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Abstract: This research aimed to determine the effects of Gynostemma pentaphyllum (G. pentaphyl-
lum) on exercise performance, AMP-activated protein kinase (AMPK), and mitochondrial signaling
in human muscle. This randomized double-blind placebo control crossover study provided placebo
or 450 mg of G. pentaphyllum dried leaf extract equivalent to 2.25 g of dry leaf per day for four
weeks to 16 healthy untrained young males, separated by four weeks wash-out. Following 4-week
supplementation with G. pentaphyllum, participants had significantly lower leptin and blood glucose
levels and improved time trial performance over 20 km, which corresponded with a higher muscle
oxygen flux compared to placebo. Muscle AMPK Thr172 phosphorylation significantly increased
after 60 min exercise following G. pentaphyllum supplementation. AMPK Thr172 phosphorylation
levels relative to total AMPK increased earlier following exercise with G. pentaphyllum compared to
placebo. Total ACC-α was lower following G. pentaphyllum supplementation compared to placebo.
While further research is warranted, G. pentaphyllum supplementation improved exercise performance
in healthy untrained males, which corresponded with improved mitochondrial respiration, altered
AMPK and ACC, and decreased plasma leptin and glucose levels.

Keywords: adiponectin; blood glucose; leptin; oxygen flux

1. Introduction

Gynostemma pentaphyllum (G. pentaphyllum) is a creeping perennial herb from the
Cucurbitacea (melon/gourd) family with a characteristic 5-pointed leaf. The fruit is con-
sidered inedible, and only the leaves and stems are used. It grows in temperate climates
commonly found in South and East Asia, such as Thailand, Malaysia, the Philippines,
China, India, Japan, and Korea [1]. G. pentaphyllum, also known as jiaogulan, is an herb
that has been used as a food and supplemental food product for more than 500 years [2].
G. pentaphyllum is also consumed as a tea brewed from the dried leaves. No harmful effects
have been reported, and toxicity testing in rats demonstrated that the plant extract does
not cause mortality or organ damage at a high dose of 1000 mg/kg/day for 90 days [3].
G. pentaphyllum contains many bioactive components including saponin, flavonoids, and
sterols [4]. Due to these bioactive compounds, G. pentaphyllum is suggested to be benefi-
cial in the treatment of various health conditions, such as obesity [5], hyperlipidemia [6],
inflammation [7], and tumor suppression [6]. While the effects of G. pentaphyllum have
recently been reviewed extensively [8], 12 weeks of supplementation with G. pentaphyl-
lum significantly reduced total abdominal fat area (−20.90 ± 8.29 cm2), subcutaneous fat
(−8.70 ± 3.54 cm2), and waist circumference (−2.49 ± 0.35) [5]. Furthermore, 16 weeks of
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G. pentaphyllum supplementation significantly reduced fat mass by 1.2% [9]. In addition
to these human studies, G. pentaphyllum reduces body weight and fat in obese mice by
significantly enhancing energy utilization, and also reduces the level of total cholesterol
and low-density lipoproteins [10]. Furthermore, it was also found that G. pentaphyllum
decreased the size and total weight of white adipocytes and decreases body fat in mice [11].

In addition to the beneficial effects on reducing cholesterol and fat, saponins of
G. pentaphyllum also increased the phosphorylation of AMP-activated protein kinase
(AMPK) in L6 myotube cells [12] and enhanced glucose uptake [13]. AMPK is an in-
tracellular energy sensor that regulates metabolic homoeostasis and is therefore a target
for various metabolic syndromes, such as obesity and diabetes [14]. AMPK enhances ATP
production and is activated during adenosine triphosphate (ATP) shortage, heat stress,
excessive training, hypoxia, and starvation [15]. The activation of AMPK was demonstrated
to increase exercise performance in mice [16]. Mitochondria are a primary source of ATP
production in the cell. Therefore, any reduction in ATP synthesis in mitochondria during
resting and stress conditions may induce AMPK activation [17]. It was observed in rats
under energy stress that AMPK was activated, thus increasing mitochondrial biogenesis
in skeletal muscles [18]. Therefore, any substance that activates AMPK may act as an
exercise simulant to enhance mitochondrial biogenesis in muscles [16]. Mitochondrial
biogenesis is a complex process that also involves multiple transcriptional factors, includ-
ing peroxisome-proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) [19].
Besides the positive impact on AMPK and mitochondria in cellular models, no study has
investigated the effects of G. pentaphyllum on muscle AMPK expression and mitochondrial
function in healthy humans. Therefore, the current study aimed to evaluate the effects of G.
pentaphyllum supplementation on exercise performance, AMPK activity and signaling, and
mitochondrial function in healthy males.

2. Materials and Methods
2.1. Study Design

This research was approved by the Human Ethics Research committee of Victoria Uni-
versity, Melbourne, Australia (HRE17-151). Written informed consent was obtained from
all participants involved in the study. Nineteen healthy untrained males (aged 18–35 years)
with BMIs less than 25 kg/m2 were recruited via social media and sporting organizations to
participate in this randomized crossover, placebo-controlled, double-blinded supplementa-
tion trial (Figure 1). Four weeks of supplementation was considered sufficient to determine
changes in AMPK activity in skeletal muscle, as this time period and number of partici-
pants have been utilized in other supplementation and exercise studies respectively [20,21].
Participants were excluded if they had any known cardiovascular or respiratory conditions
(e.g., asthma, cardiac arrhythmias), hypertension (resting blood pressure > 145/95 mm Hg),
bleeding disorders, eating disorders, skin or anesthetic allergies, musculoskeletal injuries
that may be aggravated by the exercise protocol, type 1 or 2 diabetes, or current medica-
tion including: anti-hypertensives, insulin sensitizers, anti-obesity drugs, and steroidal
medications. Physical activity status was confirmed via the Australian physical activity
questionnaire [22], which was completed following baseline testing. Sixteen out of nineteen
participants completed the intervention. Three of the participants dropped out, one prior
to the first testing day following 4 weeks of supplementation and two following the first
supplementation period and testing, citing difficulty with time commitment to continue
with the study. Data from the three participants who dropped out were excluded from
all analyses.

The effects of the supplementation with G. pentaphyllum or placebo on aerobic exercise
performance were completed using two different measures, including steady-state and
time to exhaustion (TtE) tests and a 20 km time trial (TT). All testing on participants was
completed at the exercise physiology laboratory at Victoria University. Participants first
undertook a graded exercise test (GXT) to determine their peak aerobic power, which was
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then used to set the exercise intensities for the steady-state submaximal exercise (SS) and
TtE tests.
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Figure 1. Trial design. GXT = graded exercise test to determine VO2peak, ventilatory threshold, and
corresponding power outputs; TtE = time to exhaustion at power output 50% between Ventilatory
Threshold and VO2peak; TT = 20 km time trial; SS = steady state cycling: 60 min at 90% of ventilatory
threshold, 5 min of active recovery.

2.2. Graded Exercise Test (GXT) and Familiarization

Peak aerobic power (VO2peak) was assessed during a symptom-limited GXT on a
cycle-ergometer (Excalibur sport, Lode B. V., Groningen, The Netherlands). The protocol
consisted of an initial intensity of 60 W, then an increase of 30 W every 2 min. The test was
terminated when a participant’s rating of perceived exertion (RPE) reached “very hard”
(Borg scale = 17) or before that if the patient wished to stop or clinical signs or symptoms
of metabolic or cardiorespiratory abnormalities appeared. Expired respiratory gases were
collected through a breath-by-breath (BxB) pneumotach system connected to gas analyzers
(Cosmed Quark CPET, COSMED, Rome, Italy). The BxB data were integrated over each
15 s interval, and the mean values for oxygen consumption (VO2), carbon dioxide genera-
tion (VCO2), and ventilation (VE) were calculated for each interval. The gas analyzers were
calibrated immediately before each test as per the manufacturer’s instructions.

