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Abstract: The n-6/n-3 metabolic pathway associated with hepatic glycerolipid portioning plays
a key role in preventing obesity. In this nutrition metabolism study, we used in vivo monitoring
techniques with 40 obese male Sprague-Dawley strain rats attached with jugular-vein cannula after
obesity was induced by a high-fat diet to determine the molecular mechanism associated with hepatic
glycerolipid partitioning involving the n-6/n-3 metabolic pathway. Rats were randomly assigned
to four groups (10 animals per group), including one control group (CON, n-6/n-3 of 71:1) and
three treatment groups (n-6/n-3 of 4:1, 15:1 and 30:1). They were fed with experimental diets for
60 days. Incorporation rates of [14C]-labeling lipid into glycerolipid in the liver were 28.87–37.03%
in treatment groups fed with diets containing an n-6/n-3 ratio of 4:1, 15:1 and 30:1, which were
significantly (p < 0.05) lower than that in the CON (40.01%). However, 14CO2 emission % of absorbed
dose showed the opposite trend. It was significantly (p < 0.05) higher in a treatment groups (n-6/n-3
of 4:1, 15:1 and 30:1, 30.35–45.08%) than in CON (27.71%). Regarding the metabolic distribution of
glycerolipid to blood from livers, phospholipid/total glycerolipid (%) was significantly (p < 0.05)
lower in CON at 11.04% than in treatment groups at 18.15% to 25.15%. Moreover, 14CO2/[14C]-total
glycerolipid (%) was significantly (p < 0.05) higher in treatment groups at 44.16–78.50% than in CON
at 39.50%. Metabolic distribution of fatty acyl moieties flux for oxidation and glycerolipid synthesis
in the liver were significantly (p < 0.05) better in order of 4:1 > 15:1 > 30:1 than in the CON. Our data
demonstrate that n-6/n-3 of 4:1 could help prevent obesity by controlling the mechanism of hepatic
partitioning through oxidation and esterification of glycerolipid in an obese animal biomodel.
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1. Introduction

The balance of n-6 to n-3 fatty acid ratio (i.e., n-6/n-3) is very important for obesity
prevention and human health care. Obesity occurs when triacylglycerol (TAG) is accumu-
lated excessively in white adipose tissues due to excessive food intake and lack of exercise,
with increased number and size of adipocyte cells [1,2]. Food intake and energy metabolic
regulation are controlled by neuronal signal transduction in the hypothalamus. Disorder
of such signal transduction can lead to energy imbalance and obesity [3]. Humans and
monogastric animals cannot synthesise n-6 or n-3 fatty acid because they do not have an
endogenous enzyme necessary to insert a cis double bond at the n-6 or the n-3 position of a
fatty acid. Thus, these essential fatty acids have to be supplied through diet [4,5].

Due to the significant development of the edible oil industry, along with economic
and industrial development, the intake of saturated fat and n-6 has increased. Excess n-6,
that is, the intake of food with a high n-6/n-3, raises the level of low density lipoprotein-
cholesterol (LDL-C) in the blood and causes metabolic diseases, including obesity [5,6].
The n-6/n-3 in western people, due to consumption of foods rich in n-6, is 15–20:1. It is
1:1 for Eskimo in Greenland and 12:1 for Japanese living by the sea. Such high n-6/n-3
has a close relationship with a significant increase in the prevalence of overweight and
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obesity [7–9]. It has been reported that the intake of a diet with a low n-6/n-3 in an
obese animal biomodel can lower blood TAG, total cholesterol and LDL-C levels and
help prevent metabolic diseases in humans. Although biochemical mechanisms for lipid
metabolism of n-6/n-3 in a hyperlipidemic, nutritional monogastric and obese animal
biomodel have been reported, hepatic biodistribution of glycerolipid in an obese animal
biomodel remains unknown [10–12]. SREPBs (SREPB-1α, SREPB-1c, SREPB-2), LPL, PPAR
and NF-κB genes are related to obesity by regulating biosynthesis and oxidation of fatty
acid [12,13]. Shin et al. [12] found that when n-6/n-3 is decreased from 71:1 to 4:1 in an
obese animal biomodel, the blood lipid profile, leptin and insulin levels, SREPBs-mRNA
expression in liver and the number of adipocytes are decreased, whereas PPAR and LPL-
mRNA expression in adipose tissues are upregulated. Shoelson et al. [14] reported that
signaling pathways leading to NF-κB are activated in insulin-responsive tissues of obese
and high-fat-diet-fed animals.

