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Abstract: Diabetic microangiopathy is among the most common complications affecting patients with diabetes, and includes both
diabetic retinopathy (DR) and diabetic nephropathy (DKD). Diabetic microangiopathy remains a persistent threat to the health and
quality of life of affected patients. Mechanistically, the severity of DR and DKD is tied to mitochondrial and glucose metabolism
abnormalities, with the activation of the glycolytic enzyme pyruvate kinase M2 (PKM2) contributing to mitochondrial and glomerular
dysfunction, abnormal renal hemodynamics, and retinopathy. PKM2 can activate inflammatory bodies in macrophages to promote the
release of inflammatory mediators, and serves as a key regulator of inflammatory factors, chemokines and adhesion molecules. As
such, there is sufficient evidence that PKM2 can be used as a biomarker for the diagnosis of diabetes and diabetic microangiopathy.
Here, we survey the mechanisms whereby PKM2 contributes to diabetes-related microvascular diseases, associated regulatory roles,
post-translational modifications, and the potential utility of PKM2 as a therapeutic target. Through this literature review, we have
determined that PKM2 offers promise as both a diagnostic marker and therapeutic target with direct relevance to research pertaining to
diabetic microangiopathy.
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Introduction

Persistent hyperglycemia, insulin resistance (IR), and the dysfunction or loss of islet B cells can contribute to the
incidence of diabetes mellitus. An estimated 20-30% of diabetes patients will ultimately develop chronic kidney disease
(CKD) and a subset will ultimately be affected by diabetic retinopathy (DR).' Diabetic nephropathy (DKD) is the most
common global cause of CKD, chronic renal failure, and end-stage renal disease (ESRD) in the world, with the morbidity
and associated mortality rates for this condition having risen recently in recent years.”> DKD is a key driver of
microvascular complications in patients with diabetes, resulting in chronic inflammation that promotes macrophage
activation, the progressive disruption or dysregulation of glomerular filtration barriers contributing to glomerular
hypertrophy, extracellular matrix accumulation, podocyte damage, injury to the renal tubules, and the development of
tubulointerstitial fibrosis.”> Diagnoses of DKD have historically been reliant upon measurements of blood glucose and
urinary microalbumin levels, but these tests are relatively non-specific and lack sensitivity, limiting their utility for early-
stage DKD diagnosis. Other studies have shown that diabetic nephropathy is primarily caused by increases in toxic
glucose metabolite accumulation as a result of abnormal mitochondrial activity. PKM2 plays a central role in the function
of glomerular mitochondria, and dimerized PKM?2 translocates to the nucleus through its non-standard protein kinase
activity, whereupon it participates in the regulation of inflammatory genes, thus affecting the pathogenesis of diabetic
nephropathy.* DR is among the leading causes of blindness and visual dysfunction in individuals with diabetes. PKM2 is
a key rate-limiting glycolytic enzyme that influences metabolic activity, gene expression patterns, and overall human
health. Indeed, there is evidence that PKM2 can play a key role in the pathogenesis of conditions including diabetes,
DKD, retinopathy, atherosclerosis, and cancer. In cancer cells, for example, interactions between PKM2 and epidermal
growth factor receptor (EGFR) can regulate the metabolic activity, proliferation, and migration of cancer cells. PKM2
expression in macrophages can contribute to inflammatory mediator production. There is also evidence for the role of

PKM?2 in the production of brown adipose tissue.” Interactions between PKM2 and protein tyrosine phosphatase —1B
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(PTP-1B) have been linked to the incidence of diabetes, and the loss of podocyte PKM2 expression can drive more rapid
mitochondrial dysfunction, podocyte apoptosis, and glomerulopathy in the context of diabetes.® The hypoxia-inducible
factor 1 o (HIF-1 a)/PKM2 signaling pathway regulated the metabolic processing of glucose, driving increases in glucose
uptake and the secretion of lactic acid, both of which contribute to DR development. PKM?2 is a key regulator of many
inflammatory molecules, including chemokines, adhesion molecules, and pro-inflammatory cytokines. This inflammatory
metabolic pathway under the regulation of PKM?2 is thus closely tied to the incidence of microvascular diseases including
both DR and DKD, highlighting its importance as a research target.

