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Abstract 
According to Chinese medicine theory, Yang/Qi plays a pivotal role in driving 
physiological functions in the body, these being highly dependent on mito-
chondrial ATP production. Consistent with this, Yang/Qi-invigorating Chi-
nese tonifying herbs have been found to stimulate mitochondrial ATP genera-
tion capacity (ATP-GC) in H9c2 cardiomyocytes. In the present study, we 
have demonstrated that Yang-invigorating Chinese tonifying herbs (namely, 
Eucommiae Cortex, Cibotii Rhizoma, Dipsaci Radix, Cynomorii Herba, Cis-
tanches Herba, Cuscutae Semen, EpimediiHerba and Morindae Radix) and 
Qi-invigorating Chinese tonifying herbs (namely, Ginseng Radix, Pseudostel-
lariae Radix, Quinquefolii Radix, Codonopsis Radix, Astragali Radix, Atracty-
lodis Rhizoma, Juiubae Fructus, Fici Simplicissimae Radix and Dioscoreae 
Oppositae Radix) act by different mechanisms to stimulate mitochondrial 
ATP-GC. While Yang-invigorating herbs fluidize mitochondrial membranes 
and thus stimulate ATP-GC, Qi-invigorating herbs can enhance cellular 
glutathione status and increase ATP-GC. The different mechanisms by 
which Yang-invigorating herbs and Qi-invigorating herbs stimulate mito-
chondrial ATP-GC may serve as the basis for establishing biomarkers for 
Yang/Qi-invigorating herbs and herbal health products in general.  
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1. Introduction 

The Yin-Yang Theory, which is a fundamental conceptual framework of Chinese 
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medicine, views life activities as a result of an interaction between two comple-
mentary but opposing forces, namely, Yin and Yang. The dynamic equilibrium 
between Yin and Yang enables the attainment of a balance of physiological func-
tions in the body and hence a state of optimal health [1]. According to Chinese 
medicine theory, functional activities in the body are driven by Yang/Qi, while 
Yin/Blood forms the material basis for maintaining vital functions such as those 
of cardiovascular system and immune system [2]. With any imbalance of Yin 
and Yang, the generation of Qi and Blood from their interaction in the body, can 
lead to the development of various “deficiency” states relating to Yang, Qi, Yin 
and Blood components. A “deficiency” state, which is referred to a sub-healthy 
status in Western medicine, can result from a genetic predisposition, acquiring 
environmental and lifestyle factors, as well as aging. To avoid the worsening of 
an unhealthy or “deficient” body condition, it is important to remedy this by 
restoring Yang, Qi, Yin and Blood components to normal levels. In doing so, 
Chinese tonifying herbs, which are divided into four functional groups (namely 
Yang-invigorating, Qi-invigorating, Yin-nourishing and Blood-enriching) [3], 
have been used for safeguarding and promoting health since ancient times. 

As mentioned earlier, Yang and Qi are manifestations of various body func-
tions, all of which are dependent on cellular activities. In this regard, ATP, which 
is generated by mitochondria (the “power house” of the cell), energizes a wide 
range of cellular activities. To sustain the capacity to generate ATP, mitochon-
dria are equipped with a glutathione-dependent antioxidant system to protect 
mitochondrial respiratory complexes against reactive oxygen species (ROS) 
arising from mitochondrial electron transport processes [4] [5]. In this regard, 
the Yang/Qi-invigorating action of Chinese tonifying herbs may be related to the 
stimulation of mitochondrial ATP generation and/or the induction of a gluta-
thione antioxidant response that can preserve mitochondrial ATP generation 
capacity. Our laboratory has previously demonstrated that Yang-invigorating 
herbs can increase ATP-generation capacity in cultured H9c2 cardiomyocytes in 
vitro as well as rat heart mitochondria ex vivo [6] [7], presumably by fluidizing 
the mitochondrial inner membrane [8]. However, whether or not Qi-invigorating 
herbs can stimulate mitochondrial ATP generation and the underlying bio-
chemical mechanism(s) involved have yet to be investigated. In the present 
study, we studied the effects of short-term (4 h) and long-term exposure (24 h) 
to methanolic extracts of Yang-invigorating and Qi-invigorating herbs on mito-
chondrial ATP generation capacity (ATP-GC) and cellular reduced glutathione 
(GSH) levels (which are indicative of a glutathione antioxidant response) in cul-
tured H9c2 cardiomyocytes. To investigate the role of membrane fluidization 
in the stimulation of mitochondrial ATP generation, as in the case for 
Yang-invigorating herbs, cholesterol was used as a pharmacological tool for sta-
bilizing membrane lipids. To investigate the possible cause and consequence re-
lationship between the stimulation of ATP generation capacity and the induc-
tion a glutathione antioxidant response, as in the case for Qi-invigorating herbs, 
specific inhibitors of glutathione synthesis and regeneration were used.  
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2. Materials and Methods 
2.1. Chemicals and Reagents 

