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Abstract. Sepsis‑related acute kidney injury (S‑AKI) is a 
common and significant complication of sepsis in critically 
ill patients, which can often only be treated with antibiotics 
and medications that reduce S‑AKI symptoms. The precise 
mechanism underlying the onset of S‑AKI is still unclear, thus 
hindering the development of new strategies for its treatment. 
Therefore, it is necessary to explore the pathogenesis of S‑AKI 
to identify biomarkers and therapeutic targets for its early 
diagnosis and treatment. Heparanase (HPA), the only known 
enzyme that cleaves the side chain of heparan sulfate, has been 
widely studied in relation to tumor metabolism, procoagulant 
activity, angiogenesis, inflammation and sepsis. It has been 
reported that HPA plays an important role in the progression 
of S‑AKI. The aim of the present review was to provide an 
overview of the function of HPA in S‑AKI and to summarize 
its underlying molecular mechanisms, including mediating 
inflammatory response, immune response, autophagy and 
exosome biogenesis. It is anticipated that emerging discov‑
eries about HPA in S‑AKI will support HPA as a potential 
biomarker and therapeutic target to combat S‑AKI.
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1. Introduction

Sepsis‑related acute kidney injury (S‑AKI) is a severe compli‑
cation of sepsis in critically ill patients, which is associated 
with a high morbidity and mortality rate and treatment 
cost (1,2). A previous meta‑analysis showed that one in five 
adults and one in three children develop AKI during hospi‑
talization globally (3), and a review reported that >50% of 
patients in intensive care units (ICUs) suffer from AKI (4). 
The mortality of patients with S‑AKI is significantly higher 
than that of patients with AKI without sepsis (5). It is esti‑
mated that >60% of patients with sepsis or septic shock will 
develop S‑AKI (5). Even if patients with S‑AKI survive the 
acute phase, the prevalence of chronic kidney disease in these 
patients increases. Consequently, S‑AKI is a major global 
challenge to the human population (6).

The main therapy for S‑AKI is antibiotics combined with 
symptomatic treatment. When the complications cannot be 
treated by drug therapy alone, renal replacement therapy 
should be performed. Notably, there is still a lack of effective 
new drugs. Unfortunately, the precise pathogenetic mecha‑
nism underlying S‑AKI is unclear; therefore, exploring the 
pathophysiology of S‑AKI may provide novel options for its 
diagnosis and treatment. Previous studies have reported that 
heparanase (HPA) plays an important role in the pathogenesis 
of S‑AKI (7,8).

2. S‑AKI and its underlying molecular mechanisms

S‑AKI is a syndrome that meets the Kidney Disease Improving 
Global Outcomes' criteria in patients with sepsis (9,10). In the 
criteria, AKI is defined as any of the following: Increase in 
serum creatinine (SCr) by 0.3 mg/dl (26.5 µmol/l) within 
48 h; or increase in SCr to 1.5 times baseline, which is known 
or presumed to have occurred within the prior 7 days; or 
urine volume <0.5 ml/kg/hour for 6 h. Previous studies have 
reported that the pathogenesis of S‑AKI may be attributed 
to renal ischemia, hypoxia, toxic injury and sepsis in the 
clinic (11,12). In addition, an epidemiological study showed 
that the occurrence of S‑AKI is associated with decreased 
renal perfusion and subsequent tubular necrosis (13). 
Furthermore, certain researchers have proposed alternative 
mechanisms for the pathogenesis of S‑AKI. In a sheep model 
of Escherichia coli‑induced septic shock, Maiden et al (14) 
showed that early AKI was not related to changes in renal 
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blood flow, oxygen delivery or histological appearance, such as 
glomerular mesangial expansion or podocyte disappearance. 
Lerolle et al (15) found that the renal damage caused by septic 
shock was not only a simple acute tubular injury, but was also 
associated with capillary leukocyte infiltration and apoptosis. 
Currently, microvascular dysfunction, inflammatory response 
and metabolic reprogramming are considered the three basic 
molecular mechanisms of S‑AKI (16‑18).

