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Summary
Acute kidney injury (AKI) is a clinical syndrome characterized by a rapid and significant decrease in renal function
that can arise from various etiologies, and is associated with high morbidity and mortality. The renal tubular epithelial
cells (TECs) represent the central cell type affected by AKI, and their notable regenerative capacity is critical for the
recovery of renal function in afflicted patients. The adaptive repair process initiated by surviving TECs following mild
AKI facilitates full renal recovery. Conversely, when injury is severe or persistent, it allows the TECs to undergo
pathological responses, abnormal adaptive repair and phenotypic transformation, which will lead to the development
of renal fibrosis. Given the implications of TECs fate after injury in renal outcomes, a deeper understanding of these
mechanisms is necessary to identify promising therapeutic targets and biomarkers of the repair process in the hu-
man kidney.
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Introduction
Acute kidney injury (AKI) is a commonly encountered
clinical syndrome associated with various aetiologies, such
as ischemia, hypoxia, obstruction, sepsis,metabolism, toxic,
and infections, leading to decreased kidney function.1

Importantly, an episode of AKI is not only associated with
short-term adverse outcomes, such as fluid overload, elec-
trolyte or acid-basederangement, and immunedysfunction,
but also has a long-term adverse effect on survival, which is
associated with considerable morbidity, mortality, and
health care burden.2 In clinical practice, it is now recognized
that full recovery of kidney function is uncommon, which
leaves these patients at risk of development of chronic kid-
ney disease (CKD) or end-stage renal disease.3

Packed with mitochondria and dependent on oxida-
tive phosphorylation, the tubular epithelial cells (TECs)
are particularly vulnerable to injury (obstructive,
ischemic, hypoxic, oxidative, and metabolic), resulting
in decline of kidney function.4 The principal histopath-
ological features of AKI encompass the depletion of the
epithelial phenotype in proximal tubular epithelial cells
(PTECs), evident by brush border detachment, flattened
and localized desquamation of TECs, inflammatory cell
infiltration, and the formation of casts containing an
abundance of Tamm-Horsfall protein.5 The injured
TECs display cellular plasticity wherein some cells are
damaged and die in the early stage of AKI, and the
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surviving TECs initiate an adaptive repair process.
Through dedifferentiation, migration, proliferation, and
redifferentiation, new repaired cells replace the damaged
TECs, resulting in complete recovery from mild AKI.
However, severe or repeated TEC injury leads to
abnormal adaptive repair, irreversible structural damage,
and loss of function, eventually resulting in tubular
inflammation and fibrosis. However, the exact mecha-
nism of phenotypic transformation of TECs after AKI
remains incompletely understood, which is partly due to
phenotypic heterogeneity, phenotypic switching, surface
marker expression, and functional diversity of TECs that
overlap in the kidney during health and injury.

In this review, we provide a comprehensive overview
of current research on the intrinsic mechanisms of
endogenous repair, pathological responses, and pheno-
typic transformation of TECs after AKI to facilitate the
design of novel treatment strategies.
TECs death in AKI
AKI is not necessarily characterized by loss of renal
epithelial cells, but cell death is common in severe epi-
sodes of AKI, and these dead cells accumulate in the
tubular lumen. The usual modes of regulatory cell death
can be classified as apoptosis and regulated necrosis.
Renal tubular cells may be susceptible to death by
apoptosis, a non-immunogenic process, during devel-
opment and regeneration. However, after AKI, regu-
lated necrosis, a pathway associated with loss of plasma
membrane integrity, kills renal cells. A large body of
evidence accumulated in the past suggests that regu-
lated necrosis, such as ferroptosis, necroptosis and
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pyroptosis plays a central pathophysiological role in
acute tubular necrosis, glomerular loss, and renal
fibrosis. A primary injury may activate different cell
death programme in the same cell depending on the
severity, and several different modes of death are often
interrelated and mutually exclusive, so that inhibition of
one will result in the death of another, leading to the
possibility that multiple modes of cell death may coexist
simultaneously or sequentially in the injured kidney.
One such process that simultaneously triggers pyrop-
tosis, apoptosis, and necroptosis in innate immune cells
is termed PANoptosis, which generates PANoptosome
complexes that incorporate components of individual
cell death pathways.6,7 In contrast to apoptosis, regulated
necrosis leads to the release of cellular contents and
cytokines, which can subsequently trigger an inflam-
matory response in neighbouring tissues. This nec-
roinflammatory environment can lead to severe organ
dysfunction and lasting tissue damage and subsequently
renal dysfunction.

Apoptosis
Apoptosis, a caspase-mediated non-inflammatory cell
death programme, reflects the morphological pattern of
lethal cell injury and removes unwanted or damaged cells
during development and at homeostasis. Lerolle et al.8

stained renal biopsy samples from patients who died of
septic shock and found that apoptotic cells were present
in the proximal and distal tubules of all septic samples.
Apoptosis has subsequently been observed in renal
tubular cells in a number of different animal models of
sepsis-AKI.9,10 However, the contribution of apoptosis to
AKI is negligible in most animal models of AKI under
other triggers.11 Recent evidence suggests that reactive
oxygen species (ROS) production,12 mitochondrial
dysfunction, and activation of tumour necrosis factor
(TNF)-α signalling are involved in the triggering of TECs
apoptosis in sepsis. In apoptotic cells, caspases are acti-
vated and high levels of phosphatidylserine (PtdSer) are
exposed to the outer leaflet of the cytoplasmic mem-
brane.13 PtdSer can be recognized by macrophages as a
feeding signal through PtdSer receptors, such as kidney
injury molecule-1 (KIM-1), and then, triggers phagocy-
tosis.14,15 KIM-1 has been shown to be highly upregulated
and functions as a biomarker in AKI associated with
tubular necrosis and nephron loss.16 In addition, KIM-1
was shown to induce fatty acid uptake by TECs.17

Notably, during apoptosis, the plasma membrane of the
cells does not lose its integrity, does not release damage-
associated molecular patterns (DAMPs), and elicits only
macrophage responses and tissue messenger release in
an immunosilenced manner.18

Ferroptosis
Ferroptosis, a non-classical cell death pathway, is a non-
cell-autonomous mode of death triggered by the
inability to control lipid peroxidation.19 It has been
demonstrated that ferroptosis plays an important
contributory role in most AKI models,20,21 occurring in
the entire segment of TEC in the proximal renal tubule
and the thick ascending branch.22 Unlike apoptosis and
necroptosis, ferroptosis occurs in the course of iron-
dependent peroxidation of plasma membrane phos-
pholipidsplasma membrane phospholipids, followed by
the formation of lipid peroxides, such as oxidised
phosphatidylethanolamine, oxidised PtdSer, and oxi-
dised phosphatidylinositol and disruption of the plasma
membrane.23,24 The sensitivity of tubular cells to fer-
roptosis will depend on iron availability, the ability of
enzymatic or non-enzymatic pathways of lipid peroxi-
dation, and the cellular defences against lipid peroxi-
dation, including the maintenance of adequate
glutathione via the system Xc-cystine/glutamate anti-
porter accessing the stores.25

Ferroptosis was found to propagate rapidly from cell
to cell in a wave-like manner in renal tubules of IRI and
oxalate crystal-induced AKI models.26 Therefore, syn-
chronized necroptosis or other forms of cell death are
triggered by ferroptosis in other TECs and may affect
the entire renal tubule. That is, in the earliest stages of
insult, the predominant mode of TEC death is likely to
be ferroptosis. A single prophylactic administration
targeting a specific form of cell death could be admin-
istered at this stage to avoid the primordial wave of TEC
death caused by ferroptosis and subsequent progression
of AKI, which scenario is more difficult to realize in the
actual course of the clinic. Whereas apoptosis and ne-
crosis occurred in isolated cells, this may explain the
differences in the extent and distribution of renal
tubular involvement in the AKI model.27 Inhibition of
ferroptosis has also been shown to be protective in a
variety of AKI models, including preclinical models of
IRI-AKI, nephrotoxin-induced AKI, cytokine storm-
associated AKI, and crystal-induced AKI. Interestingly,
ferroptosis may create an anti-inflammatory environ-
ment in which the adaptive immune system is sup-
pressed while macrophages and neutrophils function to
remove necrotic debris to promote regeneration of
necrotic renal tubules.28

Necroptosis
Necroptosis, a highly pro-inflammatory form of non-
cell-autonomous cell death, is mediated by the ripk3-
dependent phosphorylation pathway29 of pseudokinase
mixed-lineage kinase domain like (MLKL).30,31 Unlike
apoptosis, necroptosis is usually triggered by external
stimuli, which include TNF, other members of the TNF
death ligand family, such as Fas and TNF-related
apoptosis-inducing ligand (TRAIL), and interferon.32 In
AKI caused by various forms of IRI, sepsis, and drug
toxicity, necroptosis is one of the important factors in
TEC death.33 In addition, necroptosis can lead to rupture
of the TEC plasma membrane, contributing to the
release of TEC pro-inflammatory mediators, DAMP and
www.thelancet.com Vol 107 September, 2024
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cytokines,34,35 accompanied by dendritic cell (DC) acti-
vation and initiation of T cell cross-population, which
drives the adaptive immune system and exacerbates
renal injury. Necroptosis also impairs renal tubular
regeneration, delaying the recovery of renal function
after AKI and leading to fibrosis and irreversible loss of
nephron.36 The two modes of cell death, Necroptosis and
Ferroptosis, are referred to as necroinflammation as
both are associated with the release of DAMPs, thereby
creating an inflammatory response to necrotic debris.
Thus in the event of unsuccessful prevention of the
original wave of initially regulated necrosis, inflamma-
tion and a second wave of inflammatory cytokine-
mediated regulated necrosis such as necroptosis may
be triggered.37 In such cases, it is necessary to intervene
in inflammation-associated cell death, which is the
common clinical practice to intervene with therapy after
the diagnosis of AKI.

Pyroptosis
Pyroptosis, a pro-inflammatory form of regulated ne-
crosis, is thought to play a role in the pathophysiology of
AKI. The key feature of pyroptosis is the creation of cell
membrane pores from N-terminal fragments formed by
the cleavage of gasdermins,38,39 which releases intracel-
lular contents and DAMPs, leading to a pronounced
inflammatory response.40 Caspases and Gasdermins
(GSDMs) family of molecules play a crucial role in the
activation of focal death.41 Unlike apoptosis, pyroptosis
is dependent on the activation of caspase-1, which in
turn is involved in innate and adaptive immune re-
sponses. In addition, the potential of caspase 3 to cleave
gasdermin E (GSDME) and caspase 8 to cleave gasder-
min D (GSDMD) provides a link between apoptosis and
Pyroptosis.42 Available evidence supports the protective
effect of inhibiting Ferroptosis and Necroptosis in
various preclinical models of AKI, including preclinical
models of IRI-inducedAKI, poison-induced AKI, crystal-
induced AKI, and cytokine storm-associated AKI,
whereas the role of targeting pyroptosis in AKI is still
controversial.43–45
TECs regeneration in AKI
Under physiological conditions, TECs maintain a
quiescent state, refraining from active mitosis. None-
theless, tubular regeneration and successful renal repair
are observed in most patients with mild AKI. Surviving
TECs undergo adaptive tubular repair, undergoing
dedifferentiation and proliferation in a microenviron-
ment of balanced inflammation and tubular response to
replenish lost cells and restore injured renal tubules.46

Findings from genetic fate mapping studies in mouse
models of AKI have elucidated that extrarenal tubular or
non-tubular kidney cells do not partake in the regener-
ation of epithelial cells, highlighting the confinement of
tubular regeneration within the tubules.47,48 However,
www.thelancet.com Vol 107 September, 2024
this observation does not preclude the likelihood of
resident intratubular progenitor cells facilitating
epithelial repair, thus instigating ongoing debates
regarding the precise origin of proliferating intratubular
cells following injury.49,50 The hypotheses below repre-
sent the prevailing perspectives in the current scientific
discourse (Fig. 1).

