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Abstract: Melatonin exhibits remarkable potential as an anti-inflammatory, antioxidative, and anti-apoptotic agent.
This study aimed to investigate the protective effects of melatonin on sepsis-induced lung and liver injuries in rats.
Male Wistar rats were subjected to cecal ligation and puncture (CLP) operation to induce sepsis. Melatonin (30 mg/
kg) was administered intraperitoneally at O, 3, 6 and 12 hours after CLP treatment. Melatonin significantly improved
survival and ameliorated histopathological damage of lung and liver in the CLP-challenged rats. Melatonin retarded
CLP-caused deleterious hemodynamic changes of the rats, including hypotension, tachycardia, and hyporeactiv-
ity to norepinephrine. Moreover, melatonin alleviated CLP-induced pulmonary and hepatic dysfunction. Melatonin
reduced CLP-increased plasma levels of tumor necrosis factor-, interleukin-1p (IL-1B), IL-6, high mobility group
protein box 1, and nitric oxide (NO). The myeloperoxidase activity, inducible nitric oxide synthase expression, and
NO level in the lung and liver of CLP-insulted rats were markedly suppressed by melatonin. Melatonin attenuated
CLP-triggered oxidative stress, as shown by the reduction of malondialdehyde, increased activities of superoxide
dismutase and catalase, and elevation of glutathione content. In addition, melatonin inhibited CLP-induced pulmo-
nary and hepatic cell apoptosis by reducing caspase-3 activity, downregulating the pro-apoptotic cleaved caspase-3
and Bax expression, and upregulating anti-apoptotic Bcl-2 and phosphorylated-Akt levels. Taken together, melatonin
effectively attenuated CLP-induced septic lung and liver damages via its anti-inflammatory, antioxidative, and anti-
apoptotic properties and may be a novel agent in the therapy of sepsis-caused multiple organ failure.
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Introduction ROS/RNS) is the distinct characteristic of sep-
sis [6]. Sepsis is a serious stage of bacterial
infection. During sepsis development, bacteri-
al components may activate the inflammatory

cascades, thereby leading to the release of

Sepsis, one of the leading causes of death in
intensive care units worldwide, is a systemic
inflammatory response syndrome to infection

[1]. Despite recent improvements in surgical
techniques and critical care medicine, the over-
all mortality of sepsis remains high, ranging
between 30% and 50% [2]. Severe sepsis can
lead to multiple organ failure (MOF) [3]. Among
sepsis complications, lung and liver dysfunc-
tions are the typical manifestations and key
contributors to mortality in septic patients [4,
5]. Therefore, new therapeutic approaches
against sepsis-induced lung and liver injuries
should be urgently developed.

A hyperactive systemic inflammatory response
with a large number of inflammatory cytokine
releases and excessive generation of free radi-
cals (reactive oxygen and nitrogen species;

inflammatory mediators, including tumor necro-
sis factor-a (TNF-a), interleukin-1p (IL-1p), IL-6,
and high-mobility group protein box 1 (HMGB1)
[7]; consequently, neutrophil infiltrates various
organs (e.g., lung, liver and heart) to induce
endothelial and epithelial injuries, vascular
leakage, edema, and vasodilatation, subse-
quently causing the development of MOF [8].
Oxidative stress, as a result of the inflammatory
responses inherent with sepsis, leads to mito-
chondrial dysfunction, which contributes to
organ damage [9]. In addition, inflammatory
stress-induced apoptosis is a main cause of
septic injury [10, 11]. Thus, exploring new drugs
with effective anti-inflammatory, antioxidative,
and anti-apoptotic profiles to reduce the inci-
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dence and mortality of this devastating condi-
tion would be valuable.

Melatonin (N-acetyl-5-methoxytryptamine), a
hormone mainly secreted by the pineal gland,
exerts protective effects because of its anti-
inflammatory, antioxidative, and anti-apoptotic
activities [12-14]. Melatonin is beneficial for
reversing symptoms of septic shock [15, 16].
Melatonin alleviates sepsis-induced cardiac
dysfunction and brain injury by decreasing the
production of pro-inflammatory factors, such
as TNF-«, IL-13 and HMGB1 [17, 18]. Melatonin
protects tissues against oxidant damage by
directly scavenging the free radicals and indi-
rectly promoting antioxidant enzyme expres-
sion [14]. Melatonin also exerts a strong anti-
apoptotic effect [14, 17, 18]. However, the pro-
tective effects and underlying mechanisms of
melatonin against sepsis-induced lung and
liver injuries are yet to be investigated.

In this study, a cecal ligation and puncture
(CLP)-induced septic rat model was used to
explore the roles and potential mechanisms of
melatonin in sepsis-induced lung and liver inju-
ries. Melatonin improved the survival rate and
reduced the hemodynamic changes of the
rats with CLP treatment. Melatonin alleviated
histopathological changes and dysfunctions
of lung and liver in CLP-treated rats, and miti-
gated CLP-induced inflammatory response and
oxidative stress. Melatonin also inhibited CLP-
induced lung and liver cell apoptosis. Overall,
melatonin protected lung and liver from CLP-
induced septic injury via its anti-inflammatory,
antioxidative, and anti-apoptotic properties,
suggesting that melatonin may be used as a
valuable agent for the therapy of septic lung
and liver damage.

Materials and methods
Animals

Male Wistar rats (aged 10-12 weeks, weighing
280-320 g) were purchased from the Animal
Experimental Center of Henan Province, China.
The rats were kept in a room with constant
temperature (22 £ 2°C) at a 12 hour light and
dark cycle with free access to food and water
under pathogen-free conditions. All experi-
ments were performed according to the Guide
for the Care and Use of Laboratory Animals
published by the US National Institutes of He-
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alth (NIH Publication No. 85-23, revised 1996)
and approved by the Ethics Committee of the
First Affiliated Hospital of Xi'an Jiaotong
University.

