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Cow milk is a widely consumed liquid diet, and its fatty acid composition impacts its nutritional and biochemical
properties. However, research on the anticancer efficacy of cow milk-derived fat in liver cancer cells is limited. This
study investigated the antiproliferative and apoptotic effects of cow milk-derived fat in human hepatoma HepG?2 cells.
Additionally, the effects of cow milk-derived fat on cell cycle progression and Janus kinase (JAK)-2/signal transducer
and activator of transcription (STAT)-3 signaling in HepG2 cells were assessed. Furthermore, the histone deacetylase
inhibitory and 2,2-diphenyl-1-picrylhydrazyl radical scavenging potential of cow milk-derived fat were examined.

The results demonstrate that cow milk-derived fat can exert antiproliferative and anticlonogenic effects and induce
apoptosis in HepG2 cells dose-dependently. Furthermore, cow milk-derived fat induced cell cycle arrest, suppressed
the levels of pJAK-2 and pSTAT-3, and inhibited the total histone deacetylase activity in HepG2 cells. The fatty acid pro-
file of cow milk-derived fat revealed that palmitic, oleic, and linoleic acids were abundant as saturated, monounsatu-
rated, and polyunsaturated fatty acids, respectively. Our findings provide a new scientific basis for the development

of anticancer strategies that utilize cow milk-derived fat and its derivatives against liver cancer.
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Introduction

According to the Food and Agriculture Organization,
cow milk and its products are the most commonly con-
sumed forms of mammalian milk, accounting for nearly
81.26% of global milk production [1]. The consumption
of cow milk has several health benefits, including bone
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strengthening, blood pressure reduction, and reducing
the risk of some chronic diseases owing to its antimicro-
bial and antioxidant properties [2]. It is a good source of
proteins, water-soluble vitamins (riboflavin and B,,), fat-
soluble vitamins (A and E), fat, and minerals, such as cal-
cium, phosphorus, sodium, magnesium, potassium, and
iodine [3]. Cow milk-derived fat contains more than 400
types of fatty acids, and it is present mainly as fat glob-
ules [4]. Although season, breed, climate, health, diet,
and lactation stage can affect the fatty acid composition
of cow milk, palmitic acid (16:0) is the most abundant
saturated fatty acid, followed by stearic acid (18:0) and
myristic acid (14:0) [5, 6]. Among the unsaturated fatty
acids, oleic acid (18:1) is the most abundant, followed
by linoleic (18:2) and a-linoleic (18:3) acids. In addition,
cow milk contains odd-chain fatty acids produced by the
cow’s ruminal bacteria [4, 7].

The anticancer effects of odd-chain amino acids have
gained considerable attention in fatty acid biochemistry.
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Heptadecanoic acid (C17:0) exerts anticancer effects on
non-small cell lung carcinoma cells [8]. Moreover, penta-
decanoic acid (C15:0) has been shown to have anti-can-
cerous effects on breast cancer stem cells [9]. Valeric acid
also exerts anticancer effects on liver cancer cells [10].
Notably, when breast cancer stem-like cells were exposed
to a combination of pentadecanoic acid and tamoxifen,
the cells re-expressed estrogen receptor-a [11]. A recent
study identified a series of odd-chain fatty acids as novel
inhibitors of histone deacetylase (HDAC) 6. These play
a key role in tumorigenesis through histone deacetyla-
tion, thereby contributing to tumor cell survival and
proliferation. This further strengthens the biochemical
significance of fatty acids [12]. Several investigations have
shown the anticancer properties of specific fatty acids
[13-20]. However, research on the anticancer efficacy
of cow milk-derived fat, which contains a diverse range
of fatty acids, including high concentrations of saturated
fatty acids, is very limited in liver cancer models.

