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Abstract

Sepsis is a severe and complex syndrome that lacks effective prevention or therapeutics. The 

effects of sepsis on the microvasculature have become an attractive area for possible new targets 

and therapeutics. Microparticles (MPs) are cell membrane-derived particles that can promote 

coagulation, inflammation, and angiogenesis; and can participate in cell-to-cell communication. 

MPs retain cell membrane and cytoplasmic constituents of their parental cells, including two pro-

coagulants: phosphatidylserine and tissue factor. We highlight the role of microparticles released 

by endothelial and circulating cells after sepsis-induced microvascular injury, and discuss possible 

mechanisms by which microparticles can contribute to endothelial dysfunction, 

immunosuppression, and multi-organ dysfunction--including sepsis-AKI. Once viewed as cellular 

byproducts, microparticles are emerging as a new class of markers and mediators in the 

pathogenesis of sepsis.
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Introduction

Sepsis is characterized by a complex systemic response to an overwhelming infection that 

may lead to multi-organ dysfunction, including acute kidney injury (AKI). Sepsis is the 

dominant cause of AKI in the ICU, accounting for nearly 50% of episodes [1, 2]. Despite 

several decades of extensive study, there are no therapies or preventative agents beyond 

fluids and antibiotics. Even supportive care studies, including goal directed volume therapy 

and albumin infusion have not shown clinical benefit [3, 4]. Many potential pathways and 

multiple drug targets have been identified in animal models of sepsis; however, the 

translation from animal to human studies has been quite challenging [5-7]. While older 

studies were focused on inflammation and global renal blood flow, more attention has been 

given recently to renal microvascular alterations (i.e., capillary leak, leukocytes and platelet 
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adhesion with endothelial dysfunction, microthrombi formation) and immunosuppression 

that occur during sepsis and sepsis-AKI.

The microvascular alterations and endothelial dysfunction that occur during sepsis resemble 

the endothelial dysfunction that happens in many chronic conditions with the healthy 

endothelium shifting to a damaged pro-coagulative and pro-inflammatory phenotype [8]. 

Recent epidemiologic and mechanistic studies suggest that AKI and chronic kidney disease 

(CKD) are not distinct entities but are rather closely interconnected: CKD is a risk factor for 

AKI, AKI is a risk factor for the development of CKD, and both are risk factors for 

cardiovascular disease [9]. The link between an acute episode of AKI and a possible future 

chronic loss of kidney function and/or cardiovascular disease may be explained, in part, by 

the microvascular injury that often occur in both acute and chronic conditions. Several 

mediators and processes take part in the microvascular dysfunction that occurs during 

sepsis-AKI. We briefly review some aspects of this syndrome and highlight the role of 

microparticles, cell membrane-derived particles that may play a critical role in both the 

initiation and propagation of sepsis [10].

Sepsis, microvascular dysfunction, and oxidative stress

In the vascular microcapillary bed, circulating cells interact with highly dynamic endothelial 

cells through a variety of receptors and elaborated mediators whose functions include 

vasoregulation, coagulation, barrier maintenance, immune cell recruitment and oxygen 

transport [11]. Microvascular dysfunction, defined as any damage to the microvascular 

cellular components, including endothelial cells, smooth muscle cells and circulating blood 

cells, is often detected by altered flow or adhesive properties [11]. During sepsis, 

microvascular dysfunction can occur by several mechanisms: 1) blood flow stagnation from 

altered circulatory cell function (loss of reticulocyte flexibility, increased leukocyte 

adhesion, etc); 2) endothelial cell injury; 3) parenchymal cell injury with oxygen utilization 

abnormalities and mitochondrial dysfunction; and 4) increased coagulopathy (clotting 

factors, protein C, tissue factor, etc) [12-14]. Also, severe capillary leakage can result in 

interstitial edema exacerbating low tissue oxygen perfusion, contributing to hypoxia and 

multi-organ dysfunction [12, 15, 16].

In vivo studies in animal models using intra-vital video microscopy visually demonstrate 

impaired arteriole and capillary microcirculation in several organs during sepsis [17-20], 

including the kidneys [21-23]. During sepsis, a decrease in functional microcapillary 

density, as defined as the length of continuously perfused microvessels per observation area, 

is associated with increased heterogeneity of microvascular perfusion, due to the presence of 

intermittently or non-perfused capillaries nearby well-perfused capillaries. This is a dynamic 

process, as non- or poorly-perfused capillaries may become perfused a few minutes later. 

These alterations have been shown in several preclinical models of sepsis in several vascular 

beds [24, 25]. Besides microcirculatory flow changes, endothelial cells also change their 

phenotype with an increased expression of adhesion molecules (becoming more pro-

inflammatory), and tissue factor (becoming more pro-coagulant) [26].

Because of tissue hypoxia caused by microvascular dysfunction during sepsis, parenchymal 

cells can switch from aerobic to anaerobic respiration, producing toxic byproducts such as 
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reactive oxygen species (ROS). In an anaerobic state ROS are aggressively produced by the 

mitochondria, resulting in more cell damage and endothelial cell dysfunction, perpetuating a 

vicious cycle [27-29]. Oxidative stress and microvascular dysfunction together have an 

important role in the development of sepsis-AKI. The relationships between renal 

microvascular changes and ROS generation have been studied in preclinical models of 

sepsis, using live animal intra-vital video microscopy. These elegant studies have 

demonstrated that increased tubular generation of ROS and peroxynitrite occur following a 

decline in peritubular capillary perfusion (secondary to microvascular dysfunction) [21, 30, 

31]. Microvascular dysfunction during sepsis causes important micro-environment changes 

that have deleterious effects not only locally, but also systemically, and its contribution to 

multi-organ dysfunction including AKI is significant. Therefore, understanding the 

microvascular derangements during sepsis is essential for future development of biomarkers 

and therapeutics in this complex disease.

The role of microparticles in microvascular dysfunction, multi-organ dysfunction, and 
sepsis-AKI

Sepsis-induced microvascular injury causes the release of microparticles (MPs) into the 

systemic circulation. MPs are cell membrane-derived particles, 0.2 to 2μm in diameter that 

promote coagulation and inflammation [32] (Figure 1), perpetuating microvascular injury. 

For example, when human neutrophils were activated with a calcium ionophore to induce 

MPs release, these MPs induced loss of cell membrane integrity and caused other 

morphological changes in human umbilical vein endothelial cells [33]. MPs contain proteins 

and lipids from cell membranes and cytoplasm of their parental cells, and are generated from 

a wide variety of cells, including endothelial cells, red blood cells, monocytes, and platelets. 

