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Abstract: Sepsis, which is a systemic inflammatory response syndrome caused by infection, has high morbidity and mortality. Sepsis-
related liver injury is one of the manifestations of sepsis-induced multiple organ syndrome. To date, an increasing number of studies
have shown that the hepatic inflammatory response, oxidative stress, microcirculation coagulation dysfunction, and bacterial translo-
cation play extremely vital roles in the occurrence and development of sepsis-related liver injury. In the clinic, sepsis-related liver
injury is mainly treated by routine empirical methods on the basis of the primary disease. However, these therapies have some
shortcomings, such as serious side effects, short duration of drug effects and lack of specificity. The emergence of drug delivery
nanosystems can significantly improve drug bioavailability and reduce toxic side effects. In this paper, we reviewed drug delivery
nanosystems designed for the treatment of sepsis-related liver injury according to their mechanisms (hepatic inflammation response,
oxidative stress, coagulation dysfunction in the microcirculation, and bacterial translocation). Although much promising progress has
been achieved, translation into clinical practice is still difficult. To this end, we also discussed the key issues currently facing this field,
including immune system rejection and single treatment modalities. Finally, with the rigorous optimization of nanotechnology and the
deepening of research, drug delivery nanosystems have great potential for the treatment of sepsis-related liver injury.
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Introduction

Sepsis is a life-threatening organ dysfunction resulting from a dysregulated response to infection with high morbidity and
mortality.! There have been more than 48.9 million new sepsis patients worldwide in each of the past three years, and the
number of deaths caused by multiorgan failure is as high as 11 million, accounting for 19.7% of global deaths, which
poses a great threat to human health worldwide.? The liver is a substantial organ in the human body and is involved in
physiological processes such as immunity, metabolism, and detoxification. The liver is one of the most susceptible organs
to sepsis. Sepsis-related liver injury (SRLI) refers to liver damage caused directly or indirectly by sepsis, resulting
abnormalities in biochemical tests and liver insufficiency, or even liver failure.

Liver injury occurs at any stage of sepsis, especially in patients with underlying liver disease. Early detection and intervention
can improve patient survival rates to some extent.*> Drug treatment of SRLI is mainly based on conventional empirical methods,
including antibiotic, antioxidant, antibacterial, and anti-platelet aggregation treatments.®® These therapies have three main
shortcomings. First, many drugs lack either specific targeting to precisely treat damaged tissues or high bioavailability. Small-
molecule drugs are rapidly cleared in vivo, which seriously affects drug efficacy. For example, during the development of sepsis,
cardiac excretion and intrahepatic blood perfusion are increased and reduced, respectively, resulting in impaired hepatic
circulatory metabolism, coagulation dysfunction and microthrombosis.” The small-molecule heparin is commonly used clinically
to treat platelet aggregation, but its use is limited by a short half-life and difficulty in controlling the dose.'®"" Second, antibiotics
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are the standard of clinical care for sepsis; however, the drug resistance and hepatorenal toxicity they cause cannot be ignored,
and 70-80% of clinical deaths from sepsis are associated with persistent infection.'>'* For example, in common neonatal
infections. E. coli is resistant to 3-lactam antibiotics and aminoglycosides, Group B streptococci are resistant to penicillin, and
Listeria monocytogenes is resistant to cephalosporins and vancomycin;'* multiple drug resistance poses a great burden to the
treatment of neonatal diseases. Third, the single-drug conventional model is ineffective due to the interaction of the enterohepatic
axis in liver injury during sepsis. Elevated levels of inflammatory factors and oxygen free radicals in sepsis patients impair
hepatic clearance and disrupt the intestinal flora when endotoxins and bacteria enter the liver through the damaged intestinal
mucosa via the portal vein or impair liver function and cause inflammatory storms with increased disruption of intestinal

microbial composition and diversity;'>'®

the complex pathophysiology involving multichannel cytokine storms requires
a multipronged approach. The emergence of nanotechnology has created a new avenue to overcome the difficulties of severe
drug reactions, drug resistance and overly homogeneous treatment modalities. In recent years, researchers have designed

7,18 20,21

a variety of delivery nanosystems including liposomes,'”'® solid liposomal nanoparticles,' polymeric micelles, and

2223 and have tried their best to solve the problems in the treatment of liver injury related to sepsis.

extracellular vesicles,

Drug delivery nanosystems have great potential for the accurate treatment of sepsis-related liver injury, mainly due to their
physical (size, charge, shape) and chemical properties. For example, different organs can differentially uptake particles with
sizes; microsphere (MS) nanoparticles in the 0.5 pm to 5 pm particle size range exhibit ideal lung targeting,** while
nanoparticles larger than 100 nm can passively target hepatic sinusoidal endothelial cells and Kupffer cells (KC), and
nanoparticles smaller than 100 nm generally passively target hepatocytes and hepatic stellate cells (HSCs).?* Kupffer cell is
the specialized type of macrophages within the hepatic tissue. Under the pathological conditions of sepsis, Kupffer cells can be
activated by endotoxin and tumor necrosis factor (TNF) and release inflammatory mediators such as transforming growth
factor (TGF), interleukin-6 (IL-6) and oxygen free radicals, which accelerate the process of liver injury. Additionally, the
accumulation of spherical mesoporous silica NPs (Nanoparticles) in the liver is higher than that of rod-shaped mesoporous
silica NPs. NPs with positively charged surfaces increase cellular interference by adjusting their pH to disrupt the endosomal
system, thus targeting hepatocytes.”® In addition, other types of nanoparticles, such as antimicrobial peptides (AMPs),?”*
contain anti-intercellular adhesion molecule-1 (ICAM-1)* and polymers*® and are promising for improving pharmacoki-
netics, drug delivery stability and bioavailability, as these agents synergistically promote the use of drug delivery nanosystems

