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Abstract: Sepsis is a major cause of morbidity and mortality, with cytokine dysregulation.
Levosimendan, a calcium sensitizer with cardioprotective and anti-inflammatory properties. This
study investigates the effects of levosimendan on early inflammatory cytokine levels and clinical
outcomes in an experimental sepsis model. A murine sepsis model was established using
lipopolysaccharide administration. Animals were divided into Sham, Sepsis Control, Low-Dose
Levosimendan, and High-Dose Levosimendan groups. Serum cytokine levels (TNF-a, IL-1f3, IL-6, IL-
8, IL-17, and MCP-1) were measured at the 5% and 10" hours. Sepsis severity was assessed using
Murine Sepsis Scores (MSS). TNF-a, IL-1f3, IL-6, and MCP-1 levels were significantly elevated in the
sepsis control group. Both low- and high-dose levosimendan groups exhibited an initial rise in IL-17
and IL-6, followed by a significant reduction at the 10th hour. High-dose levosimendan demonstrated
the most pronounced anti-inflammatory effect, with significant reductions in TNF-a, IL-1{3, and
MCP-1 levels. MSS scores were significantly lower in levosimendan-treated groups, with high-dose
treatment showing the greatest improvement. Levosimendan exerts a dose-dependent
immunomodulatory effect in experimental sepsis, with high doses effectively suppressing pro-
inflammatory cytokine levels and improving clinical outcomes. These findings highlight the potential
therapeutic role of levosimendan in sepsis management, warranting further investigation in clinical
settings.
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1. Introduction

Sepsis and resulting septic shock are the leading causes of intensive care unit admission and
mortality among critically ill patients. Up to 25% of annual hospitalizations are due to sepsis [1] with
mortality rates ranging from 15 to 56%. If adequate treatment is not administered in time, mortality
can reach 70-90% [2,3].

Sepsis is a dysregulated immune response to infection, which leads to systemic inflammation
and organ dysfunction. Cytokines are small proteins released primarily by immune cells. Cytokines
mediate immune responses and play a major role in the pathophysiology of sepsis and inflammation.
During the early stages of sepsis pro-inflammatory cytokines such as tumor necrosis factor-alpha
(TNF-a), interleukin-6 (IL-6), and interleukin-1f3 (IL-1p) are released, starting the inflammatory
cascade [4]. Monocyte Chemoattractant Protein-1 (MCP-1) is secreted by monocytes, endothelial cells,
fibroblasts, and smooth muscle cells in response to inflammatory stimuli and recruits monocytes,
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macrophages, and T cells to inflammation sites. MCP-1 contributes to the cytokine storm in sepsis,
leading to immune dysregulation and organ damage [5]. Elevated IL-8 levels correlate with worse
outcomes in septic patients, as excessive neutrophil activation contributes to organ damage [6].

Conversely, anti-inflammatory cytokines like interleukin-10 (IL-10) act to counterbalance
excessive inflammation but may also lead to immune suppression, increasing susceptibility to
secondary infections and poor outcomes [7]. Interleukin-17 (IL-17) has a dual role some studies
suggest a pro-inflammatory function, others highlight its protective effects [8]. Recent studies have
highlighted the role of cytokine networks in sepsis progression. Other cytokines further exacerbate
the inflammatory response in sepsis [9]. Murine sepsis models are used to investigate both the
changes in cytokine levels that occur during sepsis and the effects of various drugs on different
cytokines [10,11]. These models allow for the simulation of the cytokine storm observed in humans,
while also enabling the study of treatments that specifically target cytokines [12].

Levosimendan is a Ca** sensitizing inotropic drug that enhances myocardial contractility and is
primarily used to manage acute decompensated heart failure. Some studies indicate that
levosimendan has anti-apoptotic, antioxidant, and anti-inflammatory properties, which may
contribute to preserving renal and cardiac functions in heart failure [13,14]. In the treatment of septic
shock, both myocardial support with inotropic drugs and the preservation of myocardial cell viability
are crucial. Given its anti-inflammatory effects, levosimendan may provide an additional therapeutic
advantage in sepsis and septic shock.

