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Curcumin prevents renal cell apoptosis in acute kidney
injury in a rat model of dry-heat environment heatstroke
via inhibition of the mitochondrial apoptotic pathway
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Abstract. Heatstroke is a life-threatening illness that is
characterised by a core body temperature >40°C and central
nervous system dysfunction. Acute kidney injury (AKI) is
a common complication of heatstroke, and the mitochon-
drial apoptotic pathway has been demonstrated to be one of
the leading causes of tissue damage and cell death in AKI.
Curcumin is a phenol that is extracted from turmeric and
demonstrates anti-apoptotic properties. To test if curcumin can
protect the kidney from injury caused by heat stress, the effect
of curcumin administration on renal injury and apoptosis of
renal tissue was examined in a rat model of dry-heat envi-
ronment. A total of 50 Sprague-Dawley rats were randomly
divided into five groups (n=10): Standard temperature control,
dry-heat control and curcumin treatment groups (50, 100 and
200 mg/kg groups). After exposure to a dry-heat environ-
ment for 150 min, the rats were anesthetized and euthanized.
Blood, urine and renal tissue were collected to quantify
the expression of specific mitochondrial apoptosis-related
molecules. Curcumin pre-treatment decreased blood urea
nitrogen and serum creatinine, urinary kidney injury mole-
cule-1, and neutrophil gelatinase-associated lipocalin levels
compared with the dry-heat control group. Curcumin was also
revealed to downregulate c-Jun N-terminal kinases (JNK),
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cytochrome c, caspase-3 and caspase-9 expression upon treat-
ment with 100 and 200 mg/kg curcumin, which may result
in inhibition of the mitochondrial apoptotic pathway in renal
cells. The current study revealed that Curcumin may to have
potential for preventing heatstroke-induced AKI.

Introduction

Heatstroke is characterised by a core body temperature >40°C
and central nervous system dysfunction resulting in delirium,
convulsions or coma (1). Heatstroke is a life-threatening
condition that is often accompanied by organ injury and a
poor prognosis including sequela or even mortality (2). Acute
kidney injury (AKI) is a common complication of heatstroke.
Increased pathogenesis of heatstroke-associated AKI is
likely due to decreased perfusion caused by dehydration and
subsequent hypovolemia, direct thermal injury, rhabdomy-
olysis-associated myoglobinuria and systemic inflammatory
response syndrome (3). In addition, the release of inflammatory
factors and direct heat damage can induce apoptosis in cells,
as observed in a baboon animal model (4) of heatstroke (5).

Currently, the pathologic process responsible for tissue and
cell damage induced by heatstroke is not clearly understood. In
addition, no effective clinical methods have been developed for
early diagnosis, and affordable treatment options are also lacking,
resulting in elevated rates of mortality in patients with heatstroke.

Heat is one of the most influential external factors that affects
cellular function and structure (6). Rapidly increasing ambient
temperatures can lead to extensive cell degeneration and necrosis
in tissues, and when core body temperatures exceed 41.6-42°C
for >45 min, cells undergo apoptosis (7). These extreme temper-
atures can induce destruction of cell structures and necrosis
within minutes (8). Sakaguchi er al (9) demonstrated that expo-
sure of a rat model of heat shock to temperatures of 41.5°C for
2 h induced apoptosis in healthy tissue cells. Therefore, cellular
apoptosis may be one of the mechanisms responsible for the
development of renal injury induced by heatstroke. Therefore, it
is important to identify compounds that are capable of reversing
or inhibiting these apoptotic pathways, thereby limiting AKI in
patients with heatstroke.
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Curcumin is a phenol that is extracted from turmeric.
Studies have demonstrated that curcumin exhibits a wide
range of biological functions, including inhibition of cell
proliferation, antioxidant properties, anti-apoptotic effects
and scavenging of oxygen free radicals (10-12). In addition,
multiple studies have demonstrated a protective effect of
curcumin on AKI induced by a number of different factors
including toxic drugs (13-15).

It can therefore be hypothesised that curcumin exhibits a
protective effect in renal injury caused by heat stress. In the
current study, the previously described dry-heat environment
protocol was used to establish a rat model of heatstroke,
determine the effect of curcumin pre-treatment on renal
pathological changes and explore the possible underlying
mechanism governing this interaction.

