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A B S T R A C T

The aim of this study was to evaluate the inhibitory potential of aqueous extracts from coffee silverskin (CSE)
and husk (CHE) and their main phenolics on adipogenesis, obesity-related inflammation, mitochondrial dys-
function, and insulin resistance, in vitro. Coffee by-products extracts (31–500 μgmL−1) and pure phenolics
(100 μmol L−1) reduced lipid accumulation and increased mitochondrial activity in 3T3-L1 adipocytes. Also
reduced the expression of inducible nitric oxide synthase and cyclooxygenase-2 and diminished secretion of pro-
inflammatory factors in LPS-stimulated RAW2643.7 macrophages. Cytokine release diminished (tumor necrosis
factor α: 23–57%; monocyte chemoattractant protein 1: 42–60%; interleukin-6: 30–39%) and adiponectin in-
creased (7–13- fold) in adipocytes treated with macrophage-conditioned media. ROS scavenging and activation
of peroxisome proliferator-activated receptor γ coactivator 1-α pathway counteracted mitochondrial dysfunc-
tion. Increases in insulin receptor (1.4 to 4-fold), phosphoinositide 3-kinase (2 to 3-fold) and protein kinase B
(1.3 to 3-fold) phosphorylation, in conjunction with a decrease in serine phosphorylation of insulin receptor
substrate 1, evoked glucose transporter 4 translocation (8–15-fold) and glucose uptake (44–85%). CSE and CHE
phenolics inhibited adipogenesis and elicited adipocytes browning. Suppressing macrophages-adipocytes in-
teraction alleviated inflammation-triggered mitochondrial dysfunction and insulin resistance. CSE and CHE are
beneficial in reducing adipogenesis and inflammation-related disorders.

1. Introduction

Overweight and obesity are defined as excessive fat accumulation
that may impair health and are triggered by excessive energy storage as
triglycerides (TAG) in adipose tissue (AT). About 13% of the adult
world population is obese; a major risk factor for chronic diseases in-
cluding type-2 diabetes (T2D) (Paniagua, 2016). Obesity is associated
with a state of low-grade chronic inflammation that leads to impair-
ment of insulin signaling (Monteiro and Azevedo, 2010). Insulin re-
sistance (IR) is associated with an increased number of infiltrated
macrophages (Mφ) in the AT, which promotes the secretion of cyto-
kines and other inflammation-related factors (Jung and Choi, 2014).
AT, as an endocrine organ, secretes adipocytokines as leptin, adipo-
nectin, tumor necrosis factor α (TNF-α), interleukin 6 (IL-6), and

monocyte chemoattractant protein 1 (MCP-1) (Kang et al., 2016). In-
flammatory cytokines induce lipolysis in adipocytes, and the release of
free fatty acids (FFAs) activates inflammatory signals in both Mφ and
adipocytes creating an inflammatory paracrine loop (Suganami et al.,
2005).

Mitochondria have a fundamental function in energy metabolism
producing energy for the cells in the form of adenosine triphosphate
(ATP) from food substrates (Brand et al., 2013). Obesity-related in-
flammation has been shown to alter the number and function of mi-
tochondria in different tissues, resulting in mitochondrial dysfunction
(Patti and Corvera, 2010). Mitochondrial dysfunction in adipocytes
induces the loss of insulin sensitivity and hinders insulin response and
glucose utilization in other tissues, leading to a decrease in adiponectin
secretion (Wang et al., 2013). The perturbation in mitochondrial
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oxidative metabolism may affect the electron transport chain, causing
an electron flow towards oxygen and production of superoxide and
other reactive oxygen species (ROS) (Jastroch et al., 2010). Reduced
oxidation of fatty acids, fuels of mitochondria, causes lipid accumula-
tion (Murphy, 2009). Mφ-secreted factors and an increase in in-
tracellular ROS may activate inhibitor of kappa B kinase (IKK)/nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-κB). In ad-
dition, Jun N-terminal kinase (JNK)/mitogen-activated protein kinase
(MAPK) signaling, blocking insulin signaling via serine phosphorylating
and inactivation of insulin receptor substrate-1 (IRS-1) (Zhang et al.,
2016). As a result, phosphoinositide 3-kinase (PI3K)/protein kinase B
(AKT) signaling pathway is arrested, inhibiting insulin-stimulated glu-
cose transporter 4 (GLUT4) translocation to the cell membrane and
glucose uptake (Lumeng et al., 2007; McArdle et al., 2013). Hence, the
blockade of the interplay Mφ-adipocytes emerges as an appealing target
to reduce inflammation-related consequences of obesity, mitochondrial
dysfunction, and IR.

In this regard, phenolic compounds, consumed as part of the diet,
could be considered as a preventive nutritional strategy for diminishing
the prevalence of obesity and related chronic disorders (Aguilera et al.,
2016). Coffee by-products, including coffee husk and silverskin, are
generated in large amounts during coffee harvesting and processing and
are generally settled to the environment causing ecological problems
(Janissen and Huynh, 2018). They contain noteworthy amounts of
antioxidant compounds, including phenolics, that could be recovered
for their use as value-added products (del Castillo et al., 2019; Dorsey
and Jones, 2017). In this sense, coffee by-products have been recently
verified as safe food ingredients (Iriondo-DeHond et al., 2018). Phe-
nolic compounds from coffee by-products, primarily chlorogenic acid
(CGA), have demonstrated in vitro and in vivo potential to ameliorate
the symptoms of T2D by increasing insulin secretion by β-cells and
protecting the pancreas from oxidative stress (Fernandez-Gomez et al.,
2016a, 2016b).

The anti-inflammatory potential of coffee by-products on AT and
the molecular mechanisms of action have not been characterized to
date. The present research aimed to evaluate the inhibitory action of
aqueous extracts from coffee silverskin and coffee husk, and their pure
phenolic compounds, on adipogenesis, obesity-related inflammation,
and derived mitochondrial dysfunction and insulin resistance in vitro.
We hypothesized that phenolic compounds present in these extracts
could exert an anti-inflammatory effect in both Mφ, by inhibiting their
activation, and on adipocytes, by decreasing adipogenesis, regulating
adipokine secretion, ROS production, and modulating insulin resistance
through the alleviation of mitochondrial dysfunction.

2. Materials and methods

2.1. Materials

Dulbecco's modified Eagle medium (DMEM) was obtained from
Corning Cellgro® (Manassas, VA), fetal bovine serum (FBS), newborn
calf serum (NBS), penicillin-streptomycin (100×) and 0.25% trypsin-
EDTA were purchased from Gibco Life Technologies (Grand Island, NY).
Pure phenolic compounds (purity≥ 96%) including chlorogenic acid
(CGA, 3-caffeoylquinic acid), caffeic acid (CA), protocatechuic acid
(PCA), gallic acid (GA), and kaempferol (KMP) were purchased from
Sigma-Aldrich (St. Louis, MO). Anti-mouse inducible nitric oxide syn-
thase (iNOS, PA1-036) primary antibody was acquired from Thermo
Fisher Scientific (Rockford, IL). Anti-mouse cyclooxygenase-2 (COX-2,
sc-19999), glyceraldehyde 3-phosphate dehydrogenase (GAPDH, sc-
47724), peroxisome proliferator-activated receptor γ coactivator 1-α
(PGC-1α, sc-518025), and uncoupling protein 1 (UCP1, sc-293418)
primary antibodies were obtained from Santa Cruz Biotechnology (CA,
USA). All other chemicals and reagents were obtained from Sigma-
Aldrich (St. Louis, MO) unless otherwise specified.

