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Abstract
Purpose of Review Diabetic kidney disease (DKD) continues to be the primary cause of chronic kidney disease in the USA and
around the world. The numbers of people with DKD also continue to rise despite current treatments. Certain newer hypoglycemic
drugs offer a promise of slowing progression, but it remains to be seen how effective these will be over time. Thus, continued
exploration of the mechanisms underlying the development and progression of DKD is essential in order to discover new
treatments. Hyperglycemia is the main cause of the cellular damage seen in DKD. But, exactly how hyperglycemia leads to
the activation of processes that are ultimately deleterious is incompletely understood.
Recent Findings Studies primarily over the past 10 years have provided novel insights into the interplay of hyperglycemia,
glucose metabolic pathways, mitochondrial function, and the potential importance of what has been called the Warburg effect on
the development and progression of DKD.
Summary This review will provide a brief overview of glucose metabolism and the hypotheses concerning the pathogenesis of
DKD and then discuss in more detail the supporting data that indicate a role for the interplay of glucose metabolic pathways and
mitochondrial function.
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Introduction

Diabetic kidney disease (DKD) has continued to be the main
cause of chronic kidney disease and the leading cause of end-
stage renal disease (ESRD) in the USA and throughout most
of the world [1–3]. Current treatments consist of controlling
the blood sugar and blood pressure as well as lowering the
urine albumin level which have proven to be effective thera-
pies for slowing the development and progression of DKD [1,
4]. But despite these proven treatments, the number of people
who develop DKD and the number of people who progress to
an end-stage renal disease continue to rise indicating that new
medications need to be developed [2]. The health risk for

people who develop DKD is not only the risk for developing
ESRD but also, as kidney disease progresses, which is diag-
nosed as a decline in the estimated glomerular filtration rate
and/or an increase in the urine albumin level, there is a highly
significant increase risk of developing cardiovascular disease
[5]. Indeed, this association is so close and important that there
is a much higher likelihood of dying from cardiovascular dis-
ease than reaching ESRD [5]. Thus, there is a great need for
developing new treatments for both preventing the develop-
ment of DKD and for slowing the progression of DKD. Hope
for new effective treatments has been provided by recent stud-
ies with the newer hypoglycemic agents, SGLT2 inhibitors
and GLP-1 agonists [6–8]. Although the recent studies are
very promising (especially for SGLT2 inhibitors), it remains
to be seen how great an impact these medications will have on
changing the course of DKD and how safe they will be over
time (especially for SGLT2 inhibitors). Thus, there is still an
urgent need to continue to discover new reno-protective drugs.

Critical to finding new drugs is a clear mechanistic under-
standing of the genetic and biochemical pathways that are
responsible for the development and progression of DKD.
Over many years, the risk for developing DKD and risk for
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progression of DKD have been associated with particular
genes and with a number of biochemical processes including,
but not limited to, excessive reactive oxygen species forma-
tion (ROS), development of advanced glycation end products,
increased activity of the aldose reductase pathway, activation
of isoforms of protein kinase C, development of endoplasmic
reticulum stress, and abnormal autophagy pathways [9–14]. A
central feature of all of these pathological pathways is that
hyperglycemia is the stimulant that leads to the activation of
these deleterious processes. Hence, there have been many
studies exploring whether altered glucose metabolism per se
may play a role in the development of DKD. In this article, an
overview of glucose metabolism and mitochondrial function
will be provided followed by an in-depth discussion about
findings from the past 10 years that incorporate both old and
new ideas on the interplay of glucose metabolic pathways and
the development of DKD.