Microvascular dysfunction is characterized by an increased 
number of capillaries, cessation of blood flow and an uneven 
distribution of microvascular blood flow; it is considered the 
main cause of the pathophysiology of sepsis (19). Microvessels 
are the primary site for gas, nutrient and waste product 
exchange between blood and tissues. Sepsis leads to the 
dysfunction of the main cell types and fragments in microves‑
sels, including endothelial cells (ECs), smooth muscle cells, 
red blood cells, white blood cells and platelets (20,21). ECs 
are vascular and non‑traditional immune cells that play a 
major role in the systemic response to bacterial infection. 
Sepsis causes a series of impairments in ECs, leading to the 
dysregulation of microcirculation, leukocyte adhesion and 
migration, vasodilation, impaired transport of nutrients and 
increased capillary permeability, amongst other effects (22). 
During sepsis, hypoxia weakens the regulatory effects of red 
blood cells on microvascular relaxation and the deformability 
of red blood cells, causing the aggregation of red blood cells 
and ECs, and impairing microcirculatory blood flow (19,23). It 
has been reported that inducible nitric oxide synthase (iNOS) 
is heterogeneously expressed in different organic vascular 
beds, leading to pathological shunting of microvascular 
blood flow (24). Therefore, the increased activity of iNOS 
and the subsequent increase in the levels of NO may cause 
kidney (i.e., mitochondria and renal tubule) damage in septic 
shock (24,25). Furthermore, degradation of the endothelial 
glycocalyx, which is a major component of the vascular barrier, 
and plays an important role in microvascular homeostasis and 
organ perfusion, causes vascular leak, which also contributes 
to the occurrence of S‑AKI (26). Thus, it may be inferred that 
sepsis causes microvascular dysfunction in AKI, including 
impairments of the main cell types in microvessels and the 
endothelial glycocalyx. As a result, the impairment of nutrient 
transport, leukocyte adhesion and migration, vasodilation and 
increased capillary permeability appear to be responsible for 
S‑AKI.

An inflammatory response is the main defense mechanism 
of a host against pathogenic invasion. According to the Third 
International Consensus Definitions for Sepsis and Septic 
Shock (10), an imbalanced inflammatory response in the host 
may be the cause of organ dysfunction and adverse outcomes. 
Sepsis can induce the release of inflammatory mediators, such 
as pathogens and injury‑related molecular patterns, into the 
intravascular lumen. These molecules bind to pattern recogni‑
tion receptors, such as T‑lymphoid receptors on the surface of 
immune cells, and initiate downstream cascade signals, leading 
to the synthesis and release of pro‑inflammatory molecules (16). 
The dysregulated inflammatory response during sepsis can 
promote the release of cytokines and chemokines, commence 
leukocyte/platelet activation, increase the production of oxygen 
free radicals and arachidonic acid metabolites, and activate 
and recruit T cells, neutrophils, macrophages, platelets and 

ECs (27). Studies have shown that Toll‑like receptors (TLRs) 
also play an important role in S‑AKI (28,29). TLRs are the 
main pattern recognition receptors and can mediate cellular 
signaling cascades through a variety of pathogen‑associated 
molecular patterns (PAMPs) (30,31). TLRs play a central 
role in the innate immune initiation process against invasive 
microbial pathogens. Renal tubular epithelial cells (TECs) also 
express TLRs, especially TLR2 and TLR4. Leemans et al (32) 
demonstrated that TLR2 expressed in the renal parenchyma 
plays a vital role in inducing inflammation and injury. The 
expression of the TLR4/NF‑κB signaling pathway is enhanced 
in renal ischemia‑reperfusion (I/R) injury and septic kidney 
injury (28). Another study showed that TLR4 expression in 
renal TECs regulates S‑AKI and inflammation (33).

