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Abstract: The unknown timing of appropriate initiation of administration has led to controversy
over the use of hydrocortisone in the treatment of neonatal sepsis. This study sought to compare the
survival rate and NF-«xB pathway expression level in newborn mice treated with hydrocortisone at
different initiation times after sepsis to find the appropriate administration time window for clinical
neonatal sepsis patients. Before building the sepsis model, 36 newborn C57BL/6 mice were
randomly divided into six groups with six mice, using quasi-randomization: five treatment
subgroups(l h, 6 h, 12 h, 24 h and 48 h based on the initiation of hydrocortisone therapy) and 1
control group. The survival rate of mice in each group was compared. The expression levels of the
NF-«xB pathway and inflammatory factors were analyzed and compared among groups. Initiation
of hydrocortisone therapy within 12 h of sepsis onset improved the survival of LPS-induced
newborn septic mice. Treatment with hydrocortisone over 12 hours reduced the expression level of
NF-xB and lowered serum IL-6 and TNF-a levels in cardiopulmonary tissues of mice.
Administration of hydrocortisone early in sepsis (within 12 hours) promotes neonatal mouse
survival by inhibiting the NF-kB pathway.

Keywords: neonatal sepsis; neonatal mice; hydrocortisone; timing; NF«B

1. Introduction

Septic shock is a subset of sepsis, often a fulminant disease, and affected neonates deteriorate
rapidly [1]. Because neonatal sepsis can present with nonspecific symptoms, there has been a strong
emphasis on identifying and treating it early to prevent mortality in this age group. Hence, to
optimize outcomes and prevent irreversible multi-organ damage, future interventions will need to
be applied early after presentation.

The use of corticosteroids in septic shock remains controversial, but the 2020 Surviving Sepsis
Campaign Guidelines suggest using hydrocortisone in infants with septic shock who remain
hemodynamically unstable after fluid resuscitation and vasopressor therapy [2]. Of note, this is listed
as a weak recommendation with low-quality evidence, respectively, because of contradictory results
in the literature [3,4]. The disparity in results from clinical trials may be due to significant differences
in when hydrocortisone was administered. The results of an adult study [5] showed that initiation
within 12 hours of treatment in patients receiving hydrocortisone for septic shock was associated
with improved survival. Another clinical trial involving 1,241 patients also showed a reduction in
mortality among those treated with hydrocortisone within 24 hours of the onset of sepsis [3]. No
benefit was found in patients who started hydrocortisone 24 hours after the onset of septic shock [6].
These results suggest that patients may benefit from treatment with hydrocortisone early in sepsis.
However, the current clinical data are mostly from adult sepsis patients, and whether early treatment
with hydrocortisone in children and neonates is equally beneficial, and whether there is an
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appropriate time window for hydrocortisone administration is still unknown. In addition, the
molecular mechanisms responsible for this difference also need to be explored.

Previous study has shown that inhibition of the NF-kB pathway can alleviate inflammation
levels in mice with LPS induced sepsis [7]. The activation of NF-«xB is associated with higher
mortality, higher nitric oxide levels, and higher levels of pro-inflammatory cytokines in LPS induced
sepsis mice [8]. Hydrocortisone plays a protective role in early septic shock and inhibits NF-kB p65
expression [9]. Thus, we hypothesized that hydrocortisone allows for improved survival in patients
with more severe sepsis or septic shock by decreasing the expression of NF-kB pathway.

Accordingly, we conducted this animal study to determine the impact of the different timing of
hydrocortisone administration on the expression of NF-kB pathway and survival rate of newborn
mice with sepsis to find the appropriate administration time window for clinical neonatal sepsis
patients. Our study reveals initiation of hydrocortisone therapy within 12 h of sepsis onset improves
survival, mediated through NF-kB pathway down-regulation. It is of guiding value for the treatment
of hydrocortisone in clinical neonatal sepsis.