Resident intra-tubular progenitor/stem cell
population
The first conjecture posits the presence of pre-existing,
fixed progenitor cell populations within the renal tu-
bules, governing the process of tubular regeneration
following injury. This hypothesis primarily derives
support from the identification of CD133+CD24+ cells
implicated in the repair of proximal tubules in both
human and murine systems.51,52 In vitro experiments
have demonstrated that these cells not only express stem
cell markers but also display characteristics akin to
mesenchymal stem cells, exhibiting self-renewal capa-
bility and generating multiple clone cell lines upon in-
duction.53 Conversely, in vivo studies of pericytes from
most organs lacked similar multipotentiality, high-
lighting the discrepancy with in vitro findings.54

Genetic lineage tracing techniques have proven
effective in locating and discerning subpopulations of
cells promoting tubular repair in the postnatal kidney of
rodents. However, translating this approach directly to
human studies poses challenges. Rinkevich et al.55 have
verified the existence of specific progenitor cells within
the glomeruli and segments of the tubules. In contrast,
Corbeil et al.56 observed abundant expression of CD133
in the proximal tubules of healthy mouse kidneys,
casting uncertainty on the precise stem/progenitor cell
labeling of this cell population. Owing to the limitations
in conducting genetic fate mapping analyses on
CD133+CD24+ cells in the human body and the
contentious expression patterns observed in mouse
kidneys, coupled with the lack of well-defined molecular
characteristics, conclusive evidence to substantiate the
existence of stem/progenitor cell populations within the
renal unit is currently elusive. Nonetheless, the potential
presence of these specialized TECs, harboring potent
in vivo replicative capacity, remains a topic of interest
and ongoing investigation.49

Scattered tubular cell (STC) phenotype
The second hypothesis posits that all surviving TECs
possess the potential to differentiate and the probability
to transiently adopt the scattered tubular cell (STC)
phenotype during the repair process. This enables them
to re-enter the cell cycle, undergo proliferation, and
differentiate to effect tubular repair, eventually reverting
back to their original TEC state. Some researchers have
conducted genetic lineage tracing studies in mice,
revealing that during the post-injury repair phase, there
was no decline in genetic markers, suggesting that
3
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Fig. 1: Origin of proliferating tubule cells. A. The first hypothesis suggests that renal tubular repair originates from a pre-existing population of
fixed progenitor cells that exhibit MSC-like characteristics, possess self-renewal capacity, and are induced to give rise to multiple clonal cell lines.
B. The second hypothesis suggests that renal tubular repair originates from all surviving TECs, which are all capable of temporarily adopting a
scattered tubular cell (STC) phenotype and re-entering the cell cycle, thus having the potential to differentiate.
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undifferentiated progenitor cells might not directly
participate in kidney repair, raising uncertainties
regarding the existence of renal stem/progenitor cells.47

Numerous evidence have demonstrated that after IRI
in mice, certain stem cell markers such as CD24,
CD133, keratin 19, Bcl2, KIM-1, and vimentin are
upregulated, implying that CD133+CD24+ cells may
represent injured TECs.53,57 Continuous doxycycline la-
beling experiments revealed that the number of labeled
TECs before injury did not increase, while the number
of labeled cells significantly rose after injury.58 Although
this labeling does not precisely confirm the precise
proliferation mode of surviving TECs, it supports the
notion that repair is likely executed by randomly sur-
viving injured epithelial cells, as a portion of these cells
express Kim-1+Ki67+. Another study employing cell
lineage tracing demonstrated that proximal tubule cells
could transiently acquire regenerative properties upon
different injuries, displaying robust regenerative po-
tential.59 The finding further reinforces the hypothesis
that there is no distinct population of progenitor cells in
the kidney, and remaining tubular cells can temporarily
acquire a transient regenerative phenotype and engage
in regenerative repair. And therefore these cells were
called as STCs, which are smaller than differentiated
tubular cells, with a flat cell morphology and epithelial
polarity deficit,50 a state of dedifferentiation of epithelial
cells in response to injury.

Taken together, these findings collectively suggest
that renal tubular regeneration occurs through the
differentiation of tubular cells, which undergo dedif-
ferentiation, proliferation, and subsequent regenera-
tion of renal tubules, accompanied by transient
phenotypic changes. Due to the scarcity of human tis-
sue samples from entirely healthy individuals and the
prevalent use of healthy and young experimental ani-
mals in rodent studies, additional experiments are
imperative to further investigate and elucidate these
hypotheses.
Maladaptive repair in TECs after AKI
Normally, TEC have a strong self-renewal ability and can
be rapidly repaired when the damaging factors are
removed. However, severe or repeated TEC injury leads
to non-adaptive repair with cell cycle block, mitochon-
drial dysfunction and metabolic reprogramming, which
will lead to the development of renal inflammation and
fibrosis (Fig. 2). Thus, it is well recognized that TEC
may face adaptive repair and maladaptive repair after
injury which will determine the fate of the kidney
(Fig. 3).
www.thelancet.com Vol 107 September, 2024
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Fig. 2: The shematic diagram of major cell state transitions in TEC after AKI. After AKI, dead TECs release pro-inflammatory and pro-fibrotic
factors that chemotaxis immune cells to the site of injury to engulf themselves and repair injured TECs. In less severe injuries, TEC cells undergo
adaptive repair and kidney function is restored. However, in the presence of non-adaptive repair such as persistent metabolic reprogramming,
mitochondrial dysfunction, and cell cycle blockage, renal fibrosis will eventually result.

Fig. 3: Injury response and prognosis of adaptive versus mal-
adaptive repair. Two scenarios that may occur in the kidney after
AKI with varying degrees of injury are depicted. In the first scenario,
mild injury activates the innate immune response in time, leading to
adaptive tubular repair and kidney regeneration. In the second sce-
nario, sustained or severe injury leads to phenotypic changes in TEC
and maladaptive tubular repair.
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Pro-inflammatory phenotype of TECs
Following AKI, damaged dedifferentiated TEC have the
ability to transform into a pro-inflammatory phenotype
and release a variety of pro-inflammatory mediators that
attract immune cells to the site of injury. Damaged TEC
exhibiting an inflammatory phenotype can induce the
production of a variety of pro-inflammatory cytokines
and chemokines, including interleukins (IL), TNF, col-
ony stimulating factor (CSF), growth factors, and the CC
chemokine ligand (CCL) subfamily. Notably, activated
TECs have been demonstrated to secrete various cyto-
kines, either through autocrine or paracrine mecha-
nisms, such as IL-1β, IL-18, IL-16, IL-34, TNF-α,
TWEAK, Fas ligand, connective tissue growth factor
(CTGF), and vascular endothelial growth factor
(VEGF).60–62 Additionally, Chi et al,63 have reported
substantial secretion of IL-36α by TECs following injury.
Notably, this cytokine promotes IL-1β secretion in
macrophages and DC by activating the NLRP3 inflam-
masome and also induces DC-mediated CD4+ and CD8+

T cell proliferation, thereby promoting interstitial
inflammation and fibrosis induced by unilateral ureteral
obstruction.

The upregulation of the CCL subfamily, particularly
CCL2 (namely monocyte chemoattractant protein-1,
MCP-1), is associated with progressive tubulointer-
stitial inflammation.64 Furthermore, injured TECs
exhibit increased expression of other chemokines, such
www.thelancet.com Vol 107 September, 2024
as CXC chemokine ligand 8 (CXCL8) and CXCL12,
which possess chemoattractant properties towards
various leukocyte populations.65 Notably, a previously
study also revealed that following the induction of
nephrotoxic nephritis, CXCL5 levels escalate in renal
tubular cells, thereby playing a crucial role in facilitating
neutrophil recruitment during episodes of AKI.66
5
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In addition, TECs may interact with immune cells
through exosomes that carry signaling molecules, thus
facilitating tubulointerstitial inflammation. Our group
firstly demonstrated that TECs release exosomes
harboring MCP-1 mRNA in various models of kidney
injury. This release, in turn, activates and attracts
macrophages, thereby promoting tubulointerstitial
inflammation.67 Subsequent gene chip screening in-
vestigations have disclosed that these exosomes exhibit
a substantial abundance of miR-19b-23a, which trig-
gers activation of the NF-κB pathway by inhibiting the
target gene suppressor of cytokine signaling 1, ulti-
mately leading to M1 polarization of macrophages and
fostering renal interstitial inflammation.68 Moreover,
we also demonstrated that hypoxic TECs induced the
release of exosomes enriched with microRNA-23a to
macrophages, thereby facilitating macrophage activa-
tion through inhibition of the target gene A20, subse-
quently culminating in tubulointerstitial
inflammation.69 These findings collectively underscore
the notion that TECs employ exosomes as a way of
communication with macrophages, thereby contrib-
uting significantly to the progression of tubulointer-
stitial inflammation.

Toll-like receptors (TLRs), a family of trans-
membrane receptors, are abundantly expressed in TECs
and play a crucial role in recognizing signals and acti-
vating effector cells via several kinases and NF-κB-
dependent mechanisms.70 Notably, conditions such as
IRI-71 and septic AKI72,73 lead to the release of various
DAMPs from necrotic TECs, acting as danger signals to
trigger innate immune responses through TLRs, Nod-
like receptors, and NLRP3 inflammasome, subse-
quently resulting in inflammation.

Pro-fibrotic phenotype of TECs
Following severe or recurrent injury, accompanied by
the expression and production of tubulointerstitial
fibrosis (TIF)-related tubule-derived factors, TECs can
undergo a pro-fibrotic phenotypic shift. Pro-fibrotic cy-
tokines produced by injured TECs, such as trans-
forming growth factor-β1 (TGF-β1), platelet-derived
growth factor (PDGF), Wnt1, and hedgehog (Hh), can
contribute to fibroblast activation.

TGF-β and PDGF have long been recognized as the
important pro-fibrotic growth factors.74 Upon stimula-
tion, TECs could be induced to produce large amounts
of TGF-β1, which promotes TIF via paracrine signalling
and activates the transformation of neighbouring fibro-
blasts and pericytes into myofibroblast-type cells.75

Interestingly, TECs are also one of primary target of
TGF-β1 which induces the phenotypic change of
myofibroblasts with production of collages.76 Autocrine
TGF-β signalling could also promote the expression of
PDGF-β by injured TEC.77 Its ligand is highly up-
regulated only in injured tubules.78 The expression of
PDGF-β by injured TEC may increase the
phosphorylation of the PDGF receptor and subsequent
signalling on neighbouring fibroblasts, thereby pro-
moting TIF.79

The Wnt pathway and Hh signalling are key path-
ways that regulate cell growth and differentiation and
are implicated in the TEC repair process.80 However, a
large body of evidence also supports a role for Wnt/
β-catenin signalling in TIF.81,82 Growing evidence reveal
that Wnt proteins and receptors are up-regulated after
renal injury, and that β-catenin activity seems to be
increased in injured TEC.83 Injured TECs may produce
Wnt ligands, which then activate neighbouring fibro-
blasts to promote TIF.84 There are three ligands for Hh,
of which Sonic Hh (Shh) has been well studied.85

Spectral tracing studies have demonstrated up-
regulated expression of Shh in the tubules of patients
with kidney injury, and that the latter induces fibroblast
activation, manifested as α-SMA, fibronectin, collagen
and desmin expression.86

Cell cycle arrest
The intricate process of cell cycle arrest in TECs
following AKI demonstrates both a protective mecha-
nism and a pathological consequence.87 Initially, during
the onset of AKI, cell cycle arrest plays a critical role in
preventing the replication of damaged DNA, particularly
observed at the G1 phase.88 This arrest is governed by a
complex interplay of cyclin-dependent kinases (CDKs),
cyclins, and their inhibitors (CKIs).89 When induced by
AKI-related stress, p53 is stabilized and accumulates
within the cell. In addition to halting cell cycle pro-
gression, p53 also activates genes responsible for DNA
repair and apoptosis.90 However, this p53-dependent cell
cycle arrest serves as a double-edged sword. While
aiming to minimize immediate damage by preventing
the proliferation of cells with genomic instability, it also
results in the accumulation of senescent TECs that are
unable to contribute to tissue regeneration.91,92

The release of pro-inflammatory cytokines, chemo-
kines, growth factors, and extracellular matrix (ECM)
remodeling enzymes by senescent TECs, facilitated by a
senescence-associated secretory phenotype, establishes a
local pro-inflammatory environment.93 This conducive
environment paves the way for fibrosis, leading to
maladaptive repair and eventually contributing to
CKD.94 The transition from a protective to a pathological
role of cell cycle arrest emerges as a critical determinant
of the long-term outcome following AKI. Recently,
therapeutic interventions have targeted the modulation
of the cell cycle machinery, with a focus on promoting
cell cycle re-entry through selective inhibition of p21.95

Studies have shown that this approach enhances tissue
regeneration in preclinical models. Additionally, explo-
ration of small molecule inhibitors of CDK4/6 aims to
bypass G1 arrest and reinitiate the cell cycle in TECs.96

These strategies aim to transiently and selectively
encourage proliferation in the context of injury, with the
www.thelancet.com Vol 107 September, 2024
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objective of optimizing tissue repair while mitigating
the risk of adverse outcomes such as fibrosis or
oncogenesis.

Furthermore, the understanding of the cell cycle’s
role in TEC pathology has significantly expanded, pre-
senting new avenues for intervention that could trans-
form the management of AKI and its sequelae.
Moreover, the emerging field of regenerative medicine
is exploring the use of stem cell-derived exosomes,
which carry pro-regenerative microRNAs and proteins,
to modulate the cell cycle checkpoints and promote the
recovery of TECs after AKI.

Mitochondrial dysfunction in TECs
After AKI, mitochondrial dysfunction in TECs plays a
crucial role in the disruption of cellular metabolism,
which in turn exacerbates the severity of the initial
injury and undermines subsequent repair mecha-
nisms.97 TECs rely on a dense mitochondrial network to
meet their high energy demands.98 However, following
injury, this network undergoes significant structural and
functional changes. These changes manifest as mito-
chondrial fragmentation, reduced mitochondrial
biogenesis, and a shift in metabolic substrate preference
from fatty acids to glucose.99 As a consequence, there is
an overall decrease in ATP production, which is essen-
tial for maintaining cellular homeostasis.

Mitochondrial damage is primarily driven by oxida-
tive stress, which results from an increase in ROS and
leads to damage of mitochondrial DNA (mtDNA), lipids,
and proteins.100 This process further exacerbates mito-
chondrial dysfunction and compromises the activity of
the electron transport chain (ETC).101 Consequently,
ATP synthesis is reduced, while ROS production is
enhanced, creating a vicious cycle that culminates in
energy depletion and cell death.102 Mitochondrial auto-
phagy, or mitophagy, serves as a cellular quality control
mechanism, selectively removing damaged mitochon-
dria. However, dysregulation of mitophagy has been
implicated in the pathogenesis of AKI. Excessive or
insufficient mitophagy contributes to the accumulation
of dysfunctional mitochondria, rendering the cell more
susceptible to additional injury and impairing its
regenerative capacity.103

Following AKI, the insufficient activation of peroxi-
some proliferator-activated receptor gamma coactivator
1-α (PGC-1α) in TECs is a critical factor contributing to
maladaptive repair.104 PGC-1α functions as a transcrip-
tional coactivator, modulating genes involved in mito-
chondrial replication and repair.105 Consequently, the
suboptimal upregulation of PGC-1α post-AKI hinders
the restoration of mitochondrial density and function
necessary for recovery in TECs.105 Therapeutic strategies
targeting mitochondrial dysfunction have emerged as
crucial in improving AKI outcomes. These strategies
encompass pharmacological agents designed to enhance
mitochondrial biogenesis, antioxidants to minimize
www.thelancet.com Vol 107 September, 2024
ROS-mediated damage, and modulators of mitophagy
that balance the removal of damaged mitochondria with
the need for mitochondrial turnover.106 Additionally,
investigations into targeted delivery of mitochondrial
protective agents, such as Szeto-Schiller peptides with
antioxidant effects targeted at the inner mitochondrial
membrane, are underway to prevent TEC damage and
promote renal recovery.107 Moreover, recent advances in
mitochondrial transplantation therapy, involving the
introduction of healthy mitochondria into injured cells,
show promise in restoring cellular bioenergetics and
function in experimental AKI models.108 These innova-
tive approaches highlight the potential of targeting
mitochondrial health to boost the intrinsic regenerative
capacity of TECs and present promise for novel AKI
treatments.