The outer leaflet of the MPs membrane contains two pro-coagulants: phosphatidylserine, a 

pro-coagulant phospholipid, and tissue factor. As their internal cargo includes proteins, 

mRNAs, and miRNAs, MPs have recently been shown to participate in a novel form of cell-

cell communication [34]. The actions of MPs may depend on their cellular origin and state 

of activation of the parental cells. Given their multi-faceted roles in thrombosis, 

inflammation, and angiogenesis (Figure 2), MPs have been considered as possible culprits 

during the pathogenesis of sepsis and septic shock, and possibly sepsis-AKI [35]. During 

sepsis in mice, most of circulating MPs are derived from platelets (85%), with a minority 

originated from endothelial cells and monocytes. A small number of MPs during sepsis 

contain erythrocyte markers [36]. Studies that address the role of each particular MP sub-

population on endothelial function and immune system, and their interactions, are still 

lacking.

Microparticles differ from exosomes mainly by their size and genesis. Exosomes are smaller 

(0.04 -0.1 μm in diameter) than microparticles. Whereas microparticles bud from cell 

membranes, exosomes are an end-product of the endocytic recycling pathway. After inside-

out endocytic vesicles form at the plasma membrane and fuse to form early endosomes, 

these endosomes mature and become late endosomes that constitute the multivesicular 

bodies. These inside-out multivesicular bodies (MVBs) invaginate to produce right-side out 

vesicles within the MVBs, then the MVBs can directly fuse with the plasma membrane and 

thereby release right-side out exosomes into the extracellular space. As MPs are produced 
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directly through the outward budding and fission of membrane particles from the plasma 

membrane, their surface markers are largely dependent on the composition of the plasma 

membrane at the time of release; whereas, exosomes are rich in lipid raft constituents due to 

organelle maturation [37]. Microvesicles is a term that includes both exosomes and 

microparticles that are smaller than the detection limit of flow cytometry. The term 

microvesicles is sometimes ambiguous in the literature, reflecting the technical difficulty in 

purifying and/or validating the purity of microparticles, microvesicles, and exosomes.

MPs are recognized by specific receptors. Annexin I has been identified as one essential 

component to recognize MPs in cultured endothelial cells [38]. Annexin I binds to 

phosphatidylserine on the surface of the MPs. MPs produced from wild-type but not from 

annexin I- null polymorphonuclear cells (PMNs) inhibited IL-1beta-induced leukocyte 

trafficking on human umbilical vein endothelial cell (HUVEC) monolayers [39]. CD36, a 

class B scavenger receptor that binds multiple ligands, can also act as a receptor for 

endothelial cell-derived MPs during vascular injury [40]. Blocking CD36 (either genetically 

or with an inhibitor) improves sepsis survival and acute outcomes, including AKI, related to 

decreased inflammation and better granulocyte activity with better local (peritoneal) 

bacterial containment [41]. However, the number of other MPs receptors is unknown; some 

may work in combination with Annexin I, or independent of Annexin I.

MPs can be detected in the circulation in a normal/ healthy state (Figure 3a) [26, 35, 42], but 

are greatly increased after sepsis (Figure 3b) [36]. Because MPs circulate systemically, they 

can behave as pathogenic autocrine (distance) disseminators and have been implicated in the 

multi-organ dysfunction that characterizes sepsis and septic shock [26]. MPs can directly 

modulate endothelial cell nitric oxide and prostacyclin production, stimulate cytokine 

release and tissue factor induction, and promote monocyte chemotaxis and adherence to the 

endothelium [26, 42]. Systemic injection of MPs from septic rats into healthy rats 

reproduces the hemodynamic, inflammatory, and oxidative stress patterns of sepsis, 

including nitrosative stress [35]. Similarly, MPs extracted from whole blood of septic 

patients exerted pleiotropic and tissue-selective changes in expression of pro-inflammatory 

proteins related with nitrative and oxidative stresses; changes not seen when MPs were 

isolated from non-septic controls [43]. MPs derived from septic subjects also increased renal 

markers of inflammation and oxidative stress in healthy rats [43].

MPs can also contribute to the prothrombotic state in sepsis by initiating disseminated 

intravascular coagulopathy (DIC), a known contributor to multiple organ dysfunction 

(Figure 2) [36, 44, 45]. Tissue factor present on the surface of MPs is a primary initiator of 

coagulation. The activity of tissue factor associated with peripheral blood MPs is related to 

disease severity and bacteremia in patients with community- acquired febrile E. coli urinary 

tract infections; and MPs-tissue factor activity declines upon resolution of infection [46]. 

MPs contain other pro-coagulant molecules as well. Delabranche et al. have demonstrated in 

a cohort study involving 100 patients with septic shock, that elevations in endothelium-

derived CD105-labeled MPs and reductions in CD31-labeled MPs are strongly associated 

with early DIC, and might predict DIC occurrence and early vascular injury among septic 

patients [47, 48]. CD105, or endoglin, is a type III auxiliary receptor for the transforming 

growth factor beta (TGF-β) superfamily, and is highly expressed on the vascular 
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endothelium in adults [49]. CD31, also known as platelet endothelial cell adhesion 

molecule)1 (PECAM-1), is a molecule expressed on all cells within the vascular 

compartment, with higher expression on endothelial cells [50].

Zafrani et al. demonstrated a direct role of MPs in the pathogenesis of sepsis and sepsis-

AKI, on both inflammatory and coagulation pathways, using calpain signaling to modulate 

the number of MPs. Calpains are calcium-activated neutral cysteine proteases that play an 

important role in inflammatory processes and lymphocyte apoptosis [36]. Increasing calpain 

activity can cause platelet activation including shape change and the generation of MPs rich 

in phosphatidylserine [51]. Calpastatin is a specific endogenous inhibitor of activated 

calpain activity. In a CLP model of sepsis, transgenic mice over-expressing calpastatin had 

better survival and less organ dysfunction (including lung and liver damage, and sepsis-

AKI), and less lymphocyte apoptosis compared with wild type mice. Calpastatin 

overexpressing mice also had a decreased inflammatory response and DIC, as well as a 

dramatic reduction in the number of circulating MPs. Furthermore, MPs transferred from 

septic wild type mice worsened the survival and increased coagulopathy of septic calpastatin 

overexpressing mice. This study demonstrates not only a deleterious net effect of calpains, 

but also that among all of the potential effects of calpains, MPs account for nearly all 

calpain-mediated injury during sepsis. The large increase in MPs during sepsis again 

highlight that MPs may be both a marker and mediator of sepsis [36].

