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Sucralose is a non-caloric artificial sweetener widely used in processed foods that

reportedly affects energy homeostasis through partially understood mechanisms.

Mitochondria are organelles fundamental for cellular bioenergetics that are closely

related to the development of metabolic diseases. Here, we addressed whether

sucralose alters mitochondrial bioenergetics in the enterocyte cell line Caco-2. Sucralose

exposure (0.5–50mM for 3–24 h) increased cellular reductive power assessed through

MTT assay, suggesting enhanced bioenergetics. Low doses of sucralose (0.5 and

5mM) for 3 h stimulated mitochondrial respiration, measured through oxygraphy, and

elevated mitochondrial transmembrane potential and cytoplasmic Ca2+, evaluated by

fluorescence microscopy. Contrary to other cell types, the increase in mitochondrial

respiration was insensitive to inhibition of mitochondrial Ca2+ uptake. These findings

suggest that sucralose alters enterocyte energy homeostasis, contributing to its effects

on organismal metabolism.
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INTRODUCTION

Sucralose belongs to the group of non-caloric artificial sweeteners (NAS or NNS), is synthesized
by the selective halogenation of sucrose, being 600 times sweeter than sucrose (1). The U.S. Food
and Drug Administration approved its use in humans in 1998. Strikingly, NAS consumption in
the U.S. increased by 200% in children and 54% in adults from 1999 to 2012 (2). Recently, its
metabolic effects are gaining scientific attention. Sucralose reportedly induces glucose intolerance
and decreases insulin sensitivity inmice and healthy subjects (3–6). In this sense, sucralose exposure
also increases glucose-induced insulin secretion in MIN6 β pancreatic cell line (7). In opposition,
studies shown no effects of sucralose on glucose homeostasis in healthy humans (8–10). At the
intestinal level, sucralose affects the composition of the gut microbiota (11), disrupts the intestinal
epithelial barrier (12), and exacerbated intestinal inflammatory reactivity in an animal model of
Crohn’s disease (13). Interestingly, it has been reported that sucralose consumption may impact
energy homeostasis independently gut microbiota (9, 14). Therefore, its metabolic effects remain
unclear and the mechanisms involved are only partially understood.
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In this regard, mitochondria are critical regulators of
energy homeostasis, and their dysfunction is associated
with metabolic diseases (15). Their primary function is to
generate adenosine triphosphate (ATP) through oxidative
phosphorylation (OXPHOS). Nevertheless, mitochondria also
maintain glucose homeostasis, response to stress, inflammation,
redox balance, and cell death (16). Diverse signals regulate
mitochondrial bioenergetics, and among them, intracellular
calcium (Ca2+) is one of the most prominent. Ca2+ readily enters
into the mitochondrial matrix, driven by the mitochondrial
transmembrane potential, through the Mitochondrial Ca2+

uniporter 1 (MCU1) channel (17). While a moderate increase in
mitochondrial Ca2+ boosts mitochondrial oxidative function,
an excessive and prolonged increase induces apoptotic cell
death (16).

Interestingly, studies showed that sucralose increases
Ca2+ in MIN6 cells (7). Therefore, sucralose may impact
mitochondrial metabolism, but this has not been investigated.
Remarkably, Roberts et al. showed that a single oral dose
of 14C-sucralose (1 mg/kg) in eight male subjects had a
mean absorption of 14.5% (range 8.9–21.8%) and a mean
excretion of 78.3% (range 69.4–89.6%) in feces (1). Since
most of the sucralose remains in the gastrointestinal tract
during digestion, this suggests that the gastrointestinal
cells, such as enterocytes, have the highest exposure to
sucralose. Thus, we aimed to evaluate the impact of
sucralose on mitochondrial bioenergetics in the enterocyte
human cell line Caco-2. We show that sucralose increases
mitochondrial bioenergetics by increasing mitochondrial
transmembrane potential and respiration, cytosolic Ca2+

mobilization, without changes in cellular ATP levels. Those
changes in mitochondria are independent of mitochondrial
Ca2+ entry.

METHODS

Cells Culture
Caco-2 (HTB-37TM) cells were acquired from the American
Type Culture Collection (ATCC R©, Manassas, VA). We
used Caco-2 cells of a high passage number (p.95-105)
maintained at 37◦C in a humidified incubator in 5/95%
CO2/air. Growth medium consisted of high-glucose Dulbecco’s
Modified Eagles Medium (DMEM, 11995-040, Thermo Fisher
Scientific, Waltham, MA) with 10% (v/v) FBS (04-001-
1A-US, Biological Industries, Beit HaEmek, Israel), 1mM
sodium pyruvate, 4mM L glutamine, 100 U/ml penicillin
and 100 mg/ml streptomycin. The medium was replaced on
alternate days.

Sucralose
0.25M sucralose (69293, Sigma-Aldrich, St. Louis, MO) stock
solution was prepared in DMEM. After filtration through a
0.22 µm-pore membrane, the stock solution was diluted with
complete medium to yield the final concentrations (adjusted to
pH 7.4) for the experiments.

