
Abstract. – Objectives: Nonalcoholic
steatohepatitis (NASH) is an advanced stage of
non-alcoholic fatty liver disease (NAFLD) from
steatosis. Methionine and choline are important
amino acids play a key role in many cellular
functions. Glycine is a non-essential amino acid
having multiple roles in many reactions. This
study aimed to investigate liver damage induced
by feeding male albino rats either methionine
deficient (MD), choline deficient (CD), or MCD di-
ets. And to clarify the alleviatory effect of dietary
glycine supplementation (5%) on reduced com-
plications caused by feeding each of the defi-
cient diets.

Material and Methods: Nutritional status,
liver functions, lipids profile, hepatic oxidative
stress, hepatic antioxidant enzymes, tumor
markers and hepatic fatty acid transport protein
gene were assessed.

Results: Rats fed with either MD or MCD diet
had less body weight gain unlike rats fed the CD
diet. Liver injury was detected in deficient
groups by elevating plasma ALT, AST, ALP, total
and direct bilirubin, albumin and protein levels.
Lipid accumulation was more prominent in rats
fed the MCD or CD diet than in those fed the MD
diet. Fatty acid transport protein (FATP) was sig-
nificantly elevated in the different glycine sup-
plemented groups.

Conclusion: Oral administration of glycine
confers a significant protective effect by optimiz-
ing all the assessed parameters and gene ex-
pression.

Key Words:
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is
defined as the accumulation of fat in the liver
(conventionally set as more than 5% by weight)
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in the absence of secondary causes such as in-
creased alcohol consumption and other forms of
chronic liver disease1. NAFLD is the most com-
mon chronic liver disorder in the world, with a
prevalence of approximately 20% in the general
population and up to 95% among those with obe-
sity. NAFLD represents a broad spectrum of liver
disease ranging from mild steatosis to steatohep-
atitis featuring severe steatosis (> 60% hepato-
cytes affected) hepatocellular injury, progressive
chronic inflammation and fibrosis2.

Liver plays a central role as both victim and
culprit in obesity-related disorders and obesity.
Insulin resistance (i.r.) of the white adipose tissue
results in an increased fatty acid flux to the liver
with a subsequent ectopic fat deposition in the
hepatocytes. Fatty liver disease has been linked
to insulin resistance and progression of athero-
sclerosis and, thus, by itself may be a major ag-
gravating factor in the pathogenesis and progres-
sion of the metabolic syndrome and its associat-
ed disorders1.

Lipid abnormalities can also affect glucose
homeostasis. This is usually explained by the
“lipotoxicity” hypothesis. According to this hy-
pothesis, abnormal accumulations of triglyc-
erides and fatty acyl-CoA in muscle and liver can
result in i.r. Because insulin resistance induces
peripheral lipolysis and the delivery of free fatty
acids to the liver, levels of potentially hepatotox-
ic free fatty acids are increased. Hepatocytes pro-
tect themselves by binding, transforming, catabo-
lizing, and exporting excess free fatty acids3.

Nutritional models based on methionine
choline deficient (MCD) diet leads to the im-
paired formation of very-low-density-lipopro-
teins (VLDL), contributing to the development of
steatosis, hepatic inflammation, and fibrosis4.
Rodents fed on MCD diet have been shown to
have higher levels of serum tumor necrosis fac-
tor-alpha (TNF-α) and are more sensitive to en-
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dotoxin exposure. Additionally, they had in-
creased levels of oxidative stress, which may be
important in the progression of steatosis to non-
alcoholic steatohepatitis (NASH)5. However,
choline can be biosynthesized via methionine
and choline deficiency alone does not seem to
impair the VLDL excretion. Therefore, the clini-
cally relevant pathological features such as in-
creased oxidative stress and the Kupffer cell-me-
diated inflammatory response contributing to the
development of steatohepatitis, as described with
the MCD diet, are not necessarily similarly in-
duced by the choline deficient (CD) diet2.

Glycine is a non-essential amino acid, having
multiple roles in many reactions, such as gluco-
neogenesis, purine, haem synthesis and bile acid
conjunction. Glycine is said to activate chloride
channels in Kupffer cells, which hyperpolarizes
the cell membrane and blunts intracellular
Ca2+concentrations similar to its action in neu-
rons, and also decreases the levels of superoxide
ions from neutrophils via glycine-gated chloride
channels. Glycine has been reported to inhibit the
activation of macrophages and TNF-α release.
Glycine reduces reperfusion injury, prevents liver
damage after chronic exposure to alcohol, and at-
tenuates lipid peroxidation and glutathione de-
pletion induced by different hepatotoxins6. A diet
supplemented with glycine minimizes injury by
endotoxin shock induced by D-galactosamine7 or
cyclosporine8. Moreover, glycine prevents hepat-
ic cancer by inhibiting angiogenesis and endothe-
lial cell proliferation9.

