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Abstract
Background: Endometrial cancer is the most common gynecological cancer worldwide. Overexpression of
fatty acid synthase is a common molecular feature of a subgroup of sex steroid-related cancers
associated with poor prognoses, including endometrial cancers. The saturated fatty acid palmitate
reportedly induces lipotoxicity and cell death by inducing oxidative stress in many cell types. Here, we
explored the effects of palmitate combined with doxorubicin or cisplatin in the HEC-1-A and RL95-2
human endometrial cancer cell lines.

Methods: Endometrial cancer cells were cultured with in vitro and treated with palmitate, doxorubicin, and
cisplatin. Cell metabolic activity and combination index was measured using MTT assay. Protein
expression was assessed with western blotting. Flow cytometry was used to examine the cell cycle
pro�les, cell proliferation, apoptosis, ROS, mitochondria membrane potential, and mitochondrial mass.
Immunocytochemistry was used to investigate the mitochondrial morphology.

Results: Physiological concentrations of exogenous palmitate signi�cantly increased cell cycle arrest,
DNA damage, autophagy and apoptosis in both RL95-2 and HEC-1-A cells. It also increased the
chemosensitivity of both cell types. Notably, we did not observe that palmitate lipotoxicity re�ected
increased levels of reactive oxygen species, suggesting palmitate acts via a different mechanism in
endometrial cancer.

Conclusion: This study provides a potential therapeutic strategy in which palmitate is used as an
adjuvant in the treatment of endometrial cancer.

Introduction
Cancer of the endometrium is the most frequently occurring gynecological cancer (Torre, et al., 2017). In
recent years, both the incidence of endometrial cancer and its associated mortality have been increasing
rapidly around the world. In Taiwan, for example, the incidence of endometrial cancer now exceeds that
of both cervical and ovarian cancer (Tseng, et al., 2017). Risk factors for endometrial cancer include
endometrial hyperplasia, menopausal estrogen, obesity, nulliparity, polycystic ovary syndrome, high
cumulative doses of tamoxifen, diabetes and genetic factors, among others (Felix, et al., 2018). Based on
their clinical pathogenic mechanisms, endometrial cancers have been classi�ed into two major types:
type I is estrogen-dependent and related to hormonal imbalances, while type II is non-estrogen-dependent
(Sherman, 2000). Most patients with endometrial cancer are type I and associated with excessive use of
estrogen, endometrial hyperplasia, or obesity. Type II tumors are usually more common in obese women
who may have endocrine or metabolic disorders, and they are also related to atrophic endometrium
(Murali, et al., 2014). There are a number of treatments for endometrial cancer, including surgery,
chemotherapy, radiation, and hormone therapy. Stage, histology, and tumor characteristics are the most
important determinants guiding therapeutic strategy (Cosgrove, et al., 2021). Statistics indicate that while
most patients with low-grade tumors can be cured through surgery and chemotherapy, the survival rate
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among patients with advanced or recurrent endometrial cancers is very low. The main reason is
resistance of the cancer cells to chemotherapy and the limited treatment methods currently available.
Further research is needed to improve existing therapies to address this challenge.

Palmitate is the most abundant saturated fatty acid, accounting for 70–80% of total plasma free fatty
acids. It can be supplied in food or synthesized endogenously via de novo lipogenesis (DNL) (Ly, et al.,
2017), which is a tightly controlled process that converts carbohydrates into the fatty acids used to
synthesize triglycerides or other lipid molecules for membrane biosynthesis and energy storage (Song, et
al., 2018). Fatty acid synthase (FAS) is the key rate-limiting enzyme in DNL and converts malonyl-CoA to
palmitic acid, the primary fatty acid product in DNL. Palmitate is subsequently elongated and desaturated
to produce complex fatty acids, including stearic acid, palmitoleic acid, and oleic acid.