Currently, increasing attention is being paid to the interac‑
tion between inflammation, immunological mechanisms and 
coagulation cascades in triggering adaptive immune responses 
in renal TECs. These interactions amplify and enhance micro‑
vascular dysfunction and endothelial injury (34). During sepsis, 
the expression of adhesion molecules on ECs and immune 
cells is increased, resulting in decreased EC deformability, and 
increased ability to aggregate and activate neutrophils (22). 
During S‑AKI, ECs, red blood cells, monocytes and platelets 
produce microvesicles (MVs), and endothelial microvascular 
damage may lead to increased concentrations of MVs (35). 
When the kidney is exposed to damage, PAMPs filter through 
glomeruli or adjacent peritubular capillaries, and proximal 
renal TECs exhibit increased oxidative stress, reactive oxygen 
species production and mitochondrial damage (16). In systemic 
infection and subsequent sepsis, dysregulation of immune 
thrombosis leads to systemic coagulopathy and multiorgan 
failure, due to microvascular obstruction depriving tissues 
of a blood supply. The main cellular drivers of this process 
are platelets and innate immune cells, such as neutrophils, 
eosinophils and macrophages (36). The activating interactions 
between platelets and immune cells is composed of coagula‑
tion and complement systems, which cause a coagulation 
cascade, leading to thrombosis and microcirculation dysfunc‑
tion. Uncontrolled inflammation, activation of coagulation 
and complement cascades are considered to be involved in 
the pathogenesis of S‑AKI (37). Metabolic reprogramming in 
response to injury is an evolutionarily conserved mechanism 
for cell survival (38). Cells convert nutrients to ATP through 
two key metabolic pathways: Oxidative phosphorylation 
(OXPHOS) and glycolysis. OXPHOS is the metabolic pheno‑
type of TECs. The ability of OXPHOS to synthesize ATP 
depends on functional mitochondria (39). Sepsis is known 
to cause severe mitochondrial damage that may hinder the 
ability of TECs to restore OXPHOS. Persistence of glycolytic 
metabolism in renal TECs is associated with persistent local 
inflammation and increased injury. During sepsis, glycolysis 
may shift the TECs into ‘off’ mode, thus allowing the cell to 
re‑prioritize energy expenditure for survival at the expense of 
organ function (38). As a result, renal tubular ion transport is 
reduced, resulting in an increase in chloride concentration in 
the renal tubular fluid. This decreases the glomerular filtration 
rate by activating tubuloglomerular feedback and causes AKI. 
An analysis of renal biopsies obtained 8 h after the induction 
of sepsis by cecal ligation and puncture (CLP) suggested a 
shift in the renal metabolic phenotype to glycolysis (40).
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Although the mechanisms of S‑AKI are widely studied, it 
is still necessary to explore the complex mechanisms of S‑AKI 
pathogenesis to identify biomarkers and therapeutic targets. 
Previous studies have shown that HPA plays an important role 
in the S‑AKI process (7,41).

3. Role of HPA in the pathogenesis of S‑AKI 

HPA is an endoglycosidase. HPA is also named HPA‑1, which 
differs from HPA‑2. The HPA gene, located on chromosome 
4q21.2, is the sole known mammalian endoglycosidase that 
cleaves the heparan sulfate (HS) side chains of HS proteo‑
glycans (HSPGs) intra‑ and extracellularly. In vivo, HPA 
exists within lysosomes as a precursor with a molecular 
weight of 65 kDa (42). The active form of HPA is generated 
by lysosomal cathepsin‑induced cleavage of the pro‑enzyme 
yielding 50‑ and 8‑kDa fragments, both of which are needed 
for its activity. Active HPA has enzymatic and non‑enzymatic 
activities that participate in multiple processes (42). HPA serves 
an important role in promoting pathological processes such as 
tumor growth, metastasis, angiogenesis, thrombosis, fibrosis, 
inflammation, autoimmunity and renal dysfunction (43‑49). 
Upregulation of HPA expression is associated with tumor size 
and progression, enhanced metastasis and a poor prognosis (50).

When HPA is secreted outside the cell, it cleaves the HS side 
chain and contributes to the activation of integrin, epidermal 
growth factor receptor and other signaling pathways. HPA not 
only trims HS that is bound to glycocalyx proteoglycan core 
proteins, but also degrades proteoglycans that are attached to 
the extracellular matrix (ECM), thus remodeling the ECM. HS 
is a high‑sulfur polysaccharide that is widely found in the ECM 
and plasma membrane, and within the cell (51). Therefore, it 
plays an important role in maintaining ECM integrity, barrier 
function and cell‑ECM interactions (52). HPA is crucial for 
the normal turnover of HS (53). HPA affects the function of 
HSPGs by degrading HS. Several linear HS chains covalently 
bind to a core protein to form HSPGs, which participate in 
cell‑cell and cell‑matrix adhesion (54). HSPGs not only 
provide a repository for heparin‑binding molecules, such as 
growth factors, chemokines and enzymes in the tissue micro‑
environment, but also regulate their accessibility, function and 
mode of action. Degradation of HS by HPA not only begins 
to remove physical barriers that prevent cell invasion, but also 
releases various proteins that bind to HS, promoting activation 
of cellular signaling pathways and responses (55). However, it 
has been reported that the exact role of HPA in inflammation 
is difficult to determine, as HPA may act in other ways, either 
enhancing or inhibiting the inflammatory response (47).

