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Activation of peroxisome proliferator-activated receptors (PPARs) plays a crucial role in cellular energy
metabolism that directly impacts mitochondrial biogenesis. In this study, we demonstrate that syringar-
esinol, a pharmacological lignan extracted from Panax ginseng berry, moderately binds to and activates
PPARb with KD and EC50 values of 27.62 ± 15.76 lM and 18.11 ± 4.77 lM, respectively. Subsequently,
the expression of peroxisome proliferator-activated receptor c coactivator-1a together with PPARb tran-
scriptional targets, mitochondrial carnitine palmitoyltransferase 1 and uncoupling protein 2, was also
enhanced in terms of both mRNA and protein levels. The activation of these proteins induced mitochon-
drial biogenesis by enrichment of mitochondrial replication and density within C2C12 myotubes.
Importantly, knockdown of PPARb reduced the syringaresinol-induced protein expression followed by
the significant reduction of mitochondrial biogenesis. Taken together, our results indicate that syringar-
esinol induces mitochondrial biogenesis by activating PPARb pathway.

� 2016 Elsevier Ltd. All rights reserved.
Mitochondrial biogenesis can be defined as an increase of num-
ber, size, and mass of mitochondria that enhances the function.1

Mitochondrial function plays an essential role in cellular energy
and homeostasis.2 Perturbation in regulation of mitochondrial bio-
genesis has been determined to be associated with many patholo-
gies associated with heart failure, Type 2 diabetes, Alzheimer’s
disease, and aging.3–5 Mitochondrial proteins and enzymes are
encoded by both nuclear and mitochondrial genomes. The mito-
chondrial gene complement encodes for 13 proteins, while the rest
of over 1000 proteins encoded by nuclear genome is synthesized
on cytosolic ribosomes.6–8

The peroxisome proliferator-activate receptors (PPARs), the
ligand-activated transcription receptors, belong to the nuclear
receptor family.9,10 PPARs play a major role in governing the tran-
scriptional machinery that controls the expression of genes and
proteins in response to the cellular metabolism, growth, and differ-
entiation.11–13 Among the PPARs, PPARb (also called as PPARd) is
well-known to regulate coordinately nuclear genes encoding key
mitochondrial proteins in skeletal muscle such as carnitine palmi-
toyltransferase 1 (CPT1) and the uncoupling proteins family
(UCPs).14–16 CPT1 regulates the entry of long-chain fatty acids into
mitochondria for oxidation,17 whereas UCPs provide the energy for
oxidative phosphorylation.18 Additionally, peroxisome prolifera-
tor-activated receptor c coactivator-1a (PGC-1a) is known as an
up-regulator of mitochondrial biogenesis and functions by improv-
ing the expression of mitochondrial proteins.19,20

Syringaresinol (Syr), a pharmacological lignan, was originally
discovered as a prolonging effect on exercise time.21 Syr is also
known as an inducer for vasorelaxation through the phosphoryla-
tion and dimerization of endothelial nitric oxide synthase.22

Recently, (+)-syringaresinol, isolated from Panax ginseng berry,
was shown to delay cellular senescence in human umbilical vein
endothelial cells (HUVECs) against apoptosis induced by hypoxia/
oxygenation in H9c2 cells by preventing mitochondrial dysfunc-
tion.23–25 These results raised a possibility that Syr induces mito-
chondrial biogenesis. However, the molecular mechanism
remains elusive. In this study, we demonstrate, for the first time,
that Syr induces mitochondrial biogenesis through activation of
PPARb and its transcriptional targets in skeletal muscle cells.
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Firstly, we investigated whether Syr could directly interact with
the ligand binding domain (LBD) of PPARb. We used the X-ray com-
plex structure of PPARb-LBD with 3-[5-Methoxy-1-(4-methoxy-
benzenesulfonyl)-1H-indol-3-yl]-propionic acid as a template
(PDBid: 3ET2) for in silico docking.26 The docking was performed
using SwissDock.27 Our complex model displayed that Syr suitably
locates in the PPARb-LBD pocket. H413 residue on Helix10 forms a
hydrogen bond with Syr with a distance value of 3.4 Å (Fig. 1A).
This localization is consistent with the pattern of ligand/PPARb-
LBD interaction in which H413 is a key residue binding with the
ligand through a hydrogen bond.28 To verify the interaction, we
purified suitable amount of PPARb-LBD and conducted isothermal
titration calorimetry (ITC) experiments with Syr.29 The purified
PPARb-LBD showed a single band of 36.5 kDa on Pro260
chip (Fig. 1B). The interaction of Syr and PPARb-LBD was
characterized by ITC with the best fit of one-site model
(DH = �370 ± 125 kcal mol�1). This finding supports the one bind-
ing site between Syr and PPARb-LBD. The binding affinity is
27.62 ± 15.76 lM for KD (Fig. 1C). Interaction between the ligand
Figure 1. Syringaresinol binds to and activates PPARb-LBD. (A) Docking of PPARb-LBD/Syr
PPARb. The C-backbone of Syr is shown in forest color and Oxygen in red. Hydrogen bon
PPARb-LBD showed a single purified band assessed by Experion Pro260 chip. (C) The int
fitted with a one binding-site model. (D) TR-FRET assays with Syr compared to PPARb ago
(P 60.05).
and PPARb-LBD is often believed to be crucial for PPARb-LBD
activation. Expectedly, further time-resolved fluorescence reso-
nance energy transfer (TR-FRET) experiments indicate that Syr
activated PPARb-LBD by recruitment of a fluorescein labeled coac-
tivator C33 in a dose-dependent manner with an EC50 value of
18.11 ± 4.77 lM (Fig. 1D). Collectively, these results suggest that
syringaresinol is a potential natural agonist of PPARb.