Dietary intake was controlled for the 3 days prior to the initial GXT via the provision
of all food for the participants. Energy requirements for each participant were estimated
using the Schofield equation and adjusted for physical activity level, and food intake was
tailored to the client’s likes/dislikes such that an energy balanced diet was consumed
that met the Australian guide to Healthy Eating (Foodworks, Version 10, Xyris Software,
Brisbane, Australia 2019). Diets were designed by a qualified dietitian.

A familiarization of the TtE and TT within a week of the GXT was undertaken to
ensure exercise intensities estimated from the GXT were appropriate and allowed the
participants to become familiar with the exercise tasks to reduce daily test–retest variability
between trials. During the familiarization of the SS and TtE, participants cycled at the SS
power output determined by the GXT to elicit an intensity of 90% of ventilatory threshold
for 10 min to verify that the power output was indeed below the ventilatory threshold. The
work rate was then increased to a power output at 50% of the ventilatory threshold and the
VO2 peak until exhaustion, which was then repeated following 30 min of rest. Two days
following the SS and TtE familiarization session, participants undertook one familiarization
of the 20 km TT. The participants were familiarized with the distance of the time trial and
the Velotron™ cycle ergometers (SRAM LLC, Chicago, IL, USA). This familiarization has
previously been shown to be sufficient to lower variability from 3% to less than 1% [23].

Two weeks following the familiarization testing, the participants started with either
placebo or the G. pentaphyllum supplement (randomized and double blinded) for 4 weeks
and then undertook the SS + TtE and TT, separated by two days (Figure 1). The participants
then completed a four-week washout period before repeating the supplementation and
exercise testing regimen with the alternative supplement (i.e., placebo or G. pentaphyllum)
not used in the first trial (Figure 1).

2.3. Supplementation

Two weeks after the 20 km TT familiarization, participants were provided with
60 capsules of either placebo or the G. pentaphyllum supplement. Participants were asked
to consume two capsules each day with their morning meal. Both placebo and G. pen-
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taphyllum product with the brand name ACTIVAMP were made into capsules by Your
Solutions compounding pharmacy (Brisbane, Australia), complied with Therapeutic Goods
Australia guidelines, and were identical in shape, color, and taste when consumed whole
as instructed. Each placebo capsule contained 500 mg of maltodextrin, and each G. pen-
taphyllum capsule contained 225 mg of G. pentaphyllum dried leaf extract, equivalent to
1.125 g of dry leaf plus 275 mg of maltodextrin, within a ~22 mm length capsule. Dosage
of G. pentaphyllum was based on previously published protocols [9]. Maltodextrin is gen-
erally regarded as safe, and the dosage used was very low compared to levels that can
cause side effects [24]. Participants did not report any side-effects when consuming the
placebo and G. pentaphyllum capsules. The G. pentaphyllum extract used in the capsules was
processed according to the method described previously [25]. Briefly, the dried leaves were
extracted with 5:1 purified water and ethanol and dried to a powder. The extract powder
used in the capsules was prepared from a single batch of the plant extract. Batch analysis
confirmed that the levels of active compounds were consistent with previous extracts:
20(S)-Ginsenoside Rg3 (0.24%); gypenoside (2.14%) and marker saponin (1.63%).

2.4. Testing Sessions

Dietary intake was controlled for the week prior to each SS and TtE session via the
provision of all food for the participants in an energy balanced diet as previously indicated.
Participants attended the laboratory the morning after an overnight fast. After the 60 min
of SS exercise, each participant had 5 min of active recovery (30 W) and then performed the
TtE test as detailed earlier. Following the TtE test, participants performed a short cool down
and then they consumed their dietary controlled breakfast and their allocated supplement.
Participants then continued on their controlled diets and allocated supplements until the
day of the 20 km TT.

Two days following the SS + TtE session, participants arrived after an overnight fast
to undertake a 20 km TT on a Velotron™ cycle ergometer (SRAM LLC, Chicago, IL, USA).
Following the TT, participants undertook a 4-week washout period where no interventions
were undertaken. Participants were then crossed over to the alternative supplement for a
4-week period prior to the completion of the testing sessions as detailed above.

2.5. Muscle Analyses

Muscle samples were obtained from the vastus lateralis under local anesthesia (xy-
locaine 1%) utilizing a Bergström needle with suction as previously described [26]. This
muscle is well characterised in terms of the consistency of fibre types and is extensively
used as the main site for muscle biopsy studies in human exercise trials. There is some
variation between men and women, which is another reason why we chose to recruit only
young men for this trial [27]. Muscle biopsies were taken at rest (0 min), at the midpoint
(30 min), and at the conclusion of the 60 min SS exercise bout. The majority of the muscle
biopsies (50–100 mg) were immediately frozen in liquid nitrogen for subsequent gene and
protein analyses. The remaining portions (~10–20 mg) of fresh muscle tissue collected at the
rest and 60 min time points were assessed for electron transport system respiration and ox-
idative phosphorylation, measured using the Oxygraph O2k high-resolution respirometer
(Oroboros Instruments, Innsbruck, Austria) via a substrate, uncoupler, inhibitor titration
(SUIT) protocol at 37 ◦C in mitochondrial respiration medium 05 while stirring at 750 rpm,
as previously described [28].

2.6. Blood Analyses

Plasma and serum samples were collected at rest prior to the muscle biopsy collection
and SS exercise bout, centrifuged and then stored at −80 ◦C. Serum samples were analyzed
for total cholesterol, high-density lipoprotein (HDL)-cholesterol, low-density lipoprotein
(LDL)-cholesterol, and total triglycerides by a commercial laboratory. Plasma samples were
collected for the determination of leptin and adiponectin.
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Leptin levels were measured using a human leptin ELISA kit with recombinant human
leptin as a standard, according to manufacturer’s instructions (Abcam, Melbourne, VIC,
Australia). Briefly, 100 µL of the plasma, diluted in sample diluent, and each standard
was added to the well and incubated for 2.5 h at room temperature with gentle shaking.
Following this step, the plate was incubated with 100 µL of biotinylated leptin detection
antibody for 1 h, 100 µL of horseradish peroxidase (HRP)–streptavidin solution for 45 min,
and 100 µL of tetramethylbenzidine (TMB) one-step substrate reagent for 30 min at room
temperature in the dark with gentle shaking. Stop Solution (50 µL) was added to each
well, and absorbance was read at 450 nm immediately with a SpectraMax i3x Multi-Mode
Microplate Reader (Molecular Devices, San Jose, CA, USA). The plate was washed three
times between each step with 300 µL of washing buffer. A standard curve was generated,
and leptin content for each sample was calculated.

AMPK can be stimulated in skeletal muscle via adiponectin [29,30]. As such, total
adiponectin was measured using a Human Adiponectin SimpleStep ELISA® Kit according
to the manufacturer’s instructions (Abcam, Melbourne, VIC, Australia). Briefly, plasma
samples were diluted with sample diluent NS and 1× denaturant. Standards or plasma
samples were then added into the specified wells. Then, 50 µL of the antibody cocktail
was added into each well and incubated for 1 h at room temperature with shaking. After
washing four times with wash buffer, 100 µL of TMB substrate was added to each well
and incubate for 10 min in the dark on a plate shaker. The reaction was stopped with
Stop Solution, and optical density was determined at 450 nm with a microplate reader
(SpectraMax i3x Multi-Mode Microplate Reader). Adiponectin content for each sample was
calculated based on a standard curve.

