
Abstract. Background: One of the most prevalent causes of
cancer fatalities is hepatocellular carcinoma (HCC), which
has been linked to metabolic syndrome. Circulating levels of
the saturated fatty acid palmitate are elevated in metabolic
syndrome and lead to cellular stress. Materials and Methods:
Using enzyme-linked immunosorbent assay, flow cytometry,
and migration assays, we characterized the response of rat
hepatoma cells to palmitate treatment. Results: We detected a
60% increase in secretion of C-X-C motif ligand 1 (CXCL1)
which was dose-dependent and coincided with apoptosis. We
measured expression of C-X-C motif chemokine receptor 2
(CXCR2) and observed a 4.5-fold increase on apoptotic
hepatoma cells. Furthermore, we assayed migration of
hepatoma cells and saw a 2-fold increase in the number of
migrating cells towards CXCL1. Conclusion: These findings
suggest that HCC cells secrete CXCL1 in response to
metabolic syndrome signals and may promote the progression
of cancer through apoptosis recovery or metastasis. 

Hepatocellular carcinoma (HCC) accounts for up to 85% of
total liver cancer cases (1), and, due to an incomplete
understanding of its epidemiology and very poor prognosis,
is the second leading cause of cancer mortality worldwide
(2). The majority of HCC cases develop from hepatitis C and
B viral infection, followed by excessive alcohol intake;
however, the most rapidly increasing cause of HCC is due to
the epidemic of metabolic syndrome often in the form of
type 2 diabetes, obesity, and non-alcoholic fatty liver disease.
As the symptoms of HCC are commonly not apparent until
an advanced stage of disease, the only method of obtaining
an early and treatable initial diagnosis is surveillance.

Ultrasonography of the liver and detection of serum alpha-
fetoprotein levels every 6-12 months are the current
recommendations for monitoring high-risk patients, such as
those with metabolic syndrome (3). With obesity affecting
36% of U.S. adults (4) and ongoing concerns of patient
compliance, it is inevitable that a developing HCC tumor is
continually exposed to the lipotoxic and inflammatory
cytokine milieu present in metabolic syndrome.

Elevated serum levels of free fatty acids (FFAs) are
associated with obesity, caused by increased lipolysis in
expanding adipose tissue (5), and a correlation exists between
obesity and higher serum level of the saturated fatty acid
palmitate (6). As non-adipose tissues are exposed to these
excessive FFA levels, uptake may result in β-oxidation,
synthesis of membrane phospholipids, and triglyceride synthesis
and storage in lipid droplets (steatosis). If influx exceeds usage,
its accumulation may lead to intracellular metabolites such as
diacylglycerol, lysophosphatidylcholine, and ceramides to
dysregulate signaling events downstream of other cell-surface
receptors and cause lipotoxicity (7, 8). When faced with
palmitate, HCC differs from hepatocytes in its response, since
it is well known that cancer cells have departed from normal
cellular physiology. A metabolic comparison of primary rat
hepatocytes and rat hepatocellular carcinoma (hepatoma) cells
indicates that hepatoma cells have a higher uptake of palmitate
than primary cells but reduced levels of β-oxidation, most likely
due to their proliferative nature and requirement for synthesis
of new membrane phospholipids (9). In vitro studies of human
(HepG2) and rat (H4IIE) hepatoma cells indicate that palmitate
treatment leads to numerous lipotoxic events such as reactive
oxygen species production (10), insulin resistance (10, 11),
endoplasmic reticulum stress (12), and secretion of the pro-
inflammatory cytokines interleukin-6 (IL6) and IL8 (13, 14). 

Indeed, the combination of cytokines present in an obese
or cancer state dictate the broad range of inflammatory
responses issued by immune cells and resident tissue cells.
Once HCC is initiated, a unique tumor microenvironment
develops which is enriched in fibroblasts, blood vessels,
stellate cells, extracellular matrix components, and a
complex ‘storm’ of cytokines and enzymes secreted from
both cancerous and non-cancerous cells. The crosstalk
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between cytokines differentially recruits myeloid cells such
as macrophages and dendritic cells, and influences how the
tumor progresses (15). The cytokines released in the tumor
microenvironment do not just recruit immune cells from
distant sites, however, since evidence suggests that tumor-
secreted factors, such as amphiregulin, insulin-like growth
factor-II, and IL1, -6, -8, and -18, act as autocrine signals to
promote the proliferative and migratory capacity of the
tumor cells themselves (16). 

