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after an acute injury.

Thin line between acute kidney
injury and chronic kidney
disease

A new categorization system for kidney
diseases is long overdue. At present, we
group diseases based on their temporal
course, such as acute or chronic. We broad-
ly teach that acute kidney injury (AKI)
recovers, while chronic kidney disease
(CKD) will likely progress to end-stage
renal failure (ESRD). Recent research,
however, indicates that this division is
fairly artificial. AKI is an important risk
factor for CKD and ESRD development.
Moreover, we have difficulties distinguish-
ing AKI from the progression of CKD, as
routinely used markers, such as serum cre-
atinine, are not sensitive enough to detect
small acute injuries. Defining similarities
and differences between AKI and CKD,
such as those related to regeneration and
fibrosis, is a clinically important question,
as traditionally, we do not see recovery or
regeneration in CKD.

Tubule cell injury and repair

Damage to tubule epithelial cells result-
ing in cell death and injury is the most
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Acute kidney injury (AKI) is one of the most important risk factors for chronic
and progressive kidney disease, leading to end-stage kidney failure. Tubule
epithelial regeneration leads to the resolution of renal failure in AKI. Failure
of tubule epithelial regeneration leads to concomitant hypoxia from loss of
microcirculation, which serves as a critical factor leading to chronic kidney
disease. In this issue of the JCI, Li et al. show that hypoxia activates the stress-
responsive transcription factor Fox03. Increased Fox03 protein abundance
leads to alterations in tubular epithelial autophagy and metabolism,
highlighting an important mechanism causing permanent renal damage even

common causal factor in AKI and CKD.
While we do not fully understand the exact
molecular pathways, this damage is critical
for the activation of a diverse set of repair
pathways. Proliferation of epithelial cells
quickly follows tubule cell injury. The exact
nature of dividing epithelial cells has not
been fully settled. Several markers have
been shown to highlight progenitor-like
cell populations in kidney tubules, includ-
ing Cd133, Pax2, Pax8, Sox9, and Lgr4 (1).
Lineage-tracing studies indicate that these
cells expand and differentiate into multi-
ple different epithelial cell types following
injury (1). Some of the eatlier reports also
suggest that an incomplete cell cycle, such
as G,/M-arrested proximal tubular cells, is
key to CKD development (ref. 2 and Fig-
ure 1). The G,/M arrest in proximal tubule
cells activates JNK signaling, which acts
to upregulate profibrotic cytokine produc-
tion (2). Treatment with a JNK inhibitor or
bypassing the G,/M arrest by administra-
tion of a p53 inhibitor rescued fibrosis in
the unilateral ischemic injured kidney (2).
It is not surprising that activation of
classic developmental pathways, such
as Wnt, Notch, and Hedgehog, are all
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described in AKI and CKD (3). At a sim-
plistic level, regeneration recapitulates
features of development, such as prolif-
eration, epithelialization, elongation, and
differentiation. Notch is critical for transit
amplification and binary cell-type deci-
sion making in multiple organs (Figure 1).
In development, Notch regulates cadherin
6 expression and proximal tubule devel-
opment (4). Notch expression and Notch-
induced proliferation and transit ampli-
fication, therefore, might be important
for proximal tubule repair after injury (5).
Sustained expression of Notch, however,
is associated with sustained proliferation
and a block in terminal differentiation of
tubule cells, including a defective tubule
cell metabolism (6), blocking regeneration
and leading to fibrosis development.

Failed tubule cell repair

Kidney tubule epithelial cells keenly
depend on fatty acid oxidation and mito-
chondrial oxidative phosphorylation as
their main energy source. A defect in fatty
acid oxidation has been shown to play a
key role in both AKI and CKD (7). While
fatty acids are often available in excess
in the circulation, cells, including kidney
tubule cells, store lipids in intracellular
lipid droplets (8). Autophagy, which is a
mechanism of degrading cellular proteins,
is important for delivering the content of
intracellular lipid stores for mitochondrial
oxidation (ref. 9 and Figure 1). Alterations
in autophagy have been observed in both
AKI and CKD and appear to contribute
significantly to tubule disease pathology
(10). An increase in autophagy has been
described in AKI that precedes cell death
(11). Genetic deletion of autophagy pro-
teins aggravates kidney injury in the set-
ting of AKI, indicating a protective role
for delivering nutrients for metabolism by
autophagy (12).