2.7. RNA Isolation and Reverse Transcription

Total RNA was extracted from frozen skeletal muscle samples utilizing a TRIzol-based
method according to the manufacturer’s instructions and as previously described [31].
RNA was then reverse transcribed into cDNA using the iScriptTM cDNA Synthesis Kit
according to the manufacturer’s instructions (Bio-Rad Laboratories Pty Ltd., Gladesville,
NSW, Australia). Subsequently, cDNA was stored at −20 ◦C until further analysis.

Real-time polymerase chain reaction (PCR) analysis of human skeletal muscle.
A panel of mRNA sequences was selected to investigate the effect of G. Pentaphyllum

on markers of fat and carbohydrate metabolism, mitochondrial biogenesis, and function
in the context of exercising muscle (Table 1). Oligonucleotide primers were designed
using the Oligoperfect™ Suite (Thermo Fisher Scientific, Waltham, MA, USA) and were
purchased from Integrated DNA Technologies, Inc. (1710 Commercial Park, Coralville, IA,
USA). Selective gene homology for genes of interest was confirmed via BLAST (Basic Local
Alignment Search Tool, National Centre for Biotechnology Information, Bethesda, MD) to
determine homologous binding to the target mRNA sequence. The primer sequences for
the genes of interest are shown in Table 1.

To quantify mRNA expression in human skeletal muscle, real-time PCR was conducted
using SsoAdvancedTM Universal SYBR Green Supermix (Bio-Rad Laboratories, Hercules,
CA, USA) and QuantStudioTM 7 Flex Real-Time PCR Instrument (Applied Biosystems,
Waltham, MA, USA). The real-time PCR cycling parameters were as follows: initial de-
naturation and enzyme activation at 50 ◦C for 2 min and 95 ◦C for 10 min, followed by
40 cycles of denaturation at 95 ◦C for 15 s, annealing and extension at 60 ◦C for 1 min.
Relative changes in mRNA abundance was normalized to the average of two housekeep-
ing genes (cyclophilin and glyceraldehydes-3-phosphate dehydrogenase (GAPDH)), then
quantified using the 2−∆∆CT method [32].
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Table 1. Human primer sequences used for Real-Time PCR analysis of human skeletal muscle.

Gene Accession Number Sequence

ACC-α NM_198836.2 Forward (5′–3′) CTGGAGCCCTCAACAAAGTC
Reverse (5′–3′) CCAGTGCAGGACAGTGAAAA

AMPK-α XM_016919269

Forward (5′–3′)
AACTGCAGAGAGCCATTCACTTT
Reverse (5′–3′)
GGTGAAACTGAAGACAATGTGCTT

Cyclophilin XM_024747056 Forward (5′–3′) CATCTGCACTGCCAAGACTGA
Reverse (5′–3′) TTCATGCCTTCTTTCACTTTGC

FoxO1 XM_522749
Forward (5′–3′)
TCATGGATGGAGATACATTGGATT Reverse (5′–3′)
TCCTGCTGTCAGACAATCTGAAG

GAPDH XM_024733357 Forward (5′–3′) CAA CGA CCA CTT TGT CAA GC
Reverse (5′–3′) TTA CTC CTT GGA GGC CAT GT

IRS-1 NM_000208 Forward (5′–3′) GTTTCCAGAAGCAGCCAGAG
Reverse (5′–3′) TGAAATGGATGCATCGTACC

IRS-2 NM_003749.2
Forward (5′–3′) ACGCCAGCATTGACTTCTTGT
Reverse (5′–3′)
TGACATGTGACATCCTGGTGATAA

PGC1-α NM_013261.4

Forward (5′–3′)
CAAGCCAAACCAACAACTTTATCTCT
Reverse (5′–3′)
CACACTTAAGGTGCGTTCAATAGTC

PI3K NM_181504.3 Forward (5′–3′) GGAAGCAGCAACCGAAACAA
Reverse (5′–3′) TTCGCCGTCCACCACTACA

PPAR-α XM_024452253 Forward (5′–3′) GAAGCTGTCCTGGCTCAGAT
Reverse (5′–3′) GGGGACCACAGGATAAGTCA

ACC-α, acetyl-CoA carboxylase alpha; AMPK-α, 5′ AMP-activated protein kinase alpha; FoxO1, forkhead box
protein O1; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IRS-1, insulin receptor substrate 1; IRS-2,
insulin receptor substrate 2; PGC1-α, peroxisome-proliferator-activated receptor-gamma coactivator 1-alpha;
PI3K, phosphoinositide 3-kinase; PPAR-α, peroxisome-proliferator-activated receptor alpha.

2.8. Protein Analyses

The content of specific proteins involved in energy production in human skeletal mus-
cle was measured by western blot analysis. Muscle was lysed in buffer that contained 20 µL
of Radioimmunoprecipitation assay buffer (Cell Signaling Technology, Danvers, MA, USA)
for every 1 mg of muscle sample and 3 inhibitors (Protease Inhibitor Cocktail, Phosphatase
Inhibitor Cocktail 2 and Phosphatase Inhibitor Cocktail 3, Sigma-Aldrich, St. Louis, MO,
USA) at a proportion of 2% in the total mixture of the protein extract. Muscle samples were
homogenized using a Qiagen TissueLyser II (Qiagen, Hilden, Germany). Samples were
spun at 15,000× g for 10 min at 4 ◦C, and supernatant was collected. After the determination
of protein concentration using Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad
Laboratories, Hercules, CA, USA) based on the Bradford method [33], lysates were mixed
with Laemmli sample buffer (Bio-Rad Laboratories, Hercules, CA, USA), and 35 µg of pro-
tein was loaded into 4–20% Criterion™ TGX Stain-Free™ Protein Gel (Bio-Rad Laboratories,
Hercules, CA, USA). After electrophoresis, gels were activated with methanol for 1 min.
Then, gels were transferred to TransBlot Turbo Midi-size low-fluorescence polyvinylidene
fluoride (LF PVDF) membranes (Bio-Rad Laboratories, Hercules, CA, USA) with western
blot transfer buffer including 25 mM Tris, 192 mM glycine, 0.01% SDS, and 20% methanol
for 90 min on ice. After transfer, membranes were imaged for total protein loading before
rinsing briefly in distilled water. Membranes were then blocked with 5% skim milk or 5%
bovine serum albumin (BSA) for 1 h, washed 3 times (10 min each wash) with 25 mM Tris
× HCl, 140 mM NaCl, 2.5 mM KCl (pH = 7.5), and 0.1% Tween 20 solution (TBST) and
then incubated with a primary antibody diluted in TBST (1:1000) overnight at 4 ◦C on a
shaker. Membranes were then washed 3 times with TBST and incubated for 1 h at room
temperature with a secondary antibody goat anti-rabbit IgG H&L HRP diluted in 5% skim
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milk or 5% BSA (1:10,000). Proteins were detected via electrochemiluminescence (Bio-Rad
Laboratories, Hercules, CA, USA and Thermo Fisher Scientific, Waltham, MA, USA) and
quantified using a ChemiDoc™ MP imaging system (Bio-Rad Laboratories, Hercules, CA,
USA). The band density data for each target protein was normalised to total protein content
for each lane and to the internal standard loaded in each gel using the stain-free method as
described previously [34,35]. Samples for each participant were run on the same gel.

