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Acute kidney injury (AKI) is characterized by necrotic tubular cell
death and inflammation. The TWEAK/Fn14 axis is a mediator of renal
injury. Diverse pathways of regulated necrosis have recently been
reported to contribute to AKI, but there are ongoing discussions on
the timing or molecular regulators involved. We have now explored
the cell death pathways induced by TWEAK/Fn14 activation and their
relevance during AKI. In cultured tubular cells, the inflammatory
cytokine TWEAK induces apoptosis in a proinflammatory environ-
ment. The default inhibitor of necroptosis [necrostatin-1 (Nec-1)] was
protective, while caspase inhibition switched cell death to necroptosis.
Additionally, folic acid-induced AKI in mice resulted in increased
expression of Fn14 and necroptosis mediators, such as receptor-
interacting protein kinase 1 (RIPK1), RIPK3, andmixed lineage domain-
like protein (MLKL). Targeting necroptosis with Nec-1 or by genetic
RIPK3 deficiency and genetic Fn14 ablation failed to be protective at
early time points (48 h). However, a persistently high cell death rate
and kidney dysfunction (72–96 h) were dependent on an intact
TWEAK/Fn14 axis driving necroptosis. This was prevented by Nec-1,
or MLKL, or RIPK3 deficiency and by Nec-1 stable (Nec-1s) adminis-
tered before or after induction of AKI. These data suggest that initial
kidney damage and cell death are amplified through recruitment of
inflammation-dependent necroptosis, opening a therapeutic window
to treat AKI once it is established. This may be relevant for clinical AKI,
since using current diagnostic criteria, severe injury had already led to
loss of renal function at diagnosis.
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Acute kidney injury (AKI) results in an acute and usually tran-
sient decrease in renal function. AKI is associated with long-

term mortality and a higher risk of chronic kidney disease (CKD)
progressing to end-stage renal disease (ESRD) (1, 2). Furthermore,
no satisfactory treatment attenuates AKI or accelerates recovery.
During AKI, tubular cell death is followed by tubular dediffer-

entiation, proliferation, and regeneration and is accompanied by
inflammation (3). Different pathways of regulated necrosis (e.g.,
necroptosis, ferroptosis) may contribute to tubular cell loss, as
observed in ischemia/reperfusion injury or folic acid-induced (FA)-
AKI (4, 5). Necroptosis is the best characterized form of regulated
necrosis and relies on phosphorylation of receptor-interacting pro-
tein 3 (RIPK3) by RIPK1, and subsequent RIPK3-mediated phos-
phorylation of the pseudokinase mixed lineage kinase domain-like
protein (MLKL) (6–8). Necrostatin-1 (Nec-1) inhibits necroptosis by
maintaining the RIPK1 kinase inactive, thereby indirectly preventing
necrosome formation. There is interventional evidence in vivo that
regulated necrosis may mediate the initial wave of tubular cell death,
dependent on the initial insult (4, 5). Cells dying through necrosis
release intracellular organelles and inflammatory damage-associated
molecular patterns (DAMPs) that potentiate the inflammatory re-
sponse, recruiting inflammatory cells (necroinflammation) (9). Re-
cruitment of inflammatory mediators may lead to a second wave of
cell death, not directly related to the original insult, but to cell death

induced by inflammatory cytokines and infiltrating immune cells. We
recently observed that a single preemptive dose of the ferroptosis
inhibitor ferrostatin-1 prevented tubular cell death and also reduced
the expression of proinflammatory molecules in FA-AKI, thus at-
tenuating renal dysfunction at 48 h (5). By contrast, interference
with necroptosis was not protective at this early time point (5).
However, necroptosis may represent an important pathway in
nephrotoxic AKI induced by cisplatin, since Nec-1 was protective
when assessed at 48 h or 72 h (4, 10, 11). Therefore, multiple cell
death pathways are involved in AKI but the precise molecular
mechanisms and their specific contribution to different AKI stages
require further clarification to optimize the therapeutic approach.
TWEAK is a TNF superfamily cytokine that activates the re-

