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Aim: Sepsis, an acute, life-threatening dysregulated response to infection, affects practically
all aspects of endothelial function. Tissue kallikrein (TK) is a key enzyme in the kallikrein—
kinin system (KKS) which has been implicated in endothelial permeability. Thus, we aimed
to establish a potentially novel association among TK, endothelial permeability, and sepsis
demonstrated by clinical investigation and in vitro studies.

Methods: We performed a clinical investigation with the participation of a total of 76
controls, 42 systemic inflammatory response syndrome (SIRS) patients, and 150 patients
with sepsis, who were followed-up for 28 days. Circulating TK levels were measured with an
enzyme-linked immunosorbent assay. Then, the effect of TK on sepsis-induced endothelial
hyperpermeability was evaluated by in vitro study.

Results: Data showed a gradual increase in TK level among controls and the patients with
SIRS, sepsis, and septic shock (0.288+0.097 mg/l vs 0.335+0.149 vs 0.495+0.170 vs 0.531
+0.188 mg/l, respectively, P <0.001). Further analysis revealed that plasma TK level was
positively associated with the severity and mortality of sepsis and negatively associated with
event-free survival during 28 days of follow-up (relative risk, 3.333; 95% CI, 2.255-4.925;
p < 0.001). With a septic model of TK and kallistatin in vitro, we found that TK exacerbated
sepsis-induced endothelial hyperpermeability by downregulating zonula occluden-1 (ZO-1)
and vascular endothelial (VE)-cadherin, and these could be reversed by kallistatin, an
inhibitor of TK.

Conclusion: TK can be used in the diagnosis of sepsis and assessment of severity and
prognosis of disease. Inhibition of TK may be a novel therapeutic target for sepsis through
increasing ZO-1 and VE-cadherin, as well as downregulating endothelial permeability.
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Introduction

Sepsis, the leading cause of death in intensive care unit (ICU), is estimated to affect
over 30 million people worldwide each year.'™ Despite aggressive supportive
treatment and prompt antibiotic administration, sepsis remains a life-threatening
complication of infection,* demonstrating that it had become an urgent task to
search for a tool for the evaluation of the development and prognosis, in addition to
explore new approaches for prevention and treatment of sepsis.® Endothelial perme-
ability is also thought to be a key factor in the progression from sepsis to septic
shock.”” """ However, the underlying mechanism to induce hyperpermeability has not
been well elucidated.
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Tissue kallikrein (TK) is a sort of key enzyme in the
kallikrein—bradykinin system (KKS)."? As a serine pro-
tease, TK exerts a strong antihypertensive effect through
the bradykinin (BR) that is
endothelium,'® indicating that TK may play a pivotal

receptor located in
role in hemodynamic changes during the development of
sepsis. It has also been proved that KKS is associated with
vascular endothelial permeability,'* which plays a vital

role in the pathogenesis

10,11

of organ dysfunction in
sepsis, while the role of TK, a key enzyme in tissue
KKS, in the occurrence and development of sepsis was not
clear. We, therefore, hypothesized that TK might be
involved in the development of sepsis and septic shock
through regulating endothelial permeability.

Endothelial barrier is composed of tight junctions (TJs)
and adherens junctions (AJs). TJs are the main structural
and functional molecules responsible for maintenance of
the endothelial permeability barrier.'”> Zonula occluden-1
(ZO-1) is a junctional adaptor protein that interacts with
multiple junctional components'® and controls endothelial
AlJs and endothelial barrier formation.'” AJs play a role in
maintaining the structural stability of TJs and are essen-

endothelial  (VE)-
have revealed that

tially composed of vascular

cadherin.'®'®  Numerous studies
increasing of endothelial permeability decreased TJs and
Als in endothelial cells (ECs).?>?* We, therefore, sup-
posed that elevated TK might upregulate vascular endothe-
lial permeability by destroying TJs and AJs, and aggravate
hypotension, and then lead to septic shock. To address the
role of TK in sepsis, clinical research and in vivo study
were performed. An observational study was undertaken to
dynamically observe the changes of TK and indicate
whether it can serve as a valid clinical indicator to predict
the severity of sepsis and its prognosis. Then, we explored
the effects of TK on endothelial permeability in the model
of lipopolysaccharide (LPS)-induced sepsis in human
umbilical vein endothelial cells (HUVECs) HUVECs.