Role of microparticles in immunosuppression

Only one third of patients die during the first week after sepsis. Thus, most septic patients do 

not die during the overwhelming inflammatory immune response phase of sepsis, but rather, 

they die from an increased susceptibility to secondary infections during a latter 

immunosuppressive state, that can last for weeks. Recent efforts have been made to better 

understand the pathophysiology of this late immunosuppressive phase of sepsis, with the 

development of possible biomarkers and therapeutic targets [52-56].

MPs may also play a role in the immunosuppression associated with sepsis. MPs shed from 

platelets stored for platelet transfusions can alter the function of cultured macrophages and 

dendritic cells toward less reactive states. Sadallah et al. demonstrated that human stored 

platelet-derived MPs reduced the release of TNF-α and IL-10 by macrophages activated by 

LPS or zymosan A. Further, platelet-derived MPs attenuated the differentiation of 

monocytes into immature dendritic cells by IL-4 and GM-CSF: immature dendritic cells lost 

part of their phagocytic activity and their LPS-induced maturation was down modulated 

when exposed to platelet-derived MPs [57]. MPs can inhibit polymorphonuclear leukocyte 

chemotactic responses in sepsis. Neutrophil-derived MPs can inhibit neutrophil chemotaxis 

in vitro. This inhibitory effect on neutrophils is mediated by annexin I, which binds to 

phosphatidylserine on the surface of the MPs. MPs produced from wild-type but not from 

annexin I- null PMNs inhibited IL-1beta-induced leukocyte trafficking on human umbilical 

vein endothelial cell (HUVEC) monolayers [39].

MPs have been found to be elevated in other conditions where both endothelial dysfunction 

and immune system alterations coexist, such as pre-eclampsia [58, 59]. Syncytiotrophoblast-

derived MPs (STBMPs) circulate in normal third trimester pregnancy, but are present in 
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significantly higher concentrations during pre-eclampsia [60], and these MPs suppress T 

lymphocytes in vitro [61]. Circulating endothelial-derived MPs are also elevated during pre-

eclampsia, and strongly correlate with proteinuria [62].

Finally, a meta-analysis of randomized trials involving 8735 patients found that a more 

restrictive, compared to a more liberal, strategy of red blood cell transfusion was associated 

with a lower risk of serious infections (pneumonia, mediastinitis, wound infection, and 

sepsis) [63, 64]. A possible link between stored blood cell-derived MPs with 

immunosuppression in patients who receive blood transfusion is an association that merits 

further investigation. Therefore, MPs may act as mediators and/or perpetuators of 

immunosuppression during sepsis.

In summary, MPs released during sepsis participate in several pathological pathways that are 

activated during this complex disease, and their contribution to sepsis pathophysiology is 

summarized in Figure 2.

Targeting microvascular dysfunction during sepsis

Because microvascular dysfunction is responsible for profound metabolic perturbations at 

the tissue level and contributes to sepsis-induced multi-organ dysfunction (MOD), including 

AKI, efforts have been made in order to find possible therapeutic targets within the 

microvascular system. A complex interplay between microvascular dysfunction and 

oxidative stress in the pathogenesis of sepsis may be more effectively targeted by drugs that 

interfere with both mechanisms. Several primarily anti-oxidant agents are effective in 

animal models of sepsis, [65] as well as drugs that target primarily endothelial dysfunction. 

However, drugs such as resveratrol may have a dual mechanism of action (restoration of 

peritubular microvasculature perfusion and reactive nitrogen species scavenging) [30]. 

Erythropoietin has also been shown to improve endothelial function, kidney function, and 

survival in experimental sepsis, through eNOS activation and anti-inflammatory effects 

[66-70].

Sepsis is also associated with a time-dependent increase in circulating levels of vascular 

endothelial growth factor (VEGF), which is a potent stimulator of endothelial permeability 

and involved in the proliferation, migration, and survival of endothelial cells, but also 

contributes to inflammation and coagulation [71, 72]. VEGF levels are elevated among 

septic patients, and are positively correlated with mortality [73]. Anti-VEGF antibody 

(Bevacizumab) has been shown to attenuate inflammation and decrease mortality in an 

experimental model of severe sepsis [74], and sFLT-1, an endogenous soluble VEGF 

receptor that neutralizes VEGF, improves survival in experimental sepsis [75, 76].

Several groups have studied the effects of progenitor or stem cells, which is one way of 

going beyond the classical approach of single mediators. The number of circulating 

endothelial progenitor cells (EPCs) is increased in the peripheral blood of septic patients, 

and is positively associated with better survival [77, 78], and erythropoietin is known to be a 

potent stimulator for endothelial progenitor cell mobilization [79]. Interestingly, septic 

patients with AKI (according to AKIN criteria) have a higher number of peripheral EPCs 

than septic patients in the “low creatinine group”. Despite increased numbers of EPCs 
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during sepsis-AKI, these cells have a decreased proliferative capacity [78]. Stromal cell-

derived factor-1α (SDF-1α) facilitates EPCs recruitment and is elevated in murine sepsis 

models. Recently, the effect of exogenous EPCs derived from human cord blood on murine 

sepsis caused by cecal-ligation puncture (CLP) was studied, as well as the role of CTCE, a 

SDF-1α-analogue.

Both exogenous EPCs and CTCE increased 7-day survival, and their effects were 

synergistic. Either EPCs alone or sub-threshold EPCs and CTCE combination administered 

6h after CLP significantly increased plasma IL-10, with no effect on IL-6 or TNF-α; and 

also decreased lung capillary leakage as shown by the Evans blue dye assay [80]. 

Administration of EPCs augments plasma expression of microRNA-126 and 

microRNA-125-b, which can influence endothelial function [81-83]. While most of what is 

known regarding the role of MPs during sepsis suggests a harmful/deleterious effect, MPs 

may have beneficial roles; their function vary according to their cells of origin and the state 

of those cells. Cantaluppi et al. demonstrated that MPs derived from EPCs protect the 

kidney from AKI following ischemia-reperfusion injury while delivering a miRNA cargo 

(including miR-126) that can contribute to reprogramming hypoxic resident renal cells to a 

regenerative program, and the mice that received EPCs-derived MPs were also protected 

from CKD following AKI [84]. Dye from labeled EPCs-derived MPs was detected in 

endothelial and tubular epithelial cells 2h after intravenous injection. Further, EPCs-derived 

MPs have direct effects on cultured hypoxic tubular epithelial cells. These intriguing results 

support further exploration of the fate of circulating microparticles [85], especially in more 

complicated models of AKI, including sepsis-AKI.