for the specific treatment of sepsis-related liver injury. Therefore, in this review (Figure 1), we reviewed drug delivery
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Figure | Pathogenesis of sepsis-related liver injury and drug delivery nanosystems.
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nanosystems designed to treat SRLI according to different pathogeneses. Furthermore, we also discussed the key issues
currently facing the field, including immune system rejection, single treatment modalities, and outlooks for the future.

Drug Delivery Nanosystems for the Treatment of Sepsis-Related Liver
Injury
The Hepatic Inflammatory Response
When the body is invaded by exogenous pathogens and other agents, the host immune system is activated, and polymorpho-
nuclear neutrophils (PMNs) accumulate to clear pathogens after crossing the vascular barrier; these cells are regulated by
apoptosis to maintain constant numbers and homeostasis. However, during sepsis, large amounts of inflammatory factors are
released in vivo, and neutrophils are prone to overactivation and uncontrolled infiltration, causing an inflammatory storm, which
leads to the development of sepsis.>' ™, Zhang et al** prepared doxorubicin-hydrazone bovine serum albumin nanoparticles
(DOX-hyd-BSA NPs) after linking doxorubicin (DOX) to bovine serum albumin (BSA) via pH-sensitive bonding to target
proinflammatory neutrophils and evaluated their therapeutic potential in sepsis-induced liver injury and inflammation. Cellular
uptake assays revealed that DOX-hyd-BSA NPs were efficiently taken up by differentiated HL-60 cells but not by T cells,
monocytes or natural killer (NK) cells. In a mouse model of LPS-induced sepsis, blood neutrophils were collected after
intraperitoneal injection of DOX-hyd-BSA NPs, and anti-mouse LY-6G antibody staining revealed that neutrophils were required
for NP uptake. In addition, compared to those in the control group, mice in the DOX-hyd-BSA NP group showed significantly
improved inflammation with a 72 h survival rate of 70%, and their neutrophil counts and cytokine levels returned to healthy levels.
In addition, immunohistochemical analysis showed that the organ toxicity of DOX-hyd-BSA NPs was closely related to the DOX
content, and there was no significant overall damage to liver tissue or function. This finding suggested that DOX-hyd-BSA NPs
inhibited neutrophil transit and inflammatory responses without hepatotoxicity and were a promising anti-inflammatory agent for
liver injury in sepsis. The mechanism is described in Figure 2.

Cellular autophagy is a natural defense mechanism against pathogens. Cells are induced to produce autophagosomes to
deliver pathogens or cellular metabolic waste for degradation and reduce the stress response in vivo.*>>° Sepsis triggers
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Figure 2 Mechanism of DOX-hyd-BSA NPs targeting pro-inflammatory neutrophils to induce their apoptosis for the treatment of septic inflammation. (A) The therapeutic
mechanism of DOX-hyd-BSA NPs; (B) The preparation route of DOX-conjugated BSA NPs.

Notes: Reprinted from Zhang CY, Dong X, Gao J, Lin W, Liu Z, Wang Z. Nanoparticle-induced neutrophil apoptosis increases survival in sepsis and alleviates neurological
damage in stroke. Sci Adv. 2019;5(1 |):eaax7964. https://creativecommons.org/licenses/by-nc/4.0/.3*

International Journal of Nanomedicine 2023:18 hetps: 767
Dove:


https://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com
https://www.dovepress.com

Lu et al Dove

cellular autophagy in several organs, including the liver, and regulates inflammatory vesicles in macrophages to protect the
liver from damage.>”>° Previous studies**** have demonstrated that superparamagnetic iron oxide nanoparticles (SPIONs)
have low cytotoxicity and good biocompatibility, are suitable for studying the migratory behavior and biodistribution of
dendritic cells in vivo, and have diagnostic and therapeutic value as inducers of macrophage activation. To better understand
the mechanism by which SPIONSs regulate inflammation and macrophage autophagy in SRLI, Xu et al** prepared SPIONs by
wrapping a modified polymer (polyglucose sorbitol carboxymethyl ether) around the outer layer of iron oxide and character-
ized their morphology and magnetic properties. In a mouse model of LPS-induced liver injury in sepsis, SPIONs ameliorated
the level of inflammation in sepsis, reduced the infiltration of inflammatory cells in the liver and increased interleukin-10 (IL-
10) levels by activating autophagy in hepatic macrophages (macrophages are the most prominent cell population expressing
IL-10 in the liver). Furthermore, SPIONs decreased ALT and AST levels by regulating the caveolin-1 (Cavl) and Notchl/
HESI signaling pathways in macrophages. Therefore, it can be concluded that SPIONs activate macrophage autophagy to
regulate liver hepatocytes and are a potential therapeutic agent for septic liver injury.

