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Sepsis remains one of the leading causes of mortality in intensive care units, but there is a shortage of effective treatments. A
dysregulated host immune response and multiple organ injury are major factors for the pathogenesis and progression of sepsis,
which require specific mechanism and treatment. In the present study, we performed an intracerebroventricular (ICV) injection
of BoxA, a specific antagonist of high-mobility group box 1 protein (HMGB1), in septic rats that were produced by cecal
ligation and puncture surgery; we further assessed the functional changes of multiple organs and splenic T lymphocytes. We
found that the inhibition of cerebral HMGB1 significantly alleviated multiple organ damage under septic exposure, including
damage to the heart, liver, lungs, and kidneys; reversed the immune dysfunction of T cells; and increased the survival of septic
rats. These data suggest that central HMGB1 might be a potential therapeutic target for septic challenge and that inhibition of
brain HMGB1 can protect against multiple organ dysfunction induced by sepsis.

1. Introduction

Sepsis is a life-threatening condition that contributes to mil-
lions of deaths every year. The mortality caused by severe
sepsis or septic shock remains high because the mechanisms
remain unclear and a shortage of specific management
methods remains despite a deep understanding and the
extensive application of various treatments. Currently, aber-
rant immune response to infection is considered the major
cause for sepsis, which is followed by multiple organ damage
and even death [1]. The uncontrolled inflammatory response
and refractory immune suppression are difficult issues when
addressing the progression and prognosis of sepsis; these
conditions are prone to cause either multiple organ dysfunc-
tion or recurrent infection without prompt interference [2].
Therefore, both anti-inflammatory response and immuno-
modulation are of great importance for the survival and
prognosis of septic patients.

The neuroendocrine immune network is a major part
of the immune-modulatory mechanism and is critically
involved in the pathogenesis of the septic response. As an
example, the cholinergic anti-inflammatory pathway (CAP)
reportedly alleviates multiple organ injury and improves
the survival of septic animals by downregulating the inflam-
matory response and effective immunomodulation [3, 4].
However, a disturbed response of CAP resulting from the
dysfunction of brain nuclei, loss of nerve connection, or
suppressed expression of the alpha7 nicotinic acetylcholine
receptor is responsible for poor outcomes in septic settings
[5]. Therefore, maintaining the functional homeostasis of
the neuroendocrine immune network is important for
the efficient treatment of sepsis. Brain injury has been
identified as a major contributor for immunosuppression
via inducing an abnormal response of the neuroendocrine
immune axis [6, 7]. For instance, the vagus nerve has pre-
sented with increased tone and further brought about
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immunosuppression after traumatic brain injury (TBI),
which might be partly due to the feedback of impaired brain
nuclei [6]. Indeed, the brain has been reported to be the first
organ that is subjected to exaggerated local inflammation
under septic challenge and has been found to be prone to
irreversible damage if timely and effective manipulation does
not occur [8, 9]. In addition, the crosstalk of brain and
peripheral organs was noted while addressing some critical
states. Patients with severe TBI, as an example, commonly
show elevated liver enzymes in early phases after injury
[10]. This was identical to that seen with acute lung injury
and acute respiratory distress syndrome, which are also com-
monly complicated by TBI as the result of a dysregulated
immune response [11, 12]. Indeed, the interaction between
the central nervous system and the peripheral immune
response is a decisive factor in the outcomes of patients with
critical illnesses, and this has been ascribed to distinct host
immune suppression under severe brain damage [13]. There-
fore, brain injury might act as part of a vicious cycle of
anti-inflammation and immunomodulation that underlies
the dysfunction of the neuroendocrine immune network,
which should be addressed promptly.

Recently, excessive inflammatory mediator produc-
tion has been documented to be a major cause for brain
injury secondary to septic challenge. Tumour necrosis fac-
tor- (TNF-) α, for example, contributes to cerebral oedema
and massive apoptosis of neurons under septic exposure;
these did not occur under TNFR1 deficiency [14]. We also
reported that an elevated expression of brain high-mobility
group box 1 protein (HMGB1) results in brain tissue damage
and a massive apoptosis of neural cells, followed by impaired
memory and learning in septic mice [15]. Antagonism of
cerebral HMGB1 significantly alleviated sepsis-induced brain
injury, indicating that HMGB1 is a major contributor to
sepsis-induced brain injury and represents a potential thera-
peutic target by virtue of its effective neuromodulation of the
immune system [15]. However, the protective effect of the
inhibition of cerebral HMGB1 on host immune response
dysfunction and multiple organs remains unclear.

2. Materials and Methods

2.1. Animals. Sprague Dawley rats (male, weighing 250 ± 20 g)
were purchased from Laboratory Animal Science of the
Chinese Academy of Medical Sciences, Beijing, China. All
experiments were performed according to the National Insti-
tutes of Health (NIH) Guidelines and were approved by the
Scientific Investigation Board of the Chinese PLA General
Hospital (no. SYXK2014-0018), Beijing, China.

