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Short term protective effect of digitoxin in sepsis-induced acute lung
injury
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Abstract: Purpose: Digitoxin is a cardiac glycoside used in the treatment of heart failure. Inspired by its known anti-
inflammatory effect, this study aims to investigate the effect of digoxin in a sepsis model and to bring to light its
effect and underlying mechanism in acute lung injury (ALI). Method: 28 wistar albino rats were divided into 4
groups. Sepsis model is performed by the feces intraperitoneal-injection procedure (FIP). Results: TNF-a, CRP, IL-6,
IL 1-Beta, lactic acid, and MDA values were significantly decreased in the FIP+digitoxin group compared to the
FIP+Saline group. When the same groups were examined, histological improvements such as decrease in alveolar
inflammation and decrease in septal thickening in the digitoxin group and thorax CT were found to be significantly
higher in the Hounsfield unit digitoxin group compared to the Saline group. Conclusion: Digitoxin has shown
biochemical improvement in sepsis with all known mechanisms of action, and healing effects in both computerized
tomography and histology in the lung.

Abbreviations AL: Leukocyte infiltration or aggregation in air
ALIL: Acute Lung Injury spaces/vessel walls
NF-kB: Nuclear factor kappa-light-chain-enhancer of PE: Perivascular/interstitial edema
activated B ROIs: Regions of interest
TNF-a: Tumor necrosis factor-alpha H&E: hematoxylin and eosin
IL: Interleukin SEM: Standard error of the mean
Th: T helper SPSS: Statistical Package for the Social Sciences
FIP: Feces-induced peritonitis MCP-1: Monocyte chemoattractant protein-1
L.P.: Intraperitoneally VCAM-1:  Vascular cell adhesion protein 1
CRP: C reactive protein HU: Hounsfield unit
MDA: Malondialdehyde CT: Computerized Tomography
TBARS: Thiobarbituric acid-reacting substances
PBS: Phosphate-buffered saline Introduction
AC: alveolar congestion
H: hemorrhage Sepsis and septic shock are common health problems with high

mortality rates, affecting millions of patients every year.
Overreaction of inflammatory mediators against infectious
*Address correspondence to: Ejder Saylav Bora, saylavbora@hotmailcom ~ pathogens plays a key role in the disease development. This
Received: 31 July 2021; Accepted: 08 September 2021 extreme reaction in septic shock drives a vicious circle of

Doi: 10.32604/biocell.2022.018510 www.techscience.com/journal/biocell

This work is licensed under a Creative Commons Attribution 4.0 International License, which permits
@ @ unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.


mailto:saylavbora@hotmail.com
http://dx.doi.org/10.32604/biocell.2022.018510

434

continuous damage to the capillary endothelium and tissue,
and changes the blood flow in the microcirculation, the state
of vascular perfusion, and organ function (Nguyen ef al, 2006).
Acute lung injury (ALI) is a devastating complication of
septic shock. Sepsis and ALI have similar mechanisms such
as inflammation and endothelial dysfunction, and increased
permeability of alveolar epithelial cells (Filgueiras et al,
2012). In addition, septic shock is the most common etiology
of ALL and patients with sepsis-triggered ALI have higher
mortality rates than those with other risk factors (Nguyen et
al., 2006). Early targeted therapy in patients with septic shock
has reduced the proportion of patients needing mechanical
ventilators (Paul, 2018). These findings suggest that the
treatment of underlying sepsis and the identification of
patients at risk of developing ALI are of paramount importance.
A cytokine storm is the main condition to be prevented in
sepsis. A limited number of drugs can inhibit cytokine
expression activated by nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) (Yang ef al., 2013;
Teijaro et al., 2014). Nephrotoxic and neurotoxic side effects
can occur with the chronic or acute use of these drugs
(Teijaro et al., 2014). An alternative that does not cause such
toxicities is digitoxin: one of the most potent inhibitors of the
proinflammatory tumor necrosis factor-alpha (TNF-a)/NF-kB
pathway, which can prevent cytokine storms (Bette et al., 2020).
Digitoxin is a cardiac glycoside that has been used to treat
heart failure for many years (Hashim et al., 2014). Although
clinical studies have provided evidence of the beneficial
effects of digitoxin on cardiovascular events (Hashim et al,
2014; Dec, 2003), no data on the early influence of digitoxin
on sepsis are available so far. Digitoxin exerts its anti-
inflammatory effect by inhibiting the pro-inflammatory
cytokines TNF-a, interleukin-1b (IL-1b), IL-6, and IL-8
through NF-kB blockade (Jagielska et al., 2009). It is one of
the first known drugs to have anti-inflammatory effects in
cystic fibrosis through the inhibition of the secretory cytokine
IL-8 (Bette et al, 2020). It might also have beneficial effects
on autoimmune diseases through T-helper 17 (Th-17) cell
blockade (Leticia et al., 2018). It was found to be successful
experimentally in uveitis, but its use has been discontinued
because it causes retinal degeneration (Jagielska et al., 2009).
Although its anti-inflammatory effect does not take place
through this mechanism, digitoxin also reduces the body’s
energy needs by inhibiting the Na*/K"-ATPase pump.
Currently, sepsis patients are most commonly initially
treated by emergency services. The first and most important
step for early diagnosis and treatment is interventions in the
emergency department. The hypothesis of this study is that
digitoxin may ameliorate ALI by suppressing the excessive
inflammatory response of sepsis. In this study, we evaluated
the early protective and reversible effects on ALI of
digitoxin administration in an experimental sepsis model
using histology, biochemistry, and imaging methods, with
the aim of presenting a new perspective to clinicians.