The present study was designed to explore a
possible new strategy to improve recovery from
NAFLD in rat model. Glycine, a non toxic amino
acid, may be a useful tool during the prognosis of
liver diseases. Hence, the effect of oral adminis-
tration of glycine on liver function, lipids profile,
tumor initiation and the expression of main he-
patic lipid transporter gene are evaluated in rats
with NAFLD induced by methionine and choline
either alone or in combination.

Material and Methods

Diets and Animals
Adult male albino rats “Sprague-Dawely

strain” weighing 90-105 g were obtained from
Research of Bilharzias Institute. Academic of
Scientific Research and Technology. Cairo,
Egypt. Rats were acclimatized to laboratory con-
ditions for 3 days, maintained at constant 24 C°
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with 12 h light-dark cycle and fed a standard
control diet and water ad libitum. After acclima-
tization, the rats were randomized into seven ex-
perimental groups (n = 10/group) and fed on a
different purified diets prepared for 4 weeks.
Groups were designed as follows10.

Control group; rats received standard control
diet.

MD group: Rats received standard control diet
deficient in methionine.

CD group: Rats received standard control diet
deficient in choline.

MCD group: Rats received standard control diet
deficient in methionine and choline.

MD+G group: Rats received standard control di-
et deficient in methionine and supplemented
with 5% glycine.

CD+G group: Rats received standard control di-
et deficient in choline and supplemented with
5% glycine.

MCD+G group: Rats received standard control
diet deficient in methionine and choline and
supplemented with 5% glycine.

Glycine supplementation was equivalent to 5
g/100 g diet according to Stachlewitz et al7.

The daily food consumption and body weight
were measured and after the designed period rats
were sacrificed under ether anesthesia. Blood
was collected from the hepatic portal vein, cen-
trifuged (10 min, 3000 rpm, 4° C) and plasma
was stored at -80 C°. Livers were removed,
weighed and stored at –80° C.

Biochemical Analysis

Liver Function Tests
Plasma samples were analyzed colorimetrical-

ly for the assessment of the activities of alanine
and asparate aminotransferases (ALT and AST)
and alkaline phosphatase (ALP) by using (QCA)
kits (Quimica Clinica Aplicada S.A. kits. Aspar-
tado, Amposta, Spain). Also, the concentration of
each of the total and direct bilirubin, protein and
albumin were determined colorimetrically using
(QCA) kits (Quimica Clinica Aplicada S.A. kits.
Aspartado, Amposta, Spain).

Assessment of Lipids Profile
Hepatic lipids were extracted by the chloroform:

methanol extraction method. Total lipids, total cho-
lesterol (TC) and triacylglycerols (TAG) were de-
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Relative liver weight Absolute liver weight Body weight gain
(g %) (g) (g) Group

3.42 ± 0.77 6.91 ± 1.41 106.54 ± 11.19 Control
4.42 ± 0.52 8.15 ± 0.78 94.44 ± 15.85 MD
3.94 ± 0.35 8.90 ± 0.96 134.0 ± 11.08 CD
4.32 ± 0.26 7.59 ± 0.88 80.64 ± 15.97 MCD
5.09 ± 0.27 7.74 ± 0.73 61.66 ± 13.48 MD + G
5.83 ± 0.40 6.76 ± 0.67 25.56 ± 9.65 CD + G
4.00 ± 0.31 4.56 ± 0.64 32.40 ± 7.72 MCD + G

Table I. Body weight gain, absolute liver and relative weight values of adult male albino rats fed on different experimental diets.

Values are the mean ± S.D.

termined colorimetrically in both liver extract and
plasma using (QCA) kits (Quimica Clinica Aplica-
da S.A. kits. Aspartado, Amposta, Spain).

Assessment of Hepatic Lipid Peroxidation
The hepatic oxidative stress was assessed as

malondialdeyde (MDA) in liver supernatant of a
phosphate buffered saline (PBS) solution, pH 7.4
containing 0.16 mg/ml heparin. Both of the he-
patic antioxidant activities of SOD and GSH
were determined. SOD activity was assessed in
liver supernatant of ice-cold 0.25 M sucrose solu-
tion. GSH activity was assessed in liver super-
natant of 3% sulfosalicylic acid (5% ho-
mogenate) using (QCA) kits (Quimica Clinica
Aplicada S.A. kits. Aspartado, Amposta, Spain).

Assessment of tumor markers
The plasma activities of both α-L-Fucosidase

and arginase were measured colorimetrically us-
ing kits (QCA). (Quimica Clinica Aplicada S.A.
kits. Aspartado, Amposta, Spain).

Expression of Hepatic Fatty Acid
Transport Protein (FATP)

Total RNA extraction was performed from
frozen liver specimens with high pure RNA iso-
lation kit (Roche) (Roche Applied Science,
Mannheim, Germany) according to the manufac-
turer’s instructions. Transcription was performed
according to the manufacturer’s instructions.
Conditions for PCR amplifications were as fol-
lows: initial denaturation at 95° C for 10 min;
followed by 40 cycles of 60 s denaturation at 95°
C; 30 s annealing at 60° C; and 30 s extension at
72° C. The primer set used for amplification of
FATP were as follows; 5’-TCAAGGTGTGCT-
CAACAGCC-3` and 5’-AGGATAAAACACAC-
CAACTGT-3`

The signal intensities of PCR products were
separated on agarose gel and were visualized by
fam staining. The products’ signal intensities
were determined by comparative delta CT
method according to (Vandesompele et al)11.

