CHAPTER 15

SEPSIS AND ORGAN DYSFUNCTION:
TARGETING ENDOTHELIAL AND MITOCHONDRIAL DAMAGE

Zuhal Ozer Simgek!

15.1. Introduction

Sepsis is a complex syndrome characterized by life-threatening multiorgan
dysfunction caused by a dysregulated host response to infection.! The main
cause of death due to sepsis is multiple organ failure that develops due to
many pathophysiological factors. Dysregulated responses to infection, such
as inflammation, oxidative stress, endothelial dysfunction, and mitochondrial
dysfunction, may result in the development of sepsis (Figure 1).”
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Figure 1: Sepsis-related multiple organ dysfunction. High-Mobility Group Box-
1 (HMGBI1): high-mobility group box-1; Nuclear Factor-kappa B (NF-kB):
nuclear factor-kappa B; Tumor Necrosis Factor (TNF): tumor necrosis factor;
Interleukin (IL): interleukins; Interferon (IFN): interferons; Reactive Nitrogen
Species (RNS): reactive nitrogen species; Reactive Oxygen Species (ROS): reactive

mitochondrial dysfunction

oxygen species. (Taken from source number 2)
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Inflammation and oxidative stress are thought to contribute to sepsis-
induced endothelial dysfunction and organ failure.”* Sepsis is characterized by
ischemia and reperfusion injury. Mitochondrial damage and impaired oxygen
utilization resulting from hypoxia and ischemia due to endothelial dysfunction,
along with increased ROS (reactive oxygen species), play an important role in
the pathogenesis of sepsis.’

In this section, current and experimental treatment strategies targeted at
the pathophysiological basis of endothelial and mitochondrial damage will be
discussed.

15.2. Endothelial Dysfunction and Treatment Approaches

The endothelium is a vital organ with very important functions, distributed
throughout the body in the form of a wide network. The endothelial layer is
not inert but is metabolically very active. The endothelium has many important
functions, such as temperature, oxygenation, hemodynamic forces, pH balance,
vasomotor tone, permeability, hemostatic balance, inflammation control, etc. As
a result, research into the endothelium and its functions is critical in novel sepsis
and septic shock treatments.®

Endothelial cell damage is a critical process in the development of organ
failure during sepsis. Inflammation, oxidative stress, glycocalyx degradation,
increased vascular permeability, and coagulopathy all contribute to endothelial
dysfunction. These pathways are critical to the development of multiple organ
dysfunction syndrome.

Therefore, small molecules aimed at protecting or restoring endothelial
function have emerged as an important therapeutic strategy in recent years.”

15.3. Small Molecules Targeting Endothelial Dysfunction in Sepsis

15.3.1. Anti-inflammatory Agents

Ciprofloxacin inhibits NF-kB signaling in LPS-stimulated endothelial cells,
reducing IL-6 and IL-8 levels. It has demonstrated efficacy in small clinical trials.
Similarly, lactucopicrin and flunarizine inhibit NF-xB, reducing the expression
of adhesion molecules such as Intercellular Adhesion Molecule-1 (ICAM-1),
Vascular Cell Adhesion Molecule-1 (VCAM-1), and Angiopoietin-2 (Ang-2),
thereby limiting leukocyte—endothelium interaction.

15.3.2.Antioxidants
Ulinastatin (UTI) reduces oxidative stress by suppressing c-Jun N-terminal
Kinase (JNK)/c-Jun phosphorylation, lowering ROS and Malondialdehyde

(MDA) levels, and enhancing Superoxide Dismutase (SOD) activity. Clinical
studies have reported its safety with limited adverse effects. Tubeimoside I
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activates Sirtuin (SIRT)3, enhances SOD expression, and reduces oxidative
endothelial injury.

15.3.3. Glycocalyx-Protective Agents

Sulodexide protects the endothelial glycocalyx through NF-kB/Zonula
Occludens-1 (ZO-1) modulation, preventing Syndecan-1 (SDC-1) and HS
degradation. Dexamethasone and doxycycline inhibit matrix metalloproteinases
(Matrix Metalloproteinase (MMP)s), decrease plasma SDC-1, lactate, and
albumin levels, and stabilize the glycocalyx.

15.3.4.Endothelial Barrier Stabilizers

Hederacolchiside-E and biapenem inhibit HMGB-1 expression, reducing
vascular permeability. Fingolimod (FTY720), an S1P receptor agonist, stabilizes
Phosphatase and Tensin Homolog (PTEN), RhoA, and Vascular Endothelial
Cadherin (VE-cadherin) phosphorylation, thereby strengthening endothelial

barrier function.

