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Coffee induces autophagy in vivo
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Epidemiological studies and clinical trials revealed that chronic consumption coffee is associated with the inhibition
of several metabolic diseases as well as reduction in overall and cause-specific mortality. We show that both natural
and decaffeinated brands of coffee similarly rapidly trigger autophagy in mice. One to 4 h after coffee consumption,
we observed an increase in autophagic flux in all investigated organs (liver, muscle, heart) in vivo, as indicated by the
increased lipidation of LC3B and the reduction of the abundance of the autophagic substrate sequestosome 1 (p62/
SQSTMT1). These changes were accompanied by the inhibition of the enzymatic activity of mammalian target of rapamy-
cin complex 1 (mTORC1), leading to the reduced phosphorylation of p70°%, as well as by the global deacetylation of cellu-
lar proteins detectable by immunoblot. Immunohistochemical analyses of transgenic mice expressing a GFP-LC3B fusion
protein confirmed the coffee-induced relocation of LC3B to autophagosomes, as well as general protein deacetylation.
Altogether, these results indicate that coffee triggers 2 phenomena that are also induced by nutrient depletion, namely a
reduction of protein acetylation coupled to an increase in autophagy. We speculate that polyphenols contained in coffee

promote health by stimulating autophagy.

Introduction

Large epidemiological studies involving large cohorts of indi-
viduals have demonstrated that coffee consumption is inversely
associated with total and cause-specific mortality, both in males
and in females. The consumption of coffee is associated with a
reduction of cancer, heart disease, respiratory disease, stroke, dia-
betes, and infections (both in males and females).!”® These effects
are dose-dependent (with a plateau of 6 cups per day) and do not
depend on caffeine content, because both decaffeinated and caf-
feinated coffee were similarly associated with improved health.*
Independent surveys revealed that coffee consumption might
have protective effects, among many, on highly penetrant tumors
such as endometrial,®” mammary® hepatocellular,” colorectal,”
and prostatic cancer." Alchough such studies cannot differentiate
between causal and associational findings, they do suggest that
chronic coffee consumption might have broad health-improving
effects.

One of the general cell biological phenomena that has been
actributed a global health-promoting and anti-aging property is
autophagy,'*"
selective renewal of cytoplasmic organelles.

alysosomal degradation pathway responsible for the
1516 In macroautophagy

(here referred to as “autophagy”), portions of the cytoplasm are
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sequestered in 2-membraned vesicles, the autophagosomes, which
later fuse with lysosomes for the degradation of the luminal con-
tent by lysosomal hydrolases. Since autophagy preferentially tar-
gets damaged macromolecules (such as unfolded and aggregated
proteins) and organelles (such as dysfunctional mitochondria),"”
it contributes to ridding the cytoplasm of aged structures and
hence potentially “rejuvenates” non-nuclear portions of the cell.'®¥
Autophagy has also been suggested to participate in hormesis,?
which consists in the adaptation of cells to low levels of stress, ren-
dering them resistant to otherwise lethal effects of intense stress."*
Several studies indicate that autophagy may act as a tumor-sup-

pressive mechanism.?2¢

Based on these premises, we investigated
the possibility that coffee might induce autophagy in vivo in mice.
Here, we report that both natural and decaffeinated coffee simi-

larly induce a broad organism-wide autophagic response.

Results and Discussion

Chronic administration of non-toxic doses of coffee induces
autophagy in mice
Continuous administration of 1 or 3% coffee in the drink-

