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ABSTRACT: Mitochondria dynamic is regulated by different proteins, maintaining a balance between fission and fusion.
An imbalance towards mitochondrial fission has been associated with tumor cell proliferation. The aim of this study was
to analyze whether pectin modifies the viability of human colon cancer cells and the expression of proteins involved in
mitochondrial fusion and fission. The human colon carcinoma cell line HT29 cells was growth in 10% fetal bovine serum
in the absence and presence of pectin. Pectin reduced HT29 cell viability in a concentration-dependent manner, reaching
a plateau at 150~ 300 pumol/L pectin. The presence of 200 pmol/L pectin reduced the expression of dynamin-related pro-
tein-1 and increased expression of the mitochondrial fusion-associated proteins mitofusin-1 and 2. Expression of cyclin
B1, a protein involved in G2/M transition, was found decreased in pectin-incubated HT29 cells. Moreover, expression of
p53 protein, the amount of p53 in the nucleous and B-galactosidase activity, which are all biomarkers for cellular senes-
cence, were significantly higher in pectin-incubated HT29 cells than in HT29 cells incubated without pectin. Expression
of the protein B-cell lymphoma 2 (Bcl-2) homologous antagonist/killer was increased in response to incubation with
pectin. However, incubation with pectin did not affect expression of Bcl-2-associated X protein or Bcl-2, or the caspase-3
activity. Overall, we concluded that pectin reduces the viability of human HT29 colon cancer cells, which is accompanied
with a shift in the expression of proteins associated with mitochondrial dynamics towards mitochondrial fusion. More-
over, incubation with pectin favors cellular senescence over apoptosis in HT29 cells.
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INTRODUCTION enzymes, allowing it to reach the colon (Liu et al., 2003).

Pectin is a component of fruits such as apples, Canary
bananas, citrus fruits, and grapes, and vegetables such as
carrots, potatoes, and green beans. Several in vitro stud-

Colorectal cancer is one of the deadliest types of cancer
and is the most common diet-related cancer. Fiber intake

is regularly recommended to decrease the risk of colon
cancer (Burkitt, 1971). Indeed, epidemiological studies
have shown that increased fruit and vegetable consump-
tion is associated with a reduction in the risk of develop-
ing colorectal cancer (Aune et al., 2011; Watson and
Collins, 2011).

Pectin is a polysaccharide and source of dietary soluble
fiber that is resistant to digestion by human intestinal

ies have shown that pectin has anti-tumor properties in
different cancer type cells, including melanoma and pros-
tate cancer cells (Han et al., 2006; Jackson et al., 2007).
In mice, oral intake of soluble pectin fragments inhibits
growth and metastasis of transplanted tumors, including
colon tumor (Liu et al., 2008).

Different mechanisms have been suggested to explain
the anti-tumor effects of pectin, such as immune-poten-
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tiation, anti-mutagenic potential, and the regulation of
transformation-related microRNA/oncogenes, amongst
others (Chen et al., 2006; Flint et al., 2008; Georgiev et
al., 2012; Cheng et al., 2011; Hensel and Meier, 1999).
Most of these mechanisms have been directly or indirect-
ly associated with enhancement of the probiotic activity
of pectin and/or with inhibition of galectin-3 activity, a
multifaceted and pro-metastatic protein which is upre-
gulated in several cancers (Cheng et al., 2011; Schmidgall
and Hensel, 2002; Li et al., 2012). However, the mecha-
nisms by which pectin exerts its anti-tumor effects are
not fully known.

Mitochondria are crucial organelles for regulating cel-
lular energy generation, calcium and redox homeostasis,
and cellular apoptosis. Mitochondria constantly undergo
fission and fusion in a dynamic process (Patrushev et al.,
2015). Under physiological conditions, the frequencies of
fusion and fission events are finely balanced to maintain
mitochondrial homeostasis (Patrushev et al., 2015). Mi-
tochondrial fusion and fission are regulated by a number
of guanosine triphosphatases (GTPases) proteins (Patru-
shev et al., 2015; Archer, 2013; Boland et al., 2013). Mi-
tofusins 1 and 2 (Mfn-1 and Mfn-2) mediate mitochondri-
al fusion while dynamin-related protein-1 (Drp-1) medi-
ates mitochondrial fission (Patrushev et al., 2015; Archer,
2013; Boland et al., 2013). Changes to the balance be-
tween the expression of these proteins are frequently ob-
served in cancer cells (Archer, 2013; Boland et al., 2013).
Downregulation of Drp-1 promotes mitochondrial fis-
sion, decreases cell proliferation, and increases apoptosis
of colon cancer cells (Inoue-Yamauchi and Oda, 2012).

