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Pterostilbene (Pt) is a potentially beneficial plant phenol. In contrast to many other natural compounds (including the more
celebrated resveratrol), Pt concentrations producing significant effects in vitro can also be reached with relative ease in vivo.
Here we focus on some of the mechanisms underlying its activity, those involved in the activation of transcription factor EB
(TEEB). A set of processes leading to this outcome starts with the generation of ROS, attributed to the interaction of Pt with
complex I of the mitochondrial respiratory chain, and spreads to involve Ca®* mobilization from the ER/mitochondria pool,
activation of CREB and AMPK, and inhibition of mTORCI1. TFEB migration to the nucleus results in the upregulation of
autophagy and lysosomal and mitochondrial biogenesis. Cells exposed to several uM levels of Pt experience a mitochondrial
crisis, an indication for using low doses in therapeutic or nutraceutical applications. Pt afforded significant functional
improvements in a zebrafish embryo model of ColVI-related myopathy, a pathology which also involves defective autophagy.
Furthermore, long-term supplementation with Pt reduced body weight gain and increased transcription levels of Ppargcla and
Tfeb in a mouse model of diet-induced obesity. These in vivo findings strengthen the in vitro observations and highlight the
therapeutic potential of this natural compound.

1. Introduction components through lysosomes. It can be activated in

response to stress conditions, such as nutrient deprivation,
Macroautophagy (degradative/lysosomal autophagy; in this ~ or to degrade and recycle damaged macromolecules and
paper “autophagy,” for short) is a tightly regulated cell-  organelles, and it is crucial for the maintenance of cell
degradative process leading to the removal of cellular = homeostasis. Autophagy may lead to cell death under
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specific circumstances (i.e., tumor suppression) [1-3], and it
has been shown to contribute to the pathogenesis of different
diseases when it is not carried out properly [4-11]. One
example are Collagen VI muscular dystrophies [12, 13]:
various components of the extracellular matrix (ECM) have
been found to regulate autophagy, and this partly explains
pathological phenotypes associated with ECM defects [14,
15]. On the other hand, an example of autophagy-
mediated protective action is given by redox-active toxicants
such as Cr¥' [16, 17], which induce mitochondrial dysfunc-
tion and organ damage mediated through generation of
excessive amounts of reactive oxygen species (ROS). In these
cases, autophagy helps cell survival by eliminating malfunc-
tioning mitochondria, a process called “mitophagy,” which
also intervenes in other cases, such as neurodegeneration
and cardiac myopathies [18-20]. ROS, involved in cell death
in this example, are also autophagy inducers [21, 22].

The major controller of lysosomal biogenesis and
autophagy may be considered to be transcription factor EB
(TFEB), one of four related transcription factors of the
MiT-TFE family. TFEB cellular localization and functions
are tightly regulated by posttranslational modifications
downstream of multiple molecular signaling. One of the best
characterized TFEB-regulating mechanisms consists of its
recruitment at the lysosomal surface by direct binding to
Rag GTPase heterodimeric complexes, followed by inhibi-
tory phosphorylation events by mTORCI at several serine
residues, responsible for TFEB sequestration in the cytosol
by 14-3-3 proteins. However, in case of nutrient paucity as
well as of severe and prolonged cellular stress (e.g., oxidative
stress), both Rag GTPase complexes and mTORCI are no
longer active, while TFEB activating signals such as Ca**-
dependent Calcineurin activation prevail, leading to TFEB
dephosphorylation and migration to the nucleus, where it
sets in motion the transcriptional program for Coordinated
Lysosomal Expression And Regulation (the CLEAR net-
work) [23-28] (Suppl. Figure 1). Analogous functions are
carried out by TFE3, another member of the family [29].

The involvement of autophagy in multiple relevant
biological processes has made it a prime pharmacological
target [30-34], but the need for specific autophagy-
targeting drugs remains.

An acute, pharmacologically induced, up- or down-
regulation of autophagic flux may be desirable in some path-
ological contexts—e.g., sepsis [35] or cancer [33, 36]. In
many other conditions (e.g., aging, neurodegeneration,
muscular dystrophy, and metabolic disorders), however, a
sustained moderate upregulation would be beneficial, for
example, by helping to prevent the formation of protein
aggregates (a hallmark of neurodegeneration) [30, 37]. Such
a “soft” effect is typical of bioactive natural products present
in a balanced human diet. In vitro evidence of autophagy
induction has been obtained with several dietary plant phe-
nols; one of the best-documented examples is that of resver-
atrol [38-45]. While celebrated for their multiple beneficial
activities, most plant phenols are however affected by issues
of bioavailability and metabolism when used in vivo [46-48],
being rapidly and extensively modified by Phase II enzymes
and by the intestinal flora. As a consequence, concentrations
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used in in vitro studies often largely exceed the levels reached
by these compounds in vivo.

Pterostilbene (Pt, 3,5-di-O-methylresveratrol) [49-52] is
much more bioavailable than resveratrol [53-56] due to its
higher lipophilicity and to the presence in the molecule of
only one hydroxyl group. Levels of several nmoles/gr can
be reached and maintained for hours in some organs (e.g.,
liver and brain) upon oral administration of a moderate
pharmacological dose of Pt (88 umoles/Kg body weight)
[56]. This may account at least in part for its asserted higher
efficacy [57-59]. Induction of autophagy is one of the effects
of Pt [60-63].

Given the strong biomedical implications, we set out to
investigate the mechanisms underlying this activity, and to
test its potential usefulness in vivo. Using a HeLa cell line
overexpressing a TFEB-GFP chimera, we first verified that
Pt could induce TFEB translocation, then sought to charac-
terize the signaling cascades prompting it. We used a range
of concentrations (1, 10, and 25uM) that were shown to
be achieved in rodents after ingestion of Pt [56, 64].

To consolidate the notion that Pt may be beneficial in
pathologies affected by a deficit of autophagy, we used two
models. In the first, expression of Collagen VI was downreg-
ulated by injecting morpholino oligomers in zebrafish
embryos. Collagen VI myopathies are characterized by
defective autophagy, whose restoration can rescue the dys-
trophic phenotype [65]. The second was a murine model
of diet-induced obesity, in which we had already observed
a “slimming” effect of long-term Pt administration [64].
Also in this context, autophagy is thought to counteract
obesity and obesity-associated diabetes [66]. In both cases
the results were coherent with a Pt-induced, autophagy-
mediated, health-promoting effect.

