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Abstract

Retinitis pigmentosa occurs due to mutations that cause rod photoreceptor degeneration. Once
most rods are lost, gradual degeneration of cone photoreceptors occurs. Oxidative damage

and abnormal glucose metabolism have been implicated as contributors to cone photoreceptor
death. Herein, we show increased phosphorylation of key enzymes of glucose metabolism in

the retinas of rdZ0mice, a model of RP, and retinas of wild type mice with paraquat-induced
oxidative stress, thereby inhibiting these key enzymes. Dietary supplementation with glucose

and pyruvate failed to overcome the inhibition, but increased reducing equivalents in the retina
and improved cone function and survival. Dichloroacetate reversed the increased phosphorylation
of pyruvate dehydrogenase in rdZ0retina and increased histone acetylation and levels of TP53-
induced glycolysis and apoptosis regulator (TIGAR), which redirected glucose metabolism toward
the pentose phosphate pathway. These data indicate that oxidative stress induced damage can

be reversed by shifting glycolytic intermediates toward the pentose phosphate pathway which
increases reducing equivalents and provides photoreceptor protection.
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Introduction

Retinitis Pigmentosa (RP) is an inherited retinal degeneration that has a prevalence of
roughly 1:4000 (1, 2). Pathogenic mutations have been identified in nearly 100 genes (http://
www.sph.uth.tmc.edu/retnet/) and can result in autosomal recessive, autosomal dominant, or
X-linked recessive inheritance. The key feature that links all of these different mutations
with different modes of inheritance into a single disease process is that the mutations
differentially affect rod photoreceptors and spare cone photoreceptors. Rod photoreceptors
are responsible for vision in low light settings and therefore, the first symptom of RP is
usually difficulty seeing when illumination is poor often referred to as night blindness.
While this can be troubling in certain situations, it has little impact on most activities of
daily life. However, after the majority of rods die, cone photoreceptors begin to degenerate
resulting in gradual constriction of visual fields and eventually severe visual disability often
culminating in blindness. In order to prevent severe vision loss in patients with RP, it is
critical to understand the mechanism(s) by which cones die.

Rod photoreceptors constitute 95% of cells in the outer retina and after they are eliminated,
oxygen consumption is markedly reduced and remaining cones are exposed to high levels
of oxygen (3, 4) causing oxidative stress from excess production of superoxide radicals
and other ROS (5). This results in progressive oxidative damage to cones in RP retina (6)
which contributes to cone cell death, because antioxidants, including N-acetylcysteine, or
expression of components of the endogenous antioxidant defense system, promote cone
survival and function in multiple RP models (7-11). In patients with RP, administration

of oral N-acetylcysteine for 6 months improved cone function suggesting that long-term
treatment with N-acetylcysteine might reduce cone cell death and visual disability (12).
Therefore, oxidative damage appears to be one contributor to cone cell death in RP.

The hostile environment that cones are exposed to after rod degeneration results in metabolic
abnormalities, particularly in the transport and utilization of glucose, which may also
contribute to cone cell death (13-15). Glucose enters the retina by GLUTL1 transport through
retinal pigmented epithelial (RPE) cells and vascular endothelial cells and this transport is
perturbed in the setting of RP resulting in substrate deficiency (13). However, there may
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be other abnormalities as well, because glucose metabolism is complex and has several
vulnerable control points. Glucose is metabolized by glycolysis in the cytoplasm to form
pyruvate which enters mitochondria where it is converted to acetyl CoA by the pyruvate
dehydrogenase complex (PDC) and to oxaloacetate by pyruvate carboxylase. Acetyl CoA
and oxaloacetate enter the TCA cycle which drives oxidative phosphorylation through which
the vast majority of ATP is generated. Cells shift their reliance on glycolysis or the TCA
cycle with regard to ATP production depending on the situation, with particularly important
factors being the availability of oxygen and substrates. Cancer cells extensively utilize
glycolysis even when oxygen is not limiting, which is referred to as aerobic glycolysis

(16, 17). Photoreceptors appear to utilize aerobic glycolysis more than many other normal
non-malignant tissues, but oxidative phosphorylation is still responsible for the majority of
ATP generation in normal photoreceptors (18).

A major control point for the shift between reliance on the TCA cycle and glycolysis for
energy production is pyruvate kinase, the rate limiting enzyme of glycolysis. There are 4
isozymes of pyruvate kinase, PKL, PKR, PKM1, and PKM2, which differ in their regulatory
properties (19, 20). The predominant isozyme in photoreceptors is PKM2 (21, 22) which is
also predominant in cancer cells (23). The relative abundance of one of the precursors of
pyruvate, fructose-1,6-bisphosphate (FBP), regulates PKM2, because FBP binds to PKIM2
and stabilizes the active tetrameric form. When FBP is low, the lack of binding of FBP

to PKMZ2 causes its dissociation into the inactive dimeric form and reduces utilization of

the TCA cycle. PKMZ2 is also regulated by phosphorylation of tyrosine residue 105 (Y 105)
which disrupts binding of FBP to PKM2 and thus reduces PKM2 activity (24). The PDC
complex provides a second major control point because its enzymatic activity is reduced
when it is phosphorylated by one of four isoforms of pyruvate dehydrogenase kinase (PDK)
(25, 26). PDK expression is increased by hypoxia and its activity is stimulated by the
products of pyruvate dehydrogenase, acetyl CoA and NADH, shifting glucose metabolism
away from the TCA cycle (27). Lactate dehydrogenase (LDH) provides a third control point;
when the production of lactate is favored, the depletion of pyruvate reduces TCA cycle flux.

The shift in emphasis between glycolysis and the TCA cycle is an important adaptive
response that allows cells to cope with changes in substrate and oxygen availability, but it

is also vulnerable to dysregulation during disease. Abnormal inhibition of PDC resulting in
energy deficiency has been demonstrated in cardiovascular (28, 29) and neurodegenerative
diseases (30). In this study, we sought to determine if changes in these control points of
glucose metabolism contribute to metabolic abnormalities previously reported in RP retinas.