All primary antibodies were purchased from Cell Signaling Technology (Danvers,
MA, USA), including 5′ AMP-activated protein kinase alpha (AMPK-α) (2532), phospho-
AMPKThr172 (2535), acetyl-CoA carboxylase (ACC-α; 3662), phospho-ACCSer79 (3661),
and PGC-1α (2178). A secondary antibody (Anti-Rabbit IgG (Goat), HRP-Labeled) was
purchased from PerkinElmer (Melbourne, Australia). The volume density of each target
band was normalized to total protein loaded into each lane using stain-free technology
(Bio-Rad Laboratories, Hercules, CA, USA). After protein loading normalization, each
phosphoprotein was then normalized to its respective total protein. Analysis of the western
blots was performed using the Image Lab software 6.0.1 (Bio-Rad Laboratories, Hercules,
CA, USA). The content of each protein was quantified using the Image J software 1.53
(National Institute of Health, Bethesda, MD, USA).

2.9. Statistical Analysis

GraphPad Prism Software 8.4.3 (GraphPad Software, Inc., La Jolla, CA, USA) was
utilized for statistical analysis. All results were expressed as mean ± standard error of
the mean (SEM) for each measurement (n = 13–16). Paired t-test or paired t-test with
Wilcoxon correction was used to analyze significant differences in the characteristics of
participants, 20 km TT performance and TtE between placebo and supplementation with G.
pentaphyllum. A repeated-measures two-way ANOVA with Geisser–Greenhouse correction
and uncorrected Fisher’s LSD was performed to analyze the significant differences in the
changes of mitochondrial respiration after the exercise, blood glucose measurements during
steady state exercise, the mRNA expression of genes, protein expression, leptin content and
adiponectin content amongst treatments. Values greater than 3 standard deviations from
the mean were considered outliers and excluded from analysis. p < 0.05 was considered to
indicate a significant difference.

3. Results

There was no significant difference in body weight or power output during the
TtE test or SS test. Resting plasma glucose and leptin concentrations were lower and
HDL cholesterol levels were higher following four weeks of supplementation with G.
pentaphyllum, there were no other differences in blood cholesterol or triglyceride levels
observed (Table 2).

The 20 km TT was completed faster (112 ± 61 s) following G. pentaphyllum supplemen-
tation compared to placebo (2747 ± 121 vs. 2634 ± 101 s; Figure 2A, p < 0.05). However,
there was no difference in the TtE test comparing G. pentaphyllum to placebo (Figure 2B).
There was no difference in the VO2 data (28.0 ± 2.6 vs. 27.7 ± 2.5 mL·kg−1·min−1, cor-
responding to 67.3 ± 3.9 vs. 63.7 ± 3.5% of VO2peak, for placebo and G. pentaphyllum
supplementation, respectively) during the steady state exercises after the supplementation
period. Similarly, there was no difference in the respiratory exchange ratio (RER) data
(0.96 ± 0.02 vs. 0.97 ± 0.02, corresponding to 87.5 ± 2.0 vs. 88.5 ± 2.8% of peak RER,
for placebo and G. pentaphyllum supplementation, respectively) during the steady state
exercises after the supplementation period. During the steady state exercise, there was
a drop in plasma glucose levels after 40 min of exercise compared to placebo following
G. pentaphyllum supplementation and after 50 min of exercise compared with the 0 min for
G. pentaphyllum supplementation only (Figure 2C, p < 0.05).
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Table 2. Participant characteristics following each treatment.

Participants

Placebo G. pentaphyllum

Age (years) 23.3 ± 1.1
Height (cm) 174.4 ± 1.6
Body Mass (kg) 69.0 ± 1.9 68.7 ± 1.8
BMI (kg/m2) 22.6 ± 0.5 22.6 ± 0.5
VO2 peak (mL·kg−1·min−1) 40.8 ± 1.7
Peak power (Watts) 214.3 ± 11.3
TtE power output (Watts) 161.2 ± 9.2 160.9 ± 9.3
SS power output (Watts) 103.6 ± 6.5 105.2 ± 7.2
Plasma fasting glucose (mmol/L) 5.15 ± 0.11 4.86 ± 0.07 *
Total cholesterol (mmol/L) 3.71 ± 0.18 3.76 ± 0.14
HDL (mmol/L) 1.24 ± 0.04 1.3 ± 0.05 *
LDL (mmol/L) 2.05 ± 0.18 1.98 ± 0.12
LDL/HDL 1.69 ± 0.16 1.56 ± 0.13
Total cholesterol/HDLC 3.04 ± 0.16 2.90 ± 0.16
Total triglycerides (mmol/L) 0.98 ± 0.11 1.04 ± 0.16
Adiponectin (µg/mL) 7.09 ± 0.42 8.55 ± 1.02
Leptin (ng/mL) 1.31 ± 0.07 1.15 ± 0.07 *

LDL: low-density lipoprotein–cholesterol; HDL: high-density lipoprotein–cholesterol; TtE: time to exhaustion test;
SS: steady state. Values are expressed as means ± SEM. n = 16. * p < 0.05 compared to placebo.
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Figure 2. Performance trial and glucose response. The completion time (seconds) for 20 km time trial
(A), time to exhaustion test (B), and plasma glucose response during the 60 min steady-state exercise
prior to the time to exhaustion test (C). * p < 0.05 compared to placebo, # p < 0.05 compared to 0 min
following G. pentaphyllum. Data displayed as means ± SEM. n = 15–16.

While 15 participants completed both of the interventions, mitochondrial function in
a total of 7 muscle samples could not be measured due to either damaged muscle fibers
or equipment error, leaving paired sample numbers of 11 at rest and 9 matched resting
(0 min) and post-exercise (60 min) samples. At rest, a higher oxygen flux per mass of fresh
muscle was observed after G. pentaphyllum supplementation when compared to placebo
at Complex I (oxidative phosphorylation (OXPHOS) capacity through Complex I), OX-
PHOS (maximal respiratory capacity in the respirometer chamber) and carbonyl cyanide
4-(trifluoromethoxy)phenylhydrazone (FCCP) (measurement of electron transport system
(ETS) capacity) (Figure 3A, p < 0.05). There was, however, a reduction in maximal OXPHOS
capacity following exercise while consuming G. pentaphyllum (Figure 3A, p < 0.05).

When comparing the change in O2 flux in paired resting (0 min) and post exercise
(60 min) samples, a reduction in maximal OXPHOS capacity was observed while consuming
G. pentaphyllum compared to placebo (Figure 3B, p < 0.05). Following exercise, there was
no change in mitochondrial respiration compared to 0 min measurements after placebo
supplementation (Figure 3A,B).
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Figure 3. Effects of G. pentaphyllum supplementation on mitochondria. The effects of 60 min exercise
on OXPHOS complex activities from skeletal muscle mitochondria (A) and the changes in mito-
chondrial respiration comparing rest (0 min) to after exercise (B) following four weeks of placebo or
G. pentaphyllum supplementation. n = 9–11. * p < 0.05 compared to 0 min placebo. # p < 0.05 compared
to 0 min G. pentaphyllum supplementation. Different letters indicate a significant difference between
supplementation, p < 0.05.