3-[4,5-Dimethylthiazol-2-yl]-2,5-
Diphenyltetrazolium Bromide (MTT) Cell
Viability Assay
Cells were seeded in 96-wells culture plates (40,000 cells/well) and
grown for 2 days to 90% confluence. Then, cells were exposed to
0, 0.5, 1, 5, 15, or 50mM sucralose for 3, 6, 18, or 24 h. Then,
100 µL of 5 mg/mL MTT solution (M5655, Sigma-Aldrich) was
added to each well and incubated at 37◦C for 1 h. After the MTT
reduction to formazan, crystals were dissolved in isopropanol.
Absorbance was read at 570 nm with a reference wavelength of
655 nm. One percentage (v/v) Triton X-100 treated was used as a
control of cell death. Measurements were performed in triplicate
(technical replicates). Results are expressed as the percentage
of control.

Oxygen Consumption Assessment
Cells were seeded in 60mm culture plates (3 × 106 cells/plate)
and grown for 2 days until reaching 90% confluence. Then,
cells were exposed to 0 (control), 0.5 or 5mM sucralose for
3 h. Then cells were trypsinized, pelleted, and resuspended in
PBS. The suspension was placed in a chamber coupled to Clark’s
electrode (Oxygraph, Hansatech Instruments, Norfolk, UK).
Oxygen levels were recorded for 3min intervals at baseline, non-
ATP-associated (400 nM oligomycin, 75351, Sigma-Aldrich), and
uncoupled (12µM CCCP, C2759, Sigma-Aldrich) conditions.
For experiments in the presence of 10µM ruthenium red
(RuRed, R2751, Sigma-Aldrich), RuRed was added 10min
before sucralose treatment. Experiments were performed without
technical replicate. Oxygen consumption rates were calculated
and normalized for protein content by Novagen BSA assay
(71285-3, Sigma-Aldrich). Results are shown as fold change with
respect to the control condition.

ATP Measurement
Cells were seeded in 96-wells culture plates (40,000 cells/well)
and grown for 2 days until reaching 90% confluence. Then, cells
were exposed to 0, 0.5, 1, 5, 15, or 50mM sucralose for 3, 6,
18, or 24 h. Intracellular ATP levels were determined with a
luciferin/luciferase-based ATP detection kit (TB288, Promega,
Madison, WI) according to manufacturer instructions. Sample
luminescence was quantified in a TopCount NXT microplate
luminescence counter (PerkinElmer, Waltham, MA). Five
microgram per milliliter oligomycin treatment for 3 h was used
as a control to depletemitochondria-derived ATP.Measurements
were performed in quintuplicate (technical replicates). Data were
normalized and expressed as fold change with respect to the
control condition.

Western Blot
Cells were seeded in 60mm culture plates (3 × 106 cells/plate)
and grown for 2 days until reaching 90% confluence. Then,
cells were exposed to 0 (control), 0.5 or 5mM sucralose for
3 h. Then, cells were scraped and lysed with T-PER lysis
buffer (78510, Thermo Fisher Scientific) supplemented with
commercial phosphatases and protease inhibitors (04906845001
and 11836153001, Roche, Basel, Switzerland) and centrifuged at
1,000 rcf for 10min at 4◦C. The supernatant protein content
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was assessed using the Novagen BCA assay and denatured
in SDS buffer. Thirty microgram of proteins were separated
by SDS–PAGE (10% polyacrylamide), electrotransferred onto
PVDF membranes, and blocked with 5% nonfat milk in
0.1% v/v Tween 20 Tris-buffered saline (pH 7.6). Membranes
were incubated in 0.1% v/v Tween 20 Tris-buffered saline
with 1:1,000 primary antibodies against Thr172 p-AMPKα

(2535, Cell Signaling Technology Danvers, MA), AMPKα (2532,
Cell Signaling Technology) or GAPDH (14C10, Cell Signaling
Technology) at 4◦C overnight and re-blotted with horseradish
peroxidase-linked secondary antibody (1:5,000). Finally, the
bioluminescent signals were detected using ECL-plus reagent
(DW1029, Biological Industries) and C-DiGit Blot Scanner
(LI-COR, Lincoln, NE). Bands were analyzed with Image J
version 1.51 software (National Institutes of Health, Bethesda,
MD). Experiments were performed without technical replicate.
Protein content was normalized by GAPDH level and data were
expressed as fold change with respect to control condition.

