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Dietary Protein Restriction Alters Lipid Metabolism and
Insulin Sensitivity in Rats
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ABSTRACT : Dietary protein restriction affects lipid metabolism in rats. This study was performed to determine the effect of a low
protein diet on hepatic lipid metabolism and insulin sensitivity in growing male rats. Growing rats were fed either a control 20% protein
diet or an 8% low protein diet. Feeding a low protein diet for four weeks from 8 weeks of age induced a fatty liver. Expression of acetyl-
CoA carboxylase, a key lipogenic enzyme, was increased in rats fed a low protein diet. Feeding a low protein diet decreased very low
density lipoprotein (VLDL) secretion without statistical significance. Feeding a low protein diet down-regulated protein expression of
microsomal triglyceride transfer protein, an important enzyme of VLDL secretion. Feeding a low protein diet increased serum
adiponectin levels. We performed glucose tolerance test (GTT) and insulin tolerance test (ITT). Both GTT and ITT were increased in
protein-restricted growing rats. Our results demonstrate that dietary protein restriction increases insulin sensitivity and that this could be
due to low-protein diet-mediated metabolic adaptation. In addition, increased adiponectin levels may influences insulin sensitivity. In
conclusion, dietary protein restriction induces a fatty liver. Both increased lipogenesis and decreased VLDL secretion has contributed to
this metabolic changes. In addition, insulin resistance was not associated with fatty liver induced by protein restriction. (Key Words :

Dietary Protein Restriction, Fatty Liver, Lipid Metabolism, Insulin Sensitivity)

INTRODUCTION

In young growing rats, dietary protein restriction alters
lipid metabolism and causes a fatty liver (Singal et al.,
1953; Morris et al., 1965). It has been reported that protein
restriction increases food intake (White et al., 2000a) or
shows no change in food intake (White et al., 2000Db). In
other studies, low protein diet decreases body weight and
increases food intake and accumulates body fat (Begriche et
al., 2006; Aparecida de Franca et al., 2009; Theys et al.,
2009). Thus, the effects of protein restriction on food intake
and lipid metabolism are still controversial. These
inconsistencies may be related to many factors, such as the
level and the time of the restriction, age, physiological state,
and others. Thus, verification study for the effect of dietary
protein restriction on growth, food intake, and metabolic
changes is needed. Insulin resistance has been identified as
a key factor in the development of and progression of a
fatty liver (Marchesini and Forlani, 2002; Tilg and
Hotamisligil, 2006). However, little is known about effect
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of dietary protein restriction on insulin sensitivity. This
study was performed to understand the effect of low protein
diet on hepatic lipid accumulation, metabolic changes, and
insulin sensitivity in growing male rats.

MATERIALS AND METHODS

Animals and diets

All experimental procedures involving animals were
approved by the Chonnam National University (CNU)
Institutional Animal Use and Care Committee. All
procedures for animal management followed the standard
operation protocols of CNU. Sprague-Dawley male rats (42
day-old, 170-190 g) were purchased from Orient Bio, Korea
and were housed individually in carbonate cages and
maintained in Animal house, Chonnam National University
under a temperature-and humidity-controlled room on a 12-
h light:12-h dark cycle for free access to food and water ad
libitum. First 2 weeks, rats were given Standard lab chow
for adaptation. Diets were purchased from Dytes, Inc, USA.
Rats were divided into two groups (5 rats/group). They
received either a control 20% protein diet or an 8% low
protein diet, which was isocaloric and contained an
adequate supply of choline and cysteine (Table 1). The
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Table 1. Composition of experimental diets (g/kg)
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Ingredient Control diet (20P) Low protein diet (8P)
Casein, high nitrogen 230 92
L-cystine 3 3
Sucrose 100 100
Cornstarch 354 492.901
Dyetrose 121.9 121.6
Soybean oil 70 70
t-butylhydroquinone 0.014 0.014
Cellulose 50 50
Mineral Mix #213025 (No Ca or P, reduced K) 35 35
Vitamin Mix #310025 10 10
Calcium carbonate (40.04% Ca) 12.495 12.495
Potassium citrate H,O (K = 36.15%) 55 10.49
Potassium phosphate, mono (K = 28.73%, P = 22.76%) 5.6 0
Choline bitartrate 25 2.5
Total 1,000 1,000
Kcal/kg 3,750.22 3,755.08

formulation of the control diet was based on a modified
AIN-93G diet (Dytes, USA). Rats were fed each diet during
28 days. During experimental period, food intake was
monitored daily and body weight was recorded once in two
days. At the end of the experimental period animals were
sacrificed and blood and tissues were collected and weighed
and tissue samples were quickly froze by liquid nitrogen
and stored at -80°C.

