
Abstract. Aim: The aim of this study was to investigate the
effects of medium-chain triglycerides (MCTs) on chemically-
induced hepatic carcinogenesis (HCC) in mice. Materials and
Methods: In a first set of experiments, mice were treated with
diethylnitrosoamine intraperitoneally at two weeks of age.
They were fed chow containing MCT or a normal chow diet
and sacrificed after 28 weeks. Incidence of hepatic tumor was
compared between the two groups. Expression of oxidative
stress, and inflammatory cytokines and chemokines in liver
tissues were examined. In a second set of experiments, the
histopathological findings of the intraperitoneal adipose
tissue were assessed, and expression of adipocytokines in the
fat tissue was measured. In a third set of experiments, plasma
β-hydroxybutyrate (HB) concentration was measured in both
animals fed chow containing MCT and a normal chow diet.
Mouse HCC cells were co-cultured with β-HB, and the
numbers of tumor cells were counted at days 3 and 7.
Results: In the first set of experiments, the tumor count
observed in the control group was significantly blunted in the
MCT group. Maximum tumor diameter also decreased in the
MCT group compared to the control group. The expression of
inflammatory cytokines and chemokines was significantly
decreased by MCT. Furthermore, expression of 4-
hydroxynonenal was lower in the MCT group compared to the
control group. In the second set of experiments, hypertrophy
of the adipocytes was suppressed, and the concentration of
adiponectin and leptin in the adipose tissue decreased by
MCT. In the third set of experiments, plasma β-HB
concentration increased in the MCT group as expected. β-HB
significantly inhibited the proliferation of HCC cells.

Conclusion: MCT administration markedly suppresses the
incidence of chemically-induced HCC by inhibition of
inflammation and increase of ketone bodies.

Nutrition is a key factor in carcinogenesis (1). Medium-chain
triglycerides (MCTs) are easily absorbed from the small
intestine without micelle formation by bile and transported
to the liver via the portal vein. They are beta-oxidized in
hepatocytes more rapidly than other fatty acids as an energy
source (2), and have therefore been used in the medical field
as a fatty preparation for postoperative nutrition or
malnutrition. It is also known that MCTs produce ketone
bodies in large quantities in the liver under conditions of low
carbohydrate intake (3). 

Prolonged inflammation, associated with viral infection or
alcoholic/nonalcoholic steatohepatitis, increases oxidative
stress, which is thought to be closely involved in the
mechanism of hepatocellular carcinogenesis (4). It was
previously reported from this laboratory that MCTs have an
anti-inflammatory effect on activated macrophages (5, 6). In
addition, MCTs also enhance the expression of IgA in the
gastrointestinal tract (7).

In this study, we investigated the effects of MCT on
chemically-induced hepatocellular carcinoma caused by
intraperitoneal administration of diethylnitrosoamine (DEN), and
the effects of MCTs on intraperitoneal fatty tissues and their
associated adipocytokine expression. We also assessed the direct
effect on cancer cell proliferation of a ketone body, β-
hydroxybutyrate (HB), which is one of the metabolites of MCTs. 

Materials and Methods

Animals. Male C3H/HeN Slc were housed in a clean, temperature-
controlled environment with a 12-h light-dark cycle and were given
free access to a regular laboratory water and powder diet for several
days. All animals received humane care, and the study protocols
were approved by the Committee of Laboratory Animals at the
University of Yamanashi, in accordance with institutional guidelines.

Treatment and collection of samples. In a chemical carcinogenesis
model, 14-day-old Male C3H/HeN Slc mice were treated with DEN
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(20 mg/kg of bodyweight, single intraperitoneal injection). These
mice were anesthetized and killed 28 weeks later. 

Animal diets. After administration of DEN, mice were divided into
two groups. Each was fed with normal diet (corn oil: ω=6 linoleic
acid; Control diet group) and MCT (C=8, octanoate; MCT diet
group) added diet. To avoid essential fatty acid deficiency, corn oil
(2% of total fat) was supplemented in the MCT diets. These powder
diets were produced based on AIN93M from Oriental Yeast (Tokyo,
Japan). The diets were given freely throughout the experimental
periods, and body weights were recorded once a week. There were
no significant differences in diet intake between the two groups
throughout all experiments (60 g/week/mouse).

