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Necroptosis, a lytic type of cell death that is dependent on RIPK1-activated RIPK3 and MLKL, has been im-
plicated in the progression of septic shock-related events. However, the role of RIPK1/RIPK3/MLKL necro-
some in hemodynamic alterations associated with necroptotic and inflammatory tissue injury due to bacterial
infections has not been explored. Therefore, we aimed to investigate whether inhibition of the RIPK1-driven
necroptosis by a selective inhibitor of RIPK1, Nec-1s, protects against hypotension and tachycardia associ-
ated with necroptotic-, inflammatory-, and injury-related changes induced by bacterial LPS in rats. We also
investigated the effects of RIPK1 inhibition on TLR4/TRIF- and caspase-8-related pathways that may con-
tribute to these changes induced by LPS. The MAP and HR values were recorded from the conscious animals
using a tail-cuff method. Serum iNOS, HMGB1, MPO, and LDH levels were determined using ELISA kits.
The immunoblotting method was used to determine the changes in the expression of proteins related to the
TLR4/TRIF- and caspase-8-mediated necroptotic and inflammatory pathways in the TA, RA, PA, and MCA.
In the heart, kidney, lung, and brain, histopathological changes were evaluated by the H&E staining method.
Expression of RIPK1, RIPK3, MLKL, and HMGBI1 proteins in these organs was determined using immuno-
histochemical staining. Nec-1s prevented LPS-induced hypotension and tachycardia, increased serum iNOS,
HMGBI1, MPO, and LDH levels as well as expression of unphosphorylated and/or phosphorylated proteins
of TLR4/TRIF/RIPK1/RIPK3/MLKL/HMGBI1-, TLR4/MyD88/TAK1/IKK/NF-kB/iNOS/NO/VASP-, and
caspase-8-related pathways in the arterial vasculature, but did not increase RIPK 1, RIPK3, and MLKL protein
expression induced by LPS in the heart, kidney, and lung tissues. The LPS-induced increase in scores related
to histopathological changes in the kidney was attenuated by Nec-1s. These findings suggest that inhibition of
the RIPK1-driven necroptosis protects against hypotension and tachycardia, along with arterial and/or renal
necroptotic-, inflammatory-, and injury-related changes during septic shock. It also seems that suppression
of the TLR4/TRIF- and caspase-8-related pathways may contribute to the beneficial effects of Nec-1s during
septic shock.
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1. Introduction

dition to LDH, increased myeloperoxidase (MPO) activity

According to the last international consensus (Sepsis-3),
sepsis and septic shock are defined as "life-threatening or-
gan dysfunction caused by a dysregulated host response
to infection" and "a subset of sepsis in which underlying
circulatory and cellular/metabolic abnormalities are pro-
found enough to substantially increase mortality", respec-
tively [1]. It has also been reported that patients with septic
shock can be identified with a clinical construct of sep-
sis with persisting hypotension requiring vasopressors to
maintain mean arterial blood pressure (MAP) > 65 mmHg
and having a serum lactate level > 2 mmol/L (18 mg/dL),
as a result of increased activity of lactate dehydrogenase
(LDH), despite adequate volume resuscitation [1]. In ad-

is also known to be associated with markers of tissue dam-
age and systemic organ failure during septic shock [2].
The pathogenesis of septic shock is highly complex due to
infection, microvascular dysfunction, hemodynamic dis-
turbances, inflammatory tissue injury, and multiple organ
failure (MOF) [1-4]. In addition, multiple interconnections
and interactions between signaling pathways during septic
shock contribute to the complexity of its pathogenesis. For
instance, activity of toll-like receptor (TLR) 4/myeloid
differentiation factor (MyD) 88- and TLR4/toll-interleu-
kin (IL)-1 receptor domain-containing adapter-inducing
interferon-p (TRIF)-dependent pathways in response to
the lipid A part of bacterial lipopolysaccharide (LPS) (also
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known as endotoxin) is increased. The increased activity
of these pathways triggered by LPS results in not only in-
creased production of vasodilator/pro-inflammatory me-
diators but also decreased vasoconstrictor/antiinflamma-
tory mediator formation contributes to the pathogenesis of
septic shock [2-5]. Therefore, LPS-induced septic shock
is also called "endotoxic septic shock", "endotoxemic
shock", "endotoxic shock", "endotoxin shock", or toxic
shock [3.4].

Among the vasodilator mediators, it is now well known
that nitric oxide (NO) produced in excessive amounts by
inducible NO synthase (iNOS) expressed mainly in endo-
thelial and vascular smooth muscle cells contributes to vas-
cular hyporeactivity, fall in blood pressure, inflammation,
tissue injury, organ dysfunction, and high mortality rates
that are associated with septic shock [2,4]. Activation of
TLR4/MyD88/transforming growth factor beta-activated
kinase (TAK) 1/inhibitor of kB kinase (IKK) B/inhibitor
of kB-a/nuclear factor (NF)-kB/iNOS/soluble guanylyl
cyclase/cyclic guanosine monophosphate (cGMP)/protein
kinase G (PKG)/vasodilator-stimulated phosphoprotein
(VASP) pathway in vascular smooth muscle cells is re-
ported to mediate vasodilatory effect of NO [6]. iNOS de-
ficiency or pharmacological inhibition of NO overproduc-
tion opposes the decreased vascular reactivity, hypoten-
sion, and tachycardia seen in septic shock [2,4,5]. In our
previous studies, we also provided evidence confirming
that activation of the TLR4/MyD88 pathway associated
with increased expression/activity of iNOS contributes to
not only the LPS-induced decrease in vascular reactivity
and MAP, but also increase in heart rate (HR), inflamma-
tion, and mortality in rats [7-15].

Necroptosis is one of the lytic types of cell death initiat-
ed by numerous pro-inflammatory stimuli that requires the
activation of receptor-interacting serine/threonine-protein
kinase (RIPK) 1, RIPK3, and mixed lineage kinase do-
main-like pseudokinase (MLKL) necrosome complex [16-
18]. During necroptotic signaling, RIPK1 is activated by
stimulation of specialized cell receptors, including TLR4
[19,20]. To give an example of the mechanism of RIPK1-
related necroptotic cell death in vitro and in vivo models of
inflammation, stimulation of TLR4 leads to activation of
the TRIF/RIPK1/RIPK3/MLKL and TRIF/RIPK1/TAK1/
IKK pathways, resulting in increased activity of NF-kB,
which ultimately promotes inflammatory gene expression,
and induction of necroptosis, respectively [19-21]. In the
TLR4/TRIF/RIPK1/RIPK3/MLKL pathway, following
the phosphorylation of RIPKI, the necrosome complex
is formed between RIPK1, RIPK3, and MLKL [22]. Fur-
ther activation of MLKL by RIPK3 results in the release
of damage-associated molecular patterns (i.e., HMGBI),
thereby promoting inflammation [22]. In addition, cas-
pase-8, whose activity increases in necroptosis, regulated
through TLRs, is reported to prevent necroptosis mediated
by MLKL by the ripoptotic signaling complex, RIPK1/
RIPK3 [21,23].

