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Non-alcoholic fatty liver disease (NAFLD) is believed to be the most prevalent liver disease worldwide and
a major cause of chronic liver injury. It is characterized by lipid accumulation in the absence of significant
alcohol consumption and frequently progresses to steatohepatitis, liver fibrosis, and hepatocellular
carcinoma. Although many studies have been conducted to better understand NAFLD since it was first
recognized, there are still many gaps in knowledge of etiology, prognosis, prevention and treatment.
Methionine-choline deficient (MCD) diet, a well-established experimental model of NAFLD in rodents,
rapidly and efficiently produces the clinical pathologies including macrovesicular steatosis and leads to
disease progression. In this study, we measured the response to MCD diet in C57BL/6N mice obtained
from three different sources; Korea NIFDS, USA, and Japan. We evaluated changes in body weight, food
consumption, and relative weights of tissues such as liver, kidney, gonadal white adipose tissue, inguinal
white adipose tissue, and brown adipose tissue. These basic parameters of mice with an MCD diet were
not significantly different among the sources of mice tested. After 3 weeks on an MCD diet,
histopathological analyses showed that the MCD diet induced clear fat vacuoles involving most area of
the acinus in the liver of all mice. It was accompanied by increased serum activities of alanine
aminotransferase and aspartate aminotransferase, and decreased levels of serum triglyceride and
cholesterol. In conclusion, the response of C57BL6N mice originating from different sources to the MCD
diet showed no significant differences as measured by physiological, biochemical, and histopathological
parameters.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is believed

to be the most prevalent liver disease worldwide and

major reason for chronic liver injury [1]. It is

characterized by lipid accumulation in the absence of

significant alcohol consumption and frequently progresses

to steatohepatitis, liver fibrosis, and hepatocellular
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carcinoma [2]. The main hypothesis of disease progression

is considered to be the increased susceptibility to

inflammatory cytokines and oxidative stress in fatty liver

[3-5]. Although many studies have been done on

NAFLD since the initial recognition of NAFLD, there

are still many gaps related to our understanding of

etiology, prognosis, prevention and treatment. Thus,

well-established experimental animal models that mimic

human pathology will provide a great opportunity to

overcome genetic heterogeneity and various environmental

factors influencing NAFLD.

There are several diet-induced models of NAFLD in

small animals and, of them, mice are generally employed

because of their short lifespan and the ease of gene

manipulation. Currently, the C57BL/6 is the most widely

used inbred mouse strain, and is commonly employed in

the study of NAFLD [6,7]. The C57BL/6 inbred strain

was established at the Jackson Laboratory as “subline 6”

from the parental strain C57BL in 1948. One consequence

of the popularity of the C57BL/6 strain has been the

development of many substrains around the world.

While all are referred to as C57BL/6, substrains are

distinguished from one another by the series of letters

(called lab codes) following the C57BL/6 designation.

For example, C57BL/6 substrains established by

commercial vendors such as Charles River, Taconic,

Harlan and Jackson Labs are referred C57BL/6NCrl,

C57BL/6NTac, C57BL/6NHsd and C57BL/6J, respectively.

In the case of the Crl, Tac and Hsd substrains, the “N”

indicates that these populations were originally raised at

the National Institutes of Health (NIH). Thus, at the

current time, C57BL/6J and C57BL/6N have been separated

for around 220 generations. Although genetically very

close, variations of the gene across generations will

occur. In fact, these changes have resulted in phenotypic

differences between C57BL/6 substrains [8-12].

To induce NAFLD, the methionine-choline deficient

(MCD) diet is the most widely used in rodents. Although

it does not induce characteristics of obesity due to weight

loss, it is a very reproducible and consistently induces a

spectrum of NAFLD depending on duration [13,14].

Rodents fed an MCD diet rapidly develop the clinical

pathologies from macrovesicular steatosis to hepatic

fibrosis [15]. Choline is the substrate in the synthesis of

phosphatidylcholine which is required for very low-

density lipoprotein (VLDL) and its deficiency induce

lipid accumulation in the liver [16]. Essential amino

acids, methionine deficiency reduces the biosynthesis of

glutathione (GSH) through transsulfuration pathway,

followed by causing oxidative stress and contributing to

disease progression [17].