Carcinogenesis is associated with a progressive reduc-
tion in the ability of cells to trigger apoptosis and senes-
cence, two essential tumor-suppressor mechanisms that
are important barrier against cancer progression. Cancer
cells develop immortalization by escaping cellular sen-
escence; promoting tumor cell senescence has been pro-
posed as a potential anti-cancer therapy (Nardella et al.,
2011). However, apoptosis acutely eliminates potentially
harmful cells. Translocation of the tumor suppression
protein p53 to the nucleus is thought to be pivotal for
stimulating both cellular apoptosis and senescence
(Kruiswijk et al., 2015).

Emerging works have suggested the possible contribu-
tion of mitochondria dynamics to regulate both apopto-
sis and cellular senescence (Ziegler et al., 2015; Yoon et
al.,, 2006). In this regard, a close relationship between
mitochondrial dynamics and the pro- and anti-apoptotic
Bcl-2 family of proteins have been reported; these pro-
teins regulate the release of proteins from the mitochon-
dria into the cytosol, where they stimulate caspase-3 ac-
tivity (Otera and Mihara, 2012; Dewson and Kluck,
2009). Moreover, senescence has been associated with
accumulated dysfunction in mitochondria, resulting in re-

ductions in mitochondrial oxidative phosphorylation
(Korolchuk et al., 2017).

Taken all together, despite the knowledge about the
modifications of the mitochondrial dynamics associated
with cancer, the possible effect of pectin on mitochondri-
al dynamics remains to be analyzed. Therefore, the aim
of the present study was to examine if the presence of
pectin may modify growth of human colon cancer cells
and if it is associated with changes in the expression of
proteins associated with mitochondrial fusion and fission.
Moreover, we examined if pectin may modify the expres-
sion of proteins associated with either cellular senescence
and cellular apoptosis in HT29 cells.

MATERIALS AND METHODS

HT29 colon cancer cells

The human colon carcinoma cell line, HT29 (ATCC, Ma-
nassas, VA, USA) were cultured in McCoy’s 5A medium
(ATCC) containing 16.7 mmol/L glucose, 200 U/mL pen-
icillin, 200 pg/mL streptomycin, and 10% fetal bovine
serum (FBS) at 37°C in a humidified atmosphere of 5%
CO,. Cells were sub-cultured every 2 to 3 days. Before
the start of experiments, HT29 cells were synchronized
by incubation with 0.5% fetal calf serum (FCS) for 24 h.

All experiments were performed under proliferating
conditions by incubating HT29 cells for 24 h at 37°C in
the humidified atmosphere of 5% CO, in a sub-conflu-
ent state (75% confluence and with 10% FBS), in both
the absence and presence of pectin (P7536, Sigma-Aldrich
Co., St. Louis, MO, USA). This pectin was originally ex-
tracted with hot acidic water. Pectin was prepared by di-
luting 0.06 mg pectin powder in 1 mL McCoy’s 5A me-
dium (309 umol/L final concentration) and heating at
37°C for 30 min. HT29 cells were incubated with pectin
for 24 h at 37°C.

At the end of the incubation period, HT29 cells were
lysed in a buffer containing 20 mmol/L Tris-HCI, 137
mmol/L NacCl, 10% glycerol, 1% Nonidet-P40, 1 mmol/L
phenylmethylsulfonyl fluoride, 10 mmol/L ethylenedia-
minetetraacetic acid, and 2 mmol/L sodium orthovana-
date, and were immediately frozen at —80°C until mo-
lecular parameters were determined.

Detection of the effect of pectin on HT29 colorectal can-
cer cell proliferation using XTT assay

HT29 colon cancer cells were seeded onto a 96 well plate
at 5x10° cells/well. Twenty four hours after seeding, cells
were synchronized by incubation with 0.5% FCS for 24
h. Medium was removed and changed with fresh medi-
um containing 10% FBS with or without pectin (0~300
umol/L). Following culture for 24 h, proliferation was
determined using a commercial cell proliferation kit 3-
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(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (XTT), following manufacturer’s recommendations
(Product code: A8088,100; PanReac AppliChem, Barce-
lona, Spain). The optical density (OD) was measured us-
ing a microplate reader at 450 nm. As recommended by
the manufacturer, to measure non-specific readings OD
were also measured at 650 nm for normalization, and
subtracted from the 450 nm measurement.