ceptor Fn14 and promotes kidney injury (12). In both FA-AKI
and ischemia-reperfusion AKI, functional interventional studies
have disclosed a key role of TWEAK (13–15). However, much
remains to be understood of the molecular mechanisms of neph-
roprotection resulting from TWEAK neutralization. In tubular
renal cells, TWEAK, in combination with proinflammatory cyto-
kines TNFα and IFNγ, induces apoptosis but caspase inhibition
did not prevent TWEAK-induced cell death (16).
We have now explored the relative role of necroptosis in a second

wave of injury in toxic FA-AKI as well as the contribution of the
TWEAK to this process. We found that Fn14-deficient mice
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showed improved renal function and reduced cell death when
assessed 72–96 h following induction of AKI, but not at earlier time
points. Moreover, TWEAK/TNF/IFNγ (ΤΤΙ)-induced apoptosis
switched to necroptosis in the presence of caspase inhibition, and
both apoptosis and necroptosis are prevented by Nec-1 in cul-
tured cells. Finally, we observed that necroptosis, likely a con-
sequence of TWEAK/Fn14 activation, triggers a second wave of
injury in AKI that leads to prolonged kidney dysfunction.

Results
Fn14 Targeting Reduces Cell Death in AKI. Recently, ferroptosis was
reported to play a key role in initial insult leading to FA-AKI, as
assessed at 48 h, not only by promoting cell death, but also by up-
regulating inflammatory proteins such as Fn14 (5). Since Fn14
blockade prevents TWEAK-induced cell death in cultured tubular
cells (16), but the impact of genetic Fn14 deficiency over cell
death in AKI had not been previously assessed (12), we used Fn14
knockout mice (Fn14-KO) to test the role of Fn14 in FA-AKI.
Fn14 deficiency resulted in improved renal function at 72 h, as
assessed by plasma blood urea nitrogen (BUN) and creatinine
levels, while it was not protective at 24 h (Fig. 1A and Fig. S1).
Moreover, in Fn14-deficient mice, cell death assessed by TUNEL
was reduced at 72 h, but not at 24 h (Fig. 1B). The reduced cell
death in Fn14-KOmice correlated with reduced tubular injury and
renal cell proliferation (Fig. 1 C and D). This result indicates that
the TWEAK/Fn14 axis may mediate a second wave of cell death
during AKI, likely a consequence of the first wave of cell death
triggering inflammation. This hypothesis is supported by our
previous report on the inhibition of ferroptosis that prevented
both cell death and Fn14 up-regulation (5). We next explored the
molecules involved in cell death induced by Fn14 activation.

RIPK1 Kinase Activity Mediates TWEAK-Induced Apoptosis. First, we
addressed the mechanisms of cell death induced by TWEAK
in cultured tubular cells. Previously it was reported that TWEAK
in combination with the proinflammatory cytokines TNFα and
IFNγ (TTI) promoted apoptosis in cultured tubular cells, but

inhibition of caspases with the general pan-caspase inhibitor
zVAD (TTI/zVAD) switched the cell death type to necroptosis
(16). Indeed, TTI/zVAD induced necroptosis, because it was
prevented by the RIPK1 inhibitor Nec-1 (4) (Fig. 2A). However,
caspase inhibition was achieved by adding a therapeutic agent and
may not be occurring in vivo, so we focused on the molecules in-
volved in tubular cell death induced by the cytokine mixture. Sur-
prisingly, Nec-1 also prevented cell death induced by cytokine
mixture alone. In fact, Nec-1 prevented the presence of hypodiploid
cells and pyknotic nuclei (Fig. 2C and Fig. S2A). However, the
specificity of Nec-1 has been questioned, since it also inhibits other
types of cell death, such as ferroptosis (17). Thus, we tested Nec-
1 stable (Nec-1s), a more specific derivative of Nec-1, to rule out
nonspecific effects of Nec-1. Indeed, Nec-1s also prevented cell
death induced by TTI alone (Fig. 2B). Moreover, in clonogenic
assays, cells treated with TTI alone formed colonies for a long time,
but this was not observed when apoptosis was inhibited by a caspase
inhibitor (TTI/zVAD). Nec-1 also reverted the decreased clono-
genic survival induced by the combination of cytokines and caspase
inhibition (Fig. S2B). These results suggest that the kinase activity of
RIPK1 is necessary to promote TTI-induced cell death, despite its
morphological and functional features consistent with apoptosis.
To clarify whether Nec-1 acts specifically over RIPK1, RIPK1

was targeted with a specific siRNA. RIPK1-deficient cells lost
the protection afforded by Nec-1 against TTI-induced cell death
(Fig. 2D), indicating that in cultured tubular cells, Nec-1 is acting
specifically by inhibiting the kinase activity of RIPK1.

