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Abstract

Receptor interacting protein kinase-1 and -3 (RIP1 and RIP3) are essential mediators of cell death processes and
participate in inflammatory responses. Our group recently demonstrated that gene deletion of Rip3 or pharmacological
inhibition of RIP1 attenuated pathogenesis of abdominal aortic aneurysm (AAA), a life-threatening degenerative
vascular disease characterized by depletion of smooth muscle cells (SMCs), inflammation, negative extracellular matrix
remodeling, and progressive expansion of aorta. The goal of this study was to develop drug candidates for AAA and
other disease conditions involving cell death and inflammation. We screened 1141 kinase inhibitors for their ability to
block necroptosis using the RIP1 inhibitor Necrostatin-1s (Nec-1s) as a selection baseline. Positive compounds were
further screened for cytotoxicity and virtual binding to RIP3. A cluster of top hits, represented by GSK2593074A
(GSK'074), displayed structural similarity to the established RIP3 inhibitor GSK'843. In multiple cell types including mouse
SMCs, fibroblasts (L929), bone marrow derived macrophages (BMDM), and human colon epithelial cells (HT29), GSK'074
inhibited necroptosis with an IC50 of ~3 nM. Furthermore, GSK'074, but not Nec-1s, blocked cytokine production by
SMCs. Biochemical analyses identified both RIP1 and RIP3 as the biological targets of GSK'074. Unlike GSK'843 which
causes profound apoptosis at high doses (>3 uM), GSK'074 showed no detectable cytotoxicity even at 20 uM. Daily
intraperitoneal injection of GSK'074 at 0.93 mg/kg significantly attenuated aortic expansion in two mouse models of
AAA (calcium phosphate: DMSO 66.06 +9.17% vs GSK'074 27.36 + 8.25%, P < 0.05; Angiotensin Il: DMSO 85.39 + 15.76%
vs GSK'074 36.28 + 5.76%, P < 0.05). Histologically, GSK'074 treatment diminished cell death and macrophage infiltration
in aneurysm-prone aortae. Together, our data suggest that GSK'074 represents a new class of necroptosis inhibitors with
dual targeting ability to both RIPT and RIP3. The high potency and minimum cytotoxicity make GSK'074 a desirable
drug candidate of pharmacological therapies to attenuate AAA progression and other necroptosis related diseases.
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Introduction

Receptor interacting protein kinase-1 and -3 (RIP1 and
RIP3) are threonine/serine protein kinases that share a
conserved kinase domain. The protein—protein interaction
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pathway is compromised or in pathological sterile
inflammation®~°, Additional to its role in necroptosis,
RIP1, through its death domain, binds to death receptors
including tumor-necrosis factor receptor 1 (TNF-R1) and
triggers the formation of various signaling complexes that
promote cell survival or apoptosis depending on the cell
type and cellular contents®”. In various cell types, RIP1
and RIP3 regulate expression of proinflammatory cyto-
kines through mechanisms independent of necrosis and
the subsequent release of danger-associated molecular
pattern molecules (DAMPs)®. Targeted gene deletion of
Ripl or Rip3 has different developmental consequences.
While RipI~'~ mice die shortly after birth’, Rip3~'~ mice
are vital'” and have proven to be instrumental in unco-
vering RIP3’s roles in vivo'.

Levels of RIP3 as well as RIP1 are elevated in human
tissues affected by various pathological conditions including
ischemic stroke, atherosclerosis, and aortic aneurysm'>'°,
In preclinical mouse models, gene deletion of Rip3 as well
as pharmacological inhibition of RIP1 alleviate disease
severity' ">, Our lab demonstrates that in abdominal
aortic aneurysm (AAA), RIP3 deficiency inhibits aneurysm
formation via suppressing cell necrosis and inflammatory
response of aortic smooth muscle cells (SMCs)'*. Despite
the perinatal lethality of RIP1 deficient mice, RIP1 kinase-
dead knockin mice (K45A and D138N) are viable, and
ameliorate cell death in intracerebral hemorrhage'® and
TNF-induced shock model'*?°. RipI D138N mutant mice
also showed beneficial effect in kidney ischemia—reperfu-
sion injury, systemic inflammation associated with A20
deficiency''. How RIP1 kinase-dead mutations may affect
cardiovascular diseases including atherosclerosis, stroke,
and AAA has not yet been reported.

Since 2005, the discovery of Necrostatin-1 (Nec-1)'?, the
first proven RIP1 inhibitor®', appreciable efforts have been
devoted to identification of small molecules with antag-
onizing activities against necroptosis®”. Nec-1, as well as its
improved version Nec-1s, is widely used to probe RIP1
functions in pathogenesis of multiple human disease mod-
els*®>*, Administration of Nec-1 or Nec-1s in mice with
brain ischemic injury'® or existing AAA'® proved in prin-
ciple that blocking necroptosis may slow and even reverse
disease progression. Small chemical inhibitors of necrop-
tosis are also valuable tools to study RIP1 and RIP3 that
have both kinase-dependent and -independent functions.
Using a group of RIP3 inhibitors including GSK'843 and
GSK'872, Mandal et al. uncovered a kinase-independent
pro-apoptotic function of RIP3*. Although GSK'840,
GSK’843, and GSK’872 are highly selective to RIP3, their
in vivo use is limited due to their unique ability to promote
assembly of a pro-apoptotic complex containing RIP3,
RIP1, and caspase 8-FADD-cFLIP®.

In this study, we screened 3 libraries of kinase inhibitors
with an intention to identify necroptosis inhibitors using a
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strategy that selects for potency, toxicity, and specificity.
We identified a novel class of inhibitors represented by
GSK2593074A (GSK'074), which completely blocked
necroptosis in both human and murine cells at 10 nM.
Biochemical and molecular docking analyses demon-
strated that GSK’074 bound to and inhibited both RIP1
and RIP3 as a type II kinase inhibitor. Furthermore, this
new inhibitor was well tolerated by mice and attenuated
vascular inflammation and aortic expansion in two dis-
tinct AAA models and in both male and female mice.