Materials and Methods

Study approval

Mice were treated in accordance with the Association for Research in Vision and
Ophthalmology and the protocol was approved by the Johns Hopkins Animal Care and
Use Committee (approval number MO20M118).
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Study Design

The primary objective of the study was to determine if there is reduced TCA cycle flux in
rd10mouse retina (JAX:004297) and if so, whether resultant energy deficiency contributes
to cone photoreceptor dysfunction and death. A secondary objective was to determine if
increasing TCA cycle flux in rdZ0retina could improve cone function and survival. The
primary outcome measures for TCA cycle flux was the phosphorylation status of enzymes
which regulate entry of substrates into the TCA cycle. The outcome measure for cone
function was mean photopic b-wave amplitude at P50 and P65, which is markedly reduced
in untreated r@Z0 mice. The outcome measures for cone survival were the levels of M-cone
and S-cone opsin relative to actin in rdZ0retina at P50 and P65. Littermate raZ0 mice were
arbitrarily assigned to various treatment groups. No data were excluded.

Study treatments

DCA

Supplemental dietary glucose and/or pyruvate—Three independent experiments
were performed. For randomization, rdZ0 litters were subdivided into two groups by
randomly swapping pups among litters. All treatments were started at P8 and continued
until P50, the predetermined endpoint of the study. Pups were weaned at P21 and continued
to receive assigned supplemented or unsupplemented drinking water. The groups included,
the pyruvate glucose group, the glucose group, the pyruvate group and the water treatment
group. The animals in the pyruvate glucose group received 42 mM glucose (D9434, Sigma)
and 10 mM pyruvate (S8636, Sigma) in drinking water, the glucose group received 42 mM
glucose in drinking water, the pyruvate group received 10 mM in drinking water and the
water group received only drinking water. The drug water was refreshed every alternate day.

For the DCA study group, all litters were randomly subdivided into 2 groups, the DCA
group and the water group. Both treatments started at P14 and continued until P65. The
DCA treatment included 200 mg of sodium dichloroacetate (347795, Sigma) in 100 ml
of drinking water. The water group received only drinking water. The DCA water was
refreshed every alternate day.

Electroretinogram recordings (ERG)

An investigator blind to each treatment group performed ERGs using a Diagnosys
instrument (Espion) with custom made platinum electrodes as previously described (7,

48). Rd10mice were anesthetized by intraperioneal injections with ketamine (100 mg/kg,
1049007, Henry Schein®) and xylazine (5 mg/kg, sc-362950Rx, Lloyd Laboratories Inc.).
The pupils were dilated with 0.5% tropicamide and 0.5% phenylephrine hydrochloride
(005728, Santen Pharmaceutical Co.). The mice were placed on a heated pad and the eye
electrodes were placed on the cornea after the application of gonioscopic prism solution
(17478-064-12, Alcon Labs). In addition, a reference electrode was attached subcutaneously
between the eyes on the scalp and a ground electrode was attached to the tail. The Ganzfeld
light illuminator was then placed above the head in a position between both eye and
photopic ERGs were recorded at 3 light intensities (0.6, 1.0, 1.39 log cd-s/m2) with a
background light of 30 cd/m?2 For each flash intensity, 5 readings were taken and averaged.
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Immunoblots

Mice were anesthetized by inhalation of Isoflurane (NDC10019-360-60, Baxter), euthanized
by cervical dislocation, and eyes were removed. Retinas were isolated and homogenized in
cell lysis buffer (9803, Cell Signaling) after addition of phosphatase and protease inhibitors
(5872S, Cell Signaling). Lysates were electrophoresed by using NUPAGE 4-12% Bis-Tris
gels (5872S, Invitrogen) and transferred to nitrocellulose membranes using the iBlot2NC
system (1B23001, Invitrogen). Membranes were probed with the primary antibodies for
phospho-PKM2 Tyr105 (1:1000, 3827S, Cell Signaling) PMID: 18337823, PKM2 (1:1000,
4053S, Cell Signaling) PMID: 34733164, phospho-LDHA Tyr10 (1:1000, 8176S, Cell
Signaling) PMID: 21969607, LDHA (1:1000, 2012, Cell Signaling) PMID: 21969607,
phospho-PDHE1-A Ser293 (1:1000, NB110-93479SS Novus Biological) PMID: 29425506,
PDHE1-A (1:1000, ABS2082, EMD Millipore) PMID: 15569252, Actin (1:100, A2066,
Sigma) PMID: 22864983, S opsin (1:1000. ABN1660, EMD Millipore) PMID: 33082517,
M opsin (1:1000, NBP1-98471, Novus) validated by Novus on Western blots, Acetyl-
Histone H3-K9 (1:1000, A7255, ABclonal) PMID: 34803511, H3 histone (1:1000, 97158,
Cell Signaling) PMID: 31586055, TIGAR (1:1000, 22136-1-AP, Proteintech) validated

by Proteintech on western blots, Glutl (1:1000, NB300-666, Novus) PMID: 30332638

and GRK1 (1:1000, PA5-13725, ThermoFischer Scientific) PMID: 32019921. Secondary
antibody used was HRP conjugated donkey anti-rabbit 1gG (1:10,000, NA934V, GE
Healthcare) PMID: 34645815. The membranes were visualized with SuperSignal ™ West
Duration Extended Duration Substrate (3407S, Thermo Fisher Scientific) and imaged using
ChemiDoc™ XRS Molecular Imager (BIO-RAD). The protein bands were quantified using
Image Lab Software (BIO-RAD).

Real time RT-PCR

RNA from retina samples were isolated using TRIzol® Reagent (15596026, Invitrogen).
Genomic DNA was eliminated from RNA samples prior to cDNA synthesis using DNA-
free™ (AM1906, Ambion®). RNA was reverse transcribed to cDNA using iScript™ cDNA
Synthesis Kit (1708890, BIO-RAD). Real time PCR was performed using Rotor-Gene
SYBR Green PCR Kit (204072, QIAGEN). The following primers were used.

PDK1 forward: GGACTTCGGGTCAGTGAATGC
PDK1 reverse: TCCTGAGAAGATTGTCGGGGA
PDK2 forward: AGGGGCACCCAAGTACATC
PDK2 reverse: TGCCGGAGGAAAGTGAATGAC
PDK3 forward: TCCTGGACTTCGGAAGGGATA
PDK3 reverse: GAAGGGCGGTTCAACAAGTTA
PDK4 forward: AGGGAGGTCGAGCTGTTCTC

PDK4 reverse: GGAGTGTTCACTAAGCGGTCA

Free Radic Biol Med. Author manuscript; available in PMC 2023 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kanan et al.

