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Abstract: Burns are a seriously underestimated form of trauma that not only damage the skin system but also cause various 
complications, such as acute kidney injury (AKI). Recent clinical studies have shown that the proportion of chronic kidney diseases 
(CKD) in burn patients after discharge is significantly higher than that in the general population, but the mechanism behind this is 
controversial. The traditional view is that CKD is associated with hypoperfusion, AKI, sepsis, and drugs administered in the early 
stages of burns. However, recent studies have shown that burns can cause long-term immune dysfunction, which is a high-risk factor 
for CKD. This suggests that burns affect the kidneys more than previously recognized. In other words, severe burns are not only an 
acute injury but also a chronic disease. Neglecting to study long-term kidney function in burn patients also results in a lack of 
preventive and therapeutic methods being developed. Furthermore, stem cells and their exosomes have shown excellent comprehen
sive therapeutic properties in the prevention and treatment of CKD, making them increasingly the focus of research attention. Their 
engineering strategy further improved the therapeutic performance. This review will focus on the research advances in burns on the 
development of CKD, illustrating the possible mechanism of burn-induced CKD and introducing potential biological treatment options 
and their engineering strategies. 
Keywords: inflammation, acute kidney injury, chronic kidney diseases, stem cells, exosomes, sepsis, cytokine storm

Introduction
Burns are tissue injuries caused by changes in temperature, chemicals, physical factors, or radiation. According to World 
Health Organization (WHO), more than 180,000 people die from burns globally every year,1 and it is very difficult to 
quantify the number of burn victims. Burns not only injure skin tissue but also cause a variety of complications, of which 
kidney injury is one of the most common.2 There are three main types of kidney injury: acute kidney injury (AKI), acute 
kidney disease (AKD), and chronic kidney disease (CKD). AKD is a concept that has only been proposed in recent years, 
but past research on post-burn AKI included AKD. Among severe-burn patients, 38% develop AKI, and the average 
mortality rate of AKI patients is around 43%.2 In some areas, the mortality rate is as high as 80%.3 This phenomenon has 
been significantly reduced with the development of renal replacement therapy (RRT).4 It was considered that the 
physiological indicators of burn patients will return to normal when they are discharged from the hospital, so they 
generally will not return for follow-up. This makes long-term kidney function studies in burn patients unsustainable. 
However, a recent study showed that the probability of CKD in burn patients is about 2.4 times that of the normal 
population, and the incidence in women is higher as compared to men.5 This makes us realize that the care of burn 
patients should be long-term and continuous. In addition, understanding the underlying mechanisms of burn-induced 
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CKD will help us develop relevant therapeutic approaches, which will have important implications for improving the 
long-term survival and quality of life of patients.

The etiology of CKD is diverse, and different pathological mechanisms require different treatment options. AKI is 
currently considered a main risk factor for CKD.6–9 However, there are no treatments for the progression of AKI to 
CKD.7,10,11 Similarly, although AKI is considered to be one of the risk factors for post-burn CKD, this has been 
controversial, and we also believe that other risk factors exist. Additionally, there is a lack of research into post-burn 
CKD, and no clear treatment plan has been proposed yet. We think that burns are a systemic injury and that the 
consequences of CKD may be multifaceted. Classical drug therapy may have limited efficacy. Therefore, there is an 
urgent need to find a more comprehensive treatment plan.

“Stem cells” is a general term for a class of cells with self-renewal and differentiation ability.12 As an emerging 
biologic therapy, stem cells show a more comprehensive therapeutic capability in the treatment of kidney injury 
compared with traditional drugs.13 Their excellent properties have led to the current booming stem cell therapy industry. 
Exosomes are extracellular vesicles that offer the same therapeutic properties as the cells from which they are derived, 
but they also represent a cell-free therapeutic approach, conferring the advantages of being non-immunogenic and non- 
tumorigenic.14–16 At present, researchers are continuously transforming stem cells and exosomes through engineering 
strategies, which improve not only the therapeutic effect but also the targeting and penetration. This also makes 
exosomes the most promising next-generation biologics.

Due to limited medical resources, long-term kidney function in burn patients has received little attention, and 
treatments have not been adequately validated. Here, we will focus on the long-term effects of burns on kidney function 
in the form of a literature review, discuss the possible mechanisms, and illustrate the possible value of stem cells, 
exosomes, and the engineering strategies involved in the prevention and treatment of post-burn CKD.

Effects of Burns on the Kidneys
Decreased kidney function is generally divided into three types: acute renal failure (also known as AKI), chronic renal failure 
(also known as CKD), and the condition in between these is often referred to as AKD17 (Figure 1). They are usually 
distinguished by the duration of the disease. AKI was defined as abnormal kidney function with a disease duration of 7 days. 
AKI is divided into three stages based on severity.18 AKD presents as an abnormality in kidney function or structure, and the 
entire abnormality process does not last more than 3 months. CKD is defined as a disease that must last longer than 3 months. 