An Overview of PKM2

As a glycolytic rate-limiting enzyme, pyruvate kinase can increase aerobic glycolysis rates by catalyzing phosphoenol-
pyruvate (PEP) conversion into pyruvate and activating the pentose phosphate pathway (PPP).” Competitive pyruvate
kinase is one of four different subtypes of this enzyme (M1, M2, L, and R) encoded by two different genes (PKM and
PKLR),® with the PKM2 subtype being composed of four domains (A, B, C, N). A high degree of sequence homology is
evident between human and murine PKM2, which incorporates exon 10 but not exon 9 of the parental gene. Exon 10
consists of 167 bases encoding 56 amino acids,” and is inserted into the PKM2 transcript by the serine/arginine-rich
splicing factor 3 (SRSF3) rich in serine/arginine. Expression of PKM2 is evident beginning during embryonic develop-
ment and persists throughout life in all tissues. The PKM2 enzyme can be present within cells in both the inactive
tetramerized T-state or in the active monomeric or dimeric R-state.'® Many of the residues of PKM2 can undergo various
post-translational modifications such as phosphorylation, oxidation, hydroxylation, acetylation, ubiquitylation, succinyla-
tion, or glycosylation, all of which can impact the structure and function of the encoded protein.'' A number of different
metabolites influence the multimerization of PKM?2, including fructose 1-diphosphate (FBP), with post-translational
acetylation and phosphorylation additionally shaping such activity. Wang et al'? found that in the absence of FBP, PKM2
primarily exists in monomeric or dimeric forms, while in the presence of FBP it primarily exists in a tetramerized state.
When phosphorylated at Tyr-105, PKM?2 is stabilized in the dimeric configuration, impairing its glycolytic activity.
Decreased glycolytic activity in the context of PKM2 Cys-358 oxidation results in the entry of glucose into the pentose
phosphate pathway. Oxidative factors including nitric oxide (NO), endothelial nitric oxide synthase (ENOS), and
hydrogen peroxide (H202) can also impact the localization and activation of PKM2 within cells.'> FBP serves as an
allosteric regulator of PKM?2, promoting its tetramerization and activation, leading to increased glycolytic activity and
glucose utilization. Tetrameric PKM2 can, together with lactate dehydrogenase A1 (LDHAL1), contribute to extensive
lactic acid production.'* The activation of PKM2 can also occur in response to carbamides and serine, while phenyla-
lanine functions as an allosteric inhibitor of PKM2, reducing its affinity for PEP.'>!°

Dimerized PKM2 functions independently of competitive activity, accumulating with the nucleus wherein it functions
as a protein kinase to directly phosphorylate STAT3 (Tyr705), thus leading to increased MAP kinase 5 (MEKS/ERKS)
expression.'*!” PKM2 also can also promote the phosphorylation of histone H3 (Thrll) in the context of EGFR
activation, leading to the dissociation of histone deacetylase 3 (HDAC3) from the promoter regions associated with
the CyclinD1 and Myc genes, contributing to subsequent histone H3 Lys9 acetylation. As such, PKM2-mediated histone
H3 modifications play a central role in regulating the EGF-induced expression of both c-Myc and cyclin D1.'® In the
context of mitosis, PKM2 can bind to the spindle checkpoint protein Bud3, promoting its phosphorylation at Tyr207 and
thereby promoting the association of the Bud3-Budl complex with the kinetochore while also interacting with Blinkin.
This is critical, given that this Bud3-Budl complex is necessary for appropriate kinetochore-microtubule attachment,
mitosis-spindle assembly checkpoints, chromosomal segregation, thus supporting the survival and proliferation of cells in
addition to regulating EGFR-mediated tumorigenesis.'® Mitochondrial PKM2 can also interact with and phosphorylate
Thr69 of Bcl2, interfering with the ability of the E3 ubiquitin ligase to bind and induce Bcl2 degradation, with HSP90al
facilitating the interactions between PKM2 and Bcl2.2° HSP90al can also complex with GSK-3f and PKM2, stabilizing
PKM2 by phosphorylating it at Thr328.

