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Abstract

Several chemical compounds including natural products have been suggested as being effective against age-related diseases or as beneficial 
for a healthy life. On the other hand, forkhead box O (FOXO) proteins are emerging as key cellular components associated with extreme 
human longevity. FOXO proteins are mainly regulated by posttranslational modifications and as these modifications are reversible, activation 
and inactivation of FOXO are attainable through pharmacological treatment. Here, we questioned whether a panel of compounds with 
known health-beneficial properties has the capacity to induce the activity of FOXO factors. We show that resveratrol, a phytoalexin present 
in grapes and other food products, the amide alkaloid piperlongumine found in the fruit of the long pepper, and the plant-derived β-carboline 
compound harmine induced nuclear translocation of FOXO3. We also show that piperlongumine and harmine but not resveratrol activate 
FOXO-dependent transcription. We determined the half maximal effective concentration (EC50) values for resveratrol, piperlongumine, and 
harmine for FOXO translocation, and analyzed their inhibitory impact on chromosomal maintenance 1 (CRM1)-mediated nuclear export and 
the production of reactive oxygen species (ROS). We also used chemical biology approach and Western blot analysis to explore the underlying 
molecular mechanisms. We show that harmine, piperlongumine, and resveratrol activate FOXO3 independently of phosphoinositide 3-kinase 
(PI3K)/AKT signaling and the CRM1-mediated nuclear export. The effect of harmine on FOXO3 activity is at least partially mediated through 
the inhibition of dual-specificity tyrosine (Y) phosphorylationregulated kinase 1A (DYRK1A) and can be reverted by the inhibition of sirtuins 
(SIRTs).

Keywords:   Aging, FOXO3, High-content screening, Longevity, Natural products

Several chemical compounds including natural products have been 
suggested as being effective against age-related diseases or as benefi-
cial for a healthy life. On the other hand, forkhead box O (FOXO) 
proteins are emerging as key cellular components associated with 
extreme human longevity. FOXO proteins are mainly regulated by 
posttranslational modifications and as these modifications are re-
versible, activation and inactivation of FOXO are attainable through 

pharmacological treatment. Here, we questioned whether a panel of 
compounds with known health-beneficial properties has the capacity 
to induce the activity of FOXO factors. We show that resveratrol, a 
phytoalexin present in grapes and other food products, the amide al-
kaloid piperlongumine found in the fruit of the long pepper, and the 
plant-derived β-carboline compound harmine induced nuclear trans-
location of FOXO3. We also show that piperlongumine and harmine 
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but not resveratrol activate FOXO-dependent transcription. We de-
termined the half maximal effective concentration (EC50) values for 
resveratrol, piperlongumine, and harmine for FOXO translocation, 
and analyzed their inhibitory impact on chromosomal maintenance 
1 (CRM1)-mediated nuclear export and the production of reactive 
oxygen species (ROS). We also used chemical biology approach and 
Western blot analysis to explore the underlying molecular mechan-
isms. We show that harmine, piperlongumine, and resveratrol ac-
tivate FOXO3 independently of phosphoinositide 3-kinase (PI3K)/
AKT signaling and the CRM1-mediated nuclear export. The effect 
of harmine on FOXO3 activity is at least partially mediated through 
the inhibition of dual-specificity tyrosine (Y) phosphorylation-
regulated kinase 1A (DYRK1A) and can be reverted by the inhibition 
of sirtuins (SIRTs).

The demographic shift toward an older population is a global 
issue that affects or will soon affect virtually every region around 
the world. However, this remarkable extension of life span has not 
been accompanied by an equivalent increase in healthspan. Aging is 
the single biggest risk factor for cancer and several other age-related 
diseases including neurodegenerative, cardiovascular, inflammatory, 
and metabolic diseases (1). Research over the last few decades re-
vealed several mechanisms underlying human aging (2). The iden-
tification of cellular signaling pathways regulating the life span 
in animal models and genetic factors associated with human lon-
gevity has shaped our molecular understanding of aging. This sci-
entific progress might eventually lead to a new era in aging research 
identifying actionable targets to promote healthy aging (3). FOXOs 
are thought to protect humans from age-related diseases including 
cancer by coordinating a response to environmental changes such as 
growth factor deprivation, metabolic stress, and oxidative stress, and 
thereby help maintain tissue homeostasis over time (4). Intriguingly, 
genetic manipulations of FOXO transcription factors are associated 
with longevity in worms, flies, and mammals (5). In the nematode 
Caenorhabditis elegans, activation of the FOXO homolog daf-16 
can more than double life span and substantially increase organ-
ismal resistance to thermal and oxidative stress (6). FOXO3 was 
first demonstrated to be important for human longevity in 2008 
in Americans of Japanese ancestry living in Hawaii (7). Protective 
alleles of FOXO3 are the second most-replicated genetic factors 
found so far to be associated with long life in humans (8). Human 
FOXO3 hosts about 40 common, noncoding single nucleotide 
polymorphisms (SNPs) that have been consistently associated with 
longevity (8). In addition, SNPs of FOXO1 were found to be associ-
ated with longevity in women (9).

FOXO transcription factors belong to the family of Forkhead 
proteins, characterized by a ~100-residue forkhead (FKH) DNA-
binding domain. FOXO proteins are a family of proteins that 
consists in mammals of FOXO1, FOXO3, FOXO4, and FOXO6 
(10). FOXO transcription factors bind as monomers to consensus 
binding sites within the promoter of their target genes. The FOXO 
target genes encode proteins known to be involved in several cel-
lular processes including cell cycle, apoptosis, autophagy, stress 
resistance, and metabolism (11). FOXOs are mainly regulated 
by reversible posttranslational modifications which generate a 
molecular code to sense external stimuli and determine the tran-
scriptional programs mediated by these transcription factors (12). 
Under stress conditions or in the absence of growth or survival 
factors, FOXO proteins translocate to the cell nucleus, where 
their transcriptional functions can be executed. Conversely, in the 

