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Narciclasine improves outcome

In sepsis among neonatal rats

via inhibition of calprotectin and
alleviating inflammatory responses

Manoj Kumar Kingsley?, Ballambattu Vishnu Bhat!*, Bhawana Ashok Badhe?,
Benet Bosco Dhas! & Subhash Chandra Parija®

Sepsis is associated with exacerbated inflammatory response which subsequently results in multiple
organ dysfunction. Sepsis accounts for high mortality and morbidity among newborns worldwide.
Narciclasine is a plant alkaloid which has shown to possess anti-inflammatory properties. In this study
we investigated the effect and mechanism of action of narciclasine in neonatal sepsis rat models.

The excessive release of S100A8/A9 or calprotectin in neonatal sepsis could be detrimental as it could
exacerbate the inflammatory responses. We found that narciclasine significantly reduced the plasma
levels of S100A8/A9 and also suppressed its expression in the liver and lung. The systemic and local
bacterial load was also reduced in the narciclasine treated rats. The systemic and local production

of pro-inflammatory cytokines in plasma and organs (liver and lungs) was significantly reduced in

the narciclasine treated rats. The histopathological studies showed that narciclasine prevents the

organ damage associated with sepsis and improved the survival of neonatal rats. Sepsis increased the
phosphorylated NF-k3 p65 protein expression in the liver. Narciclasine suppressed the phosphorylation
of NF-k(3 p65 and the degradation of NF-k3 inhibitory protein alpha. It could also suppress the
expression of adaptor proteins of the toll like receptor signaling pathway viz., myeloid differentiation
factor 88 (MyD88), Interleukin-1 receptor-associated kinase 1 (IRAK1) and TNF receptor associated
factor 6 (TRAF6). These results suggest that narciclasine protects against sepsis in neonatal rats through
the inhibition of calprotectin, pro-inflammatory cytokines and suppression of NF-x(3 signaling pathway.

Infection is the most important cause of morbidity and mortality in intensive care units worldwide. As the
immune response to infection during the neonatal period is mostly immature it is characterized by high rates
of morbidity and mortality'~>. Most adults are usually able to restrict the bacterial infection whereas neonates
are not able to restrict the bacterial infection and develop a severe systemic inflammatory response. Sepsis is a
life threatening health condition which occurs due to the severe and systemic inflammatory response to infec-
tion. This syndrome starts with dysregulated inflammation, systemic inflammatory response syndrome (SIRS)
progressing to severe sepsis and septic shock®. It is the most common cause of death in critically ill patients in
non-coronary intensive care units’.

Despite the advancement of medical care, sepsis is one of the leading causes of morbidity and mortality among
babies in the neonatal intensive care units®. This is mainly due to the non-specific signs and symptoms of neo-
natal sepsis®. Antibiotics and supportive care are the mainstay of treatment at present. The nosocomial patho-
gens are increasingly becoming resistant to the antimicrobials currently being used. Thus alternative therapeutic
options such as anti-inflammatory drugs could be beneficial as neonatal sepsis is characterized by elevated levels
of inflammatory cytokines such as tumor necrosis factor alpha (TNF-a) and interleukin 6 (IL-6) which amplifies
the severity of sepsis’. The outburst of inflammatory cytokines in sepsis leads to subsequent complications which
finally may end up in multiple organ dysfunction and death. Thus anti-inflammatory drugs could be beneficial in
reducing the severity of neonatal sepsis.

Calprotectin is an acute phase reactant present in the cytoplasm of innate immune cells (predominantly neu-
trophils) and is released immediately after host-pathogen interaction®. It is a 24 kda heterodimer consisting of
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Figure 1. Narciclasine improved survival and reduced the bacterial load in neonatal rats with sepsis. (a) Sepsis
was induced in the rats (n =6 per group) followed by administration of narciclasine (NC, 0.1, 1 and 3 mg/kg)
after 1 hour and their survival was monitored for 30 hours. Data are presented as the survival percentages of
rats. (b) The clinical signs were scored for 30 hours after sepsis induction. Data were expressed as mean & SEM.
(c—f) Sepsis was induced in the rats (n =6 per group) followed by narciclasine administration (NC, 0.1, 1 and

3 mg/kg) after 1 hour. Blood, peritoneal fluid, livers and lungs were collected after 12 hours. Bacterial counts
were estimated after 24 hours of incubation. Data were expressed as medians and compared using Kruskal-
Wallis test. (a,b) ***P < 0.001, compared with sham/control group; *P < 0.05, **P < 0.01, **P < 0.001, compared
with untreated sepsis group. (c-f) **P < 0.001, compared with sham/control group; *P < 0.05 compared with
untreated sepsis group.

light and heavy chains - MRP 8 and MRP 14 (8 and 14 Kda). In the new S100 protein nomenclature these two
units are designated as S100A8 and S100A9 respectively and together they are also known as calprotectin®!°.
Calprotectin has been proposed for the diagnosis of many inflammatory conditions'!. Calprotectin is found to
be elevated in the circulation during neonatal sepsis and its diagnostic accuracy has been found to be better than
other traditional markers®. Calprotectin has shown to exhibit cell growth inhibitory, cytotoxic and apoptosis
inducing properties on normal cells such as fibroblasts'?~1.

Plant derived natural products and their derivatives are an invaluable source of therapeutic agents'>'¢. The
plants from the Amarylldiaceae family are known for their pharmacologically active alkaloids'’. The extracts
from the bulbs of Hemanthus coccineus has been traditionally used as herbal remedy in inflammation associated
diseases'®!. Narciclasine is an isocarbostyril alkaloid found in the bulbs of Haemanthus coccineus extracts and it
has been found to exhibit anti-inflammatory properties?. Narciclasine has also shown to inhibit the cytotoxicity
of calprotectin in rat adjuvant arthritis model?!. Based on these data we decided to study the potential of narci-
clasine in inhibiting calprotectin and reducing the excessive inflammatory response in neonatal sepsis. In this
study we induced sepsis in neonatal rats using Escherichia coli as the infecting agent, as E. coli is one of the leading
causes of neonatal sepsis?>?*. We investigated the protective effects of narciclasine in neonatal sepsis rat models
and explored the possible mechanisms of action.

Results

Narciclasine improved survival in neonatal rats with sepsis. Narciclasine treatment improved sur-
vival in neonatal rats with sepsis (Fig. 1a). All the rats in the control group survived during the 30 hour obser-
vation period. All the rats in the untreated sepsis group were found to be dead before the end of the observation
period. The overall survival percentage was 16.67%, 50% and 66.67% on treatment with narciclasine at 0.1 mg/kg,
1 mg/kg and 3 mg/kg respectively at the end of the study period. The untreated sepsis group rats showed a strong
rise in the clinical score with progression of time. Narciclasine treatment at 0.1 mg/kg body weight could slightly
delay the clinical symptoms, though it was not significant. Treatment with 1 mg/kg showed relatively lower clin-
ical score though not significant compared with the untreated sepsis group. Treatment with 3 mg/kg narciclasine
showed minimum clinical symptoms of sepsis and showed a significantly lower clinical score compared with the
untreated sepsis group (Fig. 1b). These results suggest that narciclasine improves the survival of neonatal rats with
sepsis and relieves of the clinical signs of sepsis.