2.2. Preparation and UPLC-ESI-MS/MS characterization of the aqueous
phenolic extracts from coffee by-products

Coffee silverskin from Colombia was provided by Fortaleza S.A.
(Spain) and coffee husk by “Las Morenitas” (Nicaragua) both from the
Arabica species. Based on preliminary and optimized extraction pro-
tocols, phenolic aqueous extracts from coffee by-products were pre-
pared (Aguilera et al., 2019). These methods were statistically opti-
mized using a Box-Behnken response surface experimental design and
the optimal conditions (time, temperature, solid-to-solvent ratio) for
the extraction of the maximum concentration of phenolic compounds
were employed. After milling and sieving, ground coffee silverskin
(25 g) was added into 500mL of boiling water (100 °C) and stirred for
10min. Coffee husk (10 g) was added into boiling water (500mL) and
stirred for 90min. Coffee silverskin aqueous extract (CSE) and coffee
husk aqueous extract (CHE) were filtered and freeze at −20 °C for 24 h.
Extracts were freeze-dried and stored at −20 °C until further use. The
analysis of targeted phenolic compounds was carried out by UPLC-
ESI–MS/MS following the method described by Sánchez-Patán et al.
(2011). Dissolved extracts were filtered (0.22 μm) and internal standard
4-hydroxybenzoic-2,3,5,6-d4 acid solution (Sigma-Aldrich, St. Louis,
MO) was added to the samples in a proportion 1:5 (v/v). For the
quantification, data were collected under the multiple reaction mon-
itoring mode, tracking the specific transition of parent and product ions
for each compound. The ESI was operated in negative ionization mode.
All compounds were quantified using the calibration curves of their
corresponding standards.

2.3. Cell culture

The mouse 3T3-L1 preadipocytes and RAW264.7 Mφ (ATCC,
Rockville, MD, USA) cell lines were cultured in DMEM containing 10%
(v/v) NBS/FBS, respectively, and 1% (v/v) antibiotics, and maintained
at 37 °C in a humidified atmosphere containing 5% CO2.

2.3.1. Adipocyte differentiation
3T3-L1 preadipocytes were cultured in DMEM with 1.5 g L−1 so-

dium bicarbonate, supplemented with 10% (v/v) NBS and 1% (v/v)
antibiotics. Subcultured cells (6·103 cells cm−2) were differentiated into
adipocytes following the protocol outlined by Zebisch et al. (2012). At
day 10–12, cells were completely differentiated and used for the ex-
periments.

2.3.2. Experimental design
Experiments were conducted as follows:

2.3.2.1. Determination of the impact on adipogenesis and lipolysis. CSE,
CHE (31–500 μgmL−1), and pure compounds (100 μmol L−1) were
added at each media refeed during the differentiation process until
adipocytes reached 10–12 days of differentiation. Cells and
supernatants were collected and stored at −80 °C until further analysis.

2.3.2.2. Evaluation of the inhibition of Mφ. RAW264.7-Mφ were seeded
at 7·104 cells cm−2 density. Cells were treated for 24 h with LPS
(1 μgmL−1) in the presence/absence of CSE, CHE (31–500 μgmL−1),
and pure compounds (100 μmol L−1). Cells and supernatants were
collected and stored at −80 °C until further analysis.

2.3.2.3. Study of the inflammatory loop between Mφ. Fully differentiated
adipocytes (in day 10–12 of the differentiation process) were incubated
for 24 h in the presence or absence of Mφ-conditioned media (CM)
obtained after LPS-stimulation (1 μgmL−1) of Mφ for 24 h, and CSE,
CHE (31–500 μgmL−1), or pure compounds (100 μmol L−1). Cells and
supernatants were collected and stored at −80 °C until further analysis.
Treatment concentrations were selected based on preliminary data and
our previous research. Coffee by-products extracts and pure compounds
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showed no in vitro cyto/genotoxicity nor in vivo toxicity in
concentrations within the range of this study, displaying positive
effects both in cell culture and animals (Fernandez-Gomez et al.,
2016a; Iriondo-DeHond et al., 2018, 2017; Rebollo-Hernanz et al.,
2019).

2.3.3. Cell viability
Cell viability of cells treated with CSE, CHE (31–500 μgmL−1), and

pure compounds (100 μmol L−1) was performed with the CellTiter® 96
Aqueous One Solution Proliferation assay (Promega Corporation,
Madison, WI, USA) following manufacturer's instructions.

2.4. Assessment of the effect of coffee by-products aqueous extracts in 3T3-
L1 adipocytes on lipid accumulation, lipolysis, and mitochondrial function

2.4.1. Assessment of cellular lipid accumulation
Oil Red O lipid staining was performed as previously described

(Luna-Vital et al., 2017). 3T3-L1 cells seeded in 6-well plates and in-
duced to differentiation were treated with CSE, CHE (31–500 μgmL−1),
and pure compounds (100 μmol L−1) along the differentiation process.
Lipid staining was performed at day 10–12.

2.4.2. Lipolysis evaluation in adipocytes
After a 24 h treatment with CSE, CHE (31–500 μgmL−1), and pure

compounds (100 μmol L−1), glycerol was quantified in the culture
media using a kit (Cayman Chemical Item No. 10011725). TAG content
was determined in cell lysates using a colorimetric assay kit (Cayman
Chemical Item No. 10010303). Lipase activity was determined using a
lipase activity assay kit (Cayman Chemical Item No. 700640).

2.4.3. Mitochondrial content and activity
Mitochondrial content was determined using Mitotracker Red

(Mitotracker Deep Red FM, Invitrogen) measuring fluorescence in-
tensity at excitation and emission wavelengths of 644 nm and 665 nm,
respectively. Citrate synthase (CS) activity with a kit (Cayman Chemical
Item No. 701040) according to the manufacturer's protocol. The con-
tent of the ATP produced was measured in cell lysates using an ATP
detection assay kit (Cayman, No. 700410) according to the manufac-
turer's instructions.

2.5. Evaluation of the effect of coffee by-products aqueous extracts in
RAW264.7-Mφ inflammatory activation

2.5.1. iNOS and COX-2 inhibition
Nitric oxide synthase inhibitor screening kit (Fluorometric)

(Biovision, Milpitas, CA) was used. Cyclooxygenases-1 and -2 (COX-1
and COX-2) inhibitory activities were measured using a COX inhibitor
screening assay following the manufacturer's instructions (Cayman
Chemical, Ann Arbor, MI). Diphenyleneiodonium chloride (DDC) was
used as a control drug in the inhibition of iNOS.

2.5.2. Determination of inflammatory factors
The amount of nitrite in the supernatant was measured using the

Griess reagent following the manufacturer's protocol. Prostaglandin E2
(PGE2) was measured in the cell culture supernatant using commer-
cially available assays (Life Science Technologies). The procedure was
done following the manufacturer's instructions. Cytokines, TNF-α and
MCP-1, secretion into the culture media was measured according to the
manufacturer's instructions using commercial ELISA kits (R&D systems,
Minneapolis, MN, USA).

2.5.3. Detection of intracellular ROS
After treatment with LPS and CSE, CHE (31–500 μgmL−1), or pure

compounds (100 μmol L−1) for 24 h, the cells were incubated for 1 h
with DMEM and added with DCFDA (25 μmol L−1). RAW264.7 were
also stimulated with 100 μM H2O2 for 4 h in the presence of CSE, CHE,

and pure compounds to test their effects against an oxygen radical, after
their incubation with DCFDA (25 μmol L−1) for 1 h. Then, the cells were
washed with PBS, and the fluorescence was detected at an excitation/
emission wavelength at 485 nm/535 nm, respectively.

2.6. Evaluation of coffee by-products aqueous extracts in the interaction
between 3T3-L1 adipocytes and RAW264.7-Mφ

2.6.1. Adipokine and inflammation-induced lipolysis assessment
The amount of adiponectin, MCP-1, IL-6, and TNF-α in the medium

was determined using a Milliplex® MAP Mouse Adipocyte Luminex
assay by the manufacturer's instructions. The culture media and lysates
were tested for glycerol and TAG quantification and lipases activity as
described in section 2.4.2.

2.6.2. Detection of intracellular ROS, mitochondrial superoxide, and
mitochondrial membrane potential

ROS production in adipocytes was measured as previously indicated
(Section 2.5.4). Mitochondrial superoxide was detected by incubating
treated cells with Mitosox Red (Invitrogen Molecular Probes, Carlsbad,
CA, USA) measuring fluorescence at an excitation wavelength of
510 nm and an emission wavelength of 580 nm. Mitochondrial mem-
brane potential (ΔΨm) was determined using the mitochondria-specific
fluorescence die, JC-1 (Thermo Fisher, Skokie, IL, USA) following the
manufacturer's instruction. JC1 aggregates that were detected at 550/
590 nm (excitation/emission), while JC1 monomers were detected at
485/535 nm (excitation/emission). The JC1 ratio aggregates/mono-
mers was calculated for each condition as an indicator of mitochondrial
functionality.

