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Curcumin attenuates hepatic mitochondrial dysfunction through the maintenance 
of thiol pool, inhibition of mtDNA damage, and stimulation of the mitochondrial 

thioredoxin system in heat-stressed broilers

Jingfei Zhang, Kai wen Bai, Jintian He, Yu Niu, Yuan Lu, Lili Zhang, and Tian Wang1

College of Animal Science and Technology, Nanjing Agricultural University, Nanjing 210095, China

ABSTRACT: The aim of this study was to inves-
tigate the effects of dietary curcumin supplemen-
tation on the performance, mitochondrial redox 
system, mitochondrial DNA (mtDNA) integrity, 
and antioxidant-related gene expression in the liver 
of broiler chickens after heat stress treatment. At 
day 21, a total of 400 Arbor Acres broiler chickens 
with similar body weight (BW) were divided into 5 
groups with 8 replicates per group and then reared 
either at a normal temperature (22 ± 1 °C) or at a 
high ambient temperature (34 ± 1 °C for 8 h and 
22 ± 1 °C for the remaining time) for 20 d. Broilers 
in the 5 groups were fed a basal diet at a normal 
temperature (NT group) and a basal diet with 0, 
50, 100, and 200 mg/kg curcumin at a high ambient 
temperature (HT, CUR50, CUR100, and CUR200 
groups), respectively. The serum and liver samples 
were analyzed for the parameters related to hepatic 
damage, mitochondrial function, and redox status. 
The results showed that the G:F was increased in 
the CUR50 and CUR100 groups, and the final BW 
was increased in CUR100 group in comparison 
with the HT group (P < 0.05). When compared with 
those in the HT group, both serum aspartate and 
alanine aminotransferase activities were decreased 
in the curcumin-supplemented groups (P  <  0.05). 

Curcumin decreased the reactive oxygen species 
(ROS) production but increased the mitochon-
drial membrane potential in the hepatocytes of the 
broilers after heat stress (P < 0.05). The broilers in 
curcumin-supplemented groups had lower malon-
dialdehyde and protein carbonyl concentrations 
as well as greater thiol concentrations (P < 0.05). 
The mitochondrial manganese superoxide dismu-
tase (MnSOD) activity in the liver was increased 
(P < 0.05) in the CUR100 group compared with the 
HT group. Compared with the heat-stressed broil-
ers, the broilers that were fed curcumin had greater 
(P  <  0.05) mtDNA copy number and ATP con-
centrations than those in the HT group. Curcumin 
supplementation attenuated the depression of the 
thioredoxin 2 and peroxiredoxin-3 gene expres-
sions (P < 0.05). The MnSOD gene expression was 
increased in the CUR100 and CUR200 groups, and 
the thioredoxin reductase 2 gene expression was 
increased in the CUR50 group in comparison with 
the HT group (P < 0.05). In conclusion, curcumin 
mitigated the mitochondrial dysfunction in heat-
stressed broilers, as evidenced by the suppression of 
the ROS burst, the maintenance of the thiol pool 
and mtDNA content, and the enhanced mitochon-
drial antioxidant gene expression.
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INTRODUCTION

With the manifestation of climate change, 
the occurrence of extreme heat is becoming more 
common, especially during the summer. Extreme 
heat is detrimental to the growth performance 
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and health status of all agriculturally important 
species, including pigs (Yu et  al., 2010), cows 
(Rhoads et  al., 2009), and broilers (Huang et  al., 
2015) when ambient temperatures exceed their 
thermal neutral zone. Heat stress has been reported 
to induce a great number of adverse effects on the 
nervous, endocrine, metabolic, and immune sys-
tems, leading to enormous economic losses in the 
global animal production (Lara and Rostagno, 
2013). Characterized by the reactive oxygen species 
(ROS), dissipation of mitochondrial membrane 
potential (MMP) and imbalance of mitochondrial 
redox status, heat stress has been found to impair 
the mitochondrial function of broilers (Huang 
et al., 2015). In addition, studies provide evidence 
of a link between mitochondrial dysfunction and 
dysregulated mitochondrial DNA (mtDNA) quality 
(Iida et al., 2015; Li et al., 2017). Therefore, consid-
ering the importance of mitochondria in regulating 
nutrient metabolism and cellular homeostasis, the 
defect in mitochondrial function may be a possible 
mechanism for the decreased feed efficiency and nu-
trient utilization observed in heat-stressed animals 
(Lucas et al., 2000; Smith, 2003).

mtDNA is a sensitive target for oxygen rad-
ical attack. Under oxidant stress, oxidized mtDNA 
depressed the oxidative phosphorylation function 
and the mitochondrial activity. Consequently, dam-
aged mtDNA leads to consecutive ROS bursts, 
which further exacerbate the mitochondrial dys-
function. Therefore, alteration in mtDNA has 
been proposed to be a cause of mitochondrial dys-
function. Soto et al. (2009) found that heat stress 
induced a reduction of mtDNA copy number and 
suggested the dysregulation of mtDNA replication 
(Soto and Smith, 2009).

One possible way to overcome this situation 
is through the dietary modulation of the mito-
chondrial function. In this context, curcumin has 
been proposed as a possible solution. Curcumin, 
isolated from rhizomes, is a naturally occurring 
phytochemical compound (Anand et  al., 2008), 
and it is gaining importance in the prevention of 
mitochondrial dysfunction (Trujillo et  al., 2014). 
Studies reported that curcumin supplementation 
preceding a stressor is useful in limiting mitochon-
drial damage (Mythri et  al., 2007; Molina-Jijon 
et  al., 2011). Kuo et  al. (2012) provided support 
for the protective role of curcumin in mtDNA con-
tent in obese mice. However, little is known about 
the effect of curcumin on the mtDNA content and 
mitochondrial thioredoxin 2 (Trx2) system in heat-
stressed broilers. We hypothesized that curcumin 
could play a positive effect on the regulation of the 

hepatic antioxidant system at mitochondrial level 
when broilers are challenged by heat stress. Thus, 
the aim of this study was to investigate the effect of 
curcumin on the growth performance, mitochon-
drial redox system, mtDNA content, and mito-
chondrial antioxidant genes expression of the liver 
in heat-stressed broilers.