With pathogen invasion and the overactivation of the innate immune response, sepsis-associated inflammation
escalates, causing irreversible damage to the liver and eventually leading to multiorgan failure and even death.***
Most current single drug nanocarriers of antibiotics act mainly on the bacteria themselves and do not target the tissues

that are already inflamed,*®

so new carriers are needed that can deliver multiple drugs simultaneously and specifically
target the damaged tissues to reduce pathogen transmission and the inflammatory response in vivo.**>' It has been found
that a specific microenvironment is formed in infected tissues, and the main features are low pH,>* bacterial enzymes>>
and activated blood vessels.”* Based on the results of this infectious microenvironment (IME) study, Zhang et al>
designed a copolymer carrier with a certain pH value and sensitivity to bacterial enzymes (Figure 3) and loaded it with
antibiotics (ciprofloxacin) and anti-inflammatory agents (2-[(aminocarbonyl)amino]-5-(4-fluorophenyl)-3-thiophenecar-
boxamide), after which the nanoparticles were coated with intercellular adhesion molecule-1 (ICAM-1) antibodies
targeting the IME. The results showed that when the antibody-coated nanoparticles came in contact with the vascular
system of the infected liver tissue, a reduction in pH and enzymatic changes occurred to achieve drug release,”®>®

indicating that targeting inflamed liver tissue was valuable for the treatment of sepsis-associated liver injury.
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Figure 3 Scheme for designing IME responsive and biofunctional nanoparticles (NPs) and for targeted delivery of nanotherapeutics at the site of infection. (A) The designing
strategy of intercellular adhesion molecule-1 antibodies-modified multifunctional NPs; (B) The prepared NPs showed a preferential accumulation at a site of infection by
interaction with intercellular adhesion molecule-1.

Notes: Reprinted with permission from John Wiley and Sons. Zhang CY, Gao ), Wang Z. Bioresponsive nanoparticles targeted to infectious microenvironments for sepsis
management. Adv Mater. 2018;30(43):e1803618. © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.>®
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Hepatic Oxidative Stress

Increased oxidative stress during sepsis is another mechanism leading to the development of liver injury. Oxygen radicals can
trigger lipid peroxidation, producing large amounts of reactive oxygen (ROS) and reactive nitrogen species (RNS), causing severe
damage to mitochondria in hepatocytes and inducing apoptosis or necrosis in hepatocytes, eventually leading to liver injury or
even failure.”” ®' Therefore, antioxidant therapy can be one of the strategies for the treatment of SRLI. Melatonin (Mel) is
a multifunctional hormone with strong antioxidant effects, and some studies have shown that systemic administration of free Mel
could reduce sepsis-induced tissue damage.®*** Melatonin is currently mainly used in oral dosage form, but due to its short half-
life (t1/2<30 min) and low in vivo absorption, thus limiting its clinical use.®> Chen et al® prepared methoxypolyethylene glycol-
b-poly(propylene sulfide) (PEG-b-PPS) by adding polyvinyl alcohol (PVA) to a solution containing Mel solution after ultrasonic
emulsification to obtain Mel polymer nanoparticles (mPEG-b-PPS-NPs) with ROS-responsive effects and determined the
sensitivity of the nanoparticles to oxidative stress in the septic liver. First, hydrogen peroxide (H,O,) was used to simulate
oxidative stress, and measurements showed that in the absence of H,O,, NPs were morphologically intact, but when exposed to 10
mM H,0,, NPs appeared to swell and disintegrate, indicating that mPEG-b-PPS-NPs were highly sensitive to oxidative stress.
Liver serum malondialdehyde was then measured in mice with LPS-induced sepsis to detect oxidation. Malondialdehyde (MDA),
which are the major products of unsaturated fatty acids, are markers of oxidative stress, and excessive levels trigger lipid
peroxidation.®”*® The mPEG-b-PPS-NP group had significantly reduced MDA levels in the liver compared with the free Mel
alone group. The plasma ALT and AST activities of mice were inhibited. Finally, the degree of proinflammatory neutrophil
infiltration was measured in septic mice with liver injury, and the results showed that mice with infectious shock had increased
inflammatory factor activity, whereas mPEG-b-PPS-NPs accelerated proinflammatory neutrophil apoptosis and significantly
eliminated sepsis-induced liver inflammation compared with a slightly nonsignificant effect of the same dose of free Mel. It was
evident that Mel-loaded mPEG-b-PPS-NPs had the potential to treat liver injury in sepsis.