2. Materials and Methods

2.1. Cell Cultures. Migration experiments were carried out in
HelLa cells overexpressing a TFEB-GFP construct, generated
as described by Settembre et al. [67]. Cells were cultured in
high-glucose Dulbecco’s Modified Eagle Medium (DMEM,
Sigma-Aldrich) supplemented with 10% Fetal Bovine Serum
(FBS, Euroclone), 1% penicillin/streptomycin (10000 U/mL
and 10mg/mL, respectively) and Geneticin 418 (G418,
100 pg/mL, Sigma-Aldrich).

Western blot, RT-qPCR analysis, and ROS, calcium,
mitochondrial depolarization, and mitochondrial mass
analysis were performed with wild-type (WT) HeLa cells,
maintained in high-glucose DMEM supplemented with
10% FBS and 1% penicillin/streptomycin.

For microscopy, 200,000 cells were seeded over a glass
coverslip (24 mm diameter, BDH) one day before the exper-
iment and incubated at 37°C to allow adhesion. Likewise,
cells were plated on plastic multiwells, at the same con-
fluency, for any other measurement.

2.2. Drugs and Treatments. Treatments with Pt (Waseta Int.
Trading Co., Shangai, P.R. China) were carried out at 1, 10,
and 25uM final concentrations. Additional drugs used were
A769662 (Abcam), Forskolin (Sigma-Aldrich) and 3-isobutyl-
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1-methylxanthine (IBMX, Abcam), N-Acetyl-L-Cysteine
(NAGC, Sigma-Aldrich), carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP, Sigma-Aldrich), 2-[2-(3,4-Dihydro-
2,2,4-trimethyl-1(2H)-quinolinyl)-2-oxoethyl]-1H-isoindole-

1,3(2H)-dione (MLS-A1, Tocris Bioscience), cAMP (Sigma-
Aldrich), ATP (Sigma-Aldrich), N-methyl-4-isoleucine cyclo-
sporin (NIM811), 1,2—Bis(2—aminophenoxy)ethane—N,N,N',
N'-tetraacetic acid tetrakis (acetoxymethyl ester) (BAPTA-
AM, Sigma-Aldrich), cyclopiazonic acid (CPA, Sigma-
Aldrich), and ethylene glycol-bis(2-aminoethylether)-N,N,N’,
N'-tetraacetic acid (EGTA, Sigma-Aldrich). Stock solutions
of the compounds were prepared at 1000x concentration to
set the final vehicle percentage at 0.1% in all cases (including
controls without drugs). Treatments were performed in media
with no FBS and phenol red to avoid interference with drugs.

2.3. Migration Experiments. HeLa cells overexpressing
TFEB-GFP seeded on glass coverslips were mounted in an
appropriate holder and gently rinsed with PBS. 1mL of
Leibovitz’s L-15 medium (Life Technologies) was finally
added. This buffered medium is designed for supporting cell
growth in low-CO, environments or without CO, equilibra-
tion, and therefore it was preferred over DMEM. A SP2 con-
focal (Leica) or a DM6000 inverted (Leica) microscope were
used to follow migration kinetics. TFEB-GFP migration was
monitored in real-time for up to 3 hours after the addition of
the desired compound. Positive control was represented by
starvation (i.e., cells were incubated in HBSS instead of cul-
ture medium). Excitation was at 460 nm and fluorescence
was collected in at A>510 nm. Images were taken every 15
minutes, using 40x oil immersion objectives. The instru-
ments were equipped with a thermostat set at 37°C. Image]
software was used to measure TFEB migration to the
nucleus. A few circular fields (regions of interest, ROIs) were
drawn within the area of the nuclear and cytosolic cross sec-
tions of a given cell and their mean fluorescence pixel inten-
sity reading was used to calculate nucleus to cytosol ratio. All
ratios were normalized to the value at time 0.

2.4. Superoxide Generation and Mitochondrial Membrane
Potential Measurements. WT HeLa cells seeded on glass cov-
erslips were gently rinsed once with PBS and then loaded with
1 uM MitoSOX™ Red or 20nM TMRM in DMEM (Thermo
Fisher Scientific), in the presence of 0.8 uM Cyclosporine H
(CsH, Sigma-Aldrich), at 37°C for 30 minutes in the darkness.
Experiments were then performed in Leibovitz’s L-15
medium. Images were taken every 2 minutes with a 40x oil
immersion objective, using a Leica DM6000 fluorescence
microscope. Excitation was at 488 nm, and fluorescence was
collected at A >570 nm. Kinetics were followed for up to 90
minutes. Image] software was used to draw ROIs along the
cells’ perimeter and to calculate their relative fluorescence
intensity over time.

2.5. Calcium Measurements. WT HeLa cells seeded on glass
coverslips were gently rinsed with PBS and loaded with
0.5uM Fluo-4 AM (Thermo Fisher Scientific) in DMEM,
in the presence of 0.8 uM CsH, at 37°C for 30 minutes in
the darkness. Fluo-4 fluorescence kinetics were followed

for up to 30 minutes. Images were captured every 5 seconds
using a Leica DM6000 microscope. Excitation was at
460 nm, and fluorescence was collected at A > 510 nm. Quan-
tification was performed as described above for MitoSOX™
and TMRM signals. Calcium imaging was also performed
using Fura-2AM (Thermo Fisher Scientific): cells were
gently rinsed with PBS and loaded with 0.5 M Fura-2 AM
in an extracellular-like saline solution (in mM: 135 NaCl, 5
KCl, 0.4 KH,PO,, 1 MgCl,, 20 HEPES, 10 glucose, 1 CaCl,,
pH7.4), in the presence of 0.02% Pluronic F-127 and
200 uM sulfinpyrazone [68], for 20 minutes at 37°C. Cells
were further incubated in saline (without additions) for 20
minutes at 37°C, Pt or other drug/medium was added, and
then fluorescence kinetics were followed in real time for up
to 30 minutes. Images were captured every 5 seconds using
an inverted microscope (Zeiss Axiovert 100). Excitation
was alternatively at 340 and 380 nm, and fluorescence was
collected at 500-530 nm. ROIs, corresponding to single cells,
were selected for Ca®* imaging. Mean fluorescence intensity
measured at the two excitation wavelengths for each ROI
was subtracted of the background. The ratio of the emitted
fluorescence intensities (Rjy0/350 = F340/F3g0) at each time
point was normalized to the value measured at the beginning
of the experiment.