MATERIALS AND METHODS

Additives

Curcumin was provided by KeHu Biotechnology 
Research Center (Guangzhou, People’s Republic of 
China). The content of curcumin was 98% as deter-
mined by high performance liquid chromatography 
(HPLC) analysis (Zhang et al., 2015b).

Animals, Experimental Protocol, and Sample 
Collection

The experimental protocol in this study was 
approved by the Nanjing Agricultural University 
Institutional Animal Care and Use Committee, 
China and conducted in accordance with the 
“Guidelines for Experimental Animals” of the 
Ministry of Science and Technology (Beijing, P.R. 
China). One-day-old Arbor Acres broiler chickens 
(Gallus gallus domesticus) were purchased from a 
commercial hatchery (Hefei, Anhui, P. R. China). 
The initial weight of the broilers was 42 ± 5 g and 
statistically insignificant. The brooding tempera-
ture of the broilers was set to 32 to 34 °C during 
the first week, reduced by 2 to 3 °C per week, and 
then fixed at 22 ± 1 °C until day 21. At the age of 
day 21, a total of 400 broilers with similar body 
weight (BW) were selected and randomly allocated 
into 5 groups with 8 replicates per group (n = 8). 
Each replicate consisted of 10 broilers. One group 
was raised at a normal temperature (22  ±  1  °C) 
and fed a basal diet (NT). Four other groups were 
exposed to a high ambient temperature (34 ± 1 °C 
for 8 h and 22 ± 1 °C for the remaining time) and 
fed a basal diet containing 0 (HT), 50 (CUR50), 100 
(CUR100), and 200 (CUR200) mg/kg curcumin, re-
spectively. The high temperature was maintained 
by heated-air conditionings and electrically heated, 
thermostatic controllers (Zhang et al., 2015b). The 
ingredient composition and nutrient content of 
the basal diet are given in Table 1. The heat stress 
treatment lasted for 20 consecutive d, in which the 
humidity of the room was kept at 50% to 60%. All 
the broilers had free access to feed and water and 
received a light regimen of 12:12 h light:darkness 
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throughout the experiment. Details on the heat 
stress treatment and the rearing condition of broil-
ers have been previously reported (Zhang et  al., 
2015a; Zhang et al., 2015b).

At the end of the experiment, 1 chicken was 
selected from each replicate (n = 8) and killed by ex-
sanguination. Serum was obtained from the blood 
after centrifugation at 4,000 rpm for 15 min at 4 °C 
and then stored at −20  °C for further analysis of 
aminotransferase activities. After evisceration, liver 
tissue was immediately removed, weighted, and 
placed in ice. One part of the liver sample was snap 
frozen in liquid nitrogen and stored at −80 °C for 
redox analysis and DNA and RNA extraction. The 
other part of the liver sample was collected and 
used for the isolation of hepatic mitochondria.

Growth Performance

Bird growth performance was determined for 
the entire heat stress treatment period (D21–42) 
for the 5 replicates of 8 broilers per group. BW and 

feed intake were recorded on a replicate basis. The 
average daily body weight gain (ADG), average 
daily feed intake (ADFI), and feed efficiency (G:F) 
were calculated per bird and adjusted by mortality. 
The liver index, namely, the relative weight of liver, 
was expressed as the percentage of live BW of the 
selected broiler for sampling.

Determination of Serum Aminotransferases 
Activities

Serum alanine aminotransferase (ALT) and 
aspartate aminotransferase (AST) were meas-
ured spectrophotometrically using the commercial 
kits purchased from Nanjing Jiancheng Institute 
Bioengineering (Nanjing, China). The results of 
AST and ALT activities were expressed as unit/liter 
(U/L).

Preparation of Hepatic Mitochondria

Isolation of hepatic mitochondria was per-
formed according to Zhang et al. (2014), with some 
modifications. Briefly, the liver was washed twice 
to get rid of blood and finely minced. Then, the 
minced samples were homogenized with an ice-cold 
isolation buffer (pH  =  7.4), containing 10-mM 
Trizma hydrochloride, 250-mM sucrose, and 1-mM 
EDTA. The above homogenate was centrifuged 
at 800 × g for 5 min at 4 °C, and the supernatant 
was centrifuged at 12,000  × g for 15  min at 4  °C 
to collect the mitochondrial pellets. After washing 
and spinning twice, the mitochondrial pellets were 
finally resuspended in the ice-cold isolation buffer. 
Aliquots of mitochondrial suspension were stored 
at −80 °C for the subsequent redox analysis.

Determination of Mitochondrial Membrane 
Potential (MMP) and ROS

The intracellular ROS concentration of liver 
was measured using a commercial ROS assay 
kit with a 2,7-dichlorofluorescein-diacetate 
(DCFH-DA) fluorescence probe (Beyotime Institute 
of Biotechnology, Haimen, China) according to 
the manufacturer’s directions. Briefly, the freshly 
isolated hepatocytes were incubated with the 
DCFH-DA solution, which was oxidized to DCFH 
at 37 °C for 20 min. The fluorescence intensity of 
DCFH was measured at the excitation wavelength 
of 488  nm and emission wavelength of 525  nm 
through a FACS Calibur flowcytometer (BD, 
Heidelberg, Germany). The result was expressed as 
the percentage of the NT group taken as 100%.