2.2. Intracerebroventricular Cannulation and Injection.
Rats were divided into three groups (according to a random
number): the sham group, the sepsis group, and the sepsis
with intracerebroventricular injection of BoxA group (sep-
sis+BoxA group). The intraventricular cannulation was per-
formed by using a motorized rat stereotactic instrument
(Stoelting Co., Wood Dale, IL), as reported previously [16].
The rats were placed on the apparatus after being anaesthe-
tized by isoflurane inhalation (induction: 5%, maintenance:

3%). The skull was exposed after making a 2 cm sagittal
incision, and the bregma was further located and set as
coordinate zero (x = 0, y = 0, z = 0). A sterile catheter was
then inserted into the left ventricle at predefined coordi-
nates (x = −0 72mm, y = 2 0mm, z = 0), which was fixed
using acrylic dental cement. The rats were allowed to rest
for 7 days for recovery. The intraventricular injection was
performed after successful anaesthesia. BoxA solution
(1μg or 10μg in 5μl saline solution) was injected into the
left lateral ventricle directly.

2.3. The Construction of Septic Rat Model. The rat model of
sepsis was reproduced by cecal ligation and puncture (CLP)
surgery. In brief, the fully exposed caecum was ligated at
75% of the distance from its distal pole to the base and further
punctured with a 16-gauge needle. A bit of faeces were
extruded to ensure the patency of punctured caecum. The
caecum was returned, and the incision was closed. Then, rats
underwent subcutaneous injection of 0.9% saline (5ml per
100 g body weight) for resuscitation. In the sham group, rats
were only subjected to cecal exposure.

2.4. Quantification of Serum Parameters for Organ
Dysfunction. Blood samples were harvested and centrifuged
to collect the serum which was used for analysing biochemi-
cal parameters via HITACHI 7600 biochemical analyser
(Hitachi, Tokyo, Japan). The damage of the lungs was
reflected by the ratio of wet-to-dry weight (W/D) and activity
of myeloperoxidase (MPO). The wet weight of lung tissue
was recorded immediately after its collection; then the dry
weight and W/D were recorded after drying at 80°C for
24 h. The activity of pulmonary MPO was measured by
enzyme-linked immunosorbent assay (ELISA, Hycult Bio-
tech, Netherlands) after homogenization.

2.5. Preparation of Splenic CD4+ T Cells. Isolated spleens were
dispersed through a 300-mesh sieve for producing single-cell
suspension. The Ficoll-Paque density gradient centrifugation
was then used for collecting mononuclear cells. The separa-
tion of splenic CD4+ T lymphocytes was performed through
magnetic cell sorting system (Miltenyi Biotec, Bergisch Glad-
bach, Germany) following manufacturer’s illustration.

2.6. Measurement of the Proliferative Activity of CD4+ T Cells.
The cell counting kit-8 (CCK8, Dojindo Laboratories, Kuma-
moto, Japan) was used for assessing the proliferative activity
of T cells in line with manufacturer’s illustration. Briefly, the
CD4+ T cells were cultured with concanavalin A (5μg/ml,
Sigma, St. Louis, MO) for 68-72 h and further cocultured
with CCK8 solution for 2 hours. Then, the optical density
was recorded by ELISA plate reader (450 nm, Spectra MR,
Dynex, Richfield, MN).

2.7. Enzyme-Linked Immunosorbent Assay. ELISA kits
(Excell Inc., Shanghai, China) were used to measure the con-
centration of cytokines in culture supernatants following
manufacturer’s protocol, including interleukin- (IL-) 2,
IL-4, and interferon- (IFN-) γ. The results were measured
at 450nm using the ELISA plate reader.
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2.8. Quantitative Real-Time Polymerase Chain Reaction
(qPCR). The qPCR was applied for measuring mRNA expres-
sions of IL-2 and IL-4 as well as IFN-γ. Total RNA was
extracted using Trizol reagent (Invitrogen, California) in
accordance with manufacturer’s protocols. The synthesis
and preparation of cDNA were conducted via reverse tran-
scription system (Promega, Madison, WI). Then, the cDNA
was quantified and analysed using SYBR Green PCR Master
Mix and the following primers: rat IL-2, 5′CAGCGTGTGTT
GGATTTGAC3′ (forward) and 5′TGATGCTTTGACAGAT
GG CTA3′ (reverse); rat IL-4, 5′AACAAGTCTGGGGTTC
TCGG3′ (forward) and 5′TGTTGTGAGCGTGGACTCA
T3′ (reverse); and rat IFN-γ, 5′AGGTGAACAACCCACA
GAT3′ (forward) and 5′CTTCTTATTGGCACACTCTCT
AC3′ (reverse). Gene expression was normalized to that of
β-actin and was evaluated using the value of 2−dCt.