In normal tissues, palmitate content is regulated to within a range of concentrations, and ingestion does
not signi�cantly affect palmitate levels in tissues (Song, et al., 2017). The mechanism by which tissue
palmitate concentrations are strictly regulated may be primarily related to maintaining normal
homeostasis with tissues, including maintenance of the physical properties of membranes and the
biosynthesis of palmitoylethanolamide (Carta, et al., 2017). However, under certain physiological and
pathological conditions and nutritional factors, DNL may be strongly induced, increasing tissue palmitate
levels and disrupting its regulation (Wilke, et al., 2009). These can lead to dyslipidemia, hyperglycemia,
and accumulation of ectopic fat, which can in turn lead to atherosclerosis, neurodegenerative diseases,
cancer, and other diseases related to lipid physiology and pathology (Carta, et al., 2017).

Palmitate exerts adverse effects in part by inducing reactive oxygen species (ROS) generation, which
leads to lipotoxicity associated with endoplasmic reticulum stress, mitochondrial dysfunction, and cell
death in a number of cell types, including adipocytes (Davis, et al., 2009), glomerular podocytes (Xu, et al.,
2015), pancreatic β cells (Sato, et al., 2014), cardiomyocytes (Joseph, et al., 2016), endothelial cells
(Yamagishi, et al., 2002), vascular smooth muscle cells (Brodeur, et al., 2013) and hepatocytes (Meyn, et
al., 1986). However, contradictory �ndings from one study indicates that palmitate-induced pancreatic b
cell death is not caused by ROS (Choi, et al., 2011). Consequently, the mechanism by which palmitate
mediates ROS production remains unclear.

Additionally, recent studies into the role of palmitate in cancer has shown that compared to normal breast
and some tumor cells, HER2/neu-positive breast cancer cells show signi�cantly increased fatty acid
synthesis and storage. And when physiological doses of exogenous palmitate are added, fatty acid
synthesis is disrupted, leading to CHOP (C/EBP homologous protein)-dependent apoptosis (Baumann, et
al., 2016). Palmitate also induces reductions in the mitochondrial membrane potential (MMP) and release
of cytochrome c into the cytosol in MDA-MB-231 cells (Hardy, et al., 2003). Moreover, it has been observed
in patients with endometrial cancer that, compared to benign endometrial tumors, malignant tumors are
enriched in glycolytic and lipogenic metabolic pathways and depend on this metabolism for survival
(Byrne, et al., 2014). However, the effect of palmitate in endometrial cancer remains incompletely
understood.
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Here, we used the RL95-2 and HEC-1-A endometrial cancer cell lines to investigate the mechanism(s)
underlying palmitate cytotoxicity and its effect on the cells’ responsiveness to cisplatin and doxorubicin.
Our aim was to shed light on the lipotoxicity of palmitate and a potential strategy for the treatment of
endometrial cancer.

Materials And Methods
Cell culture and reagents

The RL95-2 (ATCC®CRL-1671™) and HEC-1-A (ATCC®HTB-112™) human endometrial carcinoma cell
lines were purchased from the American Type Culture Collection (Manassas, VA, USA). RL95-2 cells were
cultured in Dulbecco’s Modi�ed Eagle’s Medium Nutrient Mixture F-12 (DMEM/F12) supplemented with
10% fetal bovine serum (FBS), 0.005 mg/ml insulin, and 1% penicillin-streptomycin (Thermo Fisher
Scienti�c, Waltham, MA, USA). HEC-1-A cells were cultured in McCoy’s 5A medium supplemented with
10% FBS and 1% penicillin-streptomycin. Doxorubicin, cisplatin, sodium palmitate, 2′,7-dichloro�uorescein
diacetate (DCFH-DA), propidium iodide (PI), and thiazolyl blue tetrazlium bromide (MTT) were obtained
from Sigma Aldrich (St. Louis, MO, USA).

Analysis of cell metabolic activity 

RL95-2 (8×103) and HEC-1-A (5×103) cells were seeded into 96-well plates and incubated in their
respective media. The next day, they were exposed to the indicated drugs in fresh DMEM/F12 or McCoy’s
5A medium for the indicated periods. MTT solution (0.5 mg/mL in phosphate buffered saline (PBS)) was
then added to each well, and the cells were incubated for 4 h at 37 °C. After removing the supernatants,
dimethyl sulfoxide (DMSO; 100 μL) was added to dissolve the precipitate, and the absorbances at 570
nm and 650 nm were measured using an enzyme-linked immunosorbent assay plate reader (Multiskan
EX, Thermo Fisher Scienti�c). The relative metabolic activity was calculated based on the absorbance
ratio between cells cultured with the indicated drugs and the untreated controls, which were assigned a
value of 100. A combination index (CI) was also calculated using CalcuSyn (Biosoft, Cambridge, UK) to
produce an isobologram where a CI < 1 indicates a synergistic combination effect and a CI > 1 indicates
an antagonistic combination effect (Chou, 2006).