Due to its critical role in inflammation and necroptotic
cell death in the vascular tissues and vital organs, RIPK1
is considered a prominent target for septic shock manage-
ment [20]. Therefore, we tested the hypothesis that inhi-
bition of the RIPK1-driven necroptosis prevents hypoten-
sion and tachycardia, along with necroinflammatory- and
injury-related changes induced by bacterial LPS not only
in the arterial tissues, but also in the heart, kidney, brain,

and lung. Necrostatin (Nec)-1s, a selective inhibitor of
RIPK1, was used to test this hypothesis. We also investi-
gated the effects of RIPK1 inhibition on TLR4/TRIF- and
caspase-8-related pathways that may contribute to the
LPS-induced changes. It is expected that this study may
contribute to the development of selective RIPK1 inhibi-
tors in ongoing efforts to improve the management of sep-
tic shock and prevent mortality due to MOF during bacte-
rial infections.

2. Materials and Methods
2.1. Animals

Adult male Wistar rats weighing 200-250 g, typically
around 8-10 weeks old, are widely used laboratory animals
to induce septic shock models using bacterial LPS. There-
fore, adult male Wistar rats aged 9 to 28 weeks and weigh-
ing 250 to 450 g (n=42) were used in the study (Research
Center of Experimental Animals, Mersin University, Mer-
sin, Tirkiye). The animals were kept under a controlled
temperature of 24 °C with 50% humidity and a 12-hour
light/dark cycle with free access to water and standard rat
chow. All of the experimental protocols were approved by
the Mersin University Experimental Animals Local Ethics
Committee (Approval date: May 25, 2021; Protocol num-
ber: 2021/25). The experiments were performed follow-
ing the National Institutes of Health Guide for the Care
and Use of Laboratory Animals under the supervision of
a veterinarian. All efforts were made to minimize animal
suffering in this research.

2.2. Induction of septic shock model

The septic shock model was induced by an intraperito-
neal (i.p.) injection of LPS (Escherichia coli LPS,0111:B4;
L4130; Sigma Chemical Co., St. Louis, MO, USA) into
healthy rats, as previously described [7-15]. In the litera-
ture, there is no information regarding the dose of Nec-1
that might prevent LPS-induced hypotension and tachy-
cardia. Therefore, based on the studies conducted in rats
and mice [24-29], these experiments were carried out by
injecting Nec-1s into rats at appropriate doses (0.1, 0.3, and
1 mg/kg) in a manner that could yield a cumulative normal
curve using quantitative log-dose/response relationships
frequently used in pharmacodynamic studies. In the ex-
periments to determine the lowest effective dose of Nec-1s
that significantly prevents LPS-induced changes in MAP
and HR values without causing mortality, were performed
in the following groups: (1) saline (control group), (2) LPS
(10 mg/kg) (septic shock group), (3) saline+dimethyl sulf-
oxide (DMSO) (vehicle control group), (4) saline+Nec-1s
(1 mg/kg), (5) LPS+Nec-1s (0.1 mg/kg), (6) LPS+Nec-1s
(0.3 mg/kg), and (7) LPS+Nec-1s (1 mg/kg). For the in
vivo experiments, the sample size (n=6 in each group) was
determined based on previous studies investigating the ef-
fects of various substances on the decrease in MAP and in-
crease in HR in LPS-induced septic shock models in rats,
and also confirmed by power analysis [7-15]. One hour af-
ter saline or LPS injection, two groups of rats were treated
with DMSO (A1584; Applichem GmbH, Darmstadt, Ger-
many) or Nec-1s (17802; Cell Signaling Technology, Inc.,
Boston, MA, USA). These agents were injected into rats
in a volume of 4 mL/kg. Although these agents may cause
pain when administered i.p. without anesthesia, an injec-
tion requiring brief immobilization may produce acute
stress lasting only seconds. On the other hand, injecting a
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single dose of an appropriate volume of isotonic solution
using a suitable needle into the peritoneal cavity without
anesthesia is widely used in studies on experimental septic
shock models in conscious rats. Hence, these agents pre-
pared in appropriate solvents were injected intraperitone-
ally by experienced researchers within 1-2 seconds using
a sterile 26-gauge needle to minimize painless administra-
tion. Sterile saline and a 1% (volume/volume) dilution of
DMSO (0.01 mg/mL final concentration in saline) were
used to dissolve LPS and Nec-1s, respectively. The MAP
and HR values were recorded non-invasively before and 1,
2, 3, and 4 hours after injection of saline or LPS from the
conscious animals using a volume-pressure tail-cuff meth-
od (MAY 9610 Indirect Blood Pressure Recorder System,
Commat Ltd., Ankara, Tiirkiye). Before measurement of
these values, the rats were kept in a heated chamber at 37
°C for 30 minutes. Since the values will be recorded via
a cuff placed on their tails, the animals must be placed in
individual chambers appropriate to their size so that they
do not move during the measurement period. To minimize
distress, care was taken to ensure that the experiments
were conducted in a quiet environment and that the total
holding time of the animals was approximately 25 minutes
for measurements performed 5 times, with a maximum of
5 minutes for each measurement, before and 1, 2, 3, and
4 hours after saline or LPS injection. Except for the mea-
surement of MAP and HR values, the animals were kept
in their cages without any restrictions on water, food, etc.
Since the animals could move within the restrainer dur-
ing the measurements, if this situation lasted longer than
5 minutes and did not allow measurements, they were re-
moved from the restrainer and kept in the heated cham-
ber, and the experiment was continued 5-10 minutes later.
Under xylazine (7 mg/kg; 0.35 mL/kg; i.p.)tketamine (90
mg/kg; 0.9 mL/kg; i.p.) anesthesia 4 hours after the saline
or LPS injection, and blood sample from vena cava cau-
dalis, thoracic aorta (TA), renal artery (RA), pulmonary
artery (PA), middle cerebral artery (MCA), heart, kidney,
brain, and lung were taken from these animals. Euthanasia
was carried out by the exsanguination of rats. There were
no potential confounding factors during the experiments.

2.3. Preparation of serum and tissue samples

Serum samples were prepared from the blood taken [8].
Cytosolic/nuclear fractions of isolated arteries were pre-
pared using a kit (Nuclear Extraction Kit; 10009277; Cay-
man Chemical, Ann Arbor, MI, USA) and stored at -80 °C
[7,8]. The Coomassie blue method was used to determine
the total protein amount in these fractions [8]. The isolated
heart, kidney, brain, and lung were stored in formaldehyde
solution (10%) for histopathological evaluation and im-
munohistochemical analysis.

2.4. Determination of serum levels of iNOS, HMGBI,
MPO, and LDH

Serum levels of iINOS, HMGB1, MPO, and LDH were
determined by the enzyme-linked immunosorbent assay
(ELISA) method. Rat iNOS ELISA Kit (201-11-0741;
Shanghai Sunred Biological Technology Co., Ltd., Shang-
hai, China), Rat HMGB1 ELISA Kit (MBS703437; My-
Biosource, Inc.; San Diego, CA, USA), Rat MPO ELISA
Kit (MBS704859; MyBiosource), and Rat LDH ELISA
Kit (MBS269777; MyBioSource) were used to measure
serum levels of iNOS, HMGB1, MPO, and LDH, respec-

tively.