Table 1. Ingredient composition and calculated nu-
trient content of the basal diets

1 to 21 d 22 to 42 d

Ingredient (%)

 Corn 57.0 61.9

 Soybean meal (44.2%, crude protein) 31.3 25.6

 Corn gluten meal (60%, crude protein) 3.9 4.3

 Soybean oil 3.1 3.8

 Dicalcium phosphate 1.8 1.6

 Limestone 1.3 1.2

 l-lysine 0.15 0.2

 dl-methionine 0.15 0.1

 Premixa 1 1

 Salt 0.3 0.3

 Total 100 100

Calculation of nutrients

 Metabolizable energy, MJ/kg 12.69 13.10

 Crude protein, % 21.52 19.71

 lysine, % 1.14 1.04

 methionine, % 0.50 0.43

 Calcium, % 1.00 0.90

 Available phosphorus, % 0.46 0.42

 Arginine, % 1.36 1.19

 Methionine + Cystine, % 0.85 0.76

aProvided per kg of diet: vitamin A (transretinyl acetate), 10,000 IU; 
vitamin D3 (cholecalciferol), 3,000 IU; vitamin E (all-rac-α-tocopherol 
acetate), 30 IU; menadione, 1.3 mg; thiamin, 2.2 mg; riboflavin, 8 mg; 
nicotinamide, 40 mg; choline chloride, 600 mg; calcium pantothenate, 
10 mg; pyridoxine HCl, 4 mg; biotin, 0.04 mg; folic acid, 1 mg; vitamin 
B12 (cobalamin), 0.013 mg; Fe (from ferrous sulfate), 80 mg; Cu (from 
copper sulfate), 8 mg; Mn (from manganese sulfate), 110 mg; Zn (from 
zinc oxide), 65 mg; I (from calcium iodate), 1.1 mg; and Se (from so-
dium selenite), 0.3 mg.
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Hepatic MMP was measured using a commer-
cial assay kit with a lipophilic cation JC-1 probe 
(Beyotime Institute of Biotechnology, Haimen, 
China) according to the manufacturer’s directions. 
Briefly, the freshly isolated hepatocytes were incu-
bated with JC-1 in the dark for 20  min at 37  °C 
and then washed twice with buffer. The fluores-
cence intensity of collected hepatocytes was mon-
itored using a FACS Calibur flowcytometer (BD, 
Heidelberg, Germany).The green fluorescence was 
measured at the emission wavelength of 530  nm, 
and the red fluorescence was measured at the emis-
sion wavelength of 590 nm when both were excited 
at 488  nm. The MMP result was determined by 
the ratio of red to green fluorescence intensity and 
expressed as the percentage of the NT group taken 
as 100%.

Redox Analysis in Hepatic Mitochondrial Fraction

Lipid peroxidation, expressed as the malondi-
aldehyde (MDA) concentrations for this assay, was 
measured spectrophotometrically based on the re-
action of thiobarbituric acid-reacting substances 
and performed using the commercial kit purchased 
from Nanjing Jiancheng Institute Bioengineering 
(Nanjing, China). The protein concentrations of 
the mitochondrial suspension were also determined 
using the bicinchoninic acid assay (Bainor et  al., 
2011). The result of the MDA concentration was 
corrected for the protein concentrations in each 
sample and expressed as nmol/100 mg protein.

The protein carbonyl (PC) concentration was 
measured spectrophotometrically according to the 
reaction of 2,4-dinitrophenylhydrazine, as described 
previously (Tabassum et  al., 2010; Gaona-Gaona 
et  al., 2011). Briefly, the mitochondrial suspen-
sion was prepared free from nucleic acids by over-
night incubation with streptomycin sulfate. Then, 
2,4-dinitrophenylhydrazine and HCl were added to 
produce the protein hydrazine in the presence of 
guanidine hydrochloride. Absorbance was recorded 
at 370 nm and calculated using the molar extinction 
coefficient of 22,000. The result of the PC concen-
tration was corrected for the protein concentrations 
in each sample and expressed as millimole per milli-
gram protein (mmol/mg protein).

The contents of total thiol (T-SH) and non-pro-
tein thiol (NP-SH) were measured using the com-
mercial kits purchased from Nanjing Jiancheng 
Institute Bioengineering (Nanjing, China). The 
value of protein thiol (P-SH) content was calcu-
lated by subtracting the NP-SH content from the 
T-SH content. The results of these 3 thiol contents 

were corrected for the protein concentrations in 
each sample and expressed as micromole per milli-
gram protein (μmol/mg protein).

The manganese superoxide dismutase 
(MnSOD) activity was measured using the com-
mercial kit purchased from Nanjing Jiancheng 
Institute Bioengineering (Nanjing, China). The re-
sult of MnSOD activity was corrected for the pro-
tein concentrations in each sample and expressed as 
unit per milligram protein (U/mg protein).

Determination of ATP Concentration

The ATP concentrations in liver were deter-
mined by HPLC as described previously (Papen 
et al., 2013). Briefly, liver tissue in liquid nitrogen 
was homogenized by ice-cold saline (wt/vol, 1/1). 
Subsequently, 0.5  mL of the homogenate was 
mixed with 0.5-M perchloric acid and extracted for 
20 min in an ice-water bath. After centrifugation at 
10,000 rpm at 4 °C for 10 min, the supernatant was 
neutralized with 1-M KOH and then centrifuged 
to remove the potassium perchlorate. Finally, the 
supernatant was passed through a 0.22-μm filter 
and stored at −80 °C for analysis.

HPLC analysis was conducted on an Agilent 
1100 with a reversed phase column (Agilent Eclipse-
XDB C18, 4.6 mm × 250 mm, 5 μm). Mobile phase 
A  was 0.1-M phosphate buffer (pH  =  6.25), and 
mobile phase B was acetonitrile. The gradient pro-
gram was 100% A and 0% B initially, 95% A and 
5% B at 2 min, 80% A and 20% B at 4 min, 75% 
A and 25% B at 5.3 min, and 100% A and 0% B 
at 6 min. A 1-min additional step was included to 
reach the initial conditions and stabilization. The 
flow rate was 1.2 mL/min, and the temperature was 
set to 25 °C. The injection volume was 20 μL in the 
present study. The ATP concentration in the liver 
sample was identified by comparing retention times 
and quantified by the external standard method.