Figure 1 Classification of kidney injury. AKI was defined as a more than 50% rise in serum creatinine within 7 days, an increase of ≥ 0.3 mg/dL within 2 days, or oliguria for 
more than 4 hours. AKD is manifested by AKI or glomerular filtration rate (GFR) < 60 mL/min/1.73 m2, or a GFR decline of more than 35% from baseline value, or elevated 
serum creatinine levels (50% higher than baseline), or the presence of significant pathological injury and structural abnormalities, and the entire abnormal process lasts for 
less than 3 months. CKD refers to kidney structure and dysfunction caused by various reasons, or unexplained GFR decline (<60mL/min·1.73 m2); and the disease must be 
more than 3 months. Note: AKI, acute kidney injury; AKD, acute kidney disease; CKD, chronic kidney disease; GFR, glomerular filtration rate.
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The development of CKD to an advanced stage is called end-stage kidney disease (ESKD). It turns out that burns not only 
cause AKI but also accelerate the progression of CKD. Since there are many studies on burns and AKI, this section will briefly 
describe the effects of burns on AKI and detail the research advances in burns on CKD.

Burns and AKI
There are many studies on the relationship between burns and AKI, but the results vary widely due to different 
criteria.3,19 We cited a meta-analysis published in 2020 for our review. This study looked at the occurrence of AKI in 
patients with severe burns in the intensive care unit, which pooled 33 studies and 8200 patients.2 The average incidence 
of AKI in these burn patients was 38%. Results vary widely from study to study with a peak incidence of 56%. It is worth 
noting that although the incidence of AKI in patients with mild, moderate, and severe AKI did not differ much, the 
mortality rate increased significantly with the severity. Approximately 12% of patients received RRT, but mortality rate 
remained high. Risk factors for burn-induced AKI include older age, hypertension, diabetes, burn extent and size, 
multiple organ failure, inhalation injury, surgery, previous chronic medical history, sepsis, mechanical ventilation, and 
rhabdomyolysis. In addition, AKI significantly prolonged hospital stay and increased mortality compared with non-AKI 
patients. Recent studies have found that burn-induced AKI is strongly associated with 90-day mortality.3,20 However, 
these studies focus on AKI after burns, and long-term kidney function changes are still poorly tracked.2

The causes of burn-induced AKI can be classified into two stages: early (day 0–3) or late (day 4–14)3,18 (Figure 2). 
Early-onset AKI is mainly caused by hypoperfusion, inflammation, release of damage-associated molecular patterns 
(DAMPs), hemodynamic changes, cardiac dysfunction, and hormone disorders. These risk factors lead to tubular and 
glomerular injury and ultimately induce AKI. Late-onset AKI is primarily caused by sepsis, fluid overload, multiple 
organ dysfunction syndrome (MODS), and nephrotoxic drug usage. However, some studies have pointed out that 
persistent inflammation is the core of AKI and is not related to decreased renal perfusion.21–23

At present, the most conventional treatment modality for burn-AKI is RRT.24 However, RRT is mainly involved in the 
early intervention, timing, method and cycle of RRT to improve survival and reduce CKD; however, further research is 
needed.24,25 In addition, many new small molecules and protein drugs have also been developed to reduce the effects of 
kidney-injuring molecules. For example, the C domain of insulin-like growth factor-1 nanoparticles bound to 1,2-dis
tearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide (polyethylene glycol)] alleviate renal ischemia-reperfusion 
injury by reducing inflammation, oxidative stress and apoptosis.26 Another clinical study revealed that sodium bicarbo
nate Ringer’s solution reduces the incidence of AKI and the severity of kidney injuries after liver transplantation.27 

However, some studies point out that some regular drugs used to treat AKI may have potential side effects. Furosemide, 
the most commonly used diuretic in AKI, has been found to dose-dependently increase kidney oxidative stress in patients 

Figure 2 The causes of burn-induced AKI can be divided into two stages.
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with septic AKI.28 Post-burn AKI is closely related to sepsis, which makes the use of medications for post-burn AKI 
require extra caution.

Kidney Injury in Burn Patients without AKI
Another point of concern is whether kidney injury was also present in severe burn patients without detectable AKI. 
Although AKI includes changes in biomarkers and tissue injury, changes in kidney function in burn patients are mainly 
determined by blood and urine indicators. For patients in whom only body fluid biomarkers have been tested, there are 
cases in which biomarkers levels are normal but kidney injury has occurred. This phenomenon is also known as 
subclinical processes. A study based on kidney pathomorphological observation of 17 patients who died from severe 
burns showed that their glomeruli showed lesions of varying degrees but were relatively consistent.29 The specific 
manifestations are mesangial widening, mesangial cell proliferation and hypertrophy, capillary endothelial cell enlarge
ment and cytoplasmic increase, and accumulation of neutrophils or monocytes in the lumen. It is suggested that severe 
burns can lead to the narrowing or occlusion of capillary loops causing glomerular ischemia, which is also called acute 
glomerulopathy. In addition, renal tubules showed varying degrees of degeneration, necrosis, and cast formation, and 
acute glomerulopathy is closely related to azotemia. Considering that renal tubular proximal epithelial cells are able to 
repair the injury by proliferation, whereas impairment of podocytes is usually permanent injury or loss. Therefore, in the 
long term, it is believed that severe burns may lead to kidney dysfunction through glomerulopathy.