CLP-induced septic rat model

Sepsis was induced by CLP as described previ-
ously [19]. After the rats were anesthetized
with intraperitoneal injection of 50 mg/kg sodi-
um pentobarbital, a small mid-abdominal inci-
sion was made, and the cecum was exposed.
The cecum was isolated and ligated below the
ileocecal valve with a 3-0 silk ligature, punc-
tured twice at opposite ends with an 18 gauge
needle, and returned into the abdominal cavity.
Afterward, the abdominal incision was closed
in two layers, and the animals received normal
saline solution (50 ml/kg body weight) subcuta-
neously to prevent dehydration. The sham-
operated rats underwent the same surgical
procedure, except that the cecum was neither
ligated nor punctured.

Experimental protocols

Sixty rats were randomly assigned to three
groups (n = 20 for each group) as follows: (1)
sham group: rats received the sham operation
with neither ligation nor puncturing; (2) CLP
group: rats underwent CLP surgery; and (3)
CLP + melatonin group: rats underwent CLP
surgery and melatonin treatment. Melatonin
(Sigma-Aldrich, St. Louis, MO, USA) dissolved in
1% ethanol (dissolved in normal saline) was
administered intraperitoneally at 30 mg/kg per
injection per rat at 0, 3, 6 and 12 hours after
CLP surgery. The sham and CLP groups were
given equal amount of normal saline (with 1%
ethanol) at the same durations after surgery via
the same routes noted above. Animals were
sacrificed 24 hours after the sham or CLP sur-
gery, except for the survival studies. Survival
rate was evaluated within 7 days after the
sham or CLP operation.

Measurement of hemodynamic parameters

Changes in hemodynamics, including mean
arterial blood pressure (MAP), heart rate (HR),
and pressor responses to norepinephrine (NE),
were measured every 4 hours after sham or
CLP surgery. Briefly, after anesthetization, the
left carotid arteries of the rats were cannulated
with a polyethylene-50 catheter, exteriorized to
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the back of the neck, and connected to a pres-
sure transducer (Statham, Oxnard, CA, USA)
for the measurement of MAP and HR, which
were displayed on a Gould model TA5000 poly-
graph recorder (Gould Inc., Valley View, OH,
USA). After recording the baseline hemodynam-
ic parameters, animals were given intravenous
injection of 1 ug/kg NE to examine their vascu-
lar reactivity. The value of pressor responses to
NE at time O h of each group was calculated as
100% to normalize the baseline value of pres-
sor responses to NE of all groups.

Sample collection

Blood samples were collected at 0, 12 and 24
hours after the surgeries and immediately cen-
trifuged at 3,000 g for 10 minutes. The plasma
was decanted and separated into two parts;
one part of the plasma was stored at 4°C within
1 hour for biochemical analysis. Another part
was stored at -80°C for later measurements of
inflammatory factors. Each volume of blood
removed was immediately replaced with the
injection of an equal volume of sterile saline.
Animals were sacrificed 24 hours after sham or
CLP surgery, and the lung and liver were har-
vested. One half of the tissue samples were
fixed with 10% formalin for histological exami-
nation and the remaining samples were stored
at-80°C until use.

Histopathological examination

Fixed lung and liver samples were successive-
ly dehydrated and paraffin embedded. Tissue
sections (4 um) were deparaffinized, rehydrat-
ed gradually, stained with hematoxylin and
eosin (HE), and examined under a light micro-
scope (Olympus, Tokyo, Japan). The slides were
evaluated by two experienced pathologists
blinded to the treatment.

Assessment of lung wet/dry (W/D) weight ratio

Rat lungs were excised, and the wet weight was
immediately recorded. Subsequently, the lungs
were placed in an incubator at 70°C for 48
hours until the weight was unchanged, and the
dry weight was recorded. The wet-to-dry weight
ratio was calculated as follows: W/D ratio =
(wet weight-dry weight)/dry weight.

Evaluation of lung and liver functions

Lung function was evaluated by analyzing the
levels of pH, Pa0,, PaCO,, bicarbonate (HCO,),
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and base excess in the plasma using an arterial
blood gas analyzer (AVL Scientific Corp., Ro-
swell, GA, USA). Liver function was determined
on the basis of the enzymatic analysis of gluta-
mate pyruvate transaminase (GPT) and gluta-
mate oxaloacetate transaminase (GOT) in the
plasma. GPT and GOT activities were assayed
using a biochemical blood analyzer (Fuji Photo
Film Co., Ltd., Tokyo, Japan).

Measurement of LDH release

The activity of plasma LDH was detected us-
ing a commercially available ELISA kit (Jian-
cheng Bioengineering Institute Nanjing, Jiang-
su, China) according to the manufacturer’s
instructions. The LDH activity was expressed
as U/L.

Measurement of inflammatory cytokines

Inflammatory cytokines in the plasma were
measured at O, 4, 12 and 24 hours after sur-
gery by using commercially available TNF-«,
IL-1B, IL-6 and HMGB1 ELISA kits (BD Biosci-
ences, San Diego, CA, USA), in accordance wi-
th the manufacturer’s instructions. Data were
analyzed using a microplate reader at 490 nm
(Thermo Scientific, MA, USA).

Measurement of MPO activity

MPO activity was measured using commercial
kit (Jiancheng Bioengineering Institute Nanjing,
Jiangsu, China) in accordance with the protocol
of the manufacturer. The fresh lung and liver
tissues were homogenized for preparation of
the supernatants to detect MPO activity. MPO
activity was measured by spectrophotometer
(Beckman Inc., Palo Alto, CA, USA) at 460 nm
and expressed in U/g tissue.

Determination of nitrite

The amounts of nitrite in lung and liver tissues
and blood were measured using a colorimetric
reaction with the Griess reagent (Promega,
Madison, Wisconsin, USA) [20]. Lung and liver
tissues were cooled in ice-cold distilled water
and homogenized (0.1 g/ml). The crude homog-
enate was centrifuged at 20,000 g for 20 min-
utes at 4°C. Approximately 100 ml of samples
were incubated with 100 ml of Griess reagent
(0.1% N-(1-naphthyl) ethylenediamine dihydro-
chloride; 1% sulfanilamide in 5% phosphoric
acid; 1:1) at room temperature for 20 minutes.
The optical density (OD) was read at 550 nm on
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Figure 1. Melatonin reduced the mortality and histopathological changes of lung and liver in CLP-insulted rats. Rats
intraperitoneally received melatonin at 30 mg/kg per injection per rat at O, 3, 6 and 12 hours after CLP surgery.
A. Seven-day survival rate was plotted with Kaplan-Meier method. B. At 24 hours after CLP surgery, rats were sac-
rificed, and the histopathological changes of lung and liver were evaluated using hematoxylin and eosin staining.
Scale bar: 10 uym. Data are expressed as mean * SD (n = 10 per group). **P < 0.01 vs. sham group; *P < 0.05 vs.