Table 1. Small molecules targeting endothelial dysfunction in sepsis

Molecule Mechanism of Action  Therapeutic Effect Ch.mcal/Preclmlcal
Evidence
. . NF-x B inhibition—]  Anti-inflammatory, reduces Small clinical trials,
Ciprofloxacin

1L-6, IL-8 leukocyte adhesion effective

NF-« B inhibition— |
ICAM-1, VCAM-1,
Ang-2

Lactucopicrin / Limits leukocyte- . .
p ol Preclinical evidence

Flunarizine endothelium interaction

JNK/c-Jun inhibition,  Antioxidant, stabilizes the

Ulinastatin (UTT) | ROS, MDA; 1 SOD  endothelial barrier

Clinical studies, safe

SIRT3 activation —1

Tubeimoside I SOD Reduces oxidative stress ~ Preclinical studies
NF-x B/ZO-1 .. .
Sulodexide modulation — Protects glycocalyx Clinical data, mild

SDC-1, HS shedding adverse effects
Dexamethasone /  MMP inhibition — |

Doxycycline SDC-1 release Stabilizes glycocalyx Preclinical studies

Hederacolchiside-E HMGB-1 inhibition | Vascular permeability =~ Preclinical studies

/ Biapenem
Fingolimod SRLP;§$EH ;LP:IFN/ Strengthens the endothelial Preclinical. bromisin
(FTY720) © “eadhe barrier cclinical, promising

stabilization
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15.4. Organ-Specific Protective Effects of Small Molecules in Sepsis

15.4.1. Heart — Septic Acute Myocardial Injury (SAMI)

Dexmedetomidine reduces IL-1f, IL-6, TNF-a, VCAM-1, and ICAM-
1 expression, improving cardiac function. Anisodamine inhibits NF-kB and
NOD-, LRR- and Pyrin Domain-containing Protein 3 (NLRP3) while activating
Phosphatidylinositol 3-kinase/Protein Kinase B (PI3K/AKT), reducing myocardial

inflammation and serum lactate levels; clinical studies suggest improved survival.
15.4.2. Lung — Septic Acute Lung Injury (SALI)

Schisandrin A and carnosol inhibit RhoA/ROCK1/MLC, increase VE-
cadherin and ZO-1, preserving the alveolar—capillary barrier. Pravastatin
and isotretinoin modulate Janus Kinase/Signal Transducer and Activator of
Transcription 3 (JAK/STAT3) and Caveolin-1/Endothelial Nitric Oxide Synthase

(Cav-1/eNOS) pathways, reducing inflammation and vascular leakage.
15.4.3. Liver — Septic Acute Hepatic Injury (SAHI)

Resveratrol and simvastatin inhibit NF-kB and activate SIRT-1, thereby
decreasing hepatic inflammation and coagulopathy. Rofecoxib shows protective
effects but is limited by cardiotoxic risks.

15.4.4. Kidney — Septic Acute Kidney Injury (SAKI)

Ulinastatin, dihydroartemisinin, and mangiferin inhibit NF-kB, increasing
occludin, VE-cadherin, and SDC-1 expression, preserving renal barrier integrity.
SUL-138, a chromanol derivative, provides antioxidant and anti-inflammatory
support to renal microcirculation.

15.4.5. Brain — Septic Acute Brain Injury (SABI)

Dihydroartemisinin, selegiline, and fisetin inhibit NF-kB/Myosin Light
Chain Kinase (MLCK)/p-MLC and NLRP3/caspase-1 pathways, protecting the
Blood—Brain Barrier (BBB), reducing edema, and preserving cognitive function.

Table 2. Organ-specific protective effects of small molecules in septic organ
dysfunction

Organ Molecule(s) Mechanism Protective Effect

LIL-1 B, IL-6, TNF-a,

Heart (SAMI) Dexmedetomidine ICAM-1, VCAM-1

Improves cardiac function
NF-KB/NLRP3 inhibition, ~ Reduces myocardial

Anisodamine . .
PI3K/AKT activation inflammation, | lactate
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Schisandrin A, RhoA/ROCKI/MLC Protects the alveolar-
Lung (SALI) ’ inhibition —1 VE-cadherin, . .

Carnosol 70-1 capillary barrier

Pravastatin, JAK/STAT3 and Cav-1/ | Inflammation,

Isotretinoin eNOS modulation | vascular leakage

Resveratrol, NF-KB inhibition, SIRT-1 | Hepatic inflammation,

Liver (SAHI)

Simvastatin

activation

| coagulopathy

Protective effect but

Rofecoxib COX-2 inhibition . .
cardiotoxic risk

Kidney U%lnastatln, s NF-KB.mhlbmon _)T Preserves renal endothelial
(SAKI) Dihydroartemisinin, Occludin, VE-cadherin, barrier

Mangiferin SDC-1

SUL-138 Antioxidant, Supports renal

(Chromanol .. . . .