Dulbecco’s Modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) 
were purchased from Gibco BRL Life Technologies (Grand Island, NY, USA). 
Adenosine diphosphate (ADP), adenosine triphosphate (ATP), sodium pyruvate 
and sodium malate, the reduced form of glutathione (GSH) and the oxidized 
form of glutathione (GSSG) were bought from Sigma Chemical Co. (St. Louis, 
MO, USA). All other chemicals were of analytical grade. 

2.2. Preparation of Herbal Extracts 

Yang-invigorating herbs and Qi-invigorating herbs (see Table 1) were pur-
chased from a local herbal dealer (Lee HoongKee Limited, HKSAR, China). The 
herbs were authenticated by the supplier and voucher specimens were deposited 
in the Division of Life Science, Hong Kong University of Science and Technolo-
gy. Each herb was extracted with methanol under reflux for 2 h, as previously 
described [9], to obtain amethanolic extract. Extracts were dried by evaporation 
under reduced pressure and the dried extracts, which were obtained at various 
yields with reference to the crude herb (see Table 1), were stored at 20˚C prior 
to use. 
 
Table 1. Yang-invigorating and Qi-invigorating Chinese tonifying herbs. 

 Pharmaceutical name Abbreviation % yield 

Yang-invigorating herbs    

 Eucommiae Cortex EC 12.1 

 Cibotii Rhizoma CR 23.0 

 Dipsaci Radix DR 35.0 

 Cynomorii Herba CYH 15.5 

 Cistanches Herba CIH 26.0 

 Cuscutae Semen CS 4.24 

 Epimedii Herba EH 9.00 

 Morindae Radix MR 29.9 

Qi-invigorating herbs    

 Ginseng Radix GR 13.0 

 Pseudostellariae Radix PR 47.3 

 Quinquefolii Radix QR 12.0 

 Codonopsis Radix CR 37.2 

 Astragali Radix ASR 27.2 

 Atractylodis Rhizoma ATR 20.5 

 Juiubae Fructus JF 52.7 

 Fici Simplicissimae Radix FR 3.60 

 Dioscoreae Oppositae Radix DOR 53.1 
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2.3. Cell Culture 

H9c2 cells, which area subclone of rat heart myoblast cells, were purchased from 
the American Tissue Culture Centre (ATCC). Cells were cultured as mono-layers 
in DMEM, supplemented with 10% (v/v) FBS, 100 IU/mL of penicillin, 100 
μg/mL of streptomycin and 1.5 g/L NaHCO3. All cells were grown under an at-
mosphere of 5% (v/v) CO2 in air at 37˚C. 

2.4. Herbal Extract Incubation 

H9c2 cardiomyocytes were seeded at a density of 1 × 105 cells/well into 12-well 
microtiter plates or at 5 × 104 cells/well into 24-well microtiter plates. Following 
attachment, cells were incubated with Yang or Qi-invigorating herbal extracts 
(at a concentration of 100 µg/mL) for 4 h or 24 h at 37˚C. The herbal ex-
tract-containing medium was prepared by adding the sample solution in dime-
thyl Sulfoxide (DMSO) to the culture medium, with the final concentration of 
DMSO being less than 0.2% (v/v). The control group received vehicle [DMSO 
(0.2%, v/v, final concentration)] only. 

2.5. Incubations with Inhibitors 

To determine the role of membrane fluidity in the effect of the Yang-invigorating 
herbal extract on mitochondrial ATP-GC, cholesterol [3 μM, dissolved in etha-
nol, the final concentration of solvent in the medium being 0.2% (v/v)], which 
can decrease mitochondrial inner membrane fluidity [10], was co-incubated 
with the Yang-invigorating herbal extract (100 µg/mL) for 4 h in H9c2 cells. 