Page 6

BCKDK forward: ACATCAGCCACCGATACACAC
BCKDK reverse: GAGGCGAACTGAGGGCTTC
Cyclophilin A forward: TGGGGCTCTTCAAAAGCTCC
Cyclophilin A reverse: AGGAACTATCACCGGATCTTCAA
Fold Induction of Real time RT-PCR samples.

The C; values of the gene of interest (PDKSs) and house keeping gene (Cyclophilin) were
initially obtained for the control and treated groups.

ACt ValUES were Obtained fOI" eaCh grOUp. ACt = Ct (of gene Of interest) - Ct (house keep|ng gene).
An average AC; value for the control group was calculated. Then the AAC; values
Calculated. AAC; = ACt (all samples)~ Average ACt (control group):

Fold Induction = 2 ~8Aa

NADPH assay

NADPH concentration were estimated in retina samples using the Amplite™ Colorimetric
NADPH Assay Kit (15272, AAT Bioquest®).

Measurement of reduced glutathione

ATP Assay

Retinas were isolated from pyruvate/glucose treated and control raZ0 mice at P50. The
extracted retinas were immersed in 10% trichloroacetic acid and frozen immediately at
—70°C. The reduced glutathione in the samples was measured using the reduced glutathione
(GSH) assay kit (K464, BioVision). Protein measurement for normalization was done using
Bradford reagent (5000006, BIO-RAD)

Retinas were isolated from pyruvate/glucose treated, DCA-treated, and corresponding
control rdZ0mice at P50. ATP in the samples were determined using the ATP
Bioluminescence Assay Kit CLS 11 (11699695001, Sigma) using the manufacturer’s
instruction.

Immunohistochemistry

Pig eyes were removed, embedded in Optical Cutting Temperature medium (Sakura-Finetek)
and 10 um frozen sections were permeabilized with 0.2% Triton X in PBS, blocked at room
temperature for 1 hour with blocking buffer (5% donkey serum, 1% BSA and 0.2% Triton

X in PBS). The sections were then stained with anti-PDHE1-A antibody (1:1000, ABS2082,
EMD Millipore) and peanut agglutinin (PNA, 1:100, 2315097, Vector Laboratories). The
secondary antibody was goat anti-rabbit Alexa Fluor 594, (1:250, 2534095, ThermoFisher).
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Paraquat treatment

C57BL/6J mice (JAX:000664) were given an intravitreous injection of 1.5 mM paraquat
(856177, Millipore Sigma) in PBS. Retinas were isolated 16 hours or 7 days later used for
immunoblots.

Statistical Analyses

Results

For comparisons of photopic b wave values, amplitudes at the same flash intensities were
compared between drug water and water treated controls. All comparisons in the manuscript
were done by a Mann Whitney non-parametric statistical analysis and graphs were plotted
using GraphPad Prism 6 (La Jolla, CA). P values below 0.05 were considered statistically
significant. Asterisks shown on graphs denote: * p < 0.05, ** p < 0.01, *** p < 0.001, ****
p <0.0001.

Altered phosphorylation of glycolytic enzymes at regulatory control points for glucose
metabolism favors reduced metabolic activity in RP retina

The predominant isoform of pyruvate kinase in photoreceptors is PKM2 (21, 22) and the
predominant isoform of LDH is LDHA (31). Pyruvate dehydrogenase (E1-A) in the PDC
complex contains the E1 active site and plays a key role in the synthesis of acetyl CoA from
pyruvate, thus forming an important link between glycolysis and TCA cycle.

Immunohistochemical staining demonstrated that the PDHE1-A isoform of pyruvate
dehydrogenase is present in photoreceptors (Figure 1A-C). Phosphorylation of serine
residues of PDHE1-A by PDK reduces PDHE1-A activity (25, 26, 32). There was a
significant increase in phosphorylation of S293 of PDHE1-A in the retinas of rdZ0mice
versus wild type mice (Figure 1D and E). This indicates reduction in PDHE1-A activity
which was accentuated by reduction in total PDHE1-A as indicated by a decrease in
PDHEZ1-A/actin ratio (Figure 1D and F). The mechanism of phosphorylation of PDHE1-
A in rd10retinas compared to wild type mice is due to the upregulation of pyruvate
dehydrogenase kinase 2 (PDK2, Figure 1M) and branched chain ketoacid dehydrogenase
kinase (BCKDK, Figure 1N), for which PDHE1-A is a substrate.

The retinas of rdZ0 mice also showed a significant increase in phosphorylation of Y105 of
PKM2 (Figure 1G and H) which reduces PKM2 activity (24). This inhibitory effect was
accentuated by reduction in total PKM2 (Figure 1G and I). Contrary to PDHE1-A and
PKM?2 in which phosphorylation is inhibitory, phosphorylation of Y10 increases LDHA
activity favoring the production of lactate from pyruvate and NAD* from NADH (33).
Phosphorylation of Y10 of LDHA was significantly reduced in radZ0retina (Figure 1J and
K) suggesting decreased LDHA activity, which was accentuated by reduction in total LDHA
(Figure 1J and L). The net effect of the changes in these 3 control points is reduction in
glucose metabolism in rdZ0retina due to the reduced activity of PKM2, PDHE1-A, and
LDHA. This is consistent with a previous study demonstrating reduced levels of TCA cycle
intermediates in RP retina (34).
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Oxidative stress in the retina causes down-regulation of the activity of glycolytic enzymes