Narciclasine reduced the bacterial load in neonatal rats with sepsis. When bacterial dissemination
spreads beyond a local environment in the body, the infection and the inflammatory response aimed at restrict-
ing the spread of pathogens becomes systemic. This is the scenario in sepsis that subsequently results in organ
injury and shock?’. So restricting the local bacterial load and its spread have significant impact in controlling the
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Figure 2. Narciclasine reduced the systemic levels of inflammatory cytokines in neonatal septic rats. The
neonatal rats were subjected to E. coli induced sepsis (n =6 per group) in the presence or absence of narciclasine
(NG, 0.1, 1 and 3 mg/kg) which was administered 1 hour after sepsis induction. Plasma was separated from
blood collected at 12 hours after sepsis induction. (a—e) The levels of cytokines IL-2, IL-4, IL-1a, TNF-cv and
IL-10 in plasma were determined by cytometric bead array (f-h) The levels of cytokines IL-6, IFN-~ and IL-1(3
in plasma were determined by ELISA. Data were expressed as means + SEM and compared using ANOVA.

##P < 0.001, compared with sham/control group; *P < 0.05, **P < 0.01, P < 0.001, compared with untreated
sepsis group.

pathogenesis of sepsis. We compared the CFU of bacteria in blood, peritoneal fluid, liver and lungs of the various
groups. The narciclasine treated rats showed reduction of bacterial load in blood, peritoneal fluid, liver and lungs
compared to the sepsis group without treatment, but significant reduction was found only in the 3 mg/kg dosage
group (Fig. 1c—f). These data suggest that the beneficial effect of narciclasine in neonatal septic rats could also
be due to the reduction of bacterial load at the site of infection and subsequent prevention of systemic bacterial
dissemination.

Narciclasine treatment reduced the plasma levels of inflammatory cytokines in neonatal rats
with sepsis. Multiple cytokines in plasma were quantified using Cytometric Bead Array (CBA) rat inflam-
mation kit and ELISA. Acquisition by flow cytometry was done using the FACS Calibur II. The results obtained
showed that the rats in the untreated sepsis group showed significantly elevated levels of pro-inflammatory
cytokines (IL-1q, IL-2, TNF-q, IL-6, IFN-~, IL-13) in plasma (Fig. 2a,c,d,f-h). The narciclasine treatment group
showed significantly reduced levels of pro-inflammatory cytokines. The levels of anti-inflammatory cytokines
(IL-4 and IL-10) in plasma were found to be increased in the narciclasine treatment group compared to the
untreated sepsis group (Fig. 2b,e).

Narciclasine inhibited the expression of S100A8 and S100A9 in septic neonatal rats. The
S100A8 and S100A9 protein expression in the lungs were determined by Immunohistochemistry. Narciclasine
suppressed the expression of S100A8 and S100A9 in the lungs of neonatal septic rats (Fig. 3a). Plasma levels
of SI00A8 and S100A9 were measured using ELISA kits. The levels of SI00A8 and S100A9 were significantly
elevated in the sepsis group without treatment. Narciclasine treatment significantly reduced the plasma levels of
S100A8 and S100A9 in neonatal septic rats (Fig. 3b,e). We also estimated the levels of SI00A8 and S100A9 in the
lung and liver homogenates. Narciclasine treatment showed significant reduction of S100A8 and S100A9 levels in
the lung and liver homogenates compared to the untreated sepsis group (Fig. 3¢,d,f,g). The SI00A8 and S100A9
protein expression in the livers were determined by Immunohistochemistry (Fig. 4a) and Immunoblotting
(Fig. 4b). Narciclasine effectively suppressed the SI00A8 and S100A9 protein expression in the livers of neonatal
septic rats compared to the untreated sepsis group. We also found that narciclasine effectively reduced the SI00A8
and S100A9 mRNA expression in the livers when compared to the untreated sepsis group (Fig. 4e,f).
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Figure 3. Narciclasine reduced the SI00A8 and S100A9 levels in plasma and organ homogenates of neonatal
rats with sepsis. The neonatal rats were subjected to E. coli sepsis (n = 6 per group) in the presence or absence
of narciclasine (NG, 0.1, 1 and 3 mg/kg) which was administered 1 hour after sepsis induction. Plasma, livers
and lungs were collected 12 hours after sepsis induction. (a) The expression of SI00A8 and S100A9 in the lungs
was determined by Immunohistochemistry. Amplification x200. The results shown are representative of three
independent experiments. The levels of S100A8 in the (b) plasma, (c) livers and (d) lungs were determined by
ELISA. The levels of S100A9 in the (e) plasma, (f) livers and (g) lungs were determined by ELISA. Data were
expressed as means == SEM and compared using ANOVA. **P < 0.001, compared with sham/control group;

*P < 0.05, **P < 0.01, ***P < 0.001, compared with untreated sepsis group.

Narciclasine treatment reduced the liver inflammation and injury in septic neonatal rats. The
liver is a vital organ and the liver mediated immune response is crucial for eliminating bacteria and toxins in
sepsis. Nevertheless in sepsis, the liver is injured by excessive load of pathogens and inflammatory mediators.
Liver dysfunction can often occur in the early stages of sepsis. Attenuating the liver injury and restoration of liver
function lowers the morbidity and mortality in sepsis®. The protective effect of narciclasine on liver was analyzed
by histological studies of liver sections stained with haematoxylin and eosin (Fig. 5a). The liver sections from the
control rats showed minimal inflammation. The liver sections in untreated sepsis group rats showed increased
sinusoidal congestion, edema, inflammation of the portal tract, macrovascicular fatty changes in hepatocytes,
central vein congestion and severe infiltration of inflammatory cells of the portal tract. These sepsis induced
histological changes in the liver was effectively minimized by narciclasine treatment (1 mg/kg and 3 mg/kg). The
liver tissues from narciclasine treated rats showed lesser sinusoidal congestion, edema and inflammatory cell
infiltration than the untreated sepsis group rats.

The extent of liver inflammation and injury could also be determined by estimating the levels of liver enzymes
aspartate transaminase (AST) and alanine transaminase (ALT) in plasma. The levels of AST and ALT were found
to be significantly elevated in the untreated sepsis group. The narciclasine treated group showed significant reduc-
tion of AST and ALT compared to untreated sepsis group (Fig. 5b,c).

We also estimated the levels of inflammatory cytokines —- TNF-q, IL-6, IL-13 and IFN-~ in liver homogenates.
Narciclasine treatment showed significant reduction of inflammatory cytokines (TNF-q, IL-6, IL-13 and IFN-~)
in liver homogenates compared to the sepsis group without treatment (Fig. 5d-g). The TNF-a protein expression
in the liver was determined by Immunohistochemistry. Narciclasine treatment showed significant reduction of
TNF-a expression compared to the sepsis group without treatment (Fig. 6a).
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Figure 4. Narciclasine inhibited the expression of S100A8 and S100A9 in the livers of septic neonatal rats. The
neonatal rats were subjected to E. coli sepsis and narciclasine (NC, 0.1, 1 and 3 mg/kg) was administered 1 hour
after sepsis induction. Livers were collected 12 hours after sepsis induction. (a) The expression of SI00A8 and
S100A9 in the livers was determined by Immunohistochemistry. Amplification x400. (b) The protein expression
of S100A8 and S100A9 in the liver was determined by western blot. The relative levels of (c) SI00A8 vs 3-actin,
(d) SI00A9 vs 3-actin were determined by densitometry. The mRNA expression of (e) SI00A8 and (f) SI00A9
in the liver was determined by quantitative real time PCR. Data were expressed as mean + SEM of three
independent experiments and compared using ANOVA. (c,d) ¥**P < 0.001, compared with normal control
group; *P < 0.05, *P < 0.01, **P < 0.001, compared with untreated sepsis group. (e,f) ***P < 0.001, compared
with sham/control group; **P < 0.01, ***P < 0.001, compared with untreated sepsis group.