2.6.3. Mitochondrial content and activity
The measurement of the mitochondrial content, citrate synthase

activity, and ATP content was conducted according to the methods
described in section 2.4.3. Oxygen consumption rate (OCR) is one of the
most informative and direct measures of mitochondrial function and
was measured using a kit according to the manufacturer's instructions
(ab197243; Abcam, Cambridge, UK).

2.6.4. Glucose uptake
The effect of CSE, CHE, and pure compounds in the glucose uptake

is measured both through 2-NBDG uptake. 3T3-L1 cells were differ-
entiated in a black 96-well plate with clear bottom and treated with
Mφ-CM as previously explained (Section 2.3.3). Following a 24 h
treatment with CSE, CHE, or pure compounds, 100 μmol L−1 2-NBDG
was added to cells in glucose-free DMEM and incubated for 1 h. Then
the cells were washed with PBS, and the fluorescence was detected at
an excitation/emission wavelength of 485/535 nm.

2.6.5. Confocal microscopy of GLUT4 translocation into the membrane
3T3-L1 cells were seeded in an 8-well cultivation chamber for cell

culture and immunofluorescence, differentiated, and treated with Mφ-
CM as described in Section 2.3.3. Cells were cultured overnight in low-
glucose serum-free DMEM (5.5mmol L−1) supplemented with 0.25%
FBS treated along with CSE, CHE (31–500 μgmL−1), or pure com-
pounds (100 μmol L−1); at the end of the treatment period, cells were
starved for 4 h and stimulated with 100 nmol L−1 insulin for 30min.
Glucose transporter type 4 (GLUT-4) translocation was determined
according to the protocol outlined by Luna-Vital et al. (2017).

2.6.6. Evaluation of the effect of coffee by-products aqueous extracts on the
insulin signaling pathway protein phosphorylation

3T3-L1 adipocytes were cultured, differentiated and treated with
Mφs-CM in presence/absence of CSE or CHE for 24 h. Then, the cells
were serum starved for 30min followed by insulin-stimulation
(1.7 nmol L−1 for 10min). Cell lysates were biotinylated and spread
into array slides according to manufacturer's protocol (Insulin Receptor
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Phospho Antibody Array, PIG219, Full Moon BioSystems®, Sunnyvale,
CA). Results were analyzed as previously described (Luna-Vital et al.,
2017).

2.7. Analysis of protein expression by western blot

Cells were washed twice with ice-cold PBS, lysed using the RIPA
Lysis Buffer System (Santa Cruz Biotechnology, CA, USA) and cen-
trifuged at 10000 g, at 4 °C for 10min to eliminate cell debris. Protein
concentration in the cell lysates was quantified using BSA as a standard
by DC protein assay (Bio-Rad, Richmond, CA). Equal quantities of
protein samples were separated in 4–20% gradient SDS-polyacrylamide
gels (BioRad Laboratories, Inc.) and transferred onto polyvinylidene
difluoride membranes. Once blocked with 3% (w/v) nonfat dry milk in
0.1% Tris-buffered saline-Tween 20 (TBST) for 1 h at room tempera-
ture, membranes were washed with 0.1% TBST (5 times, 5 min each)
and probed with target protein primary antibodies (1:500) overnight at
4 °C. Membranes were rewashed and incubated (2 h, 25 °C) with the
anti-IgG horseradish peroxidase-conjugated secondary antibody
(1:2500, GE Healthcare, Buckinghamshire, UK). After washing repeated
times, bands were detected using the ECL Prime Western Blotting kit
(GE Healthcare, Buckinghamshire, UK) and visualized on a GelLogic
4000 Pro Imaging System (Carestream Health, Inc., Rochester, NY,
USA). Protein expression was normalized and expressed as relative
expression to GAPDH. The ratios of intensities of the particular target
protein/GAPDH in each replicated gel were calculated to consider the
amount of protein loaded; then, the mean and standard deviation of
each of the protein expression ratios was obtained.

2.8. In silico molecular docking

Major phenolic compounds from CSE and CHE were used as po-
tential ligands for enzymes related to adipogenesis, inflammation, mi-
tochondrial function, and IR were evaluated by molecular docking.
Crystal structures were obtained from the Protein Data Bank (PDB)
(http://www.rcsb.org/pdb/home/home.do). The binding sites of co-
crystallized inhibitors or substrates were selected as the center of the
docking area. CGA, CA, PCA, GA, and KMP were used as ligands, and
their structures were obtained from the PubChem Compound database
(https://pubchem.ncbi.nlm.nih.gov/). Ligand gasteiger partial charges
were added, and the root of each structure set rotatable bonds detected
in AutoDock Tools. Additionally, search space dimensions, center point
(Supplementary Table 1), and flexible torsions were also assigned for
each protein (Morris et al., 2009). Docking calculations were performed
using AutoDock Vina, performing 100 different runs per each ligand.
The pose with the highest binding affinity (lowest binding energy) was
saved (Trott and Olson, 2010). Protein-ligand interactions and binding
modes were visualized in the Discovery Studio 2017 R2 Client (Dassault
Systèmes Biovia Corp®). The biological significance of each interaction
was obtained from UniProt (https://www.uniprot.org/).

2.9. Bioinformatic analysis

With the resulting differentially expressed proteins, we searched for
protein-protein interactions using the STRING database (http://string-
db.org) (Szklarczyk et al., 2017). The differentially expressed proteins
were categorized based on the biological process and analyzed for
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrich-
ment analysis by using the KEGG database (http://www.genome.jp/
kegg/kaas/). An interacting network of the studied proteins and their
nearest functional and predicted associations was established using
STRING.

2.10. Statistical analysis

Samples were prepared and analyzed in triplicate. Results are

expressed as the mean ± standard deviation (SD) (n=3) and were
assessed statistically by one-way analysis of variance (ANOVA) and post
hoc Tukey test. Differences were considered significant at p < 0.05.
The statistical analysis was performed using SPSS 23.0. Non-linear re-
gressions were calculated using GraphPad Prism 7. Multivariate ana-
lyses were carried out with XLSTAT 2018 for Microsoft Excel 2016.

3. Results

3.1. Phenolics, mainly protocatechuic acid, from coffee by-products
inhibited adipogenesis and elicited adipocyte browning

The UPLC-ESI-MS/MS phenolic profile of CSE and CHE
(Supplementary Table 2) showed that chlorogenic acid (CGA,
2.8 mg g−1) and caffeic acid (CA, 0.5 mg g−1) were the main phenolics
in CSE, representing 97% of the total phenolic compounds measured. In
CHE, the major one was CGA (3.5mg g−1), but also protocatechuic acid
(PCA), kaempferol-3-O-galactoside, and gallic acid (GA) were present,
accounting 94% of the total amount of studied phenolics, being CA in a
less significant concentration. Hence, the main phenolics found among
CSE and CHE were selected as pure compounds for subsequent analyses
(kaempferol-3-O-galactoside was used as aglycone, kaempferol (KMP)
since this is the bioavailable form).