Cytosolic Ca2+ Levels and Mitochondrial
Transmembrane Potential Imaging
Cytosolic Ca2+ levels and mitochondrial transmembrane
potential were monitored by live-cell epifluorescence microscopy
using Fura-2 AM (F1221, Thermo Fisher Scientific) and
Tetramethylrhodamine Methyl Ester (TMRM, I34361, Thermo
Fisher Scientific) dyes, respectively. Cells were seeded on glass
coverslips (Marienfeld, Germany) in 35mm culture plates (0.1
× 106 cells/plate) and grown for 2 days until reaching 25%
confluence. Then, coverslips were placed on an open recording
chamber with Krebs Ringer HEPES (KRH) buffer (in mM:
140 NaCl, 4.7 KCl, 20 HEPES, 1.25 MgSO4, 1.25 CaCl2; pH
7.4) supplemented with 5mM glucose (KRH-GLC). Dyes were
prepared in 0.01% pluronic acid DMSO. Cells were loaded for
30min at room temperature with either 5µM Fura-2 AM or
400 nM TMRM in KRH-GLC. After that time, dye excess was
removed by rinsing cells three times with KRH-GLC. Imaging
took place in an inverted microscope (Nikon Ti, Tokyo, Japan)
equipped with a 40x NA 1.3 oil objective. Dual excitation at
340 and 380 nm for Fura-2 AM and 548 nm for TMRM was
achieved with a xenon lamp coupled to a monochromator device
(Cairn Research Ltd., Faversham, UK). Emission over 520 and
574 nm for Fura-2 AM and TMRM, respectively, was collected
using long-pass filters and digitalized by a cooled charge-coupled
device camera (Hamamatsu ORCA 03, Hamamatsu, Japan)
at a 1 frame/s rate. For Fura-2 AM, baseline fluorescence was
measured for 25min and then for 2 h after the addition of
KRH-GLC (Control), 0.5mM, or 5mM of sucralose. For TMRM
experiments, cells were pre-treated with KRH-GLC (control),
0.5 or 5mM of sucralose for 3 h, and then imaged for 25 s at
1. The resulting set of TMRM images was averaged to obtain
end-point fluorescence. Experiments were performed without
technical replicate. Image analysis was performed using the
Micromanager software (San Francisco, CA, USA). Four to
seven cells were analyzed and averaged per independent sample.
Data are expressed as fold change in the 340/380 nm fluorescence

ratio compared to baseline, in the case of Fura-2 AM, and
arbitrary units in TMRM.

Statistical Analysis
Results are shown as means ± SEM. Greater than or equal to
four independent experiments were performed to proceed with
statistical tests (biological replicates). Data were analyzed using
one-way ANOVA followed by a Holm-Sidak post-test. P < 0.05
was considered statistically significant.

RESULTS

Sucralose Stimulates Mitochondrial
Bioenergetics in Caco-2 Cells
First, we evaluated whether sucralose administration affects
the Caco-2 cell viability by performing the MTT assay. In all
experimental conditions, from 0.5 to 50mM for 3–24 h, we
observed significant increases in the cellular reducing capacity
that were dose- and time-dependent (Figure 1). This technique
is based on the intracellular reduction of MTT to formazan,
a redox reaction that occurs mainly at mitochondria. These
results suggest that sucralose increases mitochondrial reductive
power. Van Eyk et al. showed that doses of artificial sweeteners
>10mM in vitro generate alterations in cell morphology,
attributable to high osmolarity effects (18). Therefore, we decided
to use 0.5 and 5mM sucralose concentrations, and a 3 h
exposure time to study short-term downstream cell signaling and
mitochondrial bioenergetics.

To assess mitochondrial bioenergetics, we measured
respiration as the oxygen consumption rate associated with
OXPHOS. We observed that both 0.5 and 5mM sucralose
increased baseline and uncoupled respiration compared to
control (Figure 2A). We did not find differences between
both sucralose concentrations. Sucralose exposure did not
change non-ATP-associated respiration, suggesting that
this sweetener did not affect extra-mitochondrial oxygen
consumption. Altogether, these results indicate that sucralose
boosts mitochondrial oxidative metabolism.

Mitochondrial transmembrane potential generation relies on
mitochondrial respiration, which leads to proton translocation
through the mitochondrial inner membrane. This process shapes
one of the most distinctive aspects of functional mitochondria,
its high negative electrochemical potential at the mitochondrial
matrix. We measured mitochondrial transmembrane potential
with the cationic dye TMRM in living cells in the control
condition or treated with sucralose. Fluorescence images showed
an intracellular fluorescence with a distribution consistent with
a mitochondrial pattern (Figure 2B, upper panel). After 3 h
of exposure, both 0.5 and 5mM sucralose increased TMRM
fluorescence compared to control, which suggests that sucralose
increases mitochondrial transmembrane potential in Caco-2 cells
(Figure 2B, lower panel).

The mitochondrial transmembrane potential is the driving
force for ATP synthesis by the mitochondrial ATP synthase.
Thus, we measured the ATP levels in response to treatment
with sucralose, which did not show differences compared to
control (Figure 2C). Also, we measured AMPK activation as
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FIGURE 1 | Sucralose increases cellular reductive power. Caco-2 cells (p.95-105) were cultured in control condition or treated with 0.5, 1, 5, 15, or 50mM sucralose

(Suc) for 3, 6, 18, and 24 h Then, their MTT reductase activity was measured through MTT assay (n = 4–5). Data are shown as mean ± SEM. *P < 0.05 compared

with control cells of the respective time using one-way ANOVA followed by a Holm-Sidak post-test.

a potential indicator of cellular metabolic stress. Consistent
with the unchanged ATP levels, we did not observe AMPK
phosphorylation changes in response to sucralose (Figure 3).
These results suggest that sucralose does not acutely change the
cellular energy state.

