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Changes in energy metabolism associated with optic nerve injury in glaucoma
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[Abstract] The slow progressive injury of retinal ganglion cells is the pathological feature of optic nerve injury
in glaucoma. The physiological activities of retinal ganglion cells require a lot of energy, so they are susceptible to
changes in energy supply. Studies have shown that glaucoma causes changes in retinal energy metabolism. Therefore,
understanding the pattern and characteristics of metabolic changes is helpful in understanding the optic nerve damage
in glaucoma. This article reviews the changes in retinal energy and retinal energy metabolism pathways associated with
optic nerve injury in glaucoma. By analyzing indicators such as the level of landmark metabolites, key enzymes and
energy metabolism substrates of two important energy metabolism pathways, glycolysis and oxidative phosphorylation,
to explore relevant optic nerve energy protection strategies.
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Hi 2 JUHE S e MCT2 23k B3 MR D0 4R R 3 6 IR /I B 4
ZB 05 77 A6 B BE R T 8, DBA/2T /1 B R B DY R R
NAD* /K- i 25 B A, i % B IR T T 5 i B 4 F [, J5 % 7T R 4F
A AR R TR 51 T B G ARBI AL/ B NAD' (9 4F i
MR 2 Al AT 3 0T MR R HIR T B 3 T A 7 % AR
BRI ) R T e 1) T 9
2.3 FIGIRW B 0540 5C 1 OXPHOS 221k

Harder 251 % 81, DBA/2J /I BUAG 40 I90 I op 22 5 5 [N 8 4R
F A AR AR A DG 3 M IR R T S AR S kR B ARk
(BT 52 £%) . GLUT 7 A5 40 i 458 B0 26 M, e 7 0 i AR BT 10
SRR, A S GLUTI By 2 35 16 75 6 IR 30 ¥y i
A A A on il g Rl B GLUT3 72 10~ 12 H R
DBA/2J /I B R R 1 S i 2 77 R 7 L 4 N IS O g
ACH AT REZ B I . SR, F DGR /N Bl RGCs B9 RNA I
R GLUT3 WA 263510, 2tk i IR R 3% & 1035 6 IR /N B
A 26 b GLUT3 J6 W W 28 4k, GLUTI K F K 48 o i 3% F
I Ik SR g 45 R R T % HR /IS SRR IR B R A A T 2 b
AR B AR 25 e R o AL R 1 R RO D, TR A T T
FERT AR A L ATP 5 Y& BT H L&Y, a5 X
AR OXPHOS 1 JsURE ) PR it 4 25 1% 4 35 52 54 7T BB 82 e i 22 5T
BB OXPHOS BIZRK , AT S Bk ot 45,

£ OXPHOS (5 %35 BT , ) o A6 Ak B AR IS F 4548 5 3
Al S8R MY ZR LI . RGCs Ry 8 6 2k 75 SR A X 42 44 Ty R B 5
e HCAHUR 20k A o fE A5 T 8% RGCs AT, mMR R T B
SRR D RERE TS DBA/2J /N BUHL b 28 28 i 36 3 2
AR B I U 3 LA R B A 3 R & AE Y RGCs Bl 58 R4 fA R
Sohr BRI D o A IR T e ELAR R A9 B0 R EE i, RGCs
il 2 1A R AR AT o S Bl s LT

it 7 % MR A8 L0 R 5 S 4E DBA/2T /N BRUAY B IR I G
MR, ETC & & W) M AR L K #8 4 OXPHOS 1 3 35 W
A3 S DBA/2) /N ESOK 2678 NTG /b B RGCs 3
T RNA T, & B0 22 5 B B 3 & 4 T 40k 1 oy BE 1% 1% M
OXPHOS 3 ' R F GHR% 7 v ol BE 47 72 OXPHOS 5
W, URAh, B OR S A Tz AR, NAD RG> R S Bk ke ik

THRERLAT 8 id b HIF-1o 34 OXPHOS"™" | #2758 7 56 IR i
2% 5/ UL AT BEZE 7E OXPHOS 3ZBR , SRT , = SR PR 1G FF 1
F=¥) NADH J& OXPHOS it 8 Ay 3= 22 5k} Ar i e & B 7E b =
FRBRE PR 1Y L BN, HG PEAE 10~ 12 A 19 DBA/2T /N Bl
Zop B B IR BT 328 DBA/2) /N BUEE P 28 TT B A 7 4
OXPHOS MR Z . £ b, #EW 35 G IR A7 78 7T 5 5 AL A 28458 43 A
XKy OXPHOS MU,