Materials and Methods
Study Subjects

All the patients with sepsis, septic shock, and systemic
inflammatory response syndrome (SIRS) that met diag-
nostic criteria within 24 hours, who were admitted to
ICU in 3 centers (Wuhan, China) from October 2014 to
January 2015 and from June 2017 to September 2018,
were enrolled into this study. The diagnostic criteria for
SIRS, shock were defined and

sepsis, and septic

categorized as Sepsis-3 definitions described.®?* The
main exclusion criteria were systemic stress, SIRS status
caused by simple trauma or surgery and patients who
were admitted to the ICU several days after having
been diagnosed with sepsis. Patients aged under 20
years or with acute cardiovascular events, such as cor-
onary heart disease and stroke were excluded. Selected
patients were clearly recorded with or without a history
of chronic cardio-cerebrovascular diseases. In the same
period, mild patients without obvious infection and sys-
temic inflammatory response were assigned to control
group. This study was conducted in line with the
Declaration of Helsinki and was approved by the Ethics
Committee of Tongji Hospital Affiliated to Tongji
Medical College (TJ-IRB20150318). All the patients
signed the written informed consent form prior to com-
mencing the study.

Follow-Up and Detection of Plasma TK

Level

Blood samples for TK measurements were taken within 24
h after clinical onset of sepsis on the ICU (day 1), as well as
on days 3 and 7 of ICU hospitalization. All the patients with
sepsis were followed-up to 28 days by phone after onset of
disease. The main prognostic outcome was all-cause mortal-
ity after 28 days. Plasma TK level was measured with
a Dbiotin-avidin-amplified enzyme-linked immunosorbent
assay (B-A ELISA) kit, which was designed as a solid-
phase, double-antibody, sandwich assay to detect plasma
TK level. The detailed procedure had been described in our
previous study?*.

In vitro Study

HUVECs were purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA) and cul-
tured in Medium 199 (20% fetal bovine serum (FBS),
0.1% glutamine, 0.01% heparin, 0.01% 50 mcg/mL
endothelial cell growth supplement, 100 U/mL streptomy-
cin and penicillin) at 37°C under 5% CO2 with humidity
of 95%. The medium was partially changed every 48 h for
10-14 days till the cells grew to 60—70%. Then, HUVECs
were divided into the following four groups: (1) control:
HUVECs were treated with phosphate-buffered saline
(PBS); (2) Sepsis: HUVECs were stimulated by LPS
(100 pg/mL) for 24 h; (3) TK treatment: HUVECs were
stimulated with LPS for 1 h and treated with human urin-
ary kallidinogenase (HUK 1 uM) for 24 h; (4) kallistatin
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treatment: HUVECSs were stimulated with LPS for 1 h and
treated with kallistatin (160 ug/mL) for 24 h.

Detection of Endothelial Permeability

We used electric cell-substrate impedance sensing (ECIS)
to detect endothelial permeability. That technique mea-
(Applied
BioPhysics, Troy, NY, USA), as described in a previous

sures impedance of endothelial cells
study.”> To measure impedance, cells were grown on
8WI10E+ arrays (Applied BioPhysics, Inc., Troy, NY,
USA). The arrays were treated with 10 mM L-cysteine
(cat#C7352-25G; Sigma-Aldrich, St. Louis, MO, USA)
followed by coating with type-I collagen (cat#.
A1048301, Thermo Fisher Scientific, Waltham, MA,
USA). Then, electrical stabilization command in the
ECIS was used. ECs were seeded onto the arrays at
a density of 60,000 cells/cm2 in 400 pL. Dulbecco’s mod-
ified Eagle’s medium (DMEM). ECIS was conducted
using the multiple frequency/time (MFT) to record the
impedance measurements over a broad spectrum of

frequencies.

Western Blot Assay

Protein lysates preparation and Western blots were under-
taken as previously described.?® Total protein lysates were
separated by 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred onto
polyvinyl difluoride membranes (PVDF; Millipore,
Bedford, MA, USA). Membranes were blocked with 5%
non-fat milk in TBST prior to incubating with anti-TK,
anti-ZO-1 (Invitrogen, Carlsbad, CA, USA), and anti-VE-
cadherin (Invitrogen, Carlsbad, CA, USA) antibodies
overnight at 4°C. After extensive washing, membranes
were incubated with horseradish peroxidase (HRP)-
conjugated secondary antibody for 1hat room tempera-
ture. Images were obtained using a gel imaging system
(BioRad Laboratories Inc., Hercules, CA, USA). Bands on
blots corresponding to proteins of interest were analyzed
by ImagelJ software (NIH, Bethesda, MD, USA).