Results
Discovery of a new class of necroptosis inhibitors

To discover novel necroptosis inhibitors with high
potency, safety, and selectivity, we performed library screen
in three steps (Fig. 1a). In brief, the primary screen was
conducted in a mouse aortic smooth muscle cell line
(MOVAS) with combined TNFa (30 ng/ml) and a pan
caspase inhibitor zZVAD (60 uM) as a necroptosis induction
protocol*'°, Cell viability was determined by Cell Titer-Glo.
Nec-1s (20 pM) was used as a reference compound for
selection. Compounds (1 uM) that conferred more cellular
protection than Nec-1s were advanced to secondary and
tertiary screen for cytotoxicity and virtual binding to RIP3.
A small cluster of structurally related compounds repre-
sented by GSK2593067A (GSK067) and GSK2593074A
(GSK'074) (Fig. 1b) met the selection criteria: (1) more
potent necroptosis inhibition than Nec-1s; (2) minimum
cytotoxicity (1 uM); and (3) low predicted docking energy to
RIP3. In MOVAS, GSK067 and GSK'074 dose-dependently
protected cells against cell death (Fig. 1c). Comparing to
Nec-1s and GSK’843 (a previously reported RIP3 inhibitor
that shows structure similarity to GSK'067 and GSK'074),
the new compounds showed lower IC50 and produced 10%
more cell death inhibition than Nec-1s at 10 uM (Fig. 1c).
Similarly, high potency of GSK'067 and GSK'074 was
replicated in a mouse fibroblast cell line L929 cells (Fig. 1d).
As GSK'067 and GSK'074 shared nearly identical chemical
structures and cellular functions, we performed the rest of
studies using only GSK'074.

Flow cytometric analyses following 7-AAD staining
confirmed the anti-necroptosis property of GSK'074
(Necrotic cells: 7-AAD™, Fig. 2a). In MOVAS cells, 10 nM
GSK'074 completely abolished necroptosis as evidenced
by reducing 7-AAD™ population to basal level (untreated
11.99 £ 0.53%, DMSO 84.36 + 3.19%, GSK'074 17.58 +
2.04%), an effect comparable to what was produced by
Nec-1s at 1000-fold higher dose (10 uM, 15.69 + 2.45%;
Fig. 2b, c¢). We next evaluated GSK’'074 in primary aortic
SMCs and macrophages, both play important roles in
AAA development and progression. As shown in Fig. 2d,
e, 10nM GSK'074 conferred full protection to SMCs
isolated from mouse aorta (7-AAD" population:
untreated 10.15 £+ 0.21%, DMSO 21.05 + 1.34%, GSK'074
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Fig. 1 Identification of new necroptosis inhibitors. a Schematic overview of the drug screen workflow. b Chemical structure of GSK'067 and
GSK'074. € Mouse smooth muscle cell line MOVAS were treated with 30 ng/ml TNFa plus 60 uM z2VAD and indicated compounds for 6 h. Cell viability
was detected by CellTiter-Glo. Data were normalized to DMSO treated control cells and presented as mean + S.D. n = 3. d Mouse fibroblast cell line
929 were treated with 20 ng/ml TNFa plus 40 uM zZVAD and GSK'067, GSK'074, or GSK'843 for 3 h. Cell viability was detected by CellTiter-Glo. Data
were normalized to DMSO treated control cells and presented as mean + S.D. of three independent experiments

8.81 £ 0.41%) and macrophages derived from mouse bone  and L929 cells responded to necroptosis induction by
marrow (cell viability: untreated 100 +3.07%, DMSO  forming RIP1-RIP3 complexes, detected by co-
32.30+3.38%, GSK074 87.08+8.76%), respectively. immunoprecipitation (co-IP) and proximity ligation assay
Moreover, we showed that GSK'074 was effective in (PLA). GSK'074 blocked RIP1-RIP3 complex formation
inhibiting necroptosis of cells of human origin (human (Fig. 3a, b, Supplementary Figure la, b). Furthermore,
colorectal adenocarcinoma cell line HT-29 cells, 7-AAD"  GSK'074 eliminated the RIP3-mediated mixed lineage
population: untreated 17.17+1.91%, DMSO 4290+  kinase domain like pseudokinase (MLKL) serine345
1.41%, GSK'074 16.03 + 4.86%; Fig. 2f). phosphorylation without affecting protein levels of RIP1
and RIP3 (Fig. 3¢, d and Supplementary Figure 1d).
GSK'074 blocked necroptosis signaling
Based on the structure similarity between GSK'074 and  Dual inhibition of RIP1 and RIP3 by GSK'074

the previously established RIP3 inhibitor GSK'843, we Using in vitro competitive binding assay, we demon-
postulated that the new inhibitors target RIP3 and thus strated that GSK'074 bound to the kinase domain of
inhibit RIP1-RIP3 containing necrosome formation that recombinant human RIP3 with a Kd value of 130 nM
requires RIP3 kinase activity*®. As expected, both MOVAS  (Fig. 4a). Unexpectedly, GSK'074 also displayed significant

Official journal of the Cell Death Differentiation Association



Zhou et al. Cell Death and Disease (2019)10:226 Page 4 of 15
e N\
DMSO TNFa+zVAD (TZ)
47 4
1o ! 122] ' 84.9
10%) 100 B GSK’'074 C Nec-1s
| - * *
. 100 - -
10 102 ] * 0 *
| x - X ==
< g0 - = T
101-? 10 @ 80 » 80
: i ( 8 8
100 : 100 s E i
g 109 10" 10* 10° 10¢ 100 10' 10* 10° 104 9 % £ 60
*| TZ+10nM GSK'074 TZ+10nM Nec-1s &4 2 404 -~
~1 10 10¢ 2 -
16.8 89.1 =) =}
10° 10° : E 20 4 = T E 20+
102 102 0 '- | — T 0-
DMSO DMSO 10nM 100nM DMSO DMSO 10nM 1uM  10uM
10! 10! TNFa+zVAD TNFa+zVAD
100 i 100 =2 m e ——
100 10' 102 10° 10+ 10° 10! 102 10°  10¢
SSC
D primary smcs E BMDM F HT-29
__ 50 *
=4 x st s -
b T ~ » 404
= 20+ x * %
8 =100 b
2 15- £ T @ 309
2 3 3 20
3 — ot
2" = = 501 a T
34 ’ 3" ]
~ 0- 0- ™~ 0~