Blood analyses

Whole serum parameters were analyzed by Green cross
Reference Lab in Korea. Serum glucose was analyzed by
Glucose 1l (HK) Reagents (Bayer, USA). HDL cholesterol
was determined by enzymatic method using Direct HDL-
Cholesterol kit (Bayer). LDL cholesterol was determined
using LDL-cholesterol kit (Bayer). Total cholesterol was
determined by enzymatic method using Cholesterol reagent
(Bayer, USA). All cholesterol contents were analyzed by
ADVIA 1650 (Bayer, Japan). Serum triglyceride (TG) was
analyzed by enzymatic colorimetry using triglycerides
reagent (Bayer). The result of TG was detected by ADVIA
1650 (BAYER, Japan). Serum free fatty acid was analyzed
by enzymatic assay kit (Wako, USA). Serum adiponectin,
insulin, leptin and glucagon levels were determined by
Radio immuno assay (RIA) kit (LINCO’S Research, Inc.
USA) using an antibody raised against rat.

Liver histology and triglyceride content

Liver specimens were fixed in 10% buffered formalin,
equilibrated in 20% sucrose for 24 h at 4°C, and embedded
in OCT (Optimal Cutting Temperature) compound. Frozen
sections were stained with hematoxylin and eosin (H&E).
To detect fat deposition in the liver, frozen sections were

fixed for 10 min in neutral buffered 10% formalin, and then
rinsed with distilled water, stained with 0.8% oil red O
(Sigma-Aldrich, St. Louis, MO, USA) with 60% 2-propanol
(Sigma-Aldrich) for 10 min, and then rinsed with distilled
water.

Hepatic lipid was analyzed by extraction with
chloroform/methanol (Folch et al., 1957). Liver triglyceride
content was measured by enzymatic colorimetric methods
after the total lipids were dissolved in isopropanol.

Determination of VLDL secretion

The rate of very-low-density lipoprotein (VLDL)
secretion in vivo was determined as previously described
(Chang et al., 1999). Briefly, in separate trial, experimental
diets (5 rats/group) were fed for 28 days, and then we
injected intravenously triton WR1339 (200 mg/kg BW), a
lipoprotein lipase inhibitor. Blood was collected at 0, 1, 2, 3,
and 4 h after injection. The concentration of triglyceride
content in serum was determined by enzymatic
spectrophotometric assay in Green Cross Reference Lab
(Korea).

Glucose tolerance test (GTT) and insulin tolerance test
(ITT)

In separate trial, experimental diets (8 rats/group) were
fed for 28 days for GTT and 33 days for ITT, respectively,
and then rats were subjected to GTT after an 8-h fast.
Glucose (2g/kg body weight) was administered
intraperitoneally. Blood was drawn from a tail vein at 0, 10,
30, 60, 90, and 120 min after administration of the glucose,
and glucose levels were measured.

Rats were subjected to ITT after a 6-h fast. Insulin
(0.75 U/kg body weight) was injected intraperitoneally.
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Blood was drawn from a tail vein at 0, 10, 30, 60, 120, and
180 min after the administration of insulin. Glucose was
measured by Accu-CHEK® Active (Roche Diagnostics
GmbH, Germany).

Western blotting

Tissues were homogenized in RIPA buffer containing a
protease inhibitor. Samples were centrifuged and protein
content in the supernatant was determined using the
Bradford method. Protein samples were separated by SDS-
PAGE and analyzed by immunoblotting, using antibodies

purchased from Cell Signaling (USA). Blots were
developed with secondary anti-rabbit or anti-mouse
antibodies  conjugated to  horseradish  peroxidase

(Invitrogen) and the luminal chemiluminescence reagent
(ECL; Amersham Biosciences, Sweden). The processed
blots were then exposed to X-ray film.

Statistical analysis
Data from the two experimental groups were compared
using Student’s t-test.

RESULTS AND DISCUSSION

Growth parameters and fatty liver formation

Protein-restricted rats consumed more (p = 0.03) food,
while there was no change in body weight by dietary
protein restriction for 28 d (Table 2). Thus, food efficiency
(food intake/weight gain) was decreased (p = 0.05; higher
value) by dietary protein restriction.

Protein-restricted rats showed slightly higher total
adipose tissue weights (sum of epididymal, subcutaneous,

abdominal, and perirenal fat) with no statistical significance.

In other study, low 10% dietary protein had no effect on
body lipid composition (White et al., 2000a). This is in
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contrast to previous report that low dietary protein increases
body fat (Thonney et al., 1987). An increase in body fat in
low-protein—induced hyperphagic animals has also been
previously observed (White et al., 1994). Low dietary
protein has been suggested to increase energy expenditure
(Rothwell et al., 1983). An increase in energy expenditure
would use excess calories to generate heat rather than
accumulate body fat. In our study, rats fed low 10% protein
diet showed a lower efficiency of body weight gain,
suggesting that extra energy may be used to generate heat.
The reason that some animals consumed more low protein
diet gain fat, whereas others appear to increase energy
expenditure, is not known.