Materials and Methods
Animals

Thirty-four male Wistar albino rats weighing 200-250 g were
used. Experimental animals were fed ad libitum and housed in
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steel cages with an average temperature of 22 + 2°C and 12-h
day and night cycles that were adjusted automatically.

Experimental procedures

We used a feces-induced peritonitis (FIP) rat model for sepsis,
established according to the method previously described
by Shrum et al. (2014) and Tyml et al. (2017). Two
adult rats were sacrificed by high-dose anesthesia and
cervical dislocation. Semi-moist fecal material was freshly
prepared from the cecum and suspended in saline at a
concentration of 75 mg/ml. The solution was administered
intraperitoneally (i.p.) using a 21-G injector via a single
procedure at a dosage of 1 g/kg bodyweight. The rats were
randomly assigned into four groups. FIP was performed on
28 rats to induce the sepsis model. Eight rats were assigned
to a normal control group and did not undergo any
procedures. Four rats died during the first 24 h following
the procedure and were excluded from the study. The four
study groups (n = 8 for each) were designed as follows: a
control group that was non-operative and was orally fed; a
group that underwent FIP alone; a placebo group that
underwent FIP and then received ip. 10 ml/kg 0.9% NaCl
saline; and a treatment group that underwent FIP and then
received ip. 80 ug/kg/day digitoxin (Digitoxin-Sandoz
Ampul, 0.5 mg/2 mlL; Novartis). All treatments were
administered 1 h after the FIP procedure. At 20 h,
computed tomography (CT) was performed on all animals
under ketamine anesthesia. The study was finished after 24
h and euthanasia was performed using a high dose
anesthesia combination of 100 mg/kg ketamine (Ketasol
10%; Richterpharma) and 50 mg/kg xylazine (Rompun 2%;
Bayer) and cervical dislocation. Blood samples were
collected before euthanasia under anesthesia by cardiac
puncture for biochemical analysis.

Determination of TNF-a, C-reactive protein (CRP), IL-6, IL-1b,
and lactic-acid levels in plasma

Enzyme-linked = immunosorbent assay  (ELISA)  kits
(Biosciences, Abcam) were purchased and TNF-a, CRP, IL-
1b, and IL-6 levels were measured in the blood. ELISA
instructions were followed. CRP and TNF-a were determined
in two replicates by diluting the plasma samples 1:2 as per
the instructions. Lactic-acid levels were determined with a
blood gas device.

Measurement of lipid peroxidation

Lipid peroxidation was found by measuring malondialdehyde
(MDA) levels from plasma samples using thiobarbituric acid
reagents. This process was carried out by mixing trichloroacetic
acid and thiobarbituric acid-reacting substances (TBARS) with
plasma, after incubation at 100°C for 60 min, cooling on ice,
centrifuging at 3,000 rpm, and reading the last supernatant at
535 nm.

Histopathological examination of lungs

For histological study, all animals were given 100 mg/kg
ketamine (Ketasol 10%; Richterpharma) and 50 mg/kg
xylazine (Rompun 2%; Bayer) i.p., and perfused with 200 ml
of 4% formaldehyde in 0.1 M phosphate-buffered saline
(PBS). Formalin-fixed lung sections (5 um) were stained
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with hematoxylin and eosin (H&E). All sections were
photographed with an Olympus C-5050 digital camera
connected to an Olympus BX51 microscope. The main
histopathological lung-injury score was calculated as
previously described (Kwon et al, 2011). Briefly,
histopathological lung injury was assessed by scoring
alveolar congestion (AC), hemorrhage (H), leukocyte
infiltration or aggregation in air spaces/vessel walls (AL),
perivascular/interstitial edema (PE), and alveolar wall
thickness/hyaline membrane formation (TA). The severity
of each lung section was graded as 1 (0-25%), 2 (25-50%),
3 (50-75%), or 4 (75-100%) (Kwon et al., 2011).

