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Abstract
Background. Recent reports have indicated an improved prognosis in sepsis with β-blocker agents; however, 
the underlying action mechanism is still under debate.

Objectives. The aim of this study was to investigate the potential effect of propranolol on endothelial 
dysfunction in septic rats.

Material and methods. The cecal ligation and puncture model (CLP) was used to generate sepsis. Adult 
male Wistar-Albino rats were divided into 4 groups: group 1 was a sham group, group 2 received sterile saline, 
group 3 received 10 mg/kg of propranolol 3 days before the intervention, and group 4 received 10 mg/kg 
of propranolol 30 min after CLP. Six rats from each group were sacrificed 24 h postoperatively. The remaining 
rats were followed for survival. We have also evaluated the effects on systemic inflammation, coagulation 
and the lung tissue with immunohistochemical and electron microscopic evaluation.

Results. Serum tumor necrosis factor alpha (TNF-α) and plasminogen activator inhibitor-1 (PAI-1) levels, 
as well as tissue TNF-α scores were elevated in septic rats. Electron microscopic examination of the lung 
tissue showed endothelial dysfunction in the sepsis group. Pretreatment significantly improved survival. 
Moreover, pre-treatment altered serum vascular endothelial growth factor receptor-1 (VEGFR-1) levels 
and post-treatment reduced serum PAI-1 and VEGFR-1 levels. In both the pre- and post-treatment groups, 
electron microscopic examination revealed improvement of the destroyed lung endothelium and showed 
only mild alterations in the cytoplasmic organelles, especially in the mitochondria of the endothelial cells.

Conclusions. These results suggest that the improved outcome with β-blockers in sepsis may be due to the 
ameliorated endothelial dysfunction. Further studies focusing on the potential effect of β-blockers on the 
endothelium may lead to a better understanding of sepsis.
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Introduction

Sepsis is a leading cause of mortality and morbidity.1 Al-
though its precise pathogenetic mechanisms are not fully 
understood, it is now clear that endothelial activation and 
dysfunction lead to persistent microvascular dysfunction 
and related multi-organ failure.2 However, the underly-
ing mechanism of endothelial dysfunction in sepsis is still 
unknown.

The  adrenergic system is  not only a  key modulator 
of organ function and cardiovascular homeostasis, but 
also a powerful regulator of the immune system. Both 
the lymphoid organs and the vast majority of lymphoid 
cells express β-adrenergic receptors on their surfaces.3 
Sympathetic activation is a well-known feature of sepsis, 
essential for cardiovascular and metabolic compensation. 
In addition, sympathetic activation may mediate immune 
modulation in  sepsis.4 Adrenergic activation induces 
monocyte production and monocyte-mature macrophage 
differentiation in bone marrow via β2 receptors that are 
functionally different in cytokine response.5,6 Although 
plasma catecholamine levels are increased during inflam-
mation and sepsis, it has been shown that persistent eleva-
tions due to excessive stimulation lead to β-adrenoceptor 
downregulation and immune suppression through the 
modulation of cell-mediated immunity.7,8 In a clinical 
study, Boomer et al. showed clear immune suppression 
in patients who died following sepsis.9 Today, β-blockers 
are one of the mainstay of treatments of coronary artery 
disease and chronic heart failure. Also, recent studies have 
demonstrated that β-blockers might have a novel therapeu-
tic potential against several hypermetabolic states, such 
as sepsis or burn injury, by attenuating catecholamine-
induced metabolic alterations and excessive inflammatory 
responses.10 However, the underlying mechanism of action 
is still under debate.

The aim of this study was to investigate the potential 
effect of propranolol, a non-selective β-blocker, on endo-
thelial dysfunction in septic rats. Toward the realization 
of this goal, we treated rats with propranolol before and 
after lethal sepsis. We evaluated the effects of this treat-
ment strategy on systemic inflammation, coagulation and 
the lung tissue with immunohistochemical and electron 
microscopic evaluation, and on survival.

Material and methods

The study protocol was approved by the animal research 
ethical committee of the institute and all experiments 
were performed according to the rules of the Guide for the 
Care and Use of Laboratory Animals (National Institutes 
of Health publication No. 85-23, revised 1996).