Measurement of plasma ketone bodies. Blood samples were collected
via the inferior vena cava at the designated time points after 28 weeks
of the DEN treatment from the Control diet group and the MCT diet
group. The samples were centrifuged at 3,000 rpm for 10 min at 4˚C,
and plasma was stored at –80˚C. Plasma β-HB levels were measured to

assess increase and decrease of ketone bodies by MCT administration
using a fluorometric Assay kit (Cayman Chemical Company, Ann Arbor,
MI, USA) according to the manufacturer’s instructions.

Immunohistochemistry for 4-HNE. Briefly, formalin-fixed, paraffin-
embedded tissue specimens were cut into 4-μm sections. Each
section was mounted on a silane-coated glass slide, deparaffinized,
and incubated in antigen retrieval solution for 15 min at 121˚C
using Dako REAL Target Retrieval Solution (Dako, Carpinteria,
CA, USA). Endogenous peroxidases were quenched by incubation
at room temperature in 0.3% H2O2, followed by rinsing with PBS.
Endogenous biotin was quenched using Dako Biotin Blocking
System (Dako). Sections were blocked using 5% normal blocking
serum for 20 min. Rabbit polyclonal to 4-Hne (1:100 Abcam,
Cambridge, UK) was applied overnight at 4˚C. Immunoperoxidase
staining was completed using a Vectastain ABC elite kit (Vector
Laboratories, Burlingame, CA, USA) and diaminobentizine (DAB)
as a chromogen. The number of positive cells against each antibody
was assessed by microscopy in five random (400×) fields for
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Figure 1. Tumor incidence and growth. A: control group, and B: MCT group. The numbers of tumors (D) and maximum tumor size (E) are shown.
Data represent means±SEM. *p<0.05 compared to the control group by the unpaired Student’s t-test. MCT: Medium-chain triglycerides.



calculation of the proliferation index. Histological samples were
evaluated by one of the authors and by an external expert in rodent
liver pathology. Quantitative analysis of the 4-HNE positive area
was calculated from five different fields and indicated as a
percentage of the total area of the field using the Image J software.

Measurement of inflammatory cytokines and chemokines by enzyme-
linked immunosorbent assay (ELISA). Liver tissue and intraperitoneal
fat tissue were homogenized in cold phosphate-buffered saline using
a Polytron-type homogenizer. The tissue homogenate was then
centrifuged at 8,000 rpm for 10min at 4˚C to obtain the supernatant.
The total protein concentrations of the tissue supernatant and whole-
cell lysate were measured using a Bio-Rad protein assay kit (Bio-Rad
Laboratories, Hercules, CA, USA) for calibration, and the protein
concentrations of TNF-α, IL-6, IL-1β, IFN-γ, MCP-1, MIP-2,
adiponectin and leptin in the tissue homogenate and culture media
were determined using ELISA kits (R&D Systems Inc., Minneapolis,
MN, USA) according to the manufacturer’s instructions.

Experiment 1. DEN was administered intraperitoneally to mice at two
weeks after birth, and animals were divided into two groups: MCT
(C=8, octanoate)-added diet or normal diet (corn oil: ω=6 linoleic acid).
The mice were anesthetized and killed 28 weeks later. The number of
tumors and maximum tumor diameter were compared between the two
groups. Immunohistochemical staining was performed using collected
livers and compared histologically. Expressions of inflammatory
cytokines and chemokines in liver tissues were measured by ELISA.

Experiment 2. To investigate the effect of MCT on intraperitoneal
fat, morphological and histopathological findings of the
intraperitoneal adipose tissue were assessed. In addition, the number
of adipocytes was measured in one high power field. Expression of
adipocytokines (adiponectin and leptin) in extracts of the adipose
tissues was compared and examined using ELISA.