2.5. Determination of protein expression by immunob-
lotting

The immunoblotting method was used to determine the
changes in the expression of proteins related to the TLR4/
TRIF- and caspase-8-mediated necroptotic and inflamma-
tory pathways in the cytosolic and/or nuclear fractions of
isolated TA, RA, PA, and MCA tissues as described pre-
viously [7]. Briefly, the samples (15 pg of protein) were
subjected to a sodium dodecyl sulfate-polyacrylamide gel
(10%) together with a molecular weight marker (RPN
800E; Amersham Life Sciences, Cleveland, OH, USA)
and subjected to electrophoresis. Following electrophore-
sis, the separated proteins were allowed to transfer from
the gels to the nitrocellulose membranes. After that, the
membranes containing proteins were blocked for 1 h at
room temperature using 5% non-fat dry milk in tris-buff-
ered saline containing Tween 20 (TBST). The membranes
were then incubated with the primary antibodies in bovine
serum albumin (BSA) (A7906; Sigma) (1:1.000 in 5%
BSA) overnight at 4 °C: (1) TLR4 monoclonal antibody
(25) (sc-293072; Santa Cruz Biotechnology, Santa Cruz,
CA, USA); (2) TRIF polyclonal antibody (PA5-106871;
Thermo Fisher Scientific Inc., Waltham, MA, USA); (3)
RIPK1 polyclonal antibody (ARG40183; Arigo Biola-
boratories, Hsinchu City, Taiwan); (4) phosphorylated
RIPK1 (p-RIPK1) (serine [Ser]'®®) monoclonal antibody
(ARGS55746; Arigo Biolaboratories); (5) RIPK3 poly-
clonal antibody (PA5-19956; Thermo Fisher); (6) phos-
phorylated RIPK3 (p-RIPK3) (Ser?*?) polyclonal antibody
(PA5-105701; Thermo Fisher); (7) MLKL polyclonal an-
tibody (PA5-102810; Thermo Fisher); (8) phosphorylated
MLKL (p-MLKL) (Ser358) polyclonal antibody (PAS5-
105678; Thermo Fisher); (9) HMGB1 monoclonal anti-
body (HAP46.5) (sc-135809; Santa Cruz); (10) MyD88
monoclonal antibody (E-11) (sc-74532; Santa Cruz); (11)
TAK1 monoclonal antibody (D94D7) (5206S; Cell Signal-
ing); (12) phosphorylated TAK1 (p-TAK1) (Ser*?) poly-
clonal antibody (9339; Cell Signalling); (13) IKKp mono-
clonal antibody (D30C6) (8943S; Cell Signaling); (14)
phosphorylated IKKf (p-IKKp) (Tyrosine [Tyr]'*’) poly-
clonal antibody (PA5-104694; Thermo Fisher); (15) NF-
kB p65 monoclonal antibody (sc-8008; Santa Cruz); (16)
phosphorylated NF-kB p65 (p-NF-kB p65) (Ser®°) poly-
clonal antibody (sc-33020; Santa Cruz); (17) iNOS mono-
clonal antibody (C-11) (sc-7271; Santa Cruz); (18) VASP
monoclonal antibody (A-11) (sc-46668; Santa Cruz); (19)
phosphorylated VASP (p-VASP) (Ser**°) monoclonal an-
tibody (16C2) (sc-101439; Santa Cruz); (20) caspase-8
monoclonal antibody (1H11) (MA5-15914; Thermo Fish-
er); (21) phosphorylated caspase-8 (p-caspase-8) (Tyr*®)
polyclonal antibody (PA5-114556; Thermo Fisher); and
(22) a-actin monoclonal antibody (1A4) (sc-32251; Santa
Cruz). Subsequently, the membranes were incubated for
1 hour at room temperature using sheep anti-mouse IgG-
horseradish peroxidase (RPN4201; Amersham) or goat
anti-rabbit [gG-horseradish peroxidase (RPN4301; Amer-
sham) as secondary antibodies in TBST containing 0.1%
BSA (1:1.000). The images of the immunoreactive bands
visualized using ECL Prime Western Blotting Detection
Reagent (RPN2232; Amersham) were captured using a
gel imaging system (EC3-CHEMI HR Imaging System;
Ultra-Violet Products, UVP, Cambridge, UK). To quan-
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tify the relative densities of immunoreactive bands, Image
J densitometry analysis software (Image J 1.54r, Wayne
Rasband, National Institute of Health, Bethesda, MD,
USA) was used. The intensities of immunoreactive bands
for specific proteins were calculated as a ratio to that of
a-actin. The nuclear-to-cytoplasmic (N/C) protein ratios
were also calculated to determine whether Nec-1s affect
the LPS-induced changes in the nuclear translocation of
these.

2.6. Immunohistochemical analysis

Immunohistochemical studies were conducted to
measure the expression of RIPK1, RIPK3, MLKL, and
HMGBI1 proteins associated with necroptosis in heart,
kidney, brain, and lung tissues [30,31]. To apply the indi-
cated antibodies using the immunohistochemical method,
2.5-3 um thick sections from formalin-fixed paraffin-em-
bedded blocks were taken onto positively charged slides,
kept in the oven at 68 °C for 1 hour, and deparaffinized
by taking them into xylene. The blocked sections were
then incubated with RIPK 1, RIPK3, MLKL, and HMGB1
for 2 hours. The binding of antibodies was visualized us-
ing 3,3'-diaminobenzidine tetrahydrochloride chromo-
gen. RIPK1, RIPK3, MLKL, and HMGBI positive cells
were examined using light microscopy at 4x, 100x, 200x,
and 400x magnification. The number of RIPK1, RIPK3,
MLKL, and HMGBI1 positive cells was calculated based
on the total number of cells examined. For all antibodies,
the extent of staining in the entire lesion in the stained sec-
tion was evaluated. The staining percentage values of the
stained cells compared to the cells forming the entire le-
sion are expressed as 1: <25%, 2: 25-50%, 3: 50-75%, and
4: 75-100%.

2.7. Histopathological evaluation

Histopathological studies were carried out to deter-
mine hemorrhage, interstitial edema, vascular congestion,
inflammatory cell infiltration, and necroptotic changes in
heart, kidney, brain, and lung tissues [30,31]. After fixa-
tion with 10% formaldehyde, paraffin-embedded tissue
sections (4 um) were stained with hematoxylin and eosin
(H&E). Histopathological changes were determined using
a light microscope at 100x and 200x objective magnifi-
cation to determine the severity of changes in detail by
a pathologist who was blinded to the group assignment.
For heart tissues, congestion, bleeding, vacuolar change in
the cell cytoplasm, neutrophil infiltration between muscle
fibers, and striation, atrophy, and necrosis in the muscle
fibers were evaluated [30]. For kidney tissues, swelling,
vacuolization, effacement, and necrosis, in addition to
apoptotic cells in the tubule epithelium, were evaluated
[30]. Additionally, renal cast, sinusoidal and capillary
congestion, glomerular atrophy, subcapsular exudate, in-
terstitial hemorrhage, as well as interstitial, intravascular,
and intratubular neutrophil-dominated inflammation have
been noted. For brain tissues, edema, enlarged perivascu-
lar spaces, neural swelling, pale staining cell cytoplasms,
nuclear vacuolization, bleeding, and hyperemia were eval-
uated [30]. For lung tissues, the presence of leukocytes in
the interstitial and alveolar spaces, proteinaceous debris
filling the air spaces, the presence of hyaline membranes,
and alveolar septal thickening were evaluated [30,31].
The evaluated changes were scored between 0-4 points:
0 points were evaluated as no damage, 1 point as slight

damage, 2 points as moderate damage, 3 points as serious
damage, and 4 points as very serious damage.

