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Abstract: Acute kidney injury (AKI) predicts high mortality in severely burned patients. Apoptosis plays a significant 
role during AKI; however, the apoptotic mechanisms underlying AKI induced by burn injury are not clear. Here, we 
report a critical role for tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL)-Death receptor 5 (DR5) 
signaling in the pathogenesis of AKI. C57BL/6 male mice were subjected to full thickness scald burn. Apoptosis 
was significantly up-regulated in mouse kidney 24 h after the burn. Meanwhile, the TRAIL and DR5 expression levels 
were significantly increased in the kidney 24 h after the burn. Soluble DR5 treatment reduced apoptotic cell death 
and alleviated kidney injury induced by the burn through blocking the interaction of endogenous TRAIL with DR5. 
These results demonstrated that TRAIL plays a deleterious role in AKI pathogenesis induced by scald burns. Inhibi-
tion of TRAIL function in the kidney may represent a novel protective strategy to treat AKI in patients with burns. 
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Introduction

Acute kidney injury (AKI) is a common severe 
burn injury complication and one major cause 
of death in septic burn patients [1, 2]. Com- 
pelling evidences have suggested an important 
role for apoptosis in AKI [3-5]. Depending on 
the experimental or clinical conditions, apopto-
sis occurs in different segments of the renal 
tubule, particularly the proximal and distal tu- 
bules [6]; however, the detailed molecular 
mechanisms that underlie this pathogenesis 
are still poorly understood. 

As a member of the tumor necrosis factor (TNF) 
family, TNF-related apoptosis-inducing ligand 
(TRAIL) selectively induces apoptosis in tumor 
cells but not in most normal cells, which makes 
it distinguished from other members of TNF 
family [7]. In humans, five TRAIL receptors have 
been identified. As death receptors, both TRAIL 
receptor 1 (TRAIL-R1, DR4) and TRAIL-R2 (DR5) 
contain cytoplasmic death domains to trans-

duce apoptotic signals to activate downstream 
caspases [8-10]. As decoy receptors, TRAIL-R3 
(DcR1, TRID) and TRAIL-R4 (DcR2, TRUNDD) 
contain truncated death domains, which make 
them could not mediate apoptosis [11]. 
Additionally, soluble receptor osteoprotegerin 
(OPG) is not a apoptosis related receptor, whose 
function is to inhibit osteoclastogenesis and 
increase bone density [12]. In mice, only one 
TRAIL death receptor has been identified [13], 
which shares 79% sequence homology with 
human DR5 [14]. Additionally, mice also have 
two decoy receptors that lack intracellular 
death domains [15]. 

TRAIL induces apoptosis via death receptor 
pathway in tumor cells [16]. By cross-linking 
with death receptor DR4 or DR5, TRAIL causes 
the recruitment of Fas-associated death do- 
main (FADD) adaptor molecule, the cleavage of 
caspase 8, and the activation of downstream 
caspases 3, 7, and 6, leading to apoptosis [17]. 
During the TRAIL-mediated apoptotic process, 
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the TRAIL/death receptor interaction is the first 
step in the initiation of apoptotic signal trans-
duction. Among the five receptors, DR5 has the 
highest affinity for TRAIL at 37°C and is prefer-
entially bound by TRAIL [18]. 

Both TRAIL and its receptors are expressed in 
the kidneys [19]. Many cancer or inflammation-
related kidney disease studies evaluating TRAIL 
have been conducted in renal diseases. Chan- 
ges in endogenous TRAIL and TRAIL receptor 
expression in renal diseases, such as renal cell 
carcinoma [20, 21], lupus nephritis [22] and 
diabetic nephropathy [23], have suggested that 
the TRAIL signaling pathway might participate 
in many renal diseases. The role of the TRAIL 
signaling pathway in AKI caused by burn injury 
remains unclear, however. 

In this study, the contribution of the TRAIL-DR5 
signaling pathway to apoptosis in severe-burn-
injury-induced AKI was investigated in a mouse 
model. Furthermore, the potential of sDR5 to 
target the TRAIL-DR5 signaling pathway for the 
treatment of AKI was explored. 