Experiment 3. The ketone body (β-HB) concentration in mouse
plasma was measured using a fluorometric assay kit (Cayman

Wakana et al: Effect of Fatty Acids on Liver Carcinogenesis

6655

Figure 2. Immunohistochemistry for 4-HNE in the liver. Representative photomicrographs are shown (A: Control, and B: MCT). C: Number of 4-
HNE-positive cells, and D: % positive area of 4-HNE. *p<0.01 compared to the control group by the unpaired Student’s t-test. 



Chemical Company) according to the manufacturer’s instructions.
To evaluate the effects of ketone bodies on tumor growth, mouse
hepatocellular carcinoma cells (MH134) were co-cultured with β-
HB. They were adjusted to density of 1.0×107 cell/ml and viability
of 97%, and β-HB was added at various concentrations (0, 200, and
2,000 μg/ml; normal blood β-HB reference range in humans is from
2 to 28 μg/ml) into media, and incubated at 37˚C. On days 3 and 7
the numbers of cells were counted using an automated cell counter
(Invitrogen CountessTM, Waltham, MA, USA).

Statistical analysis. Data are expressed as mean±SEM. Student’s t-
test was used for the determination of significance as appropriate.
p<0.05 was considered significant. 

Results

Experiment 1. Numerous hepatic tumors were observed
macroscopically in the control group (Figure 1). The number
of tumors was significantly blunted in the MCT groups
compared with the control group. Furthermore,
histopathological findings also showed that the average
tumor sizes in the maximally-cleaved plane image were also
significantly lower in the MCT groups compared with the
control group (Figure 1), suggesting that the incidence of
hepatic tumors and tumor growth were inhibited by MCT.
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Figure 3. Expressions of inflammatory cytokines in liver tissues. A: TNF-α, B: IL-6, C: INF-γ, and D: IL-1β. Data represent the mean±SEM. *p<0.01
compared with the control group, and #p<0.05 compared with the control group by the unpaired Student’s t-test. MCT: Medium-chain triglycerides.



In 4-HNE immunohistochemical staining, positive
hepatocytes increased in the control group after DEN
treatment. This increase was significantly blunted in the
MCT group (Figure 2), suggesting that lipid peroxidation
was suppressed by MCT.

Expression of the inflammatory cytokines TNF-α, IL-6,
IL-1β, and IFN-γ increased in the control group after DEN
treatment (Figure 3). Values were significantly lower in the
MCT group compared with the control group. Similarly, the
expressions of chemokines MCP-1 and MIP-2 increased in
the control group after DEN treatment. Importantly, values
were also significantly lower in the MCT group (Figure 4).
Thus, MCTs suppressed the expression of inflammatory
cytokines and chemokines in the liver tissues.

Experiment 2. Steady body weight gains were observed in
the control group (Figure 5). The liver weight/body weight
ratio was significantly suppressed in the MCT group
compared to the control group (data not shown).

In histopathological findings of the intra-abdominal fat
tissue, hypertrophy of adipocytes was observed in the control
group. In contrast, hypertrophy was significantly suppressed
in the MCT group (Figure 5).

Expression of adipocytokines including adiponectin and
leptin produced by adipose tissue was significantly higher in
the MCT group compared with the control group (Figure 6).

Experiment 3. The plasma ketone body (β-HB) concentration
was minimal in the control group (Figure 7), while a
significant increase was observed in the MCT group, as
expected.  

Mouse HCC cells (MH134 cells) proliferated in time
dependent manner in the absence of β-HB in media. In
contrast, β-HB inhibited cell proliferation in a dose
dependent manner (Figure 7). On days 3 and 7, there were
significant differences in the number of MH134 cells.

Discussion

MCTs suppressed the number of hepatic tumors induced by
DEN, indicating that MCTs inhibit the incidence of hepatic
oncogenesis or tumor growth (Figure 1). It was reported
from this laboratory that MCTs have anti-inflammatory
effects (6). MCTs suppressed the expression of inflammatory
cytokines and chemokines (Figures 4 and 5). After DEN
administration, oxidative stress increased (8). Since MCTs
suppressed expression of 4-HNE after DEN administration
(Figure 3), MCTs inhibit oxidative stress derived from lipid
peroxidation, leading to the inhibition of oncogenesis and
tumor growth after DEN administration. 