We further found that the mRNA expression of TNF-oand IL-6 was found to be significantly increased in the
livers of septic neonatal rats without treatment. Narciclasine significantly downregulated the mRNA expression
of TNF-a and IL-6 in the liver of septic rats (Fig. 6b,c). Immunoblotting results showed elevated expression of
TNF-o and IL-6 in the livers of untreated septic rats. Narciclasine treatment significantly downregulated the pro-
tein expression of TNF-« and IL-6 in the livers of septic rats (Fig. 6d-f).

Narciclasine ameliorated the sepsis induced acute lung inflammation and injury in neonatal
rats. Acute lung injury (ALI) is a common complication of sepsis and it occurs due to excessive pulmonary
inflammation resulting in high morbidity and mortality*®?’. The ameliorative effect of narciclasine on lungs was
confirmed by histological evaluation of lungs (Fig. 7a). The lung sections in the untreated sepsis group showed
severe congestion of interstitial and septal vasculature, increased extravasation of RBCs in alveoli and interstit-
ium, inflammatory cell infiltration, mild edema and emphysematous changes. Narciclasine treatment reduced
the intensity of these changes and protected the rats from sepsis induced lung damage. The protein expression of
TNF-a in the lungs was determined by Immunohistochemistry. Narciclasine significantly suppressed the expres-
sion of TNF-av in the lungs when compared to the sepsis group without treatment (Fig. 7b).

We estimated the concentrations of inflammatory cytokines TNF-a, IL-6, IL-13 and IFN-~ in the lung
homogenates (Fig. 7c-f). Treatment with narciclasine significantly reduced the levels of inflammatory cytokines
TNF-q, IL-6, IL-103 and IFN-~ in lung homogenates when compared to the sepsis group without treatment. These
data show that narciclasine suppresses the lung inflammation and injury in neonatal sepsis.

Narciclasine reduces the inflammatory anemia in neonatal rats with sepsis. The development
of anemia is common during sepsis and highly prevalent in intensive care patients with high risk of sepsis®.
We analyzed the whole blood parameters which revealed a significant reduction of RBC, hemoglobin and
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Figure 5. Narciclasine prevented liver damage in neonatal septic rats. The neonatal rats were subjected to E.
coli sepsis and narciclasine (NC, 0.1, 1 and 3 mg/kg) was administered 1 hour after sepsis induction. Plasma
and Livers were collected 12 hours after sepsis induction. (a) The liver histological changes in the presence or
absence of narciclasine (NC, 0.1, 1, 3mg/kg) after H&E staining. The original amplification was x200. (b) The
levels of AST and (c) ALT in the plasma were determined using an automated biochemical analyser. (d-g) The
levels of cytokines TNF-q, IL-6, IFN-~ and IL-10 in liver homogenates were determined by ELISA. Data were
expressed as mean + SEM and compared using ANOVA. ***P < 0.001, compared with sham/control group;

*P < 0.05, **P < 0.01, ***P < 0.001, compared with untreated sepsis group.

packed cell volume in the untreated sepsis group which was brought to normal levels on narciclasine treatment
(Fig. 8 a—c). The WBC count, neutrophil % and lymphocyte % were found to be elevated in the untreated sepsis
group. Narciclasine treatment could lower these values to normal levels (Fig. 8d-f). The CD4/CD8 T lympho-
cyte ratio was also significantly reduced in the sepsis group without treatment. Narciclasine treated rats showed
improved CD4/CD8 T lymphocyte ratio (Fig. 8g). These data suggest that narciclasine reduces the inflammatory
anemia in neonatal sepsis and improves the outcome.

Narciclasine inhibited the expression of adaptor proteins of the TLR4 pathway, reduced Ik3a
degradation and NF-k(3 p65 phosphorylation in livers of neonatal rats with sepsis.  The toll like
receptor 4 (TLR-4) pathway has a crucial role in triggering the innate immune response in acute inflammation
associated disorders like sepsis®. It is activated by bacterial endotoxins which triggers the downstream signaling
cascade that results in the production of inflammatory cytokines. Most toll like receptors activate a common
intracellular signaling pathway that involve the adaptor proteins myeloid differentiation factor 88 (MyD88), IL-1R
associated kinase (IRAK-1) and TNFR-associated factor 6 (TRAF-6)3%3!, This leads to the nuclear transloca-
tion and activation of NF-k03 that subsequently results in production of inflammatory cytokines. In this study,
we found that narciclasine suppresses the expression of NF-k3 p65 in the liver tissues of neonatal septic rats
as revealed by Immunohistochemical staining (Fig. 9a). Immunoblotting results showed increased NF-x3 p65
phosphorylation in the livers of non-treated septic rats whereas narciclasine treatment significantly suppressed
the NF-k(3p65 phosphorylation (Fig. 9b). We also found that in comparison to the untreated sepsis group, narci-
clasine treatment reduced the protein expression of MyD88, IRAK-1 and TRAF-6 in the livers of septic neonatal
rats (Fig. 9b). The NF-k3 activation is crucial event in the activation of various inflammatory mediator networks
in the pathophysiology of sepsis. The NF-«[3 activation is regulated by the Ik family of proteins and Ix@3s inhibit
NEF-kappa B activation®?. We found that the expression of I3 in the liver of non-treated sepsis group rats was
downregulated whereas narciclasine treatment significantly prevented the Ik3a degradation (Fig. 9b).

Discussion

Gram negative sepsis is a common clinical syndrome arising due to the severe host response to infection where
foreign bacteria and lipopolysaccharide activate the various immune cells*®. In response to infection, the activa-
tion of phagocytes occurs by pathogen associated molecular patterns (PAMPs) which recognize specific pattern
recognition receptors (PRRs). The phagocytes can also be activated by endogenous danger signals known as
alarmins or damage associated molecular patterns (DAMPs)*. The S100A8, S100A9 proteins are considered as
important endogenous DAMPs which are abundantly released by phagocytes in response to stress/inflammatory
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Figure 6. Narciclasine inhibited the expression of TNF-a and IL-6 in the livers of neonatal septic rats. (a)

The neonatal rats were subjected to E. coli sepsis and narciclasine (NC, 0.1, 1 and 3 mg/kg) was administered

1 hour after sepsis induction. Livers were collected 12 hours after sepsis induction. The expression of TNF-a
in the liver was determined by Immunohistochemistry. (b) The mRNA expression of TNF-« and (c) IL-6 in
the liver was determined by quantitative real time PCR. (d) The protein expression of TNF-c and IL-6 was
determined by western blot. (e) The relative levels of TNF-a vs 3-actin and (f) IL-6 vs 3-actin were determined
by densitometry. Data were expressed as mean = SEM of three independent experiments and compared

using ANOVA. (b,c) **P < 0.001, compared with sham/control group; *P < 0.05, **P < 0.01, ***P < 0.001,
compared with untreated sepsis group; (e,f) *P < 0.05, ***P < 0.001, compared with sham/control group;

P <0.05, *P < 0.01, **P < 0.001, compared with untreated sepsis group.

stimuli. SI00A8/S100A9 proteins have pro-inflammatory properties which are characterized by the induction
of pro-inflammatory cytokines and adhesion molecules in endothelial cells****. Previous findings have shown
that the plasma level of SI00A8/S100A9 in neonates with sepsis was found to be highly elevated®. The elevated
level of S100A8/S100A9 amplifies inflammation and enhances the inflammatory response in infection, making
it a potential therapeutic target in anti-inflammatory strategies. In contrast, MRP8/14 (also known as SI00A8/
A9) is considered important in the innate host defenses against pathogens due to their anti-microbial proper-
ties®®?”. Nevertheless, in fulminant systemic inflammation as induced by high dose of LPS or E. coli adminis-
tration, endogenous MRP8/14 adds to the lethality®®*. It has also been found that MRP8/14 complex acts as an
endogenous activator of TLR4 and amplifies the lethality in septic shock®. The targeted deletion of MRP14 has
shown to improve survival in mouse models of LPS induced shock and E. coli induced sepsis®. This shows the
potential influence and effect of the SI00A8, SI00A9 proteins in conditions like sepsis and shock and the need to
neutralize its deleterious effects.