2.8. Statistical analysis

Data are expressed as means = standard error of means
(SEM). For data normally or not normally distributed,
parametric or nonparametric statistical analysis was con-
ducted using a one-way analysis of variance followed by
Tukey's test for multiple comparisons or Kruskal-Wallis
test followed by Dunn's test, respectively, to determine dif-
ferences from the saline- or LPS-treated groups. GraphPad
Prism 10 version 10.0.3 (275) (GraphPad Software, San
Diego, California, USA) was used to perform statistical
analysis and generate the figures. A P value < 0.05 was
considered to be statistically significant. No notable outli-
ers or inconsistencies were observed in the data.

3. Results
3.1. Effect of Nec-1s on LPS-induced hypotension and
tachycardia

To determine the effects of RIPK1 inhibition on LPS-
induced hypotension and tachycardia, MAP and HR val-
ues of saline-, LPS-, and/or Nec-1s-injected rats were
measured. As shown in Figure 1, LPS-injected rats pre-
sented a progressive drop in MAP values associated with
increased HR when compared with those in the control
group (P<0.05). MAP was reduced by 46 mmHg and HR
increased by 70 beats/minute (bpm) 4 hours after LPS in-
jection into the rats (P<0.05). Nec-1s administered at 1
mg/kg dose restored the MAP and HR values at 1, 2, and
3 hours after its injection into septic rats (p < 0.05). The
fall in MAP and rise in HR values of the rats injected with
LPS were not restored by Nec-1s at the doses of 0.1 or 0.3
mg/kg (P>0.05). MAP and HR values in rats injected with
DMSO or Nec-1s (1 mg/kg) were not different from the
control group (P>0.05). All rats also survived throughout
the experiments. Therefore, sera and tissues of rats treated
with a 1 mg/kg dose of Nec-1s were used for further ex-
periments.

3.2. Effects of Nec-1s on rise in systemic levels of iNOS,
HMGBI1, MPO, and LDH in septic rats

The effects of RIPK1 inhibition on serum levels of
iNOS, HMGBI1, MPO, and LDH of saline-, LPS-, and/or
Nec-1s-injected rats were measured as indices for iNOS/
NO/VASP pathway-mediated vascular reactivity, hypo-
tension, and tachycardia, RIPK1/RIPK3/MLKL/HMGBI1-

475

MAP {(mmHg)
HR (bpm)

250

2 3
Time after saline or LPS injection {hours)

Time after saline or LPS injection (hours)

Fig. 1. Effects of Nec-1s on the changes in (A) MAP and (B) HR
values induced by LPS in rats. Data are expressed as means + SEM
(n=6 per group). "P<0.05 vs. corresponding value seen in the saline
group; “P<0.05 vs. value corresponding to that measured in the LPS-
treated group; *P<0.05 vs. time 0 hour value to that measured within
a group; *P<0.05 vs. time 2 hours value to that measured within a

group.
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Table 1. Nec-1s prevented the rise in the levels of iINOS, HMGB1, MPO, and LDH measured in the sera 4 hours following

injection of saline or LPS into rats.

iNOS (ng/ml) HMGBI ng/ml) MPO (ng/ml) LDH (U/l)
Saline 142.80 + 8.27 10.57 + 1.57 8.66 + 0.64 120.60 = 11.92
LPS 246.70 + 9.85° 28.83 + 1.46" 17.54 £0.61° 289.90 + 12.72°
DMSO 149.40 + 9.41 12.46 + 1.05 7.91 +0.46 113.20 + 10.94
Nec-1s 137.90 + 8.58 12,13+ 1.72 8.18 +0.79 133.90 £ 15.15
LPS+Nec-1s 142.10 + 6.97* 12.19 + 1.59* 9.73 +0.78" 123.20 + 13.99"

Data are expressed as means = SEM (n=6 per group). "P<0.05 vs.

values in the LPS-injected group.

mediated necroptosis, MPO-mediated inflammatory tissue
injury, and LDH/lactate-mediated cellular damage, during
septic shock, respectively. As shown in Table 1, levels
of iNOS, HMGBI1, MPO, and LDH were found to be in-
creased in the sera of LPS-injected rats when compared
with the control group (P<0.05). Nec-1s treatment pre-
vented the LPS-induced increase in serum iNOS, HMGBI,
MPO, and LDH levels (P<0.05).
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Fig. 2. Effects of Nec-1s on the changes in (A) MAP and (B) HR
values induced by LPS in rats. Data are expressed as means + SEM
(n=6 per group). "P<0.05 vs. corresponding value seen in the saline
group; “P<0.05 vs. value corresponding to that measured in the LPS-
treated group; *P<0.05 vs. time 0 hour value to that measured within
a group; *P<0.05 vs. time 2 hours value to that measured within a

group.
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Fig. 2. (continued) Effects of Nec-1s on changes in the expres-
sion of phosphorylated and/or unphosphorylated TLR4, TRIF,
RIPK1, RIPK3, MLKL, and HMGBI1 proteins in the cytosolic
and nuclear fractions of (A) TA, (B) RA, (C) PA, and (D) MCA
measured 4 hours following injection of saline or LPS into rats.
Protein levels in the arterial tissues were measured by immunoblot-
ting. Data represent mean = SEM (n=4). "P<0.05 vs. values measured
in the saline-injected group; “P<0.05 vs. values in the LPS-injected

group.

3.3. Effects of Nec-1s on LPS-induced increase in the
arterial expression/activity of proteins related to the
TLR4/TRIF/RIPK1/RIPK3/MLKL/HMGBI1 pathway

To determine the effects of RIPK1 inhibition on the
TLR4/TRIF/RIPK1/RIPK3/MLKL/HMGB1 pathway-
mediated vascular necroptosis during septic shock, ex-
pression of phosphorylated and/or unphosphorylated
proteins for TLR4, TRIF, RIPK1, RIPK3, MLKL, and
HMGBI1 was evaluated in the arterial tissues of saline-,
LPS-, and/or Nec-1s-injected rats. LPS injection caused an
increase in cytosolic, but not nuclear, TLR4 and/or TRIF
protein expression and decreased N/C protein ratio of
TRIF in TA (Figure 2A), RA (Figure 2B), PA (Figure 2C),
and MCA (Figure 2D) when compared with those in the
control group (P<0.05). The increase in cytosolic TLR4
and TRIF expression and decrease in N/C protein ratio of
TRIF induced by LPS were prevented by Nec-1s treatment
(Figure 2) (P<0.05). Increased expression of RIPK1, p-
RIPK1, RIPK3, p-RIPK3, MLKL, and p-MLKL proteins
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Fig. 2. (continued) Effects of Nec-1s on changes in the expres-
sion of phosphorylated and/or unphosphorylated TLR4, TRIF,
RIPK1, RIPK3, MLKL, and HMGBI1 proteins in the cytosolic
and nuclear fractions of (A) TA, (B) RA, (C) PA, and (D) MCA
measured 4 hours following injection of saline or LPS into rats.
Protein levels in the arterial tissues were measured by immunoblot-
ting. Data represent mean = SEM (n=4). "P<0.05 vs. values measured
in the saline-injected group; “P<0.05 vs. values in the LPS-injected

group.

