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Oil palm (Elaeis guineensis Jacq.) fruits are rich in antioxidative phenolic compounds, which exert various health improving
eﬀects. This study aimed to comparatively study the protective eﬀects of diﬀerent phenolic fractions from the fruits treated with or
without ultrahigh pressure (UHP) and their most abundant phenolic substance, caﬀeic acid, against the palmitic acid-induced
lipotoxicity in HepG2 cells and to clarify the potential mechanisms. Results showed that the TG accumulation, intracellular
reactive oxygen species content, cell apoptosis, and mitochondrial membrane potential depolarization were relieved by the
administration of those phenolic fractions and caﬀeic acid. The protection of insoluble-bound (IB) phenolic fraction was the best,
and UHP treatment signiﬁcantly enhanced its protective eﬀect on lipotoxicity. The lipotoxicity preventive eﬀect may be achieved
by alleviating intracellular oxidative stress, downregulating the expression of P-P38, COX-2, and iNOS to relieve inﬂammation,
and downregulating Bax and cytochrome C and upregulating Bcl-2 to suppress the mitochondrial-mediated apoptosis. Therefore,
the oil palm fruits phenolic fractions, especially the IB phenolic fraction, might be utilized as dietary antioxidants to relieve the
adverse eﬀects of a high-fat diet on the body, and UHP treatment is a potential method to increase this bioactivity.

1. Introduction
High-fat diet consumption is very common in modern
society, which could easily lead to high level-free fatty acid
(FFA) in the body circulation system and excessive fat
deposition in organs [1]. Excessive intake of FFA accompanied by large amounts of fat (mainly triglyceride, TG)
accumulated in cells of diﬀerent organs can lead to chronic
injury and dysfunction of those organs, which is deﬁned as
lipotoxicity [2, 3]. The lipotoxicity has been proved to be
closely related to many metabolic dysfunction diseases, such
as hyperlipidemia, fatty liver, and diabetes [4, 5]. For instance, when hepatocytes ingest a large amount of FFA, on
the one hand, the FFA is stored as triglycerides in hepatocytes, resulting in hepatic steatosis [6]; on the other hand,
the FFA is oxidized, leading to many reactive oxygen species

(ROS) production and thereby damaging hepatocytes; and
these will lead to the occurrence of fatty liver or/and steatohepatitis [6, 7]. Some natural compounds in dietary plants
with a good free radical scavenging activity can prevent
oxidative stress-induced liver injury [8].
Among the FFAs, palmitic acid (PA) is abundant in the
human body and widely distributed in daily diet. Based on
these, PA has been used to induce lipotoxicity in the in vitro
studies, especially in cells model, such as hepatocytes, islet
β-cells, and endothelial cells [9]. Inﬂammation response,
endoplasmic reticulum stress, mitochondrial damage, and
cell apoptosis were proved to be involved in PA induced
lipotoxicity [2, 5, 9, 10]. During the excessive PA intake,
massive reactive oxygen species (ROS) were generated along
with the lipid peroxidation, which probably stimulates inﬂammation response and cell apoptosis, and eventually leads
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to physiological dysfunction [7, 11]. Previous researches
reported that ROS could cause an inﬂammatory response by
the activation of the P38 mitogen activated protein kinases
(MAPK) pathway and regulate the secretion of inﬂammatory cytokines, such as cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) [12, 13]. Besides, under
the stimulation of ROS and inﬂammation, cell apoptosis
could be activated, and the mitochondrial pathway was
involved in the possible mechanism [11, 14]. In the mitochondrial pathway, the B cell lymphoma-2 (Bcl-2) family
could interact with mitochondria members to disrupt mitochondrial membrane potential (MMP) and mitochondrial
permeability. Bax, a proapoptosis of the Bcl-2 family, could
be activated by inﬂammation and then bind with the mitochondrial membrane to open the permeability transition
channels. Meanwhile, the antiapoptosis Bcl-2 could be
suppressed [15, 16]. In a case like this, cell apoptosis was
activated and markers of apoptosis were released, like cytochrome C, a protein that has been widely accepted as the
marker of apoptosis [17].