RIPK3 and MLKL in TTI/zVAD-Induced Necroptosis. Since in our ex-
perimental conditions Nec-1 inhibits both apoptosis and nec-
roptosis, we explored whether TTI/zVAD-induced cell death is
mediated by necroptosis. First, we studied MLKL activation by
assessing phospho-MLKL (p-MLKL) by Western blot. p-MLKL
was not observed in TTI-stimulated cells, while following TTI/
zVAD stimulation, p-MLKL was already observed at 3 h and
increased at 24 h (Fig. 3A). Moreover, RIPK3 knockdown by a
specific siRNA prevented MLKL phosphorylation, confirming
that RIPK3 mediates MLKL activation (Fig. 3B and Fig. S3A).
Then, we confirmed the contribution of both RIPK3 and MLKL
to TTI/zVAD-induced cell death by targeting them with specific

Fig. 1. Fn14 deficiency preserves renal function and reduces cell death in
folic acid-induced AKI. AKI was induced by a folic acid overdose in WT and
Fn14-KO mice. Mice were killed at 24 and 72 h. (A) Renal function assessed
by plasma creatinine. (B) Cell death was assessed by TUNEL staining. (C)
Histological injury score. Representative images of PAS staining and quan-
tification according to a tubular damage score. Original magnification, 200×.
(Scale bars: 50 μm.) (D) Immunohistochemistry of PCNA and quantification.
Original magnification, 200×. Data are expressed as mean ± SEM of n =
7 mice per group. **P < 0.01; ***P < 0.001. n.s., nonsignificant.

Fig. 2. Nec-1 and Nec-1s prevent cell death induced by TWEAK/TNFα/IFNγ
(TTI) in cultured tubular cells. Cultured tubular cells were pretreated with
zVAD and/or Nec-1 or Nec-1s for 1 h and subsequently stimulated with TTI
for 24 h. (A) Representative contrast phase microscopy photographs of tubular
cells (original magnification, 200×) are depicted. (Scale bars: 200 μM.) (B) Per-
centage of annexin V positive tubular cells. **P < 0.01 vs. control; #P < 0.05 vs.
vehicle. (C) Percentage of hypodiploid cells. ***P < 0.001 vs. control; ##P < 0.01 vs.
TTI alone. (D) Effect of RIPK1 targeting over protection provided by Nec-1. Per-
centage of annexin V positive cells at 24 h. *P < 0.05; #P < 0.05 vs. TTI or TTI/zVAD
alone. Data are expressed as mean ± SEM of three independent experiments.
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siRNA. Targeting RIPK3 or MLKL prevented cell detachment,
reduced the percentage of annexin V positive cells, and prevented
the loss of mitochondrial membrane potential (MMP) induced by
TTI/zVAD, while there was no protection from TTI (Fig. 3C and
Fig. S3 B and C). Furthermore, a chemical inhibitor of RIPK3,
GSK872, prevented cell death induced by TTI/zVAD, but did not
protect from TTI alone (Fig. 3D and Fig. S3D).
Finally, we explored the role of RIPK1 on MLKL phosphor-

ylation. Nec-1 completely prevented p-MLKL induced by TTI/
zVAD, indicating activity of the necroptosis-signaling pathway in
the presence of caspase inhibitors (Fig. 4A). However, RIPK1
knockdown did not prevent cell death induced by TTI or TTI/
zVAD (Fig. 4 B and C). In line with this observation, RIPK1
knockdown partially prevented TTI/zVAD-induced p-MLKL,
and promoted p-MLKL in TTI-stimulated cells (Fig. 4D). This
result suggests that RIPK1 may have a dual role; its kinase ac-
tivity is necessary to induce cell death, but a scaffolding function
of RIPK1 is required to prevent cell death. This is consistent with
prior reports in which the kinase activity of RIPK1 promoted cell
death, but the presence of the RIPK1 protein prevented necrosome
formation (18, 19). To test the role of RIPK3 in RIPK1-KO cells,
these cells were pretreated with GSK872, observing that RIPK3
inhibition prevented cell death and p-MLKL in presence of both
TTI and TTI + zVAD, suggesting that RIPK3 can induce cell death
in the absence of RIPK1 (Fig. 4 E and F).
In summary, Nec-1 prevented cell death induced by either TTI