As the number of HCC cases is expected to rise with the
increasing incidence of metabolic disease, the goal of this
study was to determine if the lipotoxicity associated with
metabolic syndrome induces an autocrine signaling loop that
promotes HCC progression and metastasis. 

Materials and Methods

Cell culture and treatment media. H4IIE rat hepatoma cells were
cultured in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM; ThermoFisher, Frederick, MD, USA), 10% fetal bovine
serum (FBS), and penicillin/streptomycin. In the absence of glucose,
cells were cultured in glucose-deficient DMEM (ThermoFisher), 2
mM glutamine, 10% FBS, and penicillin/streptomycin. Mouse
AML-12 hepatocytes were cultured in DMEM/F12 (ThermoFisher),
10% FBS, 0.1% insulin-transferrin-selenium (ThermoFisher), and
penicillin/streptomycin. The fatty acid treatment solutions were
prepared by dissolving palmitic acid (Sigma, Saint Louis, MO,
USA) or oleic acid (Sigma) in 200-proof ethanol to a final
concentration of 195 mM at 37˚C. This stock solution was added to
10% fatty acid-free bovine serum albumin (BSA) (Sigma) in
phosphate-buffered saline (PBS) at 37˚C for a final concentration
of 3 mM. Fatty acids were complexed and fully dissolved in 10%
BSA for 10 min at 37˚C. The final fatty acid:BSA ratio was 2:1.
Fatty acid/BSA complexes were diluted in growth media to reach
desired treatment concentrations. Ethanol concentrations in media
were <0.2%.

Cytokine array and quantitative enzyme-linked immunosorbent
assay (ELISA). To screen for a large number of secreted cytokines,
cells were plated in 12-well plates. After reaching 75% confluence,
growth media was removed from cell monolayers and replaced with
1 ml fatty acid/BSA in growth media. After 24 h, supernatants were
removed and centrifuged at 3500 × g for 3 min to pellet floating
cells and debris. The entire supernatant was then used in the
Proteome Profiler Cytokine Array Kit (Panel A; Bio-Techne,
Minneapolis, MN, USA). When performing quantitative ELISAs,
cells were plated in 24-well plates. At the time of treatment, growth
media were removed and replaced with fatty acid/BSA in growth
media, or control media containing BSA mixed with an equivalent
volume of ethanol used to solubilize the fatty acids. During harvest,
supernatants were removed and centrifuged as above. Supernatants
were diluted two-fold (C-X-C motif chemokine ligand 1, CXCL1)
or 4-fold (vascular endothelial growth factor, VEGF) and used in
the Quantikine ELISA kits (Bio-Techne).

Quantitative reverse-transcriptase polymerase chain reaction (qRT-
PCR). H4IIE cells were plated at 2×106 cells per T25 flask. At the
time of treatment, growth media was removed and replaced with

400 μM palmitate/BSA in growth media, or control media. Six h
after treatment, cells were washed with PBS, and lysed in 0.6 ml
lysis buffer with β-mercaptoethanol (ThermoFisher). RNA samples
were digested with RQ1 RNase-Free DNase for 15 min at room
temperature (Promega) and re-purified. One hundred nanograms of
RNA was added to a 20 μl RT-qPCR reaction using GoTaq 1-Step
RT-qPCR (Promega) and primers for CXCL1 and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) [for primer sequences see (7)
and (17)]. Real-time analysis was performed using the SYBR-490
settings on a Bio-Rad iCycleriQ (Hercules, CA, USA). Quantitative
measurements were made using the threshold cycle (Ct) value,
normalized using the Ct for the reference gene, GAPDH, and
analyzed using the 2−ΔΔCt method.

Flow cytometry. After a 6-h treatment in 6-well plates, cells were
collected by trypsinization and washed with either PBS plus 0.5%
FBS [G-protein-coupled receptor C-X-C motif chemokine receptor
2 (CXCR2)] or annexin V binding buffer (Biolegend, San Diego,
CA, USA). Cells were stained with 10 μl mouse IgG2B-
allophycocyanin (APC) isotype control (Bio-Techne) or 10 μl
mouse anti-rat CXCR2-APC (Bio-Techne) in 100 μl of PBS plus
0.5% FBS, or 5 μl of annexin V-APC or annexin V-fluorescein
isothiocyanate (Biolegend) in 100 μl of annexin V binding buffer
for 30 min at room temperature. Following staining, cells were
washed and resuspended in 2 ml of staining buffer before passing
through a 50 μm filter and running on a Partec CyFlow Space MI
flow cytometer (Sysmex, Lincolnshire, IL, USA).