Since the negative eﬀect of high FFAs consumption on
health has been widely proved, and no eﬀective clinical drug
is available, it is necessary to explore bioactive compounds
from food materials to decrease the damage of FFAs. Among
the numerous natural compounds, antioxidative phenolic
compounds showed eﬀectively protective eﬀects against
lipotoxicity induced by FFAs, such as PA [18]. In our
previous research, we reported that oil palm fruit (OPF) was
rich in phenolic compounds, especially caﬀeic acid, and
exhibited good antioxidant activity in vitro; moreover, we
found that ultrahigh pressure (UHP) treatment increased
the phenolic compounds bioaccessibility and the antioxidant
of OPF [19]. Therefore, we hypothesized that OPF and its
main phenolic compound, caﬀeic acid, might eﬀectively
prevent FFA-induced lipotoxicity and OPF treated by UHP
may have a better eﬀect, which has not been investigated. In
the present study, the free (F), esteriﬁed (E) and insolublebound (IB) phenolic fractions were extracted from UHPtreated or nontreated OPF. Their protective eﬀects and the
caﬀeic acid on PA-induced lipotoxicity would be comparatively investigated by the analyses of triglyceride (TG)
accumulation, intracellular ROS scavenging ability, cell
apoptosis, and MMP. Moreover, the expression levels of
several key markers in important signaling pathways of
inﬂammation and apoptosis were also testiﬁed by western
blot to illuminate the potential mechanism. The results of
this study might provide scientiﬁc information for the
devolvement of OPF product as a functional food to prevent
or alleviate FFA-induced lipotoxicity.

2. Materials and Methods
2.1. Materials and Chemical Reagent. The OPF was obtained
from a local market in Haikou city (Hainan province,
China). The human hepatocellular carcinoma cell line
(HepG2) was obtained from Kunming cell bank (Chinese
Academy of Sciences, China). Fetal bovine serum (FBS),
penicillin, streptomycin, and Dulbecco’s modiﬁed Eagle’s
medium (DMEM) were supplied by Gibco (Grand Island,
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NY). Palmitic acid, methylthizol-2-yl-2,5- diphenyl tetrazolium bromide (MTT), and 2′,7′-dichloroﬂuorescin diacetate (DCFH-DA) were purchased from Sigma-Aldrich
(Shanghai, China). Bovine serum albumin (BSA) was purchased from BioDee Biotech Co., Ltd. (Beijing, China).
Annexin V-FITC/PI apoptosis kit was obtained from Beijing
4A Biotech Co., Ltd. (Beijing, China). Cell lysis buﬀer, TG
assay kit, BCA protein assay kit, and mitochondrial membrane potential assay kit (JC-1) were purchased from
Shanghai Beyotime Co., Ltd. (Shanghai, China). Caﬀeic acid
standards were supplied by Chengdu Must Bio-Technology
Co., Ltd. (Chengdu, China). All antibodies were procured
from Abcam (Cambridge, UK), and other reagents used
were of analytical grade.
2.2. Preparation and Analysis of Diﬀerent Phenolic Fractions
from OPF. The UHP pretreatment of OPF and preparation
of diﬀerent phenolic fractions (F, E, and IB) were conducted
as a previous report [19]. Brieﬂy, chopped mesocarps were
vacuum-sealed and then pretreated by a UHP equipment
(HHP-600, Baotou Kefa High Pressure Technology Limited
Company, Baotou, China) with 500 MPa pressure for
10 min. Subsequently, the F, E, and IB phenolic fractions
were extracted from OPF with or without a UHP pretreatment, respectively. The phenolic compositions of different fractions were analyzed by UHPLC-ESI-HRMS/MS in
negative mode. As we reported previously, a total of 13
phenolic compounds were detected, including caﬀeic acid,
catechin, gallic acid, protocatechuic acid and kaempferol,
and caﬀeic acid was the predominant phenolic compound in
all fractions [19].
2.3. PA/BSA Complex Solution Preparation. The PA/BSA
complex solution was prepared according to the previous
method with some modiﬁcations [20]. Brieﬂy, PA was
dissolved with 0.1 M NaOH into 100 mM in a shaking water
bath at 70°C for 30 mins. Then, 50 μL PA solution was mixed
with 950 μL BSA (10%) and incubated in a water bath at 70°C
for six hours. Finally, the PA/BSA complex solution was
sterile ﬁltered with 0.22 μm membrane ﬁlter and stored at
−20°C as stock. DMEM was used to dilute the stock into
appropriate concentration for the experiment, and the same
concentration of BSA/NaOH complex was used as a vehicle
in each assay.