To determine the role of a glutathione-dependent antioxidant response in the 
stimulation of mitochondrial ATP-GC by Qi-invigorating herbal extracts, H9c2 
cells were co-incubated with L-buthionine-(S, R)-sulfoximine (BSO, which 
blocks glutathione synthesis by inhibiting γ-glutamylcysteine synthetase, at 12.5 
μM) and Qi-invigorating herbal extracts (100 µg/mL) for 24 h, and N,N’-bis 
(2-chloroethyl)-N-nitrosourea [BCNU, a potent inhibitor of glutathione reduc-
tase, at 25 μM in 0.2% ethanol in the culture medium (v/v)] was added (2 µL) in 
the incubation mixture 1 h prior to the end of the 24-h incubation. 

2.6. ATP Generation Capacity in Situ 

Following the incubation with the herbal extract, the mitochondrial ATP-GC 
assay was performed as previously described [6] [7] [9]. In brief, the removal of 
Yang- or Qi-invigorating herbal extract-containing medium was followed by cell 
membrane permeabilization with digitonin (50 μg/mL) in an incubation buffer 
(120 mM KCl, 5 mM KH2PO4, 2 mM EGTA, 10 mM HEPES, 0.1 mM MgCl2, 
0.5% BSA, pH 7.4). Pyruvate (15 mM), malate (5 mM) and ADP (10 μM) were 
added to initiate mitochondrial ATP generation at 37˚C, which was monitored 
at increasing time intervals ranging from 0 to 15 min. The reaction was termi-
nated by the addition of 60 μL of perchloric acid (30%, w/v), and the reaction 
mixtures were then centrifuged at 540× g for 10 min at 4˚C, and the superna-
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tants were measured for ATP content by the luciferase assay (ATPlite, Perki-
nElmer Inc., MA, USA). Mitochondrial ATP-GC in the non-herbal pre-incubated 
control was determined by computing the area under the curve (AUC1) of the 
graph plotting ATP generated (nmol/mg protein) versus time (0, 7.5 and 15 
min) and expressed in arbitrary units. For herbal extract-pre-incubated samples, 
AUC1 values at increasing incubation times were normalized to a respective 
mean control value from non-herbal-pre-incubated cells and expressed as a per-
cent of control. The area under the curve (AUC2) of a graph plotting percent 
control values versus incubation time (0, 7.5 and 15 min) was calculated and ex-
pressed in arbitrary units. Data for herbal extract-pre-incubated groups were 
expressed as a percent of control. The two-step data processing aimed at mini-
mizing inter-animal and inter-assay variabilities under the present experimental 
conditions [6] [7] [9]. 

2.7. GSH Level 

After the incubation with herbal extract, the cellular level of GSH was measured 
using the method of Griffith [11]. In brief, the total glutathione content of cells 
cultured in a 12-well microtiter plate was preserved by the addition of 100 μL 3% 
5-sulfosalicylic acid (SSA, w/v), i.e. the total glutathione sample. To measure the 
GSSG level, 50 μL of total glutathione sample were mixed with 5 μL of 20% (w/v) 
2-vinylpyridine and 5 μL of 60% (w/v) triethanolamine in microcentrifuge tubes. 
Each tube was allowed to stand at room temperature for 30 min for the derivati-
zation of GSH. An aliquot of 180 μL reaction cocktail containing 0.63 mM 
5,5-dithio-bis-2-nitrobenzoic acid, 0.053 mM nicotinamide adenine dinucleotide 
phosphate (reduced form, NADPH) and 0.525 U/mL glutathione reductase in 
phosphate buffer (0.1 M with 5mM ethylene diaminetetraacetic acid, pH 7.5) 
was mixed with 30 μL of the total glutathione sample or the GSSG sample in a 
96-well microtiter plate. Absorbance changes at 405 nm of each reaction mixture 
were monitored spectrophotometrically by Victor V3 Multi-label Counter (Per-
kin Elmer, Turku, Finland). The concentrations of total glutathione and GSSG 
were estimated from calibration curves using GSH or GSSG as standards and 
expressed as nmol/mg protein. Cellular GSH levels were estimated by subtract-
ing twice the amount of GSSG from that of total glutathione. 

2.8. Protein Assay 

Protein concentration was determined with a Bio-Rad protein assay kit 
(Bio-Rad, Hercules, CA), using bovine serum albumin as standard. 

2.9. Statistical Analysis 

All data were expressed as mean ± standard error of the mean (SEM), unless 
otherwise specified. Data were analyzed by Student’s t-test or one-way analysis 
of variance (one-way Anova), as specified. For one-way Anova, inter-group dif-
ferences were detected by Tukey, with p < 0.05. The correlation between GSH 
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levels and mitochondrial ATP-GC values after 24 h incubation with Qi-invigorating 
herbal extracts was analyzed by computing the Pearson’s correlation coefficient 
using the two-tailed significance test. 