Materials and methods 

Full thickness scald burn mouse model 

Male C57BL/6 mice (22.9 ± 0.7 g, 6-8 weeks) 
were purchased from SLAC Laboratory Animal 
Co. Ltd. (Shanghai, China). This study was per-
formed according to the National Institute of 
Health Guidelines for the Use of Laboratory 
Animals. The animal protocol was approved by 
the Shandong University Animal Use Committee. 
All efforts were made to minimize suffering. 

The full thickness scald burn model was estab-
lished as previously described [24]. Briefly, 
male C57BL/6 mice (n = 10 per group) were 
anesthetized using sodium pentobarbital (60 
mg/kg intraperitoneally) and 2% lidocaine with 
1:100000 epinephrine. Then, the back and 
flank skin were shaved, and the mice were 
placed on a special template. The skin was 
immersed in 98°C water for 12 s to produce a 
full-thickness dermal burn comprising 30% of 
the total body surface area (TBSA). Sham-
operated mice were exposed to room tempera-
ture (25°C) water. After immersion, all animals 

Figure 1. BUN and creatinine levels in mice postburn. Analysis of BUN and creatinine (A, B) at different time points 
(3 h, 6 h, and 24 h) after burn injury and (C, D) with different treatments 24 h after burn injury. These data dem-
onstrated that burn caused significant renal dysfunction at 24 h, which was improved by blocking the TRAIL-DR5 
pathway with sDR5 at 24 h. *, P < 0.05 Vehicle vs. Sham; #, P < 0.05 Vehicle vs. sDR5. n = 10 mice for each group. 
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were immediately resuscitated with lactated 
ringer solution (4 mL/kg intraperitoneally). The 
breathing and heart rates of the burned mice 
were carefully monitored to ensure that all mice 
were under anesthetic and without pain before 
they were recovered from anesthesia. 

Recombinant human sDR5 expression and 
purification

The recombinant human sDR5 protein was 
expressed by the Pichia pastoris (Pp) GS115 
strain (pGAPZaA-sDR5) [25] and purified with 
ProBondTM affinity chromatography columns 
(Invitrogen, Carlsbad, CA). The sDR5 protein is 
a human truncated DR5, which can effectively 
block TRAIL induced apoptosis in both mouse 
and human systems [25-27]. 

TRAIL blockade in vivo 

To investigate the effects of TRAIL blockade on 
AKI in severely burned mice, soluble DR5 
(sDR5) was applied to block the TRAIL apoptot-
ic signaling pathway. The mice subjected to a 
dermal burn were randomized to vehicle (equiv-
alent PBS intraperitoneally), or soluble DR5 
protein (20 mg/kg in PBS intraperitoneally). 
These treatments were immediately given after 

burn treatment. The second injection was per-
formed 1 h after the first treatment. 

Animals receiving vehicle treatment were sacri-
ficed at 3 h, 6 h, and 24 h following burn injury 
(n = 6 for each time point), while those receiv-
ing sDR5 treatment were sacrificed 24 h follow-
ing burn injury (n = 6 for each treatment). Blood 
and kidney tissues were collected for biochemi-
cal assay, TUNEL assay, histological analysis, 
and TRAIL and DR5 expression assays. 

Renal function monitoring 

Creatinine and BUN serum levels were mea-
sured with a Hitachi 7060 Fully Automated Bio- 
chemistry Analyzer (Tokyo, Japan) using a clini-
cal chemistry analyzer system and kits (Pro- 
chem-V, Drew Scientific, Dallas, TX). 

Histological examination for tubular damage 

The harvested kidneys were fixed in 10% forma-
lin. The tissues were dehydrated, embedded 
with paraffin wax, cut into 6 mm sections and 
mounted. After the tissues were removed from 
the paraffin, they were stained with hematoxy-
lin and eosin. Histological feature of kidney 
tubular epithelial injury includes the proximal 

Figure 2. Renal histopathological injury 
in the mice 24 h after burn injury. A. 
Representative images (magnification 
= 200 ×) demonstrate the tubular dam-
age with different treatments after burn 
using hematoxylin and eosin staining. 
B. Tubular damage score was got based 
on the histological examinations. These 
data showed that the burn caused sig-
nificant renal damage at 24 h, which 
was improved by blocking the TRAIL-DR5 
pathway with sDR5 at 24 h. *, P < 0.05 
Vehicle vs. Sham; #, P < 0.05 Vehicle vs. 
sDR5. n = 10 mice for each group. 
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tubular brush border loss, apical membrane 
blebbing, tubular cell detachment, tubular epi-
thelium vacuolation, and intraluminal aggrega-
tion [28]. Five visual fields of each section were 
randomly chosen. Histological injury was sco- 
red based on the percentage of tubules with 
epithelial injury: 0, normal; 1, < 10%; 2, 10 to 
25%; 3, 26 to 75%; and 4, > 75%.