Since body tissues use a small amount of fatty acid newly synthesised and secreted
from the liver for esterification of glycerol partially, the distribution of fatty acid between ox-
idation (formation of ketone bodies and generation of CO2) and esterification (glycerolipid
synthesis) is very important [10,11]. In vivo monitoring can be used to study a living animal
by installing a jugular vein-cannula in order to solve an in vitro conundrum (the level of
hormone and a very small amount of lipid existing in the body cannot be actually replaced)
regarding the biodistribution of fatty acid between different metabolic events in the liver
tissue [10–12]. In vivo monitoring between oxidation and esterification of glycerolipid
related to cholesterol, TAG and phospholipid biosynthesised and secreted from the liver is
available for investigating the biodistribution mechanism of lipid metabolism in the body
related to obesity. Using in vivo monitoring of an obese animal biomodel enables precise
understanding of the hepatic biodistribution mechanism between oxidation and esterifi-
cation of glycerolipid by n-6/n-3 [10–14]. Almost no relevant report is available currently
on the biodistribution mechanism between oxidation and esterification of glycerolipid
newly synthesised and secreted from the liver of an obese animal biomodel attached with a
jugular-vein cannula (below: an obese animal biomodel) based on investigation through
in vivo monitoring. Thus, the objective of this study was to determine the molecular mech-
anism involved in hepatic glycerolipid biodistribution using an obese animal biomodel
(male Sprague-Dawley strain rats attached with a jugular vein-cannula and induced by a
high-fat diet).

2. Results

2.1. Incorporation Rate of 14C-Labeling Lipid and 14CO2 Emission Rate into Glycerolipid

The incorporation rate of 14C-labeling lipid (hereinafter, 14C) and the 14CO2 emission
rate into glycerolipid in the blood and livers after supplying a diet containing n-6/n-3 in
an obese animal biomodel are shown in Table 1. The incorporation rate of 3H-labeling
lipid (hereinafter, 3H) in the liver was significantly higher than the incorporation of [14C]
in the liver and plasma (p < 0.05). The incorporation rate of [3H] in the liver ranged from
94.52% to 95.60%, which was very high. However, the incorporation rate into the blood
was between 1.10% and 1.12%, which was very low. There was no significant difference
in the incorporation rate of [3H] into the liver and blood between treatment groups. The
incorporation rate of [14C] into the liver and blood was higher in the order of 71:1, 30:1,
15:1 and 4:1, according to n-6/n-3. The range of the incorporation rate was 28.87–40.01%
in the liver and 17.20–23.70% in the blood. In addition, the incorporation rate in the liver
was higher (p < 0.05) than that in the blood. [14C]-cholesteryloleate is metabolised into
[14C] oleic acid and cholesterol in the liver. Production of 14CO2 according to glycerolipid
metabolism was higher in the order of 4:1, 15:1, 30:1 and 71:1, according to n-6/n-3. It
showed significant (p < 0.05) differences between treatment groups. Production of 14CO2
ranged from 9.78% to 25.25%, indicating that glycerolipid metabolism was carried out
faster in animals after ingesting a diet that contained lower n-6/n-3 (for example, in the
group with an n-6/n-3 of 4:1) (Table 1).



Int. J. Mol. Sci. 2023, 24, 1576 3 of 10

Table 1. Emission of 14CO2 and incorporation of [3H], [14C] label into liver and plasma at 60 min after
injection of LPS (d < 1.015) labelled with cholesteryl [14C]-oleate in obese animal biomodel rat-fed
diets containing different n-6/n-3.

n-6/n-3

Incorporation of [3H], [14C] Label (% of Injected Dose)
14CO2

EmissionPlasma Liver

[3H] [14C] [3H] [14C]

Control (71:1) 1.10 ± 0.02 23.70 ± 0.95 1,a 95.35 ± 3.63 40.01 ± 1.22 a 9.78 ± 0.33 d

4:1 1.13 ± 0.01 17.20 ± 0.68 c 94.75 ± 3.98 28.87 ± 1.08 d 25.25 ± 0.77 a

15:1 1.12 ± 0.01 17.89 ± 0.72 c 95.60 ± 5.02 31.86 ± 1.02 c 24.77 ± 0.63 b

30:1 1.10 ± 0.01 20.62 ± 0.78 b 94.52 ± 3.78 37.03 ± 1.3 b 13.58 ± 0.55 c

1 Mean ± standard error. a,b,c,d Values within the same line with different superscript are significantly different
(n = 6, p < 0.05).

2.2. Ememission of 14CO2 and Accumulation rate of 14C-Labeling Lipid in Tissue

The emission of 14CO2 and the accumulation rate of 14C-labeling lipid in tissues were
investigated after supplying a diet containing n-6/n-3 in an obese animal biomodel. Data
are shown in Table 2. There were significant (p < 0.05) differences in the [14C] absorption
rate and 14CO2 emission between treatment groups. The accumulation rates of [14C] in
adipose, liver and muscular tissue were lower (p < 0.05) in the order of 4:1, 15:1 and 30:1 in
treatment groups, compared to the rate in the control group (n-6/n-3 of 71:1). The emission
rate of 14CO2 was higher (p < 0.05) in the order of 4:1, 15:1 and 30:1 in treatment groups than
that in the control group with n-6/n-3 of 71:1. The accumulation rate of [14C] in the adipose
tissue of the control group with dietary n-6/n-3 of 71:1 was greater than that in the 4:1, 15:1
and 30:1 treatment groups by 71.14%, 69.15% and 5.97%, respectively. Muscle is known to
be an important part of the removal of cyclic TAG for oxidation. The control group with
dietary n-6/n-3 of 71:1 had the highest accumulation rate of [14C] in the hind-leg muscle,
which was greater (p < 0.05) than that in the 4:1, 15:1 and 30:1 treatment groups by 99.72%,
41.98% and 7.41%, respectively (Table 2).