or TTI/zVAD and this protective action required RIPK1. How-
ever, functional evidence of necroptosis was observed only in
death induced by TTI/zVAD, and necroptosis pathway inhibition
only protected from cell death induced by TTI/zVAD, but not
from cell death induced by TTI.

Necrostatin-1 Prevents Caspase Activation and Loss of MMP Induced
by TTI. Therefore, we explored whether Nec-1 protection of TTI-
induced cell death resulted from the prevention of caspase activa-
tion. TTI promoted caspase-8 and caspase-3 cleavage. As expected,
zVAD inhibited caspase-8 and caspase-3 cleavage, but did not ef-
ficiently block the initial step in caspase-8 activation, consistent with
its lack of effect on p43 generation (20, 21) (Fig. 5A). Additionally,
Nec-1 prevented caspase-8 and caspase-3 processing, indicating that
RIPK1 could trigger TTI-induced apoptosis acting upstream of
caspase-8 activation (Fig. 5A). Confocal microscopy of cleaved
caspase-3 and quantification of caspase-3 activity confirmed this
result (Fig. 5B and Fig. S4A). Moreover, Nec-1 also prevented loss

of MMP in the presence of either TTI or TTI/zVAD (Fig. 5C). In
addition, RIPK1-deficient cells lost the protection afforded by
Nec-1 against TTI-induced caspase activation (Fig. 5D), indicating
that in cultured tubular cells, the kinase activity of RIPK1 could
mediate caspase activation. However, down-regulation of whole
RIPK1 protein did not protect from TTI-induced caspase activa-
tion (Fig. 5D), consistent with the dual role of RIPK1 over cell
death activation.

Caspase-8 Inhibition Mediates the Transition from Apoptosis to
Necroptosis in TTI-Stimulated Cells. Since the pan-caspase inhibitor
zVAD switched TTI-induced cell death from apoptosis to nec-
roptosis, we explored the effect of the specific caspase-8 and -3 in-
hibitors IETD-fmk (IETD) and DEVD-fmk (DEVD) (22, 23).
Inhibition of caspase 8 is sufficient to promote necroptosis, since
IETD increased TTI-induced cell death in a dose-dependent
manner (Fig. S4 B and D). In line with this observation, IETD
increased p-MLKL in TTI-stimulated cells (Fig. S4E). How-
ever, the caspase-3 inhibitor DEVD did not increase the rate of
cell death (Fig. S4 C and D) and had a weak effect on MLKL
phosphorylation (Fig. S4E).

Fn14 Deficiency Prevents Features of Apoptosis and Necroptosis.
Next, we addressed whether Fn14 deficiency prevented apoptosis,
necroptosis, or both in vivo. The expression of necroptosis-related
RIPK3, RIPK1, and MLKL proteins was increased in AKI (5) (Fig.
S5). Fn14 deficiency results in decreased levels of these proteins
(Fig. 6 A–C), and in less accumulation of MLKL in the cellular
membrane (Fig. 6D) at 72 h following induction of AKI compared
with WT mice. Cleaved poly(ADP-ribose) polymerase (PARP),
identified by an antibody specific for the 25-kDa fragment, and

Fig. 4. Role of RIPK1 in TTI/zVAD-induced necroptosis in cultured tubular cells.
(A) p-MLKL protein levels in tubular cells exposed to TTI with zVAD and Nec-1 for
6 h. (B) MCT cells were transfected with specific siRNA against RIPK1. After 24 h,
the expression of RIPK1 was checked by Western blot. (C) Percentage of annexin
V positive tubular cells transfected with RIPK1 or control siRNA after 24 h of
treatment. **P < 0.01 vs. control. (D) p-MLKL protein in tubular cells transfected
with a RIPK1 or control siRNA after 6 h of treatment. (E) Pretreatment with a
RIPK3 inhibitor (GSK872) in MCT cells transfected with RIPK1 or control siRNA
and treated with TTI or TTI + zVAD. Cell viability was assessed by MTT. ***P <
0.001; *P < 0.05. (F) p-MLKL is prevented with GSK872 pretreatment in MCT cells
transfected with RIPK1 or control siRNA and treated with TTI or TTI + zVAD.
(A, B, D, and F) Representative Western blots of three independent experiments
are shown. (C and E) Mean ± SEM of three independent experiments.