Statistical Analysis
The data were statistically analyzed by SPSS

version 9.0 statistical packages (SPSS Inc,
Chicago, IL, USA). Data were presented as a
mean ± S.D.; statistical differences between
groups were performed using Student’s t-test.
Differences considered significant when p < 0.05
and p < 0.01.

Results

In all of the experimental groups, physical ac-
tivity was similar and appearance of animals re-
mained healthy.

The mean body weight gain of rats fed the
MCD diet was significantly less than the rats fed
either CD, MD or control diets (p < 0.01). Rats
administered either of the deficient diets had a
highly significant elevation (p < 0.01) in both ab-
solute and relative liver weights comparing with
control group. Whereas, rats fed on the different
glycine supplemented diets had a significant de-
crease (p < 0.01) in each of the body weight gain
and the absolute liver weights (Table I).

The plasma and hepatic lipid profiles were sig-
nificantly elevated (p < 0.01) in all of the groups
fed the deficient diets compared with those fed
the control diet, which has the significantly low-
est concentration. Supplementation of glycine to
the different deficient diets decreases significant-
ly both of the plasma and hepatic lipids by com-
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Hepatic TAG Hepatic TC Hepatic total lipids
(mg/g) (mg/g) (mg/g) Group

55.81 ± 7.30 39.91 ± 6.90 57.91 ± 12.67 Control
79.27 ± 8.15 53.70 ± 11.04 129.23 ± 11.78 MD

105.19 ± 11.98 57.70 ± 14.05 153.24 ± 12.33 CD
116.68 ± 12.19 58.50 ± 10.49 169.66 ± 14.23 MCD
61.92 ± 5.97 41.98 ± 10.49 91.08 ± 14.28 MD+G
95.64 ± 9.31 42.58 ± 8.88 114.20 ± 13.65 CD+G
77.69 ± 8.38 50.23 ± 10.05 84.19 ± 11.11 MCD+G

Table II. Hepatic total lipids, total cholesterol (TC), and triacylglycerol (TAG) values of adult male albino rats fed on different
experimental diets.

Values are the mean ± S.

Plasma TAG Plasma TC Plasma total lipids
(mg/ dL) (mg/ dL) (mg/dL) Group

52.70 ± 10.70 40.70 ± 10.93 260.15 ± 10.21 Control
75.77 ± 10.65 76.00 ± 7.04 686.77 ± 14.25 MD
78.10 ± 8.23 95.13 ± 13.74 707.41 ± 7.13 CD
71.83 ± 10.28 71.13 ± 6.58 498.60 ± 12.06 MCD
55.40 ± 9.20 58.85 ± 11.22 451.20 ± 10.60 MD+G
57.39 ± 8.30 68.43 ± 10.30 456.59 ± 12.71 CD+G
57.20 ± 15.20 50.90 ± 13.28 266.30 ± 8.09 MCD+G

Table III. Plasma total lipids, total cholesterol (TC), and triacylglycerol (TAG) concentrations of adult male albino rats fed on
different experimental diets.

Values are the mean ± S.D.

with those of rats fed the control diet. Otherwise,
the added glycine could significantly lower both
of the activities of rats fed the glycine supple-
mented diets (Table V).

Table V showed the ameliorative effect of
glycine in lipid peroxidation in all of the rats fed
the supplemented diets with a highly significant
difference (p < 0.01). The lipid peroxidation is
expressed as hepatic malondialdehyde (MDA)
and hepatic antioxidant enzyme activities of su-
peroxide dismutase (SOD) and reduced glu-
tathione (GSH).

Figure 1 and Table VI show quantitatively a
clear significant increment in the expression of
the hepatic FATP gene of rats fed each of the ex-
perimentally glycine supplemented diets com-
pared with the other groups of rats fed the glycine
unsupplemented diets. Moreover, there was a sig-
nificant difference between the hepatic gene ex-
pression of rats fed the control diet and all of the
other groups of rats fed the different experimental
diets except those fed the MCD + G diet.

paring the supplemented groups with its respec-
tive deficient groups. Although hepatic lipid ac-
cumulation was more prominent in rats fed the
MCD or CD diets than those fed the MD diet,
that this feature is vice versa in plasma values
(Tables II and III).

All of the estimated liver function tests shown
in Table IV of rats fed the different deficient diets
were significantly elevated (p < 0.01) comparing
with both of the control and the glycine supple-
mented diets. However, there was no significant
difference among the values of the plasma direct
bilirubin of the different experimental diets, ex-
cept between the groups of rats fed the MCD diet
and the control diets (p < 0.01). Supplementation
of glycine to the different deficient diets im-
proves the liver function by comparing between
that of the deficient groups with its respective
supplemented ones.