Statistical Analysis

Categorical variables were analyzed by chi-square test.
Continuous variables were expressed as mean + standard
deviation, and independent-samples ¢-test or one-way ana-
lysis of variance (ANOVA) was used to indicate statistical
significance. Pearson’s and Spearman correlation coeffi-
cients were used to test the correlation between continuous
and categorical variables. Receiver operating characteristic

(ROC) curves were plotted to evaluate the diagnostic value
of TK level and other traditional clinical indexes for sep-
sis. Unconditional logistic regression analysis was per-
formed to evaluate the association of TK levels with
sepsis. At last, we used Cox proportional hazards models
and Kaplan—Meier survival estimates to assess the rela-
tionship between TK levels and 28-day survival in sepsis.
SPSS 18.0 (IBM, Armonk, NY, USA) and MedCalc 15.8
(MedCalc Software Ltd., Ostend, Belgium) software were
used for statistical analysis.

Results
Baseline Characteristics of Study

Population

The present study eventually included 76 controls, 42
SIRS patients, and 150 patients with sepsis (62 and 88
patients with sepsis and septic shock, respectively). There
were 36—62% male patients in each group, and 13-26%
with history of cardio-cerebrovascular diseases (CCVD).
Lung was the most common source of infection with
a proportion of 41-57%, followed by abdominal infection
accounted for 20-33%. Compared with control and SIRS,
the first-day clinical and laboratory indexes of patients
with sepsis and septic shock had lower mean arterial
pressure (MAP) and platelets, higher lactate, white blood
cell (WBC) count, C-reactive protein (CRP), procalcitonin
(PCT), interleukin (IL)-6 (IL-6), Acute Physiology and
Chronic Health Evaluation II (APACHE II) score and
Sequential Organ Failure Assessment (SOFA) score with
a high 28-day mortality rate (Table 1).

TK Level, Peaked on the First Day, Might
Be a Promising Biomarker for Diagnosing
Sepsis

Both controls and SIRS patients were assigned to non-sepsis
group, and plasma level of TK in patients with sepsis (sepsis
and septic shock) after clinical onset from the first day to the
seventh day was markedly higher than that in non-sepsis
group though that was fluctuated on the third day (0.516
+0.181 vs 0.461+0.205 vs 0.48840.147 vs 0.305+0.119 mg/
1, respectively, P <0.001; Figure 1). ROC curves suggested
that from the first day to the seventh day, plasma TK level
had the most diagnostic value in the first day of patients with
sepsis (Table 2 and Figure 2A-I). In comparison with tradi-
tional assessment indicators in the diagnosis of sepsis, TK
was found more reliable than WBC count (Z=5.893,
P<0.001), and similar with PCT (Z=1.188, P=0.238), IL-6
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Table | Demographic and Clinical Characteristics of Study Population

Characteristics Controls SIRS Sepsis Septic Shock P value®
(n=76) (n=42) (n=62) (n=88)
Male, n (%) 27 (36%) 26 (62%) 35 (56%) 48 (55%) 0.030%*
Age, year 38+14 52+18 5317 5717 <0.001%**
CCVD, n (%) 10 (13%) Il (26%) 15 (24%) 18 (20%) <0.001**
Infection site, n(%)
Lung - 24 (57%) 33 (54%) 36 (41%) -
Abdomen - 8 (20%) 16 (25%) 29 (33%) -
Urinary tract - 3 (8%) 6 (10%) 13 (15%) -
Skin and soft tissue - 3 (6%) 2 (3%) 2 (2%) -
Blood - 3 (6%) 4 (6%) I (1%) -
Others - I (3%) 2 (3%) 6 (7%) -
Laboratory values
TK levels, mg/| 0.288+0.097 0.334+0.148 0.495+0.170 0.531+0.188 <0.001**
WBC, 10°/L 9.7+3.5 13.847.1 16.248.1 15.3£8.6 <0.001**
Platelets, 10°/L 252%127 208+73 117£73 113291 <0.001**
Creatinine, umol/L 75%50 250+377 225+247 214140 <0.001**
CRP, mg/L 8.9+20.9 122+77 160+ 104 191£259 <0.001**
PCT, ng/mL 1.6£9.2 13.2£19.2 32.4+36.9 47.5+38.7 <0.001**
IL-6, pg/mL 78299 278+451 1247£1759 21111962 <0.001**
PO2/FiO2, mmHg - 336+68 224+56 198+48 -
Lactate, mmol/L 1.909+0.757 2.118+0.824 4.119+£2.492 6.522+4.778 <0.001**
ICU parameters
MAP, mmHg 89+16 9717 9717 618 <0.001**
ICU days - 843 7%5 12+6 -
Catecholamine days - 0+0 2+ 5+3 -
Ventilation days - 2+| 5+2 7+5 -
CRRT days - 0+0 1+£0.8 2| -
APACHE I score - 714 18+6 2618 -
SOFA score - I+l 813 13+6 -
28-days mortality, n(%) 0 (0) 8 (19%) 30 (48%) 61 (69%) <0.001**