presence of growth factors or in cancer cells where the PI3K/AKT 
pathway is constitutively activated, AKT phosphorylates FOXO 
transcription factors in the nucleus, creating a docking site for 
14-3-3 protein dimer. The binding of 14-3-3 chaperone to nuclear 
FOXO reduces its affinity to DNA and facilitates its nuclear ex-
port, eventually leading to cytoplasmic sequestration and inactiva-
tion of FOXO. The activity of FOXO proteins is largely regulated 
by their subcellular localization, though several stimuli are known 
to induce FOXO transcriptional activity without affecting their 
translocation (11). Chemical compounds affecting enzymes that 
act upstream of FOXO proteins mediating posttranslational modi-
fications or interacting directly with these proteins are expected 
to exert a regulatory effect on FOXOs (13). It has been suggested 
that activating FOXO proteins could be used as a strategy to treat 
age-related diseases and promote healthy aging. On the other 
hand, several agents have been reported as potentially being ef-
fective against age-related diseases or beneficial for healthy aging 
(14) including astaxanthin (15), epigallocatechin gallate, harmine, 
hydroxyurea, metformin, piperlongumine, phenformin, rapamycin, 
resveratrol, spermidine, and tetrahydrocurcumin. Here, we ex-
plore the possibility that these compounds act through activating 
FOXO proteins and characterize the underlying mechanisms.

Method

Compounds
Acetylcysteine, astaxanthin, epigallocatechin gallate, harmine, 
LY294002, metformin, moclobemide, phenformin, piperlongumine, 
rapamycin, resveratrol, sirtinol, spermidine, and tetrahydrocurcumin 
were purchased from Selleck Chemicals (Houston, TX, USA). 
Rapamycin was purchased from LC Laboratories (Woburn, MA, 
USA); dihydroethidium, hydroxyurea, and phenformin hydro-
chloride were obtained from Sigma (St. Louis, MO, USA); and 
leptomycin B (LMB) was purchased from Alomone Labs (Jerusalem, 
Israel). AnnH75 was developed and synthesized in the Bracher Lab 
(Ludwig-Maximilians University, Munich, Germany) (16).

Cell Culture
The stable reporter cell lines U2foxRELOC (17,18), U2nesRELOC 
(19,20), and 293foxREP (21) have been generated previously. These 
cell lines as well as U2OS parental cells and HepG2 cells were 
maintained in Dulbecco’s modified Eagle medium supplemented 
with 10% fetal bovine serum (Sigma, PT) and antibiotics (Gibco, 
Carlsbad, CA, USA). Cell cultures were maintained in a humified in-
cubator at 37 °C with 5% CO2 and passaged when confluent using 
trypsin/ethylenediaminetetraacetic acid (EDTA).

FOXO Translocation Assay
The U2foxRELOC cells were seeded at a density of 2 × 104 cells per 
well into black clear-bottom 96-well microplates (BD Biosciences, 
San Jose, CA, USA). After 24-hour incubation, 1.6 µL of each com-
pound (100× concentrated, 10 mM and 0.0195 mM) was added in 
quadruplicated and cells were incubated for different time periods 
(1, 3, or 6 hours). Then cells were fixed with 4% paraformaldehyde. 
Finally, the plates were washed with 1× phosphate-buffered saline 
(PBS) and stored at 4 °C before analysis. Cell images were taken in 
a DMIL LED FLUO inverted microscope (Leica, Wetzlar, Germany) 
at 20-fold magnification.
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Luciferase Assay
For luciferase assay, 2 × 105 293foxREP cells were seeded per well 
in transparent round-bottom 96-well plates. Once attached, the cells 
were treated with 1.6 µL of each natural compound and incubated 
for 6 hours. All treatments were performed in triplicate. Automated 
luciferase assays were carried out using the Dual-Luciferase 
Reporter Assay System (Promega, Madison, WI, USA), according to 
the manufacturer’s instructions.

Cell Viability
The 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide 
(MTT) assay, an index of early toxicity, was performed in HepG2 
hepatic cell line, seeded at a density of 2 × 104 cells per well in round-
bottom 96-well plates. After 24 hours of incubation, 1.6 µL of each 
100× concentrated compound was added per well and cells were 
incubated for 12, 24, 48, or 72 hours. After the incubation period, 
the plates were washed with 1× PBS and incubated for 4 hours with 
100 µL per well of 0.5 mg/mL MTT (Merck, Darmstadt, Germany). 
Then, formazan crystals were dissolved using dimethylsulfoxide 
(DMSO) (100 µL per well) with gentle rocking at room temperature 
for 1 hour. Absorbance was measured at 570 nm.

Oxidative Stress
ROS generation was detected with ethidium fluorescence assay in 
HepG2 cells. To this end, cells were seeded at a concentration of 
105 cells per well in black clear-bottom 96-well microplates and cul-
tured for 24 hours before exposing them to the selected compounds. 
Dihydroethidium, a membrane-permeable fluorescent DNA-binding 
dye, was added at the time of dosing. Treatment with DMSO was 
used as negative control and hydrogen peroxide at 0.5% was used as 
positive control. After 2 hours of treatment, the plates were washed 
with PBS and fixed with 4% paraformaldehyde. Images of the cells 
were taken in a DMIL LED FLUO inverted microscope (Leica) at 
20-fold magnification. One hundred fifty cells were analyzed per 
condition using ImageJ software.

Data Analysis
Quantification of FOXO localization was performed by Definiens 
Developer v2.5 software (Definiens, Munich, Germany). Nucleus and 
cytoplasm segmentation was performed with a custom-made ruleset 
using the DAPI (4′,6-diamidino-2-phenylindole) stain to define the 
nucleus and then expanding the area to identify the cytoplasm. After 
the segmentation, the ratio of green intensity was measured in both 
nucleus and cytoplasm and then the ratio of nucleus versus cyto-
plasm was calculated to define a threshold for translocation.

Western Blot Analysis
For the preparation of whole cell lysate, cells were harvested and 
lysed in lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton 
X-100, 50 mM NaF, 1 mM EDTA, 1 mM EGTA [ethylene glycol-
bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid], 2.5 mM sodium 
pyrophosphate, 1 mM β-glycerophosphate, 10 nM calyculin A, and 
EDTA-free complete protease inhibitor cocktail [Sigma]). Sample 
buffer was added to 1× final, and samples were boiled at 95 °C for 
5 minutes. The samples were resolved by 8%–12% sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis, transferred to nitrocel-
lulose membranes, and immunoblotted according to the antibody 
manufacturer’s instructions. Secondary antibodies were added (GE 
Healthcare, Chicago, IL, USA) at typically 1:10  000 dilution for 1 

hour at room temperature. Visualization of signal was achieved using 
a ChemiDocXRS þ Imaging System (BioRad, Oxford, UK).