Glucose Metabolic Pathways

Glucose Metabolism

Glucose enters most cells via facilitated diffusion transport
through a class of glucose transporters called GLUT1-
GLUT14 [15, 16]. The expression of the specific class of
transporters is tissue and cell specific. Class I transporters
(GLUT1–GLUT4 and GLUT14) are the most common. In
humans, for example, GLUT1 is found primarily in beta cells
of the pancreas, GLUT3 is expressed in the brain, and GLUT4

is expressed in the brain, skeletal muscle, heart, and adipose
tissue [15, 16]. Glucose transporters may act as both a trans-
porter of glucose and as a glucose sensor [17]. The classifica-
tion of the other glucose transporters, class II (GLUTs 5, 7, 9,
11) and class III (GLUTs 6, 8, 10, 12, 13) based on sequence
similarities. The evolutionary and physiological reasons for so
many glucose transporters remain unexplained. In addition,
there are sodium linked glucose cotransporters (SGLT1-
SGLT6) [15, 18]. These proteins also may function as either
glucose transporters or as glucose sensors as demonstrated, for
example, in a recent study using rat mesangial cells which
demonstrated that SGLT2 could regulate mesangial cell con-
tractility [19]. Of this class, the two that are most highly
expressed are SGLT1 which is found primarily in the small
intestine and SGLT2 which is found mostly in the proximal
tubule of the kidney [18].

Following the entry into the cell, glucose will have differ-
ent metabolic fates which, under normal circumstances, is
regulated by cellular needs (Fig. 1). The ultimate fate of glu-
cose is determined by well-known biochemical processes
such as enzyme affinity, enzyme location, and expression.
Typically, glucose is rapidly phosphorylated to glucose-6-
phosphate by hexokinase [9]. Of note prior to being phosphor-
ylated, under conditions where hexosamine is saturated, glu-
cose may be reduced by aldose reductase to sorbitol and in the
process, NADPH is converted to NADP+ [20]. Sorbitol is then
converted to fructose by the enzyme sorbitol dehydrogenase
[20]. But, the main pathway for glucose is conversion to
glucose-6-phosphate (G6P) at which multiple fates are possi-
ble. Following phosphorylation of glucose, G6P may be
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metabolized by the following pathways glycolysis, the pen-
tose phosphate pathway (PPP), glycogen synthesis pathway,
or hexosamine pathway (Fig. 1) [9]. The oxidation of glucose
via glycolysis ultimately leads to the production of pyruvate
which can then either be converted to lactate or enter mito-
chondria upon which it provides fuel for the Krebs cycle also
called the tricarboxylic acid cycle (TCA) in mitochondria or
for gluconeogenesis (which primarily occurs in the liver and
kidney) [9, 21]. Glucose can also enter the PPP through the
rate-limiting enzyme, glucose-6-phosphate dehydrogenase
(G6PD). The major products of the PPP are NADPH which
is required for the proper function of the antioxidant cellular
enzymes as it is the main intracellular antioxidant and ribose-
5-phosphate which is required for nucleic acid biosynthesis
[22–24]. Glucose may also be converted to glycogen via the
actions of phosphoglucomutase that converts glucose-6-
phosphate to glucose-1-phosphate followed by the rate-
limiting enzyme glycogen synthase kinase 3 which ultimately
leads to the production of polysaccharides, a storage form of
glucose [9, 25]. Lastly, glucose may be converted to
hexosamine via the initial action of glucose-6-phosphate
isomerase which converts glucose-6-phosphate to fructose-6-
phosphate and is ultimately converted into glycoproteins and
glycolipids [9, 13, 26].

Proposed Mechanisms Responsible
for the Development and Progression of DKD
Associated with Glucose Metabolism

To date, the principal pathophysiologic pathways considered to
underlie DKD include both glucose-associated pathways and
hemodynamic pathways. Hence, the currently accepted approach
to the prevention of DKD and slowing progression involves
primarily blood sugar control and blood pressure control. In ad-
dition, if a person with DKD has significantly elevated urine
albumin levels, then efforts to lower these levels will likely slow
the progression of DKD [1, 4]. The main agents used to lower
urine albumin levels are almost all inhibitors of the renin-
angiotensin-aldosterone pathway which appear to exert a protec-
tive effect, at least in part, via a decrease in glomerular pressures
[27].Whether these agents’ beneficial effects are due primarily to
lowering of glomerular pressure is debatable as the principal
targets of these medications, angiotensin II and aldosterone, have
many other potentially deleterious effects such as stimulation of
inflammatory cytokines, activation of processes that increase
ROS, and more [27–29]. As previously mentioned, in addition
to the glomerular hemodynamic changes that predispose to de-
velopment and progression of DKD, there are a number of
hyperglycemia-induced biochemical processes that have been
shown to be of pathophysiological mechanistic importance.

