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Abstract: This study investigated whether combining melatonin and apoptotic adipose-derived mesenchymal stem 
cells (A-ADMSC) was superior to ADMSC alone in ameliorating sepsis-induced acute lung injury. Adult male Sprague-
Dawley rats (n=50) were randomized equally into five groups: sham controls (SC), sepsis induced by cecal-ligation 
and puncture (CLP), CLP-melatonin, CLP-A-ADMSC, and CLP-melatonin-A-ADMSC. Circulating interleukin (IL)-6 at 6, 
18, and 72 hrs, were highest in CLP and lowest in SC groups, higher in CLP-melatonin than CLP-A-ADMSC and CLP-
melatonin-A-ADMSC groups, higher in CLP-A-ADMSC than CLP-melatonin-A-ADMSC groups (all p<0.001). Immune 
reactivity (indicated by circulating cytotoxic-, and regulatory-T cells) and WBC count at 72 h exhibited the same pat-
tern as that of circulating IL-6 (all p<0.001). Changes in histological scoring of lung parenchyma and the number of 
CD68+ and CD14+ cells showed a similar pattern compared to that of IL-6 level in all groups (all p<0.001). Changes 
in protein expressions of inflammatory (oxidative stress, RANTES, TNF-α, NF-κB, MMP-9, MIP-1, IL-1β), apoptotic 
(cleaved caspase 3 and PARP, mitochondrial Bax), fibrotic (Smad3, TGF-β) markers and those of reactive-oxygen-
species (NOX-1, NOX-2) displayed an identical pattern compared to that of circulating IL-6 in all groups (all p<0.001). 
Anti-oxidative capacities (GR+, GPx+, HO-1, NQO-1+) and angiogenesis marker (CXCR4+ cells) were lowest in SC 
group but highest in CLP-melatonin-A-ADMSC group, lower in CLP than CLP-melatonin and CLP-A-ADMSC groups, 
and lower in CLP-melatonin than CLP-A-ADMSC groups (all p<0.001). In conclusion, combined melatonin and A-
ADMSC were superior to A-ADMSC alone in protecting the lung from sepsis-induced injury. 
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Introduction

Despite advanced antibiotic regimens in our 
daily clinical practice, sepsis-induced mortality 
during hospitalization remains high [1-4]. The 
mortality rate is especially remarkable, ranging 
from 20% to over 60%, in ICU patients who usu-
ally are immunocompromised, in an unstable 
condition with common development of septic 
shock [5-7]. In the United States, severe sepsis 
accounts for as many deaths annually as myo-
cardial infarctions [5]. Undoubtedly, there is an 

urgent need for innovative, safe, and effica-
cious therapeutic strategies for the sepsis syn- 
drome.

Although the etiologies of sepsis syndrome and 
its prognosis have been widely investigated 
[5-8], its underlying mechanisms remain heavi-
ly debated [8-12]. 

Although various causes of sepsis-induced mor- 
tality have been proposed, uncontrolled immu- 
ne response, overwhelming inflammation, over-
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production of reactive oxygen species (ROS), 
and endotoxin release from infectious microor-
ganisms into circulation have been reported to 
be the major contributors [8-16]. This hyper-
inflammatory and overwhelming responses invo- 
lve activation of the innate immune system 
[9-12], accumulation of neutrophil and macro-
phage [12], secretion of cytokines [9, 14], rec- 
ruitment of T and B cells [12, 16], and forma-
tion of antibodies [15] in an attempt to elimi-
nate the pathogens but this process also cau- 
ses collateral damage to major organs such as 
the kidneys, lungs, brain, and coagulation sys-
tem, thereby leading to anergy of host-defense 
mechanisms, rapid organ failure and potential 
mortality [13]. Accordingly, strategies that tar-
get the inflammatory reaction, the generation 
and propagation of overwhelming immune res- 
ponses, ROS and oxidative stress may have 
therapeutic potential. 

Melatonin, or N-acetyl-5-methoxytryptamine, 
an indole, the chief secretory product of the 
pineal gland, is a direct free radical scavenger 
and an indirect antioxidant that acts to stabilize 
cell membranes, thereby making them less 
susceptible to oxidative insult and ultimately 
suppressing inflammatory reaction [13, 17-20]. 
Previous experimental studies have identified 
the protective ability of melatonin against isch-
emia-reperfusion injury in multiple organs, 
including kidney, heart, and intestine [21-24]. 
However, whether melatonin therapy might be 
similarly effective against acute sepsis-induced 
lung injury remains unclear. 

Growing evidence has demonstrated that mes-
enchymal stem cell (MSC) therapy not only im- 
proves ischemia-related organ dysfunction pro-
bably through angiogenesis, paracrine/cyto-
kine effect, and stem cell homing [25, 26], but 
can also attenuate inflammation and down-reg-
ulate innate and adaptive immunity [27-30] th- 
rough suppressing immunogenicity [27-31]. 
Intriguingly, adipose tissue-derived MSC may 
have more potent immunomodulatory capacity 
than that of bone marrow-derived MSC [30]. 
Another interesting finding is that apoptotic 
MSCs (i.e., dying stem cells) possess intense 
anti-inflammatory and immunomodulatory pro- 
perties [31]. Additionally, one noteworthy find-
ing is that we recently demonstrated the supe-
riority of apoptotic adipose-derived MSC (A-AD- 
MSC) to healthy ADMSC in protecting the lung 
from acute ischemia-reperfusion injury [32]. 
Moreover, combined therapy with melatonin 

and A-ADMSC was superior to A-ADMSC alone 
in attenuating acute lung ischemia-reperfusion 
injury [32]. Furthermore, another recent experi-
mental study of our group also showed that 
A-ADMSC was more effective than healthy 
ADMSC in protecting the heart from sepsis-
induced damage and reducing mortality [33]. 

Based on these recent reports [27-33], we 
hypothesized that: 1) melatonin therapy would 
be effective in ameliorating sepsis-induced acu- 
te lung injury; 2) A-ADMSC-assisted melatonin 
therapy might be superior to A-ADMSC therapy 
alone in attenuating acute sepsis-induced acu- 
te lung injury in rodents.

Materials and methods

Ethics

All animal experimental procedures were app- 
roved by the Institute of Animal Care and Use 
Committee at Kaohsiung Chang Gung Memorial 
Hospital (Affidavit of Approval of Animal Use 
Protocol No. 2008121108) and performed in 
accordance with the Guide for the Care and 
Use of Laboratory Animals (NIH publication No. 
85-23, National Academy Press, Washington, 
DC, USA, revised 1996).

Animal grouping, estimation of animal number, 
rationale of treatment strategy, and adipose 
tissue isolation for ADMSC culturing

The procedure and protocol of the present 
study were based on our recent reports [30, 
32, 33]. Pathogen-free, adult male Sprague-
Dawley (SD) rats weighing 350-400 g (Charles 
River Technology, BioLASCO Taiwan Co. Ltd., 
Taiwan) were randomly divided into sham con-
trols (SC, n=10) (i.e., cecal exposure without 
ligation or puncture), sepsis induced by cecal 
ligation and puncture [CLP + saline 3.0 mL, 
intra-peritoneal (i.p.)] at 30 min, 6 h, and 24 h 
after the procedure (n=10), CLP- melatonin 
[melatonin, i.p. at 30 minutes (20 mg/kg), 6 h 
(50 mg/kg), and 24 h (50 mg/kg) after the pro-
cedure; n=10], CLP-A-ADMSC [autologous 
apoptotic-ADMSC (1.2 x 106) at 30 minutes, 6 
h, and 24 h after the procedure; n=10], and 
CLP-melatonin-A-ADMSC (n=10). 

