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The Warburg effect, which was first described a century ago, asserts that mitotic

tumor cells generate higher quantities of lactate. Intriguingly, even in typical

physiological circumstances, postmitotic retinal photoreceptor cells also

produce elevated levels of lactate. Initially classified as metabolic waste, lactate

has since gained recognition as a significant intracellular signaling mediator and

extracellular ligand. This current review endeavors to provide a concise overview

and discourse on the following topics: the localization of lactate-producing

enzymes, the functional significance of these enzymes, the signaling functions of

lactate, and its impact on the gene expression of photoreceptors in retinal cells.
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Introduction

Historical context of lactate metabolism

Lactate was first discovered in 1780 by the Swedish chemist Karl Wilhelm Scheele, who

found it in sour milk (1). Araki and Zillessen’s experiments, which disrupted the oxygen

supply to muscles in birds and mammals, led to increased lactate levels, establishing a link

between lactate production and tissue hypoxia (2). Lactate was traditionally viewed as a

metabolic byproduct generated in hypoxic conditions characterized by low oxygen levels

(1). Johann Joseph Scherer, a German physician-chemist, first identified lactate in human

blood post-mortem in 1843, while Carl Folwarczny discovered it in the blood of a living

patient in 1858 (2). The collaborative research by Walter Morley Fletcher (1873–1933) and

Frederick Gowland Hopkins (1861–1947) at Cambridge revealed that lactate resulted from

carbohydrate metabolism during muscle contraction under anaerobic conditions (3).

Athletes commonly associate lactate with muscle fatigue, decreased performance, and
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discomfort (4). However, in 1970, George Brooks from UC Berkeley

challenged this notion, demonstrating that lactate is not a waste

product but rather a preferred energy source for the body (4).

Interestingly, the brain and heart efficiently utilize lactate over

glucose circulating in the blood (4). Lactate exhibits intracellular

and intercellular movement, a phenomenon termed the “lactate

shuttle,” originally proposed by Professor George Brooks at UC

Berkeley (4). It is continually produced and utilized in various cells

under both aerobic and anaerobic conditions (4). Furthermore,

lactate is generated at sites with high glycolysis and gluconeogenesis

rates and shuttles to nearby or distant locations, where it serves as a

gluconeogenic precursor or an oxidation substrate (5). A century

ago, Otto Henrich Warburg observed that tumor cells produce

lactate in the presence of oxygen, a phenomenon now known as the

Warburg effect or aerobic glycolysis (6).

The enigma within the tumor biology domain revolved around

why mitotic tumor cells, instead of utilizing glucose for oxidative

phosphorylation (OXPHOS), opt to produce lactate from it.

Warburg’s research findings pointed to cancer cells altering their

ATP production pathway from OXPHOS to aerobic glycolysis due

to mitochondrial dysfunction (7, 8). Various hypotheses have

emerged to elucidate the Warburg effect. These hypotheses

encompass the rapid synthesis of ATP, the generation of essential

bui lding blocks for biosynthesis , acidification of the

microenvironment, metabolic interactions, and cellular signaling

via the regulation of reactive oxygen species and histone acetylation

(8). Almost a century later, in 2022, the scientific community

arrived at a consensus regarding the purpose of aerobic glycolysis

(8). This study’s conclusion underscores that lactate fermentation

becomes a secondary mechanism activated when the mitochondrial

transporters surpass their capacity to oxidize cytosolic NADH

(8) (Figure 1).

Nicotinamide adenine dinucleotide (NAD+) functions as a

coenzyme with a crucial role in glycolysis (9). To sustain

glycolysis, it is essential to maintain cytosolic NAD+ levels, which

are necessary for the reaction facilitated by glyceraldehyde 3-

phosphate dehydrogenase (G3PD). In non-proliferating cells, the

oxidation of NADH back to NAD+ primarily occurs through

malate dehydrogenase 1 (MDH1), a constituent of the malate-

aspartate shuttle (MAS) located in the inner mitochondrial

membrane. MDH1 activity remains unsaturated in non-

proliferating cells. Depending on the specific cell line and the

presence of oxygen, non-proliferating cells also employ lactate

dehydrogenase (LDH) for NADH oxidation. Additionally, they

utilize glycerol 3-phosphate dehydrogenase 1 (GPD1), a

component of the glycerol 3-phosphate shuttle (G3PS) within the

inner mitochondrial membrane, to oxidize small amounts

of NADH.