Each of the plasma α -L-fucosidase and
arginase activities of all the experimental groups
were higher significantly (p < 0.01) compared
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resolution of a fatty liver following a gradual
weight loss14. However, van der Poorten et al15

showed a closely linkage between the visceral
fast assessed using magnetic resonance imaging
and the severity of NAFLD. The visceral fat is
not only a storage organ for free fatty acids
(FFA), but also seems to participate directly in
NAFLD pathogenesis in different ways, therefore
interfering with both liver fat accumulation and
progression from fatty liver to NASH. Further-
more, visceral fat acts as an endocrine organ able
to interfere with cytokine/adipokine network, se-
creting different molecular mediators, such as
FFA, adiponectin, leptin, TNF, IL-6, monocyte
chemoattractant protein 1 (MCP-1), an-
giotensinogen, etc16.

Feeding of animals a CD-high fat diet showed
an accumulation of fat in liver with an improve-
ment in both insulin sensitivity and glucose toler-
ance. These data suggested that the hepatic fat

Discussion

The present study elucidated three different
nutritional models as a precursors for the
NAFLD in an animal model, based on deficien-
cies in methionine and/or choline. Also, there is a
trail to evaluate the role of glycine in the preven-
tion of the fatty liver complications. Our data
showed that the highest accumulation of fats was
recorded in the groups of rats fed the CD diet fol-
lowed by those fed the MD diet, then finally the
rats fed the MCD diet. These findings were
closely related to those of Vetelainen et al2 and
Picard et al12. Since overweight and obesity are
closely associated with NAFLD, with the likeli-
hood of the appearance of the NASH increasing
the degree of obesity13. Glycine administration
recorded an ameliorative effect on the degree of
fat accumulation. This feature is emphasized by
numerous reports which have documented the

Plasma Plasma
Plasma Plasma Plasma Plasma Plasma direct total

ALP AST ALT albumin protein bilirubin bilirubin
(U/L) (U/L) (U/L) (mg/dL) (g/dL) (mg/dL) (mg/dL) Group

1.16 ± 0.42 8.25 ± 1.04 6.31 ± 0.93 3.08 ± 0.82 7.59 ± 0.92 0.21 ± 8.0 × 10-2 0.40 ± 0.13 Control
2.62 ± 0.65 9.05 ± 1.62 7.03 ± 1.04 3.71 ± 0.49 8.97 ± 1.04 0.28 ± 9.9 × 10-2 0.70 ± 8.5 × 10-2 MD
2.35 ± 0.94 8.75 ± 0.63 7.33 ± 0.83 3.98 ± 0.83 7.77 ± 1.01 0.22 ± 9.2 × 10-2 0.49 ± 7.2 × 10-2 CD
2.54 ± 1.08 9.69 ± 1.23 8.07 ± 0.54 3.42 ± 0.56 8.08 ± 0.92 0.32 ± 7.3 × 10-2 0.70 ± 0.13 MCD
1.32 ± 0.92 8.92 ± 1.08 7.53 ± 1.20 2.97 ± 0.77 7.59 ± 1.26 0.21 ± 8.4 × 10-2 0.54 ± 0.12 MD + G
2.24 ± 0.86 8.10 ± 1.49 6.95 ± 0.64 3.27 ± 0.73 6.05 ± 1.04 0.17 ± 6.0 × 10-2 0.44 ± 8.2 × 10-2 CD + G
1.80 ± 1.03 8.24 ± 0.88 6.55 ± 1.17 3.04 ± 0.9 6.36 ± 1.0 0.17 ± 8.6 × 10-2 0.47 ± 0.17 MCD + G

Table IV. Plasma total and direct bilirubin, albumin and protein concentrations and alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and alkaline phosphatase (ALP) activities of adult male albino rats fed on different experimental diets.

Values are the mean ± S.D.

Plasma arginase
Hepatic SOD Hepatic GSH Hepatic MDA αα-L-Fucosidase Plasma

(U/g) (mg/g) (nmol/g) (U/L) (U/L) Group

9.99 ± 1.85 24.87 ± 1.58 5.29 ± 0.058 0.80 ± 0.37 0.65 ± 0.45 Control
12.96 ± 2.55 33.96 ± 1.42 10.89 ± 1.25 49.21 ± 6.36 3.42 ± 0.98 MD
14.25 ± 0.68 36.48 ± 1.78 11.36 ± 0.59 40.12 ± 13.1 3.46 ± 0.90 CD
17.98 ± 0.68 40.95 ± 0.99 13.89 ± 1.75 38.28 ± 11.9 4.35 ± 1.36 MCD
10.55 ± 1.47 29.48 ± 0.68 6.89 ± 1.11 33.52 ± 8.82 2.98 ± 0.65 MD + G
11.39 ± 1.55 27.55 ± 1.25 8.63 ± 0.89 32.29 ± 10.2 2.39 ± 0.90 CD + G
11.38 ± 2.89 31.65 ± 0.96 9.58 ± 0.68 31.15 ± 9.95 2.03 ± 1.20 MCD + G

Table V. Plasma α-L-Fucosidase and arginase activities and hepatic lipid peroxidation status of adult male albino rats fed on
different experimental diets.

