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Abstract: This research aimed to assess the impact of an aqueous extract from the cocoa shell and its
major phytochemicals on preventing oxidative stress and mitochondrial dysfunction in hepatocytes
using an in vitro model of nonalcoholic fatty liver disease (NAFLD). The phytochemicals from cocoa
shell were extracted using water and characterized by UPLC-MS/MS analysis. HepG2 cells were
cotreated with either the aqueous extract from cocoa shell (CAE, 20–100 µg mL−1) or 10–50 µmol L−1

of pure theobromine, protocatechuic acid, procyanidin B2, epicatechin, and catechin in the presence
or absence of palmitic acid (PA, 500 µmol L−1) to mimic NAFLD conditions in vitro. Biomarkers
of mitochondrial function and oxidative stress were evaluated 24 h after the cotreatment in cell
supernatants and lysates using chemical, biochemical, and immunochemical techniques. CAE and
the phytochemicals therein significantly (p < 0.05) protected mitochondrial content (15–100%) and
preserved mitochondrial function, promoting O2 consumption (1.2- to 1.8-fold) and ATP production
(1.3- to 2.1-fold). Phytochemicals from cocoa shell significantly (p < 0.05) decreased PA-triggered ox-
idative stress. The mitochondrial membrane potential was maintained (62–100%), and the production
of mitochondrial superoxide (26–100%) and total ROS (17–100%) was abrogated. CAE significantly
(p < 0.05) modulated cell signaling pathways associated with ROS production and mitochondrial dys-
function, including an increase in the phosphorylation of ERK1/2 (2.8-fold), protein kinase B (AKT)
(2.8-fold), GSK3 (2.3-fold), Raf-1 (1.9-fold), and mTOR (1.7-fold). In conclusion, results suggested that
the cocoa shell’s phytochemicals could protect mitochondrial liver function and alleviate oxidative
stress by modulating key pathways involved in their regulation.

Keywords: cocoa shell; cocoa by-products; antioxidants; theobromine; phenolic compounds; phyto-
chemicals; nonalcoholic fatty liver disease; oxidative stress; ROS; mitochondrial function

1. Introduction

The World Health Organization pinpoints chronic diseases as responsible for 71% of
all deaths worldwide [1]. Metabolic disorders are caused by defective cellular metabolic
processes triggering energy and redox imbalances and the induction of many pathophys-
iological conditions. The main hallmarks of metabolic disorders include obesity, insulin
resistance, type 2 diabetes mellitus, hypertension, hyperlipidemia, and metabolic syn-
drome [2]. These conditions involve the development of nonalcoholic fatty liver disease
(NAFLD), a disorder defined by excessive fat accumulation in the form of triglycerides
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(steatosis) in the liver [3]. The global prevalence of NAFLD is currently estimated to be
24% [4]. These diseases could be prevented through nutrition and adequate food pat-
terns [5]. Cocoa shell is the main by-product of cocoa production (12–20% of cocoa seed)
separated from the bean during the roasting process, generated in approximately 700 thou-
sand tons a year, and was initially considered waste [6]. In our previous studies [7,8], we
demonstrated the applicability of phytochemicals extracted from cocoa shell in the modula-
tion of inflammation, insulin resistance, and mitochondrial function in adipocytes. The use
of cocoa by-products as a source of biologically active phytochemicals can be considered a
sustainable health promotion strategy for disease prevention. Hence, this work aimed to
evaluate the potential of an extract from cocoa shell and its pure phytochemicals on the
modulation of metabolic syndrome-related biomarkers associated with oxidative stress
and mitochondrial function of hepatocytes in vitro using a model of NAFLD.

2. Experiments
2.1. Materials

Minimum essential medium (MEM) was purchased from Corning (Manassas, VA,
USA); fetal bovine serum (FBS), penicillin–streptomycin (100×), and 0.25% trypsin–EDTA
were obtained from Gibco Life Technologies (Grand Island, NY, USA). Pure bioactive com-
pounds (purity ≥ 96%), including caffeine, chlorogenic acid, caffeic acid, protocatechuic
acid, gallic acid, and kaempferol, were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and Extrasynthese (Genay, France).

2.2. Aqueous Extraction of Phytochemicals from Cocoa Shell and UPLC-MS/MS Characterization

The cocoa shell was supplied by Chocolates Santocildes (Castrocontrigo, León, Spain).
Based on previous extraction protocols [9], a phenolic aqueous extract from cocoa shell
was prepared. After milling and sieving, the ground cocoa shell (10 g) was added into
500 mL of boiling water (100 ◦C) and stirred for 90 min. The cocoa shell aqueous extract
(CAE) was filtered and frozen at −20 ◦C for 24 h. The extract was freeze-dried and stored
at −20 ◦C until further use. The targeted phytochemical analysis was carried out using
UPLC-ESI-MS/MS following a method previously described [8].