We next examined the capacity of Syr to activate the expression
of PPARb and its transcriptional targets in mammalian muscle
cells. Mouse skeletal muscle C2C12 cells were fully differentiated
into myotubes for 7 days and later stimulated with several concen-
trations of Syr.30 Based on KD and EC50 values, we chose the con-
centrations of Syr at 10, 25, and 50 lM for the simulation. DMSO
(0.1%) and PPARb agonist, GW0742 (1 lM), were used as negative
and positive controls, respectively. Real-time qPCR and immuno-
blot experiments were performed as described elsewhere.31,32

Our data indicate that Syr significantly increased the expression
of PPARb at concentration of 50 lM but not at lower concentra-
tions. Syr induced expression of PPARb mRNA by more than 2.0-
complex. Complex model displays the localization of Syr in ligand binding pocket of
d formed between H413 residue and Syr is shown as a dashed line. (B) The purified
eraction between PPARb-LBD and Syr was characterized by ITC. ITC data were best
nist, GW0742. Values that are denoted by different letters are significantly different



Figure 2. Syringaresinol activates the expression of PPARb, its transcriptional coactivator, PGC-1a, and their target genes, CPT1 and UCP2, in C2C12 myotubes. The expression
levels of mRNA and protein were quantified by real-time qPCR (A) and immunoblot (B), respectively. Data are from triplicate experiments. Results are shown by the
mean ± SEM. P values compared to control are denoted as *, **, *** with P 60.05, P 60.01 and P 60.001, respectively (two-tail Student’s t test).
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fold higher compared to controls. Similar trends were detected in
protein expression levels (Fig. 2A & B). Subsequently, we explored
the capacity of Syr to activate the expression of the transcriptional
cofactor, PGC-1a. PPARb agonist and Syr enhanced the expression
of PGC-1a similarly. Stimulation of C2C12 myotubes with 50 lM
Syr increased approximately 1.5-fold of PGC-1a expression in both
mRNA and protein levels (Fig. 2). We also observed Syr dramati-
cally enhanced the expression of PPARb target genes, including
CPT1 and UCP2, key enzymes in the regulation of mitochondrial
biogenesis. At concentration of 50 lM, Syr enhanced approxi-
mately 2.0-fold the protein level (Fig. 2B), while mRNA levels were
activated to 4.0 and 3.0-fold for CPT1 and UCP2, respectively
(Fig. 2A). Such activation of PGC-1a, CPT1 and UCP2 in skeletal
muscle cells have been demonstrated to induce mitochondrial bio-
genesis, oxidative metabolism.1,6 Hence, we further investigated
the capacity of Syr to induce mitochondrial biogenesis in C2C12
myotubes.

To explore the potential of Syr to induce mitochondrial biogen-
esis, C2C12 myotubes were stimulated with Syr. Mitochondrial
DNA (mtDNA) content and mitochondrial density were later quan-
tified.33 The mtDNA content, determined by the ratio of mtDNA to
nuclear DNA, indicates the mitochondrial replication. Real-time
qPCR results reveal that mtDNA content was slightly increased
by Syr at 25 lM and 50 lM (Fig. 3A). Subsequently, C2C12 myo-
tubes were probed with Mitotracker Green.33 This reagent accu-
rately probes mitochondrial density in living cells by binding to
mitochondria. The results showed that Syr significantly increased
mitochondrial density at both 25 lM and 50 lM by 14% and 18%,
respectively (Fig. 3B). To unravel the induction of mitochondrial
biogenesis by Syr, mitotracker-probed images were obtained using
fluorescence microscope at a constant exposure time.33 We
observed that Syr enhanced the mitochondrial density substan-
tially, suggesting that Syr induced mitochondrial biogenesis in
skeletal muscle cells (Fig. 3C).