Sucralose Increases Mitochondrial
Bioenergetics in Caco-2 Cells
Independently of Mitochondrial Ca2+ Entry
Ca2+ is a known regulator of mitochondrial bioenergetics.
Therefore, we measured cytosolic Ca2+ levels by loading Caco-2
cells with Fura-2 AM dye. Once a stable baseline was recorded,
cells were exposed to 0.5 or 5mM sucralose for 2 h. With this
experimental design, we aimed to determine whether changes in
Ca2+ homeostasis precede the mitochondrial effects detected at
3 h. We observed that both sucralose concentrations triggered
a sustained increase in cytosolic Ca2+ (Figure 4A). Further
analysis of the Fura-2 AM signal was performed for each single-
cell recording by comparing the fold change to baseline after
sucralose treatment (Figure 4B). Because acute increases in
mitochondrial Ca2+ often stimulate mitochondrial respiration,
we hypothesized that it could be the mechanism of the sucralose-
induced boost of mitochondrial respiration. Hence, we evaluated
the oxygen consumption rate in the presence of RutRed, an
inhibitor of MCU1. As shown in Figure 4C, the presence

of RuRed did not prevent the sucralose-induced increase in
oxygen consumption. On the contrary, sucralose treatment in
the presence of RuRed further increased baseline and uncoupled
mitochondrial respiration. These results indicate 3 h of sucralose
treatment stimulates mitochondrial bioenergetics independently
of mitochondrial Ca2+ entry. Instead, mitochondrial Ca2+ entry
acts as a negative regulator of mitochondrial respiration in Caco-
2 cells.

DISCUSSION

Mitochondria function is key in energy homeostasis and its
dysfunction is associated with metabolic diseases. Here, we
evaluate the acute effect of sucralose on mitochondria function
in an intestinal cellular model. In particular, we showed that
sucralose increased the reductive power, oxygen consumption
and mitochondrial transmembrane potential. However, we do
not observe a change in energetic cellular status. To our
knowledge, this is the first report showing a direct effect of the
sweetener on mitochondrial bioenergetics.

Because sucralose does not enter into cells (19), its metabolic
effects are likely initiated at the cell surface and mediated by
an intracellular second messenger. In MIN6 cells, sucralose
increased cytosolic Ca2+ by inducing its mobilization from
intracellular stores and also from the extracellular milieu,
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FIGURE 2 | Sucralose stimulates mitochondrial bioenergetics in Caco-2 cells. (A) Sucralose increases cell respiration. Caco-2 cells (p.95-105) were cultured in control

condition or treated with 0.5 or 5mM sucralose (Suc) for 3 h. Their oxygen consumption rate was measured through oxygraphy using Clark’s electrode (n = 4–5).

Baseline, non-ATP-associated (400 nM oligomycin) and uncoupled (12µM CCCP) respiration conditions were analyzed. *P < 0.05 compared with control respiration

in the same condition. (B) Sucralose increases mitochondrial transmembrane potential. Caco 2 cells (p95-105) were cultured in control condition or treated for 3 h

with 0.5 or 5mM sucralose. Then, their mitochondrial transmembrane potential was measured as the incorporation of the voltage-sensitive fluorescent mitochondrial

dye TMRM by live-cell epifluorescence microscopy. Upper panel: Representative images of TMRM-stained Caco-2. Lower panel: Quantification of TMRM

fluorescence, arbitrary units (n = 4). *P < 0.05 compared with control cells. (C) Sucralose does not change ATP levels. Caco-2 cells (p95-105) were cultured in control

condition or treated with 0.5 or 5mM sucralose for 3 h. ATP levels were measured through luciferin/luciferase-based ATP assay (n = 5–6). All data are shown as mean

± SEM and were analyzed using one-way ANOVA followed by a Holm-Sidak post-test.

FIGURE 3 | Sucralose did not change AMPK protein levels in Caco-2 cells. Caco-2 cells (p.95-105) were cultured in control condition or treated with 0.5 or 5mM

sucralose (Suc) for 3 h. Thr172 p-AMPK, total AMPK and GAPDH protein levels were determined through western blot (n = 6). Data are shown as means ± SEM (n =

6) and groups were compared using one-way ANOVA followed by a Holm-Sidak post-test.
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FIGURE 4 | Sucralose increases mitochondrial bioenergetics in Caco-2 cells independently of mitochondrial Ca2+ entry. (A) Sucralose acutely increases cytosolic

Ca2+. Caco-2 cells (p.95-105) were cultured in the control condition, loaded with Fura-2 AM, mounted in an open recording chamber and 350 and 380 nm

fluorescence was imaged through epifluorescence microscopy. Baseline fluorescence was measured for 25min and then for 125min after the addition of KRH

(Control) or sucralose (Suc) at a final concentration of 0.5 or 5mM (n = 4). The graph shows representative kinetics of the Fura-2 AM 350/380 nm fluorescence ratio.