The following processes have been directly linked to the
pathogenesis of DKD via hyperglycemia. The overall increase

in ROS (which leads to oxidation of proteins, lipids, and
nucleic acids causing impaired cellular function and cell sur-
vival) is initially stimulated by hyperglycemia both by activat-
ing ROS-producing processes (for example by activating
NADPH oxidase) and by impairing antioxidant function (for
example by impairing critical antioxidant enzymes such as
glutathione peroxidase, catalase, and glucose-6-phosphate de-
hydrogenase) [22, 23, 30]. In addition to the direct actions of
hyperglycemia on increasing ROS, hyperglycemia stimulates
many cellular processes that also increase ROS, some of
which are discussed below. Activation of aldose reductase
occurs also via hyperglycemia and may cause osmotic stress
as a result of the increased sorbitol levels and activation of
aldose reductase may also contribute to increased ROS by
lowering NADPH levels (NADPH is the principal cellular
antioxidant) as NADPH is converted to NADP+ by aldose
reductase [20]. Advanced glycation end products (AGEs)
are produced at higher levels which is directly related to the
level of hyperglycemia as a result of a non-enzymatic
glycation process that happens when certain amino acids are
exposed to glucose over a long enough period of time [14].
AGEs are produced normally but are greatly increased in peo-
ple with diabetes [14]. Consequences of AGEs include cellu-
lar membrane defects, impaired protein function, increased
ROS, inflammation, and other deleterious cellular events
[14]. Furthermore, hyperglycemia may lead to increased
hexosamine formation and higher levels of hexosamines have
been linked to insulin resistance and activation of deleterious
factors such as protein kinase C and transforming growth fac-
tor β [13].

Increased Mitochondrial Activity and DKD

In the early 2000s, Michael Brownlee proposed a unifying
hypothesis that potentially explained how increased hypergly-
cemia could directly lead to a number of the proposed patho-
physiologic consequences that have been associated with the
development of diabetic complications via a central instigat-
ing process. The hypothesis stated that hyperglycemia would
stimulate an increase in aerobic glycolysis with the resultant
increase in substrate delivery to the mitochondria and a sub-
sequent increase in mitochondrial activity [31]. Increased
TCA activity would produce more NADH and FADH2 which
would then be used in the electron transport chain in the mi-
tochondria. But, according to the hypothesis and supporting
data, a threshold is reached in the electron transport chain that
ultimately results in a block at Complex III and subsequent
increased production of superoxide via coenzyme Q [31].
According to this hypothesis, the increased superoxide ulti-
mately leads to inhibition of the glycolytic enzyme,
glyceraldehyde-3-phosphate dehydrogenase (according to
the hypothesis and supporting data, the mitochondrial-
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produced superoxide did not directly inhibit G3PD but rather
activated poly(ADP-ribose) polymerase which then modified
G3PD and led to enzyme inhibition), and a resultant inhibition
or slowing of glycolysis which then would lead to accumula-
tion of upstream substrates. These upstream substrates were
then shunted into other metabolic pathways that have been
shown to be of pathophysiological importance in DKD: the
polyol pathway (aldose reductase), the hexosamine pathway,
the diacylglycerol pathway (which is a stimulator of protein
kinase C), and the advanced glycation end product pathway.
This research provided a very interesting theory and stimulat-
ed many subsequent studies including a potential treatment
with benfotiamine (a form of vitamin B1 or thiamine), a co-
factor for the enzyme transketolase which would shift sub-
strates into the non-oxidative branch of the PPP with the effect
of bypassing the inhibition of G3PD and lowering of the sub-
strates that were activating the deleterious pathways [31]. But
although benfotiamine appeared to show efficacy in animal
studies [32], to date, benfotiamine has not been shown to
especially effective as a treatment for DKD [33]. Also, there
have been persistent questions surrounding the hypothesis.
For example, would the process be self-limiting as when
G3PD was inhibited, in addition to there being an accumula-
tion of upstream substrates would there also be a decrease in
downstream substrates and therefore a decrease in substrate
delivery to the mitochondria, decreased mitochondrial pro-
duction of superoxide, and decreased inhibition of G3PD?
Furthermore, there has been much debate over whether mito-
chondria activity is increased or decreased in affected tissues
in people with diabetes mellitus.