To investigate whether the excessive oxidative stress in radZ0retina may contribute to
down-regulation of glycolytic enzymes, we utilized another model in which intraocular
injection of paraquat, a superoxide radical generator, causes oxidative stress in the retina
(35). Mice were given no treatment or an intraocular injection of 1.5 mM paraquat, and
after 16 hours, immunablots of retinal homogenates showed that compared with retinas
from untreated eyes, those from eyes treated with paraquat had a significant increase in
phosphorylation of S293 of PDHE1-A (Figure 2A and B) and no significant change in
total PDHE1-A as indicated by PDHE1-A/actin ratio (Figure 2A and C). There was no
significant change in the phosphorylation status of PKM2 or LDHA (Figure 2D-1). The
mechanism of phosphorylation of PDHE1-A, by oxidative stress-induced by paraquat, is
due to the upregulation of pyruvate dehydrogenase kinase 3 (PDK3) and branched chain
ketoacid dehydrogenase kinase (BCKDK), for which PDHE1-A is a substrate (Figure 2J
and K). One week after intraocular injection of 1.5 mM paraquat, there was increased
phosphorylation of Y105 of PKM2 (Supplemental Figure 1A and B) and reduction of total
PKM2 (Supplemental Figure 1A and C), which both reduce PKM2 activity and there was
persistent increased phosphorylation of S293 in PDHE1-A (Supplemental Figure 1D and E).
There was still no significant change in phosphorylation of Y10 in LDHA (Supplemental
Figure 1G and H).

To be certain that the phosphorylation differences were not due to injection alone,

we compared phosphorylation of PDHE1-A (S293) between untreated and PBS-injected
C57BL/6 retinas after 16 hours of injections (Supplemental Figure 2 A, B & C). No
difference in the phosphorylation status of PDHE1-A (S293) between the two treatments
proved that paraquat alone was the source of the oxidative stress and phosphorylation
differences in C57BL/6 retinas. The down-regulation of these two critical enzymes, PDHE1-
A and PKM2, that promote entry into the TCA cycle is the same as what was observed in
retinas of rdZ0mice and suggests that oxidative stress contributes to reduced flux through
the TCA cycle in the setting of RP.

Dietary supplementation of rd10 mice with glucose and pyruvate improves retinal function

One strategy to try and overcome the down-regulation of glycolytic enzymes in rdZ0mice
and determine whether it contributes to cone dysfunction and death is to provide excess
substrates in the diet. We tested the effect of excess dietary glucose which feeds into
glycolysis and excess pyruvate which feeds into the TCA cycle. At P50, mean photopic
b-wave amplitude was significantly higher at 2 flash intensities in eyes of mice given 42
mM glucose in drinking water compared with a corresponding control group (Figure 3A).
This improvement in cone function was not accompanied by a demonstrable improvement in
cone survival, because compared with control rdZ0mice, those given supplemental glucose
showed no difference in the amount of S opsin or M opsin in the retina (Figure 3B and C).
Pyruvate (10 mM) supplementation caused a significant increase in mean photopic b-wave
amplitude at the highest flash intensity (Figure 3D), and caused no difference in S opsin or
M opsin levels (Figure 3E and F). Supplementation of drinking water with 42 mM glucose
and 10 mM pyruvate caused a substantial, statistically significant improvement in mean
photopic b-wave amplitude at all stimulus intensities (Figure 3G) and a significant increase
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in S opsin, but not M opsin levels in the retina (Figure 3H and ). Thus, supplemental
dietary glucose and pyruvate each improve cone function in rdZ0mice, and when combined
also provide some improvement in cone survival. In addition to cone protection, there were
significant increases in scotopic a wave and b wave amplitudes at multiple light intensities
in rd10mice treated with 10 mM pyruvate and 42 mM glucose versus control rdZ0 mice,
indicating functional protection of rods and second order neurons (Supplemental Figure 3 A
& B).

Supplemental glucose and pyruvate do not alter the phosphorylation status of glycolytic
enzymes or increase ATP levels, but increase reducing equivalents in rd10 retina

We next sought to determine if the improvement in cone function in rdZ0mice given
supplemental glucose and pyruvate was due to increased flux through the TCA cycle and
hence an increase in ATP levels. We first tested whether the increase in substrates reversed
the blocks at control point enzymes. At P50, compared to control raZ0 mice, those given
supplemental glucose and pyruvate showed no significant difference in phosphorylation at
key residues or total enzyme level for PDHE1-A (Figure 4A-C), PKM2 (Figure 4D-F), or
LDHA (Figure 4G-I). There was also no difference in retinal ATP levels in glucose and
pyruvate-supplemented P50 rdZ0 mice compared with control rdZ0 mice (Figure 4J). These
data suggest that the increased levels of glucose and pyruvate did not alter the blocks in TCA
cycle entry. The pentose phosphate pathway acts parallel to glycolysis to convert glucose-6-
phosphate into ribulose 5-phosphate and yields two NADPH (36). Ribulose 5-phosphate is
a precursor for nucleic acids and histidine and when glycolysis is down-regulated, increased
flux through the pentose phosphate pathway promotes increased synthesis of nucleic acids
and histidine and the accompanying increases in NADPH provides an increase in reducing
equivalents. Compared with control raZ0 mouse retina, the retinas of r@Z0mice given
supplemental glucose and pyruvate had a significant increase in NADPH (Figure 4K) as
well as an increase in the reduced form of glutathione (Figure 4L). This is consistent with
increased flux through the pentose phosphate pathway and suggests that the mechanism by
which supplemental glucose and pyruvate improve cone function in rdZ0 mice is reduction
of oxidative stress by increased production of glutathione, because other antioxidants have
been shown to improve cone function in models of RP (5, 7, 9).

Dichloroacetate improves cone function and survival in rd10 mouse retina

Since increasing glycolytic substrates did not activate the metabolic activity of the three
regulated enzymes of glucose metabolism, we sought another strategy to increase metabolic
flux. Dichloroacetate (DCA) is a small molecule that inactivates the PDKs which are
enzymes that phosphorylate and inactivate PDHE1-A activity (37, 38). Therefore, DCA
should increase TCA flux by increasing PDHE1-A activity.