Drugs and the experimental model

The propranolol was obtained from Sigma Laboratories 
(P-0884) (Sigma-Aldrich, St. Louis, USA). Experimental 
sepsis was induced with cecal ligation and puncture (CLP). 
After 80 mg/kg of ketamine + 5 mg/kg of xylazine anes-
thesia, a midline laparotomy was performed, and the ce-
cum was ligated at the 75% proximal part of the ileocecal 
valve and thoroughly perforated with an 18-gauge needle. 
The cecum was then relocated into the abdominal cavity, 
and the peritoneum, fasciae and abdominal muscles were 
closed by simple interrupted sutures.11

Animals and the experimental schedule

Forty-two adult male Wistar-Albino rats weighing 
300  ±25  g  were procured from the experimental ani-
mal laboratory of our institute. They were maintained 
on a standard diet and given water ad libitum under appro-
priate conditions. The animals were randomly divided into 
4 groups as follows: group 1 was the sham group (n = 6), 
in which laparotomy was performed without the induc-
tion of sepsis with CLP; group 2 was the septic control 
group (n=12), which was twice injected intraperitoneally 
(i.p.) sterile saline (the same volume as propranolol) for  
3 consequtive days before CLP; group  3 was the pre-
propranolol group (n = 12), which was given an i.p. dose 
of 10 mg/kg of propranolol for 3 consecutive days before 
CLP; and group 4 was the post-propranolol group (n = 12), 
which was administered i.p. a dose of 10 mg/kg of pro-
pranolol 30 min following CLP. The abovementioned doses 
of either propranolol or saline were selected according 
to a previous study and were administered every 12 h for 
both the pre-and post-propranolol groups.12 Cecal ligation 
and puncture was performed in all groups as previously 
described, except group 1 (sham), and on the 3rd day of the 
experiment and 1 h after the last injection, all animals were 
given i.p. 2 ml/100 g of pre-warmed (37ºC) sterile saline. 
After CLP, survival analysis was initiated and the animals 
were observed each hour over the subsequent 120 h for 
mortality, and the survival time was recorded. On the 4th 
day, 24 h after the last CLP, 6 animals from each group 
were re-anesthetized and blood samples were obtained; 
the animals were sacrificed with cardiac puncture, and the 
lung tissue was immediately excised and divided in half for 
immunohistochemical analysis and electron microscopic 
evaluation. The samples were kept at −80ºC under appro-
priate conditions until analyzed. The remaining animals 
underwent survival follow-up.

Biochemical assay

The plasma levels of rat tumor necrosis factor alpha 
(TNF-α) (Ref. No. BMS622; e-Bioscience, Vienna, Aus-
tria), plasminogen activator inhibitor-1 (PAI-1) (Ref. 
No. DZE201110637; Sunred, Shanghai, China), vascular 
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endothelial growth factor (VEGF) (Ref. No. DZE201110660; 
Sunred), and VEGF receptor-1 (VEGFR-1) (Ref. No. 
E20150604052; Hangzhou, China) were measured with 
standard sandwich enzyme-linked immunosorbent as-
say (ELISA) methods, and the results were presented in  
pg/mL for TNF-α, AU/mL for PAI-1, ng/L for VEGF, and 
ng/mL for VEGFR-1.

Light microscopy and 
immunohistochemical examination

In order to  investigate lung tissue inflammation due 
to sepsis, immunohistochemical staining was performed 
on 5 μm sections of formalin-fixed, paraffin-embedded tis-
sue, using antibody to TNF-α (ab6671; Abcam, Cambridge, 
UK) and interleukin (IL)-6) (ab6672; Abcam, Cambridge, 
UK). The visualization system used was BenchMark XT 
with heat-induced epitope retrieval (CC1 solution; Ventana 
Medical Systems, Inc., Tucson, USA) and the iView DAB 
detection kit (Ventana). Slides stained with anti-TNF-α 
and anti-IL-6 were examined in 5 high-power microscopic 
fields (×400 magnification; Nikon-ECLIPSE 80I; Nikon, 
Tokyo, Japan). Immunohistochemical evaluation was 
performed by the histological score (HSCORE) system. 
The HSCORE was calculated using the following equation: 
HSCORE = _Pi (i+1), where i is the intensity of labeling 
with a value of 1,2 or 3, and Pi is the percentage of the 
labeled cells, varying from 0 to 100%.