The levels of leptin and adiponectin were compared following four weeks of placebo
or G. pentaphyllum supplementation at rest (0 min) and following exercise (60 min steady
state). Leptin levels were higher at rest in placebo when compared to G. pentaphyllum
and this decreased after 60 min of exercise (Figure 4A, p < 0.05), and a non-significant
trend to decrease was observed following G. pentaphyllum supplementation (Figure 4A,
p = 0.079). There was also a treatment and an effect of exercise on leptin, with levels being
overall higher in placebo and being lower following 60 min of exercise irrespective of
supplementation (Figure 4A, p < 0.05). There was no difference in the levels of adiponectin
following 60 min of exercise (Figure 4B) with either supplement. However, there was a
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non-significant trend for adiponectin to be elevated at rest and following exercise in the
G. pentaphyllum treatment (Figure 4B, p = 0.08 and p = 0.07 respectively).

There were no significant changes in the mRNA expression of ACC-α, AMPK-α, PGC1-
α, or peroxisome-proliferator-activated receptor alpha (PPAR-α) in human skeletal muscle
either 30 min or 60 min after exercise following either supplement (Figure 5A,B,F,H).
However, a higher mRNA expression of Forkhead box protein O1 (FOXO1A) was found
following 30 and 60 min of exercise after G. pentaphyllum supplementation but only at 60
min in the placebo (Figure 5C; p < 0.05). A lower mRNA expression of insulin receptor
substrate 1 (IRS-1) was observed following 60 min of exercise in placebo, compared to the
resting values (Figure 5D; p < 0.05). On the other hand, a higher level of mRNA expression
of IRS-2 was observed in both placebo and G. pentaphyllum 30 and 60 min after exercise
when compared to the resting values (Figure 5E; p < 0.05). Following 30 min of exercise,
the G. pentaphyllum treatment had a higher mRNA expression of PI3K compared to placebo
(Figure 5G; p < 0.05), which demonstrated a non-significant trend to decrease compared to
rest (Figure 5G; p = 0.07).
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There were no significant changes in the mRNA expression of ACC-α, AMPK-α, 
PGC1-α, or peroxisome-proliferator-activated receptor alpha (PPAR-α) in human skeletal 
muscle either 30 min or 60 min after exercise following either supplement (Figure 
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Figure 4. Effects of G. pentaphyllum supplementation on leptin and adiponectin. Determination of 
plasma leptin (A) and adiponectin (B) following four weeks treatment with G. pentaphyllum (  n 
= 15) compared to placebo (  n = 15 and 60 min of steady state exercise. Data were expressed as 
mean ± SEM. * p < 0.05 compared to 0 min of the respective treatment. ̂  p < 0.05 comparing treatments 
at the respective time point. # p < 0.05 time effect of the exercise irrespective of treatment. 

There were no significant changes in the mRNA expression of ACC-α, AMPK-α, 
PGC1-α, or peroxisome-proliferator-activated receptor alpha (PPAR-α) in human skeletal 
muscle either 30 min or 60 min after exercise following either supplement (Figure 
5A,B,F,H). However, a higher mRNA expression of Forkhead box protein O1 (FOXO1A) 
was found following 30 and 60 min of exercise after G. pentaphyllum supplementation but 
only at 60 min in the placebo (Figure 5C; p < 0.05). A lower mRNA expression of insulin 
receptor substrate 1 (IRS-1) was observed following 60 min of exercise in placebo, com-
pared to the resting values (Figure 5D; p < 0.05). On the other hand, a higher level of 
mRNA expression of IRS-2 was observed in both placebo and G. pentaphyllum 30 and 60 
min after exercise when compared to the resting values (Figure 5E; p < 0.05). Following 30 
min of exercise, the G. pentaphyllum treatment had a higher mRNA expression of PI3K 
compared to placebo (Figure 5G; p < 0.05), which demonstrated a non-significant trend to 
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A time effect was also observed as exercise resulted in higher mRNA expression of
FOXO1A and IRS-2 but lower IRS-1 mRNA expression irrespective of supplement use
(Figure 5C–E; p < 0.05).

A lower total protein content of AMPK-α was observed in skeletal muscle following
30 min exercise with the G. pentaphyllum treatment, compared with 0 min (Figure 6D;
p < 0.05). A non-significant trend was also observed at this timepoint for lower AMPK-α
content in the placebo compared to G. pentaphyllum (Figure 6D; p = 0.057). A time effect was
also observed, as exercise resulted in a lower AMPK-α protein irrespective of supplement
(Figure 6D; p < 0.05).

There was a significant increase in AMPK Thr172 phosphorylation levels after 60 min
exercise compared to 0 min and 30 min of exercise, with G. pentaphyllum supplementation
(Figure 6E; p < 0.05). No difference in AMPK Thr172 phosphorylation was observed at
any time point compared to 0 min following placebo (Figure 6E). A time effect was also
observed, as exercise resulted in higher AMPK Thr172 phosphorylation levels irrespective
of supplement (Figure 6E; p < 0.05).
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Figure 5. Effects of G. pentaphyllum supplementation on mRNA expression. The expression of
(A) ACC-α; (B) AMPK-α; (C) FOXO1A; (D) IRS-1; (E) IRS-2; (F) PGC1-α; (G) PI3K; and (H) PPAR-α
in skeletal muscle obtained from participants following G. pentaphyllum supplementation and exercise.

Participants were treated with placebo (

Nutrients 2023, 15, x FOR PEER REVIEW 10 of 19 
 

 

no change in mitochondrial respiration compared to 0 min measurements after placebo 
supplementation (Figure 3A,B). 

The levels of leptin and adiponectin were compared following four weeks of placebo 
or G. pentaphyllum supplementation at rest (0 min) and following exercise (60 min steady 
state). Leptin levels were higher at rest in placebo when compared to G. pentaphyllum and 
this decreased after 60 min of exercise (Figure 4A, p < 0.05), and a non-significant trend to 
decrease was observed following G. pentaphyllum supplementation (Figure 4A, p = 0.079). 
There was also a treatment and an effect of exercise on leptin, with levels being overall 
higher in placebo and being lower following 60 min of exercise irrespective of supplemen-
tation (Figure 4A, p < 0.05). There was no difference in the levels of adiponectin following 
60 min of exercise (Figure 4B) with either supplement. However, there was a non-signifi-
cant trend for adiponectin to be elevated at rest and following exercise in the G. pentaphyl-
lum treatment (Figure 4B, p = 0.08 and p = 0.07 respectively). 

0 minute 60 minutes
0.0

0.5

1.0

1.5

Co
nc

en
tra

tio
n 

of
 L

ep
tin

 (n
g/

m
L)

^

*

#

A

0 minute 60 minutes
0
1
2
3
4
5
6
7
8
9

10
11

Co
nc

en
tra

tio
n 

of
 A

di
po

ne
ct

in
(μ

g/
m

L)

B

 
Figure 4. Effects of G. pentaphyllum supplementation on leptin and adiponectin. Determination of 
plasma leptin (A) and adiponectin (B) following four weeks treatment with G. pentaphyllum (  n 
= 15) compared to placebo (  n = 15 and 60 min of steady state exercise. Data were expressed as 
mean ± SEM. * p < 0.05 compared to 0 min of the respective treatment. ̂  p < 0.05 comparing treatments 
at the respective time point. # p < 0.05 time effect of the exercise irrespective of treatment. 