Intracellular HPA binds to autophagosomes to enable 
autophagy, binds to exosomes to promote their release from 
cells and enters the nucleus to regulate gene expression (56). In 
addition, HPA has an important role in the normal physiology of 
lysosomes (57). HPA regulates gene expression, activates innate 
immune cells, promotes the formation of exosomes and autopha‑
gosomes, and promotes signal transduction through enzymatic 
and non‑enzymatic activities (58). HPA promotes the secretion 
of exosomes that interact with tumor and host cells, and drives 
their transition to an aggressive tumor phenotype (57). Exosomes 
are mediators of intercellular communication that initiate tumor 
progression by regulating tumor and host cell behavior locally 

and distally throughout the body in the tumor microenviron‑
ment (59). HPA enhances tumor growth and chemotherapy 
resistance by enhancing autophagy (60).

HPA affects S‑AKI by degrading the endothelial glycocalyx. 
HPA promotes degradation of the endothelial glycocalyx in 
glomeruli and renal tubules during sepsis (Fig. 1). The glyco‑
calyx covers the surface of the vascular endothelium and its 
degradation destroys the integrity and permeability of the 
vascular system. Lygizos et al (7) showed that glomerular HPA 
was activated during sepsis and contributed to the occurrence 
of S‑AKI. HPA destroys the integrity and permeability of 
renal TECs by degrading HS, resulting in renal inflammation, 
and urinary HS primarily reflects the degradation of the renal 
glycocalyx (7). Schmidt et al (61) compared 30 patients with 
septic shock in the medical ICU with 25 patients with severe 
trauma in the surgical ICU that acted as controls. The study 
revealed that compared with that in the control group, the level 
of HS in the urine of septic patients was significantly higher. 
The degradation function of HPA on HS suggests that HPA 
may contribute to regulation of the renal glycocalyx during 
sepsis and lead to S‑AKI.

HPA functions in I/R AKI and toxic AKI. HPA not only 
promotes the progression of S‑AKI, but also plays an impor‑
tant role in other types of AKI, such as toxic AKI. I/R is a 
complication of AKI and HPA is part of the biological network 
triggered by I/R injury (62). Masola et al (62) demonstrated 
through in vivo and in vitro experiments that HPA can regu‑
late macrophage polarization, and renal damage and repair 
following I/R, and that HPA inhibitors can partially restore 
renal function and reduce apoptosis. In addition, another 
study showed that HPA promotes the onset of I/R‑induced 
AKI in an I/R mouse model (63). This previous study found 
that HPA is upregulated in I/R mouse models, particularly in 
HPA‑overexpressing transgenic mice, whereas pretreatment 
with PG545, an HPA inhibitor, can eliminate I/R‑induced 
renal dysfunction. Another study demonstrated that HPA is 
a key factor involved in the occurrence and development of 
I/R‑induced epithelial‑mesenchymal transition (EMT) (64). 
In a podocyte model of Adriamycin‑induced toxic kidney 
injury, HPA overexpression was shown to preserve glomerular 
structure and renal function, and elevated HPA levels could 
promote cell protection against apoptosis (65), thus exhibiting 
a protective effect. This previous study also reported that 
exposure to toxic damage resulted in a significant increase in 
autophagic flux in the podocytes of HPA‑overexpressing mice, 
which could be reversed by the HPA inhibitor, Roneparstat.

Therefore, previous studies have suggested that HPA 
plays an important role in pathological processes, such as 
tumor growth, migration/invasion of ECs, infiltration of 
immune cells, metastasis, angiogenesis, thrombosis, fibrosis, 
autoimmunity, autophagy, exosome release, promotion of 
pro‑inflammatory cell adhesion, signal transduction and renal 
dysfunction (42‑44,46,57,66‑71).

HPA mediates its effects on S‑AKI through inflammatory and 
immune responses. HPA plays an important role in inflamma‑
tion, sepsis and AKI (72‑74). Furthermore, HPA has effects 
on the endothelial glycocalyx and ECM in the kidney. HPA 
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is activated under inflammatory conditions and can promote 
the degradation and shedding of the glycocalyx, leading to 
increased cell permeability, thus causing vascular leakage and 
hypovolemia. HPA also mediates its enzymatic activity on 
the ECM, particularly the basement membrane, and promotes 
the release of pro‑inflammatory factors (i.e., IL‑2, IL‑8, basic 
fibroblast growth factor and TGF‑β) and heparin‑binding 
molecules in the ECM. These inflammatory factors stimulate 
the recruitment, rolling process and extravasation of leuko‑
cytes by regulating the interaction between leukocytes and the 
ECM surface (75‑77) (Fig. 1).