Terminal deoxyribonucleotidyl transferase-me-
diated dUTP nick end labeling (TUNEL) assay 

A TUNEL assay was performed using the in situ 
Cell Death Detection Kit (Roche Molecular 
Biochemicals, Mannheim, Germany). The par-
affin sections were attached to glass slides, 
dewaxed with xylene, and rehydrated through a 
series of decreasing concentrations of ethanol. 
Then, the slides were placed in a plastic jar con-
taining 200 mL of 0.1 M citrate buffer (pH 6.0), 
and 350 W microwave irradiation was applied 
for 5 min, after which the slides were washed 
four times with PBS. Thereafter, the sections 
were incubated for 60 min at 37°C with the 
TUNEL reaction mixture (50 μL), followed by 
three PBS rinses. The stained sections were 
observed by fluorescence microscopy. 

Apoptosis in the paraffin-embedded tumor tis-
sues was detected by the Dead End Fluorimetric 
system following the manufacturer’s protocol 
as previously reported [29]. The samples were 
immediately analyzed under a fluorescence 
microscope (Olympus Optical Co LTD, Tokyo, 
Japan) using a standard fluorescent filter set to 
view the green fluorescence at 520 nm. Renal 
tissue apoptosis was quantitatively determined 
by grinding renal tissues into a single cell sus-
pension; the cell suspension was then TUNEL 
stained, and apoptosis was detected by flow 
cytometry (Beckman Coulter, Miami, FL). 

Western blot analysis 

Frozen kidney tissue samples were incubated 
with SDS sample buffer containing 62.5 mM 
Tris-HCl (pH 6.8), 2% W/V SDS, 10% glycerol, 
50 mM DTT, 0.01% W/V bromophenol blue, 1 
mM PMSF, 1 µg/mL leupeptin, and 2 µg/mL 
aprotinin for 10 min on ice. After sonication, the 
lysates boiled for 5 min and then cooled on ice. 
After centrifugation, equivalent amounts of pro-
teins were loaded onto 10% SDS-PAGE gels on 
a Minigel apparatus. Proteins were transferred 
onto nitrocellulose membranes by electropho-

Figure 3. Renal cell apoptosis in mice at 
24 h after burn injury. Burn induced renal 
cell apoptosis represented by renal TUNEL 
staining (magnification = 400 ×) was ob-
served by fluorescence microscopy (A) and 
flow cytometry (B) with different treatments 
at 24 h post-burn injury. The data showed 
that the burns induced increased renal cell 
apoptosis at 24 h after burn injury. Blocking 
the TRAIL-DR5 pathway with sDR5 alleviated 
the renal apoptotic injury. *, P < 0.05 Ve-
hicle vs. Sham; #, P < 0.05 Vehicle vs. sDR5. 
n = 10 mice for each group. 
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resis and then were incubated overnight at 4°C 
with the following primary antibodies: anti-
TRAIL (eBioscience, Mountain View, CA), anti-
DR5 (eBioscience, Mountain View, CA), and 
anti-β-actin (Santa Cruz Biotechnology, Santa 
Cruz, CA). The membranes were washed with 
TBS-T and incubated with a secondary antibody 
at room temperature for 1 h. Protein bands 
were visualized by ECL-Plus reagent (GE Heal- 
thcare, Piscataway, NJ). The results were nor-
malized to β-actin. 

Statistical analysis 

The results are presented as the mean ± SD. 
The data were analyzed by one-way ANOVA 
(San Diego, CA, USA). A value of P < 0.05 was 
considered to be significant. 

Results 

Burn injury caused AKI in mice 

To study the time dependent effect of burn-
induced AKI, two well-known renal function 
indexes, the BUN and serum creatinine levels, 
were measured at 3 h, 6 h, and 24 h after burn 
injury. Both BUN and creatinine increased sig-
nificantly in a time-dependent manner during 
the first 24 h after burn injury (Figure 1). 
Furthermore, histological examinations of the 

mice 24 h following burn injury revealed that 
the burn injuries caused epithelial cell necro-
sis, vacuolation, and desquamation in the renal 
tubules of the vehicle-treated mice with higher 
tubular damage score (2.0 ± 0.5; P < 0.05) than 
the sham-burned group (0.25 ± 0.02) (Figure 
2). All of these above results indicated that 
severe burn injury (30% of TBSA) resulted in 
significant renal dysfunction and tubular dam-
age at 24 h in the mice; therefore, we selected 
24 h following burn injury as the time point for 
this study. 