Western blot analysis

RL95-2 and HEC-1-A cells were lysed in radio-immunoprecipitation assay buffer (100 mM Tris-HCl (pH
8.0), 150 mM NaCl, 0.1% SDS, and 1% Triton 100) at 4 °C. Proteins in the resultant lysates were separated
by sodium dodecyl sulfate polyacrylamide gel electrophoresis, after which the resolve proteins were
immunoblotted with antibodies against β-actin, p53, p62, FAS, nuclear factor-erythroid factor 2-related
factor 2 (Nrf2) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), phospho-histone H3 (H3P; serine
phosphorylation at residue 10), histone H3 (H3), microtubule-associated proteins 1A/1B light chain 3B
(LC3B), phospho-acetyl-CoA carboxylase (p-ACC; serine phosphorylation at residue 79), ACC, cleaved poly-
ADP-ribose polymerase (cPARP), CHOP (Cell Signaling, Danvers, MA, USA), phospho-histone H2A.X
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(γH2A.X; serine phosphorylation at residue 139), Cyclin D1 (Abcam, Cambridge, UK), and heme oxygenase
1 (HO-1) (Enzo Life Sciences, Farmingdale, NY, USA).

Cell cycle pro�les and cellular proliferation analysis 

RL95-2 (6×105) and HEC-1-A (3×105) cells were seeded into 6-well plates in their respective media. The
next day, the indicated drugs were added in fresh medium, and the cells were incubated for an additional
24 or 48 h. For cell cycle analysis, the cells were �xed in 70% ice-cold ethanol and stored at −20 °C
overnight. The �xed cells were then centrifuged (1,000 rpm, 5 min), washed twice with ice-cold PBS
supplemented with 1% FBS, and stained with PI solution (5 μg/mL PI in PBS, 0.5% Triton x-100, and 0.5
μg/mL RNase A) for 30 min at 37°C in the dark. For each condition, 10,000 cells were analyzed using a
�ow cytometer (BD FACSCalibur™) and Cell Quest Pro software (BD Biosciences, Franklin Lakes, NJ,
USA).

For cell proliferation assays, following the incubation protocol described above, the cells were incubated
for an additional 1 h with 10 mM BrdU (BD Pharmingen BrdU Flow Kit, San Diego, CA, USA) . The medium
was then discarded, and the cells were �xed at room temperature for 30 min and treated with
FITC‐conjugated anti‐BrdU antibody (BD Pharmingen). After washing, the cells were incubated with
7‐AAD and analyzed using a BD FACSCalibur™ �ow cytometer and Cell Quest Pro software (BD
Biosciences).

Apoptosis analysis

For apoptosis assays, the cells were stained with Annexin V-PE and 7-AAD and then detected with �ow
cytometry using the manufacturer's protocol (BD PharMingen, San Diego, CA, USA). Brie�y, after
treatment with the indicated drugs, cells were washed twice with ice-cold PBS and stained with 5 µl of
Annexin V-PE and 10 µl of 7-AAD (5 µg/ml) in 1 ml of binding buffer for 15 min at room temperature in
the dark. Apoptotic cells were then counted using a BD FACSCalibur™ �ow cytometer and Cell Quest Pro
software (BD Biosciences, Franklin Lakes, NJ, USA).

ROS assay

The DCFH-DA �uorescent marker was used to identify intracellular ROS levels. In addition, MitoSOX™ Red
(Invitrogen, Carlsbad, CA, USA) is a �uorescent dye that reacts selectively with mitochondrial superoxide
in live cells. Cells were incubated for 1.5 h with selected doses of palmitate and then stained with DCFH-
DA (10 mM) or MitoSOX™ Red (10 mM) in serum-free medium for 30 min at 37°C and harvested. Samples
were then evaluated using a FACSCalibur �ow cytometer and Cell Quest Pro software (BD Biosciences,
Franklin Lakes, NJ, USA).