Materials and Methods

2.1. Reagents

Hydrocortisone sodium succinate for injection was purchased from Tianjin Biochemical
Pharmaceutical Co., Ltd.(Tianjin, China). Anti-NF-kB p65 (phospho S536) antibody was purchased
from Abcam (Cambridge, MA, USA).

2.2. Mice

Eight pregnant C57BL/6 mice were purchased from Guangdong Medical Laboratory Center
(Guangzhou, China) and bred in Guangzhou Jennio Biological Technology Co., Ltd. All subjects were
born into the study over 3 days from 8 pregnant mice. All newborn mice were housed under specific
pathogen-free conditions at the Guangzhou Jennio Animal Center. All animal experiments were
performed according to the guidelines of the Helsinki Declaration of 1975 (revised in 2008) and the
Animal Research Committee of the Guangdong Women and Children Hospital (the animal
experiment ethics number: No. 202001115).

The study was performed on healthy, 7-day-old newborn mice with a mean weight of 12.5
grams. All experimental procedures were performed by the same operators. Before sepsis modeling,
newborn mice were allocated into six groups, using quasi-randomization based on a list of
experimental animals available, as follows: 1. Treatment group: standard treatment and injected
intraperitoneally (IP) with hydrocortisone (2mg/kg, once); 2. Control group: standard treatment.
Based on the initiation of hydrocortisone therapy at various time points, Treatment groups were then
assigned to subgroups of five-time points: one hour (1 h group), six hours (6 h group), 12 h (12 h
group), 24 h (24 h group) and 48 h (48 h group) of hydrocortisone administration. Physiological data
were analyzed at baseline, 1 h, 6 h, 12 h, 24 h and 48 h and the mice were sacrificed 72 h after the
intraperitoneal injection of LPS 0.25mg/kg once by the same researchers. Researchers could not be
blinded to the treated group, due to the need to deliver hydrocortisone to the treated group. The
survival rates of the mice were monitored every day until 72 h after dosing, and mice were sacrificed
by cervical dislocation, followed by cardiac blood collection and centrifugation to collect serum and
heart and lung tissue for further experiments.

2.3. Western immunoblotting

Collected heart and lung tissues were embedded in TissueTek OCT compound (SAKURA
Finetek, Tokyo) and snap frozen in liquid nitrogen. Heart and lung tissues were collected for western
blotting analysis to relative expression levels of phosphorylated NF-kB p65. The frozen tissues are
ground into powder and resuspended in lysis buffer. Protein concentrations were determined with
the Protein assay kit. Lysates were analyzed by SDS/PAGE and immunoblotted. Primary antibodies
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used include the following: NF-kB (P-P65) (Abcam, 1:1000), GAPDH (Shanghai Kangcheng Biologics,
1:10000). secondary antibody dilution ratio: 1:10000.

2.4. Meso Scale Diagnostics

Blood was obtained by cardiac puncture, and sera were prepared by centrifugation of blood at
3000 rpm for 20 min. Pro-inflammatory factors (TNF-a and IL-6) were measured using
electrochemiluminescent assay (Meso Scale Diagnostics).

2.5. Statistical analyses

Continuous variables were expressed as median (IQR) and categorical variables were presented
as percentages (%). Differences between groups were analyzed using the Kruskal-Wallis test and
analysis of variance (ANOVA). Analysis was performed using SPSS software (SPSS version 23, SPSS
Inc). A p-value < 0.05 was considered significant.