Results

Single-Point Translocation Assay
One of the major regulatory inputs into FOXO activity is its nuclear 
translocation. In order to explore if health-promoting agents induce the 
accumulation of FOXO proteins in the cell nucleus, we used a previ-
ously established reporter system (17). U2foxRELOC stably expresses 
a fluorescently labeled FOXO3 fusion protein in the osteosarcoma cell 
line U2OS. We used U2OS cells because they were derived from human 
tissue, exhibit an epithelial morphology, are well suited for cellular im-
aging, and lack mutations in canonical components of the PI3K/AKT 
pathway. Therefore, U2OS cells have been extensively used to identify 
chemical compounds capable of inducing the nuclear translocation of 
FOXO proteins. U2foxRELOC enables an image-based approach to 
monitor the subcellular localization of FOXO3, compatible with high-
throughput evaluation of small molecule compounds. We exposed 
the U2foxRELOC reporter cell line to relevant concentrations of sev-
eral natural products, including astaxanthin, epigallocatechin gallate, 
harmine, hydroxyurea, piperlongumine, rapamycin, resveratrol, 

Figure 1.  Images of reporter cells exposed to chemical compounds. 
U2foxRELOC cells treated with (A) DMSO, (B) 25  µM LY294002, (C) 8  µM 
astaxanthin, (D) 10  µM epigallocatechin gallate, (E) 30  µM harmine, (F) 
20  µM piperlongumine, (G) 2  µM rapamycin, (H) 50  µM resveratrol, (I) 
50  µM spermidine, (J) 10  µM tetrahydrocurcumin, (K) 100  µM metformin, 
(L) 100  µM phenformin, (M) 30  µM hydroxyurea, (N) nontreated, and (O) 
500  nM BEZ235 (dactolisib). After 1  h of compound treatment, cells were 
fixed with paraformaldehyde and images were acquired by fluorescent 
microscopy as detailed in the “Method” section. DMSO = dimethylsulfoxide.

Full color version is available within the online issue.
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spermidine, and tetrahydrocurcumin, and the synthetic chemical com-
pounds metformin and phenformin in a single-point assay (Figure 
1C–M). As negative and positive controls, the vehicle DMSO, and the 
PI3K inhibitors LY294002 (25 µM) and BEZ235 (500 nM; dactolisib) 
were used, respectively (Figure 1A, B, and O). We were primarily inter-
ested in identifying compounds acting directly on FOXO-modifying 
enzymes. Therefore, in order to limit the impact of secondary mo-
lecular mechanisms, we treated the reporter cells for only 1 hour be-
fore measuring translocation. Among the compounds tested, harmine, 
piperlongumine, and resveratrol elicited nuclear accumulation 
of FOXO in the cell nucleus after 1 hour (Figure 1E, F, and H). In 
order to determine if the active compounds of our panel can induce 
nuclear FOXO translocation after exposure during longer periods, 
we treated the reporter cells during 3 and 6 hours. While resveratrol 
and harmine lose their effect on FOXO after 3 hours of treatment, 
piperlongumine maintains its effect on the subcellular localization of 
FOXO after 6 hours (Figure 2M–O). Astaxanthin, epigallocatechin 
gallate, hydroxyurea, rapamycin, spermidine, tetrahydrocurcumin, 
metformin, and phenformin fail to affect the subcellular localization of 
FOXO reporter protein after longer exposure (Supplementary Figure 
1). Then, we increased the concentration of these compounds to deter-
mine if higher nontoxic doses could drive FOXO into the cell nucleus. 
We observed that astaxanthin, epigallocatechin gallate, hydroxyurea, 
rapamycin, spermidine, tetrahydrocurcumin, metformin, and phen-
formin are not capable of inducing the nuclear translocation of FOXO 
(Supplementary Figure 2).

Dose–Response Translocation Assay
In order to establish a dose–response relationship, we treated the 
U2foxRELOC cells with different concentrations of harmine, 
piperlongumine, and resveratrol. We exposed the reporter cells to 10 
serial dilutions of the compounds between 100 µM and 0.195 µM 
for 1 hour (Supplementary Figure 3A). Piperlongumine was the 
most potent compound and induced nuclear translocation of FOXO 
with an EC50 value of 37.7 µM (Figure 3B). Harmine was capable of 
driving FOXO into the cell nucleus with an EC50 value of 81.2 µM 
(Figure 3C). Conversely, the EC50 value for resveratrol was 97.9 µM 
(Figure 3A). As the chemical structures of these natural products 
are unrelated, they might affect FOXO through different molecular 
mechanisms.

Nuclear Export Assay
In order to determine if the active compounds trap FOXO inside the 
nucleus by inhibiting their nuclear export, we used an established 
high-content assay to monitor the inhibition of CRM1, the nuclear 
export receptor responsible for the export of many proteins that 
contain a nuclear localization sequence including FOXO proteins. 
We exposed U2nesRELOC cells to harmine, piperlongumine, and 
resveratrol for 1 hour using the known CRM1 inhibitor LMB as 
a positive control. We did not observe nuclear accumulation of the 
fluorescent signal for any of the tested compounds (data not shown).

FOXO3-Dependent Transcriptional Activity
FOXO3 is a transcription factor that binds to a TTGTTTAC FOXO 
responsive enhancer element, generally referred to as a DAF-16 family 
protein-binding element (DBE) (22). We used the previously estab-
lished cell system (21), that stably expresses a luciferase reporter gene 
under the control of human DBE to monitor FOXO-dependent tran-
scription upon compound treatment. We exposed the luciferase re-
porter cells to the different compounds for 6 hours and observed that 
piperlongumine and harmine significantly increase the expression of 

Figure 3.  Dose response of compound-induced nuclear translocation of FOXO. 
Reporter cells were seeded in 384-well imaging plates incubated overnight before 
exposing them to the compounds for 1 h. (A) Resveratrol, (B) piperlongumine, 
and (C) harmine. After compound incubation, cells were fixed, and FOXO 
translocation was quantified by fluorescent microscopy. The ratio of FOXO 
translocations and EC50 was calculated compared to control cells treated with 
DMSO. DMSO = dimethylsulfoxide; EC50 = half maximal effective concentration; 
FOXO = forkhead box O.