3 BHtIREBEE KGRI R

A RF et QIR — Pl B T S (6 TR R 2 T e AR
) 1 T TR AR 5 2 A B R it A 22 B i 23R AT M R s P B
X AR B A A Ak O SR TE % S R

BRI S W) KUSs 7] 38 Ppargela %5 fE B AR AH C L
] ATP BESE 2L, 30 GLAST ZE R B /N B ONTG /) 5 204
FOLMR/NEL RGCs T ATP &, I R 3 1 RGCs R I 1E
PTG T R T B BB TRE AR AR B ATP AL A i
AV 3 7] 5 A B A T AR R SR ATP A BUAE O T
P RGCs AT, I Ry 1 B9 5 bl A9 R R AR L AT B L #b
FE A A1 LR S AR AR W | e 0 i R T TR R PN A
B BEIE S AT RGCs 1457170 A i Ak 2 g B 1 A A
HEA I8 R AR M A OXPHOS 324 BT ATP, n] 1 35 4 35 00
R RGCs it o 11 AR BE R (NAD B9 JC 35 1 7 ) 104 i i
¥l 7 DBA/2) /N R R B X RGCs MR g 1, H =& B
AUMEAERT A R AR P R AR AY MCT2 7K S BT 4 15 fig it
Fas, PR RGCs Bkt BT ae" | (R bk T e W iF &
ONC /MR T B ™ VN I R 0 S T 410 1) 77 Nov3r 38 1
R E AR /R B0 & LA 2 R R, AQPY TT
EPLR B By K00 R AR, R AE 0 AL TR M U5 A0 L - 2 G L R
ZERALH 4R RGCs THRET . SR, IR BT A B A 4 vA
SP A R, 0 T AR kb T UL R T UK B A A R B RGCs 1Y A7
TR R4 ) BT RS AR 4 B AR 4% 9A 7 1 it 3
VEAEAEZE RS B AR LA A A0 90 1 22 O 3P DL, 6 7 O IR A o 22
B0 36 97 A A 2 7 S MR AR e 22 404 03 1T BB 77 1 e R s

4 INGS

R S 11 re g ik Ak 7 2 AR 90 IR 2 4 % G D S M 4 T 4 R A
FRIIRERYEE AL, I E WL B35 O R LA 28 45 3 AR b B B
SREG N, T LL A BE kA D B SR A AR SQ R W) L W LA
B TR AR J5 3 Ao ok 55 o e A2 AR A o SR T, 2% RE IR AR i AR
e I sk v 18] 7= Wy A, ELRH EL A7 7R £ B OSSR, S B 4
i 2K - 55 B AR B B R DTS, BT 6 IR LA 22 45000 1 A
A S RER AU AR I C R A HR B — R SE . AL, A= Wy RE B
ZRAPIR ST BB U TE T 7 DB IR P A7 7R R T A iR
AT B R & e A AR fb 09 SR R AR DL i O BR A bR 25
AR IR ST TT R BT SRS
FlEEM s A 1R 7 R AE AL AL 45 oh %

&%

[1] Vernazza S, Oddone F, Tirendi S, et al. Risk factors for retinal



- 310 - ARG IR B4 R 2026 4F 3 A% 44 %55 3 ] Chin ] Exp Ophthalmol ,March 2026, Vol. 44, No. 3

ganglion cell distress in glaucoma and neuroprotective potential
intervention[J]. Int J Mol Sci, 2021, 22(15) :7994. DOI: 10. 3390/
ijms22157994.

[2] Risner ML, Pasini S, Cooper ML, et al. Axogenic mechanism
enhances retinal ganglion cell excitability during early progression in
glaucoma| J/OL]. Proc Natl Acad Sci U S A, 2018, 115(10) :
E2393-E2402[2025-07-10]. https: //pubmed. ncbi. nlm. nih. gov/
29463759/. DOI: 10.1073/pnas. 1714888115.