2.9. Statistical Analysis. SPSS 19.0 software was used for
data analysis, and the results are presented as the means ±
standard deviation (SD). Differences among multiple groups
were evaluated by one-way analysis of variance (ANOVA).
The Student t-test was used for assessing significant inter-
group differences. Differences of survival rates are shown
using Kaplan-Meier survival curves and were further ana-
lysed using the log rank test. P values < 0.05 were consid-
ered significant.

3. Results

3.1. Central HMGB1 Inhibition Dose-Dependently
Ameliorated Sepsis-Induced Multiple Organ Dysfunction.
The function of multiple organs was assessed based on serum
biochemical parameters at 24 h post CLP surgery. As shown
in Figures 1(a)–1(c), indicators for liver injury, including
aminotransferase (AST), alanine aminotransferase (ALT),
and cholylglycine (CG), all presented higher levels in the sep-
sis group than in the sham group. Concurrently, damage of
the heart, kidneys, and lungs was also noted in the sepsis
group, as evidenced by elevated concentrations of serum
CK, CK-MB, BUN, and Cr as well as increased activity of
MPO and W/D ratio in pulmonary tissues when compared
with those of the sham group (Figures 1(d)–1(i)). Intra-
cerebroventricular (ICV) injection of BoxA significantly
ameliorated multiple organ damage, as shown by decreased
serum levels of ALT, AST, CG, CK, CK-MB, BUN, and Cr,
as well as reduced MPO activity andW/D ratio of pulmonary
tissues when compared with those of the sepsis group. More-
over, the beneficial effects of ICV injection of BoxA on mul-
tiple organ dysfunction were dose-dependent (Figure 1).

3.2. Intraventricular Injection of BoxA Attenuated
Sepsis-Induced Multiple Organ Injury in Time-Dependent
Ways. To deepen our understanding of the role of brain
HMGB1 inhibition in the resolution of sepsis, the time-
dependent effects of BoxA injection (10μg based on dose-
dependent results) were further evaluated at 24 h, 48 h, and
72 h post CLP surgery. In the sepsis group, serum markers
for the heart, liver, and kidneys as well as indicators for
lung injury were all found to have significantly increased

during the course of sepsis in comparison with the sham
group. The administration of BoxA significantly ameliorated
sepsis-induced multiple organ damage at 24 h, 48 h, and 72 h
after sepsis initiation as evidenced by the declining levels of
serum biomarkers for organ dysfunction as well as decreas-
ing lung oedema and MPO content (Figure 2).

3.3. The Dose-Dependent Effects of ICV Injection of BoxA on
the Proliferation, Secretion, and Differentiation of Splenic
CD4+ T Cells. The functional status of CD4+ T cells is essen-
tial for the immune response in the setting of sepsis. The pro-
liferation of CD4+ T cells was inhibited in the sepsis group
when compared to the sham group (Figure 3). IL-2 expres-
sion and release in CD4+ T cells was reduced under sepsis
exposure, and this was reversed by inhibiting central
HMGB1, especially at the dose of 10μg BoxA. The prolifera-
tive arrest of CD4+ T cells that were compromised by sepsis
was also improved by the central administration of 10μg
BoxA, but no significant alteration was observed at a dose
of 1μg BoxA. The differentiation of CD4+ T cells was ana-
lysed based on the ratio of IFN-γ to IL-4. As shown in
Figure 4, protein and mRNA expression of IFN-γ was signif-
icantly lower in the sepsis group than that in the sham group,
while IL-4 expression was enhanced under septic challenge,
along with lower ratio of IFN-γ to IL-4 when compared to
that in the sham controls. The discrepant expression of
IFN-γ and IL-4 exhibited the dominant differentiation of
Th2 cells. However, the ICV injection of BoxA significantly
restored the aberrant differentiation of CD4+ T cells by
dose-dependently elevating IFN-γ expression and reducing
IL-4 release (Figure 4).