(B) Changes in Fura-2 AM 350/380 nm fluorescence ratio after sucralose addition. *P < 0.05 compared to baseline. (C) Sucralose-induced boost of mitochondrial

respiration is independent of the mitochondrial Ca+2 uniporter. Caco-2 cells (p.95-105) were cultured in control condition or treated with 0.5 or 5mM sucralose for 3 h

in the presence or absence of 10µM ruthenium red (RuRed). Then, their oxygen consumption rate was measured by oxygraphy using Clark’s electrode (n = 6).

Baseline, non-ATP-associated (400 nM oligomycin) and uncoupled (12µM CCCP) respiration conditions were analyzed. *P < 0.05 compared to the baseline of

control cells in the same condition of presence or absence of RuRed. All data are shown as mean ± SEM and were analyzed using one-way ANOVA followed by a

Holm-Sidak post-test.

mediated by the activation of sweet taste receptor T1R2/T1R3 (7).
Reportedly, Caco-2 cells express the receptor (12, 20). Therefore,
T1R2/T1R3 activation may be the mediator of the sucralose-
induced cytosolic Ca2+ increase.

The increase in mitochondrial respiration is often a
consequence of increased mitochondrial Ca2+ uptake
(16). A moderate rise in mitochondrial Ca2+ leads to the
activation of enzymes of the citric acid cycle (TCA) as
isocitrate dehydrogenase and oxoglutarate dehydrogenase.
Also, Ca2+ increases the activity of pyruvate dehydrogenase,
which catalyzes the conversion of pyruvate into acetyl-
CoA. This a key step in cell mitochondrial metabolism
(21). In the same sense, an increase in the activity of
TCA encourage OXPHOS to supply reduced equivalents.
Consistently, we showed an increase in reductive power in cells
treated with sucralose, suggesting an augmented activity in
mitochondrial reductases enzymes as succinate dehydrogenase
and cytochrome c oxidase. Van Eyk et al. obtained similar
results in Caco-2 and HT 29 cells in the presence of 0.1 and

1mM of sucralose (18) and Shill et al. in Caco-2 cells with 1
mM (12).

The ability of mitochondria to capture Ca2+ is mediated
for mitochondrial Ca2+ channels known as MCU1 (17).
We used Ruthenium Red, a chemical inhibitor of this
channel. However, it did not block the sucralose effect on
mitochondrial respiration, suggesting a mechanism independent
of mitochondrial Ca+2 entry. In this regard, it is possible
that the sucralose-induced increase in cytosolic Ca+2 indirectly
acts on mitochondrial function through the activity of protein
kinases. For example, increased cytosolic Ca+2 activates the
calcium-sensitive kinase CAMKK2 (also known as CAMKKβ),
which augments mitochondrial function, thus linking calcium
signaling to the regulation of energy metabolism (22). On
the other hand, we do not rule out the participation
cAMP, which reportedly increases in MIN6 cells treated with
sucralose (7).

Regarding the cellular energy state, although we observed
increased oxygen consumption and higher mitochondrial
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transmembrane potential after sucralose treatment, ATP levels
did not change. Our results contrast with Kojima et al.
who showed an elevation in ATP levels in response to
sucralose (19). Another study by the same research group
showed that exposure to 10mM sucralose induced an increase
in ATP levels in the presence of 5.5mM glucose (23).
These different results can be explained because they used a
shorter sucralose treatment of 30min, higher sucralose doses
of 10mM, and a different cell line, β pancreatic cell line
MIN6. On the contrary, in D. melanogaster, Wang et al.
showed that chronic sucralose consumption stimulates the
hypothalamic response to fasting through the activation of
AMPK, which is a known sensor of AMP/ATP ratio (14). In
our case, we did not observe changes in AMPK activation,
which agrees with unaltered cell bioenergetics. Altogether,
these evidences suggest that sucralose may induce divergent
metabolic responses, depending on cell type, exposure time, and
organismal context.

On the other hand, a strong positive correlation exists
between mitochondrial membrane potential and reactive
oxygen species (ROS) (24). At present, it is widely accepted
that mitochondria produce more ROS at high membrane
potential with inhibition of the ATP synthase (25). Interestingly,
studies with sucralose-treated mice suggested increased ROS
levels in the liver (11). However, sucralose consumption
did not induce oxidative stress in the brain of diabetic rats
(26). Recently, it has been reported that sucralose does
not increase ROS production in Caco-2 cells, measured
with the fluorogenic dye DCFDA at 0.1mM sucralose
(12). Thus, further investigation is required to unravel the
relevance of the sucralose-induced increase in mitochondrial
transmembrane potential.

A limitation of our study was that we used a cell
line as a research model, which excludes the impact of
endocrine and neuronal regulation. Nonetheless, high-
passage Caco-2 cells (p.95-105) are regarded as a good
model of human enterocytes (27). Also, we used a high dose
of sucralose (5mM). However, a lower dose of 0.5mM is
also a potentially reachable dose in the intestine, given the
low absorption of the sweetener (12). Finally, we do not
measure mitochondrial mass or dynamics associated with
mitochondrial function; however, we did measure direct
functional parameters, such as baseline and uncoupled
respiration, mitochondrial transmembrane potential, and
ATP levels.