Values are the mean ± S.D. 
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accumulation does not cause insulin resistance in
diet-induced obesity. Thus, unlike the MCD diet,
the insulin-sensitizing effect of CD diet could not
attributed to weight loss17.

The present study showed the greater hepatic
fat accumulation in rats fed the CD or MCD diets
than those fed the MD diet. Whereas plasma fats
levels were elevated in the rats receiving the CD
diet than that of the other two deficient groups.
In addition, the hepatic FATP gene expression
showed a clear increment in all of the three dif-
ferent deficient groups (MD, CD and MCD). 

The proposed biochemical basis of fatty accu-
mulation in choline and/or methionine deficiency
is attributed to the impaired phosphatidyl choline
(PC) synthesis, which is essential for the hepatic

VLDL secretion. PC synthesis occurs through a
direct incorporation of the performed choline into
the phosphatidyl compounds (CDP pathway) or
through the stepwise methylation of the adenosyl-
methionine18. The unimpaired PC synthesis via the
CDP pathway was detected in the choline-defi-
cient mice19. The results of this study were related
with the previous above investigations demonstrat-
ing that the deprivation of a dietary choline and or
methionine to animals induces a fatty liver. How-
ever, the mechanism operating in each case may
differ. MCD diet-fed animals accumulate fat in the
central perivenous zone of the liver, whereas ani-
mals on CD diet first accumulate fat in the peri-
portal zone before it spills over into the other ar-
eas. Deficiency of both methionine and choline
impairs the hepatocyte secretion of VLDL both in
vivo and in vitro17.

The hepatocyte accumulation of TAG in the
NAFLD may be due to insulin resistance which
has a central role both in the disease development
and progression20. The impaired peripheral in-
sulin action leads to an uninhibited white adipose
tissue lipolysis resulting in an increased flux of
fatty acids to the liver and to a compensatory hy-
perinsulinemia which in turn determines an en-
hanced de novo hepatic lipogenesis. These two
factors are central in leading to the hepatic accu-
mulation of TAG21. Hepatic de novo lipogenesis
accounts for 25% and is driven by an increased
hepatic activity of critical transcription factors
such as sterol regulatory element-binding pro-

Hepatic FATP
expression Group

41.09 ± 0.91 Control
32.94 ± 1.94 MD
33.12 ± 1.88 CD
28.78 ± 0.22 MCD
36.34 ± 0.34 MD +G
37.65 ± 2.35 CD + G
39.73 ± 2.27 MCD + G

Table VI. Hepatic expression of the FATP gene of adult
male albino rats fed on different experimental diets.

Values are the mean ± S.D.

Figure 1. Shows quantitatively a clear increment in the expression of the hepatic FATP gene of rats fed each of the experi-
mentally supplemented diets.
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tein-1c, carbohydrate response element-binding
protein and peroxisome proliferator-activated re-
ceptor. Other pathways such as impaired hepatic
fatty acid oxidation and/or impaired synthesis or
secretion of VLDL seem to be less important1.

The chronic exposure of non-adipose cells and
tissues to elevated concentrations of fatty acids,
TAG or cholesterol may trigger toxic effects.
Thus, hepatic lipotoxicity may ensure when the
hepatic capacity to utilize (oxidize) store and ex-
port fatty acids as TAG is overwhelmed by fatty
acid flux from the periphery (usually visceral
white adipose tissue) or hepatic de novo lipogene-
sis. Another factor may be the breakdown of he-
patocellular TAG (stored in lipid droplets) by in-
tracellular lipases, which may also contribute to
(increased) intracellular fatty acid load. In addi-
tion, alterations in the expression of fatty acid
transporter on the plasma membrane (FATP) and
fatty acid binding protein may also critically de-
termine the flux and concentration of fatty acid in
the liver and thereby promote the lipotoxicity22.
This explanation elucidated the increase in the he-
patic expression of FATP and plasma activities of
arginase and α-L-fucosidase in all of the three de-
ficient diets (MD, CD and MCD).

FATP is a fatty-acid transporter on the plasma
membrane. To verify the mechanism of glycine
in improvement the status of NAFLD, the ex-
pression of FATP was compared among the dif-
ferent dietary groups either glycine supplement-
ed or not. This study revealed that the expression
of FATP was significantly elevated in all of the
glycine supplemented groups (MD + G, CD + G
and MCD + G) compared with their respective
non supplemented groups. Similarly, the expres-
sion of FATP m-RNA was elevated in the PPAR-
α and -δ treatment NAFLD rats3.