2.6. Western Blots. Cells were lysed in Laemmli buffer (2%
SDS, 62.5mM Tris-HCl pH6.8, 10% Glycerol, 50 mM
DTT) supplemented with fresh protease and phosphatase
inhibitors cocktails 2 and 3 (Sigma-Aldrich). The lysate
was kept in ice for 30 minutes to achieve the total brakeage
of cell membranes, and centrifuged (12,000g, 20 min, 4°C).
The resulting supernatant was assessed for protein content
using the BCA assay (Thermo Fisher Scientific). Prior to
electrophoresis, samples were supplemented with sample
buffer (2% SDS, 62.5mM Tris-HCl pH6.8, 50mM DTT,
10% glycerol, 0.01% bromophenol blue) and heated before
loading. Pre-cast Bis-Tris gels (NUPAGE, Thermo Fisher
Scientific) at different percentages of acrylamide were used
depending on the molecular weight of the proteins of
interest. After electrophoretic separation, proteins were
transferred to PVDF membranes (Immobilion-FL). The
membranes were saturated with 5% BSA (Sigma-Aldrich)
at room temperature for 1 hour and incubated with primary
antibodies overnight at 4°C. The following day, the mem-
branes were washed with TBS Tween 0.1% (TBST) and incu-
bated with IRDye 680RD or 700DX secondary antibodies
(LICOR) or horseradish peroxidase-conjugated secondary
antibodies (Cell Signaling). Finally, membranes were washed
again with TBST, and protein signal was detected with the
Odissey Imaging System (LICOR) or with chemilumines-
cence detection (Pierce) using digital imaging by a UVITEC
Eppendorf apparatus.

2.7. RT-qPCR Analyses. Total RNA was extracted from cells
using TRIzol (Thermo Fisher Scientific). Reverse transcrip-
tion was performed by using the SuperScriptVILO cDNA
synthesis Kit (Thermo Fisher Scientific). Reaction mix tubes
were shaken and incubated first at 25°C for 10 minutes and
then at 42°C for 60 minutes. Finally, the reaction was



arrested by heating at 85°C for 5 minutes. All primers were
purchased from Sigma-Aldrich and their sequences are
listed in Supplementary Table 1. IQ Syber Green Supermix
(Biorad) was used as detection system. AACt value was
calculated between the controls and the treated samples.
Lastly, the fold change was calculated using 242V [69].
ACTB or Gapdh were used as reference genes.

2.8. Respiratory Chain Complex I and Complex III Activities.
NADH-CoQ oxidoreductase (complex I) and CoQ cyto-
chrome ¢ oxidoreductase (complex III) activities were
assayed using permeabilized Rat Liver Mitochondria
(RLM), as described by Sassi et al., 2014 [70].

2.9. Flow Cytometric Analysis of Mitochondrial Content. WT
HeLa cells were detached, centrifuged (200g, 10 minutes),
resuspended in DMEM and stained with 2uM Acridine
Orange 10-nonyl bromide (NAO, Sigma-Aldrich) at 37°C
for 30 minutes in darkness (1,5% 10° cells/mL). After load-
ing, cells were resuspended in HBSS (plus 1uM CsA,
3x10° cells/mL) and divided into identical aliquots. A
Beckton Dickinson II flow cytometer was used, and 10,000
events were counted for each measurement. Excitation was
at 488 nm and fluorescence was collected in the 542-585nm
interval. Data were analyzed using the BD VISTA software.
Averages + s.d. of the medians of fluorescence distribution his-
tograms were plotted, normalized to the value measured for
the control.

2.10. Zebrafish Model of ColVI Deficiency. Adult WT fish
were maintained in the facility of the University of Padova
in tanks containing aerated, 28.5°C thermostatted saline
water according to standard protocols. Fish were kept in a
regimen of 14 hours of light alternated by 10 hours in the
dark. Eggs were collected and kept in fish water (0.5mM
NaH,PO,, 0.5mM Na,HPO,, 0.2mg/L methylene blue,
3 mg/L “Instant ocean sea salt”) at 28.5°C. All zebrafish pro-
cedures were performed under UniPD Ethical Committee
(OPBA) authorization 407/2015-PR.

2.10.1. Injection with Antisense Morpholinos. To target
ColVI protein we took advantage of a morpholino oligomer
designed to skip exon 9 of zebrafish col6al gene, previously
designed by Telfer et al, 2010 [71], leading to translation
of a truncated, dominant negative, version of the ColVI
alphal chain. Embryos from WT incrosses were injected
with the morpholino (about 4 ng per embryo) at the 1-4 cell
stage using a WPI pneumatic PicoPump PV820 injector.

2.10.2. Drug Treatments. Zebrafish embryos were dechorio-
nated at 20 hpf (hours postfertilization) and exposed to Pt
treatment at 24 hpf in Petri dishes. Preliminary experiments
were performed on WT embryos to choose the most suitable
dosage for the treatments: Pt was diluted in fish water at dif-
ferent concentrations (ranging from 0.05 to 10 M), and
touch-evoked escape response (see below) was evaluated at
48 hpf (data not shown). Subsequent experiments were per-
formed incubating embryos with 1 M Pt, that turned to be
the optimal concentration.
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2.10.3. Motor Activity Test. Spontaneous coiling rate was
recorded as the number of events observed in 15 seconds
for each embryo at 24 hpf using a light microscope. For
the touch escape response assay, we observed the ability of
embryos at 48 hpf to escape after a brief touch with a small
tip. Individuals were classified into four groups according to
their ability to escape: 3, normal (corresponding to normal
swimming motility); 2, motor impairments (embryos with
minor motility abnormalities); 1, only coiling events
(embryos circling without the ability to escape) and 0, para-
lyzed (embryos with no motility).

