
 M O L  M E D  2 3 : 1 5 5 - 1 6 5 ,  2 0 1 7  |  L O r E n t z  E t  A L .  |  1 5 5

decreased crypt proliferation (12–17). 
Notably, sepsis induces intestinal hy-
perpermeability (18–21). While early 
studies in critical illness hypothesized 
that gut barrier damage induces sepsis 
by translocation of intact bacteria, the 
reality has turned out to be considerably 
more complex (7,22–24). The intestine 
acts as a selective barrier, preventing 
movement of potentially damaging mi-
crobes, toxins and antigens from the gut 
lumen, while simultaneously allowing 
paracellular movement of water, solutes 
and immune-modulating factors (25–27). 
Luminal contents can exit the internal 
environment of the gut into the local 
environment or the systemic circulation 
via the portal circulation or mesenteric 
lymph, where they can cause distant 
organ damage or alter inflammation. 

currently consists of supportive care, and 
there are no targeted therapies approved 
for the management of sepsis (4).

The gut has long been hypothesized 
to be the “motor” of multiple organ 
dysfunction (5–11). Gut epithelial integ-
rity is altered in sepsis, with increased 
apoptosis, decreased villus length and 
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Sepsis is life-threatening organ dys-

function secondary to a dysregulated 
host response to infection (1). Between 
230,000 and 370,000 patients die of sepsis 
annually, and mortality from septic shock 
is >40% (2,3). Aside from antibiotics and 
fluid resuscitation, management of sepsis 
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Notably, interventions aimed at restoring 
the intestinal barrier have been associ-
ated with improvements in survival in 
animal models of critical illness (28,29).

Paracellular permeability is regulated 
via a number of complementary mech-
anisms (30,31), including tight junction 
proteins and tight junction–associated 
proteins, which regulate molecular 
flux based upon both size and charge 
(32–34). The tight junction complex is 
intimately associated with the perijunc-
tional actin-myosin ring. Myosin light 
chain kinase (MLCK) phosphorylates the 
myosin regulatory light chain, resulting 
in contraction of the actin-myosin ring, 
subsequently increasing permeability 
at the cell-cell junction (35). MLCK acti-
vation is commonly seen with bacterial 
infection, leading to alterations in tight 
junctions (36,37). MLCK activation is also 
associated with increases in IL-6, TNF 
and IL-1β that further activate MLCK. 
This, in turn, increases permeability, in 
part via altered ZO-1 protein dynamics 
and occludin removal (38–40), and ulti-
mately leads to an amplification of the 
systemic inflammatory response via a 
feed-forward mechanism. Inhibition of 
MLCK can reverse these changes to the 
intestinal tight junction (41,42). The aim 
of this study was to determine whether 
genetic deletion of MLCK reverses sep-
sis-induced intestinal hyperpermeability 
and whether this would confer a survival 
advantage in this highly lethal disease.

MAtErIALS AnD MEtHODS

Animals
Six- to 12-wk-old male and female 

mice with a genetic deletion of the long 
isoform of MLCK on a C57Bl/6 back-
ground (MLCK-/-, a generous gift from 
Dr Martin Watterson, Northwestern 
University [43]) and wild-type (WT) 
mice on the same genetic background 
were used in all experiments. Mice were 
bred to genetically identical animals 
(i.e., MLCK-/- to MLCK-/- and WT to 
WT) throughout the course of the exper-
iments. Mice were kept on a strict day/
night light cycle and had free access to 

food and water throughout the course 
of the experiments. All experiments 
were performed in accordance with the 
National Institutes of Health Guidelines 
for the Use of Laboratory Animals and 
were approved by the Institutional Ani-
mal Care and Use Committee at Emory 
University School of Medicine (protocol 
DAR-2002717-042217GN).

