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Regulatory Mechanism of Carbohydrate Metabolism under Oxidative Stress Condition
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Carbohydrate metabolism is the most important energy source for many organisms, and its disorder is involved
in a variety of diseases including cancer and diabetes. Glucose is metabolized to pyruvate by glycolytic enzymes
to produce various metabolites including ATP. Glycolytic enzymes are regulated by specific metabolite as well as
various environmental changes to induce metabolic alteration, which are required for adaptation to environmental
changes. For example, under an oxidative stress condition, specific glycolytic enzymes are downregulated to change
the metabolic flow from glycolysis to a branching pathway, pentose phosphate pathway (PPP), which is a major
source for reduced form of nicotinamide adenine dinucleotide phosphate (NADPH). NADPH is required for
antioxidant enzymes as a proton donor. It is well known that inhibition of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and pyruvate kinase (PK) activity via oxidation of specific cysteine residues in the
enzymes by reactive oxygen species (ROS) are required to suppress the enzyme activity and the resulting
glycolytic flow. Such mechanisms are particularly crucial for cancer cell growth. We elucidated a novel regulatory
mechanism of glucose metabolism under oxidative stress. These results indicate that oxidative stress and glucose
metabolism are closely related and are important for many organisms, from yeast to human. In this review, we
will discuss its relationship and present the latest findings.
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Fig. 1. Schematic representation of glucose metabolism and generation pathway of NADPH (mammalian cell).

Glc, glucose; G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; FBP, fructose-1,6-bisphosphate; DHAP, dihydroxy acetone phosphate;
GAP, glycerardehyde-3-phaosphate; BPG, 1,3-bisphosphoglycerate; PEP, phosphoenol pyruvate; PYR, pyruvate; Ser, serine; Gly, glycine;
Cys, cysteine; Trp, tryptophane; Tyr, tyrosine; Phe, phenylalanine; Ala, alanine; Leu, leucine; Val, valine; G6PD, glucose-6-phosphate
dehydrogenase; PGD, phosphogluconate dehydrogenase; MTHFD, methylenetetrahydrofolate dehydrogenase; ME, malic enzyme; IDH,
isocitrate dehydrogenase; NADPH, nicotinamide-adenine dinucleotide phosphate.
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Fig. 2. Oxidative stress-induced changes of glucose
metabolism can mitigate oxidative stress (mammalian
cell and yeast).

Oxidative stress inhibits activities of the glycolytic enzyme
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and
pyruvate kinase (PK) via oxidation of cysteine residues.
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Fig. 3. 3D structure of PKM2 (PDB ID; 4B2D).
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Yellow arrows indicate PKM2 cysteine residues. Cyan arrows indicate amino acids that undergo post-translational modifications
(PTMs). Y105, phosphorylation; K186 and K206, Ubiquitination; K305, Acetylation; T405 and S406, Glycosylation. The active site indicates

binding sites for substrate as well as Mg?* and K*.
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Fig. 4. Oxidation site of PKM2 cysteine residues.

Glycosylation

Upper panel; Gray, red, and blue arrows indicate modification sites for S-nitrosylation, H,O, and diamide (oxidation), and HNE (4-
hydroxy-2-nonenal) and micheliolide (MCL) (adduct of electrophiles), respectively. NO, nitric oxide. Tissue specific oxidation of PKM2
cysteine residues was identified in mice (OxiMouse). We extracted PKM2 cysteine residues of which oxidation is more than 10% of total
PKM2, from the OxiMouse database (https://oximouse.hms.harvard.edu/sites.html). BAT, brown adipose tissue; EPI, epididymal fat;
SUBQ), subcutaneous fat. Lower panel; Other PTM site of PKMZ2. P, phosphorylation.
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Fig. 5. PK inhibition by PRDX (yeast model).

Carbon metabolism of yeast cells flows to the opposite side of
the glycolysis (gluconeogenesis) in a medium containing ethanol
as a major carbon source (indicated as a bold arrow, ‘Metabolic
flux’). Glyoxylate cycle is yeast-specific anabolic pathway for
synthesis of PEP from ethanol. Under this condition, due to
upregulation of ATP production in the mitochondrial respiratory
chain and intracellular ROS level. Elevated H,0, oxidizes
peroxiredoxin (PRDX, Tsal) and oxidized Tsal directly
interacts with PK to inhibit its enzyme activity.
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