We have demonstrated that administration of bone marrow-derived mesenchymal stem cells 

(BMSCs) to mice shortly (up to 1h) after the induction of sepsis increases survival and 

improves organ dysfunction, including AKI, by immunomodulatory effects: monocytes 

and/or macrophages from septic mice treated with BMSCs release more interleukin-10 

(IL-10), and the beneficial effects of BMSCs were eliminated by macrophage depletion or 

pretreatment with antibodies specific for IL-10 [86]. Interestingly, a study by another group 

demonstrated that MPs derived from plasma of septic patients increases mRNA expression 

of IL-10 in engineered vascular tissue and increases contraction of these vascular cells 

induced by histamine [87]. The paracrine effects of mesenchymal stem cells (MSCs) during 

AKI may be driven, at least in part, by a horizontal transfer of mRNA and microRNAs 

through MPs. Mice subjected to unilateral ischemia-reperfusion with contralateral 

nephrectomy that received intravenous injection of MPs derived from human adult MSCs 

immediately after injury were protected from AKI and subsequent CKD onset. Pretreatment 

of the same MPs with RNase to inactivate associated RNA prevented their protective effects 

[88]. A recent paper shows that MPs from in vitro expanded kidney-derived mesenchymal 

stem cells contribute to recovery from AKI following ischemia-reperfusion injury by 

improving proliferation of peri-tubular capillary endothelial cells and decreasing peritubular 

microvascular rarefaction, possibly by acting as carriers of pro-angiogenic signals [89]. 

While these studies were performed in the ischemia-reperfusion model, it is possible that 

therapeutics with MPs derived from stem cells, known to have protective effects during 

AKI, may also have beneficial effects during sepsis-AKI.
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Targeting several mediators that participate in the microvascular microenvironment and are 

involved in sepsis-induced microvascular injury have been shown to be beneficial in 

preclinical models of sepsis. The protective effects of endothelial progenitor cells or 

mesenchymal stem cells during sepsis and sepsis-AKI through their paracrine effects are 

promising. MPs may be responsible, at least in part, for these protective paracrine effects of 

stem-cells, supporting the hypothesis that MPs functions are strongly related to their sources 

(cells) of origin. Further studies are needed to better understand the individual 

subpopulations of MPs contributions to sepsis and sepsis-AKI.

Possible role of microparticles in amplification of sepsis by co-morbid conditions

In critically ill patients requiring mechanical ventilation, preexisting chronic kidney disease 

(CKD) dramatically impacts short and long term outcomes, including all-cause AKI, and 30-

day and 1-year mortality [90]. We have reproduced this effect in preclinical animal models, 

whereby CKD amplifies the deleterious effects of sepsis, including sepsis-AKI [91, 92].

Endothelial function is severely impaired during CKD [93-97]. Circulating endothelial-

derived MPs are elevated both in adults [98, 99], and in children with CKD [100], and are 

associated with vascular dysfunction (Figure 3c) [100]. Endothelial-derived MPs isolated 

from patients with CKD impair endothelium-dependent relaxation of rat aortic arteries, and 

decrease NO release by endothelial cells in vitro [99].

It is unknown whether MPs participate in CKD progression, or whether they contribute to 

the worse outcomes seen in septic patients with underlying kidney dysfunction. Conversely, 

severe any-cause-AKI is associated with increased risk of short-term and long-term 

mortality, incident CKD and accelerated progression to end-stage renal disease [101], but it 

is not known if circulating MPs (released from a damaged endothelium) could be involved 

in the development of these events, participating in kidney scarring and CKD.

Previous endothelial dysfunction associated with CKD may have an impact on therapeutic 

choices during sepsis. Septic mice with previous CKD (after 5/6 nephrectomy) did not 

respond to sFLT-1, demonstrated to be beneficial in previously healthy mice [76, 92]. The 

role of MPs during CKD progression, or during an ‘acute on chronic’ episode, are unknown 

at present; but may represent a future therapeutic target. A schematic view of what may 

happen during an ‘acute-on-chronic’ scenario is represented in Figure 3d.

Conclusions

New possible targets are emerging with the advances in our understanding of how sepsis 

affects the microvasculature. MPs, released after endothelial dysfunction during sepsis, are 

possible markers and contributors/ perpetuators of further endothelial dysfunction. The 

development of therapeutics preventing the release of MPs from injured endothelium, or 

directly interfering with the MPs themselves, or their receptors, may be reasonable targets in 

sepsis and other diseases associated with microvascular dysfunction. Besides perpetuating 

endothelial dysfunction and coagulation, MPs may also participate in the 

immunosuppression found in the late states of sepsis. Whether MPs are important as 

amplifiers of disease (as intercellular messengers), or biomarkers, or both, is not completely 
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known, and may depend on which cell types generate MPs and their state of activation. So 

far, harmful effects of MPs during sepsis-AKI have been demonstrated, but as a part of a 

natural response to infection/injury, it is likely that there are some benefits conferred by MPs 

during sepsis, during AKI, and possibly during sepsis-AKI. More studies are needed to 

better understand the effects of MPs during sepsis-AKI, especially with a deeper 

understanding of specific MPs sub-populations. Their functions may be intrinsically 

determined by their cells of origin, whereby some MPs may be harmful and others 

protective.

In the future, it may be possible to engineer artificial therapeutic MPs that either contain or 

lack specific surface molecules (thrombin, PS), or carry passenger or Trojan horse 

molecules (mRNA, micro-RNAs) that may be beneficial in the treatment of sepsis and 

sepsis-AKI. Perhaps these modified MPs could even be directly targeted to the kidneys, or a 

specific organ, or a specific vascular bed. This could be accomplished by manipulating 

specific surface ligands, or by causing upregulation of receptors in specific organs. MPs are 

potential therapeutic targets to prevent or treat sepsis and sepsis-AKI.

Acknowledgments

This research was supported by the Intramural Research Program of the NIH, The National Institute of Diabetes 
and Digestive and Kidney Diseases (NIDDK).