AKI and CKD are consequences of changes in kidney function. These are all caused by severe kidney injury or 
excessive functional decline because healthy kidneys have compensatory and reserve capacity and minor injury may not 
cause a significant reduction in kidney function. We infer that severe burns lead to kidney injury, but not necessarily to 
significant changes in kidney function. In other words, severe burns can cause subclinical kidney processes. This also 
explains why AKI only occurs in some patients with severe burns or a history of kidney-related diseases, because the 
reserve capacity of the kidney is reduced in patients with severe burns or previous CKD.

Burns and Kidney Injury Biomarkers
Kidney function in burn patients is usually determined by blood and urine indicators, while biopsy can cause secondary 
injury and is not commonly used in burn patients. Serum creatinine (SCr) and urinary albumin/creatinine ratio (UACR) 
have been considered biomarkers of kidney function.30,31 Elevated values of SCr and UACR are considered to reflect 
changes in kidney function; however, this may not be the case for burn patients. A review published by Clark et al 
pointed out that burns induce changes in SCr, but the result may be difficult to predict in post-burn AKI.3 Burns can lead 
to decreased muscle mass, hepatic insufficiency, fluid overload, and sepsis, which all reduce the SCr values. In contrast, 
the SCr value may be increased by trauma, fever, and immobilization. Our unpublished study also showed that burns 
reduced SCr and UACR values in adenine-induced CKD mice even after 3 months of recovery. These unexpected 
changes may be related to alterations in muscle content, metabolism and water intake after burns.32 No in-depth studies 
are available. Therefore, we suggest that more research is needed on SCr and UACR as criteria for determining kidney 
function in burn patients, either in the early stages of burns or after hospital discharge. As for as the other biomarkers, 
further research is needed to determine their practical implication in burn patients.

Proteinuria testing is also a classic test for kidney function. A study of 16-year follow-up of patients with severe burns 
provides thought-provoking results.33 They found that proteinuria was prevalent in patients with severe burn- and sepsis- 
related AKI, and that the severity of proteinuria was positively correlated with peak creatinine and time to CRRT during 
AKI episodes. They explained that plasma from patients with severe burn sepsis was able to induce apoptosis of 
podocytes and renal tubular cells, thereby increasing the permeability of albumin.34,35 However, the proteinuria in these 
patients usually disappeared after one year. We believe that these results are significant, but we interpret them slightly 
differently. Renal tubular epithelial cells have a high proliferative capacity so that the injured tubules can repair 
themselves. Injury or loss of podocytes is usually considered permanent and hence difficult to regenerate after injury. 
Therefore, the disappearance of proteinuria in burn patients does not necessarily mean that the kidney is fully recovered, 
and the glomerular function is difficult to restore. Considering the inconsistent composition of proteinuria caused by 
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tubular and glomerular injury,33,36 it is possible to consider the search for novel biomarkers as a diagnostic strategy for 
burn-related CKD.

Burns and CKD
Previous studies of burn-induced CKD have been limited by the low number of follow-up visits after discharge 
(Figure 3). Research related to whether burns can cause CKD has only started in the last few years. In 2009, a study 
of kidney dialysis in burn patients noted that few burn survivors required long-term dialysis.37 However, in 2016, a study 
showed that burns increase the risk of ESKD, a condition in which CKD develops into an advanced stage.5 The study, 
which counted burn patients in Finland between 1998 and 2011 showed an overall increased risk of ESKD following 
burns compared with the general population with a standardized incidence rate (SIR) of 2.40 (95% CI 1.73–3.23). The 
SIR was 3.11 for women (95% CI 1.66–5.32) and 1.89 for men (95% CI 1.27–2.69). Interestingly, among 43 ESKD 
patients, 38 were considered to have ESKD possibly unrelated to burns, and only 5 were considered to have ESKD 
related to burns. Their initiation of RRT ranged from 1 week to 14.8 years post-burn. The study concluded that severe 
burns are a high-risk factor for ESKD. They also pointed out that burns do not directly lead to ESKD but accelerate the 
progression of CKD to ESKD. These theories add another layer of information to what is already known—that burns can 
accelerate the progression of kidney failure, but this takes years or even more than a decade.

A 2017 study followed independent risk factors for increased morbidity and mortality within 1 year in patients with 
burn-induced AKI.38 Burn-induced AKI was associated with the development of CKD, readmission, dialysis, and long- 
term mortality. In 2021, a meta-analysis revealed that burn-induced AKI+RRT patients have an increased probability of 
developing CKD and ESKD.39 About 35% of patients who received RRT during hospitalization required a period of RRT 
even if they survived. A clinical study conducted in 2021 showed that continuous RRT can alleviate kidney function 
decline after AKI in patients with post-burn septic shock.33 However, in the long term, these patients still experienced 
decreased kidney function.33 These studies have concluded that severe burns may accelerate the development of CKD 
through AKI. Alternatively, there are studies that take the opposite view, suggesting that post-burn CKD is not associated 
with AKI, which will be discussed later.