Cell survival rate was calculated as %={(A sample—A
blank)/(A control —A blank)}x100%. The OD of sam-
ples were measured after incubation of pectin, and the
OD of the control was measured following incubation
with 10% FBS without pectin. The blank was the OD of
the background.

Western blots analysis

Protein expression was determined by Western blotting.
In brief, and as we have previously reported (Zamorano-
Leén et al., 2013; Mofux et al., 2017), protein concentra-
tions were estimated using the bicinchoninic acid reagent
(Thermo Fisher Scientific, Inc., Waltham, MA, USA), and
equal amount (40 pg/lane) of each lysate were loaded
onto denaturing sodium dodecyl sulphate-polyacrylamide
gel electrophoresis 15% (w/v) polyacrylamide gels. The
gels were blotted onto nitrocellulose (NC) membranes.
As previously reported (Zamorano-Leén et al., 2013;
Mofiux et al., 2017), NC membranes were blocked with
5% (w/v) bovine serum albumin (BSA) and incubated
with monoclonal antibodies against Mfn-1 (1:2,000, sc-
166644, Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA), Mfn-2 (1:1,000, sc-2031, Santa Cruz Biotechnol-
ogy, Inc.), Drp-1 (1:750, Ab56788, Abcam, Cambridge,
UK), and B-cell lymphoma 2 (Bcl-2)-antagonist/killer
(Bak) (1:1,000, Ab32371, Abcam), and polyclonal anti-
bodies against p53 (1:1,000, sc-6243, Santa Cruz Biotech-
nology, Inc.), cyclin B1 (1:1,500, Ab2949, Abcam), Bcl-
2-associated X protein (Bax) (1:1,000, sc-493, Santa Cruz
Biotechnology, Inc.), and Bcl-2 (1:1,000, sc-783, Santa
Cruz Biotechnology, Inc.). A monoclonal anti-B-actin an-
tibody (1:7,500, A-5441, Sigma-Aldrich Co.) was used as
a control for protein loading. NC membranes were then
incubated with peroxidase-conjugated anti-mouse IgG
(1:2,000 for Mfn-1 and Drp-1, 1:1,000 for Mfn-2, and 1:
2,500 for B-actin) and peroxidase-conjugated anti-rabbit
IgG secondary antibodies (1:2,500 for p53, Bak, Bax, and
Bcl-2). The protein signal was obtained using chemilumi-
nescence reagents (GE Healthcare, Buckinghamshire, UK)
that was detected and densitometrically analysed using
an Ibright Imaging System (Ibright FL100, Thermo Fisher
Scientific, Inc.).

B-Galactosidase, cytochrome C oxidase, and caspase-3 ac-
tivities
Following incubation of HT29 cells with and without 200

pumol/L pectin. B-Galactosidase activity was determined
at 405 nm using a commercial assay kit following manu-
facturer’s recommendations (75707, Thermo Fisher Sci-
entific, Inc.). p-Galactosidase activity in cells incubated
with pectin was calculated as a percent of the activity in
cells incubated without pectin.

Cytochrome C oxidase activity was determined in HT29
cells incubated with and without 200 pmol/L pectin us-
ing a commercial kit (ab10909. Abcam). The kit was car-
ried out following manufacturer’s recommendations. Cy-
tochrome C oxidase activity was determined at 550 nm.
The intra-assay and inter-assay variabilities were <7%
and <10%, respectively.

Caspase-3 activity was measured using a colorimetric
commercial kit (ab39401, Abcam) based on the detection
of the chromophore p-nitroaniline. In accordance to man-
ufacturer’s specifications, caspase-3 activity was expressed
as OD units at 405 nm.

Determination of the nuclear content of p53

Nuclear extracts from HT29 cells incubated in the pres-
ence and absence of pectin were obtained according to the
method described by Schreiber et al. (1990). Samples
were centrifuged at 12,000 g at 4°C for 10 min, followed
by an additional centrifugation at 12,000 g for 15 min at
4°C. The nuclear extracts were immediately lysed and
protein concentration was measured using the bicincho-
ninic acid reagent.