References

1. Parmar A, Langenberg C, Wan L, et al. Epidemiology of septic acute kidney injury. Curr. Drug 
Targets. 2009; 10:1169–1178. [PubMed: 19715542] 

2. Ricci Z, Ronco C. Pathogenesis of acute kidney injury during sepsis. Curr Drug Targets. 2009; 
10:1179–1183. [PubMed: 19715541] 

3. Yealy DM, Kellum JA, Huang DT, et al. A randomized trial of protocol-based care for early septic 
shock. N Engl J Med . 2014; 370:1683–1693. [PubMed: 24635773] 

4. Finfer S, Bellomo R, Boyce N, et al. A comparison of albumin and saline for fluid resuscitation in 
the intensive care unit. N Engl J Med . 2004; 350:2247–2256. [PubMed: 15163774] 

5. Abraham E, Wunderink R, Silverman H, et al. Efficacy and safety of monoclonal antibody to human 
tumor necrosis factor alpha in patients with sepsis syndrome. A randomized, controlled, double-
blind, multicenter clinical trial. TNF-alpha MAb Sepsis Study Group. JAMA. 1995; 273:934–941. 
[PubMed: 7884952] 

6. Cohen J, Carlet J. INTERSEPT: an international, multicenter, placebo-controlled trial of 
monoclonal antibody to human tumor necrosis factor-alpha in patients with sepsis. International 
Sepsis Trial Study Group. Crit Care Med. 1996; 24:1431–1440. [PubMed: 8797612] 

7. Bernard GR, Francois B, Mira JP, et al. Evaluating the efficacy and safety of two doses of the 
polyclonal anti-tumor necrosis factor-alpha fragment antibody AZD9773 in adult patients with 
severe sepsis and/or septic shock: randomized, double-blind, placebo-controlled phase IIb study*. 
Crit Care Med. 2014; 42:504–511. [PubMed: 24335445] 

8. Burger D, Touyz RM. Cellular biomarkers of endothelial health: microparticles, endothelial 
progenitor cells, and circulating endothelial cells. J Am Soc Hypertension. 2012; 6:85–99.

9. Chawla LS, Eggers PW, Star RA, et al. Acute kidney injury and chronic kidney disease as 
interconnected syndromes. N Engl J Med. 2014; 371:58–66. [PubMed: 24988558] 

10. Reid VL, Webster NR. Role of microparticles in sepsis. Brit J Anaesth. 2012; 109:503–513. 
[PubMed: 22952169] 

11. Lehr HA, Bittinger F, Kirkpatrick CJ. Microcirculatory dysfunction in sepsis: a pathogenetic basis 
for therapy? J Pathol. 2000; 190:373–386. [PubMed: 10685071] 

Souza et al. Page 9

Kidney Int. Author manuscript; available in PMC 2015 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



12. Spronk PE, Zandstra DF, Ince C. Bench-to-bedside review: sepsis is a disease of the 
microcirculation. Crit Care. 2004; 8:462–468. [PubMed: 15566617] 

13. De Backer D, Donadello K, Favory R. Link between coagulation abnormalities and 
microcirculatory dysfunction in critically ill patients. Curr Opinion Anaesth. 2009; 22:150–154.

14. Sriskandan S, Altmann DM. The immunology of sepsis. J Pathol. 2008; 214:211–223. [PubMed: 
18161754] 

15. Ince C, Sinaasappel M. Microcirculatory oxygenation and shunting in sepsis and shock. Crit Care 
Med. 1999; 27:1369–1377. [PubMed: 10446833] 

16. Trzeciak S, Rivers EP. Clinical manifestations of disordered microcirculatory perfusion in severe 
sepsis. Crit Care. 2005; 9(Suppl 4):S20–26. [PubMed: 16168070] 

17. Ellis CG, Bateman RM, Sharpe MD, et al. Effect of a maldistribution of microvascular blood flow 
on capillary O(2) extraction in sepsis. Am J Physiol Heart Circ Physiol. 2002; 282:H156–H164. 
[PubMed: 11748059] 

18. Farquhar I, Martin CM, Lam C, et al. Decreased capillary density in vivo in bowel mucosa of rats 
with normotensive sepsis. Journal Surg Res. 1996; 61:190–196. [PubMed: 8769965] 

19. Fries M, Weil MH, Sun S, et al. Increases in tissue Pco2 during circulatory shock reflect selective 
decreases in capillary blood flow. Crit Care Med. 2006; 34:446–452. [PubMed: 16424727] 

20. Lam C, Tyml K, Martin C, et al. Microvascular perfusion is impaired in a rat model of 
normotensive sepsis. J Clin Invest. 1994; 94:2077–2083. [PubMed: 7962554] 

21. Wu L, Gokden N, Mayeux PR. Evidence for the role of reactive nitrogen species in polymicrobial 
sepsis-induced renal peritubular capillary dysfunction and tubular injury. J Am Soc Nephrol . 
2007; 18:1807–1815. [PubMed: 17494883] 

22. Holthoff JH, Wang Z, Patil NK, et al. Rolipram improves renal perfusion and function during 
sepsis in the mouse. J Pharm Exp Ther. 2013; 347:357–364.

23. Mayeux PR, MacMillan-Crow LA. Pharmacological targets in the renal peritubular 
microenvironment: implications for therapy for sepsis-induced acute kidney injury. Pharmacol 
Ther. May; 2012 134(2):139–55. [PubMed: 22274552] 

24. Verdant CL, De Backer D, Bruhn A, et al. Evaluation of sublingual and gut mucosal 
microcirculation in sepsis: a quantitative analysis. Crit Care Med. 2009; 37:2875–2881. [PubMed: 
19770750] 

25. De Backer D, Orbegozo Cortes D, Donadello K, et al. Pathophysiology of microcirculatory 
dysfunction and the pathogenesis of septic shock. Virulence. 2014; 5:73–79. [PubMed: 24067428] 

26. Meziani F, Delabranche X, Asfar P, et al. Bench-to-bedside review: circulating microparticles--a 
new player in sepsis? Crit Care. 2010; 14:236. [PubMed: 21067540] 

27. Exline MC, Crouser ED. Mitochondrial mechanisms of sepsis-induced organ failure. Front Biosci. 
2008; 13:5030–5041. [PubMed: 18508567] 

28. Lemasters JJ, Nieminen AL. Mitochondrial oxygen radical formation during reductive and 
oxidative stress to intact hepatocytes. Biosci Rep. 1997; 17:281–291. [PubMed: 9337483] 