To examine whether PPARb plays crucial role in mediating the
induction of mitochondrial biogenesis by Syr, we knocked down
the expression of PPARb by transfecting PPARb-specific small inter-
fering RNA (siRNA) into C2C12 myotubes. Next, cells were stimu-
lated with Syr (50 lM).34 Immunoblot results indicated the
reduction of 40% PPARb protein level in PPARb knockdown cells
compared to that in control (Fig. 4A). Knockout of PPARb abolished
the significant induction of PPARb expression stimulated with
either Syr or GW0742 (Fig. 4A). Although, not significant, we also
observed reducing trends in the expression of PGC-1a, CPT1, and
UCP2 proteins in the PPARb knockdown cells (Fig. 4A). Conse-
quently, knocking down of PPARb suppressed the increased level
of mtDNA content and density within the C2C12 myotubes. Knock-
down of PPARb decreased 50% of mtDNA content and 10% of mito-



Figure 3. Syringaresinol induces mitochondrial biogenesis in C2C12 myotubes. (A) Dose-dependent induction in mtDNA content by Syr was measured using real-time qPCR.
(B) Mitochondrial density was determined by using Mitotracker Green Probes. (C) Mitochondrial density was indicated by green fluorescence. Representative figures are from
triplicate experiments that gave similar results. Data are represented as the mean ± SEM. P values compared to controls are denoted as *, ** with P 60.05 and P 60.01,
respectively (two-tail Student’s t test).

T. T. Thach et al. / Bioorg. Med. Chem. Lett. 26 (2016) 3978–3983 3981
chondrial density, respectively (Fig. 4B & C). While the significant
induction of mtDNA content and density were determined in nor-
mal cells stimulated with Syr, we observed a similar reduction
trend in PPARb knockdown cells regardless of simulation
(Fig. 4B & C). Consistent with these findings, mitotracker-probed
images substantially showed the enrichment of mitochondrial
density by Syr simulation in normal cells, but not in PPARb knock-
down cells (Fig. 4D). Taken together, these data suggest that nor-
mal expression of PPARb is required for Syr-induced
mitochondrial biogenesis.

Additionally, we examined whether Syr could activate AMP-
activated protein kinase (AMPK) and/or silent information regula-
tor gene homologue 1 (SIRT1), which are also known as important
regulators involved in mitochondrial biogenesis.1,35 Activation of
SIRT1 and/or AMPK is evidenced to enhance mitochondrial biogen-
esis by induction of a subset of PPARb target genes.1,15,35 It has
reported that Syr upregulates SIRT1 and AMPK expression in
human umbilical vein endothelial cells.15,25 However, in our exper-
iments on skeletal muscle cells, although there was a slight induc-
tion, we did not observe the significantly increased expression of
SIRT1 protein and the phosphorylation activation of AMPK
(pThr172-AMPK) by Syr compared to those in control and
GW0742, respectively (Fig. 5). These results therefore suggest that
Syr induced mitochondrial biogenesis through PPARb activation,
but not SIRT1 or AMPK, in skeletal muscle cells.

In summary, our results reveal that syringaresinol directly
interacts with and activates PPARb-LBD followed by induction of
mitochondrial biogenesis in skeletal muscle cells. Based on
ligand–protein interaction, together with cellular simulation
experiments, we determined the pharmacological effects of Syr
on mitochondrial biogenesis at 50 lM. Importantly, knockdown
of PPARb lessens the effects of Syr, indicating that Syr
induces mitochondrial biogenesis through activation of PPARb
pathway.



Figure 4. Knockdown of PPARb lessens the effect on mitochondrial biogenesis by syringaresinol. (A) Protein expression levels of PPARb, PGC-1a, CPT1, and UCP2 in PPARb
knockdown cells compared to controls. (B and C) The induction in mtDNA content and mitochondrial density of Syr in PPARb knockdown cells. (D) Mitotracker Green-probed
images indicate mitochondrial density. Values that are denoted by the different letters are significantly different (P 60.05).
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Figure 5. Protein expression levels of SIRT1, AMPK and pThr172-AMPK in syringaresinol-stimulated cells compared to controls.
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