3. Results 
3.1. Effect of Yang-Invigorating Herbal Extracts on Mitochondrial  

ATP-GC and Cellular GSH Levels in H9c2 Cells 

A 4-h incubation with all tested Yang-invigorating herbal extracts consistently 
increased mitochondrial ATP-GC in H9c2 cells (ranging from 13% - 41%, Table 
2). However, prolonged incubation (i.e. 24 h) with Yang-invigorating herbal ex-
tracts produced different effects on mitochondrial ATP-GC, as indicated by de-
creased extents of mitochondrial ATP-GC stimulation (CYH, CIH and CS), no 
mitochondrial ATP-GC stimulation (CR, DR, EH and MR) or even a suppres-
sion of mitochondrial ATP-GC stimulation (EC, a 30% decrease when compared 
with the non-herbal-pre-incubated controls). The ability of Yang-invigorating 
herbal extracts (4 h pre-incubation) to increase mitochondrial ATP-GC was 
completely abrogated by co-incubation with cholesterol (Figure 1). In the case 
of DR, co-incubation with cholesterol caused a decrease in mitochondrial  
 
Table 2. Effects of Yang-invigorating and Qi-invigorating herbal extracts on mitochondrial 
ATP-GC in H9c2 cells. 

 4-h incubation 24-h incubation 

Yang-invigorating herbal extracts   

EC 120 ± 6.46* 69.1 ± 5.91* 

CR 113 ± 4.32* 104 ± 2.67 

DR 124 ± 8.79* 102 ± 7.17 

CYH 131 ± 6.44* 105 ± 3.08* 

CIH 141 ± 10.8* 116 ± 3.06* 

CS 121 ± 3.98* 113 ± 1.82* 

EH 117 ± 9.77* 93.8 ± 6.29 

MR 117 ± 3.89* 100 ± 1.52 

Qi-invigorating herbal extracts   

GR 109 ± 4.15* 121 ± 3.53* 

PR 122 ± 7.28* 117 ± 1.65* 

QR 93.1 ± 1.93* 140 ± 4.71* 

CR 94.5 ± 5.93 132 ± 3.34* 

ASR 97.9 ± 5.72 122 ± 10.3* 

ATR 86.3 ± 5.42* 133 ± 8.48* 

JF 115 ± 5.42* 116 ± 8.36* 

FR 97.1 ± 4.13 132 ± 3.51* 

DOR 98.3 ± 3.96 130 ± 4.92 

Values given are expressed as % Control (mean ± SD). *Significantly different from the respective control 
by Student’s t test (p < 0.05). The control value of AUC2 of Yang-invigorating herbal extracts = 750 ± 35.1. 
The control value of AUC2 of Qi-invigorating herbal extracts = 750 ± 45.0. 
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Figure 1. Effect of cholesterol on the stimulation of mitochondrial ATP-GC by 
Yang-invigorating herbal extracts. H9c2 cardiomyocytes were co-incubated with 
Yang-invigorating herbal extracts and cholesterol for 4 hours, as described in Ma-
terials and Methods. After the 4-h incubation, in situ ATP-GC was measured as 
described in Materials and Methods. Values given are expressed as % control (mean 
± SD). *Significantly different from the respective control by one-way Anova, Tukey 
(p < 0.05). 

 
ATP-GC in H9c2 cells, when compared with cholesterol-pre-incubated controls. 

None of the tested Yang-invigorating herbal extracts increased cellular GSH 
levels in H9c2 cells after a 4-h incubation. Following a 24-h incubation with the 
herbal extracts (EC, CR, CIH, CS and MR), cellular GSH levels were increased, 
with the degree of stimulation being 14% - 110%, when compared with the 
non-herbal-pre-incubated controls (Table 3). No significant correlation between 
the degree of mitochondrial ATP-GC stimulation (4-h incubation) and the in-
crease in cellular GSH levels (24-h incubation) by the Yang-invigorating herbal 
extracts was detected (Table 4). 

3.2. Effects of Qi-Invigorating Herbal Extracts on Mitochondrial  
ATP-GC and Cellular GSH Levels in H9c2 Cells 

Incubation with Qi-invigorating herbal extracts for 4 h did not produce identical 
effects on mitochondrial ATP-GC in H9c2 cells (Table 2). While some herbal 
extracts (GR, PR and JF) significantly increased mitochondrial ATP-GC (9% - 22%), 
QR and ATR significantly decreased mitochondrial ATP-GC (7% - 14%). The 
other extracts (CR, ASR, FR and DOR) did not produce any detectable change in 
mitochondrial ATP-GC. However, when H9c2 cells were incubated with 
Qi-invigorating herbal extracts for a longer time-course (i.e. 24 h), all tested 
Qi-invigorating herbal extracts increased mitochondrial ATP-GC, with the ex-
tent of stimulation being 16% - 40%. 