We found that protein restriction (PR) induced hepatic
steatosis (fatty liver) by examining liver section with H&E
and oil red O staining (Figure 1A). Correspondingly, PR
increased (p<0.01) hepatic lipid and triglyceride contents
(Figure 1B). Previously, feeding either a low-casein diet
supplemented with sulfur-containing amino acids or a diet
containing suboptimal levels of threonine causes fatty liver
(Singal et al., 1953; Morris et al., 1965). Our study confirms
that protein restriction induces a fatty liver.

Serum metabolites and hormones

We measured serum metabolic parameters. Serum
triglyceride, glucose, free fatty acid, total cholesterol and
HDL cholesterol levels were not significantly changed by
protein restriction (Table 3). Interestingly, protein restriction
decreased LDL cholesterol levels. Epidemiological and
prospective studies have generally shown a direct
relationship between total cholesterol and LDL-cholesterol
and cardiovascular disease (Therond, 2009; Ascaso, 2010).
Thus, dietary protein restriction may show beneficial effect
on blood cholesterol parameters.

We measured serum metabolic hormones. Serum

Table 2. Effect of dietary protein restriction on growth and body parameters

Parameter 20P 8P p-value
Growth parameters
Body weight at d1 (g) 259.2+8.7 258.4+6.6 0.87
Body weight at d28 (g) 468.2+10.6 468.8+18.8 0.97
Total food intake® (g) 687.5+45.8 773.8£64.9 0.03
Food intake/weight gain 3.30+0.19 3.71+0.27 0.05
Body parameters
Epididymal fat (g) 8.08+2.94 8.68+2.96 0.79
Subcutaneous fat (g) 10.46+3.03 14.1645.61 0.30
Visceral fat (g) 9.98+2.15 11.724+2.82 0.35
Perirenal fat (g) 1.58+0.40 1.68+0.46 0.79
Total fat (g) 30.1+7.93 36.24+10.91 0.40
Liver (g) 17.66+2.43 19.42+2.36 0.09

! Total food intake = Sum of food intake from d1 through d27. Values are expressed as means+standard deviation (n = 5).
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Figure 1. A fatty liver development and hepatic lipid and triglyceride contents in male rats fed with either a 20% control-protein diet
(20P) or an 8% low-protein diet (8P). (A) Liver sections were stained with hematoxylin and eosin (H&E) and oil red O. The
magnification for H&E and oil red O was x200. The scale bars represent 100 um (x200). (B) The hepatic lipid and triglyceride contents.
(C) Protein levels of acetyl CoA carboxylase (ACC) were determined by western blotting and normalized with B-actin. Values are the
mean+SD (n=3). Only three out of 5 rats were used for ACC Western. ** p<0.01.
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Table 3. Effect of dietary protein restriction on serum metabolites and hormones

Parameters 20P 8P p-value
Metabolites
Total cholesterol (mg/dl) 95.4+7.8 77.0£34.4 0.31
HDL cholesterol (mg/dl) 24.6+1.1 23.0£11.3 0.78
LDL cholesterol (mg/dl) 9.2+1.3 6.412.6 0.05
Triglyceride (mg/dl) 161.6455.4 212.6+122.2 0.48
Glucose (mg/dl) 183.2+36.0 220.6£31.5 0.16
Free fatty acid (uEQ/L) 624.8+126.7 763.0+£327.2 0.27
Hormones
Adiponectin (ug/ml) 6.50+1.01 11.10+£3.20 0.02
Glucagon (pg/ml) 56.4+26.2 39.8£11.0 0.13
Insulin (ng/ml) 1.7440.65 1.41+.10 0.58
Leptin (ng/ml) 10.46+3.53 13.12+£5.54 0.45

Values are expressed as meanststandard deviation (n = 5).

glucagon, insulin, and leptin levels were not changed by
protein restriction (Table 3). Other study also reported no
change in leptin levels in lambs fed low protein diet (Yan et
al., 2010). Interestingly, protein restriction increased (p =
0.02) serum adiponectin levels. Previously, serum
adiponectin levels were elevated twofold when C57BI/6
mice were given methionine-choline deficient (MCD) diet
for 4 weeks (lkejima et al., 2007). Adiponectin regulates
whole-body lipid partitioning. It exerts insulin-sensitizing
effects in the liver, skeletal muscle, and adipose tissue
(Marra and Bertolani, 2009). Adiponectin improves insulin
signaling via inhibition of protein tyrosine phosphatase
PTP1B (Fiaschi et al., 2007; Kim et al., 2007). We found
that protein restriction increased insulin sensitivity (Figure
3A and 3B). Therefore, increased circulating adiponectin of
rats fed low protein diet may has a role to increase insulin
sensitivity. Serum adiponectin was also increased in db/db
mice that received a MCD diet plus diacylglycerol
acyltransferase 2-antisense oligonucleotide treatment to
block triglyceride biosynthesis, resulting in decreasing fatty
acid disposal (Yamaguchi et al., 2007). They have also
suggested that adiponectin might be involved in increasing
insulin sensitivity under severe hepatic lipotoxicity by
failure of fatty acid disposal.