Based on the results of our recent report [33], 
the mortality rate from CLP-induced sepsis syn-
drome was about 40% to 50% in rats. Since the 
main purpose of the present study focused on 
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clarifying the therapeutic effects of melatonin 
and A-ADMSC against lung parenchymal injury 
rather than determining the impact on mortali-
ty, the CLP procedure was modified to reduce 
the mortality rate. Therefore, only 10 animals 
were utilized in each group in the current study. 
Additionally, since A-ADMSC was found to be 
superior to the healthy ADMSC in reducing 
organ injury [32, 33], this study was designed 
to focus on the effects of A-ADMSC + melatonin 
rather than healthy ADMSC + melatonin against 
sepsis-induced lung injury.

The choice of time points of ADMSC administra-
tion at 30 min, 6 h, and 18 h after CLP was 
based on our recent study that demonstrated 
marked attenuation of acute ischemia/reperfu-
sion-induced lung injury following ADMSC throu- 
gh penile venous administration at these time 
points [30, 32, 33]. Besides, these time points 
were initially chosen in an attempt to mimic the 
clinical schedule of antibiotic treatment for 
patients with sepsis syndrome.

Rats in A-ADMSC and melatonin-A-ADMSC grou- 
ps were anesthetized with inhalational 2.0% 
isoflurane 14 days before CLP to harvest autol-
ogous peri-epididymal adipose tissue as we 
recently reported [30, 32, 33]. Isolated ADMSCs 
were cultured in a 100 mm diameter dish with 
10 mL DMEM culture medium containing 10% 
FBS for 14 days. Flow cytometric analysis was 
performed for identification of cellular charac-
teristics (i.e., stem cell surface markers) after 
cell labeling with appropriate antibodies on day 
14 of cell cultivation prior to implantation.

The procedures of cecal ligation and puncture 
(CLP) and measurement of tail systolic blood 
pressure (SBP) 

Rats were anesthetized with inhalational 2.0% 
isoflurane and placed in a supine position on a 
warming pad at 37°C with the abdomen shaved. 
Under sterile conditions, the abdominal skin 
and muscle were opened and the cecum expo- 

Figure 1. Microscopic findings for the incidence of A-ADMSC after starvation-hypoxia stress and flow cytomtric 
Analysis of circulating Immune Cells (n=6). (A and B) Immunofluorescent (IF) microscopic findings (400 x) of cel-
lular apoptosis of apoptotic adipose-derived mesenchymal stem cells (A-ADMSCs). (C) Cellular apoptosis was sig-
nificantly higher in A-ADMSC than in healthy ADMSC. * vs. normal control, p<0.0001. Blue color indicates DAPI 
stain for nuclei. (D) Flow cytometric analysis of CD3+/CD4+ cells. * vs. other groups with different symbols (*, †, 
‡), p<0.001. (E) Flow cytometric analysis of CD3+/CD8+ cells. * vs. other groups with different symbols (*, †, ‡), 
p<0.001. (F) Flow cytometric analysis of Treg+ cells. * vs. other groups with different symbols (*, †, ‡), p<0.001. 
Statistical analysis in (F) using one-way ANOVA, followed by Bonferroni multiple comparison post hoc test. Symbols 
(*, †, ‡) indicate significance (at 0.05 level). SC=sham control; CLP=cecal-ligation and puncture; Mel=melatonin.
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sed in all groups. In the SC group, the abdomen 
was then closed and the animal was allowed to 
recover from anesthesia. In the CLP groups, the 
cecum was prolene suture ligated over its distal 
portion (i.e., distal ligation) and the cecum dis-
tal to the ligature was punctured twice with an 
18G needle to allow the cecal contents to be 
expressed intraperitoneally, as previously desc- 
ribed [33, 34]. The abdominal wound was clo- 
sed and the animal was allowed to recover from 
anesthesia.

The tail SBP was measured (Kent Scientific 
Corporation, Model no: CODA, U.S.A.) based on 
our recent report [33] by a technician who was 
blinded to the treatment protocols prior to and 
at 28 h (only for the survival animals) after CLP 
or sham procedure. The tail cuff approach to 
blood pressure measurement was conducted 
as follows: Initially the rat was warmed in a box 
at 37°C for 20 minutes before being placed in a 
restraining apparatus which was also kept at 
37°C. The tail was inserted through the cuff 
which contained a photoelectric pulse detector 
through which the systolic blood pressure was 
recorded when the first oscillation appeared 
during the gradual reduction of cuff pressure. 
Mean blood pressure was determined from the 
cuff pressure when the amplitude of the oscilla-
tion reached its maximum. The SBP was con-
secutively and continuously measured for 30 
times in each rat. Data of SBP recorded for the 

first 10 times and those recorded when the ani-
mals were agitated were discarded. Finally, reli-
able data of SBP were averaged for each rat 
and expressed as mean ± SD. 

Definition of apoptotic ADMSCs 

Serum deprivation of cells in vitro for induction 
of apoptosis was performed according to a pre-
vious study [35] and our recent report [33] with 
some modifications. Hence, apoptotic ADMSCs 
were first cultured in normal culture medium 
followed by 12 hours of hypoxia (1% oxygen) 
and 12 hours of serum-free cell culture. The 
principal concept in the present study for the 
induction of A-ADMSC using short-term hypoxia 
and serum deprivation is to artificially create a 
“stress environment” that would activate intra-
cellular signaling pathway for secreting cyto-
kines/chemokines and other mediators to seek 
the survival pathway. 

Analyses of circulating levels of inflammatory 
biomarkers

Blood samples were stored at -80°C until anal-
yses of interleukin (IL)-6 was performed in 
batches at the end of the experiment. Serum 
IL-6 concentration was assessed in duplicate 
with a commercially available ELISA kit (R&D 
systems, Inc. Minneapolis, MN). Circulating 
white blood cell (WBC) count was measured 
prior to and at 6 and 72 h after CLP with stan-
dard laboratory methods.