Figure 2.  Time course of compound-induced nuclear translocation of FOXO. 
These reporter cells were treated for 1, 3, or 6  h with (A–C) DMSO, (D–F) 
25  µM LY294002, (G–I) 50  µM resveratrol, (J–L) 30  µM harmine, and (M–O) 
20  µM piperlongumine. After compound treatment, cells were fixed with 
paraformaldehyde and images were acquired by fluorescent microscopy as 
detailed in the “Method” section. DMSO = dimethylsulfoxide; FOXO = forkhead 
box O. Full color version is available within the online issue.

Full color version is available within the online issue.
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luciferase from the FOXO-driven promoter. These two alkaloids in-
creased the level of luciferase expression more than 3-fold, even more 
than the PI3K inhibitor LY294002, which was used as a positive 
control (Figure 4A). Surprisingly, resveratrol failed to affect FOXO-
dependent transcription. Conversely, several compounds, including 
epigallocatechin gallate and hydroxyurea that were not capable of 
inducing nuclear translocation of FOXO, induced luciferase produc-
tion in a FOXO-dependent manner (Figure 4A).

Monitoring the Activity of the PI3K/AKT Pathway
The phosphorylation of FOXO proteins by the serine/threonine 
kinase AKT at three different conserved residues is known as one 
of the major molecular events regulating the subcellular localization 
of FOXOs. Western blot analysis of the phosphorylation of AKT 
at serine 473 (S473) represents a standard method to monitor the 
activity of the PI3K/AKT pathway and in particular the kinase ac-
tivity of AKT. In order to investigate if the active compounds exert 
their effect on FOXO through inhibition of AKT, we analyzed S473 

phosphorylation after 1 hour of compound treatment by Western 
blot analysis. As shown in Figure 4B, while LY294002 greatly re-
duced the phosphorylation of AKT at S473, the active compounds 
failed to have an effect on the S473 phosphorylation. This observa-
tion suggests that harmine, piperlongumine, and resveratrol exert 
their effect independent of AKT-dependent phosphorylation of 
FOXOs.

Monitoring Oxidative Stress
While the PI3K/AKT pathway presents the major negative regula-
tory input of FOXOs, cellular stress signaling can drive FOXO nu-
clear translocation and FOXO-mediated transcription even in the 
presence of active PI3K/AKT signaling (23). In order to determine 
if compound-induced FOXO translocation is mediated by oxidative 
stress, we tested our panel of active compounds for their ability to in-
duce cellular oxidative stress within a relevant time window. Human 
HepG2 liver cells were exposed to the compounds or hydrogen per-
oxide in the presence of dihydroethidium which is converted into the 
fluorescent dye ethidium in oxidatively stressed cells (24). We ob-
served that compared to 0.1% hydrogen peroxide which produced 

Figure 4.  Effect on FOXO-dependent transcription and AKT activity. (A) 
Transcriptional activity of FOXO upon compound treatment as measured by 
FOXO-driven expression of luciferase in cotransfection experiments. Each 
construct was transiently cotransfected with plasmids encoding FOXO3a 
and Renilla luciferase into 293foxREP cells, and the luciferase activities were 
determined as described in the “Method” section. The data were normalized 
to the Renilla luciferase (phRG-TK vector) reporter construct. The statistical 
significance is represented with *p <.05 and **p <.01. (B) Western blot 
analysis of AKT and its phosphorylation at serine 473 (Ser473) after 1 h of 
treatment with selected compounds, using β-actin as normalization control. 
FOXO = forkhead box O.

Figure 5.  Determination of harmine’s mode of action. U2foxRELOC cells were 
treated with (A) DMSO as negative control, (B) 25 µM LY294002 or (C) 500 nM 
BEZ235 as positive controls, (D) 30 µM harmine, (E) 20 µM moclobemide, and 
(F) 30 µM AnnH75 for 1 h. Larger exposure was tested in cells treated with (G) 
DMSO for 6 h and (H, I) AnnH75 for 3 and 6 h, respectively. After compound 
treatment, cells were fixed with paraformaldehyde and images were acquired 
by fluorescent microscopy. (J) AnnH75 dose–response assay and EC50 
estimation after 1  h of treatment in U2foxRELOC cells compared to DMSO 
treatment. (K) Transcriptional activity of FOXO after 6 h of treatment with 30 µM 
harmine, 30 µM AnnH75, and 20 µM moclobemide measured with luciferase 
reporter assay. The statistical significance is represented with *p <.05 and **p 
<.01. DMSO = dimethylsulfoxide; EC50 = half maximal effective concentration; 
FOXO = forkhead box O. Full color version is available within the online issue.
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high levels of fluorescent signal, none of the test compounds seemed 
to generate significant oxidative stress, suggesting that their ef-
fect on FOXO does not rely on cellular stress oxidative signaling 
(Supplementary Figure 4).