There were no significant changes in the mRNA expression of ACC-α, AMPK-α, 
PGC1-α, or peroxisome-proliferator-activated receptor alpha (PPAR-α) in human skeletal 
muscle either 30 min or 60 min after exercise following either supplement (Figure 
5A,B,F,H). However, a higher mRNA expression of Forkhead box protein O1 (FOXO1A) 
was found following 30 and 60 min of exercise after G. pentaphyllum supplementation but 
only at 60 min in the placebo (Figure 5C; p < 0.05). A lower mRNA expression of insulin 
receptor substrate 1 (IRS-1) was observed following 60 min of exercise in placebo, com-
pared to the resting values (Figure 5D; p < 0.05). On the other hand, a higher level of 
mRNA expression of IRS-2 was observed in both placebo and G. pentaphyllum 30 and 60 
min after exercise when compared to the resting values (Figure 5E; p < 0.05). Following 30 
min of exercise, the G. pentaphyllum treatment had a higher mRNA expression of PI3K 
compared to placebo (Figure 5G; p < 0.05), which demonstrated a non-significant trend to 
decrease compared to rest (Figure 5G; p = 0.07). 

A time effect was also observed as exercise resulted in higher mRNA expression of 
FOXO1A and IRS-2 but lower IRS-1 mRNA expression irrespective of supplement use 
(Figure 5C–E; p < 0.05). 

n = 14–15) and G. pentaphyllum (

Nutrients 2023, 15, x FOR PEER REVIEW 10 of 19 
 

 

no change in mitochondrial respiration compared to 0 min measurements after placebo 
supplementation (Figure 3A,B). 

The levels of leptin and adiponectin were compared following four weeks of placebo 
or G. pentaphyllum supplementation at rest (0 min) and following exercise (60 min steady 
state). Leptin levels were higher at rest in placebo when compared to G. pentaphyllum and 
this decreased after 60 min of exercise (Figure 4A, p < 0.05), and a non-significant trend to 
decrease was observed following G. pentaphyllum supplementation (Figure 4A, p = 0.079). 
There was also a treatment and an effect of exercise on leptin, with levels being overall 
higher in placebo and being lower following 60 min of exercise irrespective of supplemen-
tation (Figure 4A, p < 0.05). There was no difference in the levels of adiponectin following 
60 min of exercise (Figure 4B) with either supplement. However, there was a non-signifi-
cant trend for adiponectin to be elevated at rest and following exercise in the G. pentaphyl-
lum treatment (Figure 4B, p = 0.08 and p = 0.07 respectively). 

0 minute 60 minutes
0.0

0.5

1.0

1.5

Co
nc

en
tra

tio
n 

of
 L

ep
tin

 (n
g/

m
L)

^

*

#

A

0 minute 60 minutes
0
1
2
3
4
5
6
7
8
9

10
11

Co
nc

en
tra

tio
n 

of
 A

di
po

ne
ct

in
(μ

g/
m

L)

B

 
Figure 4. Effects of G. pentaphyllum supplementation on leptin and adiponectin. Determination of 
plasma leptin (A) and adiponectin (B) following four weeks treatment with G. pentaphyllum (  n 
= 15) compared to placebo (  n = 15 and 60 min of steady state exercise. Data were expressed as 
mean ± SEM. * p < 0.05 compared to 0 min of the respective treatment. ̂  p < 0.05 comparing treatments 
at the respective time point. # p < 0.05 time effect of the exercise irrespective of treatment. 

There were no significant changes in the mRNA expression of ACC-α, AMPK-α, 
PGC1-α, or peroxisome-proliferator-activated receptor alpha (PPAR-α) in human skeletal 
muscle either 30 min or 60 min after exercise following either supplement (Figure 
5A,B,F,H). However, a higher mRNA expression of Forkhead box protein O1 (FOXO1A) 
was found following 30 and 60 min of exercise after G. pentaphyllum supplementation but 
only at 60 min in the placebo (Figure 5C; p < 0.05). A lower mRNA expression of insulin 
receptor substrate 1 (IRS-1) was observed following 60 min of exercise in placebo, com-
pared to the resting values (Figure 5D; p < 0.05). On the other hand, a higher level of 
mRNA expression of IRS-2 was observed in both placebo and G. pentaphyllum 30 and 60 
min after exercise when compared to the resting values (Figure 5E; p < 0.05). Following 30 
min of exercise, the G. pentaphyllum treatment had a higher mRNA expression of PI3K 
compared to placebo (Figure 5G; p < 0.05), which demonstrated a non-significant trend to 
decrease compared to rest (Figure 5G; p = 0.07). 

A time effect was also observed as exercise resulted in higher mRNA expression of 
FOXO1A and IRS-2 but lower IRS-1 mRNA expression irrespective of supplement use 
(Figure 5C–E; p < 0.05). 

n = 14–15) with
0, 30, and 60 min exercise. All genes were normalized to the average of two housekeeping genes
(cyclophilin and glyceraldehydes-3-phosphate dehydrogenase (GAPDH)). Data were expressed as
mean ± SEM. * p < 0.05 compared to 0 min of the respective treatment. # p < 0.05 time effect of the
exercise irrespective of treatment. ˆ p < 0.05 comparing treatments at the same timepoint.
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Levels of AMPK Thr172 phosphorylation relative to total AMPK demonstrated an
increase following 30 min of exercise, which was further increased after 60 min of exercise,
with G. pentaphyllum supplementation (Figure 6F; p < 0.05). While the ratio of AMPK Thr172
phosphorylation levels to total AMPK only increased after 60 min exercise compared with
30 min of exercise following Placebo (Figure 6F; p < 0.05), with a non-significant trend
compared to 0 min (Figure 6F; p = 0.074).

Resting data for ACC-α were different between treatments, with ACC-α being lower
following G. pentaphyllum supplementation (Figure 6G; p < 0.05). There was a significant
decrease in ACC-α levels after 30 and 60 min of exercise compared to 0 min following
placebo treatment (Figure 6G; p < 0.05), with a non-significant trend for a further reduction
from 30 to 60 min (Figure 6G; p = 0.053). No changes were observed with G. pentaphyllum
supplementation, with a non-significant trend for an increase in ACC-α only following 60
min of exercise (Figure 6G; p = 0.08). An interaction was also observed between treatments
and time (Figure 6G; p < 0.05).

Phospho-ACC at Ser79 (Figure 6H) and phospho-ACC at Ser79 relative to total ACC
(Figure 6I) were greater after 30 and 60 min of exercise compared to 0 min in both placebo
and G. pentaphyllum (p < 0.05), along with a time effect (p < 0.05).

The protein expression of PGC-1α level decreased after 60 min exercise compared
with 30 min exercise following G. pentaphyllum supplementation (Figure 6J; p < 0.05). No
other differences were observed in PGC-1α level due to supplementation or exercise.
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Figure 6. AMPK signaling pathway. AMPK signaling in protein expression in skeletal muscle ob-
tained from participants following 4 weeks supplementation and exercise. (A) Full-length western 
blots (stain free membrane): AMPK-α—0 min, 30, and 60 min exercise with placebo (lanes 1–3) or 
G. pentaphyllum supplementation (lanes 4–6); PGC-1α–placebo (lanes 7–9) or G. pentaphyllum sup-
plementation (lanes 10–12): ACC-α–placebo (lanes 13–15) or G. pentaphyllum supplementation (lanes 
16–18). (B) Full-length western blots (stain free membrane): phospho-AMPK Thr172; 0 min, 30, and 
60 min exercise with placebo (lanes 1–3) or G. pentaphyllum supplementation (lanes 4–6); phospho-
ACC Ser79–placebo (lanes 7–9) or G. pentaphyllum supplementation (lanes 10–12). (C) Representa-
tive western blot and (D–J) quantification of AMPK-α, phospho-AMPKThr172, AMPK-α phosphor-
ylation relative to total AMPK expression (ratio of p-AMPK to total AMPK), ACC-α, phospho-AC-
CSer79, ACC-α phosphorylation relative to total ACC expression (ratio of p-ACC to ACC-α) and 
PGC-1α. Participants were treated with placebo (  n = 13–14) and G. pentaphyllum supplementa-
tion (  n = 13–14) with 30 and 60 munities exercise. Error bars represent the means ± SEM; * p < 
0.05 compared to 0 min of the respective supplement. ^ p < 0.05 comparing treatments at the respec-
tive time. + p < 0.05 compared to 30 min of the respective supplement. # p < 0.05 time effect of the 
exercise irrespective of supplementation. 