Materials and methods

Animals. A total of 50 male Sprague—Dawley (SD) rats
(65-70 days old; 190-220 g) were purchased from the
Experimental Animal Center of Xinjiang Medical University.
Animals were housed in cages in groups (five rats per cage) at
20+2°C and 40-50% humidity with a 12 h light/dark cycle. The
rats were fed a standard pellet diet and provided with water
ad libitum. The present study was approved by the ethical
committee of the General Hospital of Xinjiang Military Region
of the PLA. Animal care and experiments were conducted
according to the National Science Council guidelines.

Establishment of a rat model of heatstroke, curcumin
pre-treatment and collection of blood, urine and kidney
tissue samples. The 50 SD rats were randomly divided
into five groups (n=10): Normal temperature control (NT
control), dry-heat control (DH control), and curcumin
treatment groups including 50, 100 and 200 mg/kg groups,
the curcumin concentrations were based on the previous
relevant research (16,17). The control rats were pretreated
with 0.9% saline by gavage while experimental rats were
administered curcumin orally. All rats were pretreated once
a day for seven consecutive days. Curcumin was dissolved
in 0.5% sodium carboxymethyl cellulose (CMCNa) solution
prior to administration.

The dry-heat heatstroke rat model was replicated after
7 days of pre-treatment from our previous study (18). The NT
control group rats were incubated at room temperature (20+2°C)
with a humidity of 40-50%. The remaining rats were incubated
in the dry-heat environment (The Simulated Climate Cabin for
Special Environment of Northwest of China, Urumgqi, China)
at a temperature of 41°C+0.5°C and 10+1% humidity. The rat
core body temperature was monitored (using a thermometer to
measure rectal body temperature) every 30 min. The rats were
removed from the experimental cabin following 150 min of
incubation and were anesthetized by intraperitoneal injection
of 3% sodium pentobarbital 0.2 ml/100 g (30 mg/kgb). After
the animals were anesthetized, blood was collected from the
inferior vena cava for analysis of blood indicators, and urine
was collected by puncturing the bladder to assess the renal
injury index. Renal tissue was stored at -80°C for subsequent
analysis. After the specimen was extracted, the rats were
euthanized using cervical dislocation.

Biochemical analysis. Serum was separated via centrifugation
at 1,006.2 x g for 10 min at 4°C and stored at -20°C for analyses
of creatinine and blood urea nitrogen (BUN) levels using a
fully automatic biochemical analyser (Mindray BS-180;
Shenzhen Mindray Bio-Medical Electronics Co., Ltd.).

Measurement of kidney injury molecule-1 (KIM-1) and
neutrophil gelatinase-associated lipocalin (NGAL) levels
in urine. The expression of KIM-1 (cat. no. MKM100) and
NGAL (cat. no. MLCN20) in urine were quantified using
commercial ELISA kits (R&D Systems, Inc.) according to the
manufacturer's instructions.

Western blot analysis. The kidney samples were ground with
liquid nitrogen followed by lysis with a Cell Lysis Buffer
(cat. no. ab152163; Abcam) for 2 h on ice. The lysates were
centrifuged at 4,024.8 x g for 20 min at 4°C, and superna-
tants were collected and stored at -80°C in Eppendorf tubes.
Samples were mixed with 2X loading buffer (Abcam) and
boiled for 8 min before they were subjected to electrophoresis.
Protein samples (120 ng) were quantified using a BCA protein
assay kit (Pierce™ BCA Protein Assay kit; Thermo Fisher
Scientific, Inc.). Electrophoresis was then performed at 60 V
(5% stacking gel) and then at 100 V (10% separating gel)
for 1.5 h, and electrotransferred for 20-30 min according to
different molecular weights (sample amount, 0.5 ug). The
PVDF membrane was blocked using 5% non-fat milk powder
for 2 h at room temperature, followed by incubation with the
following primary antibodies: Cytochrome c, cat. no. 4272;
JNK, cat. no. 9252; caspase-9, cat. no. 9504 and caspase-3,
cat. no. 9662; all from Cell Signaling Technology, Inc.) at 4°C
overnight. Secondary antibodies (goat anti-rabbit IgG H&L,
cat. no. ab6721; rabbit anti-mouse IgG H&L, cat. no. ab6728;
both from Abcam) were then added, and the membrane was
incubated at room temperature for 1 h. The target band was
detected by chemiluminescence (ChemDoc-IT® 510 Imager,
Ultra-Violet Products Ltd.), and the protein was semi-quanti-
fied using Visionworks LS (version 8.1.2; Ultra-Violet Products
Ltd.) following analysis of the grey intensity.