The objective of this study was to compare the response

to an MCD diet in the C57BL/6N mice obtained from

three different sources; the National Institute of Food

and Drug Safety Evaluation (NIFDS) in Korea, USA,

and Japan. A study comparing the response to MCD diet

could provide the utility of mice originated from Korea

NIFDS in the preclinical test to develop new drug of

NAFLD.

Materials and Methods

Animals and treatment

6-week-old male C57BL/6N mice were obtained from

three different sources. C57BL/6NKorl were kindly

provided by the Department of Laboratory Animal

Resources in the National Institute of Food and Drug

Safety Evaluation (NIFDS, Cheongju, Korea). The other

two groups of C57BL/6N strain were purchased from

different vendors located in the United States (referred

A: C57BL/6N) and Japan (referred B: C57BL/6N). All

animal protocols were approved by the Institutional

Animal Care and Use Committees at Pusan National

University (PNU-2015-0837). Mice were acclimated to

temperature (22±2oC) and humidity (55±5%)-controlled

rooms with a 12 h light/dark cycle for 1 week prior to

use. They were randomly divided into 2 groups and fed

a diet deficient in methionine and choline (MCD) or the

control diet with methionine and choline for 3 weeks.

The diets were obtained from Dyets Inc. (Bethlethem,

PA, USA) and the composition of the diets was shown

in Table 1. To assess the effect of MCD supplementation

on various organs, liver and kidney as well as adipose

tissue depots such as visceral (i.e., gonadal) and

subcutaneous (i.e., inguinal) white adipose tissue (WAT),

and inter-scapular brown adipose tissue (BAT) were

harvested.

Serum parameters and histological analyses

A blood sample was obtained from the abdominal

aorta of each mouse and transferred into BD Microtainer

Blood Collection Tube (BD Life Sciences, Franklin

Lakes, NJ, USA). The samples were centrifuged at

3000 g for 15 min to separate the sera, which were stored

at −80oC for the biochemical analyses. Serum activities

of alanine aminotransferase (ALT) and aspartate amino-
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transferase (AST) were measured using the protocol of

Reitman and Frankel [18]. ALT and AST activities are

proportional to the amount of pyruvate and oxaloacetate,

respectively, formed over a definite period of time and

are measured by a reaction with 2.4-dinitrophenyl-

hydrazine in alkaline solution. They were quantified

spectrophotometrically using an MULTISKAN GO

reader (Thermo Scientific, Waltham, MA, USA). The

serum levels of total cholesterol and triglycerides were

determined by using an Automated Chemistry Analyzer

(Prestige 24I, Tokyo Boeki Medical System, Tokyo,

Japan).

Oil red O staining in liver tissues

To evaluate the levels of lipid accumulation in liver

tissue, 5 µm cross sections of the left lateral lobe of the

liver were sliced, immersed in propylene glycol for 5

min, and then stained with Oil red O (Sigma Aldrich).

After washing with 85% propylene glycol and distilled

water, the sections were counterstained with hematoxylin

for 2 min before microscopic examination.

Statistical analysis

All results expressed as mean±standard deviation

(SD) and analyzed by one-way analysis of variance

(ANOVA) followed by Newman-Keuls multiple range

test (parametric). The acceptable level of significance

was established at P<0.05.

Results

Effect of MCD diet on food consumption and body

weight during treatment

Daily observations for 3 weeks showed no change in

dietary intake in the MCD diet-fed mice compared with

control diet-fed mice (Figure 1A). However, mice fed

the MCD diet lost body weight gradually compared with

mice fed the control diet (Figure 1B). Otherwise, the

general condition of MCD diet-fed mice remained good

throughout the experimental period.

Changes in body weight and relative weight of organs

including liver, kidney, and adipose tissues in mice

receiving a supplemented MCD diet at the end of the

treatment

MCD-fed mice lost 31, 36, and 35% of their body

weight in C57BL/6NKorl, A:C57BL/6N, and B:C57BL/

6N, respectively, at the end of 3 weeks (Figure 2A).