Treatment of rdZ0 mice with DCA in drinking water starting at P14 caused a dose-dependent
reduction in phosphorylation of S293 in PDHE1-A (Figure 5A and B) at P35. The effect
was similar for 13 and 26 mM DCA and therefore 13 mM DCA was used for additional
experiments. We also examined a longer time point and found that compared with control
P65 rd10 mice, those treated with 13 mM DCA between P14 and P65 had a significant
reduction in phosphorylation at S293 in PDHE1-A and no difference in total PDHE1-A
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(Supplemental Figure 4A-C). Compared with control rdZ0 mice, those given 13 mM DCA
in drinking water showed a significant increase in mean photopic b-wave amplitudes at

all stimulus intensities at P50 (Figure 5C) and at the 2 highest stimulus intensities at P65
(Figure 5D). There was also a significant increase in S opsin, but not M opsin, in the retinas
of P65 DCA-treated rdZ0mice indicating improved cone survival (Figure 5E-G). These data
demonstrate that DCA significantly improves cone function and survival in rdZ0mice. In
addition to cone function, 13 mM DCA also increased mean scotopic a wave amplitude

at P50 (Supplemental Figure 4D) and mean scotopic b wave amplitudes at P50 and P65
(Supplemental Figure 4 E & F) demonstrating protection of rod and second order neuron
function.

The product of DCA-induced increased activity of PDHE1-A is acetyl CoA which can be
utilized in different ways. The excess acetyl CoA could enter the TCA cycle resulting in
greater production of ATP, but there was no significant increase in mean retinal ATP level

at P35 in DCA-treated versus control rdZ0mice (Figure 5H). Acetyl CoA is also used for
histone acetylation and therefore we assessed for acetylation of histone 3 (H3) at lysine

9 (K9), a common site of acetylation that alters gene expression. Immunaoblots using an
antibody that specifically recognizes acetylation of H3 at K9 (H3K9ac), showed a significant
increase in H3K9ac in P35 DCA-treated versus control r@Z0mice (Figure 51 and J).

Modulation of TP53-induced glycolysis and apoptosis regulator (TIGAR) in the retinas of
rd10 and wild type mice

In a variety of tissues, H3K9ac results in increased expression of several genes including
regulators of gene expression such as p53 (39, 40). TIGAR is a p53-regulated enzyme that
lowers fructose-2,6-bisphosphate shifting glucose metabolism from glycolysis to the pentose
phosphate pathway which reduces ROS (41, 42). TIGAR was significantly increased in
retinas from DCA-treated P35 rdZ0 mice compared with retinas from corresponding controls
(Figure 6A and B). Thus, DCA results in enhanced pentose phosphate pathway activity in
rd10retina, beyond that induced by altered phosphorylation of glycolytic enzymes. We then
investigated the effect of oxidative stress on TIGAR levels in the retina and found that after
intraocular injection of paraquat, there was a significant decrease in TIGAR in the retina
(Figure 6 C and D). The level of TIGAR was also significantly decreased in the retinas

of P35 rd10mice compared with the retinas of P35 wild type mice (Figure 6E and F).

The reduction in TIGAR in rdZ0mouse retina was due to oxidative stress because it was
mitigated by treatment with 7 mg/ml N-acetylcysteine (NAC) in drinking water (Figure 6G
and H). Dietary supplementation of rdZ0 mice with 42 mM glucose and 10 mM pyruvate
caused an increase in retinal TIGAR that was not statistically significant (Figure 61 and J).

Discussion

Retinitis pigmentosa occurs from a large number of mutations that cause degeneration of rod
photoreceptors and subsequently there is gradual degeneration of cone photoreceptors. It is
important to elucidate the mechanism of cone photoreceptor death, because it could provide
valuable therapeutic targets. Progressive oxidative damage (6-12) and abnormal glucose
uptake and metabolism (13-15) have been implicated as contributors to cone cell death, but
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it is unknown whether they influence each other. In this study, we demonstrated increased
phosphorylation of key regulatory enzymes, PDHE1-A and PKM2, which shifts glucose
metabolism away from the TCA cycle in retinas of P35 rdZ0mice with RP. We hypothesized
that the high level of oxidative stress in RP retina contributed to the altered phosphorylation
of the regulatory enzymes. To test this hypothesis, we compared the phosphorylation

status of PDHE1-A and PKM?2 in the retinas of normal wild type mice and wild type

mice that were given an intraocular injection of paraquat which causes severe oxidative
stress in all cells throughout the retina. In this oxidative stress model there was increased
phosphorylation of PDHE1-A and PKM2 in the retina supporting the hypothesis that
oxidative stress contributes to the altered phosphorylation of the enzymes. An alternative
hypothesis for the increased phosphorylation of PDHE1-A and PKM2 in rd10retina is

that the phosphorylation status of these regulatory enzymes is normally substantially less

in photoreceptors compared to inner retinal cells and the loss of photoreceptors at P35
results in an apparent increase in phosphorylation. The results in paraquat-injected eyes
argues against this alternative hypothesis, because after injection there is oxidative stress

in the retina without selective dropout of photoreceptors (35) and there is still increased
phosphorylation of PDHE1-A and PKM2. The similar phosphorylation profiles in both
models suggest that oxidative stress causes altered phosphorylation of glycolytic enzymes in
retinal neurons. Since the analysis was done in whole retina, we have not proven that the
changes occur in photoreceptors, but there is no reason to believe that photoreceptors would
differ from other retinal neurons in this respect. Increased phosphorylation of PDHE1-A
and PKM2 would be expected to reduce TCA cycle activity and this is consistent with a
proteomics analysis that demonstrated reduced TCA cycle intermediates in the retinas of
mice with RP compared with retinas of controls (34).

Since the TCA cycle and electron transport chain are sites of substantial generation of
reactive oxygen species (ROS), which is exaggerated when there is tissue hyperoxia, the
reduced flux through them may help to compensate for high oxygen levels in RP retina.
However, does the reduced energy production from reduced TCA cycle flux contribute to
cone dysfunction and death over time? To address this question, we sought to overcome

the block in glucose metabolism by providing excess substrate. In rdZ0 mice, excess dietary
glucose or pyruvate caused small improvements in cone cell function, and when combined
there was substantial improvement in cone ERG function and cone survival. However, this
improvement was not due to increased ATP production, but could be explained by an
increase in NADPH and the reduced form of glutathione because other agents that neutralize
ROS provide improvement in cone function and survival (7-12). It has previously been
shown that supplementation with glucose, can increase glucose and insulin levels in the
retina (43) and also upregulate Txnip protein in cone inner segments, thereby shunting
metabolites towards glucose metabolism and cone outer segment synthesis (15). Both insulin
and Txnip proteins have previously been shown to rescue cone photoreceptor cells and
therefore, cone functional protection could be due to these effects as well.