Table 1. Serial Changes of BP, Inflammatory Biomarkers and Combined End-Points at 72 Hours after 
CLP

Variables Group 1
(n=10)

Group 2
(n=10)

Group 3
(n=10)

Group 4
(n=10)

Group 5
(n=10) p-value

Mortality 0% (0) 40% (4) 30% (3) 10% (1) 20% (2) 0.181
Dark bloody ascites* 0% (0) 40% (4) 20% (2) 10% (1) 10% (1) 0.230
Combined end-point† 0% (0)a 60% (6)b 30% (3)a 10% (1)a 20% (2)a 0.02
SBP (mmHg) at 0 h 101 ± 8.8 108 ± 12.1 105 ± 9.6 108 ± 9.1 109 ± 8.8 > 0.1
SBP (mmHg) at 28 h 109 ± 8.2 109 ± 21.5 106 ± 20.6 115 ± 16.4 109 ± 16.8 >0.05
WBC (x 103) at 0 h 11.0 ± 1.7 11.2 ± 1.3 11.5 ± 1.9 11.0 ± 3.0 11.4 ± 2.3 >0.5
WBC (x 103) at 6 h 10.0 ± 1.2a 16.5 ±1.2b 15.3 ± 1.1b 13.1 ± 0.9c 13.0 ± 1.9c <0.001
WBC (x 103) at 72 h 7.9 ± 1.2a 13.0 ± 1.5b 12.5 ± 1.5b 10.3 ± 1.7c 10.9 ± 0.8c <0.001
IL-6 (pg/mL) at 0 h 6.28 ± 1.49 7.3 ± 2.0 7.0 ± 1.9 7.1 ± 2.4 7.9 ± 1.8 >0.5
IL-6 (pg/mL) at 6 h 9.2 ± 2.9a 182 ± 103b 177 ± 116b 138 ± 61c 140 ± 66c <0.0001
IL-6 (pg/mL) at 18 h 9.4 ± 2.7a 151 ± 146b 129 ± 26c 90.8 ± 26.2d 87.6 ± 37.7d <0.0001
Il-6 (pg/mL) at 72 h 6.0 ± 1.0a 95.4 ± 50.8b 70.8 ± 19.4c 58.2 ± 9.8d 66.3 ± 7.5d <0.0001
Procedure. Data are expressed as mean ± SD or % (n). *indicate ≥1.0 cc ascites was collected. †defined as mortality or 
abdominal fluid presented ≥1.0 cc CLP=cecal-ligation and puncture; SBP=systolic blood pressure; WBC=white blood cell count; 
IL=interleukin. Group 1=sham control; Group 2=CLP; Group 3=CLP + melatonin; Group 4=CLP + apoptotic adipose derived 
mesenchymal stem cell (A-ADMSC); Group 5=CLP + melatonin + A-ADMSC. a-dWithin a row, means without a common letters 
were different (P<0.05).
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Flow cytometric quantification of helper T cells, 
cytotoxic T cells, and regulatory T cells (Tregs) 

The procedure and protocol were based on our 
recent report [34]. In details, peripheral blood 
mononuclear cells (PBMCs) were obtained from 
the tail vein using a 27# needle. PBMCs and 
splenocytes (1.0 x 106 cells) were triple-stained 
with FITC-anti-CD3 (BioLegend), PE-anti-CD8a 
(BD Bioscience), and PE-Cy™5 anti-CD4 (BD 
bioscience). To identify CD4+CD25+Foxp3+ Tre- 
gs, PBMCs and splenocytes were triple-stained 
with Alexa Fluor® 488-anti-CD25 (BioLegend), 
PE-anti-Foxp3 (BioLegend), and PE-Cy™5 anti-
CD4 (BD bioscience) according to the manufac-
turer’s protocol of Foxp3 Fix/Perm buffer set. 
The numbers of CD3+CD4+ helper T cells, CD- 
3+CD8+ cytotoxic T cells and CD4+CD25+Fox- 
p3+ Tregs were analyzed using flow cytometry 
(FC500, Beckman Coulter).

Histological assessment of lung injury 

To identify alveolar sac distribution in lung 
parenchyma, the lung specimens from all ani-
mals were fixed in 10% buffered formalin before 
embedding in paraffin. Tissues were sectioned 
at 5 µm for light microscopy. Hematoxylin and 
eosin (H & E) staining was performed to deter-
mine the number of alveolar sacs in a blinded 
fashion as we previously reported [30]. Three 
lung sections from each rat were analyzed and 
three randomly selected high-power fields 

(HPFs; 100 x) were examined in each section. 
The mean number per HPF for each animal was 
then determined by summation of all numbers 
divided by 9. The extent of crowded area, which 
was defined as region of thickened septa in 
lung parenchyma associated with partial or 
complete collapse of alveoli on H & E-stained 
sections, was also performed in a blinded fash-
ion. The following scoring system [28, 30] was 
adopted: 0=no detectable crowded area; 1≤ 
15% of crowded area; 2=15-25% of crowded 
area; 3=25-50% of crowded area; 4=50-75% of 
crowded area; 5≥75%-100% of crowded area/
per HPF.

Immunohistochemical (IHC) and immunofluo-
rescent (IF) studies 

The procedures and protocols for IHC and IF 
examinations were also based on our recent 
study [27, 30, 32, 33]. Briefly, for IHC staining, 
rehydrated paraffin sections were first treated 
with 3% H2O2 for 30 minutes and incubated 
with Immuno-Block reagent (BioSB) for 30 min-
utes at room temperature. Sections were then 
incubated with primary antibodies specifically 
against glutathione peroxidase (GPx; 1:500, 
Abcam) glutathione reductase (GR; 1:100, Ab- 
cam), NAD(P)H quinone oxidoreductase (NQO-
1) (1: 400, Abcam), and CD14 (1:300, Bio SS) 
at 4°C overnight. Irrelevant antibodies and 
mouse control IgG [Abcam]) provided controls 
in the current study. IF staining was performed 

Figure 2. Histopathological findings in lung parenchyma at 72 hours after CLP procedure (n=6). (A to F) Illustrations 
of microscopic findings (100 x) of H & E stain in lung sections. (G) Analytic results of number of alveolar sacs, * vs. 
other groups with different symbols (*, †, ‡, §, ¶), p<0.001. (H) Analytic results of crowded score, * vs. other groups 
with different symbols (*, †, ‡, §, ¶), p<0.0001. The scale bars in right lower corner represent 100 µm. Statistical 
analysis in (G) and (H) using one-way ANOVA, followed by Bonferroni multiple comparison post hoc test. Symbols 
(*, †, ‡, §, ¶) indicate significance (at 0.05 level). HPF=high-power field; SC=sham control; CLP=cecal-ligation and 
puncture; Mel=melatonin; A-ADMSC=apoptotic adipose-derived mesenchymal stem cell. 
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for the examinations of, HO-1 (1:250, Abcam), 
CD68 (1:100, Abcam ), CXCR4 (1:100, Santa 
cruz), and CD31 (1:200, SeroTec) using respec-
tive primary antibody with the use of irrelevant 
antibodies as controls. Three sections of lung 

specimens were analyzed in each rat. For quan-
tification, three randomly selected HPFs (x 200 
for IHC and IF studies) were analyzed in each 
section. The mean number per HPF for each 
animal was then determined by summation of 