2.4. Determination of PA and Sample Cytotoxicity. The
HepG2 cell was cultured in DMEM supplemented with 10%
FBS and 5% penicillin-streptomycin at an atmosphere of 5%
CO2 at 37°C. The culture medium was changed every two
days. Cells grown up to 90% conﬂuence were used for
subsequent experiments. MTTmethod was conducted as our
previous report to evaluate the cytotoxicity of PA and different phenolic fractions on HepG2 [19]. In brief, after being
seeded in a plate (1 × 105/mL) with a 24-hour incubation,
cells were stimulated with PA/BSA complex solution at the
concentrations of 0.1 mM, 0.2 mM, 0.3 mM, 0.4 mM, and
0.5 mM or diﬀerent concentrations of the sample ranging
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from 40.0 μg/mL to 200.0 μg/mL. For another 16-hour (PA)
or 24-hour (sample) incubation, the treatment medium was
removed, and cells were washed twice with PBS solution.
Then, 0.5 mg/mL MTT solution was added, and then cells
were incubated for another four hours. Thereafter, MTT
solution was discarded and 150 μL of DMSO was added into
each well to completely solubilize the formazan. The absorbance of each well was recorded by SpectraMax M5
microplate reader (Molecular Device, USA) at 570 nm. The
cells treated with DMEM were used as the corresponding
control group. The control group was considered as 100%
viability. Each group was set with six repeating wells, and
each experiment was conducted three times.
2.5. Measurement of Intracellular TG Level in PA-Induced
HepG2 Cells. The intracellular TG level in PA-induced
HepG2 cells was determined according to a published
method with some modiﬁcations [9]. Brieﬂy, HepG2 cells
were seeded in a six-well plate at a density of 1 × 105/mL with
2 mL per well. After incubation for 24 hours, 200 μL of F, E,
IB phenolic fractions or caﬀeic acid dissolved in DMEM with
120.0 μg/mL were separately added into the corresponding
well for another 24-hour incubation, while cells in Control
(CK), BSA, and PA groups were still cultured with DMEM.
Thereafter, HepG2 cells in sample and PA groups were
exposed to 0.3 mM of PA/BSA complex solution for 16
hours, and cells in BSA and CK groups were incubated with
the corresponding concentration of BSA/NaOH complex
solution and DMEM, respectively. Then, HepG2 cells were
washed twice with PBS, lysed with lysis buﬀer (200 μL per
well), homogenized with ultrasonic cell crusher (Scientz-II
D, Ningbo Scientz Biotech Co., Ltd. Ningbo, China) and
centrifuged at 4°C with 6000 g for ﬁve minutes. The supernatant was collected for determining protein and TG
contents with BCA protein assay kit and TG assay kit, respectively, according to the manufacturer’s instructions.
Each group was set with three repeating wells, and each
experiment was conducted three times.
2.6. Inhibition of Intracellular ROS. HepG2 cells were cultured and treated as mentioned in Section 2.5. After incubation, cells in all groups were washed with PBS for three
times, and then harvested and labeled with DCFH-DA.
Thereafter, FBS-free medium was used to wash the uncombined dyes and resuspend the cells. The ﬂuorescence was
detected with a ﬂow cytometer (Guava easy Cyte 6-2L,
Millipore, Billerica, USA) as the previous report [19]. The
relative amount of intracellular ROS in each group was
calculated by taking the CK group as 100% for reference.
2.7. Analysis of Apoptosis. HepG2 cells were treated as
mentioned in Section 2.5. After 16-hour incubation in PA/
BSA complex solution, the apoptosis of cells was analyzed
with Annexin V-FITC/PI apoptosis kit [19]. Brieﬂy, harvested cells were washed with PBS, and then 1.0 mg/mL
Annexin V-FITC and 20.0 μg/mL PI were successively applied to stain the cells. Thereafter, the apoptosis rate was
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detected by a Guava easy Cyte 6-2L ﬂow cytometer as the
previous report.
2.8. Analysis of Cellular MMP. HepG2 cells were treated as
mentioned in Section 2.5. After 16-hour incubation in PA/
BSA complex solution, the MMP of HepG2 cells was analyzed by a mitochondrial membrane potential assay kit (JC1) based on the instructions of the manufacturer. After
harvest, cells were labeled with 1 mL JC-1 (1X) and incubated at 37°C. About 30 mins later, JC-1 (1X) was removed,
and 1 mL ice-cold JC-1 buﬀer (1X) was added to wash the
cells twice. Then cells were resuspended with 1 mL FBS-free
medium and determined with a Guava easy Cyte 6-2L ﬂow
cytometer within 30 mins. The mitochondrial membrane
depolarization level was reﬂected by the ratio of red ﬂuorescence intensity to green ﬂuorescence intensity.