In actively dividing cells displaying the Warburg effect, the

elevated glycolytic rates result in increased NADH levels,

intensifying the demand for NADH oxidation. When the

regeneration of NAD+ by the mitochondrial electron transport

chain (MAS) and the cytosolic glycerol-3-phosphate shuttle (G3PS)

reaches its maximum capacity due to the saturation of MDH1 and

GPD1, there is an upregulation in LDH expression and activity to
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facilitate the oxidation of surplus NADH in the cytoplasm. This leads

to an increase in lactate production (8). Consequently, the conversion

of glucose to lactate, which is a characteristic feature of cancer, arises

as a secondary outcome of the saturation of MAS and G3PS, rather

than being the primary metabolic driver of cell proliferation.

The retina, located at the back of the eye, is a complex tissue

essential for vision. It converts light signals into electrical impulses,

sending them to the brain so we can perceive visual information.

The retina is made up of various cells, including retinal pigment

epithelial cells (RPE), rod and cone photoreceptor cells, rod bipolar

cells, cone bipolar cells, horizontal cells, amacrine cells, Müller cells,

and retinal ganglion cells (10, 11) (Figure 2). These different cell

types collaborate to capture and process visual information,

allowing us to see objects clearly. Numerous comprehensive

reviews exist that delve into lactate and its implications for tumor

progression. However, this particular review primarily concentrates

on the role of lactate in the postmitotic retina in comparison to its

role in mitotic tumor cells. As observed by Warburg, postmitotic

retinal cells consistently undergo glucose fermentation to lactate
FIGURE 1

Why tumor cells generate lactate. Tumor cells produce lactate as a
result of the need to maintain cytosolic NAD+ levels for the
continuation of glycolysis. This is essential to support the reaction
catalyzed by glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
In non-proliferating cells, NADH is primarily oxidized to NAD+
through malate dehydrogenase 1 (MDH1), a component of the
malate-aspartate shuttle (MAS) located in the inner mitochondrial
membrane. MDH1 activity in non-proliferating cells is not operating
at its maximum capacity. Depending on the specific cell line and the
availability of oxygen, non-proliferating cells also utilize lactate
dehydrogenase (LDH) to help oxidize NADH. Additionally, they
partially oxidize small amounts of NADH using glycerol 3-phosphate
dehydrogenase 1 (GPD1), a component of the glycerol 3-phosphate
shuttle (G3PS) in the inner mitochondrial membrane. However, in
proliferating cells that exhibit the Warburg effect (characterized by
high rates of glycolysis), NADH levels increase significantly, creating
a greater demand for NADH oxidation. When the processes
involving NAD+ regeneration via the MAS and the G3PS reach their
maximum capacity due to the saturation of MDH1 and GPD1, the
expression and activity of LDH increase. This heightened LDH
activity facilitates the oxidation of excess NADH in the cytosol,
leading to an increase in lactate production. This figure was created
with BioRender.com.
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even in the presence of oxygen, a phenomenon known as aerobic

glycolysis. Aerobic glycolysis is indispensable for postmitotic

photoreceptor cells, especially as they engage in phagocytosis

when exposed to light (12, 13). About 10% of photoreceptors are

phagocytosed by the adjacent retinal pigment epithelium (RPE),

which intricately interacts with photoreceptors (14, 15). To sustain

the length of photoreceptor cells, there is a necessity to synthesize

substantial amounts of lipids, RNA, and DNA. Consequently,

glucose is redirected for macromolecular synthesis rather than

being utilized for oxidative phosphorylation (OXPHOS).

Moreover, aerobic glycolysis also supports the pentose phosphate

pathway, which generates NADPH, essential for antioxidant

metabolism (12). In instances of temporary nutrient scarcity, the

mitochondria in photoreceptor cells provide an alternative route for

NADPH production (16). The photooxidation of rhodopsin results

in the formation of harmful molecules that require detoxification,

with NADPH playing a crucial role in reducing oxidized

glutathione to its reduced form, a major antioxidant (12).

Additionally, the photolysis of rhodopsin produces substantial

quantities of all-trans-retinal, necessitating NADPH for its

reduction to all-trans-retinal, catalyzed by Retinol Dehydrogenase

8 (RDH8) (12). Any disruption in this process leads to the

production of a group of toxic retinoids that accumulate in the

RPE and ultimately culminate in RPE cell death (17, 18).

A distinctive variant of LDH, known as LDH k, is notably

abundant in cultured cells that have undergone transformation due

to the Kirsten murine sarcoma virus (19). Researchers have also

detected increased levels of LDH k activity in extracts obtained from

normal rodent retinas (19). This activity shares essential

characteristics with the isozyme identified in human tumors,

including a strongly cathodic electrophoretic mobility and

sensitivity to inhibition by oxygen and 5’,5’-dipurinenucleoside

tetraphosphates. The presence of this activity in the retina may be
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connected to the heightened aerobic glycolysis observed in retinas, a

metabolic feature commonly observed in various tumor types (19).

The genes LDHA and LDHB encode the tetrameric enzyme

lactate dehydrogenase, which facilitates the conversion between

pyruvate and lactate using the co-substrate NADH/NAD+ (20).