Migration assay. H4IIE cells were collected from growth flasks by
trypsinization and washed once with PBS plus 0.5% FBS. Cells were
labeled in 1 ml PBS plus 0.5% FBS containing 3 μM calcein for 30
min and vortexed every 10 min. Labeled cells were washed once with
PBS plus 0.5% FBS and resuspended in the same buffer to 1.5×106
cells/ml. To the upper reservoirs of 8.0 μm pore 24-well Corning®
Transwell® chambers (Sigma), 200 μl of the cell solution (3×105
cells) was added; recombinant rat CXCL1 (Bio-Techne) in PBS plus
0.5% or equivalent dilutions of the buffer used to reconstitute
lyophilized recombinant protein were added to the lower reservoirs.
Assembled migration chambers were incubated at 37˚C/5% CO2 for
4 h. At the time of harvest, migration inserts were removed, and
fluorescence in the bottom chamber was read (485 nm/520 nm).

Statistical analysis. In this study, data are the result of at least three
independent experiments and are shown as the mean±standard error
of the mean (SEM), or, when appropriate, the propagation of error
using SEM. The significant differences between groups were
calculated by a one- or two-sample t-test assuming unequal
variances. Differences with a value of p<0.05 were considered as
statistically significant.

Results

Palmitate treatment of hepatocytes and hepatoma cells
results in different cytokine secretion ‘signatures’. With the
goal of surveying a significant number of secreted cytokines
from rat hepatoma cells (H4IIE) in response to treatment
with 400 μM palmitate, an antibody array was utilized. This
concentration of palmitate is relevant since serum FFAs rise
above 1 mM after eating a fatty meal or during fasting, and
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between 30-35% of serum FFAs is palmitate (11). Out of the
29 cytokines available for detection, only two cytokines were
detected after a 24-h treatment: VEGF and CXCL1 (Figure
1A). The secretion of these cytokines from cancer cells is
consistent with studies that have demonstrated their role in
the progression of several cancer types. In patients with
colorectal cancer, increased levels of serum VEGF and
CXCL1 were found to correlate with metastatic potential
(18) and levels of CXCL1 in tumors of patients with HCC
correlated with serum alpha-fetoprotein and the risk of tumor
recurrence following hepatectomy (19). 

In contrast, when the mouse hepatocyte cell line AML-12
was treated with palmitate, a different cytokine profile was
observed from a possible 40 cytokines. These non-cancerous
cells secreted primarily CXCL1, CXCL10, chemokine (C-C
motif) ligand 2 (CCL2), tissue inhibitor of
metalloproteinases 1 (TIMP1), and macrophage colony-
stimulating factor (M-CSF) with lower levels of interferon
gamma (IFNγ), interleukin-1 receptor antagonist (IL1Ra),
and CXCL12 also being detected (Figure 1B).

Palmitate dose-dependently induces CXCL1 secretion in
hepatoma cells. To confirm the antibody array result, we
treated rat hepatoma cells with palmitate and collected cell
supernatants after 24 h. When compared to control hepatoma
cells, palmitate led to a ~40% increase in CXCL1 secretion
(Figure 2A), while no change in VEGF secretion was found
(data not shown). This effect was not seen with the
unsaturated fatty acid oleate, nor was it observed in non-
cancerous AML-12 hepatocytes. The increase in CXCL1
secretion was maximal at 200 μM palmitate (Figure 2B) and
was detected as early as 2 h before leveling off at 6 h (data
not shown). It is likely that CXCL1 secretion levels
plateaued at 6 h because at this time point, 34.6±3.1%
(p=0.003 vs. control) of the cells were undergoing apoptosis
(Figure 3A and B). This lipotoxicity is likely due to the
preference of these cancer cells for glucose as a metabolic
fuel, while the uptake of saturated fatty acids in these
proliferative cells is used for phospholipid synthesis,
resulting in membrane destabilization and endoplasmic
reticulum stress (12). We also confirmed the increase in
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Figure 1. Palmitate induces secretion of different cytokines from cancerous compared with non-cancerous hepatocytes. Antibody arrays of
supernatants collected from H4IIE hepatoma (A) and AML-12 hepatocyte (B) monolayers after 24 h of treatment with 400 μM palmitate. Spots in
the corners of the arrays are positive and negative controls. CCL2: Chemokine (C-C motif) ligand 2; CXCL1/10/12: C-X-C motif ligand-1/-10/-12;
IFNγ: interferon gamma; IL1Ra: interleukin-1 receptor antagonist; M-CSF: macrophage colony-stimulating factor; TIMP1: tissue inhibitor of
metalloproteinases 1; VEGF: vascular endothelial growth factor.