There is additional evidence to support the role of HPA 
in S‑AKI through the immune response during sepsis. In 
S‑AKI, HPA increases the presence of adhesion molecules, and 
enhances vascular permeability, tissue edema, leukocyte adhe‑
sion, platelet aggregation and vasodilation‑related dysfunction 
by promoting glycocalyx degradation (78,79). The glycocalyx 

plays a vital role in maintaining the integrity and permeability 
of the vascular system, providing vascular tension and regu‑
lating leukocyte adhesion (80). HPA induces the apoptosis of 
tubular cells and induces the production of damage‑associated 
molecular patterns. HS fragments released by HPA can also 
activate TLRs on macrophages and tubular cells (62). Tubular 
cells produce proinflammatory cytokines in response to 
direct hypoxic stimulation and TLR activation, resulting in 
the attraction and activation of macrophages. In addition, 
high levels of HPA can promote M1 polarization of infil‑
trating macrophages and aggravate parenchymal injury (62). 
HPA also induces a procoagulant effect and renal fibrosis by 
binding to cellular HS (48), and interacts with tissue factor 
pathway inhibitor (TFPI) on the surface of ECs, resulting in 
TFPI dissociation and cell coagulation activity promotion (81). 
In addition, during S‑AKI, HPA leads to platelet aggregation 
and vasodilation‑related dysfunction by promoting glycocalyx 

Figure 1. Structure of renal tubular epithelial cells in normal and septic conditions. (A) Normal renal tubular epithelial cells. (B) HPA acts on renal tubular 
epithelial cells during sepsis. HPA engages in glycocalyx degradation in sepsis. HPA also functions on ECM, causing the release of its pro‑inflammatory 
factors, such as IL‑2, IL‑8, bFGF and TGF‑β, and stimulating leukocyte recruitment, migration and extravasation by regulating the interaction between 
leukocytes and endothelial cell surface. ECM, extracellular matrix; HS, heparan sulfate; HPA, heparanase; GAGs, glycosaminoglycans; M, monocyte.
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degradation. Furthermore, it can lead to increased micro‑
vascular dysfunction and endothelial injury, thus affecting 
microcirculatory blood flow and aggravating coagulation (74). 
HPA is also involved in hemostasis through non‑enzymatic 
mechanisms (48). For example, HPA reduces unfractionated 
heparin to low‑molecular weight heparin, which functions 
as a co‑factor for factor Xa inhibition by antithrombase (48). 
Bayam et al (82) confirmed that elevated heparin levels may 
promote thrombosis. Therefore, HPA may also enhance proco‑
agulant activity in S‑AKI. In addition, HPA can promote renal 
fibrosis. Abassi et al (63) confirmed that PG545 suppressed 
renal dysfunction and the upregulation of HPA, as well as 
pro‑inflammatory and pro‑fibrotic factors that were induced by 
I/R in AKI. HPA promotes renal fibrosis by participating in 
fibroblast growth factor‑2‑dependent EMT of renal TECs (83).

In conclusion, HPA plays a major role in S‑AKI, mainly 
through the degradation of the endothelial glycocalyx, the 
remodeling of the ECM, and the release of pro‑inflammatory 
cytokines and heparin‑binding molecules in the ECM, thus 
aggravating the immune response and inducing a procoagulant 
effect and renal fibrosis. However, HPA may also influence 
S‑AKI through other mechanisms.

HPA mediates its effects on S‑AKI through autophagy. 
Autophagy is a highly conserved lysosome degradation pathway 
in mammals, which removes protein aggregates and damaged 
organelles to maintain cellular homeostasis (84,85). It is 
reported that autophagy occurs at low levels under physiological 
conditions to maintain the homeostasis of the intracellular envi‑
ronment, but is upregulated upon exposure to stress conditions, 
such as hunger, hypoxia, ischemia and oxidative stress (86). In 
healthy and diseased states, autophagy plays a key role in main‑
taining the morphology, activity and dynamic balance between 
various cell types in the kidney (87). It has been reported that 
autophagy induced by unilateral ureteral obstruction (UUO) 
has renoprotective effects, and treatment with the autophagy 
inhibitor, 3‑methyladenine, enhances tubular cell apoptosis and 
tubulointerstitial fibrosis in the obstructed kidney following 
UUO (88). However, uncontrolled autophagy leads to exces‑
sive degradation of cellular proteins and organelles, eventually 
resulting in the death of autophagic cells (89).