Electron microscopy

For electron microscopic examination, the lung tissue 
samples were fixed in 5% glutaraldehyde solution for 4 h. 
The tissue samples were then washed twice in Millonig 
phosphate buffer for 10 min, then postfixed in 1% osmium 
tetraoxide (OsO4) for 2 h and washed in a buffer solution 
for 10 min to remove the OsO4. Then, the tissue samples 
were dehydrated in  graded ethanols. For clearing, the 
tissue samples were put in propylene oxide, embedded 
in araldite and polymerized at 64°C for 48 h. Tissue sec-
tions 50 nm in thickness were obtained using Reichert 
Ultracut-S ultramicrotome (Leica, Wetzlar, Germany), and 
the sections were stained with uranyl acetate and lead 
citrate. After staining, they were examined with a Jeol-
JEM 1400 transmission electron microscope (Jeol, Ltd., 
Tokyo, Japan).

Statistical analysis

For each continuous variable, normality was checked 
by the Kolmogorov-Smirnov and Shapiro-Wilk tests, and 
by histograms. The comparisons between groups were 
conducted using Student’s t-test or the analysis of variance 
(ANOVA) for normally distributed data, and the Mann-
Whitney U test and Kruskal-Wallis test were used for the 
data not normally distributed. Bonferroni correction was 

applied for multiple comparisons. The rates of mean or 
median survival were estimated with the use of the Kaplan-
Meier method and the curves were compared with the use 
of the log-rank test. Data was expressed as mean ± stan-
dard deviation (SD) and as median (min–max); p-value 
<0.05 was considered statistically significant. All reported 
p-values are 2-tailed. Statistical analysis was performed 
using the statistical package SPSS v. 20.0 (IBM Corp., Ar-
monk, USA).

Results

Pre-propranolol treatment improved  
the overall survival in septic rats

Pretreatment of septic rats with propranolol significantly 
increased survival hours (120 h) compared to the septic 
control group (mean: 28 h; median: 14 h) and post-propran-
olol group (mean: 38.9 h; median: 29.5 h) (log-rank test; 
p = 0.003) (Fig. 1). The mortality rate reached 83.7% at the 
17th h in the septic controls (5 dead) and it reached the same 
rate (83.7%) later (at the 62nd h) in the post-propranolol 
group (6 dead). The mortality rate was prominently lower 
(16.3% at the 120th h) in the rats which received propranolol 
before the induction of sepsis (only 1 dead). None of the 
animals in the sham group died.

Fig. 1. Cumulative survival curves according to study groups

Pre-treatment of septic rats with propranolol significantly  
increased survival hours (120 h) compared to the septic control  
and post-propranolol groups.
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Propranolol improved serum inflammatory 
and endothelial markers

Serum TNF-α and PAI-1 levels were elevated in sep-
tic rats in comparison to the sham group (p = 0.036 and 
p = 0.006, respectively). Pre- or post-propranolol treatment 
failed to decrease serum TNF-α levels; pretreatment al-
tered serum VEGFR-1 levels (p = 0.037) and post-treatment 
reduced serum PAI-1 levels (p = 0.013) and serum VEGFR-1 
levels (p = 0.016) (Table 1).

Light microscopy  
and immunohistochemical evaluation

The TNF-α score of the lung tissue was significantly 
higher in septic rats compared to the sham group (p < 0.05). 
Both pre- and post-propranolol treatment failed to im-
prove lung immunohistochemical results (Table 2, Fig. 2).