  

Figure 6. AMPK signaling pathway. AMPK signaling in protein expression in skeletal muscle
obtained from participants following 4 weeks supplementation and exercise. (A) Full-length western
blots (stain free membrane): AMPK-α—0 min, 30, and 60 min exercise with placebo (lanes 1–3)
or G. pentaphyllum supplementation (lanes 4–6); PGC-1α–placebo (lanes 7–9) or G. pentaphyllum
supplementation (lanes 10–12): ACC-α–placebo (lanes 13–15) or G. pentaphyllum supplementation
(lanes 16–18). (B) Full-length western blots (stain free membrane): phospho-AMPK Thr172; 0 min, 30,
and 60 min exercise with placebo (lanes 1–3) or G. pentaphyllum supplementation (lanes 4–6); phospho-
ACC Ser79–placebo (lanes 7–9) or G. pentaphyllum supplementation (lanes 10–12). (C) Representative
western blot and (D–J) quantification of AMPK-α, phospho-AMPKThr172, AMPK-α phosphorylation
relative to total AMPK expression (ratio of p-AMPK to total AMPK), ACC-α, phospho-ACCSer79,
ACC-α phosphorylation relative to total ACC expression (ratio of p-ACC to ACC-α) and PGC-1α.
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Figure 4. Effects of G. pentaphyllum supplementation on leptin and adiponectin. Determination of 
plasma leptin (A) and adiponectin (B) following four weeks treatment with G. pentaphyllum (  n 
= 15) compared to placebo (  n = 15 and 60 min of steady state exercise. Data were expressed as 
mean ± SEM. * p < 0.05 compared to 0 min of the respective treatment. ̂  p < 0.05 comparing treatments 
at the respective time point. # p < 0.05 time effect of the exercise irrespective of treatment. 

There were no significant changes in the mRNA expression of ACC-α, AMPK-α, 
PGC1-α, or peroxisome-proliferator-activated receptor alpha (PPAR-α) in human skeletal 
muscle either 30 min or 60 min after exercise following either supplement (Figure 
5A,B,F,H). However, a higher mRNA expression of Forkhead box protein O1 (FOXO1A) 
was found following 30 and 60 min of exercise after G. pentaphyllum supplementation but 
only at 60 min in the placebo (Figure 5C; p < 0.05). A lower mRNA expression of insulin 
receptor substrate 1 (IRS-1) was observed following 60 min of exercise in placebo, com-
pared to the resting values (Figure 5D; p < 0.05). On the other hand, a higher level of 
mRNA expression of IRS-2 was observed in both placebo and G. pentaphyllum 30 and 60 
min after exercise when compared to the resting values (Figure 5E; p < 0.05). Following 30 
min of exercise, the G. pentaphyllum treatment had a higher mRNA expression of PI3K 
compared to placebo (Figure 5G; p < 0.05), which demonstrated a non-significant trend to 
decrease compared to rest (Figure 5G; p = 0.07). 

A time effect was also observed as exercise resulted in higher mRNA expression of 
FOXO1A and IRS-2 but lower IRS-1 mRNA expression irrespective of supplement use 
(Figure 5C–E; p < 0.05). 

n = 13–14) and G. pentaphyllum supplementation (
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Figure 4. Effects of G. pentaphyllum supplementation on leptin and adiponectin. Determination of 
plasma leptin (A) and adiponectin (B) following four weeks treatment with G. pentaphyllum (  n 
= 15) compared to placebo (  n = 15 and 60 min of steady state exercise. Data were expressed as 
mean ± SEM. * p < 0.05 compared to 0 min of the respective treatment. ̂  p < 0.05 comparing treatments 
at the respective time point. # p < 0.05 time effect of the exercise irrespective of treatment. 

There were no significant changes in the mRNA expression of ACC-α, AMPK-α, 
PGC1-α, or peroxisome-proliferator-activated receptor alpha (PPAR-α) in human skeletal 
muscle either 30 min or 60 min after exercise following either supplement (Figure 
5A,B,F,H). However, a higher mRNA expression of Forkhead box protein O1 (FOXO1A) 
was found following 30 and 60 min of exercise after G. pentaphyllum supplementation but 
only at 60 min in the placebo (Figure 5C; p < 0.05). A lower mRNA expression of insulin 
receptor substrate 1 (IRS-1) was observed following 60 min of exercise in placebo, com-
pared to the resting values (Figure 5D; p < 0.05). On the other hand, a higher level of 
mRNA expression of IRS-2 was observed in both placebo and G. pentaphyllum 30 and 60 
min after exercise when compared to the resting values (Figure 5E; p < 0.05). Following 30 
min of exercise, the G. pentaphyllum treatment had a higher mRNA expression of PI3K 
compared to placebo (Figure 5G; p < 0.05), which demonstrated a non-significant trend to 
decrease compared to rest (Figure 5G; p = 0.07). 

A time effect was also observed as exercise resulted in higher mRNA expression of 
FOXO1A and IRS-2 but lower IRS-1 mRNA expression irrespective of supplement use 
(Figure 5C–E; p < 0.05). 

n = 13–14) with 30 and 60 munities exercise. Error bars represent the means ± SEM; * p < 0.05
compared to 0 min of the respective supplement. ˆ p < 0.05 comparing treatments at the respective time.
+ p < 0.05 compared to 30 min of the respective supplement. # p < 0.05 time effect of the exercise
irrespective of supplementation.

4. Discussion

G. pentaphyllum is an herb that contains many bioactive components which have
been suggested as beneficial in the treatment of various diseases, including obesity [5,9].
The bioactive saponins found in G. pentaphyllum have been demonstrated to increase the
phosphorylation of AMPK in L6 myotube cells [12] and to enhance glucose uptake [11]. An
increase in AMPK activation has been shown to enhance exercise performance in mice [16].
In the current study, G. pentaphyllum supplementation, provided in a randomized placebo-
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controlled double-blind crossover trial to young healthy males, resulted in an improved
20 km TT performance, increased mitochondrial oxidative capacity and HDL cholesterol
levels, a decrease in resting plasma leptin, and a decrease in glucose levels at rest and during
steady state exercise. However, in contrast to no change in mRNA expression of AMPK-α
or ACC-α in either treatment, a decrease in PGC-1α protein after exercise and a significant
increase in AMPK activity were found following G. pentaphyllum supplementation.