A previous study has shown that HPA regulates 
autophagy (90). Shteingauz et al (60) and White (91) first 
described the role of lysosomal HPA in regulating autophagy, 
which presents intracellular proteins, lipids and other 
molecules or organelles for degradation and recycling. The 
PI3K/AKT/mTOR signaling pathway is known to inhibit 
autophagy (92). Certain studies (60,93) have reported that 
overexpression of HPA downregulates mTOR activity, and the 
inhibition of HPA by PG545 reverses this. mTOR is usually 
scattered throughout the cytoplasm of normal cells; however, 
when HPA expression increases, the majority of mTOR and 
HPA is concentrated around the nucleus, thus reducing the 
activity of mTOR and increasing autophagy (94). Therefore, it 
was speculated that HPA may cause renal autophagy through the 
PI3K/Akt/mTOR signaling pathway and promote the progres‑
sion of S‑AKI (Table I; the protective role in S‑AKI). HPA may 
also cause renal autophagy through the AMPK/mTOR signaling 
pathway, which is another autophagy signaling pathway. Further 
in‑depth investigations are needed to validate these hypotheses.

HPA mediates its action through exosomes during S‑AKI. 
Exosomes are membranous vesicles with a diameter of 
40‑100 mm. All living cells secrete exosomes, which exist in 
the blood, urine, saliva, lymph and other body fluids (95,96). 
Exosomes do not contain nuclei and cannot self‑replicate. 
Exosomes are, reportedly, relatively good drug delivery 
systems due to their stability. Recipient cells endocytose 
exosomes and release exosome contents, and thus play a crucial 
role in cell‑to‑cell communication and information transmis‑
sion, as exosomes are involved in transporting proteins, 
lipids, microRNA (miRNA/miR), mRNA and other bioactive 
substances. Exosomes also participate in the regulation of the 
inflammatory response, immune response, tumorigenesis, 
infection and other pathophysiological processes (97,98). 
Additionally, exosomes have a significant role in sepsis. The 
overall contribution of exosomes to sepsis was previously 
studied using GW4869, which was shown to inhibit the produc‑
tion of exosomes. Essandoh et al (99) showed that GW4869 
significantly improved the survival rate of mice injected with 
lipopolysaccharide (LPS) or the septic mouse model of CLP.

Exosomes affect S‑AKI by carrying relevant cargo, such as 
miRNAs. miRNAs are released into body fluids, such as serum 
and urine, and their high specificity and sensitivity render them 
suitable for use as potential biomarkers for monitoring the 
progression of AKI (100). Viñas et al (101) reported that the 
levels of miR‑486‑5p expressed in the proximal tubules and ECs 
were increased upon injection with miR‑486‑5p mimics into 
AKI mice. Furthermore, the levels of plasma creatinine, tissue 
damage, and neutrophil infiltration and apoptosis improved. 
Urinary exosomes are excreted by all nephron segments. 
Exosome miR‑27b from bone marrow mesenchymal stem 
cells has been shown to inhibit the development of sepsis by 
downregulating Jumonji domain‑containing protein‑3 and inac‑
tivating the NF‑κB signaling pathway (102). Zhang et al (103) 
showed that human umbilical cord mesenchymal stem 
cell‑derived exosomes downregulated the expression of the 
miR‑146b target gene, interleukin‑1 receptor‑associated kinase, 
by upregulating the expression of miR‑146b. Furthermore, a 
previous study showed that exosome‑mediated pyroptosis of 
miR‑93‑TXNIP‑NLRP3 creates functional differences between 
M1 and M2 macrophages in S‑AKI (104). miR‑19b‑3p, derived 
from LPS‑induced AKI mouse TECs, has been reported to 
promote macrophage infiltration and tubulointerstitial inflam‑
mation by inhibiting the suppressor of cytokine signaling‑1 
in vitro, leading to the activation of NF‑κB, and upregulation 
of monocyte chemoattractant protein‑1 (MCP‑1), IL‑1β, IL‑6, 
TNF‑α and iNOS (105) (Fig. 2).

HPA promotes the formation of exosomes. HPA‑induced 
enhancement of exosome biogenesis was initially identified in 
human myeloma cells transfected with HPA cDNA (106). The 
formation of extracellular vesicles is dependent on syntenin 
and its interaction with syndecans. Roucourt et al (107) 
reported that HPA activated the syndecan‑syntenin‑ALIX 
exosome pathway, and that it also played a role in regulating 
this pathway. Syndecans, a family of membrane proteoglycans, 
are composed of chondroitin sulfate and HS chains linked to 
a 31‑kDa integral membrane protein (108). Syndecans and 
syntenin are involved in the regulation of exosome biogenesis 
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through their interaction with ALIX (109). However, HPA 
alters syndecan and syntenin composition, and biological func‑
tion through promoting exosome secretion (106). In human 
cancer cells, exosome secretion is significantly increased 
when HPA expression is enhanced or when tumor cells are 
exposed to exogenous HPA. Furthermore, HPA activity is 
necessary to enhance exosome secretion (106). In conclusion, 
HPA is involved in exosome biogenesis and activates the 
syndecan‑syntenin‑ALIX pathway (Fig. 2).