Burn injury induced renal tubular cell apopto-
sis 

TUNEL staining in situ showed that tubular 
apoptotic cells increased significantly 24 h 
after burn injury compared with the sham-
burned group (Figure 3A). The TUNEL positive 
cells were further quantified by flow cytometry. 
As shown in Figure 3B, burn injury induced sig-
nificant apoptosis at the 24 h time point (21.6 
± 4.25% vs. 1.8 ± 0.5% in the sham-burned 
group; P < 0.05). Additionally, an increase in 
apoptosis of approximately 12-fold was obser- 
ved in the burned mice at 24 h compared with 
the sham-burned group (P < 0.05). All of these 
results indicated that the severe burns induced 
obvious apoptotic kidney injury in the mice 24 h 
after burn injury. 

Figure 4. TRAIL and DR5 expression in the kidneys of mice post-burn injury. Burn injury induced elevated TRA-IL and 
DR5 expression in the kidneys of mice at 24 h after the burn was determined by western blot. Anti-actin blots show 
protein loading. A. Equal amounts of immunoblotted proteins from two representative kidney lysates of the sham 
control and vehicle treatment groups were assayed. B. Western blotting bands from three independent measure-
ments were quantified with Image J. The relative expression of each band = (density of each band/density of the 
actin band). Mean ± SD was from three independent measurements. *, P < 0.05 Vehicle vs. Sham. n = 10 mice for 
each group. 
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TRAIL and DR5 expression increased in the 
mouse kidneys after full-thickness scald burn 

TRAIL induced apoptosis plays a prominent role 
in many diseases, including cancer [21]. In 
pathological conditions, the expression pat-
terns of TRAIL and its receptors are usually 
changed [22]. Whether TRAIL induced apopto-
sis is involved in the kidney-injury-associated 
apoptosis induced by burn injury is not clear. 
Because the TRAIL-DR5 interaction is the first 
step in the TRAIL signaling pathway, we investi-
gated TRAIL and DR5 protein expression levels 
in mouse kidneys by western blotting following 
full thickness scald burn injury. As shown in 
Figure 4, both TRAIL and DR5 proteins were 
detected in both sham-operated and vehicle-
treated burn mice. Furthermore, burn injury sig-
nificantly increased TRAIL and DR5 expression 
24 h following burn injury (Figure 4). These data 
suggest that TRAIL induced apoptosis might be 
involved in kidney injury associated apoptosis 
in mice induced by burn injury. 

sDR5 administration alleviated kidney apop-
totic cell death, histological damage, and renal 
dysfunction induced by severe scald burn 

To investigate whether TRAIL-DR5 interactions 
played a role in severe scald-burn-mediated 
kidney injury, we used a soluble DR5 protein to 
block TRAIL activity in vivo. Previously, we 
showed that sDR5 could bind TRAIL with a high 
affinity and inhibit TRAIL-stimulated cellular 
apoptosis in vitro and in vivo [25-27, 30]. In this 
study, sDR5 protein or PBS vehicle was admin-
istered intraperitoneally, once immediately and 
once 1 h after the burn. 

sDR5 treatment significantly decreased cellular 
apoptosis in the mouse kidneys compared with 
the vehicle-treated group, as shown by TUNEL 
staining in situ (Figure 3A) and flow cytometry 
(Figure 3B). The therapeutic effects of sDR5 
were also observed by histological scoring. As 
shown in Figure 2, renal histopathological inju-
ry in the burned mice was significantly reduced 
in the sDR5-treated mice compared with the 
vehicle-treated mice. Additionally, as an impor-
tant renal function biomarker, the BUN and 
serum creatinine levels were also significantly 
decreased compared with the vehicle-treated 
mice, which provide further support for the alle-
viated renal damage by sDR5 administration in 
the mouse scald burn injury model. 