Total RNA Extraction and Real-time PCR Analysis

Total RNA from the liver tissue was col-
lected using Trizol reagent (Takara Biotechnology 
Co., Dalian, China). RNA was quantified with a 
spectrophotometer (NanoDrop 2000c; Thermo 
Scientific, Camden, New Jersey) and tested by 
agarose gel electrophoresis. Reverse transcription 
was performed using a PrimeScript RT Reagent kit 
(Takara Biotechnology Co., Dalian, China).

The cDNA samples were amplified by quanti-
tative real-time PCR with SYBR Premix Ex Taq 
II kit (Takara Bio, Inc., Dalian, China) in a 20-μL 
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reaction system. The PCR amplification reac-
tion of each gene was conducted in triplicate and 
conducted initially at 95  °C for 30  s, in 40 cycles 
at 95 °C for 5 s, and finally at 60 °C for 30 s in the 
ABI 7300 system (Applied Biosystems, Foster City, 
CA). The primer sequences are shown in Table 2. 
The relative mRNA expression level of the target 
genes was calculated using the 2−ΔΔCt method. β-Ac-
tin and glyceraldehyde 3-phosphate dehydrogenase 
were used as the reference genes for the normaliza-
tion of target genes as described previously (Livak 
and Chmittgen, 2001).

Determination of mtDNA Copy Numbers

The total genomic DNA of liver was isolated 
using the universal Genomic DNA Extraction 
Kit (TakaRa Biotechnology Co., Dalian, China). 
The DNA concentration was quantified with a 
spectrophotometer (NanoDrop 2000c; Thermo 
Scientific, Camden, New Jersey) and diluted to the 
same concentration for further real-time PCR ana-
lysis. The relative mtDNA content was quantified 
by real-time PCR analysis under the same condi-
tion as described above. The primer specific for the 
mtDNA is shown in Table 2. β-Actin was chosen as 
the reference gene. The 2−∆∆Ct method was employed 
to calculate the relative mtDNA copy number (Liu 
et al., 2012; Jia et al., 2013).

Statistical Analyses

The data were presented as means and SE 
(n = 8). All data were analyzed by one-way ANOVA 
using SPSS 17.0 (SPSS, Inc., Chicago, IL). Data 

were normally distributed (Shapiro–Wilk test) and 
tested for homogeneity of variance (Levene’s test). 
Duncan’s multiple range test was used to compare 
the differences among groups. The level of statis-
tical significance was considered to be P < 0.05.

RESULTS

Growth Performance

In the present study, mortality was 1.07% 
and not related to treatments (data not shown). 
The bird growth performance data during the en-
tire heat stress treatment period (D21−42) was 
shown in Table 3. Compared with the NT group, 
the HT group had lower final BW, ADG, and G:F 
(P  <  0.05), but its ADFI and liver index did not 
change (P > 0.05). A  greater ADG was observed 
in broilers that received curcumin diets, although 
the difference was not of statistical significance (P 
> 0.05). An increased G:F was found in both the 
CUR50 and the CUR100 groups when compared 
with the HT group (P < 0.05). The broilers in the 
CUR100 group had a greater final BW than those 
in the HT group (P < 0.05), although no significant 
difference was found in their initial BW (P > 0.05). 
Curcumin administration showed no effects on the 
ADFI and liver index in the entire heat stress treat-
ment period (P > 0.05).

RNA Gene Expression in the Liver

The effects of curcumin administration and heat 
stress treatment on the gene expression of hepatic 
genes associated with mitochondrial antioxidant 

Table 2. Sequences for real-time PCR primers

Genea GeneBank ID Primer sequence (5′→3′) Product size (bp)

MnSOD NM_204211.1 AGGAGGGGAGCCTAAAGGAGA 214

CCAGCAATGGAATGAGACCTG

Trx2 NM_001031410.1 AGTACGAGGTGTCAGCAGTG 141

CACACGTTGTGAGCAGGAAG

Trx-R2 NM_001122691.1 CCGGGTCCCTGACATCAAA 94

TAGCTTCGCTGGCATCAACA

Prx3 XM_004942320.1 ACCTCGTGCTCTTCTTCTACC 110

ACCACCTCGCAGTTCACATC

mtD-loop XM_015291451.1 AGGACTACGGCTTGAAAAGC 198

CATCTTGGCATCTTCAGTGCC

β-Actin NM_205518 TGCTGTGTTCCCATCTATCG 150

TTGGTGACAATACCGTGTTCA

GAPDH NM_204305 AGAACATCATCCCAGCGTCC 132

CGGCAGGTCAGGTCAACAAC

aMnSOD = manganese superoxide dismutase; Trx2 = thioredoxin 2; Trx-R2 = thioredoxin reductase 2; Prx3 = peroxiredoxin-3; GAPDH = glyc-
eraldehyde 3-phosphate dehydrogenase.
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system are shown in Table  4. In liver tissue, heat 
stress led to the less expression (P < 0.05) of mito-
chondrial antioxidant genes, including MnSOD, 
Trx2, thioredoxin reductase 2 (Trx-R2), and perox-
iredoxin-3 (Prx3) in the HT group compared with 
the NT group. Compared with those in the HT 
group, the broilers in the CUR100 and CUR200 
groups showed a significant increase (P  <  0.05) 
in the MnSOD gene expression. Curcumin ad-
ministration significantly attenuated or reversed 
(P  <  0.05) the depression of the Trx2 expression 
induced by heat stress treatment, and the Trx2 
gene expression of the broilers in the CUR100 and 
CUR200 group was close to that of the broilers 
in the NT group (P > 0.05). The Trx-R2 gene ex-
pression in the curcumin-treated groups showed 
no significant difference compared with that in the 
HT group, with the exception of CUR50 group, in 
which the gene expression was greater than that in 
the HT group (P < 0.05). The dietary supplemen-
tation of curcumin significantly increased the Prx3 
gene expression in comparison with that in the HT 
group (P < 0.05).