Electron microscopy

Electron microscopic examination of  the lung tissue 
of the sham group revealed a normal histological appear-
ance in which the nucleus, cytoplasmic organelles and the 
underlying basal lamina of the capillary endothelial cells 
preserved their structure. In contrast, the septic control 
group showed an increased amount of heterochromatin 
in the nuclei of the capillary endothelial cells, which were 
located in the interalveolar septum. Furthermore, there was 
increased vacuolization in the cytoplasm of the endothelial 

cells. This group also displayed enlarged mitochondria and 
distractions in the crista of the mitochondria. There were 
surfactant-like structures and phagocytic bodies in the 
cytoplasm of the macrophages. It is noteworthy that the 
amounts of collagen fibers were increased, along with the 
interalveolar septum. Moreover, it was observed that the 
interalveolar septum became thickened in this group.

In the pre-propranolol treatment group, it was observed 
that the capillary endothelial cells preserved their fine 
structures in many areas. However, it was seen in some 
areas that the amount of heterochromatin increased in the 
nuclei of the endothelial cells and there were mild altera-
tions in the mitochondria. The macrophages were notice-
ably higher in number in the interstitium and they had 
phagocyte surfactant-like structures.

In the post-propranolol treatment group, electron micro-
scopic examinations showed that the capillary endothelial 
cells and the underlying basal lamina preserved their nor-
mal structures in many areas, as in the pre-propranolol 
group. However, in some areas there were mild alterations 
in the cytoplasmic organelles, especially in the mitochon-
dria of the endothelial cells. Enlarged mitochondria and 
fragmentation were found in the crista of the mitochondria 
(Fig. 3).

Discussion

The present study showed that systemic administra-
tion of the non-selective β-adrenergic blocker propranolol 

Table 1. The distribution of the TNF-α, PAI-1, VEGF, and VEGFR-1 levels between the groups

Biomarker Group 1
sham

Group 2
saline

Group 3
pre-propranolol

Group 4
post-propranolol p-value§

Serum TNF-α
[pg/mL]

70.8 ±6.8
71.8 (58–77)

193 ±276*
82 (75–757)

76.7 ±1.9
76.2 (75–81)

100.5 ±3.4
99 (97–106)

0.030

Serum PAI-1 [AU/mL]
14.5 ±1.6

14.1 (13–18)
18.9 ±2.3*
18 (16–23)

19.8 ±3.2
19.2 (16–26)

15 ±2.5***
15.8 (10–18)

0.021

Serum VEGF
[ng/L]

631 ±56.9
612 (564–707)

652 ±212
697 (290–920)

742 ±114
758.9 (568–884)

865 ±336
783.7 (401–1376)

0.147

Serum VEGFR-1
[ng/mL]

15.7 ±2.1
16.4 (11.7–17.8)

17.9 ±1.6
18.2 (15.1–19.4)

14.4 ±3.0**
13.7 (11.6–19.1)

13.9 ±3.0***
14.1 (9.8–17.3)

0.053

PAI-1 – plasminogen activator inhibitor-1; TNF-α – tumor necrosis factor alpha; VEGF – vascular endothelial growth factor; VEGFR-1 – vascular endothelial 
growth factor receptor-1; § the Kruskal-Wallis test between 4 groups; * p < 0.01 between sham and sepsis; ** p < 0.01 between sepsis and pre-propranolol; 
*** p < 0.01 between sepsis and post-propranolol; the values are expressed as mean ± standard deviation (SD) and as median (min–max); values in bold are 
statistically significant.

Table 2. Immunocytochemical HSCORE staining among the groups

Immunocytochemical 
parameters

Group 1
sham

Group 2
saline

Group 3
pre-propranolol

Group 4
post-propranolol p-value§

TNF-α score median  
(min–max)

22
(2–39)

130*
(119–192)

205**
(180–245)

139
(112–261)

0.002

IL-6 score median  
(min–max)

163
(125–205)

185
(145–235)

218
(190–255)

218
(155– 260)

0.069

IL-6 – interleukin-6; HSCORE – histological score; TNF-α – tumor necrosis factor alpha; § the Kruskal-Wallis test between 4 groups; * p < 0.05 between sham 
and sepsis; ** p < 0.05 between sepsis and pre-propranolol; values in bold are statistically significant.
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exerts a protective effect on systemic inflammation, co-
agulation and survival when applied before the septic 
insult. To the best of our knowledge, we showed for the  
first time that the underlying mechanism of the action 
of propranolol in sepsis may be the improvement of en-
dothelial function as well.