DMSO DMSO GSK’074
TNFa+zVAD

were presented as mean +£S.D. n=3. *P <0.05

DMSO DMSO GSK’074
LPS+zVAD

Fig. 2 GSK'074 inhibits necroptosis in various cell types. a—c MOVAS cells were treated with 30 ng/ml TNFa plus 60 uM zVAD and compounds
indicated for 6 h. Cells were then stained with 7-AAD and analyzed by flow cytometry. Necrotic cells were identified as 7-AAD™. d Mouse primary
smooth muscle cells were treated with 100 ng/ml TNFa plus 60 uM zVAD and 10 nM GSK'074 for 24 h. Cells were then stained with 7-AAD and

analyzed by flow cytometry. e Mouse bone marrow derived macrophages (BMDM) were treated with 10 ng/ml LPS plus 50 uM zZVAD and 10 nM
GSK'074 for 24 h. Cell viability was detected by CellTiter-Glo. f Human colorectal adenocarcinoma cell line HT-29 cells were treated with 20 ng/ml
TNFa plus 200 nM Smac mimetic, 20 uM zVAD, and 10 nM GSK'074 for 24 h. Cells were then stained with 7-AAD and analyzed by flow cytometry. Data
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binding affinity to RIP1 (Kd =12nM) (Fig. 4b). In con-
trast, no detectable affinity was observed between
GSK’074 and a nonrelated kinase (protein kinase C-delta
or PKCS; Kd > 30,000 nM). Consistently, in vitro kinase
assay showed that GSK'074 inhibited kinase activity of
both RIP1 and RIP3 (Fig. 4c, d). The dual inhibitory
effects of GSK'074 on RIP1 and RIP3 set it apart from
RIP3 inhibitor GSK’843 that showed no detectable inhi-
bition on RIP1 (Fig. 4d). Of note, 20nM of GSK'074
inhibited the RIP1 kinase activity to the same extent as
1 uM of Nec-1s did (Fig. 4d).

In the absence of a compound-protein co-crystal
structure, we built homology models of human RIPland
RIP3 based on human B-Raf structures and probed how
GSK'074 and GSK’843 might dock onto RIP3 or RIPI.

Official journal of the Cell Death Differentiation Association

The docking model predicted that GSK’074 bound pre-
ferably to the DFG-out homology models for both RIP1
and RIP3, suggesting that it was likely a type II kinase
inhibitor that locked the kinase in an inactive conforma-
tion (Fig. 4e, f). GSK'074 was predicted to form typical H-
bonds with the hinge backbone atoms of Lys 95 and Met
97 in RIP3 (Glu 93 and Met 95 in RIP1) and the pyrazole
faced toward the solvent. In the DFG-out conformation,
the benzyl portion of GSK'074 fit into the large hydro-
phobic pocket formed by Leu 73, Val 78, and Leu 131 in
RIP3 (Leu 70, Val 75, and Leu 129 in RIP1). In contrast,
the established RIP3 inhibitor GSK'843 preferred to bind
the hinge region only and was therefore predicted to be a
type I ATP competitive inhibitor (Supplementary Fig-
ure 1). The main interactions between GSK’843 and RIP3
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Fig. 3 GSK'074 blocks necroptosis signaling pathway. a—c MOVAS cells were treated with 30 ng/ml TNFa plus 60 uM zVAD for 3 h in the presence
or absence of GSK'074. RIP1 and RIP3 complex formation were detected by co-immunoprecipitation with anti-lgG or anti-RIP3 antibodies followed by
immunoblot analysis with the indicated antibodies (a) or by in situ PLA assay (b). Scale bar =50 um. Cells were stained with anti-MLKL serine345
phosphorylation (p-MLKL S345) and representative pictures were shown (c). Scale bar =50 um. d MOVAS cells were treated with indicated
concentrations of GSK'074 for 24 h, whole-cell lysates were subjected to immunoblot analysis with the indicated antibodies

GSK'074

were the canonical H-bonds with hinge residues, Lys 95
and Met 97. The benzothiazole ring of GSK'843 were
packed by Leu67 and Thr 94, while like GSK'074, the
central rings stacked with Phe 161, and the pyrazole ring
was largely solvent exposed.

GSK’'074 inhibits RIP3-dependent RIP1-independent
necroptosis and inflammation

Results from the in vitro binding studies and kinase
assays raised a question whether GSK'074’s anti-
necroptotic effect was solely dependent on RIP1. To test
this, we turned to RIP1-independent necroptosis. Cells
were primed with interferon-p (IFNP, 50 units/mL) fol-
lowed by adding poly (I:C) (10 pg/ml) and zZVAD (40 uM)
that was shown to cause Toll-like receptor 3-mediated
necroptosis through the RIP1-independent TIR-domain-
containing adapter-inducing interferon-f (TRIF)-RIP3-
MLKL pathway”. In agreement with the literature, we
showed that IFNP plus poly(I:C) and zVAD (IPZ) sig-
nificantly increased 7-AAD positive cells (DMSO
control =3.98 + 0.56% vs. IPZ=63.91 + 3.21%). 100 nM
GSK'074 or 10 uM GSK’843 significantly inhibited IPZ-
induced necroptosis, reducing 7-AAD™ cells to 23.90 +
0.56% and 7.55 + 1.36%, respectively (Fig. 4g and Supple-
mentary Figure 3). In line with the literature®>,
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inhibition of RIP1 had no significant effect on the TLR3-
mediated necroptosis.

Low-dose TNFa-induced cytokine expression in vas-
cular SMCs is another established RIP3-dependent, RIP1-
independent cellular event'*'®, As shown in Fig. 4h,
GSK'074, as well as the RIP3 inhibitor GSK’843, but not
Nec-1s, significantly repressed expression of IL6 triggered
by 10ng/ml of TNFa. The critical role of RIP3 in
inflammation was further demonstrated by the profound
difference in the TNFa response of Rip3™" and Rip3~/~
aortic SMCs. The insensitivity of Rip3~'~ primary cells to
GSK'074 asserts that the new inhibitor functions through
RIP3.