Serum Aminotransferases Activities

Figure 1 shows the changes in serum AST and 
ALT activities. Exposure to heat stress treatment 
caused a remarkable increase in serum AST and 
ALT activities (P < 0.05). Compared with those in 
the HT group, both serum AST and ALT activities 
were significantly decreased in the curcumin-sup-
plemented groups (P < 0.05). Moreover, we found 
that 50- and 100-mg/kg curcumin diets returned the 
serum ALT activity of the heat-stressed broilers to 
normal status (P < 0.05).

Hepatic ROS and Mitochondrial Membrane Potential

As shown in Figure 2, the long-term heat stress 
treatment negatively affected the ROS and MMP in 
liver. The ROS concentration of liver was greater, 
and the values of MMP were lower in the broil-
ers from the HT group than in those from the NT 
group (P < 0.05). Dietary supplementation of cur-
cumin significantly decreased the ROS production 
in comparison with the HT group (P < 0.05). The 
reduction of hepatic MMP was attenuated to a sig-
nificant extent with dietary curcumin administra-
tion (P < 0.05).

Redox Parameters in Hepatic Mitochondrial 
Fraction

The results of the redox analysis in the hep-
atic mitochondrial fraction are shown in Figure 3. 
Compared with that in the NT group, the heat 
stress treatment induced significant increases 
(P < 0.05) in the MDA and PC concentrations and 
decreases (P  <  0.05) in the T-SH, NP-SH, P-SH 
concentrations, and in the MnSOD activity of the 
hepatic mitochondrial fraction. Diet supplemented 
with 100- or 200-mg/kg curcumin significantly 
decreased the MDA concentrations in the hepatic 
mitochondria in the NT group in comparison with 
that in the HT group (P < 0.05). The PC concen-
trations were significantly decreased in the broil-
ers subjected to the curcumin diet in comparison 
with those in the HT group (P < 0.05). The low-
est concentration of PC was found in the CUR100 
group, and it had no significance (P > 0.05) be-
tween the NT and the CUR100 groups. Broilers 
from the curcumin-supplemented groups exhibited 

Table 3. Effect of curcumin on the growth performance of broilers reared under heat stress

Group ADGa, g bird−1 day−1 ADFI, g bird−1 day−1 G:F, g/g Initial BW, g Final BW, g Liver indexb, %

The whole heat stress treatment period (21 to 42 d)

NTc 70.84 ± 1.04d 145.36 ± 2.58 0.4875 ± 0.0023d 687.55 ± 6.07 2483.65 ± 95.85d
2.25 ± 0.08

HT 61.72 ± 2.11e 132.13 ± 4.32 0.4670 ± 0.0020f 713.61 ± 10.29 2142.75 ± 67.39e
2.23 ± 0.10

CUR50 62.29 ± 2.25e 130.86 ± 4.89 0.4761 ± 0.0020e 707.12 ± 12.77 2330.96 ± 33.90d,e
2.11 ± 0.06

CUR100 66.92 ± 1.85d,ef 139.07 ± 4.76 0.4817 ± 0.0041d,e 683.77 ± 17.88 2418.38 ± 52.18d
2.17 ± 0.06

CUR200 67.04 ± 2.63d,e 141.52 ± 5.75 0.4739 ± 0.0024e,f 679.44 ± 11.82 2174.00 ± 84.13e
2.38 ± 0.11

P-value 0.023 0.156 <0.001 0.234 0.004 0.276

Results are expressed as group mean values and SE (n = 8).
aADG = average daily body weight gain; ADFI = average daily feed intake; G:F = feed efficiency.
bLiver index was expressed as the percentage of live BW of the selected broiler for sampling.
cNT group = broilers fed a basal diet at a normal temperature (22 ± 1 °C); HT group = broilers fed a basal diet at a high ambient temperature 

(34 ± 1 °C for 8 h and 22 ± 1 °C for the remaining time); CUR50 group = broilers fed a basal diet with 50-mg/kg curcumin at a high ambient tem-
perature (34 ± 1 °C for 8 h and 22 ± 1 °C for the remaining time); CUR100 group = broilers fed a basal diet with 100-mg/kg curcumin at a high 
ambient temperature (34 ± 1 °C for 8 h and 22 ± 1 °C for the remaining time); CUR200 group = broilers fed a basal diet with 200-mg/kg curcumin 
at a high ambient temperature (34 ± 1 °C for 8 h and 22 ± 1 °C for the remaining time).

d–fMean values followed by different letters are significantly different. Duncan’s test P < 0.05.
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a greater (P < 0.05) T-SH concentration in the hep-
atic mitochondrial fraction than those in the HT 
group. Both the 100- and 200-mg/kg curcumin diets 
significantly increased (P < 0.05) the NP-SH con-
centrations in the NT group in comparison with 
the HT group. However, the P-SH concentrations 
were not significantly different (P > 0.05) between 
the curcumin-treated groups and the HT group. 
The mitochondrial MnSOD activity in the liver 
was markedly increased (P < 0.05) in the CUR100 
group in comparison with the HT group.

mtDNA Copy Number, DNA Fragmentation, and 
ATP Concentration

The basic indicators of mtDNA quality and 
ATP production are shown in Figure 4. The heat 
stress treatment severely affected the mtDNA 
quality, including decreased mtDNA content and 

loss of integrity. A significant difference (P < 0.05) 
was observed in the mtDNA copy number between 
the NT and HT group. The concentration of ATP in 
the HT group was lower (P < 0.05) than that in the 
NT group. Compared with the heat-stressed broil-
ers, the broilers that fed with a curcumin diet had 
a greater (P < 0.05) mtDNA copy number in the 
hepatic mitochondrial fraction. Although dietary 
curcumin administration significantly increased 
(P < 0.05) the ATP concentrations in comparison 
with the HT group, it had no effect on the ratio of 
ATP to mtDNA copy number (P > 0.05).