Narciclasine is an isocarbostyril alkaloid of the Narcissus sp. and belongs to the Amarylldiaceae family.
Previous studies have shown that narciclasine exhibits 250 fold lesser sensitivity on normal lung fibroblasts when
compared to cancer cells*’. Moreover, low concentrations of narciclasine were sufficient to inhibit the cytotoxicity
of calprotectin in a rat adjuvant arthritis model?!. This is one of the significant advantages of using narciclasine
which has shown to have significant therapeutic potential in low doses.

Neonatal sepsis is associated with increased levels of inflammatory cytokines which plays a significant part
in its pathogenesis and severity*'. Narciclasine has shown to exhibit anti-inflammatory properties and suggested
to be used in inflammation related disorders?. Here we observed that E. coli sepsis strongly induces the expres-
sion of calprotectin and pro-inflammatory cytokines in neonatal rats. This was alleviated by treatment with low
concentrations of narciclasine. Previous literature has shown that E. coli infection in its fulminant form is charac-
terized by high bacterial load which subsequently can result in circulatory collapse and death within short time
span*. In our study, we observed that there was reduced bacterial load in the narciclasine treated rats compared
to the untreated septic rats. Previous studies have shown that narciclasine does exhibit bacteriostatic activity
against E. coli**. This may be the reason behind the reduced bacterial load in narciclasine treated rats in our study.

Gram-negative sepsis is characterized by tissue and organ injury resulting from the excessive production of
cytokines in response to increased amounts of bacteria and LPS*. Severe sepsis involves the failure of organ
systems, commonly known as the multiple organ dysfunction (MOF) syndrome. This generally starts with the
failure of respiratory system. This is subsequently followed by the failure of hepatic, cardiovascular, renal, CNS,
gastrointestinal and coagulatory system®. A large number of neutrophils infiltrate the organs during sepsis and
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Figure 7. Narciclasine attenuates sepsis induced lung injury and the expression of inflammatory cytokines in
lungs of neonatal septic rats. The neonatal rats were subjected to E. coli sepsis and narciclasine (NC, 0.1, 1 and

3 mg/kg) was administered 1 hour after sepsis induction. Plasma and Lungs were collected 12 hours after sepsis
induction. (a) Representative histological sections of lungs collected 12 hours after sepsis induction in rats with
and without narciclasine (NG, 0.1, 1 and 3 mg/kg) treatment. Original amplification x200. (b) The expression of
TNF-a in the lungs was determined by Immunohistochemistry. The results shown are representative of three
independent experiments (c) The levels of inflammatory cytokines TNF-a, IL-6, IFN-~ and IL-10 in the lung
homogenates were determined by ELISA. Data were expressed as mean £ SEM and compared using ANOVA.
P <0.001, compared with sham/control group; *P < 0.05, **P < 0.01, ***P < 0.001, compared with untreated
sepsis group.

this is associated with impaired organ function and organ failure*. The prevention of liver injury and damage has
shown to lower the morbidity and mortality in sepsis patients®. During sepsis, the activated kupffer cells in liver
release inflammatory cytokines such as TNF-a and IL-6 which facilitates multiple organ damage®”. In our study,
the histopathological results showed that narciclasine treatment reduced the liver inflammation and injury. The
inflammatory cytokine expression was also suppressed in the liver of narciclasine treated rats. Increase in liver
enzymes such as aspartate amino transferase (AST) and alanine aminotransferase (ALT) signify hepatocellular
damage in sepsis*®. In the untreated septic rats we found a drastic rise in the plasma AST and ALT levels which
was significantly reduced in the narciclasine treated groups. This shows that narciclasine reduces the intensity of
liver damage in neonatal septic rats.

Sepsis and acute lung injury (ALI) have a close relation in the intensive care units and more than 50% of
patients with sepsis develop ALI¥. It was evident from the histopathological findings in our study that narci-
clasine treatment prevented the lung inflammation and injury. The inflammatory cytokines levels in the lung
homogenates were also reduced in the narciclasine treated rats. This suggests that narciclasine has an ameliorative
effect on the lungs during neonatal sepsis.

A common complication of severe sepsis is anemia, which is characterized by decrease in the hematocrit and
hemoglobin®. Erythrocytes are crucial as they deliver oxygen from lungs to tissues. Sepsis is characterized by a
reduction of the red blood cell count and a rapid rise in the WBC count?®°!. We found that narciclasine could
normalize the changes in most of these hematological parameters. During sepsis, neutrophils are activated and a
large number is released in the blood which in turn releases lytic factors causing local tissue damage®. We found
that narciclasine treated rats had significantly reduced neutrophil count compared to the untreated septic rats.
Furthermore, septic shock is associated with a significant reduction in the CD4/CD8 T cell ratio. This reduction
in the lymphocyte subset proportion causes suppressed immune function and enhanced spread of infection in
septic shock®. In our study we found that narciclasine treatment normalized the CD4/CD8 T lymphocyte ratio
in neonatal rats with sepsis.

The pathogenesis of sepsis involves the dysregulated activation of inflammatory mediator networks which
results in the hyper-production of inflammatory cytokines. The toll like receptor 4 (TLR-4) pathway is activated
by bacterial LPS which is the major component of the cell wall of gram negative bacteria®. This subsequently
triggers an intracellular signaling cascade that ultimately results in the secretion of inflammatory cytokines. The
intracellular and extracellular components of the TLR4 signaling cascade are potential therapeutic targets for the
treatment of acute inflammation disorders like sepsis where there is excessive cytokine secretion?. The NF-kappa
B activation is a central event in the activation of these crucial networks®. It has a crucial role in regulating the
transcription of immunomodulatory mediators in sepsis and sepsis induced organ failure**. The suppression of
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Figure 8. Narciclasine reduced the inflammatory anaemia in neonatal septic rats. The rats were subjected to
E. coli sepsis (n = 6 per group) in the presence or absence of narciclasine (NC, 0.1, 1 and 3 mg/kg). 12 hours
later blood was collected and analysed using an automated haematology analyser. (a) Red blood cell count

(b) Haemoglobin (c) Packed cell volume (d) White blood cell count (e) % Lymphocytes (f) % Neutrophils.
Data were expressed as mean & SEM and compared using ANOVA. (g) The CD4/CD8 T lymphocyte ratio was
determined using flow cytometry. Data were expressed as mean + SEM and compared using ANOVA. (a-f)
P <0.001, **P < 0.01, compared with sham/control group; *P < 0.05, **P < 0.01, ***P < 0.001, compared
with untreated sepsis group. (g) **P < 0.01, compared with sham/control group; *P < 0.01 compared with
untreated sepsis group.