29. Biesalski HK, McGregor GP. Antioxidant therapy in critical care--is the microcirculation the 
primary target? Crit Care Med. 2007; 35(9 Suppl):S577–S583. [PubMed: 17713412] 

30. Holthoff JH, Wang Z, Seely KA, et al. Resveratrol improves renal microcirculation, protects the 
tubular epithelium, and prolongs survival in a mouse model of sepsis-induced acute kidney injury. 
Kidney Int. 2012; 81:370–378. [PubMed: 21975863] 

31. Wang Z, Holthoff JH, Seely KA, et al. Development of oxidative stress in the peritubular capillary 
microenvironment mediates sepsis-induced renal microcirculatory failure and acute kidney injury. 
Am J Pathol. 2012; 180:505–516. [PubMed: 22119717] 

32. Piccin A, Murphy WG, Smith OP. Circulating microparticles: pathophysiology and clinical 
implications. Blood Rev. 2007; 21:157–171. [PubMed: 17118501] 

33. Pitanga TN, de Aragao Franca L, Rocha VC, et al. Neutrophil-derived microparticles induce 
myeloperoxidase-mediated damage of vascular endothelial cells. BMC Cell Biol. 2014; 15:21. 
[PubMed: 24915973] 

34. Burger D, Schock S, Thompson CS, et al. Microparticles: biomarkers and beyond. Clin Sci (Lond). 
Apr; 2013 124(7):423–441. [PubMed: 23249271] 

Souza et al. Page 10

Kidney Int. Author manuscript; available in PMC 2015 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



35. Mortaza S, Martinez MC, Baron-Menguy C, et al. Detrimental hemodynamic and inflammatory 
effects of microparticles originating from septic rats. Crit Care Med. 2009; 37:2045–2050. 
[PubMed: 19384196] 

36. Zafrani L, Gerotziafas G, Byrnes C, et al. Calpastatin controls polymicrobial sepsis by limiting 
procoagulant microparticle release. Am J Resp Crit Care Med. 2012; 185:744–755. [PubMed: 
22268136] 

37. Lee Y, El Andaloussi S, Wood MJ. Exosomes and microvesicles: extracellular vesicles for genetic 
information transfer and gene therapy. Hum Mol Gen. 2012; 21:R125–134. [PubMed: 22872698] 

38. Jansen F, Yang X, Hoyer FF, et al. Endothelial microparticle uptake in target cells is annexin I/
phosphatidylserine receptor dependent and prevents apoptosis. Arter, Thromb, Vasc Biol. 2012; 
32:1925–1935.

39. Dalli J, Norling LV, Renshaw D, et al. Annexin 1 mediates the rapid anti-inflammatory effects of 
neutrophil-derived microparticles. Blood. 2008; 112:2512–2519. [PubMed: 18594025] 

40. Ghosh A, Li W, Febbraio M, et al. Platelet CD36 mediates interactions with endothelial cell-
derived microparticles and contributes to thrombosis in mice. J Clin Invest. 2008; 118:1934–1943. 
[PubMed: 18431509] 

41. Leelahavanichkul A, Bocharov AV, Kurlander R, et al. Class B scavenger receptor types I and II 
and CD36 targeting improves sepsis survival and acute outcomes in mice. J Immunol. Mar 15. 
2012; 188(6):2749–58. [PubMed: 22327076] 

42. Puddu P, Puddu GM, Cravero E, et al. The involvement of circulating microparticles in 
inflammation, coagulation and cardiovascular diseases. Can J Cardiol. 2010; 26:140–145. 
[PubMed: 20386775] 

43. Mastronardi ML, Mostefai HA, Meziani F, et al. Circulating microparticles from septic shock 
patients exert differential tissue expression of enzymes related to inflammation and oxidative 
stress. Crit Care Med. 2011; 39:1739–1748. [PubMed: 21494101] 

44. Nieuwland R, Berckmans RJ, McGregor S, et al. Cellular origin and procoagulant properties of 
microparticles in meningococcal sepsis. Blood. 2000; 95:930–935. [PubMed: 10648405] 

45. Wang JG, Manly D, Kirchhofer D, et al. Levels of microparticle tissue factor activity correlate 
with coagulation activation in endotoxemic mice. J Thromb Haemostasis. 2009; 7:1092–1098. 
[PubMed: 19422446] 

46. Woei AJFJ, van der Starre WE, Tesselaar ME, et al. Procoagulant tissue factor activity on 
microparticles is associated with disease severity and bacteremia in febrile urinary tract infections. 
Thromb Res. 2014; 133:799–803. [PubMed: 24657035] 

47. Delabranche X, Boisrame-Helms J, Asfar P, et al. Microparticles are new biomarkers of septic 
shock-induced disseminated intravascular coagulopathy. Int Care Med. 2013; 39:1695–1703.

48. Zafrani L, Ince C, Yuen PS. Microparticles during sepsis: target, canary or cure? Int Care Med. 
2013; 39:1854–1856.

49. Kapur NK, Morine KJ, Letarte M. Endoglin: a critical mediator of cardiovascular health. Vasc 
Health Risk Man. 2013; 9:195–206.

50. Woodfin A, Voisin MB, Nourshargh S. PECAM-1: a multi-functional molecule in inflammation 
and vascular biology. Art Thromb Vasc Biol. 2007; 27:2514–2523.

51. Montoro-Garcia S, Shantsila E, Marin F, et al. Circulating microparticles: new insights into the 
biochemical basis of microparticle release and activity. Bas Res Cardiol. 2011; 106:911–923.

52. Boomer JS, To K, Chang KC, et al. Immunosuppression in patients who die of sepsis and multiple 
organ failure. JAMA. 2011; 306:2594–2605. [PubMed: 22187279] 

53. Chang KC, Burnham CA, Compton SM, et al. Blockade of the negative co-stimulatory molecules 
PD-1 and CTLA-4 improves survival in primary and secondary fungal sepsis. Crit Care. 2013; 
17:R85. [PubMed: 23663657] 

54. Hotchkiss RS, Monneret G, Payen D. Sepsis-induced immunosuppression: from cellular 
dysfunctions to immunotherapy. Nat Rev Immunol. 2013; 13:862–874. [PubMed: 24232462] 

55. Venet F, Lukaszewicz AC, Payen D, et al. Monitoring the immune response in sepsis: a rational 
approach to administration of immunoadjuvant therapies. Curr Opin Immunol. 2013; 25:477–483. 
[PubMed: 23725873] 

Souza et al. Page 11

Kidney Int. Author manuscript; available in PMC 2015 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



56. Hotchkiss RS, Monneret G, Payen D. Immunosuppression in sepsis: a novel understanding of the 
disorder and a new therapeutic approach. Lancet Inf Dis. 2013; 13:260–268.