GSK'074 lacks pro-apoptosis property

High concentrations (=3 uM) of RIP3-selective inhibi-
tors including GSK'840, GSK'843, and GSK'872 cause
apoptosis through a mechanism that does not require
kinase activity of RIP3 or RIP1?°. Consistently, we also
showed that GSK’843 dose-dependently caused apoptosis
(Annexin V'/7-AAD™) that was abolished by a pan-
caspase inhibitor zZVAD (Fig. 5a, b). In addition, we
detected the pro-apoptotic ripoptosome-like death com-
plex in cells treated with 10 pM GSK’843 (Fig. 5¢). In a
sharp contrast, 10 uyM GSK'074 did not increase cell
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apoptosis as compared to control or led to formation of
the pro-apoptotic complex (Fig. 5a—c). We next tested
whether GSK'074 had anti-apoptosis properties. As
shown in Fig. 5d, e, GSK'074 did not block apoptosis
induced by GSK’843. Moreover, GSK'074 failed to protect
MOVAS cells from the endoplasmic reticullum (ER)
stress-dependent apoptotic death induced by tunicamycin
(Supplementary Figure 2a). Due to the structural rela-
tionship between GSK'074 and a previously reported
protein kinase R-like endoplasmic reticulum kinase
(PERK) inhibitor GSK2606414 (GSK'414)%%, we tested
whether PERK participates in necroptosis signaling. As
shown in Supplementary Fig. 2b, knocking down of PERK
in L929 cells had no significant effect on necroptosis.
Taken together, GSK'074 differs from previously
reported RIP3 inhibitors in three important aspects: (1) it
is capable of binding to both RIP3 and RIP1 and inhibits
their kinase activities, (2) it does not drive RIP3 to a
kinase-independent pro-apoptotic configuration, and (3)
it may work as a type II kinase inhibitor. Therefore,
GSK’074 represents a new class of necroptosis inhibitors.
Next, we investigated the selectivity profile of GSK'074
against a panel of 468 kinases, including 403 non-mutant
kinases using the KINOMEscan™ profiling service. At a
concentration of 100 nM, GSK’'074 was found to be highly
selective for RIP1 (0% of control). Supplementary Table 1
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showed the kinases that bound to GSK'074 <35% of
control. With a selectivity score S(1) of 0.012 (repre-
senting a hit rate of 5 out of 403 non-mutant kinases at 1%
of control or below), GSK’074 also bound to four other
kinases (KIT, MEK5, CSF1R, and EPHB6) with affinities
that were close to its binding to RIP1 (<1% of control;
Fig. 6). KIT, MEKS5, CSF1R, or EPHB6 had no established
roles in cell death and their expression levels in SMCs,
with the exception of MEKS5, were negligible (Supple-
mentary Figure 3).

GSK’074 inhibits necrosis and inflammation in mouse
models of aortic aneurysm

With minimum cytotoxicity and high anti-necroptotic
anti-inflammatory properties, GSK’074 and its analogs are
suitable for in vivo applications. Furthermore, the half-life
of GSK'074 in liver microsome was ~1 h, similar to that of
Nec-1s, the improved version of Nec-1%°. Based on the
formerly described dose response study in which GSK'074
inhibited SMC necroptosis with an IC50 that was ~0.3%
of that of Nec-1 s, we selected 0.93 mg/kg/day (2 pmol/kg/
day) to test this new class of inhibitors in mouse models of
aortic aneurysm. We recently reported that 1.6 mg/kg/day
of Nec-1s blocked aneurysm formation'®. GSK'074 or its
solvent 8% DMSO was administrated via daily intraper-
itoneal (IP) injection, starting immediately after the
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induction of aneurysm by calcium phosphate, a mod-
ification of the calcium chloride aneurysm model®. Mice
were euthanized on Days 4 and 14 post-surgery for eva-
luation of cellular events and aortic dilatation, respectively
(Fig. 7a and Fig. 8a). The pathophysiology of an aneurysm
was confirmed by diminished levels of smooth muscle-
aActin (SM-aActin) and increased inflammatory infiltra-
tion in the aneurysm prone tissues 4 days after surgery.
GSK’074 treatment preserved expression of SM-aActin in
calcium phosphate treated arteries (Fig. 7b). We used
propidium iodide (PI) to stain necrotic cells as previously
reported'*. PI was IP injected 2 h prior to euthanization.
Phospho-MLKL was examined as a histological marker of
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necroptosis. The aneurysm prone aortic tissues of the
DMSO-treated mice contained PI-positive necrotic cells,
elevated levels of phospho-MLKL, as well as terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL)-positive apoptotic cells and CD68-positive
macrophages (Fig. 7c—f). GSK'074 decreased the number
of necrotic cells, MLKL phosphorylation, as well as
apoptotic cells and macrophages. (Fig. 7c—f). Together,
these results demonstrated that GSK'074 treatment not
only inhibited necroptosis following aneurysm induction
but also attenuated apoptosis and macrophage infiltration.

Next, we evaluated aneurysm formation by measuring
external diameter of inferrenal aorta. Compared to the
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A
Selectivity Number Number of Non- Selectivity
Score Type of Hits Mutant Kinases Score
S(35) 18 403 0.045
S(10) 9 403 0.022
S(1) 5 403 0.012