Sepsis Model
Animals were subjected to cecal li-

gation and puncture (CLP), a model of 
fecal peritonitis–induced sepsis (44). 
Under isoflurane anesthesia, a midline 
incision was performed and the cecum 
was externalized. The cecum was ligated 
distal to the ileocecal valve using a 4-0 
silk suture and punctured twice distal to 
the ligation point with a 25-gauge nee-
dle. After a small amount of stool was 
extruded, the cecum was replaced into 
the abdomen in its normal position, and 
the abdomen was closed in layers. Imme-
diately postoperatively, animals received 
1 mL of sterile saline subcutaneously 
for fluid resuscitation and were allowed 
to recover on a warming pad. All ani-
mals were given ceftriaxone 25 mg/kg 
(Sigma-Aldrich, St. Louis, MO) and met-
ronidazole 12.5 mg/kg (Apotex Corp, 
Weston, FL) postoperatively and every 
12 h for 2 d to mimic management of the 
human disease, where fluid resuscitation 
and antibiotics are the mainstay of early 
sepsis treatment (45). To minimize ani-
mal suffering, all mice received buprenex 
immediately postoperatively (0.1 mg/kg; 
McKesson Medical, San Francisco, CA). 
Unless explicitly stated otherwise, ani-
mals were euthanized 24 h after CLP.

Intestinal Permeability
Mice were given 0.5 mL of fluorescein 

isothiocyanate–dextran (FD-4) (22 mg/mL; 
Sigma-Aldrich) via oral gavage 5 h prior 
to being euthanized. Serum collected 
after that was diluted with an equivalent 
volume of phosphate-buffered saline 
(PBS). The concentration of FD-4 in the 
serum was determined using fluorospec-
trometry at excitation/emission wave-
lengths of 470/515 nm with standard 

curve serial dilutions (BioTex Synergy 
HT, Winooski, VT).

Western Blot Analysis
Jejunal tissue was harvested at the 

time of euthanasia and immediately 
flash-frozen in liquid nitrogen. Samples 
were later thawed and immersed in lysis 
buffer (50 mM Tris-HCl, pH 7.4; 150 mM 
Triton X-100; 50mM dithiothreitol 50μg/mL  
leupeptin; 5 mM phenylmethylsulfonyl 
fluoride; 1 mM NaF; 1 mM Na3VO4) in 
an ice bath and homogenized using a 
sonicator. Samples were then centrifuged 
at 4°C for 5 min, and the supernatant was 
analyzed for protein concentration using 
fluorometry. Samples were then com-
bined with Laemmli buffer at a 1:2 ratio 
and heated at 95°C for 5 min, after which 
they were loaded onto polyacrylamide 
gels (Bio-Rad, Hercules, CA) and run 
at 180 V for 45 min. Samples were then 
transferred to Immuno-Blot polyvinyl-
edene difluoride membranes (Bio-Rad) 
at 80 V for 2 h. Membranes were blocked 
using 5% nonfat milk at room tempera-
ture for 1 h and then probed with the 
following primary anti-rabbit antibodies 
at 4°C overnight: anti–claudin 1, anti–
claudin 3, anti–claudin 4, anti–claudin 5, 
anti–claudin 7, anti–claudin 8, anti– 
claudin 13, anti–claudin 15, anti-occludin, 
anti–ZO-1, anti–β-actin (Cell Signaling 
Technology, Danvers MA), anti–claudin 
2 and anti–JAM-A (Abcam, Cambridge, 
MA). Membranes were then washed 
with tris-buffered saline with 0.1% 
Tween 20 (Sigma) and incubated with 
horseradish peroxidase (HRP)-conjugated 
goat anti-rabbit immunoglobulin for  
1 h. Protein bands were visualized using 
a chemiluminescent developing system 
(Thermo Fisher Scientific, Waltham MA) 
and exposed to x-ray film. Resulting im-
ages were scanned into a computer and 
analyzed using densitometric software 
(ImageJ, National Institutes of Health, 
Bethesda, MD). Intensity of the protein 
bands of interest was internally normal-
ized to a reference housekeeping protein 
(β-actin). All groups were transformed 
by dividing each group by the mean of 
the control group.
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of substrate buffer containing O-diani-
sidine and 0.0005% hydrogen peroxide, 
myeloperoxidase (MPO) activity was 
measured at 460 nm wavelength over  
6 min (Bio-Tek Instruments μQuant  
Microplate Spectrophotometer, Winooski, 
VT). MPO activity was calculated as  
optical density/minute/mg of lung  
tissue or per μL of BAL fluid.

Lung histology was also examined by 
a pathologist (ABF) blinded to sample 
identity. Lung histology was scored 
based upon proportion of tissue with 
inflammation as follows: no inflamma-
tion (0), 1–4% (1), 5–10% (2), 11–20% (3), 
21–100% (4).