Mitochondrial membrane potential analysis

RL95-2 (6×105) and HEC-1-A (3×105) cells were seeded into 6-well plates in their respective media. The
next day, selected doses of palmitate were added in fresh medium, and the cells were incubated for an
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additional 24 or 48 h. All dead and viable cells were then harvested, washed with PBS and incubated with
1x binding buffer containing the MMP-sensitive �uorescent dye JC‐1 for 30 min at 37°C in the dark. The
cells were then washed twice with PBS, resuspended in 500 µL of 1x binding buffer and analyzed using a
FACSCalibur �ow cytometer and Cell Quest Pro software (BD Biosciences, Franklin Lakes, NJ, USA).

Immunocytochemistry

Immunocytochemical analysis was carried out with cells adhering to cover slips in 24-well plates. After
treatment with selected doses of palmitate for 1.5 h, the cells were �xed for 10 min in 4% formaldehyde,
incubated for 10  min in 0.1% Triton X-100 solution, washed 3 times in PBS, and treated for 1 h at room
temperature with 1% BSA. Thereafter, the cells were incubated with anti-TOM20 antibody at 4°C
overnight. The next day, the cells were washed with PBS and incubated for 1 h with FITC. Cell nuclei were
stained by DAPI. Mitochondrial morphology was observed using a THUNDER Imager microscope
equipped with a 100× objective (Leica, Germany).

Mitochondrial mass assay

RL95-2 (6×105) and HEC-1-A (3×105) cells were seeded into 6-well plates in their respective media. The
next day, the cells were treated with selected doses of palmitate for 1.5 h and stained with 20 nM
MitoViewTM Green (Biotium, CA, USA) for 30 min at 37°C in the dark. Samples were then evaluated using
a FACSCalibur �ow cytometer and Cell Quest Pro software (BD Biosciences, Franklin Lakes, NJ, USA).

Statistical analysis

Values were expressed as the mean ± SD from at least three independent experiments. All comparisons
between groups were made using Student’s t-tests. Statistical signi�cance: n.s., not signi�cant, * p < 0.05;
** p < 0.01; *** p < 0.001.

Results
Palmitate cytotoxicity in human endometrial cancer cell lines.

We �rst examined the cytotoxicity of palmitate toward the RL95-2 (type I) and HEC1A (type II) endometrial
cancer cell lines. The two cell lines were incubated for 24 or 48 h with increasing doses of palmitate, and
cytotoxicity was detected with MTT conversion assays (Fig. 1A and B). Our preliminary data showed that
RL95-2 cells were more sensitive to palmitate than HEC-1-A cells. Consistent with that observation, the
ED50 for palmitate toxicity was estimated to be 69.51 mM in RL95-2 treated for 24 h and 56.89 mM for
HEC1A cells treated for 48 h.

To better understand the mechanism underlying palmitate cytotoxicity, we examined its effect on the
levels of various proteins. Western blot analysis showed that levels of FAS, p53, cyclin D1 (a cell cycle G1
biomarker), and the ratio of phosphorylated to total ACC (fatty acid synthesis biomarker) were all
signi�cantly and dose-dependently decreased in both RL95-2 and HEC-1-A cells (Fig. 1C). The H3P/H3
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ratio, a cell cycle G2/M biomarker, was di�cult to determine because H3 and H3P proteins were both
dose-dependently elevated in RL95-2 cells. At higher doses, palmitate also induced expression of γH2A.x
(a DNA damage biomarker) and dosedependently increased p62 levels and the LC3B II/I ratio (two
autophagy biomarkers). The effect of palmitate on levels of Nrf2 and HO-1 (anti-ROS stress biomarkers)
differed between RL95-2 and HEC-1-A cells; whereas their levels were dose-dependently increased in
RL95-2 cells, they were decreased in HEC-1A cells. Overall, responsiveness to palmitate was more
apparent in RL95-2 than HEC-1A cells.

Synergistic effects of palmitate and chemotherapeutic drugs in human endometrial cancer cell lines.