Table 2. Emission of 14CO2 and tissue accumulation of [14C] lipid in obese animal biomodel rat-fed
diets containing different n-6/n-3.

n-6/n-3
Absorption of
[14C] Lipid (%)

14CO2 Emission
(% of Absorbed Dose)

Tissue [14C] Lipid Accumulation
(% of Absorbed Dose/g of Tissue)

Adipose
Tissue Liver Muscle

(Hind Leg)

Control (71:1) 70.15 ± 2.31 1,a 27.71 ± 1.10 d 2.01 ± 0.06 a 1.87 ± 0.06 a 0.81 ± 0.07 a

4:1 57.43 ± 2.02 d 45.08 ± 1.77 a 0.58 ± 0.14 b 0.33 ± 0.01 c 0.22 ± 0.02 c

15:1 60.59 ± 2.48 c 43.77 ± 1.56 b 0.62 ± 0.20 b 0.87 ± 0.09 b 0.47 ± 0.03 b

30:1 68.72 ± 2.61 b 30.35 ± 1.07 c 1.89 ± 0.07 a 0.92 ± 0.10 b 0.75 ± 0.10 a

1 Mean ± standard error. a,b,c,d Values within the same line with different superscript are significantly different
(n = 6, p < 0.05).

2.3. The Ratio of Cholesteryl Ester Metabolized by the Liver

The ratio of cholesteryl ester metabolised by the liver collected from the esterification
product of the blood and liver was investigated after supplying a diet containing n-6/n-3
in the obese animal biomodel. The data are shown in Table 3.
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Table 3. Metabolic distribution of glycerolipid to blood from livers in obese animal biomodel rat-fed
diets containing different n-6/n-3.

n-6/n-3

Total Glycerolipid
(% of Cholesterol

[14C]-oleate
metabolized in Liver)

% Secreted

Phospholipid/Total
Glycerolipid (%)

14CO2/[14C]-Total
Glycerolipid (%)

Phospholipid
(% of Total

Glycerolipid
Labelled)

TAG
(% of Total

Triacylglycerol
Labelled)

Control (71:1) 78.51 ± 3.01 1,a 8.67 ± 0.33 c 64.58 ± 2.27 a 11.04 ± 0.38 c 39.50 ± 1.41 d

4:1 70.22 ± 2.22 c 17.66 ± 0.61 a 51.26 ± 1.82 d 25.15 ± 0.96 a 78.50 ± 2.61 a

15:1 75.07 ± 2.01 b 14.17 ± 0.52 b 57.01 ± 1.88 c 18.87 ± 0.66 b 72.23 ± 2.75 b

30:1 76.66 ± 2.17 b 13.91 ± 0.45 b 59.87 ± 2.01 b 18.15 ± 0.53 b 44.16 ± 1.55 c

1 Mean ± standard error. a,b,c,d Values within the same line with different superscript are significantly different
(n = 6, p < 0.05).

The cholesteryl 14C-oleate % of total glycerolipid metabolised in the liver was lower
in the 4:1, 15:1 and 30:1 groups, compared to that in the control group with dietary n-
6/n-3 of 71:1. It showed significant differences among treatment groups (p < 0.05). The
amount of TAG secretion was lower in the treatment groups (in the order of 4:1, 15:1 and
30:1 for n-6/n-3) than in the control group with n-6/n-3 of 71:1. It showed significant
differences among treatment groups (p < 0.05). The distribution rate of phospholipid for
total glycerolipid was higher in the treatment groups (in the order of 4:1, 15:1 and 30:1 for
n-6/n-3) than in the control group with n-6/n-3 of 71:1. It showed significant differences
among treatment groups (p < 0.05). Production of 14CO2 for [14C]-total glycerolipid was
higher in the treatment groups (in the order of 4:1, 15:1 and 30:1 for n-6/n-3) than in the
control group with n-6/n-3 of 71:1. It showed significant differences among treatment
groups (p < 0.05). The distribution rate of glycerolipid secreted to the blood from newly
injected [14C] in the liver was lower in the order of 4:1, 15:1, 30:1 and 71:1 in the groups
for n-6/n-3 in the case of TAG. However, the secretion rate of phospholipid and 14CO2
production increased (Table 3).

2.4. The Contribution Level of Glycerolipid within the Metabolic Turning Point

The contribution level of glycerolipid within the metabolic turning point was investi-
gated after supplying a diet containing n-6/n-3 in an obese animal biomodel. The results
are shown in Figure 1. The secretion rates of [14C]-TAG from the liver evaluated from
the biodistribution data of in vivo monitoring for the 4:1, 15:1, 30:1, and 71:1 groups were
72.99%, 75.93%, 78.12% and 82.25%, respectively, indicating that TAG biodistribution in-
creased as n-6/n-3 increased. The phospholipid distribution rates in the 4:1, 15:1, 30:1 and
71:1 groups were 25.15%, 18.87%, 18.15% and 11.04%, respectively, indicating that TAG
biodistribution decreased as n-6/n-3 increased. In particular, the group with the lowest
n-6/n-3 (4:1) had the largest decrease in the secretion of TAG newly synthesised by the
liver, with the highest increase of phospholipid.
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Figure 1. Metabolic distribution of acyl moieties flux for oxidation and glycerolipid synthesis in the
liver of obese animal biomodel rat-fed diets containing different n-6/n-3 (n = 6). DAG, diacylglycerol;
TAG, triacylglycerol; PC, phosphatidylcholine; PE, phosphatidylethanolamine.