Some Qi-invigorating herbal extracts (QR, ASR and FR) were found to en-
hance cellular GSH levels following a 4-h incubation (12% - 17%, Table 3). A 
longer incubation (i.e. 24 h) with Qi-invigorating herbal extracts consistently 
elicited a glutathione antioxidant response, as indicated by increases in cellular 
GSH levels (14% to 46%), when compared with the non-herbal-pre-incubated  
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Table 3. Effects of Yang-invigorating and Qi-invigorating herbal extracts on cellular GSH 
levels in H9c2 cells. 

 4-h incubation 24-h incubation 

Yang-invigorating herbal extracts   

EC 105 ± 5.37 210 ± 9.85* 

CR 94.4 ± 5.51 118 ± 2.41* 

DR 100 ± 4.86 104 ± 4.51 

CYH 101 ± 4.69 105 ± 6.04 

CIH 95.6 ± 3.06 120 ± 6.92* 

CS 101 ± 3.93 126 ± 7.86* 

EH 99.9 ± 8.48 102 ± 4.46 

MR 104 ± 1.68 114 ± 2.55* 

Qi-invigorating herbal extracts   

GR 93.9 ± 2.92 121 ± 0.61* 

PR 106 ± 4.53 118 ± 1.67* 

QR 112 ± 3.31* 143 ± 4.04* 

CR 98.1 ± 4.51 129 ± 4.63* 

ASR 114 ± 5.17* 114 ± 2.29* 

ATR 106 ± 3.42 179 ± 5.13* 

JF 103 ± 4.99 115 ± 6.81* 

FR 117 ± 4.86* 146 ± 12.7* 

DOR 106 ± 8.28 113 ± 5.74* 

Values given are expressed as % Control (mean ± SD). *Significantly different from the respective control 
by Student’s test (p < 0.05). The control value of Yang-invigorating herbal extracts = 33.9 ± 4.76 (nmol/mg 
protein). The control value of Qi-invigorating herbal extracts = 30.3 ± 2.47 (nmol/mg protein). 

 
Table 4. Correlation analyses between Yang-invigorating herbal extract-induced 
mitochondrial ATP-GC stimulation and cellular GSH increase in H9c2 cells. 

 Pearson’s Correlation R squared p value 

Yang-invigorating herbal extracts ATP-GC (4 h) vs cellular GSH (24 h) 0.0749 0.476 

Qi-invigorating herbal extracts ATP-GC (24 h) vs cellular GSH (24 h) 0.403 0.044 

 
controls (Table 3). A moderate but significant correlation between the degree of 
mitochondrial ATP-GC stimulation and the increase in cellular GSH levels by 
Qi-invigorating herbal extracts after a 24-h incubation was observed (Table 4). 
To determine whether the glutathione antioxidant response is causally related to 
the stimulation of mitochondrial ATP-GC, the effect of Qi-invigorating herbal 
extracts in BSO/BCNU-co-incubated H9c2 cells was examined. Co-incubation 
with BSO and BCNU abrogated both the glutathione antioxidant response 
(Figure 2(a)) and the stimulation of mitochondrial ATP-GC (Figure 2(b)) by 
Qi-invigorating herbal extracts following incubation for 24 h. 
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(a) 

 
(b) 

Figure 2. Effects of cellular GSH suppression on mitochondrial ATP-GC stimulation 
induced by Qi-invigorating herbal extracts. H9c2 cardiomyocytes were incubated with 
Qi-invigorating herbal extracts, in the presence of BSO and BCNU, as described in Ma-
terials and Methods. After a24-h incubation, cellular GSH levels (a) and in situ ATP-GC 
(b) were measured as described in Materials and Methods. Values given are expressed as 
% control (mean ± SD). Cellular GSH Control value ± SD (nmol/mg protein) = 33.6 ± 
2.25. ATP-GC Control value ± SD (AUC2) = 750 ± 30.5. *Significantly different from the 
respective controls by one-way Anova, Tukey (p < 0.05). #Significantly different from the 
respective BSO/BCNU control by one-way Anova, Tukey (p < 0.05). 