[3] Inman DM, Harun-Or-Rashid M. Metabolic vulnerability in the
neurodegenerative disease glaucoma[J]. Front Neurosci, 2017, 11 :
146. DOI: 10.3389/fnins. 2017. 00146.

[4] &hEAS, TR HF. AR AE t £Q 5 9 Warburg 28000 K H 98 42 L
[J]. RS s iR B4R, 2021, 39(7) : 655-660. DOL: 10. 3760/
cma. j. cn115989-20200717-00505.

Han GG, Xing YQ. Warburg effect of retinal energetic metabolism and
its regulatory mechanism[J]. Chin J Exp Ophthalmol, 2021, 39(7) :
655-660. DOI: 10.3760/cma. j. cn115989-20200717-00505.

[5] Chen Y, Coorey NJ, Zhang M, et al. Metabolism dysregulation in
retinal diseases and related therapies[J]|. Antioxidants (Basel), 2022,
11(5) :942. DOI: 10.3390/antiox11050942.

[6] Liu H, Prokosch V. Energy metabolism in the inner retina in health
and glaucoma[J]. Int J Mol Sci, 2021, 22(7) :3689. DOI: 10. 3390/
ijms22073689.

[7] Casson RJ, Chidlow G, Crowston JG, et al. Retinal energy metabolism
in health and glaucoma[J]. Prog Retin Eye Res, 2021, 81 : 100881.
DOI: 10.1016/j. preteyeres. 2020. 100881.

[8] Harder JM, Guymer C, Wood J, et al. Disturbed glucose and pyruvate
metabolism in glaucoma with neuroprotection by pyruvate or rapamycin
[J]. Proc Natl Acad Sci U S A, 2020, 117(52) :33619-33627. DOI:
10. 1073/pnas. 2014213117.

[9] Williams PA, Harder JM, Foxworth NE, et al. Vitamin B; modulates
mitochondrial vulnerability and prevents glaucoma in aged mice [J].
Science, 2017, 355 (6326) : 756 — 760. DOI: 10. 1126/science.
aal0092.

[10]Tribble JR, Otmani A, Sun S, et al. Nicotinamide provides
neuroprotection in glaucoma by protecting against mitochondrial and
metabolic dysfunction[J]. Redox Biol, 2021, 43:101988. DOI: 10.
1016/j. redox. 2021. 101988.

[11]Yang X, Hondur G, Li M, et al. Proteomics analysis of molecular risk
factors in the ocular hypertensive human retina[J]. Invest Ophthalmol
Vis Sci, 2015, 56(10) : 5816-5830. DOI: 10. 1167/iovs. 15-17294.

[12]Jassim AH, Coughlin L, Harun-Or-Rashid M, et al. Higher reliance on
glycolysis limits glycolytic responsiveness in degenerating glaucomatous
optic nerve[ J]. Mol Neurobiol, 2019, 56(10) :7097-7112. DOI: 10.
1007/s12035-019-1576-4.

[13]Shim MS, Kim KY, Noh M, et al. Optineurin E50K triggers BDNF
deficiency-mediated mitochondrial dysfunction in retinal photoreceptor
cell line [J]. Biochem Biophys Res Commun, 2018, 503 (4) :
2690-2697. DOI: 10.1016/j. bbre. 2018. 08. 025.

[14]Liu X, Wang Q, Shao Z, et al. Proteomic analysis of aged and OPTN
E50K retina in the development of normal tension glaucoma[J]. Hum
Mol Genet, 2021, 30 (11) : 1030 - 1044. DOI: 10. 1093/hmg/
ddab099.

[15]Harun-Or-Rashid M, Pappenhagen N, Palmer PG, et al. Structural
and functional rescue of chronic metabolically stressed optic nerves
through respiration[J]. J Neurosci, 2018, 38(22) :5122-5139. DOI:
10. 1523/JNEUROSCI. 3652-17. 2018.

[16]Hasegawa T, lkeda HO, Gotoh N, et al. Effect of VCP modulators on
gene expression profiles of retinal ganglion cells in an acute injury
mouse model [ J]. Sci Rep, 2020, 10 (1) :4251. DOI: 10. 1038/
s41598-020-61160-6.