B

TKL

OTHER AGC

Fig. 6 Selectivity profile of GSK'074. Binding of GSK'074 (100 nM)
against 468 human kinases (403 non-mutant kinases, 65 mutant
kinases) was assessed by DiscoveRx KINOMEscan™. a Selectivity scores
of GSK'074. Selectivity score was defined as the number of non-
mutant kinases bound to GSK'074 <35% of control (S5(35)), 10% of
control (S(10)), or 1% of control (5(1)). b TREEspot map of kinases
potentially targeted by GSK'074. Binding with RIP1 (0% of control) was
shown by the blue circle, red circles indicated other kinases that
displayed similar binding as RIP1 (S(1))

sodium chloride group, aortas treated with calcium
phosphate showed visible dilatation (Fig. 8b, c). The aortic
dilatation in 4 out of 5 DMSO-treated mice reached the
aneurysm threshold (Fig. 8b, c), which was defined as a
50% or more increase in the maximal external aortic
diameter compared to that measured before calcium
phosphate application®. In contrast, none of the
four GSK'074-treated mice developed aneurysm. In
addition to the reduction of aneurysm incidence,
GSK'074 significantly decreased the extent of aortic
expansion (DMSO 66.06 +9.17% vs GSK'074 27.36 +
8.25%; P<0.05; Fig. 8b, c). To assess the therapeutic
potential of our inhibitor in an experimental setting that
more closely resembles clinical situations and in females
(the above described calcium phosphate model was con-
ducted in young male mice), we next induced aortic
aneurysm formation with Angiotensin II (Ang II) infusion
in 9-month-old apolipoprotein E—deficient (Apoe ")
female mice. GSK'074 (0.93 mg/kg/day) or 8% DMSO was
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administrated daily via IP injection to Apoe '~ mice
immediately following pump implantation (Fig. 8d).
Compared to the DMSO group, GSK'074-treated mice
showed significantly alleviated aneurysm formation
(Fig. 8e, f), reflected by a much smaller aortic dilatation
(DMSO 85.39 +15.76% vs GSK'074 36.28 + 5.76%; P <
0.05) as well as a reduced AAA incidence (from 83.3 to
16.7%; Fig. 8e, f).

Discussion

In this study, we identified a novel class of necroptosis
inhibitor represented by GSK’074 that completely rescued
cells from necroptosis under different stimuli in both
human and murine cells at IC50 ~3 nM. Several necrop-
tosis inhibitors have been previously reported; however,
the therapeutic potentials of the existing inhibitors are
limited by low potency (Nec-1 inhibits necroptosis in the
micromolar range®”) or poor selectivity (in the case of
ponatinib®!). PN10, generated by fusing ponatinib with
Nec-1s, shows high in vitro efficacy and selectivity, but its
high molecular weight hinders compound absorption and
tissue distribution®”. Similar limitations are also reported
of other RIP1 inhibitors such as GSK'481, GSK'963,
cdp27, and GSK'772%%73°, Relatively, fewer RIP3 inhibitors
are available. Besides GSK'843, GSK’'840, and GSK’872
reported by Mandal et al?®, another RIP3 inhibitor
GW’39B shares a similar structural core as GSK'872.
However, it remains unclear whether GW’39B causes
apoptosis as GSK'8727. B-Raf inhibitor dabrafenib binds
to RIP3 in a cell-free system, but the low potency hinders
its application in treating necroptosis-involving dis-
eases”>”. Considering these various limitations of known
RIP1 and RIP3 inhibitors, our discovery of a new class of
safe and potent small compounds with abilities to
attenuate necroptosis as well as cytokine expression is of
significance.

We assert that GSK'074 and its analogs are dual RIP1/
RIP3 inhibitors based on multiple lines of evidence
including binding to recombinant RIP1 and RIP3, inhi-
biting kinase activities of either kinases, and blocking
cellular functions that depend on both kinases or RIP3
only. Results from our homology modeling support the
notion of dual inhibitors. In addition, molecular docking
results suggest that GSK’074 binds to RIP1 and RIP3 on a
DFG-out conformation while GSK’843 binds to RIP3 as
an ATP competitive inhibitor. Interestingly, dabrafenib
was also predicted to interact with RIP3 as an ATP
competitive inhibitor by a similar computation model®®,
Typically, a DFG-out conformation within activation loop
indicates an inactive state of a protein kinase while the
DFG-in conformation is associated an active state™,
Inhibitors that lock protein kinases in a DFG-out con-
formation are referred as type II inhibitors whereas inhi-
bitors that target the ATP-site of the kinase in its active,
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(see figure on previous page)
Fig. 7 GSK'074 attenuates cell death and inflammation in calcium phosphate injured aortae. a Experimental design of the calcium phosphate

aneurysm model. Mice were treated with 200 pl vehicle (8% DMSO) or GSK'074 at 0.93 mg/kg/day immediately following aneurysm induction. Three
male mice were in each group. Mice were euthanized 4 days after. b, e Representative photographs of immunostaining for markers smooth muscle
cell (SM-aActin) or macrophages (CD68). Scale bar = 50 um. ¢ Mice were injected with propidium iodide (PI) 2 h before euthanization. DAPI was used
to stain nuclei. Quantification of Pl-positive cells in the medial layer (indicated by white dashed line) was shown on the right. Scale bar =50 ym.
d Cross-sections of aneurysm prone tissue were immunostained with anti-MLKL serine345 phosphorylation (p-MLKL $345) as a marker of necroptosis.
Scale bar =50 um. f Representative photographs of terminal deoxynucleotidy! transferase dUTP nick end labeling (TUNEL) in aortic cross-sections.
Quantification of TUNEL-positive cells percentage was shown on the right. Scale bar = 50 um. *P < 0.05
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Fig. 8 GSK'074 inhibits aneurysm formation in mouse models of aneurysms. a, d Experimental design. Abdominal aortic aneurysm was induced
in male C57BL/6J mice (8-10 weeks) by the calcium phosphate aneurysm model (a) or in Apoe_/_ female mice (9-10 months) by the Angiotensin I
infusion (1000 ng/kg/min) (d). 200 ul vehicle (8% DMSO) or GSK'074 at 0.93 mg/kg/day was administered daily via IP. Mice were euthanized 14 (a) or
28 days (d) after aneurysm induction. b, e Representative photos of perfused abdominal aortae with indicated treatments. Arrows indicate aneurysm
formation. ¢, f Percentage increase of maximal external aortic diameter. An AAA is defined as a percentage increase in aortic diameter >50% (red
dashed line) compared to the aortic diameter before calcium phosphate treatment (c) or compared to the external diameter of infrarenal diameter
(f). Data were presented as mean +S.D. *P < 0.05

inhibitor capable of binding to RIP3 as a type II kinase
inhibitor.

