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ABSTRACT: Espresso coffee is among the most consumed beverages in the world. Recent studies report a protective activity of the
coffee beverage against neurodegenerative disorders such as Alzheimer′s disease. Alzheimer′s disease belongs to a group of disorders,
called tauopathies, which are characterized by the intraneuronal accumulation of the microtubule-associated protein tau in fibrillar
aggregates. In this work, we characterized by NMR the molecular composition of the espresso coffee extract and identified its main
components. We then demonstrated with in vitro and in cell experiments that the whole coffee extract, caffeine, and genistein have
biological properties in preventing aggregation, condensation, and seeding activity of the repeat region of tau. We also identified a set
of coffee compounds capable of binding to preformed tau fibrils. These results add insights into the neuroprotective potential of
espresso coffee and suggest candidate molecular scaffolds for designing therapies targeting monomeric or fibrillized forms of tau.
KEYWORDS: tau protein, coffee, protein aggregation, NMR, bioactive molecules, liquid−liquid phase separation, Alzheimer′s disease

■ INTRODUCTION
Espresso coffee is among the best known beverages worldwide,
and drinking espresso has become a habit in many countries
due to its pleasant taste. For many years, coffee consumption
was associated with health risks; however, recent studies
showed that when consumed in moderation, this soft drink
could have beneficial effects on human health thanks to its
biological properties.1,2 The analysis and review of observa-
tional studies present in the literature suggest that consuming
coffee could be advantageous against a number of chronic
diseases, including some cancers (liver, colorectal, endometrial,
and prostate),3 metabolic diseases (type-2 diabetes and
metabolic syndrome), and neurological disorders (Parkinson′s
disease, Alzheimer′s disease, and depression).1 In particular,
numerous studies report that moderate and, sometimes, even
high coffee consumption exerts a neuroprotective action
against two of the most common neurodegenerative diseases,
i.e., Parkinson′s and Alzheimer′s.4−6 Many coffee compounds
display beneficial properties in alleviating disease symptoms,
for instance by reducing cognitive and memory impairment,2

as antioxidants,7 or by preventing amyloid formation and
neurotoxicity.8 The coffee beverage consists of more than a
thousand compounds; the beverage as a whole and its
components show a bioactive role, and therefore, coffee is
considered a potential functional food.
Tauopathies is the term used to define a set of neuro-

degenerative disorders with symptoms of dementia and
parkinsonism.9 Among the tauopathies identified so far,
Alzheimer′s disease is the most common, with a worldwide
prevalence of 50 million people, especially the elderly (age >
65 years). The primary feature of tauopathies is the abnormal
accumulation of the microtubule-associated protein tau in the
brain (neurons or glial cells or both). The mechanisms

underlying the onset of these diseases are complex and
currently unclear, but tau aggregation and spreading are
thought to play a crucial role. The microtubule-associated
protein tau (hereafter tau) binds to microtubules and regulates
their assembly and axon outgrowth and integrity. Tau is
expressed in six isoforms in the adult human brain, the most
abundant being 441 amino acids long (Figure 1);10 it is an
intrinsically disordered protein, highly soluble and with little
tendency to aggregate. The repeat region is responsible for
binding to microtubules and contains two hexapeptide
motives, at the beginning of the second (R2) and third (R3)
repeats, which drive tau aggregation (Figure 1). The
dissociation of tau from microtubules is considered the leading
cause of its pathological accumulation; however, the molecular
mechanisms involved in the early events of pathogenesis are
still not completely clear.11 Due to the increase in the elderly
population, the number of patients with tauopathies expected
in the future years is very high: this will represent a high socio-
economic burden worldwide unless the means to prevent or
treat these diseases are found. It is worth emphasizing that
these diseases are currently incurable, as there are no effective
disease-modifying treatments. In this complex scenario,
nutraceuticals offer an attractive means for prevention
strategies or for designing food-based therapeutics to interfere
with the progression of the disease and mitigate its symptoms.
Green and roasted coffee extracts and their main compounds
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have been previously investigated for their ability to target Aβ
oligomers, involved in the progression of Alzheimer′s disease,
hindering their fibrillization and neurotoxicity.8

In this work, we started with the NMR characterization of
the molecular composition of the coffee extract to identify its
main components. Next, we interrogated the biological
properties of the whole coffee extract and of selected
components, i.e., caffeine and genistein, and observed their
ability to prevent aggregation, condensation, and the seeding
activity of the tau protein. Moreover, we identified molecules
among coffee compounds, able to bind to preformed fibrils of
tau. Taken together, these results add insights into the
neuroprotective potential of espresso coffee and suggest
candidate molecular scaffolds for designing therapies targeting
monomeric or fibrillized forms of the tau protein.

■ MATERIALS AND METHODS
Chemicals. Trigonelline (analytical standard) was purchased from

Sigma-Aldrich (St Louis, MO); caffeine (99% purity), genistein (99%
purity), and theobromine (99% purity) were purchased from Alfa
Aesar by Thermo Fisher Scientific (Kandel, Germany). Stock
solutions of all compounds were prepared in mQ H2O at a
concentration of 1 mg/mL and stored at −20 °C. All other reagents
were purchased from Sigma-Aldrich (St Louis, MO) unless otherwise
indicated.
Espresso Extraction. The medium roast ground coffee used in

this study is a blend of Arabica coffee from South America and
Robusta coffee from Africa and Southwest Asia (commercial brand).
The espresso coffee extract was obtained from 15 g of powder using a
two-cups coffee machine (Gaggia espresso machine, Gaggia Milano,
Italy) for a final volume of 80 mL of beverage. The extraction lasted
for 30 s at 80 °C in mQ H2O. The final product was distributed in 15
mL Falcon tubes, freeze-dried, and stored at +4 °C.
Recombinant Tau4RD Expression and Purification. All tau4RD

variants were expressed in BL21(DE3) cells grown in LB medium, at
37 °C for 5 h with 0.5 mM IPTG. Protein purification was achieved
by thermal treatment of the soluble bacterial extract (80 °C) followed
by the SP-ion exchange chromatography step.12−14