All of the estimated hepatic function tests
were highly elevated in the rats administered any
of the deficient diets, indicating a symptom of
the liver injury induced by the the accumulation
of lipid according to NAFLD and its complica-
tions. These results were closely correlated with
the feature of Cave et al23 who reported that, al-
though NAFLD may present at any stage, includ-
ing cirrhosis with hepatocellular carcinoma, the
most common presentation was in the asympto-
matic, non-drinking patients where we may ob-
serve mildly elevated aminotransferases.

In the present study glycine, the non-essential
amino acid, addition (5 g/100 g diet) to each of
the methionine and/or choline deficient diets re-
verted the increase in body weight gain, the ele-

vation in plasma and hepatic lipids profile, liver
function tests, tumor markers and the disturbance
in the expression of hepatic FATP gene.

Liver is the most common site of damage in
laboratory animals administered drugs and other
chemicals. The extent of hepatic damage in the
glycine treated rats was reduced than non-treated
animals. These findings agree with Senthilkumar
and Nalini6, who found that, glycine supplemen-
tation (0.6 g/kg body weight) significantly low-
ered the activities of serum AST, ALT, ALP and
GGT. In addition, Yin et al24 showed a reduced
hepatic damage following the administration of
glycine to rats with alcohol induced liver injury.

It was reported that, glycine administration
(1% in drinking water) to male Wistar rats re-
duced the adipose tissue accumulation by stimu-
lating the hepatic fatty acid metabolism (trans-
port, activation or β-oxidation). This in turn de-
creased the non-esterified fatty acids concentra-
tion, which had been postulated to be a link with
obesity and reducing TAG25.

The hypocholesterolemic effect of glycine in
humans was firstly believed to be due to the al-
teration in insulin/glucagon ratios. Hence, the in-
creased postprandial plasma glycine concentra-
tion, following the consumption of a casein meal
supplemented with it, resulted in an elevated
plasma glucagon level with a decreased in-
sulin/glucagon ratio26. Lower insulin/glucagon
ratios are associated with enhanced hormone-
sensitive lipase in adipose tissue and decreased
activities of hepatic lipogenic substrates27.

There is evidence that glycine action is exerted
through the glycine receptors28. The glycine re-
ceptor is a pentameric chloride channel, ex-
pressed in neurons, Kupffer cells, neutrophils,
pancreas, and other cells in the body. After
glycine-receptor binding, ion chloride influx pro-
motes membrane hyperpolarization, inhibiting
calcium influx into the cell29. Since cytokine pro-
duction is dependent on influx of calcium into
the cell, the same effect may occur in fibroblast
and adipose cells. Hence, when type 2 diabetes
patients were treated with glycine, the pro-in-
flammatory cytokines diminished after 3 months
of treatment30.

There are interrelations among the adipokines,
each having an impact on the expression of the other.
Adiponectin, for example, reduces LPS-mediated in-
crease in m RNA IL-6 expression in pig adipocytes,
by attenuating NF-KB activation, and increases
PPAR-γ2 expression in adipocytes31. In another
study, adiponectin showed similar effects on TNF-α
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and IL-6 expression in porcine macrophages. Be-
sides, extra cellular IL-6 counter-regulated
adiponectin gene expression and secretion in 3T3-L1
adipocytes32.

The most dramatic effect of glycine in 3T3-L1
cells was the increment in PPAR-γ expression,
without any apparent adipocyte structural modifi-
cation or lipid accumulation30. Hence, there is ev-
idence that PPAR-γ expression is controlled by
adiponectin and vice versa31. Thus, the experi-
mental finding in 3T3-L1 cells demonstrated
clearly the effect of glycine on the expression of
the anti-inflammatory molecules. The regulation
of adipokine expression has important conse-
quences in fat tissue, and other insulin-target or-
gans due to the TNF-α and IL-6. These pro-in-
flammatory adipokines stimulate the serine phos-
phorylation of the insulin receptor substrate-1,
diminish the insulin-induced tyrosine phosphory-
lation, and subsequently block the next steps of
insulin signaling, where IRS-1 is associated with
phosphatidyl inositol 3 kinase and glucose trans-
porter type 4 (GLUT4) translocation, with the
appearance, therefore, of the i.r.33. 

Conversely, adiponectin acts as an anti-inflam-
matory protein and counteracts the effects of the
chronic inflammation. Hence, adiponectin and in
consequence glycine exerts a beneficial effect in
type 2 diabetes, obesity and atherosclerosis in
human or in animal models34. These findings
supported our results of an effective addition of
glycine in alleviating the NAFLD complications,
since it has an inflammatory component.