DFG-in state, are referred as type I inhibitors. Type II
inhibitors possess several advantages over type I inhibi-

tors, including improved kinase selectivity and slower oft-
rates*’. Since the majority of kinase inhibitors target the
ATP-site, GSK'074 is likely to be the first necroptosis
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It is unclear why the new inhibitors do not cause
apoptosis even though they share a similar core chemical
structure with the pro-apoptotic RIP3 inhibitor GSK’843.
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We think apoptosis is not an inherited outcome of RIP3-
kinase inhibition because not all kinase dead RIP3
mutants cause apoptosis. While D161N, D161G, D143N,
and K51A all lead to disruption of the kinase activity of
RIP3, only D161N mutant activates the apoptotic signal-
ing®®>. We attribute the lack of cytotoxicity of new RIP3
inhibitors to their unique interaction with the RIP3
molecule. Although this notion remains to be experi-
mentally tested, our data demonstrate that GSK'074 and
analogs do not possess anti-apoptotic properties. GSK'074
had no effect on apoptosis caused by GSK'843 or by
tunicamycin that induces ER stress via PERK-ATF4-
CHOP signaling®. Of note, the PERK inhibitor GSK'414
was recently found to inhibit necroptosis through RIP1
but independent of PERK*®. GSK’414 was included in one
of the libraries that we screened and showed anti-
necroptosis properties during the primary screen. How-
ever, GSK’414 did not make to our final list of positive hits
due to low maximum effect and a relative poor predicted
binding affinity to RIP3 (Supplementary Figure 4).
Although PERK is not in the library of kinases used in our
KINOMEscan™, PERK is unlikely to underlie the anti-
necroptotic effect of GSK'074 because knocking down
PERK was inconsequential to necroptosis.

In theory, being able to inhibit both RIP1 and RIP3
allows GSK'074 and analogs to protect cells from a
broader range of stimuli. In cardiomyocyte, ischemia-
reperfusion induced necroptosis is mediated by RIP3-
CaMKII-mPTP but independent of RIP1 and MLKL*,
Besides RIP1, RIP3 can also interact with other factors
containing RHIM domain, such as TRIF and DA], or only
RIP3 dimerization, to activate necroptosisg’27’45. Our
previous studies also demonstrated that in SMCs, low
dose of TNFa induces inflammatory cytokine expression
via a RIP3-dependent, RIP1-independent mechanism'*'¢,
In this study, 100nM GSK'074 ameliorated IFNP plus
poly(I:C) and zVAD induced RIP1-insensitive necrosis in
L929 cells, and IL6 expression in SMCs caused by low
dose TNFa. These data ratify RIP3 as a biological target of
the new inhibitors.

AAA is a life-threatening disease with no available
pharmacological therapy. This progressive degenerative
vascular disease is characterized by depletion of smooth
muscle cells, inflammation, negative extracellular matrix
remodeling, and progressive expansion of the aorta. In
this study, daily IP injection of GSK'074 significantly
blocked aneurysm growth in two mouse models that
induced aortic aneurysm through distinct mechanisms.
Immunostaining results showed that GSK'074 reduced
necrosis in aneurysm-prone aortae, especially in medial
layer. Apoptosis in adventitia was also alleviated, maybe
due to reduced macrophage infiltration, as we previously
found that RIP1 was involved in macrophage-induced
SMC apoptosis®. There were only few apoptotic cells
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detected in medial layer, which is likely due to the late
time point when tissues were examined. Apoptosis typi-
cally peaks soon after aneurysm induction®. Although
mouse studies do not reliably predict the outcome of
clinical trial, the biochemical and pharmacological prop-
erties of our new inhibitors make them good candidates
for further therapeutic development.

In summary, we identified a new class of necroptosis
inhibitors represented by GSK’074 which inhibited RIP1
and RIP3 as type II kinase inhibitors. GSK’'074 displayed
high potency in both human and murine cells. The defi-
nite benefits provided by GSK'074 in mice aneurysm
models of both male and female were encouraging and
warrant further pharmacological studies in models of
aortic aneurysm as well as other human diseases involving
necroptosis and inflammation.

Materials and methods
General materials

Dulbecco's Modified Eagle Medium (DMEM) was pur-
chased from Gibco (Life Technologies, Carlsbad, CA),
recombinant mouse TNFa from R&D Systems (Minnea-
polis, MN), Z-VAD-FMK (zVAD) from Bachem (Tor-
rance, CA), and 7-Cl-O-Nec-1 (Necrostatin-1s, Nec-1s)
from EMD Millipore (Burlington, MA). Primary anti-
bodies including anti-MLKL, anti-MLKL (phospho S345,
ab196436), anti-SM-aActin, and anti-CD68 were pur-
chased from Abcam (Cambridge, MA), anti-RIP1 was
purchased from BD Biosciences (San Jose, CA), anti-RIP3
from ProSci (Poway, CA), anti-pB-Actin (ACTB) from
Sigma-Aldrich (St. Louis, MO). Fluorophore-conjugated
secondary antibodies and 4’,6-diamidino-2-phenylindole
dihydrochloride (DAPI) were purchased from Molecular
Probes (Life Technologies, Carlsbad, CA). Horseradish
Peroxidase (HRP)-conjugated antibodies were purchased
from Bio-Rad (Hercules, CA). In situ Cell Death Detection
Kit was purchased from Roche Applied Science (India-
napolis, IN). Other chemicals and reagents if not specified
were purchased from Sigma-Aldrich (St. Louis, MO).

Cell culture

Mouse aortic smooth muscle cell line MOVAS cells,
mouse fibroblast cell line 1929 cells and human colorectal
adenocarcinoma cell line HT-29 cells were obtained from
American Type Culture Collection (ATCC, Manassas,
VA) and grown as recommended in DMEM modified
containing 4.5 g/L p-Glucose (Life Technologies, Carlsbad,
CA) supplemented with 10% fetal bovine serum (FBS),
100 U/mL penicillin, and 100 U/mL streptomycin. Pri-
mary mouse aortic SMCs were isolated from the
abdominal aorta as described previously'*. Smooth mus-
cle identity was validated by expression of smooth muscle
protein 22-a (SM22a) and SM-aActin, while lacking
endothelial cell marker CD31 or fibroblast marker
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ER-TR7. Cells between three and seven passages were
used. Bone marrow derived macrophages were isolated
and cultured as described before*®. In brief, bone marrow
was flushed from long bones and washed with PBS, then
suspended in DMEM supplemented with 10% L-cell
conditioned media (LCCM). LCCM media was collected
from 1929 cells cultured in T-75cm? filter cap flasks in
DMEM for 10 days and filtered through 0.2 um. Seven
days after harvest, all non-adherent cells were removed,
and remaining cells were split in 96-well plates.