Furthermore, we could not find relevant studies, especially on the mechanism of this process. While these studies 
suggested that AKI is the key to accelerate the development of CKD, we believe that there could be more factors responsible 
for the development of CKD. We found that these studies focused more on patients with AKI following burns, while patients 
without AKI were rarely studied. Burns are known to have systemic and long-lasting effects on the body.40–42 CKD may be 
caused by more than just AKI. In addition, these studies still have insufficient follow-up time for patients. In general, kidney 
function gradually decreases with age.43 Young burn patients and short-term follow-up are insufficient to observe changes in 
kidney function. Next, this review will discuss the possible mechanism by which burns accelerate CKD progression. We hope 
to find some commonality in the mechanisms and further discuss potential treatments.

Figure 3 Different stages of post-burn kidney injury.
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Potential Mechanisms of Burn-Induced CKD
The conclusion that burns cause and accelerate the development of CKD is beyond doubt. However, the reason and 
pathological process remain unclear. This section will focus on possible causes of CKD after burns. Since the AKI-CKD 
transition has been studied more, we would like to discuss more mechanisms beyond that. After all, there are too many 
factors of AKI-CKD transition and even less studies on burn injury.

AKI
In the 21st century, an increasing number of studies have demonstrated that AKI increases the incidence of CKD and 
ESKD.6–9,44–48 Many studies have explored their association, and it is believed that the reasons for AKI to CKD 
progression include the following points. (1) Ischemia-reperfusion may lead to epithelial cell injury and tubulointerstitial 
fibrosis.49,50 For example, AKI can lead to the accumulation of toxins that can cause kidney fibrosis. Indole sulfate causes 
post-ischemia-reperfusion kidney fibrosis by inducing epithelial mesenchymal transition, G2/M cell cycle arrest and 
exacerbating endoplasmic reticulum stress; however, 4-phenylbutyric acid can ameliorate this result.50 (2) There is 
reduced blood filtration capacity due to glomerular injury.51,52 For example, ischemia-reperfusion leads to tubular fibrosis 
and glomerular injury, which can be alleviated by a mineralocorticoid receptor blocker by reducing inflammation and 
increasing endothelial nitric oxide synthase serine 1179 phosphorylation and endothelin B receptor expression.52 (3) 
Capillary regeneration is a prerequisite for tissue repair/regeneration. AKI causes a decrease in capillary density, which 
may lead to hypoxia and an inability to carry away metabolites, which in turn leads to cellular stagnation and metabolic 
abnormalities, thus preventing normal tissue repair.53 (4) Additionally, AKI is often accompanied by vascular dysfunc
tion and vascular calcification.54,55 Renal vascular injury and glomerular structure alteration can adversely affect the 
blood supply to tubular cells, leading to a progressive decrease in GFR.8 These studies mainly elucidate the causes of 
AKI-CKD transition in terms of tissue damages and structural alterations.

In addition to the above factors, AKI can also accelerate the CKD progression through hormonal regulation and 
functional modulation, such as inflammation, oxidative stress and dysregulation of the renin-angiotensin system, all of 
which affect kidney health.56–63 Animal studies have shown that AKI activates the intrarenal renin-angiotensin system 
(RAS), and that the blockade of RAS reduces CKD and mortality.64–68 Clinical studies have shown similar results, with 
RAS inhibitors reducing the risk of CKD in patients recovering from AKI.69–72 The timing of RAS inhibitor use is 
important, and inappropriate use may increase the risk of AKI.73 Persistent inflammation and oxidative stress after AKI 
drive the CKD progression by reducing tissue repair and promoting kidney tubular apoptosis.74–76 Inflammation and 
oxidative stress have been well studied in the AKI-CKD transition and we will not go into too much detail here.

Moreover, AKI causes various cellular dysfunctions in the kidney, including mitochondrial dysfunction, elevated 
oxidative stress, autophagy disturbances, cellular regulatory dysfunction, reduced tubular cell regenerative capacity, and 
immune cell dysregulation.7,77–83 For example, AKI disrupts mitochondrial homeostasis by increasing ROS, disrupting 
ultrastructure and mitochondrial-DNA, and inducing apoptosis, leading to a decrease in mitochondrial numbers and 
ultimately causing kidney microvascular injury, inflammation, and fibrosis.84–86 Chiara et al found that YAP1 maintains 
kidney function by driving tubular cell polyploidization, but this survival mechanism comes at the cost of cellular 
senescence, which accelerates the AKI-CKD transition.87 Inoue et al found that knockout of cellular communication 
network factor 2 alleviated AKI-CKD transition by reducing fibrosis and tubular epithelial cell apoptosis.88 Chen et al 
found that knockout of vanin-1 reduced tubular epithelial cells senescence by inhibiting RB1 expression and phosphor
ylation, thereby alleviating the AKI-CKD transition.89 A recent review pointed out that the metabolic process in tubular 
epithelial cells shifts from fatty acid β-oxidation to glycolysis due to disruptions in cellular functions and pathways.90 

Although this shift increases ATP production, it also causes inflammation, lipid accumulation, and fibrosis. Thus, the 
AKI-CKD transition is the result of metabolic reprogramming.