The amount of p53 content in the cellular nucleus was
determined by dot-blot technique. Due to the relative low
level of nuclear protein obtained, it was not possible to
use Western blotting to determine nuclear p53 contents.
As previously reported, dot blot analysis was carried out
through loading 5 pg of total nuclear protein onto NC
membranes (Lépez-Farré et al., 2012; Ortega et al., 2007).
As with the Western-blot analysis, NC membranes were
blocked with 5% BSA (w/v), washed twice, and were in-
cubated with the polyclonal p53 primary antibody fol-
lowed by the peroxidase-conjugated anti-rabbit IgG sec-
ondary antibody above described. The protein signal was
detected by chemiluminiscence.

Statistical analysis

Values are expressed as mean=standard error of mean
(SEM). Unless it is otherwise indicated, six experimental
repeats were performed for each determined variable.
Mann-Whitney’s test was used to compare differences be-
tween groups. A P value <0.05 was considered statistical-
ly significant. The statistical analysis was performed us-
ing the software SPSS version 22.0 (SPSS Inc., Chicago,
IL, USA).
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RESULTS

Effect of pectin on HT29 cells viability

HT29 cells viability, when considering cell viability as an
index of cell proliferation, was significantly increased
McCoy’s 5A medium was supplemented with 10% FBS
(Fig. 1). Addition of pectin to 10% FBS significantly re-
duced HT29 cell viability (Fig. 1A). The effect of pectin
was concentration dependent and maximum inhibition
was observed with pectin concentrations over 150 umol/L
(Fig. 1B). The most homogenous inhibition of HT29 cells
viability was observed with 200 pmol/L pectin (showing
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the lowest standard error). Therefore, 200 umol/L pectin
was used during subsequent experiments.

The effect of pectin on cell viability was not dependent
on a cellular cytotoxic effect, since trypan blue exclusion
was similar between HT29 cells incubated in the pres-
ence and in the absence of pectin (data not shown).

Changes in proteins involved in mitochondrial dynamics
and in mitochondrial functionality

Through Western blot, we demonstrated that HT29 cells
incubated with 200 umol/L pectin had lower expression
of Drp-1 protein than cells incubated in the absence of
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Fig. 1. (A) The viability index of HT29 cells incubated in culture medium containing 0.5% or 10% fetal bovine serum (FBS). Results
are represented as meanSEM of three experimental repeats. *P<0.05 with respect to 0.5% FBS. (B) Effects of increased pectin
concentrations on HT29 cell viability. Results are expressed as mean+SEM of six experimental repeats. *P<0.05 with respect to

HT29 incubated without pectin.
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Fig. 2. Representative Western blots showing the expression of proteins associated with mitochondrial fission, dynamin-related
protein 1 (Drp-1), and mitochondrial fusion, mitofusin (Mfn)-1 and Mfn-2 in HT29 cells incubated with and without pectin (200
umol/L). The expression of B-actin was used as loading control. Bar graphs show the densitometric analysis of all the Western
blots in arbitrary units (AU). Results are presented as mean+SEM of six experimental repeats. *P<0.05 with respect to HT29

cells incubated without pectin.
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pectin (Fig. 2). Moreover, HT29 cells incubated with pec-
tin showed higher expression of Mfn-1 and Mfn-2 than
HT29 cells incubated without pectin (Fig. 2).

The activity of cytochrome C oxidase, a protein includ-
ed in the mitochondrial phosphorylation chain, was sig-
nificantly reduced in HT29 cells incubated with pectin
compared to those incubated without pectin (Fig. 3).

Effect of pectin on expression of proteins related to cellular
senescence
B-Galactosidase activity was significantly higher in HT29
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Fig. 3. Activity of mitochondrial citocrome C oxidase in HT29
cells incubated with and without pectin (200 pmol/L). Results
are presented as meanSEM of six experimental repeats. *P<
0.05 between curves.
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cells incubated with 200 umol/L pectin than in the cells
incubated without pectin (% B-galactosidase activity in-
creased: 9.95+3.22%, corrected to pg protein, n=4; P<
0.05). Significantly higher expression of total p53 protein
was also observed in HT29 cells incubated with pectin
than in the cells incubated without pectin (Fig. 4). More-
over, the nuclear content of p53 protein was also signifi-
cantly higher in following incubation with pectin than in
the nucleus of HT29 cells incubated without pectin (Fig.
4). In addition, we observed a significant reduction in cy-
clin B1 expression in cells incubated in 200 umol/L pec-
tin compared to those incubated without pectin (Fig. 4).