in cytosolic and nuclear fractions and their N/C protein ra-
tios were also observed in the TA (Figure 2A), RA (Figure
2B), PA (Figure 2C), and MCA (Figure 2D) of LPS-inject-
ed rats when compared with the control group (P<0.05).
The LPS-induced increase in p-RIPK1, p-RIPK3, and p-
MLKL, but not RIPK 1, RIPK3, and MLKL, expression in
both fractions and their N/C protein ratios was prevented
by Nec-1s treatment (Figure 2) (P<0.05). Moreover, in
the LPS-injected rats, HMGBI1 protein expression was
increased in cytosolic fractions, while its expression was
decreased in nuclear fractions, and a decreased N/C pro-
tein ratio was in the TA (Figure 2A), RA (Figure 2B), PA
(Figure 2C), and MCA (Figure 2D) when compared with
the control group (P<0.05). The LPS-induced changes in
HMGBI expression in these fractions and the decrease in
its N/C protein ratio were prevented by Nec-1s treatment
(Figure 2) (P<0.05).

3.4. Effects of Nec-1s on LPS-induced increase in the
arterial expression/activity of proteins related to the
TLR4/MyD88/TAK1/IKKB/NF-kB/iNOS/NO/VASP
pathway

To further determine the effects of RIPK1 inhibition
on the TLR4/MyD88/TAKI1/IKKB/NF-kB/iNOS/NO/
VASP pathway-mediated vasodilation, hypotension, and
subsequent tachycardia during septic shock, expression
of phosphorylated and/or unphosphorylated proteins for
MyD88, TAK1, IKKB, NF-kB p65, iNOS, and VASP was
also evaluated in the arterial tissues of saline-, LPS-, and/
or Nec-1s-injected rats. Injection of LPS resulted in an in-
crease in cytosolic fraction MyD88, p-TAK1, and p-IKKf
protein expression in the TA (Figure 3A), RA (Figure 3B),
PA (Figure 3C), and MCA (Figure 3D) when compared
with the control group (P<0.05). The LPS-induced in-
crease in cytosolic MyD88 expression was prevented by
Nec-1s treatment (Figure 3) (P<0.05). Moreover, the in-
crease in p-TAK1 and IKKf expression in cytosolic frac-
tion induced by LPS was prevented by Nec-1s treatment
(Figure 3) (P<0.05). Protein expression of NF-kB p65,
p-NF-kB p65, and iNOS in cytosolic and nuclear fractions
and their N/C protein ratios were found to be increased in
the TA (Figure 3A), RA (Figure 3B), PA (Figure 3C), and
MCA (Figure 3D) of LPS-injected rats when compared
with the control group (P<0.05). LPS injection also in-
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Fig. 3. Effects of Nec-1s on changes in the expression of phos-
phorylated and/or unphosphorylated MyD88, TAK1, IKKf, NF-
kB p65, iNOS, and VASP proteins in the cytosolic and/or nuclear
fractions of (A) TA, (B) RA, (C) PA, and (D) MCA measured 4
hours following injection of saline or LPS into rats. Protein levels
in the arterial tissues were measured by immunoblotting. Data repre-
sent mean = SEM (n=4). "P<0.05 vs. values measured in the saline-
injected group; “P<0.05 vs. values in the LPS-injected group.
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creases cytosolic, but not nuclear, p-VASP protein expres-
sion, and decreased their N/C protein ratios in the TA (Fig-
ure 3A), RA (Figure 3B), PA (Figure 3C), and MCA (Fig-
ure 3D) when compared with the control group (P<0.05).
The LPS-induced increase in NF-kB 65, p-NF-kB p65,
and iNOS expression in both fractions and their N/C pro-
tein ratios were prevented by Nec-1s treatment (Figure 3)
(P<0.05). Moreover, the LPS-induced increase in p-VASP
expression in both fractions and decrease in their N/C pro-
tein ratios were prevented by Nec-1s treatment (Figure 3)
(P<0.05).

3.5. Effects of Nec-1s on LPS-induced increase in the
arterial expression/activity of caspase-8

To investigate the effects of RIPK1 inhibition on the
septic shock-induced vascular necroinflammatory injury,
vasodilation, and hypotension by the caspase-8-mediated
pathway during bacterial septic shock, expression of un-
phosphorylated and/or phosphorylated caspase-8 proteins
was evaluated in the arterial tissues of saline-, LPS-, and/
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Fig. 3. (continued) Effects of Nec-1s on changes in the expres-
sion of phosphorylated and/or unphosphorylated MyD88, TAK1,
IKKg, NF-xB p65, iINOS, and VASP proteins in the cytosolic and
nuclear fractions of (A) TA, (B) RA, (C) PA, and (D) MCA mea-
sured 4 hours following injection of saline or LPS into rats. Pro-
tein levels in the arterial tissues were measured by immunoblotting.
Data represent mean + SEM (n=4). "‘P<0.05 vs. values measured in the
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Fig. 3. (continued) Effects of Nec-1s on changes in the expres-
sion of phosphorylated and/or unphosphorylated MyD88, TAK1,
IKKp, NF-xB p65, iNOS, and VASP proteins in the cytosolic and
nuclear fractions of (A) TA, (B) RA, (C) PA, and (D) MCA mea-
sured 4 hours following injection of saline or LPS into rats. Pro-
tein levels in the arterial tissues were measured by immunoblotting.
Data represent mean = SEM (n=4). "P<0.05 vs. values measured in the

saline-injected group; “P<0.05 vs. values in the LPS-injected group.

saline-injected group; “P<0.05 vs. values in the LPS-injected group.

or Nec-1s-injected rats. Increased cytosolic and nuclear
protein expression of caspase-8 and p-caspase-8 and their
N/C protein ratios were found in the TA (Figure 4A), RA
(Figure 4B), PA (Figure 4C), and MCA (Figure 4D) of
LPS-injected rats when compared with the control group
(P<0.05). The LPS-induced increase in caspase-8 and p-
caspase-8 expression in both fractions and their N/C pro-
tein ratios was prevented by Nec-1s treatment (Figure 4)
(P<0.05).