Investigating Harmine’s Mode of Action
Harmine is a naturally occurring β-carboline alkaloid known to 
reversibly inhibit monoamine oxidase A  (MAO-A) (25) and the 
DYRK1A (26). In order to distinguish these two activities and to 
explore whether one of them is responsible for the effect of harmine 
on FOXO shuttling, we used specific chemical probes. Recently, 
distinctive changes at N-9 and C-1 have been introduced into the 
harmine molecule, resulting in AnnH75, a compound that preserves 
DYRK1A inhibition and eliminates MAO-A inhibition (16). We ex-
posed U2foxRELOC cells to equal concentrations of harmine and 
AnnH75. In addition, we treated the reporter cells with the spe-
cific MAO-A inhibitor moclobemide. While AnnH75 induced the 
nuclear translocation of FOXO similar to harmine, moclobemide 
failed to do so (Figure 5D–F). In order to compare the potency of 
harmine and AnnH75, we performed dose–response experiments. 
We observed that harmine drives FOXO more potently into the 

nucleus than its analog AnnH75 (Figure 5J). These results sug-
gest that harmine regulates the subcellular localization of FOXO 
partially through the inhibition of DYRK1A. An additional action 
seems to be triggered by harmine which is not the inhibition of 
MAO-A. This is also in agreement with the effect of AnnH75 on 
the FOXO-driven transcriptional activity as AnnH75 was capable 
of inducing luciferase expression in the reporter cells, but the ef-
fect was only about 50% of the harmine-mediated increase (Figure 
5K). Surprisingly, while moclobemide treatment failed to affect 
the subcellular localization of FOXO, it significantly increased the 
FOXO-dependent transcription (Figure 5K).

Further Analysis of Mode of Action
Resveratrol has been suggested to affect FOXO shuttling through 
the activation of SIRTs known to deacetylate FOXO proteins. We 
used the SIRT inhibitors nicotinamide (NAM) and sirtinol to in-
vestigate if these compounds were capable of reverting resveratrol-
mediated FOXO translocation. U2foxRELOC cells were exposed 
to a combination of resveratrol and NAM or resveratrol and 
sirtinol for 1 hour. Surprisingly, NAM failed to affect resveratrol-
mediated translocation (Figure 6D), whereas sirtinol completely 
prevents resveratrol from affecting FOXO localization (Figure 
6E). Interestingly, sirtinol also affected harmine’s effect on FOXO 
(Figure 6H). Conversely, sirtinol did not interfere with the effect 
of piperlongumine on FOXO (Figure 6K). These data confirm 
the mode of action of resveratrol and suggests that inhibition of 
SIRTs contributes to the effect of harmine and its analog AnnH75 
on FOXO while piperlongumine acts independent of SIRTs. 
However, the mechanism by which harmine can affect the activity 
of SIRTs remains to be established. Importantly, we observed that 
N-acetylcysteine (NAC) a thiol-containing antioxidant reverted 
the piperlongumine-mediated FOXO translocation (Figure 6L). 
NAC treatment also reverts the effects of resveratrol, harmine, 
and AnnH75 on FOXO translocation (Figure 6F, I, and O). It has 
been reported that NAC activates the extracellular-signal-regulated 
kinase (ERK) pathway (27) consequently inhibiting FOXO activa-
tion and translocation (28), which suggest a possible mechanism for 
our observation.

Figure 6.  N‑acetylcysteine and Sirtinol reverts FOXO translocation induced by 
Resveratrol and Harmine. FOXO translocation was analyzed in U2FOXreloc cells 
after 1 hour treatment with: (A) DMSO as negative control, (B) 25 µM LY294002, 
(C) 500 nM BEZ235 as positive controls, and 50 µM Resveratrol combined with 
(D) 10 mM Nicotinamide, (E) 50 µM Sirtinol or (F) 1 mM N‑acetylcysteine; 30 µM 
Harmine combined with (G) 10 mM Nicotinamide, (H) 50 µM Sirtinol or (I) 1 mM 
N‑acetylcysteine; 20 µM Piperlongumine combined with (J) 10 mM Nicotinamide, 
(K) 50 µM Sirtinol or (L) 1 mM N‑acetylcysteine; 30 µM AnnH75 combined with 
(M) 10 mM Nicotinamide, (N) 50 µM Sirtinol or (O) 1 mM N‑acetylcysteine. 
The cells images were acquired by fluorescent microscopy after fixing cells.

Figure 7.  Effect of compound treatment on the viability of HepG2 cells. 
Human liver cancer cells HepG2 were treated with 20 µM piperlongumine, 
50 µM resveratrol, 30 µM harmine, and 30 µM AnnH75 for 12, 24, 48, and 72 h, 
respectively. Viability index was measure with 3-[4,5-dimethylthiazol-2-yl]-2,5 
diphenyl tetrazolium bromide (MTT) assay after compound incubation as 
described in the “Method” section. The statistical significance is represented 
with *p <.05 and **p <0.01.Full color version is available within the online issue.
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Effects on Cellular Viability
In order to investigate if some of the compounds affect cellular 
viability in long periods of treatment, we performed MTT assays 
in HepG2 cells exposed to resveratrol, piperlongumine, harmine, 
and AnnH75 for 12, 24, 48, and 72 hours, respectively (Figure 7). 
Piperlongumine shows the highest impact on cell survival, which 
significantly decreases after 24 hours. Additionally, resveratrol and 
harmine, but not AnnH75, also affect cell viability after 72-hour 
treatment compared to control cells. These data indicate that these 
compounds have a long-term cytotoxic effect although it is not due 
to oxidative stress (Supplementary Figure 4).