To test whether palmitate has synergistic effects with conventional chemotherapeutic agents, we applied
the Chou-Talalay method to calculate the CIs and dosage requirements of palmitate with cisplatin or
doxorubicin in RL95-2 and HEC1A cells. Consistent with the greater drug sensitivity of RL95-2 cells, the
dose of cisplatin or doxorubicin combined with palmitate was signi�cantly lower in RL952 than HEC-1-A
cells (Fig. 2). For palmitate with cisplatin, the CI was < 1 in both RL952 and HEC-1-A cells, indicating
synergistic effects. On the other hand, for palmitate with doxorubicin, the CI was < 1 only in HEC-1-A cells.
A signi�cant synergistic effect was observed when palmitate was combined with cisplatin at
concentrations ranging from 4.5 mM to 53.4 mM (Fig. 2B).

Molecular mechanisms of palmitate and chemotherapeutic drugs in human endometrial cancer cell lines.

We next investigated the effects of combination therapy on levels of various proteins in RL95-2 and HEC-
1-A cells. In RL95-2 cells, cisplatin and doxorubicin individually increased γH2A.x, p53, and H3, and their
abilities to increase levels of γH2A.x, p53, LC3B, CHOP and cleaved PARP were all enhanced by palmitate
(Fig. 3A). Conversely, palmitate downregulated the effects of cisplatin and doxorubicin on FAS, HO-1 and
the p-ACC/ACC and H3P/H3 ratios in RL95-2 cells. In HEC-1-A cells, palmitate downregulated the effects
of cisplatin and doxorubicin on p53 and the pACC/ACC and H3P/H3 ratios, whereas it enhanced their
effects on LC3B, CHOP and cleaved PARP (Fig. 3B). These results indicate that the mechanisms by which
palmitate acts in combination with chemotherapy drugs differ in RL95-2 and HEC-1A cells.

Effects of palmitate and chemotherapeutic drugs on the cell cycle pro�le, cellular proliferation, and
apoptosis in human endometrial cancer cell lines.

Because palmitate induced downregulation of cyclin D1, a cell cycle-related protein, in both RL95-2 and
HEC-1-A cells and also signi�cantly induced H3 and H3P (a cell cycle G2/M biomarker) in RL95-2 cells
(Fig. 1B), we used PI staining to test the effect of palmitate on cell cycle pro�les in RL95-2 and HEC-1-A
cells. In both RL95-2 and HEC-1-A cells, palmitate signi�cantly induced cell cycle arrest in the subG1 and
G2/M phases and inhibited the S phase (Fig. 4A and B). Moreover, combining cisplatin or doxorubicin
with palmitate enabled us to verify the cell cycle changes they reportedly induce in cancer cells (Fig. 4C
and 4D for cisplatin; 4E and 4F for doxorubicin). It is well-known that cisplatin works on G1 populations
(Wagner, et al., 2009), while doxorubicin works on the G2/M population (Ling, et al., 1996). We found that
in RL95-2 cells, combined treatment with palmitate and cisplatin increased the population at sub-G1
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phase, whereas the combined treatment with doxorubicin decreased the subG1 phase population. In HEC-
1-A cells, for palmitate in combination with cisplatin or doxorubicin, the subG1 phase tended to increase,
which is consistent with the results summarized in Figs. 2 and 3 and points to a synergistic effect of the
combined therapy in HEC-1-A cells. Given the �nding that palmitate signi�cantly reduced the numbers of
cells at S-phase (Fig. 4A and 4B), we used BrdU staining to assess palmitate effects on cell proliferation.
Our results showed that palmitate signi�cantly and dose-dependently reduces cell proliferation capability
in RL95-2 and HEC-1-A cells (Fig. 5A and B).

To determine whether palmitate-induced cytotoxicity and the elevation in subG1 populations leads to
increased apoptosis among RL95-2 and HEC-1-A cells, we used Annexin V-PE and 7-AAD labelling to
quantitatively assess cellular apoptosis. After palmitate treatment, the early and late apoptotic cell
populations were increased signi�cantly among both RL95-2 and HEC-1-A cells (Fig. 6A and B). Cisplatin
and doxorubicin each increased the early and late apoptotic populations among RL95-2 cells, but
cisplatin only increased the early and late apoptotic populations in HEC-1-A cells (Fig. 6C and D).
Synergistic effects on total (early plus late) apoptotic populations were observed when RL95-2 and HEC-
1-A cells were treated with palmitate plus cisplatin or doxorubicin. In RL95-2 cells, the synergistic effect
with cisplatin was in the early apoptotic population, while the synergistic effect with doxorubicin was in
both the early and late apoptotic populations. In HEC-1-A cells, the synergistic effect with cisplatin was in
the late apoptotic population, while the synergistic effect with doxorubicin was in the early and late
apoptotic populations.