CT examination of lungs

All examinations were performed using a 16-slice multi-
detector row CT scanner (Somatom Go Now, Siemens
Healthcare, Erlangen, Germany) in the supine position
without using contrast media after injection of the anesthetic
agent. Rats were deeply anesthetized by a mixture of
ketamine (80 mg/kg; Ketasol, Richterpharma AG Austria)
and xylazine (10 mg/kg; Rompun, Bayer, Germany) ip. All
animals were bound on the scanning table using suitable
materials to prevent motion artifacts. The scanning
parameters were 120 kV variable mAs according to the
automatic exposure control system and 1-mm slice thickness.
The scanning range was the C3 vertebrae to the diaphragm
including the apex and base of the lung. After acquisition, all
images were reconstructed at 1-mm non-overlapping slices
with a 512 x 512 matrix size and a sharp reconstruction
kernel (KernelBr64). All images were evaluated by three
radiologists who were blinded to the animals’ laboratory
findings and groupings. Six regions of interest (ROIs) with an
equal size of 2,153 mm” (two in the upper zone, two in the
middle zone, and two in the lower zone of both lungs) were
plotted on axial images with a parenchymal window at the
level of near the heart apex for all animals. Care was taken to
avoid large vessels, airways, and bones when plotting the
ROIs. The Hounsfield Unit (HU) value was calculated in the
ROIs. The HU value is 1,000 in bone (complete absorption),
-1,000 in air (no absorption), and 0 in water. Hence, for
example, a 1,000 HU voxel consists of gas alone, a 0 HU
voxel consists of water (or ‘tissue’) alone, and a 500 voxel HU
consists of approximately 50% gas and 50% water (or tissue).
In our study, the HU value was calculated from ROIs. The
lung parenchyma window was based on -500 to -600 HU
(Maurizio et al.,, 2014).

Statistical analysis

Data are presented as the mean + the standard error of the
mean (SEM). Analyses were performed using SPSS version
15.0 for Windows. All analyses were done by the non-
parametric (Mann-Whitney U) test. p values <0.05 were
considered statistically significant.

Results

Biochemical findings

The TNF-a, CRP, IL-1b, IL-6, and MDA plasma levels were
significantly higher in the FIP+saline group compared to the
control group (p < 0.001). By contrast, the TNF-a, CRP,
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IL-1b, IL-6, and MDA plasma levels in the FIP+digitoxin
group were lower than the FIP+saline group (p < 0.001).
The lactic-acid levels were significantly higher in the FIP
+saline group compared to the control group (p < 0.05).
Moreover, the lactic-acid levels in the FIP+digitoxin group
were lower than the FIP+saline group (p < 0.01) (Tab. 1).
The MDA and CRP levels were significantly higher in the
FIP+saline group compared to the control group (p <
0.001), and lower in the FIP+digitoxin group than in the
FIP+saline group (p < 0.01) (Tab. 1).

Histological score and CT findings

The AC, H, AL, PE, and TA lung damage scores were
significantly higher in the FIP+saline group than the control
group (p < 0.001). All scores in the FIP+digitoxin treatment
group were significantly lower compared to the FIP+saline
group (AC, AL, and PE p < 0.05; H and TA p < 0.001)
(Fig. 1) (Tab. 2).

Histopathological lung damage was assessed by scoring
alveolar congestion (AC), hemorrhage (H), infiltration or
aggregation of leukocytes in air spaces/vessel walls (AL),
perivascular/interstitial edema (PE), and thickness of the
alveolar wall/hyARDSne membrane formation (TA). The
severity for each item was graded as 1 (%0-25), 2 (%25-50),
3 (%50-75), 4 (%75-100). *p < 0.01, **p < 0.001 different
from normal groups; *p < 0.05, **p < 0.001 different from
FIP and saline group.

The HU value of the lung in the FIP+saline group was
higher than in the control group and this difference was
statistically significant (p < 0.001). The HU value of the lung
in the FIP+digitoxin treatment group was lower in the FIP
+saline placebo group, and this difference was statistically
significant (p < 0.001) (Figs. 1 and 2).