Metabolic reprogramming of TECs in AKI
Under pathological conditions, the mitochondria of
TEC are severely damaged, leading to disruption of
oxidative phosphorylation and disturbances in energy
metabolism, as well as alterations in the utilization of
metabolic substrates (e.g., glucose, amino acids, fatty
acids, ketone bodies, citric acid and lactic acid).109 The
metabolic flexibility of TECs is a critical determinant of
their survival and function, especially in the context of
AKI. Metabolic reprogramming in TECs is a hallmark
of their response to injury, characterized by a signifi-
cant shift from oxidative phosphorylation to glycolysis,
along with changes in lipid metabolism.110,111 This
adaptive response, while initially beneficial for cell
survival under hypoxic conditions, may become mal-
adaptive if sustained contributing to secondary injury
to TECs.

Lipid metabolism reprogramming in TECs
During AKI, TECs undergo a critical adaptive response
to cellular stress by reprogramming lipid metabolism.
Initially, this response compensates for the cellular en-
ergy imbalance; however, dysregulation can create a
paradoxical, maladaptive effect.112 Notably, TECs in AKI
undergo a marked decrease in fatty acid oxidation
(FAO), a key mitochondrial process for maintaining
cellular energy homeostasis.113 This decrease in FAO
leads to the accumulation of lipid droplets, indicating a
shift toward lipid storage rather than utilization.
Consequently, this metabolic shift contributes to a
phenotype of lipid overload, which has been linked to
various adverse effects, including cellular lipotoxicity,
heightened inflammatory response, and further
impairment of mitochondrial function.114

The dysregulation of PPARs, a group of nuclear re-
ceptor proteins that regulate gene expression in
response to lipid ligands, profoundly influences the
intricate mechanisms governing lipid metabolism in
TECs. Post-AKI, PPARα, a master regulator of genes
involved in FAO, has been found to be significantly
7
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downregulated in TECs, leading to reduced FAO ca-
pacity and promoting lipid accumulation.115 This sub-
sequently exacerbates cellular injury through inducing
endoplasmic reticulum stress and activating inflamma-
tory signaling pathways, such as NF-κB and JNK,
contributing to the pathogenesis of AKI and its pro-
gression to CKD.116 Moreover, ongoing research is
elucidating the complex role of sphingolipid metabolism
in TECs, particularly the pivotal balance of ceramide and
sphingosine-1-phosphate (S1P) levels.117 In the context
of AKI, ceramide accumulation has been associated with
the induction of TEC apoptosis, while S1P has been
identified as a crucial pro-survival factor.118 The
emerging potential therapeutic target, sphingosine ki-
nase 1 (SphK1), which converts ceramide to S1P, offers
an opportunity to modulate the balance of ceramide and
S1P.119 Therefore, the modulation of SphK1 activity and
the ceramide/S1P axis represents a novel strategy for
reducing TEC apoptosis and promoting cell survival.120

The therapeutic implications of these findings are
profound. Interventions aimed at restoring PPARα
signaling, and thus normalizing FAO, have the potential
to mitigate lipid overload and its associated cellular
stress responses.121 Moreover, the pharmacological
manipulation of sphingolipid metabolism to favor the
generation of S1P over ceramide could provide a double-
edged therapeutic benefit by not only reducing pro-
apoptotic signals but also enhancing the pro-survival
pathways. Compounds such as fenofibrate, a PPARα
agonist, and FTY720, a SphK1 activator, are currently
under investigation for their efficacy in modulating lipid
metabolism in TECs post-AKI.122

Furthermore, the interplay between lipid metabolism
and autophagy in TECs is gaining attention as a po-
tential therapeutic target. Autophagy, a cellular degra-
dation pathway, has been implicated in the breakdown
of lipid droplets, a process termed lipophagy.123

Enhancing lipophagy could serve as a strategy to clear
lipid overload, reduce ER stress, and restore cellular
homeostasis. The development of autophagy modula-
tors that can specifically enhance the degradation of
lipid droplets without inducing autophagic cell death is
a promising area of research.124

Glycolytic shift in TECs
During AKI, TECs undergo an adaptive shift to
glycolysis as a response to the reduced oxygen avail-
ability and mitochondrial compromise characteristic
of the condition. This is manifested by the pro-
nounced occurrence of the Warburg effect, in which
cells escalate glycolysis despite the presence of oxy-
gen.125 Hypoxia-inducible factors (HIFs) play a pivotal
role in orchestrating this metabolic reprogramming
within TECs during AKI by inducing the expression
of a wide array of genes that facilitate an increased
glycolytic flux.126,127 Genes coding for glucose trans-
porters and key glycolytic enzymes are transactivated
by HIFs, thus augmenting the uptake of glucose and
its conversion to lactate.128 Lactate has long been
considered a metabolic waste product. Emerging evi-
dence in recent years suggests that lactate plays an
important signaling molecular function in patho-
physiological processes such as glucose metabolism,
redox homeostasis, post-translational modification of
proteins and tumour immune tolerance.129 Elevated
serum lactate levels are considered an indicator of
AKI severity, both because this metabolic shift leads
to greater lactate accumulation in damaged TECs
(whether successfully repaired or not),130 and because
excessive lactate production can in turn mediate TEC
damage and thus exacerbate AKI.131 Mechanistically,
lactate can selectively stimulate endoplasmic reticu-
lum Mg2+ release, thereby promoting mitochondrial
dysfunction aggravating Lipopolysaccharide mediated
renal dysfunction.132

Recent studies have identified the AMP-activated
protein kinase (AMPK) pathway as a critical regulator
of the glycolytic switch in TECs, in addition to HIFs.133

AMPK activation enhances glucose uptake and glycol-
ysis to replenish ATP stores during energy stress.
However, chronic activation of AMPK in TECs post-AKI
has been linked to the development of TIF, indicating
that while this response is initially protective, it may
contribute to disease progression if sustained. Another
layer of complexity is added by the pentose phosphate
pathway (PPP), which branches from glycolysis and
serves two major functions: it generates NADPH for
reductive biosynthesis and antioxidant defense, and it
provides ribose-5-phosphate for nucleotide synthesis.134

An upregulated PPP during AKI could represent an
adaptive response to increase the antioxidant capacity of
TECs, thus protecting against oxidative damage. How-
ever, the exact role of the PPP in the context of AKI and
its long-term implications on TEC function and survival
remain to active investigation.135

The modulation of the glycolytic pathway in TECs
presents potential for therapeutic intervention in AKI.
In the early phase of AKI, stabilizing HIFs may promote
cell survival under hypoxia.135 However, prolonged sta-
bilization of HIFs could be detrimental by promoting
fibrosis, suggesting a narrow therapeutic window or the
necessity for targeted delivery systems. Inhibitors of
glycolysis, such as 2-deoxy-D-glucose, have the potential
to reduce the acidosis associated with lactate accumu-
lation.136 However, their use must be carefully timed to
avoid exacerbating energy deficits during critical injury
phases. Furthermore, the targeting of AMPK signaling
provides another therapeutic opportunity. AMPK acti-
vators could be beneficial in the acute phase of AKI to
promote ATP production, but their long-term use may
need to be avoided to prevent fibrotic outcomes.
Therefore, developing strategies to temporally modulate
AMPK activity could represent a key approach in opti-
mizing TEC energy homeostasis during AKI repair.137 In
www.thelancet.com Vol 107 September, 2024
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summary, the glycolytic shift in TECs during AKI is a
complex, multifaceted response that presents both op-
portunities and challenges for therapeutic intervention.
TECs crosstalk in AKI
The recovery from AKI is highly dependent on the
intricate communication between renal TECs and
various resident kidney cells and immune cells (Fig. 4).
This intercellular crosstalk is pivotal in coordinating the
repair processes, or, conversely, in precipitating mal-
adaptive responses leading to fibrosis. Understanding
the nuances of these interactions offers a window into
Fig. 4: Crosstalk of TEC with other cells in renal repair after AKI. Interac
an important role in renal repair. After AKI, dead TECs trigger inflamma
recruit immune cells to the site of injury. Surviving TECs undergo dedif
membrane, where they may also communicate with immune cells via
inflammatory (M1) macrophages change phenotype to anti-inflammato
also contribute to fibroblast activation into myofibroblasts. In addition
through ECM synthesis, myofibroblasts promote the repair and prolifer
signaling and even the secretion of pro-regenerative factors. The interact
with TECs releasing a wide range of angiogenic factors to promote endoth
to participate in renal vascular repair and regeneration by regulating chro
TECs and endothelial cells leads to maladaptive repair and fibrosis. Abbre
lecular pattern; PRRs, pattern recognition receptor; ECM, extra cellular ma
derived growth factor; ICAM, Intercellular adhesion molecule; VCAM, vasc
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novel therapeutic strategies to mitigate AKI and prevent
its progression.

Crosstalk between TECs and adjacent epithelial cells
in AKI
The regenerative response following AKI relies heavily
on the restorative dialogue between TECs and adjacent
epithelial cells.138 This interaction involves a complex
interplay of signaling molecules and direct cell-to-cell
contact facilitated by junctional complexes.139 Notably,
the Wnt/β-catenin signaling pathway, recognized for its
critical role in development and tissue homeostasis,
stands out as a crucial mediator in this context. TEC-
tions between TECs, immune cells and mesenchymal fibroblasts play
tion by releasing DAMPs, which activate PRRs on macrophages and
ferentiation and proliferation and repopulate the tubular basement
exosomes containing signaling molecules. During renal repair, pro-
ry (M2) macrophages. Pro-fibrotic factors produced by injured TECs
to supporting tubular remodeling by providing mechanical support
ation of TECs through intercellular contact signaling and paracrine
ion of TECs with endothelial cells is also a key aspect of renal repair,
elial cell proliferation and migration, and endothelial cells being able
nic inflammatory responses. Disruption of communication between
viations: TEC, tubular epithelial cell; DAMP, damage-associated mo-
trix; IL, interleukin; TGF, transforming growth factor; PDGF, platelet-
ular cell adhesion molecule; VEGF, vascular endothelial growth factor.
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secreted Wnt ligands, such as Wnt9b, initiate a
signaling cascade in neighboring epithelial cells,
essential for activating regenerative processes, including
cellular proliferation, differentiation, and migration
crucial for tubular integrity restoration.140 Besides Wnt
signaling, the Notch pathway also plays a pivotal role in
the regenerative crosstalk. Notch receptors, upon inter-
action with their ligands, such as Jagged1, undergo
proteolytic cleavage, releasing the Notch intracellular
domain, which translocates to the nucleus, influencing
the expression of genes involved in cell fate determi-
nation.141 Consequently, the altered expression of Notch
pathway components in TECs post-AKI significantly
impacts the balance between regenerative repair and
maladaptive remodeling. While moderate activation of
Notch signalling supports regeneration, dysregulation
has been implicated in promoting TEC dedifferentiation
and proliferation, contributing to renal fibrosis patho-
genesis.142 Furthermore, Hh signaling, primarily known
for its roles in embryonic patterning and organogenesis,
has been identified as a key adult TEC plasticity regu-
lator and communication facilitator with neighboring
cells. The paracrine activity of Hh ligands, such as Shh,
secreted by injured TECs, influences the epithelial
response to injury, impacting cell survival, angiogenesis,
and the anti-fibrotic response.80

Crosstalk between TECs and endothelial cells in AKI
During the reparative phase following AKI, the inter-
action between TECs and endothelial cells in the renal
microenvironment is a critical determinant of recovery
and restoration of renal function. This bidirectional
communication not only modulates the repair of the
injured TECs but also contributes to the regeneration of
the renal vasculature, which is vital for re-establishing
homeostasis and tissue oxygenation.143 TECs release
various angiogenic factors, including vascular endothe-
lial growth factor (VEGF), angiopoietin-1, and hepato-
cyte growth factor post-AKI, which play a significant role
in promoting endothelial cell proliferation, migration,
and tube formation, aiding in the repair and regenera-
tion of the renal vasculature.144 In particular, VEGF is a
key pro-angiogenic factor that enhances endothelial cell
survival and vascular permeability, with the VEGF
signaling pathway being upregulated in TECs following
ischemic injury, indicating its pivotal role in the repair
process.145

However, disrupted TEC-endothelial cell communi-
cation can lead to pathological outcomes, such as
capillary rarefaction, persistent hypoxia, and the pro-
gression of AKI to CKD. Endothelial dysfunction in the
form of reduced nitric oxide production and increased
endothelin-1 (ET-1) secretion is a common consequence
of AKI, contributing to a pro-inflammatory and pro-
fibrotic environment that exacerbates tissue damage.146