Thioflavin-T Aggregation Assay. Solutions of the 50 μM tau4RD

protein in 20 mM sodium phosphate buffer at pH 7.4, 50 mM NaCl, 1
mM DTT, 0.02% NaN3, and protease inhibitors with EDTA were
incubated in the absence or presence of coffee extract or different
compounds in 96-well dark plates at 37 °C for 40 h. Heparin and
Thioflavin-T (ThT) were added to the sample solutions in a molar
ratio of 1:1 with respect to the protein. Fluorescence measurements
(λex.: 450 nm and λem: 482 nm) were performed with a Tecan
Infinite M200 Pro Microplate Reader (Tecan Group AG, Man̈nedorf,
Switzerland) with cycles of 30 s of orbital shaking at 140 rpm and 10
min of rest before the fluorescence reading throughout the incubation,
as described in previous work.15 The fluorescence intensity and lag-
phase duration of four replicates of each sample were analyzed with
GraphPad Prism 8.2 software (GraphPad Software, San Diego,
California, www.graphpad.com). Any pre-existing aggregate was

removed by filtering the protein stock solutions through a 100
MWCO cut-off filter (Sartorius Stedim Biotech GmbH, Göttingen,
Germany), before the aggregation reaction. Error bars of ThT curves
correspond to standard deviations of four independent experiments.
Sample Preparation for CD and TEM Analysis. Solutions of

the 50 μM filtered tau4RD protein in 20 mM sodium phosphate buffer
at pH 7.4, 50 mM NaCl, 1 mM DTT, 0.02% NaN3, and protease
inhibitors with EDTA were incubated in the absence or presence of
coffee extract or different compounds in static conditions at 37 °C for
48/72 h using heparin at a 1:1 molar ratio as the aggregation initiator.
CD Analysis. Circular dichroism (CD) spectra were collected

using a Jasco J-1500 spectropolarimeter equipped with a Peltier-type
cell holder for temperature control (Jasco, Easton, MD). Solutions
containing tau4RD aggregates were diluted in 20 mM sodium
phosphate buffer, pH 7.4, to a final concentration of 6 μM. Far-UV
spectra (190−260 nm) were recorded at 25 °C with a scan rate of 50
nm min−1, a bandwidth of 1 nm, and an integration time of 2 s, in 0.1
cm cuvettes. Three spectra accumulations were collected and
averaged for each sample at different times (0 and 72 h). The
spectrum of the buffer alone (with or without the compounds) was
subtracted from the spectrum of the corresponding sample. Data were
analyzed with Spectra Manager and graphs were generated with
GraphPad Prism 8.2 software.
TEM Analysis. For transmission electron microscopy (TEM)

measurements, 10 μL of tau4RD aggregates (obtained after 48 h
incubation with or without coffee extract or different compounds)
were washed and diluted in mQ H2O to a final concentration of 5 μM
(monomer concentration). 30 μL of diluted aggregates were adsorbed
onto a film grid (400 mesh) and stained for 2 min with 2% uranyl
acetate. A Tecnai G2 (FEI) transmission electron microscope
instrument operating at 100 kV was employed to analyze the samples.
Images were acquired with a Veleta digital camera (Olympus Soft
Imaging System, Münster, Germany) using FEI TIA software (version
4.0). Fibril characteristics were analyzed with ImageJ software (v2.0).
NMR Spectroscopy. NMR experiments were acquired at 600

MHz on a Bruker Avance III spectrometer equipped with a triple
resonance TCI cryoprobe or on a Bruker Avance NEO spectrometer
equipped with a cryoprobe Prodigy TCI. All NMR spectra were
processed with Topspin 4.1.1 software (Bruker, Karlsruhe, Germany)
and analyzed using NMRFAM-SPARKY. One-dimensional 1H spectra
were acquired at 25 °C on samples dissolved in deuterated buffer (20
mM sodium phosphate at pH 7.4, 50 mM NaCl). A total of 8
transients were acquired over a spectral width of 9615 Hz and 32,768
complex points with a recycle delay of 4 s. Saturation transfer
difference (STD) experiments were acquired at 600 MHz, with 8
scans at 25 °C. Tau4RD aggregates (obtained after 48 h incubation)
were extensively washed to eliminate any other species eventually
present. Selective saturation of the protein at 0.4 ppm frequency was
carried out with a 2 s pulse train (40 Gaussian-shaped pulses of 50 ms
separated by 1 ms intervals, field strength of 90 Hz) included in the
relaxation delay, and a 25 ms spin-lock was used to reduce the broad
background protein signal. The STD spectrum was obtained by
subtracting the on-resonance spectrum from the off-resonance
spectrum. WaterLOGSY experiments were performed with a 180°
inversion pulse applied to the water signal at ∼4.7 ppm using a

Figure 1. Domain organization of full-length tau, tauFL, and of the shorter construct comprising the four-repeat region, tau4RD. Red bars indicate the
position of hexapeptide motifs known as aggregation nuclei.
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Gaussian-shaped selective pulse of 7.5 ms. Each WaterLOGSY
spectrum was acquired with 240 scans and a mixing time of 1.5 s.
In all experiments, water suppression was obtained using the
excitation sculpting pulse scheme. Experiments with samples
containing only the free compounds were acquired as a reference to
verify the binding.
Tau4RD Condensates in the Presence of Coffee, Caffeine,

and Genistein. Tau4RD was mixed with a small amount (1.2% of the
total protein) of tau4RD labeled with fluorescein isothiocyanate
(FITC) or with Alexa Fluor 488 (Thermo Fisher Scientific) to
report its liquid−liquid phase separation, as previously reported.16

Liquid−liquid phase separation of tau4RD was induced using heparin,
in the absence or presence of espresso coffee, caffeine, or genistein at
different concentrations (35−280 μg/mL). Where indicated, coffee,
caffeine, and genistein were added to already-formed droplets (after 5
min). In all samples, 35 μM protein in 20 mM sodium phosphate
buffer, pH 6.0, 30 mM NaCl, and 5 mM DTT was mixed with 8.75
μM heparin. For phase separation imaging, 7 μL of the solution was
spotted onto a microscope slide, covered with a circular coverslip, and
sealed with nail polish. Condensate images were acquired on a Leica
TCS SP5 AOBS microscope to visualize the formation of droplets
over time. Image analysis was performed with FIJI ImageJ software
(v2.0).
Sample Preparation for Cellular Viability and Seeding-