Notes: Data are presented as n (%) for categorical variables and mean * standard deviation of the mean (SD) for continuous variables with normal distributions. A groupwise
comparison testing performed using 42 test for categorical variables and One-way analysis of variance (ANOVA) for continuous variables with normal distributions. “p-values for
the difference among controls, SIRS patients and patients with sepsis and septic shock, tested with one-way analysis of variance. *P<0.05; **P<0.01.

Abbreviations: CCVD, cardio-cerebrovascular disease; TK, tissue kallikrein; CRP, C-reactive protein; PCT, procalcitonin; IL-6, interleukin 6; PO2, partial pressure of O2;
FiO2, fraction of inspiration O2; ICU, intensive care unit; MAP, mean arterial pressure; CRRT, continuous renal replacement therapy; APACHE, acute physiology and chronic

health evaluation; SOFA, sequential organ failure assessment.

(Z=0.807, P=0.419) and CRP (Z=0.821, P=0.412). A plasma
TK level of 0.340 mg/l had sensitivity of 88%, specificity of
76.74%, and Youden index of 0.647. When TK level was
combined with PCT, the diagnostic value (area under the
curve (AUC) (95% CI) =0.948 (0.921-0.967), sensitiv-
ity=91.64%, specificity=89.15%, Youden index=0.808) was
more reliable (Z=5.516, P<0.001). Therefore, detecting
plasma TK level on the first day could be used independently
or in combination with the PCT for the diagnosis of sepsis.

Associations of TK Levels with Sepsis and

Disease Severity

Although correlations between TK level and general variables,
such as age (r = 0.546; P = 0.044) and MAP (r = 0.627;
P = 0.016) were confirmed, these were no longer significant
in the multivariate linear regression model in controls. In septic
patients, plasma TK level was positively correlated with ALT,
AST and lactate, negatively correlated with PCT (r = —0.176;
P =0.039) and MAP (r = —0.156; P = 0.007) (Table 3), and
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Figure | The mean plasma tissue kallikrein (TK) levels in controls and septic patients. TK levels in controls (76 controls and 42 SIRS patients) and septic patients who were
admitted to ICU (62 septic patients and 88 patients with septic shock) on the day of diagnosis (Day 1), 3 days after diagnosis (Day 3), and 7 days after diagnosis (Day 7) are
displayed. Data were presented as mean # standard deviation of the mean (SD). One-way analysis of variance was used to indicate statistical difference. ****P<0.0001.

these associations were not apparent in multivariate linear
regression model except for PCT (T=-2.176; P = 0.032),
ALT (T =-2.083; P=0.040), and AST (T=3.156; P=0.002).
Logistic regression analysis showed a positive relationship
between TK level and risk of sepsis (odds ratio (OR), 2.428;
95% confidence interval (CI), 1.447—4.073; P=0.001).

All the patients are divided into 4 groups (control, SIRS,
sepsis and septic shock) according to diagnostic criteria.
A gradual increase in plasma TK level was observed among
controls and patients with SIRS, sepsis, and septic shock
(0.288+0.097 mg/l vs 0.334+0.148 vs 0.495+0.170 vs 0.531
+0.188 mg/l, respectively, P<0.001; Table 1 and Figure 3A).
Moreover, TK level was closely associated with the SOFA
score (R=0.311, P<0.001; Figure 3B) and APACHE II score
(R=0.344, P<0.001; Figure 3C) in septic patients. Thus,
plasma TK level could be used to assess the severity of sepsis.