Cytokines. Blood, peritoneal fluid and 
BAL fluid were collected at the time of 
euthanasia and then centrifuged at 5,000 
rpm for 5 min. Concentrations of TNF, 
IL-6, IL-10, IL-13 and IFN-γ were mea-
sured using a multiplex cytokine assay 
(Bio-Rad, Hercules, CA) according to the 
manufacturer’s instructions. All samples 
were run in duplicate.

Leukocyte analysis. Splenocytes 
were isolated, placed on ice for 30 min 
and stained for anti-CD3 (BD Pharmin-
gen, San Diego, CA), anti-CD4 (BD 
Pharmingen), anti-CD8 (InvitrogenTM, 
ThermoFisher Scientific, Waltham, 
MA), anti-CD19 (BioLegend, San Diego, 
CA), anti-CD11c (eBioscience, Santa 
Clara, CA), anti-CD25 (BD Pharmingen) 
and anti-CD69 (BioLegend). Absolute 
numbers were calculated using Count-
Bright™ Absolute Counting Beads (Life 
Technologies, Waltham, MA) according 
to the manufacturer’s instructions. Sam-
ples were analyzed on an LSRII flow 
cytometer (BD Biosciences). Data were 
analyzed using FlowJo software (Tree 
Star, San Carlos, CA).

Exogenous IL-10. MLCK-/- mice were 
given either exogenous IL10 (20 μg;  
BioLegend) or vehicle via intraperitoneal 
injection immediately after the onset of 
sepsis utilizing a published protocol (48). 
Mice were treated with fluids, antibiotics 
and pain medicine and followed 7 d for 
survival.

IL-10 neutralization. Mice were given 
anti-IL-10 monoclonal antibody (250 μg, 

Scientific). Sections were then incubated 
with goat anti-rat biotinylated secondary 
antibody (1:500) for 60 min, followed 
by HRP-labeled streptavidin for 60 min. 
Sections were developed with diamino-
benzidine and counterstained with he-
matoxylin, and BrdU-stained cells were 
quantified in 100 well-oriented contigu-
ous crypts.

Tight junction immunohistochem-
istry. Sections were deparaffinized, 
rehydrated, washed with PBS and then 
incubated with 20% goat serum albu-
min. Sections were stained with rabbit 
anti–ZO-1 or anti–claudin 15 (1:1000; 
Cell Signaling Technology) overnight at 
4°C. After washing with PBS, samples 
were incubated with Alexa Fluor® 488 
donkey anti-rabbit antibody (1:500, Bio-
legend, San Diego, CA) for 1 h at room 
temperature. Samples were then washed 
again in PBS and counterstained with 
4’,6-diamidino-2-phenylindole (Fisher 
Scientific, Pittsburgh, PA).

Bacterial cultures. Serum and peri-
toneal fluid samples were obtained for 
bacterial culture. Peritoneal fluid was 
obtained by lavaging the abdomen with 
1 mL of sterile saline. All samples for 
culture were serially diluted in sterile 
saline and plated on sheep’s blood agar 
plates (Remel, Lenexa, KS). Plates were 
incubated overnight at 37°C in 5% CO2 
and colony counts were determined.

Lung wet-to-dry ratios, myeloperox-
idase activity, and histology. The left 
lung from each mouse was harvested 
and weighed to determine a wet weight. 
The lung was then dried in an oven at 
115°C for 24 h and reweighed to estab-
lish a dry weight, after which a ratio of 
wet weight to dry weight was calculated.

The right lung was homogenized in 
50mM sodium phosphate buffer contain-
ing 0.5% hexadecyltrimethylammonium 
bromide, heated for 2 h at 55°C, centri-
fuged at 13,000 rpm for 20 min at 4°C, 
and then supernatants were collected.

Bronchoalveolar lavage (BAL) fluid 
was obtained by cannulating the trachea 
and lavaging the lungs with 1 mL of ster-
ile saline. Samples were centrifuged at 
5,000 rpm for 5 min. Following addition 

Villus length. Villus length was 
measured as the distance in μm from 
the crypt neck to the villus tip in 12-16 
well-oriented contiguous crypt-villus 
units using Nikon Elements imaging soft-
ware (Nikon Instruments, Melville, NY).