Within the nucleus, PKM2 can control the expression of a range of genes, with its regulatory activity being attributed
to its ability to interact with a range of transcription factors and other proteins, thereby forming functionally diverse
complexes.21 The death-associated protein kinase (DAPK) serine/threonine kinase is a nucleoprotein that plays key roles
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in the regulation of inflammatory responses and is in turn regulated by calcium/calmodulin kinase. There is evidence that
DAPK can promote PKM?2 activation, with PKM2 subsequently undergoing oxidation of Cys358 in vitro, resulting in the
dissociation of the tetrameric form of PKM2 into its dimeric form.

The cytoplasmic protein B-catenin is under the control of the Wnt signaling pathway, and it can undergo Tyr333
phosphorylation mediated by sSrc. When phosphorylated, B-catenin is able to bind to PKM2 (Lys433), thereby
promoting downstream gene expression.”>?> When The Tyr333 residue in B-catenin is mutated, this interferes with
PKM2 phosphorylation and results in the translocation of PKM2 to the nucleus, resulting in consequent PI3K/Akt and
Wht/B-catenin pathway activation, thereby potentiating an inflammatory response.”> PKM2 can also serve as a regulatory
factor for other transcription factors including HIF-1o, with dimeric PKM2 serving as a transcriptional activator that
directly interacts with HIF-1a in the nucleus, driving the upregulation of a range of glycolysis-related genes including
Hexokinase 1 (HK1), Phagocytosis and killing function —1 (PKF-1), Lactate dehydrogenase (LDH), and Glucose
transporter 1 (GLUT-1).>* As such, PKM2 can influence glycolysis and the renal tubular epithelial-mesenchymal
transition process (Figure 1).

The Role of PKM2 in Diabetes

Diabetes is associated with the dysregulation of normal glucose metabolism, abnormal mitochondrial functionality, and
the generation of high levels of reactive oxygen species (ROS).”> Rising levels of glucose within cells drive the
accumulation of toxic metabolites including diacylglycerol (DAG), sorbitol, and methylglyoxal (MG). PKM2 activation
can enhance mitochondrial metabolic activity, and mitochondrial dysfunction can be alleviated or reversed by decreasing
levels of oxidants induced in response to high levels of glucose including metalloproteinases (MMPs) and peroxisome
proliferation-activated y -coactivator la. (PGC-10).>° Allen et al'>?” identified a key role played by PKM2 within
pancreatic B-cells, demonstrating its ability to activate the Wnt/CTNNBI1 pathway, thereby promoting B-cell proliferation
and insulin secretion, thus lowering blood glucose levels. In response to high concentrations of glucose, PKM2 was
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Figure | Diagram of the role of PKM2 in diabetes. Dimeric PKM2 translocates into the nucleus wherein it can interact with HIF-1a, serving as a transcriptional activator to
promote HIF-la expression and the upregulation of a range of glycolysis-related genes including GLUT |, LDH, PKF-1, and HK I, thereby enhancing glycolytic activity. TEPP46
inhibits the accumulation of HIF-1a by activating dimeric PKM2 to form tetrameric PKM2 which translocates into the cytoplasm.
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found to undergo acetylation, constraining its enzymatic activity and the nuclear translocation of dimeric PKM2.
Tetrameric PKM2 localizes to the cytoplasm wherein it can regulate glycolysis and exhibits robust catalytic activity.
When activated, PKM2 forms stable tetramers that exhibit high levels of pyruvate kinase activity, enhancing glycolytic
flux and lowering blood glucose levels.?®