Discussion

FOXO proteins have emerged as promising targets to treat 
age-related diseases and slow aging. Here, we have investigated 
the effect of compounds reported to be beneficial for human 
health on the activity of FOXO proteins and found that the al-
kaloids piperlongumine and harmine as well as the polyphenol 
resveratrol drive FOXO3 into the cell nucleus, where it can act 
as a transcription factor. It is important to note that we limited 
the period of exposure to the compounds in order to focus on 
regulatory events directly related to the subcellular localiza-
tion of FOXO proteins. FOXO proteins are transcription fac-
tors known to exert their gene regulatory function in the cell 
nucleus and their activity is mainly regulated by shuttling be-
tween the cytoplasm and the nucleus. Several small molecule 
compounds including nuclear export inhibitors, PI3K, mech-
anistic target of rapamycin (mTOR), AKT, phosphoinositide-
dependent kinase 1 (PDK1), and calmodulin inhibitors as well 
as some chemotherapeutic drugs have been shown to affect the 
subcellular localization of FOXO protein (13). Interestingly, 
we recently found that piperlongumine and harmine are cap-
able of reverting the downstream transcriptional effects of the 
FOXO repressor protein Tribbles homolog 2 (TRIB2) (29). 
Piperlongumine is an amide alkaloid extracted from the fruit 
of long pepper (Piper longum) with an ever-growing list of bio-
logical activities and in particular interesting as an anti-cancer 
agent (24). Mechanistically, piperlongumine was reported to 
modulate key regulatory proteins, including PI3K, AKT, mTOR, 
nuclear factor kappa B (NF-κB), signal transducer and activator 
of transcription (STAT), cyclin D1, and CRM1 (24–26). Though 
several of these activities could affect FOXO localization, we 
did not detect an effect of piperlongumine on AKT or the nu-
clear export receptor CRM1 in the relevant time frame to ex-
plain the induction of nuclear FOXO translocation within 1 
hour. Similarly, piperlongumine failed to produce ROS within 
a short exposure of 2 hours. Taken together, these data suggest 
that the mechanism by which piperlongumine drives FOXO into 
the nucleus upon short-time exposure acts independent of the 
PI3K/AKT pathway and the CRM1-mediated nuclear export. 
However, piperlongumine was the only compound within our 
panel capable of maintaining nuclear FOXO localization after 
6 hours of exposure. We cannot rule out that inhibition of AKT 
and/or CRM1 by piperlongumine upon extended treatment 
might contribute to FOXO translocation. Conversely, the effect 
of harmine and resveratrol treatment on FOXO translocation 
was limited to a short period and absent after 3 hours. A wide 
range of pharmacological properties have been reported for 
the beta-carboline alkaloid harmine which is present in several 
plant species, for example in the seeds of Syrian rue (Peganum 

harmala). Harmine has shown to be highly cell permeant and 
acts as an inhibitor of several enzymes including MAO-A, 
DYRK1A kinase, cdc-like kinases, and the 5-hydroxytryptamine 
2A (5-HT2A) serotonin receptor. MAO-A is a flavoenzyme 
that degrades amine neurotransmitters by oxidative deamin-
ation. Inhibition of the enzyme MAO-A can also be achieved 
by reversible inhibitors chemically unrelated to harmine such as 
moclobemide. Using this compound, we ruled out the contribu-
tion of MAO-A-inhibitory activity in harmine-mediated FOXO 
regulation. In contrast, we determined that the inhibition of the 
DYRK1A by the harmine analogue AnnH75 induced the nuclear 
translocation of FOXO though with less potency than harmine. 
This observation is also reflected in the reduced capacity of 
AnnH75 to drive FOXO-mediated transcription compared to 
harmine. In line with these data, DYRK1A kinase is known to 
phosphorylate FOXO1 at serine 329 (30), and harmine and 
AnnH75 might also affect the phosphorylation of the FOXO3 
reporter protein. While we show that DYRK1A inhibition by 
harmine affects FOXO localization, additional regulatory events 
exist. It remains to be determined whether our observation that 
specific inhibition of the NAD-dependent protein deacetylases 
SIRT1 and SIRT2 reverts harmine-mediated FOXO transloca-
tion reflects a direct action of harmine activating SIRT1 and/
or SIRT2. Alternatively, SIRT inhibition might override regu-
latory events triggered by harmine treatment. Resveratrol is a 
polyphenol found in several plant species including grapes, mul-
berries, and peanuts and has been suggested to act as a calorie-
restriction mimetic and to exert a broad range of health benefits 
(31). Though a variety of molecular targets of resveratrol have 
been studied, the molecular mechanisms underlying its thera-
peutic properties still remain elusive (32). Frescas et al. reported 
that resveratrol caused FOXO1-green fluorescent protein (GFP) 
translocation to the nucleus of hepatocytes via SIRT activation 
(33). The authors also showed that resveratrol treatment in-
duced FOXO1-dependent expression of glucogenetic genes. In 
contrast, our data suggest that resveratrol-mediated FOXO3 
translocation does not lead to an increase in the activity of a 
promoter under the control of FOXO proteins. Conversely, 
epigallocatechin gallate and hydroxyurea increased FOXO-
mediated transcription without inducing nuclear translocation. 
A possible explanation is that our image-based assay system is 
based on a reporter protein that monitors subcellular localiza-
tion of FOXO3 and does not detect isoform-specific induction of 
nuclear FOXO1 or FOXO4. Conversely, the luciferase reporter 
system is responsive to all FOXO isoforms. A more likely possi-
bility is that subcellular localization and transcriptional activity 
are events that can be regulated independently. It is also im-
portant to note that the fact that several natural products failed 
to affect FOXO functions in our assay systems does not neces-
sarily indicate their incapability to activate FOXO expression or 
activity in other cell systems or organisms. A recent review art-
icle mentions an unpublished pilot study in which the treatment 
of mice with the natural tetraterpenoid pigment astaxanthin 
increased FOXO3 expression in heart tissue by 90% and in 
blood, albeit more modestly (15). It is important to note that 
our experiments to monitor FOXO translocation and FOXO-
dependent transcription have been conducted in osteosarcoma 
U2OS cells and HEK293 embryonic kidney cells engineered to 
overexpress FOXO3. Therefore, the data obtained in the current 
study does not represent the full spectrum of cellular context 
and it is reasonable to think that compounds found inactive here 
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might induce the activation of other FOXO isoforms or activate 
FOXO3 in other cell types.

Further studies will be required to characterize the precise modes of 
action of the potentially active compounds and to explore their thera-
peutic potential against cancer, age-related diseases and for promotion 
of healthy aging.

Supplementary Material

Supplementary data are available at The Journals of Gerontology, 
Series A: Biological Sciences and Medical Sciences online.

Funding
This work was supported by Fundação para a Ciência e a Tecnologia (FCT) 
Research Center Grant UID/BIM/04773/2013 Centre for Biomedical Research 
(CBMR) and by the Spanish Ministry of Science, Innovation and Universities 
through grant RTI2018-094629-B-I00 to W.L. B.I.F. was supported by FCT-
SFRH/BPD/100434/2014 and Marie Curie Individual Fellowship project 
TRIBBLES (#748585). This work was also supported by 2 LPCC-NRS/Terry 
Fox grants (2016/2017 and 2017/2018). F.B.  was supported by Deutsche 
Forschungsgemeinschaft (grant BR1034/6-1).