The LDHA homotetramer is responsible for converting pyruvate to

lactate with NADH as a cofactor, while LDHB primarily catalyzes

the conversion of lactate to pyruvate with NAD as a cofactor (21).

LDHB has been demonstrated to partially substitute for LDHA in

promoting glycolysis, and the simultaneous deletion of LDHA and

LDHB has been shown to suppress LDH activity and lactate

secretion (22). The LDHA gene is activated in response to

hypoxia, whereas under hypoxic conditions, the expression of

LDHB is downregulated in primary cultures of rat and chick

retinas (23). In the developing chick retina, LDHB is found in

regions with ample oxygen supply, where active mitochondria are

located (23).
Localization of LDHA and LDHB in
the retina

LDH was identified in various ocular structures, including the

corneal epithelium, corneal endothelium, ciliary muscle, non-

pigmented ciliary epithelium, iris muscle, lens epithelium, lens

cortex, pigment epithelium, and the neurosensory retina (24).

This immunohistochemical localization emphasizes that the

enzyme is predominantly distributed in ocular structures

exhibiting heightened metabolic activity (24).

In the avascular rabbit retina, LDHA expression is primarily

observed within photoreceptor inner segments (25). Lactate

production in photoreceptors relies on LDHA (26), indicating the

presence of LDHA in photoreceptor cells. One challenge in

identifying LDHA and LDHA isoforms in retinal cells has been

the lack of specific antibodies or potential cross-reactivity of LDHB

with LDHA (27). These limitations have been overcome with the

introduction of Translating Ribosome Affinity Purification

technology (27, 28). This method identifies actively translating

mRNA in a cell-specific manner (29). Through this technology, it

becomes evident that rod and cone photoreceptors exhibit higher

levels of LDHA expression, whereas RPE, Müller cells, and retinal

ganglion cells (RGC) exhibit higher levels of LDHB expression (27)

(Figure 3). Among these, RPE demonstrates the highest levels of

LDHB expression (27) (Figure 2). LDHA is predominantly

expressed in the outer retina, while LDHB expression is localized

to the inner retina (27). Developmental studies indicate that LDHA

expression initiates before LDHB during development (27). This

observation suggests that LDHA plays an essential role in aerobic

glycolysis to support macromolecular synthesis. In tumor cells,

LDHA undergoes tyrosine phosphorylation at position Y10,

contributing to tumorigenesis (30). In the context of the retina,

inhibition of fibroblast growth factor has been shown to reduce the

phosphorylation of LDHA at Y10 (26), implying that LDHA

undergoes tyrosine phosphorylation not only in mitotic cells but

also in postmitotic cells.
FIGURE 2

Cross-section of the retina. Retina is a complex tissue comprising
various cell types. These include retinal pigment epithelial cells
(RPE), rod and cone photoreceptor cells, horizontal cells, rod and
cone bipolar cells, Müller cells, amacrine cells, retinal ganglion cells,
microglia, pericytes, and endothelial cells. This figure was created
with BioRender.com.
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The fate of lactate in the retina

The retinal pigment epithelium (RPE) functions as the outer

blood-retina barrier and aids in glucose transportation across the

epithelium into the outer retina using GLUT1 (31). Glucose

undergoes various metabolic processes in photoreceptors,

including the tricarboxylic acid cycle (TCA) and oxidative

phosphorylation (OXPHOS) (32). Furthermore, photoreceptors

employ aerobic glycolysis to generate glycerol, essential for

renewing phospholipids in their outer segments (32). This process

also results in the rapid production of lactate, which the RPE

transports out of the subretinal space into the choroidal

circulation (32). Within the RPE, absorbed lactate is converted

into pyruvate and metabolized through oxidative phosphorylation

(32). Any surplus lactate within the RPE is transferred across the

basolateral membrane to the choroid (32). The uptake of glucose by

cone photoreceptor cells is facilitated by the rod-derived cone

viability factor (RdCVF) secreted by rods and insulin signaling

(32). Studies involving biochemical and nuclear magnetic resonance

measurements of glucose utilization in the cone-dominant ground

squirrel retina have established that lactate, rather than CO2, serves

as the primary product of glucose metabolism (33). Hurley’s

laboratory has demonstrated the existence of a metabolic

ecosystem in the vertebrate retina (34). Glucose transported into

the photoreceptors via glucose transporter 1 (GLUT1) is

metabolized into lactate, which is then transported to RPE and

Müller cells via monocarboxylate transporters (MCT). Within these

cells, it is converted to pyruvate to power their mitochondria (35).