DISCUSSION

The adverse and cumulative effects of high tem-
perature on broiler chickens have been previously 
reported. Growth suppression is accepted as a typ-
ical characteristic of heat stress in broiler chickens 

Table 4. Effect of curcumin on the mitochondrial antioxidant genes expression of broilers reared under 
heat stress

Group MnSODa Trx2 Trx-R2 Prx3

The entire heat stress treatment period (21 to 42 d)

NTb 100.00 ± 2.35c 100.00 ± 4.07c 100.00 ± 1.79c 100.00 ± 0.93c

HT 61.24 ± 0.64d 80.45 ± 0.88d 77.17 ± 0.89d 81.76 ± 1.02d

CUR50 69.15 ± 5.62d,e 93.70 ± 1.48e 90.06 ± 2.74e 94.62 ± 1.23e

CUR100 75.67 ± 1.03e 94.54 ± 0.53c,e 85.16 ± 2.62d,e 94.67 ± 0.58e

CUR200 72.76 ± 1.41e 94.85 ± 0.75c,e 82.05 ± 6.00d,e 93.25 ± 0.50e

P-value <0.001 <0.001 <0.001 <0.001

Results are expressed as the group mean values and SE (n = 8).
aMnSOD = manganese superoxide dismutase; Prx3 = peroxiredoxin-3; Trx2 = thioredoxin 2; Trx-R2 = thioredoxin reductase 2.
bNT group = broilers fed a basal diet at a normal temperature (22 ± 1 °C); HT group = broilers fed a basal diet at a high ambient temperature 

(34 ± 1 °C for 8 h and 22 ± 1 °C for the remaining time); CUR50 group = broilers fed a basal diet with 50-mg/kg curcumin at a high ambient tem-
perature (34 ± 1 °C for 8 h and 22 ± 1 °C for the remaining time); CUR100 group = broilers fed a basal diet with 100-mg/kg curcumin at a high 
ambient temperature (34 ± 1 °C for 8 h and 22 ± 1 °C for the remaining time); CUR200 group = broilers fed a basal diet with 200-mg/kg curcumin 
at a high ambient temperature (34 ± 1 °C for 8 h and 22 ± 1 °C for the remaining time).

c–eMean values followed by different letters are significantly different. Duncan’s test P < 0.05.

Figure 1. Effect of curcumin on serum (A) AST and (B) ALT activities of broilers reared under heat stress. The results are expressed as the 
mean ± SE (n = 8). Columns labeled with different letters are significantly different (P < 0.05). NT group = broilers fed a basal diet at a normal 
temperature (22 ± 1 °C); HT group = broilers fed a basal diet at a high ambient temperature (34 ± 1 °C for 8 h and 22 ± 1 °C for the remaining 
time); CUR50 group = broilers fed a basal diet with 50-mg/kg curcumin at a high ambient temperature (34 ± 1 °C for 8 h and 22 ± 1 °C for the 
remaining time); CUR100 group = broilers fed a basal diet with 100-mg/kg curcumin at a high ambient temperature (34 ± 1 °C for 8 h and 22 ± 1 °C 
for the remaining time); CUR200 group = broilers fed a basal diet with 200-mg/kg curcumin at a high ambient temperature (34 ± 1 °C for 8 h and 
22 ± 1 °C for the remaining time).
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(Bottje and Carstens, 2009; Quinteiro-Filho et al., 
2010; Lei et  al., 2013). In the present study, the 
broilers exposed to heat stress treatment consumed 
less feed and consequently obtained a lower final 
BW and G:F ratio than those in the NT groups. 
Curcumin, a potent antioxidant with a natural 
origin, is capable of neutralizing the negative effects 
of heat stress on broilers partially or completely 
(Sahin et al., 2012; Zhang et al., 2015a). As expected, 
the increasing level of dietary curcumin increased 
the G:F ratio in the present study, especially at a 
significant extent in the CUR50 and CUR100 
groups than in the HT group. However, no differ-
ence in ADG between the curcumin-treated groups 
and the HT groups was observed in the current 

study, probably because of the similar feed intake 
of broiler chickens. These observations agreed with 
the data from Sahin et al. (2012) and our previous 
study (Zhang et al., 2015b), which showed that oral 
curcumin administration exhibited no effect on the 
feed intake of broiler chickens. The change in the 
final BW in broilers under heat stress conditions 
as a consequence of growth suppression has also 
been documented in many studies (Dai et al., 2009; 
Quinteiro-Filho et  al., 2010). Our results showed 
that the final BW was significantly decreased by 
heat stress treatment and recovered by the 100-mg/
kg curcumin diet. Although no decreasing trend 
was found in the liver index among various groups, 
the abnormal increase in serum AST and ALT 
activities indicated the severe damage of liver tis-
sue, especially the potential mitochondria dysfunc-
tion as AST is normally located in the cytosolic and 
mitochondrial fractions of the liver.