Based Aggregation Assays. Solutions containing the 100 μM
tau4RD protein (in 20 mM sodium phosphate buffer at pH 7.4, 50 mM
NaCl, 1 mM DTT, and protease inhibitor with EDTA) were filtered
and then incubated in the absence or presence of 50 or 400 μg/mL
coffee extract in static conditions at 37 °C for 24 h. The protein and
heparin were in a 4:1 molar ratio. After the incubation of tau4RD in
buffer or with coffee extracts, a centrifugation step was performed at
20,000g for 30 min to separate the fibrils as a pellet (Figure 7A). The
sample obtained from tau4RD incubated in the presence of 400 μg/mL
coffee extract did not contain insoluble aggregates and therefore the
first centrifugation did not produce pellets. The sample was further
treated as described below. The solution was separated by filtration
through a 100 kDa MWCO filter to isolate the monomeric forms
(Figure 7A red frame, filtrate) from the higher molecular weight
aggregates of tau4RD (Figure 7A red frame, retentate). All samples
were verified by sodium dodecyl sulfate−polyacrylamide gel electro-
phoresis (SDS−PAGE, Figure S12A).
Seeding-Based Aggregation and Immunoblot Analysis.

Nontumoral human embryonic kidney cell lines (HEK293) stably
expressing human full-length tau P301L fused with GFP17 were
cultured in DMEM high glucose (Aurogene) supplemented with 10%
FBS (fetal bovine serum, Aurogene), antibiotics (100 U of penicillin/
mL, and 100 U of streptomycin/mL), and 1% L-glutamine
(Aurogene) at 37 °C, 5% CO2 in a humidified incubator. Once
70−80% confluence was reached, the cells were collected using
trypsin, counted, and seeded for the experiments. HEK293 cells were
treated with 5 μM tau4RD fibrils obtained in the absence or presence of
50 μg/mL coffee extract (pellet) or with the filtrate and the retentate
obtained as described from tau4RD aggregated in the presence of 400
μg/mL coffee extract. Lipofectamine LTX at 0.5% was employed as a
transfection agent. For immunoblot analysis, 100,000 cells/well were
seeded in a 24-well plate. After treatment, the cells were first scraped
into Triton lysis buffer (1% Triton X-100 in 50 mM Tris, 150 mM
NaCl, pH 7.6) containing protease and phosphatase inhibitors and
incubated on ice for 15 min. Lysates were centrifuged at 20,000g for
30 min at 4 °C. Supernatants were kept as the “Triton 1 fraction,”
whereas the pellets were washed once in Triton lysis buffer, separated
again with centrifugation, resuspended in SDS lysis buffer (1% SDS in
50 mM Tris, pH 7.6) at a volume that is 1/3 of the Triton lysis buffer,
and heated for 15 min at 80 °C. After centrifugation at 20,000g,
supernatants were kept as the “SDS fraction”. Protein concentrations
of Triton 1 fractions were determined with the BCA assay. According
to protein concentration in the Triton 1 soluble fraction (considered
as the protein standard), a proper amount of the SDS fraction was
separated by SDS−PAGE and probed with the TAU-5 antibody,
specific for the human tauFL. Immunoreactive proteins were detected

using the ECL prime western blotting detection reagents (Ge
Healthcare) according to the manufacturer′s instructions.
Cell Viability Assay. H4-APPswe neuroglioma cells (stably

expressing the APP Swedish mutation) were a generous gift from
Prof. Mario Buffelli. The cell line was cultured in a humidified
atmosphere of 5% CO2 and passaged in a complete growth medium:
Dulbecco′s modified Eagle medium (DMEM) high glucose
(Aurogene) containing 10% fetal bovine serum (FBS, Aurogene)
supplemented with antibiotics (1% penicillin/streptomycin) and 1%
glutamine (Aurogene). Once 70−80% confluence was reached, the
cells were collected using trypsin, washed, and counted. Cell viability
after tau4RD sample treatment was evaluated by the reduction of the
tetrazolium salt MTT (1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylfor-
mazan, thiazolyl blue formazan), following the manufacturer′s
protocol. Briefly, 1000 H4-APPswe cells/well were seeded in their
exponential growth phase in a flat-bottom 96-well plate and were
incubated at 37 °C in a 5% CO2 incubator.

After 24 h, the cells were treated with tau4RD samples (pellet or
retentate at 5 μM) obtained as previously described. After 48 h of
treatment, the cells were incubated with 0.5 mg/mL MTT for 3 h at
37 °C, and insoluble formazan crystals were dissolved in 200 μL of
DMSO. The absorbance measurement at 560 nm was employed to
evaluate the reduced MTT. Experiments were performed in triplicate
on a Tecan Infinite M200 Pro Microplate Reader.
Statistical Analysis. Statistical analysis was applied to cell viability

data and TEM morphological data on fibrils. Any statistically
significant difference between samples was determined using one-
way ANOVA analysis of variance followed by Dunnett′s multiple
comparison test to compare the means from sample groups against a
control group. The significance threshold was set at P = 0.05.

For the cell viability assay, measurements were performed in
triplicates.

For TEM analysis, 10−20 measurements (from different images)
for each parameter were analyzed. All sets of samples comply with
normal distribution for the D′Agostino and Pearson test. Standard
deviation (SD) was homogeneous according to Brown−Forsythe and
Bartlett′s tests.

For both analyses, P values were indicated as follows: * = 0.01−
0.05, ** = 0.001−0.01, *** = 0.0001−0.001, and **** <0.0001.