Taken together, these data demonstrate that 
the TRAIL-DR5 interactions played a role in the 
observed severe scald-burn-mediated kidney 
injury in mice and that sDR5 had therapeutic 
AKI benefits. 

Discussion 

AKI is a common complication in patients with 
severe burn injury. Apoptosis is gradually gain-
ing importance in the understanding of AKI 
development [3, 31-33]. Apoptosis can be trig-
gered by ischemia, exogenous toxins, or endog-
enous mediators. Understanding the molecular 
mechanisms underlying apoptosis is crucial for 
effective therapeutic strategy development. 
However, the mechanisms underlying apopto-
sis during AKI are not well clarified. In this study, 
TRAIL-DR5 apoptosis pathway was found to 
play an important role in AKI induced by burn 
injury in a mouse severe burn injury model. 
Specifically, we showed that: (1) Apoptosis was 
up-regulated in the kidney after burn injury; (2) 
TRAIL and DR5 expression levels were up-regu-
lated in the kidney after burn injury, and; (3) 
Functional TRAIL blockade by sDR5 effectively 
alleviated apoptotic renal cell death and kidney 
damage, indicating TRAIL is a contributing fac-
tor in the development of AKI induced by burn 
injury.

As members of the TNF superfamily, TNFα and 
FasL, have been reported to be involved in burn 
pathogenesis [34, 35]. Furthermore, TNFα was 
detected in burn acute renal failure plasma 
[36], indicating that it might be involved in the 
AKI induced by burn injury. As the third member 
of TNF superfamily, TRAIL is expressed in glo-
merular tubules [37], while TRAIL-R2 (DR5) is 
additionally expressed in Henle’s loop [38] in 
the normal kidney, indicating that TRAIL is not 
toxic to kidney tissue under physiological condi-
tions. Although TRAIL is not required during nor-
mal kidney development and physiology [39], 
the TRAIL apoptotic signaling pathway was 
reported to be involved in many renal diseases 
[4], such as renal cell carcinoma [20, 21], lupus 
nephritis [22], and diabetic nephropathy [23]. 
In these pathological conditions, the expres-
sion pattern of TRAIL and its receptors were 
usually changed. So far, there is no report 
regarding the role of the TRAIL signaling path-
way in AKI induced by burn injury. 
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In this study, we observed that apoptosis was 
increased in mouse kidneys following burn inju-
ry. Simultaneously, TRAIL and DR5 expression 
were up-regulated in the kidneys of mice 
induced by burn injury. Furthermore, intraperi-
toneal sDR5 protein injection significantly 
reduced apoptotic cell death in the kidney and 
alleviated renal dysfunction. These data indi-
cate that TRAIL is acting as a toxic factor in the 
AKI induced by burn injury. Essentially, organ 
injury induced by burn, like AKI, was caused by 
ischemia. TRAIL and DR5 expression were also 
up-regulated during neuronal damage after 
transient global cerebral ischemia [27]. This 
last report is consistent with our findings 
regarding AKI induced by burn. All of these 
studies suggested that the TRAIL mediated 
apoptotic pathway was involved in the patho-
logic process caused by ischemia. 

TRAIL [37] and DR5 [38] are normally expressed 
in the kidneys [40], but no toxicity has been 
reported under normal physiological condi-
tions. The important consequences induced by 
TRAIL in the kidneys need to be considered in 
the context of renal cell sensitivity to TRAIL in 
normal and pathologic conditions. Cellular DR5 
expression was considered to be the crucial 
step in TRAIL-mediated killing [41]. In this study, 
up-regulated DR5 expression in renal tissues 
induced by burn injury could enhance their sen-
sitivity to TRAIL-induced apoptosis. Additionally, 
a recent report indicated that the IFN-α cyto-
kine can make renal cell carcinoma more sensi-
tive to TRAIL-induced apoptosis [20]. Accumu- 
lating evidence suggests that inflammatory 
mediators  and inflammatory cells, are all par-
ticipated in AKI pathogenesis [42, 43]. These 
findings may explain why TRAIL can induce 
apoptotic renal cell death during AKI induced by 
burn injury but illicit no toxic effect on normal 
kidneys. 

In summary, out results suggest that TRAIL-
DR5 apoptotic pathway plays a great role in AKI 
induced by burn injury. Blocking TRAIL apopto-
sis pathway with soluble DR5 might be effec-
tive for AKI therapy in burn patients. 
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