The pathogenesis of diabetes is related to inflammation, and increases in PKM2 levels reflect chronic inflammatory
activity. Some studies have shown that the expression of plasma PKM2 is related to C-reactive protein (CRP) and
erythrocyte sedimentation rate (ESR). As such, PKM2 levels may contribute to diabetes diagnosis and disease surveil-
lance. Li et al*' conducted qualitative and quantitative analyses of macrophage proteins, revealing that hyperglycemic
conditions suppressed pyrin-like receptor family containing pyrin domain 3 (NLRP3) inflammatory body/stress granule
signaling mediated by tetrameric PKM2. The NLRP3-mediated secretion of inflammatory factors including Interleukin-
18 (IL-18) and IL-1P can contribute to atherosclerosis and atherosclerotic plaque formation, resulting in a worse
prognosis for individuals affected by diabetes. Dimeric PKM?2 also serves as an important regulator of lipopolysaccharide
(LPS)-induced IL-1p expression through its ability to bind to the IL-1p promoter, whereas tetrameric PKM2 can suppress
IL-1B in response to LPS. PKM2 may thus be an important therapeutic target in the context of diabetes.?®*°

Reductions in L-cysteine concentrations can readily restore glucose-induced ATP production and insulin secretion to
appropriate levels. This occurs in part owing to the ability of L-cysteine to promote the decomposition of active
tetrameric PKM2 into the inactive dimeric and monomeric forms both in vitro and in insulin-secreting cells, resulting
in reduced pyruvate production.'***! This inactivation of PKM2 can contribute to impaired glucose-induced ATP
production and insulin secretion. PKM?2 activity, however, can be restored by either treatment with a PKM2 activator
or by removing L-cysteine, thereby restoring appropriate levels of ATP production and insulin secretion, ultimately
lowering blood glucose levels. The activation of PKM2 may thus represent an effective means of remediating high
L-cysteine concentrations and normalizing insulin secretion activity as an approach to treating diabetes.*?

By serving as a HIF-1a co-activator, PKM2 can regulate insulin-induced glucose metabolism and lower blood glucose
levels. The cellular growth and survival-related serine/threonine kinase mammalian target of rapamycin (mTOR) has
been shown to be inhibited by miR-99a overexpression, thus leading to the suppression of HIF-1a activity and altered
glucose consumption following insulin therapy.®>** This suggests that PKM2 plays a role in regulating insulin-induced
glucose metabolism through the co-activation with HIF-1a, thereby decreasing blood glucose levels.

The Role of PKM2 in Diabetic Nephropathy

Diabetic nephropathy (DKD) is a condition in which chronic inflammation mediated by macrophages leads to the
progressive compromise of glomerular filtration barriers, with associated glomerular hypertrophy, extracellular matrix
accumulation, and the activation of the transforming growth factor (TGF-f) signaling pathways in renal tubular epithelial
cells.>® TGF-B stimulates renal tubular epithelial cell transformation. Through the resultant epithelial-mesenchymal
transition (EMT) induction and abnormal glycolytic activity, these cells ultimately undergo transformation into patho-
genic cells that secrete high levels of extracellular matrix proteins, contributing to renal tubulointerstitial fibrosis and
DKD incidence. The transcription factors nuclear factor kappa B (NF-kB), STAT3, and HIF-1a are all integral to the
onset and progression of DKD.?® PKM2 can also regulate the expression of a range of adhesion molecules, chemokines,
and inflammatory cytokines. PKM2 can undergo phosphorylation within glomerular endothelial cells in the context of
DKD, resulting in its isomerization and translocation into the nucleus wherein it regulates inflammatory activity.>’ Such
regulatory activity can promote STAT3 and NF-kB phosphorylation and the expression of the adhesion protein inter-
cellular adhesion molecule-1 (ICAM-1), contributing to the initiation of inflammatory cell infiltration and thereby
contributing to the progression of DKD.?® Therefore, reducing inflammation can reduce oxidative stress and cell damage
in patients with diabetic nephropathy.