None of the treatments, CSE, CHE (31–500 μgmL−1), or pure
compounds (100 μmol L−1), exerted cytotoxicity in non-differentiated
nor mature 3T3-L1 adipocytes at the concentrations tested (p > 0.05)
(Supplementary Fig. 1). As shown in Fig. 1, lipid accumulation was
decreased by the treatment with the phenolic extracts and their major
phenolics significantly (p < 0.05), compared with the control. CHE
(125 μgmL−1), PCA, and GA (100 μmol L−1) reduced lipid accumula-
tion to a greater extent (37%, 33%, and 28%, respectively) than the
other compounds (Fig. 1A). CHE 500 μgmL−1 could inhibit more than
50% of lipid accumulation (IC50= 347 μgmL−1) (Fig. 1B). In the same
line, aqueous extracts from coffee by-products and pure phenolic
compounds increased the release of glycerol in mature adipocytes, thus
reducing the content of intracellular TAG (Fig. 1C and D). CSE, CHE,
and PCA were the treatments showing the highest potential to increase
lipolysis and double glycerol release. This effect was also corroborated
by the measurement of total lipase activity, which was significantly
increased by PCA treatment (Fig. 1E). Mitochondrial content in 3T3-
L1adipocytes was primarily enhanced (p < 0.05) by CGA, CA, and PCA
(28–33%) (p < 0.05; Fig. 1F). A subsequent increase in the activity of
the citrate synthase was observed in all the studied treatments
(20–43%) (Fig. 1G). Consistently, ATP production increased between 7
and 20% by the treatment of adipocytes with CSE, PCA, and GA
(Fig. 1H). Lipid accumulation in adipocytes can also be regulated by
modulating fatty acid synthesis. The use of computational chemistry
allowed us to observe the interaction of coffee by-products phenolics
with enzymes related to these pathways. The strong binding energies
(from −5.5 to −8.7 kcal mol−1) suggested a potential implication on
the reduction of de novo fatty acid synthesis and fat accumulation.
(Fig. 1I, Supplementary Table 3). According to results (Fig. 1J), CHE
and PCA were the treatments that more noticeably inhibited adipo-
genesis stimulating adipocyte browning.

3.2. Coffee silverskin and husk phenolics, and kaempferol abrogated LPS-
stimulated inflammation in macrophages

Neither CSE and CHE (31–500 μgmL) nor pure compounds
(100 μmol L−1) revealed cytotoxic effects in RAW264.7-Mφ at the
concentrations tested (p > 0.05). CSE, CHE, and pure phenolic com-
pounds significantly inhibited LPS-induced Mφ activation (Fig. 2). LPS-
induced expression of both iNOS and COX-2 was reduced by the
treatment with CSE and CHE (125 μgmL−1), and their major com-
pounds. The higher (p < 0.05) effects were shown for the treatments
with KMP, GA, and CGA (Fig. 2A). CSE and CHE compounds interacted
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in silicowith the catalytic sites of iNOS and COX-2 with binding energies
from −6.0 to −9.4 kcal mol−1. These compounds also exhibited high
affinity with other pro-inflammatory enzymes (phospholipase A2 and 5-
lipooxygenase). These results indicated that besides modulating protein
expression, coffee by-products phenolics could also impact enzyme
activity (Fig. 2B; Supplementary Table 3). iNOS activity was inhibited
at very low concentrations by both CSE and CHE (IC50= 18 and
71 μgmL−1, respectively, versus 1 μgmL−1 for the synthetic inhibitor)
(Fig. 2C). Similarly, COX-2 was successfully inhibited while the activity
of the constitutive COX-1 was inhibited to a lesser extent (IC50 COX-2/
1= 8/20 μgmL−1 and 35/180 μgmL−1, for CSE and CHE, respec-
tively) (Fig. 2D and E). The levels of the resulting products from the
reactions catalyzed by both enzymes (NO and PGE2) were also modu-
lated (Fig. 2F and G). Both CSE and CHE (31–500 μgmL−1) significant
(p < 0.05) reduced NO production (13–78%, 42–77%, respectively).
GA and KMP reduced NO production dramatically to levels near normal
conditions (78 and 99%, respectively). Results demonstrated that CSE
was effective in the inhibition of PGE2 (IC50= 138 μgmL−1). KMP and
GA reduced the production of this prostanoid in higher amounts (49
and 84%, respectively) than the other treatments (p < 0.05). The re-
lease of TNF-α (Fig. 2H) to the cell media was reduced (p < 0.05) by
all the treatments. Among the pure phenolic compounds, GA and KMP
(100 μmol L−1) seemed to be the most potent ones by inhibiting 52 and
100% the secretion of TNF-α. In addition, the levels of MCP-1 in the cell
culture media were reduced, following the same trend seen for TNF-α
(Fig. 2I). CSE, CHE, and their pure compounds efficiently scavenge ROS
indistinctly of the oxidative stress-inductor employed (Fig. 2J and K).
CGA and KMP were the most active compounds. Based on the results
(Fig. 2L), KMP and CGA seemed to be major contributors to the ob-
served effects of CHE and CSE, respectively, being the effect of KMP to
be noteworthy almost completely repressing LPS-inflammatory effects
in Mφ.

3.3. Phenolic compounds from coffee by-products modulated the
inflammatory paracrine loop macrophages-adipocytes

Fig. 3A shows the reductions of TNF-α release in adipocytes co-
treated with Mφ-CM and the extracts and phenolic compounds. The
inhibitory effect of CHE on TNF-α production was higher (42%) than
that of CSE (31%). Among the phenolic compounds, CGA, PCA, and GA
were the most potent ones (p < 0.05) (50–57% of TNF-α reduction).
Regarding MCP-1 secretion (Fig. 3B), the effects followed similar ten-
dencies; CHE, CGA, and KMP showed a better regulatory effect than the
other treatments (57–60% of reduction). Concerning the production of
IL-6 (Fig. 3C), all the treatments presented a similar effect. In contrast,
CSE, CHE, and their main phenolics avoided the reduction in adipo-
nectin secretion caused by Mφ-CM (Fig. 3D). Treatments promoted its
secretion (7–12-fold); the effects of the pure phenolic compounds were
higher than those of CSE and CHE (125 μgmL−1) (p < 0.05), being CA
the most effective one. CM-treated adipocytes exhibited an increased
glycerol release (65%) which was partially inhibited by CSE and CHE
(31–500 μgmL−1) treatments (7–61% and 19–51%, respectively)
(Fig. 3E). The phenolic compounds reduced glycerol release to a lower
level than basal conditions. The opposite effects were shown for TAG
accumulation (Fig. 3F). Inflammation brought about a decrease in in-
tracellular TAG content whereas the extracts and compounds main-
tained it. The pure phenolic produced an increase (p < 0.05) in TAG

content in adipocytes exposed to the Mφ-CM. Fig. 3G shows the re-
ductions in lipase activity in adipocytes treated with CSE, and mainly
their composing phenolics. The ability of coffee by-products extracts
and their main phenolic compounds to arrest the inflammatory inter-
action between Mφ and adipocytes seemed to be similar (Fig. 3H).

3.4. Phenolics, mainly chlorogenic acid and kaempferol from coffee by-
products, preserved mitochondrial function in adipocytes

Increases in the levels of intracellular ROS resulted from the treat-
ment with Mφ-CM (Fig. 4A). CSE and CHE (31–500 μgmL−1) success-
fully prevented the inflammation-triggered production of ROS (20–45%
and 26–66%, respectively) and mitochondrial superoxide (19–38% and
18–53%, respectively) (Fig. 4B). The treatment with their phenolic
compounds (100 μmol L−1) resulted in a higher (p < 0.05) scavenging
of mitochondrial superoxide. Coffee by-products extracts and pure
phenolic compounds partially restored ΔΨm (Fig. 4C), being KMP the
most potent compound (91% of the original ΔΨm). Inflammation in-
duced by CM in 3T3-L1 adipocytes reduced PCG-1α and UCP1 protein
expression (Fig. 4D). CSE and CHE restored the basal expression of
PGC-1α. CGA and KMP elevated PGC-1α protein levels to a higher level
in comparison to the non-treated control (20%, 10%, and 39%, re-
spectively). The expression of UCP1 was also enhanced by CSE, CHE,
CGA, CA, and KMP. As observed in Fig. 4E, inflammatory factors from
Mφ caused a decrease in the total mitochondrial mass, prevented by the
treatment of all the extracts and compounds except PCA. Inflammation
had a higher impact on mitochondrial function than content (68% CS
activity reduction against 26% mitochondrial mass decrease) (Fig. 4F);
treatments preserved CS activity, maintaining mitochondrial aerobic
capacity in high levels (> 70%). Oxygen consumption rate (OCR) suf-
fered reductions caused by Mφ-CM (Fig. 4G), which were partially in-
hibited by the treatments with coffee by-products extracts and major
phenolic compounds (16–52%). CSE and CHE represed the decrease in
ATP synthesis induced by CM (40% and 52%, respectively) and in
greater extent phenolic compounds, especially CGA (73%) and KMP
(82%) (Fig. 4H). Coffee by-products phenolics demonstrated the ability
to interact in silico with key enzymes located in mitochondria and ex-
pressed in inflammatory conditions. Phenolic compounds interacted
with phosphatase-1B (PTP1B), protein-tyrosine phosphatase 1D (SHP-
2), and phosphatase and tensin homolog (PTEN). Protein-ligand inter-
action showed moderate binding energies (−5.5 to −7.9 kcal mol−1)
(Fig. 4I; Supplementary Table 3). Hence, adipocytes mitochondrial
dysfunction was alleviated by CSE and CHE (Fig. 4J), being CGA and
KMP the most active phenolic compounds in both extracts, KMP sig-
nificantly counteracting CM-triggered mitochondrial dysfunction in
adipocytes.