Since MCTs metabolize as an energy source more rapidly
than other fatty acids (3), they inhibit fat accumulation in the
liver. Indeed, body weight gains and the extent of fatty liver
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Figure 4. Expressions of chemokines in liver tissues. A: MCP-1, and B: MIP-2. Data represent the mean±SEM. *p<0.01 compared to the control
group by the unpaired Student’s t-test. MCT: Medium-chain triglycerides.



were significantly suppressed in the MCT administration
group compared with the control group, despite food intake
being the same (Figure 5) (9). Furthermore, MCTs prevented
the hypertrophy of adipocytes, leading to a decrease in
intraperitoneal adipose tissue mass (Figure 5) (10). These
results supported the hypothesis that MCTs may inhibit
obesity-related tumor growth. It was reported that
adipocytokines play an important role in improving fatty
liver, reduction of liver injury, and suppression of hepatic
fibrosis (11). It was also reported that adipocytokines are
involved in tumor growth (12, 13). Importantly, MCTs
significantly increase the expression of adipocytokines (10).
Indeed, in this study, MCTs significantly decreased these
cytokines (Figure 7). Taken together, MCTs had anti-
inflammatory effects on adipocytokines, most likely leading
to the inhibition of tumor growth after DEN administration.

It was reported that ketone bodies suppress tumor growth
(14). MCTs are metabolized to ketone bodies more rapidly
than other fatty acids (15). In this study, the plasma
concentration of ketone body β-HB significantly increased
in the MCT group, compared with the control group
(Figure 7). Furthermore, proliferation of MH 134 cells co-
cultured with β-HB was significantly inhibited, in a dose
dependent manner (Figure 7). Since tumor cells mainly use
glucose as their energy source for proliferation, this ketone
body derived from MCTs directly inhibited the growth of
tumor cells induced by DEN. 

Conclusion

In this study, MCTs decreased inflammation in animals
treated with DEN, and increased the expression of
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Figure 5. Photographs of intra-abdominal fat and photomicrographs of adipose tissues, body weight after feeding, and numbers of adipocytes.
Representative photographs of intra-abdominal fat (A: control group, B: MCT group), and representative photomicroscopes of adipose tissue (C:
control group, D: MCT group) are shown. E: body weight, and F: numbers of adipocytes/high power fields are shown. Data represent means±SEM.
*p<0.05 compared to the control group by the unpaired Student’s t-test. MCT: Medium-chain triglycerides.



adipocytokines in adipose tissue. Moreover, ketone body β-
HB, which is a main metabolite of MCTs, inhibited tumor
cell proliferation in vitro. Based on these results, MCTs
most likely inhibit the progression of hepatic tumors
chemically induced by DEN. Taken together, oral

supplement of MCTs or diets containing MCTs could be
useful in therapies for hepatic carcinogenesis induced by
inflammation caused by viral infection, fatty liver due to
metabolic syndrome, alcoholic liver disease, and non-
alcohol fatty liver disease. 
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Figure 6. Expression of adipocytokines in liver tissues. A: Adiponectin, and B: leptin. Data represent the mean±SEM. *p<0.05 compared with the
control group by the unpaired Student’s t-test. MCT: Medium-chain triglycerides.

Figure 7. Plasma β-hydroxybutyrate concentrations, and the number and viability of MF134 cells after incubation. A: Plasma β-hydroxybutyrate
concentrations. B: number of MH134 cells. C: Viability of MH134 cells after incubation. Data represent means±SEM. *p<0.05 compared to the
control group. **p<0.05 compared to cells incubated without β-HB at day 3; #p<0.05 compared with cell incubated without β-HB at day 7 by the
unpaired Student’s t-test. MCT: Medium-chain triglycerides, HB: hydroxybutyrate.
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