Discussion

The importance of early antibiotic therapy in sepsis and septic
shock to prevent ALI and limit the infectious focus has
previously been established (Vincent et al, 2014). However,
so far, no drug has been shown to suppress the inflammatory
response and protect hemodynamics during the early stage.
Our current study demonstrated evidence of the benefits of
early digitoxin use in ALL

TNF-a, IL-1b, and IL-6, which are proinflammatory
cytokines, are among the first parameters to increase in the
inflammatory response via NF-kB. Digitoxin has been shown
to inhibit the expression of monocyte chemoattractant
protein-1 (MCP-1) and vascular cell adhesion protein 1
(VCAM-1), which is an important proinflammatory mediator
induced by IL-1p, thus preventing monocytes from adhering
to endothelial cells (Fiirst ef al., 2017). IL-6 has become an
important marker in measuring the severity of sepsis and
during the follow-up (Remick et al, 2005). TNF-a triggers
apoptotic cell death, cachexia, and inflammation'®. After the
FIP procedure in our study, the TNF-a, CRP, IL-1b, IL-6, and
MDA levels in the FIP alone and FIP+saline groups increased
significantly, and they were inhibited by digitoxin as their
values were observed to decrease significantly after treatment.
Results supporting these findings were reported by Leite ef al.
(2018) in a Zymosan-induced peritonitis model. They showed
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TABLE 1

Biochemical analaysis

EJDER SAYLAV BORA et al.

Normal control FIP FIP and saline FIP and 80 pg/kg digoxin
MDA (nM/mg protein) 109 £ 1.5 544 + 6.1%* 43.8 £ 2.2%* 29.1 +55%
IL-6 (pg/mi) 7.7 26 25148 + 1021.5* 22145.1 + 845.7** 11458.5 + 457.3"
IL 1-Beta (pg/ml) 31+08 2507.2 + 75.4%* 2345.1 + 115.1%* 689.6 + 45.8™
TNF alfa (pg/ml) 145 + 2.3 389.4 + 14.8** 4152 + 13.4% 1455 + 5.9°
CRP (mg/dl) 0.52 + 0.1 1.1 + 0.3 12 + 0.1 0.67 +0.1*
Lactic acid (mmol/L) 14+£0.2 3.8 +0.3* 3.7 +0.1* 22 +0.2°

Note: *p < 0.05, **p < 0.001 different from normal groups; *p < 0.01, **p < 0.001 different from FIP and saline group.

S L

FIGURE 1. Histological sections of rat lungs. Lung histolopathology x10 and x40 magnification H&E staining. A-B: Normal control group
lung, (a) Alvelol, C-D: FIP and 10 ml/kg % 0.9 NaCl saline (plasebo) groups showed severe histopathologic alteration related to increased
alveolar inflammation (*) and septal thickness (arrow), E-F: FIP and 80 pug/kg digoxin groups showed decreased inflammation and septal
septal thickening (arrow).

TABLE 2

Histological evaluation of the lung

Normal control FIP FIP and saline FIP and 80 pg/kg digoxin
AC 0.3+0.2 3.4 + 0.4** 33 +0.3% 1.7 03"
H 0.1+0.1 1.7 + 0.2% 1.6 + 0.1** 0.5 + 0.2%
AL 0.2+0.1 2.4+ 0.3%* 2.8 + 0.3%* 1.3 +03"
PE 0.3+0.2 3.5 + 0.3** 3.1 +0.3% 1.6 £ 0.2°
TA 02 +0.1 3.1+ 0.2%* 2.8 + 0.3%* 1.4 + 02"
CT Hounsfield unit (HU) —659.5 + 13.4 5212 + 10.1** -545.8 + 17.3** —638.5 + 6.7
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that the cardiac glycoside oubain reduced peritonitis findings
and decreased inflammation to a negligible level. Furthermore,
they found that cardiac glycosides reduced cytokine IL-1 and
TNF-a levels, leukocyte infiltration, and edema formation,
while they did not affect the viability or function of leukocytes
(Leite et al., 2015). Taken together, these findings suggest that
cardiac glycosides suppress acute inflammation.

MDA is a marker of oxidative stress. The decrease in the
MDA value, which increased after the sepsis model, upon
digitoxin administration indicated that the treatment
reduced the oxygen requirement of the tissues by reducing
both the cardiac and the systemic oxidative stress. Similar
results were reported in a study in which digitoxin was used
for cardiotonic purposes (Leite et al., 2015).