3.5. Coffee by-products aqueous extracts modulated insulin signaling
promoting GLUT4 translocation and glucose uptake in adipocytes

Insulin receptor (INSR) signal transduction pathway phosphoryla-
tion pattern is summarized in Table 1 and Supplementary Table 4. CSE
and CHE significantly (p < 0.05) modulated the phosphorylation of a
total of 38 and 45 out of 60 proteins, respectively, which were differ-
ently phosphorylated in at least one of their phosphorylation sites
(accounting a total of 62 and 74 regulated residues, respectively). INSR
phosphorylation significantly increased by the treatment with both CSE

Fig. 1. Modulation of lipid accumulation in 3T3-L1 adipocytes determined at the final stage of differentiation (Day 10–12) treated since day 1 with coffee silverskin
(CSE) and coffee husk (CHE) aqueous extracts (125 μgmL−1) and pure compounds (100 μmol L−1) (A). Dose-dependent inhibition of lipid accumulation
(31–500 μgmL−1) (B). Effect on lipolysis measured by glycerol release (C) intracellular triglycerides content (D), and lipase activity (E). Impact on mitochondrial
content (F), citrate synthase activity (G), and the production of ATP (H). In silico interaction of CGA with the reductase domain of the fatty acid synthase protein
complex (I). Hierarchical cluster analysis and heat map (J). The results are expressed as mean ± SD. Bars with different letters significantly (p < 0.05) differ
according to ANOVA and Tukey's multiple range test. NT: non-treated cells; CGA: chlorogenic acid; CA: caffeic acid: PCA: protocatechuic acid; GA: gallic acid; KMP:
kaempferol.
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Fig. 2. Inhibitory effect of coffee silverskin (CSE) and coffee husk (CHE) aqueous extracts (125 μgmL−1) and pure compounds (100 μmol L−1) on the LPS-activation
(1 μgmL−1) of RAW264.7-Mφ. Relative expression of iNOS and COX-2 (A), in silico interaction of CGA with the catalytic site of iNOS reductase domain (B), inhibition
of iNOS (C) and COX-2 (D, E). Production of NO (F), PGE2 (G), TNF-α (H), and MCP-1(I), ROS upon the stimulation with LPS (J) and H2O2 (K). Hierarchical cluster
analysis and heat map (L). Bars with different letters significantly differ according to ANOVA and Tukey's multiple range test (p < 0.05). DDC:
Diphenyleneiodonium chloride; NT: non-treated cells; CGA: chlorogenic acid; CA: caffeic acid: PCA: protocatechuic acid; GA: gallic acid; KMP: kaempferol.
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and CHE while IRS-1 serine phosphorylation diminished; CSE decreased
the phosphorylation of 5 residues (Ser307, -2.9; Ser636, −1.8; Ser639,
−4.7; Ser794, −2.4; Ser1101, −1.4) and CHE of 6 (Ser307, −1.9;
Ser312, −1.4; Ser323, −1.4; Ser636, −1.3; Ser639, −4.6; Ser794,
−1.7). CSE and CHE induce AKT activity by the up-phosphorylation of
7 and 6 residues, respectively. PI3K was phosphorylated and activated
only by CSE. CHE inhibited phosphatase and tensin homolog (PTEN) by
increasing its phosphorylation to a greater extent and more residues
than CSE. CSE and CHE modulated the phosphorylation of 4 different
MAPKs. Coffee by-products extracts also reduced IKK phosphorylation.
The activity of AMP-activated protein kinase (AMPK) and liver kinase
B1 (LKB1) was also regulated. Protein kinase C (PKC) θ phosphorylation
was reduced by CSE (Thr538, −3.1; Ser676, −1.4) and by CHE
(Thr538, −4.8; Ser676,−1.3) while PKC ζ was phosphorylated only by
CHE (Thr410, 1.6; T560, 1.6), reducing and enhancing their activities,
respectively. In addition, coffee phenolic interacted in silico with
phosphatases, which could reduce insulin action, suggesting their po-
tential inhibition (Supplementary Table 3).

Adipocytes treated with the inflammatory factors from Mφ-CM did
not translocate GLUT4 into the cell membrane (Fig. 5A and B).
Nevertheless, the co-treatment with extracts and pure compounds in-
hibited CM action, being also CGA and PCA the compounds showing the
best protective effects. Insulin-dependent glucose uptake was therefore
inhibited (p < 0.05) by the treatment of adipocytes with Mφ-CM
(Fig. 5C). However, CSE and CHE treatments increased insulin-depen-
dent glucose uptake (36 and 45%, respectively). The regulative effect of
the pure phenolic compounds, primarily CGA and PCA, was sig-
nificantly higher (p < 0.05), enhancing glucose uptake.

3.6. Protein network, KEGG, and multivariate analyses identified insulin
and PI3K-AKT as key signaling pathways and kaempferol as the most active
compound

CSE and CHE treatments were involved in the regulation of the
expression/phosphorylation of 68 and 80 protein, respectively, sharing
effects in 49 of them (Fig. 6A). Biological processes affected by

Fig. 3. Effect of coffee silverskin (CSE) and coffee husk (CHE) aqueous extracts (125 μgmL−1) and pure compounds (100 μmol L−1) on the release of adipokines and
on inflammation-induced lipolysis in adipocytes treated with macrophage-conditioned media (CM) for 24 h: TNF-α (A), MCP-1 (B), IL-6 (C), adiponectin (D),
glycerol release (E), intracellular triglycerides content (F), and lipase activity (G). Hierarchical cluster analysis and heat map (H). The results are expressed as
mean ± SD. Bars with different letters significantly (p < 0.05) differ according to ANOVA and Tukey's multiple range test. NT: non-treated cells; CGA: chlorogenic
acid; CA: caffeic acid: PCA: protocatechuic acid; GA: gallic acid; KMP: kaempferol.
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Fig. 4. Modulation of mitochondrial function of coffee silverskin (CSE) and coffee husk (CHE) aqueous extracts (125 μgmL−1) and pure compounds (100 μmol L−1)
in 3T3-L1 adipocytes treated with macrophage-conditioned media (CM) for 24 h. Production of intracellular reactive oxygen species (ROS) (A), superoxide radical
(B), mitochondrial membrane potential (ΔΨm) (C), relative protein expression of PGC-1α and UCP1 (D), mitochondrial content (E), citrate synthase activity (F),
oxygen consumption rate (OCR) (G), and ATP production (H). In silico interaction of KMP with the catalytic site of SHP-2 (I). Hierarchical cluster analysis and heat
map (J). The results are expressed as mean ± SD. Bars with different letters significantly (p < 0.05) differ according to ANOVA and Tukey's multiple range test. NT:
non-treated cells; CGA: chlorogenic acid; CA: caffeic acid: PCA: protocatechuic acid; GA: gallic acid; KMP: kaempferol.
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Table 1
Differential phosphorylated/non-phosphorylated ratio (p < 0.05) of proteins related to the insulin pathway of insulin-resistant 3T3-L1 cells in response to treatment
with phenolic extracts from coffee silverskin and husk. Protein full names and biological functions are found in Supplementary Table 4.