Figure 2. Palmitate induces secretion of C-X-C motif ligand 1 (CXCL1) from hepatoma cells in a dose-dependent manner. A: H4IIE hepatoma cells
and AML-12 hepatocytes were treated with 400 μM palmitate/bovine serum albumin (BSA), 400 μM oleate/BSA, or control (ethanol)/BSA for 24 h.
The amount of CXCL1 was measured by quantitative enzyme-linked immunosorbent assay (ELISA). B: H4IIE cells were treated with differing
concentrations of palmitate/BSA or control/BSA for 24 h. CXCL1 was measured by quantitative ELISA. 



CXCL1 due to palmitate treatment after 6 h at the mRNA
level (5.7±0.9-fold change above control, p=0.04).

Palmitate-induced CXCL1 secretion persists in the absence
of glucose. By removing glucose from our hepatoma cell
culture, we sought to encourage these cancer cells to
metabolize the supplied palmitate through β-oxidation, thus
reducing the effect of palmitate-induced lipotoxicity. In
previous studies, increasing fatty acid β-oxidation reduced
pro-inflammatory cytokine secretion in hypothalamic
neurons and reduced palmitate-induced apoptosis in C2C12
myotubes (20, 21). As stated previously, in the presence of
both palmitate and glucose, 34.6±3.1% of the cells were
apoptotic after 6 h; however, in the absence of glucose, the
percentage of apoptotic cells decreased to the level of the
control, 6.7±1.3%, in the presence of palmitate (Figure 3A
and B). Yet the persistence of elevated CXCL1 secretion in
these cells suggests that CXCL1 release is not due to a non-
specific lipotoxic response but that palmitate or a direct
metabolite is responsible (Figure 3C). 

Hepatoma cells express CXCR2 and migrate in response to
CXCL1. CXCL1 production is known to both recruit
neutrophils to sites of inflammation and induce pathogenic
activity by binding to CXCR2 (22). In situ investigation of
CXCR2 expression in tumor tissue from patients with HCC
determined that the majority of CXCR2+ cells were indeed
CD15+ neutrophils, followed by CD3+ T-cells, CD68+
macrophages, and S100+ dendritic cells (23). Besides
immune cell CXCR2 expression, Liu et al. reported an
increase in CXCR2 expression level in human HCC tumor
cells compared to surrounding liver cells (24). To determine
if secreted CXCL1 can stimulate an autocrine signaling axis,
the goal of our study was to measure the level of CXCR2
expression on the surface of hepatoma cells both at baseline
and under palmitate-treated conditions. By flow cytometry,
we detected a 4.5-fold increase in CXCR2 expression
following 6-h treatment with 400 μM palmitate (Figure 4A).
This increase in expression occurred primarily within the
highly apoptotic cell population as observed when co-stained
with annexin V (Figure 4B). We hypothesize that CXCL1
binds to CXCR2 on the surface of apoptotic cells to promote
signaling events that lead to rescue of these cells from
apoptosis or migration from the lipotoxic environment. As
such, CXCL1 acting through CXCR2 has been shown to
protect astrocytes from ischemia-induced apoptosis by
preventing mitochondrial cytochrome c release (25). A recent
study demonstrated that the ability of cells to recover from
apoptosis, termed anastasis, may be detrimental when
occurring in cancer cells (26). The escape of a tumor from
chemotherapy-induced apoptosis may lead cells to acquire
new and beneficial DNA mutations during survival and
subsequent proliferation. 

In addition to the possibility of CXCL1-stimulated
anastasis, we wanted to determine if the expression of
CXCR2 on H4IIE cells increases their own migratory
capacity. When 100 pg/ml of recombinant rat CXCL1 was
placed in the lower chamber of a Transwell assay, we
observed a ~60% increase in the number of migrating
hepatoma cells from the top chamber, with the number of
migrating cells increasing further when 250 pg/ml CXCL1
was placed in the lower chamber (Figure 4C). Thus, signaling
through CXCR2 binding likely causes cytoskeletal changes
that promote migration in hepatoma cells. These results
suggest that even a small increase in CXCL1 secretion due to
palmitate, like that shown in Figure 2, can have a significant
effect within the local tumor environment. Secreted CXCL1
from cells exposed to palmitate may stimulate self or
neighboring hepatoma cells to recover from apoptosis or
influence metastatic potential by promoting migration. 