Oxygen radicals and their triggered peroxidation reactions cause severe mitochondrial damage in hepatocytes, affecting
membrane protein function, impairing hepatic energy metabolism and detoxification, and exacerbating the extent of liver
injury.*"° To better target mitochondria, Yu et al’' synthesized organic polymer (mPEG-TK-PLGA) and atorvastatin-loaded
nanoparticles (PTP-TCeria NPs) as the core part of the structure and then wrapped the nanoparticles with CeO, (TCeria) modified
with triphenylphosphine in the outer layer to prepare an atorvastatin-loaded nanodelivery system (Atv/PTP-TCeria NPs). H,O,-
stimulated human umbilical vein endothelial cells (HUVECs) were used as a cell model of oxidative stress injury. After injection
of the NPs and incubation for 24 h, the Atv/PTP-TCeria NP group showed lower cell mortality and significantly higher superoxide
dismutase (SOD) levels than the other groups, indicating better antioxidant effects. PTP-TCeria NPs could inhibit H,O,-induced
apoptosis and had a strong ability to scavenge ROS. Immunohistochemical analysis of mouse organs showed that the Atv/PTP-
TCeria NP treatment group exhibited normal structures in the kidney and liver, and the levels of liver function-related indicators
(aspartate aminotransferase (AST) and alanine aminotransferase (ALT)) were mostly unaffected compared with those in the AKI
group. In contrast, there was extensive congestion and necrosis in the liver and kidney tissues of mice in the LPS group.

Sepsis-induced apoptosis or necrosis in hepatocytes is the central aspect of liver injury during sepsis. When bacteria,
endotoxin and inflammatory factors act on hepatocytes, they activate the liver’s apoptotic mechanism to clear the damaged
hepatocytes. However, prolonged pathogens and inflammation cause high levels of hepatocyte apoptosis to occur, leading to
mitochondrial depletion and the inability to activate caspase-3, resulting in hepatocyte necrosis.”> ’* To better protect hepato-
cytes, Ye et al” formed a nicotinamide purine dinucleotide (NAD+)-loaded liposome nanoparticle (NAD+-LP-Cap) coated with
calcium phosphate (Cap) on the surface to help NAD+ operate better in the blood circulation and provided energy to cells to
prevent apoptosis. Moreover, NAD+-LP-Cap improved cellular uptake of NAD+ and reduced mortality in mice with sepsis
induced by Pseudomonas aeruginosa after appendiceal ligation and puncture and could be an innovative treatment modality for
liver injury in sepsis.

In addition, a summary of drug delivery nanosystems with therapeutic potential for antioxidant effects on liver injury
in sepsis can be found in Table 1.

Hepatic Microcirculatory Coagulation Disorders
Hepatic microcirculatory coagulation disorders are also triggers that exacerbate sepsis-related liver injury. The activation and
overexpression of viscous molecules by hepatic sinusoidal endothelial cells during sepsis lead to fibrin deposition and
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Table | Antioxidant Nanodrug Delivery System with Potential to Alleviate Liver Injury in Sepsis

oxidative stress, inflammation, and apoptosis.

Name Acting Advantages Loaded Animal Particle Shape References
Cell/Site Drugs Models Size
CNPs Hepatocytes | Improved the survival rate, reduced systemic and hepatic oxidative stress as well as CeO Rats 10-30nm Cubic [76]
serum cytokine/chemokine levels. fluorite
structure
CZ NPs Hepatocytes | Possessed a higher Ce3* /Ce** ratio and faster conversion from Ce** to Ce®* CeO Rats 2-4nm Fluorite [77]
structure
CeO; NPs Hepatocytes | Reduced levels of nitric oxide synthase (iNOS), cyclooxygenase 2 (COX-2), and CeO, Mice 200400 Spherical [78]
decreased nuclear factor-kappa light chain enhancer of activated B cells (NF-kB) nm
transcriptional activity.
Atv/PTP- Mitochondria | Targeted mitochondria to eliminate excessive ROS CeO, Mice 30-80 nm | Spherical [71]
TCeria NPs
AgNPs Liver Reduced ROS and RNS production Ag Rats 10-200nm | Spherical [79]
Nanosheets | Mitochondria | Reduced ROS and RNS production WS,, MoSe,, Rats 37.5 nm Nanosheets | [80]
and WSe,
PCM-MSN Liver Increased the activity of myocardial cells, down-regulated the expression of MSN Rats - - [81]
@LA inflammatory factors and the production of ROS, alleviated cardiac insufficiency in sepsis
RNPN NPs | Multiple Improved pharmacological performance dramatically reduced the radiation-induced RNPN Rats - - [82]
organs organ dysfunctions and increased the survival time of the lethally irradiated mice
irradiated mice
mSPAM Macrophages | Suppressed HIFla expression in LPS-stimulated macrophages and thereby inhibited the | BM A local 97nm Spherical [83]
progression of local and systemic inflammation endotoxemia
animal model
PEG-BR Whole body | Had the potential of the biosensors for ROS detection and could be used to diagnose | PEG-BR Rats 15nm Ridge-tile [84]
@SPIONs many diseases associated with ROS overproduction.
Nano-CuO | Mitochondria | Triggered oxidative stress by ROS, which in turn resulted in activation of ER stress CuO Male Wistar 20—40um Hexagonal [85]
pathways causing cell death in liver tissue and BRL-3A cells. rats
TiO, NPs Hepatocytes | Had cytotoxic effects on the intestine and liver structure and function by inducing TiO, Male rats 30nm Spherical [86]
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microthrombus formation in the hepatic microvasculature. Microcirculatory impairment reduces vascular blood perfusion,
and hepatic ischemia occurs, along with the depletion of platelets and coagulation factors, leading to coagulation dysfunction
and eventual bleeding.®”*® The aqueous extract of D. donglingii leaves is a terpenoid that has various biological and
pharmacological effects, such as anticancer, antithrombotic and anti-inflammatory effects. However, its clinical application
is limited due to its rapid degradation and low bioavailability. For this reason, Wang et al® prepared solid nanoliposomal
particles loaded with aqueous extracts of Dondelia leaf (AERL NPs) through spin filtration and other means and evaluated its
therapeutic potential in promoting intrahepatic microcirculation. The in vitro platelet aggregation assay showed that the
aqueous extract of D. melanogaster leaves (AERL) could inhibit platelet aggregation induced by thrombin, adenosine
diphosphate and platelet activating factor (PAF) with half-inhibitory concentrations of 0.12—1.43 mg/mL and inhibited the
release of platelet P-selectin in a concentration-dependent manner. After oral administration of different doses of AERL NPs
(5 mg/kg, 25 mg/kg, 50 mg/kg), blood was collected from the rats. The characterization of AERL NPs in plasma showed that
the diameters of the NPs increased with decreasing size, which allowed the selection of different concentrations for targeting
hepatic sinusoidal endothelial cells and hepatocytes. The intrahepatic thrombus weight of rats was measured by flow
cytometry, and the thrombus weights of rats in the AERL NP group were significantly lower than those in the oral NS
group at minimum effective dose of 5 mg/kg. Therefore, AERL NPs have ideal antithrombotic properties.