The liver plays a major role in fatty acid metabolism.
Fatty acids accumulate in the liver through uptake from
the bloodstream and de novo biosynthesis [21]. Dietary
fat is an important source of hepatic fatty acids. Follow-
ing consumption, fats are hydrolyzed in the intestinal
lumen. Once absorbed into the intestine, free fatty acids
are reassembled into triglycerides, which are packaged
into chylomicrons and transported to the muscle and
adipose tissue. In hepatocytes, the remaining triglyc-
erides found in remnants of the chylomicrons are then
transported to the liver, where they undergo intracellular
processing to release free fatty acids [21]. Liver cancer is
a major global health concern. Current treatment modal-
ities include radiotherapy, chemotherapy, surgery, and
immunotherapy, alone or in combination. However, these
methods have limitations that can reduce their effective-
ness, highlighting the need for innovations in the treat-
ment of liver cancer [22].

The Janus kinase/signal transducer and activator of
transcription (JAK/STAT) pathway is an essential signal
transduction mechanism that controls gene expression
and cellular functioning in the presence of growth factors
and cytokines, such as epidermal growth factor (EGF)
family members, interferons, and interleukins [23]. Upon
ligand-induced activation, JAKs phosphorylate the cyto-
plasmic portion of receptor tyrosine kinases, creating
binding sites for STATs. After binding, JAKs phosphoryl-
ate STATs. JAK-2 is one of four members of the JAK fam-
ily, while STAT-3 is one of seven members of the STAT-3
family in humans [23, 24]. The JAK/STAT pathway is one
of the most frequently dysregulated signaling pathways in
cancer, specifically in hepatocellular carcinoma. STAT-3
is a transcription factor that is constantly activated in
up to 60% of liver cancer cases [25]. The activation of
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STAT-3 (functioning as a transcription factor) results
in the expression of multiple genes that significantly
contribute to the diverse characteristics of cancer. This
emphasizes the crucial involvement of STAT-3 in the
development of liver cancer [25, 26].

Given that the liver plays a crucial role in metabolizing
and accumulating fatty acids and that cow milk is a rich
source of fatty acids, we conducted this study to explore
the potential anticancer properties of cow milk-derived
fat on liver cancer cells in vitro.

Materials and methods

Cell culture

The human liver cancer cells (HepG2) used in the present
investigation were purchased from the American Type
Culture Collection (Rockville, MD, USA) and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Catalog
number 11,965, Life Technologies Corporation, Grand
Island, NY, USA) according to the supplier’s recommen-
dations. The medium has increased nutrient concentra-
tion, particularly glucose (4.5 g/L p-Glucose), providing
energy for cell metabolism. DMEM also includes a mix-
ture of amino acids essential for protein synthesis, and
it is supplemented with a broader range of vitamins and
minerals necessary for cellular processes.

Cow milk sample collection

Fresh cow milk samples were purchased from a village
farmer who sells cow milk for household uses in the
Colombo District, Sri Lanka. According to the farmer, the
samples are from a healthy, local breed (Batu cattle) who
allowed to graze on natural pastures or cultivated forages
and milk for this study was obtained from local cows that
were milked twice a day and in the early stage of lacta-
tion. Given that Sri Lanka does not experience significant
seasonal changes, the influence of seasons was not a fac-
tor considered in this study. The samples were carefully
transported to the laboratory in sealed containers and
used for fat extraction upon arrival at the laboratory.

Fat extraction from cow milk

Fat was extracted from cow milk samples using the Folch
method with slight modifications [27]. First, 50 mL cow
milk was combined with 60 mL chloroform and metha-
nol at a 2:1 ratio (v/v) and vigorously mixed for 10-15 s.
Subsequently, 10 mL water was introduced, mixed thor-
oughly, and left for 48 h to separate the organic and aque-
ous layers. The organic layer was transferred to a clean
beaker, evaporated, and used for bioassays following the
preparation of the stock solutions.
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Cell viability assay

HepG2 cells were seeded in 96-well plates at a density
of 5000 cells/well. After 24 h, the cells were treated with
cow milk-derived fat (0, 0.5, 1, 1.5, 2, or 2.5 mg/mL)
dissolved in dimethyl sulfoxide. The 3-[4,5-dimethyl-
thiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT)
assay and its calculations were conducted according to
our previous study [12].