A metabolic interdependence between neurons and glia in the

retina has been established (36). Specifically, Müller glia lacks

pyruvate kinase and aspartate/glutamate carrier 1 (AGC1), which
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are crucial components of the malate aspartate shuttle. In contrast,

photoreceptor neurons express the M2 isoform of pyruvate kinase

and AGC1 (37). Consequently, Müller glia addresses their distinct

metabolic needs by utilizing lactate and aspartate derived from

neurons as substitutes for the missing pyruvate kinase and AGC1

(37). This metabolic ecosystem ensures efficient glucose utilization

for photoreceptor survival. Furthermore, the extracellular

interphotoreceptor matrix (IPM), located between photoreceptors

and RPE, serves as a pathway for outer-retinal nutrition (38).

MCTs, a group of transporters, currently comprise 14 members

(39). Nevertheless, only MCT1–4 have been subjected to

biochemical characterization (39). Despite the shared ability of

MCTs 1-4 to transport lactate, they exhibit variations in their

transport mechanisms and are distributed across diverse tissues

and cellular compartments (39). Their pivotal role is in facilitating

lactate exchange between cells reliant on glycolysis and those reliant

on oxidative metabolism within tissues and between blood-tissue

barriers (40). The deletion of basigin, an accessory protein

associated with monocarboxylate transporters (MCT 1, 3, and 4)

responsible for lactate transport in rod cells, leads to retinal

degeneration (41). Aquaporin 9 (AQP9) belongs to the

aquaglyceroporin category and is recognized for its lactate

transport capacity (42). Accumulating evidence supports the

significance of the astrocyte-to-neuron lactate shuttle (ANLS) in

neuronal energy metabolism, particularly in retinal ganglion cells

(RGCs). This substantiates the role of Aqp9 in facilitating the lactate

transfer between astrocytes and neurons, in conjunction with

monocarboxylate transporters (42). In line with this hypothesis,

the deletion of the Aqp9 gene exacerbates the death and impairment

of retinal ganglion cells (RGCs) resulting from optic nerve crush

(42). Recent research has revealed that these MCT transporters are

not exclusive to lactate, as MCT1 is involved in succinate export in

the retina (43). Notably, succinate, another metabolic intermediate,

exits retinal tissue through MCT1 but does not enter the retinal

pigment epithelium (RPE) via MCT1 or any other MCT, suggesting

the presence of an as-yet-unidentified transporter that facilitates

succinate import into the RPE (43).
The functional roles of lactate in
retinal cells

Introducing sequencing-specific LDHA-shRNA into the retina

results in a reduction in the length of the outer segment (26). This

discovery highlights the significance of aerobic glycolysis in a

metabolic scheme that meets the biosynthetic demands of typical

neuronal cell types. Deleting LDHA specifically in the retina leads to

age-related visual function deterioration, followed by retinal

degeneration (27). A debate in the field arose when it was

proposed that lactate, released by Müller glial cells, is metabolized

by photoreceptors in the mammalian retina (44, 45). This issue was

deliberated in the context of the metabolic ecosystem, suggesting

that lactate produced by photoreceptors is transported to Müller

glia (34), where it is converted to pyruvate using LDHB to fuel their

mitochondria due to the higher expression of LDHB compared to
FIGURE 3

Expression of LDH isoforms in retina cells. The expression of LDHA
and LDHB in RPE, Rods, Cones, Muller cells, and ganglion cells was
determined through TRAP analysis (27, 28). This figure was created
with BioRender.com.
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LDHA (27). Two separate studies have demonstrated that specific

deletion of LDHA in Müller cells does not yield any detectable

phenotypes (27, 46). Interestingly, Müller cells alter their

characteristics from oxidative phosphorylation (OXPHOS) to

glycolysis in culture, utilizing glucose to produce lactate (27). It is

intriguing to note that in vivo, Müller glia do not complete

glycolysis but instead utilize glucose to generate serine, which

plays a crucial role in supporting photoreceptor health (46).

These observations further substantiate earlier findings,

suggesting that the lactate produced in photoreceptor cells is

transported to Müller cells to provide fuel for the mitochondria

(35). Notably, alterations in LDHA isoenzymes in the retinas of

sheep are linked to progressive retinal degeneration, commonly

known as Bright Blindness (47). The enzyme changes observed in

the retinal dystrophy of Bright Blindness closely resemble the

enzyme changes seen in both retinitis pigmentosa and sodium

iodate toxicity (47).
Altered retinal metabolism in LDHA-
deficient mouse retina

The absence of LDHA leads to the upregulation of Müller cell

markers, such as glutamine synthetase (GS) and glial fibrillary

acidic protein (GFAP) (27) (Figure 4). LDHA knockout (KO)

mice at younger age do not exhibit significant changes in the

expression of photoreceptor-specific proteins, including

rhodopsin, rod arrestin, PDE6b, M-opsin, and cone arrestin (27).