CLP group.

a microplate reader (Thermo Scientific). Nitrite
concentration was calculated via comparison
with the OD,, of a standard solution of known
sodium nitrite concentrations.

Measurement of MDA, SOD, CAT and GSH

The lung and liver tissues were homogenized
and centrifuged at 3,000 g for 20 minutes at
4°C. MDA and GSH contents and CAT and SOD
activities in the supernatants were measured
using commercially available assay kits (Jian-
cheng Bioengineering Institute Nanjing, Jiang-
su, China) according to the instructions of
the manufacturers. The ODs were measured
at 530 (MDA), 450 (SOD), 240 (CAT) and 405
nm (GSH) with a microplate reader (Thermo
Scientific). MDA concentration was expressed
as nmol/g tissue. SOD and CAT activities were
expressed as U/mg protein. GSH concentration
was expressed as pmol/g tissue.

Western blot analysis

Lung and liver specimens were lysed using
RIPA lysis buffer (Beyotime). The homogenates
were centrifuged at 4,000 g for 10 minutes at
4°C, and the supernatants were collected to
detect the protein expression. Equal amounts
of protein from lung and liver tissues were
subjected to separation on 10% sodium dodec-
yl sulfate-polyacrylamide gel electrophoresis
and electrotransferred to nitrocellulose mem-
branes (Millipore, Boston, MA, USA). After blo-
ckage with 5% skim milk in Tris-buffered saline
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with Tween-20 (TBST) and shaking at room
temperature for 1 hour, the following proce-
dures were performed: the membranes were
incubated overnight with the primary antibod-
ies against iINOS (Abcam, Cambridge, UK), cas-
pase-3 (Cell Signaling Technology, Beverly, MA,
USA), cl-caspase-3 (Cell Signaling Technology,
Beverly, MA, USA), Bcl-2 (Abcam, Cambridge,
UK), Bax (Cell Signaling Technology, Beverly,
MA, USA), Akt (Cell Signaling Technology, Be-
verly, MA, USA), p-Akt (Cell Signaling Technolo-
gy, Beverly, MA, USA), and B-actin (Cell Signal-
ing Technology, Beverly, MA, USA); membranes
were washed with TBST three times and then
incubated with appropriate horseradish peroxi-
dase-conjugated secondary antibodies (Beyo-
time, Shanghai, China) at room temperature
for 1 hour followed by washing with TBST th-
ree times. The protein bands were detected
with the enhanced chemiluminescence detec-
tion reagent (Pierce, Rockford, IL, USA) using
a Bio-Rad imaging system (Bio-Rad, Hercul-
es, CA, USA). The band densities were quanti-
fied by scanning densitometry using the Qu-
antity One software package (West Berkeley,
CA, USA).

Measurement of caspase-3 activity

Caspase-3 activity was determined by using
the colorimetric assay kit (Assay Designs, Ann
Arbor, Mich, USA), in accordance with the man-
ufacturer’s instruction, to evaluate the apop-
totic cells of lung and liver. Results were ex-
pressed as U/ug protein.
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Figure 2. Melatonin inhibited hemodynamics changes in CLP-challenged
rats. Rats intraperitoneally received melatonin at 30 mg/kg per injection per
ratat 0, 3, 6 and 12 hours after CLP treatment. The changes in mean arterial
blood pressure (A), heart rate (B), and pressor response to norepinephrine
(C) were measured at indicated durations. Data are expressed as mean +
SD (n = 10 per group). *P < 0.05 vs. sham group; #P < 0.05 vs. CLP group.

Terminal eoxynucleotidyl transferase dUTP
nick-end labeling (TUNEL) assay

The apoptotic cells of the lung and liver were
measured using a TUNEL staining kit (Roche
Diagnostics, Indianapolis, IN, USA) according to
the manufacturer’s protocol. Tissue sections
were dewaxed, rehydrated, and equilibrated in
TBS. The sections were then digested with 20
ug/ml proteinase K for 20 minutes at room
temperature, incubated with a mixture contain-
ing terminal deoxynucleotidyl transferase and
fluorescence-labeled nucleotides, and exam-
ined under a fluorescence microscope (Oly-
mpus, Tokyo, Japan). The negative control was
prepared via incubating slides with the mixture
containing only deoxynucleotidyl transferase.

Statistical analysis

Data are presented as the mean + standard
deviation (SD). Groups of data were compared
with the one-way ANOVA and subsequent Tukey
post hoc test for multiple comparisons. Kaplan-
Meier plots were used to illustrate survival
between treatment groups, and Log-rank test
was used for comparison of the survival distri-
butions among groups of rats. GraphPad Prism
version 5.02 (GraphPad Prism Software Inc,
San Diego, CA) was used to analyze data in this
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liver injuries in CLP-induced

Time (h) septic rats

We first evaluated the effect
of melatonin on the survival
rate of CLP-induced septic
rats. As shown in Figure 1A,
the seven-day survival rate
in sham group was almost
100%. After 7 day of CLP sur-
gery, the survival rate remark-
ably decreased. However, the
survival rate in the CLP + mel-
atonin group significantly in-
creased. HE staining results
revealed normal cell struc-
ture in the lung and liver of
sham-operated rats (Figure
1B). CLP markedly induced histopathological
injuries of rat lung and liver; these damages
were alleviated by melatonin treatment. These
data indicated that melatonin prevented CLP-
induced rat lethality and histopathological
changes of lung and liver from the septic rats.