57. Sadallah S, Eken C, Martin PJ, et al. Microparticles (ectosomes) shed by stored human platelets 
downregulate macrophages and modify the development of dendritic cells. J Immunol. 2011; 
186:6543–6552. [PubMed: 21525379] 

58. Laresgoiti-Servitje E. A leading role for the immune system in the pathophysiology of 
preeclampsia. J Leuk Biol. 2013; 94:247–257.

59. Marques FK, Campos FM, Sousa LP, et al. Association of microparticles and preeclampsia. Mol 
Biol Rep. 2013; 40:4553–4559. [PubMed: 23645085] 

60. Knight M, Redman CW, Linton EA, et al. Shedding of syncytiotrophoblast microvilli into the 
maternal circulation in pre-eclamptic pregnancies. Brit J Ob Gyn. 1998; 105:632–640.

61. Arkwright PD, Rademacher TW, Boutignon F, et al. Suppression of allogeneic reactivity in vitro 
by the syncytiotrophoblast membrane glycocalyx of the human term placenta is carbohydrate 
dependent. Glycobiol. 1994; 4:39–47.

62. Ling L, Huang H, Zhu L, et al. Evaluation of plasma endothelial microparticles in pre-eclampsia. J 
Int Med Res. 2014; 42:42–51. [PubMed: 24319051] 

63. Rohde JM, Dimcheff DE, Blumberg N, et al. Health care-associated infection after red blood cell 
transfusion: a systematic review and meta-analysis. JAMA. 2014; 311:1317–1326. [PubMed: 
24691607] 

64. Carson JL. Blood transfusion and risk of infection: new convincing evidence. JAMA. 2014; 
311:1293–1294. [PubMed: 24691604] 

65. Miyaji T, Hu X, Yuen PS, et al. Ethyl pyruvate decreases sepsis-induced acute renal failure and 
multiple organ damage in aged mice. Kidney Int. 2003; 64:1620–1631. [PubMed: 14531793] 

66. Souza AC, Volpini RA, Shimizu MH, et al. Erythropoietin prevents sepsis-related acute kidney 
injury in rats by inhibiting NF-kappaB and upregulating endothelial nitric oxide synthase. Am J 
Physiol Renal Physiol. 2012; 302:F1045–F1054. [PubMed: 22237800] 

67. Kao RL, Martin CM, Xenocostas A, et al. Erythropoietin improves skeletal muscle 
microcirculation through the activation of eNOS in a mouse sepsis model. J Trauma. 2011; 71(5 
Suppl 1):S462–S467. [PubMed: 22072004] 

68. Khan AI, Coldewey SM, Patel NS, et al. Erythropoietin attenuates cardiac dysfunction in 
experimental sepsis in mice via activation of the beta-common receptor. Dis Models Mech. 2013; 
6:1021–1030.

69. Coldewey SM, Khan AI, Kapoor A, et al. Erythropoietin attenuates acute kidney dysfunction in 
murine experimental sepsis by activation of the beta-common receptor. Kidney Int. 2013; 84:482–
490. [PubMed: 23594675] 

70. Nangaku M. Tissue protection by erythropoietin: new findings in a moving field. Kidney Int. 2013; 
84:427–429. [PubMed: 23989353] 

71. Senger DR, Galli SJ, Dvorak AM, et al. Tumor cells secrete a vascular permeability factor that 
promotes accumulation of ascites fluid. Science. 1983; 219:983–985. [PubMed: 6823562] 

72. Reinders ME, Sho M, Izawa A, et al. Proinflammatory functions of vascular endothelial growth 
factor in alloimmunity. J Clin Inv. 2003; 112:1655–1665.

73. van der Flier M, van Leeuwen HJ, van Kessel KP, et al. Plasma vascular endothelial growth factor 
in severe sepsis. Shock. 2005; 23:35–38. [PubMed: 15614129] 

74. Jeong SJ, Han SH, Kim CO, et al. Anti-vascular endothelial growth factor antibody attenuates 
inflammation and decreases mortality in an experimental model of severe sepsis. Crit Care. 2013; 
17:R97. [PubMed: 23710641] 

75. Yano K, Liaw PC, Mullington JM, et al. Vascular endothelial growth factor is an important 
determinant of sepsis morbidity and mortality. J Exp Med. 2006; 203:1447–1458. [PubMed: 
16702604] 

76. Tsao PN, Chan FT, Wei SC, et al. Soluble vascular endothelial growth factor receptor-1 protects 
mice in sepsis. Crit Care Med. 2007; 35:1955–1960. [PubMed: 17568329] 

77. Rafat N, Hanusch C, Brinkkoetter PT, et al. Increased circulating endothelial progenitor cells in 
septic patients: correlation with survival. Crit Care Med. 2007; 35:1677–1684. [PubMed: 
17522579] 

Souza et al. Page 12

Kidney Int. Author manuscript; available in PMC 2015 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



78. Patschan SA, Patschan D, Temme J, et al. Endothelial progenitor cells (EPC) in sepsis with acute 
renal dysfunction (ARD). Crit Care. 2011; 15:R94. [PubMed: 21396100] 

79. Heeschen C, Aicher A, Lehmann R, et al. Erythropoietin is a potent physiologic stimulus for 
endothelial progenitor cell mobilization. Blood. 2003; 102:1340–1346. [PubMed: 12702503] 

80. Fan H, Goodwin AJ, Chang E, et al. Endothelial progenitor cells and a stromal cell-derived 
factor-1alpha analogue synergistically improve survival in sepsis. Am J Resp Crit Care Med. 
2014; 189:1509–1519. [PubMed: 24707934] 

81. Wang S, Aurora AB, Johnson BA, et al. The endothelial-specific microRNA miR-126 governs 
vascular integrity and angiogenesis. Dev Cell. 2008; 15:261–271. [PubMed: 18694565] 

82. Meng S, Cao JT, Zhang B, et al. Downregulation of microRNA-126 in endothelial progenitor cells 
from diabetes patients, impairs their functional properties, via target gene Spred-1. J Mol Cell 
Cardiol. 2012; 53:64–72. [PubMed: 22525256] 