3. Discussion

The reason for using [3H] and [14C] at the same time for studying the mechanism of
metabolic biodistribution of fatty acid in the liver is as follows (Table 1). [3H]-cholesteryl
oleoyl ether is used in order to correct the lipid metabolism that occurs when [14C] is
injected, that is, the metabolic rate of very low density lipoprotein-triacylglycerol (VLDL-
TAG) synthesised and secreted from the liver [10–12,15]. In such cases, the incorporation
rate of [3H] in the liver is significantly higher than the incorporation rate of [14C] in the
liver when lipid metabolism is carried out. However, the incorporation rate of [3H] into
the blood is significantly low or very little. Unlike [14C]-cholesteryl oleate, [3H]-cholesteryl
oleoyl ether does not pass through the above metabolic pathway in the liver. In fact, more
than 90% of [3H]-cholesteryl oleoyl ether remains in the liver (Table 1). Thus, it is possible
to measure the biodistribution mechanism of fatty acids in the liver more accurately using
these two isotope indicators [10–12,16]. Oleic acid is used for the synthesis of VLDL-TAG
through oxidation and esterification. Newly synthesised VLDL travels to the blood 30 min
later. Therefore, it is possible to measure the amount of newly synthesised VLDL-TAG
secretion into the blood using [14C]-cholesteryl oleate [17,18].

In vivo monitoring studies regarding the metabolism of fatty acids in the liver showed
a slight difference in 14CO2 emission kinetics (Table 1). This might be due to direct 14CO2
generation in the liver and oxidation of [14C] ketone bodies in epithelial tissues [10–12,19].
Theoretically, [14C] ketone bodies can be incorporated into [14C]-TAG in lipogenesis tissues.
However, it has been reported that its incorporation amount is less than 2% in 1 h after
injecting [14C] indicator. Therefore, in vivo monitoring studies on 14CO2 production are
more important than studies on the oxidation of [14C] ketone bodies [17,20]. The incorpo-
ration rate of glycerolipid into the liver and blood from newly injected [14C] in an animal
biomodel related to lipid metabolism was the highest when n-6/n-3 was 71:1 and the lowest
when n-6/n-3 was 4:1, while the result for 14CO2 production was the opposite [10–12],
consistent with the results of the present study.
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To correct differences in the 14CO2 emission and [14C] absorption rate occurring in
the metabolic process after the intake of a chow diet and to present more accurate data, it
is advisable to state 14CO2 emission and the accumulation rate of [14C] in tissues in % of
absorption rate [19]. These results might be due to an increase in the accumulation rate of
lipids at n-6/n-3 of 71:1. This shows a flow of newly injected [14C] for accumulating lipids
in the adipose tissue rather than oxidation (liver, muscle, brown fat) (Table 2). Muscle is
known to be an important part of the removal of cyclic TAG for oxidation. In an obese
animal biomodel, n-6/n-3 of 4:1 reduced the accumulation of lipids in tissues by inhibiting
the absorption of lipids and by accelerating oxidation at the same time [10–12]. Park and
Zammit [11] have reported that accumulation rates of [14C] in adipose, liver and muscle
tissue are lower, but 14CO2 emission is higher in the groups treated with n-6/n-3 of 71:1,
4:1, 15:1 and 30:1 than that in the control group in a normal animal biomodel attached with
a jugular-vein cannula, supporting our findings.

Table 3 shows the concentration (%) of the metabolised amount based on the [3H]
recovery rate (Table 1) to correct the difference between different measurements according
to lipid metabolism. The results of Table 3 indicate that a diet containing n-6/n-3 of
4:1 in an obese animal biomodel can accelerate the oxidation rate of fatty acids. A new
finding was that in a hyperlipidemic, nutritional monogastric and obese animal biomodel,
n-6/n-3 of 4:1 lowered the secretion to blood from newly synthesised TAG in the liver and
simultaneously increased phospholipid secretion and 14CO2 emission. These results were
similar to previous reports showing that lower n-6/n-3 can prevent hyperlipidemia by
lowering harmful lipids in the blood [10–12].