Decreased Mitochondrial Activity and DKD

In 2013, Sharma and colleagues reported ametabolomic analysis
of 94 urine metabolites from people with diabetes and kidney
disease as compared to other control groups [34••]. Thirteen
metabolites were determined to be significantly decreased in
those with diabetes and chronic kidney disease as compared to
healthy controls (and 12 of 13 remained significantly decreased
when compared to diabetic participants without chronic kidney
disease). Moreover, 12 of the 13 metabolites were directly linked
to mitochondrial metabolism via network analysis of possible
biochemical pathways. These results suggested thatmitochondri-
al function was decreased in all of these patients as compared to
those without chronic kidney disease. Further analysis from ar-
chived kidney biopsy samples from people with diabetes or
chronic kidney disease as well as from normal kidneys was stud-
ied for signs of decreased mitochondrial function. Using an an-
tibody to cytochrome C oxidase (complex IV), the authors dem-
onstrated a reduction in staining in those with diabetic kidney
disease as compared to the normal kidney biopsies. They also
looked for a reduction in mitochondrial DNA from exosomes in

the urine in those with DKD and also found lower levels provid-
ing further evidence for decreased mitochondrial function in
DKD. Lastly, they evaluated gene expression for PGC1α, a ma-
jor regulator of mitochondrial biogenesis, and found that there
was a decrease in expression as compared to biopsies from other
non-DKD people [34••]. The arguments underlying a more cen-
tral role for lower rather than highermitochondrial function in the
pathogenesis of DKD are well presented in two articles [35, 36].
The authors make a case for excessive mitochondrial superoxide
production as being more a reflection of healthy mitochondrial
function rather than pathologic mitochondrial function.
Moreover, further studies also suggest that mitochondrial dys-
function rather than overactivity is more likely in the pathogen-
esis of DKD. Sas and colleagues did an extensive transcriptomic
and metabolomic analysis as well as a metabolic flux analysis
from kidneys in a mouse model of diabetes and from human
biopsy tissue [37]. The studies determined that tissue from
DKD had increased TCA cycle activity but impaired mitochon-
drial transport chain function consistent with the concept that had
been recently proposed by Sharma and colleagues. Other re-
searchers have found similar findings [38, 39]. A recent study
using kidney biopsy samples and metabolomics determined that
DKD patients had increased mitochondrial DNA damage as
compared to controls which was associated with apoptosis and
loss of mitochondrial membrane potential in tubules [39]. The
differences in findings between the more recent studies suggest-
ing low mitochondrial function versus the previous studies
reporting highmitochondrial functionmay reflect cell type, when
measurements were done, and how measurements were done.