2.10.4. Birefringence Assay. Muscle birefringence was ana-
lyzed by exploiting muscle fibers anisotropy. Briefly, fish
were anesthetized with tricaine (160 pg/mL) and placed on
a glass slide. Two polarizing filters were used. The first filter
polarizes light of the stereomicroscope (Leica M165FC).
This polarized ray is refracted by anisotropic muscles. The
second filter (analyzer) is finally twisted to detect the angle
of refracted light until the muscular fibers become maxi-
mally brilliant.

We calculated the density integrated area of birefrin-
gence using Image] software, as described by Berger et al,,
2012 [72]. Birefringence values >2 x 10° (typical of WT indi-
viduals) were rated as normal, values between 2 x 10° and
1x10° were considered as an indication of mild disease
and values <1x 10° were rated as an indication of severe
myopathy.

2.10.5. Protein Extraction. 48 hpf zebrafish embryos were
deyolked in cold PBS supplemented with 1 mM PMSF on
ice. Tissues were then frozen in liquid nitrogen. Samples
were homogenized in Tissue Extraction Reagent (Thermo
Fisher Scientific), supplemented with fresh protease and
phosphatase inhibitors cocktails 2 and 3 (Sigma-Aldrich)
using a motor pestle and centrifuged (12000g, 20 min,
4°C). Finally, supernatant was used for Western blot (see
the protocol above).

2.11. Mouse Model of Diet-Induced Obesity. C57BL/6 mice
were housed in the facility of the Department of Pharmaco-
logical Sciences (Padova); food and water were provided ad
libitum. Procedures were all approved by the University of
Padova Ethical Committee for Animal Welfare (OPBA)
and by the Italian Ministry of Health (Permit Number 211/
2015-PR), and conducted with the supervision of the Central
Veterinary Service of the University of Padova, in compli-
ance with Italian Law DL 26/2014, embodying UE Directive
2010/63/EU.

2.11.1. Animal Treatments. The cohort of mice was the same
considered in [64]. Briefly, after weaning obese mice (HFD
group) were fed a high fat diet (60% calories from fat), while
Pt-treated (HFD + Pt) mice were fed the high fat diet supple-
mented with Pt (90mg/Kg body weight/day). Mice were
maintained under these dietetic regimens for 30 weeks; at
the end of this period, they were sacrificed after being fasted
for 4 hours. Inguinal adipose tissue was collected, immedi-
ately frozen in liquid nitrogen and then stored at -80°C until
analysis. RNA extraction and RT-qPCR were performed as
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described above and in [64]. Primer sequences are reported
in Supplementary Table 1.

2.12. Statistics. Two-way ANOVA analysis for repeated mea-
sures as a function of time and treatment was performed to
assess differences in TFEB migration, superoxide generation
and mitochondrial depolarization experiments. One-way
ANOVA analysis was used for TFEB migration at 3 hours,
complex I activity and NAO fluorescence. Dunnett’s,
Tukey’s or Sidak’s corrections were applied to compare drug
efficacies versus control only, with respect to each other, or
with respect to only some specific conditions, respectively.
When considering Western Blots, significance in compari-
sons was evaluated by applying Kruskal-Wallis non-
parametric test, with Dunn’s correction. RT-qPCR data were
analyzed performing Student’s f-test or one-way ANOVA
(with Dunnett’s correction). The efficacy of Pt treatment with
respect to untreated ColVI-exon9 zebrafish “morphants”
(morpholino-injected) in recovering motor abilities and
myofibers structure of ColVI-exon9 zebrafish morphants
was evaluated by applying Student’s t-test. GraphPad Prism
software was used to perform all the tests mentioned above.
Significance in comparisons is indicated in the figures as fol-
lows: #p < 0.05; ##p < 0.01; *%% p < 0.001; #*3%% p <0.0001.

3. Results

3.1. TFEB Migration. We confirmed that Pt induces
autophagy in vitro at low concentrations: lipidated LC3
and LC3-positive puncta increased in WT HeLa cells treated
with 1-25 uM Pt (Suppl. Figure 2).

Using HeLa cells overexpressing a TFEB-GFP fusion
protein [67], we demonstrated that Pt causes TFEB-GFP
migration to the nucleus (Figures 1(a) and 1(b)). Over a
period of 3 hours, 25 uM Pt was about as effective as starva-
tion (lack of amino acids). 1 yM Pt induced only a weak -
but significant (after 135 min) — migration, while 10 uM Pt
elicited an intermediate behavior. Coherently, we observed
a concentration-dependent increase in the transcription
levels of a set of TFEB target genes, including TFEB itself,
MCOLNI (an endosomal/lysosomal channel), ATP6VI
(a subunit of a lysosomal proton pump), TPPI and CTSF
(two proteolytic enzymes) [73] (Figure 1(c)).

3.2. Superoxide Generation. Several studies have pointed to
ROS, and especially to mitochondrial ROS, as key mediators
of autophagy [21, 22, 74-77]. We observed a Pt-elicited
increase of the signal of the mitochondria-targeted superox-
ide probe MitoSOX™ (Figure 2(a), Suppl. Figure 3), and a
Pt-induced inhibition of the electron transfer activity of
complex I (Figure 2(c)). No effect was observed on the
activity of complex III (data not shown). The combination
of 25uM Pt and MitoSOX™, however, proved cytotoxic,
preventing the collection of reliable data. It has indeed
been reported that MitoSOX™ - at concentrations much
higher than the ones we used — can be cytotoxic [78] and
the presence of 25 uM Pt enhances this toxicity.
Pretreatment of the cells with the antioxidant NAC
reduced the MitoSOX™ response (Figure 2(a), trace iv),

and TFEB migration to the nucleus (Figure 2(b)) to levels
similar to those induced by 1uM Pt (Figure 2(a), trace ii,
and Figure 2(b)).