3.4. The Time-Dependent Effects of BoxA on the Function of
CD4+ T Cells. As shown in Figure 5, both the proliferative
activity and IL-2 expression of CD4+ T cells were downregu-
lated at 24 h, 48 h, and 72 h after CLP. The administration of
BoxA reversed the proliferative arrest of CD4+ T cells during
the course of sepsis and was accompanied by the elevated
expression of IL-2 (both protein and mRNA) when com-
pared with the sepsis group. However, the injection of BoxA
did not alter the proliferative activity and IL-2 expression in
the sham group range, as significant differences were also
noted between the sepsis with BoxA group and the sham
group. The expression of IFN-γ showed a time-dependent
decline during the progression of sepsis, as seen in Figure 6.
However, the protein and mRNA levels of IL-4 gradually
increased with the development of sepsis, and higher levels
were noted at 72 h than at 24 h and 48 h post CLP surgery.
The CD4+ T cells showed the polarization of Th2 cells with
a lower ratio of IFN-γ/IL-4. Central treatment with BoxA
improved the abnormal response of CD4+ T cells in sepsis
by enhancing the expression of IFN-γ and decreasing that
of IL-4, following an increase in the ratio IFN-γ/IL-4. The
response of CD4+ T cells in the sepsis with BoxA group
remained below the level in the sham group, as shown
in Figure 6.

3.5. The Effect of Central HMGB1 Inhibition on the Survival
of Septic Rats. The survival rates were recorded at 12 h,
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Figure 1: Intracerebroventricular (ICV) injection of BoxA ameliorated multiple organ damage under sepsis exposure. (a–e, h, i) Serum
biochemical parameters, including creatine kinase (CK), CK-MB, aspartate aminotransferase (AST), alanine aminotransferase (ALT),
cholylglycine (CG), blood urea nitrogen (BUN), and creatinine (Cr), were measured using a HITACHI 7600 biochemical analyser as these
parameters reflect multiple organ dysfunction. Serum samples were collected at 24 h after cecal ligation and puncture (CLP) surgery. BoxA
solution (1 μg or 10μg) was injected into the left lateral ventricle immediately after operation. (f, g) The wet-to-dry ratio (W/D) and
myeloperoxidase (MPO) activity of pulmonary tissues were quantified by weighing and using an ELISA kit, respectively. Lungs were
harvested and weighed at 24 h after CLP surgery. (Each bar represents the mean ± SD of three independent experiments, n = 6; ∗∗P < 0 01
vs. the sham group; ##P < 0 01 vs. the sepsis group; &P < 0 05 vs. the sepsis plus 1μg BoxA group; &&P < 0 01 vs. the sepsis plus 1 μg
BoxA group.)
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Figure 2: Time-dependent effects of an ICV injection of BoxA onmultiple organ damage induced during sepsis. (a–e, h, i) Serum biochemical
parameters, including creatine kinase (CK), CK-MB, aspartate aminotransferase (AST), alanine aminotransferase (ALT), cholylglycine (CG),
blood urea nitrogen (BUN), and creatinine (Cr), were determined using a HITACHI 7600 biochemical analyser as these parameters reflect
multiple organ dysfunction. Serum samples were collected at 24 h, 48 h, and 72 h after cecal ligation and puncture (CLP) surgery. A dose
of 10 μg BoxA was injected into the left lateral ventricle at 0 h, 24 h, and 48 h after CLP surgery. (f, g) The W/D and MPO activities
of lung tissues were quantified by weighing and the use of an ELISA kit, respectively. Lungs were harvested and weighed at 24 h, 48 h,
and 72 h after CLP surgery. (Each point represents the mean ± SD of three independent experiments, n = 6; ∗∗P < 0 01 vs. the sham group;
##P < 0 01 vs. the sepsis group.)
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Figure 3: Dose-dependent effects of an ICV injection of BoxA on the proliferation and secretion of T lymphocytes in sepsis. The proliferative
activity of T cells was assessed using a CCK8 kit after culture with concanavalin A for 68-72 h and was further recorded at 450 nm using an
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data were analysed using the value of 2−dCt, and the data are presented as the ratio of the result to that in the sham group n = 6; ∗∗P < 0 01 vs.
the sham group; ##P < 0 01 vs. the sepsis group; &&P < 0 01 vs. the sepsis plus 1 μg BoxA group.)
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24 h, 36 h, 48 h, 72 h, 96 h, 120 h, 144 h, and 168h post CLP
surgery (Figure 7). In the sepsis group, only 30% of the rats
survived from sepsis within 168h, lower than the percentage
in the sham group (the sepsis group vs. the sham group: 30%

vs. 100%, P < 0 05, n = 26). The central administration of
BoxA at a dose of 10μg significantly improved the survival
rates when compared with the sepsis group (the sepsis+BoxA
10μg group vs. the sepsis group: 62% vs. 30%, P < 0 05, n =
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26). Nevertheless, no significant improvement was noticed in
survival rates with the low dosage of BoxA injection in com-
parison with the sepsis group (the sepsis+BoxA 1μg group
vs. the sepsis group: 34% vs. 30%, P > 0 05, n = 26).