2.9. Western Blot Analysis. The cell treatments were as the
same as mentioned in Section 2.5. The target proteins were
separated by 12% sodium dodecyl sulfate-polyacrylamide gel
(SDS-PAGE) electrophoresis, electrotransferred to the nitrocellulose membrane (Gelman Laboratory, Ann Arbor,
USA), and blocked with 5% BSA for 1 h. Then, the membrane was incubated with the corresponding primary antibody overnight at 4°C. After being washed three times with
TBS-Tween 20 (0.1%, v/v), the membrane was incubated
with secondary antibody for another 1 h at room temperature and washed with TBS-Tween 20 again. Thereafter, the
image of each protein was captured by a VILBER Fusion FX7
imaging system (Vilber Lourmat, Marne-la-Vallée, France)
with enhanced chemiluminescent detection reagent (Millipore, Billerica, MA, USA).
2.10. Statistical Analysis. All experiments were conducted at
least three times. Data were presented as mean ± standard
deviation (SD) and analyzed with Origin 8.5 software
(OriginLab, Northampton, MA, USA). The signiﬁcant differences between groups were analyzed with One-Way
ANOVA followed by Tukey’s test (p < 0.05).

3. Results and Discussion
3.1. Phenolic Fractions and Caﬀeic Acid Attenuated the PAInduced TG Accumulation. In the present work, the appropriate concentration of PA used for inducing lipotoxicity
in HepG2 cells was investigated by MTT assay. As shown in
Figure 1(a), the cell viability decreased gradually with the
increase of PA concentration. In order to successfully establish the lipotoxicity cell model for subsequent research,
the cell viability needs to be maintained at a certain extent. In
this work, the cell viability was about 70% and 60% at
0.3 mM and 0.4 mM of PA, respectively, which indicated that
cells suﬀered a moderate lipotoxicity. Therefore, both
0.3 mM and 0.4 mM of PA can be used to establish the
lipotoxicity cell model, and in this work, 0.3 mM of PA was
applied. Moreover, the MTT assay suggested that all samples
showed no toxicity to HepG2 cells at the concentrations up
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Figure 1: (a) The MMT result of PA, (b) the eﬀects of phenolic fractions from oil palm fruits with or without ultrahigh pressure treatment
and caﬀeic acid on PA-induced TG accumulation. Data are expressed as mean ± SD (n � 3). Mean values with diﬀerent letters are signiﬁcantly diﬀerent (p < 0.05). CK: control group; BSA: BSA/NaOH complex solution; PA: PA/BSA complex solution; “F” free phenolic
fraction; “E” esteriﬁed phenolic fraction; “IB” insoluble-bound phenolic fraction.

to 120 μg/mL, which was consistent with our previous report
[19].
Long term and excessive fat intake are easy to result in
lipotoxicity to cause fat deposition and eventually lead to
obesity, fatty liver disease, or other chronic diseases [21].
Thus, the eﬀects of diﬀerent phenolic fractions from OPF on
TG deposition in HepG2 cells stimulated by PA were presented in Figure 1(b). The TG content of control group and
BSA group was similar (p > 0.05), with values of 18.82 ± 2.00
μmoL/g of protein and 19.32 ± 0.61 μmoL/g of protein,
respectively, while the TG level in PA group was about

46.18 ± 2.05 μmoL/g of protein, which was approximately
two times more than that in the CK group or BSA group
(p < 0.05) and indicated signiﬁcant fat deposition in hepatic
cells. When treated with diﬀerent phenolic fractions of OPF,
all groups showed signiﬁcantly lower TG levels than that of
the PA group (p < 0.05), indicating signiﬁcant eﬀects on
inhibition of TG deposition. Regardless of UHP treatment,
the IB fraction exhibited the best inhibition eﬀect among the
three phenolic fractions on TG accumulation. With the
administration of IB fraction, the intracellular TG level was
28.16 ± 0.90 μmoL/g of protein in nontreated fruit group,
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Figure 2: The inhibitory eﬀects of phenolic fractions from oil palm fruits with or without ultrahigh pressure treatment and caﬀeic acid on
PA-induced ROS generation: ﬂow cytometry analysis (a) and the relative amount of ROS of diﬀerent groups (b). Data are expressed as
mean ± SD (n � 3). In Figure 2(b), mean values with diﬀerent letters are signiﬁcantly diﬀerent (p < 0.05). CK: control group; BSA: BSA/
NaOH complex solution; PA: PA/BSA complex solution; “F” free phenolic fraction; “E” esteriﬁed phenolic fraction; “IB” insoluble-bound
phenolic fraction.