3.3. mTORCI Inhibition. Current paradigms in the field state
that starvation-induced TFEB migration is mainly deter-
mined by its dephosphorylation, downstream of mTORCI1
inhibition and Ca**-elicited calcineurin activity. We tested
whether these processes were involved also in Pt-induced
TFEB migration. Indeed, treatment of HeLa cells with Pt
determined mTORCI1 inhibition, as deduced from the
decreased phosphorylation of the ribosomal protein S6,
one of its major targets (Figures 3(a) and 3(b)). After two
hours of incubation, the effect was significant when applying
25 or 10 uM Pt. With 1 uM significance was not achieved,
but the same trend was observed.

3.4. AMPK Activation. mTORCl can be inhibited via
phosphorylation by AMPK (see Suppl. Figure 1), and
indeed migration of TFEB to the nucleus could be induced
by A769662, an AMPK activator [79] (Figure 3(d)).
Translocation was less pronounced than when induced by
starvation or by 25 or even 10uM Pt (Figure 3(d)). This
indicates that the AMPK-comprising branch of the signaling
cascades can only partially account for the extent/kinetics of
migration observed with 10 or 25uM Pt. Activating
phosphorylation of AMPK, indeed, took place in cells
exposed to 25uM Pt, as shown by Western Blots for
phospho-AMPK (Figure 3(c)). However, we were unable to
detect significant changes in the levels of this phosphoprotein
at the lower Pt concentrations (not shown).

3.5. Effects on CREB Signaling. In C2C12 myotubes resvera-
trol activates AMPK via an increase of cAMP due in turn to
inhibition of part of the PDEs [80]. In agreement with the
possibility that Pt might also determine a cAMP increase,
we recently observed that Pt administration increased the
phosphorylation of cAMP Responsive Element Binding pro-
tein (CREB) in the hippocampus of aged rats and in
HEK293 cells [81]. We confirmed here that also in WT HeLa
cells administration of Pt determined an increase of the
phosphorylation of CREB, but concluded that this was not
linked to an increase of cAMP levels (for details see Suppl.
Figure 4 and associated text). Even when an increase in
cAMP levels was forced using Forskolin and IBMX, TFEB-
GFP did not migrate to any significant extent (Suppl.
Figure 4F). These results are in agreement with the conclusion
by Park et al. [39] that stilbenoids can elicit autophagy
independently of the cAMP pathway. To clarify this point,
and because Ca®* is responsible for the activation of
calcineurin (Suppl. Figure 1 and references provided there),
we investigated if Pt could affect Ca®* signaling,

3.6. Ca®* Mobilization. Stimulation of WT HeLa cells with
25uM Pt was indeed accompanied by Ca>* mobilization: a
transient increase in its cytosolic levels began in most cells
within seconds of exposure to 25 uM Pt (Figure 4(a)).
When individually considered, the cells reacted to Pt in
one of 4 distinct ways (Figure 4(a)). Out of 181 cells analyzed
in 6 separate experiments, 9.9% exhibited no or only a low
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enhances the transcription of TFEB and its target genes. Mean values + SEM; N >5. Horizontal bar extremities correspond to the

columns to be compared.

and slowly developing change of the Fluo-4 signal (curve v).
4.4% responded with a prompt increase of the fluorescence,
which then declined to approximately basal levels over about
10 minutes (curve ii). 70% exhibited a somewhat delayed
and more slowly declining transient (curve iv). The remain-
ing 15.7% showed a combination of behaviors (ii) and (iv)
(curve iii). This diversity suggests the existence of cellular
populations with different properties even in the same cul-
ture well. Preincubation with 5uM BAPTA-AM resulted,
as expected, in the near-disappearance of the fluorescent
response (curve vi).

The cytosolic Ca®" increase indeed seems to be elicited
by ROS, since it is antagonized by the antioxidant NAC
(Figure 4(b), curve iii), which quenches the MitoSOX™
response (Figure 2(a), curve iv). On the contrary, ROS pro-
duction is not primarily downstream of the cytosolic Ca*"
signal, since suppression of the latter with BAPTA-AM
(Figure 4(a), curve vi) did not decrease the MitoSOX™
response (Figure 2(a), curve v; curve v is not significantly
different from curve iii).

The magnitude of the signal suggested that Ca®" was
being released from the ER, as supported by the results pre-
sented in Figure 4(c). Indeed, when the ER is previously
emptied by treatment with the SERCA inhibitor CPA,
25 uM Pt failed to induce a significant Fluo-4 fluorescence
signal (Figure 4(c), curve i). Conversely, the addition of
CPA after 25 uM Pt elicited only a minor Ca** signal, con-
firming that the reticular depot had been depleted
(Figure 4(c), curve ii). Extensive evidence indicates that the
ER and mitochondria are functionally coupled and behave
as distinct components of one cellular Ca**-handling system
[82-85]. The observation of two clearly different kinetic pat-
terns suggests that the events elicited by Pt may be more
complex than Ca** release via the IP,R. Indeed, if the cells
are pretreated with NIM811, a mitochondrial permeability
transition inhibitor, the Ca** signal is significantly damp-
ened (Figure 4(b), curve iv). The cytosolic Ca®* transient
observed upon addition of the mitochondrial uncoupler
FCCP is similar in amplitude to that elicited by 25uM Pt
in most of the cells. Medina et al. [86] have identified
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FIGURE 2: Pt elicits mitochondrial superoxide generation in HeLa cells. (a) MitoSOX™ fluorescence response elicited by Pt. The cells in
curves iv) and v) were pretreated, respectively, with 1 mM NAC (60 min) or 5uM BAPTA-AM (20 min), and continued to be incubated
with these agents also during treatment with Pt. The arrow indicates the addition of Pt. Mean values + SEM. (b) NAC antagonizes
Pt-induced TFEB migration to the nucleus. TFEB migration in HeLa cells exposed to the indicated conditions for 3 hours. Mean
values + SEM. N >53 cells for each tested condition, from at least 4 separate experiments. (c) Pt inhibits Complex I activity in

permeabilized RLM. Mean values + SEM; N = 6.

lysosomal Ca** as the relevant pool for starvation-induced
TFEB migration. We can however discount an exclusively
lysosomal origin of Ca®* in our case. As shown in
Figure 4(d), the release of lysosomal Ca®* by the MCOLN-
1 activator ML-SA1 did not significantly affect the transient
signal elicited by the subsequent addition of 25 uM Pt. Obvi-
ously, this does not imply that Pt does not mobilize also
lysosomal Ca®". In any case, we see no contradiction
between the present results and those reported in [86] since
a strong and prolonged increase of cytosolic Ca>" is likely to
extend also to any microdomains that in other circum-

stances (starvation) may sense only the Ca®" released by
the lysosomes. In our hands, addition of only ML-SA1 to
TFEB-GFP-expressing cells under control conditions
promptly induced migration of the transcription factor to
the nucleus (Supplementary Figure 5), confirming the
results of Medina et al. [86]. Preincubation with the
permeant Ca** chelator BAPTA-AM completely abolished
the effect (Supplementary Figure 5).