■ RESULTS
NMR Characterization of the Extract from Arabica

and Robusta Coffee Beans. Coffee samples were prepared
with espresso extraction and examined by NMR spectroscopy
in order to identify the main compounds constituting the
beverage. The one-dimensional (1D) 1H NMR spectrum of
espresso brew (Figure 2A) exhibits a complex profile in which
the proton resonances are considerably overlapped. The
identification of the main metabolites was obtained from the
analysis of one- (1H) and two-dimensional (1H−1H TOCSY,
1H−13C HSQC) spectra and by comparison with previously
reported data.7,18,19 The assignment of compounds such as
trigonelline, caffeine, lactate, and chlorogenic acids (CGAs)
was obtained from the observation of typical patterns of
signals. The profiling of the coffee extract revealed the presence
of compounds that are commonly found in brews from Arabica
and Robusta coffee.7

Coffee Extract and Single Compounds Influence the
Aggregation Kinetics of Tau4RD. Following the identifica-
tion of the main compounds contained in the coffee brew, we
tested the impact of both the complex mixture and selected
isolated compounds (Figure 2B) on protein tau fibril
formation. We chose to focus on some compounds found in
coffee extracts: two alkaloids, caffeine and trigonelline, and an
isoflavone compound, genistein.8,20,21 Additionally, we em-
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ployed the compound theobromine, a methylxanthine
analogue to caffeine lacking the methyl group at position 1.
For aggregation experiments, we focused on a shorter

construct of tau, hereafter tau4RD, spanning residues Q244-
E372 (Figure 1). Tau4RD comprises the microtubule-binding
region and most of the residues involved in the assembly of
pathological filaments,22 and it is widely used as a model
system to test the aggregating properties of tau.23,24

To assess the aggregation kinetics of tau4RD in the presence
and absence of coffee extract, we performed a ThT
fluorescence assay. The fluorescence of ThT increases upon
binding to β-sheet-rich amyloid structures and its change over
time allows us to monitor fibril formation. In the presence of a
low amount of coffee extract (50 μg/mL), the aggregation
kinetics of tau4RD followed a typical sigmoidal trend,
comparable in shape to that observed for tau4RD alone;
however, it represents a significantly extended lag phase and a
decreased rate of fibril growth (Figure 3A and Table 1).
Interestingly, in the presence of 400 μg/mL coffee extract,
there was almost no increase in ThT fluorescence and the

typical sigmoidal shape was not discernable. These observa-
tions suggest an inhibitory effect of the coffee extract on tau
fibril formation in a concentration-dependent manner (Figure
3A). This finding differs slightly from results described in a
previous report,25 in which an effect on tauFL fibrillization was
observed only at a high concentration (200 μg/mL) of three
different varieties of 100% Arabica instant coffee, while low
concentrations (5 or 40 μg/mL) produced no or negligible
variation of aggregation rates. We conclude that the specific
coffee beans and the composition of the extracts determine a
unique activity.

Next, we tried to determine if any of the components of the
coffee extract were responsible for the inhibitory activity
toward fibril formation. To this aim, we analyzed the
aggregation kinetics of tau4RD in the presence of increasing
amounts of selected isolated molecules (Figures 3B,C and
S1A,B). At a concentration of 50 μg/mL, the tested molecules
showed moderate effects on fibril formation, with a
consistently extended lag phase, except for trigonelline
(Table 1). At a higher concentration (400 μg/mL), caffeine
and genistein were found to strongly interfere with fibril
formation. In particular, the ThT fluorescence response in the
case of caffeine was very poor, similar to what was observed
with the coffee extract (Figure 3A,B and Table 1). We also
examined the effect of a mixture of the selected molecules at
concentrations comparable to those estimated for the extract.
The corresponding ThT fluorescence data indicate that the
pool of compounds had some inhibitory effect on tau4RD fibril
formation, albeit not as strong as that of the coffee extract
(Figure S1E). In order to exclude that the observed inhibitory
effects were due to an interaction of the selected compounds
with ThT (the fluorescence probe) or with heparin (the
aggregation inducer), we acquired 1H NMR spectra of heparin
or ThT in the absence and presence of different concentrations
of each molecule (Figures S2−S5). The invariance of the
signals of heparin or ThT, and of the compounds, indicated
that no strong interactions occurred and that the effects
observed during the fibrillization reactions originated from an
interaction of the pure compounds with the protein substrate.

The described experiments indicate that the ensemble of
compounds constituting the coffee extract is more effective in
inhibiting tau4RD fibril formation than any single component.
Nonetheless, among the selected molecules, caffeine and
genistein were capable to mitigate the process of tau4RD

aggregation.
Conformational Transitions of Tau4RD Analyzed by

CD Spectroscopy. The maturation of amyloid fibers is
triggered by the formation of aggregates characterized by a β-
sheet secondary structure. To assess the effects of the coffee
extract and of bioactive compounds on the conformational
transitions of tau4RD during aggregation, we acquired circular
dichroism (CD) spectra and examined their overall shapes.
Monomeric tau4RD displays a far-UV CD spectrum typical of
disordered polypeptides, characterized by a negative ellipticity
peak centered at about 200 nm23 and the absence of strong
signals at 220 nm (Figure 3D−F, black continuous line). This
feature of the spectrum was maintained in all CD traces at the
starting points of aggregation, independently of sample
condition (Figure 3D−F), thus showing the inability of the
compounds to modify the structure of soluble tau4RD. Changes
in the secondary structure of tau4RD were monitored after 72 h
of incubation with heparin (Figure 3D−F, black dashed lines).
The CD spectrum of the aggregated protein was characterized