Expression and activity of apoptotic-associated proteins
HT29 cells incubated with 200 umol/L pectin showed
increased amounts of the pro-apoptotic protein Bak com-
pared to HT29 cells incubated without pectin (Fig. 5).
However, the cellular content of the pro-apoptotic protein
Bax and the anti-apoptotic protein Bcl-2 was not different
between the HT29 cells incubated in the presence and in
the absence of pectin (Fig. 5). Moreover, caspase-3 activ-
ity did not show significant differences between HT29
cells incubated with or without pectin (Fig. 6).

DISCUSSION

The study is, to our knowledge, the first examining the
role of pectin on the expression of proteins associated
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Fig. 4. Representative Western blots of the expression of proteins associated with cellular senescence, p53 and cyclin B1, in HT29
cells incubated with and without pectin (200 umol/L). The expression of B-actin was used as a loading control. Representative
dot blots showing the content of nuclear p53 in HT29 cells incubated with and without pectin (200 pmol/L). Bar graphs show
the densitometric analysis of all Western blots and dot blots in arbitrary units (AU). Results are presented as mean+SEM of six
experimental repeats. *P<0.05 with respect to HT29 cells incubated without pectin.
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Fig. 5. Representative Western blots to determine the expression of proteins associated with cellular apoptosis, B-cell lymphoma
2 (Bcl-2)-antagonist/killer (Bak), Bcl-2-associated X protein, and Bcl-2, in HT29 cells incubated with and without pectin (200 umol/L).
The expression of B-actin was used as loading control. Bar graphs show the densitometric analysis of all the Western blots in
arbitrary units (AU). Results are presented as mean+SEM of six experimental repeats. */P<0.05 with respect to HT29 cells incubated
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Fig. 6. Caspase-3 activity was determined in HT29 cells incu-
bated with and without pectin (200 umol/L). Results are pres-
ented as mean=SEM of six experimental repeats. NS: not signi-
ficant.

with mitochondrial fusion and fission in colorectal hu-
man colorectal HT29 cancer cells. Changes in expression
were accompanied by a reduction in HT29 cell viability.
Moreover, incubation with pectin favoured cellular se-
nescence over apoptosis.

Previous studies have demonstrated that animals treat-
ed with azoxymethane or methylnitrosourea develop less
colon tumors when their diets were enriched with pectin
(Watanabe et al., 1979). Pectin, as dietary fiber, is not
enzymatically digested in the small intestine but is de-
graded by microbia in the colon. Therefore, most of the
effects associated with pectin have been attributed to its
possible enhancement of probiotic actions (Odun-Ayo et

al., 2015). In this regard, pectin reduced the activity of
B-glucuronidase, an enzyme found in fecal bacteria whose
activity is correlated to colon cancer development
(Ohkami et al., 1995; Lindop et al., 1985). Several stud-
ies have also shown that oral consumption of pectin de-
creases the risk of intestinal infection and diarrhea in
children by promoting growth of “good” bacteria in the
colon (e.g., Biffidobacteria and Lactobacillus) and the detri-
ment of pathogenic bacteria (Olano-Martin et al., 2002).
However, it should be noted that much less is known
about other effects of pectin on colon cells. Our results
showed that in cultured human colorectal cancer cells
HT29, pectin reduced cellular viability but without in-
ducing cytotoxicity.

As mentioned above, mitochondria maintain a dynam-
ic equilibrium between mitochondrial fission and fusion
that is controlled by specific proteins (Patrushev et al.,
2015; Archer, 2013; Boland et al., 2013). While both
Mfn-1 and Mfn-2 promote mitochondrial fusion, Drp-1
favors mitochondrial fission (Patrushev et al., 2015;
Archer, 2013). In several human cancer cells, it was dem-
onstrated that an imbalance between Drp-1/Mfns expres-
sion facilitates the mitochondrial fission state. In this re-
gard, increased fission due to high Drp-1 expression and
decreased fusion due to loss of Mfns have been linked to
cancer cell migration, invasion, and metastasis (Zhao et
al., 2013; Ferreira-da-Silva et al., 2015). Moreover, Drp-
1 inhibition or knockdown results in a marked reduction
in cancer cell proliferation, including of colon cancer cells
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(Inoue-Yamauchi and Oda, 2012; Rehman et al., 2012).