4. Discussion 

According to Chinese medicine theory, Yang/Qi balance plays a pivotal role in 
modulating physiological functions in the body. The gradual depletion of 
Yang/Qi is associated with aging and the predisposition to age-related diseases 
in humans [12]. In this regard, Yang/Qi deficiency can be corrected by using 
Yang/Qi-invigorating Chinese tonifying herbs for restoring optimal body health. 
Recent studies in our laboratory have demonstrated the pharmacological basis of 
Yang-invigoration, wherein Yang-invigorating herbal extracts invariably in-
creased mitochondrial ATP-GC both ex vivo in mouse hearts and in vitro in 
H9c2 cells [6] [7]. Results obtained from the present study have shown that 
Qi-invigorating herbal extracts can increase mitochondrial ATP-GC in H9c2 
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cells after a prolonged (24 h) rather than a shorter (4 h) incubation, as the case 
for Yang-invigorating herbal extracts. This observation points to the possibility 
that Yang-invigorating and Qi-invigorating herbs stimulate mitochondrial 
ATP-GC via different mechanisms. In this connection, an earlier study in our 
laboratory has demonstrated the involvement of fluidization of the mitochon-
drial inner membrane in the stimulation of mitochondrial ATP-GC by 
β-sitosterol, an active component of Cistanches Herba (a Yang-invigorating to-
nifying herb), in cultured C2C12 myocytes [8]. This is consistent with the results 
obtained from the present study showing that the Yang-invigorating herbal ex-
tract-induced stimulation of ATP-GC is completely abrogated by incubation 
with cholesterol (a biomembrane stabilizer). Presumably, active components of 
Yang-invigorating herbal extracts act to fluidize the mitochondrial inner mem-
brane and thus activate enzymes involved in electron transport [8], with a resul-
tant increase in mitochondrial ATP-GC in H9c2 calls under the present experi-
mental conditions.  

On the other hand, while Qi-invigorating herbal extracts failed to stimulate 
mitochondrial ATP-GC following a 4-h incubation, they invariably stimulated 
ATP-GC after incubation for 24 h in H9c2 cells. The stimulation of mitochon-
drial ATP-GC was accompanied by an increase in cellular GSH levels. Correla-
tion analysis showed that the degree of mitochondrial ATP-GC stimulation cor-
related significantly with the extent of cellular GSH increase in Qi-invigorating 
herbal extract-pre-incubated H9c2 cells. The finding that BSO/BCNU co-incubation 
abolishes the stimulatory effect of Qi-invigorating herbal extracts on mitochon-
drial ATP-GC further confirms the proposal that the increase in mitochondrial 
ATP-GC is an effect secondary to the enhancement of cellular GSH status. This 
is consistent with earlier findings indicating that glutathione antioxidant status 
plays a critical role in preserving mitochondrial structural and functional integr-
ity [13] [14]. The pivotal role of enhancement in glutathione redox status in sti-
mulating mitochondrial ATP-GC is further supported by the observation that 
the incubation with cholesterol 4 h prior to the end of 24-h incubation with 
Qi-invigorating herbal extracts did not suppress the increase in mitochondrial 
ATP-GC in H9c2 cells (data not shown). Recent studies of antioxidant phyto-
chemicals have shown that various phytochemicals (such as curcumin, catechin, 
resveratrol and schisandrin B) can serve as direct free radical scavengers and/or 
induce a nuclear factor (erythroid-derived 2)-like 2 (Nrf2)-driven expression of 
antioxidant proteins/enzymes [15], [16]. With respect to the mechanism under-
lying the enhancement of cellular GSH levels produced by Qi-invigorating herbs, 
these may possess free radical scavenging activity with the subsequent preservation 
of cellular GSH levels and/or they may increase the expression of gluta-
thione-dependent proteins/enzymes.  

In conclusion, our findings indicate that Yang-invigorating and Qi-invigorating 
herbs can both stimulate mitochondrial ATP-GC in H9c2 cells but by different 
mechanisms. While Yang-invigorating herbs act primarily by fluidizing the in-
ner mitochondrial membrane, Qi-invigorating herbs exert their action indirectly 
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by increasing cellular GSH levels. Future studies will focus on the mechanism 
underlying the capacity of Qi-invigorating herbs to enhance cellular GSH levels. 
The measurement of mitochondrial ATP-GC and cellular GSH levels in H9c2 
cells under the experimental conditions described here could serve as convenient 
biomarkers for the quality assurance of Yang-invigorating and Qi-invigorating 
Chinese tonifying herbs and herbal health products in general. 
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