At lower Pt concentrations (1 or 10 uM Pt) the intensio-
metric probe Fluo-4 did not provide reliable indications. We
therefore used the ratiometric probe Fura-2-AM. Fura-2
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FIGURE 3: (a, b) Pt determines mTORCI inhibition in HeLa cells. Western blot analysis of phospho-S6 (5S240/244). (a) Time-dependent
reduction of S6 phosphorylation by 25 uM Pt. (b) Effect on S6 phosphorylation of a 2h treatment with 10 or 1 uM Pt. Representative
Western blot images are shown below the histograms. Mean values + SEM; N >4. (c, d) AMPK is activated by Pt in HeLa cells. (c)
Western blot analysis of phospho-AMPK (T172). Time-dependent increase in AMPK phosphorylation by 25uM Pt. Representative

Western blot images are shown below the histograms. Mean values
pharmacological AMPK activation. TFEB migration in HeLa cells expo

+ SEM; N >4. (d) A partial TFEB-GFP migration is elicited by
sed to 25 and 10 uM Pt (same data as in Figure 1(b)) or to 25 uM

A769662 for 3 hours. Mean values + SEM. N > 20 cells for each condition, observed in at least 3 separate experiments.

allowed us to conclude that indeed 10 uM Pt also elicited a
cytosolic Ca*" signal (Figure 4(e)). This consisted of a less
marked but prolonged increase.

Ca’" indeed may play a major role for TFEB-GFP
translocation in our experimental system (Figure 4(f)).

Interestingly, in the presence of BAPTA a similar distribu-
tion of TFEB-GFP between the nucleus and the cytosol
was eventually reached with either 25 or 10uM Pt
(Figure 4(f)). The convergence to similar nucleus/cytosol
TFEB ratios suggests the intervention of migration-
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Cytosolic Ca** signals induced by 25 4M Pt (Fluo-4 fluorescence). The arrow indicates the addition of 0.1% DMSO in curve i) and of 25 uM
Pt in curves ii), iii), iv), v), and vi). The cells in curve vi) were pretreated for 20 min and continued to be incubated after Pt addition with
5uM BAPTA-AM. (b) Cytosolic Ca®" signals elicited by 25 uM Pt after pretreatment of the cells and in the continuing presence of
modulators. 25 yM Pt was added when indicated by the black arrow for curves iii) and iv), when indicated by the grey arrow for curve
ii). Modulators were as follows: ii) 2uM FCCP, added when indicated by the black arrow (no preincubation); iii) 10mM NAC
(preincubation, 30 min); iv) 0.8 uM NIM811 (preincubation, 20 min); i) control: addition of DMSO (0.1% final concentration) when
indicated by the black arrow. Please note the difference of the Y scale between panels (a) and (b). (c) Ca®>" mobilized by Pt largely
originates from ER. Curve i): the SERCA inhibitor CPA (20 uM) was added when indicated by the black arrow; Pt (25uM) when
indicated by the grey arrow. Curve ii): the sequence of the additions was the opposite (Pt first). In both cases, excess EGTA was added to
the medium 30sec before the first addition. (d) The cellular Ca®* mobilized by Pt in HeLa cells comes mostly from subcellular
compartments other than the lysosomes (see text for details). Normalized Fluo-4 fluorescence. (e) Cytosolic Ca** signals elicited by
10 uM Pt measured with the ratiometric probe Fura-2. The arrow indicates the addition of: i) 0.1% DMSO; ii) 10 uM Pt. The difference
between the two curves is significant (p <0.05) from ¢ =5 min onwards. (a—e) Error bars are omitted for clarity. (f) TFEB migration in

HelLa cells exposed to the indicated conditions for 3 hours. Mean values + SEM.

inducing Ca**/CaM-independent signaling elicited by Pt at
concentrations <10 yM.

3.7. Impact on Mitochondria. Since ROS and Ca®" are well-
known inducers of the mitochondrial permeability transition
(MPT), we looked also at the effects of Pt on mitochondrial
membrane potential. 25 yM Pt induced a rapid loss of trans-
membrane potential. 10 uM Pt had a milder, and 1 4M only
a slight (if any), effect (Figure 5(a)). We concentrated on
10 uM Pt, a physiologically relevant concentration with a more
moderate impact. That the MPT is responsible, at least in part,
for depolarization is confirmed by the partial protective effect
of NIM811 (Figure 5(b), curve iii). As expected, the combined
action of BAPTA-AM and NIM811 blocked mitochondrial
depolarization (Figure 5(b), curve iv). However even in their
presence there was a clear — albeit reduced — Pt-induced
nuclear migration of TFEB-GFP (Figure 5(c)). Mitochondrial
damage may thus contribute in a dose-dependent manner to
Pt-elicited TFEB relocation, but it is not the crucial factor.

We hypothesized Pt might also activate mitogenesis, the
“symmetrical” process mirroring TFEB-regulated mitophagy
[87, 88]. Accordingly, the transcript of PPARGCla increased
in HeLa cells treated with Pt (Figure 5(d)). Correspondingly,
the mitochondrial content, evaluated using NAO staining
[89] and FACS (Figure 5(e)), also increased.

3.8. In Vivo Effects

3.8.1. Zebrafish Model of ColVI Deficiency. As a first step to
verify the relevance of these findings in vivo, we turned to
zebrafish (Danio rerio) a versatile model system which has
already been widely used in autophagy studies (e.g. [90-94]).