Although liver-to-body weight ratios in MCD diet-fed

mice was slightly decreased with a similar degree in line

with the previous finding [15], it showed significant

reduction in both A:C57BL/6N and B:C57BL/6N,

(Figure 2B). Metabolic interactions between liver and

adipose tissue are known to be involved in the pathogenesis

of NAFLD [19,20]. In particular, hyper-lipolysis of WAT

can contribute to triglyceride accumulation in livers in an

MCD diet-induced NAFLD model [21]. In line with this,

we examined the mass changes in adipose tissue depots

in mice fed MCD diet. Although we only observed a

significant decrease in the gonadal WAT of MCD-fed

B:C57BL/6N mice, the relative weight of gonadal and

inguinal WAT to body weight tended to decrease in all

groups, suggesting lipolysis in WAT may be related to

induction of steatosis in the mice treated MCD diet for

3 weeks. The weight ratio of kidney-to-body (Figure 2C)

and BAT-to-body (Figure 2F) was not changed by MCD

diet-treatment in all mice.

Table 1. Composition of the MCD diet

Ingredients Control diet (g/kg) MCD-diet (g/kg)

L-Alanine 5.1 5.1

L-Arginine 12.7 12.7

L-Aspartic Acid 15.8 15.8

L-Cystine 3.7 3.7

L-Glutamic Acid 28.9 28.9

Glycine 6.2 6.2

L-Histidine 3.4 3.4

L-Isoleucine 6.1 6.1

L-Leucine 10.5 10.5

L-Lysine-HCl 9.1 9.1

L-Methionine 1.7 0

L-Phenylalanine 7.3 7.3

L-Proline 7.6 7.6

L-Serine 7.2 7.2

L-Threonine 4.6 4.6

L-Tryptophan 1.8 1.8

L-Tyrosine 5.7 5.7

L-Valine 6.3 6.3

Cornstarch 100 100

Dextrin 100 100

Sucrose 392.19 408.58

Cellulose, Microcrystalline 50 50

Corn Oil 50 50

Primex 100 100

Salt Mix 35 35

Sodium Bicarbonate 4.3 4.3

Vitamin Mix 10 10

Choline Bitartrate 14.48 0

Ferric Citrate 0.33 0.12

Total 1000 1000
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Lipid accumulation in the liver of mice supplemented

with the MCD diet for 3 weeks

To evaluate the accumulation of triglycerides and

lipids, liver sections were stained with Oil red O, a fat-

soluble dye (Figure 3). As we expected, we observed

that the supplementation of MCD diet induced dramatic

lipid accumulation with mostly a macrovesicular type in

the liver and there was no significant difference among

the source of mice.

Effect of the MCD diet on ALT and AST activities, and

the levels of total cholesterol, and triglyceride in the

serum

Serum activities of ALT (Figure 4A) and AST (Figure

4B), indicators of liver injury, were dramatically increased

by the supplementation of MCD diet for 3 weeks. The

MCD diet significantly decreased serum cholesterol

(Figure 4C) and triglyceride (Figure 4D) levels in the

mice of all sources, which was presumably attributable

to a defect in hepatic secretion of triglycerides.

Discussion

NAFLD, the hepatic manifestation of metabolic

syndrome, is an emerging global public health issue due

to its high prevalence and characteristic disease progression

[22]. Clinical studies have showed that 10-20% of

NAFLD patients have NASH, and 10-15% of NASH

patients eventually progress into liver cirrhosis via hepatic

fibrosis and even into hepatocellular carcinoma [22-24].

Despite a growing understanding of the global NAFLD

epidemic, there is no definite pharmacotherapy available

and a better understanding of its pathophysiology will

help in the development of potential therapies. Currently,

various animal models of NAFLD such as genetic,

dietary, and combination models are used in the laboratory

[25]. Although it is necessary to reflect histopathology

and pathophysiology of human disease in these models,

they have limitations, and specific advantages and

disadvantages.