Discussion

As obesity is associated with up to 20% of all cancer-related
deaths in the U.S. (27), nutritional interventions are currently
being explored for cancer prevention, treatment, and tolerance
of chemotherapeutics. Unlike lung, breast, and colonic cancer,
which arise in a healthy tissue environment, HCC develops in
the context of underlying tissue steatosis. Therefore, HCC is
particularly heterogeneous as the genome instability regularly
seen in cancer is compounded by the epigenetic modifications
that result from an individual’s dietary composition (28). This
heterogeneity complicates the comparison of studies in patients
with cancer and in vivo models and validates the need for
information obtained from in vitro cell culture models. 

Caution must be used, however, when interpreting data
from different laboratories as the clear reporting of FA
delivery methods is imperative when comparing in vitro
results. Cell culture experiments demonstrate that palmitate is
more efficiently taken up by cells in the presence of the
amphipathic protein albumin (29). Ensuring the albumin
source is not contaminated or denatured by high temperatures
during FA complexing procedures is crucial for studies
investigating inflammation. In healthy humans, the ratio of FA
binding to serum albumin is between 1:1 and 3:1 but this ratio
can increase in disease states. While the use of BSA is a good
substitute for human albumin, differences exist in particular
FA binding affinities (30). We chose a 2:1 ratio to minimize
levels of unbound FA and, instead, focus on the direct
activation of signaling processes by the specific FA.

In individuals with metabolic syndrome or obesity,
developing HCC is exposed to palmitate from multiple
sources: Dietary FAs in chylomicron remnants, lipolysis
occurring in surplus adipose tissue, and increased de novo
lipogenesis as a result of excess dietary carbohydrates. As
reviewed elsewhere (31), palmitate can be taken up by cells
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through simple diffusion or facilitated diffusion using
transporters such as CD36 or fatty acid transport proteins.
Once in the cytosol, it interacts with fatty acid binding
proteins and is chaperoned around the cell, where it can be
utilized as a substrate for numerous enzymes or act as a
transcription factor binding partner. Alternatively, palmitate

may induce intracellular signaling cascades by binding to
cell-surface receptors such as toll-like receptor 4 or G-
protein coupled receptor 120 (also known as FFAR4) which
influence the activity of nuclear factor kappa B (32, 33).   

Other studies of lipid-induced cytokine secretion fail to
mention apoptosis that is likely occurring in the cells,
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Figure 3. Palmitate induces secretion of C-X-C motif ligand 1 (CXCL1) under conditions when lipotoxicity is reduced. A: H4IIE cells were treated
with 400 μM palmitate/bovine serum albumin (BSA) or control/BSA in the presence or absence of glucose for 6 h, then stained with annexin-V for
flow cytometric analysis. Dot plots are shown from a representative experiment, with summary and statistical data illustrated in (B). C: H4IIE cells
were treated with 400 μM palmitate/BSA or control/BSA in the presence or absence of glucose for 6 h and supernatants were collected and assayed
for CXCL1 secretion by quantitative enzyme-linked immunosorbent assay (ELISA). 

Figure 4. C-X-C motif chemokine receptor 2 (CXCR2) expression is increased on apoptotic cells and promotes migration of hepatoma cells. H4IIE
cells were treated with 400 μM palmitate/bovine serum albumin (BSA) or control/BSA and stained with anti-rat CXCR2-allophycocyanin (APC)
with (B) and without (A) annexin V-fluorescein isothiocyanate (FITC). A dot plot is shown from a representative experiment. C: In vitro migration
assay of H4IIE cells towards recombinant rat C-X-C motif ligand 1 (CXCL1). 



although its observation should not be ignored. Increased
apoptosis in the liver results in the release of apoptotic
bodies which can be engulfed by both hepatic stellate cells
and Kupffer cells, promoting further inflammation and
fibrosis (34). Furthermore, increased apoptosis paradoxically
correlates with tumor recurrence as growth signals are
released from apoptotic tumor cells, leading to additional
oncogenic mutation and proliferation of neighboring live
tumor cells (35).

As CXCL1 is the only cytokine whose levels changed in
response to palmitate, it is a good candidate for cancer
treatment. Therapy with respect to CXCL1 and CXCR2 has
been explored, however, not in the context of nutritional or
metabolic modification. In xenograft models, reduced tumor
size was observed either when CXCL1 was knocked down
by small interfering RNA in HCC cells (36), or when
animals were treated with therapeutic T-cells transduced with
CXCR2 (37). In conclusion, we demonstrate here a role for
palmitate in the up-regulation of an autocrine signaling axis
involving CXCL1 and CXCR2. While both autocrine and
paracrine networks are likely at play in the full context of
cancer, the management of HCC lipotoxicity due to
metabolic syndrome and obesity is important for the
prevention of metastasis and chemotherapy resistance.