Figure 3. Inflammatory cells infiltrated in lung parenchyma at 72 hours after CLP procedure (n=6). (A to E) Micro-
scopic findings (200 x) of immunohistochemical (IHC) stain for CD14+ cells (brown color). (F) Analytic results of 
CD14+ cells, * vs. other groups with different symbols (*, †, ‡, §, ¶), p<0.0001. The scale bars in right lower corner 
represent 50 µm. (G to K) Microscopic findings (200 x) of immunofluorescent (IF) stain for CD68+ cells (green color 
of DAPI+ cells). Abundant Dil dye stained A-ADMSCs (white arrows) were found in (J) and (K) indicated that the trans-
planted A-ADMSCs were trapped in lung parenchyma. (L) Analytic results of CD68+ cells, * vs. other groups with 
different symbols (*, †, ‡, §, ¶), p<0.0001. The scale bars in right lower corner represent 50 µm. Statistical analysis 
in (F) and (L) using one-way ANOVA, followed by Bonferroni multiple comparison post hoc test. Symbols (*, †, ‡, §, 
¶) indicate significance (at 0.05 level). HPF=high-power field; SC=sham control; CLP=cecal-ligation and puncture; 
Mel=melatonin; A-ADMSC=apoptotic adipose-derived mesenchymal stem cell.
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all numbers divided by 9. An IHC-based scoring 
system was adopted for semi-quantitative anal-
yses of NQO 1, CD14, GR and GPx as a percent-
age of positive cells in blinded fashion (score of 
positively-stained cell for GR and GPx: 0=no 
stain %; 1≤15%; 2=15~25%; 3=25~50%; 4= 
50~75%; 5≥75%-100%/per HPF).

Western blot analysis of lung specimens

Equal amounts (10-30 μg) of protein extracts 
from the left lung were loaded and separated 
by SDS-PAGE using 8-10% acrylamide gradi-
ents. Following electrophoresis, the separated 
proteins were transferred electrophoretically to 

Figure 4. Expressions of GR and GPx anti-oxidant cells in lung parenchyma 72 hours after CLP procedure (n=6). 
(A to E) Microscopic findings (200 x) of IHC stain for glutathione reductase (GR)+ cells (brown color) in lung paren-
chyma. (F) Analytic results of GR+ cells, * vs. other groups with different symbols (*, †, ‡, §, ¶), p<0.0001. The 
scale bars in right lower corner represent 50 µm. (G to K) Microscopic findings (200 x) of IHC stain for glutathione 
peroxidase (GPx)+ cells (brown color) in lung parenchyma. (L) Analytic results of GPx+ cells, * vs. other groups with 
different symbols (*, †, ‡, §, ¶), p<0.0001. The scale bars in right lower corner represent 50 µm. Statistical analysis 
in (F) and (L) using one-way ANOVA, followed by Bonferroni multiple comparison post hoc test. Symbols (*, †, ‡, 
§, ¶) indicate significance (at 0.05 level). SC=sham control; CLP=cecal-ligation and puncture; Mel=melatonin; A-
ADMSC=apoptotic adipose-derived mesenchymal stem cell.
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a polyvinylidene difluoride (PVDF) membrane 
(Amersham Biosciences). Nonspecific proteins 
were blocked by incubating the membrane in 
blocking buffer (5% nonfat dry milk in T-TBS 

containing 0.05% Tween 20) overnight. The 
membranes were incubated with monoclonal 
antibodies against, polyclonal antibodies again- 
st tumor necrotic factor (TNF)-α (1:1000, Cell 

Figure 5. Expressions of NQO 1 and HO-1 anti-oxidant cells in lung parenchyma 72 hours after CLP procedure (n=6). 
(A to E) Microscopic findings (200 x) of IHC stain for NAD(P)H quinone oxidoreductase (NQO) 1+ cells (brown color) 
in lung parenchyma. (F) Analytic results of NQO 1+ cells, * vs. other groups with different symbols (*, †, ‡, §, ¶), 
p<0.0001. The scale bars in right lower corner represent 50 µm. (G to K) Microscopic findings (200 x) of IF stain for 
heme oxygenase (HO)-1+ cells (green color of DAPI+ cells) in lung parenchyma. Abundant Dil dye stained A-ADMSCs 
(white arrows) were found in (J) and (K) indicated that the transplanted A-ADMSCs were trapped in lung parenchy-
ma. Additionally, some transplanted A-ADMSCs showing positive stain for OH-1 (yellow arrows). L) Analytic results of 
HO-1+ cells, * vs. other groups with different symbols (*, †, ‡, §, ¶), p<0.0001. The scale bars in right lower corner 
represent 50 µm. Statistical analysis in (F) and (L) using one-way ANOVA, followed by Bonferroni multiple compari-
son post hoc test. Symbols (*, †, ‡, §, ¶) indicate significance (at 0.05 level). SC=sham control; CLP=cecal-ligation 
and puncture; Mel=melatonin; A-ADMSC=apoptotic adipose-derived mesenchymal stem cell.
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Signaling), nuclear factor (NF)-κB (1:250, Ab- 
cam), interleukin (IL)-1β (1:1000, Cell Signaling), 
MMP-9 (1:3000, Abcam), macrophage infla- 
mmatory protein (MIP)-1α (1:2000, Abcam), 
NOX-1 (1:1000, Sigma), NOX-2 (1:750, Sigma), 
NAD(P)H quinone oxidoreductase (NQO) 1 (1: 
1000, Abcam), heme oxygense (HO)-1 (1:250, 
Abcam), γ-H2AX (1:1000, Cell Signaling), Bax 

(1:1000, Abcam), caspase 3 (1:1000, Cell Sig- 
naling), poly (ADP-ribose) polymerase (PARP) (1: 
1000, Cell Signaling), Bcl-2 (1:250, Abcam), 
Bcl-2 (1:200, Abcam), Smad 3 (1:1000, Cell 
Signaling), transforming growth factor (TGF)-β ( 
1:500, Abcam), Smad1/5 (1:1000, Cell Signa- 
ling), and bone morphogenetic protein (BMP)-2 
(1:5000, Abcam). Signals were detected with 

Figure 6. Protein expressions of oxidative stress and ROS in lung parenchyma 72 hours after CLP procedure (n=6). 
A. Protein expression of NOX-1 in lung parenchyma, * vs. other groups with different symbols (*, †, ‡, §), p<0.001. B. 
Protein expression of NOX-2 in lung parenchyma, * vs. other groups with different symbols (*, †, ‡, §, ¶), p<0.001. 
C. Protein expression of oxidative index (protein carbonyls) in lung parenchyma, * vs. other groups with different 
symbols (*, †, ‡, §, ¶), p<0.0001. (Note: Right lane and left lane shown on the upper panel represent control 
oxidized molecular protein standard and protein molecular weight marker, respectively). DNP=1-3 dinitrophenyl-
hydrazone. All statistical analyses were with one-way ANOVA followed by Bonferroni multiple comparison post hoc 
test. Symbols (*, †, ‡, §, ¶) indicate significance (at 0.05 level). SC=sham control; CLP=cecal-ligation and puncture; 
Mel=melatonin; A-ADMSC=apoptotic adipose-derived mesenchymal stem cell.



Melatonin, A-ADMSC for treatment of sepsis-induced acute lung injury

448	 Am J Transl Res 2014;6(5):439-458

horseradish peroxidase (HRP)-conjugated goat 
anti-mouse, goat anti-rat, or goat anti-rabbit 
IgG. 