HPA mediates its action through exosomes during S‑AKI. 
HPA promotes exosome formation, which act on the kidneys 
through their biologically relevant cargo. It has been reported 
that the upregulation of miR‑21‑5p improves renal function 
through several mechanisms; it has been shown to reduce the 

pathological damage to renal tissue, reduce serum inflamma‑
tory response, reduce renal tissue apoptosis, reduce oxidative 
stress responses and regulate the expression of endothelial 
glycocalyx injury markers, such as syndecan‑1 and HPA in 
CLP rats (8). HPA also enters the nucleus and regulates gene 
transcription through exosomes. The role of HPA in exosome 
activity has been determined by its regulation of HS 
cleavage (55). HPA localizes to the exosome surface, where it 
is activated and degrades HS within the ECM (110). HPA can 
regulate the transcription of various genes involved in neovas‑
cularization, such as matrix metalloproteinase 9 (MMP‑9), 
coagulation and inflammatory responses. HPA has been 
shown to increase the expression of MMP‑9 and to increase 
cleavage of syndecan‑1. The released syndecan‑1 can be trans‑
ported into the nucleus, where the bound HS chain and HPA 

Table I. Role of heparanase in sepsis‑related acute kidney injury.

A, Adverse role

Activity Action Area Outcomes (Refs.)

Enzymatic Degrade HS side Glomerular ECs and Damage to glomerular filtration barrier; (62,69)
activity chain glomerular basement membrane proteinuria; renal insufficiency 
  Renal interstitial vascular ECs Renal interstitial inflammatory infiltration (34)
  Renal TECs Destruction of integrity and permeability; (69)
   enhancement of renal inflammation 
  Glycocalyx Enhancement of vascular permeability, (78‑80)
   tissue edema, leukocyte adhesion and 
   platelet aggregation; vasodilation disorder 
  ECM Destruction of ECM integrity and barrier (52,75‑78)
   function; release of its pro‑inflammatory 
   factors; stimulation of leukocyte 
   recruitment, rolling process and 
   extravasation 
Non‑enzymatic Procoag ulant Extracellular Promotion of thrombosis (82)
activity activity   
 Bind to autopha Intracellular Promotion of autophagy to break the (60,91,92)
 gosome  cellular homeostasis 
 Bind to exosome Intracellular Entering of the nucleus to affect gene (58,108)
   transcription 

B, Protective role

Activity Action Area Outcomes (Refs.)

Non‑enzymatic Bind to autopha Intracellular Promotion of autophagy to maintain (89,90)
activity gosome   cellular homeostasis 
 Bind to exosome Intracellular Entering of the nucleus to affect gene (58)
   transcription through the substances 
   carried by exosomes 
 Procoag ulant Extracellular Involvement in hemostasis and relieve (48)
 activity  bleeding 

HS, heparan sulfate; ECs, endothelial cells; TECs, tubular ECs; ECM, extracellular matrix.
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transported into the nucleus can affect a number of mecha‑
nisms, including promotion of mitotic spindle formation and 
subsequent chromosome stability, inhibition of DNA topoi‑
somerase I activity and regulation of cell proliferation (55). 
In conclusion, HPA functions on S‑AKI through exosomes 
and the release of bioactive substances, and certain miRNAs 
derived from exosomes can improve renal function in S‑AKI 
(Table I; the protective roles of HPA in S‑AKI).

In conclusion, HPA contributes to the pathogenesis of 
S‑AKI by inducing the degradation of HS and the destruc‑
tion of ECM, thus promoting inflammation, macrophage 
polarization, fibrosis, dysregulation of inflammatory response, 
excessive activation of autophagy and exosome biogenesis 
(Table I, the adverse roles of HPA in S‑AKI.). However, the 
precise molecular mechanisms underlying the pathogenesis of 
S‑AKI require further investigation.