Conversely, CKD is also a high-risk factor for AKI in hospitals.8 Already injured kidneys are more susceptible to risk 
factors; that is, kidney insufficiency patients are more prone to AKI than normal kidney patients after burns.91 For 
example, complications such as AKI after burns are more pronounced in patients who have undergone kidney 
transplantation. In addition, some clinical statistical studies have shown that the survival rate after burns is lower in 
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the kidney insufficiency populations compared to the normal kidney function populations, but they did not explicitly state 
that this outcome was directly related to AKI.39,92,93 These studies suggested that AKI and CKD are mutually 
reinforcing. AKI contributes to the development and progression of CKD, and CKD increases the sensitivity or 
susceptibility to AKI. This also explains why burn patients with AKI are more likely to develop CKD and burn patients 
with kidney injury are more prone to AKI.

Indeed, there is disagreement on whether burn-induced AKI is the cause of CKD. Helantera et al suggested that burn- 
induced CKD may not be associated with AKI, and patients with preexisting kidney insufficiency are more likely to 
develop CKD after burns.5 However, subsequent studies have shown that burn-induced AKI patients are more likely to 
develop CKD.33,38,39 We agree with all these previous studies’ results, and the reason for the difference may be the 
statistical groups are different. Burns are a systemic injury that produce many risk factors for kidney injuries. These 
injuries are difficult to heal and persist for a considerable period of time. It can be explained in the following ways. First, 
when patients have insufficient kidney function, burns may cause AKI in the short term and accelerate the development 
of CKD. Second, when the patient’s kidneys are sensitive to risk factors, burns can cause kidney injury which is not 
easily detected in the short term because the kidneys have excess filtering capacity (renal reserve).94 Afterwards, kidney 
function continues to deteriorate after discharge until it is insufficient to cover the patient’s filtration needs. Third, burns 
cause AKI in patients with normal kidneys. When the patient is discharged from the hospital, the physiological indicators 
return to normal, but this does not mean that the renal injury does not exist. Later, any unexplained risk factors may 
accelerate the development of CKD. Therefore, we believe that burns cause kidney injury, which may or may not be 
detected in the short term. It can also be considered as a burn-induced subclinical process. In follow up, any risk factors 
that cause decreased kidney function may accelerate the development of CKD.

Aging
Age is an important factor affecting the function of different organs.43 Additionally, cell function generally decreases 
with aging, which is the basis of organ aging. Aging is not only a major risk factor for decreased kidney function but also 
a major risk factor for many diseases, such as diabetes, hypertension, and vascular disease, which are precisely high-risk 
factors for decreased kidney function.95,96

Some studies have found that aging is a main factor in the increased risk of CKD after kidney injury.97–99 Aging 
contributes to the development of CKD after AKI by affecting organ homeostasis, reducing recovery capacity, altering 
cytokine expression, and modulating progenitor and immune cell function. Animal experiments have shown that kidney 
injury produces aging-related pro-fibrotic and inflammatory factors to promote renal fibrosis and vascular damage, which 
may accelerate the progression of CKD.100–102 He et al suggested that young and healthy patients are mostly able to 
recover after experiencing AKI, whereas AKI in patients with CKD and related comorbidities is severe and refractory.8 

Sato et al agreed and proposed that a single episode of AKI can lead to CKD and aging may increase the risk of 
progression from AKI to CKD.7 They suggested that chronic inflammation may be the main factor in the transition from 
AKI to CKD. Further, they emphasized that no drug has been shown to be effective to stop this progression. This makes 
the development of relevant therapeutic modalities more urgent.

Consistent with these theories, we believe that burns can cause more or less irreversible injury to the kidneys even 
when the kidneys are functioning normally.95 In healthy patients and non-severe burn patients, kidney injury can recover 
slowly.103 The main reason for this phenomenon is related to the proliferative capacity of the kidney cells. The proximal 
cells of the kidney tubular epithelium have a strong proliferative capacity and can be gradually repaired after injury. 
Other cells have a weaker ability to regenerate, such as podocytes. The loss or detachment of podocytes is usually 
considered to be permanent. As patients with mild kidney impairment become older and encounter some risk factors or 
face accidental injury, kidney function will further rapidly decline, eventually becoming CKD or ESKD. Therefore, we 
think that burns increase the incidence of AKI in people with kidney insufficiency as well as in older age. Additionally, 
aging aggravates AKI-induced vascular and renal injury, thereby accelerating the development of CKD and ESKD.
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Persistent Inflammation
Following tissue injury, inflammatory cells accumulate at the injury site and differentiate into many different subtypes to achieve 
different functions.104 The proportions of these subtypes are not fixed and will change over time. For example, most macrophages 
polarize to the M1 subtype in the early stages of injury to clear microbes and necrotic tissue, and later to the M2 subtype to 
promote tissue repair.105,106 When these inflammatory cell subtypes are out of balance, they can cause abnormal tissue responses 
or injury. Numerous studies have confirmed that excessive or dysregulated inflammation can lead to kidney injury.30,31,107,108

Inflammation is a common response in burn patients. Severe burns can even cause systemic inflammatory response 
syndrome (SIRS)/cytokine storm,109 and SIRS can lead to multiple organ failure.109,110 Even if a burn patient is cured 
and discharged from the hospital, the inflammation can persist for months to years.40,42 There is no doubt that persistent 
inflammation induced by burns is a great threat to kidney health. Furthermore, inflammation appears to be a major factor 
in AKI and aging accelerating CKD development.7 Therefore, we think that burns accelerate the progression of CKD by 
causing renal injury through persistent inflammation.