In synthesis, we showed an acute effect of sucralose
on mitochondrial bioenergetics. This may contribute to
understand the underlying mechanisms of the metabolic
effects of sweetener. Importantly, enterocyte mitochondrial
function is relevant for gut permeability (28). Mitochondrial
uncoupling increases intestinal permeability, generating local
and systemic inflammation (29), which associates with the
development of inflammatory bowel diseases such as ulcerative
colitis (30). Intriguingly, sucralose consumption exacerbates
intestinal inflammatory reactivity in an animal model of Crohn’s
disease (13), disrupts the intestinal epithelial barrier (12),

and epidemiological studies indicate that artificial sweeteners
may increase the risk of Crohn’s disease (31). Interestingly,
recent evidence shows a bidirectional interaction between
mitochondria and the gut microbiome (32, 33). Moreover,
dysfunctional mitochondria are consistently associated with
metabolic diseases such as insulin resistance, diabetes mellitus
II and non-alcoholic fatty liver (15). Consistently, studies
have reported that sucralose affects glucose homeostasis and
liver inflammation (4–6, 15). Nonetheless, these effects are
controversial and remain unclear.

CONCLUSION

Here, we showed for the first time that sucralose acutely
increases mitochondria bioenergetics, characterized by
increased oxygen consumption and transmembrane
potential, with no changes in ATP production. These
effects were independent of mitochondrial Ca2+ uptake,
which surprisingly, acts as a negative regulator of
mitochondrial bioenergetics. This work suggests that
sucralose alters enterocyte energy homeostasis, contributing
to its effects on organismal metabolism. However, further
investigation is required to address its pathophysiological
implications, using animal or human models with chronic
sucralose consumption.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

JB, OP, RT, JR, and RB-S: conceptualization. JB, MH, JR, and AM:
investigation. OP, RT, and RB-S: project administration. RT and
RB-S: supervision. JB: writing original draft. JB, AM, OP, RT, and
RB-S: writing—review and editing. All authors contributed to the
article and approved the submitted version.

FUNDING

This work was supported by Agencia Nacional de Investigación
y Desarrollo (ANID), Chile: PFCHA Magíster Nacional
2018-22181225 and Doctorado Nacional 2019-21190748 (JB);
FONDAP 15130011 (RB-S and RT); FONDECYT 1191078 (RT)
and Iniciación 11201267 (RB-S); Subvención a la Instalación
en la Academia PAI 77170004 (RB-S); FONDEF #CA13I10013,
IT15I10048, and IT18I0021 (OP). Also, Universidad de Chile,
Chile: FIDA/ABCvital 02-2018 (RB-S and RT) and U Inicia
UI-006/19 (RB-S).

ACKNOWLEDGMENTS

Everyone in the team involved in this work is profoundly grateful
for the generous help provided by Felipe Barahona Del Castillo.

Frontiers in Nutrition | www.frontiersin.org 7 January 2021 | Volume 7 | Article 585484

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Bórquez et al. Sucralose Stimulates Mitochondrial Bioenergetics

REFERENCES

1. Roberts A, Renwicka AG, Sims J, Snodin DJ. Sucralose metabolism

and pharmacokinetics in man. Food Chem Toxicol. (2000)

38:31–41. doi: 10.1016/S0278-6915(00)00026-0

2. Sylvetsky AC, Jin Y, Clark EJ, Welsh JA, Rother KI, Talegawkar

SA. Consumption of low-calorie sweeteners among children

and adults in the United States. J Acad Nutr Diet. (2017)

117:441–8. doi: 10.1016/j.jand.2016.11.004

3. Suez J, Korem T, Zeevi D, Zilberman-Schapira G, Thaiss CA, Maza O, et al.

Artificial sweeteners induce glucose intolerance by altering the gutmicrobiota.

Nature. (2014) 514:181–6. doi: 10.1038/nature13793

4. Romo-Romo A, Aguilar-Salinas C, Brito-Córdova XG, Gómez-Díaz

R, AlmedaValdes P. Sucralose decreases insulin sensitivity in healthy

subjects: a randomized controlled trial. Am J Clin Nutr. (2018)

108:485–91. doi: 10.1093/ajcn/nqy152

5. Lertrit A, Srimachai S, Saetung S, Chanprasertyothin S, Chailurkit LO,

Areevut C. Effects of sucralose on insulin and glucagon-like peptide-1

secretion in healthy subjects: a randomized, double-blind, placebo-

controlled trial. Nutr J. (2018) 56:125–30. doi: 10.1016/j.nut.2018.

04.001

6. Pepino MY, Tiemann CD, Patterson BW, Wice BM, Klein S. Sucralose affects

glycemic and hormonal responses to an oral glucose load. Diabetes Care.

(2013) 36:2530–5. doi: 10.2337/dc12-2221

7. Nakagawa Y, Nagasawa M, Yamada S, Hara A, Mogami H, Nikolaev VO, et al.

Sweet taste receptor expressed in pancreatic beta-cells activates the calcium

and cyclic AMP signaling systems and stimulates insulin secretion. PLoS ONE.