2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging
assay

The DPPH radical scavenging assay and its data analy-
sis were conducted as previously described with minor
modifications [28]. Cow milk-derived fat with concen-
trations of 5, 10, and 20 mg/mL (dissolved in dimethyl
sulfoxide) was used for the assay with catechin as the
positive control.

Cell cycle analysis

Flow cytometry was used to analyze the effects of
cow milk-derived fat on the liver cancer cell cycle. BD
FACSDiva™ Software (BD Biosciences, NJ, USA) was
employed to conduct the flow cytometric analysis.
Before the analysis, HepG2 cells (3x10* cells) were
washed with phosphate-buffered saline and then fixed
using 70% ethanol for 30 min at 37 °C. Then, the cells
were treated with RNase A (25 ng/mL) and stained with
propidium iodide (40 pg/mL) before the analysis.

HDAC inhibitory assay

The HDAC colorimetric activity assay kit (ab1432;
Abcam, MA, USA) evaluates the activity of HDACs
through a colorimetric method. The experiment fol-
lowed the manufacturer’s protocol provided with the
kit. The concentrations of the final cow milk-derived
fat samples ranged from 1 to 4 mg/mL. Absorbance was
measured at 405 nm using a microplate reader. Trichos-
tatin A was used as a positive control. The results were
expressed as the percentage of enzyme activity for each
sample tested compared to the untreated controls.

Colony formation assay

HepG2 cells were seeded at a density of 400 cells/dish
in 60 cm-diameter cell culture dishes and incubated for
24 h. The cells were then treated with different concen-
trations of cow milk-derived fat for 21 days, after which
the colony formation assay was conducted according to
our previous studies [12].

Analysis of free fatty acids
The fatty acid compositions in the extracted fat frac-
tions of cow milk samples were analyzed using the
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Association of Official Analytical Collaboration
(AOAC) 996.06 method [29]. The relative peak area
percentage (peak area relative to the total peak area
%) was calculated following the established standards
set by the AOAC protocols to express the fatty acid
composition.

Western blot

Western blotting was performed as previously described
[12]. All primary antibodies, except the anti-p-Actin pri-
mary antibody (approximately 1:10000 dilution), were
diluted 1:1000 in skim milk. The primary antibodies were
purchased from Cell Signaling Technology (Beverly, MA,
USA). Anti-rabbit immunoglobulin G secondary anti-
body (Vector Laboratories, Burlingame, CA, USA) was
diluted to 1:5000 before use. The bands were visualized
using the BS ECL Plus Kit (Biosesang, Seongnam, South
Korea). Protein bands were quantified using Image]J soft-
ware (US National Institutes of Health, Bethesda, MD,
USA).

Statistical analysis

Statistical analyses entailed one-way analyses of variance
using GraphPad Prism software (version 7.0; Graph-
Pad, USA). Statistical significance was considered when
p<0.05 and indicated by an asterisk (*). All experiments
were performed in triplicate, and the results are pre-
sented as the mean + standard deviation.

Results and discussion

Free fatty acid profile of cow milk-derived fat

Analysis of the fatty acid profiles revealed varying degrees
of saturated, mono-, and poly-unsaturated fatty acids in
cow milk-derived fat (Fig. 1). Palmitic acid (C16:0) is cow
milk’s most abundant saturated fatty acid. Among mon-
ounsaturated fatty acids, oleic acid (C18:1) is the most
abundant in cow milk-derived fat. Among the polyunsat-
urated fatty acids, linoleic acid (C18:2), is the most abun-
dant. Pentadecylic (or pentadecanoic) acid (C15:0) and
margaric (or heptadecanoic) acid (C17:0) were detected
in cow milk-derived fat samples. Our findings corrobo-
rate those of previous reports highlighting the fatty acid
profiles of cow milk-derived fat [4, 6, 7].