3.6. Effects of Nec-1s on LPS-induced expression of
RIPK1, RIPK3, MLKL, and HMGBI1 proteins in the
heart, kidney, brain, and lung tissues

To further explore the involvement of RIPK1/RIPK3/
MLKL necrosome in septic shock-induced necroptotic
injury and inflammation, expression of RIPK1, RIPK3,
MLKL, and HMGBI1 proteins was evaluated in the cardi-
ac, renal, cerebral, and pulmonary tissues of saline-, LPS-,
and/or Nec-1s-injected rats. LPS injection increased the
expression of RIPK3 in the heart (Figure 5A), RIPK1 in
the kidney (Figure 5B) and lung (Figure 5D), and MLKL
in the kidney (Figure 5B) (P<0.05). The LPS-induced in-
crease in RIPK1, RIPK3, and MLKL expression in the
tissues was not prevented by Nec-1s treatment (Figure 5)
(P>0.05). It was also observed that expression of RIPK1 in
the kidney (Figure 5B), brain (Figure 5C), and lung (Fig-
ure 5D), RIPK3 in the kidney (Figure 5B) and lung (Figure
5D), and HMGBI in the heart (Figure 5A), kidney (Fig-
ure 5B), and brain (Figure 5C) of rats administered Nec-1s
together with LPS was higher than the values of the con-
trol and LPS groups (P<0.05). The expression of RIPK1
in the kidney (Figure 5B) and lung (Figure 5D), RIPK3
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debris filling the air spaces, and alveolar septal thicken-
ing observed in lung sections of LPS-injected rats were
associated with serious injury scores (Figure 6D). The
LPS-induced histopathologic changes were attenuated
significantly by Nec-1s only in kidney tissue (Figure 6B)
(P<0.05). The scores regarding histopathological changes
determined in the tissues of rats injected with DMSO and/
or Nec-1s together with saline or LPS were higher than the
control group values (Figure 6) (P<0.05).

4. Discussion

The results of the study demonstrate that a selective
inhibitor of RIPK1 activity, Nec-1s, prevents hypotension
and tachycardia associated with necroptotic and inflamma-
tory injury in the arterial and renal tissues of rats with sep-
tic shock by not only inhibiting the TLR4/TRIF/RIPK1/
RIPK3/MLKL/HMGBI- pathway, but also suppressing
the TLR4/MyD88/TAK 1/IKKB/NF-kB/iNOS/NO/VASP-,
and caspase-8-related pathways.

During septic shock induced by LPS, NO overpro-
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Fig. 4. Nec-1s prevented the increase in the expression of unphos-
phorylated and p-caspase-8 proteins in the cytosolic and nuclear
fractions of (A) TA, (B) RA, (C) PA, and (D) MCA measured 4
hours following injection of saline or LPS into rats. Protein levels
in the arterial tissues were measured by immunoblotting. Data repre-
sent mean = SEM (n=4). "P<0.05 vs. values measured in the saline-
injected group; *P<0.05 vs. values in the LPS-injected group.

in the heart (Figure 5A), and MLKL and HMGBI in the
lung (Figure 5D) of rats administered DMSO together
with saline was higher than the control group (P<0.05).
Administration of Nec-1s into saline-treated rats resulted
in increased expression of RIPK3 and HMGBI in the heart
(Figure 5A), RIPK1 and MLKL in the kidney (Figure 5B),
and HMGBI1 in the brain (Figure 5C) (P<0.05).

3.7. Effect of Nec-1s on LPS-induced kidney, heart,
brain, and lung injury

To further explore the effects of RIPK1 inhibition on
the septic shock-induced inflammatory necroptotic tissue
injury, the effects of Nec-1s were evaluated on the histo-
pathological changes in the cardiac, renal, cerebral, and
pulmonary tissues of saline-, LPS-, and/or Nec-1s-inject-
ed mice. Normal histologic architecture is demonstrated
in the heart (Figure 6A), kidney (Figure 6B), brain (Fig-
ure 6C), and lung (Figure 6D) tissues of saline-injected
rats. Congestion, hemorrhage, vacuolar change in the cell
cytoplasm, neutrophil infiltration between muscle fibers
and striation, and atrophy and necrosis in muscle fibers
observed in heart sections of LPS-injected rats were asso-
ciated with moderate injury scores (Figure 6A). Swelling,
vacuolization, effacement, necrosis, and apoptotic cells in
the tubule epithelium observed in kidney sections of LPS-
injected rats were associated with serious injury scores
(Figure 6B). Edema, enlarged perivascular spaces, neural
swelling, pale staining cell cytoplasm, nuclear vacuoliza-
tion, bleeding, and hyperemia observed in brain sections
of LPS-injected rats were associated with mild injury
scores (Figure 6C). The presence of leukocytes in the al-
veolar space, the presence of leukocytes in the interstitial
space, the presence of hyaline membranes, proteinaceous
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Fig. 5. Nec-1s prevented the increase in RIPK1-, RIPK3-, MLKL-,
and HMGB1-positive cell count in (A) heart, (B) kidney, (C) brain,
and (D) lung tissues measured 4 hours following injection of saline
or LPS into rats. Protein expression was examined by immunohis-
tochemical method (magnification, x200) and scored for the staining
percentage values of the stained cells compared to the cells forming
the entire lesion. Bar = 100 um. Data represent mean + SEM (n=4).
“P<0.05 vs. values measured in the saline-injected group; “P<0.05 vs.
values in the LPS-injected group.
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Fig. 6. Effects of Nec-1s on scores determined according to histo-
pathological changes in (A) heart, (B) kidney, (C) brain, and (D)
lung tissues measured 4 hours following injection of saline or LPS
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into rats. Tissue sections were examined for signs of hemorrhage,
interstitial edema, vascular congestion, inflammatory cell infiltra-
tion, and necrotic changes after H&E staining (magnification, x200)
and scored for tissue damage. Bar = 100 um. Data represent mean =+
SEM (n=6). "P<0.05 vs. values measured in the saline-injected group;
#P<0.05 vs. values in the LPS-injected group.

duction in the rat arterial tissues through TLR4/MyD88/
TAK1/IKKB/NF-B/INOS pathway has been reported to
be responsible for cGMP-mediated vasodilation by acti-
vating PKG and, subsequently, VASP phosphorylation,
which results in a decrease in blood pressure and a rise
in HR [7,10,11,13,14]. According to the results of stud-
ies using iNOS inhibitors, excessive production of iNOS-
derived NO during septic shock leads to inflammation, tis-
sue injury, and organ failure [8-10]. Therefore, iNOS is an
important therapeutic target due to its importance in the
pathogenesis of septic shock. In recent years, compounds
such as Nec-1 and Necls that selectively target RIPK1-
mediated necroptosis [26,32] have also been extensively
examined in preclinical studies, especially for use in the
prevention and treatment of sepsis and septic shock [20].
Increasing evidence also suggests that necroptosis medi-
ated by RIPK1/RIPK3/MLKL necrosome triggered by ac-
tivation of the TLR4/TRIF pathway plays a critical role in