Pyruvate kinase M2 (PKM2) is predominantly expressed in

photoreceptor cells, whereas PKM1 is primarily localized to the

inner retina, particularly in the inner plexiform and ganglion cell

layers (48). PKM2 undergoes phosphorylation at tyrosine 105,

reducing its affinity for phosphoenolpyruvate (PEP) and

activating the pentose phosphate pathway in tumor cells (49).

While a tissue may potentially contain multiple pyruvate kinase

isoforms, individual cells typically express only one isoform at

significant levels (50). In LDHA-deficient retinas, there is a

decrease in PKM2 expression and PKM2 phosphorylation,

leading to the expression of both PKM1 and PKM2 in

photoreceptors (27) (Figure 3). LDHA KO retinas also display

elevated levels of fructose 1,6-bisphosphate (FBP) (27), serving as

an allosteric activator of PKM2 with a higher affinity for PEP, thus

generating pyruvate (51, 52). FBP is enzymatically cleaved by

fructose-bisphosphate aldolase (aldolase), yielding 3-carbon

sugars, glyceraldehyde 3-phosphate (G3P), and dihydroxyacetone

phosphate (DHAP) (53). Both DHAP and G3P serve as precursors

for glycerol synthesis, forming the essential backbone of lipids (27).

In LDHA-deficient retinas, there is an elevation in protein levels

of hexokinase 1, aldolase C, and Glut1, accompanied by increased

activities of hexokinase, pyruvate kinase, and aldolase (27)

(Figure 3). Remarkably, LDHA-deficient retinas demonstrate

reduced lactate/pyruvate and succinate/fumarate ratios, indicating

a decreased reduction potential within the retina, likely
Frontiers in Ophthalmology
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concentrated in the rods, compared to the typical NADH/NAD

ratio. Under these conditions, steady-state ATP levels increase (27).

This could potentially occur if rod cells possessed a greater number

of mitochondria or if the mitochondria were more actively involved

in the oxidation of NADH to NAD than usual. Supporting this

hypothesis, LDHA knockout retinas exhibit increased protein levels

of pyruvate dehydrogenase (27).

The steady-state metabolite profile in LDHA KO retinas reveals

elevated levels of glucose, glucose 6-phosphate, fructose, and

fructose-6-phosphate, alongside decreased levels of lactate and

proline (27). Interaction analysis of steady-state metabolites

suggests potential changes centered around ATP (27). The

increased glucose levels in LDHA KO retinas may be attributed to

decreased glucose utilization.
Lactate-dependent transcriptional
regulation

Recent investigations have established that LDHA plays a role

in governing the dorsal-ventral pattern of the cone-opsin gradient

(27) (Figure 5). The ventral part of the retina predominantly

expresses S-opsin-positive cones when compared to the dorsal

portion (59). M-opsin-positive cones are evenly distributed in

both regions but exhibit slightly greater dispersion in the dorsal

part of the retina. The presence of LDHA knockout results in a

higher distribution of S-opsin-positive cones in the dorsal region

and reduced expression in the ventral region (27). Importantly, the

absence of LDHA does not impact the distribution of M-opsin in

the retina (27). LDHA primarily converts lactate to pyruvate in the

cytosol, but in the nucleus, it regulates cell cycle progression by

enhancing SIRT1 activity through NAD+ supplementation (60–62).

Altering metabolism by specifically targeting sirtuin 6 has been

shown to reduce the severity of retinal degeneration (63). LDHA

also interacts with single-stranded DNA, assisting in DNA

replication by recruiting DNA polymerases (60–62). Recent

findings indicate that lactate-dependent transcriptional regulation

plays a critical role in mammalian eye development (64). The

absence of Glut1 and LDHA from retinal progenitor cells leads to

arrested eye development (65). These studies unveil an unexpected

and unidentified non-metabolic role of lactate as an indispensable

signaling molecule in mammalian eye development (64).

In recent research, lactate has been found to have a non-metabolic

function in addition to its well-known metabolic roles. Lactate now

emerges as an epigenetic modifier by lactylating histone lysine residues,

directly initiating gene transcription from chromatin (66) (Figure 4).

Scientists have identified 28 specific lactylation sites on core histones in

human and mouse cells (66). Conditions such as hypoxia and bacterial

challenges stimulate lactate production via glycolysis, which then serves

as a precursor for histone lactylation (66). This discovery of histone

lactylation provides a fresh perspective on our understanding of

lactate’s multifaceted functions and its involvement in various

pathophysiological conditions, including retinal degeneration.
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Signaling roles of lactate

Emerging evidence suggests that substances previously regarded

solely as fuel, waste, or metabolic intermediates now play a crucial

role in orchestrating physiological processes through cellular

signaling. In addition to its role as a metabolic fuel, lactate also

serves as a ligand for G-protein-coupled receptor 81 (GPR81) and

inhibits lipolysis by suppressing cAMP formation via adenylate

cyclase inhibition in adipocytes (54, 67) (Figure 4). Elevated cAMP

levels are known to initiate signals within rod cells that ultimately

lead to caspase 3 activation and apoptotic cell death (65, 68).