We tested Pt in a zebrafish embryo model of Collagen
VI-dependent muscular dystrophy [71]. In mammals, loss
of this extracellular matrix component results in repression
of autophagy and mitochondrial dysfunction, causing a
spectrum of muscle dystrophies [12, 13, 95]. Administration
of spermidine, an autophagy inducer, has been observed to
lead to improvements in a dystrophic mouse model [96].

1 uM Pt induced significant increase of the lipidation
levels of LC3, the autophagy marker (Figure 6(a)), and a
recovery of the muscle structure (as assessed by the birefrin-
gence assay) (Figures 6(b) and 6(c)). An improvement of
motility was also observed by measuring the touch-evoked
escape response (Figure 6(d)) and spontaneous coiling
events (Figure 6(e)).

3.8.2. Mouse Model of Diet-Induced Obesity. We have
recently reported that long-term Pt administration to mice
fed a high-fat diet limited weight gain and promoted
“browning” of inguinal white adipose tissue (iWAT) [64].
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FIGURE 5: Impact of Pt on mitochondria. (a, b) Pt induces mitochondrial depolarization. Normalized fluorescence intensity of TMRM-
loaded HeLa cells, treated as indicated. (c) TFEB migration (expressed as nuclear/cytosolic fluorescence ratio) in HeLa cells exposed to
the indicated conditions for 3 hours. Mean values + SEM. N > 20 cells for each time point and condition, observed in at least 3 separate
experiments. (d, e) Pt increases mitochondrial biogenesis in WT HeLa cells. (d) RT-qPCR analysis of PPARGCla. N > 3. Error bars: +
SEM. (e) Pt induced a concentration- dependent increase in mitochondrial mass after 48 h. FACS measurements of NAO fluorescence in

HelLa cells. Mean values + SEM; N > 4.

RT-qPCR analysis of iWAT from HFD and HFD + Pt
mice showed that Pt administration increases the expression,
among other genes, of Ppargcla [64], coherently with the
observations made with HeLa cells (Figure 5(d)). Since
TFEB controls the expression of its own gene [97] we
assessed here the effects of Pt supplementation on the
expression of Tfeb. Indeed, transcription of the Tfeb gene
was enhanced in the iWAT of obese animals treated with
Pt (Figure 6(f)).

4. Discussion

The results presented in this paper show that Pt in the yuM
range may induce TFEB activation both in vitro and
in vivo.

First, we focused on the mechanisms contributing to the
Pt-induced migration of TFEB to the nucleus. We used HeLa
cells, a well-known and characterized cell line; the same cells
stably transfected with a TFEB-GFP chimera were also
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FIGURE 6: Pt-induced autophagy and TFEB activation in vivo. (a—e) Evidence of Pt-induced autophagy and functional improvement in
dystrophic zebrafish morphants with altered Collagen VI. (a) Representative Western blot and quantification of the lipidated form of
LC3 in zebrafish embryos treated as indicated. Mean values + SEM; N > 3. (b, ¢) Birefringence assay. (b) Representative images from WT
fish or ColVI morphants (Ex9 MO) after treatment with Pt or 0.1% DMSO (Ctrl). (c) 1 M Pt induced a significant increase in the
birefringence of morphants at 48 hpf. The percentage of fish showing a severe phenotype of ColVI-related myopathy was considerably
reduced by 1uM Pt (Pt vs Ctrl: p=0.016). Mean values + SEM. N >60 embryos for each condition, from at least 3 separate
experiments. (d) Touch-evoked response assay. 1 M Pt increased the percentage of fish showing mild or normal phenotypes (p = 0.0007).
Responses were evoked by touching 48 hpf embryos with a tip. N > 70 events for each condition, from at least 3 separate experiments. (e)
Spontaneous coiling events of ColVI morphants measured at 24 hpf after 3 hours of treatment with Pt. 1 uM Pt completely rescues
the deficit of spontaneous movements. Mean values + SEM. N > 100 events for each condition, from at least 3 separate experiments.
(f) RT-qPCR of Tfeb transcription in inguinal white adipose tissues from obese (HFD) and Pt-treated (HFD + Pt) mice. Mean values

+ SEM, N > 14 mice for each condition.

available, allowing us to directly follow the subcellular local-
ization of TFEB through fluorescence microscopy.

The concentrations of Pt we used in our experiments (in
the 1-25 uM range) can be reached without difficulty in sev-
eral organs of rodents receiving oral doses of Pt of about
20 mg/Kg body weight [56], and even more easily if a pro-
drug comprising an amino-acid is used instead of the com-
pound as such [98]. In these key respects, the performance
of Pt is superior to that of more celebrated resveratrol.

Pt induced a concentration-dependent migration of
TFEB to the cell nucleus and an increase in the transcription
levels of a set of TFEB target genes (Figure 1). The signaling
cascades leading to this relocation involve generation of
superoxide, attributed to the interaction of Pt with complex
I of the mitochondrial respiratory chain (Figure 2). These
findings are coherent with the well-known involvement of
ROS (and mitochondrial ROS in particular) in the regula-
tion/activation of autophagy [74-77], and with our previous
data reporting that a mitochondria-targeted derivative of Pt
accumulates in the organelles, interacts with respiratory
chain complexes, and determines mitochondrial production
of ROS [70]. As recently reported by Wang et al., 2019 [76],
ROS can prompt TFEB migration through direct oxidation
of a specific Cysteine residue. Also other proteins involved
in signaling via TFEB can be directly activated by ROS, for

example the phosphatase PPA2, which dephosphorylates
TFEB and TFE3 promoting their migration to the nucleus
[99]. Another potentially important redox-sensitive compo-
nent of the autophagy-inducing signaling network, the
kinase LKBI, is not present in HeLa cells [100].

Other important players can be involved in the
regulation of TFEB migration, depending on circumstances
(Suppl. Figure 1 and references provided there). In particular,
mTORCI and calcium/calcineurin have been shown to be
key actors in nutrient deprivation-induced TFEB migration
and autophagy onset [27, 86, 101]. Indeed, we observed that
Pt determines mTORCI inhibition (Figure 3), and the release
of Ca** from intracellular stores (Figure 4), thus partially
overlapping the signaling cascades relevant in the nutrient
deprivation model. Interestingly, these pathways may also be
influenced by ROS (Suppl. Figure 1).