NF-kappa B activation and phosphorylation has shown to reduce the acute inflammatory processes and organ
injury in sepsis. In our study we found that narciclasine could suppress the phosphorylation of NF-k3p65 in the
liver. Previous studies have shown that MRP-8 directly interacts with TLR-4/MD-2 and induces NF-kf3 activa-
tion*. MRP8 induces the intracellular translocation of MyD88 and activation of IRAK-1 and NF-«03 that subse-
quently results in the upregulated expression of TNF-a*. In our study we observed that narciclasine reduces the
expression of adaptor proteins MyD88, IRAK-1 and NF-k3 p65 which correlate with the reduced expression of
S100A8. Thus the protective effect of narciclasine could be mediated by the reduced expression of S100A8 which
subsequently downregulates other molecules of the NF-«f3 signaling pathway.

Previous literature has shown that narciclasine has shown to exhibit more cytotoxicity towards human cancer
cell lines than normal cells*. The lower sensitivity of narciclasine towards normal lung fibroblast cells shows that
it is less cytotoxic on normal cells. The histopathological studies in our study showed no signs of malignancy in
the narciclasine treated rats. Previous studies analyzing the toxicity of narciclasine in wistar rats found no adverse
effect at 1 mg/kg/day?”. This study was done on adult rats and dose given was for 3 weeks. In our study, the dose
of 1 mg/kg was found to be optimal and showed significant improvement in outcome with no organ injury or
damage in neonatal rats with sepsis. According to the “Conversion of animal doses to human equivalent doses’
of the US FDA this dose is equivalent to 0.162 mg/kg in humans. As this conversion is for rats in general, consid-
ering the smaller body surface area and body weight of neonatal rats this value could be lower than 0.162 mg/kg
in humans. As the progression of sepsis is rapid and it could cause death within a short span of time, drug com-
pounds which could exhibit significant effect within this short time span could only be of benefit. In our study we
used narciclasine at minimum concentrations (0.1, 1 and 3 mg/kg) and found that it could significantly improve
the outcome at these minimal concentrations.

These findings establish a novel role and mechanism of action of narciclasine in improving outcome in neo-
natal septic rats. These results can be further exploited therapeutically for the resolution of sepsis in neonates.
Nevertheless, there needs to be further investigations over a longer period of time to assess if there are any side
effects associated with these concentrations before human use.
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Figure 9. Narciclasine inhibited Ik degradation, NF-x3 phosphorylation, MyD88, IRAK-1 and TRAF 6
protein expression in the livers of neonatal rats with sepsis. The neonatal rats were subjected to E. coli sepsis
and narciclasine (NG, 0.1, 1 and 3 mg/kg) was administered 1 hour after sepsis induction. Livers were collected
12 hours after sepsis induction. (a) The protein expression of NF-k3p65 in the livers was determined by
Immunohistochemistry (b) The expression of Ik3a, NF-k3p65, phosphorylated NF-k3p65, MyD88, IRAK-1
and TRAF-6 were determined by western blot. The relative levels of (c) MyD88 vs 3-actin (d) IkBa vs 3-actin,
(e) phospho- NFx(p65 vs NF-k3p65, (f) IRAK-1 vs 3-actin and (g) TRAF6 vs 3-actin were determined by
Densitometry. Data were expressed as mean &= SEM of three independent experiments and compared using
ANOVA. ##*P < 0.001, *P < 0.05, compared with sham/control group; P < 0.05, *P < 0.01, ***P < 0.001,
compared with untreated sepsis group.

Materials and Methods

Reagents and antibodies. Narciclasine was purchased from Tocris Bioscience (Minneapolis, MN, USA).
The cytometric bead array (CBA) Rat Inflammation kit was purchased from BD Biosciences, USA. The rat ELISA
kits for TNF-q, IL-6, IL-103 and IFN-~ were purchased from Bioassay Technology Laboratory, China. Rat SI00A8
and S100A9 ELISA kits were purchased from CusaBio (China). Antibodies against SI00A9, NF-k3p65, IL-6 were
purchased from Novus Biologicals (Littleton, CO, USA). Antibodies against S100A8 was purchased from Abcam
(Cambridge, MA, USA). Antibodies against TNF-q, 3-actin, MyD88, IRAK-1 and TRAF-6 were purchased from
ABclonal (Woburn, MA, USA). Antibodies against phospho-NFk3p65, Ik3a were purchased from Cell Signaling
technology (Danvers, MA, USA).

Animals. Newborn rat pups along with their mothers were obtained from the Central Animal House,
Jawaharlal Institute of Postgraduate Medical Education & Research, Puducherry and were kept in a pathogen free
environment under controlled environmental conditions in a 12 h light dark cycle. The study was approved by the
Institute Animal Ethics Committee (IAEC), Jawaharlal Institute of Postgraduate Medical Education & Research,
Puducherry, India (IAEC 21/6/2015) and was carried out in accordance with the National Institute of Health
Guide for the care and use of laboratory animals.

Pharmacological treatments. Narciclasine was dissolved in DMSO and diluted using saline accordingly
to minimize the DMSO concentration to 0.5%. The neonatal rats were randomly divided into the following five
groups: Sepsis group without treatment, sepsis treated with narciclasine group receiving 0.1 mg/kg body weight
narciclasine; sepsis treated with narciclasine group receiving 1 mg/kg body weight narciclasine; sepsis treated with
narciclasine group receiving 3 mg/kg body weight narciclasine. The rats in the control group were administered
with an equal amount of vehicle. Narciclasine was administered intraperitoneally 1 hour after induction of sepsis.

E. coliinduced sepsis. We used a previously established neonatal rat Escherichia coli sepsis model®>*’. In
brief the neonatal rats were intraperitoneally inoculated with 6000~ colony forming units (CFU) of E. coli (ATCC
25922) in saline. After 1 hour, narciclasine was administered intraperitoneally to the treatment group neona-
tal rats at various doses (NC, 0.1 mg/kg, 1 mg/kg and 3 mg/kg). Quantitative cultures were done to check for
the levels of bacteremia in blood before treatment and 5hours after treatment. The rats were also observed for
clinical signs of sepsis that includes piloerection, lethargy, increased body temperature, reduced spontaneous
activity, huddling and a decrease in food intake®®. The activity of the rats was monitored using the activity meter
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(Coulborn Instruments, USA). Rectal temperature was measured periodically to observe for the fluctuations in
body temperature.

Survival study. The neonatal rats were induced with E. coli sepsis and after 1 hour administered with nar-
ciclasine (NG, 0.1, 1, 3mg/kg) in various doses. The survival of the rats was monitored for 30 hours. The degree
of sepsis was evaluated by the change in body temperature, reduced spontaneous activity, response to touch,
decreased feeding, hunched posture and huddling. The clinical signs were scored from 0 to 4. The total score was
calculated by adding the individual scores of each parameter. The total score was calculated by adding the indi-
vidual scores obtained for each parameter adding up to a maximum score of 20.

Bacterial load. Peritoneal fluid was collected by injection of sterile PBS into the peritoneum and aspirating
back. Blood and peritoneal fluid were subjected to serial log fold dilution in sterile saline. Liver and lungs were
aseptically collected and homogenized using sterile PBS. Homogenized tissues were briefly centrifuged and the
supernatants were subjected to serial log fold dilutions in sterile saline. The bacterial load in blood, peritoneal
fluid, liver and lungs was determined by plating 10 fold serial dilutions on tryptic soy blood agar plates. The plates
were incubated for 24 h at 37'C and the colonies were counted and expressed as log CFU/ml blood or peritoneal
fluid and log CFU/g tissue for organs.