ing water for 16 d did not affect the body weight of C57Bl/6
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Figure 1. Long-term administration of regular and decaffeinated coffee at a dose not affecting body weight induces autophagy in the liver.
(A and B). Effect of 2 wk administration of regular (A) or decaffeinated coffee (B) on body weight. C57BL/6 mice were administrated with the indicated
doses of regular coffee (A) or decaffeinated coffee (B) diluted in drinking water, which was provided to mice ad libitum. The dose not affecting body
weight (3% w/v) was designated for investigating pro-autophagic effects. Results from n = 3 independent experiments. (C and D). Immunoblotting
analysis of long-term coffee administration on autophagy regulation in liver. Administration of both regular (C) and decaffeinated coffee (D) for up to
2 wk (w) resulted in activation of autophagy, as measured by LC3 lipidation and p62/SQSTM1 degradation (quantified in E). Autophagy activation was
associated with a decrease in mTORCT activity, as measured by the phosphorylation of p70%, but not to an activation of AMPK (quantified in E). GAPDH
levels were monitored to ensure equal loading. Representative images are reported in (C and D). Results from n = 3 independent experiments are pre-
sented as fold change + SEM *P < 0.05; **P < 0.01; ***P < 0.005 (unpaired, 2-tailed Student t test), compared with untreated mice.

mice. In contrast, 10% of caffeinated (but not of decaffeinated)
coffee did cause weight reduction over this period, suggesting
some caffeine-associated effects (Fig. 1A and B). As a result,
we evaluated the capacity of chronic treatment with 3% cof-
fee to induce autophagy in vivo. This dose is well within the
range of that absorbed by coffee-consuming persons. Three per-
cent of either caffeinated or decaffeinated coffee induced simi-
lar signs of increased autophagic flux in the liver (Fig. 1C-E),
heart (Fig. S1), and muscle (Fig. S2), namely lipidation of

1988
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microtubule-associated protein 1 light chain 3 3 (LC3B), lead-
ing to an increase in its electrophoretic mobility in sodium
dodecyl sulfate PAGE (SDS-PAGE), generating the isoform II
of LC3B, accompanied by a decrease in the overall abundance
of the autophagic substrate sequestosome-1 (p62/SQSTMI)
(Fig. 1C-E). These results were observable as early as 24 h after
beginning of the treatment and lasted for the entire 2-wk experi-
ment, indicating that chronic exposure to coffee can induce
autophagy irrespective from its caffeine content.
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Figure 2. Short-term administration of both regular coffee and decaffeinated coffee induces autophagy accompanied by a reduction in global acetyla-
tion levels of proteins in the liver. (A and B). Immunoblotting analysis of short-term coffee administration on autophagy regulation in liver. Gavage of
both regular coffee (A) and decaffeinated coffee (B) resulted in an activation of autophagy, although at different extent and timing, as measured by LC3
lipidation and p62 degradation (quantified in C). In both cases, autophagy induction was accompanied by an activation of AMPK and by a reduction in
the activity of mTORC1, as measured by the phosphorylation of its substrate p70°%* (quantified in C). Representative images are depicted in (A and B).
Results from n = 3 independent experiments are presented as fold change + SEM *P < 0.05; **P < 0.01; (unpaired, 2-tailed Student t test), compared with
untreated mice. (D and E) Immunoblot detection of protein acetylation in mice administered with regular coffee. Coffee administration (by gavage)
resulted in a significant drop in the overall acetylation levels of proteins in liver, heart, and muscle (quantified in E) in a range of time of 1 to 6 h depend-
ing on the tissue. Panels in (D) refer to liver. Ponceau red staining was used to monitor equal loading of the lanes. Results from n = 3 independent experi-
ments are presented as fold change + SEM *P < 0.05; **P < 0.01 (unpaired, 2-tailed Student t test), compared with untreated mice.
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Student t test), compared with untreated mice.

Figure 3. Autophagy induction mediated by short-term coffee administration is confirmed for liver, heart, and muscle from GFP-LC3 transgenic mice.
GFP-LC3-expressing mice were administered with regular and decaffeinated coffee by gavage and analyzed for autophagy induction after 4 h. (A-F).
Fluorescence microscopic analysis of liver (A), heart (C), and muscle (E) revealed a significant increase in the number of LC3Il puncta per area of cells
in all tissues (quantified in B, D, and F). Representative images of tissues from untreated vs. regular coffee-treated mice are depicted in (A, C, and E)
(bar scale: 10 um). Results from 3 independent experiments are presented as GFP-LC3 dots/area (means + SEM). *P < 0.05; **P < 0.01; (unpaired, 2-tailed