Protein code (Phosphorylation) Effect of phosphorylation Phosphorylated/Non-phosphorylated ratio1 Fold change

CM CSE CHE CSE/CM CHE/CM

Insulin receptor signaling
INSR (Y1361) Induces activity 5.5 8.6 23.1 1.6 4.2
INSR (Y1355) Induces activity 1.0 2.4 1.4 2.4 1.4
IRS-1 (S307) Inhibits molecular association 2.2 0.8 1.2 ‒2.9 ‒1.9
IRS-1 (S312) Inhibits molecular association 2.0 1.7 1.4 - ‒1.4
IRS-1 (S323) Inhibits activity 0.2 0.2 0.1 - ‒1.4
IRS-1 (S636) Inhibits molecular association 2.3 1.3 1.7 ‒1.8 ‒1.3
IRS-1 (S639) Inhibits molecular association 0.6 0.1 0.1 ‒4.7 ‒4.6
IRS-1 (S794) Inhibits molecular association 1.8 0.8 1.1 ‒2.4 ‒1.7
IRS-1 (S1101) Inhibits activity 0.0 0.0 0.0 ‒1.4 -
Gab1 (Y627) Induces molecular association 1.2 2.5 3.4 2.1 2.9
Gab1 (Y659) Induces molecular association 0.7 1.0 0.7 1.4 -
GAB2 (S159) Inhibits molecular association 1.4 1.3 2.1 - 1.5
PI3K-AKT-PKB signaling
4E-BP1 (T45) Inhibits molecular association 1.5 0.9 0.7 ‒1.7 ‒2.2
4E-BP1 (S65) Inhibits molecular association 0.0 0.0 0.0 - ‒1.9
4E-BP1 (T70) Inhibits activity/molecular association 0.7 0.2 0.6 ‒3.6 -
AKT (T308) Induces activity 0.3 0.4 0.7 1.3 2.4
AKT (Y326) Induces activity 0.4 0.5 0.5 - 1.3
AKT (S473) Induces activity 1.2 1.7 1.5 1.5 1.3
AKT1 (S124) Induces activity 0.7 1.9 1.9 2.6 2.6
AKT1 (S246) Induces activity 0.8 1.7 1.0 2.0 -
AKT1 (Y474) Induces activity 1.3 2.1 1.8 1.6 1.4
AKT1 (T72) Induces activity 1.9 2.8 4.9 1.5 2.6
AKT2 (S474) Induces activity 4.3 7.8 4.9 1.8 -
eIF2a (S51) Inhibits activity 0.2 0.2 0.2 ‒1.6 -
eIF4E (S209) Inhibits molecular interaction 2.2 0.8 1.6 ‒2.9 ‒1.3
eIF4G (S1108) Inhibits activity 0.2 0.1 0.1 ‒1.2 ‒1.6
FKHR (S256) Inhibits molecular association 0.8 2.2 1.1 2.7 1.3
FKHR (S319) Inhibits molecular association 1.3 2.2 1.9 1.7 1.4
FKHRL1 (S253) Inhibits activity 0.7 1.1 1.2 1.5 1.7
FOXO1A (S329) Inhibits activity 0.9 1.1 1.4 - 1.5
GSK3 α (S21) Inhibits activity 1.2 0.8 1.1 ‒1.4 -
GSK3 α/β (Y216/279) Induces activity 2.0 0.8 1.9 ‒2.5 -
GSK3 β(S9) Inhibits activity 3.9 2.1 2.5 ‒1.8 ‒1.6
HSL (S552/563) Induces activity 0.3 0.2 0.1 - ‒2.1
HSL (S554) Inhibits activity 0.8 1.8 1.0 2.2 -
mTOR (S2448) Induces activity 1.8 1.6 1.1 - ‒1.7
p70S6K (T229) Induces activity 0.5 0.5 0.4 - ‒1.3
p70S6K (S371) Induces activity 1.4 0.9 1.2 ‒1.5 -
p70S6K (S411) Induces activity 1.0 1.0 1.3 - 1.3
p70S6K (S418) Induces activity 1.5 4.0 1.4 2.7 -
p70S6K (T421) Induces activity 1.6 0.3 0.4 ‒4.9 ‒4.4
p70S6K (S424) Induces activity 1.9 0.7 1.0 ‒2.7 ‒1.9
p70S6K β (S423) Induces activity 1.6 2.1 2.7 1.4 1.7
PI3K α/γ (Y467/Y199) Induces activity 0.9 2.5 1.0 2.7 -
PI3K α (Y607) Induces activity 0.0 0.0 0.0 1.5 -
PTEN (S370) Inhibits activity 0.1 0.1 1.0 - 8.0
PTEN (S380) Inhibits activity 0.0 0.1 0.1 2.9 3.2
PTEN (S380/T382/T383) Inhibits activity 0.2 0.2 1.9 - 10.1
MAPK signaling
c-Raf (S296) Inhibits activity 0.1 0.1 0.2 - 2.2
c-Raf (S43) Inhibits activity 0.1 0.1 0.1 1.5 1.3
CrkII/p38 (Y221) Inhibits activity 0.0 0.1 0.3 1.5 6.6
ERK1 (T202) Induces activity 3.1 1.3 2.8 ‒2.3 -
ERK1 (Y204) Induces activity 2.0 1.3 1.5 ‒1.6 ‒1.3
ERK3 (S189) Induces molecular association 1.5 1.7 2.5 - 1.7
MEK1 (S217) Induces activity 1.3 0.5 0.8 ‒2.5 ‒1.6
MEK1 (S221) Induces activity 3.6 2.6 3.1 ‒1.4 -
MEK1 (T286) Inhibits activity 0.0 0.0 0.0 - 1.5
MEK1 (T291) Inhibits activity 0.7 0.8 1.3 - 1.9
MEK1 (S298) Induces activity 0.1 0.1 0.0 - ‒3.0
MEK2 (T394) Inhibits activity 1.6 2.2 2.9 1.4 1.8
IKK-NF-κB signaling
IKK α (T23) Induces activity 1.0 0.6 1.0 ‒1.6 -
IKK α/β (S180/181) Induces activity 0.4 0.3 0.2 - ‒2.6
IKK β (Y199) Induces activity 0.0 0.0 0.0 ‒2.0 ‒3.5
IKK γ (S31) Induces transcription 0.0 0.0 0.0 ‒1.6 -
IKK γ(S85) Induces activity 0.3 0.3 0.1 - ‒2.5
iNOS (expression) 0.1 0.1 0.1 - ‒1.7
Other signaling cascades

(continued on next page)
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treatments include regulation of phosphorylation, signal transduction,
response to cytokine, regulation of NF-κB signaling and MAPK cascade
(extracellular signal-regulated kinase (ERK) 1/2 and JNK cascades),
and response to insulin. Among the modified proteins, most of them
were implicated in insulin, PI3K-AKT, and mTOR pathways in CSE
(Fig. 6 B and C) and CHE (Fig. 6D and E) treatments. Inflammation-
related pathways, as Ras, chemokine, MAPK, and TNF signaling path-
ways were also regulated. Likewise, AMPK, cAMP, and thermogenic-

related proteins were also suggested as the key pathways modified by
CSE and CHE in CM-treated adipocytes. Hierarchical cluster analysis
(Fig. 6F) highlighted the effect of kaempferol, which almost reverted
the adverse effects produced by pro-inflammatory factors in Mφ and
adipocytes. The effects of CSE and CHE (125–500 μgmL−1) were
comparable to those of CGA, CA, PCA, and GA (100 μmol L−1).