Furthermore, endothelial expression of adhesion mole-
cules, such as intercellular adhesion molecule 1
(ICAM-1) and vascular cell adhesion molecule 1
(VCAM-1), facilitates the recruitment of inflammatory
cells, further promoting a fibrotic response. Recent
study has also focused on the role of endothelial-to-
mesenchymal transition (EndMT) in AKI, during
which endothelial cells lose their characteristic markers
and acquire mesenchymal features, contributing to the
fibrotic process.147 TEC-derived factors, including TGF-β
and IL-1β, have been implicated in driving EndMT,
emphasizing a critical aspect of TEC-endothelial cell
interaction that may contribute to maladaptive repair
and fibrosis.148

Crosstalk between TECs and interstitial fibroblasts
in AKI
The intricate interplay between TECs and interstitial fi-
broblasts determines the kidney’s response following
AKI, whether it transitions towards repair or becomes
fibrotic. This interaction is governed by a complex
network of signaling molecules, ECM components, and
direct cell–cell contacts, collectively steering the repair
process or driving fibrosis pathogenesis.149 In response
to AKI, TECs experiencing stress or undergoing partial
epithelial–mesenchymal transition (EMT) release
various fibrogenic cytokines, including the pivotal TGF-
β, which drives fibroblast activation and their trans-
formation into myofibroblasts, the principal source of
ECM proteins in the injured kidney, leading to tissue
scarring and organ dysfunction.150 Additionally, TEC-
derived CTGF and PDGF promote fibroblast prolifera-
tion and ECM production, contributing to fibrosis.151

Recent study has highlighted the role of IL-11 in TEC-
fibroblast crosstalk, with injured TECs secreting IL-11
to induce a pro-fibrotic phenotype in fibroblasts, char-
acterized by increased ECM production and resistance
to apoptosis.152 The IL-11 signalling pathway presents a
promising target for anti-fibrotic therapy, offering a
potential avenue to halt the fibrogenic cascade triggered
by TECs.153 Moreover, physical interaction between
TECs and fibroblasts, facilitated by cell adhesion mole-
cules such as integrins and ECM proteins like fibro-
nectin and collagen, can activate signaling pathways,
leading to fibroblast activation and ECM deposition.154

Understanding these molecular interactions is essen-
tial for developing strategies to disrupt the profibrotic
TEC-fibroblast communication. The modulation of TEC-
fibroblast crosstalk offers a promising therapeutic
strategy for preventing or treating fibrosis post-AKI.155

The intricate and multifaceted crosstalk between
TECs and interstitial fibroblasts post-AKI plays a pivotal
role in the pathogenesis of kidney fibrosis.156 A deeper
understanding of these interactions will be instru-
mental in identifying new therapeutic targets and
developing effective treatments to halt the progression
of AKI to chronic kidney disease. Targeting the TGF-β
signalling pathway with specific inhibitors or neutral-
izing antibodies can potentially prevent fibroblast
www.thelancet.com Vol 107 September, 2024
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activation and myofibroblast transformation.157 Simi-
larly, antagonists of CTGF or PDGF signaling pathways
could inhibit the proliferation of fibroblasts and their
ECM-producing activity.158 Additionally, the develop-
ment of ECM-modulating agents that can disrupt the
adhesive interactions between TECs and fibroblasts,
thereby preventing the activation of profibrotic
signaling pathways, represents an innovative approach
in combating renal fibrosis. Emerging therapies
focusing on IL-11 signaling inhibition are also gaining
attention as potential anti-fibrotic strategies. Small
molecule inhibitors or monoclonal antibodies targeting
IL-11 or its receptor could offer a novel means to
mitigate the fibrotic response initiated by TECs.

Crosstalk between TECs and immune cells in AKI
Inflammation plays a crucial role following AKI, where
intricate bidirectional interactions between renal TECs
and immune cells regulate both adaptive repair and
inadequate recovery of injured kidneys. During the
initial phases of AKI, interactions between TECs and
innate immune cells can shift renal injury towards an
immune response, pivotal for fostering adaptive tubular
repair and renal regeneration. Early AKI, marked by
partial TEC death, triggers the release of DAMPs, acti-
vating pro-inflammatory innate immune responses to
facilitate renal repair.159 Hence, renal innate immune
cells surveil tissue homeostasis by detecting various
DAMPs released during tissue injury via TLRs, nod-like
receptors (NLRs), etc. These cells can then be recruited
to the site of injury by signals emitted from surviving
renal cells, releasing inflammatory mediators to aid in
restoring injured TECs to a normal cellular state.160,161

In addition, inflammation is critical in regulating
maladaptive renal repair and for renal inflammation and
fibrosis.162 For a long time, it was thought that the renal
tubule was simply a victim of injury. Recently, however,
a large body of evidence suggests that TEC plays a key
role in renal repair and is involved in the development
of chronic kidney disease after severe or prolonged
injury.163 Damaged TEC are activated to produce a wide
range of inflammatory factors, chemokines, and growth
factors, which interact with immune cells and partici-
pate in the repair process after injury. The interaction
between injured tubules and immune cells is pivotal in
perpetuating chronic inflammation during maladaptive
renal repair and the progression to CKD. The exact
mechanism, whether stemming from an aberrant in-
flammatory response or the incapacity of TECs to
regenerate due to severe injury, remains incompletely
understood. However, recent single-cell studies have
revealed that cells undergoing phenotypic alterations fail
to revert to their original state, persisting in a reparative
phase that fuels inflammation and fibrosis, ultimately
resulting in irreversible renal function decline.164

Among them, the dual role played by macrophages at
different stages of AKI cannot be ignored.165 It has long
www.thelancet.com Vol 107 September, 2024
been hypothesized by researchers that in the early stages
of IRI, macrophages are recruited and thus activated as
pro-inflammatory macrophages (M1) to promote injury
through the interaction of pattern recognition receptors
(PRRs) with DAMPs released from damaged TECs,
whereas in the later stages, macrophages change their
phenotype to non-inflammatory macrophages (M2) to
produce anti-inflammatory cytokines to aid in the repair
of TECs.166 In a follow-up study, Lee et al.167 provided
direct evidence for this theory by tracing fluorescently
labelled macrophages. We now know that M2 macro-
phages have three distinct subtypes, including the M2a
subtype that produces and secretes repair-promoting
cytokines such as IL-10 and IL-1Rα, the M2b subtype
that is readily involved in immunomodulatory pro-
cesses, and the M2c subtype that can produce anti-
inflammatory and fibrotic factors.168 Furthermore, it
has also been shown that macrophage-derived exosomes
can transfer secreted miR-195a-5p into TECs, induce
mitochondrial dysfunction, and induce TEC death.
Although this classification does not truly reflect
macrophage subtypes in the in vivo tissue environment,
it can be argued, to some extent, that macrophages can
influence the prognosis of AKI by interacting with
neighboring TECs through their phenotypic heteroge-
neity and functional diversity.169
TECs responses to injury: interrogation by
single-cell transcriptomics
Rapidly evolving single-cell technologies in renal
research have been shown to play an important role in a
dynamic process such as AKI.170 Previous studies have
highlighted the critical role of SOX9 in TEC repair and
regeneration.171,172 However, the mechanisms that
trigger and regulate tubular repair are unclear. A large
number of single-cell transcriptomics experiments
focused on TEC have allowed us to gain a deeper un-
derstanding of the regulatory features of adaptive and
maladaptive repair after AKI and its long-term conse-
quences (Table 1).

Kirita et al.173 were the first to characterize injured
PTEC by single-cell RNAseq in a mouse model of AKI
and identified a distinct pro-inflammatory and pro-
fibrotic repair failure of proximal tubular cells (FR-
PTC) state. Meanwhile, Rudman-Melnick et al.174

established the first comprehensive post-AKI renal
cell-specific transcriptional profile and validated the AKI
characterisation in multiple experiments. Zhao et al.156

used single-cell RNA sequencing (scRNA-seq) showed
that iron death-related genes were mainly expressed in
TECs after I/R injury, and thus inhibition of iron death
by XJB-5-131 is expected to be an effective therapeutic
measure for AKI.

By using single-nuclear transcriptomics, Gerhardt
et al.177 found by single-nuclear transcriptomics that
during the injury–repair transition after AKI that
11
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Ref. Species Samples Findings

Kirita et al., 2020173 mouse kidney First characterisation of injured PTC by single-cell RNAseq in an AKI mouse model, gene expression
changes during repair suggest new therapeutic targets.

Rudman-Melnick
et al., 2020174

mouse kidney The first comprehensive renal cell type-specific transcriptional profile, potentially pathological epithelial
interstitial crosstalk.

He et al., 2020175 human kidney Cellular evidence for a potential pathway for SARS-Cov-2 to cause renal injury via angiotensin-
converting enzyme 2.

Zhao et al., 2020156 mouse kidney After IRI, Ferroptosis-related genes are predominantly expressed in TEC, and inhibition of iron mutations
by XJB-5-131 is an effective therapeutic strategy for AKI.

Melo Ferreira et al.,
2021176

human/
mouse

kidney Spatial transcriptional features were characterized for two mouse AKI models and the approach was
mapped to human kidney tissue.

Gerhard et al.,
2021177

mouse proximal
tubule cells

The diversity of PTC states during the AKI injury–repair transition was revealed, with injury spreading
from the cortico-medullary boundary to the cortical regions.

Dixon et al., 2022178 mouse kidney The new spatial transcriptome sequencing platform was used to generate a spatial map of gene
expression in AKI and measure the dynamics of cell–cell interactions.

Cheung et al.,
2022179

human urine Differences in cellular composition and gene expression, several inflammatory immune cell populations
and different activation pathways revealed using urinary sediment from COVID-19-associated AKI
patients.

De Chiara et al., 2022 mouse kidney The distribution of tubular cells that undergo polyploidy during AKI is characterized, revising current
pathophysiological concepts of how the kidney responds to acute injury. In addition, targeting YAP1 was
found to be a novel drug target to improve the prognosis of AKI survivors.

Hinze et al., 2022180 human kidney Single-cell transcriptomics reveals common epithelial response patterns in human AKI, highlighting
recurrent AKI-associated signatures and inter-individual heterogeneity.

Klocke et al., 2022181 human urine Non-invasively capturing renal pathological changes in human AKI and reflecting different injury and
repair processes including oxidative stress, inflammation and tissue rearrangement.

Gerhardt et al.,
2023182

mouse kidney Lineage tracing and single nucleus multi-omics reveal the regulatory signature of adaptive and
maladaptive renal repair after AKI and its long-term consequences.

Chen et al.,
2023128,183

mouse kidney A robust multi-model AKI scRNA atlas was constructed, providing a powerful resource for understanding
the homogeneity and heterogeneity of the cytopathological mechanisms of different etiology-induced
AKI.

Wang et al., 2023184 human/
mouse

kidney/MSCs/
HK2 cells

The transcriptomic diversity of renal TECs and immune cells and the reparative properties of renal
progenitor/stem cells were revealed.

Ghag et al., 2023185 human kidney/Urine Biopsy tissue and urine from COVID-19 AKI patients were also analysed in order to find overlapping
COVID-AKI-enriched genes and their corresponding cell types in the kidney from snRNA-seq data.

Hong et al., 2023186 mouse kidney WT1+ PECs can develop into WT1+ proximal renal tubular epithelial cells through a transient phase of
scattered tubular cells, which are essential for proximal tubular regeneration of the kidney after severe
AKI.

Lake et al., 2023164 human kidney For the first time, a high-resolution cellular atlas of the kidney covering 51 major cell types in healthy
and diseased states is depicted and 28 cellular states that are altered in kidney injury are defined.

Table 1: The studies on AKI using single-cell transcriptomics.
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activated neotranscriptional processes can reactivate
diverse gene and pathway activities involved in cell
adhesion, migration and proliferation in TECs. In the
following study, the team also demonstrated in a follow-
up study that AKI triggers cell cycle responses in most
renal cells, providing insights into the regulatory fea-
tures of adaptive and non-adaptive repair of PTCs and
their long-term consequences.182 Dixon et al.178 used a
new spatial transcriptome sequencing platform to
compensate for the lack of centralised spatial informa-
tion from single-cell sequencing technologies, making it
possible to define region-specific damage and repair
transcriptional responses. Responses possible. Chen
et al,183 constructed a robust multi-model AKI scRNA
profile containing 20 cell types and 80,689 high-quality
cells, providing a powerful resource for understanding
the homogeneity and heterogeneity of the cytopatho-
logical mechanisms of AKIs caused by different
etiologies, as well as early intervention in AKI progres-
sion at the time of single-cell regression. Wilms’ tumor
1 (WT1) is expressed in glomerular mural epithelial cells
(PECs) in adult kidneys, and Hong et al.186 found that
WT1+ PECs can progress through a transient scattered
tubule cell phase to WT1+ PTECs, which have specific
stem-cell-like properties and are critical for renal prox-
imal tubule regeneration after severe AKI.