Conflicts of Interest

The Authors declare no conflicts of interest.

Authors’ Contributions

AKS was responsible for study design, project supervision, and
writing the article. KJVD, LCV, and AJF were responsible for
conducting experiments and data analysis.

Acknowledgements

The Authors would like to thank the 2019 and 2020 Biochemistry
II classes at Bethel University; Abby Puk, Clayton Neuenschwander,
and Brooke Toutloff for antibody array results; Jamey Young for the
generous gift of H4IIE cells; Yonglong Zou and Aaron
Boeckermann for assistance with the migration assay; Andrew
Zieffler and Wade Neiwert for help with data analysis; and Laura
Listenberger for careful reading of the article. This work was
supported in part by a Sigma Zeta National Science & Mathematics
Honor Society Student Research Award.

References

1 Baffy G, Brunt EM and Caldwell SH: Hepatocellular carcinoma
in non-alcoholic fatty liver disease: An emerging menace. J
Hepatol 56(6): 1384-1391, 2012. PMID: 22326465. DOI:
10.1016/j.jhep.2011.10.027

2 Chen K, Ma J, Jia X, Ai W, Ma Z and Pan Q: Advancing the
understanding of NAFLD to hepatocellular carcinoma

development: From experimental models to humans. Biochim
Biophys Acta Rev Cancer 1871(1): 117-125, 2019. PMID:
30528647. DOI: 10.1016/j.bbcan.2018.11.005

3 El-Serag HB: Hepatocellular carcinoma. N Engl J Med 365(12):
1118-1127, 2011. PMID: 21992124. DOI: 10.1056/NEJMra
1001683

4 Flegal KM, Carroll MD, Kit BK and Ogden CL: Prevalence of
obesity and trends in the distribution of body mass index among
US adults, 1999-2010. JAMA 307(5): 491-497, 2012. PMID:
22253363. DOI: 10.1001/jama.2012.39

5 Boden G and Shulman GI: Free fatty acids in obesity and type 2
diabetes: Defining their role in the development of insulin
resistance and beta-cell dysfunction. Eur J Clin Investig 32(Suppl
3): 14-23, 2002. PMID: 12028371. DOI: 10.1046/j.1365-
2362.32.s3.3.x

6 Alsharari ZD, Risérus U, Leander K, Sjögren P, Carlsson AC,
Vikström M, Laguzzi F, Gigante B, Cederholm T, De Faire U,
Hellénius ML and Marklund M: Serum fatty acids, desaturase
activities and abdominal obesity – A population-based study of
60-year-old men and women. PLOS ONE 12(1): e0170684,
2017. PMID: 28125662. DOI: 10.1371/journal.pone.0170684

7 Macrae K, Stretton C, Lipina C, Blachnio-Zabielska A,
Baranowski M, Gorski J, Marley A and Hundal HS: Defining the
role of DAG, mitochondrial function, and lipid deposition in
palmitate-induced proinflammatory signaling and its counter-
modulation by palmitoleate. J Lipid Res 54(9): 2366-2378, 2013.
PMID: 23833248. DOI: 10.1194/jlr.M036996

8 Tomita K, Kabashima A, Freeman BL, Bronk SF, Hirsova P and
Ibrahim SH: Mixed lineage kinase 3 mediates the induction of
CXCL10 by a STAT1-dependent mechanism during hepatocyte
lipotoxicity. J Cell Biochem 118(10): 3249-3259, 2017. PMID:
28262979. DOI: 10.1002/jcb.25973

9 Hansson PK, Asztély AK, Clapham JC and Schreyer SA:
Glucose and fatty acid metabolism in McA-RH777 hepatoma
cells vs. rat primary hepatocytes: responsiveness to nutrient
availability. Biochim Biophys Acta 1684(1-3): 54-62, 2004.
PMID: 15450210. DOI: 10.1016/j.bbalip.2004.06.005

10 Nakamura S, Takamura T, Matsuzawa-Nagata N, Takayama H,
Misu H, Noda H, Nabemoto S, Kurita S, Ota T, Ando H,
Miyamoto KI and Kaneko S: Palmitate induces insulin resistance
in H4IIEC3 hepatocytes through reactive oxygen species
produced by mitochondria. J Biol Chem 284(22): 14809-14818,
2009. PMID: 19332540. DOI: 10.1074/jbc.M901488200