Levosimendan has been shown to modulate systemic inflammatory responses, potentially
mitigating the progression of organ failure and reducing mortality [15]. This study was designed to
investigate the effects of levosimendan on the clinical course of sepsis and cytokine production within
the first 10 hours in a lipopolysaccharide (LPS)-induced sepsis model in rats.

2. Materials and Methods

All animal procedures adhered to the European Community guidelines (2010/63/EU) (15), and
the ARRIVE guidelines for animal experiments [16]. The Institutional Animal Experiments Ethics
Committee approved the study. Thirty-two male Wistar Albino rats (3—6 months old, 450-550 g) were
housed under standard laboratory conditions: 12-hour light/dark cycle, room temperature, with free
access to dry food pellets and water.

Rats were randomly assigned to four groups (n=8 per group): Sham Group (A): No
interventions; baseline cytokine levels were assessed in healthy animals. Sepsis Control Group (B):
Received an intraperitoneal (i.p.) injection of lipopolysaccharide (LPS) at 5 mg/kg to induce sepsis;
no subsequent treatment. Low-Dose Levosimendan Group (C): Sepsis induced with LPS (5 mg/kg
i.p.), followed by levosimendan administration (1 mg/kg ip.) two hours later. High-Dose
Levosimendan Group (D): Sepsis induced with LPS (5 mg/kg i.p.), followed by levosimendan
administration (2 mg/kg i.p.) two hours later.

Two hours post-LPS administration, groups B, C, and D were assessed using the Murine Sepsis
Score (MSS). Group A was evaluated prior to blood sampling. MSS evaluates multiple physiological
and behavioral parameters such as general appearance, activity level, respiratory distress, eye and
skin changes and body temperature. Each parameter is scored numerically from 0 to 4 with higher
scores indicating more severe sepsis progression [17].

Blood collection and euthanasia were conducted under general anesthesia. Anesthesia was
induced with xylazine hydrochloride (10 mg/kg) and ketamine (50 mg/kg) administered
intraperitoneally.

Sham Group (A): Intracardiac blood samples were collected once, followed by euthanasia via
cervical dislocation. Sepsis Groups (B, C, D): Tail vein blood samples (1 mL) were collected five hours
post-LPS administration. Intracardiac blood samples were obtained ten hours post-LPS, followed by
euthanasia. Samples were centrifuged at 3000 rpm for 10 minutes, and sera were stored at -80 °C until
analysis.
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Serum levels of TNF-a, IL-1p, IL-6, IL-8, IL-17 and MCP-1 were quantified using enzyme-linked
immunosorbent assay (ELISA) kits, following the manufacturer's protocols. Chemicals and Reagents:
LPS (055:B5): Sigma-Aldrich, St. Louis, MO, USA., Levosimendan (3001077): Abbott Laboratories,
Green Oaks, IL, USA., ELISA Kits: BT LAB, Shanghai, China.

Statistical Analysis

Data are presented as Mean + standard deviation. Mixed-effects models with random intercepts
analyzed differences between groups, considering effects of group, time, and their interaction.
Pairwise comparisons utilized least squares means. Analyses were performed using R software
(version 4.2.2), with p <0.05 indicating statistical significance.

3. Results

Murine Sepsis Score (MSS)

All LPS-injected rats exhibited clinical signs of sepsis by the 5% hour. MSS scores were
significantly higher in all LPS-injected groups at this time point compared to the sham group (p <
0.05), confirming systemic inflammation. By the 10t hour, the MSS score had further increased in the
sepsis control group. However, both levosimendan-treated groups showed a significant reduction in
MSS scores at the 10% hour, with the high-dose group demonstrating the most pronounced
improvement in MSS scores (Figure 1).

MMS Scores

A
*

|

Gizim Alani

W 5th hour *
O 10th hour A

* >

SHAM SEPSIS CONTROL LOW-DOSE HIGH-DOSE
@5th hour 0 2 2 2,14
@10th hour 0 342 128 085

Figure 1. Murine Sepsis Scores (MSS) of Sham, Sepsis Control, Low-dose Levosimendan and High-dose
Levosimendan groups. *p<0.05 compared to Sham, *p<0.05 compared to 5" hour. ¥p<0.05 compared to Sepsis
Control.