TUNEL staining for detection of apoptotic cells. Apoptotic
cells (fixed in 10% methanol at 4°Cfor 24 h) in the kidney
sections were detected using a TUNEL assay kit (In Situ Cell
Death Detection kit; Roche Applied Science) according to the
manufacturer's instructions. For each study group, the apop-
tosis index was calculated using a 10x field of view. Apoptotic
cells were observed via an optical microscope (magnifica-
tion, x400) and imaged, Each group was captured in 10 fields.
Apoptotic cells were manually identified by their specific
morphological characteristics (presence of apoptotic bodies,
chromatin condensation, marginalisation and membrane lysis).
The apoptosis index was calculated as follows: Apoptosis
cells/total cells within a high-power field.

Changes in morphology observed under an electron micro-
scope. Kidney specimens were cut into 2-mm sized fragments
and fixed in 2.5% glutaraldehyde at room temperature in 0.1 M
phosphate buffer overnight. The tissues were washed thrice in
0.1 M phosphate buffer and fixed with 1% osmium tetroxide
in phosphate buffer for 1 h at 4°C. The fixed tissues were then
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Figure 1. Blood serum analysis. Concentration of (A) creatinine and (B) BUN in blood serum samples in the control, dry heat or curcumin treatment groups.
Compared with the NT control group, the concentration of creatinine and BUN in serum samples was significantly increased in the DH and all curcumin
treatment groups. Pre-treatment with increasing concentrations of curcumin resulted in a significant decrease in BUN and creatinine levels compared with
the DH control. Values are expressed as means = SE (n=10) and analysed using one-way ANOVA. "P<0.05 vs. NT. "P<0.05 vs. DH. BUN, blood urea nitrogen.
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Figure 2. Expression of Acute kidney injury markers. Levels of (A) KIM-1 and (B) NGAL in urine samples in the control, dry heat or curcumin treatment
groups. KIM-1 and NGAL increased significantly in the DH and all curcumin treatment groups compared with the NT control group. At all different curcumin
concentrations, the expression of KIM-1 and NGAL were significantly decreased compared with the DH control group. Values are expressed as means + SE
(n=10) and analysed using one-way ANOVA. "P<0.05 vs. NT. “P<0.05 vs. DH. KIM-1, kidney injury molecule-1; NGAL, neutrophil gelatinase-associated

lipocalin.

washed thrice in 0.1 M phosphate buffer. The specimens were
dehydrated using a graded series of ethanol (50, 70, 80, 90, 95
and 100%) for 15-20 min at each step and transferred to abso-
lute acetone for 20 min. The specimens were then placed in a
1:1 mixture of absolute acetone and a Spurr resin mixture for
1 h at room temperature and then transferred to a 1:3 mixture
of the same solution overnight. The next day, specimens were
placed in capsules containing embedding medium and heated
at 70°C for ~9 h. The sections were then sequentially stained
with uranyl acetate and alkaline lead citrate at 25°C for 15 min
each and observed under a transmission electron microscope
(JEM-1230; JEOL, Ltd.).

Statistical analysis. In the current study, repeated measure-
ment data are presented as the mean + SD (n=10 in each
group). One-way ANOVA was used for comparison between
groups, and Bonfferoni was used as a post-hoc test. All statis-
tical analysis was performed by SPSS software (version 21.0;
IBM Corp.). P<0.05 was considered to indicate a statistically
significant difference.

Results

Compared with the NT control group, the concentration
of creatinine and BUN in serum samples was significantly
increased in the DH and all curcumin treatment groups
(P<0.05). However, pre-treatment with increasing concentra-
tions of curcumin resulted in a significant decrease in BUN
and creatinine levels compared with the DH control (P<0.05;
Fig. 1A and B).