In Figure 1, the group with the lowest n-6/n-3 of 4:1 had the largest decrease in the
secretion of TAG newly synthesised by the liver and the highest increase of phospholipid.
Such results come from multiple reduction effects in the direction from biodistribution of
acyl moiety to biodistribution of fatty acyl-CoA, diacylglycerol (DAG), phospholipid and
TAG [21–24]. Therefore, an increase in the accumulation of TAG in the cell due to fatty
acyl-CoA increase and secretion in the direction of oxidation creates the same contribution
level. Synthesis of glycerolipid is the main route of fatty acid metabolism in the liver of
humans and animals. The tissue uses a very small amount of newly synthesised fatty acid
for partial esterification of glycerol. The biodistribution of fatty acid in the liver between
the formation of acylcarnitine for oxidation of fat and esterification for lipogenesis decides
the oxidation rate of the fatty acid. Thus, the biodistribution of fatty acid in the liver
between oxidation and esterification is very important [10–12,19,20,25]. Metabolism of
fatty acids in an animal biomodel ingesting a chow diet is carried out in the direction
of synthesis of TAG and phospholipid. VLDL containing TAG synthesised by the liver
and secreted into the blood is used as the lipid of lipoprotein lipase in adipose tissues
of animals [21,26,27]. A new fact indicates that as n-6/n-3 decreased to 4:1 in an obese
animal biomodel, an anti-obesity effect was obtained due to the metabolic biodistribution
mechanism that decreased the amount of TAG newly synthesised and secreted by the liver.
Increased phospholipid at the same time was discovered from these results. Higher n-6 and
n-6/n-3 (example: Western diets, n-6/n-3 10–16:1) are associated with obesity via increased
white adipose tissue, chronic inflammation and synthesis of proinflammatory cytokine
interleukin 6 (IL-6). On the contrary, lower n-6/n-3 can prevent obesity. According to the
WHO, an ideal ratio of n-6/n-3 for human health is 4:1, which is recommended to be named
as natural food [28–30].

In conclusion, lower n-6/n-3 in an obese animal biomodel, especially n-6/n-3 of 4:1,
increased CO2 emissions and the metabolic biodistribution rate of phospholipid. Although
14C-labelled TAG was newly synthesised in the liver of an obese animal biomodel-fed diet
containing n-6/n-3, the secretion rate of 14C-labelled TAG was lowered. Our data showed
that the incorporation of [14C] labeling lipid in the liver and plasma after injection of LPS
labelled with cholesteryl [14C]-oleate, tissue [14C] lipid accumulation, and secreted TAG
were high, with an increase of n-6/n-3 (4:1, 15:1, 30:1, 71:1) in an obese animal biomodel.
However, secreted phospholipid and 14CO2 emission rates were the opposite. After quanti-
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fying the partitioning of flux of fatty acyl CoA, lower n-6/n-3 improved esterification and
oxidation of glycerolipid. These data indicate that n-6/n-3 of 4:1 can reduce blood-harmful
lipids and prevent obesity by the mechanism of hepatic biodistribution through oxidation
and esterification of glycerolipid, which can move lipids from the liver to the blood. Our
results suggest that n-6/n-3 of 4:1 in a diet can serve as an ideal ratio for preventing obesity
associated with lipid metabolism.

4. Materials and Methods
4.1. Animal and Experimental Design

Scientific and ethical regulations presented in the EEC Directive (86/609/EEC) were
followed for all animal experiment procedures. Animal experiments were carried out after
receiving approval from the Institutional Animal Care and Use Committee (IACUC) of
Kangwon National University (Approved No. KNU-17102). Forty male Sprague-Dawley
strain rats (average body weight: 180–182 g) were purchased from Daehan Bio Link
Co., Ltd. (Eumseong-gun, Chungcheongnam-do, Republic of Korea). After one week
of environmental adaptation using a chow pellet diet, a high fat diet (HFD, D12451, rodent
diet 45 kcal% fat, research diet, New Brunswick, NJ, USA) containing beef tallow [12,30]
was then supplied to animals for 42 days to induce obesity [12,30,31]. A total of 40 male
Sprague-Dawley strain rats were fed HFD for 42 days to produce obese animals. The
obese animal biomodel was produced by attaching a jugular vein-cannula. Experimental
animals were randomly assigned to four groups (10 animals per group), including one
control group (CON, n-6/n-3 of 71:1) and three treatment groups (n-6/n-3 of 4:1, 15:1 and
30:1) [12,31]. After feeding an experimental diet containing different n-6/n-3 for 60 days,
in vivo monitoring was carried out to investigate the biodistribution of glycerolipid in
obese animal biomodels.

4.2. Experimental Diets and Feeding Management

Purified pellet diet was adjusted to satisfy the requirement of nutrition for rats pre-
sented by the American Institute of Nutrition (AIN). It was used as a basal diet. The purified
pellet diet contained casein (20%), corn starch (39.8%), sugar (10%), maltodextrin (13.2%),
fats (7.0%), α-cellulose (5.0%), AIN-93G mineral mixture (3.5%), AIN-93G vitamin mixture
(1.0%), L-cystine (3.0%), choline bitartrate (0.25%) and t-butylhydroquinone (0.0014%). For
n-6/n-3 as diet fat, coconut oil (7.0%) was added for the control group (CON, n-6/n-3 of
71:1). The n-6/n-3 was adjusted to 4:1 (perilla oil 1.30% plus corn oil 5.70%), 15:1 (corn oil
6.70% plus perilla oil 0.3%) and 30:1 (corn oil 6.20% plus soy oil 0.80%), respectively, for the
three treatment groups [11,12]. An obese animal biomodel was raised in plastic cages at
room temperature (22 ◦C) and humidity of 55% with a 12 h light-dark cycle. The animal
biomodel had free access to drinking water and experimental diet ad libitum.