Quantification of cytokines. For detection of cytokine levels blood was collected 12 hours after sepsis
induction into heparinized tubes, through cardiac puncture. Plasma was separated immediately from whole
blood by centrifuging at 3000 r.p.m for 15 minutes at 4’C. Multiple soluble cytokines IL-1q, IL-2, IL-4, TNF-q,
IL-10 were simultaneously measured by flow cytometry using the cytometric bead array (CBA) Rat Inflammation
kit (BD Biosciences, USA). Acquisition was performed using a FACS Calibur II flow cytometer (BD Biosciences,
USA). Quantitative results were generated using the FCAP array software. For the measurement of cytokines
TNF-q, IL-6, IL-103 and IFN-~ in the organ homogenates, ELISA kits (Bioassay Technology Laboratory, China)
were used. Organ homogenates were collected by homogenizing 100 mg of tissue in 1 ml sterile 1X PBS fol-
lowed by two freeze thaw cycles to break the cell membranes. The homogenates were centrifuged for 5 minutes at
5000 X g at 4’C and the supernatant was aliquoted and stored at —20 °C until analysis.

Biochemical analysis. Plasma levels of Aspartate amino transferase (AST) and Alanine amino transferase
(ALT) expressed as U/l were measured using fully automated biochemical analyser (AU680 Beckman Coulter,
USA).

Hematological analysis. A portion of the blood collected was processed immediately for analyzing blood
parameters (Hemoglobin, WBC count, Differential count) using a Sysmex XT-2000i Hematology Analyser
(Sysmex Corporation). The CD4/CD8 T lymphocyte ratio was determined by direct immunofluorescence stain-
ing method using flow cytometry. In brief, a part of the blood collected from the rats was added to a mixture
of fluorochrome-conjugated monoclonal antibodies (APC anti-rat CD3, PE anti-rat CD4, FITC anti-rat CD8«
from BD Biosciences, USA) that bind specifically to cell surface antigens. The stained sample was treated with
FACS Lysing Solution to lyse erythrocytes in moderate hypotonic setting while conserving the leucocytes. Then
the sample was washed to eliminate excess antibody and debris. Finally, the cells were analyzed by flow cytometry
(FACS Calibur II, BD Biosciences, USA).

Haematoxylin and eosin staining of organ sections. Livers and lungs were collected 12 hours after
sepsis induction and were fixed in 10% neutral formalin for 24 hours. The fixed organs were paraffin embedded,
cut using microtome at 3 um thickness and stained using Haematoxylin and Eosin (H&E). The histopathological
changes were observed using Olympus CX41 microscope equipped with ProgRes CT3 camera (Jenoptik). The
sepsis induced changes in the liver such as sinusoidal congestion, inflammatory cell infiltration, central vein con-
gestion, fatty changes were determined in the various groups. Likewise the changes in the lungs such as vascular
congestion, necrosis, inflammatory cell infiltration, hemorrhage and interstitial edema were analyzed among the
various groups.

Immunohistochemical analysis. The liver and lung tissues were immediately fixed in 4% paraformal-
dehyde. They were embedded in paraffin and 3 pm thick sections were cut. For Immunohistochemical staining,
EXPOSE Mouse and Rabbit Specific HRP/DAB Detection IHC Kit (Abcam, Cambridge, UK) was used. The
protocol given by the manufacturer was strictly followed. In brief, the sections were deparaffinized and the endog-
enous peroxidase activity was blocked using the hydrogen peroxide block (given along with the kit). The blocked
sections were incubated with the primary antibodies. The primary antibodies used were: anti-S100A8 (dilution
1:100, Abcam, Cambridge, MA, USA), anti-S100A9 (dilution 1:100, Novus Biologicals, Littleton, CO, USA),
anti-TNFa (dilution 1:100, ABclonal, Woburn, MA, USA), anti-NFk3p65 (dilution 1:100, Novus Biologicals,
Littleton, CO, USA). The secondary antibody-HRP conjugate is given along with the kit. Primary antibody bind-
ing was visualized using diaminobenzidine (given along with the kit, Abcam). The sections were then counter-
stained using Mayer Haematoxylin and mounted.

Quantitative PCR (QPCR). Total RNA was isolated from the liver tissues using the RNAiso Plus reagent
(Takara Bio Inc., Kusatsu, Shiga, Japan) according to the manufacturer’s instructions. Complementary DNA was
synthesized from 1 ug total RNA using reverse transcriptase (Takara Bio Inc.). Quantitative real time RT-PCR
(qRT-PCR) analysis was performed with the SYBR-RT PCR kit (Takara Bio Inc.) as per the manufacturer’s
instructions. Amplification was done in Light cycler (Roche Cobas Z480, Indianapolis, IN, USA) instrument.
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Primers used for qRT-PCR amplification can be found in Supplementary Table S1. For relative quantification,
AACT comparative threshold cycle (Ct) method, normalized to 3-actin mRNA was used.

Western blot. The livers were excised 12 hours after sepsis induction. The liver tissues were homogenized
with ice cold lysis buffer and required amount of protease inhibitors (Sigma-Aldrich, St. Louis, MO, USA). The
protein concentration was determined using BCA assay kit (G-Biosciences, MO, USA). A protein load of 50 ug
per sample was subjected to 10% or 12% SDS-PAGE (apparatus from Bio-Rad, CA, USA) and electrophoretically
transferred to nitrocellulose membranes (Pierce, Thermo Fisher Scientific Inc., MA, USA). The membranes were
incubated using 5% nonfat skim milk in TBS with tween20 (TBST) for 1 hour at room temperature. Membranes
were then incubated with primary antibodies overnight at 4 °C. After washing, they were incubated with second-
ary antibodies for 1h at room temperature. Beta Actin was used as the control for sample loading and integrity.
Finally, the membrane was detected using Electro chemiluminiscence method (Pierce, MA, USA) and signals
were detected using the Chemidoc XRS + system (Bio-Rad, CA, USA). The densitometry of the bands was quan-
tified using the Image Lab software (Bio-Rad, CA, USA).

Statistical analysis. The data were expressed as means + SEM. The statistical analysis was performed using
one way analysis of variance followed by Bonferroni test or Kruskal-Wallis followed by Dunn’s test, where appro-
priate. For mortality tests, the Kaplan-Meir plots were used and statistical analysis by log rank test was performed.
Bacterial load results were expressed as medians. P < 0.05 was considered statistically significant. GraphPad
Prism ver.5 (GraphPad Software, San Diego, CA, USA) was used for all statistical analyses.

Data availability
All relevant data supporting the findings of the study are available in this article and its Supplementary
Information files, or from the corresponding author upon reasonable request.

Received: 25 February 2019; Accepted: 3 February 2020;
Published online: 19 February 2020

References

1. Klouwenberg, P. K. & Bont, L. Neonatal and infantile immune responses to encapsulated bacteria and conjugate vaccines. Clin. Dev.
Immunol. 2008, 628963 (2008).

2. Gerdes, J. S. Diagnosis and management of bacterial infections in the neonate. Pediatr. Clin. North Am. 51, 939-59, viii-ix (2004).

3. Terrin, G. et al. Serum calprotectin: an antimicrobial peptide as a new marker for the diagnosis of sepsis in very low birth weight
newborns. Clin. Dev. Immunol. 2011, 291085 (2011).

4. Mayr, E, Yende, S. & Angus, D. Epidemiology of severe sepsis. Virulence 5,4-11 (2014).

5. Angus, D. C. et al. Epidemiology of severe sepsis in the United States: Analysis of incidence, outcome, and associated costs of care.
Crit. Care Med. 29, 1303-10 (2001).