Warburg Effect

The issue as to whether DKD is associated with increased or
decreased mitochondrial function has certainly not been fully
resolved, but considering the recent findings, it is reasonable
to consider the concept that mitochondria are indeed less ac-
tive in diabetic kidney disease (for an excellent in-depth dis-
cussion of mitochondrial function, actually dysfunction, in
DKD, please read the recent review by Forbes and
Thorburn) [40]. Then, the obvious research questions are
why are mitochondria less active, can this be corrected, and
does improving mitochondrial function lead to reno-protec-
tion? To understand this more, it is necessary to go back to
the 1920s and Otto Warburg’s laboratory in Berlin, Germany.
Professor Warburg was studying oxygen consumption in tis-
sue from tumors versus normal tissue. He hypothesized that
the tumor tissue would utilize oxygen at a much higher rate
than the normal tissue [21, 22, 41].Warburgmeasured oxygen
consumption (respiration) in tissue slices from rat liver and
kidney and from transplanted seminal vesicle tumors, and
found very little difference in the respiration of tumor tissue
slices compared to that of normal tissue slices. He then
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quantified lactate production as a measure of fermentation rate
and found that under anaerobic conditions, all tissues exhibit-
ed increased production of lactate. In contrast, under aerobic
conditions, the behavior of tumor tissue and normal tissue
differed. While the tumor tissue continued to produce elevated
levels of lactate, the normal tissue did not. He initially thought
that possibly the glucose concentration in the culture media
was rate limiting. But when he added glucose, the effect was
even more pronounced; the tumor cells produced significantly
more lactate as compared to the normal tissue [21, 22, 41].
The combination of less oxygen consumption and increased
lactate production suggested that there is decreased mitochon-
drial activity in cancer cells (it turns out that not all cancer cells
show this effect). Is there a physiological advantage to the
Warburg effect? An intriguing possible reason for the
Warburg effect is that excessive lactate production has a num-
ber of beneficial effects for the cancer cell such as enhance-
ment of angiogenesis, metastatic spread, and escape from host
immune responses among others [42, 43]. Of course, what
may be beneficial for a cancer cell appears to be deleterious
for people with DKD. And, although there are similarities
between the Warburg effect in cancer cells and DKD, there
are also differences. For example, a hallmark of cancer is the
activation of the PPP via its rate-limiting enzyme G6PD [44,
45]. Indeed, theWarburg effect in cancer cells has been shown
to lead to increased PPP activity leading to increased produc-
tion of the cell growth substrates NADPH (via activation of
the enzymes G6PD and 6-phosphogluconate dehydrogenase)
and ribose-5-phosphate [46]. But, G6PD activity is decreased
in tissues from diabetic kidneys and many other tissues [22,
44, 47, 48]. Certainly, there are likely many other differences
as well in this complex metabolic event which suggests that
the mechanisms responsible for the Warburg effect in cancer
and in diabetes are not necessarily the same. There have been
many studies over the years aimed at elucidating the biochem-
ical mechanisms responsible for the Warburg effect [21, 41,
49]. But for the development of potential treatments, the spe-
cific mechanisms underlying the Warburg effect pathophysi-
ology in DKD need to be understood. And in this regard, of
particular interest was an important discovery in cancer cells
that provided at least one mechanistic explanation for the
Warburg effect that also has been discovered to play a role
in the Warburg effect seen in DKD [50].

PKM2 and the Warburg Effect

Pyruvate kinase catalyzes the last and physiologically irre-
versible step in glycolysis which involves the conversion of
phosphoenolpyruvate (PEP) to pyruvate. There are four iso-
forms—PKR (expressed in red blood cells), PKL (expressed
primarily in the liver), PKM1 (expressed in muscle and some
other tissues), PKM2 (expressed primarily in embryonic tissue

and cancer cells but also expressed in some normal adult tis-
sues) [51]. In 2008, Cantley and colleagues demonstrated that
cancer cells had increased expression of PKM2 as compared
to PKM1 [46, 50]. They also demonstrated that PKM2 was
much less active than PKM1 and this low activity likely con-
tributed to the development of the Warburg effect by slowing
the transit of glucose metabolites into the mitochondria and
shifting them to lactate production. Indeed, when PKM1 was
expressed in the cancer cells (following knockdown of
PKM2), the Warburg effect was not observed [50]. Further
work has determined that a number of inhibitory processes
can lead to inhibition of PKM2 including oxidation at a critical
cysteine residue (cys358), by acetylation and by other inhibi-
tors [46]. It is important to note that pyruvate kinase is active
in a tetrameric configuration but not as a dimer [52•] (Fig. 2).
Many of the inhibitors appear to primarily interfere with tet-
ramer formation and lead to preferential expression of the
inactive dimer [52•].