4. Discussion

HMGB1 has been identified as an essential therapeutic target
for sepsis due to its efficacy in driving an uncontrolled
inflammatory response and poor outcomes [17, 18]. Inhibit-
ing the release of HMGB1 protects against severe sepsis, as
shown by the alleviation of multiple organ dysfunction and
the improved survival of septic animals [19]. HMGB1 over-
production has been documented to be responsible for organ
injury in various diseases. In brain injury caused by sub-
arachnoid haemorrhage, for example, HMGB1 presented
with quick translocation and release at 2 hours after injury,
resulting in brain damage through the triggering of local
inflammation, which was eliminated by the administration
of HMGB1 inhibitors [20]. Additionally, the persistent injec-
tion of HMGB1 into naïve mice induced a significant impair-
ment in memory and learning, indicating that extracellular
HMGB1 might be an independent factor in central nervous
system dysfunction through exaggerating the local inflam-
matory response [21]. In the setting of septic challenge, the
production of central HMGB1 has been identified as a major
contributor to cognitive dysfunction, as HMGB1 antagonism
significantly alleviated brain injury and offered improvement
in neurological disorders, indicating that the enhanced pro-
duction of HMGB1 should be noted and addressed with

prompt interference to protect the central nervous system
against severe sepsis [15, 21]. As mentioned above, functional
homeostasis of the brain was shown to be of great impor-
tance in effective immune modulation as a major component
of the neuroendocrine immune network but with an intricate
mechanism and ambiguous targets [6, 7]. Therefore, we
hypothesized that central HMGB1 might be a potential
therapeutic target underlying the aberrant immune system
response and poor outcomes of septic animals by inducing
dysfunction of the central nervous system.

In the current study, we found that the ICV injection of
BoxA, a specific antagonist for HMGB1, significantly and
dose-dependently alleviated multiple organ damage, includ-
ing damage to the heart, liver, lungs, and kidneys. To
our knowledge, this is the first report showing the benefi-
cial effect of the central antagonism of HMGB1 in mitigat-
ing the multiple organ dysfunction induced by sepsis
underlying the connection between brain and peripheral
organs. The interplay between the central nervous system
and peripheral organs has also been noted in other critical
conditions. Brain dysfunction is commonly complicated by
damage to the peripheral organs for reasons including
inflammatory insults, dysbolism, and ischaemic injury as
well as stress from toxic metabolites, as reported previously
[22–24]. Likewise, peripheral organs were also subjected to
functional disturbance under acute brain injury. For
instance, myocardial dysfunction presents frequently during
subarachnoid haemorrhage, as documented by Min et al.
[25]. Many other organs, such as the lungs and kidneys, also
showed dysfunction under exposure to severe brain injury,
possibly due to an abnormal response of the peripheral
immune system [10, 11, 13]. Given the two crucial factors
for the prognosis of septic patients, namely, a dysregulated
immune response and multiple organ damage, it will be more
important to clarify the crosstalk between the brain and
peripheral organs underlying potential therapeutic targets
for neuromodulation as the brain has been reported to be
the first organ affected by septic challenge. The present study
focused on the inhibition of cerebral HMGB1 in alleviating
multiple organ damage by virtue of the protective effects on
sepsis-induced brain injury, thus highlighting the therapeutic
value of central HMGB1 for septic response [15, 21].

We further assessed the functional changes of splenic
T lymphocytes after the induction of sepsis. The proliferative
activity of T cells was suppressed following abdominal sepsis
together with a decrease in the expression of IL-2. Mean-
while, the differentiation of T lymphocytes was dysregulated
under sepsis exposure as shown by the polarization of Th2
cells due to the decreased expression of IFN-γ but enhanced
production of IL-4, indicating the outward signs of immuno-
suppression. The inhibition of cerebral HMGB1 via an ICV
injection of BoxA dose-dependently reversed the prolifera-
tive arrest of T cells; this was accompanied by an enhanced
expression of IL-2 and an improved differentiation status.
The protective role of the ICV injection of BoxA was also
noted to vary over time; however, the rescue might be partial
as the indicators for the BoxA-treated group were not in
the range of those in the sham group. These results pro-
vide direct evidence that the inhibition of central HMGB1
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Figure 7: Effects of an ICV injection of BoxA on the survival
rates of septic rats. The survival rates of septic rats were recorded
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onset of sepsis. Central administration of BoxA at a dose of 10 μg
significantly improved the survival of septic rats in comparison
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has advantages for maintaining the functional homeostasis
of the peripheral immune response. In fact, brain HMGB1
was confirmed to be a crucial mediator for the peripheral
immune response under acute brain lesions [26]. In the
setting of sepsis involving both an uncontrolled system
inflammatory response and refractory immunosuppression,
the neutralization of central HMGB1 activity might be an
effective target for breaking the vicious cycle of disturbed
neuromodulation caused by brain injury. Recently, multiple
inflammatory reflexes have been shown to account for the
interplay between central inflammatory mediators and the
peripheral immune system. For instance, the cholinergic
anti-inflammatory pathway is one of the most studied mech-
anisms due to its potent anti-inflammation and immuno-
modulatory effects in inflammatory diseases [27–29]. The
activation of the cholinergic system protects against system
inflammatory insults and multiple organ dysfunction in the
septic state, resulting in an increased survival of septic ani-
mals [30]. Moreover, the disturbed activation of the brain
cholinergic system has been shown to be unfavourable for
immune function after the onset of sepsis (this has been
ascribed to an exaggerated response of both local and sys-
temic inflammation), implying that neuroinflammation is a
major cause of the dysfunction of brain cholinergic nuclei
[5, 31]. Thus, the reversal of the disturbed response of T lym-
phocytes due to the ICV injection of BoxA might be partly
due to the great capacity of HMGB1 for triggering local
inflammation, as mentioned above [20]. In addition to
assessing multiple organ damage and the immune function
of T lymphocytes, we further evaluated the survival rates
within 7 days post CLP surgery and found that the inhibition
of cerebral HMGB1 significantly improved the survival of
septic rats. These data strengthened the insights into the pro-
tective role of central HMGB1 antagonism against severe
sepsis in very precise and economical ways. It should be
noted that the dose of BoxA used for the ICV injection
was too low to work in a systemic way, as there is a consid-
erable difference between the doses needed for central and
peripheral administration for immune modulation [32].
Therefore, an increased release of cerebral HMGB1 should
be recognized and promptly addressed as it underlies the
protective effects of the intact neuroendocrine immune
network against sepsis.