In our study, HT29 cells incubated with pectin showed
lower expression of Drp-1 and higher expression of both
Mfn-1 and Mfn-2 than HT29 cells incubated without pec-
tin. These results suggest that in HT29 cells, pectin pro-
moted a shift by reducing expression of Drp-1 associated
with mitochondrial fission, and increasing expression of
proteins mediating mitochondrial fusion. This was ac-
companied by a reduction in HT29 cell viability. In this
regard, several studies have demonstrated the relation-
ship between tumor cell proliferation and mitochondrial
fission (Rehman et al., 2012; Xie et al., 2015). Zhan et
al. (2016) demonstrated that in hepatocellular carcinoma
cells, Drp-1-mediating mitochondrial fission promotes
cell cycle progression from G1 to S phase, and subsequent
cell proliferation (Zhan et al., 2016).

Cellular senescence, broadly defined as the physiologi-
cal program of terminal growth arrest, is associated with
aging. However, cellular senescence is also an important
tumor suppressor mechanism (Campisi, 2001). In the
present study, under proliferating conditions, the activ-
ity of the senescence-associated enzyme [-galactosidase
was increased in HT29 cells incubated with pectin com-
pared with HT29 cells incubated without pectin. More-
over, the expression of cyclin Bl was markedly reduced
by pectin. Cyclin Bl is crucial for G2/M transition. In-
creases expression of cyclin B1 has been reported in can-
cer cells and insufficient levels of cyclin B-Cdkl com-
plexes, i.e. as a result of attenuation of cyclin B1, are re-
lated to cell cycle arrest and reduction of cell prolifera-
tion (Innocente et al., 1999). Growth arrest of cells en-
tering senescence may start with p53 activation. In HT29
cells incubated with pectin, p53 expression levels were
significantly higher than in cells incubated without pec-
tin. The nuclear content of p53, which is suggestive of
p53 translocation from the cytosol to the nucleus, was al-
so increased in HT29 cells incubated with pectin. It has
been reported that the level and/or activity of p53 was
increased in senescent cells and overexpression of p53
was sufficient to induce cellular senescence in p53-null
cells (Serrano et al., 1997; Sugrue et al., 1997). Taken to-
gether, these results could suggest that pectin may pro-
mote a change in the human carcinoma HT29 cells from
a proliferating phenotype to a senescence phenotype. In
support of this hypothesis, blockage of mitochondrial
fission has been reported to promote the maintenance of
elongated mitochondria, which leads to cellular senes-
cence. This suggests that senescence cells are typically
associated with an overall shift toward mitochondrial fu-
sion (Jendrach et al., 2005; Lee et al., 2007). According-
ly, during senescence, the fission-associated protein, fis-
sion-1 protein, is down-regulated, which leads to mito-
chondrial elongation (Lee et al., 2007), and inhibition of
Drp-1 promotes cellular senescence (Yoon et al., 2006).

Our results showed that in pectin-incubated HT29 cells
both senescence and mitochondrial fusion-related pro-
teins were increased while the mitochondrial fission-as-
sociated protein, Drp-1, was decreased. In accordance to
our observations, several compounds found in fruits and
vegetables, such as resveratrol, bisdemethoxycurcumin,
baicalin, or ginsenoside, show anti-proliferative effects on
different types of cancerous cells, including human colon
cancer cells, through induction of cellular senescence
(Luo et al., 2013; Li et al., 2013; Wang et al., 2018; Sin
etal, 2012).

Despite the above observations, it should be noted that
some authors have postulated that HT29 cells contain a
mutated p53 isoform that produces a sub-functional ver-
sion of p53 (Zhou et al., in press). However, the finding
that f-galactosidase activity was significantly higher in
HT29 cells incubated with pectin strongly supports that
pectin promoted HT29 cell senescence. Moreover, other
studies have reported induction of HT29 cell apoptosis
via p53 activation (Bagheri et al., 2018; Song et al., 2005).
With the present study we could not assess whether pro-
motion of HT29 cell senescence by pectin was really me-
diated by a p53-dependent pathway. Additional experi-
ments are warrant to identify the mechanisms involved
in stimulation of B-galactosidase activity by pectin in pro-
liferating HT29 cells.