MCD diets have been used for over 40 years to study

NAFLD. Animals fed an MCD diet develop remarkable

lipid accumulation in the liver by 2-4 weeks and further

progress to inflammation and fibrosis shortly thereafter

[26,27]. The mechanism for steatosis on a MCD diet

appears to be decreased mitochondrial oxidation of fatty

acids and decreased export of fatty acids in the form of

very low density lipoprotein due to lack of phospha-

tidylcholine synthesis [28,29]. Importantly, unlike human

or other diet-induced rodent models of NAFLD, MCD

diet models lead to weight loss and no insulin resistance

[6,30]. Although this contrasts to the typical human with

NAFLD, who presents as obese and insulin resistant,

MCD diet model has the advantage of being more

efficient and reproducible for inducing NAFLD. Moreover,

it is suggested that the MCD diet is a better model to

Figure 1. Changes in body weight (A) and food consumption (B) of mice originating from different sources following 3 weeks of the
MCD diet. “C57BL/6NKorl” from the National Institute of Food and Drug Safety Evaluation in Korea; “A:C57BL/6N” from vendor in
the United States; “B:C57BL/6N” from vendor in Japan.
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study the pathobiological mechanisms resulting in

human NAFLD compared with western diet models

[31].

Inbred strains are an interesting and useful animal

resource with relevance in several research fields. These

animal models are commonly involved in biomedical

and behavioral experiments, and they have contributed

substantially to the knowledge and understanding of

multiple biological mechanisms and metabolic pathways

[32-34]. Specifically, the C57BL/6 mouse is widely

employed in metabolic research including diabetes,

obesity, and NAFLD [35-37] and it was proved that this

strain developed the most inflammation and necrosis,

and best approximated the histological features of

NAFLD spectrum [6]. Recently, the National Institute of

Food and Drug Safety Evaluation (NIFDS) in Korea has

an established C57BL6/N mice named “Korl:C57BL6/

N” in the Guidelines for Nomenclature of Mouse Strains

[38].

The purpose of this study was to characterize C57BL6/

NKorl in NAFLD and characterize its utility in the

research of pathogenesis and preclinical drug development.

It was performed using one of the most common dietary

models, MCD diet-induced NAFLD, and the focus was

on the general physiological, biochemical, and histo-

pathological changes. We determined the changes in

Figure 2. Effect of MCD diet for 3 weeks on the body weight (A) and relative weights of tissues including liver (B), kidney (C), gWAT
(D), iWAT (E), and BAT (F) of mice originating from three different sources. *, **, *** Significantly different from the corresponding
control mice (ANOVA followed by Newman-Keuls multiple range test, P<0.05, 0.01, 0.001, respectively). “C57BL/6NKorl” from the
National Institute of Food and Drug Safety Evaluation in Korea; “A:C57BL/6N” from vendor in the United States; “B:C57BL/6N” from
vendor in Japan.
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body weight, food consumption, and relative weights of

tissues such as liver, kidney, gonadal white adipose

tissue, inguinal white adipose tissue, and brown adipose

tissue. These basic parameters of mice with an MCD diet

for 3 weeks showed no significant difference between

origins. Histopathological analysis showed that the

MCD diet for 3 weeks induced clear fat vacuoles

involving most area of the acinus in the liver of all mice.

Severe lipid accumulation in the liver was accompanied

by increased serum activities of alanine aminotransferase

Figure 3. Effect of MCD diet for 3 weeks on the lipid accumulation in the liver of mice originating from three different sources. It was
accomplished by staining with Oil red O. 40X magnification. “C57BL/6NKorl” from the National Institute of Food and Drug Safety
Evaluation in Korea; “A:C57BL/6N” from vendor in the United States; “B:C57BL/6N” from vendor in Japan.

Figure 4. Effect of MCD diet for 3 weeks on the activities of (A) alanine aminotransferase (ALT) and (B) aspartate aminotransferase
(AST), and the levels of (C) total cholesterol and (D) triglycerides in the serum of mice originating from three different sources. **, ***
Significantly different from the corresponding control mice (ANOVA followed by Newman-Keuls multiple range test, P<0.05, 0.01,
0.001, respectively). “C57BL/6NKorl” from the National Institute of Food and Drug Safety Evaluation in Korea; “A:C57BL/6N” from
vendor in the United States; “B:C57BL/6N” from vendor in Japan.
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and aspartate aminotransferase, and decreased serum

levels of triglyceride and cholesterol. In conclusion, the

response of C57BL6N mice originated from different

sources on MCD diet is no significant difference

evidenced by physiological, biochemical, and histo-

pathological parameters.
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