Imaging was performed on a
FluoView 1000 Olympus confocal microscope with a 60x
numerical aperture of 1.40 oil objective, using FluoView
FV10-ASW 4.2 software (Olympus). Primary antibodies used
included ZO-1 (1:500 dilution) (Invitrogen; catalog no.:
402200), and CRB2 (1:100 dilution) (Thermo Fisher; catalog
no.: PA5-25628).

NAD*/NADH-Glo assay

Undifferentiated ARPE-19 cells were seeded on to 96-well
culture plates in MEM. The following day, some of the wells
were switched to nicotinamide-containing medium (MEM-
Nic) and allowed to grow for 24 h. The cells were lysed with
0.2 N NaOH, and the lysates were transferred to a white-
walled tissue culture plate. A double extraction was per-
formed to measure the pools of NAD" and NADH separately,
using the NAD/NADH-Glo Assay (Promega), according to the
manufacturer’s instructions. Luminescence was measured us-
ing a SpectraMax iD3 microplate reader (Molecular Devices).
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Western blot

Total protein was collected from ARPE-19 cells cultured on
plastic surfaces in radioimmunoprecipitation assay buffer, and
15 to 20 ug of protein were separated by SDS-PAGE. Semidry
transfer was used to transfer the proteins on to polyvinylidene
difluoride membranes. The membranes were then blocked
with Odyssey blocking buffer (LI-COR) for 1 h at RT. Primary
antibody incubation was performed overnight at 4 °C in Od-
yssey buffer with 0.1% Tween-20. For signal detection, the
membranes were incubated with species-matched secondary
IRDye 680RD and 800CW antibodies diluted in Odyssey
blocking buffer with 0.1% Tween-20 and 0.01% SDS for 1 h at
RT in the dark. Imaging was performed using the Odyssey CLx
Imaging System (LI-COR), and blots were processed using
Image Studio Lite, version 5.2 software (LI-COR). Primary
antibodies used included translocase of outer membrane 20
(1:1000 dilution) (Cell Signaling; catalog no.: 42406), TIMM23
(1:1000 dilution) (Abcam; catalog no.: ab230253), COX4 (1:500
dilution) (Molecular Probe; catalog no.. A21348), fumarase
(1:1000 dilution) (ABclonal Technology; catalog no.: A5688),
succinate dehydrogenase A (1:10,000 dilution) (Abcam; catalog
no.: ab14715), a-tubulin (1:2000 dilution) (Sigma; catalog no.:
T9026), and B-tubulin (1:2000 dilution) (Cell Signaling; catalog
no.: 2128).

Real-time PCR

Total RNA was harvested from ARPE-19 cells cultured on
plastic surfaces for 2 weeks and hfRPE cells cultured for
4 weeks in MEM or MEM-Nic, using the PureLink RNA Mini
Kit (Fisher Scientific). Reverse transcription was performed
with the SuperScript IV First-Strand Synthesis System (Fisher
Scientific) to generate complementary DNA from approxi-
mately 3 to 5 pg of total RNA. The complementary DNA was
amplified using KAPA SYBR Green mastermix (KAPA Bio-
systems) on the Roche LightCycler 480 Instrument II. Thermal
cycling conditions were performed as follows: one cycle at
95 °C for 5 min; 45 cycles at 95 °C for 10 s, 53 °C for 10 s, and
72 °C for 10 s; and one cycle at 72 °C for 10 min. The primer
sequences include COXI, 5'-ACGTTGTAGCCCACTTC-
CAC-3' and 5-GGTTTGGTCTAGGGTGTAGCC-3'; COX3,
5'-AGTAAAACCCAGCCCATGACC-3' and 5-TTCTCGTG
TTACATCGCGCC-3'; COX4, 5-CAGGGTATTTAGCCT
AGTTGGC-3' and 5-GCCGATCCATATAAGCTGGGA-3';
ATP5GI, 5-TTCCAGACCAGTGTTGTCTCC-3' and 5-GA
CGGGTTCCTGGCATAGC-3'; Fumarase, 5-GGAGGTGT-
GACAGAACGCAT-3 and 5-CATCTGCTGCCTTCATTA
TTGC-3'; PGCla, 5'-GTGGTGCAGTGACCAATCAG-3' and
5-CTGTCAGCGCATCAAATGAG-3'; 185 rRNA, 5'-GGCCC
TGTAATTGGAATGAGTC-3 and 5'-CCAAGATCC
AACTACGAGCTT-3'.