TK Levels Predicted Follow-Up

Outcomes in Sepsis

Among the 150 septic patients enrolled were 52 deaths for
a 35% all-cause 28-day mortality rate. They had markedly
higher plasma TK levels than septic patients with survivor
(0.679£0.156 vs 0.428+0.127, P <0.001). We analyzed the
association of TK levels with the risk of death in sepsis
after adjusting for age, sex, SOFA score, WBC, CRP, PCT,
and IL-6. The result showed that plasma TK level was
positively associated with the risk of death in sepsis
(Relative Risk (RR), 3.333; 95% CI, 2.255-4.925; p <
0.001). Compared with the first quartile of plasma TK
levels, the RR for death in the second quartile was 3.427
(95% CI, 0.928— 12.661; p=0.065). In the third and fourth
quartiles, RRs were 4.517 (95% CI, 1.274-16.013;
p=0.020) and 28.944 (95% CI, 8.524-98.284; p<0.001),

Table 2 ROC Curves in Assessing the Statue of Sepsis from the Ist Day to 7th Day

Variables Sensitivity (%) Specificity (%) AUC (95% CI) Youden Index
TK (Day 1) 88.00 76.74 0.878 (0.842-0.908) 0.647
TK+PCT (Day 1) 91.64 89.15 0.948 (0.921-0.967) 0.808
TK (Day 3) 67.03 80.00 0.788 (0.736-0.834) 0.47
TK+PCT (Day 3) 80.00 79.41 0.863 (0.817-0.902) 0.594
TK (Day 7) 81.48 77.5 0.859 (0.811-0.898) 0.59
TK+PCT (Day 7) 85 81.72 0.901 (0.847-0.941) 0.667

Abbreviations: AUC, area under the curve; TK, tissue kallikrein; PCT, procalcitonin; TK+PCT, combination of TK and PCT for assessment of sepsis; Day I, the first day
after clinical onset of sepsis on the ICU; Day 3, 3 days after diagnosis; Day 7, 7 days after diagnosis.
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Figure 2 Diagnostic significance of TK on sepsis. ROC curves were plotted and pairwise comparisons were made among TK, CRP, WBC, PCT, IL6, and combination of TK
and PCT for assessment of sepsis on the day of diagnosis (A-C), 3 days after diagnosis (D-F), and 7 days after diagnosis (G-I). Area under the curve (AUC) is shown in

(A and B), (D and E), and (G and H) groups.

respectively. Cox regression showed no significant asso-
ciation between traditional biomarkers (WBC, CRP, PCT,
and IL-6) and the risk of death in sepsis. These suggest
that only plasma TK level had the most prognostic value in
sepsis. Further stratification analysis showed that there was
no significant difference (p=0.516) of prognostic values of

TK levels in sepsis patients (Relative Risk (RR), 6.431;
95% CI, 2.252-18.368; p = 0.001) and septic shock
patients (Relative Risk (RR), 3.573; 95% CI, 2.102—
6.071; p <0.001). Kaplan—Meier survival estimates also
indicated that compared with Quartile 1, Quartile 2
(24%, 26 days vs 8%, 27 days, Log rank test, p =0.079);
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Table 3 Correlations Between TK Levels and General Variable
in Septic Patients

Variable Correlations P value
Age 0.152 0.071
CRP —0.038 0.673
PCT —-0.176 0.039*
IL-6 0.087 0.333
WBC 0.047 0.585
MAP —0.156 0.007+*
HCT —0.16 0.059
Platelets —0.06 0.482
ALT 0.181 0.032*
AST 0.281 <0.001%*
Albumin —0.021 0.808
BUN 0.022 0.799
Creatinine —0.115 0.177
PO2 —0.057 0515
Lactate 0.202 0.018*

Note: *P<0.05, **P<0.001.

Abbreviations: CRP, C-reactive protein; PCT, procalcitonin; MAP, mean arterial
pressure; HCT, hematocrit; ALT, alanine aminotransferase; AST, aspartate amino-
transferase; BUN, blood urine nitrogen; PO2, partial pressure of O2; SOFA,
sequential organ failure assessment; APACHE, acute physiology and chronic health
evaluation.

Quartile 3 (33%, 24 days vs 8%, 27 days, Log rank test,
p=0.008), and Quartile 4 (89%, 11 days vs 8%, 27 days,
Log rank test, p < 0.001) had higher risk of death and
shorter event-free survival time (Figure 4). Therefore,
elevated TK levels could be served as a predictor of out-
come in sepsis.