Small chemical library screen

Chemical screening was conducted in UW Small
Molecule Screening Facility (hts.wisc.edu). MOVAS cells,
grown in 384-well plates, were induced to undergo
necroptosis with 30ng/ml TNFa and 60pM zVAD.
Compounds (1141) from 3 kinase inhibitor libraries (GSK
2014 set 1, GSK 2014 set 2, and Selleck-1) were delivered
into each well at a final concentration of 1 uM. Cell via-
bility was determined by Cell Titer-Glo assay. The lead
compound GSK'074 was synthesized according to pub-
lished synthesis scheme of similar compounds®,

Mice

C57BL/6] and Apoe '~ mice were purchased from The
Jackson Laboratory (Bar Harbor, Maine). Male mice age
3-month-old or female mice age 9-month-old were used
for experiments. All animal experiments were approved
by the Institutional Animal Care and Use Committee at
the University of Wisconsin—Madison (protocol number:
MO005792). The procedures were carried out in accor-
dance with the approved guidelines.

Calcium phosphate-induced murine AAA

3-month-old C57BL/6] male mice were subjected to
calcium phosphate treatment as described®’. In brief, the
infrarenal region of the abdominal aorta was isolated
following a midline incision. A small piece of gauze
soaked in 0.5M calcium chloride was applied perivascu-
larly for 10 min, followed by application of phosphate-
buffered saline (PBS)-soaked gauze for 5 min. The control
mice received 0.5 M sodium chloride-soaked gauze for 10
min followed by PBS soaked gauze for 5 min. The external
diameter of the largest portion of an abdominal aorta was
measured with a digital caliper (VWR Scientific, West
Chester, PA) prior to treatment and at the time of tissue
harvest. Aneurysm incidence was defined as an increase of
50% or greater in the external width of the abdominal
aorta compared with that before calcium phosphate
treatment.

Angiotensin ll-induced murine AAA

Female Apoe—/— mice were aged to 9-month old under
regular diet. Angiotensin II (Ang II; 1000 ng/kg/min.
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Sigma-Aldrich A9525) was administered subcutaneously
by Alzet osmotic minipumps (Alzet model 2004, Cuper-
tino, Calif) for 28 days'®*. Mice were randomly grouped
to receive either GSK’074 (0.93 mg/kg/day) or 8% DMSO
via daily IP injection immediately following minipump
implantation. The external aortic diameter was measured
at the region showing maximum dilation with a digital
caliper. Aneurysm incidence was defined as an increase of
50% or greater in the external width of the suprarenal
aorta as compared with that of the infrarenal region.

RNA isolation and real-time PCR

Total RNA was extracted from cultured cells using
Trizol reagent (Life Technologies, Carlsbad, CA) accord-
ing to the manufacturer's protocols. Two micrograms of
total RNA was used for the first-strand cDNA synthesis
(Applied Biosystems, Carlsbad, CA). Real-time PCR (RT-
PCR) was carried out using the 7500 Fast Real-Time PCR
System (Applied Biosystems, Carlsbad, CA). Each cDNA
template was amplified in triplicate using SYBR Green
PCR Master Mix (Applied Biosystems, Carlsbad, CA) with
gene specific primers. Primers for RT-PCR were Quanti-
Tect Primers purchased from Qiagen (Valencia, CA). The
relative mRNA levels were calculated using the 2—AACT
method. f-Actin was used as the endogenous control.

Flow cytometric analysis

Cell death was evaluated by using an Annexin V-PE/7-
AAD staining Kit (BD Biosciences, San Jose, CA). Cul-
tures were rinsed with ice-cold PBS and incubated with
accutase (Life Technologies, Carlsbad, CA) at 37 °C for 2
min. The detached cells were collected by centrifugation
(2000 rpm, 5 min). Cell pellets were further washed twice
with ice-cold PBS and resuspended in 100 pl 1x binding
buffer from the Annexin V-PE/7-AAD staining Kit. Five
microlitre of Annexin V-PE and 5pl of 7-AAD were
added to the cells and incubated at room temperature for
15 min. After incubation, 400 pl binding buffer was added
to each sample. Cells were analyzed using a Becton
Dickinson Biosciences FACSCalibur (BD Biosciences, San
Jose, CA).

In vivo propidium iodide staining

In vivo cell necrosis was examined by IP injection of
propidium iodide (PI) as previously described'®. PI
(15mg/kg body weight) was administered to mice
through IP injection. Two hours after PI administration,
mice were euthanized and perfusion fixed with 4%
formaldehyde. Cryosections of 6-pum-thick were cut.
Mounting medium with DAPI was applied before fluor-
escence microscopy examination. Staining was immedi-
ately visualized with a Nikon Eclipse Ti inverted
microscope system and digital images were acquired using
a Nikon DS-Ril digital camera.
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Semi-quantification analysis of PI-positive cells in dis-
eased tissues were performed as previously described'**®.
PI-positive cells were counted in a blind fashion. The area
of tunica media was measured with Image] (National
Institute of Health, Bethesda, MD). At least three non-
serial cross-sections per aorta were analyzed for each
mouse (7 =3 aortae per treatment).

Immunohistochemistry

Aortas were perfusion-fixed with a mixture of 4% for-
maldehyde in PBS under physiological pressure in order
to preserve the structural morphology. Tissues were
imbedded in O.C.T. Compound (Sakura Tissue Tek,
Netherlands) and sectioned to 6 um thickness using a
Leica CM3050S cryostat. Tissue sections were stained and
analyzed as described previously'®.

Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) and semi-quantification analysis of
TUNEL-positive cells in aneurysmal tissues were per-
formed as previously described'®. TUNEL-positive cells
were counted in a blind fashion. The area of aorta was
measured with Image] (National Institute of Health,
Bethesda, MD). At least three non-serial cross-sections
per aorta were analyzed (n =3 aortae per treatment).

Immunoblotting

Cells were lysed in RIPA buffer (Sigma-Aldrich, St.
Louis, MO) containing protease and phosphatase inhibi-
tors (Halt Cocktail, Thermo Scientific, Rockford, IL)
(floating cells in the medium were collected by cen-
trifugation (2000 rpm, 5 min) and combined with attached
cells). Equal amounts of protein extract were loaded and
separated by SDS-PAGE and then transferred to poly-
vinylidene fluoride (PVDF) membranes. The membranes
were blocked for 60 min at room temperature with 5%
skim milk in Tris-buffered saline plus 0.05% Tween 20
(TBST), and then incubated with primary antibodies
overnight at 4°C, followed by HRP-labeled secondary
antibodies. Labeled proteins were visualized with an
enhanced chemiluminescence system (PerkinElmer-cetus,
Boston, MA) and ImageQuant LAS 4000 Mini (GE
Healthcare Bio-Sciences, P.O. Pittsburgh, PA). For quan-
tification, optical densities of proteins were determined by
Image] (National Institute of Health, Bethesda, MD).

Co-immunoprecipitation

Cells were lysed in Pierce IP Lysis Buffer (Pierce, Wal-
tham, MA; floating cells in the medium were collected by
centrifugation (2000 rpm, 5min) and combined with
attached cells), then co-immunoprecipitation experiments
were performed using the SureBeads magnetic beads
(Biorad, Hercules, CA) according to the manufacturer’s
protocol. In brief, Protein A magnetic beads were washed
in PBST then incubated with anti-RIP3 antibody (ProSci,
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Poway, CA) or its isotype control for 30 min at room
temperature. Beads were magnetized and washed 3 times
with PBST, then incubated with cell lysate for 1 h at room
temperature. After incubation, beads were washed 3 times
with PBST, and immunoprecipitated proteins were eluted
in 1x Laemmli buffer and subjected to immunoblotting.

Kinase activity assay

Kinase activities of recombinant human RIP3 or RIP1
(1-375) kinase domain were determined using ADP-Glo
(Promega, Madison, WI), which measures the conversion
of ATP to ADP as previously described®*. Test com-
pounds of indicated concentrations in assay buffer
(50 mM Hepes pH 7.5, 50 mM NaCl, 30 mM MgCl,, 1
mM DTT, 0.02% CHAPS, 0.5 mg/mL BSA) was combined
with 25 nM kinase and substrate in a 384-well low flange
white plate (Corning, Corning, NY). Following a 1-hour
incubation, 150 uM ATP was added to the plate for
additional 5 h. The reaction was terminated by sequential
addition of the ADP-Glo Reagent and ADP-Glo Detection
solution. The luminescence was measured on a FlexSta-
tion 3 (Molecular Devices, San Jose, CA) and normalized
to no kinase control.

In situ proximity ligation assay

An in situ proximity ligation assay (PLA) was performed
to detect protein—protein interactions using a Duolink
in situ fluorescence kit according to the manufacturer’s
protocol (Olink Bioscience, Uppsala, Sweden). In brief,
cells were washed with PBS (floating cells were washed
away), then fixed with 4% paraformaldehyde at room
temperature for 10 min followed by cell membrane per-
meabilization with 0.2% Triton X-100 in PBS for 10 min.
Tissue sections were fixed for 10 min in cold acetone. The
slides were washed three times with PBS, blocked for 1 h
at room temperature with 5% BSA and normal donkey
serum in PBS, and incubated with the indicated antibody
pairs overnight at 4 °C. Oligonucleotide-conjugated sec-
ondary antibodies (PLA probe MINUS and PLA probe
PLUS) against each of the primary antibodies were
applied, and ligation and amplification were carried out to
produce rolling circle products. These products were
detected with fluorescently labeled oligonucleotides, and
the sections were counterstained using Duolink Mounting
Medium with DAPI. Samples were examined using a
Nikon microscope (Melville, NY).

Molecular docking

Homology models of RIP1 and RIP3 were built based on
human B-Raf structures PDB:4FK3 for DFG-in and
PDB:3IDP for DFG-out. Initial models were built using
MOE (v2016.08 Chemical Computing Group, Montreal)
and were then minimized with AMBER10 force field.
Ligand docking was done using HYBRID (v3.2.0, OpenEye



Zhou et al. Cell Death and Disease (2019)10:226

Scientific, Santa Fe) in the OE Docking tools, with up to
1000 conformations of each ligand and using the MMFF
charge model. All ligands were docking into both DFG-in
and DFG-out homology models of both RIP1 and RIP3.

KINOMEscan™ analysis

The selectivity of GSK’'074 was evaluated using KINO-
MEscan™ profiling service (DiscoveRx Corporation, Fre-
mont, CA). In brief, an in vitro competition binding assay
was used to evaluate GSK'074 specificity at a concentra-
tion of 100 nM against 468 human kinases including 403
non-mutant kinases and 65 mutant kinases, as described
previously***°. KINOMEscan™ was also used to deter-
mine binding constants (Kd) for GSK'074 against RIP1
and RIP3. In brief, an 11-point threefold serial dilution of
GSK'074 was prepared in 100% DMSO at 100x final test
concentration and subsequently diluted to 1x in the assay
buffer. Kds were calculated with a standard dose-response
curve using the Hill equation. Curves were fitted using a
non-linear least square fit with the Levenberg—Marquardt
algorithm.

Statistical analysis

Data were presented as mean = S.D. In comparisons of
two treatment conditions, two-tailed Student’s z-test was
used for normally distributed data and Mann—Whitney
nonparametric test for skewed data that deviate from
normality. In comparisons of three or more treatment
conditions, one-way analysis of variance with Bonferroni
post hoc test was used for normally distributed data and
Kruskal-Wallis nonparametric test for skewed data. Dif-
ferences with P<0.05 were considered statistically
significant.
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