Figure 2. (A) 1H NMR profile of 5 mg/mL lyophilized espresso
coffee extract. The downfield spectral region (5−10 ppm) is displayed
with 4-fold higher intensity than the highfield region for better
visualization. The spectrum has been recorded at 600 MHz and 25
°C. Peak assignments are indicated. Caff: caffeine, Trigo: trigonelline,
CGAs: chlorogenic acids, Lac: lactate, and Cho: choline. (B)
Molecular structures of coffee-derived molecules analyzed in this
study.
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by a substantial change in shape and a shift of the curve
minimum to longer wavelengths (∼215 nm), which is
indicative of a structural reorganization consistent with the
formation of β-sheet structures.
The latter behavior was retained in samples of tau4RD

coincubated with theobromine and trigonelline (Figure
S1C,D), indicating that these compounds were unable to
prevent aggregation. By contrast, a different behavior was
observed when tau4RD was incubated with genistein or caffeine,

dependent on the concentration of the compounds (Figure
3E,F). At low molecule concentrations (Figure 3E,F orange
lines), the conformational transformation of tau4RD was
affected to a small extent. At a higher concentration of
genistein, we still observed a shift of the peak minimum but
with smaller negative ellipticity. The impact of caffeine
appeared even more pronounced: at 400 μg/mL concen-
tration, the CD spectrum recorded after 72 h of incubation was
only slightly altered from its initial shape (Figure 3E red lines),

Figure 3. Time course of tau conformational transitions. (A−C) ThT fluorescence-based aggregation kinetics curves measured on 50 μM tau4RD in
the presence of coffee extract (A), caffeine (B), or genistein (C). Compound concentrations were 0 (black), 50 (orange), or 400 (red) μg/mL.
Measurements were carried out on four replicates and data are reported as mean ± s.d. Solid lines correspond to the best-fit curves determined
using an empirical sigmoid function. (D−F) Far-UV CD spectra recorded on 6 μM tau4RD in the absence or presence of coffee compounds.
Measurements were performed immediately after sample preparation (continuous curves) and after 72 h (dotted curves) incubation of a
concentrated stock (50 μM protein and 50 or 400 μg/mL compounds) in static conditions at 37 °C. Molar concentrations of compounds were 0.26
mM (50 μg/mL) and 2 mM (400 μg/mL) caffeine and 0.18 mM (50 μg/mL) and 1.5 mM (400 μg/mL) genistein.

Table 1. Kinetic Parameters for the Aggregation of Tau4RD, Determined on the Basis of ThT Fluorescence Assaysa

concentration (μg/mL) t0.5 (h) τ (h) tlag (h)

control 7.85 ± 0.02 1.03 ± 0.02 5.79 ± 0.06
coffee 50 12.90 ± 0.06 2.09 ± 0.03 8.72 ± 0.12

400 nd nd nd
caffeine 50 9.45 ± 0.03 1.17 ± 0.02 7.11 ± 0.07

400 nd nd nd
genistein 50 8.43 ± 0.01 0.84 ± 0.01 6.75 ± 0.03

400 10.50 ± 0.02 1.50 ± 0.01 7.50 ± 0.04
theobromine 50 9.10 ± 0.05 1.19 ± 0.04 6.72 ± 0.13

400 8.46 ± 0.02 1.16 ± 0.02 6.14 ± 0.06
trigonelline 50 7.24 ± 0.02 1.00 ± 0.02 5.24 ± 0.06

400 6.73 ± 0.01 0.56 ± 0.01 5.61 ± 0.03
at0.5: midpoint of the transition; τ: elongation time constant; tlag = t0.5 − 2τ; nd: not determined.
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implying the prevalence of a disordered structure as a result of
the inhibitory effect of caffeine on aggregation. Finally, the
effect of coffee extract was quite strong, regardless of the
concentration. The CD spectra were characterized by a
reduced peak minimum suggestive of scattering effects in the
samples and retained the initial shape after 72 h of incubation
(Figure 3D). The conformational transitions of tau4RD after 72
h of incubation with 50 μg/mL coffee extract (Figure 3D) were
not detected by CD, possibly due to the complex composition
of the sample and the heterogeneous nature of polymorphic
nonfibrillar and fibrillar aggregates, which would not
correspond to a unique secondary structure signature.
Overall, the results of CD experiments confirm that the

compound mixture of coffee brew prevents the formation of
ordered fibrillar structures. The conformational analysis agrees
with the ThT analysis and indicates a variable impact on the
aggregation properties of tau4RD exerted by the coffee extract
and by the single bioactive compounds.
Morphological Analysis of Tau4RD Aggregates. As a

next step, we performed a TEM analysis of tau4RD aggregates
obtained in the absence or presence of coffee extract or single
compounds (Figures 4 and S6). The collected images clearly
show that tau4RD was able to form abundant mature fibrils after
48 h of incubation in the presence of heparin. Furthermore,
TEM analysis confirmed the different abilities of the tested
compounds to interfere with tau4RD fibril formation. The
presence of trigonelline and theobromine had a modest impact
on tau4RD fibril assembly, and long straight and twisted fibrils

were observed at all tested concentrations (Figure S6); these
data agree with aggregation kinetics results obtained by ThT
fluorescence and with CD analysis. A different behavior was
observed when caffeine and genistein were present during the
fibrillization process (Figure 4D−G). Both molecules displayed
significant inhibitory activity toward tau4RD fibrillization, with a
stronger effect at a higher compound concentration. In the
presence of 50 μg/mL compounds, long fibrils could still form
but short filaments were also visible. Upon increasing the
amount of the compounds to 400 μg/mL, almost all structures
visible in TEM images were short filaments with a morphology
comparable to that of tau4RD alone (Figure S7).

The effect of coffee extract was remarkable: even in the
presence of low quantities of the mixture, the formation of long
fibrils was compromised and only few short fibrils were visible
(Figure 4B,C). The coffee extract at high concentrations
strongly interfered with fibril formation: the few observable
fibrils showed a modified morphology, and a large amount of
spheroidal oligomeric species, with a diameter of about 20 nm,
were observed in the images (Figures 4B,C and S7). The
morphological analysis of all of the samples showed that the
overall shape of fibrils of tau4RD alone (Figure S7) was
maintained also when the fibrils were formed in the presence
of the selected molecules; the differences observed in some
structural parameters are attributable to the different quality of
images rather than to a real morphological difference. The
results obtained using a coffee extract generally agree with
previously reported data obtained on tauFL in the presence of