Fig. 3. RIPK3 and MLKL play a key role in TTI/zVAD-induced cell death but
not in TTI-induced apoptosis in MCT cells. (A) p-MLKL protein levels in cul-
tured mouse tubular cells following exposure to TTI or TTI/zVAD. (B) p-MLKL
protein levels in tubular cells transfected with a RIPK3 siRNA and exposed to
TTI/zVAD for 6 h. (C) Percentage of annexin V positive tubular cells trans-
fected with RIPK3, MLKL, or control (Scramble) siRNA. *P < 0.05 vs. control;
#P < 0.05 vs. TTI/zVAD with siScramble. (D) Cell viability assessed by the MTT
assay in tubular cells treated with the RIPK3 inhibitor GSK872 (1 μM). ***P <
0.001 vs. control; ###P < 0.001 vs. TTI/zVAD alone. (C and D) Data are
expressed as mean ± SEM of three independent experiments.
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cleaved caspase 3, assessed by immunohistochemistry, were also
significantly reduced in Fn14-KO mice (Fig. 6 E and F). These
results suggest that the TWEAK/Fn14 axis may mediate a second
wave of cell death during AKI, and that both features of necroptosis
and apoptosis were prevented by Fn14 deficiency.

Nec-1 Prevented the Second Wave of Cell Death During FA-AKI. Fi-
nally, we tested whether Nec-1 protection of cytokine-stimulated
tubular cells has a therapeutic relevance in vivo. Recently, it was
reported that pretreatment with a single dose of Nec-1 did not
prevent renal injury in FA-AKI at 48 h (5). However, the effect
of longer Nec-1 treatment was not explored. Now we observed
that daily i.p. administration of Nec-1 reduces creatinine and urea
(Fig. 7A and Fig. S6A), and the expression of tubular cell injury
marker NGAL (Fig. S6B) in FA-AKI when assessed at the longer
time period of 96 h. Moreover, Nec-1 also reduced cell death
assessed by TUNEL staining and compensatory proliferation
assessed by proliferating cell nuclear antigen (PCNA) staining
(Fig. 7 B and C). These results suggest that Nec-1 prevented a
second wave of tubular injury during FA-AKI. Then, we explored
the cell death pathway targeted by Nec-1 in vivo. There was a
trend toward lower cleaved PARP levels in the kidney from mice
treated with Nec-1 than in controls (Fig. 7D). To execute nec-
roptosis, MLKL translocates to the plasma membrane. Indeed,
MLKL located to cellular membranes in AKI kidneys, and this
was partially reduced by Nec-1, while cytosolic levels remained
unchanged (Fig. 7 E and F) (24). These results suggest that Nec-
1 may reduce both apoptosis and necroptosis in vivo. In addition,
we compared the effect of RIPK1 inhibition before and after AKI
induction. In this model we used Nec-1s, a more specific inhibitor
of RIP1 kinase than Nec-1, which protected at similar levels,
corroborating the role of RIPK1 in AKI. Moreover, similar pro-
tection was observed with both approaches: Nec-1s administration
before or after AKI induction (Fig. 8 and Fig. S6 C and D). This
result is in line with a role for RIPK1 in the second wave of injury.
In addition, to test the role of necroptosis in the second wave

of injury during FA-AKI in a more specific way, we studied WT,
RIPK3 (RIPK3-KO), and MLKL-deficient mice (MLKL-KO) at
96 h. In accordance with the cell culture observations, RIPK3-KO

and MLKL-KO mice had attenuated renal dysfunction and lower
cell death rates at 96 h after AKI than WT mice (Fig. 9 A–D and
Fig. S7). Caspase activation was assessed as cleaved PARP by
Western blot. As expected, RIPK3 deficiency did not prevent
caspase activation and PARP cleavage (Fig. 9E), suggesting lack of
impact on apoptosis. However, it prevented MLKL translocation
to the membrane of tubular cells (Fig. 9F), suggesting a role of
RIPK3 in necroptosis during the second wave of cell death in AKI.