Members of the forkhead box O
(FOXO) transcription factor family play an
important role in regulating metabolism,
proliferation, stress resistance, apoptosis,
and autophagy in a variety of cell types
(13). The activity of FOXO is tightly reg-
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ulated by posttranslational modification,
including phosphorylation, acetylation,
and ubiquitylation (14). Cell survival path-
ways, such as PI3K and AKT, phosphory-
late FOXO at different sites that regulate
the nuclear localization or degradation of
FOXO (15). In the current issue, Li et al.
describe the prolyl hydroxylation of FoxO3
in kidney tubule cells (16).

Role of hypoxia and autophagy
in kidney injury

Li et al. investigated the relationship
between hypoxia and autophagy in the set-
ting of kidney injury (16). They show that
hypoxia activates the stress-responsive
transcription factor FoxO3 and that FoxO3
hydroxylation depends on molecular oxy-
gen. During renal hypoxia, prolyl hydrox-
ylation and FoxO3 degradation are inhib-
ited, thereby increasing FoxO3 protein
abundance, leading to its activation and

Tubular
atrophy

e
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stimulation of stress responses, including
tubular epithelial autophagy (ref. 16 and
Figure 1). Deletion of FoxO3 in kidney
tubule cells during the AKI-to-CKD tran-
sition reduces autophagy and aggravates
oxidative damage to the kidney, causing
profound fibrosis.

Hypoxia has been considered a key
factor that drives the “failed” tubule cell
repair in AKI and the final common path-
way of fibrosis development (17). Under
hypoxic conditions, HIF is not degraded
by the prolyl hydroxylase domain (PHD),
but accumulates in the nucleus and reg-
ulates the expression of a large number
of genes, including VEGF, erythropoietin
(EPO), mesenchymal genes, and cytokines
(18). Reduction in tubule-specific VEGF
expression has been observed in AKI,
leading to peritubular rarefaction (19). It
remains, however, controversial whether
HIF is actually profibrotic or antifibrotic.
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Figure 1. Failed tubule repair after injury leads
to fibrosis. Schematic diagram illustrating
changes following tubule injury. A series of
pathways leading to either regeneration or
fibrosis includes failed completion of the cell
cycle (G,/M arrest), activation of developmen-
tal pathways (Wnt/Notch/Hedgehog), and
altered metabolism, including a defect in fatty
acid oxidation, inflammation, and hypoxia.
Hypoxia plays a pivotal role and a final com-
mon pathway in fibrosis. Hif activates Fox03
expression through Hif1-a and inhibits Fox03
prolyl hydroxylation and Fox03 degradation.
Fox03 activation and accumulation can trigger
tubular epithelial autophagy, which also plays
arole in tubule injury. In contrast to the regener-
ation following injury, a failed repair of tubules
after injury leads to tubule atrophy, an influx
of inflammatory cells, and extracellular matrix
accumulation, leading to the development and
progression of fibrosis. Pro, proline residue.

Kapitsinou et al. inhibited PHD by a phar-
macological inhibitor (GSK1002083A) to
increase HIF before an injury, which ame-
liorated AKI-induced fibrosis in mice (20).
Kobayashi et al. showed that global activa-
tion of HIF repressed fibrogenesis in mice
subjected to unilateral ureteral obstruction
(UUO) (21). Increasing HIF activity in
interstitial cells can raise EPO levels (22).
PHDs are excellent pharmacological tar-
gets. PHDs are non-heme iron-contain-
ing dioxygenases that require oxygen and
2-oxoglutarate as cosubstrates and iron
and ascorbate as cofactors for their enzy-
matic activity (23). Several new classes
of PHD inhibitors have been developed
primarily for anemia management, but
based on their pleiotropic effect, may also
offer renal protection (24). Several PHD
inhibitors are in late-stage clinical trials.
The most notable of these PHD inhibitors
are Roxadustat (FG-4592), Vadadustat
(AKB-6548), Daprodustat (GSK1278863),
Desidustat (ZYAN-1), and Molidustat (Bay
85-3934), all of which have been devel-
oped as orally acting drugs for the treat-
ment of anemia, with the expectation that
they will also improve kidney function.
HIF can crosstalk with multiple profibrot-
ic signaling pathways, including TGF-p,
Notch, NF-xB, and PI3K/Akt pathways,
to further regulate renal fibrosis (25). The
work by Li et al. indicates that HIF works
together with FOXO, regulating autophagy
and metabolism, providing a potentially
new therapeutic target for AKI and CKD.
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