Melatonin reduced the hemodynamics chang-
es in CLP-induced septic rats

The baseline values of hemodynamic parame-
ters, including MAP (Figure 2A), HR (Figure 2B),
and pressor responses to NE (Figure 2C) in all
groups of animals, were not different among
groups. As shown in Figure 2A, the MAP showed
no significant change during the experimental
period in the sham group. A progressive
decrease in the MAP of the rats in the CLP
group was observed from 8 h to 24 hours.
Melatonin markedly prevented the delayed
decrease in MAP. CLP caused a significant
increase in HR during the experimental period
(Figure 2B). Nevertheless, melatonin attenuat-
ed the late tachycardia induced by CLP. The
rats in the CLP group showed a substantial
time-dependent attenuation of the pressor
responses to NE (Figure 2C), which was nearly
restored to the normal level by melatonin at 24
h after CLP. These results suggested that mela-
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rats with CLP-induced sepsis

Melatonin inhibited
CLP-induced inflam-
matory cytokine re-

Sham (n =10) CLP (n=10) CLP + melatonin (n = 10)
pH Oh 744+001 7.43+0.03 7.43 £ 0.01 lease in the plasma of
12h 755+002 7.53+0.01 7.54 + 0.02 septic rats
24h 757+0.02 7.50%0.02 7.56 + 0.01 We measured the plas-
Pa0, (mmHg) Oh 923+18 104+13 101 + 1.7 ma levels of TNF-a,
12h 905+ 1.3 95.8+2.1 96.2+1.5 IL-1B, IL-6 and HMGB1
24h 962+19 949+22 89.8+2.6 by using ELISA at dif-
PaCO, (mmHg) Oh 455+ 1.5 428 +2.2 442 + 1.2 ferent time points to
12h 345+12 29.3+0.9 30.8+1.2 analyze the effects of
24h 292+17 26.8+27 279+ 1.6 melatonin on the CLP-
HCO, (mM) Oh  305+0.6 29.1+0.7 28.4+0.8 stimulated release of
12h 282+0.7 247+09 275+ 0.5 inflammatory  cytokin-
24h 271+06 20.4+09° 26.3 + 0.6* es. The plasma levels
Base excess (mM) Oh 6.5+0.9 5.0+0.7 5.6+0.5 ?:1EN::iC;U(:2gZ; ‘Ill_Aé
12h 6.4+08 3.8+05 44+0.8 (Figure 4C) and HM.
24h 63+07 -1.9+12" 5.8 + 0.5"

GB1 (Figure 4D) show-

Note: “P < 0.05; #P < 0.01.

tonin inhibited CLP-induced hemodynamic
changes in septic rats.

Melatonin alleviated the dysfunctions of lung
and liver in CLP-induced septic rats

The arterial blood gas parameters, including
pH, PaCO,, Pa0,, HCO,, and base excess, were
examined using an arterial blood gas analyz-
er to elucidate the protective effects of melato-
nin on CLP-induced lung dysfunction. As shown
in Table 1, no significant difference was
observed in the levels of pH, PaCO,, and PaO,
among the three groups. However, CLP gro-
up presented a significant decrease in the val-
ues of HCO, and base excess. By contrast,
melatonin significantly attenuated these de-
creases. The lung W/D weight ratio, an indica-
tor of lung edema, was notably increased in
CLP-insulted rats compared with that in the
sham group. In contrast, this ratio was remark-
ably reduced by melatonin treatment (Figure
3A). The plasma levels of GPT and GOT were
measured to evaluate liver dysfunction. CLP
caused significant increases in plasma levels
of GPT (Figure 3B) and GOT (Figure 3C). No-
netheless, the increases were terminated by
melatonin treatment (Figure 3B, 3C). In addi-
tion, CLP increased the LDH in the plasma, but
decreased by melatonin (Figure 3D). These
data demonstrated that melatonin improved
CLP-induced dysfunctions of lung and liver in
septic rats.

11725

ed no significant differ-

ence in the three gro-
ups at O hours after CLP (Figure 4A-D). CLP
caused significant increase in the plasma lev-
els of TNF-a (Figure 4A), IL-13 (Figure 4B),
IL-6 (Figure 4C) at 4 and 12 hours, and HM-
GB1 (Figure 4D) at 12 and 24 hours after
CLP. Moreover, the plasma levels of TNF-a,
IL-1B and IL-6 at 4 hours were higher than those
at 12 hours after CLP, whereas the plasma
level of HMGB1 was lower at 12 hours than
that at 24 hours after CLP. By contrast, me-
latonin significantly inhibited the release of
the inflammatory cytokines mentioned above
(Figure 4A-D). These results indicated that mel-
atonin suppressed the inflammatory cytokine
release in the plasma of CLP-induced septic
rats.

Melatonin reduced neutrophil infiltration and
iINOS/NO biosynthesis in CLP-induced septic
rats

MPO activity is an indicator of tissue neutrophil
infiltration [21]. The MPO activity was signifi-
cantly higher in the lung and liver tissues of
the CLP group than that in the control group
(Figure 5A). However, CLP-induced neutrophil
infiltration was decreased by melatonin treat-
ment. The effects of melatonin on NO levels in
the septic rats were subsequently investigat-
ed. Figure 5B shows that CLP increased the
lung and liver NO levels, which were reduced by
melatonin. Melatonin also attenuated CLP-
induced NO production in the plasma (Figure

Int J Clin Exp Med 2018;11(11):11720-11731
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Figure 3. Melatonin mitigated the dysfunctions of lung and liver in CLP-treat-
ed rats. Rats intraperitoneally received melatonin at 30 mg/kg per injection
per rat at O, 3, 6 and 12 hours after CLP surgery. (A) Lung wet/dry weight
ratio. (B-D) The plasma levels of glutamate pyruvate transaminase (B), glu-
tamate oxaloacetate transaminase (C), and lactate dehydrogenase (D) were
measured at 24 hours after CLP. Data are expressed as mean = SD (n = 10
per group). *P < 0.05 vs. sham group; #P < 0.05 vs. CLP group.
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Figure 4. Melatonin suppressed the production of inflammatory cytokines
in the plasma of CLP-induced septic rats. Rats intraperitoneally received
melatonin at 30 mg/kg per injection per rat at O, 3, 6 and 12 hours after
CLP surgery. The releases of tumor necrosis factor-a (A), interleukin (IL)-1B
(B), IL-6 (C), and high-mobility group protein box 1 (D) in the plasma were
measured by ELISAs at 0, 4, 12 and 24 hours after CLP. Data are expressed
as mean * SD (n = 10 per group). *P < 0.05, **P < 0.01 vs. sham group; *P
< 0.05 vs. CLP group.