11 Ishii M, Maeda A, Tani S and Akagawa M: Palmitate induces
insulin resistance in human HepG2 hepatocytes by enhancing
ubiquitination and proteasomal degradation of key insulin
signaling molecules. Arch Biochem Biophys 566: 26-35, 2015.
PMID: 25527164. DOI: 10.1016/j.abb.2014.12.009 

12 Leamy AK, Egnatchik RA, Shiota M, Ivanova PT, Myers DS,
Brown HA and Young JD: Enhanced synthesis of saturated
phospholipids is associated with ER stress and lipotoxicity in
palmitate-treated hepatic cells. J Lipid Res 55(7): 1478-1488,
2014. PMID: 24859739. DOI: 10.1194/jlr.M050237

13 Wieckowska A, Papouchado BG, Li Z, Lopez R, Zein NN and
Feldstein AE: Increased hepatic and circulating IL-6 levels in
human nonalcoholic steatohepatitis. Am J Gastroenterol 103(6):
1372-1379, 2008. PMID: 18510618. DOI: 10.1111/j.1572-
0241.2007.01774.x

14 Joshi-Barve S, Barve SS, Amancherla K, Gobejishvili L, Hill D,
Cave M, Hote P and McClain CJ: Palmitic acid induces

ANTICANCER RESEARCH 40: 6075-6081 (2020)

6080



production of proinflammatory cytokine interleukin-8 from
hepatocytes. Hepatology 46(3): 823-830, 2007. PMID:
17680645. DOI: 10.1002/hep.21752

15 Birgani MT and Carloni V: Tumor microenvironment, a
paradigm in hepatocellular carcinoma progression and therapy.
Int J Mol Sci 18(2): 405, 2017. PMID: 28216578. DOI:
10.3390/ijms18020405

16 Butera G, Pacchiana R and Donadelli M: Autocrine mechanisms
of cancer chemoresistance. Semin Cell Dev Biol 78: 3-12, 2018.
PMID: 28751251. DOI: 10.1016/j.semcdb.2017.07.019

17 Dong D, Zhong W, Sun Q, Zhang W, Sun X and Zhou Z:
Oxidative products from alcohol metabolism differentially
modulates pro-inflammatory cytokine expression in Kupffer
cells and hepatocytes. Cytokine 85: 109-119, 2016. PMID:
27314544. DOI: 10.1016/j.cyto.2016.06.014

18 Divella R, Daniele A, De Luca R, Simone M, Naglieri E, Savino
E, Abbate I, Gadaleta CD and Ranieri G: Circulating levels of
VEGF and CXCL1 are predictive of metastatic organotropismin
in patients with colorectal cancer. Anticancer Res 37(9): 4867-
4871, 2017. PMID: 28870907. DOI: 10.21873/anticanres.11895

19 Cui X, Li Z, Gao J, Gao PJ, Ni YB and Zhu JY: Elevated
CXCL1 increases hepatocellular carcinoma aggressiveness and
is inhibited by miRNA-200a. Oncotarget 7(40): 65052-65066,
2016. PMID: 27542259. DOI: 10.18632/oncotarget.11350

20 Mcfadden JW, Aja S, Li Q, Bandaru VVR, Kim EK, Haughey
NJ, Kuhajda FP and Ronnett GV: Increasing fatty acid oxidation
remodels the hypothalamic neurometabolome to mitigate stress
and inflammation. PLoS One 9(12): e115642, 2014. PMID:
25541737. DOI: 10.1371/journal.pone.0115642

21 Henique C, Mansouri A, Fumey G, Lenoir V, Girard J, Bouillaud
F, Prip-Buus C and Cohen I: Increased mitochondrial fatty acid
oxidation is sufficient to protect skeletal muscle cells from
palmitate-induced apoptosis. J Biol Chem 285(47): 36818-
36827, 2010. PMID: 20837491. DOI: 10.1074/jbc.M110.170431

22 Handa O, Naito Y and Yoshikawa T: Rat cytokine-induced
neutrophil chemoattractant-1 (CINC1) in inflammation. J Clin
Biochem Nutr 38(2): 51-58, 2006. DOI: 10.3164/jcbn.38.51

23 Li L, Xu L, Yan J, Zhen ZJ, Ji Y, Liu CQ, Lau WY, Zheng L and
Xu J: CXCR2–CXCL1 axis is correlated with neutrophil
infiltration and predicts a poor prognosis in hepatocellular
carcinoma. J Exp Clin Cancer Res 34: 129, 2015. PMID:
26503598. DOI: 10.1186/s13046-015-0247-1