Conflict of Interest
V.B.  and W.L.  are cofounders of Refoxy Pharmaceuticals GmbH, Berlin. 
W.L.  is required by his institution to state so in his publications. The other 
authors declare no conflict of interest.

Acknowledgment
We acknowledge the expert technical assistance of J. Ortega.

Author Contributions
L.J., A.S., G.C., I.G., R. M., and V.M.-V. carried out the experiments, including 
drug treatments, translocation and luciferase assays, viability and prolifer-
ation studies, immunoblot analysis, statistical analysis, and analysis of data. 
C.B.-A.  supervised biological assays. J.P.  and F.B.  supervised compound 
selection and handling. F.B.  designed and provided compound AnnH75. 
D.M. carried out high-content screening and image analysis. B.I.F., V.B., and 
W.L. designed and supervised research. W.L. and L.J. drafted the manuscript. 
All authors contributed to the completion of the manuscript.

References
	1.	 Niccoli  T, Partridge  L. Ageing as a risk factor for disease. Curr Biol. 

2012;22(17):R741–R752. doi:10.1016/j.cub.2012.07.024
	2.	 López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks 

of aging. Cell. 2013;153(6):1194–1217. doi:10.1016/j.cell.2013.05.039
	3.	 Campisi J, Kapahi P, Lithgow GJ, Melov S, Newman JC, Verdin E. From 

discoveries in ageing research to therapeutics for healthy ageing. Nature. 
2019;571(7764):183–192. doi:10.1038/s41586-019-1365-2

	4.	 Eijkelenboom  A, Burgering  BM. FOXOs: signalling integrators for 
homeostasis maintenance. Nat Rev Mol Cell Biol. 2013;14(2):83–97. 
doi:10.1038/nrm3507

	5.	 Martins R, Lithgow GJ, Link W. Long live FOXO: unraveling the role of 
FOXO proteins in aging and longevity. Aging Cell. 2016;15(2):196–207. 
doi:10.1111/acel.12427

	6.	 Chen AT, Guo C, Itani OA, et al. Longevity genes revealed by integrative ana-
lysis of isoform-specific daf-16/FoxO mutants of Caenorhabditis elegans. 
Genetics. 2015;201(2):613–629. doi:10.1534/genetics.115.177998

	7.	 Willcox BJ, Donlon TA, He Q, et al. FOXO3A genotype is strongly associ-
ated with human longevity. Proc Natl Acad Sci USA. 2008;105(37):13987–
13992. doi:10.1073/pnas.0801030105

	8.	 Morris BJ, Willcox DC, Donlon TA, Willcox BJ. FOXO3: a major gene 
for human longevity—a mini-review. Gerontology. 2015;61(6):515–525. 
doi:10.1159/000375235

	9.	 Li  Y, Wang  WJ, Cao  H, et  al. Genetic association of FOXO1A and 
FOXO3A with longevity trait in Han Chinese populations. Hum Mol 
Genet. 2009;18(24):4897–4904. doi:10.1093/hmg/ddp459

	10.	Link W. Introduction to FOXO biology. Methods Mol Biol. 2019;1890:1–
9. doi:10.1007/978-1-4939-8900-3_1

	11.	Link W, Fernandez-Marcos PJ. FOXO transcription factors at the inter-
face of metabolism and cancer. Int J Cancer. 2017;141(12):2379–2391. 
doi:10.1002/ijc.30840

	12.	Brown AK, Webb AE. Regulation of FOXO factors in mammalian cells. 
Curr Top Dev Biol. 2018;127:165–192. doi:10.1016/bs.ctdb.2017.10.006

	13.	Calissi G, Lam EW, Link W. Therapeutic strategies targeting FOXO tran-
scription factors. Nat Rev Drug Discov. 2021;20(1):21–38. doi:10.1038/
s41573-020-0088-2

	14.	Shen CY, Jiang JG, Yang L, Wang DW, Zhu W. Anti-ageing active in-
gredients from herbs and nutraceuticals used in traditional Chinese 
medicine: pharmacological mechanisms and implications for drug 
discovery. Br J Pharmacol. 2017;174(11):1395–1425. doi:10.1111/
bph.13631

	15.	Sorrenti  V, Davinelli  S, Scapagnini  G, Willcox  BJ, Allsopp  RC, 
Willcox DC. Astaxanthin as a putative geroprotector: molecular basis 
and focus on brain aging. Mar Drugs. 2020;18(7):351. doi:10.3390/
md18070351

	16.	Wurzlbauer A, Rüben K, Gürdal E, et al. How to separate kinase inhib-
ition from undesired monoamine oxidase A inhibition—the development 
of the DYRK1A inhibitor AnnH75 from the alkaloid harmine. Molecules. 
2020;25(24). doi:10.3390/molecules25245962

	17.	Zanella  F, Rosado  A, García  B, Carnero  A, Link  W. Chemical genetic 
analysis of FOXO nuclear-cytoplasmic shuttling by using image-based 
cell screening. Chembiochem. 2008;9(14):2229–2237. doi:10.1002/
cbic.200800255

	18.	Zanella  F, Rosado  A, Garcia  B, Carnero  A, Link  W. Using multi-
plexed regulation of luciferase activity and GFP translocation 
to screen for FOXO modulators. BMC Cell Biol. 2009;10:14. 
doi:10.1186/1471-2121-10-14

	19.	Zanella  F, Rosado  A, Blanco  F, Henderson  BR, Carnero  A, Link  W. 
An HTS approach to screen for antagonists of the nuclear export ma-
chinery using high content cell-based assays. Assay Drug Dev Technol. 
2007;5(3):333–341. doi:10.1089/adt.2007.058

	20.	Cautain B, de Pedro N, Murillo Garzón V, et al. High-content screening of 
natural products reveals novel nuclear export inhibitors. J Biomol Screen. 
2014;19(1):57–65. doi:10.1177/1087057113501389

	21.	Zanella  F, Renner  O, García  B, et  al. Human TRIB2 is a repressor of 
FOXO that contributes to the malignant phenotype of melanoma cells. 
Oncogene. 2010;29(20):2973–2982. doi:10.1038/onc.2010.58