The Oxyblot Oxidized Protein Detection Kit was 
purchased from Chemicon (S7150). The proce-
dure of 2,4-dinitrophenylhydrazine (DNPH) deri- 
vatization was carried out on 6 μg of protein for 
15 minutes according to manufacturer’s in- 
structions. One-dimensional electrophoresis 
was carried out on 12% SDS/polyacrylamide 
gel after DNPH derivatization. Proteins were 
transferred to nitrocellulose membranes which 
were then incubated in the primary antibody 
solution (anti-DNP 1:150) for two hours, fol-
lowed by incubation with the secondary anti-
body solution (1:300) for one hour at room tem-

perature. The washing procedure was repeated 
eight times within 40 minutes. 

Immunoreactive bands were visualized by 
enhanced chemiluminescence (ECL; Amersham 
Biosciences), which was then exposed to Bio- 
max L film (Kodak). For quantification, ECL sig-
nals were digitized using Labwork software 
(UVP). For oxyblot protein analysis, a standard 
control was loaded on each gel.

Statistical analyses

Quantitative data are expressed as mean ± SD. 
Statistical analysis was performed by ANOVA 
followed by Bonferroni multiple-comparison 
post hoc test. All analyses were conducted us- 

Figure 7. Protein expressions of inflammatory biomarkers in lung parenchyma 72 hours after CLP procedure. A. 
Protein expressions of interleukin (IL)-1 in lung parenchyma, * vs. other groups with different symbols (*, †, ‡, §, ¶), 
p<0.001. B. Protein expressions of tumor necrosis factor (TNF)-α in lung parenchyma, * vs. other groups with differ-
ent symbols (*, †, ‡, §, ¶), p<0.001. C. Protein expressions of tumor nuclear factor (NF)-κB in lung parenchyma, * 
vs. other groups with different symbols (*, †, ‡, §, ¶), p<0.001. D. Protein expressions of matrix metalloproteinase 
(MMP)-9 in lung parenchyma, * vs. other groups with different symbols (*, †, ‡, §, ¶), p<0.005. E. Protein expres-
sions of macrophage inflammatory protein (MIP)-1α in lung parenchyma, * vs. other groups with different symbols 
(*, †, ‡, §, ¶), p<0.005. All statistical analyses were with one-way ANOVA followed by Bonferroni multiple compari-
son post hoc test. Symbols (*, †, ‡, §, ¶) indicate significance (at 0.05 level). SC=sham control; CLP=cecal-ligation 
and puncture; Mel=melatonin; A-ADMSC=apoptotic adipose-derived mesenchymal stem cell.
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ing SAS statistical software for Windows ver-
sion 8.2 (SAS institute, Cary, NC). A probability 
value <0.05 was considered statistically signi- 
ficant. 

Results

Apoptotic cell expression and flow cytometric 
analysis for circulating level of immune cells at 
72 h after CLP procedure

Immunofluorescent microscopic findings (Figu- 
re 1A and 1B) showed that the incidence of cel-
lular apoptosis was significantly higher in A- 
ADMSC than in healthy ADMSC (Figure 1C). 
Additionally, to investigate the level of acute 
immune response, circulating level of CD3+/
CD4+ helper T cells (Figure 1D), CD3+/CD8+ 
cytotoxic T cells (Figure 1E), and CD4+CD- 
25+Foxp3+ Tregs (Figure 1F) were measured at 
72 h after CLP procedure. The circulating level 

of these three biomarkers were significantly 
higher in CLP and CLP-melatonin groups than in 
SC, CLP-A-ADMSC and CLP-melatonin-A-ADM- 
SC animals, and significantly higher in CLP-A-
ADMSC and CLP-melatonin-A-ADMSC than in 
SC groups, but it showed no difference between 
CLP and CLP-melatonin or between CLP-A-
ADMSC and CLP-melatonin-A-ADMSC groups. 

Mortality rate and combined end-point at 72 h 
after CLP procedure

The mortality rate at 72 h after the CLP proce-
dure did not differ among the five groups (Table 
1). In addition, the presence of dark bloody 
ascites caused by sepsis was similar among 
the five groups (Table 1). However, the com-
bined end-point (defined as mortality or ascites 
>1.0 mL) was significantly higher in CLP than in 
SC, CLP-melatonin, CLP-A-ADMSC and CLP-
melatonin-A-ADMSC groups, but it showed no 

Figure 8. Protein expressions of DNA damage, apoptotic and anti-inflammatory biomarkers. A. Protein expression of 
γ-H2AX in lung parenchyma, * vs. other groups with different symbols (*, †, ‡, §, ¶), p<0.0001. B. Protein expres-
sion of mitochondrial Bax in lung parenchyma, * vs. other groups with different symbols (*, †, ‡, §, ¶), p<0.001. C. 
Protein expression of cleaved caspase (c-Csp) 3 I lung parenchyma, * vs. other groups with different symbols (*, 
†, ‡, §, ¶), p<0.0001. D. Protein expression of cleaved poly (ADP-ribose) polymerase (PARP) in lung parenchyma, * 
vs. other groups with different symbols (*, †, ‡, §, ¶), p<0.001. E. Protein expression of Bcl-2 in lung parenchyma, 
* vs. other groups with different symbols (*, †, ‡, §, ¶), p<0.008. All statistical analyses were with one-way ANOVA 
followed by Bonferroni multiple comparison post hoc test. Symbols (*, †, ‡, §, ¶) indicate significance (at 0.05 
level). SC=sham control; CLP=cecal-ligation and puncture; Mel=melatonin; A-ADMSC=apoptotic adipose-derived 
mesenchymal stem cell.
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difference among the latter four groups (Table 
1). 

Systolic blood pressure at 0 and 28 hours 
after CLP procedure and time courses of circu-
lating levels of inflammatory biomarkers

Systolic blood pressure (SBP) did not differ 
among the five groups prior to or at 28 h after 
the CLP procedure (Table 1). However, SBP was 
significantly lower in expired animals than that 
in the survivors (115 ± 13 vs. 87 ± 7, p<0.001). 

Prior to the CLP procedure, WBC count did not 
differ among the five groups. However, by 18 h 
and 72 h after the CLP procedure, WBC count 
was significantly higher in CLP and CLP-mela-
tonin groups than in other animals, significantly 

higher in CLP-A-ADMSC and CLP-melatonin-A-
ADMSC than in SC groups, but it exhibited no 
difference between CLP-ADMSC and CLP-
melatonin-A-ADMSC groups (Table 1). 