Human kidney tissues and cells have also been
extensively studied in recent years. Melo Ferreira et al.176

characterized the spatial transcriptional profile of two
mouse AKI models using single-cell and scRNA-seq
datasets and applied them to human kidney tissue,
finding that the single-cell and spatial transcriptome
datasets are complementary and synergistic. Hinze
et al.180 performed single-nucleus transcriptomics
directly on renal tissues from human patients with
critical disease-associated AKI and found that in TEC,
www.thelancet.com Vol 107 September, 2024
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Search strategy and selection criteria

Data for this review were identified by searches of PubMed
and references from relevant articles using the search terms
“tubule”, “acute kidney injury”, “renal tubular epithelial
cells”, “cell death”, “adaptive repair”, “phenotypic
transformation”, “maladaptive repair”, and “metabolic
reprogramming”. Only articles published in English and up
to April 16th, 2024 were included.
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four injury-associated cellular states were enriched,
which were differentiated and characterized by tran-
scriptomic patterns associated with oxidative stress, hyp-
oxia, interferon response and EMT, respectively. Klocke
et al.181 analysed 42,608 single-cell transcriptomes from
40 urine samples from patients with AKI and demon-
strated that the TEC transcriptome reflects renal pathol-
ogy and different processes of injury and repair. Wang
et al.184 explored the potential mechanisms of MSC
treatment of AKI by single-cell RNA sequencing of two
groups of IRI mouse models treated with mesenchymal
stem cells (MSCs) and controls, revealing transcriptome
diversity of renal TECs and immune cells and repair
properties of renal progenitor/stem cells. In addition,
MSC-derived miR-26a-5p was found to mediate the
therapeutic effects of MSCs by inhibiting pro-fibrotic
TECs and their subsequently recruited immune cell
subsets. The scRNA-seq technique has also been used to
obtain cellular evidence of renal injury in patients with
Covid-associated AKI. He et al.175 demonstrated that
SARS-Cov-2 invades and is expressed in human renal
tissues via the angiotensin-converting enzyme 2 (ACE2)-
related pathway. Cheung et al.,179 on the other hand,
assessed differences in cellular composition and gene
expression during COVID-19-associated AKI using pa-
tients’ urinary sediment, and found that transcripts of
damage-related pathways were more abundant in renal
tubular cells in AKI. Recent studies have analyzed both
biopsy tissue and urine from patients with COVID-19
AKI in order to identify overlapping COVID-AKI-
enriched genes and their corresponding cell types in
the kidney from snRNA-seq data, with a potential role in
disease progression.185

Taken together, these single-cell transcriptomics
revolutions provide an unprecedented approach to un-
derstanding adaptive and maladaptive repair responses
in TEC after AKI and offer the possibility of identifying
new therapeutic strategies for AKI.
Promising therapeutic strategies for AKI
In current clinical practice, the treatment of AKI usu-
ally includes supportive therapy and Kidney replace-
ment therapy, which cannot stop the progress of AKI
fundamentally, but only relieve the symptoms and wait
www.thelancet.com Vol 107 September, 2024
for the kidney self-repair.187 Due to the complex path-
ophysiological mechanism of AKI, there is no specific
drug to prevent or cure AKI.188 A number of promising
drugs are in the experimental stage, including new
compounds, repurposed drugs, and nanomaterial-
modified drugs that can target multiple pathways,
including mitochondrial stres, inflammation, antioxi-
dant effects, TEC death and repair mechanisms.189,190

Exosomes are widely recognized as a focus for devel-
oping targeted therapeutic strategies for AKI.191 Exo-
somes of many different cellular origins can promote
angiogenesis, regulate TEC proliferation and
apoptosis, inhibit inflammatory responses and oxida-
tive stress, and prevent fibrosis progression through
their contents (e.g., miRNAs, lncRNAs, circRNAs,
mRNAs, and proteins) to facilitate AKI repair.192,193

These targeted therapeutic mechanisms of action all
correspond to the course of the TEC response after
AKI, offering hope for the development of more
effective AKI treatments in the future as a specific
therapeutic direction.

Outstanding questions
In synopsis, noteworthy strides have recently been
achieved in the delineation of TEC phenotypic tran-
sitions and reparative responses subsequent to AKI.
The injury-induced dynamic modulation of diverse
cellular states accentuates the inherent plasticity of
TEC. Accordingly, after kidney injury, the responses
of TEC are extremely complex. The TEC could exhibit
a diversity of phenotypes, which exert unique func-
tions in the kidney. Meanwhile, the crosstalk between
cells and interactions of cell-microenvironment,
which create a distinctive adaptive or maladaptive
repair niche, play a vital role in the outcomes of kid-
ney disease. To date, the application of omics tech-
nologies, especially the multi-omics, provides us a
better understanding of the key responses in different
stages of kidney disease. Nevertheless, given that each
phenotype has its own critical signaling pathway, the
key molecules that initiate and determine these re-
sponses and the exact molecular mechanisms of cell
injury patterns remain poorly understood. Mean-
while, how to comprehensively explicate the entire
dynamic spectrum of TEC responses to AKI, along
with the intricate mechanisms underpinning their
reparative processes is also an outstanding problem
that needs to be solved. Thus, more intensive research
is required for characterizing the distinctive re-
sponses in renal physiology and pathophysiology.
Finally, it is also urgent to identify the promising
therapeutic targets for treating kidney disease based
on the post-injury response of tubules.
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12 Nežić L, Škrbić R, Amidžić L, et al. Protective effects of simvastatin
on endotoxin-induced acute kidney injury through activation of
tubular epithelial cells’ survival and hindering cytochrome C-
mediated apoptosis. Int J Mol Sci. 2020;21(19):7236.

13 Nagata S, Segawa K. Sensing and clearance of apoptotic cells. Curr
Opin Immunol. 2021;68:1–8.

14 Arandjelovic S, Ravichandran KS. Phagocytosis of apoptotic cells in
homeostasis. Nat Immunol. 2015;16(9):907–917.

15 Ichimura T, Bonventre JV, Bailly V, et al. Kidney injury molecule-1
(KIM-1), a putative epithelial cell adhesion molecule containing a
novel immunoglobulin domain, is up-regulated in renal cells after
injury. J Biol Chem. 1998;273(7):4135–4142.

16 Malhotra R, Katz R, Jotwani V, et al. Urine markers of kidney tu-
bule cell injury and kidney function decline in SPRINT trial par-
ticipants with CKD. Clin J Am Soc Nephrol. 2020;15(3):349.

17 Mori Y, Ajay AK, Chang J-H, et al. KIM-1 mediates fatty acid uptake
by renal tubular cells to promote progressive diabetic kidney dis-
ease. Cell Metab. 2021;33(5):1042–1061.e7.

18 Medina CB, Mehrotra P, Arandjelovic S, et al. Metabolites released
from apoptotic cells act as tissue messengers. Nature.
2020;580(7801):130–135.

19 Martin-Sanchez D, Fontecha-Barriuso M, Martinez-Moreno JM,
et al. Ferroptosis and kidney disease. Nefrologia (Engl Ed).
2020;40(4):384–394.

20 Martin-Sanchez D, Ruiz-Andres O, Poveda J, et al. Ferroptosis, but
not necroptosis, is important in nephrotoxic folic acid–induced
AKI. J Am Soc Nephrol. 2017;28(1):218.
21 Liu W, Chen B, Wang Y, et al. RGMb protects against acute kidney
injury by inhibiting tubular cell necroptosis via an MLKL-
dependent mechanism. Proc Natl Acad Sci U S A. 2018;115(7):
E1475–E1484.

22 Tonnus W, Meyer C, Steinebach C, et al. Dysfunction of the key
ferroptosis-surveilling systems hypersensitizes mice to tubular
necrosis during acute kidney injury. Nat Commun. 2021;12
(1):4402.

23 Riegman M, Sagie L, Galed C, et al. Ferroptosis occurs through an
osmotic mechanism and propagates independently of cell rupture.
Nat Cell Biol. 2020;22(9):1042–1048.

24 Wiernicki B, Dubois H, Tyurina YY, et al. Excessive phospholipid
peroxidation distinguishes ferroptosis from other cell death modes
including pyroptosis. Cell Death Dis. 2020;11(10):922.

25 Friedmann Angeli JP, Schneider M, Proneth B, et al. Inactivation of
the ferroptosis regulator Gpx4 triggers acute renal failure in mice.
Nat Cell Biol. 2014;16(12):1180–1191.

26 Linkermann A, Skouta R, Himmerkus N, et al. Synchronized renal
tubular cell death involves ferroptosis. Proc Natl Acad Sci U S A.
2014;111(47):16836–16841.

27 Bayır H, Dixon SJ, Tyurina YY, Kellum JA, Kagan VE. Ferroptotic
mechanisms and therapeutic targeting of iron metabolism and
lipid peroxidation in the kidney. Nat Rev Nephrol. 2023;19(5):
315–336.

28 Von Mässenhausen A, Tonnus W, Himmerkus N, et al. Phenytoin
inhibits necroptosis. Cell Death Dis. 2018;9(3):359.

29 Sun L, Wang H, Wang Z, et al. Mixed lineage kinase domain-like
protein mediates necrosis signaling downstream of RIP3 kinase.
Cell. 2012;148(1):213–227.

30 Cho Y, Challa S, Moquin D, et al. Phosphorylation-driven assembly
of the RIP1-RIP3 complex regulates programmed necrosis and
virus-induced inflammation. Cell. 2009;137(6):1112–1123.

31 Zhang D-W, Shao J, Lin J, et al. RIP3, an energy metabolism
regulator that switches TNF-induced cell death from apoptosis to
necrosis. Science. 2009;325(5938):332–336.

32 Pasparakis M, Vandenabeele P. Necroptosis and its role in
inflammation. Nature. 2015;517(7534):311–320.

33 Sureshbabu A, Patino E, Ma KC, et al. RIPK3 promotes sepsis-
induced acute kidney injury via mitochondrial dysfunction. JCI
insight. 2018;3(11):e98411.

34 Makris K, Spanou L. Acute kidney injury: definition, pathophysi-
ology and clinical phenotypes. Clin Biochem Rev. 2016;37(2):85.

35 Tao P, Sun J, Wu Z, et al. A dominant autoinflammatory disease
caused by non-cleavable variants of RIPK1. Nature. 2020;577
(7788):109–114.

36 Priante G, Gianesello L, Ceol M, Del Prete D, Anglani F. Cell death
in the kidney. Int J Mol Sci. 2019;20(14):3598.

37 Guerrero-Mauvecin J, Villar-Gómez N, Rayego-Mateos S, et al.
Regulated necrosis role in inflammation and repair in acute kidney
injury. Front Immunol. 2023;14:1324996.

38 Vandenabeele P, Bultynck G, Savvides SN. Pore-forming proteins
as drivers of membrane permeabilization in cell death pathways.
Nat Rev Mol Cell Biol. 2023;24(5):312–333.

39 Newton K, Dixit VM, Kayagaki N. Dying cells fan the flames of
inflammation. Science. 2021;374(6571):1076–1080.

40 Gong W, Shi Y, Ren J. Research progresses of molecular mecha-
nism of pyroptosis and its related diseases. Immunobiology.
2020;225(2):151884.

41 Broz P, Pelegrín P, Shao F. The gasdermins, a protein family
executing cell death and inflammation. Nat Rev Immunol.
2020;20(3):143–157.

42 Elias EE, Lyons B, Muruve DA. Gasdermins and pyroptosis in the
kidney. Nat Rev Nephrol. 2023;19(5):337–350.

43 Miao N, Yin F, Xie H, et al. The cleavage of gasdermin D by
caspase-11 promotes tubular epithelial cell pyroptosis and urinary
IL-18 excretion in acute kidney injury. Kidney Int. 2019;96(5):
1105–1120.

44 Xia W, Li Y, Wu M, et al. Gasdermin E deficiency attenuates acute
kidney injury by inhibiting pyroptosis and inflammation. Cell Death
Dis. 2021;12(2):139.

45 Tonnus W, Linkermann A. Gasdermin D and pyroptosis in acute
kidney injury. Kidney Int. 2019;96(5):1061–1063.

46 Ruiz-Ortega M, Rayego-Mateos S, Lamas S, Ortiz A, Rodrigues-
Diez RR. Targeting the progression of chronic kidney disease. Nat
Rev Nephrol. 2020;16(5):269–288.

47 Humphreys BD, Valerius MT, Kobayashi A, et al. Intrinsic
epithelial cells repair the kidney after injury. Cell Stem Cell.
2008;2(3):284–291.
www.thelancet.com Vol 107 September, 2024

http://refhub.elsevier.com/S2352-3964(24)00330-X/sref1
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref1
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref1
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref2
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref2
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref3
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref3
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref4
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref4
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref4
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref5
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref5
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref6
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref6
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref7
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref7
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref7
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref8
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref8
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref8
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref9
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref9
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref10
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref10
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref10
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref11
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref11
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref11
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref12
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref12
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref12
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref12
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref12
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref12
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref12
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref12
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref12
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref12
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref13
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref13
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref14
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref14
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref15
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref15
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref15
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref15
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref16
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref16
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref16
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref17
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref17
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref17
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref18
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref18
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref18
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref19
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref19
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref19
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref20
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref20
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref20
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref21
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref21
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref21
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref21
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref22
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref22
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref22
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref22
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref23
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref23
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref23
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref24
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref24
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref24
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref25
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref25
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref25
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref26
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref26
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref26
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref27
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref27
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref27
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref27
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref27
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref28
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref28
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref29
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref29
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref29
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref30
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref30
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref30
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref31
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref31
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref31
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref32
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref32
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref33
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref33
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref33
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref34
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref34
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref35
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref35
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref35
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref36
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref36
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref37
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref37
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref37
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref38
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref38
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref38
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref39
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref39
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref40
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref40
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref40
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref41
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref41
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref41
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref42
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref42
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref43
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref43
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref43
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref43
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref44
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref44
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref44
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref45
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref45
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref46
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref46
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref46
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref47
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref47
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref47
http://www.thelancet.com


Review
48 Vogetseder A, Picard N, Gaspert A, Walch M, Kaissling B, Le
Hir M. Proliferation capacity of the renal proximal tubule involves
the bulk of differentiated epithelial cells. Am J Physiol Cell Physiol.
2008;294(1):C22–C28.

