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Summary 

Previous studies in our laboratory reported L-malate as a free 

radical scavenger in aged rats. To investigate the antioxidant 

mechanism of L-malate in the mitochondria, we analyzed the 

change in gene expression of two malate-aspartate shuttle 

(MAS)-related carried proteins (AGC, aspartate/glutamate carrier 

and OMC, oxoglutarate/malate carrier) in the inner mitochondrial 

membrane, and three antioxidant enzymes (CAT, SOD, and 

GSH-Px) in the mitochondria. The changes in gene expression of 

these proteins and enzymes were examined by real-time RT-PCR 

in the heart and liver of aged rats treated with L-malate. 

L-malate was orally administered in rats continuously for 30 days 

using a feeding atraumatic needle. We found that the gene 

expression of OMC and GSH-Px mRNA in the liver increased by 

39 % and 38 %, respectively, in the 0.630 g/kg L-malate 

treatment group than that in the control group. The expression 

levels of SOD mRNA in the liver increased by 39 %, 56 %, and 

78 % in the 0.105, 0.210, and 0.630 g/kg L-malate treatment 

groups, respectively. No difference were observed in the 

expression levels of AGC, OMC, CAT, SOD, and GSH-Px mRNAs in 

the heart of rats between the L-malate treatment and control 

groups. These results predicted that L-malate may increase the 

antioxidant capacity of mitochondria by enhancing the expression 

of mRNAs involved in the MAS and the antioxidant enzymes. 
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Introduction 

L-malate, an important intermediate in the 

process of metabolism, has an important function in 

generating mitochondrial ATP under aerobic and hypoxic 

conditions. L-malic acid was recognized as a safe, non-

toxic, harmless, and edible organic acid in 1967 by the 

U.S. Food and Drug Administration. As a tricarboxylic 

acid cycle intermediate, L-malate can be easily absorbed 

into the mitochondrion through the cell membrane, and 

promotes energy production in the mitochondria 

(Bobyleva-Guarriero and Lardy 1986). 

The mitochondria provide an energy 

infrastructure for the cells and entire organism to maintain 

physiological activity. In our previous studies, we found 

that L-malic acid reduces oxidative stress (Wu et al. 2008) 

and increases the mitochondrial antioxidative defenses 

(Wu et al. 2011). L-malate significantly reduces reactive 

oxygen species (ROS) and malondialdehyde content levels 

in the liver and heart of aged rats. Supplementation of 

L-malate improves the activities of nicotinamide adenine 

dinucleotide (NADH)-dehydrogenase, NADH-cytochrome 

c oxidoreductase, and cytochrome c oxidase in the liver of 

https://doi.org/10.33549/physiolres.932739
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aged rats. Moreover, studies have shown that L-malate can 

significantly increase the antioxidative defense system with 

an increased activity of antioxidant enzymes, such as 

superoxide dismutase (SOD) and glutathione peroxidase 

(GSH-Px), in the liver of aged rats. This enhancement in 

enzyme activity can be attributed to the improvement in 

the rate of the malate-aspartate shuttle (MAS) by L-malate 

(Wu et al. 2007), which can provide the substrate, NADH, 

for the electron transport chain. However, this mechanism 

remains unclear. As shown in Figure 1 (Scholz et al. 

2000), L-malate has a central function in the transfer from 

cytosolic NADH to mitochondrial NADH (Eto et al. 

1999). L-malate crosses the inner mitochondrial membrane 

in exchange for oxoglutarate via the oxoglutarate/malate 

carrier (OMC). Oxaloacetate, which is formed within the 

mitochondrial matrix as NADH is regenerated, cannot 

diffuse directly across the inner mitochondrial membrane 

and must react with glutamate to form aspartate. Aspartate 

is then exchanged with glutamate via the 

aspartate/glutamate carrier (AGC) to the inner 

mitochondrial membrane. 
 
 

 
 
Fig. 1. Schematic of malate aspartate shuttle. A section of inner 
mitochondria membrane is shown. cAST and mAST, cytosolic and 
mitochondrial aspartate aminotransferase; cMDH and mMDH, 
cytosolic and mitochondrial malate dehydrogenase; AGC, 
aspartate glutamate carrier; OMC, oxoglutarate malate carrier; 
OAA, oxaloacetate. 