Short-term administration of coffee induces autophagy in
vivo

We next determined the kinetics with which coffee can
stimulate autophagy in vivo. For this, coffee was administered
by gavage to C57BL/6 mice, and autophagy was quantified by
immunoblot determination of the conversion of native LC3B-I
into lipidated, membrane-associated LC3B-11, as well as by mea-
surements of p62/SQSTM1 degradation. Irrespective of the
absence or presence of caffeine, coffee induced a rapid LC3B-1 to
LC3B-II conversion and a depletion of p62/SQSTMLI in the liver
(Fig. 2A and B). Similarly, both regular and decaffeinated coffee

1990 Cell Cycle

induced signs of autophagy in the heart (Fig. $3) and in the mus-
cle (Fig. S4). The kinetics of LC3B-I to LC3B-II conversion were
similar in all organs. The depletion of p62/SQSTMI1 occurred
earlier (1 h) in the heart (Fig. S3) than in the liver (Fig. 2) and in
the skeletal muscle (Fig. S4), where it was detectable only at 4 h,
thus confirming an organ-specific and transcription-dependent
behavior of p62, as recently described.?” To further evaluate the
capacity of coffee to induce autophagy in vivo, we next took advan-
tage of transgenic mice expressing a chimeric GFP-LC3 protein
under the control of the ubiquitous CAG promoter.** Microscopic
detection of the GFP-dependent fluorescent signal allowed for
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Figure 4. Reduction in global protein acetylation levels mediated by short-term coffee administration in liver, heart, and muscle. Livers, hearts, and
muscles from C57BI/6 mice were analyzed 4 h after treatment with regular and decaffeinated coffee to determine protein acetylatation by immunofluo-
rescence. Fluorescence microscope analysis of liver (A), heart (C), and muscle (E) revealed a significant decrease in the acetylation of proteins in all tissues
(quantified in B, D, and F). Representative images of untreated vs. regular coffee-treated mice are depicted in (A, C, and E) (bar scale: 10 um). Results
from n = 3 independent experiments are presented as acetylated lysine intensity fold change + SEM, considering the values of tissues from untreated
mice as 1. *P < 0.05; **P < 0.01; (unpaired, 2-tailed Student t test), compared with untreated mice.

the detection of coffee-induced autophagy, as GFP-LC3 relo-
cated from a mostly diffuse distribution (in untreated animals)
to cytoplasmic puncta (in treated animals). The accumulation of
GFP-LC3* puncta was observed in liver, muscle, and heart 4 h
after administration of either caffeinated or decaffeinated coffee
(Fig. 3), confirming the notion that coffee does induce a signifi-
cant induction of autophagy in multiple organs.

Coffee ingestion causes global deacetylation of proteins and
hence mimics caloric restriction

To characterize the mechanisms through which coffee induces
autophagy, we determined its capacity to activate prominent
energy sensors such as AMP-activated protein kinase (AMPK)

www.landesbioscience.com

and mammalian target of rapamycin complex 1 (mTORCI).
While acute (within hours) stimulation with caffeinated or decaf-
feinated coffee did induce the activating phosphorylation of
AMPK (Fig. 2A-C), a more protracted exposure (days to weeks)
failed to do so and actually reduced AMPK phosphorylation
(Fig. 1C-E). Thus, the present data suggest that AMPK cannot
be responsible for autophagy induced by long-term coffee admin-
istration. However, both acute and chronic administration of
coffee did reduce the phosphorylation of the mMTORCI substrate
p70%¢% (Figs. 1IC-E and 2A-C), suggesting that this nutrient sen-
sor might be involved in pro-autophagic signaling. Coffee con-