Cow milk-derived fat inhibits the proliferation and colony
formation ability of liver cancer cells

Cancer cells are characterized by uncontrolled prolifera-
tion. Several studies have shown that natural and syn-
thetic compounds can inhibit cancer cell proliferation
in vitro and in vivo [9, 30, 31]. Following exposure to
cow-milk fat, dose- and time-dependent inhibition of cell
viability was observed with IC;, values 1.501 +0.053 mg/
mL and 1.299 +0.046 mg/mL for 24 and 48 h, respectively
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Fig. 1 Fatty acid profile of cow milk-derived fat analyzed using the Association of Official Analytical Collaboration 996.06 method. Peak areas

relative to the total peak area are shown as percentages

(Fig. 2A). The colony formation assay revealed that cow
milk significantly inhibited colony formation in HepG2
cells (Fig. 2B, C). Cow milk contains various components
with potential anticancer effects. These components
include fatty acids, ceramides, sphingosines, and specific
proteins [32-34]. Fatty acids such as trans-10, cis-12-con-
jugated linoleic acid [13], propionic acid [14], butyric acid
[14], linoleic acid [15], elaidic acid [16], oleic acid [17],
y-linolenic acid and dihomo-y-linolenic acid [18], pal-
mitic acid [19], and docosahexaenoic acid [20] have been
reported to exert anticancer effects on a range of human
cancer cell lines. Additionally, certain odd-chain fatty
acids found in cow milk, such as C15:0 and C17:0, have
been shown to inhibit cancer cell growth [8, 9], suggest-
ing that the collective presence of these antiproliferative
components in cow milk may result in synergistic effects
against cancer cell proliferation. In addition to cow milk,

camel colostrum exosomes exert antiproliferative effects
on liver cancer cell lines HepaRG [35].

Cow milk-derived fat induces apoptosis in liver cancer cells
Cancer cells undergo apoptosis, characterized by specific
morphological and biochemical changes. The activation
of caspases plays a vital role in apoptosis. Specifically, cas-
pase 3, an effector caspase, becomes active as apoptosis is
initiated, promoting the transmission of apoptotic signals
via poly ADP-ribose polymerase (PARP). Caspase 3 cata-
lyzes the cleavage of PARP [36]. Hoechst 33,342 staining
was employed to determine whether cow milk-derived
fat mediates cytotoxic effects by inducing apoptosis.
Chromatin condensation, a biochemical characteristic
of apoptosis [37], was observed in HepG2 cells exposed
to cow-milk fat (Fig. 3A). Western blotting results indi-
cated that the cleaved form of caspase-3 was present in
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Fig. 2 Inhibitory effects of cow milk-derived fat in HepG2 cells. A A 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide assay was used
to assess the antiproliferative effects of cow milk-derived fat following 24 and 48 h incubations. B Effects of cow milk-derived fat on the clonogenic
ability of HepG2 cells following 21 days exposure. C Statistical quantification of colonies. We tested for statistical significance using one-way

analyses of variance with Dunnett’s post hoc tests. ****p <0.0001

HepG2 cells exposed to cow milk-derived fat at the first
two doses tested (Fig. 3B). Additionally, cow milk-derived
fat significantly increased the levels of cleaved PARP in
HepG2 cells (Fig. 3B). As shown in Fig. 3C, treatment
with cow milk-derived fat caused a substantial increase
in the sub-G1 population, from 6.78+2.50% (0 mM) to
37.66+3.92% (1.5 mM), indicating a potential cell cycle
arrest in HepG2 cells exposed to cow-milk fat. Collec-
tively, these findings suggest that cow milk-derived fat
induces apoptosis and cell cycle arrest in HepG2 cells.
Notably, a previous study reported that cow milk-derived
fat enhances the effects of paclitaxel in vivo [38]. Fur-
thermore, a recent study revealed that p-Casomorphin, a
degradation product of pB-casein, inhibits the metastasis
of colorectal cancer [39]. Another recent study demon-
strated that donkey milk induces apoptosis in triple-neg-
ative breast cancer cells [40], highlighting the apoptotic
potential of milk. However, it is necessary to indicate
that the consumption of dietary fat is associated with an
increased risk of breast cancer [41].