The circulating level of IL-6 was similar among 
the five groups prior to the CLP procedure 
(Table 1). However, by 6 h after cecal punctur-
ing, the IL-6 level was significantly higher in CLP 
and CLP-melatonin than in SC, CLP-A-ADMSC 
and CLP-melatonin-A-ADMSC groups, and sig-
nificantly higher in CLP-A-ADMSC and CLP-
melatonin-A-ADMSC than in SC groups, but it 
showed no significant difference between CLP 
and CLP-melatonin or between CLP-A-ADMSC 
and CLP-melatonin-A-ADMSC groups (Table 1). 
Moreover, by 18 h and 72 h after CLP proce-

Figure 9. Protein expressions of Fibrotic, anti-Fibrotic and anti-oxidant biomarkers. A. Protein expression of phos-
phorylated (p)-Smad3 in lung parenchyma, * vs. other groups with different symbols (*, †, ‡, §, ¶), p<0.0001. B. 
Protein expression of transforming growth factor (TGF)-β, * vs. other groups with different symbols (*, †, ‡, §, ¶), 
p<0.0001. C. Protein expression of p-Smad1/5 in lung parenchyma, * vs. other groups with different symbols (*, 
†, ‡, §, ¶), p<0.001. D. Protein expression of Bone morphogenic protein (BMP)-2 in lung parenchyma, * vs. other 
groups with different symbols (*, †, ‡, §, ¶), p<0.001. E. Protein expression of HO-1 in lung parenchyma, * vs. other 
groups with different symbols (*, †, ‡, §, ¶), p<0.0001. F. rotein expression of NQ0 1 in lung parenchyma, * vs. other 
groups with different symbols (*, †, ‡, §, ¶), p<0.0001. All statistical analyses were with one-way ANOVA followed by 
Bonferroni multiple comparison post hoc test. Symbols (*, †, ‡, §, ¶) indicate significance (at 0.05 level). SC=sham 
control; CLP=cecal-ligation and puncture; Mel=melatonin; A-ADMSC=apoptotic adipose-derived mesenchymal stem 
cell.
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dure, this biomarker in circulation was highest 
in CLP and lowest in SC, significantly higher in 
CLP-melatonin than in CLP-A-ADMSC and CLP-
melatonin-ADMSC groups, but it showed no dif-
ference between the latter two groups (Table 
1). 

Histopathological findings in lung parenchyma 
at 72 hours after CLP procedure

To determine the impact of CLP-induced sepsis 
on lung parenchymal damage and the thera-
peutic effect of melatonin-A-ADMSC treatment 
against sepsis-induced lung parenchymal inju-
ry, H & E-stained lung sections were examined 
(Figure 2). The results demonstrated that the 
number of alveolar sacs was lowest in CLP and 
highest in SC groups, significantly lower in CLP-
melatonin than in CLP-A-ADMSC and CLP-
melatonin-A-ADMSC groups, and significantly 
lower in CLP-A-ADMSC than in CLP-melatonin-
A-ADMSC groups. Conversely, lung parenchy-
mal crowding showed a reverse pattern com-
pared to that of the number of alveolar sacs 
among the five groups. 

Infiltrations of CD14+ and CD68+ inflamma-
tory cells in lung parenchyma 72 hours after 
CLP procedure

To examine the effect of sepsis syndrome on 
the distributions of the inflammatory cells in 
lung parenchyma, IHC and IF staining for identi-
fying CD14+ and CD68+ cells, two markers of 
acute inflammatory cells, were performed res- 
pectively (Figure 3). The results showed that 
the numbers of CD14+ and CD68+ cells were 
highest in CLP and lowest in SC groups, signifi-
cantly higher in CLP-melatonin than in CLP-A-
ADMSC and CLP-melatonin-A-ADMSC groups, 
and significantly higher in CLP-A-ADMSC than in 
CLP-melatonin-ADMSC groups.

Expressions of anti-oxidant cells in lung paren-
chyma 72 hours after CLP procedure 

To evaluate whether melatonin-A-ADMSC treat-
ment would augment anti-oxidant expression in 
lung parenchyma, IHC staining for GR+ (Figure 
4), GPx+ (Figure 4) and NQO 1+ cells (Figure 5), 
as well as IF staining for HO-1+ cells (Figure 5), 

Figure 10. IF stain for identifying surface makers of endothelial cell (EC). (A to E) IF microscopic findings (200 x) 
for identification of positively-stained CD31 cells (white arrows). (D and E) Abundant transplanted A-ADMSCs with 
positively Dil-dye stain (red color) were found to be present in the lung parenchyma. Merge of double stain (i.e. Dil 
dye + CD31 staining) showing some of A-ADMSCs (D, E) exhibited EC surface marker of CD31 (yellow arrows). Some 
of transfused A-ADMSCs were identified to engraft into lung parenchyma (E) (asterisk marker). (F) Analytic results 
of CD31+ cells, * vs. other groups with different symbols (*, †, ‡, §), p<0.0001. The scale bars in right lower corner 
represent 50 µm. Symbols (*, †, ‡, §, ¶) indicate significance (at 0.05 level). SC=sham control; CLP=cecal-ligation 
and puncture; Mel=melatonin; A-ADMSC=apoptotic adipose-derived mesenchymal stem cell.
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four indexes of anti-oxidants, were performed. 
The results demonstrated that the number of 
cells positive for GR, GPx, NQO 1, and HO-1 
were highest in CLP-melatonin-A-ADMSC and 
lowest in SC groups, significantly higher in CLP-
A-ADMSC than in CLP-melatonin and CLP gro- 
ups, and significantly higher in CLP-melatonin 
group than in that of the CLP group. Of particu-
larly important finding was that some of trans-
planted A-ADMSC was found to be positive 
stain for HO-1. This finding implicates that A- 
ADMSCs have capacity of HO-1 secretion after 
transplantation. These findings suggest that 
acute lung injury caused by sepsis syndrome 
induced an elevation in intrinsic anti-oxidant 
levels to protect against lung parenchymal 

damage and that melatonin-supported A-AD- 
MSC treatment offered the most powerful pro-
tection against sepsis-induced acute lung in- 
jury. 

Protein expressions of oxidative stress and 
reactive oxygen species in lung parenchyma 
72 hours after CLP procedure

The protein expressions of NOX-1 and NOX-2, 
two indexes of ROS, were highest in CLP and 
lowest in SC groups, and significantly higher in 
CLP-melatonin and CLP-A-ADMSC than in CLP-
melatonin-A-ADMSC groups, but NOX-1 showed 
no difference between CLP-melatonin and CLP-
A-ADMSC-treated animals (Figure 6A and 6B). 

Figure 11. IF stain for identifying surface makers of endothelial progenitor cells. (A to E & G to H) IF microscopic 
findings (400 x) for identification of positively-stained CXCR4 cells (white arrows). (D & E and G & H) Numerous 
transplanted A-ADMSCs with positively Dil-dye stain (red color) were found to be present in the lung parenchyma. (D 
& E) Merge of double stain (i.e. Dil dye + CXCR4 staining) showing some of A-ADMSCs exhibited EPC surface marker 
of CXCR4 (yellow arrows). Some of transfused A-ADMSCs were identified to engraft into the pulmonary arteries (G, 
H) (pink arrow) and lung parenchyma (E, G) (asterisk marker). (F) Analytic results of CXCR4+ cells, * vs. other groups 
with different symbols (*, †, ‡, §, ¶), p<0.0001. The scale bars in right lower corner represent 20 µm. All statisti-
cal analyses were with one-way ANOVA followed by Bonferroni multiple comparison post hoc test. Symbols (*, †, 
‡, §, ¶) indicate significance (at 0.05 level). SC=sham control; CLP=cecal-ligation and puncture; Mel=melatonin; 
A-ADMSC=apoptotic adipose-derived mesenchymal stem cell.
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However, the protein expression of NOX-2 was 
significantly higher in CLP-melatonin group 
than in CLP-A-ADMSC group. Additionally, the 
expression of oxidized protein (i.e., oxidative 
index) was highest in CLP and lowest in SC 
groups, significantly higher in CLP-melatonin 
than in CLP-A-ADMSC and CLP-melatonin-A-
ADMSC groups, and significantly higher in CLP-
A-ADMSC than in CLP-melatonin-A-ADMSC-trea- 
ted animals (Figure 6C). 