Cytokine Levels

Cytokine concentrations were measured at the 5th and 10th hours post-LPS administration.
Table 1 presents the serum cytokine concentrations of all study groups.
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Table 1. Cytokine levels of each group.
Cytokine |Sham Sepsis Sepsis ILow-Dose [Low-Dose High-Dose High-Dose
[ng/mL] Control Control ILevosimendan [Levosimendan [Levosimendan [Levosimendan
5th hour 10t hour 5th hour 10t hour 5t hour 10t hour
A B B C C D D
TNF-a  [129.46+10.14 212.53+54.28* 210.27+78.44* [196.58+19.0  [114.78+63.75"¥ [223.20+43.28* [125.42+20.98*
IL-18 11.56+0.32  [13.06+0.97 13.82+1.19* [14.83+1.79** [13.18+1.58**¥ [13.61+1.65* 11.84 +0.522%
IL-6 8.71+0.21 4.29+1.24 4.60 +0.22* 5.13+1.11* 4.32+1.21 5.87 £1.13"* 3.78+0.81%
IL-8 200.37+7.22 [205.99+20.95 [218.40+32.37 [P18.90+25.15 [229.50+24.34 [229.27+36.31 [195.32+33.10%
IL-17 97.99+9.83  [117.55+27.47 [121.33+25.59 [159.93+28.64*" [103.43+21.39% [168.19+30.22** [106.30+14.86%
MCP-1  [116.34+6.17 [186.26 +45.25* [143.79+14.21% [154.63+37.8* [171.82+20.51* [198.77+72.66* [107.16+18.57%

p<0.05: *compared to A, ~compared to B same time, ¢compared to C same time, ¥compared to same group

different time.

e TNF-a[ng/mL]

Sepsis Control Group (B): TNF-a levels were significantly elevated at both the 5t and 10% hours
compared to the Sham group.

Low-Dose Levosimendan (C): TNF-a levels did not significantly differ from the sham or sepsis
control groups at the 5% hour. However, a significant reduction was observed at the 10" hour
compared to both the 5% hour of the same group and the 10" hour of the sepsis control group.

High-Dose Levosimendan (D): A significant increase in TNF-a was observed at the 5% hour
compared to the sham group. However, a significant reduction was noted at the 10t hour compared
to the 5"-hour measurement which was similar to the sham group. (Table 1, Figure 2).

Mixed model analysis demonstrated significant effects of time (p = 0.003), group (p = 0.035), and
time-group interaction (p = 0.051).

300-

200

TNF-a
1

5th HOUR. 10th HOUR

Figure 2. Effects of levosimendan on TNF-a Values are mean + SD (ng/mL). Each group (n=8). Red: Sham (group
A), Green: Sepsis (group B), Blue: low-dose levosimendan (group C), Purple: high-dose levosimendan (group
D).

. IL-1B [ng/ml]

Sepsis Control Group (B): IL-1p levels increased at both time points, with a statistically
significant rise at the 10" hour compared to the Sham group.

Low-Dose Levosimendan (C): IL-1p levels were significantly elevated at the 5 hour compared
to both the sham and sepsis control groups. A significant decrease was observed at the 10t hour;
however, levels remained significantly higher than those of the sham group.
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High-Dose Levosimendan (D): IL-1(3 levels at the 5 hour were significantly higher than the
sham group but showed a significant reduction at the 10t hour compared to both the sepsis control
group and the 5%-hour measurement. (Table 1, Figure 3).

Mixed model analysis revealed significant effects of time (p = 0.032), group (p < 0.001), and time-
group interaction (p =0.011).

5th HOUR. 10th HOUR

Figure 3. Effects of levosimendan on IL-1f. Values are mean + SD (ng/mL). Each group (n=8). Red: Sham (group
A), Green: Sepsis (group B), Blue: low-dose levosimendan (group C), Purple: high-dose levosimendan (group
D).

e IL-6 [ng/ml]

Sepsis Control Group (B): IL-6 levels increased at both the 5% and 10t hours, with a statistically
significant increase at the 10t hour.

Low-Dose Levosimendan (C): IL-6 levels at the 5" hour were significantly higher than those in
the sham group. A non-significant decrease was observed at the 10t hour compared to the 5" which
was non-significant to the sham group.