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and 26.17 ± 2.05 μmoL/g of protein in UHP-treated fruit
group, both of which were about 40% lower than that of the
PA group (p < 0.05). However, UHP treatment did not
signiﬁcantly enhance the inhibitory eﬀects of those three
phenolic fractions on TG deposition in PA-induced HepG2
cells (p > 0.05).
Caﬀeic acid was the most abundant phenolic compound
in both of UHP-treated and nontreated OPF [19]. Therefore,
the inhibitory eﬀect of caﬀeic acid on TG deposition was also
clariﬁed. In contrast with the PA group, the caﬀeic acid
administration also signiﬁcantly lowered TG content by
approximately 30.45 % (p < 0.05). This result indicated that
caﬀeic acid can eﬀectively attenuate hepatic lipid accumulation, which was in accordance with the previous research:
it was proved that the TG clearance was over 50% in oil acid
induced HepG2 cells with the treatment of 40 μg/mL of
caﬀeic acid [22]. Moreover, a previous study found that
caﬀeic acid moiety in chlorogenic acid and its analogues
were supposed to play a key role in the lipid-lowering activities of those compounds [23]. Therefore, the suppression
eﬀects of OPF phenolic fractions on hepatic fat accumulation probably attributed to caﬀeic acid and/or compounds
with a similar structure.
3.2. Phenolic Fractions and Caﬀeic Acid Reduced PA-Induced
ROS Generation. ROS was a cluster of high energy charged
free radicals that are generally supposed to be responsible for
many biological dysfunctions, such as inﬂammation, cells
apoptosis, and MMP disruption [24, 25]. A previous study
has veriﬁed that PA administration would lead to oxidative
stress by producing lipid peroxides, accompanied by an
increase of ROS level [26]. As presented in Figure 2(a), it was
obvious that the ﬂuorescence intensity of the PA group
moved toward the right by comparison with that of the
control group and BSA group (Figure 2(a)). And the ROS
level in the PA group was 191.53 %, which was almost two
times over that of the CK group or BSA group (p < 0.05,
Figure 2(b)), indicating serious oxidative stress under PA
induction. When compared with the PA treatment, the
ﬂuorescence peak of each OPF phenolic fraction treatment
gradually moved toward the left (Figure 2(a)), and the ROS
generation of each treatment was correspondingly decreased
(p < 0.05, Figure 2(b)). Speciﬁcally, the ROS clearance eﬀects
of F, E, and IB fractions in nontreated fruits group were
gradually increased, which reduced the ROS content to
174.14%, 156.65%, and 139.25% respectively. The ROS inhibition trend of three phenolic fractions in UHP-treated
fruit was similar to that in nontreated fruit. The scavenging
eﬀect of F fraction was weaker than the other two fractions,
decreased the ROS amount to 166.86%, and has no significant diﬀerence with the corresponding part in nontreated
fruits (p > 0.05). The E and IB fractions declined the ROS
amount to 142.72% and 127.79%, respectively, both of which
were signiﬁcantly lower than the counterpart in nontreated
fruits (p < 0.05). Generally, the UHP treatment signiﬁcantly
enhanced the ROS clearance capacity of OPF in PA-induced
HepG2 cells, which was consistent with the previous result
observed in H2O2-induced HepG2 cells [19], but no matter
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UHP treated or not, the ROS production of IB fraction was
the lowest and was followed by the E fraction.
As one of the major phenolic compounds in OPF, caﬀeic
acid administration signiﬁcantly attenuated the PA-induced
ROS generation by 21.8% (p < 0.05, Figure 2(b)), which was
markedly better than that of the F fraction treatment, but
had signiﬁcantly lesser eﬀect than that of the IB fraction
treatment (p < 0.05). Besides caﬀeic acid, some other phenolics in the IB fraction may also contribute to its ROS
inhibitory capacity. For example, catechin and protocatechuic acid were also the primary phenolic compounds
detected in an insoluble-bound fraction [19]. Wong et al.
[27] reported that 0.3 mM catechin reduced the amount of
ROS by 38 % in PA-induced astrocytes. In another study,
10 μM catechin can decrease 54% ROS generation in PAinduced HepG2 cells [28]. Moreover, it also found that
protocatechuic acid could signiﬁcantly attenuate ROS
generation by activating endogenous antioxidant enzymes
[29].