Qi et al*® determined that PKM2 activation is associated with reductions in toxic glucose metabolite levels and with the
maintenance of renal function, and as such, inhibiting PKM2 phosphorylation may suppress renal inflammation, protecting
against DKD incidence. Tetrameric PKM2 can decrease the levels of phosphorylated PKM2, inhibit abnormal glycolytic
activity and the expression of ICAM-1, type I collagen a3, and TGF-B1 in the context of DKD, in addition to preventing
renal fibrosis associated with high levels of albuminuria in individuals with diabetes.***° In its tetrameric form, PKM2 can
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also suppress the adhesion of macrophages and NF-kB and STAT3 pathway activation, thereby further protecting against
renal fibrosis.'®*'**?> The TEPP-46 and DASA-58 small molecules can promote tetrameric PKM2 formation through the
binding of PKM2 monomers and inhibiting their phosphorylation, impairing the expression of glycolysis-related genes,
Epithelial-mesenchymal transformation (EMT) induction, and reducing rates of renal fibrosis.”**** Yokoyama et al**
highlighted the promise of PKM2 as a therapeutic target in DN. Given that PKM2 serves as a protective protein that can
mitigate renal failure in diabetic individuals, pharmacological interventions that induce PKM2 upregulation may aid in
preventing DKD progression. If tetrametric PKM2 content decreases in DKD, this will result in reduced glucose metabolic
flux and the increased accumulation of toxic glucose metabolites within podocytes, further supporting the identity of PKM2
as a protective mediator with the potential to prevent or alleviate advanced diabetic microangiopathy.***>*® Previous
studies have shown that TEPP-46 and other compounds induce PKM2 tetramerization by targeting PKM2, thereby
inhibiting the transcription of pro-inflammatory genes and reducing both immune cell proliferation and inflammatory factor
production, thus reducing the inflammatory response of DKD (Figure 2).