Histones are a group of nuclear proteins with positive ions and are responsible for packaging DNA into chromatin and
regulating gene expression. During sepsis, histones are released into the circulation and mediate inflammation, organ damage,
and failure by activating toll-like receptors (TLRs) and NLRP3 inflammatory vesicles and induce coagulation by binding to
platelets. High histone concentrations are characteristic of severe sepsis and high mortality.”> > H3 and H4 histones have now
been shown to improve survival in mouse models of sepsis.”*** To better target histones and prolong the duration of
nanodrugs, Koide et al** (Figure 4) prepared poly(ethylene glycol) methacrylate by modified precipitation polymerization
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Figure 4 Preparation and efficacy assessment of PEG-HNPs for sepsis treatment.
Notes: Reprinted from Koide H, Okishima A, Hoshino Y, et al. Synthetic hydrogel nanoparticles for sepsis therapy. Nat Commun. 2021;12(1):5552. https://creativecom
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and then combined various functional monomers to prepare PRG-modified lightly cross-linked N-isoacrylamide-based
hydrogel polymer NPs (PEG-HNPs). In vivo distribution showed that PEG-HNPs accumulated mainly in the liver (~50%)
at 3 h after injection in mice and remained in the bloodstream for 24 h, increasing the binding of HNPs to histone targets. Cy
histone signals in the lung, kidney and intestine were significantly weaker after PEG-HNP treatment than after cy5-HNP
injection alone, indicating that PEG-HNPs can capture histones in the blood and target the liver. Cellular colocalization
showed that PEG-HNPs entered the cells through the cell membrane and that the histones they carried were not released into
the cytoplasm, nor did they induce toxicity. After tail vein injection of PEG-HNPs (10 mg/kg) in mice, the researchers
measured the changes in platelet and found that PEG-HNPs significantly increased platelet counts, prolonged bleeding time,
inhibited platelet activation and thrombosis and improved vascular microcirculation.

Bacterial Translocation

The “gut-liver” axis plays an important role in the pathogenesis of sepsis. The intestine is the largest reservoir of bacteria in
the body, and the liver is the main site of bacterial infection. Patients with sepsis often have an imbalance in intestinal flora,
which is accompanied by ischemia and hypoxia in the intestinal mucosa, which leads to the invasion of endotoxin and
bacteria into the liver through the damaged intestinal mucosa with portal vein and causes intestinal inflammation and liver
injury.”>~®7 Thus, the choice of drugs needs to satisfy both low hepatotoxicity and good intestinal antimicrobial properties.
Acharya et al”® prepared spherical silver nanoparticles (AgNP-sp) and rod-shaped silver nanoparticles (AgNR) and
evaluated their antimicrobial activity against various Gram-negative and Gram-positive bacteria by using citric acid
thermal reduction and surfactant-free wet chemical methods. Electron microscopic characterization revealed that the
addition of citrate ions during the synthesis of colloidal AgNPs allowed the entire particle to be negatively charged,
avoiding particle aggregation, and that the two nanoparticles were face cubic center (fcc) structures with particle sizes of
40-50 nm and 20 =+ 6 nm, respectively. MIC values were used to study their bactericidal kinetics (10> CFU/ml in primary
cells), and the results suggested that these nanoparticles had significant growth inhibitory effects on Gram-negative and
Gram-positive bacteria; smaller particle sizes (5—10 nm) were associated with better antibacterial effects, while higher
concentrations were associated with better effects. Finally, it was found that the spherical AgNP-sp was able to bind tighter
to the intestinal folds due to its large contact area, and its inhibitory and bactericidal activity was more significant than that
of the rod-shaped AgNR, which is consistent with the previous report showing the killing of the tested bacteria within 3 h.””