3.3. Phenolic Fractions and Caﬀeic Acid Prevented PA-Induced
Cell Apoptosis. The excessive ROS not only leads to oxidative damage but also impairs cells and thereby induces cell
apoptosis, which partly accounts for the autoimmune disorders and cancers [30–32]. As OPF phenolic fractions
exhibited signiﬁcant ROS scavenge ability, the inhibition
eﬀects of them on PA-induced apoptosis were further
evaluated by ﬂow cytometry assay. As shown in Figure 3(a),
the apoptotic cells appear in two parts of each panel of
Figure 3(a): the cells in late apoptosis are presented in the
upper right gate, and the early apoptosis cells are showed in
the lower right gate [33]. Based on the results in Figure 3(a),
the corresponding cell apoptotic proportion was calculated
in Figure 3(b). As shown in Figure 3(b), the cell apoptotic
rate of the PA group was about 43.06%, which was significantly higher than that of the CK group or the BSA group
(p < 0.05). The amounts of normal cells in the CK group was
92.42% and the BSA group was 88.69%; the slight decrease in
the survival rate of the BSA group may be due to the introduction of NaOH with the BSA/NaOH complex solution.
With the treatment of the OPF phenolic fractions, the PAinduced cell apoptosis was attenuated. Regardless of UHP
treatment, the IB fraction exhibited the best protective eﬀect
against the PA-induced cell apoptosis, followed by the E
fraction (p < 0.05), while the F fraction from OPF showed
the weakest protective activity (p < 0.05). When OPF was
pretreated with UHP, the IB fraction exerted signiﬁcantly
better protection against cell apoptosis than the counterpart
of OPF without UHP treatment (p < 0.05). However, UHP
treatment did not signiﬁcantly enhance the protective activities of the F and E fractions from OPF. These results
indicated that the inhibitory eﬀect of IB fraction on cell
apoptosis was upgraded after UHP treatment, which is
probably due to its higher phenolic content [19] and the
better antioxidant ability (Figure 2).
The result of caﬀeic acid inhibiting the PA-induced cell
apoptosis was also determined (Figure 3). In contrast with
PA treatment, caﬀeic acid signiﬁcantly inhibited cell
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Figure 3: The inhibitory eﬀects of phenolic fractions from oil palm fruits with or without ultrahigh pressure treatment and caﬀeic acid on
PA-induced cell apoptosis: (a) ﬂow cytometry analysis, (b) the relative apoptosis rate of diﬀerent groups. Data are expressed as mean ± SD
(n � 3). In Figure 3(b), mean values with diﬀerent letters are signiﬁcantly diﬀerent (p < 0.05). CK: control group; BSA: BSA/NaOH complex
solution; PA: PA/BSA complex solution; “F” free phenolic fraction; “E” esteriﬁed phenolic fraction; “IB” insoluble-bound phenolic fraction.
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apoptosis by 41.55% (p < 0.05), indicating caﬀeic acid might
be the main functional compound in OPF to inhibit PAinduced cell apoptosis. Besides, a previous study reported
that kaempferol, also detected in IB fraction, could increase
the cell viability from 68% to 98% in the PA-induced
pancreatic β-cell [10]. Moreover, it is worth noting that the
protective eﬀect of the IB fraction, regardless of UHP
treatment, was signiﬁcantly better than that of caﬀeic acid.
Therefore, those results indicated that other phenolic
compounds in OPF may also contribute to the prevention
against PA-induced cell apoptosis, and those phenolic
compounds may interact with each other to exert a better
protective activity.
3.4. Phenolic Fractions and Caﬀeic Acid Ameliorated PAInduced MMP Depolarization. The mitochondrion is a
crucial organelle, that not only undertakes the energy regulation but also controls the balance of ROS generation [9].
Under the condition of lipotoxicity, the massive ROS could
rapidly diﬀuse to the mitochondrion, lead to MMP depolarization, and thereby mediate cell apoptosis [29, 34].
Therefore, bioactive compounds with ROS scavenge ability
may inhibit cell apoptosis through mitochondria protection
[35]. In this study, the MMP of each group was monitored by
a ﬂow cytometer with the probe of JC-1. JC-1 could penetrate into mitochondria and show diﬀerent ﬂuorescence to
reveal the MMP. Brieﬂy, the red ﬂuorescence was triggered
when the MMP was high, while the green ﬂuorescence was
produced when the MMP decreased [36]. Based on these, the
mitochondrial membrane depolarization level could be
calculated as the ratio of the red ﬂuorescence intensity to the
green ﬂuorescence intensity.
As shown in Figure 4, the CK group has strong red
ﬂuorescence intensity and a stable MMP with a red-to-green
ratio of about 8.5, and this ratio in the BSA group was about
6.8. The minor decline of the ratio in the BSA group may be
due to the eﬀect of NaOH in BSA/NaOH complex solution.