(2009) 44:5106. doi: 10.1371/journal.pone.0005106

8. Thomson P, Santibañez R, Aguirre C, Galgani JE, Garrido D.

Short-term impact of sucralose consumption on the metabolic

response and gut microbiome of healthy adults. Br J Nutr. (2019)

122:856–62. doi: 10.1017/S0007114519001570

9. Jelle RD, Barkha PP, Raphael D, Maria GV, Yuko N, Petra CV, et al. Short-

term consumption of sucralose with, but not without, carbohydrate impairs

neural and metabolic sensitivity to sugar in humans. Cell Metab. (2020)

31:493–502. doi: 10.1016/j.cmet.2020.01.014

10. Grotz VL, Pi-Sunyer X, Porte D Jr, Roberts A, Richard Trout J. A 12-

week randomized clinical trial investigating the potential for sucralose

to affect glucose homeostasis. Regul Toxicol Pharmacol. (2017) 88:22–

33. doi: 10.1016/j.yrtph.2017.05.011

11. Bian X, Chi L, Gao B, Tu P, Ru H, Lu K. Gut microbiome response to sucralose

and its potential role in inducing liver inflammation in mice. Front Physiol.

(2017) 8:487. doi: 10.3389/fphys.2017.00487

12. Shil A, Olusanya O, Ghufoor Z, Forson B, Marks J, Chichger H. Artificial

sweeteners disrupt tight junctions and barrier function in the intestinal

epithelium through activation of the sweet taste receptor, T1R3. Nutrients.

(2020) 12:1862. doi: 10.3390/nu12061862

13. Rodriguez-Palacios A, Harding A, Menghini P, Himmelman C, Retuerto

M, Nickerson K, et al. The artificial sweetener splenda promotes gut

proteobacteria, dysbiosis, and myeloperoxidase reactivity in Crohn’s Disease–

Like Ileitis. Inflamm Bowel Dis. (2018) 24:1005–20. doi: 10.1093/ibd/i

zy060

14. Wang QP, Lin YQ, Zhang L, Wilson YA, Oyston LJ, Cotterell J, et al. Sucralose

promotes food intake through NPY and a neuronal fasting response. Cell

Metab. (2016) 24:75–90. doi: 10.1016/j.cmet.2016.06.010

15. Diaz-Vegas A, Sanchez-Aguilera P, Krycer JR, Morales PE, Monsalves-

Alvarez M, Cifuentes M, et al. Is mitochondrial dysfunction a common

root of noncommunicable chronic diseases? Endocr Rev. (2020)

41:5. doi: 10.1210/endrev/bnaa005

16. Bravo-Sagua R, Parra V, Lopez-Crisosto C, Diaz P, Quest AF, Lavandero

S. Calcium transport and signaling in mitochondria. Compr Physiol. (2017)

7:623–34. doi: 10.1002/cphy.c160013

17. Mishra J, Jhun BS, Hurst S, Jin O, Csordás G, Sheu SS. The mitochondrial

Ca2+ uniporter: structure, function and pharmacology. Handb Exp

Pharmacol. (2017) 240:129–56. doi: 10.1007/164_2017_1

18. Van Eyk D. The effect of five artificial sweeteners on Caco-

2, HT-29 and HEK-293 cells. Drug Chem Toxicol. (2015)

38:318–27. doi: 10.3109/01480545.2014.966381

19. Kojima I, Nakagawa Y, Ohtsu Y, Hamano K, Medina J, Nagasawa M. Return

of the glucoreceptor: glucose activates the glucose-sensing receptor T1R3

and facilitates metabolism in pancreatic b-cells. J Diabetes Investig. (2015)

6:256–63. doi: 10.1111/jdi.12304

20. O’Brien P, Corpe CP. Acute effects of sugars and artificial sweeteners

on small intestinal sugar transport: a study using CaCo-2 cells as

an in vitro model of the human enterocyte. PLoS ONE. (2016)

11:e0167785. doi: 10.1371/journal.pone.0167785

21. Cardenas C, Miller RA, Smith I, Bui T, Molgo J, Muller M, et al. Essential

regulation of cell bioenergetics by constitutive InsP3 receptor Ca2+ transfer

to mitochondria. Cell. (2010) 142:270–83. doi: 10.1016/j.cell.2010.06.007

22. Herzig S, Shaw RJ. AMPK: guardian of metabolism and

mitochondrial homeostasis. Nat Rev Mol Cell Biol. (2018)

19:121–35. doi: 10.1038/nrm.2017.95

23. Nakagawa Y, Ohtsu Y, NagasawaM, Shibata H, Kojima I. Glucose promotes its

own metabolism by acting on the cell-surface glucose-sensing receptor T1R3.

Endocr J. (2014) 61:119–31. doi: 10.1507/endocrj.EJ13-0431

24. Robb EL, Hall AR, Prime TA, Eaton S, Szibor M, Viscomi C, et al. Control

of mitochondrial superoxide production by reverse electron transport at

complex I [published correction appears in J Biol Chem. (2019) 294(19):7966].

J Biol Chem. (2018) 293:9869–79. doi: 10.1074/jbc.RA118.003647

25. Suski JM, Lebiedzinska M, Bonora M, Pinton P, Duszynski J, Wieckowski MR.

Relation Between Mitochondrial Membrane Potential and ROS Formation.