Summary
At present, the incidence of post-burn AKI is not high and is associated with a high mortality rate within the first 3 weeks 
after burn.111 Moreover, the absence of AKI does not mean that the kidneys are not injured. Internal organ injury is known 
to be interconnected with kidney failure, exacerbating the failure of other organs and vice versa. Injury to any organ caused 
by burns can lead to decreased kidney function. According to our hypothesis, burns may accelerate CKD progression 
through AKI, aging, and persistent inflammation even after the patient is discharged from the hospital (Figure 4). 
Regardless, the long-term health of burn patients deserves attention. Therefore, considering the large population of burn 
patients, it is appropriate to carry out long-term kidney function tests and find relevant treatment options.

Figure 4 Schematic diagram of the etiology of post-burn CKD. 
Abbreviations: AKI, acute kidney injury; CKD, chronic kidney injury; ESKD, end-stage kidney disease.
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Stem Cells and Their Engineering Strategies in Kidney Therapy
Options for Stem Cell Therapy in Burn Patients
In fact, for either of these reasons, the end result is an increased incidence of CKD and ESKD in burn patients. The 
pathogenesis of CKD is complex, and it is difficult to completely cure it; therefore, we need to rely on RRT for survival 
in the later stages. At present, there is no effective treatment for AKI to CKD progression,7 and the treatment of burn- 
related CKD progression has never been studied. Risks of treatment are greater in cases of uncertain etiology such as 
drug toxicity and side effects of long-term dialysis. Looking for a comprehensive and safe treatment plan is the best 
choice. We hope to find a treatment that not only reduces inflammation and promotes tissue repair but also works as an 
anti-vascular aging agent. Additionally, stem cells came to our attention for their comprehensive therapeutic modality.

Stem cell therapy is a comprehensive treatment modality with proven efficacy in anti-aging, anti-inflammation, 
reducing kidney injury, and promoting tissue repair.13,112–114 MSCs are present in a variety of tissues, including umbilical 
cord, adipose, bone marrow, connective tissue, and organ stroma. They have the characteristics of pluripotent cells with 
the potential for self-renewal, proliferation, and multi-lineage differentiation. The most registered stem cells in clinical 
studies are human umbilical cord mesenchymal stem cells (HucMSCs) and bone marrow stem cells (BMSCs).115,116 

Considering the specificity of burn patients, we think that allogeneic-derived MSCs are more feasible, especially 
HucMSCs. HucMSCs are isolated from the umbilical cord and have the advantages of low immunogenicity and 
avoidance of secondary injuries caused by harvesting from burn patients. Therefore, this section will discuss the 
possibility of treating burn patients with HucMSCs.

HucMSCs and Kidney Injury
Some studies have confirmed the role of HucMSCs in the treatment of AKI and CKD. In an ischemia-reperfusion AKI 
model, HucMSCs could improve kidney function in rats by reducing inflammation, scavenging free radicals, and 
inhibiting apoptosis.117,118 In a cisplatin-induced kidney injury study, HucMSCs promoted renal cell regeneration, 
eliminated inflammatory responses, inhibited apoptosis, and protected mitochondria, thereby ameliorating AKI in the 
early stage and alleviating the development of renal interstitial fibrosis in the later stage.119 Another similar study showed 
that both HucMSCs and human umbilical cord blood mononuclear cells (HcbMNCs) isolated from the human umbilical 
cord attenuated cisplatin-induced AKI by inhibiting high-mobility group box 1 (HMGB1) expression and reducing cell 
apoptosis.120 In addition, some cell experiments also provided evidence for the role of HucMSCs in the treatment of 
kidney injury. Xiang et al reported that HucMSCs enhanced autophagy in HK-2 cells treated with advanced oxidation 
protein products by inhibiting the PI3K/AKT/mTOR pathway.121

Another thing to keep in mind is the treatment period. Burn-induced persistent inflammation may typically last for 
years, and unfortunately stem cells have limited treatment time. Multiple injections of stem cells may be a better strategy. 
A study based on sepsis-induced AKI showed that compared with the no-treatment group, a single administration of 
HucMSCs reduced serum inflammatory factors and the ratio of intraperitoneal macrophage M1/M2 subpopulations.122 

Compared with a single administration of HucMSCs, repeated administration decreased serum inflammatory factor 
concentrations and plasma NGAL levels and rescued sepsis-related depletion of intrarenal myeloid cell and T-cell 
subpopulations. Therefore, we suggest that burn patients may require long-term stem cell therapy to prevent related 
complications.