	22.	Furuyama  T, Nakazawa  T, Nakano  I, Mori  N. Identification of the 
differential distribution patterns of mRNAs and consensus binding 
sequences for mouse DAF-16 homologues. Biochem J. 2000;349(2):629. 
doi:10.1042/0264-6021:3490629

	23.	Calnan  DR, Brunet  A. The FoxO code. Oncogene. 2008;27(16):2276–
2288. doi:10.1038/onc.2008.21

	24.	Bindokas  VP, Jordán  J, Lee  CC, Miller  RJ. Superoxide pro-
duction in rat hippocampal neurons: selective imaging with 
hydroethidine. J Neurosci. 1996;16(4):1324–1336. doi:10.1523/
JNEUROSCI.16-04-01324.1996

	25.	Herraiz T, González D, Ancín-Azpilicueta C, Arán VJ, Guillén H. Beta-
carboline alkaloids in Peganum harmala and inhibition of human 
monoamine oxidase (MAO). Food Chem Toxicol. 2010;48(3):839–845. 
doi:10.1016/j.fct.2009.12.019

	26.	Göckler  N, Jofre  G, Papadopoulos  C, Soppa  U, Tejedor  FJ, 
Becker  W. Harmine specifically inhibits protein kinase DYRK1A and 

1492� Journals of Gerontology: BIOLOGICAL SCIENCES, 2022, Vol. 77, No. 8

Copyedited by: ﻿

https://doi.org/10.1016/j.cub.2012.07.024
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1038/s41586-019-1365-2
https://doi.org/10.1038/nrm3507
https://doi.org/10.1111/acel.12427
https://doi.org/10.1534/genetics.115.177998
https://doi.org/10.1073/pnas.0801030105
https://doi.org/10.1159/000375235
https://doi.org/10.1093/hmg/ddp459
https://doi.org/10.1007/978-1-4939-8900-3_1
https://doi.org/10.1002/ijc.30840
https://doi.org/10.1016/bs.ctdb.2017.10.006
https://doi.org/10.1038/s41573-020-0088-2
https://doi.org/10.1038/s41573-020-0088-2
https://doi.org/10.1111/bph.13631
https://doi.org/10.1111/bph.13631
https://doi.org/10.3390/md18070351
https://doi.org/10.3390/md18070351
https://doi.org/10.3390/molecules25245962
https://doi.org/10.1002/cbic.200800255
https://doi.org/10.1002/cbic.200800255
https://doi.org/10.1186/1471-2121-10-14
https://doi.org/10.1089/adt.2007.058
https://doi.org/10.1177/1087057113501389
https://doi.org/10.1038/onc.2010.58
https://doi.org/10.1042/0264-6021:3490629
https://doi.org/10.1038/onc.2008.21
https://doi.org/10.1523/JNEUROSCI.16-04-01324.1996
https://doi.org/10.1523/JNEUROSCI.16-04-01324.1996
https://doi.org/10.1016/j.fct.2009.12.019


interferes with neurite formation. FEBS J. 2009;276(21):6324–6337. 
doi:10.1111/j.1742-4658.2009.07346.x

	27.	Van Irene CY, Greene LA. Prevention of PC12 cell death by N-Acetylcysteine 
requires activation of the Ras pathway. J Neurosci. 1998;18(11):4042–
4049. doi:10.1523/JNEUROSCI.18-11-04042.1998

	28.	Roy SK, Srivastava RK, Shankar S. Inhibition of PI3K/AKT and MAPK/
ERK pathways causes activation of FOXO transcription factor, leading 
to cell cycle arrest and apoptosis in pancreatic cancer. J Mol Signal. 
2010;5(1):10. doi:10.1186/1750-2187-5-10

	29.	Machado  S, Silva  A, De  Sousa-Coelho  AL, et  al. Harmine and 
piperlongumine revert TRIB2-mediated drug resistance. Cancers (Basel). 
2020;12(12):3689. doi:10.3390/cancers12123689

	30.	 Woods YL, Rena G, Morrice N, et al. The kinase DYRK1A phosphorylates 
the transcription factor FKHR at Ser329 in vitro, a novel in vivo phosphoryl-
ation site. Biochem J. 2001;355(Pt 3):597–607. doi:10.1042/bj3550597

	31.	Baur JA, Sinclair DA. Therapeutic potential of resveratrol: the in vivo evi-
dence. Nat Rev Drug Discov. 2006;5(6):493–506. doi:10.1038/nrd2060

	32.	Kulkarni  SS, Cantó  C. The molecular targets of resveratrol. 
Biochim Biophys Acta. 2015;1852(6):1114–1123. doi:10.1016/j.
bbadis.2014.10.005

	33.	Frescas D, Valenti L, Accili D. Nuclear trapping of the forkhead transcrip-
tion factor FoxO1 via Sirt-dependent deacetylation promotes expres-
sion of glucogenetic genes. J Biol Chem. 2005;280(21):20589–20595. 
doi:10.1074/jbc.M412357200

Journals of Gerontology: BIOLOGICAL SCIENCES, 2022, Vol. 77, No. 8� 1493

Copyedited by: ﻿

https://doi.org/10.1111/j.1742-4658.2009.07346.x
https://doi.org/10.1523/JNEUROSCI.18-11-04042.1998
https://doi.org/10.1186/1750-2187-5-10
https://doi.org/10.3390/cancers12123689
https://doi.org/10.1042/bj3550597
https://doi.org/10.1038/nrd2060
https://doi.org/10.1016/j.bbadis.2014.10.005
https://doi.org/10.1016/j.bbadis.2014.10.005
https://doi.org/10.1074/jbc.M412357200

	Method
	Compounds
	Cell Culture
	FOXO Translocation Assay
	Luciferase Assay
	Cell Viability
	Oxidative Stress
	Data Analysis
	Western Blot Analysis

	Results
	Single-Point Translocation Assay
	Dose–Response Translocation Assay
	Nuclear Export Assay
	FOXO3-Dependent Transcriptional Activity
	Monitoring the Activity of the PI3K/AKT Pathway
	Monitoring Oxidative Stress
	Investigating Harmine’s Mode of Action
	Further Analysis of Mode of Action
	Effects on Cellular Viability

	Discussion
	Supplementary Material