The increased phosphorylation of AMPK (Figure 3(c)) and
of CREB (Suppl. Figure 4D, 4E) we observed may be ascribed to
Ca** signaling: both AMPK [102] and CREB [103] can in fact
be activated via phosphorylation by Ca®*-dependent CaM
Kinases (CaMKKs), in particular CaMKKp (as schematized in
Suppl. Figure 1). AMPK in turn can phosphorylate and
inhibit mTORCI, contributing to TFEB migration to the
nucleus. Additionally, it is worth to mention that mTORCl
might be also directly inhibited, as reported for resveratrol [39].
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Pt also weakly inhibits phosphodiesterase activity in
HeLa cell lysates, but this is not sufficient to determine an
increase of cCAMP levels in this specific experimental system.

Cytosolic Ca** levels, and their modulation downstream
of ER Ca" content, have been proposed to be of key impor-
tance for the autophagic process in other studies as well [45,
104]. In starvation-induced autophagy the lysosomal Ca**
(and Fe**) channel TRPML1/MCOLN1 is the ROS-
sensitive element linking ROS and Ca®" signaling [105].
Other possibly relevant redox-regulated intracellular ion
channels and “pumps” include ROS-activated IP;R, RyR
and MCU, and the ROS-inhibited SERCA pumps of the
ER. Treatment of HeLa cells with H,O, induced release of
Ca®" from intracellular stores to the cytosol (not shown),
confirming the relationship between ROS and Ca** levels
(e.g. [106]).

At relatively high - but still pharmacologically achiev-
able in vivo in some organs such as the liver - Pt concentra-
tions (25 uM), Ca®" is rapidly and massively released from
the ER/mitochondria stores (Figures 4(a) and 4(b)). The
characteristics of the Ca®" “wave” warrant the conclusion
that Ca®* may largely have its origin in the ER. Indeed, pre-
vious depletion of ER Ca*" eliminates the Pt-induced tran-
sient (Figure 4(c)). The mitochondria are however also
involved (Figure 4(b)), and the observations suggest that
ER Ca** may be transferred to mitochondria via contact
sites between the organelles or, in some cases, via the cytosol.
The mitochondria in turn release it to the cytosol in a pro-
cess involving the mitochondrial permeability transition
(MPT), a phenomenon well known to be induced by ROS
and matrix Ca®" overload, which leads to depolarization
and massive release of Ca’' from the organelles [107].
Indeed, the complexity of the Pt-elicited cytosolic Ca** sig-
nal, and the effect of NIM811, an MPT inhibitor, on the
Ca?* transient (Figure 4(b), curve iv) suggested MPT occur-
rence. A consequence of mitochondrial damage is TFEB
migration to the nucleus [108]. However, even in the pres-
ence of MPT inhibitors we observed a clear Pt-induced
TFEB migration. The result is a marked but transient
increase of cytosolic Ca®*, which then returns to approxi-
mately basal level. At lower Pt concentrations (10 uM) the
characteristics of the cytosolic Ca** signal are different: the
increase is much less marked and slower, and leads to a
long-lasting elevation (Figure 4(e)). Under these circum-
stances mitochondrial depolarization still takes place,
although it is less marked (Figure 5(a)). Such an “uncou-
pling” effect, in addition to contributing to the onset of
autophagy, may partly explain the slimming effects of Pt
supplementation in a murine model of obese HFD-fed
mice [64].

In addition to inducing MPT, Pt also induced mitogen-
esis. The simultaneous and balanced occurrence of both pro-
cesses would guarantee a renewal of mitochondria in the cell,
replacing malfunctioning organelles with newly generated
ones, a process of great pathophysiological relevance [109,
110]. AMPK, which is activated by Pt (see above), plays an
important role in mitochondrial biogenesis via upregulation
of PGC-1a/Ppargcla [111, 112]. Ppargcla expression is also
directly enhanced by TFEB [97, 113, 114] and it may be
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upregulated also by CREB [115], which we have observed
to be phosphorylated in our system, and by other pathways
downstream of CaMK and calcineurin [116, 117].

Pt-induced effects were finally confirmed in in vivo
models. Autophagy-mediated beneficial effects of Pt on
Collagen VI-dependent dystrophies were assessed here on
a zebrafish model of ColVI deficiency, and were recently
demonstrated also in a mouse model of this pathology
[118], further underscoring the therapeutic potential of this
natural compound.

We also observed an increased transcription of Ppargcla
and Tfeb genes in the inguinal white adipose tissue of a
mouse model of diet-induced obesity. Autophagy has
emerged as a counteracting mechanism opposing obesity
and obesity-associated metabolic syndrome/type II diabetes
[66, 119-121]. TFEB acts as the master regulator also in this
case [114] and its activation is a therapeutic goal.

5. Conclusions and Perspectives

Multiple mechanisms are activated by Pt and contribute to
TFEB activation. This confers Pt the potential to function
as a health-improving agent in all conditions which would
benefit from the stimulation of autophagy, lysosomal bio-
genesis and/or mitochondrial turnover. These include mus-
cular dystrophies: in addition to ColVI-related myopathies,
it may be predicted that favorable effects would be obtained
also in models of Duchenne’s and possibly other muscular
dystrophies [122]. Tfeb and Ppargcla transcription are
enhanced by Pt supplementation in the inguinal white adi-
pose tissue of diet-induced obese mice and may contribute
to the reduced weight gain observed in Pt-consuming mice
[64]. Another relevant and promising field of application
may be neurodegenerative and aging-related disorders. This
is in view of the recognized beneficial role of autophagy and
CREB activation in these pathologies and also because yM
concentrations of unmodified Pt are reached in the brain
after oral administration (at least in the rat) [56]. Indeed, it
has been already reported that administration of Pt leads
to improvements of cognitive performance [59, 81, 123]. A
widespread inclusion of this natural molecule as an additive
in functional foods deserves consideration, as it may con-
tribute significantly to public health. Dosage must however
be carefully controlled to avoid the possibility of side effects
emerging at high Pt concentrations.
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NAO: Acridine Orange 10-nonyl bromide
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RLM: Rat liver mitochondria

ROL Region of interest
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TMRM: Tetramethylrhodamine methyl ester

WT: Wwild-type.
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