Intestinal apoptosis. Apoptotic cells 
were quantified in the jejunum using 
two complementary techniques: active 
caspase 3 staining and morphologic anal-
ysis of hematoxylin and eosin (H&E)-
stained sections (46). For the former, 
sections were deparaffinized and rehy-
drated. Following a 10 min incubation 
in 3% hydrogen peroxide, sections were 
placed in Antigen Decloaker (Biocare 
Medical, Concord, CA) and heated in a 
pressure cooker for 45 min. Sections were 
blocked with 20% normal goat serum 
(Vector Laboratories, Burlingame, CA) 
and incubated overnight with rabbit 
polyclonal anti-active caspase 3 (1:100; 
Cell Signaling, Beverly, MA) at 4°C.  
Sections were then incubated with goat 
anti-rabbit biotinylated secondary anti-
body (1:200; Accurate Chemical and Sci-
entific, Westbury, NJ) for 60 min followed 
by HRP-labeled streptavidin (Accurate 
Chemical and Scientific) for 60 min.  
Sections were developed with diami-
nobenzidine and counterstained with 
hematoxylin. Apoptotic cells were 
identified on H&E-stained sections via 
characteristic morphological changes 
(17). Apoptotic cells were quantified in 
100 well-oriented contiguous crypt-villus 
units for both techniques by an investi-
gator blinded to sample identity.

Intestinal proliferation. To label cells 
in S phase, mice received an intraperi-
toneal injection of 5-Bromo-2’deoxyuri-
dine (BrdU, 5 mg/mL diluted in normal 
saline; Sigma) 90 min prior to being 
euthanized (47). After sections were 
deparaffinized and rehydrated, they 
were incubated in 1% hydrogen peroxide 
for 15 min, then immersed in Antigen 
Decloaker and heated in a pressure 
cooker for 45 min. Sections were then 
placed in Protein Block (Dako, Carpinte-
ria, CA) for 10 min, and incubated with 
rat monoclonal anti-BrdU overnight  
at 4°C (1:500; Accurate Chemical and 
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Genzyme, Cambridge, MA) or isotype 
control via intraperitoneal injection 12 h 
following CLP. Mice were treated with 
identical fluids, antibiotics and pain 
medicine as in the above experiments 
and followed 7 d for survival.

Statistics
Data were analyzed using the statisti-

cal software program Prism 6.0 (Graph-
Pad, San Diego, CA) and are presented 
as mean ± standard error of the mean. 
Data sets were tested for Gaussian dis-
tribution using the D’Agostino-Pearson 
omnibus normality test. Comparison 
between groups with a Gaussian distri-
bution was performed using the Student 
t test. Comparison between groups that 
did not have a Gaussian distribution was 
performed using the Mann-Whitney test. 
Survival was analyzed using the log-
rank test. A p value < 0.05 was consid-
ered to be statistically significant.

All supplementary materials are available 
online at www.molmed.org.

rESULtS

Survival Is Improved in MLCK-/- Mice 
Following Sepsis

Mortality was significantly decreased 
in MLCK-/- mice compared with WT 
mice following CLP (Figure 1). In all, 
95% of MLCK-/- mice survived for 7 d 

after their septic insult compared with 
only 24% of WT mice.

Intestinal Permeability Is normalized 
in MLCK-/- Mice Following Sepsis, 
Associated with Increases in zO-1 
and Claudin 15

Baseline permeability was similar in 
unmanipulated MLCK-/- mice and WT 
mice (Figure 2). Compared to unmanip-
ulated animals, in WT mice permeability 
was significantly increased following 
CLP at 6, 12 and 24 h and returned to 
baseline by 48 h. In contrast, permea-
bility was significantly lower in septic 
MLCK-/- mice than in WT mice at 6, 12 
and 24 h (Figure 2). Notably, permeabil-
ity was not altered by CLP in MLCK-/- 
mice, as the concentration of FD-4 in the 
blood at all time points following gavage 
was similar in both unmanipulated and 
septic animals.

To determine the potential mecha-
nisms by which permeability was nor-
malized in MLCK-/- mice, an analysis of 
jejunal tight junctions was undertaken 
24 h after CLP. ZO-1 and claudin 15 lev-
els were increased in septic MLCK-/- 
mice compared with WT mice by both 
Western blot and immunohistochemis-
try, although no change in subcellular 
localization was identified (Figure 3). In 
contrast, no differences were seen in pro-
tein levels of claudin 1, 2, 3, 4, 5, 7, 8 and 
13,  occludin and JAM-A (Figure 4).