4.3. Jugular-Vein Cannulation

After the feeding trial for 60 days, three animals from each treatment group (a total
of 12 animals from four treatment groups) were selected and in vivo monitored after
attaching a jugular vein cannula. Hepatic biodistribution mechanism between oxidation
and esterification of glycerolipid was investigated by performing in vivo monitoring, as
described previously (Figure 2). Jugular-vein cannulation was conducted according to the
Europe Laboratory Animal Handling License (SCT-W94058, UK) acquired by the author.
Intraperitoneal injection of 0.15 mL mixture of Ketamine (50 mg/mL) and Rompun at
3:1 ratio per 100 g body weight was applied, and a jugular-vein cannula was attached to
each animal biomodel. A recovery period of 5 days was given [11,32].
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Figure 2. In vivo monitoring technique to metabolic distribution of glycerolipid in obesity animal
biomodels. * Indicate the metabolic pathway of cholesteryl-[14C]-oleate which is breakdown from TAG*
(TAG newly synthesed by cholesteryl-[14C]-oleate) in the hepatocyte. A–E indicated Apolipoproteins.

4.4. Preparation of Lipopolysaccharides

A 10% fructose solution was supplied to Sprague-Dawley strain male rats weighing
600 g as donor animals to accelerate the secretion of VLDL-TAG newly synthesised by the
liver. Lipoprotein isotope labeling was performed using a 10 mL plasma obtained from
the abdominal aorta of donor animals after anesthetizing such animals. In other words,
after culturing blood VLDL remnants obtained from donor animals, intermediate density
lipoprotein (IDL) was separated, and lipoprotein solution (LPS as ApoC-poor remnant
lipoproteins, density < 1.015) was produced and labelled with cholesteryl-[14C]-oleate
and [3H]-cholesteroyl ether, as described previously [10,11]. [3H]-cholesteroyl ether and
cholesteryl-[14C]-oleate (Amershm International, Bucks, UK) were used as labeling lipids.
These labeling lipids, cholesterol ester transfer protein and reaction reagents were then
added to test tubes, cultured and labelled for lipoprotein to produce LPS. LPS was filtered
using a filter (pore size: 0.45 µm) before use [10,11,29].

4.5. In Vivo Injection and Respiratory Metabolism Trials

The LPS injection amount for animals was determined with a scintillation counter
(Packard 1600TR, Hewlett Packard, Palo Alto, CA, USA). It was adjusted to [14C] 300,000 dpm
and [3H] 300,000 dpm. After injecting LPS (0.25 mL/animal) through the jugular cannula,
a respiratory metabolism tool that supplied air (5/min rate) (pump: Masterflex model
7524-50; Cole-Parmer Instrument Co., Ltd. Breath sampling bag: Laboratory for Expiration
Biochemistry Nourishment Metabolism Co., Ltd.) was inserted, and oxidation rate was
calculated by collecting [14C]-CO2 (14CO2) using an alkaline solution (100 mL mixture
of ethanolamine and ethylene glycol monomethyl ether 1:2, v/v). A 1.0 mL triton WR
1339 solution was injected through the jugular cannula after 15 min. Rats were placed in a
desiccator chamber for 60 min. They were then anesthetised using pentobarbitone at 60 mg
per kg of body weight [10,11].
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4.6. Thin-Layer Chromatography

After anesthetizing an animal biomodel with the above method, the abdominal cavity
of each animal biomodel was cut open, and 3 mL blood was collected promptly from the
abdominal aorta while maintaining body temperature of animals using an infrared ray
lamp. Liver, hind-limb muscle and adipose tissues were rapidly frozen and stored using
liquid nitrogen until conducting biochemical analysis. Lipids were extracted from each
tissue, and lipid fraction was separated using thin-layer chromatography (Merck KGaA,
Darmstadt, Germany) [11,33].

4.7. Statistical Analysis

Statistical analysis was performed using the SAS package program [34]. With n-6/n-
3 as the main factor, comparison between groups was performed using general linear
modeling. Duncan’s multiple range test was used to test differences in average values
between groups. Results are expressed as mean and standard error of mean (SE) of 10 obese
animals. The number of animals used for each test is indicated in the table (n = 9) and
figure (n = 3) legend. The null hypothesis significance test was set at p < 0.05.
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Pierzchała, M. Effects of dietary n–3 and n–6 polyunsaturated fatty acids in inflammation and cancerogenesis. Int. J. Mol. Sci.
2021, 22, 6965–6990. [CrossRef]

5. Serini, S.; Calviello, G. Review; Omega-3 PUFA responders and non-responders and the prevention of lipid dysmetabolism and
related diseases. Nutrients 2020, 12, 1363–1381. [CrossRef]

6. Bhardwaj, K.; Verma, N.; Trivedi, R.K.; Bhardwaj, S.; Shukla, N. Significance of ratio of omega-3 and omega-6 in human health
with special reference to flaxseed oil. Int. J. Biol. Chem. 2016, 10, 1–6. [CrossRef]

7. Schmitz, G.; Ecker, J. The opposing effects of n-3 and n-6 fatty acids. Prog. Lipid Res. 2008, 47, 147–155. [CrossRef]
8. Gómez-Candela, C.; López, L.M.B.; Loria-Kohen, V. Importance of a balanced omega-6/omega-3 ratio for the maintenance of

health: Nutritional recommendations. Nutr. Hosp. 2011, 26, 323–329.
9. Simopoulos, A.P. An increase in the omega-6/omega-3 fatty acid ratio increases the risk for obesity. Nutrient 2016, 8, 128–135.