83. Muramatsu F, Kidoya H, Naito H, et al. microRNA-125b inhibits tube formation of blood vessels 
through translational suppression of VE-cadherin. Oncogene. 2013; 32:414–421. [PubMed: 
22391569] 

84. Cantaluppi V, Gatti S, Medica D, et al. Microvesicles derived from endothelial progenitor cells 
protect the kidney from ischemia-reperfusion injury by microRNA-dependent reprogramming of 
resident renal cells. Kidney Int. 2012; 82:412–427. [PubMed: 22495296] 

85. Bitzer M, Ben-Dov IZ, Thum T. Microparticles and microRNAs of endothelial progenitor cells 
ameliorate acute kidney injury. Kidney Int. 2012; 82:375–377. [PubMed: 22846811] 

86. Nemeth K, Leelahavanichkul A, Yuen PS, et al. Bone marrow stromal cells attenuate sepsis via 
prostaglandin E(2)-dependent reprogramming of host macrophages to increase their interleukin-10 
production. Nature Med. 2009; 15:42–49. [PubMed: 19098906] 

87. Mostefai HA, Bourget JM, Meziani F, et al. Interleukin-10 controls the protective effects of 
circulating microparticles from patients with septic shock on tissue-engineered vascular media. 
Clin Sci (Lond). 125:77–85. [PubMed: 23379624] 

88. Gatti S, Bruno S, Deregibus MC, et al. Microvesicles derived from human adult mesenchymal 
stem cells protect against ischaemia-reperfusion-induced acute and chronic kidney injury. Nephrol 
Dial Transplant. 2011; 26:1474–1483. [PubMed: 21324974] 

89. Choi HY, Moon SJ, Ratliff BB, et al. Microparticles from kidney-derived mesenchymal stem cells 
act as carriers of proangiogenic signals and contribute to recovery from acute kidney injury. PloS 
One. 2014; 9:e87853. [PubMed: 24504266] 

90. Lebiedz P, Knickel L, Engelbertz C, et al. Impact of preexisting chronic kidney disease on acute 
and long-term outcome of critically ill patients on a medical intensive care unit. J Nephrol. 2014; 
27:73–80. [PubMed: 24519865] 

91. Doi K, Leelahavanichkul A, Hu X, et al. Pre-existing renal disease promotes sepsis-induced acute 
kidney injury and worsens outcome. Kidney Int. 2008; 74:1017–1025. [PubMed: 18633340] 

92. Leelahavanichkul A, Huang Y, Hu X, et al. Chronic kidney disease worsens sepsis and sepsis-
induced acute kidney injury by releasing High Mobility Group Box Protein-1. Kidney Int. 2011; 
80:1198–1211. [PubMed: 21832986] 

93. McDonald HI, Thomas SL, Nitsch D. Chronic kidney disease as a risk factor for acute community-
acquired infections in high-income countries: a systematic review. BMJ Open. 2014; 4:e004100.

94. Padberg JS, Wiesinger A, di Marco GS, et al. Damage of the endothelial glycocalyx in chronic 
kidney disease. Atherosclerosis. 2014; 234:335–343. [PubMed: 24727235] 

95. Afsar B, Turkmen K, Covic A, et al. An Update on Coronary Artery Disease and Chronic Kidney 
Disease. Int J Nephrol. 2014; 2014:767424. [PubMed: 24734178] 

96. Jourde-Chiche N, Dou L, Cerini C, et al. Vascular incompetence in dialysis patients--protein-
bound uremic toxins and endothelial dysfunction. Sem Dial. 2011; 24:327–337.

97. Cai Q, Mukku VK, Ahmad M. Coronary artery disease in patients with chronic kidney disease: a 
clinical update. Curr Cardiol Rev. 2013; 9:331–339. [PubMed: 24527682] 

98. Faure V, Dou L, Sabatier F, et al. Elevation of circulating endothelial microparticles in patients 
with chronic renal failure. J Thromb Haem. 2006; 4:566–573.

Souza et al. Page 13

Kidney Int. Author manuscript; available in PMC 2015 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



99. Amabile N, Guerin AP, Leroyer A, et al. Circulating endothelial microparticles are associated with 
vascular dysfunction in patients with end-stage renal failure. J Am Soc Nephrol. Nov. 2005; 
16(11):3381–8. [PubMed: 16192427] 

100. Dursun I, Poyrazoglu HM, Gunduz Z, et al. The relationship between circulating endothelial 
microparticles and arterial stiffness and atherosclerosis in children with chronic kidney disease. 
Nephrol Dial Transplant. 2009; 24:2511–2518. [PubMed: 19244228] 

101. Rewa O, Bagshaw SM. Acute kidney injury-epidemiology, outcomes and economics. Nature Rev 
Nephrol. 2014; 10:193–207. [PubMed: 24445744] 

Souza et al. Page 14

Kidney Int. Author manuscript; available in PMC 2015 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Schematic view of sepsis-induced microparticles (MPs) released into the systemic 

circulation following microvascular injury. MPs may arise from different cell types and are 

between 0.2 and 2 μm in size. MPs can contribute to inflammation, DIC initiation, and 

immunosuppression, which contribute to multiple organ injury including acute kidney injury 

(AKI), and can cause further microvascular injury and MPs release.
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Figure 2. 
Schematic representation of functions attributable to microparticles (MPs) during sepsis. 

During microvascular injury, endothelial cells and circulating cells such as immune cells and 

platelets release MPs. MPs then exert several pro-thrombotic, pro-inflammatory, and 

immunosuppressive actions on these same cells, perpetuating harmful cycles and 

microvascular injury. During sepsis, the majority of circulating MPs are derived from 

platelets.
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Figure 3. 
3a During normal/ healthy states, microparticles (MPs) are released from circulating cells in 

small numbers; 3b during sepsis, endothelial and microvascular injury occur with 

subsequent release of MPs, which perpetuates the microvascular injury and promotes 

inflammation, immunosuppression, and DIC; 3c during CKD, there is endothelial damage 

and increased number of circulating MPs. The role of these MPs during CKD is yet to be 

established; 3d represents a hypothetical association between sepsis events (3b) in patients 

with pre-existing chronic disease such as CKD (3c). It is known that CKD amplifies sepsis 

(79). It is possible that MPs may participate in this event.
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