Discussion
The main finding of this study is that a second wave of injury
during AKI depends on the inflammatory response, requiring the
TWEAK/Fn14 axis and RIPK1 activation. The Fn14/TWEAK axis
or RIPK1 could be therapeutic targets for AKI, once AKI has
been established. Indeed, our vitro studies support these data,
since TWEAK-induced tubular cell death is mediated by both
apoptosis or necroptosis, depending on the microenvironment.
AKI is histologically characterized by tubular cell death and

inflammation, but the exact mechanisms of and molecular con-
tributors to cell death are unclear. Recently, regulated necrosis
pathways such as necroptosis and ferroptosis were proposed to
have a key role in AKI. Intervention studies demonstrated a role
of necroptosis in ischemia–reperfusion kidney injury, cisplatin
nephrotoxicity, contrast media- and rhabdomyolysis-induced AKI
at 48 or 24 h (25). However, necroptosis may not be the main
tubular cell death pathway in ischemia–reperfusion injury, where
the beneficial effect of necroptosis inhibitors may be due to en-
dothelial protection (3). In this regard, a previous report showed
that ferroptosis was an important cell death pathway following the
initial insult in toxic experimental AKI, while interference with
apoptosis (zVAD) or necroptosis (Nec-1, RIPK3-KO, or MLKL-KO)
did not prevent early renal injury, assessed at 48 h, despite up-
regulation of RIPK3 and MLKL protein in early AKI (5). This
suggested that induction of AKI might sensitize the kidney to
necroptosis, but necroptosis is not itself involved in the initial wave
of damage in FA-AKI.
Ferroptosis could be a driver for other pathways of cell death

such as apoptosis or necroptosis, since it promotes inflammatory
responses such as up-regulation of inflammatory cytokines that
themselves are known to promote cell death (26). Specifically,
Fn14 expression is up-regulated during AKI and this is at least
partially mediated by ferroptosis (5). Previously, the role of the
TWEAK/Fn14 axis in renal injury was demonstrated in different
animal models of renal injury (13–15), but the specific effect of

Fig. 6. Fn14 regulates the expression of necroptosis proteins during AKI at
72 h. (A–C) RIPK3 mRNA levels and RIPK1 and MLKL protein levels at 72 h of
AKI. (D) MLKL immunofluorescence in AKI at 72 h. Representative images
are shown. Magnification, 400× (scale bars: 10 μm); detail, 800× (scale bars: 5
μm). (E) Cleaved PARP protein levels in AKI at 72 h. Quantification and
representative Western blots are shown. (F ) Cleaved caspase-3 staining
and quantification. Original magnification, 200×. (Scale bars: 50 μm.) (A–C, E,
and F) Data are expressed as mean ± SEM of seven mice per group. *P <
0.05 vs. WT mice; **P < 0.01 vs. WT mice.