TK Exacerbated Sepsis-Induced
Endothelial Hyperpermeability by
Downregulating T]s and AJs

The results of ECIS demonstrated that normalized trans-
(TER) was
decreased in sepsis group, and it appeared to be lower in

cellular electrical resistance markedly
the TK treatment group. However, this trend was reversed
when HUVECs were treated with LPS and Kallistatin
(Figure 5A and B). These suggested that TK might
enhance sepsis-mediated endothelial barrier dysfunction,
and kallistatin could reverse this trend. Furthermore, in
the sepsis group, the TK level was remarkably increased
compared with that in the control group, and that was
downregulated by kallistatin. In contrast, the protein
expressions of ZO-1 and VE-cadherin were markedly
decreased. These expressions were downregulated by TK
and upregulated by kallistatin (Figure SC-F), suggesting

that the overexpression of TK was associated with the

downregulation of ZO-1 and VE-cadherin in HUVECs.
Collectively, decrease of TER and diminished expression
of both ZO-1 and VE-cadherin revealed TK-mediated loss
of HUVEC integrity.

Discussion

This is the first study that established a potentially novel
link among TK, endothelial permeability, and sepsis
demonstrated by clinical investigation and in vitro studies.
We summarized the findings of the current study in
Figure 6, which addressed evaluation values of TK on
sepsis for the first time, and also assessed the role of TK
in sepsis-mediated endothelial barrier disruption, indicat-
ing TK could be served as a valuable biomarker for diag-
nosis and assessment of disease severity and mortality of
sepsis. Further, in vitro study suggested that inhibition of
TK might be a therapeutic target for sepsis through
increasing TJs and AlJs, as well as downregulating
endothelial permeability.

A strength of the present study is that we monitored
plasma TK level after clinical onset of sepsis in the ICU
(days 1, 3, and 7), and presented the evaluation values of
TK on the early stage of sepsis. The data showed that from
the first day to the seventh day, detecting plasma TK level
in the first day had the most diagnostic value and could be
used independently or in combination with the PCT as
a strong diagnostic indicator of sepsis. This might be
related to the massive depletion of TK during sepsis.””**
Studies demonstrated that hemofiltration can significantly
reduce various indicators of plasma infection.”’
Hemofiltration therapy was applied to patients with sepsis
in the current study, which might also interfere with
plasma TK level. Therefore, detecting plasma TK level
on the first day is more reliable in sepsis.

It is noteworthy that although CRP, PCT, and IL-6
levels play a similar role to plasma TK level in diagnosing
sepsis, these traditional measures are closely associated
with age,*® site of infection, and etiology of infection,*'
while those are not conducive to predict the prognosis of
patients with sepsis. Notably, compared with other testing
indicators, plasma TK level was found more valuable in
evaluation of the prognosis of sepsis. It was also reported
as a robust indicator for assessment of the severity of
sepsis. Collectively, plasma TK level could be a valuable
biomarker for assessment of disease severity and mortality
of sepsis.

The present study also explored the role of TK in
endothelial Our

sepsis-induced hyperpermeability.
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Figure 3 Tissue kallikrein (TK) levels predicted the severity of sepsis. (A) Mean plasma TK levels in controls and patients with SIRS, sepsis, and septic shock. Data are
expressed as mean * standard deviation of the mean (SD). One-way analysis of variance was used to indicate statistical difference. ****P < 0.0001. (B) Correlation between
TK levels and SOFA score. TK levels and SOFA score were highly correlative by bivariate correlation (R=0.311, P<0.001). (C) Correlation between TK levels and APACHE I
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previous study found that patients taking non-steroidal
anti-inflammatory drugs (NSAIDs) had a higher level of
TK.** Numerous studies confirmed that TK has anti-
inflammatory and multi-organ protective effects.'***
However, plasma TK level was markedly increased in
patients with sepsis in the current study. Is TK only
a biomarker in the development of sepsis or is it involved
in the development of sepsis? It has been proved that
injury play
a significant role in the development of sepsis.*® Sepsis-

endothelial and  hyperpermeability
mediated endothelial dysfunction includes regulation of
blood pressure, and inflammatory responses and barrier

function of ECs.** Capillary leak syndrome, one of the

causes of high mortality, can exacerbate septic shock. The
key mechanism causing capillary leak syndrome is to
increase endothelial permeability.”-'!*> What is more, vas-
cular hyperpermeability might depend on activation of the
kallikrein—kinin system.'* These are consistent with our
finding that TK could markedly enhance sepsis-mediated
endothelial hyperpermeability and decrease TJs and Als.
Taken together, inhibition of TK might be an effective
clinical therapy for managing sepsis and septic shock
through downregulating TJs and AlJs, as well as increasing
endothelial permeability.