The present study shares a novel insight into the protec-
tive effect of the inhibition of cerebral HMGB1 activity in
alleviating multiple organ damage and reversing the abnor-
mal immunity of T lymphocytes, resulting in an improved
survival of septic rats. The results might be helpful for under-
standing the pathogenesis and progression of sepsis and for
further exploring the therapeutic targets for septic challenge.
However, we have only described the advantage of the antag-
onism of central HMGB1 in sepsis; the mechanism underly-
ing the crosstalk between the brain and peripheral organs
remains to be clarified. Both neural and humoral pathways
were responsible for the immune modulation of cerebral
HMGB1 by inducing an inflammatory reflex and passing
through the blood-brain barrier with redox modification
[33]. Weber and colleagues found that the HMGB1-RAGE
axis was responsible for lung dysfunction induced by

traumatic brain injury but without illustrating the effects of
cerebral HMGB1 [34]. Therefore, both the brain and periph-
eral immune system should be taken into consideration while
exploring the specific effects and mechanism associated with
HMGB1 in further research. However, the problem remains
difficult because the brain-immune signalling has not been
clarified. Some neural pathways have been identified as criti-
cally involved in immunomodulation during sepsis and show
great potential for maintaining immune response homeosta-
sis and improving survival. Therefore, understanding the
relationship between cerebral HMGB1 and the activity of
these pathways that cover both the central and peripheral
systems will undoubtedly strengthen our knowledge of its
role in the development of sepsis and provide more targets
for treating septic cases.

5. Conclusions

In summary, these results suggest a novel role of cerebral
HMGB1 in the pathogenesis and progression of the septic
response. The inhibition of brain HMGB1 strongly protects
against abdominal sepsis by alleviating multiple organ dam-
age and reversing the aberrant response of T lymphocytes,
resulting in an increased survival of septic rats.

Data Availability

The data used to support the findings of this study are
included within the article.

Conflicts of Interest

The authors have declared that no competing interest exists.

Acknowledgments

This work was supported by grants from the National Natu-
ral Science Foundation (nos. 81730057, 81801935), the
National Key Research and Development Program of China
(no. 2017YFC1103302), and the Lijiang Scholars Program.

References

[1] A. Rhodes, L. E. Evans, W. Alhazzani et al., “Surviving sepsis
campaign: international guidelines for management of sepsis
and septic shock: 2016,” Intensive Care Medicine, vol. 43,
no. 3, pp. 304–377, 2017.

[2] P. A. Ward, “New approaches to the study of sepsis,” EMBO
Molecular Medicine, vol. 4, no. 12, pp. 1234–1243, 2012.

[3] X. M. Song, J. G. Li, Y. L. Wang et al., “The protective effect of
the cholinergic anti-inflammatory pathway against septic
shock in rats,” Shock, vol. 30, no. 4, pp. 468–472, 2008.

[4] Q. Zhai, D. Lai, P. Cui et al., “Selective activation of basal fore-
brain cholinergic neurons attenuates polymicrobial sepsis–
induced inflammation via the cholinergic anti-inflammatory
pathway,” Critical Care Medicine, vol. 45, no. 10, pp. e1075–
e1082, 2017.