Figure 4. Transmission electron microscopy of tau4RD aggregates. Representative TEM images of tau4RD aggregates in the presence of different
concentrations of coffee extract or single compounds. Samples contained tau4RD in buffer (A) with 50 μg/mL (B) or 400 μg/mL (C) coffee extract,
50 μg/mL (D) or 400 μg/mL (E) caffeine, 50 μg/mL (F) or 400 μg/mL (G) genistein. The protein was 50 μM. Samples were incubated for 48 h
at 37 °C in static conditions. Scale bars are 500 nm (red) and 200 nm (light blue).
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instant coffee brews;2525 however, no influence of caffeine on
fibril growth was found in the previous study. The discrepancy
could be due to the different tau constructs used in the two
studies. It is worth noticing that another work26 provided
evidence that full-length tau can interact with caffeine. The
docking study indicated that the R2 and R4 repeats of the
MBD of tau (Figure 1) are the most likely binding sites for
caffeine, and localized surface plasmon resonance spectroscopy
data revealed that the binding of caffeine molecules to tau
significantly reduced the formation of tau−tau complexes.
These results could explain our finding that caffeine inhibits
fibril formation, as the assembly of a tau−tau complex is a
prerequisite for protein aggregation. Moreover, the presence of
spheroidal aggregates in TEM images of tau4RD obtained in the
presence of 400 μg/mL coffee extract or caffeine is in
agreement with the decreased rate constants determined from
ThT experiments. Altogether, the collected pieces of evidence
suggest that fibril elongation and possibly secondary nucleation
processes are inhibited in particular by caffeine and bioactive
compounds of coffee extracts.
Condensation-Linked Aggregation of Tau4RD. Accu-

mulating evidence indicates that tau is able to form and
participate in biomolecular condensates.24,27,28 Cellular bio-
molecular condensates often contain proteins and RNA, they
are thought to form through liquid−liquid phase separation
(LLPS) and exhibit liquid-like properties.29 LLPS has been

recognized as one of the key organizing principles by which
eukaryotic cells control molecular localization and biochemical
reactions.30 However, condensates are metastable and may
transition from liquid-like to gel or solid-like states.30 In
particular, age-related changes and pathological insults may
promote abnormal phase transitions.31 The observation that
tau undergoes LLPS has stimulated efforts to understand
whether condensation may be linked to pathological
aggregation.24,27,28

Polyanionic cofactors, including RNA and heparin, stimulate
condensation of tau in vitro.32 Heparin is commonly used as an
aggregation inducer, and it is increasingly employed in model
systems to investigate condensation-linked aggregation.16,33,34

Indeed, heparin-induced liquid condensates of tau4RD proved
unstable and were found to rapidly evolve into irregularly
shaped assemblies.16,35 Here, we prepared the condensates in
the absence or presence of coffee extracts or single bioactive
compounds and observed the liquid droplets by fluorescence
microscopy using Alexa488-tau4RD as a reporter molecule
(Figures 5 and S8−S10). Small spherical droplets formed
immediately after mixing tau4RD and heparin, then grew over
the following 5 min, and partly dissolved or lost their regular
shape after 30 min (Figure 5A).

A similar evolution was observed in the presence of bioactive
compounds; however, few differences emerged (Figure 5B−
D): the size distribution of droplets in the presence of caffeine

Figure 5. Influence of coffee compounds on tau condensation. Representative fluorescence microscopy images displaying condensates of tau4RD/
heparin in simple buffer (A) or in the presence of 280 μg/mL coffee extract (B), caffeine (1.4 mM) (C), and genistein (1 mM) (D). Images were
acquired at 0, 5, and 30 min after mixing components. Protein was 35 μM and heparin was 8.75 μM. The scale bar is 10 μm. (E−H) Distribution
plots of droplet diameters corresponding to conditions of panels (A−D) at 5 min; orange lines are best-fit log-normal curves.
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was similar to the control; by contrast, narrower distributions
and smaller mean sizes were observed in the case of coffee
extract and genistein. The endpoint (30 min) images displayed
irregular assemblies for coffee and caffeine, while clustered
spherical droplets appeared in the case of genistein. We further
investigated if the bioactive compounds were able to perturb
preformed condensates (Figures S8D,E, S9D,E, and S10D,E).
We observed that condensates were minimally perturbed by
the subsequent addition of compounds, with the exception of

the case of 280 μg/mL genistein, which appeared to promote
the coalescence of initially formed droplets into larger
condensates.

In summary, the tested compounds did not dramatically
impact the formation and evolution of tau4RD/heparin
condensates with two main exceptions: coffee extracts
prevented the formation of larger droplets, and concentrated
genistein disfavored the aggregation-linked dispersion and
transformation of droplets. This finding suggests that the coffee

Figure 6. Interaction of coffee compounds with tau aggregates. Saturation transfer difference (A, B) and WaterLOGSY (C, D) NMR spectra
acquired on a 5 mg/mL espresso coffee mixture (A, C) or 0.8 mg/mL (4 mM) caffeine (B, D) in the absence (red) and presence (black) of tau4RD

filaments (80 μM monomer) in 20 mM deuterated phosphate buffer, pH 7.4 at 25 °C. The downfield regions in (A, C) are displayed with four-fold
higher intensity compared to the highfield regions on the right. (E, F) 1H NMR spectrum of 5 mg/mL coffee (E) or 0.8 mg/mL caffeine (F) in 20
mM deuterated phosphate buffer, pH 7.4 (1), STD (2), and WaterLOGSY (3) spectra acquired on 5 mg/mL coffee (E) or 0.8 mg/mL caffeine (F)
in the presence of tau4RD filaments.
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extract can influence the physicochemical properties of a
condensate, modulating its stability and maturation, with
important implications for disease-related condensation, an
aspect that warrants further scrutiny.
NMR-Based Assessment of the Binding of Coffee

Extract and Caffeine to Tau4RD Fibrils. The identification
of soluble molecules able to interact with preformed fibrils is
attracting increasing attention, as it opens new options for the
design of novel therapeutics or specific probes for the diagnosis
of a variety of neurodegenerative disorders.36 We therefore
investigated the ability of coffee extract and caffeine to

recognize and bind preformed tau fibrils by employing NMR
spectroscopy, specifically a combination of STD37 and
WaterLOGSY experiments.38 These experiments are quite
powerful for assessing the interaction between a small molecule
and a high-molecular-weight species. The latter are, in this
case, the preformed tau fibrils dissolved in deuterated
phosphate buffer. Both STD and WaterLOGSY are based on
intermolecular nuclear Overhauser effects (NOEs) to the 1H
nuclei of a ligand transiently bound to a large biomolecule.39