 
 
The crucial function of L-malate in cellular 

metabolism is to control the influx of NADH into the 

mitochondria for oxidative phosphorylation and 

subsequent energy production. However, its function as 

an antioxidant remains unclear. Thus, this investigation 

focused on the effects of L-malate on gene expression of 

carried proteins and antioxidant enzymes in the liver and 

heart of aged rats. 

 

Materials and Methods 
 

Preparation of chemicals 

L-malic acid was provided by Guangdong 

HuanKai Microbial Sci. & Tech. Co., Ltd. (Guangzhou, 

China). RNAprep Pure Tissue Kit Total RNA (DP431) 

and animal tissue extraction kit (DP431) were purchased 

from TIANGEN Ltd. (Beijing, China). PrimeScriptTM RT 

reagent Kit (Perfect Real Time) (RR037A) and SYBR® 

Premix Ex TaqTM (Tli RNaseH Plus) (DRR420A) were 

obtained from TaKaRa (Otsu, Japan). The primers were 

synthesized by Shanghai Sangon Biological Engineering 

Co., and a real-time PCR instrument (Mastercycle 

Eppendorf realplex) was acquired from Eppendorf 

(Germany). 

 

Animal preparation 

Male Sprague-Dawley rats (above 18 months 

old, weighing approximately 480 g to 560 g, specific 

pathogen-free) were used in this study. The rats were 

healthy animals maintained and housed in large spacious 

cages, and given food and water ad libitum. The animal 

room was well ventilated with a 12 h light : 12 h dark 

cycle, and maintained at 21 °C to 23 °C throughout the 

experimental period. 

 

Grouping of animals  

The animals were divided into four groups. 

Group I comprised the control rats administered with 

physiological saline alone. Group II comprised the rats 

administered with L-malate at 0.105 g/kg body weight. 

Group III comprised the rats administered with L-malate 

at 0.210 g/kg body weight. Group IV comprised the rats 

administered with L-malate at 0.630 g/kg body weight 

Rats were administered via the intragastric canula for 

30 days, and each group consisted of 6 animals. Upon 

completion of the experimental period, animals were 

killed by cervical decapitation. The liver and heart were 

excised immediately, immersed in ice-cold physiological 

saline, and stored at –80 °C. 

 

Total RNA extraction 

The rats were sacrificed within 1 h after the last 

administration session. The liver and heart samples were 

quickly dissected, rinsed with ice-cold physiological 
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saline, and stored at –80 °C. The liver and heart were 

homogenized with liquid nitrogen and mixed with lysate 

by a micro grinding homogenizer (PRO200). Total RNA 

was isolated using an RNAprep Pure Tissue Kit 

(TIANGEN DP431, Beijing, China) according to the 

manufacturer’s instructions. A two-step extraction 

method was used, with Trizol followed by an RNeasy 

mini kit for further purification. RNA concentration and 

purity were determined using a NanoDrop ND-1000 

spectrophotometer (NanoDrop Technologies Inc., 

Wilmington, DE, USA), in which all samples had 

a 260/280 absorbance ratio between 1.8 and 2.1. High 

quality RNAs were selected and stored at –80 °C until 

ready for use in cDNA synthesis. 

DNA digestion and reverse transcription  

Up to 1 μg of RNA was converted to cDNA 

using a PrimeScriptTM RT reagent Kit (Perfect Real 

Time, RR037A, TaKaRa, Otsu, Japan) according to the 

manufacturer’s instructions. To verify the integrity of 

cDNA, PCR was performed using a glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) specific primer. The 

primers for real-time PCR of AGC, OMC, catalase 

(CAT), SOD, GSH-Px, and GAPDH gene expression in 

this study are summarized in Table 1. Reverse 

transcription was performed at 37 °C for 15 min (reverse 

transcription reaction) and 85 °C for 5 s (reverse 

transcriptase inactivation reaction). 

 
 

Table 1. Sequences of primers in SYBR real-time PCR. 
 