Intestinal Apoptosis, Proliferation 
and Villus Length Are Unaffected in 
MLCK-/- Mice Following Sepsis

To determine whether genetic deletion 
of MLCK altered components of gut 
integrity beyond permeability, MLCK-/- 
mice and WT mice were subjected to 
CLP and euthanized 24 h later. No 
differences were noted in gut epithelial 
apoptosis (Figures 5A, B), proliferation 
(Figure 5C) or villus length (Figure 5D) 
between MLCK-/- mice and WT mice  
24 h after CLP.

Lung Wet-to-dry ratio, neutrophil 
Infiltration, BAL Cytokines and 
Histology Are Unaffected in MLCK-/- 
Mice Following Sepsis

To determine whether genetic deletion 
of MLCK altered lung injury, MLCK-/- 
mice and WT mice were subjected to 
CLP and euthanized 24 h later. No dif-
ferences were noted in lung wet-to-dry 
ratio (Figure 6A), myeloperoxidase assay 
in either lung (Figure 6B) or BAL fluid 
(Figure 6C), or in BAL cytokines TNF, 
IL-6, IL-10, IL-13 and IFN-γ (Figures 
6D–H) 24 h after CLP. Minimal lung 
inflammation was seen in MLCK-/- mice 
and WT mice (average lung inflam-
mation score 0.8 ± 0.2 versus 1.4 ± 0.5, 
p = 0.51).

Peritoneal Fluid Cultures and 
Cytokines Are Unaffected in MLCK-/- 
Mice Following Sepsis Except for a 
Decrease in IL-6

To determine whether genetic deletion 
of MLCK altered local bacterial clearance 
and inflammatory response, MLCK-/- 
mice and WT mice were subjected to CLP 
and had their peritoneal fluid sampled 
24 h later. Bacterial burden was similar 
between MLCK-/- mice and WT mice 24 h 
after CLP (Figure 7A). Levels of IL-6 were 
lower in the peritoneal fluid of septic 
MLCK-/- mice compared with septic WT 
mice (Figure 7B), although peritoneal IL-6 
levels were similar in unmanipulated 
MLCK-/- and WT mice (data not shown). 
No differences were noted in TNF, IL-10, 
IL-13 or IFN-γ in septic MLCK-/- and WT 
mice (Figures 7 C–F).

Figure 1. Effect of genetic deletion of MLCK on survival. Seven-day survival was markedly  
improved in MLCK-/- mice following CLP compared with WT mice (n = 18/group, p < 0.0001).
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Systemic IL-10 Levels Are Decreased 
in MLCK-/- Mice but Survival Is 
Unchanged by Giving Exogenous 
IL-10

To determine whether genetic dele-
tion of MLCK altered systemic bacterial 
clearance and inflammatory response, 
MLCK-/- mice and WT mice were sub-
jected to CLP and had their blood sam-
pled 24 h later. Blood cultures showed 
similar growth between MLCK-/- mice 
and WT mice 24 h after CLP (Figure 8A). 
Levels of serum IL-10 were decreased 
greater than 10-fold in MLCK-/- mice 
compared with WT mice (Figure 8B), 
although levels of IL-10 were similar in 
unmanipulated MLCK-/- and WT mice 
(data not shown). Giving exogenous 
IL-10 to septic MLCK-/- mice did not 
change 7 d survival compared with  
septic MLCK-/- mice given vehicle  
(Figure 8C). In addition, giving IL-10 
neutralizing antibody to both MLCK-/- mice 
and WT mice completely eliminated the 
survival benefit conferred by genetic de-
letion of MLCK, resulting in a nonsignif-
icant trend toward worsened survival in 
MLCK-/- mice (Figure 8D). Levels of IL-6 
in the serum were also lower in septic 
MLCK-/- mice compared with WT mice 
(Figure 8E), but no differences were noted 
in TNF, IL-13 or IFN-γ (Figures 8 F–H).

CD4 + t cell Counts Are Higher and 
Percentages of CD4 + CD25 + and 
CD8 + CD25 + t Cells Are Lower in 
MLCK-/- Mice Following Sepsis

CD4 + T cell counts were higher in 
septic MLCK-/- mice 24 h after CLP 
( Figure 9A), without differences in 
CD8 +, CD11C + or CD19 + counts 
( Figure 9B-D). Percentages of both CD4 
+ CD25 + and CD8 + CD25 + were lower 
in septic MLCK-/- mice (Figure 9E, G), 
whereas no differences were present in 
CD4 + CD69 + or CD8 + CD69 + cells be-
tween septic MLCK-/- mice and WT mice 
(Figures 9 F, H).