Perspectives for Engineered Stem Cells
Engineered stem cells are an important direction for the future development of stem cell therapy.123 Studies have shown 
that genetic modification of stem cells can improve the effect of MSCs in the treatment of kidney injury. Yuan et al 
reported that vascular endothelial growth factor (VEGF)-modified human embryonic MSCs alleviated cisplatin-induced 
AKI by promoting peritubular capillary angiogenesis, increasing cell proliferation, and decreasing apoptosis.124 Chen 
et al reported that hepatic growth factor (HGF)-modified HucMSCs ameliorated renal injury in rats with ischemia- 
reperfusion AKI through anti-apoptosis and anti-inflammation pathways.125
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Moreover, combining exosomes with new materials to manufacture multifunctional biomaterials is also an important 
development direction for engineered exosomes. Park et al integrated some angiogenic factors (VEGF or angiopoietin-1) 
or anti-inflammatory factors (erythropoietin or α-melanocyte-stimulating hormone) into HucMSCs by genetic technol
ogy, and then made them into scaffold-free cell sheets to apply it on the surface of the decapsulated kidney.126 The results 
showed that the new biomaterial significantly improved renal dysfunction in AKI mice, which was superior to 
intravenous injection of engineered HucMSCs.

According to our experience, the most important direction of stem cell therapy for post-burn visceral injury should be 
to improve the therapeutic effect, rather than targeted delivery, because a severe burn is a systemic injury, not an organ- 
specific injury. Therefore, in burn treatment, improving the effect of stem cell therapy and evaluating its safety are the 
most important. Stem-cell-targeted therapy may be more suitable for some special burn patients.

Exosomes and Their Engineering Strategies in Kidney Therapy
Exosomes are small-sized vesicles secreted by cells, and they play an important role in intercellular transmembrane 
communication. Their efficacy comes from substrates, including nucleic acids, proteins, and metabolites. Compared with 
stem cells, exosomes have the advantages of low immunogenicity, non-tumorigenicity, smaller size, and stronger 
penetrating ability (Figure 5).123 This also clarifies whether the source of exosomes is autologous or allogeneic. Since 
the efficacy of exosomes is similar to that of the cells from which they are derived, stem-cell-derived exosomes are the 
first choice for treatment.

Exosomes and Kidney Injury
Several studies have demonstrated that MSC-derived extracellular vesicles (EVs) improve kidney function in several 
animal models of AKI and CKD, including drug-/toxin-induced nephropathy, ischemia-reperfusion injury, ureteral 
obstruction, renal vascular disease, and subtotal nephrectomy.127–133 For example, in an ischemic AKI study, 
HucMSC exosomes targeted injured renal proximal tubules by virtue of the VLA-4 and LFA-1 on exosomes surface 

Figure 5 Therapeutic mechanisms of stem cells and exosomes and their engineering strategies.
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and ameliorated tubular epithelial cell cycle arrest and apoptosis through the miR-125b-5p/p53 pathway, ultimately 
reducing renal injury and promoting tissue repair.134 Mechanistically, enriched miR-125b-5p suppressed p53 
expression in tubular endothelial cells, leading to upregulation of CDK1/Cyclin B1 to rescue G2/M arrest and 
upregulation of Bcl-2/Bax ratio to inhibit Caspase-3-dependent apoptosis. In addition, numerous studies have 
confirmed that stem-cell-derived exosomes can reduce inflammation, reduce programmed cell death, alleviate 
kidney injury and promote tissue regeneration through the mRNA, miRNA, and proteins they contain.135–141 

These studies are not limited to HucMSCs; however, they are mainly preclinical animal studies, and clinical data 
are still scarce.

Moreover, MSC exosomes have also been shown to be effective in reducing renal cell senescence. As aging 
progresses, accumulating gene expression errors and epigenetic perturbations affect cellular homeostasis, such as 
increased oxidative stress, mitochondrial dysfunction, activated programmed cell death signals, and decreased prolifera
tion rates, leading to increased secretion of pro-fibrotic senescence-associated cytokines, which in turn accelerate 
fibroblast activation.142–145 If these perturbations can be regulated or corrected, they may slow down the cellular 
senescence process. A cellular study found that human MSC exosomes reduced murine kidney primary tubular epithelial 
cell senescence while reducing DNA damage and promoting cell proliferation.143 Furthermore, exosomes are involved in 
vascular calcification, which is one of the important causes of vascular aging and kidney disease.146,147 A study found 
that exogenous endothelial progenitor exosomes may ameliorate sepsis and prevent microvascular dysfunction via miR- 
126 delivery.148 Another study found that BMSC exosomes inhibited hyperphosphate-induced aortic calcification and 
alleviated CKD progression through the SIRT6/HMGB1 deacetylation pathway.149 It is important to note that exosomes 
are only carriers and the substrates they contain are the regulators that exert their physiological effects. The efficacy of 
the substrates usually depends on the source cells. Exosomes from healthy stem cells generally have positive effects, 
while exosomes from unhealthy cells may have reduced efficacy or even negative effects.123 Therefore, we believe that 
exosomes from cells used for specific medical purposes can reduce the cellular senescence process and the secretion of 
senescence-related cytokines by restoring cellular homeostasis, thus slowing down the tissue aging process. This suggests 
that the delivery of specifically enriched or knocked-out exosomes may become a therapeutic modality for the treatment 
of vascular calcification and CKD.