Gene Primer sequence Amplicon (bp) Reference 

GAPDH 
Forward 5′- CGCCAGTAGACTCCACGAC-3′ 

141 Li et al. 2006 
Reverse 5′-GCAAGTTCAACGGCACAG-3′ 

OMC 
Forward 5′- CTGGCTGGGATGGGTGCT -3′ 

211 Wu et al. 2006 
Reverse 5′- CAAGGCGAGTAGTGGTGTAGGTG -3′ 

AGC 
Forward 5′- CTTGTTTATGGTGGCGTTCC -3′ 

255 Wu et al. 2006 
Reverse 5′- GTCTTGGCATTGTCTCGTTG -3′ 

CAT 
Forward 5′- TATTGCCGTCCGATTCTC -3′ 

402 Li et al. 2006 
Reverse 5′-ATGCCCTGGTCAGTCTTG -3′ 

SOD 
Forward 5′-GCAGAAGGCAAGCGGTGAAC-3′ 

387 Limaye et al. 2003 
Reverse 5′-TAGCAGGACAGCAGATGAGT-3′ 

GSH-Px 
Forward 5′-CTCACCCGCTCTTTACCTT -3′ 

158 Li et al. 2006 
Reverse 5′-AACACCGTCTGGACCTACC -3′ 

 
 

Real-time PCR with SYBR green I  

Real-time PCR was carried out in optical grade 

96-well plates using an SYBR® Premix Ex TaqTM II 

(Perfect Real Time) kit at a reaction volume of 25 μl, 

including 12.5 μl of SYBR® Premix Ex TaqTM II (2×), 

1.5 μl of primer (10 μmol/l), 1.5 μl of genomic template 

DNA, and 9.5 μl of dH2O. All samples were run in 

duplicate. Thermal cycling was performed on an Applied 

Biosystems 7300 real-time PCR system using the 

following cycling conditions: denaturation at 95 °C for 

5 s, annealing/extension at 55 °C for 20 s, and 40 cycles. 

The fluorescence intensity data were continuously 

collected over the ramping stage for 20 min. Melting 

curve analysis was performed according to the 

dissociation stage data, and reactions with a single peak 

at the expected melting temperature (Tm) were considered 

for further analysis. 

 

Data analysis 

Quantitative analysis was performed by 

measuring the threshold cycle (CT) values during the 

exponential phase of amplification. CT was defined as the 

cycle number at which the amplification plot passed 

a fixed threshold. In each assay, mCT was the mean CT 

of duplicate amplifications. The relative quantities of 

AGC, OMC, CAT, SOD, GSH-Px, and GAPDH genes 

were determined using comparative Ct method, and ΔCt 

was calculated as the difference between the Ct values of 

AGC, OMC, CAT, SOD, and GSH-Px and the Ct value 

of GAPDH gene. Data were analyzed using the following 

formula: gene dosage ratio = 2-∆∆Ct, where -∆∆Ct = [mCt 

AGC, OMC, CAT, SOD, GSH-Px (normal sample) – 
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mCt GAPDH gene (normal sample)] – [mCt AGC, OMC, 

CAT, SOD, GSH-Px (test sample) – mCt GAPDH gene 

(test sample)] (Yakubov et al. 2004). Gene dosage ratios 

were relative to the mean ΔCt value of these samples. 

Data processing was analyzed using an ABI Prism 7300 

Sequence Detection System (version 1.2.3, Applied 

Biosystems, UK). The original data were evaluated using 

SPSS 10.0 software. All results are presented as 

mean ± SD. One-way ANOVA was used for statistical 

analysis, and all tests were considered to be statistically 

significant at * P<0.05 or very significant at ** P<0.01. 

 

Results 
 

Melting curve and amplification curve analysis 

Figures 2 and 3 show the melting curves of 

GADPH, AGC, OMC, CAT, SOD, and GSH-Px genes in 

cardiomyocytes and liver cells, respectively. Melting 

curve analysis was performed for every single reaction to 

exclude the amplification of non-specific products. The 

figures represent the valid amplification reactions of 

GADPH, AGC, OMC, CAT, SOD, and GSH-Px genes 

from myocardial cells, and liver cells displayed a single 

peak. 