49 Kusaba T, Humphreys BD. Controversies on the origin of prolif-
erating epithelial cells after kidney injury. Pediatr Nephrol.
2014;29(4):673–679.

50 Smeets B, Boor P, Dijkman H, et al. Proximal tubular cells contain
a phenotypically distinct, scattered cell population involved in
tubular regeneration. J Pathol. 2013;229(5):645–659.

51 Romagnani P. Toward the identification of a "renopoietic system"?
Stem Cell. 2009;27(9):2247–2253.

52 Sagrinati C, Netti GS, Mazzinghi B, et al. Isolation and charac-
terization of multipotent progenitor cells from the Bowman’s
capsule of adult human kidneys. J Am Soc Nephrol.
2006;17(9):2443–2456.

53 Kusaba T, Lalli M, Kramann R, Kobayashi A, Humphreys BD.
Differentiated kidney epithelial cells repair injured proximal tubule.
Proc Natl Acad Sci U S A. 2014;111(4):1527–1532.

54 Guimarães-Camboa N, Cattaneo P, Sun Y, et al. Pericytes of mul-
tiple organs do not behave as mesenchymal stem cells in vivo. Cell
Stem Cell. 2017;20(3):345–359.e5.

55 Rinkevich Y, Montoro DT, Contreras-Trujillo H, et al. In vivo clonal
analysis reveals lineage-restricted progenitor characteristics in
mammalian kidney development, maintenance, and regeneration.
Cell Rep. 2014;7(4):1270–1283.

56 Corbeil D, Fargeas CA, Jászai J. CD133 might be a pan marker of
epithelial cells with dedifferentiation capacity. Proc Natl Acad Sci U
S A. 2014;111(15):E1451–E1452.

57 Moll R, Hage C, Thoenes W. Expression of intermediate filament
proteins in fetal and adult human kidney: modulations of inter-
mediate filament patterns during development and in damaged
tissue. Lab Invest. 1991;65(1):74–86.

58 Appel D, Kershaw DB, Smeets B, et al. Recruitment of podocytes
from glomerular parietal epithelial cells. J Am Soc Nephrol.
2009;20(2):333–343.

59 Berger K, Bangen JM, Hammerich L, et al. Origin of regenerating
tubular cells after acute kidney injury. Proc Natl Acad Sci U S A.
2014;111(4):1533–1538.

60 Molema G, Zijlstra JG, van Meurs M, Kamps J. Renal microvas-
cular endothelial cell responses in sepsis-induced acute kidney
injury. Nat Rev Nephrol. 2022;18(2):95–112.

61 Anders HJ. Of inflammasomes and alarmins: IL-1β and IL-1α in
kidney disease. J Am Soc Nephrol. 2016;27(9):2564–2575.

62 Valentijn FA, Knoppert SN, Marquez-Exposito L, et al. Cellular
communication network 2 (connective tissue growth factor) ag-
gravates acute DNA damage and subsequent DNA damage
response-senescence-fibrosis following kidney ischemia reperfu-
sion injury. Kidney Int. 2022;102(6):1305–1319.

63 Chi HH, Hua KF, Lin YC, et al. IL-36 signaling facilitates acti-
vation of the NLRP3 inflammasome and IL-23/IL-17 Axis in
renal inflammation and fibrosis. J Am Soc Nephrol. 2017;28
(7):2022–2037.

64 Tesch GH. MCP-1/CCL2: a new diagnostic marker and therapeutic
target for progressive renal injury in diabetic nephropathy. Am J
Physiol Renal Physiol. 2008;294(4):F697–F701.

65 Li H, Nord EP. IL-8 amplifies CD40/CD154-mediated ICAM-1
production via the CXCR-1 receptor and p38-MAPK pathway in
human renal proximal tubule cells. Am J Physiol Renal Physiol.
2009;296(2):F438–F445.

66 Zuk A, Gershenovich M, Ivanova Y, MacFarland RT, Fricker SP,
Ledbetter S. CXCR₄antagonism as a therapeutic approach to pre-
vent acute kidney injury. Am J Physiol Renal Physiol. 2014;307
(7):F783–F797.

67 Lv LL, Feng Y, Wen Y, et al. Exosomal CCL2 from tubular epithelial
cells is critical for albumin-induced tubulointerstitial inflammation.
J Am Soc Nephrol. 2018;29(3):919–935.

68 Lv LL, Feng Y, Wu M, et al. Exosomal miRNA-19b-3p of tubular
epithelial cells promotes M1 macrophage activation in kidney
injury. Cell Death Differ. 2020;27(1):210–226.

69 Li ZL, Lv LL, Tang TT, et al. HIF-1α inducing exosomal microRNA-
23a expression mediates the cross-talk between tubular epithelial
cells and macrophages in tubulointerstitial inflammation. Kidney
Int. 2019;95(2):388–404.

70 Zhu J, Zhang Y, Shi L, et al. RP105 protects against ischemic
and septic acute kidney injury via suppressing TLR4/NF-
κB signaling pathways. Int Immunopharmacol. 2022;109:
108904.
www.thelancet.com Vol 107 September, 2024
71 Allam R, Scherbaum CR, Darisipudi MN, et al. Histones from
dying renal cells aggravate kidney injury via TLR2 and TLR4. J Am
Soc Nephrol. 2012;23(8):1375–1388.

72 Dear JW, Yasuda H, Hu X, et al. Sepsis-induced organ failure is
mediated by different pathways in the kidney and liver: acute renal
failure is dependent on MyD88 but not renal cell apoptosis. Kidney
Int. 2006;69(5):832–836.

73 Anderberg SB, Luther T, Frithiof R. Physiological aspects of Toll-
like receptor 4 activation in sepsis-induced acute kidney injury.
Acta Physiol (Oxf). 2017;219(3):573–588.

74 Koesters R, Kaissling B, Lehir M, et al. Tubular overexpression of
transforming growth factor-beta1 induces autophagy and fibrosis
but not mesenchymal transition of renal epithelial cells. Am J
Pathol. 2010;177(2):632–643.

75 Lan R, Geng H, Polichnowski AJ, et al. PTEN loss defines a TGF-
β-induced tubule phenotype of failed differentiation and JNK
signaling during renal fibrosis. Am J Physiol Renal Physiol.
2012;302(9):F1210–F1223.

76 Lamouille S, Xu J, Derynck R. Molecular mechanisms of epithelial-
mesenchymal transition. Nat Rev Mol Cell Biol. 2014;15(3):178–196.

77 Wu CF, Chiang WC, Lai CF, et al. Transforming growth factor β-1
stimulates profibrotic epithelial signaling to activate pericyte-
myofibroblast transition in obstructive kidney fibrosis. Am J
Pathol. 2013;182(1):118–131.

78 Kimura M, Asano M, Abe K, Miyazaki M, Suzuki T, Hishida A.
Role of atrophic changes in proximal tubular cells in the peritubular
deposition of type IV collagen in a rat renal ablation model. Nephrol
Dial Transplant. 2005;20(8):1559–1565.

79 Chen YT, Chang FC, Wu CF, et al. Platelet-derived growth factor
receptor signaling activates pericyte-myofibroblast transition in
obstructive and post-ischemic kidney fibrosis. Kidney Int.
2011;80(11):1170–1181.

80 Tan RJ, Zhou D, Liu Y. Signaling crosstalk between tubular
epithelial cells and interstitial fibroblasts after kidney injury. Kidney
Dis (Basel). 2016;2(3):136–144.

81 Zhang Y, Wang Y, Zheng G, et al. Follistatin-like 1 (FSTL1) in-
teracts with Wnt ligands and Frizzled receptors to enhance Wnt/
β-catenin signaling in obstructed kidneys in vivo. J Biol Chem.
2022;298(7):102010.

82 Ming WH, Luan ZL, Yao Y, et al. Pregnane X receptor activation
alleviates renal fibrosis in mice via interacting with p53 and
inhibiting the Wnt7a/β-catenin signaling. Acta Pharmacol Sin.
2023;44(10):2075–2090.

83 Guo X, Zhu Y, Sun Y, Li X. IL-6 accelerates renal fibrosis after acute
kidney injury via DNMT1-dependent FOXO3a methylation and
activation of Wnt/β-catenin pathway. Int Immunopharmacol.
2022;109:108746.

84 Gewin L, Zent R, Pozzi A. Progression of chronic kidney disease: too
much cellular talk causes damage. Kidney Int. 2017;91(3):552–560.

85 Zhou D, Fu H, Liu S, et al. Early activation of fibroblasts is required
for kidney repair and regeneration after injury. FASEB J.
2019;33(11):12576–12587.

86 Zhou D, Li Y, Zhou L, et al. Sonic hedgehog is a novel tubule-
derived growth factor for interstitial fibroblasts after kidney
injury. J Am Soc Nephrol. 2014;25(10):2187–2200.

87 Yang L, Wang B, Guo F, et al. FFAR4 improves the senes-
cence of tubular epithelial cells by AMPK/SirT3 signaling in
acute kidney injury. Signal Transduct Target Ther. 2022;7
(1):384.

88 Moonen L, D’Haese PC, Vervaet BA. Epithelial cell cycle behaviour
in the injured kidney. Int J Mol Sci. 2018;19(7):2038.

89 DiRocco DP, Bisi J, Roberts P, et al. CDK4/6 inhibition induces
epithelial cell cycle arrest and ameliorates acute kidney injury. Am J
Physiol Renal Physiol. 2014;306(4):F379–F388.

90 He L, Wei Q, Liu J, et al. AKI on CKD: heightened injury, sup-
pressed repair, and the underlying mechanisms. Kidney Int.
2017;92(5):1071–1083.

91 Sun M, Li J, Mao L, et al. p53 deacetylation alleviates sepsis-induced
acute kidney injury by promoting autophagy. Front Immunol.
2021;12:685523.

92 Cao J-Y, Wang B, Tang T-T, et al. Exosomal miR-125b-5p deriving
from mesenchymal stem cells promotes tubular repair by sup-
pression of p53 in ischemic acute kidney injury. Theranostics.
2021;11(11):5248–5266.

93 Wang D, Yin L, Chen R, et al. Senescent renal tubular epithelial
cells activate fibroblasts by secreting Shh to promote the progres-
sion of diabetic kidney disease. Front Med (Lausanne). 2022;9:
1018298.
15

http://refhub.elsevier.com/S2352-3964(24)00330-X/sref48
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref48
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref48
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref48
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref49
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref49
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref49
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref50
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref50
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref50
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref51
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref51
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref52
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref52
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref52
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref52
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref53
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref53
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref53
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref54
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref54
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref54
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref55
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref55
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref55
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref55
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref56
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref56
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref56
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref57
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref57
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref57
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref57
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref58
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref58
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref58
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref59
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref59
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref59
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref60
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref60
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref60
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref61
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref61
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref61
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref61
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref62
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref62
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref62
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref62
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref62
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref63
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref63
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref63
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref63
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref64
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref64
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref64
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref65
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref65
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref65
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref65
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref66
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref66
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref66
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref66
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref67
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref67
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref67
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref68
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref68
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref68
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref69
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref69
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref69
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref69
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref69
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref70
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref70
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref70
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref70
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref71
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref71
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref71
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref72
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref72
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref72
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref72
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref73
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref73
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref73
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref74
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref74
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref74
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref74
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref75
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref75
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref75
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref75
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref76
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref76
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref77
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref77
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref77
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref77
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref77
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref78
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref78
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref78
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref78
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref79
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref79
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref79
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref79
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref80
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref80
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref80
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref81
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref81
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref81
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref81
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref82
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref82
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref82
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref82
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref82
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref83
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref83
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref83
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref83
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref83
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref84
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref84
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref85
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref85
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref85
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref86
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref86
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref86
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref87
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref87
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref87
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref87
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref88
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref88
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref89
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref89
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref89
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref90
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref90
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref90
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref91
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref91
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref91
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref92
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref92
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref92
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref92
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref93
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref93
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref93
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref93
http://www.thelancet.com


Review

16
94 Sanagawa A, Hotta Y, Sezaki R, et al. Effect of replicative senes-
cence on the expression and function of transporters in human
proximal renal tubular epithelial cells. Biol Pharm Bull.
2022;45(11):1636–1643.

95 Johnson AC, Zager RA. Plasma and urinary p21: potential bio-
markers of AKI and renal aging. Am J Physiol Renal Physiol.
2018;315(5):F1329–F1335.

96 Pabla N, Gibson AA, Buege M, et al. Mitigation of acute kidney
injury by cell-cycle inhibitors that suppress both CDK4/6 and
OCT2 functions. Proc Natl Acad Sci U S A. 2015;112(16):
5231–5236.

97 Zhao ZB, Marschner JA, Iwakura T, et al. Tubular epithelial cell
HMGB1 promotes AKI-CKD transition by sensitizing cycling
tubular cells to oxidative stress: a rationale for targeting HMGB1
during AKI recovery. J Am Soc Nephrol. 2023;34(3):394–411.

98 Liu L, Bai F, Song H, et al. Upregulation of TIPE1 in tubular
epithelial cell aggravates diabetic nephropathy by disrupting PHB2
mediated mitophagy. Redox Biol. 2022;50:102260.