6. Shah, B. A. & Padbury, J. F Neonatal sepsis: an old problem with new insights. Virulence 5, 170-8 (2014).

7. Santana Reyes, C. et al. Role of cytokines (interleukin-1beta, 6, 8, tumour necrosis factor-alpha, and soluble receptor of
interleukin-2) and C-reactive protein in the diagnosis of neonatal sepsis. Acta Paediatr. 92,221-7 (2003).

8. Decembrino, L., Amici, M., Pozzi, M., De Silvestri, A. & Stronati, M. Serum Calprotectin: A Potential Biomarker for Neonatal Sepsis.
J. Immunol. Res. 2015, 147973 (2015).

9. Schifer, B. W,, Wicki, R., Engelkamp, D., Mattei, M. G. & Heizmann, C. W. Isolation of a YAC clone covering a cluster of nine S100
genes on human chromosome 1q21: rationale for a new nomenclature of the S100 calcium-binding protein family. Genomics 25,
638-643 (1995).

10. Steinbakk, M. et al. Antimicrobial actions of calcium binding leucocyte L1 protein, calprotectin. Lancet 336, 763-765 (1990).

11. Striz, I. & Trebichavsky, I. Calprotectin - a pleiotropic molecule in acute and chronic inflammation. Physiol. Res. 53, 245-53 (2004).

12. Yui, S., Nakatani, Y. & Mikami, M. Calprotectin (S100A8/S100A9), an inflammatory protein complex from neutrophils with a broad
apoptosis-inducing activity. Biol. Pharm. Bull. 26, 753-760 (2003).

13. Yui, S., Mikami, M., Tsurumaki, K. & Yamazaki, M. Growth-inhibitory and apoptosis-inducing activities of calprotectin derived
from inflammatory exudate cells on normal fibroblasts: regulation by metal ions. J. Leukoc. Biol. 61, 50-7 (1997).

14. Yui, S., Mikami, M. & Yamazaki, M. Induction of apoptotic cell death in mouse lymphoma and human leukemia cell lines by a
calcium-binding protein complex, calprotectin, derived from inflammatory peritoneal exudate cells. J. Leukoc. Biol. 58, 650-658
(1995).

15. Koehn, E E. & Carter, G. T. The evolving role of natural products in drug discovery. Nat. Rev. Drug. Discov. 4, 206-220 (2005).

16. Newman, D. J. & Cragg, G. M. Natural products as sources of new drugs over the 30 years from 1981 to 2010. J. Nat. Prod. 75,
311-335 (2012).

17. Ingrassia, L., Lefranc, F, Mathieu, V., Darro, E. & Kiss, R. Amaryllidaceae isocarbostyril alkaloids and their derivatives as promising
antitumor agents. Transl. Oncol. 1, 1-13 (2008).

18. Grierson, D. S. & Afolayan, A. J. An ethnobotanical study of plants used for the treatment of wounds in the Eastern Cape, South
Africa. J. Ethnopharmacol. 67, 327-332 (1999).

19. Van Wyk, B. E. A review of Khoi-San and Cape Dutch medical ethnobotany. J. Ethnopharmacol. 119, 331-341 (2008).

20. Fuchs, S. et al. Haemanthus coccineus extract and its main bioactive component narciclasine display profound anti-inflammatory
activities in vitro and in vivo. J. Cell. Mol. Med. 19, 1021-32 (2015).

21. Mikami et al. Suppressive activity of lycoricidinol (narciclasine) against cytotoxicity of neutrophil-derived calprotectin, and its
suppressive effect on rat adjuvant arthritis model. Biol. Pharm. Bull. 22, 674-8 (1999).

22. Stoll, B. et al. Early onset neonatal sepsis: the burden of group B Streptococcal and E. coli disease continues. Pediatrics 127, 817-26
(2011).

23. Simonsen, K. A., Anderson-Berry, A. L., Delair, S. E & Davies, H. D. Early-onset neonatal sepsis. Clin. Microbiol. Rev. 27, 21-47
(2014).

24. Seeley, E., Matthay, M. & Wolters, P. Inflection points in sepsis biology: from local defense to systemic organ injury. Am. J. Physiol.
Lung Cell Mol. Physiol. 303, L355-63 (2012).

25. Yan, J., Li, S. & Li, S. The role of the liver in sepsis. Int. Rev. Immunol. 33, 498-510 (2014).

26. Varisco, B. M. The pharmacology of acute lung injury in sepsis. Adv. Phar Sc. 2011, 254619 (2011).

27. Randolph, A. G. Management of acute lung injury and acute respiratory distress syndrome in children. Crit. Care Med. 37,
2448-2454 (2009).

SCIENTIFIC REPORTS |

(2020) 10:2947 | https://doi.org/10.1038/s41598-020-59716-7


https://doi.org/10.1038/s41598-020-59716-7

www.nature.com/scientificreports/

28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42,
43.
44.
45.
46.
47.
48.
49.
50.

51.

52.
53.

54.
55.

56.

57.
58.

Ekregbesi, P., Shankar-Hari, M., Bottomley, C., Riley, E. M. & Mooney, J. P. Relationship between Anaemia, Haemolysis,
Inflammation and Haem Oxygenase-1 at Admission with Sepsis: a pilot study. Sci. Rep. 8, 11198 (2018).

Kuzmich, N. N. et al. TLR4 Signaling Pathway Modulators as Potential Therapeutics in Inflammation and Sepsis. Vaccines. 5, pii:E34
(2017).

Means, T., Golenbock, D. & Fenton, M. Structure and function of Toll-like receptor proteins. Life Sci. 68, 241-258 (2000).
Medvedeyv, A. E., Lentschat, A., Wahl, L. M., Golenbock, D. T. & Vogel, S. N. Dysregulation of LPS-induced Toll-like receptor
4-MyD88 complex formation and IL-1 receptor-associated kinase 1 activation in endotoxin-tolerant cells. J. Immunol. 169, 5209-16
(2002).

Liu, S. E. & Malik, A. B. NF-kB activation as a pathological mechanism of septic shock and inflammation. Am. J. Physiol. Lung Cell
Mol. Physiol 290, L622-L645 (2006).

Yethon, J. A. & Whitfield, C. Lipopolysaccharide as a target for the development of novel therapeutics in gram-negative bacteria.
Curr. Drug. Targets Infect. Disord. 1, 91-106 (2001).

Ehrchen, J. M., Sunderkétter, C., Foell, D., Vogl, T. & Roth, J. The endogenous Toll-like receptor 4 agonist SI00A8/S100A9
(calprotectin) as innate amplifier of infection, autoimmunity, and cancer. J. Leukoc. Biol. 86, 557-566 (2009).

Viemann, D. et al. Myeloid-related proteins 8 and 14 induce a specific inflammatory response in human microvascular endothelial
cells. Blood 105, 2955-62 (2005).

Lusitani, D., Malawista, S. E. & Montgomery, R. R. Calprotectin, an abundant cytosolic protein from human polymorphonuclear
leukocytes, inhibits the growth of Borrelia burgdorferi. Infect. Immun. 71, 4711-6 (2003).

Kehl-Fie, T. E. et al. Nutrient metal sequestration by calprotectin inhibits bacterial superoxide defense, enhancing neutrophil killing
of Staphylococcus aureus. Cell Host Microbe 10, 158-64 (2011).