Protein expressions of inflammatory biomark-
ers in lung parenchyma 72 hours after CLP 
procedure

The protein expressions of IL-1β, TNF-α, NF-κB, 
MMP-9, and MIP-1α, five pro-inflammatory bio-
markers, were highest in CLP and lowest in SC 
animals, significantly higher in CLP-melatonin 
than CLP-A-ADMSC and CLP-melatonin-A-ADM- 
SC groups, and significantly higher in CLP-A-
ADMSC group than in CLP-melatonin-A-ADMSC 
group (Figure 7A-E). 

Protein expressions of DNA damage and apop-
totic biomarkers in lung parenchyma 72 hours 
after CLP procedure

The protein expression of γ-H2AX, an indicator 
of DNA damage, was highest in CLP-melatonin 
and lowest in SC groups, significantly higher in 

CLP-melatonin than in CLP-A-ADMSC and CLP-
melatonin-A-ADMSC groups, and significantly 
higher in CLP-A-ADMSC group than in CLP-
melatonin-A-ADMSC groups (Figure 8A). Consi- 
stently, the protein expressions of mitochon-
drial Bax (Figure 8B), cleaved (i.e., active form) 
caspase 3 (Figure 8C) and PARP (Figure 8D), 
two apoptotic markers, showed an identical 
pattern compared to that of γ-H2AX. Conversely, 
the protein expression of Bcl-2 (Figure 8E), an 
anti-apoptotic biomarker, exhibited an opposite 
pattern compared to that of γ-H2AX among the 
five groups. 

Protein expressions of fibrotic, anti-fibrotic and 
anti-oxidant biomarkers in lung parenchyma 
72 hours after CLP procedure

The protein expressions of Smad3 (Figure 9A) 
and TGF-β (Figure 9B), two fibrotic markers, 
were highest in CLP and lowest in SC groups, 
significantly higher in CLP-melatonin than in 
CLP-A-ADMSC and CLP-melatonin-A-DMSC gro- 
ups, and significantly higher in CLP-A-ADMSC 
than in CLP-melatonin-A-ADMSC-treated ani-
mals. On the other hand, the protein expres-
sions of Smad1/5 (Figure 9C) and BMP-2 
(Figure 9D), two anti-fibrosis indexes, displayed 
an opposite pattern compared to that of fibrotic 
markers among the five groups. In addition, the 

Figure 12. Proposed mechanisms underlying the effects of melatonin-A-ADMSC therapy on CLP-induced lung pa-
renchymal injury in a rodent model based on findings of the present study. ADMSC=adipose-derived mesenchymal 
stem cell; BMP=bone morphogenetic protein; GPx=glutathione peroxidase; GR=glutathione reductase; HO=heme 
oxygense; IL-1β=interleukin (IL)-1β; MMP-9=matrix metalloproteinase-9; MIP=macrophage inflammatory protein; 
NQO 1=NAD(P)H quinone oxidoreductase; NOX=nicotinamide adenine dinucleotide phosphate (NADPH) oxidase; 
PARP=poly (ADP-ribose) polymerase; TNF=tumor necrotic factor; TGF=transforming growth factor.
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protein expressions of HO-1 (Figure 9E) and 
NQO 1 (Figure 9F), two anti-oxidation indices, 
displayed an opposite pattern compared to 
that of fibrotic markers among the five groups. 

Expressions of surface markers of CD31+ 
endothelial cells and CXCR4+ endothelial 
progenitor cells in lung parenchyma 72 hours 
after CLP procedure

To assess whether transplanted A-ADMSCs 
would differentiate into endothelial cells (EC) 
and endothelial progenitor cells (EPC), IF micro-
scopic findings for identification of CD31+ cells 
(Figure 10A-E), an indicator of EC surface mark-
er, and CXCR4+ cells (Figure 11A-E, 11G, 11H) 
(i.e. an indicator of EPC surface marker) were 
performed. As expected, some of transplanted 
A-ADMSC had differentiated into CD31+ cells 
(Figure 10D, 10E) and some of the others had 
differentiated into CXCR4+ cells (Figure 11D, 
11E, 11G, 11H). However, majority of these 
transplanted A-ADMSCs remained unchanged 
as Dil-dye positively stained cells. Additionally, 
some of the transplanted A-ADMSCs had been 
found to engraft into the pulmonary arteries 
and lung parenchyma. Moreover, the positively 
stained cells for CD31 (Figure 10F) was highest 
in SC and lowest in CLP, significantly lower in 
CLP-melatonin than in CLP-A-ADMSC and CLP-
melatonin-A-ADMSC, and significantly higher in 
CLP-melatonin-A-ADMSC than that of CLP-A-
ADMSC. Furthermore, the positively stained 
cells for CXCR4 (Figure 11F) were highest in 
CLP-melatonin-A-ADMSC and lowest in SC, sig-
nificantly higher in CLP-A-ADMSC than in CLP-
melatonin and CLP, and significantly higher in 
CLP-melatonin than in CLP. 

Discussion 

The present study, which investigated the ther-
apeutic impact of combined melatonin-A-ADM-
SC treatment on acute sepsis-induced lung 
injury, provided several striking implications. 
First, the lung was one organ vulnerable to CLP-
induced sepsis syndrome. Second, combined 
therapy with melatonin and A-ADMSC notably 
improved combined end-point in the setting of 
CLP-induced sepsis syndrome. Third, combined 
melatonin-A-ADMSC regimen was superior to 
either alone in reducing lung parenchymal inju-
ry, inflammation, generation of oxidative stress, 
ROS, fibrosis and apoptosis as well as aug-
menting the production of anti-oxidants.

Impact of the melatonin-A-ADMSC therapy on 
sepsis-induced lung damage 

Physiologically, the lung receives not only 
venous return (i.e., de-oxygenated blood from 
right ventricle), but also both toxic and non-tox-
ic metabolic products from blood. Besides, the 
lung is also exposed to the polluted air. The 
lung parenchyma, therefore, is often exposed 
to ROS as well as the bacteremia [13-15] as in 
sepsis. Recently, our study has demonstrated 
that CLP-induced sepsis syndrome caused the 
damage of three major organs, including the 
heart, kidney, and lung [33]. One important 
finding in the present study is remarkable lung 
parenchyma damage (i.e., decreased alveolar 
sacs and increased crowded lung score) in CLP 
animals. Our findings are, therefore, consistent 
with those of the previous studies [13, 33]. The 
most important finding (i.e., by histopathology) 
in the current study is that, as compared with 
animals with CLP only, pulmonary damage was 
notably reduced in either melatonin or A-ADMSC 
treatment groups. Of importance is that com-
bined melatonin-A-ADMSC therapy was superi-
or to either regimen alone not only in attenuat-
ing lung parenchymal damage, but also in 
improving the combined end-point (i.e. mortali-
ty or ascites). 