In: Palmeira CM, Moreno AJ, editors. The Mitochondrial Bioenergetics,

Methods in Molecular Biology. Poland: Humana Press. (2012). p. 183−205.

26. Helen NS, Nefissa HM, Hassan AE, Abeer FA. Biological effect of sucralose in

diabetic rats. Food Nutr Sci. (2013) 4:82–89. doi: 10.4236/fns.2013.47A010

27. Hubatsch I, Ragnarsson EG, Artursson P. Determination of drug permeability

and prediction of drug absorption in Caco-2 monolayers. Nat Protoc. (2007)

2:2111–9. doi: 10.1038/nprot.2007.303

28. JanssenDuijghuijsen LM, Grefte S, de Boer VC, Zeper L, van Dartel

DA, van der Stelt I, et al. Mitochondrial ATP depletion disrupts Caco-

2 monolayer integrity and internalizes claudin 7. Front Physiol. (2017)

8:794. doi: 10.3389/fphys.2017.00794

29. Wang A, Keita AV, Phan V, McKay CM, Schoultz I, Lee J, et al.

Targeting mitochondria-derived reactive oxygen species to reduce

epithelial barrier dysfunction and colitis. Am J Pathol. (2014)

184:2516–27. doi: 10.1016/j.ajpath.2014.05.019

30. Sifroni KG, Damiani CR, Stoffel C, Cardoso MR, Ferreira GK, Jeremias

IC, et al. Mitochondrial respiratory chain in the colonic mucosal

of patients with ulcerative colitis. Mol Cell Biochem. (2010) 342:111–

5. doi: 10.1007/s11010-010-0474-x

31. Qin X. What made Canada become a country with the highest incidence

of inflammatory bowel disease: could sucralose be the culprit? Can J

Gastroenterol. (2011) 25:511. doi: 10.1155/2011/451036

32. Franco-Obregón A, Gilbert JA. The microbiome-mitochondrion connection:

common ancestries, common mechanisms, common goals. mSystems. (2017)

2:e00018-17. doi: 10.1128/mSystems.00018-17

33. Clark A, Mach N. The crosstalk between the gut microbiota andmitochondria

during exercise. Front Physiol. (2017) 8:319. doi: 10.3389/fphys.2017.00319

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Bórquez, Hidalgo, Rodríguez, Montaña, Porras, Troncoso

and Bravo-Sagua. This is an open-access article distributed under the terms of

the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Nutrition | www.frontiersin.org 8 January 2021 | Volume 7 | Article 585484

https://doi.org/10.1016/S0278-6915(00)00026-0
https://doi.org/10.1016/j.jand.2016.11.004
https://doi.org/10.1038/nature13793
https://doi.org/10.1093/ajcn/nqy152
https://doi.org/10.1016/j.nut.2018.04.001
https://doi.org/10.2337/dc12-2221
https://doi.org/10.1371/journal.pone.0005106
https://doi.org/10.1017/S0007114519001570
https://doi.org/10.1016/j.cmet.2020.01.014
https://doi.org/10.1016/j.yrtph.2017.05.011
https://doi.org/10.3389/fphys.2017.00487
https://doi.org/10.3390/nu12061862
https://doi.org/10.1093/ibd/izy060
https://doi.org/10.1016/j.cmet.2016.06.010
https://doi.org/10.1210/endrev/bnaa005
https://doi.org/10.1002/cphy.c160013
https://doi.org/10.1007/164_2017_1
https://doi.org/10.3109/01480545.2014.966381
https://doi.org/10.1111/jdi.12304
https://doi.org/10.1371/journal.pone.0167785
https://doi.org/10.1016/j.cell.2010.06.007
https://doi.org/10.1038/nrm.2017.95
https://doi.org/10.1507/endocrj.EJ13-0431
https://doi.org/10.1074/jbc.RA118.003647
https://doi.org/10.4236/fns.2013.47A010
https://doi.org/10.1038/nprot.2007.303
https://doi.org/10.3389/fphys.2017.00794
https://doi.org/10.1016/j.ajpath.2014.05.019
https://doi.org/10.1007/s11010-010-0474-x
https://doi.org/10.1155/2011/451036
https://doi.org/10.1128/mSystems.00018-17
https://doi.org/10.3389/fphys.2017.00319~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	Sucralose Stimulates Mitochondrial Bioenergetics in Caco-2 Cells
	Introduction
	Methods
	Cells Culture
	Sucralose
	3-[4,5-Dimethylthiazol-2-yl]-2,5-Diphenyltetrazolium Bromide (MTT) Cell Viability Assay
	Oxygen Consumption Assessment
	ATP Measurement
	Western Blot
	Cytosolic Ca2+ Levels and Mitochondrial Transmembrane Potential Imaging
	Statistical Analysis

	Results
	Sucralose Stimulates Mitochondrial Bioenergetics in Caco-2 Cells
	Sucralose Increases Mitochondrial Bioenergetics in Caco-2 Cells Independently of Mitochondrial Ca2+ Entry

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