To optimize and validate the results of real-time 

PCR assay before using the 2-∆∆Ct method for gene 

expression, validation experiments were performed to 

determine the PCR efficiencies of the target and reference 

genes. Figures 4 and 5 show the amplification curves of 

GADPH, AGC, OMC, CAT, SOD, and GSH-Px genes in 

cardiomyocytes and liver cells, respectively. These 

figures show similar shapes in the amplification curve of 

the target and reference genes. Figures 4 and 5 show that 

the amplification of the target and reference genes 

demonstrated relatively consistent efficiency, which 

indicates the validity of the 2-∆∆Ct relative quantitation.  

 

Effect of L-malic acid on gene expression of AGC, OMC, 

CAT, SOD, and GSH-Px in the heart and liver 

The effects of L-malate supplementation on gene 

expression for AGC, OMC, CAT, SOD, and GSH-Px 

genes in the liver and heart of aged rats were examined. 

Results show that GADPH gene expression was 

unaffected by L-malate treatment. Figure 6 shows that 

gene expression of OMC and GSH-Px increased (P<0.05) 

by 39 % and 38 %, respectively, in the liver of the 

0.630 g/kg body weight group (Group IV) than that in the 

control (Group I). Dietary L-malate enhanced (P<0.05) 

 

Fig. 2. The melting curve of different 
target genes in heart of aged rats. A: 
GADPH, B: AGC, C: OMC, D: CAT, E: 
GSH-Px, F: SOD. 
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gene expression of SOD in the liver of the 0.105 g/kg 

(Group II) and 0.210 g/kg body weight groups 

(Group III) than those in the control (Group I). L-malate 

administration significantly increased (P<0.01) the gene 

expression level of SOD in the liver of the 0.630 g/kg 

body weight group (Group IV) by 78 % than that in the 

control (Group I). The expression levels of SOD mRNA 

in the liver increased (P<0.05) by 39 %, and 56 % in  

the 0.105 and 0.210 g/kg L-malate treatment groups, 

respectively. However, L-malate had no effect on the 

gene expression levels of AGC, OMC, CAT, SOD, and 

GSH-Px in the heart of aged rats (Fig. 7). 
 
 

Fig. 3. The melting curve of different target 
genes in liver of aged rats. A: GADPH, 
B: AGC, C: OMC, D: CAT, E: GSH-Px,  
F: SOD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 4. The amplification curves of GADPH, AGC, OMC, CAT, 
GSH-Px and SOD gene in heart of aged rats. 

 
 
Fig. 5. The amplification curves of GADPH, AGC, OMC, CAT, 
GSH-Px and SOD gene in liver of aged rats. 
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Fig. 6. Gene expression for AGC, OMC, 
CAT, GSH-Px and SOD genes in liver of 
control and L-malate treated rats. Values 
are the means ± SD (n=6, respectively). 
*P<0.05 and **P<0.01 indicates significant 
compared with control rats (Group I). 
 
 
 
 
 
 
 

 
 

Fig. 7. Gene expression for AGC, OMC, CAT, 
GSH-Px and SOD genes in heart of control 
and L-malate treated rats. Values are the 
means ± SD (n=6, respectively). *P<0.05 
and **P<0.01 indicates significant 
compared with control rats (Group I). 

 

 

 
 
 

 

Discussion 
 

An investigation of the relationship between 

expression changes in carried proteins and antioxidant 

enzymes and antioxidative status has provided important 

information to improve the understanding of the 

physiological functions of L-malate in reducing oxidative 

stress in the liver and heart of aged rats. Thus, this study 

focused on examining the effects of L-malate on the gene 

expression levels of carried proteins and antioxidant 

enzymes in the liver and heart of aged rats by SYBR 

Green I using real-time RT-PCR. 