Fig. 5. Nec-1 prevents caspase activation in cultured tubular cells. (A)
Cleaved caspase-8 and cleaved caspase-3 proteins in tubular cells exposed to
TTI or TTI + zVAD for 6 h following pretreatment with Nec-1. (B) Cleaved
caspase-3 staining, detected by immunofluorescence. Cleaved caspase 3 is
shown in green and DAPI, in blue. Original magnification, 630×. (Scale bars:
15 μm.) (C) MMP in tubular cells at 24 h of treatment. Graph shows TMRM
staining. Data are expressed as mean ± SEM of three independent experi-
ments. ***P < 0.001 vs. control; ###P < 0.001 vs. TTI or TTI/zVAD vehicle.
(D) Cleaved caspase-8 and cleaved caspase-3 proteins in tubular cells trans-
fected with a RIPK1 or control siRNA and exposed to TTI for 6 h. (A and D)
Representative Western blots of three independent experiments are
demonstrated.
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TWEAK/Fn14 or the consequences of genetic targeting of
Fn14 over cell death pathways was not explored. In this line,
Fn14-KO mice had better preserved renal function and reduced
cell death levels 72 h after injury, but not at 24 h, suggesting that
the beneficial effect relates to late events in the course of injury
and not to early events, that is, to direct actions of the insult.
Moreover, we showed that Fn14 deficiency reduces the levels of
the necroptotic proteins RIPK1, MLKL, and RIPK3, active
caspase 3, and cleaved PARP, which is a target of caspase 3,
suggesting that both pathways, apoptosis and necroptosis, could
be activated by TWEAK at later stages of AKI. Further sup-
porting this sequence of events, our in vitro studies showed that
TWEAK, in the presence of proinflammatory cytokines, activates
apoptosis, but the form of cell death switches to necroptosis in the
presence of caspase inhibitors, and both, apoptosis and necroptosis,
depend on Fn14 activation (16). Specifically, caspase-8 inhibition
activates MLKL- and RIPK3-dependent necroptosis. However,
both apoptosis and necroptosis induced by an inflammatory milieu
are inhibited by Nec-1, independently of caspase inhibitors. Fur-
thermore, Nec-1 improved renal function and reduced cell death
at later time points during AKI, whereas, as was the case for
Fn14 targeting, it was not protective in early AKI. This may be due
to ferroptosis predominance at this early time point. Moreover, we

have compared the effect of RIPK1 inhibition before and after
AKI induction, detecting similar levels of protection with both
approaches. These results support a model in which the role of
RIPK1 is limited to the second wave of injury. However, further
studies are required to characterize the precise pathway targeted
by Nec-1, although our data support the concept of Nec-1 to in-
hibit both apoptosis and necroptosis.
Nec-1 is an inhibitor of the kinase activity of RIPK1, but it also

stabilizes the scaffolding function of inactive RIPK1, thereby
inhibiting necroptosis by two different mechanisms (27). How-
ever, our results show that Nec-1 also prevents caspase activation
and TTI-induced apoptosis, suggesting that the kinase activity of
RIPK1 could activate apoptosis. This is in accordance with
previous reports where RIPK1 mediated caspase activation and
apoptosis in immortalized fibroblasts treated with TNF and in
the absence of IKK complex (28, 29). Therefore, the protection
offered by Nec-1 in our model of AKI and in other experimental

Fig. 8. Nec-1s prevents features of AKI at 96 h. Nec-1s was administered
either before or 6 h after induction of folic acid-AKI and then daily until
96 h. (A) Renal function assessed by plasma creatinine levels. (B) Cell death
assessed by TUNEL. Data are expressed as mean ± SEM of n = 5 mice per
group. *P < 0.05 vs. control; **P < 0.01 vs. control; #P < 0.05 vs. AKI; ##P <
0.01 vs. AKI.

Fig. 9. RIPK3 and MLKL deficiency prevents features of AKI at 96 h. (A and
B) Renal function assessed by plasma creatinine levels. (C and D) Cell death
assessed by TUNEL staining. (E) Cleaved PARP protein levels in AKI at 72 h.
Quantification and representative Western blots are shown. (F) Represen-
tative images of confocal microscopy of MLKL localization. Magnification,
400× (scale bars: 10 μm); detail, 800× (scale bars: 5 μm). Data are expressed as
mean ± SEM of n = 5–10 mice per group. *P < 0.05; **P < 0.01.