We sought to overcome the block in TCA cycle entry with DCA which reversed the
increase in phosphorylated PDHE1-A in rdZ0retina. This also improved cone function and
survival, but did not increase ATP levels. DCA increased histone acetylation and increased
levels of TIGAR, a glucose regulatory enzyme that is modulated by histone acetylation
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through an increase in p53. This caused us to investigate the effect of RP on TIGAR

levels in the retina and we found that they were reduced in rdZ0 mice compared with

wild type mice. Retinal TIGAR levels were also reduced in wild type mice by intraocular
injection of paraquat indicating that oxidative stress can cause TIGAR reduction. The excess
oxidative stress in rdZ0retina contributes to TIGAR reduction in that setting, because it

was compensated by treatment with N-acetylcysteine. Thus, oxidative stress in the retina
alters the phosphorylation of glycolytic enzymes reducing flux through the TCA cycle and
increasing flux through the pentose phosphate pathway, but it also decreases TIGAR which
functions to direct glucose metabolism toward the pentose phosphate pathway and reduce
intracellular reactive oxygen species (41, 42). These two opposing effects may cancel each
other in RP retina or at least the reduction in TIGAR may decrease the benefit of reduced
TCA cycle flux, because overcoming the reduction in TIGAR by DCA results in sufficient
pentose pathway activity to increase reducing equivalents and promote cone function and
survival. The beneficial effect of TIGAR in RP retina is consistent with its effects in other
settings. In hippocampal neurons, TIGAR protects against oxidative stress-induced damage
(44). Overexpressing TIGAR in mouse brain cells with a lentiviral vector increased NADPH
and reduced ischemia-induced cell death, and knockdown of TIGAR reduced NADPH and
significantly increased ischemia-induced cell death (45).

While reduced TCA cycle flux may be an adaptation to oxidative stress in the retina and
slow cone degeneration in RP over the short-term, it is also possible that there are long-term
maladaptive consequences (46). Replenishment of TCA cycle intermediates slowed retinal
degeneration in a mouse model of RP (34, 47). The mechanism of this effect has not

been elucidated. There could be increased energy production which could provide benefit,
but there may be other effects. Compared with the retinas of untreated RP mice, those

of a-ketoglutarate-treated RP mice had higher levels of docosahexaenoic acid, which has
antioxidant activity, and higher levels of aconitic acid and glutamine, which can promote
production of antioxidants (48). Thus, the beneficial effects of a-ketoglutarate and other
TCA cycle intermediates in RP models do not necessarily mean that down-regulation of the
TCA cycle and associated ATP production through the electron transport chain ultimately
contributes to cone degeneration, because these TCA intermediates feed into pathways other
than the TCA cycle through which they may provide benefit. Additional studies are needed
to determine if the shift away from TCA cycle flux in RP retina which provides short term
benefit, has long term negative consequences from energy deficiency.

Conclusions

Oxidative stress in the retina of mice with RP causes phosphorylation and thereby inhibition
of key regulatory enzymes in the glucose metabolic pathway that reduces TCA cycle flux.
Supplemental glucose and pyruvate do not overcome the inhibition and increase energy
production, but increase flux through the pentose phosphate pathway, increasing reducing
equivalents which reduces oxidative stress and promotes cone function and survival. DCA
also fails to overcome the inhibition but also increases pentose phosphate pathway activity
through upregulation of TIGAR reducing oxidative stress and promoting cone function and
survival. These findings demonstrate a link between oxidative stress and altered glucose
metabolism in RP retina and suggest that targeting each may have therapeutic potential.
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Highlights
. Oxidative stress inhibits key enzymes in glucose metabolism pathway in the
retina.
. Oxidative stress inhibits TIGAR production in the retina and is reversed by
NAC.

. Supplementation with glycolytic substrates and DCA upregulate TIGAR
production.

. TIGAR directs substrates into the PPP pathway

. PPP pathway produces reducing equivalents, protecting retina from oxidative
stress.
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Figure 1. Altered phosphorylation indicating reduced activity of glucose metabolism regulatory
enzymes in the retinas of rd10 mice.

Immunostaining demonstrates expression of the PDHE1-A isoform of pyruvate
dehydrogenase (red) in the inner plexiform layer (IPL), outer plexiform layer (OPL) and
photoreceptor inner segments (IS) of pig retina (A). There is staining for PDHE1-A within
cone matrix sheaths labeled with FITC-labeled peanut agglutinin (green) demonstrating
PDHE1-A expression in cones (B, C). Postnatal day (P) 35, wild type C57BL/6 mice

and rdZ0mice in a C57BL/6 background were euthanized and retinal homogenates

were prepared. (D) Immunoblot of retinal homogenates from 7 C57BL/6 mice and 7
rd10mice probed with anti-pPDHE1-A (5293), anti-PDHE1-A, and anti-Actin antibodies.
Densitometry of the blot in (D) and a blot from a repeat experiment demonstrated a
significant increase in pPDHE1-A/PDHE1-A ratio (p=0.0339) (E) and a significant decrease
in PDHE1-A/Actin ratio (F) in rdZ0vs wild type retinas (n=14). (G) Immunoblot of retinal
homogenates from 7 C57BL/6 mice and 7 rdZ0mice probed with anti-pPKM2 (Y 105),
anti-PKM2, and anti-Actin antibodies. Densitometry of the blot in (G) and a blot from a
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repeat experiment demonstrated a significant increase in pPKM2/PKM2 ratio (H) and a
significant decrease in PKM2/Actin ratio (p=0.0236) (1) in rdZ0vs wild type retinas (n=14).
(J) Immunoblot of retinal homogenates from 7 C57BL/6 mice and 7 raZ0 mice probed with
anti-LDHA (Y10), anti-LDHA, and anti-Actin antibody. Densitometry of the blot in (J)
demonstrated a significant reduction in pLDHA/LDHA ratio (K) and a significant decrease
in LDHA/Actin ratio (p=0.0274) (L) in rdZ0vs wild type retinas (n=7). Real-time RT-PCR
showed increased expression of mMRNA for pyruvate dehydrogenase kinase 2 (PDK 2, M)
and branched chain ketoacid dehydrogenase kinase (p=0.0134, BCKDK, N) in the retinas of
rd10mice compared to wild type retinas.