In our study, G. pentaphyllum supplementation decreased plasma leptin level at rest
despite participants’ healthy weights at the start of the study and no change in weight
observed throughout the trial. Leptin is a hormone responsible for regulating appetite
and body weight [36]. Moreover, previous studies reported a positive relationship be-
tween leptin levels and body fat [37,38], suggesting that leptin may play an important
role in obesity. This result is somewhat consistent with previous studies, which reported
the effectiveness of G. pentaphyllum on weight loss with good tolerability [5,9]. G. pen-
taphyllum extract significantly reduced body weight and fat mass in obese individuals
during 12-weeks of supplementation at doses of 450 mg/day [5]. Similarly, G. pentaphyl-
lum significantly reduced body weight in overweight men and women after 16 weeks of
supplementation [9]. In both previous studies [5,9], participants were overweight, and
G. pentaphyllum supplementation was given for 12 weeks and 16 weeks, respectively, in
contrast to our study, in which supplementation was given for 4 weeks and the participants
were within the healthy weight range. Despite the maintenance of a healthy weight and
the provision of a standardized diet in the week prior to testing, G. pentaphyllum decreased
leptin levels, which—together with the trend for an increase in adiponectin level—may sug-
gest an effect of the supplement on hormonal secretion from adipose tissue and warrants
further investigation.

In addition to the reduction in plasma leptin levels, the current study also observed
a reduction in fasting plasma glucose levels and lower glucose levels during exercise.
However, it has been found in the Zucker rat model that G. pentaphyllum did not signifi-
cantly reduce glucose levels at 120 min in the lean strain in contrast to the 20% decrease
in obese Zucker rats after sucrose-induced hyperglycemia [39]. It was also demonstrated
in overweight men and women with normal blood glucose levels that G. pentaphyllum
did not alter blood glucose levels [9]. While the discrepancy between the current study
and other research in situations of normoglycemia is unclear, it has been demonstrated in
individuals with type II diabetes that the use of G. pentaphyllum decreases blood glucose
levels compared to placebo [40–42].

This current study is the first double-blind, placebo-controlled study to examine the
effects of G. pentaphyllum supplementation (4 weeks) on exercise performance in untrained
healthy males. In the current study, G. pentaphyllum supplementation improved 20 km
TT performance by 112 ± 61 s or approximately 4%. However, no change in TtE was
observed, which is different from a previous study in mice in which daily G. pentaphyllum
supplementation for 1 week increased TtE during a forced swim test [43] and a 6 week
training study in mice [44]. In addition to the role of G. pentaphyllum in scavenging reactive
oxygen species produced excessively during exhaustive exercises, it was also speculated
that the increased glycogen level in muscles may also be a reason for improved performance
in tests in mice [43]. Furthermore, rats showed a significant increase in swimming TtE after
30 days G. pentaphyllum supplementation with a dose of 400 mg/day [45]. These animal
studies, in addition to our human study, suggest that G. pentaphyllum supplementation may
enhance the endurance capacity of muscles via multiple mechanisms.

Another possible mechanism for improved endurance performance by G. pentaphyl-
lum is via the activation of AMPK, as extracts of this supplement have been previously
demonstrated to increase phosphorylation of AMPK in cell models [12]. The increased
activation of AMPK is a potent stimulus for exercise performance, as 5-aminoimidazole-
4-carboxamide ribonucleotide (AICAR)—an analogue of adenosine monophosphate, at
a dose of 500 mg/kg/day—enhanced running speed by 23% and increased distance by
44% in sedentary mice [46]. AMPK activation has multiple effects on the molecular char-
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acteristics of skeletal muscle, which might also contribute in other ways to the enhanced
exercise capacity. ACC synthesizes malonyl CoA, which in turn inhibits fatty acid (FA)
oxidation in skeletal muscle mitochondria [47]. Activated AMPK inhibits ACC through
phosphorylation [47]. Therefore, AMPK-induced reduction in ACC activity may promote
FA oxidation in skeletal muscles by reducing malonyl CoA level in skeletal muscle [47]. In
partial agreement with the effects of G. pentaphyllum on AMPK in cell culture, we found a
lower total ACC protein level at rest and an increase in AMPK phosphorylation during
exercise following G. pentaphyllum supplementation even though we did not observe any
differences in the gene expression of ACC or AMPK. These results suggest that the alter-
ation in AMPK signaling via G. pentaphyllum may be at least partially responsible for the
observed improvement in exercise performance in the current study.

AMPK also regulates the activity and phosphorylation of PGC-1α [48]. PGC-1α regu-
lates the transcription factors that are associated with energy metabolism, anti-oxidative
stress, and mitochondrial biogenesis [44]. A previous study reported that G. pentaphyllum
significantly increased PGC-1α expression, which upregulates mitochondrial biogenesis
by activating mitochondrial genes in the nucleus [44]. However, there was no difference
in PGC-1α mRNA expression at rest or during exercise in our study. G. pentaphyllum
supplementation also resulted in a decreased protein content of PGC-1α after 60 min of
exercise as compared to 30 min exercise, however, this was not different from resting
values or placebo treatment. In our study, despite no alteration in PGC-1α at rest after G.
pentaphyllum supplementation, we observed higher oxygen flux at Complex I, OXPHOS,
and FCCP at rest after G. pentaphyllum supplementation when compared to placebo, sug-
gesting increased mitochondrial function. Mitochondrial content/function is known to
be associated with endurance exercise capacity [49]. Specifically, increased mitochondrial
function after exercise is associated with improved 20 km TT [50]. Mitochondria-targeted
antioxidant supplementation even improved TT performance in trained male cyclists [51].
While the decrease in PGC-1α following exercise would be unlikely to have an immediate
effect on mitochondrial respiration, we observed a reduction in maximal OXPHOS capacity
after exercise during G. pentaphyllum supplementation compared to placebo. Previous
animal studies reported an increase in mitochondrial OXPHOS after a single session of
exercise [52], while a human study reported increased oxygen flux at Complex I after a
session of continuous endurance exercise but not in OXPHOS or FCCP [53]. Another study
even reported decreased OXPHOS in human skeletal muscle after acute high intensity
exercise [54]. Thus, in light of the increase in OXPHOS at rest but decrease after exercise,
the impact of G. pentaphyllum supplementation on OXPHOS capacity following a period of
exercise training warrants further investigation.

In our study, G. pentaphyllum supplementation increased mRNA expression of P13K
and FOXO1A following 30 min of exercise, which was earlier than the changes observed
at 60 min following placebo. It has been reported that P13K may increase insulin induced
glucose uptake in muscles [4]. Furthermore, increased expression of FOXO1A stimulates
expression of lipoprotein lipase in muscle cells, thus enhancing FA availability to mus-
cles [55]. These changes, along with the changes observed in resting and exercise blood
glucose levels, improvements in mitochondrial oxidative capacity and AMPK pathways,
suggest that G. pentaphyllum supplementation may affect skeletal muscle metabolism via
multiple mechanisms.

5. Conclusions

This study demonstrated that G. pentaphyllum supplementation improved mitochon-
drial respiration, lowered muscle total ACC, and plasma leptin levels at rest and improved
performance in a 20 km TT by approximately 4% in healthy males. These results add
significantly to previous research, which demonstrated the body weight management
effects of G. pentaphyllum in obese participants [5,9], and suggest G. pentaphyllum’s impact
on skeletal muscle as a possible key site of action. The current study had a number of
limitations, including that only healthy men were recruited, the length of the intervention,
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when muscle and blood samples were collected, the type of exercise undertaken, and
the dosage of supplement chosen. Future studies are required to further understand the
effects of G. pentaphyllum supplementation on skeletal muscle and exercise performance,
along with leptin and adiponectin level, in healthy trained individuals as well as indi-
viduals with obesity and diabetes. However, this is the first study to demonstrate the
beneficial effect of G. pentaphyllum supplementation on exercise performance in healthy
males, which corresponded with improved mitochondrial respiration, altered AMPK and
ACC, and decreased plasma leptin and glucose levels at rest and decreased glucose levels
during exercise.
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