5C). CLP-enhanced iNOS expression in lung
and liver was significantly attenuated by mela-
tonin (Figure 5D, 5E). These results suggest
that CLP-induced increase in neutrophil infiltra-
tion and iINOS/NO biosynthesis was mitigated
by melatonin in septic rats.
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Melatonin attenuated CLP-
induced oxidative stress in
septic rats

MDA, an indicator of lipid per-
oxidation levels, increased in
the lung and liver of the CLP
group, but the increase was
significantly attenuated by
melatonin (Figure 6A). The
activities of SOD and CAT in
the lung and liver were signifi-
cantly inhibited by CLP, and
melatonin restored the inhi-
bition (Figure 6B, 6C). CLP-
decreased GSH level was also
elevated by melatonin treat-
ment in the lung and liver
(Figure 6D). These data sug-
gest that melatonin could
suppress CLP-induced oxida-
tive stress in rats.

Melatonin alleviated lung and
liver cell apoptosis in CLP-
induced septic rats

TUNEL assay was perform-
ed to explore the role of mela-
tonin in lung and liver cell
apoptosis in CLP-induced se-
ptic rats. As shown in Figure
7A, CLP significantly caused
cell apoptosis in the lung and
liver. However, a notable de-
crease in the TUNEL-positive
cells was observed in the
CLP + melatonin group. More-
over, melatonin inhibited CLP-
increased caspase-3 activity
in the lung and liver (Figure
7B). The apoptosis-related
molecules, including cas-
pase-3, cl-caspase-3, Bcl-2,
Bax, Akt and p-Akt, were also
measured via Western blot
analysis in the lung and liver
tissues of CLP-induced septic

rats to investigate the potential mechanisms
for melatonin effects on sepsis-induced apop-
tosis. Results shown in Figure 7C-G depicted
that CLP significantly increased the pro-apop-
totic molecules (cl-caspase-3 and Bax) and
decreased the anti-apoptotic proteins (Bcl-2

Int J Clin Exp Med 2018;11(11):11720-11731
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Figure 5. Melatonin reduced CLP-induced increase in myeloperoxidase (MPO) activity and iNOS/NO biosynthesis in
septic rats. Rats intraperitoneally received melatonin at 30 mg/kg per injection per rat at 0, 3, 6 and 12 hours after
CLP surgery. MPO activity (A) and NO production (B) in the lung and liver were measured at 24 hours after CLP. (C)
The concentration of NO in the plasma was determined. (D) Representative Western blot results of iNOS expression
in the lung and liver. (E). Relative protein band densities of INOS normalized against B-actin. Data are expressed as
mean + SD (n = 10 per group). *P < 0.05 vs. sham group; #P < 0.05 vs. CLP group.
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Figure 6. Melatonin reduced malondialdehyde (MDA) content and increased
superoxide dismutase (SOD) and catalase (CAT) activities and glutathione
(GSH) level in the lung and liver of CLP-induced septic rats. Rats intraperito-
neally received melatonin at 30 mg/kg per injection perratat 0, 3, 6 and 12
hours after CLP. The MDA content (A), SOD activity (B), CAT activity (C), and
GSH level (D) in the lung and liver were measured by commercial kits at 24
hours after CLP. Data are expressed as mean + SD (n = 10 per group). *P <
0.05 vs. sham group; #P < 0.05 vs. CLP group.

and p-Akt). Nevertheless, melatonin reversed
these changes. These results indicated that
melatonin reduced the lung and liver cell apop-
tosis in CLP-treated rats.
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Discussion

The CLP-induced sepsis mo-
del is a widely used method
for investigating the compli-
cated mechanisms of sepsis
because of its similar features
to those of septic patients
[22]. In this study, the CLP-
induced septic rat model was
used to investigate protec-
tive effects of melatonin ag-
ainst septic lung and liver
injuries. The major findings
are as follows. (1) Melatonin
improved the survival rate
and histopathological injuri-
es of lung and liver of CLP-
insulted rats. (2) Melatonin
inhibited the hemodynamic
changes of CLP-induced sep-
tic rats. (3) Melatonin amelio-
rated lung and liver dysfunc-
tions in rats subjected to CLP.
(4) Melatonin reduced the lev-

els of inflammatory cytokines, such as TNF-a,
IL-13 and HMGB1, in the plasma of CLP-induced
septic rats. (5) Melatonin reduced CLP-induced
neutrophil infiltration into the lung and liver,
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Figure 7. Melatonin inhibited CLP-induced lung and liver cell apoptosis of the septic rats. Rats intraperitoneally re-
ceived melatonin at 30 mg/kg per injection per rat at 0, 3, 6 and 12 hours after CLP. (A) The percentage of apoptotic
lung and liver cells were measured by TUNEL assay. (B) Caspase-3 activity was assessed to evaluate the apoptosis
of lung and liver cells. (C) The expression of caspase-3, cl-caspase-3, Bcl-2, Bax, Akt and p-Akt was measured by
Western blot analysis. B-actin was used as the endogenous control. Ratios of cl-caspase-3/caspase-3 (D), Bcl-2/[-
actin (E), Bax/B-actin (F), and p-Akt/Akt (G) were calculated. Data are expressed as mean = SD (n = 10 per group).