Additionally, in the DH and all curcumin treatment groups,
the levels of early renal injury markers, namely KIM-1 and
NGAL, increased significantly compared with the NT control
group. At all different curcumin concentrations, the expression
of KIM-1 and NGAL were significantly decreased compared
with the DH control group (P<0.05; Fig. 2A and B).

Following incubation for 150 min in a dry-heat environ-
ment, in the DH and all curcumin treatment groups, the
expression of cytochrome ¢ (Cyt c), JNK, caspase-3 and
caspase-9 was revealed to be increased compared with the
NT control group. However, 100 and 200 mg/kg curcumin
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Figure 3. Expression of apoptotic-related markers. Changes in the expression of (A) Cyto-C and JNK and (B) caspase-9 and caspase-3 in the control, dry
heat or curcumin treatment groups. The expression of (C) Cyto-C, (D) INK, (E) caspase-3 and (F) caspase-9 was revealed to be increased in the DH and all
curcumin treatment groups compared with the NT control group. However, 100 and 200 mg/kg curcumin pe-treatment group caused the expression of these
apoptosis-related proteins to significantly decrease. Values are expressed as means + SE (n=10) and analysed using one-way ANOVA. "P<0.05 vs. NT. “P<0.05

vs. DH. Cyto C, cytochrome c.

pre-treatment group caused the expression of these apop-
tosis-related proteins to significantly decrease (Fig. 3).
Paraffin sections of renal tissues were stained using
TUNEL. The renal tissues obtained from the NT control group
rats did not appear to exhibit significant apoptosis (apoptosis
index, 0.55+0.071%), whereas those from the DH and all
curcumin treatment groups indicated significantly higher
levels of apoptosis in the renal tubular cells compared with
the NT group (apoptosis index, 5.5+0.48%; P<0.05). The level
of apoptosis observed in the renal tissue of rats treated with

50 mg/kg curcumin (apoptosis index, 5.1+0.37%) was signifi-
cantly lower compared with the DH control group (P<0.05).
Similarly, the apoptosis index determined for the renal tissue in
rats treated with either 100 mg/kg (2.05+0.37%) or 200 mg/kg
(1.3340.20%) of curcumin was also significantly decreased
compared with the DH control group (P<0.05; Fig. 4).
Electron microscopy revealed severe mitochondrial
damage within the DH control group, which was characterised
by mitochondrial swelling and vacuolisation, as well as disap-
pearance of the mitochondrial cristae (Fig. 5). Alternatively,
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Figure 4. TUNEL staining and apoptosis index of renal tissue sections
(magnification, x400). "P<0.05 vs. NT. “P<0.05 vs. DH.

compared with the DH control group, samples from rats
treated with 50 mg/kg of curcumin demonstrated markedly
reduced mitochondrial damage and mitochondrial swelling.
In the animals treated with 100 and 200 mg/kg of curcumin,
the mitochondrial swelling was even further reduced, and
mitochondria vacuolisation was nearly invisible (Fig. 5).

Discussion

Increasing evidence has suggested that apoptosis may serve an
essential role in the pathological process of heatstroke (19,20).
In recent years, researchers have indicated that heatstroke
regulates apoptosis by regulating the expression of specific
caspases (21). Hsu et al (22) demonstrated that in a heat stress
model of corneal cells, cell death was directly related to the
heat-induced expression of caspase-8 and caspase-9, as well
as the activation of specific mitochondrial pathways. In addi-
tion, Milleron and Bratton (23) demonstrated that inhibition
of caspase activity could significantly reduce heat-induced
apoptosis. Further research has demonstrated that the
direct influence of heat on cells, including cellular damage,
production of oxygen metabolism products and production
of proteinases and various cytokines that are released during
the heat shock process, can activate or inhibit specific signal
transduction pathways (24,25), thereby mediating the survival
or death of cells.