. anti-inflammatory microcirculation
derivative)

Dihydroartemisinin,
Selegiline, Fisetin

NF-KB/MLCK/p-MLC and  Protects BBB, reduces

NLRP3/caspase-1 inhibition edema, preserves cognition

Brain (SABI)

Current evidence suggests that both synthetic drugs (e.g., statins, antibiotics,
immunomodulators) and natural molecules (e.g., resveratrol, artemisinin
derivatives, mangiferin) can exert beneficial effects against sepsis-induced
endothelial injury and MODS. However, synthetic drugs are often limited by high
adverse event rates, while natural compounds face challenges of low bioavailability
and rapid metabolism. Advances in nanotechnology, drug delivery systems, and
structural modifications offer promising solutions to overcome these limitations.
Future research should focus on biomarker-guided patient selection and
combination strategies to enable more targeted and safer therapeutic approaches.”

15.5. Mitochondria-Targeted Therapeutic Strategies in Sepsis

Mitochondrial dysfunction plays a central role in the pathophysiology of
sepsis-associated organ dysfunction. Therefore, therapies that directly target
mitochondria have received significant attention. These strategies aim to reduce
oxidative stress, preserve mitochondrial integrity, and restore energy metabolism.
However, most of what is known about the effects of treatments for sepsis-induced
mitochondrial damage has been obtained from experimental studies.”

15.5.1. Mitochondria-Targeted Antioxidants

Mitochondria-specific antioxidants such as MitoQ, SS-31, and SkQ1
limit oxidative damage by scavenging ROS, reducing lipid peroxidation, and
Mitochondrial DNA (mtDNA) injury. Melatonin also exerts protective effects by
both scavenging free radicals and activating antioxidant enzymes.”"
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15.5.2. Mitochondrial Dynamics Regulation

Excessive mitochondrial fission contributes to dysfunction in sepsis. Drpl
inhibitors (e.g., mdivi-1, P110) preserve ATP production and reduce cell
death in experimental models. On the other hand, promoting fusion through
OPA1 and Mfnl/2 activators helps decrease ROS production and improve
mitochondrial function.”!

15.5.3. Mitophagy Modulation

Mitophagy is crucial for removing damaged mitochondria. Activation of
PINK1/Parkin and BNIP3/NIX pathways reduces ROS accumulation and organ
injury. Agents such as rapamycin and spermidine have shown protective effects in
preclinical models.”

15.5.4. Mitochondrial Membrane Stabilization

The opening of mitochondrial permeability transition pores (Mitochondrial
Permeability Transition Pore (mPTP)) drives cell death and inflammation.
Cyclosporin A (CsA),an mPTP inhibitor, has been shown to stabilize mitochondrial
function and attenuate inflammatory responses in experimental sepsis.’

15.5.5. Metabolic and Energy Support

Succinate supplementation bypasses complex I and supports ATP production.
L-carnitine and coenzyme Q10 may also enhance mitochondrial energy
metabolism and provide organ protection.’

15.5.6. Stem Cell-Based Therapies

Mesenchymal stem cells (Mesenchymal Stem Cells (MSCs)) can transfer
functional mitochondria to injured cells, thereby improving energy metabolism
and preserving organ function.’

15.5.7. Mitochondrial Transplantation

Recent studies explored mitochondrial transplantation as a therapeutic
strategy. For example, transplantation of formoterol-stimulated
mitochondria restored oxygen consumption and reduced TNF-a production
in experimental sepsis."!

15.5.8. Cuproptosis and Novel Targets

Cuproptosis is a form of programmed cell death caused by oxidative stress and
mitochondrial malfunction as a result of copper ion buildup in the cell. Copper
chelators and mitochondrial protectors are under investigation as potential
therapeutic strategies.'?
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15.6. Clinical Perspectives

Most mitochondria-targeted therapies remain at the preclinical stage, with
heterogeneous results in human studies.” Future directions include biomarker-

based patient stratification and combination strategies (e.g., endothelial protection
plus mitochondrial support), which may enhance clinical efficacy.'

Table 3. Mitochondria-Targeted Therapeutic Strategies in Sepsis

Strategy

Level of

Main Mechanism / Target Example Agents Evidence*

Mitochondria-targeted
antioxidants

Mitochondrial dynamics
regulation

Mitophagy modulation

Membrane stabilization

Metabolic/energy
support

Stem cell-based therapies

Mitochondrial
transplantation

Cuproptosis targeting

ROS scavenging, activation MitoQ, SS-31, SkQ1,  Preclinical +
of antioxidant enzymes Melatonin limited clinical

Drpl inhibitors

et (mdivi-1, P110), OPA1 Preclinical

fission, promotion of fusion

activators

Removal of damaged Rapamycin, Spermidine, .
mitochondria PINK1/Parkin activators Preclinical
mPTP inhibition, reduction
of mtDNA release, and cell Cyclosporin A Preclinical
death
Enhancement of ATP . ..