The idea of administering β-blockers in sepsis is not 
novel. In the first study, which was performed in the late 
1960s, Berk et al. documented a favorable survival rate 
with no pathological changes of pulmonary congestion 
in septic dogs with the use of propranolol.13 Since then, 
there has been growing interest in the use of β-blockers 

in sepsis, with a number of mostly experimental studies 
being published; however, the mortality data is contra-
dictory.10,12,14−16 This is possibly due to the inconsistency 
in animal sepsis models, the receptor specificity of the 
selected agents, the dosage, and the timing of treatment.17 
In a previous report, Ackland et al. showed that meto-
prolol and atenolol markedly improved survival and re-
duced inflammation when initiated 48 h before sepsis. 
However, the favorable survival effect disappeared in this 
study when the β-blockage was implemented 6 h after the 
induction of sepsis.14 In another report, Wilson et al. veri-
fied a similar effect with propranolol when administered 

Fig. 2. Immunohistochemical staining of IL-6, TNF-α, and H&E sections of the lung tissue from each group

SHAM – sham group; PRE-CLP SF – saline group; PRE-CLP Prop – pre-propranolol group; POST-CLP Prop – post-propranolol group; CLP – cecal ligation and 
puncture; H&E – hematoxylin and eosin; IL-6 – interleukin-6; TNF-α – tumor necrosis factor alpha; Prop – propranolol; SF – saline.

Fig. 3. Electron microscopic examination of the 
lung tissue of the animals

A – electron microscopic view from the sham 
group. The capillary endothelial cells preserved 
their normal structure in the nuclei and 
cytoplasmic organelles. Bar: 1 µm; B – electron 
microscopic view from the septic control 
group. There was an increase in the amount 
of heterochromatin in the nucleus of the 
endothelial cells. There were phagocytic bodies 
in the cytoplasm of the macrophages. Bar: 1 µm; 
C – electron microscopic view from the pre-
propranol group. The capillary endothelial cells 
and basal lamina preserved their ultrastructure 
in many areas. However, in some areas there was 
an increase in the amount of heterochromatin 
in the nuclei of the endothelial cells. Bar: 2 µm; 
D – electron microscopic view from the post-
propranol group. The capillary endothelial 
cells and basal lamina preserved their normal 
structure in many areas. Bar: 1 µm. 

AC – type 2 alveolar cell; BL – basal lamina 
of capillary endothelial cell; BV – blood 
vessel; E – erythrocyte; EN – endothelial cells; 
M – macrophage; N – neutrophil; Nu – nuclei.

A

C
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30 min prior to and 24 h after sepsis.12 The results of the 
present study are in accordance with the previous ex-
perimental reports, which showed enhanced survival 
with the prior administration of β-blockers in sepsis. This 
endpoint is also supported by 2 clinical studies. In the  
first report, Macchia et al. studied the database of 9,465 pa-
tients who were hospitalized in critical care units for sep-
sis, and despite a higher risk profile, the patients previously 
prescribed β-blockers had a  lower mortality rate after 
28 days (odds ratio (OR): 0.78; 95% confidence interval 
(CI): 0.66–0.93; p = 0.005).18 The only randomized clinical 
trial which was performed with esmolol also confirmed 
these results, although its findings have been criticized, 
particularly due to the unexplicably high mortality in the 
control group.19 Currently, clinical trials are ongoing 
to elucidate this inconsistent clinical data.

The physiological rationale behind the clinical applica-
tion of β-blockers in sepsis was firstly based on the car-
diovascular modulation effect.13,20 Later, various mecha-
nisms of action, including inflammatory, metabolic and 
coagulation effects, have been proposed.3 Another notably 
logical reason for the use of β-blockers in sepsis is cate-
cholamine-derived endothelial dysfunction.21 A growing 
body of evidence showed that β-blockers counteract the 
adrenergic storm in sepsis by modulating cytokine pro-
file production and modulate the coagulation system.3–5,22 
Specifically, propranolol was reported to suppress the cate-
cholamine-driven increase in natural killer cells and result 
in a marked decrease in the production of chemokine (C-C 
motif) ligand 3 (CCL3), which is a macrophage-derived 
inflammatory protein that facilitates the clearance of the 
pathogen.23,24 Herein, we report that β-blocker treatment, 
either administered prior to or after the induction of sepsis, 
significantly suppressed serum levels of VEGFR-1, which 
plays a key role in activating monocytes/macrophages. Be-
sides, our results demonstrate that propranolol treatment, 
when administered after septic insult, alleviates the PAI-1 
levels. Plasminogen activator inhibitor-1 is a well-known 
crucial glycoprotein of  hemostasis synthesized by  the 
endothelium and the liver, and is incrementally released 
during inflammation. Further evaluation of the potential 
effect of β-blockers on inflammation and the coagulation 
system might help to find a potential pharmacological 
strategy for the treatment of sepsis.