[5] N. Zaghloul, M. E. Addorisio, H. A. Silverman et al., “Fore-
brain cholinergic dysfunction and systemic and brain

9Mediators of Inflammation



inflammation in murine sepsis survivors,” Frontiers in Immu-
nology, vol. 8, p. 1673, 2017.

[6] M. Kox, J. C. Pompe, P. Pickkers, C. W. Hoedemaekers, A. B.
van Vugt, and J. G. van der Hoeven, “Increased vagal tone
accounts for the observed immune paralysis in patients with
traumatic brain injury,” Neurology, vol. 70, no. 6, pp. 480–
485, 2008.

[7] J. D. Vermeij, H. Aslami, K. Fluiter et al., “Traumatic brain
injury in rats induces lung injury and systemic immune sup-
pression,” Journal of Neurotrauma, vol. 30, no. 24, pp. 2073–
2079, 2013.

[8] T. E. Gofton and G. B. Young, “Sepsis-associated encephalop-
athy,” Nature Reviews Neurology, vol. 8, no. 10, pp. 557–566,
2012.

[9] L. N. Zhang, X. T. Wang, Y. H. Ai et al., “Epidemiological fea-
tures and risk factors of sepsis-associated encephalopathy in
intensive care unit patients: 2008-2011,” Chinese Medical Jour-
nal, vol. 125, no. 5, pp. 828–831, 2012.

[10] A. Fox, J. B. Sanderlin, S. McNamee, J. S. Bajaj, W. Carne, and
D. X. Cifu, “Elevated liver enzymes following polytraumatic
injury,” Journal of Rehabilitation Research and Development,
vol. 51, no. 6, pp. 869–874, 2014.

[11] F. Rincon, S. Ghosh, S. Dey et al., “Impact of acute lung injury
and acute respiratory distress syndrome after traumatic brain
injury in the United States,” Neurosurgery, vol. 71, no. 4,
pp. 795–803, 2012.

[12] T. Lustenberger, M. Kern, B. Relja, S. Wutzler, P. Störmann,
and I. Marzi, “The effect of brain injury on the inflammatory
response following severe trauma,” Immunobiology, vol. 221,
no. 3, pp. 427–431, 2016.

[13] J. Hazeldine, J. M. Lord, and A. Belli, “Traumatic brain injury
and peripheral immune suppression: primer and prospectus,”
Frontiers in Neurology, vol. 6, 2015.

[14] J. J. Alexander, A. Jacob, P. Cunningham, L. Hensley, and R. J.
Quigg, “TNF is a key mediator of septic encephalopathy acting
through its receptor, TNF receptor-1,” Neurochemistry Inter-
national, vol. 52, no. 3, pp. 447–456, 2008.

[15] C. Ren, Y. L. Tong, J. C. Li et al., “Early antagonism of cerebral
high mobility group box-1 protein is benefit for sepsis induced
brain injury,” Oncotarget, vol. 8, no. 54, pp. 92578–92588,
2017.

[16] C. Ren, X. H. Li, S. B. Wang et al., “Activation of central alpha
7 nicotinic acetylcholine receptor reverses suppressed immune
function of T lymphocytes and protects against sepsis lethal-
ity,” International Journal of Biological Sciences, vol. 14,
no. 7, pp. 748–759, 2018.

[17] D. C. Angus, L. Yang, L. Kong et al., “Circulating high-mobility
group box 1 (HMGB1) concentrations are elevated in both
uncomplicated pneumonia and pneumonia with severe sepsis,”
Critical Care Medicine, vol. 35, no. 4, pp. 1061–1067, 2007.

[18] S. Karlsson, V. Pettilä, J. Tenhunen, R. Laru-Sompa,
M. Hynninen, and E. Ruokonen, “HMGB1 as a predictor of
organ dysfunction and outcome in patients with severe sepsis,”
Intensive Care Medicine, vol. 34, no. 6, pp. 1046–1053, 2008.

[19] J. Sun, S. Shi, Q. Wang, K. Yu, and R. Wang, “Continuous
hemodiafiltration therapy reduces damage of multi-organs by
ameliorating of HMGB1/TLR4/NFκB in a dog sepsis model,”
International Journal of Clinical and Experimental Pathology,
vol. 8, no. 2, pp. 1555–1564, 2015.

[20] Q. Sun, W. Wu, Y. C. Hu et al., “Early release of high-mobility
group box 1 (HMGB1) from neurons in experimental

subarachnoid hemorrhage in vivo and in vitro,” Journal of
Neuroinflammation, vol. 11, no. 1, p. 106, 2014.

[21] S. S. Chavan, P. T. Huerta, S. Robbiati et al., “HMGB1mediates
cognitive impairment in sepsis survivors,” Molecular Medi-
cine, vol. 18, pp. 930–937, 2012.