[CrossRef]
10. Lee, S.; Um, K.H.; Park, B.S. Effect of n-6/n-3 fatty acid ratio on metabolic partitioning in hyperlipidemic rat. J. Oil Appl. Sci. 2018,

35, 643–646.

http://doi.org/10.1093/ajcn/nqac031
http://www.ncbi.nlm.nih.gov/pubmed/35134825
http://doi.org/10.1001/jama.2014.4133
http://www.ncbi.nlm.nih.gov/pubmed/24839118
http://doi.org/10.1126/science.aav0448
http://www.ncbi.nlm.nih.gov/pubmed/33958466
http://doi.org/10.3390/ijms22136965
http://doi.org/10.3390/nu12051363
http://doi.org/10.3923/ijbc.2016.1.6
http://doi.org/10.1016/j.plipres.2007.12.004
http://doi.org/10.3390/nu8030128


Int. J. Mol. Sci. 2023, 24, 1576 10 of 10

11. Park, S.O.; Zammit, V.A. In vivo monitoring of hepatic glycolipid distribution of n-6/n-3 in jugular-vein-cannulated rats as a
nutritional research model for monogastric animal. Arch. Anim. Breed. 2019, 5, 437–446. [CrossRef]

12. Shin, J.S.; Um, K.H.; Park, B.S. Effects of n-6/n-3 fatty acid ratio on lipid metabolism in obesity model rats. J. Oil Appl. Sci. 2018,
35, 654–666.

13. Lee, S.G.; Knag, H. Anti-obesity and lipid metabolism effects of Ulmus davidiana var. japonica in mice fed a high-fat diet. J.
Microbiol. Biotechnol. 2021, 31, 1011–1021. [CrossRef] [PubMed]

14. Shoelson, S.; Lee, J.; Yuan, M. Inflammation and the IKKβ/IκB/NF-κB axis in obesity- and diet-induced insulin resistance. Int. J.
Obes. 2003, 27, S49–S52. [CrossRef] [PubMed]

15. Rennie, S.M.; Park, B.S.; Zammit, V.A. A switch in the direction of the effect of insulin on the partitioning of hepatic fatty acids for
the formation of secreted triglycerol occurs in vivo, as predicted from studies with perfused livers. FEBS J. 2000, 267, 935–941.
[CrossRef]

16. Shi, Y.; Cheng, D. Beyond triglyceride synthesis: The dynamic functional roles of MGAT and DGAT enzymes in energy metabolism.
Am. J. Physiol. Endocrinol. Metab. 2009, 297, 10–18. [CrossRef] [PubMed]

17. Umpleby, A.M. Tracing lipid metabolism: The value of stable isotopes. J. Endocrinol. 2015, 226, G1–G10. [CrossRef]
18. Chen, Z.; Gropler, M.C.; Norris, J.; Lawrence, J.C., Jr.; Harris, T.E.; Finck, B.N. Alterations in hepatic metabolism in fld mice reveal

a role for lipin 1 in regulating VLDL-triacylglyceride secretion. Arterioscler. Thromb. Vasc. Biol. 2008, 28, 1738–1744. [CrossRef]
19. Huynh, F.K.; Green, M.F.; Koves, T.R.; Hirschey, M.D. Measurement of fatty acid oxidation rates in animal tissues and cell lines.

Meth. Enzymol. 2014, 542, 391–405.
20. Hodson, L.; Frayn, K.N. Hepatic fatty acid partitioning. Curr. Opin. Lipidol. 2011, 22, 216–224. [CrossRef]
21. Grevengoed, T.J.; Klett, E.L.; Coleman, R.A. Acyl-CoA metabolism and partitioning. Ann. Rev. Nutr. 2014, 34, 1–30. [CrossRef]
22. Constantin, R.P.; Nascimento, G.S.D.; Salgueiro, C.L.; Bracht, A.; Ishii-Iwamoto, E.L.; Yamamoto, N.S.; Constantin, J. Citrus

flavanones affect hepatic fatty acid oxidation in rats by acting as prooxidant agents. Biomed. Res. Int. 2013, 2013, 342973–342985.
[CrossRef] [PubMed]

23. Li, L.O.; Elis, J.M.; Paich, H.A.; Wang, S.; Gong, N.; Altshuller, G.; Thresher, R.J.; Koves, T.R.; Watkins, S.M.; Muoio, D.M.;
et al. Liver-specific loss of long chain acylCoA synthetase-1 decreases triacylglycerol synthesis and beta-oxidation and alters
phospholipid fatty acid composition. J. Biol. Chem. 2009, 284, 27816–27826. [CrossRef] [PubMed]