*p<0.05, **p<0.01, *** p <0.001, **** p < 0.0001 by Mann-Whitney test

PDHE1-A, Pyruvate dehydrogenase E1-A subunit; PKM2, isoform of pyruvate kinase;
LDHA, isoform of lactate dehydrogenase; ONL, outer nuclear layer; INL, inner nuclear
layer, IS, inner segment of photoreceptor; RPE, retinal pigmented epithelium.
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Figure 2. Paraquat-induced oxidative stress induces increased phosphorylation of PDHE1-A in

the retina.

C57BL/6 mice were given no treatment (n=7) or an intraocular injection of 1.5 mM (n=7)
paraquat and after 16 hours were euthanized and retinal homogenates were prepared. (A)
An immunoblot of retinal homogenates from untreated or paraquat-treated mice probed with
anti-pPDHE1-A (S293), anti-PDHE1-A, and anti-Actin antibodies. Densitometry of the blot
in (A) demonstrated a significant increase in pPDHE1-A/PDHEL-A ratio in retinas of mice
treated with 1.5 mM paraquat (B) and no significant difference in PDHE1-A/Actin ratio
(C). (D) An immunoblot of retinal homogenates from untreated or paraquat-treated mice
probed with anti-pPKM2 (Y105), anti-PKM2, and anti-Actin antibodies. Densitometry of
the blot in (D) demonstrated no significant difference in pPKM2/PKM2 ratio in retinas of
mice treated with 1.5 mM paraquat (E) and no significant difference in PKM2/Actin ratio
(F). (G) Immunoblot of retinal homogenates from untreated or paraquat-treated mice probed
with anti-LDHA (Y10), anti-LDHA, and anti-Actin antibody. Densitometry of the blot in
(G) demonstrated no statistical difference in pPLDHA/LDHA ratio (H) or LDHA/Actin ratio
() in retinas of mice treated with 1.5 mM paraquat. Real-time RT-PCR shows increased
expression of mMRNA for pyruvate dehydrogenase kinase 3 (PDK 3, J) and branched chain
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ketoacid dehydrogenase kinase (p=0.0426, BCKDK, K) in the retina 16 hours after injection
of 1.5 mM paraquat.
*p <0.05, ** p<0.01, *** p < 0.001 by Mann-Whitney test.
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Figure 3. Dietary supplementation with glucose and pyruvate improves retinal function in rd10

mice.

Starting at P8, rdZ0mice were given normal drinking water (control) or drinking water
supplemented with 42 mM glucose, 10 mM pyruvate, or both. (A) At P50, mean photopic
b-wave amplitude was significantly higher at 2 flash intensities in eyes of mice treated with
glucose (n=10) compared with their corresponding control group (n=18). (B) Immunoblots
of retinal homogenates of P50 raZ0mice treated with glucose and their corresponding
controls probed with antibodies directed against S or M cone opsin. (C) Densitometry

of blots in (B) showed no difference in S opsin/Actin ratio or M opsin/Actin ratio

between glucose-treated versus control r@Z0mice. (D) Mean photopic b-wave amplitude
was significantly higher only at the highest flash intensity in eyes of P50 rdZ0 mice

treated with pyruvate (n=14) compared with their corresponding control group (n=21).

(E) Immunoblots of retinal homogenates of P50 rdZ0mice treated with pyruvate and their
corresponding controls probed with antibodies directed against S or M cone opsin. (F)
Densitometry of blots in (E) showed no difference in S opsin/Actin ratio or M opsin/Actin
ratio between retinas from pyruvate-treated versus control rdZ0mice. (G) Mean photopic
b-wave amplitude was significantly higher at 3 flash intensities in eyes of P50 rdZ0 mice
treated with 10 mM pyruvate and 42 mM glucose (n=26) compared with their corresponding
control group (n=36). Mean photopic b-wave amplitude of C57BL/6 mice at P50 are also
shown. (H) Immunoblots of retinal homogenates of P50 rdZ0 mice treated with pyruvate
and glucose and their corresponding controls probed with antibodies directed against S or M
cone opsin. (1) Densitometry of blots in (H) showed a significant increase in S opsin/Actin
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ratio (0.0399), but not M opsin/Actin ratio between retinas from raZ0 mice treated with 10
mM pyruvate and 42 mM glucose versus control raZ0 mice.
*p <0.05, *** p <0.001, **** p < 0.0001 by Mann-Whitney test.
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Figure 4. Supplemental glucose and pyruvate do not alter phosphorylation or levels of glucose
metabolism regulatory enzymes or increase ATP levels in rd10 mouse retina, but increases
reducing equivalents.

Starting at P8, rdZ0mice were given normal drinking water (control) or drinking water

supplemented with 42 mM glucose and 10 mM pyruvate. At P50 mice were euthanized and
retinal homogenates were prepared. (A) Immunoblot of retinal homogenates from 5 rdZ0
mice treated with glucose + pyruvate and 5 control r@Z0mice probed with anti-pPDHE1-A
(5293), anti-PDHE1-A, and anti-Actin antibodies. Densitometry of the blot in (A) and a blot
from a repeat experiment demonstrated no significant difference in pPDHE1-A/PDHE1-A
ratio (B) or PDHE1-A/Actin ratio (C). (D) Immunoblot of retinal homogenates from 5 rd10
mice treated with glucose + pyruvate and 6 control rdZ0mice probed with anti-pPKM?2
(Y105), anti-PKMZ2, and anti-Actin antibodies. Densitometry of the blot in (D) and a

blot from a repeat experiment demonstrated no significant difference in pPPKM2/PKM2
ratio (E) or PKM2/Actin ratio (F) in rdZ0mice treated with glucose + pyruvate versus
controls. (G) Immunoblot of retinal homogenates from 5 raZ0 mice treated with glucose

+ pyruvate and 5 control rdZ0 mice probed with anti-LDHA (Y10), anti-LDHA, and
anti-Actin antibody. Densitometry of the blot in (G) and a blot from a repeat experiment
demonstrated no significant difference in pLDHA/LDHA ratio (H) or LDHA/Actin ratio (1).
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(J) There were no significant differences in mean ATP level in retinas of glucose/pyruvate-
treated versus control rdZ0mice. (K) Measurement of NADPH in retinal homogenates
demonstrated significantly more NADPH in retinas of rdZ0 mice treated with glucose +
pyruvate versus rdZ0 controls (p=0.0109). (L) Measurement of reduced glutathione (GSH)
in retinal homogenates showed significantly more GSH in retinas of rdZ0 mice treated with
glucose + pyruvate versus ra10 controls (p=0.0216).