3. Results

3.1. Initiation of hydrocortisone therapy within 12 h of sepsis onset improves the survival of LPS-induced
newborn septic mice

36 newborn mice with sepsis were randomly divided into one control group and five treatment
groups, with six mice in each group. First, we evaluated the effect of initiation of hydrocortisone
therapy at various time points on the 72 h survival of LPS-induced newborn septic mice. As shown
in Fig. 1, 2 newborn mice died in the control group and 5 in the treatment groups. Newborn mice in
the control group (4/6, 66.7%) exhibited a lower survival rate (p=0.573) than that of the treatment
group (25/30, 83.3%), although this was not statistically significant. Interestingly, initiation of
hydrocortisone therapy within 12 h of sepsis onset improved the survival rate to 100.0%. In contrast,
24 h (3/6, 50.0%) and 48 h (4/6, 66.7%) groups produced no improvement in the survival rate
compared with the control. (Figure 1).
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Figure 1. Effect of hydrocortisone therapy on the survival of newborn mice with sepsis.

3.2. Initiation of hydrocortisone therapy within 6 h of sepsis onset inhibits NF-xB expression

Next, to evaluate the effect of initiation of hydrocortisone therapy at various time points on NF-
kB expression, the heart and the lung were collected after 72 hours of hydrocortisone administration,
and the tissues were assessed the expression levels of phosphorylated NF-kB p65 by Western blot.
Panels A and B in Figure 2 show the phosphorylation level of NF-kB in the heart and lung tissues,
respectively. A marked decrease was observed in the phosphorylation level of NF-kBin 1 h and 6 h
groups compared with the levels in control groups, but not in 12 h, 24 h and 48 h groups. (Figure 2).
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Figure 2. Effect of hydrocortisone therapy on NF-kB pathway expression of heart and lung tissues.

Panels A and B show the phosphorylation level of NF-kB in the heart and lung tissues,
respectively. Data are the median of 3 separate experiments, and values are compared between the
control and different treatment groups. * p<0.05, ** p<0.01 *** p<0.005.

3.3. Hydrocortisone therapy downregulates the levels of IL-6 and TNF-a in the sera

Furthermore, we measured the serum levels of IL-6 and TNF-at in each groups. Compared with
the serum level of IL-6 and TNF-a in the control group, those levels significantly decreased in the
treatment group (p<0.05). Although hydrocortisone administration reduced serum IL-6 and TNF-a
levels at all time points, since mortality was lower in the 1 h, 6 h and 12 h treatment group than in the
24 h and 48 h treatment group, we speculated that IL-6 and TNF-« levels might be different between
the 1-12 h group and the 24-48 h group. Indeed, it is. In comparisons between treatment groups,
initiation of hydrocortisone within 12 h significantly reduces serum levels of IL-6 and TNF-a in
newborn mice with sepsis (p<0.01). In addition, we also noticed that the earlier the use of
hydrocortisone, the lower the TNF-a concentration, with a statistically significant difference
(p=0.026). This suggests that hydrocortisone can rapidly act on the NF-kB signaling pathway, thereby
regulating the level of inflammatory factors. For newborn mice with sepsis, the earlier treatment with
hydrocortisone, the greater the benefit (Table 1).

Table 1. Effect of hydrocortisone therapy on the levels of IL-6 and TNF-a in serum.

IL-6 (pg/ml) TNF-a (pg/ml)

Control group 14.5(13.5,15.0) 14.5(11.5,17.0)
Treatment group 7.0(5.0,8.0)* 4.0(1.0,5.0)*
1 h group 5.5(5.0,6.0)* 1.0(1.0,4.0)*
6 h group 7.0(4.0,8.0)* 1.5(1.0,3.0)*
12 h group 5.5(5.0,8.0)* 4.5(1.0,7.0)*
24 h group 10.0(8.0,11.0)* 5.0(5.0,6.0)*
48 h group 8.5(7.5,10.0)* 6.0(5.5,6.5)*
1-12 h group 6.0(5.0,7.0)** 1.5(1.0,5.0)**
24-48 h group 9.0(7.5,10.5) 6.0(5.0,6.5)

Results are expressed as median [interquartile range]. * p<0.05 vs. Control group, ** p<0.01 vs.
24-48 h group.
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4. Discussion

In this study, we revealed that initiation of hydrocortisone therapy within 12 h of onset improves
the survival of LPS-induced newborn septic mice by possibly suppressing NF-«kB pathway expression
and production of inflammatory cytokines (TNF-a and IL-6). These results suggest that
hydrocortisone suppressed NF-kB pathway expression, but was no longer inhibited when given 12
h after onset, suggesting possible the establishment of a quick glucocorticoid resistance after sepsis.
Thus, in newborns in whom hydrocortisone is prescribed for sepsis, timing is crucial and
hydrocortisone should be started within the first 12 hours after onset.