Apoptosis is characterised by a series of morphological
changes, including membrane blebbing, cell shrinkage, chro-
matin condensation and DNA fragmentation, followed by rapid

100 mg/kg

200 mg/kg

A ¥
"

Figure 5. Electron microscopy (magnification, x4,000). Changes in cellular
morphology observed under an electron microscope in the dry heat or
curcumin treatment groups.

engulfment of the dead cell by neighbouring cells, without
rupture of the cell membrane (26). Mitochondria regulate
apoptosis through the activation of a variety of death stimuli;
therefore, mitochondrial dysfunction serves a prominent
function in apoptosis (27). Mitochondrial dysfunction leads
to release of Cyt ¢ from the mitochondrial membrane space
into the cytoplasm where it serves a vital role in mediating
apoptosis (28,29). Released Cyt ¢ binds Apoptotic Peptidase
Activating Factor 1 and forms an activation complex with
caspase-9, which then serves to activate caspase-3 to induce
cell apoptosis and resulting in the activation of downstream
cascade reactions.

However, apoptosis is regulated by many upstream signal-
ling pathways. MAPKSs are considered to be some of the most
important signalling molecules in the transmission of apop-
totic signals to the mitochondria (30). Specific MAPK family
members, namely JNK and p38, have been determined to be
upstream stimulators of classical apoptotic pathways (31).
These molecules have been indicated to reduce the expression
and activity of the anti-apoptotic Bcl-2 family members by
interfering with cellular localisation and dimer formation (32).
Alternatively, MAPKs have also been revealed to promote the
expression and activity of pro-apoptotic proteins and induce
apoptosis via the mitochondrial pathway (33,34).

In the present study, the identification of apoptosis based on
the pathological changes in the renal tissue is facile. Following
incubation in a dry-heat environment for 150 min, expression
of apoptosis-related proteins increased significantly. Therefore,
apoptosis may serve an essential role in kidney injury in a
dry-heat environment.

To study the benefits of curcumin pre-treatment, rats
were pre-treated with different concentrations of curcumin
prior to incubation in a dry-heat environment for 150 min
and subsequent changes were observed in the renal tissue, as
well as changes in the expression of JNK, Cyt ¢, caspase-3
and caspase-9. The results of electron microscopy revealed
that the changes in the renal tissues of the DH control group
were noticeable, with mitochondrial injury including swelling
and vacuolisation being observed. Increased expression of
apoptosis-related proteins, specifically, INK, Cyt c, caspase-3
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and caspase-9 were also observed following incubation in the
dry-heat environment. Therefore, mitochondria may serve a
significant role in regulating apoptosis within kidney tissues
exposed to a dry-heat environment, and inhibiting pathways
associated with mitochondrial apoptosis may prove to be bene-
ficial in preventing renal injury following extended exposure
to a dry-heat environment. Curcumin pre-treatment (100 and
200 mg/kg) resulted in decreased expression of JNK, Cyt c,
caspase-3,and caspase-9. Electron microscopy revealed that the
rats treated with 50 mg/kg of curcumin demonstrated reduced
mitochondrial damage and mitochondrial swelling compared
with the DH control. This effect was even more pronounced in
tissues from animals treated with 100 mg/kg or 200 mg/kg of
curcumin, resulting in near elimination of mitochondrial vacu-
olisation. These findings indicate a dose-dependent protective
effect of curcumin on mitochondria.

In conclusion, the results of the current study demonstrated
that pre-treatment with curcumin prevents heatstroke-induced
AKI in rats. Curcumin (100 and 200 mg/kg) groups mark-
edly reduced the expression of specific markers of AKI and
apoptosis-related proteins. By reducing the degree of cellular
damage through inhibition of the mitochondrial apoptotic
pathway, curcumin prevents renal tissue injury induced by
heatstroke. Therefore, curcumin may be a potential prophy-
lactic treatment that may prevent the adverse, severe effects of
AKI in heatstroke by reducing the degree of cellular damage
through inhibition of the mitochondrial apoptotic pathway.

Although some beneficial results have been obtained from
the current study, the study has some limitations. A horizontal
comparative study was performed. The experiment would
have been improved if a vertical comparison at different time
points was performed, or relevant factors and mechanism were
diversified. Therefore, the correlation between dose and time
should be examined in future experiments in order to identify
an optimal curcumin concentration and treatment period.
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