*p < 0.05 by Mann-Whitney test.
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Figure 5. Dichloroacetate (DCA) improves cone function and survival in rd10 mice.
(A) Immunoblot of retinal homogenates of P35 rdZ0mice treated for 3 weeks with 0, 7,

13 or 26 mM DCA probed with anti-pPDHE1-A (S293), anti-PDHE1-A, and anti-Actin
antibodies. (B) Densitometry of the blot in (A) demonstrated a significant decrease in
pPDHE1-A/PDHE1-A ratio in retinas of rdZ0mice treated with 13 or 26 mM DCA. The
concentration of DCA used for subsequent experiments was 13 mM. Starting at P14, rd10
mice were given normal drinking water (control) or drinking water supplemented with 13
mM DCA and at P50 (C) and P65 (D), mean (xSEM) photopic b-wave amplitude was
significantly higher at multiple flash intensities in eyes of rdZ0mice treated with DCA.
Mean photopic b-wave amplitude of C57BL/6 mice at P50 are also shown. (E) Immunoblots
of retinal homogenates from control or DCA-treated P65 rdZ0 mice probed with an antibody
directed against S cone opsin or M cone opsin (F). (G) Densitometry of blots in (E)

and (F) showed that compared with control r@Z0mice, those treated with DCA had a
significantly higher S opsin/Actin ratio (p=0.0239), but no difference in M opsin/Actin ratio.
(H) Starting at P14, rd10mice were given drinking water supplemented with 13 mM DCA
or unsupplemented water and at P35 there was no difference in mean retinal ATP level in
DCA-treated versus control rdZ0 mice. (1) Immunoblot of retinal nuclear extracts from P35
DCA-treated and control rdZ0mice probed with anti-H3K9 ac (acetylated H3K9) antibody
and anti-H3 antibody. (J) Densitometry of blot in (I) demonstrated a significant increase in
H3K9 ac/H3 ratio in DCA-treated rdZ0mice (p=0.0260).

*p<0.05, **p<0.01, *** p<0.001, **** p <0.0001 by Mann-Whitney test.

Free Radic Biol Med. Author manuscript; available in PMC 2023 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Kanan et al.

37kD

Control

DCA

RIB

. .8 - .- -

37 kD-

bl L ——

JTKD-
25 kD.
50 kD

3TkD

Control

1.5 mM PQ

o -

C57BL/6

rd10

(111311 L

Ll

N o -

Control

NAC

37 kD

25 kD

 NWuvu e

37kD

25 kD
S0 kD

37kD

Control

Pyruvate + Glucose

-.d-'-.“'....

TIGAR

Actin

TIGAR

Actin

TIGAR

Actin

TIGAR

Actin

TIGAR

Actin

TIGAR/Actin

« Control (n=6)
o DCA (n=6)

L]

TIGAR/Actin

— o

« Control (n=7)
o01.5 mM PQ (n=7)

——=

. e
o

—==—

* C57BL/6 (n=T7)

Page 27

4+ ord10(n=T7)
'% 3 ‘o
<
s ==
< L]
9 0
= 14 _g%@_
o
* Control (n=7)
A9 O NAC (n=7)
c 15 o
gm a‘:_ oo
0] .
|_—_ 0.5
0.0
« Control (n=6)
o Pyruvate + Glucose (n=7)
25 p=0.07
[=]
c 20
=]
1.0 o
g ‘_.$‘“ o
= 0.5
&

Figure 6. TIGAR is down-regulated by oxidative stress and upregulated by antioxidants and

DCA.

(A) Immunoblot of retinal homogenates of r@Z0 mice at P35 given no treatment (Control,
n=6) or treated with 13 mM DCA (n=6) immunablotted with anti-TIGAR antibody and
anti-actin antibody. (B) Densitometry of blot in (A) showed a significant increase in TIGAR/
Actin ratio in retinas of mice treated with DCA (p=0.0130). (C) Wild type C57BL/6 mice
were given an intraocular injection of 1.5 mM paraquat (n=7) or no treatment (Control, n=7)
and after 16 hours they were euthanized and retinal homogenates were immunoblotted with
anti-TIGAR antibody and anti-Actin antibody. (D) Densitometry of the blot in (C) showed
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a significant decrease in TIGAR/actin ratio in retinas from eyes injected with 1.5 mM
paraquat. (E) Retinal homogenates from C57BL/6 mice (n=7) and rdZ0mice (n=7) at P35
were immunoblotted with anti-TIGAR antibody and anti-Actin antibody. (F) Densitometry
of blot in (E) showed a significant decrease in TIGAR/Actin ratio in retinas of radZ0mice.
(G) Starting at P8, rdZ0mice were given drinking water supplemented with 7 mg/ml
N-acetylcysteine (NAC, n=7) or unsupplemented water (Control, n=7) and at P50 mice were
euthanized and retinal homogenates were immunoblotted with anti-TIGAR antibody and
anti-Actin antibody. (H) Densitometry of the blot in (G) showed a significant increase in
TIGAR/actin ratio in retinas of mice treated with NAC (p=0.0379). (I) Starting at P8, rd10
mice were given drinking water supplemented with 42 mM glucose and 10 mM pyruvate
(n=7) or unsupplemented water (Control, n=7) and at P50 mice were euthanized and retinal
homogenates were immunoblotted with anti-TIGAR antibody and anti-Actin antibody. (J)
Densitometry of the blot in (1) showed an increase in TIGAR/Actin ratio in retinas of mice
treated with 42 mM glucose and 10 mM pyruvate in drinking water.

*p <0.05, *** p <0.001 by Mann-Whitney test.
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