CRP is an indicator of the presence of the inflammatory
process. The cardiac glycosides ouabain and digitoxin inhibit
IL-1b- and IL-6-induced alpha-fetoprotein (AFP) expression
(Peter et al, 2010). Inhibition of AFP synthesis also
correlates with the potency of cardiac glycosides in Na™/K"-
ATPase. The inhibitory activity of cardiac glycosides on
CRP expression may have important implications for the
treatment of cardiovascular disease and other inflammatory
processes (Peter et al., 2010). The decrease in CRP levels
compared to the FIP and FIP+saline groups with digitoxin
administration in our study is further evidence of anti-
inflammatory activity.

Lactate is one of the most important parameters both in
the follow-up of patients with sepsis and in analyzing its
severity. As soon as the oxygen demand of the tissues
increases, the level of lactate, which is activated, rises
(Svetlana et al, 2019). In our study, the lactate level
increased in the FIP and FIP+ saline groups. The lactate
level also improved significantly in the digitoxin treatment
group compared to the other groups. This showed that the
oxygen requirement of the tissues decreased after digitoxin
treatment. The effect might have been due either to
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FIGURE 2. Computerized Tomography
of Rats. Axial CT images of lung at the
level of the heart, six ROI placed with
the same size at the same location A:
Normal Control group lung, B: FIP
group showed increased density of
lung, C: FIP and 10 ml/kg % 0.9
NaCl saline (plasebo) group showed
increased density of lung, D: FIP and
80 pg/kg digoxin group showed
density of lung closer to normal group.

hemodynamic improvement secondary to the cardiac effect,
or to a decrease in oxidative stress secondary to the anti-
inflammatory effect and a decrease in the energy
requirement due to inhibition of the Na*/K*"-ATPase pump.

In a study by Esposito, conducted to suppress the
inflammatory response of pneumococcal pneumonia, high
mortality was observed among the animals treated with
digitoxin alone because the infectious agent was not
eliminated (Esposito, 1985). By contrast, a high mortality
rate was not observed in our study. This discrepancy might
be due to the fact that we aimed to detect only the short-
term (24 h) effects of digitoxin. We have shown that the
inflammatory process is suppressed by digitoxin and suggest
that combination with appropriate antibiotic therapy could
increase the effectiveness of the treatment.

ALI is one of the most common and fatal complications
of sepsis (Filgueiras et al., 2012). The rapid prevention of acute
complications of sepsis is made possible by inhibiting all the
inflammatory processes. Our evaluation revealed that the
use of digitoxin corrected impaired lung tissue histology
(FIP and FIP+saline; severe histopathologic alteration
related to increased alveolar inflammation (*) and septal
thickness). (It reduced alveolar inflammation and septal
thickening compared to FIP+saline). Bette et al. observed
that digitoxin triggered an excessive immune response of
proinflammatory cytokines in the host airways of
pneumotropic viruses, including coronavirus disease 2019
(COVID-19), inhibited the formation of a cytokine storm,
and 10 pg/100 g digitoxin administration led to similar
improvements in the histological findings to those in our
study in comparison to the normal group. In their study,
the dose of digitoxin was given for 4 days. We observed
similar results during the acute period after a single dose.

Our results by Gattinoni et al. (2001) in the evaluation
made with the Hounsfield unit in the ROIs of Thorax CT,
which was taken to confirm the findings, as in the
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radiological study (Gattinoni et al., 2001) performed by him, the
aeration of the digitoxin group was found to be significantly
higher than the FIP and FIP+saline groups. These results
suggest that digitoxin ameliorates ALI by suppressing the
excessive inflammatory response of sepsis during the early period.

Limitations

The duration of our study was limited to 24 h, as we
investigated the effects against sepsis after the first
intervention; therefore, no exitus was observed between the
groups. The longer-term effects of digitoxin on sepsis will be
discussed in future studies. In addition, since we mainly
investigated the anti-inflammatory effect of digitoxin in our
study, there was no group that received antibiotic therapy.
The clinical relevance of early treatment in sepsis is poor,
except for early antibiotic therapy.

Conclusion

Digitoxin was observed to have curative effects in both
radiological and histological evaluations of the lung, as well
as biochemical healing in sepsis. We suggest that initiating
the use of digitoxin in addition to the treatments
recommended in the guidelines at the first presentation of
sepsis will be protective against side effects such as ALI and
may reduce mortality and the need for mechanical
ventilation by preventing a cytokine storm.
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