Total HDAC inhibition by cow milk-derived fat

HDAC inhibitors are a class of small molecules that can
inhibit HDAC activity, resulting in cell cycle arrest, cell
growth inhibition, and apoptosis in cancer cells [42]. We
previously reported that fatty acids can inhibit HDAC6

expression [12]. In addition, we repurposed bempedoic
acid, a United States Food and Drug Administration
(FDA)-approved ATP citrate lyase inhibitor that mimics
the structure of a dicarboxylic fatty acid, as an HDAC6
inhibitor [43]. These findings have generated interest in
exploring the overall HDAC-inhibitory effects of fats
extracted from cow milk. As shown in Fig. 4, cow milk-
derived fat inhibited HDAC activity in a dose-dependent
manner, highlighting the HDAC-inhibitory potential of
cow milk-derived fat.

Cow milk-derived fat exerts antioxidant effects

The interest in antioxidants is growing rapidly, primar-
ily because of their potential to combat the harmful
effects of free radicals in the human body [44]. Several
natural and synthetic compounds have been identified
as free radical scavengers [44]. The results of the DPPH
assay in this study indicated that cow milk-derived fat
can scavenge DPPH free radicals in a dose-dependent
manner with an ECc, value of 18.83+1.27 (mg/mL)
(Fig. 5). In addition to fatty acids, amino acids, milk-
derived proteins, and minerals have been reported to
contribute to the antioxidant activities of cow milk and
its products [45-47].
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of cow-milk fat. We tested for statistical significance using a one-way
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and ***p<0.001)

Fig. 5 The DPPH radical scavenging ability of cow-milk fat. We
tested for statistical significance using a one-way analysis of variance
and Dunnett’s post hoc test (****p <0.0001)
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Fig. 6 Western blot analysis showing the expression of signal transducers and activators of transcription Janus kinase (JAK)-2, pJAK-2 and signal
tranducer and activator of transcription (STAT)-3, and pSTAT-3 in HepG2 cells exposed to cow milk-derived fat for 24 h. Statistical quantification of A

pSTAT-3/STAT-3 and B pJAK-2/JAK-2. p represents phosphorylated forms. We
with Dunnett’s post hoc tests (***p <0.001)

Cow milk derived-fat suppresses the JAK-2/STAT-3
signaling in HepG2 cells

We recently reported that pentadecanoic acid can effec-
tively suppress JAK-2/STAT-3 signaling in breast cancer
stem cells [9]. This finding prompted us to investigate the
potential of fatty acids as potent JAK-2/STAT-3 inhibi-
tors. It motivated us to examine various food sources
rich in fatty acids to identify natural inhibitors of JAK-2/
STAT-3 signaling. We observed a significant decrease in
the level of pSTAT-3/STAT-3 (Fig. 6A) and, although not
statistically significant, a decrease in the level of pJAK-2/
JAK-2 (Fig. 6B) in HepG2 cells when exposed to cow
milk-derived fat at the tested dose of 1.5 mg/mL (Fig. 6A
and B). This dose is close to the IC;, value obtained from
the anti-proliferative assay after 24 h of exposure. These
findings indicate that cow milk-derived fat has the poten-
tial to inhibit the proliferation of HepG2 cells, possibly
by modulating the JAK-2/STAT-3 signaling pathway
in liver cancer cells. It has been reported that silencing
or inhibiting STAT-3 can induce apoptosis in vitro and
in vivo [48-50]. In addition, STAT-3 has been reported
to participate in cell proliferation, metastasis, and

tested for statistical significance using one-way analyses of variance

epithelial-mesenchymal transition (EMT) in liver cells,
suggesting its pivotal oncogenic role in liver cancer cells
[51, 52].
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