When treated with PA, the red ﬂuorescence intensity was
obviously declined (Figure 4(a)), and the red-to-green ratio
of the PA group was signiﬁcantly decreased in comparison
with that of the CK group or the BSA group (p < 0.05,
Figure 4(b)), indicating that PA treatment decreased MMP
and thereby caused a serious mitochondrial membrane
depolarization. Pretreatment of OPF phenolic fractions
showed a protective eﬀect on PA-induced mitochondria
damage. As demonstrated in Figure 4, the red-to-green
ratios of three phenolic fractions in nontreated fruits were
about 2.54, 2.93, and 3.79, respectively. As for UHP-treated
fruits, the red-to-green values of the corresponding phenolic
fractions were 2.57, 3.35, and 4.95. It was obvious that, no
matter UHP treatment or not, all the three phenolic fractions
of OPF can eﬀectively alleviate the depolarized mitochondrial membrane potential caused by PA, and the eﬀect of the
IB fraction was the best (p < 0.05). Meanwhile, the results
clearly showed that UHP treatment signiﬁcantly enhanced
the protective eﬀect of the IB fraction against PA-induced
the depolarization of MMP (p < 0.05). Therefore, the lipotoxicity preventive eﬀect of OPF phenolic fractions may be
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partly achieved by protecting mitochondrial function. The
ameliorative eﬀect of phenolic compounds on mitochondrial membrane depolarization has been previously reported. Jin et al. [6] manifested that Chinese propolis
treatment can rescue the MMP decrease induced by PA in
HepG2 cells, and composition analysis showed that Chinese
propolis contained many phenolic compounds, including
ferulic acid, caﬀeic acid, and kaempferol, and these phenolics
has also been detected in the diﬀerent phenolic fractions
from OPF [19]. Moreover, it is found that catechin pretreatment could almost protect the MMP of HepG2 cells
from the inﬂuence of PA treatment [28]. In our previous
study, caﬀeic acid was found to be the most abundant
phenolic compound in all the OPF phenolic fractions, while
the information about its eﬀect on MMP maintenance of the
lipotoxicity condition has not been investigated. Result in
the current study showed that the red ﬂuorescence intensity
of caﬀeic acid treatment was signiﬁcantly higher than that of
the PA group with the mean value of the red-to-green ratio
rising from 3.10 to 3.58, indicating that the mitochondrial
membrane depolarization was signiﬁcantly improved by
caﬀeic acid treatment (p < 0.05, Figure 4). This result may
provide evidence that caﬀeic acid was one of the bioactive
compounds contributing to the MMP protection of the
diﬀerent phenolic fractions from OPF.
3.5. Preventive Mechanisms of the IB Fractions and Caﬀeic
Acid in PA-Induced Lipotoxicity. According to the abovementioned results, regardless of UHP treatment, IB phenolic
fraction showed the best eﬀects on TG clearance, ROS reduction, inhibition of cells apoptosis, and MMP maintenance among the three OPF phenolic fractions. Therefore,
the underlying mechanisms of IB phenolic fractions from
OPF with or without UHP treatment and caﬀeic acid on
alleviating PA-induced lipotoxicity in HepG2 cells were
comparatively investigated by Western blot analysis.
Massive ROS would be generated with PA induction,
which may lead to an inﬂammatory response and ﬁnally
result in cell apoptosis [11]. COX-2 and iNOS are two
characteristic inﬂammation cytokines that expression levels
sensitively increase with excessive ROS production [37].
Under the stimulation of inﬂammation cytokines, the P38
protein would be phosphorylated, which may activate the
P38-MAPK pathway to regulate physiological and pathological processes, such as inﬂammation, cell growth, and
apoptosis [12, 13]. As shown in Figure 5, in contrast with the
CK group, the expressions of P-P38, COX-2, and iNOS
proteins in the PA group increased signiﬁcantly (p < 0.05).
And the expression levels of those proteins in the PA group
were about four times, seven times, and three times of those
in the CK group, respectively. However, the administration
of IB phenolic fractions, regardless of UHP treatment,
signiﬁcantly inhibited the expressions of those proteins in
comparison with the counterpart of the PA group (p < 0.05).
Besides, the IB fraction from the UHP-treated OPF exhibited
better eﬀect in inhibiting COX-2 expression than that of the
IB fraction from the nontreated OPF (Figure 5, p < 0.05).