High-Dose Levosimendan (D): IL-6 levels were significantly higher at the 5" hour compared to
both the sham and sepsis control groups. However, a significant reduction was observed at the 10t
hour, aligning levels with those of the sham group. (Table 1, Figure 4)

Statistical Analysis: Significant effects were observed for time (p = 0.008), group (p = 0.031), and
time-group interaction (p = 0.005)
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Figure 4. Effects of levosimendan on IL-6. Values are mean + SD (ng/mL). Each group (n=8). Red: Sham (group
A), Green: Sepsis (group B), Blue: low-dose levosimendan (group C), Purple: high-dose levosimendan (group
D).

° IL-8 [ng/mL]

Sepsis Control Group (B): IL-8 levels showed a non-significant increase.

Low-Dose Levosimendan (C) & High-Dose Levosimendan (D): Non-significant increases were
observed at both time points. However, a significant decrease was noted between the 5 and 10t
hours in the high-dose group. (Table 1, Figure 5)

The time-group interaction was significant (p = 0.025).

260-
240-
P
P

220- ' (,,.’//
O
=

200- - |

180-

S5th HOUR. 10th HOUR

Figure 5. Effects of levosimendan on IL-8. Values are mean + SD (ng/mL). Each group (n=8). Red: Sham (group
A), Green: Sepsis (group B), Blue: low-dose levosimendan (group C), Purple: high-dose levosimendan (group
D).

. IL-17 [ng/mL]

Sepsis Control Group (B): IL-17 levels increased non-significantly at both time points.
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Low-Dose & High-Dose Levosimendan (C & D): A significant increase was noted at the 5% hour
compared to both the sham and sepsis control groups. By the 10t hour, levels significantly decreased,
aligning with those of the sham group. (Table 1, Figure 6)

Statistical Analysis: Significant effects were observed for time (p <0.001), group (p = 0.006), and
time-group interaction (p < 0.001).

210-

180-

Group A

IL17

Group D

120-

90-

5th HOUR. 10th HOUR

Figure 6. Effects of levosimendan on IL-17. Values are mean + SD (ng/mL). Each group (n=8). Red: Sham (group
A), Green: Sepsis (group B), Blue: low-dose levosimendan (group C), Purple: high-dose levosimendan (group
D).

e  MCP-1 [ng/mL]

Sepsis Control Group (B): MCP-1 levels increased significantly at the 5 hour compared to the
sham group, followed by a nonsignificant increase at the 10t hour.

Low-Dose Levosimendan (C): MCP-1 levels were significantly higher at the 5% and 10t hours
compared to the sham group.

High-Dose Levosimendan (D): A significant increase was observed at the 5t hour compared to
the sham group, followed by a significant reduction at the 10" hour lower than the sham group.
(Table 1, Figure 7). Significant effects were observed for time (p = 0.006), group (p = 0.004), and time-
group interaction (p = 0.002).
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Figure 7. Effects of levosimendan on MCP-1. Values are mean + SD (ng/mL). Each group (n=8). Red: Sham (group
A), Green: Sepsis (group B), Blue: low-dose levosimendan (group C), Purple: high-dose levosimendan (group
D).

4. Discussion

Our study demonstrates that levosimendan exerts a time- and dose-dependent modulatory
effect on cytokine responses in experimental sepsis, with higher doses effectively suppressing the
inflammatory response. The most substantial improvements observed in the high-dose levosimendan
group, supports the hypothesis of a dose-dependent anti-inflammatory effect.

The results also demonstrate that, levosimendan treatment resulted in cytokine responses which
differed according to the dose of levosimendan as well as the properties of each cytokine. Despite an
early-phase increase in certain cytokine levels such as IL-17 and IL-6, a higher dose of levosimendan
is more effective in reducing cytokine levels, including TNF-a, IL-1(, IL-6, and MCP-1. These findings
highlight the potential need for optimized dosing strategies in clinical settings.