2.3. Cell Culture

The HepG2 human hepatocyte cell line obtained from the American Type Culture
Collection (Manassas, VA, USA) was grown at 37 ◦C in an atmosphere of 5% CO2. HepG2
cells were cultured in MEM supplemented with 10% FBS, 1% penicillin–streptomycin, and
1% sodium pyruvate. Cells were plated at a density of 105 cells cm−2 flask.

2.4. Experimental Design

Hepatocytes were treated with pure phytochemicals (theobromine, protocatechuic
acid, epicatechin, procyanidin B2, and catechin) from cocoa shell (10, 20, or 50 µmol L−1) or
CAE (20, 50, 100 µg mL−1) in the presence or absence of palmitic acid (PA, 500 µmol L−1)
for 24 h. Supernatants were collected and stored at –80 ◦C until further analysis. Cells were
washed twice with ice-cold PBS, lysed using the RIPA Lysis Buffer System (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), and centrifuged at 10,000× g and 4 ◦C for 10 min to
eliminate cell debris before storage at –80 ◦C.

2.5. Cell Viability

Viability of cells treated with pure phytochemicals from cocoa shell (10, 20, or
50 µmol L−1) or CAE (20, 50, or 100 µg mL−1) in the presence or absence of palmitic
acid (500 µmol L−1) for 24 h was assessed with the CellTiter 96 Aqueous One Solution
Proliferation assay (Promega Corporation, Madison, WI, USA) following manufacturer’s
instructions.



Med. Sci. Forum 2021, 2, 25 3 of 8

2.6. Evaluation of the Effect of Phytochemicals from Cocoa Shell Intracellular ROS, Mitochondrial
Superoxide, and Mitochondrial Membrane Potential (∆Ψm)

ROS production was measured after the treatment with palmitic acid (500 µmol L−1)
and pure phytochemicals (10, 20, or 50 µmol L−1) or CAE (20, 50, or 100 µg mL−1) for
24 h. The cells were incubated for 1 h with MEM supplemented with 2′,7′-dichlorodihydro-
fluorescein diacetate (DCFDA, 25 µmol L−1). The cells were then washed with PBS, and
the fluorescence was detected at excitation and emission wavelengths of 485 and 535 nm,
respectively. 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
membrane potential (∆Ψm) was determined using the mitochondria-specific fluorescence
die, JC-1 (Thermo Fisher, Skokie, IL, USA), following the manufacturer’s instructions. JC-1
aggregates were detected at 550/590 nm (excitation/emission), while JC-1 monomers were
detected at 485/535 nm (excitation/emission). The JC-1 aggregates/monomers ratio was
calculated for each condition as an indicator of mitochondrial functionality [10].

2.7. Evaluation of the Effect of Phytochemicals from Cocoa Shell on Hepatic Mitochondrial Content,
Oxygen Consumption, and ATP Production

After the treatment with palmitic acid (500 µmol L−1) and pure phytochemicals (10,
20, or 50 µmol L−1) or CAE (20, 50, or 100 µg mL-1) for 24 h, mitochondrial content was
determined using MitoTracker Green (MitoTracker Deep Green FM, Invitrogen, Waltham,
MA, USA). Fluorescence intensity was measured at excitation and emission wavelengths
of 644 and 665 nm, respectively. 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).
According to the manufacturer’s instructions, the ATP content was measured in cell lysates
using an ATP detection assay kit (Cayman Chemical, No. 700410, Ann Arbor, MI, USA).

2.8. Evaluation of the Effect of Phytochemicals from Cocoa Shell on the Phosphorylation Pattern of
Liver Cellular Key Signaling Pathways

HepG2 hepatocytes were cultured and treated with palmitic acid (500 µmol L−1) in
the presence/absence of CAE (100 µg mL−1) for 24 h. After treatment, the cells were
serum-starved for 30 min, followed by 10 min stimulation with 10 ng mL−1 insulin. Cell
lysates were applied following the manufacturer’s instructions to insulin receptor and
AKT signaling pathway microarrays (RayBiotech, AAH-INSR and AAH-AKT). Array
signals were visualized on a GelLogic 4000 Pro Imaging System (Carestream Health, Inc.,
Rochester, NY, USA).

2.9. Bioinformatic Analysis

The resulting differentially phosphorylated proteins and protein–protein interac-
tions were searched using Metascape (https://metascape.org/, accessed on 24 September
2020) [11]. The differentially expressed proteins were categorized based on the biological
process and molecular function and further analyzed through Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis by using the KEGG database
(http://www.genome.jp/kegg/kaas/, accessed on 24 September 2020). Enrichment anal-
ysis and protein–protein interaction networks of the studied proteins and their nearest
functional and predicted associations were established.