Effects of palmitate and chemotherapeutic drugs on mitochondrial function in human endometrial
cancer cell lines.

Mitochondria play key roles in cellular survival, ROS generation, and stressinduced programmed cell
death. Moreover, recent studies suggest ROS are involved in palmitate-induced apoptosis (Liu, et al., 2015,
Wei, et al., 2013, Zhang, et al., 2017). We therefore assessed ROS levels in palmitate-treated RL95-2 and
HEC-1-A cells. We found that whether using DCFH-DA to measure overall cell ROS levels or MitoSox to
measure mitochondrial superoxide, ROS levels declined as the palmitate concentration increased in both
RL95-2 and HEC-1-A cells (Fig. 7A-D). H2O2, which served as a positive control, signi�cantly increased
ROS levels in our two assays.

Because loss of MMP is a hallmark of apoptosis activation (Henry-Mowatt, et al., 2004), we used JC-1
dye to measure changes in MMP after palmitate treatment in RL95-2 and HEC-1-A cells (Fig. 8A and B).
The results revealed that palmitate dose-dependently reduced MMP in both RL95-2 and HEC-1-A cells.

Mitochondrial morphology is dynamic, as the organelles continually undergo �ssion and fusion in
response to their environmental conditions (Youle, et al., 2012). When cells sense mild stress,
mitochondria form an elongated and interconnected network to increase ATP production. Under severe
cellular stress, however, mitochondria divide into fragments for mitophagy or apoptosis. MitoView™ Green
is a green �uorescent mitochondrial dye, the signal from which is based on mitochondrial mass rather
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than mitochondrial membrane potential. We used immuno�uorescent staining with TOM20 and
Mitoview™ Green to evaluate the effect of palmitate on mitochondrial morphology and mass in RL95-2
and HEC-1-A cells (Fig. 9A and B). The results showed that palmitate not only triggered mitochondrial
fragmentation in both RL95-2 and HEC-1-A cells, it also decreased mitochondrial mass. These �ndings
suggest that palmitate causes mitochondrial damage in RL95-2 and HEC-1-A cells.

Discussion
In this work, we found that palmitate may increase the sensitivity of endometrial cancer cells to
chemotherapy drugs. Our �ndings suggest it signi�cantly increased cell cycle arrest, DNA damage,
autophagy, and apoptosis in RL95-2 and HEC-1-A cells, with RL95-2 cells being more sensitive to
palmitate than HEC-1-A cells. An earlier study of the metabolic pro�les of seven endometrial cancer cell
lines revealed that RL95-2 and HEC-1-A cells depend on different metabolic pathways (Byrne, et al., 2014).
The extracellular acidi�cation rate; oxidation of glucose, glutamine, and palmitate; and DNL from glucose,
glutamine, and acetate were all higher in RL95-2 than HEC-1-A cells. Notably, RL95-2 cells were the most
dependent on DNL pathways among the seven endometrial cancer cell lines tested. We suggest that this
may explain why RL95-2 cells are more sensitive to palmitate than are HEC1A cells.

The overall purpose of this study was to investigate the impact and underlying mechanisms of palmitate
in two types of endometrial cancer. Known as the “triple endometrial cancer syndrome,” obesity, diabetes
and hypertension often co-exist in patients with endometrial cancer (Yang, et al., 2019). Recent studies
indicate that palmitate levels are increased in cerebrospinal �uid from overweight and obese individuals
and correlate positively with body mass index and abdominal circumference (Melo, et al., 2020).
Elevation of palmitate in cerebrospinal �uid was also seen in overweight people with diabetes,
dyslipidemia, and/or hypertension. One study reported that enzymes catalyzing glycolysis and DNL,
including ACC1, ACC2 and FAS, are upregulated in most endometrial tumor tissues as compared to
adjacent nonmalignant tissues (Byrne, et al., 2014). Overexpression of FAS has been detected during the
early stages of cancer development, is more pronounced in more advanced tumors, and is typically
associated with a poor prognosis (Lupu, et al., 2006). Recent �ndings have also shown that FAS blockade
decreases cell proliferation and viability by stimulating apoptosis in endometrial carcinoma cells
(Menendez, et al., 2004). In addition to FAS, our present �ndings demonstrate that palmitate directly
downregulates ACC and H3 protein levels. Details of the mechanisms remain to be investigated in the
future, however.