*P < 0.05 vs. sham group; #P < 0.05 vs. CLP group.

and decreased the pulmonary, hepatic, and
plasma NO levels, as well as the expression
of iINOS in the lung and liver. (6) Melatonin
decreased the MDA content but enhanced the
SOD and CAT activities and GSH level in the
lung and liver. (7) Melatonin inhibited CLP-
induced lung and liver cell apoptosis, as shown
by the decrease in caspase-3 activity, down-
regulation of cl-caspase-3 and Bax, and upreg-
ulation of Bcl-2 and p-Akt. Collectively, these
results demonstrate that melatonin attenuates
CLP-induced inflammation, oxidative stress,
and apoptosis in rats, suggesting melatonin as
a useful agent for therapy of septic lung and
liver injuries.

Sepsis is a systemic inflammatory response
syndrome to infection. This systemic inflamma-
tory cascade results in neutrophil sequestra-
tion in various systemic organs, including the
lung and liver. Subsequent neutrophil extrava-
sation can lead to vascular and parenchymal
cell dysfunctions [23]. Pro-inflammatory cyto-
kines, such as TNF-a, IL-13 and IL-6, are the
most strongly associated cytokines with sepsis
[15]. TNF-a is an important initiator in sepsis.

11728

When the host is infected with bacteria, TNF-a
appears early in the circulation and quickly
reaches peak levels, thereby inducing microcir-
culation and a series of inflammatory changes
in vascular endothelial cells [24]. IL-1B and IL-6
are considered closely related to septic severi-
ty and mortality [17, 25]. HMGB1, as a late
inflammatory mediator, is a key factor in the
lethal effect of sepsis, and its level will directly
affect the severity of the body’s response and
prognosis of sepsis [26]. Melatonin inhibits pro-
duction of TNF-«, IL-13 and HMGB1 in sepsis-
induced cardiac dysfunction and brain injury
[17, 18]. In the present study, the release of
TNF-a, IL-1B, IL-6 and HMGB1 in the plasma
and the activity of MPO in the lung and liver tis-
sue were markedly reduced by melatonin in
CLP-challenged rats. TNF-a and IL-1 can in-
duce iNOS expression and NO production [27,
28]. NO produced by iNOS probably plays a
central role in mitochondrial damage during
sepsis [29]. Melatonin inhibits iINOS expres-
sion and activity in the liver and lung, and pre-
vents endotoxemia in lipopolysaccharide-in-
duced multiple organ dysfunction syndrome in
rats [30]. In this study, melatonin decreased
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the production of NO in lung, liver, and plasma,
and reduced the expression of iNOS in lung and
liver of CLP-induced septic rats.

Oxidative stress is one of the most significant
factors in the pathogenesis of sepsis [9]. Sepsis
is associated with enhanced generation of ROS
and RNS, which react with biological macromol-
ecules, thereby producing lipid peroxides, inac-
tivating proteins, and mutating DNA [9, 31, 32].
Lipid peroxidation can cause changes in mem-
brane fluidity and permeability, increase the
rate of protein degradation, and gradually lead
to cell lysis [33]. MDA is an end product of the
lipid peroxidation and reflects the damage
caused by ROS [34]. In the antioxidant system,
SOD and CAT are key ROS scavengers, which
can specifically eliminate superoxide radicals
and prevent ROS attack [35]. GSH is one of the
major components of the non-enzymatic anti-
oxidant system [36]. Melatonin exhibits both
free radical scavenging and antioxidant proper-
ties. Melatonin protects against oxidative organ
injury by reversing the changes of MDA and
GSH content in multi-organs of a septic rat
model [37]. Melatonin also ameliorates septic
cardiac and brain injury by elevating SOD and
CAT activities and decreasing MDA content [17,
18]. Consistent with these findings, we found
that melatonin inhibited CLP-induced oxidative
damage, as shown by the reduction of MDA
content and enhancement of SOD and CAT
activities, as well as GSH level in the lung and
liver of septic rats.

Apoptosis is another key factor in the evolution
of organ damage during sepsis. Blocking apop-
tosis improves the outcome in animals with
severe sepsis [38]. During sepsis, oxidative
stress is recognized as a strong mediator of
apoptosis via the formation of lipid hydroperox-
ides [39]. ROS overproduction may induce a
depletion of intracellular GSH that acts as a
free-radical scavenger and a regulator of the
intracellular redox state, which results in mito-
chondrial damage, cytochrome c release, cas-
pase activation, and cell apoptosis [40]. NO
also plays an important role in cell apoptosis.
NO can react with superoxide, thereby forming
the peroxynitrite, which causes lipid peroxida-
tion, cellular damage, and apoptosis [41]. PI3K/
Akt signaling plays a protective role in several
septic models [17, 42-44]. When activated,
PI3K causes Akt phosphorylation and subse-
quent phosphorylation of diverse target mole-
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cules (such as Bcl-2 family) that preserve mito-
chondrial integrity and promote cell survival
[45]. The Bcl-2 family, including anti-apoptotic
(such as Bcl-2) and pro-apoptotic (such as
Bax) members, acts as a crucial checkpoint
upstream of the mitochondrial apoptosis path-
way [46]. The caspase family is an executioner
of apoptosis, in which caspase-3 is a crucial
apoptotic protease in the final common path-
way of the apoptotic cell death [47]. Melatonin
inhibits sepsis-induced cardiac and brain apop-
tosis [17, 18]. In this study, phosphorylation of
Akt and expression of Bcl-2 were upregulated,
whereas Bax and cl-caspase-3 expression, and
caspase-3 activity were reduced by melatonin
treatment. These results imply that melatonin
may prevent apoptosis of septic lung and liver
through inhibiting the mitochondrial-initiated
caspase pathway.

Conclusion

In summary, treating CLP-induced sepsis with
melatonin attenuates lung and liver injuries via
inhibiting inflammation, oxidative stress, and
apoptosis. Our findings provide a biochemical
basis for the use of melatonin as a potential
agent for sepsis therapy.

Acknowledgements

We are grateful to the participant during per-
forming the study.

Disclosure of conflict of interest
None.

Address correspondence to: Junkai Du, Depart-
ment of Emergency, The First Affiliated Hospital of
Xi'an Jiaotong University, 277 West Yanta Road,
Xi'an 710061, Shaanxi Province, China. E-mail:
junkaiducn@163.com

References

[1]  Wiersinga WJ, van der Poll T. Sepsis: new in-
sights into its pathogenesis and treatment.
Ned Tijdschr Geneeskd 2010; 154: A1130.