the pathogenesis of LPS-induced sepsis and septic shock
in rodent models [30,32,33]. The results of several stud-
ies suggest that Nec-1 has protective effects against LPS-
induced systemic inflammatory response [28], sepsis [34],
acute kidney [32], and lung [30] injury, as well as neuro-
inflammation [34] in murine and piglet models. In a study
conducted in healthy rats [24], it has been demonstrated
that injection of Nec-1 into healthy rats at a dose of 0.8
mg/kg (intravenous; i.v.) causes a gradual increase in sys-
tolic blood pressure and HR values reaching the peak at 20
min after i.v. drug administration. There are also studies
conducted only in mice demonstrating that Nec-1s, a much
more selective RIPK1 inhibitor than Nec-1 and possesses
improved pharmacological characteristics compared to
Nec-1 [26,35], is 0.3 [25], 0.6 [26], 6 [26], or 10 [27] mg/
kg (i.p.) or 30 mg/kg (i.v.) [28]. However, MAP and HR
were not measured in these studies. It has also been shown
that nuclear translocations of RIPK1, RIPK3, and MLKL,
which can be prevented by Nec-1, play a role in TNF-
a-induced necroptosis in human HT29 colonorectal cell
lines [36]. Moreover, Nec-1s is reported to exhibit benefi-
cial effects in necroptosis-related pathological states such
as LPS-induced acute systemic inflammatory responses
[28,33] and TNF-induced systemic inflammatory response
syndrome and mortality [26,33] models in mice. As dem-
onstrated by Szobi et al. [37] in a cardiac I/R model in
rats, Nec-1s prevents necroptotic cell death by inhibiting
the formation of MLKL oligomers and their subsequent
translocation within the plasma membrane. According
to the results of these studies, it has been suggested that
MLKL deficiency is more important than RIPK1 inacti-
vation or RIP3K deficiency in necroptotic diseases asso-
ciated with inflammation and tissue damage [33]. On the
other hand, according to the results of an in vitro study
conducted by Kearney et al. [38] on L929 cells, RIPK1
functions to prevent rather than initiate RIPK3-dependent
necroptosis. Furthermore, there are studies demonstrating
that caspase-8 prevents MLKL-mediated necroptosis by
the ripoptotic signaling complex, RIPK1/RIPK3 [21,23].
In vitro studies have shown that the RIPK1/RIPK3/Fas-
associated death domain/caspase-8 complex formed fol-
lowing LPS stimulation causes pro-inflammatory IL-13
release, which requires the presence of TRIF and RIPK1,
and interaction of RIPK3 with TRIF results in the TLR-
mediated necroptosis and positive regulation of non-apop-
totic caspase-8 [39]. Conversely, it has been suggested that
caspase-8 expression and/or activity may also increase as
a result of activation of TLR4/TRIF pathway indepen-
dently from pro-necroptotic RIPK1/RIPK3 and/or TLR4/
MyDS88 pathways in tissues related to the heart, aorta, and
lung in the LPS-induced lung injury [40], endotoxemia
[41], sepsis [42], and endotoxic shock [43] rodent mod-
els. Results of in vitro studies demonstrated that binding of
caspase-8 to TRIF and MyD§8 following LPS administra-
tion contributes to necroptosis [39] mediated by the TLR4/
TRIF and TLR4/MyD88 pathways. Moreover, Lemmers
et al. [44] demonstrated that caspase-8, whose expression
increases through the TLR4/MyDS88/IRAK1 pathway in
LPS-stimulated mouse B cells, causes an increase in the
nuclear translocation of NF-kB, which is activated as a
result of its interaction with the IKKo/IKKf complex. In
a study conducted in mouse bone marrow-derived mac-
rophages stimulated with LPS, it was also reported that
increased activity of caspase-8 results in increased iNOS
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expression and formation of NO [45]. In addition, there
are in vitro and in vivo studies showing that the translo-
cation of RIPK1 [36,46], RIPK3 [36,46], HMGBI1 [47],
MLKL [36], NF-xB p65 [7,44], iNOS [48], VASP [49],
and caspase-8 [50] proteins within the cell is changed in
response to various stimuli such as LPS, TNF, I/R, heat
stress, and ionomycin. On the other hand, the effects of
selective RIPK1 inhibition on the LPS-induced changes
in hypotension and tachycardia in addition to the activity
of TLR4/TRIF/RIPK1/RIPK3/MLKL/HMGBI1-, TLR4/
MyDS88/TAK 1/IKKB/NF-kB/iNOS/NO/VASP-, and cas-
pase-8-related pathways in the cytosolic and/or nuclear
fractions of vascular tissues from septic rats have not been
investigated.

The results of our previous studies indicated that sys-
temic administration of LPS into rats results in (1) hypo-
tension and tachycardia [7-15], (2) vascular hyporeactiv-
ity in the TA and superior mesenteric artery (SMA) [11],
(3) enhanced systemic and/or tissue levels of iNOS/NO
[13,14], MPO [10,14], and LDH [14], (4) increased ex-
pression and/or activity of MyD88 [7], TAK1 [7], NF-xB
p65[7,12],iNOS [13,14], PKG [13], and VASP [13] in the
heart, kidney, and/or TA, and (5) nuclear translocation of
NF-kB p65 in the TA, SMA, heart, and kidney [7]. In this
study, the reduction in MAP and the rise in HR in response
to LPS injection into rats over the 4 hours of the experiment
were also observed. Moreover, these changes were asso-
ciated with (1) elevated serum levels of iNOS, HMGBI,
MPO, and LDH, (2) increased expression of TLR4, TRIF,
HMGBI1, MyD88, NF-kB p65, iNOS, and caspase-8 pro-
teins in addition to the activity of RIPK1, RIPK3, MLKL,
TAK1, IKKB, NF-kB p65, VASP, and caspase-8 in the cy-
tosolic and/or nuclear fractions of TA, RA, PA, and MCA,
and (3) increase in the nuclear translocation of unphos-
phorylated and/or phosphorylated RIPK 1, RIPK3, MLKL,
MLKL, NF-kB p65, iNOS, and caspase-8 proteins as well
as translocation of TRIF, HMGBI1, and VASP proteins
from the nucleus to the cytoplasm in the vascular tissues
of rats with septic shock at 4 hours after LPS administra-
tion. Nec-1s prevented the LPS-induced changes, except
for increased expression of RIPK1, RIPK3, and MLKL
proteins in both fractions. Hence, in agreement with the
previous studies, these novel data suggest that Nec-1s, not
only by inhibiting RIPK1 activity [26] but also suppress-
ing the TLR4/TRIF/RIPK1/RIPK3/MLKL/HMGBI1- and
TLR4/MyD88/TAK1/IKKB/NF-kB/iNOS/NO/VASP-
[28,30,32,33] and/or caspase-8-related pathways [39-45]
prevent the iNOS-derived NO-mediated hypotension and
tachycardia in response to systemic LPS administration in
the arterial vasculature in the rat model of septic shock.
Our results also suggest that Nec-1s exerts its effects on
the changes induced by LPS in the expression of the un-
phosphorylated and/or phosphorylated proteins involved
in these pathways in nuclear and/or cytosolic fractions of
vascular tissues of rats. On the other hand, further detailed
in vitro studies using cells are required to demonstrate the
exact cellular sites of action of Nec-1s on the changes trig-
gered by LPS in the subcellular localizations of these sig-
naling proteins and elucidate the molecular mechanisms of
functional interactions between them [7,24,37,44,46-50].