Results from several studies have led to differing conclusions about the properties of palmitate. Several
studies have reported that palmitate exhibits potential tumorigenic properties (Kim, et al., 2019, Nath, et
al., 2021, Pan, et al., 2019), though they also reported that it exhibits anticancer activity. In a study of
hepatocellular carcinoma cells, for example, palmitate reduced cell membrane �uidity and limited glucose
metabolism to enhance the anticancer effect of methylseleninic acid (Lin, et al., 2017). In breast cancer,
palmitate induces a different transcription program, reducing expression of HER2 and HER3, thereby
sensitizing the cells to trastuzumab (Baumann, et al., 2016). In the present study, therefore, palmitate was
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used as an adjuvant to increase the sensitivity of endometrial cancer cells to chemotherapy drugs in a
manner that provides a potential therapeutic strategy for the treatment of endometrial cancer.

We also observed that palmitate induces mitochondrial fragmentation and MMP disruption that did not
appear to be triggered by an increase in ROS. In fact, palmitate decreased levels of cellular ROS in both
RL95-2 and HEC-1-A cells, which differs from reports indicating that palmitate lipotoxicity is mediated by
increases in ROS (Egnatchik, et al., 2014, Lee, et al., 2018, Liu, et al., 2015). On the other hand, our results
are consistent with a report showing that palmitate-induced apoptosis is not dependent on ROS (Hickson-
Bick, et al., 2002). In addition, another report showed that the antioxidant Nacetylcysteine or reduction of
glutathione offer only limited protection to pancreatic b cells against palmitate-induced death (Choi, et al.,
2011). Instead, it appears that palmitate causes a loss of MMP, which may lead to mitochondrial
dysfunction, a decrease of b-oxidation, and eventually a reduction in ROS, though that has yet to be
tested.

Conclusion
Our �ndings indicate that palmitate exhibits potential anti-endometrial cancer activity, especially in HEC-
1-A cells, which are type II endometrial cancer cells and therefore less sensitive to chemotherapy.
Palmitate administered as an adjuvant treatment signi�cantly increased cancer cell sensitivity to
cisplatin and doxorubicin. This study thus provides a potential therapeutic strategy for the treatment of
endometrial cancers otherwise resistant to treatment.
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Figure 1

Responsiveness of human endometrial carcinoma cells to palmitate. A-B Cell viability measured using
the MTT method. RL95-2, and HEC-1-A cells were treated for 24h or 48 h with palmitate (0 ,1.953125,
3.90625, 7.8125, 15.625, 31.25, 62.5, 125, 250, 500 mM). Symbols depict the mean ±SD of three
independent experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001 (Student’s t-tests). C RL95-2, and HEC-
1-A cells were treated for 24 h with indicated concentrations of palmitate. Cell lysates were subjected to



Page 16/24

western blot analysis using antibodies against the indicated proteins. Alpha actinin (ACTN) was the
loading control.

Figure 2

Combination indexes for palmitate with cisplatin or doxorubicin in RL95-2 and HEC-1-A cells. A,C RL95-2
cells were treated for 24 h with palmitate (0 ,1.953125, 3.90625, 7.8125, 15.625, 31.25, 62.5, 125, 250, 500
mM) combined with cisplatin (0, 0.3125, 0.625, 1.25, 2.5, 5, 10, 20 mM) or doxorubicin (0, 0.0625, 0.125,
0.25, 0.5, 1, 2 mM). B,D HEC-1-A were treated for 24 h or 48 h with palmitate (0 ,1.953125, 3.90625,
7.8125, 15.625, 31.25, 62.5, 125, 250, 500 mM) combined with cisplatin (0, 1.5625, 3.125, 6.25, 12.5, 25,
50, 100 mM) or doxorubicin (0, 0.0625, 0.125, 0.25, 0.5, 1, 2 mM). Cell viability was measured using the
MTT method. Isobolograms (ED50) were calculated using CalcuSyn software.
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Figure 3