The LPS model of sepsis is widely used in research to simulate the inflammatory response seen
in human sepsis. LPS, a component of the outer membrane of Gram-negative bacteria, triggers a
systemic inflammatory response by activating immune cells, leading to the release of pro-
inflammatory cytokines. This immune cascade closely resembles the cytokine storm and organ
damage observed in sepsis. the LPS model remains highly relevant in experimental sepsis research
for studying inflammation-focused treatments and cytokine modulation, providing critical insights
that can guide therapeutic strategies [18].

In experimental sepsis, each cytokine follows a distinct timeline in blood circulation, typically
peaking and declining at different points after sepsis induction. In this study each cytokine showed
a unique response timeline, reflecting the sequential nature of immune signaling in sepsis [10]. TNF-
a peaked early, aligning with its known role as an initial inflammatory mediator. TNF-« is one of the
earliest cytokines to rise, usually peaking within 1-2 hours after sepsis onset often returning to
baseline within 4-6 hours post-induction [4]. IL-6, associated with sustaining inflammation,
responded in the later phase well to high-dose levosimendan. IL-6 generally peaks around 4-6 hours
after sepsis induction, and may remain elevated longer than TNF-a, sometimes up to 12-24 hours or
even days in severe cases [19].

MCP-1 chemotactic effects contribute to prolonged immune cell recruitment, maintaining
inflammation in later stages of sepsis., decreased significantly with treatment, suggesting a reduction
in inflammatory cell infiltration [5,20]. MCP-1 levels often increase moderately in the early phase
but peak slightly later, around 6-12 hours which can remain elevated for an extended period,
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particularly if inflammation persists, sometimes up to 24 hours or more. IL-17A tends to peak later
than the other cytokines, generally around 12-24 hours after sepsis initiation. As a late-phase
cytokine, IL-17 amplifies inflammatory signaling, contributing to tissue damage and sustained
immune activation in prolonged sepsis [8].

Our findings are in agreement with multiple studies investigating the anti-inflammatory effects
of levosimendan in various models of sepsis and systemic inflammation. Wang et al. [21]
demonstrated that levosimendan reduced TNF-a and IL-6 levels in septic mice, mitigating acute lung
injury —a major complication of sepsis. Levosimendan demonstrated a strong ability to mitigate the
inflammatory cascade associated with acute lung injury by reducing cytokine levels, which are
primary markers of the immune response in sepsis. This study aligns with the present studies'
findings, particularly in the observed reductions in TNF-a and IL-6. The consistency across different
animal models (mice and rats) suggests that levosimendan’s anti-inflammatory effects may be
generalizable in sepsis-induced inflammation. Zager et al. [22] reported a significant decrease in TNF-
aand MCP-1, two cytokines involved in the inflammatory and chemotactic response of immune cells
levels following levosimendan administration in a rat sepsis model, reinforcing its potential role in
reducing systemic inflammation. The study highlighted levosimendan’s potential as a modulator of
sepsis-induced inflammation, focusing on MCP-1's role in recruiting immune cells to the site of
infection, thus reducing inflammatory burden. Their findings closely support the present study’s
results, where levosimendan administration, in higher doses, significantly lowered the MCP-1 to be
similar to the sham levels. This suggests that levosimendan might help in reducing immune cell
recruitment, thereby limiting tissue damage in sepsis. In another rat study, Sakaguchi et al. [23] found
that high-dose levosimendan had the most pronounced effects on lowering TNF-a and IL-1§3 levels
in sepsis, further confirming our dose-dependent observations. They administered levosimendan at
various dosages and found that high doses of the drug effectively lowered TNF-a levels at early time
points. The study showed a dose-dependent response in which higher doses of levosimendan had
more pronounced effects on lowering early cytokine levels, especially TNF-a. On the other hand in
our study, our results showed that TNF-a decreased significantly with low dose levosimendan as
well as the high dose. The anti-inflammatory action was most evident within the first few hours,
which they hypothesized could be due to levosimendan’s rapid vasodilatory and cellular protective
effect. This study’s dose-dependent results are consistent with the current findings, where a higher
dose of Levosimendan led to significant reductions in TNF-a, IL-6, and IL-1f levels. Higher dosing
may be crucial to achieving optimal anti-inflammatory effects in early sepsis treatment. Krychtiuk et
al. [24] provided evidence that levosimendan sustains reductions in IL-6 and IL-8 beyond the acute
phase, suggesting potential long-term benefits in inflammatory conditions. They found that
levosimendan could sustainably reduce IL-6 and IL-8 over extended periods, which has implications
for chronic inflammation in severe conditions like sepsis. The study demonstrated a long-term anti-
inflammatory effect of levosimendan, reducing IL-6 and IL-8 levels beyond the immediate
administration phase. This suggests that levosimendan may have lasting benefits in suppressing
inflammation, even in ongoing conditions. Our findings show that, compared to the sham group,
non-significant increases in IL-8 levels were observed in both levosimendan groups at both time
points, similar to the sepsis control group. However, a significant decrease was noted between the
5th and 10th hours in the high-dose group. It should be noted that the study duration may have been
limited in fully assessing the effects of levosimendan on IL-8 levels.