DISCUSSIOn
This study demonstrates that sepsis- 

induced intestinal hyperpermeability is 
prevented in mice with genetic deletion 

Figure 2. Effect of genetic deletion of MLCK on intestinal permeability 6, 12, 24 and 48 h 
after CLP. Basal permeability to FD-4 was similar in unmanipulated (UM) MLCK-/- and WT 
mice (n = 5-6/group, p = 0.2). Sepsis worsened intestinal permeability 6, 12 and 24 h after 
sepsis, which returned to basal levels 48 h after CLP. In contrast, permeability remained at 
basal levels in MLCK-/- mice following CLP. Intestinal permeability was statistically lower in 
MLCK-/- mice than WT mice at all time points where sepsis induced intestinal hyperperme-
ability (n = 7–9/group at 6 h, n = 14–16/group at 12 h, n = 11–14/group at 24 h, n = 7–10/
group at 48 h; p = 0.02, p = 0.0009, p = 0.02, p = 0.18 when comparing MLCK-/- and WT 
mice at 6, 12, 24 and 48 h).

Figure 3. Effect of genetic deletion of MLCK on ZO-1 and claudin 15 24 h after CLP. Pro-
tein levels of (A) ZO-1 and (B) claudin 15 in jejunal tissue were higher in MLCK-/- mice than 
WT mice following CLP (n = 3–6/group, p = 0.03 and 0.048, respectively). (B,E) Represen-
tative Western blots are shown for both of these proteins with actin controls. Although 
immunohistochemical staining was more pronounced for (C) ZO-1 and claudin (F) 15 on 
the villi of MLCK-/- mice, no apparent difference in subcellular localization was detected.
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Intestinal barrier dysfunction in sepsis 
can occur through multiple mechanisms. 
The initial hyperinflammatory state in 
sepsis is associated with an increase in 
proinflammatory cytokines (49) that can 
activate MLCK (50). Invasive bacteria 
also induce redistribution of tight junc-
tion proteins and activation of MLCK 
(30). Finally, increased intestinal epi-
thelial apoptosis can lead to increases 
in paracellular permeability (51,52). Ex-
tensive literature indicates that sepsis is 
associated with a marked upregulation 
of inflammation, altered microbiome 
and gut epithelial apoptosis, and it is 
likely that all of these play a role in sep-
sis-induced intestinal hyperpermeability. 
However, our experiments yield some 
potential insights into which of these 
are most relevant in modulating perme-
ability in WT and MLCK-/- mice. IL-6 
induces barrier dysfunction in the setting 
of intestinal inflammation, and neutral-
ization of IL-6 prevents intestinal hyper-
permeability and MLCK expression in a 
mouse model of colitis (53). Our finding 
that IL-6 was lower in the blood and 
peritoneal fluid of MLCK-/- mice there-
fore represents a potential mechanism 
through which permeability could be 
reduced, by preventing the feed-forward 
worsening of barrier function induced 
by proinflammatory cytokines. In con-
trast, the finding that intestinal epithelial 
apoptosis was not different between 
septic WT and MLCK-/- mice makes it 
unlikely that normalization of intestinal 
barrier function in knockout mice was 
directly related to epithelial cell death. 
Further, quantitative cultures of peritoneal 
fluid and blood were similar in WT and 
MLCK-/- mice, suggesting that bacterial 
burden alone was not responsible for dif-
ferences in barrier function, although we 
cannot rule out the possibility that the mi-
crobiome was more virulent in WT mice 
(24,54), leading to more invasive bacteria 
– and hence hyperpermeability — in the 
absence of differences in bacterial  
numbers.

Hyperpermeability induced by CLP 
in WT mice is associated with increases 
in jejunal claudin 2 and JAM-A as well 

advantage was associated with a signif-
icant decrease in systemic IL-10 but was 
not accompanied by a decrease in either 
local or distant bacterial burden.

of MLCK. This is associated with in-
creases in ZO-1 and claudin 15. Notably, 
survival was markedly improved in 
MLCK-/- mice following CLP. The survival 

Figure 4. Effect of genetic deletion of MLCK on claudin 1, 2, 3, 4, 5, 7, 8 and 13, occludin 
and JAM-A 24 h after CLP. (A–J) No differences were seen in any of these tight junctions 
(n = 3–6/group, p = 0.82, 0.47, 0.51, 0.67, 0.24, 0.057, 0.24, 0.48, 0.19, 0.83, respectively).