4. HPA as a diagnostic biomarker and therapeutic target 
for S‑AKI

Currently, several molecules have been identified as potential 
biomarkers for the early detection of renal damage prior to 
increased serum creatinine levels (4). For example, tissue 

inhibitor of metalloproteinase 2, insulin‑like growth factor 
binding protein 7, liver fatty acid binding protein, neutrophil 
gelatinase‑associated lipocalin and cystatin C (111‑114), 
amongst others, have been reported as potential biomarkers 
for renal damage. However, due to their limited specificity and 
sensitivity, injury markers are mainly only used for research 
purposes at this time (4). Notably, in a septic model of CLP, 
the level of HPA was moderately increased at 4 h and further 
increased after 24 h (115). HPA is activated in AKI and plays a 
key role in endothelial glycan shedding (74,116). HPA may also 
serve as a potential biomarker for S‑AKI. In a CLP‑induced 
mouse model of S‑AKI, renal function was damaged after 
4 h (7). The study showed that CLP‑treated mice exhibited 
early activation of glomerular HPA and loss of glomerular 
filtration, as indicated by a greater than two‑fold increase in 
blood urea nitrogen and a >50% decrease in inulin clearance. 
However, administration of HPA inhibitors 2 h prior to CLP 
was revealed to attenuate sepsis‑induced glomerular filtration 
rate loss.

The inhibition of HPA activity alleviates the degradation 
of HS, thereby protecting the glycocalyx and preserving 
the vascular barrier. HPA inhibitors, such as PG545, PI‑88, 
SST0001, other HS analogues and heparin‑derived drugs, have 

Figure 2. HPA activates the syndecan‑syntenin‑ALIX exosome pathway. Exo, exosomes; HS, heparan sulfate; HPA, heparanase; LPS, lipopolysaccharide; 
TLR4, Toll‑like receptor 4; ESC‑Exo, mesenchymal stem cell‑derived exosomes; SOCS‑1, suppressor of cytokine signaling‑1; JMJD3, Jumonji domain 
containing 3; iNOS, inducible nitric oxide synthase; IRAK‑1, interleukin‑1 receptor associated kinase 1; miR, microRNA.
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been reported to inhibit the activity of HPA during inflamma‑
tion (42). Endothelial progenitor cell‑derived exosomes were 
reported to increase the level of syndecan‑1 and decrease 
the level of HPA in the renal tissues of CLP rats (8). In vivo, 
phillyrin, the main pharmacological component of the tradi‑
tional Chinese medicine Forsythia suspensa, has an effective 
protective effect on glycocalyx HS degradation in LPS‑induced 
AKI mice (41).

Based on the effects of HPA in S‑AKI, it is expected to 
serve as a novel biomarker for the detection and treatment of 
S‑AKI. However, HPA inhibitors have not yet been tested in 
the clinic. The identification of a specific, safe and efficacious 
HPA inhibitor may pave the way for its application in the clinic 
for the treatment of patients with S‑AKI, perhaps reducing the 
mortality rate.

5. Limitations

HPA‑2 is a protein located on chromosome 10q23‑24. HPA‑2 
has 40% sequence homology with the coding region of another 
protein, HPA‑1, but despite this, they have different functions 
and effects (117). The total length of HPA‑2 is 592 amino acids, 
with the two proteins, HPA‑2 and HPA‑1, sharing 47% of their 
amino acids. HPA‑2 can bind to HS, but has no enzymatic 
activity and lacks the ability to degrade HS (118). Despite its 
lack of endoglycosidase activity, HPA‑2 has a higher affinity 
for HS than HPA‑1; therefore, by competing for HS, it inhibits 
the enzymatic activity of HPA‑1 (119). HPA‑2 plays an impor‑
tant role in embryonic development, but its mechanisms and 
biological functions remain unclear. HPA‑2 appears to be 
upregulated in benign and less aggressive tumors, and may 
function as a tumor suppressor (118). At present, there are no 
studies on the association between HPA‑2, sepsis and S‑AKI. 
Therefore, the HPA mentioned in this review only refers to 
HPA‑1 without much focus on HPA‑2.

6. Summary and future perspectives

HPA plays a major role in the pathogenesis of S‑AKI, but the 
precise molecular mechanism requires further exploration. 
HPA may serve as a potential biomarker for the early diagnosis 
and treatment of S‑AKI. HPA mediates its action through 
exosomes in S‑AKI, which may transport potential biomarkers 
of S‑AKI. Therefore, such biomarkers could potentially offer a 
novel approach to the diagnosis of S‑AKI.

Early intervention with targeted therapy for patients 
with S‑AKI may improve their prognosis. HPA inhibitors, 
exosomes and autophagy regulators could serve as potential 
therapeutic strategies for S‑AKI. Further studies exploring the 
crosstalk between HPA, autophagy and exosomes are required 
to determine the underlying molecular mechanisms.
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