In addition to serum aminotransferase, we 
determined the ROS production and MMP of the 
liver, which further identified the mitochondrial 
dysfunction induced by heat stress. The depletion 
of MMP and the burst of ROS in heat-stressed 
broilers were expected on the basis of the pre-
vious findings that were consistent with our data 
(Del Vesco and Gasparino, 2013; Huang et  al., 
2015). The antioxidant mechanisms of curcumin 
in animals are likely to be multifaceted. The pos-
sible involvement of mitochondrial function in the 
observed curcumin-induced antioxidant protection 
has been shown (Trujillo et al., 2014). In the present 
study, we observed a dramatic decrease in ROS level 
and an elevation of MMP in broilers administrated 
with curcumin. A similar mitochondria-protective 
effect of curcumin was found in mice (Kuo et al., 
2012), rats (Sivalingam et  al., 2008; Waseem and 
Parvez, 2013), and cell models (Chen et al., 2006), 
suggesting that the potential antioxidant capacity 
of curcumin is at the mitochondrial level. Whether 
the above antioxidant activities of curcumin are 
direct or indirect is unknown because of the limited 
information on the bioavailability of curcumin in 
mitochondrial fraction. However, curcumin is likely 
to, at least in part, prevent mitochondrial dysfunc-
tion because of its high hydrophobicity (Zhang 
et al., 2014).

We also determined the oxidant damage in the 
mitochondria of liver tissue. The greater MDA and 
PC concentrations in the HT group than in the NT 
group indicated that lipid peroxidation and protein 
oxidation occurred in hepatic mitochondria. Lipids 
and proteins are prone to be damaged by free radical 
attack once the redox balance is disrupted during 

Figure  2. Effect of curcumin on the (A) ROS accumulation in 
hepatocytes and the (B) MMP in the hepatic mitochondrial fraction of 
broilers reared under heat stress. The results are expressed as the mean 
± SE (n = 8). Columns labeled with different letters are significantly 
different (P < 0.05). NT group = broilers fed a basal diet at a normal 
temperature (22 ± 1 °C); HT group = broilers fed a basal diet at a high 
ambient temperature (34 ± 1 °C for 8 h and 22 ± 1 °C for the remaining 
time); CUR50 group  =  broilers fed a basal diet with 50-mg/kg cur-
cumin at a high ambient temperature (34 ± 1 °C for 8 h and 22 ± 1 °C 
for the remaining time); CUR100 group = broilers fed a basal diet with 
100-mg/kg curcumin at a high ambient temperature (34 ± 1 °C for 8 h 
and 22 ± 1 °C for the remaining time); CUR200 group = broilers fed 
a basal diet with 200-mg/kg curcumin at a high ambient temperature 
(34 ± 1 °C for 8 h and 22 ± 1 °C for the remaining time).
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Figure 3. Effect of  curcumin on (A) MDA, (B) PC, (C) T-SH, (D) NP-SH, and (E) P-SH concentrations and on (F) MnSOD activity in the 
hepatic mitochondrial fraction of  broilers reared under heat stress. The results are expressed as the mean ± SE (n = 8). Columns labeled with 
different letters are significantly different (P < 0.05). NT group = broilers fed a basal diet at a normal temperature (22 ± 1 °C); HT group = broil-
ers fed a basal diet at a high ambient temperature (34 ± 1 °C for 8 h and 22 ± 1 °C for the remaining time); CUR50 group = broilers fed a basal 
diet with 50-mg/kg curcumin at a high ambient temperature (34 ± 1 °C for 8 h and 22 ± 1 °C for the remaining time); CUR100 group = broilers 
fed a basal diet with 100-mg/kg curcumin at a high ambient temperature (34 ± 1 °C for 8 h and 22 ± 1 °C for the remaining time); CUR200 
group = broilers fed a basal diet with 200-mg/kg curcumin at a high ambient temperature (34 ± 1 °C for 8 h and 22 ± 1 °C for the remaining 
time).

Figure 4. Effect of curcumin on the (A) mtDNA copy number, (B) ATP concentration, and (C) ATP/mtDNA ratio in the hepatic mitochondrial 
fraction of broilers reared under heat stress. The results are expressed as the mean ± SE (n = 8). Columns labeled with different letters are signifi-
cantly different (P < 0.05). NT group = broilers fed a basal diet at a normal temperature (22 ± 1 °C); HT group = broilers fed a basal diet at a high 
ambient temperature (34 ± 1 °C for 8 h and 22 ± 1 °C for the remaining time); CUR50 group = broilers fed a basal diet with 50 mg/kg curcumin 
at a high ambient temperature (34 ± 1 °C for 8 h and 22 ± 1 °C for the remaining time); CUR100 group = broilers fed a basal diet with 100-mg/kg 
curcumin at a high ambient temperature (34 ± 1 °C for 8 h and 22 ± 1 °C for the remaining time); CUR200 group = broilers fed a basal diet with 
200-mg/kg curcumin at a high ambient temperature (34 ± 1 °C for 8 h and 22 ± 1 °C for the remaining time).



876 Zhang et al.

oxidant stress, such as heat stress. Curcumin sup-
plementation significantly prevented the increase in 
MDA and PC concentrations, especially when the 
inclusions of curcumin were 100 and 200  mg/kg. 
This result is consistent with that of Molina-Jijon 
et al. (2011). Curcumin may beneficially influence 
the prooxidant–antioxidant balance system in the 
mitochondria through its scavenging ability against 
the free radicals in the microenvironment.

Mitochondria are at the heart of cellular redox 
signaling and are particularly rich in the thiol (-SH) 
function group (Nietzel et al., 2017). Thiols can be 
divided into 2 major groups: NP-SH, which com-
prises all low-molecular-weight thiol compounds 
with GSH as the principal one, and P-SH, which 
encompasses the free thiol groups present in pro-
teins and the oxidation of which may cause an al-
teration of protein structure or loss of function 
(Grintzalis et  al., 2014; Yang and Guan, 2015). 
In the present study, we determined both NP-SH 
and P-SH concentrations in hepatic mitochondria. 
As an important indicator of oxidant stress, the 
decreased T-SH concentration after the heat stress 
treatment supported the oxidant damage in mito-
chondria. Curcumin has been suggested to protect 
against mitochondrial dysfunction by preventing 
decreases in glutathione concentrations (Waseem 
and Parvez, 2013). Our results were consistent with 
the known antioxidant activities of curcumin, show-
ing that 100- and 200-mg/kg curcumin diets signifi-
cantly increased mitochondrial NP-SH, which was 
accompanied by an increase in T-SH concentra-
tion. The maintenance of thiol level is an effective 
means of protecting against oxidative damage in 
animals because thiols are capable of terminating 
free radicals by undergoing reversible oxidation to 
become oxidant products. Our observation strongly 
suggests that curcumin confers additional antioxi-
dant protection for hepatic mitochondria aside 
from decreased MDA and PC concentrations in 
heat-stressed broilers.