Figure 5. Effect of genetic deletion of MLCK on intestinal integrity 24 h after CLP. Intestinal 
apoptosis was similar between MLCK-/- and WT mice following CLP whether measured by 
(A) H&E (n = 12/group, p = 0.58) or (B) active caspase 3 (n = 8–9/group, p = 0.07). (C) Pro-
liferation as measured by number of S-phase cells (n = 8–9/group, p = 0.37) and (D) villus 
length (n = 12/group, p = 0.07) were also similar between septic MLCK-/- and WT mice.
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 Relatively little is known about claudin 
15 in comparison. Claudin 15 (along 
with claudin 2) is unique in that it in-
creases permeability to monovalent 
cations, and mice that are genetically 
deficient in claudin 15 have abnormally 
low sodium in the small intestine lumen 
and impaired glucose absorption (55). 
While the crystal structure for claudin 
15 was recently identified (56), its rela-
tionship to MLCK is currently unclear, 
other than a single report demonstrating 
an association between increased MLCK 
and decreased claudin 15 in grass carp 
with niacin deficiency (57).

The survival advantage conferred 
by MCLK knockout was striking, with 
essentially all MLCK-/- mice surviving 
after CLP compared with only 24% of 
WT mice. While the simplest explana-
tion for this would be that normalized 
permeability prevents bacterial trans-
location, our findings do not support 
this, since blood cultures demonstrated 
similar numbers of bacteria in both WT 
and MLCK-/- mice. This is consistent 
with studies in critically ill patients, 
suggesting that translocation of intact 
bacteria occurs infrequently (22). To look 
for potential causes of improved mortal-
ity, we analyzed the local and systemic 
inflammatory and immune response 
and lung injury. The rationale behind 
this experimental design was related to 
existing literature linking (1) intestinal 
permeability and apoptosis (discussed 
above), (2) MLCK and systemic inflam-
mation (53,58) and (3) lung injury from 
intestine-derived toxic factors via mes-
enteric lymph (59). The majority of the 
endpoints assayed were not different 
between WT and MLCK-/- mice, sug-
gesting that they were not responsible 
for the differences in mortality. It is 
also important to note that permeabil-
ity, gut apoptosis, proliferation, villus 
length, lung MPO and BAL MPO are 
similar between unmanipulated WT and 
MLCK-/- mice (Figure 2 and Supplemen-
tary Figure 1). In contrast, systemic IL-10 
levels were greater than 10-fold lower in 
septic MLCK-/- mice compared with sep-
tic WT mice, even though baseline IL-10 

unmanipulated WT and MLCK-/- mice. 
Instead, ZO-1 and claudin 15 were both 
increased in septic MLCK-/- mice. The 
increase in ZO-1 expression is consistent 
with previous studies of MLCK-/- mice 
(40) and alterations in this component 
of the tight junction likely represent 
a mechanism through which permea-
bility is normalized in MLCK-/- mice. 

as decreases in claudin 5 and occludin 
(18). CLP has also been demonstrated 
to induce alterations in cellular local-
ization of colonic claudins 1, 3, 4, 5 and 
8 as well as upregulation of claudin 2 
(21). Interestingly, none of these tight 
junction proteins was normalized in 
septic MLCK-/- mice, despite permea-
bility in these animals being similar to 

Figure 6. Effect of genetic deletion of MLCK on lung injury 24 h after CLP. (A) Lung 
wet-to-dry ratio was similar between MLCK-/- and WT mice following CLP (n = 10/group, 
p = 0.78) as were (B) lung (n = 8/group, p = 0.85) and (C) BAL MPO (n = 8/group, p = 0.10). 
Concentrations in BAL fluid of (D) TNF (n = 7/group, p = 0.46), (E) IL-6 (n = 6/group, 
p = 0.81), (F) IL-10 (n = 7–8/group, p = 0.47), (G) IL-13 (n = 7–8/group, p > 0.99) and (H) IFN-γ 
(n = 8/group, p = 0.37) were all statistically similar between MLCK-/- and WT mice.