Enterobacteriaceae is one of the most frequent infectious agents associated with sepsis, and carbapenem antimicrobials are
preferred as clinical treatments. Meropenem is a common choice for the treatment of Enterobacteriaceae; however, its use is
restricted due to its short half-life (approximately 1 hour), risk of liver damage, and susceptibility to resistance.'*'"!
Memar et al'® prepared meropenem monodisperse silica microspheres (MSNs) with an average diameter of 68.43 nm,
which had different shapes (spherical, long rod, short rod, cubic) and negatively charged surfaces. Meropenem synergizes with
silica to better inhibit bacterial cell wall synthesis and achieves antibacterial effects. In vivo biodistribution analysis revealed
that the MSNs were mostly present in the liver and kidney in Enterobacteriaceae-infected mice. Long rod-shaped MSNs had
a high potential to overcome rapid clearance by the reticuloendothelial system and remained in vivo for a long period of time,
while spherical MSNs were rapidly cleared in the liver and had few toxic effects. In addition, in vitro bacterial assays showed
that MSNss loaded with meropenem showed better clearance of Enferobacteriaceae than free meropenem. Hemolysis assays
and cytotoxicity assays showed that MSNs were nontoxic, noncytotoxic and hemocompatible particles. Therefore, MSNs
loaded with meropenem served as a potential antimicrobial agent against sepsis liver injury.

In addition to these treatment modalities targeting the “gut-liver” axis, restoring the intestinal flora is also a promising
therapeutic strategy that can contribute to the repair of liver injury due to sepsis. Fan et al'®® obtained ROS-responsive
nanoparticles (GEN-NPs) by coupling the SOD mimetic tempol (TPL) to B-cyclodextrin (B-CD) and then modifying it
with 4-(hydroxymethyl)dumb-borate. The nanoparticles had strong colonic targeting and could effectively increase the
expression of estrogen receptor B (ER-B), decrease the expression of Caspase-1, increase field permeability, help the
intestinal flora “self-heal” and achieve anti-inflammatory effects in the context of a large amount of oxygen free radical
secretion.Drug delivery nanosystems that could be used to treat bacterial translocation in SRIL are summarized in
Table 2.
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Table 2 Summary of Drug Delivery Nanosystems for Bacterial Translocation in SRIL

Drug Delivery Active Classification of Pathogens Results References
Nanosystem Substance
Spherical silver Ag Gram-positive and Strong killing power for Klebsiella pneumoniae [98]
nanoparticle Gram-negative bacteria
The porous structure | Meropenem | Carbapenem-resistant Desirable biocompatibility, low cytotoxicity and the | [102]
of MSNs nanoparticle Enterobacteriaceae. improved antibacterial effect
Uniform rod-like Genistein Apoptosis-associated plaque-like Modulated the gut microbiota, and alleviated colitis. | [103]
morphology protein containing a CARD showed excellent safety
nanoparticle (ASC) and Caspasel-p20
Vitamin C lipid MACs Multidrug-resistant bacteria, The elimination of multidrug-resistant bacteria, [104]
nanoparticles including Staphylococcus aureus including Staphylococcus aureus and Escherichia coli,

and Escherichia coli leading to the complete recovery of

immunocompromised septic mice

Angstrom-scale silver AgAPs Multi-drug resistant Reduced bacterial burden, reversed dysregulated [105]
nanoparticles Staphylococcus aureus inflammation, and enhanced survival in mice with
(F-AgAPs) (S. aureus)- and Escherichia coli CLP - or E. coli bloodstream infection- induced sepsis

(E. coli)
Lipase-sensitive Lipase Staphylococcus aureus (S. aureus) Inhibiting S. aureus growth,released the drug to kill [53]
polymeric triple- intracellular bacteria

layered nanogel (TLN)
Spherical nanoparticle | TiO, NPs Lactobacillus_reuteri Induced slight hepatotoxicity at dose of 50 mg/kg [86]
after long-term oral exposure.The indirect pathway
of the gut-liver axis, linking liver metabolism and gut