[17]Nakano N, Tkeda HO, Hasegawa T, et al. Neuroprotective effects of
VCP modulators in mouse models of glaucoma[J/OL]. Heliyon, 2016,
2(4) : e00096[2025-07-10]. https: //pubmed. ncbi. nlm. nih. gov/
27441270/. DOI: 10.1016/j. heliyon. 2016. e00096.

[18]Au N, Chand R, Kumar G, et al. A small molecule M1 promotes optic
nerve regeneration to restore target-specific neural activity and visual
function[ J/OL]. Proc Natl Acad Sei U S A, 2022, 119 (44) :
€2121273119[2025-07-10]. https: //pubmed. ncbi. nlm. nih. gov/
36306327/. DOI: 10.1073/pnas. 2121273119.

[19]Sato K, Mochida S, Tomimoto D, et al. A pyruvate dehydrogenase
kinase inhibitor prevents retinal cell death and improves energy
metabolism in rat retinas after ischemia/reperfusion injury[J]. Exp Eye
Res, 2020, 193:107997. DOI: 10.1016/j. exer. 2020. 107997.

[20]Baltan S, Inman DM, Danilov CA, et al. Metabolic vulnerability
disposes retinal ganglion cell axons to dysfunction in a model of
glaucomatous degeneration [ J ]. J Neurosci, 2010, 30 ( 16)
5644-5652. DOI: 10.1523/JNEUROSCI. 5956-09. 2010.

[21]Schober MS, Chidlow G, Wood JP, et al. Bioenergetic-based
neuroprotection and glaucoma[J]. Clin Exp Ophthalmol, 2008, 36(4) :
377-385. DOI: 10.1111/j. 1442-9071.2008. 01740. x.

[22]Hvozda Arana AG, Lasagni Vitar RM, Reides CG, et al. Mitochondrial
function is impaired in the primary visual cortex in an experimental
glaucoma model [ J]. Arch Biochem Biophys, 2021, 701 : 108815.
DOI: 10.1016/j. abb. 2021. 108815.

[23]Xue B, Xie Y, Xue Y, et al. Involvement of P2X; receptors in retinal

ganglion cell apoptosis induced by activated Miiller cells[J]. Exp Eye
Res, 2016, 153:42-50. DOI: 10.1016/j. exer. 2016. 10. 005.

[24]Lu W, Hu H, Sévigny J, et al. Rat, mouse, and primate models of
chronic glaucoma show sustained elevation of extracellular ATP and
altered purinergic signaling in the posterior eye[J]. Invest Ophthalmol
Vis Sci, 2015, 56(5) :3075-3083. DOI: 10. 1167/iovs. 14-15891.

[25]Li A, Zhang X, Zheng D, et al. Sustained elevation of extracellular
ATP in aqueous humor from humans with primary chronic angle-closure
glaucomalJ]. Exp Eye Res, 2011, 93(4) :528-533. DOI: 10. 1016/
j. exer. 2011. 06. 020.

[26]Joyal JS, Gantner ML, Smith L. Retinal energy demands control
vascular supply of the retina in development and disease: the role of
neuronal lipid and glucose metabolism[J]. Prog Retin Eye Res, 2018,
64:131-156. DOI: 10. 1016/]. preteyeres. 2017. 11. 002.

[27]Cohen LH, Noell WK. Glucose catabolism of rabbit retina before and
after development of visual function [ J]. J Neurochem, 1960, 5 :
253-276. DOI: 10.1111/j.1471-4159. 1960. th13363. x.

[28]Vohra R, Kolko M. Lactate: more than merely a metabolic waste
product in the inner retina [ J]. Mol Neurobiol, 2020, 57 (4) :
2021-2037. DOI: 10.1007/s12035-019-01863-8.

[29]Joyal JS, Sun Y, Gantner ML, et al. Retinal lipid and glucose
metabolism dictates angiogenesis through the lipid sensor Ffarl1[J]. Nat
Med, 2016, 22(4) :439-445. DOI: 10. 1038/nm. 4059.

[30]Vohra R, Aldana BI, Bulli G, et al. Lactate-mediated protection of
retinal ganglion cells[J]. J Mol Biol, 2019, 431(9) : 1878 - 1888.
DOI: 10. 1016/j. jmb. 2019. 03. 005.

[31]Liu GY, Sabatini DM. mTOR at the nexus of nutrition, growth, ageing
and disease[J]. Nat Rev Mol Cell Biol, 2020, 21(4) :183-203. DOI:
10. 1038/s41580-019-0199-y.