Table 1 (continued)

Protein code (Phosphorylation) Effect of phosphorylation Phosphorylated/Non-phosphorylated ratio1 Fold change

CM CSE CHE CSE/CM CHE/CM

AMPK α1 (T174) Induces activity 1.8 0.6 1.0 ‒2.8 ‒1.9
AMPK α1/2 (S485/491) Inhibits activity 2.3 4.1 4.8 1.8 2.1
AMPK β1 (S182) Regulates cellular localization 0.4 0.4 0.2 - ‒1.7
ACLY (S454) Induces activity 0.3 0.2 0.2 - ‒1.4
BAD (S112) Inhibits molecular association 0.9 0.9 1.5 - 1.7
BAD (S134) Inhibits molecular association 0.7 0.8 0.9 - 1.4
BAD (S136) Inhibits molecular association 1.0 1.4 2.0 1.4 2.0
BAD (S155) Inhibits molecular association 1.8 3.0 2.4 1.7 1.3
BAD (S91/128) Inhibits molecular association 0.7 0.8 2.0 - 2.7
CAV1 (Y14) Induces activity 1.7 3.2 3.6 1.9 2.1
LKB1 (T189) Inhibits activity 1.6 1.2 0.5 ‒1.4 ‒3.3
LKB1 (S428) Induces activity 2.0 2.4 3.0 - 1.5
PKA CAT (T197) Induces activity 0.6 1.2 0.7 1.9 -
PKC pan activation site Induces activity 0.9 0.7 0.5 ‒1.3 ‒1.6
PKC θ (T538) Induces activity 0.0 0.0 0.0 ‒3.1 ‒4.8
PKC θ (S676) Induces activity 1.7 1.2 1.3 ‒1.4 ‒1.3
PKC ζ (T410) Induces activity 0.7 0.8 1.0 - 1.6
PKC ζ (T560) Induces activity 1.0 1.1 1.6 - 1.6
PP1α (T320) Inhibits activity 0.2 1.3 3.1 6.1 14.8
PP2A-a (Y307) Inhibits activity 0.0 0.0 0.1 2.3 13.2
Ras-GRF1 (S916) Induces activity 0.2 0.2 0.2 - 1.4
Shc (Y349) Induces activity 0.1 0.1 0.2 - 1.8
Shc (Y427) Induces activity 0.7 1.1 1.0 1.5 1.4
SHP-2 (Y542) Induces molecular association 1.4 1.0 0.4 ‒1.3 ‒3.1
SHP-2 (Y580) Induces molecular association 1.8 1.3 1.7 ‒1.4 -
TNFR 1 (expression) 0.0 0.0 0.0 ‒1.9 ‒2.2
TSC2 (S939) Inhibits activity 0.6 0.1 0.2 ‒4.3 ‒3.3

1 CM, macrophages conditioned media; CHE, coffee husk aqueous phenolic extract; CSE, coffee silverskin aqueous phenolic extract.

Fig. 5. Potential of coffee silverskin (CSE) and coffee husk (CHE) aqueous extracts (125 μgmL−1) and pure compounds (100 μmol L−1) on insulin resistance in 3T3-
phL1 adipocytes treated with macrophage-conditioned media (CM) for 24 h. GLUT4 translocation into the cell membrane measured as the relative fluorescence
intensity between GLUT4 and the nucleus (DAPI) (A), confocal laser scanning microscopy representative images (B), and glucose uptake (C), The results are
expressed as mean ± SD. Bars with different letters significantly (p < 0.05) differ according to ANOVA and Tukey's multiple range test. NT: non-treated cells; INS:
insulin-stimulated cells; CGA: chlorogenic acid; CA: caffeic acid: PCA: protocatechuic acid; GA: gallic acid; KMP: kaempferol.
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4. Discussion

The global obesity epidemic is accompanied by increasing pre-
valence of associated metabolic disorders (Reilly and Saltiel, 2017).
Here we present, for the first time, the impact of two well-characterized
phenolic-rich extracts from coffee by-products and five pure phenolic
compounds composing them on in vitro model of obesity-related in-
flammation and the consequent mitochondrial dysfunction and IR. Di-
minishing adipocyte differentiation and increasing energy expenditure
by modulating AT activity could be an attractive target for preventing
obesity. In this sense, our results demonstrated that CSE and CHE not
only inhibited 3T3-L1 differentiation but also increased adipocyte lipid
metabolism, inducing lipolysis through the regulation of lipases.
Moreover, CSE, CHE, and their main composing phenolics were able to
induce a beige differentiation or “browning” of adipocytes, a process
characterized by a higher mitochondrial density, activity, and increased
energy expenditure (Cedikova et al., 2016). Treatments elicited an in-
crease in mitochondrial content and aerobic CS activity. Obesity de-
velopment depends not only on the balance between food intake and
energy expenditure but also on the balance between white AT, as the
primary energy reservoir, and brown/beige AT specialized in energy
expenditure (Gómez-Hernández et al., 2016). Dietary bioactive com-
pounds (e.g., quercetin, resveratrol, or curcumin) have demonstrated
the ability to induce this phenotype in the AT and to inhibit adipo-
genesis (Beaudoin et al., 2013; Kobori et al., 2016; Wang et al., 2015).
From our understanding, no studies have reported the mechanism and
effects of the studied coffee by-products phenolics, except GA (Doan
et al., 2015). Besides the effects of phenolics, caffeine could also have
been exerting beneficial effects on adipogenesis and insulin resistance.
Literature have demonstrated the potential effects of caffeine in redu-
cing adipocytes differentiation, also triggering adipocyte browning
(Kim et al., 2016; Yoneshiro et al., 2017).

AT is recognized as a primary contributor in the development of IR
in obesity (Lorenzo et al., 2008). In hypertrophic AT, adipocytes and
Mφ crosstalk to induce a chronic low-grade state of inflammation and
IR resulting in increased FFAs release, oxidative stress, and chemokine/
cytokine secretion, further promoting Mφ infiltration in the AT (Xu
et al., 2013). Phenolic compounds present in CSE and CHE successfully
mitigated inflammatory processes in LPS-stimulated Mφ, inhibiting the
expression and activity of iNOS and COX-2 and the production of their
reaction products, NO and PGE2. Additionally, CSE and CHE phenolics
were able to diminish the production of inflammatory cytokines that
lead to the inflammatory paracrine loop in the AT, TNF-α, and MCP-1.
In 3T3-L1 adipocytes stimulated with RAW264.7-CM, CSE, CHE, and
their phenolics inhibited the secretion of TNF-α, MCP-1, and IL-6. These
cytokines increase the adipose triglyceride lipase and hormone-sensi-
tive lipase (HSL) activity, which increases FFAs release, generating a
vicious cycle (Langin, 2006). Phenolic compounds from CSE and CHE
were able to reduce the extent of this lipolysis by regulating adipocyte
lipases activity, hence maintaining the content of TAG. Likewise, HSL
activity was inhibited by dephosphorylating Ser552 and phosphor-
ylating Ser554 residues. These evidences support the ability of coffee
by-products extracts to break the inflammatory loop Mφ-adipocytes,
via not only reducing Mφ and adipocyte inflammatory factors secretion
but also decreasing the release of FFAs that may activate Mφ (Olefsky
and Glass, 2010). Phenolics may induce lipolysis in basal conditions
through the activation of HSL while inhibit lipolysis in inflammatory
conditions through the downregulation of perilipins via inactivation of

ERK1/2, JNK, and NF-κB (Langin, 2006; Yang et al., 2011). Likewise,
phenolic may be inhibiting the elevated activity of adipose triglyceride
lipase (ATGL), the rate-limiting enzyme catalyzing triglyceride hydro-
lysis, that has been shown to improve inflammation in mice fed with a
high fat diet (Schoiswohl et al., 2015). Although this is still con-
troversial, previous studies revealed similar results when treating adi-
pocytes with anthocyanins (Luna-Vital et al., 2017). Coffee by-products
demonstrated ability, along with CGA and CA, to inhibit inflammation
by decreasing IL-8 release in gastric epithelial and intestinal cells in
vitro (Magoni et al., 2018; Shin et al., 2015). In addition, CGA has
proved to inhibit inflammation in Mφ reducing the secretion of pro-
inflammatory factors via attenuating the activation of NF-κB and JNK
pathways (Hwang et al., 2014; Shan et al., 2009). Here, CSE and CHE
suppressed adipocyte inflammatory status by regulating NF-κB and
MAPK pathways, including ERK, JNK, and p38. These signal trans-
duction pathways were hindered by CSE and CHE through the inhibi-
tion of the activity of mitogen-activated protein kinase kinase (MEK) 1/
2, adapter molecule crk (CrkII/p38), RAF proto-oncogene serine/
threonine-protein kinase (c-Raf), and protein kinase C (PKC) θ, through
the modulation of their phosphorylation pattern. Moreover, results
proposed that treatments arrested toll-like receptor 4 (TLR4) signaling,
responsible in part of the here-detailed pro-inflammatory responses.
Inhibition of TLR4 activation could be an approach to handle obesity-
induced inflammation and IR (Schäffler and Schölmerich, 2010).