. . Succinate, L-carnitine, .
production, strengthening Preclinical

of energy metabolism Coenzyme Q10

Mitochondrial transfer via

MSCs

Mesenchymal stem cells Preclinical

Transplantation of . ..
p Formoterol-stimulated  Preclinical

functional mitochondria, . . .
mitochondria (experimental)

suppression of inflammation

Regulation of copper
metabolism and Copper chelators
programmed cell death

Preclinical
(early stage)

*Level of evidence: Preclinical = animal or cell studies; Clinical = human data available.

In conclusion, despite numerous experimental and clinical studies on sepsis,
sepsis-induced multiple organ dysfunction still remains a significant problem and

increases mortality.

205



Precision Medicine in Sepsis: From Biomarkers to Bedside

10.

11.

12.

13.

14.

206

REFERENCES

Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, et al. The
third international consensus definitions for sepsis and septic shock (Sepsis-3). JAMA.
2016;315(8):801-10. doi:10.1001/jama.2016.0287.

Srdi¢ T, Durasevi¢ S, Laki¢ I, Ruzici¢ A, Vujovi¢ P, Jevdovi¢ T, et al. From molecular mechanisms
to clinical therapy: understanding sepsis-induced multiple organ dysfunction. Int J Mol Sci.

2024;25(14):7770. doi:10.3390/ijms25147770.

Martin-Ferndndez M, Tamayo-Velasco A, Aller R, Gonzalo-Benito H, Martinez-Paz D,
Tamayo E. Endothelial dysfunction and neutrophil degranulation as central events in sepsis
physiopathology. Int ] Mol Sci. 2021;22(12):6272. doi:10.3390/ijms22126272.

Joffre J, Hellman J. Oxidative stress and endothelial dysfunction in sepsis and acute
inflammation. Antioxid Redox Signal. 2021;35(15):1291-307. doi:10.1089/ars.2021.0027.

Bar-Or D, Carrick MM, Mains CW, Rael LT, Slone D, Brody EN. Sepsis, oxidative stress, and
hypoxia: are there clues to better treatment? Redox Rep. 2015;20(5):193-7. doi:10.1179/135
1000215Y.0000000005.

Aird WC. Endothelium as an organ system. Crit Care Med. 2004;32(Suppl):5271-9.
Tang F, Zhao XL, Xu LY, Zhang JN, Ao H, Peng C. Endothelial dysfunction: pathophysiology

and therapeutic targets for sepsis-induced multiple organ dysfunction syndrome. Biomed
Pharmacother. 2024;178:117180. doi:10.1016/j.biopha.2024.117180.

Mokhtari B, Yavari R, Badalzadeh R, Mahmoodpoor A. An overview on mitochondrial-based
therapies in sepsis-related myocardial dysfunction: mitochondrial transplantation as a promising

approach. Can J Infect Dis Med Microbiol. 2022;2022:3277274. doi:10.1155/2022/3277274.

Hu D, Prabhakaran HS, Zhang YY, Luo G, He W, Liou YC. Mitochondrial dysfunction in
sepsis: mechanisms and therapeutic perspectives. Crit Care. 2024;28(1):292. doi:10.1186/
s13054-024-05069-w.

Xu X, Pang Y, Fan X. Mitochondria in oxidative stress, inflammation and aging: from
mechanisms to therapeutic advances. Signal Transduct Target Ther. 2025;10(1):190.
doi:10.1038/s41392-025-02253-4.

Kim B, Kim YS, Kim K. Enhancing mitochondrial function through pharmacological
modification: a novel approach to mitochondrial transplantation in a sepsis model.

Biomedicines. 2025;13(4):934. doi:10.3390/biomedicines13040934.

Tan R, Wen K, Zhao T, Guo H, Han X, Wang ], et al. Deciphering cuproptosis in sepsis:
mechanisms, consequences, and therapeutic opportunities. ] Inflamm Res. 2025;18:9879-90.

doi:10.2147/JIR.S533967.

Dare AJ, Phillips AR, Hickey AJ, Mittal A, Loveday B, Thompson N, et al. A systematic
review of experimental treatments for mitochondrial dysfunction in sepsis and multiple
organ dysfunction syndrome. Free Radic Biol Med. 2009;47(11):1517-25. doi:10.1016/j.
freeradbiomed.2009.08.019.

Ball M, van Bergen NJ, Compton AG, Thorburn DR, Rahman S, Christodoulou J. Therapies
for mitochondrial disease: past, present, and future. J Inherit Metab Dis. 2025;48(4):¢70065.
doi:lO.lOOZ/jimd.70065.