The STD spectra of the coffee extract were acquired in the
presence and absence (control experiment) of the protein

Figure 7. (A) Schematic depiction of sample preparation for cell viability and seeding-based aggregation assays in cellular models. A first
centrifugation step was performed for the isolation of the fibrils (pellets in blue) from soluble tau (aggregates in dark red and monomers as blue
spheres) obtained after the fibrillization reaction of tau4RD in buffer (gray frame), in the presence of 50 μg/mL coffee extract (orange frame) and in
the presence of 400 μg/mL coffee extract (red frame). The latter sample did not contain any aggregate and therefore the first centrifugation did not
produce pellets. The solution obtained after centrifugation of tau4RD aggregated in the presence of 400 μg/mL coffee extract was further treated: a
filtration step (through 100 kDa MWCO) was performed to separate monomers (filtrate) from soluble aggregates (retentate) used for seeding-
based aggregation assays. The figure was created with BioRender.com. (B) Cell viability assay performed on H4-APPswe neuroglioma cells
nontreated (NT) or treated for 48 h with pellets or retentate obtained as depicted in A (the color code is maintained). One-way statistical analysis
ANOVA followed by Dunnett′s multiple comparison test was performed, ns = nonsignificant, p = *0.01−0.05, **0.001−0.01, ***0.0001−0.001.
(C) Immunoblot analysis of the cellular insoluble fraction after treatment with samples of tau4RD aggregated in buffer and in the presence of 400
μg/mL coffee extract (prepared as depicted in A, red frame). HEK293 cells overexpressing tauFL/P310L-GFP were treated with the samples for 48
h and the Triton-insoluble fractions were blotted with the TAU-5 antibody. The last lane represents cells without the treatment (NT).
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fibrils, setting the on-resonance frequency at 0.4 ppm, to
achieve saturation of protein aliphatic resonances. The signals
in the STD spectrum (obtained by subtracting the on-
resonance from the off-resonance spectrum) of the coffee
extract contained several NMR signals (Figures 6A,E and
S11A); however, the comparison with the control experiment
acquired in the absence of fibrils revealed that only a subset of
peaks experienced a signal build-up. Thus, a group of atoms of
the molecules present in the coffee extract received saturation
transfer from the protein via NOE, proving their interaction
with the aggregates.37 We considered the results obtained with
STD experiments definitive only if confirmed by WaterLOGSY
experiments acquired in the same conditions (Figure
6C,E).39,40 In the case of WaterLOGSY, the 1H nuclei of
bulk water are excited, and the magnetization is transferred
from transiently bound water 1H to protons of a small
molecule bound to the protein.38 Also, in the WaterLOGSY
spectrum, a group of peaks experienced a signal build-up with
respect to the control experiment. The comparison of the
signals in STD and WaterLOGSY experiments with the 1H
NMR spectrum of the coffee extract (Figure 6E) clearly
indicates that caffeine and chlorogenic acids were able to
interact with fibrils. To further prove the ability of caffeine to
interact with tau4RD fibrils, the STD and WaterLOGSY
experiments were repeated on the pure compound in the
same conditions (Figures 6B,D,F and S11B). All of the NMR
peaks of caffeine experienced a signal build-up in the two
experiments, thus confirming the ability of this bioactive
molecule to bind to preformed tau4RD fibrils.
Taken together, the NMR data provide clear evidence that

specific bioactive molecules present in the coffee extract, i.e.,
caffeine and chlorogenic acids, can interact with preformed
fibrils of tau4RD.
Coffee Extract Modulates Tau-Mediated Cytotoxicity

and Intracellular Tau Accumulation. The above reported
data point to the ability of the coffee extract to interfere with
tau filament formation in vitro, redirecting the assembly of tau
into off-pathway amorphous oligomeric species. We therefore
decided to test the toxicity of tau4RD aggregates formed in the
absence and presence of different amounts of coffee extract. To
this aim, neuroglioma-derived H4swe cells were treated for 48
h with three different samples obtained as depicted in Figure
7A. Fibrils were obtained by preincubating tau4RD with heparin
(4:1 ratio) and 50 μg/mL coffee extract and then sedimented
by centrifugation (Figure 7A, orange frame, and S12A),
showed decreased toxicity compared to fibrils obtained in
simple buffer (Figure 7A, gray frame, and S12A), with cell
viability increasing from 53 to 72% (100% refers to nontreated
cells, Figure 7B).
We have shown that tau4RD incubated in buffer containing

400 μg/mL coffee extract was unable to form fibrils but rather
underwent structural transitions, giving rise to nonfibrillar
aggregates/oligomeric species. Previous studies reported the
ability of tau oligomers to act as primary culprits of
toxicity;41−43 therefore, we sought to investigate if the
amorphous, aggregated species formed in the presence of
large quantities of coffee extract could interfere with cell
survival. A sample containing tau4RD aggregated species formed
in the presence of 400 μg/mL coffee extract was first
sedimented using centrifugation and checked on SDS−PAGE
(Figure S12A). The soluble supernatant was then separated
into monomers and mixtures of oligomers by filtration through
a 100 kDa MWCO filter (Figures 7A red frame, and S12A).

Interestingly, the viability of the cells treated with the retentate
that contained amorphous/oligomeric species showed a
nonsignificant difference with respect to the viability of
nontreated cells (Figure 7B), thus indicating that the presence
of coffee extract not only interferes with tau4RD fibril formation
but also promotes the formation of aggregated species with
reduced or no toxicity.