microbiota

Other Drug Delivery Nanosystems

It has been recently shown that mesenchymal stromal cells (MSCs) and extracellular vesicles (EVs) (MSCs secreted) can
exert anti-inflammatory effects on the inflammatory environment associated with sepsis.'°® However, the low secretion of
EVs and complicated isolation procedures limit their widespread use. To address this problem, Park et al'®” prepared
nanovesicles (NVs) with high similarity to EVs and analyzed the potential of the NVs to treat sepsis-associated
inflammation and liver injury. The preparation of NVs was followed by transmission electron microscopy and nano-
particle tracking to analyze the physical properties of the NVs, and the results showed that the NVs had a spherical
structure with a diameters 50—150 nm; GO analysis was performed and suggested that the proteins that make up the NVs
were involved in inflammatory, gonadotropic and angiogenic pathways. Subsequently, and in vivo sepsis model was
established by intraperitoneal injection of E. coli (OMVs, 15 ug) followed by intraperitoneal injection of NVs (2* 107)
for 6 h. NVs abrogated the reduction in ocular secretions, decreased body temperature (not entirely to normal levels) and
the number of neutrophils and monocytes in the mice and inhibited tumor necrosis factor (TNF-a) and interleukin 6 (IL-
6) expression; NIR imaging analysis with Cy7 dye labeling at 6 h revealed that NVs localized to the liver, spleen, and
lung and disappeared after 24 h. Western blot analysis showed that NVs ameliorated the inflammatory response in mice
induced by E. coli. In vitro, NVs significantly reduced the secretion of bone marrow macrophages and proinflammatory
cytokines (IL-10) activated by OMVs in primary mice. This finding is consistent with previous findings. Interestingly, IL-
10 levels were dose-dependently upregulated in OMV-stimulated macrophages after NV treatment, whereas OMYV alone
did not alter IL-10 production. It is evident that NVs hold promise for ameliorating septic inflammation and reducing
liver injury.

Free DNA (cfDNA) plays a key role in the Toll-like receptor 9 (TLR-9)-mediated proinflammatory pathway, and reducing
or eliminating cfDNA can modulate the immune response, thereby reducing organ damage and suppressing cytokine storms
during sepsis. To validate this hypothesis, Dawulieti et al'®® synthesized three polyethyleneamine (PEI)-functionalized and
biodegradable mesoporous silica nanoparticles with different charge densities (MSN-PEI25K, MSN-PEI800 and MSN-NH2)
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and compared their cfDNA removal effects. The results showed that MSN-PEI 25K had the best anti-inflammatory effect due
to its high charge density and strong nucleic acid binding ability. In addition, the toxicity of the three particles was evaluated,
and the median inhibitory concentration of macrophages (IC50) of MSN-PEI 25K was 22.98 pug/mL, which was much lower
than that of the other two, and all mice in the MSN-PEI 25K and MSN-PEI 800 groups had a 50% mortality rate at a dose of
640 mg/kg, while mice in the PEI group exhibited mortality at a dose of 40 mg/kg. Finally, serum biochemical parameters
were analyzed and showed that MSN-PEI 25K significantly reduced serum alanine aminotransferase, aspartate aminotrans-
ferase, bilirubin, blood urea nitrogen, creatinine and creatine kinase levels, indicating the protection of liver function and low
toxicity of macrophages. This finding suggests that the great research value of these particles as cfDNA scavengers for organ
protection and reversing inflammation during sepsis.

Inflammation and oxidative stress trigger sepsis, and suppressing immune hyperactivation has become an important
strategy.'®'% It has been found that the incidence of sepsis in animals with tumors (eg melanoma) is much lower than that in
normal animals, suggesting that tumors may be able to reduce sepsis-related immune hyperactivation and achieve sepsis
relief.!"% "% Li et al'"? assessed the potential for treating sepsis-associated inflammation and oxidative stress by using hollow
fiber tubes to encapsulate tumor cells and loading miRNA into hyaluronic acid-polyethyleneimine nanoparticles to generate
exosomes (iExos). In vivo, a “tumor-bearer-sepsis” animal model was developed, and the induced exosomes that were
secreted by tumor cells after LPS treatment (iExos) were more effective than normal exosomes (nExo) in ameliorating sepsis.
The average particle size of iExos was approximately 137 nm, as determined by DLS and mass spectrometry, and these factors
exhibited a disc-like structure and large internal space, which could affect immune and endothelial functions. In vivo, iExo-
treated rats had a 50% lower mortality rate and less inflammatory exudate in the abdominal cavity than rats in the model group.
Hematoxylin and eosin (H&E)-stained sections showed that the liver, kidney and lung tissue of septic rats in this group were
less damaged than those in the other groups. ELISA showed that iExos reduced IL-6 and TNF-a levels in mouse serum.
HUVECs and RAW264.7 cells were used to establish an in vitro sepsis-associated inflammation model to assess the effect on
macrophages and endothelial cells. The Western blot and ELISA results showed that iExos were not affected by proteinase
K treatment and that miRNAs were key substances associated with the amelioration of sepsis-associated inflammation by
iExos. The most regulated pathway in macrophages was the TNF pathway, which acted mainly through 7 key miRNAs.
Finally, the use of exosomes with specific miRNA ratios was shown to slow the development of sepsis-associated inflamma-
tion, suggesting a potential approach to treat sepsis inflammatory storms and protect against organ damage.