99 Yuan L, Yang J, Liu F, et al. Macrophage-derived exosomal miR-
195a-5p impairs tubular epithelial cells mitochondria in acute
kidney injury mice. FASEB J. 2023;37(1):e22691.

100 Lin Q, Li S, Jin H, et al. Mitophagy alleviates cisplatin-induced renal
tubular epithelial cell ferroptosis through ROS/HO-1/GPX4 axis.
Int J Biol Sci. 2023;19(4):1192–1210.

101 Xie Y, E J, Cai H, et al. Reticulon-1A mediates diabetic kidney
disease progression through endoplasmic reticulum-mitochondrial
contacts in tubular epithelial cells. Kidney Int. 2022;102(2):293–306.

102 Bai M, Wu M, Jiang M, et al. LONP1 targets HMGCS2 to protect
mitochondrial function and attenuate chronic kidney disease.
EMBO Mol Med. 2023;15(2):e16581.

103 Xiao L, Xu X, Zhang F, et al. The mitochondria-targeted anti-
oxidant MitoQ ameliorated tubular injury mediated by
mitophagy in diabetic kidney disease via Nrf2/PINK1. Redox
Biol. 2017;11:297–311.

104 Liu L, Ning X, Wei L, et al. Twist1 downregulation of PGC-1α de-
creases fatty acid oxidation in tubular epithelial cells, leading to
kidney fibrosis. Theranostics. 2022;12(8):3758–3775.

105 Li J, Shi X, Chen Z, et al. Aldehyde dehydrogenase 2 alleviates
mitochondrial dysfunction by promoting PGC-1α-mediated
biogenesis in acute kidney injury. Cell Death Dis. 2023;14(1):45.

106 Konari N, Nagaishi K, Kikuchi S, Fujimiya M. Mitochondria
transfer from mesenchymal stem cells structurally and functionally
repairs renal proximal tubular epithelial cells in diabetic nephrop-
athy in vivo. Sci Rep. 2019;9(1):5184.

107 Liu X, Wu J, Wang J, et al. Mitochondrial dysfunction is involved in
aristolochic acid I-induced apoptosis in renal proximal tubular
epithelial cells. Hum Exp Toxicol. 2020;39(5):673–682.

108 Gong S, Zhang A, Yao M, et al. REST contributes to AKI-to-CKD
transition through inducing ferroptosis in renal tubular epithelial
cells. JCI insight. 2023;8(11):e166001.

109 Bhargava P, Schnellmann RG. Mitochondrial energetics in the
kidney. Nat Rev Nephrol. 2017;13(10):629–646.

110 Li C, Wang W, Xie S-S, et al. The programmed cell death of mac-
rophages, endothelial cells, and tubular epithelial cells in sepsis-
AKI. Front Med (Lausanne). 2021;8:796724.

111 Jian Y, Yang Y, Cheng L, et al. Sirt3 mitigates LPS-induced mito-
chondrial damage in renal tubular epithelial cells by deacetylating
YME1L1. Cell Prolif. 2023;56(2):e13362.

112 Zhu Z, Hu J, Chen Z, et al. Transition of acute kidney injury to
chronic kidney disease: role of metabolic reprogramming. Meta-
bolism. 2022;131:155194.

113 Xu S, Jia P, Fang Y, et al. Nuclear farnesoid X receptor attenuates
acute kidney injury through fatty acid oxidation. Kidney Int.
2022;101(5):987–1002.

114 Li Z, Lu S, Li X. The role of metabolic reprogramming in tubular
epithelial cells during the progression of acute kidney injury. Cell
Mol Life Sci. 2021;78(15):5731–5741.

115 Zhao L, Hao Y, Tang S, Han X, Li R, Zhou X. Energy metabolic
reprogramming regulates programmed cell death of renal tubular
epithelial cells and might serve as a new therapeutic target for acute
kidney injury. Front Cell Dev Biol. 2023;11:1276217.

116 Bataille A, Galichon P, Chelghoum N, et al. Increased fatty acid
oxidation in differentiated proximal tubular cells surviving a
reversible episode of acute kidney injury. Cell Physiol Biochem.
2018;47(4):1338–1351.

117 Ham A, Kim M, Kim JY, et al. Selective deletion of the endothelial
sphingosine-1-phosphate 1 receptor exacerbates kidney ischemia-
reperfusion injury. Kidney Int. 2014;85(4):807–823.
118 Lorenzen JM, Kaucsar T, Schauerte C, et al. MicroRNA-24 antag-
onism prevents renal ischemia reperfusion injury. J Am Soc
Nephrol. 2014;25(12):2717–2729.

119 Kim JY, Kim M, Ham A, et al. IL-11 is required for A1 adenosine
receptor-mediated protection against ischemic AKI. J Am Soc
Nephrol. 2013;24(10):1558–1570.

120 Harley G, Katerelos M, Gleich K, et al. Blocking AMPK signalling to
acetyl-CoA carboxylase increases cisplatin-induced acute kidney
injury and suppresses the benefit of metformin. Biomed Pharmac-
other. 2022;153:113377.

121 Gómez H. Reprogramming metabolism to enhance kidney
tolerance during sepsis: the role of fatty acid oxidation, aerobic
glycolysis, and epithelial De-Differentiation. Nephron. 2023;147
(1):31–34.

122 Yang X, Kang A, Lu Y, et al. Exploratory metabolomic analysis based
on UHPLC-Q-TOF-MS/MS to study hypoxia-reoxygenation energy
metabolic alterations in HK-2 cells. Ren Fail. 2023;45(1):2186715.

123 Chen C, Wang D, Yu Y, et al. Legumain promotes tubular ferrop-
tosis by facilitating chaperone-mediated autophagy of GPX4 in AKI.
Cell Death Dis. 2021;12(1):65.

124 Zuk A, Bonventre JV. Acute kidney injury. Annu Rev Med.
2016;67:293–307.

125 Liu C, Wang X, Wang X, et al. A new LKB1 activator, piericidin
analogue S14, retards renal fibrosis through promoting autophagy
and mitochondrial homeostasis in renal tubular epithelial cells.
Theranostics. 2022;12(16):7158–7179.

126 Li B, Qiu B, Lee DSM, et al. Fructose-1,6-bisphosphatase opposes
renal carcinoma progression. Nature. 2014;513(7517):251–255.

127 Li ZL, Ding L, Ma RX, et al. Activation of HIF-1α C-terminal
transactivation domain protects against hypoxia-induced kidney
injury through hexokinase 2-mediated mitophagy. Cell Death Dis.
2023;14(5):339.

128 Chen J, Tang T-T, Cao J-Y, et al. KIM-1 augments hypoxia-induced
tubulointerstitial inflammation through uptake of small extracel-
lular vesicles by tubular epithelial cells. Mol Ther. 2023;31(5):1437–
1450.

129 Li X, Yang Y, Zhang B, et al. Lactate metabolism in human health
and disease. Signal Transduct Target Ther. 2022;7(1):305.

130 Wang G, Heijs B, Kostidis S, et al. Analyzing cell-type-specific dy-
namics of metabolism in kidney repair. Nat Metab. 2022;4(9):1109–
1118.

131 An S, Yao Y, Hu H, et al. PDHA1 hyperacetylation-mediated lactate
overproduction promotes sepsis-induced acute kidney injury via
Fis1 lactylation. Cell Death Dis. 2023;14(7):457.

132 Khatib-Massalha E, Bhattacharya S, Massalha H, et al. Lactate
released by inflammatory bone marrow neutrophils induces their
mobilization via endothelial GPR81 signaling. Nat Commun.
2020;11(1):3547.

133 Ma H, Guo X, Cui S, et al. Dephosphorylation of AMP-activated
protein kinase exacerbates ischemia/reperfusion-induced acute
kidney injury via mitochondrial dysfunction. Kidney Int.
2022;101(2):315–330.

134 Lu Q, Yang L, Xiao J-J, et al. Empagliflozin attenuates the renal
tubular ferroptosis in diabetic kidney disease through AMPK/NRF2
pathway. Free Radic Biol Med. 2023;195:89–102.

135 Hou Y, Wang Q, Han B, Chen Y, Qiao X, Wang L. CD36 promotes
NLRP3 inflammasome activation via the mtROS pathway in renal
tubular epithelial cells of diabetic kidneys. Cell Death Dis.
2021;12(6):523.

136 Ranftler C, Meisslitzer-Ruppitsch C, Stangl H, et al. 2-Deoxy-D-
glucose treatment changes the Golgi apparatus architecture without
blocking synthesis of complex lipids. Histochem Cell Biol.
2015;143(4):369–380.

137 Cao H, Luo J, Zhang Y, et al. Tuberous sclerosis 1 (Tsc1) mediated
mTORC1 activation promotes glycolysis in tubular epithelial cells
in kidney fibrosis. Kidney Int. 2020;98(3):686–698.

138 Hu Q, Lyon CJ, Fletcher JK, Tang W, Wan M, Hu TY. Extracellular
vesicle activities regulating macrophage- and tissue-mediated injury
and repair responses. Acta Pharm Sin B. 2021;11(6):1493–1512.

139 Zhang Y, Zhang J, Feng D, et al. IRF1/ZNF350/GPX4-mediated
ferroptosis of renal tubular epithelial cells promote chronic renal
allograft interstitial fibrosis. Free Radic Biol Med. 2022;193(Pt
2):579–594.

140 Tossetta G, Fantone S, Lorenzi T, et al. Scattered tubular cells
markers in macula densa of normal human adult kidney. Int J Mol
Sci. 2022;23(18):10504.

141 Li X, Peng X, Zhou X, et al. Small extracellular vesicles delivering
lncRNA WAC-AS1 aggravate renal allograft ischemia‒reperfusion
www.thelancet.com Vol 107 September, 2024

http://refhub.elsevier.com/S2352-3964(24)00330-X/sref94
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref94
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref94
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref94
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref95
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref95
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref95
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref96
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref96
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref96
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref96
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref97
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref97
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref97
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref97
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref98
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref98
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref98
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref99
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref99
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref99
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref100
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref100
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref100
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref101
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref101
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref101
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref102
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref102
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref102
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref103
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref103
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref103
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref103
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref104
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref104
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref104
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref104
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref105
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref105
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref105
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref105
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref106
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref106
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref106
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref106
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref107
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref107
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref107
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref108
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref108
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref108
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref109
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref109
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref110
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref110
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref110
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref111
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref111
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref111
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref112
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref112
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref112
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref113
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref113
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref113
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref114
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref114
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref114
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref115
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref115
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref115
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref115
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref116
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref116
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref116
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref116
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref117
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref117
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref117
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref118
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref118
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref118
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref119
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref119
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref119
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref120
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref120
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref120
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref120
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref121
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref121
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref121
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref121
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref122
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref122
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref122
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref123
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref123
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref123
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref124
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref124
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref125
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref125
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref125
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref125
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref126
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref126
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref127
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref127
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref127
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref127
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref127
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref128
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref128
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref128
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref128
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref129
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref129
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref130
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref130
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref130
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref131
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref131
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref131
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref132
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref132
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref132
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref132
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref133
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref133
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref133
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref133
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref134
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref134
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref134
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref135
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref135
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref135
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref135
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref136
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref136
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref136
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref136
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref137
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref137
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref137
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref138
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref138
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref138
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref139
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref139
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref139
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref139
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref140
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref140
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref140
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref141
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref141
http://www.thelancet.com


Review
injury by inducing ferroptosis propagation. Cell Death Differ.
2023;30(9):2167–2186.

142 Breton S, Nair AV, Battistone MA. Epithelial dynamics in the
epididymis: role in the maturation, protection, and storage of
spermatozoa. Andrology. 2019;7(5):631–643.

143 Wang Y-L, Lee Y-H, Hsu Y-H, et al. The kidney-related effects of
polystyrene microplastics on human kidney proximal tubular
epithelial cells HK-2 and male C57BL/6 mice. Environ Health Per-
spect. 2021;129(5):57003.

144 Su C-T, See DHW, Huang Y-J, et al. LTBP4 protects against renal
fibrosis via mitochondrial and vascular impacts. Circ Res.
2023;133(1):71–85.

145 Bai Y, Lu H, Lin C, et al. Sonic hedgehog-mediated epithelial-
mesenchymal transition in renal tubulointerstitial fibrosis. Int J
Mol Med. 2016;37(5):1317–1327.

146 Tang L, Li H, Gou R, et al. Endothelin-1 mediated high glucose-
induced epithelial-mesenchymal transition in renal tubular cells.
Diabetes Res Clin Pract. 2014;104(1):176–182.

147 Franzin R, Stasi A, Sallustio F, et al. Extracellular vesicles derived
from patients with antibody-mediated rejection induce tubular
senescence and endothelial to mesenchymal transition in renal
cells. Am J Transplant. 2022;22(9):2139–2157.

148 Lovisa S, Fletcher-Sananikone E, Sugimoto H, et al. Endothelial-to-
mesenchymal transition compromises vascular integrity to induce
Myc-mediated metabolic reprogramming in kidney fibrosis. Sci
Signal. 2020;13(635):eaaz2597.

149 Bai J, Xiao X, Zhang X, et al. Erythropoietin inhibits hypoxia-
induced epithelial-to-mesenchymal transition via upregulation of
miR-200b in HK-2 cells. Cell Physiol Biochem. 2017;42(1):269–280.