Meng et al. [25] highlighted the importance of IL-17 in sepsis progression and showed that IL-
17 blockade improved survival outcomes. By neutralizing IL-17, they observed enhanced barrier
integrity in tissues and a decrease in mortality. They also found that reducing IL-17 helped maintain
tissue integrity and reduced harmful immune responses. Both low-dose and high-dose levosimendan
led to a significant increase in IL-17 levels at the 5 hour compared to both the sham and sepsis control
groups. By the 10% hour, levels significantly decreased, aligning with those of the sham group. The
early-phase increase in IL-17 levels induced by levosimendan may be attributed to its dual effect, as
suggested in some studies [8].
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Ates et al. [26] observed that levosimendan effectively reduced IL-1 and IL-6 levels in a blunt
chest trauma model, further supporting its anti-inflammatory properties in conditions beyond sepsis.
They administered both low and high doses of levosimendan and found that IL-1 and IL-6 levels
were significantly reduced, particularly at higher doses. The results indicated that levosimendan’s
anti-inflammatory effects extend beyond sepsis to trauma-induced inflammation. Higher doses of
levosimendan were more effective in reducing cytokines associated with injury responses. This study
supports the present research, where higher doses of levosimendan effectively reduced IL-1 and IL-
6 in septic rats. The results suggest that levosimendan’s anti-inflammatory action may be applicable
across various conditions, making it a versatile option for controlling cytokine storms in different
inflammatory states. Together with the previous information, our results support the anti-
inflammatory effects of levosimendan, particularly in its ability to reduce distinct pro-inflammatory
cytokines. The consistency in findings across different models and inflammatory conditions
emphasizes the drug’s therapeutic potential in managing sepsis and other cytokine-mediated
inflammatory diseases.

Despite the promising findings, several limitations must be acknowledged. First the study
assessed cytokine levels and clinical outcomes within the first 10 hours of sepsis induction. A longer
observation period would be necessary to evaluate the sustained effects of levosimendan and its
impact on long-term survival. Second, while we demonstrated systemic anti-inflammatory effects,
we did not include histopathological examinations to assess organ protection, particularly in the
lungs, kidneys, and liver. Third, although widely used, the LPS model does not fully mimic the
complexity of human sepsis, which involves both pathogen-driven and host-mediated immune
dysregulation. Finally, the study only evaluated the effects of a single dose of levosimendan.
Investigating repeated or continuous dosing regimens may provide additional insights into its
therapeutic potential.

5. Conclusions

In conclusion levosimendan demonstrates anti-inflammatory effects in a rat model of sepsis,
with higher doses yielding greater reductions in especially early acting pro-inflammatory cytokines.
Moreover, the levosimendan-treated groups exhibited a clinically significant reduction in MSS scores
at the 10 hour, with the high-dose group showing the most substantial improvement. Our findings
suggest that levosimendan may serve as a potential adjunct therapy for sepsis by modulating the
immune response and mitigating systemic inflammation. However, despite promising experimental
results, translating cytokine-targeting therapies from murine models to clinical settings remains a
significant challenge due to the complexity of immune interactions in human sepsis.
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Abbreviations

The following abbreviations are used in this manuscript:

TNF-a Tumor Necrosis Factor-alpha
IL-1B Interleukin-1-beta

IL-6 Interleukin-6

L-8 Interleukin-8

IL-17 Interleukin-17

MCP-1 Monocyte Chemoattractant Protein-1
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