The Role of PKM2 in Diabetic Retinopathy

Diabetic retinopathy (DR) is a clinically important form of microangiopathy that can arise over time in individuals
suffering from diabetes, and it is one of the most common diabetes-related causes of visual impairment and blindness,
contributing to alterations in both contrast sensitivity and color discrimination. DR incidence rates are steadily rising,
and efforts to treat affected patients primarily center on the prevention of overall vision loss. Retinal rod and cone cells
both exhibit high levels of metabolic activity, and PKM2 can influence visual function via the regulation of phospho-
diesterase 6B (Pde6p), which is an enzyme that is central to photoreceptor functionality.*” Reductions in PKM2 protein
expression can impair transcriptional co-activator activity, leading to reduced Pde6 expression, whereas a loss of Pde6f3
can impair the function of rod photoreceptors and compromise normal retinal anabolic activity.*” *° Rajala et al®
employed a mouse model of type 2 diabetic mouse model to explore the importance of PKM2 in the context of DR, and
found that retinal PKM2 protein levels declined in db/db mice whereas PKM1 expression was unaffected, with
corresponding reductions in retinal Pde6p expression and the impairment of rod cell function. Retinal pyruvate kinase
activity increased in these db/db mice, while the redox/reduction ratio declined. Other research suggests that PKM2
downregulation can alleviate PKMI1 inhibition, potentially contributing to the overall enhancement of pyruvate kinase
activity. As such, impaired visual acuity in diabetic individuals may be at least partially attributable to reduced PKM2
levels in these patients.
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Figure 2 Mechanistic overview of the role of PKM2 in diabetic nephropathy. Dimerized PKM2 interacts with HIF-1a, STAT3, and NF-kB to induce the expression of genes
associated with glycolysis and the epithelial-mesenchymal transition (EMT), resulting in tubulointerstitial fibrosis and diabetic nephropathy (DKD). TEPP46 promotes the
tetramerization of PJM2 and inhibits HIF-1a, NF-kB, and STAT3 accumulation by reducing dimeric PKM2. High glucose levels and albuminuria induce the formation of the
activated dimeric form of PKM2.
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DR develops under conditions of sustained hyperglycemia in which retinal vascular endothelial cells produce
high levels of inflammatory mediators and ROS leading to advanced glycation end product accumulation and
nervous system abnormalities that ultimately contribute to damage to the retinal barrier and retinal microangiopathy
and retinal barrier damage.’' Heng et al’? demonstrated that STEAP4 (prostate six transmembrane epithelial antigen
4, also known as STAMP2 or TIARP) is an essential membrane protein that is closely related to hyperglycemia-
induced inflammation and injury. STEAP4 expression can suppress retinal vascular endothelial cell (HRCEC)
inflammation and apoptosis, decrease atherosclerosis, and alleviate associated dysfunction.”®> Overexpressing
STEAP4 can suppress HIF-1o0/PKM2 signaling, which is noteworthy given the close relationship between such
signaling and glucose metabolism, leading to increased glucose uptake and lactic acid secretion and thus contribut-
ing to the pathogenesis of diabetes. By inhibiting HIF-1/PKM2 signal transduction it may be possible to modulate
glucose metabolism and thereby prevent hyperglycemia-related retinal cell apoptosis and associated injury. This
HIF-1a/PKM2 axis has been suggested as a promising therapeutic target in the treatment of DR. PKM2 is closely
related to the process of inflammation, and this HIF-1a/PKM2 axis has been considered as a promising target for the
treatment of DR. For example, Liu et al’* found that HIF-la and PKM2 expression levels were significantly
increased in HRCEC cells exposed to hyperglycemic conditions, while HIF-1 a downregulation inhibited glucose
1°° found that inhibiting
PKM2 was sufficient to reduce HIF-1a and VEGF expression, thereby reducing damage to HRCECs and associated

levels induced by PKM2 and insulin. Moreover, through animal model studies, Wang et a

apoptosis, preventing the incidence of retinal ischemia in rats and underscoring the relevance of the HIF-1a/PKM2
signaling axis in retinal disease (Figure 3). As such, PKM2 holds great promise as a target for the treatment of DR.

Conclusions

The studies discussed in this review emphasize the fact that PKM2 functions not only as a key rate-limiting glycolytic
enzyme, but also an important regulator of gene expression, metabolic activity, and inflammatory diseases. Tetrameric
PKM2 can inhibit LPS-induced IL-1p production, remediated high L-cysteine concentrations, influence insulin-induced
glucose metabolism, and promote enhanced insulin secretion via inducing HIF-1a co-activation. Through its interactions
with TGF-B and the HIF-10/PKM2 pathway, PKM2 can thus influence the pathogenesis of diabetes, DR, DKD, and
a range of other diseases. In addition, the combination of PKM2 and TEPP-46 can reduce the phosphorylation of STAT3
and NF-kB, suppress the production of inflammatory factors such as IL-1 § and HIF-1a, and thus decrease the magnitude
of inflammatory responses associated with diabetes and diabetic microangiopathy. These prior studies thus provide
a foundation for future work exploring the potential relevance of PKM2 as a therapeutic target in the treatment of
diabetes and associated diabetic microangiopathy.

Human retinal endothelial cells

High glucose
Dysfunction e
@/ —1| Inflammation | «——
Inhibit the pathway Apoptosis

Figure 3 Mechanistic overview of the role of PKM2 in diabetic retinopathy: STEAP4 reduces HG-induced HRCEC dysfunction, inflammation, and apoptosis by inhibiting the
HIF-10/PKM2 signaling pathway.
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