Fig. 7. Nec-1 functionally prevents folic acid-induced AKI at 96 h in mice. (A) Renal function assessed by plasma creatinine levels. (B) Cell death assessed by
TUNEL. (C) Cell proliferation assessed by PCNA staining. (D) Quantification and representative Western blot of cleaved PARP. (E) Western blot analysis
demonstrating that MLKL locates at the membrane during AKI and this is partially prevented with Nec-1. (F) MLKL membrane accumulation is reduced with
Nec-1 treatment. Representative images of confocal microscopy. Magnification, 800×. (Scale bars: 5 μm.) (A–E) Data expressed as mean ± SEM of n = 10 mice
per group. *P < 0.05 vs. control; **P < 0.01 vs. control; #P < 0.05 vs. AKI; ##P < 0.01 vs. AKI.
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models may reflect its ability to inhibit both apoptosis and nec-
roptosis. The kinase activity of RIPK1 is an upstream activator of
necroptosis. However, the RIPK1 protein devoid of kinase activity
appears to function as a cell death inhibitor (18, 19). In this regard,
RIPK1−/−mice die perinatally, while mice that lack RIPK1, RIPK3,
and caspase 8 survive, suggesting that RIPK1 controls both apo-
ptosis and necroptosis at birth (30, 31). In line with this observation,
genetic silencing of RIPK1 demonstrated the specificity of Nec-1
RIPK1: Nec-1 did not protect in the absence of RIPK1. However,
RIPK1 knockdown did not prevent cell death, and it promotes a
RIPK3-dependent cell death. Two hypotheses could explain this
result: (i) RIPK1 devoid of kinase activity limits TTI-induced cell
death, or (ii) RIPK3/MLKL may lead to RIPK1 kinase-independent
necroptosis. Further studies are needed to discern these pathways
in tubular cells.
AKI is characterized by an inflammatory response that amplifies

kidney injury. RIPK3 may promote inflammation in early AKI, in-
dependent of cell death (5). We now observed that RIPK3-KOmice
were protected at later time points in AKI and this could be a
consequence of the reduced inflammation observed early in the
course of the disease, of necroptosis inhibition at later time points,
or a combination of both. It will be interesting to elucidate the
functionally relevant targets of RIPK3 in AKI and their role in the
mechanisms of the proinflammatory effect of RIPK3 independently
from regulated necrosis.
In conclusion, these data demonstrate that a Nec-1 sensitive

cell death pathway, presumably driven by an inflammatory re-
sponse involving TWEAK/Fn14 to an initial wave of cell death,
appears to be responsible for amplification of the tubular cell
death response and for persistence of AKI (Figs. S6 and S7).
While inhibiting ferroptosis is highly effective in preventing AKI
when therapy is started before AKI occurs, there are few clinical
situations in which this is possible, such as prevention of AKI
following kidney transplantation or heart surgery. However, an
agent that protects from the second, inflammation-dependent
wave of cell death, after AKI has been induced, may be applied
to a wider range of clinical situations, since current diagnostic
criteria for AKI assume that kidney injury severe enough to de-
crease kidney function has already occurred by the time a di-
agnosis is made and therapeutic decisions can be reached.

Materials and Methods
Animal Model. All procedures were conducted in accordance with the NIH
Guide for the Care and Use of Laboratory Animals and were approved by the
animal ethics committee of IIS-FJD. Folic acid nephropathy is a classical model
of AKI (13) that has been reported in humans (32). Female 12- to 14-wk-old
C57BL/6 wild-type (WT) mice or Fn14-KO (Biogen) (7 mice per experimental
group) received a single i.p. injection of folic acid (Sigma) 250 mg/kg in
0.3 mol/l sodium bicarbonate, or vehicle, and were killed 24 and 72 h later. In
a second experiment, WT mice (10 mice per group) received an i.p. injection of
1.65 mg/kg Nec-1 (Santa Cruz Biotechnology) or DMSO (vehicle) 30 min be-
fore folic acid injection and every 24 h until being killed at 96 h. Dose was
based on previous reports (4). Additionally, RIPK3-KO mice (kindly provided
by Kim Newton and Vishva Dixit, Genentech, San Francisco) (33), MLKL-KO
(provided by John Silke, The Walter & Eliza Hall Institute of Medical Re-
search, Parkville, Australia and James Murphy, The University of Melbourne,
Parkville, Australia to A.L.) or WT mice, on the C57B1/6 background, received
an i.p. folic acid injection, and were killed 96 h later (5–10 mice per exper-
imental group). Finally, a WT group received an i.p. injection of 1.65 mg/kg
Nec-1s (Santa Cruz Biotechnology) or DMSO (vehicle) 30 min before folic acid
injection or 6 h after folic acid injection, and every 24 h until being killed at
96 h (5 mice per experimental group).

Cells. MCT cells are a proximal tubular epithelial cell line.

Statistics. Statistical analysis was performed using SPSS 11.0 statistical soft-
ware. Results are expressed as mean ± SEM. Significance at the P < 0.05 level
was assessed by nonparametric Mann–Whitney U test for two groups and
analysis of ANOVA for three or more group.
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