The insulin/insulin receptor/PI3K/Glut4/lactate/Gpr81

pathway was initially identified in adipocytes, where it plays a
Frontiers in Ophthalmology 06
role in blocking lipolysis (54) (Figure 5). However, this pathway

has not yet been confirmed to exist in the retina. Nevertheless,

research has shown that Gpr81 is expressed in Müller cells and

retinal ganglion cells (55), and the insulin-responsive glucose

transporter GLUT4 is also found in these cell layers (56).

Interestingly, the loss of insulin receptors in Müller glia has

been linked to retinal degeneration (46), while insulin signaling

has been identified as a potential target for treating glaucomatous

neurodegeneration (57). Notably, fatty acid b-oxidation enzymes

are mainly located in the mitochondria of Müller cells (58). These

findings strongly suggest that the lactate-mediated inhibition of

lipolysis seen in adipocytes might also occur in Müller glia and

retinal ganglion cells.
FIGURE 4

LDHA-mediated functions in the retina. The enzymes, glycolytic intermediates and the metabolites that are increased in mouse retinas lacking LDHA
are shown in red. 1) Photoreceptor cells use glucose to produce lactate even when oxygen is present, a phenomenon called the “Warburg effect” or
aerobic glycolysis. 2) Glucose is supplied to photoreceptor cells by RPE cells through a transporter called GLUT1. LDHA converts pyruvate, a product
of glycolysis, into lactate. 3) The lactate generated by photoreceptor cells is transported to RPE and Müller cells via monocarboxylate transporters
(MCT). In these cells, lactate is converted back to pyruvate, which fuels mitochondria for oxidative phosphorylation. 4) In photoreceptor cells, the
enzyme PKM2 converts phosphoenolpyruvate (PEP) to pyruvate. Phosphorylation of PKM2 reduces its affinity for PEP, leading to an accumulation of
PEP and activation of the pentose phosphate pathway, similar to what happens in cancer cells. 5) Fructose 1,6-bisphosphate (FBP) activates PKM2,
and aldolase C breaks down FBP into dihydroxy acetone phosphate (DHAP) and glyceraldehyde 3-phosphate (GA3P). 6) The absence of LDHA in the
retina results in increased levels of glycolytic intermediates and enzymes, along with increased expression of PKM1 and reduced PKM2 expression,
favoring oxidative phosphorylation. 7) Müller cells exhibit increased expression of glutamine synthetase (GS) and glial fibrillary acidic protein (GFAP),
along with higher glutamine levels. 8) Loss of LDHA leads to decreased visual function and disrupts the dorsal-ventral pattern of the cone-opsin
gradient. 9) Deleting LDHA in Müller cells doesn’t impact visual function, indicating that the lactate produced in photoreceptors is transported to
Müller cells. This figure was created with BioRender.com. GLUT1, Glucose transporter 1; MCT, Monocarboxylate transporter; PKM2, Pyruvate kinase
M2 isoform; PKM1, Pyruvate kinase M1 isoform; DHAP, Dihydroxy acetone phosphate; GA3P, Glyceraldehyde 3-phosphate; PEP,
Phosphoenolpyruvate; LDHA, Lactate dehydrogenase A; GS, Glutamine synthetase; GFAP, Glial fibrillary acidic protein; ATP, Adenosine triphosphate;
FBP, Fructose 1,6-bisphosphate.
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Lactate and its receptor GPR81 are indispensable for the

development of the visual nervous system (69). Similarly, GPR43

sensing of acetate triggers an alert in neutrophils and provides

protection against severe sepsis (70). During infancy, the interaction

between propionate and GPR41 offers protection against the later

onset of bronchial asthma (71). Recent research has revealed that

the a-ketoglutarate-GPR99 axis regulates the pathological

phenotype of cardiac hypertrophy in mice (72). The activation of

the receptor GPR109A by b-Hydroxybutyrate plays a role in

regulating fasting-induced changes in the plasticity of the mouse

adrenal medulla (73). The succinate receptor GPR91 is expressed in

various tissues and cell types (74), and GPR91 signaling modulates

pathological processes in chronic illnesses (74). Human DNA

sequence variants in the Gpr91 gene are associated with atrophic

age-related macular degeneration (AMD) (75). Mice lacking GPR91
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exhibit retinal degeneration of the outer retina, accumulation of

oxidized low-density lipoproteins in the subretinal space, Bruch’s

membrane thickening, and elevated levels of microglia in the

subretinal space, mimicking the AMD phenotype (75). The bile

acid/Takeda G protein-coupled receptor 5 (TGR5) signaling

regulates fatty liver disease (76). Long-chain fatty acids bind to

free fatty acid receptor 4 (FFA4), also known as GPR120, and

regulate glucose homeostasis (77). In the retina, retinal lipid and

glucose metabolism influence the process of angiogenesis through

the lipid sensor free fatty acid receptor 1 (FFAR1) (78). In the gut,

these GPRs provide anti-inflammatory signals (79), and a similar

role for these receptors in the retina should not be overlooked.