EM

ARPE-19 cells were fixed with 2% formaldehyde and 2%
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 24 h at
4 °C. The samples were then rinsed with 0.1 M cacodylate
buffer containing 1% tannic acid and postfixed with 1% OsO,
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(w/v) diluted in ultrapure water for 1 h in the dark. After a
wash with distilled water, the samples were dehydrated using a
graded ethanol series, with the final step in propylene oxide
followed by resin infiltration. Samples were then embedded in
Araldite 502 resin (Electron Microscopy Sciences), and ultra-
thin sections (70 nm) were obtained with a PowerTome X
ultramicrotome (RMC Boeckeler). Uranyl acetate and lead
citrate were then used for enhanced contrast. Micrographs
were acquired using a JEM-1400 Plus (JEOL) electron micro-
scope equipped with an Orius SC1000A (Gatan) camera and
Gatan Microscopy Suite Software. Minor contrast and
brightness adjustments to whole images were performed with
Adobe Photoshop CS6 software. The mitochondria identified
in EM sections were outlined on the Image] software (National
Institutes of Health), which was then used to measure the area
of their profile in section, as well as the circularity of that
profile (calculated by the formula: 47t x area/perimeter?).

Seahorse assay

Respirometry assays were performed on a Seahorse XFe24
Extracellular Flux Analyzer (Agilent Technologies). Cells were
seeded at 1.66 x 10° cells/cm” on to a laminin-coated Seahorse
XF24 microplate and maintained in an incubator at 37 °C in
5% CO,. On the day of the assay, cells were washed twice with
Seahorse assay medium (Dulbecco’s modified Eagle’s medium
[DMEM] supplemented with 8 mM glucose, 2 mM glutamine,
2 mM sodium pyruvate, and 5 mM Hepes; pH 7.4) and
brought to a final volume of 500 ul per well. The XF24 plate
was incubated at 37 °C for 30 min in an incubator without
CO, before the start of the assay. During the assay, oligomycin
was injected from port A to a final concentration of 2 to
2.5 uM, FCCP was injected from ports B and C to final con-
centrations of 0.45 and 0.90 uM, respectively, and antimycin A
and rotenone were injected from port D to a final concen-
tration of 2 uM.

Seahorse data were normalized to cell number per well by
quantifying Hoechst-stained nuclei. After the assay, the cells
were stained with Hoechst (1 pg/ml) and quantified with an
Operetta High-Content Imaging System (PerkinElmer).
Normalized rates are presented as pmol O,/min/10> cells. Data
are presented as the average compiled data from three inde-
pendent experiments. Statistical analysis was conducted by
¢ test or two-way ANOVA, and statistical significance (p <
0.05) is denoted with an asterisk (*).

Data were analyzed by first subtracting nonmitochondrial
respiration (lowest rate after injection of antimycin A and
rotenone) from all OCRs. Basal OCR and ECAR were calcu-
lated as the average of the two measurements before injection
of oligomycin. ATP production rates from glycolysis (glyco)
and oxidative phosphorylation (oxphos) were calculated as
described previously (41).

Stable isotope tracing assay

ARPE-19 cells were cultured on 6-well plates in MEM or
MEM-Nic for 2 weeks. On the day of the experiment, the cells
were washed with DMEM lacking glucose, glutamine, and
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phenol red (Gibco; catalog no.: A14430). The cells were then
cultured for 24 h in DMEM supplemented with 10 mM uni-
formly labeled 13Ce—glucose, 10% (v/v) fetal bovine serum,
2 mM glutamine, 100 units/ml penicillin, 100 pg/ml strepto-
mycin, and 3 mg/l phenol red. Cells were prepared for GC/MS
as previously described (58). Briefly, they were kept on ice and
quickly washed with ice-cold 0.9% (w/v) NaCl. Cells were then
scraped in ice-cold methanol and water containing 1 pg nor-
valine, an internal standard. Chloroform was then added to the
samples, which were then vortexed for 1 min, and centrifuged
at 10,000g for 5 min at 4 °C. The top layer was removed, and
the samples were dried overnight using a refrigerated Cen-
triVap vacuum concentrator (LabConco). For quantification
purposes, metabolites (50 nmol to 23 pmol) were extracted
alongside the cell samples to generate a standard curve.

The dried samples were reconstituted in 2% (w/v)
methoxyamine in pyridine prior to a 45-min incubation at
37 °C. Subsequently, an equal volume of MTBSTFA and 1%
TBDMSCI with 1% tert-butyldimethylchlorosilane was added
to samples, followed by an additional 45-min incubation at
37 °C. Samples were analyzed using Agilent MassHunter
software. For stable isotope tracing, the data were analyzed
with FluxFix software (http://fluxfix.science) to correct the
abundance of natural heavy isotope against a reference set of
unlabeled metabolite standards (59).

Data availability

All data are contained within the article.
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