Figure 7. Effect of genetic deletion of MLCK on local bacterial burden and cytokines 
24 h after CLP. (A) The number of bacteria in the peritoneal cavity was similar between 
MLCK-/- and WT mice following CLP (n = 10/group, p = 0.82). (B) IL-6 levels in peritoneal 
fluid were lower in MLCK-/- mice (n = 6–9/group, p = 0.03), but no differences were de-
tected in (C) peritoneal TNF (n = 8–9/group, p = 0.17), (D) IL-10 (n = 10/group, p = 0.76), 
(E) IL-13 (n = 10/group, p = 0.46) and (F) IFN-γ (n = 10/group, p = 0.65).
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levels were similar in unmanipulated 
MLCK-/- and WT mice. The relationship 
between IL-10 and sepsis is complex. 
Alterations in IL-10 single-nucleotide 
polymorphisms and systemic levels of 
IL-10 correlate with outcome in septic 
patients. Further, manipulating the cy-
tokine via exogenous delivery, anti-IL10 
antibody administration or genetic 
deletion improves, worsens or has no 
effect on survival in animal studies, de-
pending on timing of administration and 
the sepsis model examined (60–65). To 
examine the role of IL-10 in mediating 
mortality in septic MLCK-/- mice, we 
performed experiments to both augment 
and neutralize IL-10. Since exogenous 
IL-10 did not worsen outcome in septic 
MLCK-/- mice compared with vehicle, 
we cannot conclude that the decreased 
levels of IL-10 seen in knockout mice 
were responsible for the improved 
outcome, since, in theory, if IL-10 were 
maladaptive, decreasing levels would be 
beneficial while increasing levels would 
be harmful. In addition, the survival 
benefit conferred in MLCK-/- mice was 
completely eliminated when IL-10–neu-
tralizing antibody was given to both WT 
and MLCK-/- mice (and, in fact, there 
was a trend toward worsened survival in 
MLCK-/- mice), suggesting that it is plau-
sible that IL-10 plays a role in the differ-
ential mortality observed. However, it 
is notable that IL-10 levels were already 
low in MLCK-/- mice, and the biological 
significance of neutralizing an already 
decreased level of IL-10 is not clear. Of 
note, our results are generally consistent 
with a previous study by Ranaivo et al. 
examining MLCK-/- mice subjected to a 
more lethal model of CLP, which demon-
strated a modest improvement in sur-
vival without examining any endpoints 
in CLP beyond mortality (66). However, 
that study showed a smaller (although 
still significant) improvement in survival, 
from approximately 10% to 50%. There 
are multiple potential reasons for this 
discrepancy. First, the current study used 
antibiotics, whereas the Ranaivo study 
did not, and antibiotics significantly alter 
outcomes from CLP. Next, the needle 

Figure 8. Effect of genetic deletion of MLCK on systemic bacterial burden and cytokines 
24 h after CLP. (A) The amount of bacteria in the blood was similar between MLCK-/- and 
WT mice following CLP (n = 10/group, p > 0.99). (B) IL-10 levels in the blood were signifi-
cantly lower in MLCK-/- mice (n = 7–8/group, p = 0.001). (C) No differences in 7 d survival 
were identified when MLCK-/- mice were given exogenous IL-10 or vehicle (n = 10/group, 
p = 0.68). (D) The survival benefit conferred after CLP in MLCK-/- disappeared when anti–
IL-10 antibody was given to both MLCK-/- and WT mice (n = 10/group, p = 0.05). (E) IL-6 
levels were also lower in MLCK-/- mice (n = 9-11/group, p = 0.03). No differences were de-
tected in systemic (F) TNF (n = 8–9/group, p = 0.14), (G) IL-13 (n = 12/group, p = 0.83) and 
(H) IFN-γ (n = 12/group, p = 0.08).

Figure 9. Effect of genetic deletion of MLCK on adaptive immune system 24 h after CLP. (A) 
CD4 + counts were higher in septic MLCK-/- mice (p = 0.008), whereas (B) CD8 + (p = 0.20), 
(C) CD11c + (n = 4–8/group, p = 0.51) and (D) CD19 + (p = 0.11) counts were similar be-
tween septic MLCK-/- and WT mice. (E) The percentage of CD4 + CD25 + cells was lower in 
septic MLCK-/- mice (p = 0.02), while there was (F) no difference in CD4 + CD69 + cells  
(p = 0.97). Similarly, (G) the percentage of CD8 + CD25 + cells was lower in septic MLCK-/- 
mice (p = 0.03) while there was (H) no difference in CD8 + CD69 + cells (p = 0.28).
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