[32]Zhou J, Chen F, Yan A, et al. Role of mammalian target of rapamycin
in regulating HIF-lo and vascular endothelial growth factor signals in
glaucoma[J]. Arch Physiol Biochem, 2021, 127(1) :44-50. DOI:
10. 1080/13813455. 2019. 1609996.

[33] XI5k, 2= e, 1k IR T S B 0 6t 4 2 AR 11 4 A8 A i ) 25
BFFE[0]. R R IR, 2010, 26(4) : 169-172, 178.

Liu J, Li PH. Preliminary study on retinal proteome of chronic high
intraocular pressure of rabbits [ J]. Biotechnol Bull, 2010, 26 (4) :
169-172,178.

[34]Tang BL. Glucose, glycolysis, and neurodegenerative diseases[J]. J
Cell Physiol, 2020, 235 (11) : 7653 = 7662. DOI: 10. 1002/jcp.
29682.

[35]Hikosaka K, Yaku K, Okabe K, et al. Implications of NAD
metabolism in pathophysiology and therapeutics for neurodegenerative
diseases[J]. Nutr Neurosci, 2021, 24(5) :371-383. DOI: 10. 1080/
1028415X.2019. 1637504.

[36]Harun-Or-Rashid M, Pappenhagen N, Zubricky R, et al. MCT2
overexpression rescues metabolic vulnerability and protects retinal
ganglion cells in two models of glaucoma[J]. Neurobiol Dis, 2020, 141 :
104944. DOI: 10.1016/j. nbd. 2020. 104944.

[37]Jassim AH, Fan Y, Pappenhagen N, et al. Oxidative stress and hypoxia
modify mitochondrial homeostasis during glaucoma[J]. Antioxid Redox
Signal, 2021, 35(16) :1341-1357. DOI: 10. 1089/ars. 2020. 8180.

[38]Yang S, Park JH, Lu HC. Axonal energy metabolism, and the effects
in aging and neurodegenerative diseases|[J]. Mol Neurodegener, 2023,
18(1) :49. DOI: 10. 1186/513024-023-00634-3.

[39]Wei Y, Miao Q, Zhang Q, et al. Aerobic glycolysis is the predominant
means of glucose metabolism in neuronal somata, which protects against
oxidative damage[J]. Nat Neurosci, 2023, 26(12) :2081-2089. DOI:
10. 1038/s41593-023-01476-4.

[40]00k, A%, Lokifk A M S HOCIREZMILH AR [T]. EBRIR
BHAYE, 2019, 43(2) : 84-88. DOI: 10. 3760/cma. j. issn. 1673-
5803.2019. 02. 003.

Zhao B, Wu RY. Relationship between mitochondrial autophagy and
pathogenesis of glaucoma[J]. Int Rev Ophthalmol, 2019, 43 (2) :
84-88. DOI: 10.3760/cma. j. issn. 1673-5803. 2019. 02. 003.

[41]Hasegawa T, lkeda HO, Iwai S, et al. Branched chain amino acids
attenuate major pathologies in mouse models of retinal degeneration and
glaucoma[J/OL]. Heliyon, 2018, 4(2) : e00544[2025-07-10].
https: //pubmed. ncbhi. nlm. nih. gov/29560458/. DOI: 10. 1016/].
heliyon. 2018. e00544.

[42]Mori S, Kurimoto T, Miki A, et al. Agp9 gene deletion enhances
retinal ganglion cell (RGC) death and dysfunction induced by optic
nerve crush: evidence that aquaporin 9 acts as an astrocyte-to-neuron
lactate shuttle in concert with monocarboxylate transporters to support
RGC function and survival [ J]. Mol Neurobiol, 2020, 57 (11) :
4530-4548. DOI: 10.1007/512035-020-02030-0.

[43]Sia PI, Wood J, Chidlow G, et al. Creatine is neuroprotective to retinal
neurons in vitro but not in vivo[J]. Invest Ophthalmol Vis Sci, 2019,
60(13) :4360-4377. DOI: 10.1167/iovs. 18-25858.

(M H H 197 :2025-07-20 &1 H 5] :2026-01-23)

(R SCHRHR RSB 5 1)