Achouiti, A. et al. Myeloid-Related Protein-14 contributes to protective immunity in gram-negative pneumonia derived sepsis. PLoS
Pathog. 8,€1002987 (2012).

Vogl, T. et al. Mrp8 and Mrp14 are endogenous activators of Toll-like receptor 4, promoting lethal, endotoxin-induced shock. Nat.
Med. 13, 1042-9 (2007).

Dumont, P. et al. The Amaryllidaceae isocarbostyril narciclasine induces apoptosis by activation of the death receptor and/or
mitochondrial pathways in cancer cells but not in normal fibroblasts. Neoplasia 9, 766-776 (2007).

Khaertynov, K. S. et al. Comparative Assessment of Cytokine Pattern in Early and Late Onset of Neonatal Sepsis. J. Immunol. Res.
2017, 8601063 (2017).

Keshari, R. S. et al. Inhibition of complement C5 protects against organ failure and reduces mortality in a baboon model of
Escherichia coli sepsis. Proc. Natl. Acad. Sci. USA, https://doi.org/10.1073/pnas.1706818114 (2017).

Kornienko, A. & Evidente, A. Chemistry, biology, and medicinal potential of narciclasine and its congeners. Chem. Rev. 108,
1982-2014 (2008).

Bone, R. C. Gram-negative sepsis: a dilemma of modern medicine. Clin. Microbiol. Rev. 6, 57-68 (1993).

Aird, W. C. The role of the endothelium in severe sepsis and multiple organ dysfunction syndrome. Blood 101, 3765-3777 (2003).
Brown, K. A. et al. Neutrophils in development of multiple organ failure in sepsis. Lancet 368, 157-69 (2006).

Dhainaut, J. E, Marin, N., Mignon, A. & Vinsonneau, C. Hepatic response to sepsis: Interaction between coagulation and
inflammatory processes. Crit. Care Med. 29, S42-7 (2001).

Zhu, W. et al. PD-L1 blockade attenuated sepsis-induced liver injury in a mouse cecal ligation and puncture model. Mediators
Inflamm. 2013, 361501 (2013).

Sevransky, J. E. et al. Mortality in sepsis versus non-sepsis induced acute lung injury. Crit. Care 13, R150 (2009).

Valdés-Ferrer, S. I. et al. HMGB1 Mediates Anemia of Inflammation in Murine Sepsis Survivors. Mol. Med. 21, 951-958 (2015).
Aminzadeh, Z. & Parsa, E. Relationship between age and peripheral white blood cell count in patients with sepsis. Int ] Prev. Med. 2,
238-42 (2011).

Ueda, T. et al. A simple scoring system based on neutrophil count in sepsis patients. Med. Hypotheses 82, 382-6 (2014).

Chen, X, Ye, J. & Ye, J. Analysis of peripheral blood lymphocyte subsets and prognosis in patients with septic shock. Microbiol.
Immunol. 55, 736-742 (2011).

Abraham, E. Nuclear factor-kappaB and its role in sepsis-associated organ failure. J. Infect. Dis. 187(Suppl 2), S364-9 (2003).
Ingrassia, L. et al. Structure-activity relationship analysis of novel derivatives of narciclasine (an Amaryllidaceae isocarbostyril
derivative) as potential anticancer agents. J. Med. Chem. 52, 1100-14 (2009).

Le Saché, N. et al. Effect of moxifloxacin combined with cefotaxime compared to cefotaxime-gentamicin combination on prevention
of white matter damage associated with Escherichia coli sepsis in neonatal rats. Antimicrob. Agents Chemother. 55, 3567-9 (2011).
Loron, G. et al. Ciprofloxacin prevents myelination delay in neonatal rats subjected to E. coli sepsis. Ann. Neurol. 69, 341-51 (2011).
Li, W. et al. Use of animal model of sepsis to evaluate novel herbal therapies. J. Vis. Exp. https://doi.org/10.3791/3926 (2012).

Acknowledgements
We would like to thank the Department of Biotechnology (DBT), India (Grant No: BT/PR5025/
BRB/10/1053/2012) and JIPMER, Puducherry, India for their financial support for the study.

Author contributions

M.K.K. designed and performed the experiments, performed animal studies, western blot, ELISA, qRT-PCR,
flow cytometry and wrote the manuscript. B.V.B. supervised the study, assisted in the design of the experiments,
revising the manuscript and analysis of data. B.A.B. assisted in performing the immunohistochemical studies and
evaluation of histological slides. B.B.D. assisted in the design of study and performing animal experiments. S.C.P.
assisted with the bacterial load determination, blood culture and analysis of the data.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-59716-7.

Correspondence and requests for materials should be addressed to B.V.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFIC REPORTS |

(2020) 10:2947 | https://doi.org/10.1038/s41598-020-59716-7


https://doi.org/10.1038/s41598-020-59716-7
https://doi.org/10.1073/pnas.1706818114
https://doi.org/10.3791/3926
https://doi.org/10.1038/s41598-020-59716-7
http://www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS|  (2020) 10:2947 | https://doi.org/10.1038/s41598-020-59716-7


https://doi.org/10.1038/s41598-020-59716-7
http://creativecommons.org/licenses/by/4.0/

	Narciclasine improves outcome in sepsis among neonatal rats via inhibition of calprotectin and alleviating inflammatory res ...
	Results

	Narciclasine improved survival in neonatal rats with sepsis. 
	Narciclasine reduced the bacterial load in neonatal rats with sepsis. 
	Narciclasine treatment reduced the plasma levels of inflammatory cytokines in neonatal rats with sepsis. 
	Narciclasine inhibited the expression of S100A8 and S100A9 in septic neonatal rats. 
	Narciclasine treatment reduced the liver inflammation and injury in septic neonatal rats. 
	Narciclasine ameliorated the sepsis induced acute lung inflammation and injury in neonatal rats. 
	Narciclasine reduces the inflammatory anemia in neonatal rats with sepsis. 
	Narciclasine inhibited the expression of adaptor proteins of the TLR4 pathway, reduced Iκβα degradation and NF-κβ p65 phosp ...

	Discussion

	Materials and Methods

	Reagents and antibodies. 
	Animals. 
	Pharmacological treatments. 
	E. coli induced sepsis. 
	Survival study. 
	Bacterial load. 
	Quantification of cytokines. 
	Biochemical analysis. 
	Hematological analysis. 
	Haematoxylin and eosin staining of organ sections. 
	Immunohistochemical analysis. 
	Quantitative PCR (qPCR). 
	Western blot. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Narciclasine improved survival and reduced the bacterial load in neonatal rats with sepsis.
	Figure 2 Narciclasine reduced the systemic levels of inflammatory cytokines in neonatal septic rats.
	Figure 3 Narciclasine reduced the S100A8 and S100A9 levels in plasma and organ homogenates of neonatal rats with sepsis.
	Figure 4 Narciclasine inhibited the expression of S100A8 and S100A9 in the livers of septic neonatal rats.
	Figure 5 Narciclasine prevented liver damage in neonatal septic rats.
	Figure 6 Narciclasine inhibited the expression of TNF-α and IL-6 in the livers of neonatal septic rats.
	Figure 7 Narciclasine attenuates sepsis induced lung injury and the expression of inflammatory cytokines in lungs of neonatal septic rats.
	Figure 8 Narciclasine reduced the inflammatory anaemia in neonatal septic rats.
	Figure 9 Narciclasine inhibited Iκβ degradation, NF-κβ phosphorylation, MyD88, IRAK-1 and TRAF 6 protein expression in the livers of neonatal rats with sepsis.