24. Wilfling, F.; Wang, H.; Haas, J.T. Triacylglycerol synthesisenzymes mediate lipid droplet growth by relocalizing from the ER to
lipid droplets. Dev. Cell 2013, 24, 384–399. [CrossRef] [PubMed]

25. Ebihara, K.; Tachibe, M.; Kaneko, N.; Kishida, T. Hydroxypropylation of high amylose maize starch changes digestion and
fermentation-dependent parameters in rats. J. Nutr. Sci. 2013, 3, e17. [CrossRef] [PubMed]

26. Prentki, M.; Madiraju, S.R.M. Glycerolipid metabolism and signaling in health and disease. Endocr. Rev. 2008, 29, 647–676.
[CrossRef]

27. Wang, Y.M.; Zhang, B.; Wang, J.F.; Xue, C.J.; Yanagita, T. The mechanism of dietary cholesterol effects on lipids metabolism in rats.
Lipids Health Dis. 2010, 9, 4–9. [CrossRef]

28. Simopoulos, A.P.; DiNicolantonio, J.J. The importance of a balanced ω-6 to ω-3 ratio in the prevention and management of
obesity. Open Heart 2016, 3, e000385. [CrossRef]

29. Park, S.; Lee, J.J.; Lee, J.; Lee, J.K.; Byun, J.; Kim, I.; Ha, J.H. Lowering n-6/n-3 ratio as an important dietary intervention to prevent
LPS-inducible dyslipidemia and hepatic abnormalities in ob/ob mice. Int. J. Mol. Sci. 2022, 23, 6384. [CrossRef]

30. Angela, M.; Gajda, M.S. High fat diets for diet-induced obesity models. In A Brief Review of the Scientific Literature; Research Diets,
Inc.: New Brunswick, NJ, USA, 2008.

31. Hariri, N.; Thibault, L. High-fat diet-induced obesity in animal models. Nutr. Res. Rev. 2010, 23, 270–299. [CrossRef]
32. Thrivikraman, K.V.; Huot, R.L.; Plotsky, P.M. Jugular vein catheterization for repeated blood sampling in the unrestrained

conscious rat. Brain Res. Protoc. 2002, 10, 84–94. [CrossRef] [PubMed]
33. Cid-Hernandez, M.; Dellamary-Toral, F.A.L.; Gonzalez-Ortiz, M.J.; Sanchez-Pena, M.J.; Pacheco-Moises, F.P. Two dimensional

thin layer chromatography-bioautography designed to separate and locate metabolites with antioxidant activity contained on
Spirulina platensis. Int. J. Anal. Chem. 2018, 2018, 1–9. [CrossRef] [PubMed]

34. SAS Institute Inc. SAS/STAT® 9.1 User’s Guide; SAS Institute Inc.: Cary, NC, USA, 2004.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.5194/aab-62-437-2019
http://doi.org/10.4014/jmb.2102.02015
http://www.ncbi.nlm.nih.gov/pubmed/34099594
http://doi.org/10.1038/sj.ijo.0802501
http://www.ncbi.nlm.nih.gov/pubmed/14704745
http://doi.org/10.1046/j.1432-1327.2000.01126.x
http://doi.org/10.1152/ajpendo.90949.2008
http://www.ncbi.nlm.nih.gov/pubmed/19116371
http://doi.org/10.1530/JOE-14-0610
http://doi.org/10.1161/ATVBAHA.108.171538
http://doi.org/10.1097/MOL.0b013e3283462e16
http://doi.org/10.1146/annurev-nutr-071813-105541
http://doi.org/10.1155/2013/342973
http://www.ncbi.nlm.nih.gov/pubmed/24288675
http://doi.org/10.1074/jbc.M109.022467
http://www.ncbi.nlm.nih.gov/pubmed/19648649
http://doi.org/10.1016/j.devcel.2013.01.013
http://www.ncbi.nlm.nih.gov/pubmed/23415954
http://doi.org/10.1017/jns.2013.5
http://www.ncbi.nlm.nih.gov/pubmed/25191565
http://doi.org/10.1210/er.2008-0007
http://doi.org/10.1186/1476-511X-9-4
http://doi.org/10.1136/openhrt-2015-000385
http://doi.org/10.3390/ijms23126384
http://doi.org/10.1017/S0954422410000168
http://doi.org/10.1016/S1385-299X(02)00185-X
http://www.ncbi.nlm.nih.gov/pubmed/12431707
http://doi.org/10.1155/2018/4605373
http://www.ncbi.nlm.nih.gov/pubmed/30112003

	Introduction 
	Results 
	Incorporation Rate of 14C-Labeling Lipid and 14CO2 Emission Rate into Glycerolipid 
	Ememission of 14CO2 and Accumulation rate of 14C-Labeling Lipid in Tissue 
	The Ratio of Cholesteryl Ester Metabolized by the Liver 
	The Contribution Level of Glycerolipid within the Metabolic Turning Point 

	Discussion 
	Materials and Methods 
	Animal and Experimental Design 
	Experimental Diets and Feeding Management 
	Jugular-Vein Cannulation 
	Preparation of Lipopolysaccharides 
	In Vivo Injection and Respiratory Metabolism Trials 
	Thin-Layer Chromatography 
	Statistical Analysis 

	References