Studies have shown that mitochondrial function 

declines with increasing age (Trounce 1989, Ozawa 

1997). Some in vitro experiments have demonstrated that 

antioxidant supplements may enable the mitochondria to 

adapt to changes, including increased volume, number of 

mitochondria, and increased synthesis and activity of the 

enzyme, thereby improving oxidative phosphorylation 

(Arivazhagan 2001). Malic acid supplements can increase 

the level of aerobic metabolism and aerobic capacity in 

the body (Bendahan 2002). Strengthened mitochondrial 

respiration may be caused by catecholamines, glucagon, 

and exercise, in which case the concentration of 

mitochondrial malate increases. The increase in 

mitochondrial malate is responsible for the increase in 

oxidation rate (Bobyleva-Guarriero et al. 1986a,b). 

Agbanyo et al. (1986) observed that the driving force 

of mitochondrial ATP production is L-malate, and 

postulated that respiration is reinforced by malic acid. 

Bobyleva-Guarriero et al. (1986a) found that rats 

injected with a small amount of malate yield liver 

mitochondria with increasing malate concentration and 

oxidation rate of citrate, α-ketoglutarate, and succinate. 

An increased demand for ATP (energy) denotes an 

increased demand for malic acid (Guy and Jorge 1992). 

The high-energy substance ATP was generated by 

enzymatic reactions of the respiratory chain located in the 

inner mitochondrial membrane. In our previous study, we 

found that L-malate can reduce ROS generation by 

increasing the efficiency of electron transport and 

enhancing the activity of energy metabolism (Wu et al. 

2011). All these experiments showed that L-malic acid 

improves mitochondrial function and enhances 

mitochondrial antioxidant status. 

AGC and OMC are two important transport 

proteins of MAS. AGC, as a potential driver 

(electrogenically driven) protein, is the rate-limiting step 

of MAS metabolism (LaNoue and Tischler 1974, Kunz 

and Davis 1991), and its activity is determined by the 

mitochondrial membrane potential. MAS is regulated by 

the protein levels of OMC and AGC in the inner 

mitochondrial membrane (LaNoue and Tischler 1974). 

The efficiency of MAS in the liver of the plateau zokor 

improves by upregulating the gene expression of AGC, as 

measured by real-time PCR (Zhu et al. 2012). Scholz 

(1998) demonstrated that the MAS capacity increases in 

neonatal heart and may be regulated at the level of 

OMC gene expression. A previous study demonstrated 

that the efficiency of MAS increases by L-malate 
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supplementation (Wu et al. 2007). In the present study, 

we found a significant increase in OMC gene expression 

and an increasing trend of AGC gene expression in the 

liver of aged rats. Thus, the efficiency of MAS may be 

regulated by gene expression of OMC. DNA damage 

ensuing from aging is related to the destruction of DNA 

spirals by active oxygen, thereby resulting in protein 

deformation and metabolic functional problems. The gene 

expression of Cu/Zn-SOD and GSH-Px is reduced in 

the liver of aged rats (Kim et al. 2002). However, 

a significant increase in the gene levels of these enzymes 

in the liver of aged rats treated with L-malate was 

observed in our study. The increase in expression of these 

enzymes was not found in the heart, which suggests 

a correlation between different levels of oxidative stress 

and aging in these two organs. The increase in the 

expression of SOD and GSH-Px mRNA activated 

sufficient SOD and GSH-Px to scavenge the radicals, 

thereby protecting cells. 

In this study, the expression of mRNAs for 

AGC, OMC, CAT, SOD, and GSH-Px was confirmed in 

the liver and heart of aged rats. L-malate significantly 

increased the expression levels of mRNAs for OMC, 

SOD, and GSH-Px in the liver of aged rats. The 

expression level of mRNA for AGC also increased by  

L-malate administration. L-malate had no significant 

effect on the expression levels of mRNAs for CAT and 

AGC in the liver of aged rats. Moreover, L-malate had no 

significant effect on the expression levels of mRNAs for 

AGC, OMC, CAT, SOD, and GSH-Px in the heart of 

aged rats. These differences may be related to the status 

of liver as the organ of energy metabolism. These 

findings suggest that L-malate was capable of enhancing 

the ability of mitochondrial antioxidant status by 

upregulating the expression levels of mRNAs for OMC, 

SOD, and GSH-Px in the liver of aged rats. Our findings 

will contribute to the molecular elucidation of the 

antioxidative mechanisms of L-malate. 
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