There are still no effective management strategies for treating neonatal septic shock because of
the complex changes in hemodynamics and its poor prognosis. The latest guidelines recommend
using hydrocortisone in infants with septic shock who remain hemodynamically unstable after fluid
resuscitation and vasopressor therapy [2]. However, no clear consensus exists on the timing of
glucocorticoid treatment in the management of neonatal septic shock. In this work, we demonstrated
that early hydrocortisone administration (within 12 h of sepsis onset) was effective in increasing the
survival rate of neonatal mice with sepsis. By comparing the levels of the NF-kB pathway and the
levels of serum inflammatory cytokines IL-6 and TNF-a, we observed that the earlier the neonatal
mice with sepsis received hydrocortisone treatment (within 12 h), the lower the level of tissue and
organ inflammation. It is suggested that the more timely treatment with hydrocortisone, the lower
the tissue damage and the greater the benefit of treatment. We saw that although the mice in the 24
h treatment group had a lower survival rate than those in the 48 h group, the administration of
hydrocortisone at 12 h did not inhibit NF-kB expression, so it was thought that the administration of
hydrocortisone after 12 h did not have a protective effect. The survival rate of the 48 h group was
consistent with the survival rate of the control group, which may be related to a small sample size. In
addition, since the increase of serum IL-6 level was observed in the 24 h group compared with the 12
h and 48 h group, we cannot rule out that hydrocortisone may regulate the content of IL-6 through
other ways, thus affecting the survival of mice.

Corticosteroids are important for preserving cardiovascular integrity and function. During
septic shock, corticosteroids are beneficial for shock resolution compared with placebo [10]. This
effect is due partly to a restoration of the sensitivity of myocardial and peripheral receptors to
catecholamines [11]. These findings were also confirmed in our study. We found that early
hydrocortisone treatment significantly decreases inflammatory factors such as IL-6 and TNF-a.

Our study demonstrated that initiation of hydrocortisone therapy within 12 h of sepsis onset
improves survival in newborn mice, which was associated with NF-xB pathway down-regulation.
Early hydrocortisone treatment may improve the therapeutic effect of sepsis by reducing the level of
NF-kB expression in cardiopulmonary tissue, while late-stage sepsis develops glucocorticoid
resistance may lead to reduced or even complete elimination of the inhibitory effect of hydrocortisone
on NF-«xB pathway.

There are currently few data on the use of hydrocortisone in the management of neonatal sepsis
or septic shock. We acknowledge that this is also a limitation because hydrocortisone provides little
insight into neonatal septic shock therapy's effectiveness. Most of the current neonatal sepsis and
septic shock guideline recommendations are based on the adult and children population. To our
knowledge, this study is the first of its kind to explore the timing of hydrocortisone therapy for
newborns with sepsis, even in newborn mice. Our results are similar to those of some other studies
[3-6]. Neonates at an early stage of sepsis seem to profit from hydrocortisone administration; in
contrast, neonates at a late stage of sepsis do not benefit from hydrocortisone treatment.

5. Conclusions

Taken together, our study demonstrated that the administration of hydrocortisone within 12
hours after the onset of sepsis in neonatal mice promotes survival rate by down-regulating the NF-
kB pathway. The likely reason for this is that the anti-inflammatory effects of hydrocortisone are
evident at the early stage of sepsis. It is of guiding value for the treatment of hydrocortisone in clinical
neonatal sepsis.
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