[2] Iwashyna TJ, Netzer G, Langa KM, Cigolle C.
Spurious inferences about long-term out-
comes: the case of severe sepsis and geriatric
conditions. Am J Respir Crit Care Med 2012;
185: 835-841.

[3] Marshall JC, Vincent JL, Guyatt G, Angus DC,
Abraham E, Bernard G, Bombardier C, Ca-
landra T, Jorgensen HS, Sylvester R, Boers M.

Int J Clin Exp Med 2018;11(11):11720-11731


mailto:junkaiducn@163.com

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

[13]

(14]

[15]

Melatonin mitigates septic rat injury

Outcome measures for clinical research in
sepsis: a report of the 2nd Cambridge collo-
quium of the international sepsis forum. Crit
Care Med 2005; 33: 1708-1716.

Andrews P, Azoulay E, Antonelli M, Brochard L,
Brun-Buisson C, Dobb G, Fagon JY, Gerlach H,
Groeneveld J, Mancebo J, Metnitz P, Nava S,
Pugin J, Pinsky M, Radermacher P, Richard C,
Tasker R, Vallet B. Year in review in intensive
care medicine, 2004. |. Respiratory failure, in-
fection, and sepsis. Intensive Care Med 2005;
31: 28-40.

Yan J, Li S, Li S. The role of the liver in sepsis.
Int Rev Immunol 2014; 33: 498-510.

Bar-Or D, Carrick MM, Mains CW, Rael LT,
Slone D, Brody EN. Sepsis, oxidative stress,
and hypoxia: are there clues to better treat-
ment? Redox Rep 2015; 20: 193-197.

King EG, Bauza GJ, Mella JR, Remick DG.
Pathophysiologic mechanisms in septic shock.
Lab Invest 2014; 94: 4-12.

Neviere RR, Cepinskas G, Madorin WS, Hoque
N, Karmazyn M, Sibbald WJ, Kvietys PR. LPS
pretreatment ameliorates peritonitis-induced
myocardial inflammation and dysfunction: role
of myocytes. Am J Physiol 1999; 277: H885-
892.

Galley HF. Oxidative stress and mitochondrial
dysfunction in sepsis. Br J Anaesth 2011; 107:
57-64.

ZhangL, Yao J, Wang X, Li H, Liu T, Zhao W. Poly
(ADP-ribose) synthetase inhibitor has a heart
protective effect in a rat model of experimental
sepsis. Int J Clin Exp Pathol 2015; 8: 9824-
9835.

Zhong W, Qian K, Xiong J, Ma K, Wang A, Zou Y.
Curcumin alleviates lipopolysaccharide in-
duced sepsis and liver failure by suppression
of oxidative stress-related inflammation via
PIBK/AKT and NF-kappaB related signaling.
Biomed Pharmacother 2016; 83: 302-313.
Mauriz JL, Collado PS, Veneroso C, Reiter RJ,
Gonzalez-Gallego J. A review of the molecular
aspects of melatonin’s anti-inflammatory ac-
tions: recent insights and new perspectives. J
Pineal Res 2013; 54: 1-14.

Reiter RJ, Tan DX, Manchester LC, Qi W. Bio-
chemical reactivity of melatonin with reactive
oxygen and nitrogen species: a review of the
evidence. Cell Biochem Biophys 2001; 34:
237-256.

Reiter RJ, Paredes SD, Manchester LC, Tan DX.
Reducing oxidative/nitrosative stress: a newly-
discovered genre for melatonin. Crit Rev Bio-
chem Mol Biol 2009; 44: 175-200.

Escames G, Acuna-Castroviejo D, Lopez LC,
Tan DX, Maldonado MD, Sanchez-Hidalgo M,
Leon J, Reiter RJ. Pharmacological utility of
melatonin in the treatment of septic shock: ex-

11730

(16]

(17]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

perimental and clinical evidence. J Pharm
Pharmacol 2006; 58: 1153-1165.

Srinivasan V, Pandi-Perumal SR, Spence DW,
Kato H, Cardinali DP. Melatonin in septic
shock: some recent concepts. J Crit Care
2010; 25: 656, e651-656.

An R, Zhao L, Xi C, Li H, Shen G, Liu H, Zhang S,
Sun L. Melatonin attenuates sepsis-induced
cardiac dysfunction via a PI3K/Akt-dependent
mechanism. Basic Res Cardiol 2016; 111: 8.
Zhao L, An R, Yang, Yang X, Liu H, Yue L, Li X,
Lin Y, Reiter RJ, Qu Y. Melatonin alleviates
brain injury in mice subjected to cecal ligation
and puncture via attenuating inflammation,
apoptosis, and oxidative stress: the role of
SIRT1 signaling. J Pineal Res 2015; 59: 230-
239.

Wichterman KA, Baue AE, Chaudry IH. Sepsis
and septic shock-a review of laboratory mod-
els and a proposal. J Surg Res 1980; 29: 189-
201.

Green LC, Ruiz de Luzuriaga K, Wagner DA,
Rand W, Istfan N, Young VR, Tannenbaum SR.
Nitrate biosynthesis in man. Proc Natl Acad Sci
USA1981; 78: 7764-7768.

Kettle AJ, Winterbourn CC. Myeloperoxidase: a
key regulator of neutrophil oxidant production.
Redox Rep 1997; 3: 3-15.

Rittirsch D, Hoesel LM, Ward PA. The discon-
nect between animal models of sepsis and hu-
man sepsis. J Leukoc Biol 2007; 81: 137-143.
Bohles H. Antioxidative vitamins in premature-
ly and maturely born infants. Int J Vitam Nutr
Res 1997; 67: 321-328.

Khalid U, Jenkins RH, Pino-Chavez G, Bowen T,
Fraser DJ, Chavez R. A localized ischemic pre-
conditioning regimen increases tumor necro-
sis factor alpha expression in a rat model of
kidney ischemia-reperfusion injury. Exp Clin
Transplant 2015; 13: 535-542.