Effects of palmitate with cisplatin or doxorubicin on protein expression in RL95-2 and HEC-1-A cells. A
RL95-2 cells were incubated for 24 h with 200 mM palmitate plus 5 mM cisplatin or 0.5 mM doxorubicin.
B HEC-1-A cells were incubated for 24 h with 200 mM palmitate plus 50 mM cisplatin or 0.5 mM
doxorubicin. Cell lysates were subjected to western blot analysis using antibodies against the indicated
proteins. b -actin was the loading control.
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Figure 4

Effect of palmitate alone and in combination with cisplatin or doxorubicin on the cell cycle pro�les in
human endometrial cancer cells. A, C, E RL95-2 and B, D, F HEC-1-A cells were incubated for 24 h, after
which they were treated with the indicated concentrations of doxorubicin or cisplatin plus 100 mM
palmitate for 24 or 48 h. Cell cycle pro�les were then analyzed using �ow cytometry. Bars depict the
mean ± SD of three independent experiments.
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Figure 5

Effect of palmitate on proliferation of human endometrial cancer cells. A RL95-2 and B HEC-1-A cells
were incubated for 24 h, after which they were treated for 24 or 48 h with the indicated concentrations of
palmitate. Cell proliferation indicated by BrdU incorporation was analyzed using �ow cytometry. Bars
depict the mean ± SD of three independent experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001
(Student’s t-tests).
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Figure 6

Effect of palmitate alone and in combination with cisplatin or doxorubicin on apoptosis among human
endometrial cancer cells. A RL95-2 and B HEC-1-A cells were incubated for 24 h, after which they were
treated for 24 or 48 h with palmitate (0, 10, 25, 50, 100, 200 mM). C RL95-2 cells treated for 24 h with 5
mM cisplatin or 0.5 mM doxorubicin plus 200 mM palmitate. D HEC-1-A cells treated for 48 h with 50 mM



Page 21/24

cisplatin or 0.5 mM doxorubicin plus 200 mM palmitate. Apoptosis markers labeled by PE-Annexin V and
7-AAD were analyzed using �ow cytometry.

Figure 7

Effects of palmitate on ROS levels in human endometrial cancer cells. A RL95-2 and B HEC-1-A cells were
incubated for 24 h, after which they were treated for 1.5 h with the indicated concentration of palmitate.
Cellular ROS levels were monitored using 10 mM DCFH-DA with �ow cytometry. C RL95-2 and D HEC-1-A
cells were incubated for 24 h, after which they were treated for 1.5 h with the indicated concentration of
palmitate. Mitochondrial ROS levels were monitored using 5 mM MitoSOX with �ow cytometry. H2O2
serves as a positive control in all panels. Bars depict the mean ± SD of three independent experiments. * p
< 0.05, ** p < 0.01, (Student’s t-tests).



Page 22/24

Figure 8

Effects of palmitate on mitochondrial membrane potential in human endometrial cancer cells. A RL95-2
and B HEC-1-A cells were incubated for 24 h, treated for 24 h with the indicated concentration of
palmitate, and stained for 15 min with JC-1 dye. Mitochondrial membrane potential was detected using
�ow cytometry. Traces shown are representative of three independent experiments.
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Figure 9

Effects of palmitate on mitochondrial morphology in human endometrial cancer cells. A RL95-2 and B
HEC-1-A cells were treated for 1.5 h with the indicated concentrations of palmitate, after which they
immunostained for TOM20 (mitochondria, green). Nuclei were stained with 4’,6-diamidino-2-phenylindole
(DAPI, blue). Images were obtained using a Leica THUNDER Imager microscope (100x oil-immersion
objective). Mitochondrial mass was assayed using MitoViewTM Green with �ow cytometry. Traces are
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representative of three independent experiments. Bars depict the mean ± SD of three independent
experiments. * p < 0.05 (Student’s t-tests).