150 Sallustio F, Stasi A, Curci C, et al. Renal progenitor cells revert LPS-
induced endothelial-to-mesenchymal transition by secreting
CXCL6, SAA4, and BPIFA2 antiseptic peptides. FASEB J.
2019;33(10):10753–10766.

151 Schiessl IM, Grill A, Fremter K, Steppan D, Hellmuth M-K,
Castrop H. Renal interstitial platelet-derived growth factor receptor-
β cells support proximal tubular regeneration. J Am Soc Nephrol.
2018;29(5):1383–1396.

152 Widjaja AA, Viswanathan S, Shekeran SG, et al. Targeting endog-
enous kidney regeneration using anti-IL11 therapy in acute and
chronic models of kidney disease. Nat Commun. 2022;13(1):7497.

153 Widjaja AA, Shekeran SG, Adami E, et al. A neutralizing IL-11
antibody improves renal function and increases Lifespan in a
mouse model of alport syndrome. J Am Soc Nephrol.
2022;33(4):718–730.

154 Li Y, Luo C, Zeng Y, et al. Renal fibrosis is alleviated through tar-
geted inhibition of IL-11-induced renal tubular epithelial-to-
mesenchymal transition. Am J Pathol. 2023;193(12):1936–1952.

155 Zhang J-Q, Li Y-Y, Zhang X-Y, et al. Cellular senescence of renal
tubular epithelial cells in renal fibrosis. Front Endocrinol (Lau-
sanne). 2023;14:1085605.

156 Zhao Z, Wu J, Xu H, et al. XJB-5-131 inhibited ferroptosis in
tubular epithelial cells after ischemia-reperfusion injury. Cell Death
Dis. 2020;11(8):629.

157 Jiang S, Su H. Cellular crosstalk of mesangial cells and tubular
epithelial cells in diabetic kidney disease. Cell Commun Signal.
2023;21(1):288.

158 Jiang W-J, Xu C-T, Du C-L, et al. Tubular epithelial cell-to-
macrophage communication forms a negative feedback loop via
extracellular vesicle transfer to promote renal inflammation and
apoptosis in diabetic nephropathy. Theranostics. 2022;12(1):324–339.

159 Galluzzi L, Vitale I, Aaronson SA, et al. Molecular mechanisms of
cell death: recommendations of the nomenclature committee on
cell death 2018. Cell Death Differ. 2018;25(3):486–541.

160 Dessing MC, Tammaro A, Pulskens WP, et al. The calcium-binding
protein complex S100A8/A9 has a crucial role in controlling
macrophage-mediated renal repair following ischemia/reperfusion.
Kidney Int. 2015;87(1):85–94.

161 Singbartl K, Formeck CL, Kellum JA. Kidney-immune system
crosstalk in AKI. Semin Nephrol. 2019;39(1):96–106.

162 Leemans JC, Kors L, Anders HJ, Florquin S. Pattern recognition
receptors and the inflammasome in kidney disease. Nat Rev
Nephrol. 2014;10(7):398–414.

163 Liu BC, Tang TT, Lv LL, Lan HY. Renal tubule injury: a driving
force toward chronic kidney disease. Kidney Int. 2018;93(3):
568–579.

164 Lake BB, Menon R, Winfree S, et al. An atlas of healthy and injured
cell states and niches in the human kidney. Nature. 2023;619
(7970):585–594.
www.thelancet.com Vol 107 September, 2024
165 Zhang MZ, Wang X, Wang Y, et al. IL-4/IL-13-mediated polariza-
tion of renal macrophages/dendritic cells to an M2a phenotype is
essential for recovery from acute kidney injury. Kidney Int.
2017;91(2):375–386.

166 Vinuesa E, Hotter G, Jung M, Herrero-Fresneda I, Torras J, Sola A.
Macrophage involvement in the kidney repair phase after
ischaemia/reperfusion injury. J Pathol. 2008;214(1):104–113.

167 Lee S, Huen S, Nishio H, et al. Distinct macrophage phenotypes
contribute to kidney injury and repair. J Am Soc Nephrol.
2011;22(2):317–326.

168 Anders HJ, Ryu M. Renal microenvironments and macrophage
phenotypes determine progression or resolution of renal
inflammation and fibrosis. Kidney Int. 2011;80(9):915–925.

169 Wen Y, Yan HR, Wang B, Liu BC. Macrophage heterogeneity in
kidney injury and fibrosis. Front Immunol. 2021;12:681748.

170 Buse M, Moeller MJ, Stamellou E. What we have learned so far
from single cell sequencing in acute kidney injury. Front Physiol.
2022;13:933677.

171 Kumar S, Liu J, Pang P, et al. Sox9 activation highlights a cellular
pathway of renal repair in the acutely injured mammalian kidney.
Cell Rep. 2015;12(8):1325–1338.

172 Kang HM, Huang S, Reidy K, Han SH, Chinga F, Susztak K. Sox9-
Positive progenitor cells play a key role in renal tubule epithelial
regeneration in mice. Cell Rep. 2016;14(4):861–871.

173 Kirita Y, Wu H, Uchimura K, Wilson PC, Humphreys BD. Cell
profiling of mouse acute kidney injury reveals conserved cellular
responses to injury. Proc Natl Acad Sci U S A. 2020;117(27):15874–
15883.

174 Rudman-Melnick V, Adam M, Potter A, et al. Single-cell profiling of
AKI in a murine model reveals novel transcriptional signatures,
profibrotic phenotype, and epithelial-to-stromal crosstalk. J Am Soc
Nephrol. 2020;31(12):2793–2814.

175 He Q, Mok TN, Yun L, He C, Li J, Pan J. Single-cell RNA
sequencing analysis of human kidney reveals the presence of ACE2
receptor: a potential pathway of COVID-19 infection. Mol Genet
Genomic Med. 2020;8(10):e1442.

176 Melo Ferreira R, Sabo AR, Winfree S, et al. Integration of
spatial and single-cell transcriptomics localizes epithelial cell-
immune cross-talk in kidney injury. JCI Insight. 2021;6(12):
e147703.

177 Gerhardt LMS, Liu J, Koppitch K, Cippà PE, McMahon AP. Single-
nuclear transcriptomics reveals diversity of proximal tubule cell
states in a dynamic response to acute kidney injury. Proc Natl Acad
Sci U S A. 2021;118(27):e2026684118.

178 Dixon EE, Wu H, Muto Y, Wilson PC, Humphreys BD.
Spatially resolved transcriptomic analysis of acute kidney
injury in a female murine model. J Am Soc Nephrol. 2022;33
(2):279–289.

179 Cheung MD, Erman EN, Liu S, et al. Single-cell RNA sequencing of
urinary cells reveals distinct cellular diversity in COVID-19-
associated AKI. Kidney360. 2022;3(1):28–36.

180 Hinze C, Kocks C, Leiz J, et al. Single-cell transcriptomics reveals
common epithelial response patterns in human acute kidney
injury. Genome Med. 2022;14(1):103.

181 Klocke J, Kim SJ, Skopnik CM, et al. Urinary single-cell sequencing
captures kidney injury and repair processes in human acute kidney
injury. Kidney Int. 2022;102(6):1359–1370.

182 Gerhardt LMS, Koppitch K, van Gestel J, et al. Lineage tracing and
single-nucleus multiomics reveal novel features of adaptive and
maladaptive repair after acute kidney injury. J Am Soc Nephrol.
2023;34(4):554–571.

183 Chen Z, Li Y, Yuan Y, et al. Single-cell sequencing reveals ho-
mogeneity and heterogeneity of the cytopathological mecha-
nisms in different etiology-induced AKI. Cell Death Dis.
2023;14(5):318.

184 Wang W, Zhang M, Ren X, et al. Single-cell dissection of cellular
and molecular features underlying mesenchymal stem cell ther-
apy in ischemic acute kidney injury. Mol Ther. 2023;31(10):
3067–3083.

185 Ghag R, Kaushal M, Nwanne G, et al. Single nucleus RNA
sequencing of remnant kidney biopsies and urine cell RNA
sequencing reveal cell specific markers of Covid-19 acute kidney
injury. bioRxiv [Preprint]. 2023:2023.11.10.566497.

186 Hong X, Nie H, Deng J, et al. WT1(+) glomerular parietal epithelial
progenitors promote renal proximal tubule regeneration after se-
vere acute kidney injury. Theranostics. 2023;13(4):1311–1324.

187 Yan R, Cui W, Ma W, Li J, Liu Z, Lin Y. Typhaneoside-tetrahedral
framework nucleic acids system: mitochondrial recovery and
17

http://refhub.elsevier.com/S2352-3964(24)00330-X/sref141
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref141
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref142
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref142
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref142
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref143
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref143
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref143
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref143
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref144
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref144
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref144
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref145
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref145
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref145
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref146
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref146
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref146
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref147
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref147
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref147
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref147
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref148
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref148
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref148
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref148
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref149
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref149
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref149
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref150
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref150
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref150
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref150
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref151
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref151
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref151
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref151
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref152
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref152
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref152
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref153
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref153
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref153
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref153
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref154
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref154
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref154
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref155
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref155
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref155
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref156
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref156
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref156
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref157
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref157
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref157
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref158
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref158
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref158
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref158
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref159
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref159
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref159
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref160
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref160
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref160
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref160
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref161
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref161
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref162
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref162
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref162
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref163
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref163
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref163
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref164
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref164
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref164
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref165
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref165
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref165
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref165
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref166
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref166
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref166
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref167
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref167
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref167
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref168
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref168
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref168
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref169
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref169
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref170
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref170
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref170
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref171
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref171
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref171
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref172
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref172
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref172
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref173
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref173
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref173
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref173
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref174
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref174
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref174
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref174
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref175
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref175
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref175
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref175
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref176
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref176
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref176
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref176
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref177
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref177
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref177
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref177
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref178
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref178
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref178
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref178
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref179
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref179
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref179
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref180
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref180
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref180
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref181
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref181
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref181
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref182
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref182
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref182
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref182
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref183
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref183
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref183
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref183
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref184
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref184
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref184
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref184
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref185
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref185
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref185
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref185
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref186
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref186
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref186
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref187
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref187
http://www.thelancet.com


Review

18
antioxidation for acute kidney injury treatment. ACS Nano.
2023;17(9):8767–8781.

188 Duan R, Li Y, Zhang R, et al. Reversing acute kidney injury
through coordinated interplay of anti-inflammation and iron
supplementation. Adv Mater. 2023;35(28):e2301283.

189 Zhu M, He J, Xu Y, et al. AMPK activation coupling SENP1-Sirt3 axis
protects against acute kidney injury. Mol Ther. 2023;31(10):3052–3066.

190 Qiu CW, Chen B, Zhu HF, Liang YL, Mao LS. Gastrodin alleviates
cisplatin nephrotoxicity by inhibiting ferroptosis via the SIRT1/
FOXO3A/GPX4 signaling pathway. J Ethnopharmacol. 2024;319(Pt
3):117282.
191 Zhang K, Li R, Chen X, et al. Renal endothelial cell-targeted
extracellular vesicles protect the kidney from ischemic injury. Adv
Sci (Weinh). 2023;10(3):e2204626.

192 Liu W, Hu C, Zhang B, Li M, Deng F, Zhao S. Exosomal
microRNA-342-5p secreted from adipose-derived mesenchymal
stem cells mitigates acute kidney injury in sepsis mice by inhibiting
TLR9. Biol Proced Online. 2023;25(1):10.

193 Huang TY, Chien MS, Su WT. Therapeutic potential of pretreat-
ment with exosomes derived from stem cells from the apical papilla
against cisplatin-induced acute kidney injury. Int J Mol Sci.
2022;23(10):5721.
www.thelancet.com Vol 107 September, 2024

http://refhub.elsevier.com/S2352-3964(24)00330-X/sref187
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref187
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref188
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref188
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref188
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref189
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref189
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref190
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref190
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref190
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref190
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref191
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref191
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref191
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref192
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref192
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref192
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref192
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref193
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref193
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref193
http://refhub.elsevier.com/S2352-3964(24)00330-X/sref193
http://www.thelancet.com

	Renal tubular epithelial cells response to injury in acute kidney injury
	Introduction
	TECs death in AKI
	Apoptosis
	Ferroptosis
	Necroptosis
	Pyroptosis

	TECs regeneration in AKI
	Resident intra-tubular progenitor/stem cell population
	Scattered tubular cell (STC) phenotype

	Maladaptive repair in TECs after AKI
	Pro-inflammatory phenotype of TECs
	Pro-fibrotic phenotype of TECs
	Cell cycle arrest
	Mitochondrial dysfunction in TECs
	Metabolic reprogramming of TECs in AKI
	Lipid metabolism reprogramming in TECs
	Glycolytic shift in TECs

	TECs crosstalk in AKI
	Crosstalk between TECs and adjacent epithelial cells in AKI
	Crosstalk between TECs and endothelial cells in AKI
	Crosstalk between TECs and interstitial fibroblasts in AKI
	Crosstalk between TECs and immune cells in AKI

	TECs responses to injury: interrogation by single-cell transcriptomics
	Promising therapeutic strategies for AKI
	Outstanding questions
	ContributorsZ.L.L., X.Y.L., L.L.L, and B.C.L. wrote the manuscript, prepared the figures, and supervised the whole project; ...
	Declaration of interests
	Acknowledgements
	References