The antioxidant ability of the IB fraction increased
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Figure 4: The inhibitory eﬀects of phenolic fractions from oil palm fruits with or without ultrahigh pressure treatment and caﬀeic acid on
PA-induced MMP depolarization: (a) ﬂow cytometry analysis, (b) the ratio of red ﬂuorescence to green ﬂuorescence of diﬀerent groups.
Data are expressed as mean ± SD (n � 3). In Figure 4(b), mean values with diﬀerent letters are signiﬁcantly diﬀerent (p < 0.05). CK: control
group; BSA: BSA/NaOH complex solution; PA: PA/BSA complex solution; MMP: mitochondrial membrane potential; “F” free phenolic
fraction; “E” esteriﬁed phenolic fraction; “IB” insoluble-bound phenolic fraction.
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signiﬁcantly [19], and the generation of ROS was remarkably
suppressed (Figure 2(b)) after the UHP treatment, which
may further lower the oxidative stress of cells to cause lesser
expression of inﬂammatory cytokines and thereby exhibit
better cell protection. Caﬀeic acid administration signiﬁcantly inhibited the expressions of COX-2 and iNOS proteins when compared with that of the corresponding protein
in the PA group (p < 0.05). However, caﬀeic acid did not
remarkably reduce the expression ratio of P-P38/P38
(p > 0.05).

In addition to inﬂammatory pathways, the mitochondrial
pathway is also mediated by ROS and may lead to cell apoptosis
[11, 38]. Bax and Bcl-2 were apoptotic related proteins of the
Bcl-2 family, which played an important role in the mitochondrial pathway. A phenolic compound like naringin was
proved to inhibit cell apoptosis by regulating the Bax/Bcl-2
pathway [39]. In the PA treatment group of the present study,
the expression level of Bax was increased signiﬁcantly when
compared with that in the CK group or BSA group (Figure 6),
which indicated the proapoptosis protein was activated and
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would interact with mitochondrial membrane to decline MMP.
Meanwhile, the Bcl-2 expression was declined remarkably by
the PA treatment (Figure 6), which indicated that the bioactivity of this antiapoptosis protein may reduce. With the eﬀects
of the PA treatment on Bax and Bcl-2, the MMP would be
disrupted and the mitochondrial permeability might be
damaged, and thereby ﬁnally stimulate cell apoptosis, which
could be proved as the increased expression level of cytochrome
C in this study. When cells were incubated with IB fraction,
regardless of UHP treatment, the expression of Bax was signiﬁcantly inhibited while the expression of Bcl-2 was markedly
promoted in contrast with the PA group (Figure 6, p < 0.05),
which provide possible pathways for IB fraction administration
to achieve a higher MMP, decrease mitochondrial membrane
depolarization level, and prevent the PA induced cell apoptosis.
However, UHP treatment did not signiﬁcantly enhance the
eﬀects of the IB phenolic fraction on the expressions of the Bax,
Bcl-2, and cytochrome C proteins (p > 0.05). Caﬀeic acid also
signiﬁcantly inhibited the expressions of the Bax and cytochrome C proteins and upgraded the Bcl-2 expression when
compared with that of the counterpart in the PA group
(p < 0.05). However, the eﬀect of caﬀeic acid was weaker than
those of the IB phenolic fractions with or without UHP
treatment, indicating some other phenolic compounds in the IB
phenolic fraction may also contribute to the antiapoptosis,
which needs to be proved by further experiments.

4. Conclusions
The results of this study revealed that the OPF phenolic
fractions could prevent the PA induced lipotoxicity. Among
the three phenolic fractions, the IB phenolic fraction showed
the best eﬀect to inhibit TG accumulation, reduce intracellular
ROS, decrease the apoptotic rate, and prevent MMP depolarization. After the UHP treatment, the protective eﬀect of
the IB phenolic fraction was increased. Inhibition of inﬂammation by downregulating the expression of P-P38,
COX-2, and iNOS, and suppression of mitochondrial mediated apoptosis by downregulating Bax and cytochrome C
and upregulating Bcl-2 might be the potential mechanism
pathway for the IB phenolic fraction to achieve the lipotoxicity preventive eﬀect. Besides, as the most abundant
phenolic compound in OPF phenolic fractions, caﬀeic acid
exhibited similar eﬀects as the IB fraction, and probably
achieved such eﬀect through the same pathway. Therefore, the
OPF phenolic fractions, especially the IB phenolic fraction,
might be utilized as natural materials for the development of
antilipotoxicity functional food. The UHP treatment might be
the potential method to increase this bioactivity of OPF.
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