Another important mechanism mediating tumor cell
growth is apoptosis. In these experiments, expression of
the pro-apoptotic protein Bak, but not of the pro-apop-
totic protein Bax nor the anti-apoptotic protein Bcl-2 was
changed by pectin. In addition, caspase-3 activity was not
changed by the presence of pectin. Taken together, these
results suggest that the apoptotic pathway was not sig-
nificantly stimulated by pectin in HT29 cells. In this re-
gard, several authors have suggested that mitochondrial
fusion is associated with cellular senescence whereas
mitochondrial fission is closely related to cellular apop-
tosis (Lee et al., 2007; Youle and Karbowski, 2005). In-
terestingly, it has also been demonstrated that chemical
inhibitors of mitochondrial chain phosphorylation com-
plexes and aerobic glycolysis induce cellular senescence,
and therefore promote cell proliferation arrest (Moiseeva
et al., 2009; Wang et al., 2003). Our experiments showed
that cytochrome C oxidase activity was significantly low-
er in HT29 cells incubated with pectin than in HT29 in-
cubated without pectin, suggestive of a reduction in mi-
tochondrial oxidative phosphorylation mediated by pec-
tin. Accordingly, that cytochrome C oxidase downregu-
lation was also recorded in senescent porcine pulmonary
artery endothelial cells (Zhang et al., 2002). However,
since mitochondrial fusion is mostly associated with in-
creased oxidative phosphorylation (Yao et al., 2019), it
was questioned why mitochondrial fusion is promoted
by pectin but cytochrome C oxidase activity is downreg-
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ulated. Reduction of cytochrome C oxidase may suggest
the existence of mitochondrial dysfunctionality. There-
fore, it can be speculated that pectin promotes mitochon-
drial dysfunction through modifying mitochondrial mi-
tophagy, which can cause an increase in the number of
dysfunctional mitochondria. Further experiments are
needed to assess this hypothesis.

Study limitations

The study has several limitations. The free radical theory
of senescence suggests that cellular senescence is asso-
ciated with higher production of reactive oxygen species
(ROS). Since mitochondria are important source of ROS
generation, it has been proposed that excessive mito-
chondrial ROS is important for establishing cellular se-
nescence. In several cell types, increased ROS produc-
tion has been correlated with increased mitochondrial
fission rather than to mitochondrial fusion (Yu et al.,
2006). However, cytochrome C oxidative dysfunction has
also been associated with increased oxidative stress
(Srinivasan and Avadhani, 2013). On the contrary, other
studies have suggested that mitochondrial ROS genera-
tion may not be the primary cause of cellular senescence.
In this regard, it has also been suggested that increased
mitochondrial ROS production in replicative senescent
cells is a consequence of the senescence phenotype, rath-
er than the cause (Ziegler et al., 2015; Lawless et al.,
2012). Therefore, further studies are needed to establish
the effects of pectin on HT29 senescence, changes in the
mitochondrial fusion and fission balance, and in mito-
chondrial metabolism and ROS production.

Another major limitation of this study is that we did
not determine the molecular mechanisms associated with
the changes elicited by pectin on both the expression of
proteins related to mitochondrial fusion and fission and
on cellular senescence. Moreover, the experimental de-
sign did not allow us to establish whether the changes
induced by pectin on the mitochondrial dynamics-asso-
ciated proteins promoted cellular senescence, or if pectin
induced changes to proteins associated with cellular se-
nescence, and these favoured a shift in the homeostatic
balance mediating mitochondrial fusion and fission. Al-
though the relationship between cellular senescence and
mitochondrial dynamics is probably bidirectional, further
studies are warranted to understand further.

The results of this study cannot discard the possibility
that pectin also promoted apoptosis in HT29 cells. In this
regard, pectin stimulated Bak protein expression, how-
ever did not induce changes to caspase-3 activity. How-
ever, it is possible that pectin induced HT29 cell apopto-
sis through other mechanisms that are not dependent on
caspase-3 activity. Additional studies are needed to ana-
lyze this further.

In conclusion, this study suggests that pectin directly

impacts the expression of proteins regulating mitochon-
drial fusion and fission in the human colon carcinoma
cell line HT29. Pectin addition was accompanied by a re-
duction in HT29 cell viability, and stimulation of proteins
associated with cellular senescence.
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