Interestingly, a huge amount of previous evidence has 
yielded potential favorable effects of β-blockers on the 
endothelium in non-septic conditions.25–28 In a previous 
report, Jawa et al. showed that β-blockers had a beneficial 
effect on endothelial function in patients with diabetes 
and hypertension.25 Also, Joseph and Levine reported that 
β-blockers induced anti-hyperalgesia via the endothelial 
cells, which has been implicated in diverse pain syndromes, 
such as migraines.29 Later, Perros et al. indicated that 
β-blockage improves endothelial function in pulmonary 
arterial hypertension.30 Additionally, it is an effective treat-
ment modality in infantile hemangioma, whose potential 

mechanism of action has been suggested to be a combina-
tion effect on the endothelium.31 Recently, a meta-analysis 
which included 16 clinical studies with 1,273 patients with 
cardiovascular disease clearly confirmed a potential ame-
liorating effect of β-blockers on endothelial dysfunction.32

On the other hand, data which focuses on the effect 
of β-blockers on the endothelium in sepsis is extremely lim-
ited. In a recent experimental study, Jacquet-Lagrèze et al. 
investigated the effect of esmolol on gut and sublingual 
microcirculation after the septic insult, and they reported 
that esmolol allowed a better maintenance of gut micro-
circulation despite a reduction in stroke index scores.33 
In the first pilot clinical study to specifically investigate 
the microcirculatory effects in septic shock patients with 
side stream dark field imaging, Morelli et al. demonstrated 
the preserving influence of esmolol on the microvascular 
flow.34 However, various β-blockers may have different ef-
fects due to fitful receptor specificity, and to the best of our 
knowledge, no previous report has focused on the effect 
of propranolol on endothelial dysfunction. Our results 
are principally in agreement with previous reports, which 
demonstrated that propranolol treatment may alleviate 
endothelial dysfunction.

Several limitations of this study must be taken into ac-
count. First of all, one can propose that prior administra-
tion of propranolol may not be feasible due to the incon-
sistency of developing sepsis in clinical practice. However, 
this may be essential in high-risk groups, such as surgery 
or burn patients, in whom sepsis development risk and 
its related mortality are expected to be high. Secondly, 
we did not perform hemodynamic monitoring. Although 
propranolol treatment is expected to reduce the heart rate 
or cardiac output, we selected a dosage which is 30% less 
than that applied in a previous study, which showed no 
hemodynamic compromise.16 Moreover, we had formerly 
performed a pilot study to test the potential fatal effect 
of the propranolol administration itself and we did not 
observe any mortality. Owing to the fact that we succeeded 
in showing the improved endothelial function and survival, 
we think that the lack of hemodynamic monitoring did not 
significantly affect our results. However, further studies 
with higher doses may better show the survival advantage 
in post-propranolol groups. Although we evaluated endo-
thelial function in terms of barrier function, inflammation 
and hemostasis, we could not evaluate glycocalyx due to 
the collapse of the tissue during processing.

Conclusions

This study documented a significant survival advantage 
for septic rats who were given a non-selective β-blocker 
prior to the septic insult. This outcome benefit may be 
due to the ameliorated endothelial dysfunction or to pre-
viously described effects. Further experimental and clini-
cal studies, which may lead to a full understanding of the 
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underlying mechanisms by which propranolol exerts its 
effects on sepsis, should not only allow for new treatment 
options, but may also improve survival.
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