There has been a high level of enthusiasm for biomimetic nanomedicines for the treatment of sepsis-associated intrinsic
inflammatory diseases in recent years. Molinaro et al''* developed a bionanoparticle (i.e. leukosomes) derived from
macrophages, enabling an innovative shift from inert to biological carriers. The researchers extracted membrane proteins,
choline-containing phospholipids, and cholesterol from a mouse macrophage cell line (J774 cells) and combined them to form
spherical liposome vesicles. The characterization of these vesicles suggested that the average diameter of was 94 nm, and the
particles were spherical with a negative charge. Mice were injected intraperitoneally with LPS (15 mg/kg) to induce an
inflammatory response and were then injected with leukosomes. Thirty minutes later, in vivo confocal microscopy showed
significant accumulation of nanoparticles in the lungs, liver and spleen, with increased accumulation 6 hours after injection,
and 66% of mice in the leukosome group survived for 120 hours, indicating the intrinsic targeting properties of leukosomes to
inflamed tissues. Later, liver and lung tissues were collected from the mice and analyzed using H&E staining, and the results
showed that the organs were lighter in the leukocyte group than in the LPS group, indicating their ability to reduce liver and
lung damage. Finally, the enzyme-linked immunosorbent assay (ELISA) and Western blot results showed that white
microsomes could attenuate glomerular and tubular injury, reduce liver necrosis, and effectively inhibit the increase in
proinflammatory genes (IL-10 and TGF-p). For cellular experiments, peripheral blood was collected from the mice 1 hour
after leukocyte injection, and flow cytometric analysis showed that 9% of leukocytes interacted with macrophages and that 24-
hour in vitro PS activation of cells with LPS induced significant increases in the proinflammatory genes IL-6 and TNF-a.
Consistent with previous findings, the direct role of leukocytes in regulating the expression of pro- and anti-inflammatory
cytokines in macrophages was demonstrated. These experimental results provide new ideas for the treatment of liver injury
during sepsis.
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Conclusion and Future Prospects

Sepsis is a systemic inflammatory response syndrome caused by infection with a high incidence. It has become the main cause
of death in intensive care unit (ICU) patients in China and seriously threatens human health. At this stage, there is no specific
clinical treatment. Infection and invading germs trigger an inflammatory response in the body and lead to a series of
pathophysiological changes during the continuous development of inflammation, including severe sepsis, septic shock, and
multiorgan dysfunction syndrome. The liver is one of the most easily damaged target organs in sepsis and is easily overlooked
by clinicians. However, the pathogenesis of SRLI is intricate and complex, and various factors interact with each other;
therefore, the treatment of sepsis-related liver injury mainly involves controlling the liver inflammatory response and oxidative
stress, as well as treating liver microcirculatory coagulation disorders and bacterial translocation. However, many small
molecule drugs are underutilized due to their short half-lives and side effects. The continuous development of drug delivery
nanosystems has provided new methods for the delivery of small molecule drugs. This paper reviewed the drug delivery
nanosystems that had been created to improve liver targeting of SRLI and their antioxidant and anti-inflammatory abilities,
and reduce side effects, and increase bioavailability, which are good implications for the treatment of sepsis.

Unfortunately, these promising new discoveries will not be available for clinical application soon. There are several
reasons for this. First, drug delivery nanosystems need to successfully cross many barriers before they can reach their
targets. For example, during sepsis, neutrophils release extracellular traps (NETs) for a short period of time to capture and
kill pathogens, and NPs are easily perceived as “foreign bodies” to be captured and phagocytosed, severely affecting the
release of NP-loaded drugs and ultimately leading to therapeutic failure. Several studies have shown that NPs can trigger
the formation of NETs and that their surface chemistry has a significant effect on the number of NPs trapped; NETs
gradually form and trap more NPs within 1 hour when NPs of different sizes and shapes interact with neutrophils.''>'”
Therefore, how to help NPs overcome the immune system and reach the target site smoothly is a question worthy of further
thought. Interestingly, dextran- and albumin-coated SPIONs were recently shown to prevent NET formation and vascular
occlusion in vivo, suggesting that stabilizing NPs with a biocompatible layer may lead to inert behavior and phagocytosis-
induced clearance''®'"” It is clear that NPs can be important in designing drug delivery nanosystems by switching the
surface chemistry, size and shape. Second, due to multiple organ damage, the existing nanosystems are slightly singular in
function and do not address the multiple levels of damage in sepsis. The time frame for toxicity and targeting studies on the
liver is relatively short, and continuous structural optimization and long-term studies are needed to better understand the
effects of nanoparticles. Fortunately, lipids are biodegradable, and their use in nanomedicines offers more possibilities for
drug encapsulation and reducing toxicity. Finally, the translational gap between clinical studies and clinical trials, such as ex
vivo and animal studies, is another challenge. A characteristic factor was the “ACCESS” trial.'?® This trial compared
Eritoran (a TLR4 antagonist) with placebo in a double-blind randomized controlled trial. The results showed that patients in
the TLR4 antagonist-treated group did not have a lower mortality rate at 28 days than those in the placebo group. In addition
to the fact that the trial did not include any NP-based systems, it highlights the difficulty of using laboratory results for
clinical practice. Whether nanoparticles can be controlled for mass production remains to be determined.

There is no doubt that this is a golden time to explore the field of nanomedicine to treat, diagnose and manage SRLI.
Drug delivery nanosystems are emerging as innovative strategies to provide more efficient and safer routes for crossing
biological barriers and protecting organ function. As nanotechnology continues to develop and research continues,
nanodrug delivery systems have a very bright future in the treatment of liver injury associated with sepsis.
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