In this study, the ameliorating mechanism of
glycine in NAFLD may be explained also
through its antioxidant properties. It is well
known that reactive oxygen species (ROS) play
an important role in the etiology of i.r. and hy-
perglycemia, and can activate the transcription
nuclear factor KB (NF-KB) pathway35. NF-KB is
the main nuclear transcription factor that modu-
lates the pro-inflammatory cytokines production.
Thus, our findings showed an amelioration in the
hepatic oxidative stress (MDA), modulated the
hepatic antioxidant enzymes activities (SOD and
GSH), and blocked the production of the tumor
markers (α-L fucosidase and arginase). So, the
adipokine expression must be modulated in con-
sequence in the glycine supplemented groups. In
conclusion, glycine showed a great benefit in the
improvement of the NAFLD status either by its
indirect effect on adipokine via its antioxidant
properties or by the enhancement of the hepatic
FATP expression35. 
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Conclusions

The completed model of non-alcoholic steato-
hepatitis (NASH) was found in rats fed the stan-
dard control diet deficient in both methionine and
choline (MCD). However, methionine or choline
deficiency from diets did not exert such severity.

Glycine supplementation had a significant pro-
tective effect against complications from differ-
ent models of steatosis induced by methionine
and/or choline deficiency at different levels. 

References

1) TRAUNER M, ARRESE M, WAGNER M. Fatty liver and
lipotoxicity. Biochim Biophys Acta 2010; 1801:
299-310.

2) VETELAINEN R, VAN VLIET A, VAN GULIK TM. Essential
pathogenic and metabolic differences in steatosis
induced by choline or methionine-choline defi-
cient diets in a rat model. J Gasteroenterol Hepa-
tol 2007; 22: 1526-1533.

3) SEO YS, KIM JH, JO NY, CHOI KM, BAIK SH, PARK JJ,
KIM JS, BYUN KS, BAK YT, LEE CH, KIM A, YEON JE.
PPAR agonists treatment is effective in a non al-
coholic fatty liver disease animal model by modu-
lating fatty-acid metabolic enzymes. J Gastroen-
terol Hepatol 2006; 23: 102-109.

4) GYAMFI MA, TANAKA Y, HE L, KLAASSEN CD, WAN YJY.
Hepatic effects of a methionine-choline-deficient
die in hepatocyte RXRα-null mice. Toxicol Appl
Pharmacol 2009; 234: 166-178.

5) KOPPE SWP, SAHAI A, MALLADI P, WHITINGTON PF,
GREEN RM. Pentoxifylline attenuates steatohepati-
tis induced by the methionine choline deficient di-
et. J Hepatol 2004; 41: 592-598.

6) SENTHILKUMAR R, NALINI N. Effect of glycine on tis-
sue fatty acid composition in an experimental
model of alcohol-induced hepatotoxicity. Clin Exp
Pharma Physiol 2004; 31: 456-461.

7) STACHLEWITZ RE, SEABRA V, BRADFORD B. Glycine and
uridine prevent D-galactosamine hepatotoxicity in
the rat: Role of Kupffer cells. Hepatology 1999;
29: 737-745.

8) ZHONG Z, CONNOR HD, YIN M. Dietary glycine and
renal deivation prevents cyclosporine A-induced
hydroxyl radical production in rat kidney. Mol
Pharmacol 1999; 56: 455-463.

9) DETERS M, STRUBELT O, YOUNES M. Protection by
glycine against hypoxia-reoxygenation induced
hepatic injury. Res Commun Mol Pathol Pharma-
col 1997; 97: 199-213.

10) REEVES PG, NIELSEN FH, FAHY GC. AIN-93 Purified
diets for laboratory rodents: Final report of the
American Institute of Nutrition Ad Hoc Writing



736

H.A. Barakat, A.H. Hamza

Committee on the reformulation of the AIN-76 A
rodent diet. J Nutr 1993; 123: 1939-1951.

11) VANDESOMPELE J, DE PRETER K, PATTYN F, POPPE B, VAN

ROY N, DE PAEPE A, SPELEMAN F. Accurate normal-
ization of real-time quantitative RT-PCR data by
geometric averaging of multiple internal control
genes. Genome Biology 2002; 3: 1-11.

12) PICARD C, LAMBOTTE L, STARKEL P. Steatosis is not
sufficient to cause an impaired regenerative re-
sponse after partial hepatectomy in rats. J Hepa-
tol 2002; 32: 645-652.

13) RATZIU V, GIRAL P, CHARLOTTE F, BRUCKERT E, THIBAULT

V, THEODOROU I. Liver fibrosis in overweight pa-
tients. Gastroenterology 2000; 118: 1117-1123.

14) TENDLER D, LIN S, YANCY JRWS, MAVROPOULOS J,
SYLVESTRE P, ROCKEY DC. The effect of a low-carbo-
hydrate, ketogenic diet on non alcoholic fatty liver
disease: a pilot study. Dig Dis Sci 2007; 52: 589-
593.

15) VAN DER POORTEN D, MILNER K-L, HUI J, HODGE A,
TRENELL MI, KENCH JC. Visceral fat: a key mediator
of steatohepatitis in metabolic liver disease. He-
patology 2008; 48: 449-457.

16) PETTA S, MURATORE C, CRAXI A. Non-alcoholic fatty
liver disease pathogenesis: The present and the
future. Dig Liver Dis 2009; 41: 615-625.