Perspectives for Engineered Exosomes
Engineered exosomes are a trend of future development. In the treatment of kidney injury, engineering technologies 
mainly focus on cell preconditioning and genetic modification.150–152 Further, improving the targeting stem cells is also 
an important engineering strategy. For example, engineered hybrid vesicles were fabricated by fusing human neutrophil 
membranes with HucMSC-derived small extracellular vesicles.153 This modification significantly enhanced targeting of 
injured kidney sites. In vivo and in vitro experiments demonstrated that the fusion vesicles ameliorated cisplatin-induced 
AKI by reducing inflammation, inhibiting apoptosis, promoting cell proliferation, and reducing cellular oxidative stress. 
In targeted therapy, our view is similar to stem cell therapy. So far, non-targeted engineered exosomes are sufficient to 
treat systemic injury caused by burns, and targeted engineered exosomes are more suitable for patients with severe 
injuries in specific parts. However, this approach assumes its use as a regular therapy to reduce post-burn persistent 
inflammation and general tissue injuries. In terms of precision medicine, non-targeted therapies may need further 
evaluation in groups with specific diseases, specific immunity, and specific complications. Stem cells and exosomes 
for the treatment of post-burn visceral injuries are rarely studied and cannot be discussed further here. It may be a future 
direction of research.

Another interesting direction is the treatment of CKD-related complications by engineering exosomes. For example, 
intramuscular injection of miR-26a-enriched exosomes prevented CKD-induced muscle wasting and alleviated 
cardiomyopathy.154 These technologies provide new therapeutic ideas for the precise treatment of various complications 
after burns.
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Future Directions of Stem Cell and Exosomes in Post-Burn CKD Therapy
The limitation of the current application of MSCs is that they are thick, and intravenous injection may block capillaries. 
Although the cell volume has been reduced by optimizing the culture method,155 the effect in practical application still 
needs to be evaluated in the long term. Safety can only be guaranteed by further reducing the volume of stem cells. In 
addition, greater omentum wrapping has also been proposed.156 Stem cells immobilized in the kidney can continue to 
release factors for a certain period of time to treat the kidney. Therefore, finding a safe and effective drug delivery 
method is an important direction for future stem cell research.

Another concern with MSC therapy is its non-targeting characteristic. Most of the cells accumulate in the lungs and 
liver, which reduces the efficacy of the kidneys. Although burns can cause systemic chronic diseases, improving the 
ability of targeted therapy is undoubtedly a better choice for burn patients with specific diseases: while ensuring systemic 
efficacy, it can also improve the ability of targeted therapy. At present, some studies have improved the targeting ability 
through membrane protein modification or physical means.155 This is also an important direction for future research.

In terms of exosomes, we think that the major difficulty in clinical application lies in unifying production standards. 
At present, the sources of exosomes, cell culture methods and isolation methods are not uniform, so it is difficult to 
determine the quality control. In addition, risk factors in the postburn circulatory system require more research. A better 
understanding of this mechanism could provide a theoretical basis for the future development of engineered exosomes 
enriched with therapeutic factors.

The heterogeneity of MSCs from different sources is enormous. Although trophic factors from MSCs have been 
identified using multiple omics and microarray approaches there is no uniform conclusion.135 This also makes treatment 
outcomes more variable. Establishing a database of stem cell trophic factors will help in more targeted treatment of 
kidney injury diseases caused by different factors in the future.

People with renal failure often produce substances such as indoxyl sulfate that cannot be effectively removed by 
hemodialysis.157,158 These substances accumulate in the blood and may make stem cell therapy less effective.159 It is also 
necessary to find relevant solutions to improve stem cell therapy.

There are no in-depth studies on the treatment of post-burn kidney injury. Stem cells have just begun to be used in the 
treatment of kidney injury, and exosomes have not yet entered clinical research. As a result, the optimal timing of stem 
cell therapy for post-burn kidney injury is unknown. These are all worth exploring further.

Importantly, it is currently very expensive to produce exosomes and stem cells. Burn patients’ conditions require them 
to undergo long-term treatment, which incurs huge costs.

Conclusions
Taken together, we believe that burns cause kidney injury at an early stage, but mild injury is often masked by redundant 
kidney function. Afterwards, persistent inflammation further worsens kidney injury and accelerates the development of 
CKD until it progresses to ESKD. In other words, burns should not only be seen as an emergency but also as a chronic 
health problem after the patient is discharged from the hospital. Therefore, we should not only focus on kidney function 
changes in burn patients with AKI but also on long-term kidney function in burn patients without AKI. Early intervention 
and treatment are the right way to prevent CKD. Stem cells, exosomes, and their engineering strategies are extremely 
promising ways to improve the quality of life of burn patients in the future.
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