As previously reported, most of the responses 
to heat stress have been proved to be dependent 
on the cumulative ROS production and mito-
chondrial dysfunction (Del Vesco and Gasparino, 
2013; Huang et al., 2015). Only a few studies have 
addressed the abnormal changes in the mitochon-
drial content as a marker of mitochondrial injury 
under heat stress. Mitochondrial function is related 
to mitochondrial content, which can be measured 
quantitatively by the copy number of mtDNA 
and qualitatively by the degree of mtDNA frag-
mentation (Evdokimovsky et  al., 2011; Pinto and 
Moraes, 2015). A  lower mtDNA copy number in 

tissue is associated with a high level of oxidant 
stress and has been suggested to be a crucial con-
tributing factor in various oxidant stress-related 
damages (Petersen et al., 2014). Soto et al. (2009) 
demonstrated evidence of heat stress driven—the 
depletion of mtDNA copy number in oocytes, 
accompanied by the loss of MMP (Soto and Smith, 
2009). Similarly, in the present study, a decrease in 
mtDNA copy number was observed in the liver of 
the broilers that experienced heat stress treatment. 
Moreover, the ATP level was positively correlated 
with the mtDNA copy number as another conse-
quence of hepatic mitochondrial dysfunction. The 
present study was conducted to determine whether 
maintaining the mtDNA copy number was one of 
the reasons that curcumin could protect mitochon-
dria and reduce oxidant damage in heat stress–
treated broilers. Our results show that curcumin 
prevented the decrease in mtDNA copy number 
and increased the ATP levels in all curcumin feed-
ing groups. Although similar findings about the 
effects of curcumin on mitochondrial content in 
heat-stressed broilers are rare, we estimate that 
the result can be ascribed to the restoration of the 
mitochondrial antioxidant system by curcumin 
administration. We hypothesize that a link exists 
between the increased mtDNA copy number and 
the improved mitochondrial thiol pool as mito-
chondrial thiols can prevent mtDNA oxidation 
and regulate mtDNA replication, thus potentially 
suppressing mitochondrial dysfunction (Suliman 
et  al., 2004). The ratio of ATP/mtDNA, which 
indicates the ATP production per unit mitochon-
dria, serves as a novel indicator of the mitochon-
drial functionality (Hota et al., 2012). However, we 
found no clear trend on ATP/mtDNA among the 
different curcumin-treated groups, although a high 
temperature did lead to a sharp decline in the ratio 
of ATP/mtDNA, thus indicating oxidant damage 
of the liver mitochondria at the mtDNA level after 
chronic heat stress treatment.

The mitochondrial endogenous antioxidant sys-
tem depends on both the glutathione/glutaredoxin 
and Trx/Prx families (Nakamura, 2005; Zhang 
et al., 2007). The mitochondrial Trx/peroxiredoxin 
system comprises Trx2, TrxR2, and Prx3, the spe-
cific localization of which in the mitochondria pro-
vides a primary line of defense against superoxide 
and hydrogen peroxide produced by the burst of 
mitochondrial ROS (Patenaude et al., 2004). Pérez 
et al. (2008) reported that the overexpression and 
the enhanced activity of Trx2 directly led to the 
increased resistance to mitochondrial dysfunc-
tion when the cells were subjected to oxidant stress 
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(Pérez et al., 2008). In the present study, we found 
that curcumin administration attenuated the sup-
pression of Trx2, TrxR2, and Prx3 gene expressions 
caused by heat exposure. Among them, the mRNA 
levels of Trx2 and Prx3 were obviously increased in 
all curcumin-treated groups, whereas that of TrxR2 
was upregulated dramatically only when the dose 
of curcumin was 50 mg/kg. On the basis of our data 
and the results from a previous study that revealed 
a Prx6-related mechanism of curcumin-mediated 
protection against free radicals (Chhunchha et al., 
2011), we consider that a possible mechanism by 
which curcumin improves the mitochondrial func-
tion against a stressor is due to its stimulation of 
the members of the mitochondrial Trx2/Prx3 family 
and antioxidant enzymes, such as MnSOD, local-
ized in the mitochondria. The present study indi-
cates that dietary supplementation with curcumin 
could increase the mRNA abundance of MnSOD 
mostly because of its stimulation of the NF-E2-
related factor 2 (Nrf2) signals. The activation of 
Nrf2 is a key event for cellular protection against 
oxidative stress (Lee and Johnson, 2004). Curcumin 
has been found to facilitate the expression of sev-
eral phase-2 detoxifying and antioxidant enzymes 
including MnSOD by increasing the nuclear trans-
location of Nrf2 (Lee and Johnson, 2004; Farombi 
et  al., 2008; Zhao et  al., 2011). Therefore, these 
findings may provide a potential explanation for 
the attenuated oxidant injury of heat-stressed broil-
ers after curcumin administration.

In conclusion, our results demonstrate that 
curcumin partially mitigates mitochondrial dys-
function in heat-stressed broilers, as shown by the 
suppression of the ROS overproduction, mainten-
ance of the thiol pool and mtDNA content, and 
improvement in the mitochondrial antioxidant 
function, specifically in the Trx2/Prx3 system. 
Therefore, this study can help us to broaden our 
understanding of the potential protective roles of 
curcumin to attenuate oxidant injury induced by 
heat stress in animals.
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