17) RAUBENHEIMER PJ, NYIRENDA MJ, WALKER BR. A
choline-deficient diet exacerbates fatty liver but
attenuates insulin resistance and glucose intoler-
ance in mice fed a high-fat diet. Diabetes 2006;
55: 2015-2020.

18) GHOSHAL AK, FARBE E. New insight into the bio-
chemical pathology of liver in choline deficiency.
Crit Rev Biochem Mol Biol 1995; 30: 263-273.

19) KULINSKI A, VANCE DE, VANCE JE. A choline-deficient
diet in mice inhibits neither the CDP-choline path-
way for phosphatidylcholine synthesis in hepato-
cytes nor apolipoprotein b secretion. J Biol Chem
2004; 23: 23916-23924.

20) UTZSCHNEIDER KM, KAHN SE. Review: The role of in-
sulin resistance in non alcoholic fatty liver dis-
ease. J Clin Endocrinol Metab 2006; 91: 4753-
4761.

21) ANDERSON N, BORLAK, J. Molecular mechanisms
and therapeutic targets in steatosis and steato-
hepatitis. Pharmacol Rev 2008; 60: 311-357.

22) MALHI H, GORES GI. Molecular mechanisms of lipo-
toxicity in nonalcoholic fatty liver disease. Semin
Liver Dis 2008; 28: 360-369.

23) CAVE M, DEACIUC I, MENDEZ C, SONG Z, JOSHI-BARVE

S, BRAVE S, MC CLAIN C. Non-alcoholic fatty liver
disease: predisposing factors and the role of nu-
trition. J Nutr Biochem 2007; 18: 184-195.

24) YIN M, IKEJIMA K, ARTEEL GE. Glycine accelerates
recovery from alcohol-induced liver injury. J Phar-
macol Exp Ther 1998; 286: 1014-1019.

25) EL HAFIDI M, PEREZ I, ZAMORA J, SOTO V, CARVAJAL-
SANDOVAL G, BANOS G. Glycine intake decreases
plasma free fatty acids, adipose cell size, and
blood pressure in sucrose-fed rats. Am J Physiol
Regul Integr Comp Physiol 2004; 287: R1387-
R1393.

26) SANCHEZ A, HUBBARD RW, SMIT E, HILTON GF. Testing a
mechanism of control in human cholesterol metab-
olism: relation of arginine and glycine to insulin and
glucagon. Atherosclerosis 1988; 71: 87-92.

27) PARK T, OH J, LEE K. Dietary taurine or glycine sup-
plementation reduces plasma and liver choles-
terol and triglyceride concentrations in rats fed a
cholesterol-free diet. Nutr Res 1999; 19: 1777-
1789.

28) LYNCH JW. Molecular structure of the glycine re-
ceptor chloride channel. Physiol. Rev 2004; 84:
1051-1059.

29) WHEELER M, STACHLEWITZ RF, YAMASHINA S, IKEHIMA K,
MORROW AL, THURMAN RG. Glycine gated chloride
channels in neutrophiles attenuate calcium influx
and superoxide production. Faseb J 2000; 14:
476-484.

30) GARCIA-MACEDO R, SANCHEZ-MUNOZ F, ALMANZA-PEREZ JC,
DURAN-REYES G, ALARCON-AGUILAR F, CRUZ M. Glycine in-
creases m RNA adiponectin and diminishes pro-in-
flammatory adipoknes expression in 3T3-L1 cells.
Eur J Pharmacol 2008; 587: 317-321.

31) AJUWON KM, SPURLOCK ME. Adiponectin inhibits
LPS- induced NF-kappa B activation and IL-6
production and increases PPAR γ2 expression in
adipocytes. Am J Physiol Regul Integr Comp
Physiol 2005; 288: R1220-R1225.

32) FASSHAUER M, KLEIN J, LOSSNER U, PASCHKE R. Inter-
leukin (IL)-6 mRNA expression is stimulated by
insulin, isoproterenol, tumor necrosis factor alpha,
growth hormone, and IL-6 in 3T3-L1 adipocytes.
Horm Metab Res 2003; 35: 147-152.

33) ROTTER V, NAGAEV I, SMITH U. Interleukin-6 (IL-6) in-
duces insulin resistance in 3T3-L1 adipocytes
and is, like IL-8 and tumor necrosis factor-alpha,
overexpressed in human fat cells from insulin re-
sistance subjects. J Biol Chem 2003; 278: 45777-
45784.

34) OUCHI N, KIHARA S, FUNASHI T, MATSUZAWA Y, NALSH

K. Obasity, adiponectin and vascular inflammatory
disease. Curr Opin Lipidol 2003; 14: 561-566.

35) NISHIKAWA T, ARAKI L. Impact of mitochondrial ROS
production in the pathogenesis of diabetes melli-
tus and its complications. Antioxid Redox Signal
2007; 9: 343-353.