2.10. Statistical Analysis

Sample preparation and determinations were performed in triplicate. Results are
expressed as the mean ± standard deviation (SD) (n = 3) and were analyzed by one-way
analysis of variance (ANOVA) and post hoc Tukey test. Differences were considered
significant at p < 0.05. The statistical analysis of the results was performed using SPSS 24.0.
Multivariate analyses were carried out with XLSTAT 2018 for Microsoft Excel 2016.

https://metascape.org/
http://www.genome.jp/kegg/kaas/
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3. Results
3.1. Cocoa Shell Was Mainly Composed of Theobromine, Protocatechuic Acid, and Flavan-3-Ols

A comprehensive UPLC-MS/MS analysis of the polyphenolic profile of the CAE
showed cocoa shell was primarily composed of theobromine and caffeine, the main phe-
nolics being protocatechuic acid and flavan-3-ols, both monomers ((+)-catechin and (−)-
epicatechin) and dimers (procyanidin B2). Thus, these phytochemicals were selected as
phenolics for further analyses. None of the treatments, CAE (20, 50, or 100 µg mL−1) or
pure compounds (10, 20, or 50 µmol L−1), exerted cytotoxicity in HepG2 hepatocytes at
the concentrations tested (p > 0.05). Only the results at the highest concentrations tested
are being reported (100 µg mL−1 and 50 µmol L−1 for CAE and the pure compounds,
respectively).

3.2. Phytochemicals Present in Cocoa Shell Attenuated Oxidative Stress in Palmitic Acid
Treated Hepatocytes

Phytochemicals from cocoa shell significantly (p < 0.05) decreased palmitic acid trig-
gered oxidative stress (Figure 1A,B). The production of mitochondrial superoxide (26–100%)
and total ROS (17–100%) was abrogated (Figure 1A), and the mitochondrial membrane po-
tential (∆Ψm) was maintained (62–100%) (Figure 1B). While epicatechin was the bioactive
compound exhibiting the highest potential in preventing ROS production, theobromine
maintained the ∆Ψm at a level comparable to that of the healthy state control. The effect of
CAE was similar to that of the pure compounds. Considering the lower concentration of
phytochemicals present in it, additive or synergetic effects might be occurring among the
phenolics and alkaloids composing the extract.
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Figure 1. Protective effects of pure phytochemicals from cocoa shell (50 µmol L−1) or aqueous extract (CAE) (100 µg mL−1)
in the presence or absence of palmitic acid (500 µmol L−1) against oxidative stress and the loss of mitochondrial function
in HepG2 human hepatocytes. Phytochemicals from cocoa shell reduced the production of ROS (A) while maintaining
the mitochondrial membrane potential (∆Ψm) (B) in palmitic acid treated hepatocytes. Oxygen consumption rate (C) and
ATP production (D) were thereby protected. The results are expressed as mean ± SD (n = 3). Bars with different letters
significantly (p < 0.05) differ according to ANOVA and Tukey’s multiple range test. NT: nontreated cells; PA: palmitic acid;
TH: theobromine; PCA: protocatechuic acid; PB2: procyanidin B2; EPI: epicatechin; CAT: catechin.
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3.3. Phytochemicals from Cocoa Shell Counteracted Palmitic Acid Effects on Mitochondrial
Function in Hepatocytes

Phytochemicals from cocoa shell and CAE significantly (p < 0.05) protected mitochon-
drial content (15–100%) and preserved mitochondrial function, promoting O2 consumption
(1.2- to 1.8-fold) and ATP production (1.3- to 2.1-fold) (Figure 1C,D). Oxygen consumption
rate was preserved in palmitic acid treated hepatocytes or even augmented (by protocate-
chuic acid and CAE), demonstrating the regulative effects of cocoa shell phytochemicals
on mitochondrial bioenergetics. Likewise, the production of ATP was enhanced upon
stimulation with palmitic acid. All pure compounds prevented the reduced ATP pro-
duction caused by palmitic acid, and protocatechuic acid and catechin even prompted
ATP production.

3.4. Phytochemicals from Cocoa Shell Protect Mitochondrial Function and Alleviate Oxidative
Stress in Hepatocytes via Regulation of ERK and PI3K-AKT Pathways