In the present study, scores regarding histopathologi-
cal changes determined in the heart, kidney, brain, and
lung tissues also increased 4 hours after administration
of LPS into rats. Nec-ls reduced these LPS-induced

changes only in kidney tissue. The scores regarding his-
topathological changes determined in the tissues of rats
administered DMSO and/or Nec-1s together with saline
or LPS were higher than the control group values. These
findings demonstrated that there were changes associated
with hemorrhage, interstitial edema, vascular congestion,
inflammatory cell infiltration, and necrosis in the heart,
kidney, brain, and lung tissues isolated 4 hours after LPS
administration into rats. According to our findings, Nec-
Is reduces the elevated scores regarding histopathologi-
cal changes only in the kidney tissue isolated from rats
in the LPS-treated group. These findings are consistent
with the studies performed in the septic shock model in
rats, demonstrating that LPS causes histopathological
changes in the heart [51], kidney [32], brain [52], and lung
[30,53,54]. Results of in vivo studies also demonstrated
that Nec-1, another selective RIPK1 inhibitor, reduces or
does not prevent LPS-induced kidney and lung injury in
mice [28,30,53,54]. Nevertheless, there are no studies in-
vestigating the effects of Nec-1s on the histopathological
alterations induced by LPS in the heart, kidney, brain, and
lung tissues in this septic shock model. Therefore, in this
model, it has been shown for the first time in this study
that Nec-1s reduces the increase in scores related to LPS-
induced histopathological changes only in the kidney tis-
sue, but not in the heart, brain and lung. Also, a matter that
needs to be particularly emphasized is that while the MAP
and HR values of rats injected with DMSO or Nec-1, com-
pared to the control group, were not significantly changed,
the scores regarding histopathological changes in the tis-
sues were found to be higher than the control group values.
These findings are also consistent with the results of the in
vivo studies demonstrating that systemic administration of
DMSO or Nec-1 into rats and mice causes histopathologi-
cal changes similar to kidney and lung injury induced by
LPS [30,32,53,54].

In acute lung injury and acute kidney injury in rodents
and neonatal sepsis model in rats, there are studies in the
literature showing that LPS increases protein expression
of HMGBI1 in the heart [55] and kidney [56], RIPK1
[57,58], RIPK3 [58], MLKL [57], and HMGBI1 [59] in the
brain, RIPK1 [30] and HMGBI1 [31] in the lung. Addition-
ally, in the neonatal sepsis model in rats and acute lung
injury model in mice, it has also been reported that Nec-
1 prevents the LPS-induced increase in the expression of
RIPK1 [30,57,58], RIPK3 [30,58], and MLKL [57] in
the brain and lung. On the other hand, in the septic shock
model induced by LPS in rats, there are no studies investi-
gating the effect of either LPS or Nec-1s on the changes in
RIPK1, RIPK3, MLKL, and HMGBI1 protein expression.
In this study, protein expression of RIPK1 in the kidney
and lung, RIPK3 in the heart, and MLKL in the kidney
was increased 4 hours after LPS administration to rats. It
was also observed that there was no change in the HMGBI1
protein expression in all tissues of LPS-treated rats. More-
over, Nec-1s did not prevent the LPS-induced increase in
the expression of RIPK1, RIPK3, and MLKL proteins in
the heart, kidney, and lung tissues. In contrast to the results
of studies with Nec-1 [30,57,58], our findings demon-
strated that Nec-1s do not affect the LPS-induced increase
in the expression of RIPK1, RIPK3, and MLKL proteins
in the heart, kidney, and lung tissues. However, these re-
sults are consistent with our findings that Nec-1s does not
prevent the increase in the expression of RIPK1, RIPK3,
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and MLKL proteins measured in the cytosolic and nuclear
fractions of TA, RA, PA, and RA isolated 4 hours after
LPS administration to rats. Similar to the results of his-
topathological studies, the expression of RIPK1, RIPK3,
MLKL, and/or HMGBI proteins measured in the tissues
of rats administered DMSO or Nec-1s together with sa-
line or LPS was also found to be higher than the values
of the control and/or LPS groups. To emphasize once
again, according to the results of our in vivo studies, while
no significant change was observed in the MAP and HR
values of rats administered DMSO or Nec-1s with saline
compared to the control group, Nec-1s can prevent the hy-
potension and tachycardia induced by LPS. Therefore, al-
though Nec-1s can prevent LPS-induced hypotension and
tachycardia, our findings indicate that systemic adminis-
tration of DMSO or Nec-1s may lead to enhanced expres-
sion of RIPK1, RIPK3, MLKL, and/or HMGBI1 proteins
in the heart, kidney, brain, and/or lung tissues.

5. Conclusion

The present study revealed for the first time that the
inhibition of RIPK1 by Nec-1s prevents the hypotension
and tachycardia in response to systemic administration of
LPS into rats associated with inflammatory and necrop-
totic injury in the arterial and vital organs, such as kidney
through inhibiting the TLR4/TRIF/RIPK1/RIPK3/MLKL/
HMGBI1-, TLR4/MyD88/TAK1/IKKB/NF-kB/iNOS/NO/
VASP-, and caspase-8-related pathways. Therefore, Nec-
Is may be a potential antihypotensive, antiarrhythmic,
antiinflammatory, and antinecroptotic drug candidate in
the treatment of inflammatory diseases associated with
necroptosis, tissue injury, and organ dysfunction, such
as septic shock due to bacterial infections. Regarding the
contribution of RIPK1 to the regulation of not only hemo-
dynamic parameters but also necroinflammatory tissue in-
jury, further studies with RIPK1 inhibitors in experimental
models of septic shock could provide a novel approach to
prevent mortality due to MOF. Importantly, further phar-
macological and pharmaceutical studies are also warrant-
ed to determine not only the efficacy, but also the toxic ef-
fects of Nec-1s will provide benefits to patients with septic
shock.

A limitation of this study is that whether Nec-1s exerts
its beneficial effects directly by inhibiting the expression
and activity of RIPK1 and/or indirectly by decreasing the
activity of TLR4/TRIF/RIPK1/RIPK3/MLKL/HMGBI-
,  TLR4/MyD88/TAK1/IKKB/NF-kB/iNOS/NO/VASP-,
and caspase-8-related pathways in the cardiovascular, re-
nal, cerebral, and pulmonary tissues during LPS-induced
septic shock. Therefore, additional experiments need to be
conducted in RIPK1 knockout rats to elucidate the mo-
lecular mechanisms of the beneficial effects of Nec-1s in
the septic shock model. Further detailed experiments at the
molecular level are also required to explore the effects of
Nec-1s on the interactions between these signaling path-
ways in the specific cells of cardiovascular, renal, cerebral,
and pulmonary tissues expressing RIPK1, such as myo-
cardial, endothelial, vascular, renal tubular, and microg-
lial cells isolated from septic rats. Since animal models
provide fundamental information about the mechanism
of drug action, pharmacokinetics, and toxicity that other
methods cannot replace, animal models remain crucial in
developing new therapeutic approaches for septic shock
despite several limitations. Hence, considering the criti-

cal role of RIPK 1-driven necroptosis during endotoxemia,
re-evaluation of the effects of Nec-1s in more clinically
relevant hyperdynamic and hypodynamic animal models
may provide a novel therapeutic target for the treatment of
patients with septic shock.
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