Future studies should aim to elucidate how these metabolites

regulate cellular signaling and identify the downstream effector

molecules that govern physiological processes.
A

C

B

FIGURE 5

Signaling through Lactate: LDHA regulates cone-opsin gradient: LDHA plays a role in regulating the dorso-ventral patterning of the S-opsin gradient
(A). Lactate-Mediated Histone Modification: Lactate is also involved in histone modification, a process known as histone lacylation (B). Signaling role
of lactate: When growth factors activate phosphoinositide 3-kinase (PI3K), it triggers the movement of glucose transporters to the cell’s plasma
membrane. Glucose then enters the cell and undergoes metabolism, resulting in the generation of lactate. This lactate exits the cell and binds to the
orphan receptor Gpr81. This binding inhibits the activity of membrane-bound adenylate cyclase, ultimately reducing the synthesis of cAMP (C). The
insulin/insulin receptor/PI3K/Glut4/lactate/Gpr81 pathway, known for its role in inhibiting lipolysis in adipocytes (54), is yet to be conclusively
established in the retina. Nonetheless, research has identified Gpr81 expression in Müller cells and retinal ganglion cells (55), along with the presence
of insulin-responsive glucose transporter GLUT4 in these cell layers (56)). Intriguingly, the loss of insulin receptors in Müller glia has been associated
with retinal degeneration (46), and insulin signaling is being explored as a potential therapy for glaucomatous neurodegeneration (57). It is worth
noting that fatty acid b-oxidation enzymes are predominantly located in the mitochondria of Müller cells (58). These findings raise the intriguing
possibility that the lactate-mediated suppression of lipolysis observed in adipocytes might also occur in Müller glia and retinal ganglion cells within
the retina. This figure was created with BioRender.com.
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Therapeutic advantages of lactate

Lactate plays a pivotal role in enhancing the survival of retinal

ganglion cells (RGCs) during periods of glucose deprivation (80).

Research has revealed the expression of the lactate receptor GPR81

in Müller cells and retinal ganglion cells (55). Activation of GPR81

shields RGCs from glutamate-induced retinal degeneration and

prevents visual impairment (81). GPR81 activation results in a

decrease in cAMP levels in both neural and adipose tissues (55).

Furthermore, GPR81 exerts its influence through various downstream

mechanisms to regulate functions such as excitability, metabolism, and

inflammation (55). In the retina, much like in the brain, lactate

traverses cell membranes via MCT transporters and diffuses in the

extracellular space (55). This lays the groundwork for the role of lactate

as a transmitter of metabolic signals. We anticipate that targeting

lactate receptors and transporters could open promising avenues for

innovative therapeutic interventions. Such strategies could help

safeguard neurons and prevent or ameliorate conditions like

glaucoma and other retinal diseases. Other molecules, such as

modified visual arrestin, increase lactate production and decelerate

retinal degeneration in the P23H rhodopsin model of retinitis

pigmentosa (82). Lactate shields the retina from degeneration

induced by oxidative stress in age-related macular degeneration

(AMD) by stimulating autophagy activation (83). Within the inner

retina, lactate assumes a vital role as an essential energy source (84). It

offers protection against both glutamate-induced excitotoxicity and

ischemic damage (84). Additionally, lactate functions as a signaling

molecule that effectively regulates various cellular functions (84). The

administration of AAV-Thioredoxin interacting protein (Txnip)

treatment in mouse models of retinitis pigmentosa resulted in

prolonged cone survival and improved vision (85). The efficacy of

Txnip in rescuing cone degeneration is linked to LDHB and correlates

with the presence of a greater number of functional mitochondria (85).

A recent study has shown that the degenerating rd1 mouse retina

releases significantly higher levels of lactate compared to the retina of

wild-type mice. This suggests that a deteriorating retina may have an

even greater metabolic rate and energy demand compared to a healthy

retina (86). Ciliary neurotrophic factor (CNTF)-mediated protection of

neurons involves enhanced glycolytic and anabolic processes in the

deteriorating retinas of mice (87). Moreover, both LDHA transcripts

and the active form of LDHA experience an upsurge under the

influence of CNTF (86). It’s worth noting that this enzymatic

conversion of lactate to pyruvate also generates NADH, which serves

as a contributor to cellular metabolism and an electron donor in

oxidative phosphorylation. Significantly, inhibiting LDH enzymatic

activity led to a notable reduction in ATP production and a-
ketoglutarate levels (87). This underscores the importance of LDH-

catalyzed pyruvate generation for both CNTF-driven energy

production and the mitochondrial citric acid cycle (TCA cycle) (87).