To better comprehend the molecular mechanism governing the regulations previously
observed on oxidative stress and mitochondrial function, the phosphorylation pattern of
multiple proteins associated with cell signaling was studied. CAE significantly (p < 0.05)
modulated the phosphorylation of 20 out of 30 studied proteins. CAE regulated cell signal-
ing pathways associated with ROS production and mitochondrial dysfunction, including
an increase in the phosphorylation of ERK1/2 (2.8-fold), protein kinase B (AKT) (2.8-fold),
GSK3 (2.3-fold), Raf-1 (1.9-fold), and mTOR (1.7-fold). Protein–protein interaction cor-
roborated the relationship established among proteins from the same pathway (Figure
2A). CAE up-phosphorylated proteins were clustered in three groups (ERK, AKT, and
insulin pathways). The most significant biological pathways regulated by the effect of
phosphorylation modulation by CAE included PI3K-AKT, mTOR, insulin, ERK, FOXO,
and AMPK pathways (Figure 2B).
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Figure 2. Cocoa shell phytochemicals differentially modulated the phosphorylation of proteins associated with cell signaling
pathways with key effects on ROS and mitochondrial function. Protein–protein interaction networks built with Metascape
from the differentially phosphorylated protein in hepatocytes by the cotreatment of HepG2 cells with palmitic acid
(500 µmol L−1) and CAE (100 µg mL−1) (using cells only treated with palmitic acid as a control) (A) and KEGG pathways
associated with the differentially phosphorylated proteins (B).
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4. Discussion

The global obesity epidemic is accompanied by an increasing prevalence of associated
metabolic disorders [12]. For the first time, we present the impact of a well-characterized
theobromine- and phenolic-rich extract from cocoa shell and five pure bioactive compounds
(one alkaloid and four phenolics), assessing them in an in vitro model of NAFLD. The men-
tioned disease is characterized by a dysregulated hepatic metabolism conducive to insulin
resistance, lipid accumulation, and further inflammation and oxidative stress [13]. The
use of food-based strategies to prevent metabolic diseases has been previously evidenced.
We previously demonstrated the modulatory activity of bioactive compounds from cocoa
shell on obesity-related inflammation in adipocytes and the alleviation of mitochondrial
dysfunction and insulin resistance [7]. The cocoa shell has recently been validated as a
sustainable and safe novel antioxidant food ingredient, allowing it to be incorporated in the
development of foods with health-promoting properties [14]. In this report, we observed
reduced production of ROS, indicating less damage to mitochondria. Although pro- and
antioxidant effects could be occurring, the balance resulted in an antioxidant effect, as
observed by the reduction of total ROS and mitochondrial superoxide. Recent evidence
suggests that NAFLD might be a mitochondrial disease [15]. NAFLD has been shown to
be associated with reduced mitochondrial function, decreased mitochondrial size, reduced
mitochondrial density, reduced activity of mitochondrial enzymes, lower expression of
oxidative phosphorylation genes, and lower ATP production [15]. Mitochondrial dys-
function contributes to NAFLD’s pathogenesis since it affects hepatic lipid homeostasis
and promotes ROS production, lipid peroxidation, cytokine release, and cell death [16].
Previous studies demonstrated the potential effects of cocoa phytochemicals on hepatic
metabolism via activation of the FGF21 signaling cascade [17], which could be associated
with NAFLD prevention. Cell metabolic signaling regulation leads to a more functional
phenotype in HepG2 cells than palmitic acid treated control. The activation of ERK and
AKT pathways has been associated with the induction of Nrf2-mediated antioxidative
cellular defenses [18,19]. Furthermore, ERK and AKT pathways have been associated with
the free fatty acid derived loss of mitochondrial function in hepatocytes [20,21]. Hence,
phytochemicals from cocoa shell may be abrogating the adverse effects caused by palmitic
acid on the oxidative status and mitochondrial function via the regulation of these two
major pathways. Despite the potential biological activity of phytochemicals from cocoa
shell, the bioefficacy of phenolic compounds is conditioned by their low bioavailability [22].
These phytochemicals are only partially absorbed in the gastrointestinal tract. Phyto-
chemicals’ effect could be somewhat altered after being metabolized by the microbiota
or the liver (methylation, sulfation, and glucuronidation) [23]. Future animal and clinical
investigations will be necessary to confirm the effects observed in vitro and determine
the absorption and metabolism of cocoa shell phytochemicals and their beneficial and
potentially harmful effects.

5. Conclusions

In conclusion, our results evidenced that phytochemicals from cocoa shell, mainly
theobromine and protocatechuic acid, could regulate oxidative stress and mitochondrial
function in hepatocytes under palmitic acid stimulation. Moreover, we provide new
knowledge of the bioactive compounds responsible for cocoa shell’s underlying mechanism
of action. Overall, our results generate new insights into cocoa shell used as a sustainable
food ingredient to counter NAFLD.
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Abbreviations

NT Nontreated cells
PA Palmitic acid
PB2 Procyanidin B2
PBS Phosphate-buffered saline
PCA Protocatechuic acid
ROS Reactive oxygen species
TH Theobromine
CAE Cocoa shell aqueous extract
CAT Catechin
EDTA Ethylenediaminetetraacetic acid
EPI Epicatechin
FBS Fetal bovine serum
MEM Minimum essential medium
NAFLD Nonalcoholic fatty liver disease
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