[22] M. M. Manea, M. Comsa, A. Minca, D. Dragos, and C. Popa,
“Brain-heart axis–review article,” Journal of Medicine and Life,
vol. 8, no. 3, pp. 266–271, 2015.

[23] J. Seifter and M. Samuels, “Uremic encephalopathy and other
brain disorders associated with renal failure,” Seminars in Neu-
rology, vol. 31, no. 2, pp. 139–143, 2011.

[24] R. Rodrigo, O. Cauli, U. Gomez–Pinedo et al., “Hyperammo-
nemia induces neuroinflammation that contributes to cogni-
tive impairment in rats with hepatic encephalopathy,”
Gastroenterology, vol. 139, no. 2, pp. 675–684, 2010.

[25] J. Min, M. U. Farooq, E. Greenberg et al., “Cardiac dysfunction
after left permanent cerebral focal ischemia: the brain and
heart connection,” Stroke, vol. 40, no. 7, pp. 2560–2563, 2009.

[26] A. Liesz, A. Dalpke, E. Mracsko et al., “DAMP signaling is a
key pathway inducing immune modulation after brain injury,”
The Journal of Neuroscience, vol. 35, no. 2, pp. 583–598, 2015.

[27] V. A. Pavlov and K. J. Tracey, “Controlling inflammation: the
cholinergic anti-inflammatory pathway,” Biochemical Society
Transactions, vol. 34, no. 6, pp. 1037–1040, 2006.

[28] L. V. Borovikova, S. Ivanova, M. Zhang et al., “Vagus nerve
stimulation attenuates the systemic inflammatory response to
endotoxin,” Nature, vol. 405, no. 6785, pp. 458–462, 2000.

[29] M. Rosas-Ballina and K. J. Tracey, “The neurology of the
immune system: neural reflexes regulate immunity,” Neuron,
vol. 64, no. 1, pp. 28–32, 2009.

[30] H. Wang, H. Liao, M. Ochani et al., “Cholinergic agonists
inhibit HMGB1 release and improve survival in experimental
sepsis,” Nature Medicine, vol. 10, no. 11, pp. 1216–1221, 2004.

[31] H. A. Silverman, M. Dancho, A. Regnier-Golanov et al., “Brain
region-specific alterations in the gene expression of cytokines,
immune cell markers and cholinergic system components dur-
ing peripheral endotoxin-induced inflammation,” Molecular
Medicine, vol. 20, pp. 601–611, 2015.

[32] T. Östberg, K. Kawane, S. Nagata et al., “Protective targeting of
high mobility group box chromosomal protein 1 in a sponta-
neous arthritis model,” Arthritis and Rheumatism, vol. 62,
no. 10, pp. 2963–2972, 2010.

[33] V. Singh, S. Roth, R. Veltkamp, and A. Liesz, “HMGB1 as a key
mediator of immune mechanisms in ischemic stroke,” Antiox-
idants & Redox Signaling, vol. 24, no. 12, pp. 635–651, 2016.

[34] D. J. Weber, A. S. A. Gracon, M. S. Ripsch et al., “The
HMGB1-RAGE axis mediates traumatic brain injury–induced
pulmonary dysfunction in lung transplantation,” Science
Translational Medicine, vol. 6, no. 252, article 252ra124, 2014.

10 Mediators of Inflammation


	Inhibition of Cerebral High-Mobility Group Box 1 Protein Attenuates Multiple Organ Damage and Improves T Cell-Mediated Immunity in Septic Rats
	1. Introduction
	2. Materials and Methods
	2.1. Animals
	2.2. Intracerebroventricular Cannulation and Injection
	2.3. The Construction of Septic Rat Model
	2.4. Quantification of Serum Parameters for Organ Dysfunction
	2.5. Preparation of Splenic CD4+ T Cells
	2.6. Measurement of the Proliferative Activity of CD4+ T Cells
	2.7. Enzyme-Linked Immunosorbent Assay
	2.8. Quantitative Real-Time Polymerase Chain Reaction (qPCR)
	2.9. Statistical Analysis

	3. Results
	3.1. Central HMGB1 Inhibition Dose-Dependently Ameliorated Sepsis-Induced Multiple Organ Dysfunction
	3.2. Intraventricular Injection of BoxA Attenuated Sepsis-Induced Multiple Organ Injury in Time-Dependent Ways
	3.3. The Dose-Dependent Effects of ICV Injection of BoxA on the Proliferation, Secretion, and Differentiation of Splenic CD4+ T Cells
	3.4. The Time-Dependent Effects of BoxA on the Function of CD4+ T Cells
	3.5. The Effect of Central HMGB1 Inhibition on the Survival of Septic Rats

	4. Discussion
	5. Conclusions
	Data Availability
	Conflicts of Interest
	Acknowledgments