PKM2 and Diabetic Kidney Disease

Arole for theWarburg effect in thepathogenesis ofDKDwas
determined by Qi et al. [53••] by evaluating kidney tissue
samples from participants enrolled in the 50-Year Medalist
Study at the Joslin Diabetes Center [54]. The goal of this
project has been to understand how people with type 1 dia-
betesmellitus for 50years ormorehavebeen sohealthy for so
long. These participants have been identified at the Joslin
Diabetes Center as they have been awarded a 50-year and
sometimes 75-year medal for living with type 1 diabetes
mellitus for that length of time to recognize their achieve-
ment of self-management. The hypothesis for the study is
that some of these people may well have protective factors
that have allowed them to survive this long with either no or
relatively few complications [55]. Many participants in this
study have no signs of DKD but a subset of participants does
have signs of DKD as determined by lower estimated glo-
merular filtration rate or increased urine albumin excretion
[53••, 56]. Moreover, some of the 50-year medalist partici-
pants’ kidney tissue was evaluated by biopsy or post-
mortem. The participants were then separated into 2 groups
cal led protected (n = 11) or nonprotected (n = 7).
Participantswere assessed for the severity ofDKDbypathol-
ogy analysis of tissue samples and protected individuals
were those with class 0 or I DKD and nonprotected individ-
uals were those with class IIb or III DKD. Proteomics evalu-
ation revealed 88 proteins were upregulated in the protected
cohort as compared to the nonprotected cohort including al-
dose reductase, PKM1, PKM2, enolase, glyoxalase 1, and
mitochondrial-encoded cytochrome C oxidase II .
Evaluation of enzyme activities from isolated human glo-
meruli showed lowered pyruvate kinase activity in the
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nonprotected group as compared to the protected group. In
mouse studies of DKD, similar findings were found and in
addition, theDKDmice had higher levels of the dimeric form
of PKM2 as compared to the non-diabetic mice. Moreover,
evaluation of PKM2 from the glomeruli of DKD mice
showed oxidation of cys358. These results are very similar
to those observed in cancer cells and provide a rationale for
focusing on the activation of pyruvate kinase as a treatment
for DKD. Recent reports have both confirmed these findings
and added more mechanistic insights. For example, a recent
publication showed that Smad4 binds to PKM2 decreasing
the tetrameric formofPKM2and this decrease contributed to
the development of DKD in mice [57]. And, another mouse
study determined that suppression of SIRT3 protein was as-
sociated with fibrosis in DKD via activation of transforming
growth factorβ/smad signaling pathways and associated
with increased dimeric PKM2 [58]. These results suggest
that DKD is associated withWarburg effect-like pathophys-
iology and that PKM2 may be the target for treatment.

Conclusions

The landmark Diabetes Control and Complications Trial and
the follow-up, Epidemiology of Diabetes Interventions and
Complications clearly established that hyperglycemia is the
major factor in the development and progression of DKD in
people with type 1 diabetes [59]. It is also clear that there is a
complex interplay of all of the downstream pathways that are
stimulated by hyperglycemia. Of course, there are many ques-
tions and challenges. The following series of questions could

be applied to all complications of diabetes but, due to the
scope of this article, are aimed at DKD. These questions in-
clude the following: (1) How relevant are these mechanisms in
different cell types? The kidney is comprised of 3 cell types in
glomeruli, cell types in the tubules, as well as vascular cells,
and the interstitial area in which inflammatory cells may mi-
grate. (2) Is it possible to target a specific enzyme or pathway
involved with as central a process as glucose metabolism
without disrupting the normal function of the pathway or as-
sociated pathways that may have adverse consequences?With
respect to the Warburg effect, in cancer, the goal is to elimi-
nate all of the cells. In DKD, the goal would be to change the
pathophysiology from a pathologic pattern to a normal pat-
tern. This will likely be much more of a therapeutic challenge.
(3) Are various mechanisms for targeting therapeutic interven-
tions relevant at different time points of the disease process?
For example, do the development of DKD and the progression
of DKD share similar mechanistic pathways? And after the
development of DKD, are the diseasemechanisms responsible
for progression the same at different time points? For exam-
ple, it is quite possible that mitochondrial activity will not only
vary based on cell type but possibly by disease time point.
Hence, the predominant pathophysiologic mechanism(s) that
should be targeted at a particular time point may well be dif-
ferent. In addition, it is likely that epigenetic processes will
play a role in both the development and progression of DKD,
thus adding another layer of complexity in determining the
best treatments for individual patients. Nevertheless, the dis-
coveries highlighted in this article concerning the central role
of glucose metabolism per se in the development and progres-
sion of DKD do provide the necessary impetus to continue
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research that will hopefully lead to new, effective, and safe
treatments.
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