Previous studies demonstrated the ability of synthetic
preformed tau fibrils to act as a template in soluble tau
fibrillization, both in vitro and in cell culture models.17 To test
whether tau4RD aggregates formed in the presence of coffee
extract retained the seeding capacity, we employed HEK293
cells stably expressing tauFL/P301L-GFP and used lipofect-
amine to promote the cellular uptake of the selected samples.
First, we treated the HEK293 tauFL/P301L-GFP cells with
pellets isolated by centrifugation deriving from tau4RD

aggregated in the absence and presence of different amounts
of coffee extract (sample preparation is depicted in Figure 7A).
The immunoblot analysis of the Triton-insoluble fraction of
cells after treatment with the tested samples showed that the
seeded fibrillization propensity of tau4RD was perturbed when
the aggregates were obtained in the presence of coffee extract
(Figure S12B). However, since the pellet of the sample
obtained in the presence of 400 μg/mL coffee extract did not
contain a detectable protein fraction (Figure S12A), we
decided to treat the cells with the two components isolated by
filtration of the soluble supernatant: the retentate and the
filtrate (Figure 7A red frame). The immunoblot analysis
confirmed the inability of the aggregates obtained in the
presence of a high amount of coffee to induce intracellular tau
fibrillization (Figure 7C). These data suggest that the
molecules constituting the espresso coffee extract could have
a bioactive role in the modulation of tau-mediated cell toxicity
and reduce the tau-seeding activity in cultured cells.

■ DISCUSSION
Neurodegenerative diseases are often associated with the
aggregation and deposition of incorrectly folded proteins. The
predominant pathological feature of tauopathies, including
Alzheimer′s disease, is the intraneuronal deposition of the tau
protein, hence the development of novel forms of treatments
and prevention targeting tau protein is considered a promising
strategy.44 Toward this direction, a possible approach is to test
small compounds for their inhibitory activity against the
aggregation of tau.

In recent years, the potential health benefits of the
consumption of functional foods have been extensively
investigated,45−48 and a large number of food components
showed biological activity.49,50 In this work, we investigated
the antiaggregation property of espresso coffee extract and
some of its components toward the tau protein. Taken
together, ThT fluorescence, TEM analysis, and CD spectra
indicate that the espresso extract has a strong antiaggregation
effect in a dose-dependent manner. The length of tau4RD fibrils
decreased upon increasing coffee extract concentration and
only small spheroidal oligomeric species were observed at a
high coffee concentration.

We also found that the coffee extract can modulate the
stability and maturation of tau condensates. Condensate
formation has been suggested as a possible mechanism
initiating the aggregation of tau;27 therefore, our results show
a further interesting property of the coffee extract in interfering
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with the early events, leading to the pathological accumulation
of tau.
Coffee extracts contain a large variety of bioactive

compounds exhibiting health-beneficial effects.2 Using NMR-
based analysis, we were able to identify the most abundant
constituents of espresso coffee. Among these, we focused on
caffeine and trigonelline, as well as on less abundant molecules,
i.e., genistein and theobromine, to test their effects on tau4RD

aggregation. Among the tested compounds, only caffeine and
genistein showed significant modulation of tau4RD aggregation
kinetics in a dose-dependent manner, and only short
protofilaments were observed after incubation. Moreover,
concentrated genistein modulates the transformation of
droplets, suggesting a possible concerted bioactive function
toward tau condensation and aggregation. It is interesting to
point out that previous data showed an inhibitory activity of
genistein against Aβ aggregation and toxicity.50 This dual
inhibition function against tau and Aβ aggregation makes
genistein an attractive biomolecule for designing genistein-
based therapies.
It has been previously shown that caffeine, the well-known

psychoactive alkaloid abundantly found in coffee extracts,2

does not prevent Aβ aggregation and neurotoxicity, therefore
making this molecule less interesting as a bioactive
compound.8 By contrast, our large panel of experiments
clearly shows that caffeine exhibits a significant inhibitory
activity toward tau4RD aggregation. Furthermore, ligand-based
NMR experiments showed that among all of the coffee
components, caffeine has the additional property of binding
preformed tau4RD fibrils. All these findings are particularly
interesting because caffeine could provide a structural template
to treat tauopathies targeting tau fibrils or to design molecular
probes with improved specificity and binding properties for the
detection of pathological aggregates useful for the clinical
diagnosis of tau-based diseases.
The formation of amorphous spheroidal aggregates in the

presence of coffee extract prompted us to study their toxicity
on H4-APPswe cells, as tau oligomers are considered to be the
most toxic tau species. Tau4RD aggregated in the presence of
coffee extract showed a significantly decreased cytotoxicity
compared with untreated tau4RD fibrils, in line with previously
reported data on natural compounds such as limonoids and
xanthohumol.51,52 Additional experiments also showed the
reduced ability of the amorphous aggregates to induce
intracellular tau fibrillization, thus suggesting a neuroprotective
effect of coffee extracts against tau-induced toxicity in cultured
cells. These results are in line with previous studies showing a
reduced seeding propensity of tau oligomers pretreated with a
curcumin derivative.53

The association of coffee intake with a decreased risk of
neurodegenerative disorders has been largely investigated.2,54

A moderate espresso coffee consumption of 2/3 cups per day
(40 mL/cup) provides about 250 mg of caffeine and 25 μg of
genistein, in addition to numerous other bioactive com-
pounds.7,20 Many of these compounds, including caffeine and
genistein, can cross the blood−brain barrier via different
mechanisms55,56 and exert neuroprotective effects.6

Here, we show that aggregation of the tau protein is
modulated by espresso coffee extract and some of its
components, at both concentrations used in the experiments
(i.e., 50 and 400 μg/mL). Intraneuronal tau concentration has
been estimated to be about 2 μM,57 25 times less than what we
have used in our experiments. Based on the bioavailability of

coffee components in the brain, and on the results of our study,
we expect that moderate coffee consumption may provide a
sufficient amount of bioactive molecules to act separately or
synergistically as modulators of tau protein aggregation and
toxicity.

In conclusion, we have presented a large body of evidence
that espresso coffee, a widely consumed beverage, is a source of
natural compounds showing beneficial properties in ameliorat-
ing tau-related pathologies. Our findings could pave the way
for further investigation into the design of bioactive
compounds in the prevention and treatment of tauopathies.
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