Protein restriction alters lipogenesis and VLDL secretion

Several factors such as an increased de novo lipogenesis
and an impaired secretion of VLDL in the liver are
responsible for the development of non-alcoholic fatty liver
disease (Postic and Girard, 2008). First, we examined
whether protein restriction affected expression of acetyl
CoA carboxylase (ACC), a major lipogenic enzyme.
Western blotting showed that protein-restricted rats have
higher ACC protein level (Figure 1C). Previous study
showed positive correlation between ACC protein levels

and its enzymatic activity in rat liver (Atkinson et al., 2002).
This result indicates that lipogenesis contributes to fatty
liver induced by protein restriction.

Studies have suggested that a failure in VLDL secretion
is one of contributing factors for hepatic fat accumulation
(Minehira et al., 2008; Cano et al., 2009). We examined
hepatic gene expression for VLDL secretion. Protein
restriction showed down-regulation (p<0.05) of hepatic
protein levels of microsomal triglyceride transfer protein
(MTP) (Figure 2A). We examined in vivo VLDL secretion
in protein-restricted growing male rats. Interestingly, we
found that low-protein diet decreased VLDL secretion at all
time points with no statistical significance (Figure 2B). Our
data demonstrate that impairment of VLDL secretion is
involved in hepatic steatosis. Recently, dysfunctional VLDL
synthesis and release was suggested to be a key factor in
NASH pathogenesis in human subjects (Fujita et al., 2009).

Protein restriction increases insulin sensitivity

Several studies demonstrated that insulin sensitivity
decreased in obese and diabetic people. Insulin resistance
has been identified as a key factor in the development of
and progression of a fatty liver (Marchesini and Forlani,
2002). In present study, we found that low-protein diet
increased hepatic lipid contents and induced fatty liver.

In a separate experiment, we first measured insulin
sensitivity by GTT (Figure 3A) at 28 days after feeding.
Five days later, we measured ITT (Figure 3B) at 33 days
after feeding within same rats. We assumed that this minor
difference of feeding duration has not affect effect of
protein restriction on insulin sensitivity because we have
studied chronic long-term effect of nutrition, but not acute
short-term effect. Duration of feeding trial in rats with low
protein diet varies between 12 days (White et al., 2000a), 28
days (Singal et al., 1953), and 14 and 28 days (Morris et al.,
1965). Our results show that dietary protein restriction
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Figure 2. In vivo VLDL secretion and hepatic MTP protein expression in male rats fed with either a 20% control-protein diet (20P) or
and 8% low-protein diet (8P). (A) Protein levels of microsomal triglyceride transfer protein (MTP) were determined by Western blotting
and normalized with B-actin. (B) At 28 days after feeding, rats were fasted for 6th, and blood samples were taken at time zero and every
hour for 4 h after Triton WR 1339 (a lipoprotein lipase inhibitor) intravenous injection, and serum triglyceride levels was measured.
Values are expressed as means+standard deviation (n = 5). * p<0.05.
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Figure 3. Insulin sensitivity of male rats fed with either a 20% control-protein diet (20P) or an 8% low-protein diet (8P). (A) For glucose
tolerance test (GTT) at 28 days after feeding, rats were fasted for 8 h and infected 2 g glucose/kg of body weight intraperitoneally. (B)
For insulin tolerance test (ITT) at 33 days after feeding, rats were fasted for 4 h and injected 0.75 U insulin/kg of body weight. After
injection, blood glucose levels were analyzed at each time point. Values are expressed as meantstandard deviation (n = 8). * p<0.05,

** n<0.01.

increases insulin sensitivity and this could be due to low-
protein diet-mediated metabolic adaptation. Increased
adiponectin levels may positively influences insulin
sensitivity. This indicates that insulin resistance was not
associated with fatty liver in our model. An additional study
is warranted to understand relationship between insulin
sensitivity and adiponectin signaling in rats fed low-protein
diet.

In conclusion, our study shows that dietary protein
restriction induces a fatty liver. Our data also demonstrate
that both increased lipogenesis and decreased VLDL
secretion has contributed to hepatic lipid accumulation. In
addition, insulin resistance was not associated with
development of hepatic steatosis induced by protein
restriction.
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