Earlier studies have demonstrated that Metformin prevents the

degeneration of RPE and photoreceptors by activating adenosine

monophosphate-activated protein kinase (AMPK) signaling (88).

Several studies have shown that metformin induces lactate

accumulation (89, 90).
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Lactate as a biomarker for
retinal diseases

Genome-wide association studies (GWAS) have pinpointed the

lactate transporter SLC16A8 gene as the sole gene associated with

AMD susceptibility, directly implicating photoreceptor dysfunction

(88, 89). Investigating whether there is a correlation between

vitreous lactate concentration and the number of occurrences of

the SLC16A8 risk allele (rs8135665T) in AMD patients could

potentially establish vitreous lactate as an AMD biomarker,

distinct from the influence of the SLC16A8 risk allele. LDHA

activity in the aqueous humor is commonly employed to

differentiate retinoblastoma from other ophthalmic diseases, as it

exhibits higher activity (91). Notable shifts in the redox state occur

within both the retina and brain during the onset of diabetes in rats.

Diabetic retinopathy is believed to originate from prolonged

alterations in the metabolic processes of the retina. Elevated blood

sugar levels lead to higher concentrations of glucose within cells,

causing changes in how glucose is metabolized and resulting in an

increase in the lactate-to-pyruvate ratio (92). The diabetic rat retina

displayed elevated lactate levels, leading to a gradual reduction in

the NAD+/NADH ratio. This observation suggests that disrupted

glucose metabolism serves as an initial stage in the development of

retinopathy (92). The use of Proton Magnetic Resonance

Spectroscopy on vitreous samples from diabetic patients identified

glutamate and lactate as the primary metabolites (93). These

findings contribute to our understanding of the metabolic

molecules involved in the pathogenesis of diabetic retinopathy.

Vitreous lactate levels are commonly employed as a biomarker

for diagnosing infections, especially in cases of infectious culture-

negative endophthalmitis (94).

The retinal pigment epithelium (RPE) receives lactate from

photoreceptors, which is utilized for oxidative phosphorylation

(OXPHOS). Generally, photoreceptors rely on glycolysis, while RPE

favors OXPHOS (34). Recent studies have reported impaired glycolysis

in AMD patients, characterized by a high lactate/pyruvate ratio (95). A

high lactate/pyruvate ratio is a well-established marker of

mitochondrial impairment and indicates poor oxidative function in

AMD (96). Aging RPE shifts from OXPHOS to glycolysis (97).

Interestingly, hypoxic RPE cells undergo radical alterations in glucose

and lipid metabolism, affecting nutrient availability for the sensory

retina and promoting progressive photoreceptor degeneration (98).

Clinical studies have demonstrated a connection between elevated

hyperhomocysteinemia (HHcy) and AMD, which triggers the

activation of several glycolytic enzymes (95). HHcy contributes to

AMD by inducing a metabolic shift in mitochondria, where cells

predominantly generate energy through glycolysis, leading to

increased lactate production, cellular acidity, activation of

angiogenesis, RPE barrier dysfunction, and CNV (95). Moreover, the

presence of anti-retinal antibodies targeting glycolytic enzymes in

AMD patients points to an anabolic dysregulation in AMD

pathogenesis (99). Remarkably, RPE not only utilizes lactate to

support its mitochondrial metabolism but also demonstrates a

preference for proline utilization (100). Mutations in genes related to
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proline metabolism are associated with retinal degenerative diseases

(100). Additionally, proline supplementation has been shown to

improve the alleviation of RPE-induced vision loss (100, 101).

Further research is needed to understand the underlying reasons and

mechanisms behind the detrimental effects of elevated lactate levels on

the RPE.
Summary

Recent findings emphasize that lactate is not merely a metabolic

byproduct, contrary to initial assumptions; it serves both metabolic

and non-metabolic functions. Within the retina, LDHA is

predominantly found in the outer retina, while LDHA is chiefly

expressed in the inner retina. Lactate serves as the preferred energy

source in Müller cells, RGCs, and RPE cells, while also acting as a

ligand to activate GPR81 and enhance RGC survival. Furthermore,

lactate contributes to the regulation of the dorsal-ventral gradient of

cone-opsin patterning. Although the realm of histone lactylation is

emerging, its exploration within the context of the retina remains an

open area of investigation.
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