Numerous studies reported that a series of biologi-
cal effects of TK is mediated by bradykinin through the
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Quartile 2 (24%, 26 days vs 8%, 27 days, Log rank test, p =0.079); Quartile 3 (33%, 24 days vs 8%, 27 days, Log rank test, p=0.008), and Quartile 4 (89%, || days vs 8%, 27
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corresponding receptors (B1R and B2R). TK may
induce anti-inflammatory, hypotensive, and organ pro-
tective effects through transient up-regulation of B2R
in chronic cardiovascular and cerebrovascular diseases.
However, with the development of inflammation, BIR
may be activated continuously to produce significant
hypotension or even shock and cause severe inflamma-
tory reaction and tissue edema during the early stage of
sepsis.'?*%37 TK-specific inhibitor (Kallistatin) signifi-
cantly controls the inflammatory response,*® improves
hemodynamic deterioration and sepsis-induced multi-
ple-organ dysfunction,*® suggesting that TK is not
only associated with the development of inflammatory
response to sepsis, but also with hemodynamic dete-
rioration. We, therefore, suppose that TK-induced sep-
One is that TK
a dramatic reduction in blood pressure through B1R-
mediated large amount of NO. Another is that TK
exacerbates endothelial permeability and inflammation

sis through two ways. induces

by activating BIR-mediated downregulation of TJs
and Als.

Although the present study has a number of
strengths, it still has several limitations as follows:
First, according to the exclusion criteria, the sample
size of the current study was relatively small. Second,
sepsis is a highly heterogeneous disease. Patients with
sepsis have complicated conditions and more con-
founding factors. Although various factors were taken

in the analysis and assessment into account, it was still
difficult to avoid the influence of confounding factors
and the different clinical manifestation of septic
patients. Third, TK levels were assessed postsepsis;
therefore, we could not establish a causal link between
elevated circulating levels of TK and sepsis. Fourth,
other factors affecting endothelial permeability could
not exclude. These can be better addressed by a large
sample size study to dynamically evaluate the influence
of TK on sepsis development and its prognosis and
mechanism. Finally, the effect of TK on sepsis-
induced endothelial hyperpermeability was only evalu-
ated in the model of LPS-induced sepsis in HUVECs.
Additional studies, including cecal ligation and punc-
ture model in rodents may further elucidate whether
TK endothelial
hyperpermeability.

contributes  to  sepsis-induced

Conclusions

In summary, the present study fills a previous gap by
establishing a potentially novel link among TK, endothe-
lial permeability, and sepsis, and revealed that TK could be
used as a robust biomarker, as well as a therapeutic target
for sepsis and septic shock. Taken together, these findings
have substantial clinical and public health implications.
Further extensive clinical studies on TK and sepsis are

still required to confirm our findings.
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Figure 5 Tissue kallikrein (TK) exacerbated sepsis-induced endothelial hyperpermeability. TK treatment and Kallistatin treatment of HUVECs with LPS-induced sepsis
model resulted in endothelial hyperpermeability (A) Real time electric cell-substrate impedance sensing (ECIS) measurements were conducted using normalized
transcellular electrical resistance (TER) to record HUVECs permeability from 3 independent experiments. The lines denote the mean normalized resistance TERs *
standard deviation of the mean (SD). (B) Mean normalized TERs were measured from 3 independent experiments using ECIS. *%*P < 0,0001 versus control; **## P < 0.0001
versus sepsis by two-tailed t-test. (C~F) Protein expressions of TK, ZO-1, and VE-cadherin were analyzed by Western blotting. Representative immunoblots were presented
in the bar charts. The quantified OD of bands was corrected for the corresponding GAPDH. Data were presented as the mean * standard deviation of the mean (SD). ****P
< 0.0001 versus control; *P < 0.05 versus sepsis; **P < 0.0 versus sepsis; **"*P < 0.0001 versus sepsis by two-tailed t-test.
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