Several studies have demonstrated the role of mitochondria in
obesity and IR (Bhatti et al., 2017; Rector et al., 2010). It has been seen
that ROS and TNF-α promote mitochondrial dysfunction in adipocytes
(Chen et al., 2010). In this study, coffee by-products aqueous extracts
and pure compounds suppressed the intensified production of ROS and
recovered the ΔΨm. Elevated oxidative stress and inflammation may
create a vicious cycle that ultimately accelerates obesity-related IR and
the loss of mitochondrial function. Mitochondrial dysfunction is linked
with oxidative stress being an important source of ROS but also a major
target for them (Bhatti et al., 2017). Hence, the phenolic compounds
from CSE and CHE promoted mitochondrial biogenesis and preserved
its function under inflammatory conditions through the activation of
PGC-1α, a transcriptional coactivator that is the central inducer of these
processes (Austin and St-Pierre, 2012). TNF-α suppresses UCP1 ex-
pression promoter via ERK1/2 activation (Sakamoto et al., 2013); CSE,
CHE abrogated this effect. Coffee by-products extracts decreased ERK1
activity by the reduction of Thr202 and Tyr204 phosphorylation.
Likewise, MEK1/2 activity, which activates ERK1/2, was also inhibited
by the modulation of several phosphorylation sites. CGA has shown
protective effects on mitochondria, scavenging ROS and alleviating
mitochondrial damage, and suppressing inflammation processes
(Hwang et al., 2014; Shan et al., 2009). KMP can reverse the phos-
phorylation of ERK1/2, p38, and JNK, and the activation of NF-κB
(Yoon et al., 2013), as well as protect mitochondria against ROS (Lagoa
et al., 2011), thus, preserving mitochondrial function. Nutritional in-
terventions improving mitochondrial biogenesis, dynamics, bioener-
getics, and oxidative stress are proposed as effective tools in the pre-
vention of IR and metabolic syndrome.

IR is strongly associated with the pathogenesis of T2D and obesity
and results from a sustained low-grade inflammatory status and the loss
of the mitochondrial function (Ye, 2013). IR may be arrested using
dietary bioactive compounds including anti-inflammatory phytochem-
icals present in coffee by-products. CSE and CHE differently modulated
the phosphorylation pattern of the insulin-signaling pathway, therefore,

Fig. 6. Venn diagram illustrating the overlap of differentially expressed/phosphorylated protein in adipocytes by coffee silverskin (CSE) and coffee husk (CHE)
aqueous phenolic extracts (A), protein-protein interaction networks built with STRING from the differentially expressed/phosphorylated protein in adipocytes by CSE
(B) and CHE (D). KEGG pathways associated with the differentially expressed/phosphorylated proteins (C, E). Proteins included in the analysis were those differ-
entially expressed in 3T3-L1 adipocytes upon CM-stimulation for the inflammation, mitochondrial function, and insulin resistance studies. Hierarchical cluster
analysis and heat map (F) showing the modulatory effects of CSE and CHE (31–500 μgmL−1) and pure compounds (100 μmol L−1) on the different studied para-
meters of adipocytes differentiation, macrophages activation, adipocytes inflammation, mitochondrial dysfunction, and insulin resistance.
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hindering IR. Upon insulin interaction with its receptor (INSR), tyrosine
phosphorylation activates IRS-1, which further initiate PI3K/AKT sig-
naling, responsible for GLUT4 translocation and glucose uptake. TNF-α,
among other pro-inflammatory stimuli, produces AT-IR via the induc-
tion of serine phosphorylation, and inactivation, of IRS-1 through the
activity NF-κB, ERK, JNK, mammalian target of rapamycin (mTOR),
and PKC θ (Copps and White, 2012). CSE and CHE activated PI3K/AKT
signal transduction via increasing INSR tyrosine phosphorylation and
decreasing IRS-1 serine phosphorylation. Besides, the inhibition of the
activity of phosphatases (PTEN and SHP-2), both by modulation of their
phosphorylation and by direct docking, prevented PI3K and IRS-1 in-
activation. PKC ζ and AMPK signaling were as well stimulated, via
activation of PI3K and LKB1 activities, respectively. CSE and CHE
suppressed mTOR and ribosomal protein S6 kinase (p70S6K) activity
mediated by tuberous sclerosis protein 2 (TSC2) dephosphorylation and
activation. Evidence indicated that JNK evokes mTOR and p70S6K
activity, resulting in INS-1 serine phosphorylation. CSE- and CHE-
mediated reduction of inflammatory processes also reverses in-
flammation-triggered mitochondrial dysfunction and IR (Ardestani and
Maedler, 2018). Thus, the orchestrated regulation of insulin signaling
motivated GLUT4 translocation as the subsequent glucose uptake. Not
only CSE and CHE but also their phenolic compounds were able to
maintain insulin-dependent glucose uptake by the stimulation of
GLUT4 translocation. CGA, the main component of both extracts ex-
hibited significant protective effects against inflammation-derived IR,
suggesting its major contribution to the effects of the extracts. CA and
PCA similarly exerted positive effects. CGA proved insulin-sensitizing
activity activating glucose uptake through AKT and AMPK pathways in
hepatocytes and skeletal muscle cells (Gao et al., 2018; Ong et al.,
2012). CA revealed protective effects against TNF-α-induced hepatic
insulin resistance, increasing glucose uptake via INSR and PI3K acti-
vation (Huang et al., 2009). PCA demonstrated to exert insulin-mi-
micking activity eliciting INSR signaling, reversing of INS-1 serine
phosphorylation, and activating PI3K/AKT and AMPK signaling path-
ways, therefore favoring GLUT4 translocation and glucose uptake
(Scazzocchio et al., 2015). However, one of the potential limitations of
this work is the low bioavailability of pure phenolic compounds, which
may not reach the adipose tissue, due to microbial and phase II meta-
bolism. Chlorogenic acid and other compounds found in CSE and CHE
may be metabolized and found in concentrations ranging in the μmol
L−1 level (Lang et al., 2013; Nardini et al., 2002).

5. Conclusions

In summary, coffee by-products aqueous extracts, CSE and CHE, and
their major phenolics attenuated inflammation derived from Mφ-adi-
pocytes interaction. Additionally, IR and mitochondrial dysfunction
were prevented via modulation of the insulin/PI3K-AKT, NF-κB/MAPK
and AMPK pathways (Fig. 7). We demonstrated, for the first time, that
the phenolic compounds composing aqueous phenolic-rich extracts
from coffee silverskin and coffee husk alleviated the complications of
adipogenesis and inflammation in vitro. Our study presents a mechan-
istic evaluation of the inhibitory effects of CSE, CHE and their main
phenolics, CGA, CA, PCA, GA, and KMP, using RAW264.7-Mφ and 3T3-
L1 adipocytes. Taken together, our results support the notion that
phenolic compounds from coffee by-products can trigger a reduction in
adipogenesis and induce browning in adipocytes and that the at-
tenuation of the paracrine interplay Mφ-adipocytes can prevent the
consequent effects on the loss of mitochondrial function and insulin
sensitivity. This study presents novel insights into the use of coffee by-
products as sustainable food ingredients to encounter obesity and in-
flammation-related disorders. Furthermore, we provide new knowledge
on the underlying mechanism of action of phenolic compounds com-
posing coffee silverskin and coffee husk. Future animal and clinical
investigations will be necessary to confirm the effects observed in vitro
and determine the absorption and metabolism of coffee silverskin and

husk phenolic compounds and their beneficial and potentially harmful
effects. In conclusion, our results proved that phenolic compounds from
coffee by-products could induce positive effects on adipogenesis and its
inflammatory-related complications, mitochondrial dysfunction, and
insulin resistance.
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CA caffeic acid
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PDK-1 phosphoinositide-dependent protein kinase-1
PGC-1α peroxisome proliferator-activated receptor γ coactivator 1-α
PGE2 prostaglandin E2
PI3K phosphoinositide 3-kinase
PKC protein kinase C
PTEN phosphatase and tensin homolog
PTP1B protein tyrosine phosphatase-1B
ROS reactive oxygen species
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TAG triglycerides
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TNF-α tumor necrosis factor alpha
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