Bosmann M, Russkamp NF, Ward PA. Finger-
printing of the TLR4-induced acute inflamma-
tory response. Exp Mol Pathol 2012; 93: 319-
323.

Ito T, Kawahara K, Nakamura T, Yamada S, Na-
kamura T, Abeyama K, Hashiguchi T, Maruyama
I. High-mobility group box 1 protein promotes
development of microvascular thrombosis in
rats. J Thromb Haemost 2007; 5: 109-116.
Thiemermann C, Wu CC, Szabo C, Perretti M,
Vane JR. Role of tumour necrosis factor in the
induction of nitric oxide synthase in a rat mod-
el of endotoxin shock. Br J Pharmacol 1993;
110: 177-182.

Szabo C, Wu CC, Gross SS, Thiemermann C,
Vane JR. Interleukin-1 contributes to the induc-
tion of nitric oxide synthase by endotoxin in
vivo. Eur J Pharmacol 1993; 250: 157-160.
Lopez LC, Escames G, Tapias V, Utrilla P, Leon
J, Acuna-Castroviejo D. Identification of an in-

Int J Clin Exp Med 2018;11(11):11720-11731



[30]

(31]

(32]

[33]

[34]

[35]

[36]

[37]

Melatonin mitigates septic rat injury

ducible nitric oxide synthase in diaphragm mi-
tochondria from septic mice: its relation with
mitochondrial dysfunction and prevention by
melatonin. Int J Biochem Cell Biol 2006; 38:
267-278.

Crespo E, Macias M, Pozo D, Escames G, Mar-
tin M, Vives F, Guerrero JM, Acuna-Castroviejo
D. Melatonin inhibits expression of the induc-
ible NO synthase Il in liver and lung and pre-
vents endotoxemia in lipopolysaccharide-in-
duced multiple organ dysfunction syndrome in
rats. FASEB J 1999; 13: 1537-1546.
Sakaguchi S, Furusawa S. Oxidative stress,
septic shock: metabolic aspects of oxygen-de-
rived free radicals generated in the liver during
endotoxemia. FEMS Immunol Med Microbiol
2006; 47: 167-177.

Kukreja RC, Hess ML. The oxygen free radical
system: from equations through membrane-
protein interactions to cardiovascular injury
and protection. Cardiovasc Res 1992; 26: 641-
655.

Garcia JJ, Reiter RJ, Guerrero JM, Escames G,
Yu BP, Oh CS, Munoz-Hoyos A. Melatonin pre-
vents changes in microsomal membrane fluid-
ity during induced lipid peroxidation. FEBS Lett
1997; 408: 297-300.

Qian H, Liu D. The time course of malondialde-
hyde production following impact injury to rat
spinal cord as measured by microdialysis and
high pressure liquid chromatography. Neuro-
chem Res 1997; 22: 1231-1236.

Zweier JL, Flaherty JT, Weisfeldt ML. Direct
measurement of free radical generation fol-
lowing reperfusion of ischemic myocardium.
Proc Natl Acad Sci U S A 1987; 84: 1404-7.
Wang P, Ye XL, Liu R, Chen HL, Liang X, Li WL,
Zhang XD, Qin XJ, Bai H, Zhang W, Wang X, Hai
CX. Mechanism of acute lung injury due to
phosgene exposition and its protection by ca-
feic acid phenethyl ester in the rat. Exp Toxicol
Pathol 2013; 65: 311-318.

Sener G, Toklu H, Kapucu C, Ercan F, Erkanli G,
Kacmaz A, Tilki M, Yegen BC. Melatonin pro-
tects against oxidative organ injury in a rat
model of sepsis. Surg Today 2005; 35: 52-59.

11731

(38]

(39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Oberholzer C, Oberholzer A, Clare-Salzler M,
Moldawer LL. Apoptosis in sepsis: a new target
for therapeutic exploration. FASEB J 2001; 15:
879-892.

Chandra J, Samali A, Orrenius S. Triggering and
modulation of apoptosis by oxidative stress.
Free Radic Biol Med 2000; 29: 323-333.

Leon J, Acuna-Castroviejo D, Escames G, Tan
DX, Reiter RJ. Melatonin mitigates mitochon-
drial malfunction. J Pineal Res 2005; 38: 1-9.
Boveris A, Alvarez S, Navarro A. The role of mi-
tochondrial nitric oxide synthase in inflamma-
tion and septic shock. Free Radic Biol Med
2002; 33: 1186-1193.

Bommhardt U, Chang KC, Swanson PE, Wag-
ner TH, Tinsley KW, Karl IE, Hotchkiss RS. Akt
decreases lymphocyte apoptosis and improves
survival in sepsis. J Immunol 2004; 172:
7583-7591.

Zhang WJ, Wei H, Hagen T, Frei B. Alpha-lipoic
acid attenuates LPS-induced inflammatory re-
sponses by activating the phosphoinositide
3-kinase/Akt signaling pathway. Proc Natl
Acad Sci U S A 2007; 104: 4077-4082.

Li XQ, Cao W, Li T, Zeng AG, Hao LL, Zhang XN,
Mei QB. Amlodipine inhibits TNF-alpha produc-
tion and attenuates cardiac dysfunction in-
duced by lipopolysaccharide involving PI3K/
Akt pathway. Int Immunopharmacol 2009; 9:
1032-1041.

Liu XY, Zhou XY, Hou JC, Zhu H, Wang Z, Liu JX
and Zheng YQ. Ginsenoside Rd promotes neu-
rogenesis in rat brain after transient focal cere-
bral ischemia via activation of PI3K/Akt path-
way. Acta Pharmacol Sin 2015; 36: 421-428.

Chao DT, Korsmeyer SJ. BCL-2 family: regula-
tors of cell death. Annu Rev Immunol 1998;
16: 395-419.

Heimlich G, McKinnon AD, Bernardo K, Brdicz-
ka D, Reed JC, Kain R, Kronke M, Jurgensmeier
JM. Bax-induced cytochrome c¢ release from
mitochondria depends on alpha-helices-5 and
-6. Biochem J 2004; 378: 247-255.

Int J Clin Exp Med 2018;11(11):11720-11731