tains multiple polyphenols,®** and a range of chemically different
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phenolic compounds have been demonstrated capable to stimu-
late the deacetylation of cellular proteins, correlating with their
pro-autophagic activity.”® We therefore investigated the possibility
that in vivo treatment with coffee would reduce the acetylation of
cellular proteins using 2 distinct methodologies designed to detect
acetyl-lysine-modified proteins. First, extracts from liver (Fig. 2D
and E), myocardium (Fig. S3), and skeletal muscle (Fig. S4)
revealed a reduction in protein acetylation upon coffee treatment.
This effect was detectable as soon as 1 h after coffee gavage in the
liver and in the heart and 4 h post-gavage in the skeletal muscle
(Fig. 2E). Second, the deacetylation of proteins was detectable
by immunofluorescence staining with antibodies specific for
acetyl-lysine-modified proteins, revealing a reduction in protein
acetylation both in the cytoplasm and in nuclei from hepatocytes,
cardiomyocytes, and skeletal myocytes 4 h post-gavage (Fig. 4).
Again, these effects were similar for caffeinated and decaffeinated
coffee. Altogether, these results support the notion that autophagy
induction by coffee is linked to the deacetylation of cellular pro-
teins as well as to the inhibition of mMTORCI.

Concluding remarks

The data presented in this paper unequivocally demonstrate
that coffee is a potent, rapid inducer of autophagy in multiple tis-
sues in vivo in mice. This effect is independent of caffeine content.
Although caffeine has been shown to inhibit mTORCI and to
induce autophagy in hepatocytes in vivo, thereby reducing intra-
hepatic lipid content and stimulating 3-oxidation, as well as coun-
teracting hepatosteatosis,* caffeine is apparently not required for
coffee-induced autophagy. Rather, other coffee components that
are not eliminated during the decaffeination process, presumably
polyphenols, must be responsible for these effects. Autophagy
induced by coffee is accompanied by the inhibition of mTORCI,
which represses autophagy in conditions of nutrient availability
(particularly amino acids and lipids).*>*¢ Several polyphenols have
been shown to induce autophagy, correlating with their capacity

to reduce the acetylation levels of cellular proteins.?*3”3

In theory,
the reduction of acetylation levels may be explained by the deple-
tion of the sole donor of acetyl groups, acetyl coenzyme A,**° the
suppression of the activity of acetyltransferases (for instance by
spermidine or C646),* or the activation of deacetylatses (such
as sirtuin 1, which can be activated by resveratrol).?’ Irrespective
of the precise mechanism causing protein deacetylation, this phe-
nomenon is broadly associated with the induction of autophagy
by starvation® or by several pharmacological inducers including
spermidine and resveratrol.! In the present report, we extend the
list of agents able to trigger deacetylation reactions to coffee, cor-
relating with its capacity to stimulate autophagy.

Based on the present data, the hypothesis that coffee reduces
general mortality by inducing autophagy warrants further experi-
mental and clinical scrutiny.

Materials and Methods

Reagents
The results presented refer to a single commercial brand (Belle
France) of 100% regular and decaffeinated hydro soluble coffee.
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Results were confirmed using other 2 commercial brands (Nestle,
Lavazza). Concentrations are expressed in % (weight per volume).

Mouse experiments and tissue processing

Six-weeks-aged female C57BL/6 mice (Charles River
Laboratory) and transgenic C57BL/6 mice expressing the fusion
protein GFP-LC3 under the control of CAG (cytomegalovirus
immediate-early [CMVie] enhancer and chicken B-actin pro-
moter) promoter, were bred and maintained according to both
the FELASA and the European Community regulations for
animal use in research (2010/63UE) as well as the local Ethics
Committee for Animal Welfare (project number: 2012-065,
2012-067). Mice were housed in a temperature-controlled envi-
ronment with 12-h light/dark cycles and received food and water
ad libitum. For long-term coffee experiments, mice were first
administered with 1%, 3%, and 10% w/v of regular and decaf-
feinated coffee in drinking water ad libitum in order to select a
dose not affecting body weight; mice were then administrated
with 3% w/v of coffee for 2 wk. Mice were sacrificed, and tis-
sues were recovered and immediately frozen in liquid nitrogen
24, 48, or 72 h, 1 wk and 2 wk after treatment. For short-term
coffee experiments, mice were administered with 3% w/v dose
of regular and decaffeinated coffee by gavage and sacrificed after
1, 2, 4, and 6 h, when tissues were immediately frozen in liquid
nitrogen. After extraction, tissues were homogenized during 2
cycles for 20 s at 5500 rpm using a Precellys 24 tissue homog-
enator (Bertin Technologies) in a 20 mM Tris buffer (pH 7.4)
containing 150 mM NaCl, 1% Triton X-100, 10 mM EDTA, and
Complete® protease inhibitor cocktail (Roche Applied Science).
Tissue extracts were then centrifuged at 12000 g at 4 °C, and
supernatants were collected. Protein concentration in the super-
natants was evaluated by the bicinchoninic acid technique (BCA
protein assay kit, Pierce Biotechnology).