24 Liu Z, Yang L, Xu J, Zhang X and Wang B: Enhanced
expression and clinical significance of chemokine receptor
CXCR2 in hepatocellular carcinoma. J Surg Res 166(2): 241-
246, 2011. PMID: 20018298. DOI: 10.1016/j.jss.2009.07.014

25 Wang Y, Luo W, Stricker R and Reiser G: Protease-activated
receptor-1 protects rat astrocytes from apoptotic cell death via
JNK-mediated release of the chemokine GRO/CINC1. J
Neurochem 98(4): 1046-1060, 2006. PMID: 16749907. DOI:
10.1111/j.1471-4159.2006.03950.x

26 Tang HM, Talbot CC Jr., Fung MC and Tang HL: Molecular
signature of anastasis for reversal of apoptosis. F1000Research 6:
43, 2017. PMID: 28299189. DOI: 10.12688/f1000research.10568.2

27 Nencioni A, Caffa I, Cortellino S and Longo VD: Fasting and
cancer: Molecular mechanisms and clinical application. Nat Rev
Cancer 18(11): 707-719, 2018. PMID: 30327499. DOI:
10.1038/s41568-018-0061-0

28 Giannelli G, Rani B, Dituri F, Cao Y and Palasciano G: Moving
towards personalised therapy in patients with hepatocellular
carcinoma: The role of the microenvironment. Gut 63(10): 1668-
1676, 2014. PMID: 25053718. DOI: 10.1136/gutjnl-2014-
307323

29 Alsabeeh N, Chausse B, Kakimoto PA, Kowaltowski AJ and
Shirihai O: Cell culture models of fatty acid overload: Problems
and solutions. Biochim Biophys Acta 1863(2): 143-151, 2018.
PMID: 29155055. DOI: 10.1016/j.bbalip.2017.11.006

30 Chavez-Tapia NC, Rosso N and Tiribelli C: In vitro models for the
study of non-alcoholic fatty liver disease. Curr Med Chem 18(7):
1079-1084, 2011. PMID: 21254970. DOI: 10.2174/092986711794
940842

31 Alves-Bezerra M and Cohen DE: Triglyceride metabolism in the
liver. Compr Physiol 8(1): 1-8, 2017. PMID: 29357123. DOI:
10.1002/cphy.c170012

32 Kimura I, Ichimura A, Ohue-Kitano R and Igarashi M: Free fatty
acid receptors in health and disease. Physiol Rev 100(1): 171-
210, 2020. PMID: 31487233. DOI: 10.1152/physrev.00041.2018

33 Rogero MM and Calder PC: Obesity, inflammation, toll-like
receptor 4 and fatty acids. Nutrients 10(4): 432, 2018. PMID:
29601492. DOI: 10.3390/nu10040432

34 Schuster S, Cabrera D, Arrese M and Feldstein AE: Triggering
and resolution of inflammation in NASH. Nat Rev Gastroenterol
Hepatol 15(6): 349-364, 2018. PMID: 29740166. DOI:
10.1038/s41575-018-0009-6

35 Huang Q, Li F, Liu X, Li W, Shi W, Liu FF, O’Sullivan B, He
Z, Peng Y, Tan AC, Zhou L, Shen J, Han G, Wang, XJ, Thorburn
J, Thorburn A, Jimeno A, Raben D, Bedford JS and Li CY:
Caspase 3-mediated stimulation of tumor cell repopulation
during cancer radiotherapy. Nat Med 17(7): 860-866, 2011.
PMID: 21725296. DOI: 10.1038/nm.2385

36 Han KQ, He XQ, Ma MY, Guo XD, Zhang XM, Chen J, Han H,
Zhang WW, Zhu QG and Zhao WZ: Targeted silencing of
CXCL1 by siRNA inhibits tumor growth and apoptosis in
hepatocellular carcinoma. Int J Oncol 47(6): 2131-2140, 2015.
PMID: 26499374. DOI: 10.3892/ijo.2015.3203

37 Liu G, Rui W, Zheng H, Huang D, Yu F, Zhang Y, Dong J, Zhao
X and Lin X: CXCR2-modified CAR-T cells have enhanced
trafficking ability that improves treatment of hepatocellular
carcinoma. Eur J Immunol 50(5): 712-724, 2020. PMID:
31981231. DOI: 10.1002/eji.201948457.

Received August 22, 2020
Revised September 4, 2020

Accepted September 8, 2020

Dahlquist et al: CXCL1 in Hepatocellular Carcinoma

6081