Mechanisms underlying improved outcomes 
after melatonin-A-ADMSC treatment in the set-
ting of CLP-induced sepsis-attenuating inflam-
mation and oxidative stress

Although the etiologies of sepsis syndrome and 
its prognosis have been extensively explored 
[5-8], the mechanistic bases are still unknown 
[8-12]. An important finding in the present 
study is that not only was the circulating level of 
cytokine (IL-6), but also that of immune cells 
(CD3+/CD4+, CD3+/CD8+ and Treg+ cells) was 
markedly increased in CLP animals. Additionally, 
expressions of inflammatory and oxidative bio-
markers in lung parenchyma were remarkably 
augmented in CLP animals without treatment. 
Previous studies have demonstrated substan-
tial upregulation of the expressions of inflam-
matory and oxidative biomarkers and activa-
tion of the immune system during sepsis [8-16]. 
In this way, the results of our study support the 
findings of the previous studies [8-16]. The 
essential finding in the current study is that, as 
compared with animals receiving CLP only, mel-
atonin and especially A-ADMSC treatment sig-
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nificantly attenuated the circulating levels of 
cytokine and immune cells as well as the gen-
eration of inflammation and oxidative stress in 
lung parenchyma following CLP-induced sepsis. 
Interestingly, the finding is consistent with that 
of our recent study [32] that has also shown 
markedly suppressed expressions of inflamma-
tion and generation of ROS through melatonin 
and ADMSC treatment in the setting of acute 
lung ischemia-reperfusion injury. Of particular 
interest is the finding that combined melatonin-
A-ADMSC treatment synergistically reduced 
molecular-cellular perturbations in the setting 
of sepsis syndrome. 

Mechanisms of improving outcomes after 
melatonin-A-ADMSC treatment in the setting of 
CLP-induced sepsis-up-regulating productions 
of anti-oxidants and the anti-inflammatory 
cytokine

It is well-known that ROS production was mark-
edly enhanced after acute ischemia-reperfu-
sion injury and sepsis syndrome [13, 32, 33]. 
On the other hand, melatonin has been identi-
fied to be a direct free radical scavenger and an 
indirect antioxidant [13, 36-39]. Moreover, A- 
ADMSC has been shown to possess potent 
capacity of suppressing immunogenicity and 
ROS generation [31-33]. This laid the basis for 
the utilization of melatonin-A-ADMSC regimen 
for the treatment of CLP-induced sepsis. As 
expected, the protein expressions of anti-infla- 
mmatory marker (IL-10) and anti-oxidants at 
cellular (GR+, GPx+, NQO 1+, HO-1+ cells) and 
protein (NQO 1, HO-1) levels were significantly 
up-regulated following either melatonin or 
A-ADMSC treatment, and further significantly 
up-regulated after combined melatonin-A-ADM-
SC treatment. These findings, in addition to 
being supported by previous studies [13, 31-33, 
36-39], could also partially explain the effec-
tiveness of monotherapy (i.e. melatonin or 
-A-ADMSC) and more effectiveness of combin- 
ed regimen against sepsis-induced lung paren-
chymal injury. 

Mechanisms underlying improved outcomes 
after melatonin-A-ADMSC treatment in the set-
ting of CLP-induced sepsis-down-regulation of 
fibrosis and apoptosis

Enhancement of fibrosis and apoptosis fre-
quently occurs in various disease entities, 
including myocardial infarction [25, 26], isch-

emia-reperfusion injury [29, 30, 32] and sepsis 
syndrome [33]. A principal finding in the pres-
ent study is that, as compared with sham con-
trols, both fibrotic and apoptotic biomarkers in 
lung parenchyma were remarkably increased in 
CLP animals. Our findings reinforce those of 
previous studies [25, 26, 29, 30, 32, 33]. On 
the other hand, these biomarkers were signifi-
cantly suppressed after melatonin treatment 
and further reduced after A-ADMSC treatment. 
These findings are comparable with those of 
our recent report showing significant ameliora-
tion in the expressions of these biomarkers 
after melatonin and ADMSC treatment in the 
setting of acute lung ischemia-reperfusion inju-
ry [32]. Besides, the present study also demon-
strated that the expressions of anti-fibrotic and 
anti-apoptotic biomarkers were notably up-reg-
ulated after melatonin or A-ADMSC treatment. 
One particularly important finding in the current 
study is that combined melatonin-A-ADMSC 
treatment was superior to either regimen alone 
in reducing the expressions of apoptotic and 
fibrotic parameters, whereas the expressions 
of anti-fibrotic and anti-apoptotic biomarkers 
showed an opposite pattern compared to that 
of fibrotic and apoptotic indices among the ani-
mals. These findings might once again partially 
explain the enhanced effectiveness of com-
bined therapy in reducing lung parenchymal 
injury in the setting of CLP-induced sepsis. 

Mechanisms underlying improved outcomes 
after A-ADMSC treatment in the setting of 
CLP-induced sepsis-preservation of endothelial 
function and repairmen of lung architecture 

Growing data has demonstrated that stem cell 
therapy plays an important role for restoring 
the ischemia-related organ dysfunction through 
the mechanisms of angiogenesis, paracrine/
chemokine effects, repairmen of injured endo-
thelial cell function, engraftment of implanted 
stem cells into the native ischemic cells, and 
stem cell homing [25-27]. In the present study, 
we found that A-ADMSC and melatonin-A-ADM-
SC therapy markedly enhanced the expressions 
of EC (i.e., CD31+ cell) and EPC (i.e., CCXR4+ 
cells) surface markers and the engraftment of 
these two cells as well as transplanted A-AD- 
MSCs in pulmonary arteries and lung parenchy-
ma. In this way, our findings, in addition to 
strengthening the findings of previous studies 
[25-27], could also, at least in part, explain why 
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melatonin-A-ADMSC therapy offer an augment-
ed effect on reducing lung parenchymal injury 
in setting of sepsis syndrome. 

Study limitations

This study has limitations. First, since this study 
investigated the acute rather the chronic phase 
of sepsis syndrome, the impact of melatonin-A-
AMDSC therapy on long-term outcome after 
CLP-induced sepsis remains unclear. Second, 
although the expressions of various biomarkers 
had been investigated and the results of the 
present study were promising, the exact under-
lying mechanisms involved in melatonin-A-
ADMSC treatment against CLP-induced sepsis 
are still not fully understood. Based on the find-
ings of the present study, the direct and indirect 
mechanisms probably involved in the observed 
therapeutic effects that are illustrated in Figure 
12. 

In conclusion, the results of the present study 
highlight that combined melatonin-A-ADMSC 
treatment was superior to either regimen alone 
in ameliorating lung injury in the setting of CLP-
induced sepsis in a rodent model through the 
down-regulation of inflammation, oxidative stre- 
ss, ROS, fibrosis, and apoptosis as well as the 
up-regulation of anti-inflammatory, anti-fibrotic, 
anti-apoptotic, and anti-oxidative effects, and 
integrity of endothelial function. 
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