Quantitative analysis of GFP-LC3 dots in mouse tissue sec-
tions and immunofluorescence

To avoid postmortem autophagy induction, dead mice were
immediately perfused with 4% paraformaldehyde (w:v in PBS,
pH 7.4). Tissues were then harvested and further fixed with the
same solution for at least 4 h, followed by treatment with 15%
sucrose (w:v in PBS) for 4 h and with 30% sucrose (w:v in PBS)
overnight. Tissue samples were embedded in Tissue-Tek OCT
compound (Sakura Finetechnical Co, Ltd) and stored at -80 °C.
Five micrometer (5 pm) thick tissue sections were prepared with
a CM3050 S cryostat (Leica Microsystems), air-dried for 1 h,
washed in PBS for 5 min, dried at RT for 30 min, and mounted
with VECTASHIELD anti-fading medium. For acetylation
staining, 5-pm-thick tissue sections were prepared. Tissues were
permeabilized with 0.1% Triton and blocked with 5% BSA, then
incubated overnight at 4 °C with primary antibody in 2% BSA.
After 1 h RT incubation with secondary-HRP conjugated anti-
body, tissues were mounted as described above. For each organ,
approximately 10 pictures of 5 independent visual fields from at
least 3 mice were acquired using an Axio Observer inverted fluo-
rescence microscope equipped with Apotome confocal-like sys-
tem (Carl Zeiss). GFP-LC3 dots per area of cells and acetylation
intensity were quantified by means of Metamorph (Molecular
Devices) software.
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Fluorescence microscopy

For the analysis of GFP-LC3 mice tissue sections, a Leica APO
63x NA 1.15 immersion objective was employed. For acetylation
analysis, a Leica APO 40x NA 1.15 immersion objective was
used. Zeiss Immersol® immersion oil was used for all microscopic
analyses. Images were acquired with a Leica DFC 350 Fx camera
(version 1.8.0) using Leica LAS AF software and processed with
Adobe Photoshop (version CS5) software.

Immunoblotting

For immunoblotting, 25 g of proteins were separated on
4-12% bis-tris acrylamide (Invitrogen) or 12% tris-glycine SDS-
PAGE precast gels (Biorad) and electrotransferred to Immobilon™
membranes (Millipore Corporation). Membranes were then sliced
horizontally in different parts according to the molecular weight
of the protein of interest to allow simultaneous detection of differ-
ent antigens within the same experiment.?”*® Unspecific binding
sites were saturated by incubating membranes for 1 h in 0.05%
Tween 20 (v:v in TBS) supplemented with 5% non-fat powdered
milk (w:v in TBS), followed by an overnight incubation with pri-
mary antibodies specific for acetylated-lysine, LC3B, phospho-
AMPK (Thrl72), AMPK, phospho-ribosomal protein S6 kinase
(Thr421/Ser424), ribosomal protein S6 kinase, (Cell Signaling
Technology), or STQM/p62 (Santa Cruz Biotechnology).
Development was performed with appropriate horseradish per-
oxidase (HRP)-labeled secondary antibodies (Southern Biotech)
plus the SuperSignal West Pico chemoluminescent substrate
(Thermo Scientific-Pierce). An anti-glyceraldehyde-3-phosphate

dehydrogenase antibody (Chemicon International) was used to
control equal loading of lanes. Immunoblotting quantifications
were performed through densitometric analysis by means of
Image] software in 3 independent experiments.
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