
  INTRODUCTION 
  Obesity of broiler breeder hens is often linked to 

changes in hepatic fatty acid (FA) metabolism, lead-
ing to the accumulation of triglyceride (TG) in the 
liver. The problem is specially relevant after peak of 
egg production in hens in positive energy balance be-
cause of excessive energy intake. Studies have shown 
that dietary changes alter hepatic lipogenesis in the rat, 
but the available information in hens is limited. Com-
pared with rat, the liver in avian species is the major 
site of FA synthesis and incorporation of lipids such as 
TG and cholesteryl esters into lipoproteins (Leveille et 
al., 1961). Chen et al. (2006) demonstrated that broiler 

breeder hens fed ad libitum showed increased hepatic 
de novo lipogenesis, whereas de Beer et al. (2007) indi-
cated that feed restriction regimens and the consequent 
fasting-refeeding cycles might stimulate hepatic lipo-
genesis. 

  There is a growing interest in evaluating the effects of 
fiber inclusion and CP content of the diets on lipid me-
tabolism. Although the fundamentals of the mechanism 
by which these 2 factors affect lipid metabolism have 
been studied in detail in laboratory animals, there has 
been no attempt to apply these findings to improve cur-
rent feeding practices in breeder hens. Daubioul et al. 
(2002) reported that inulin reduced hepatic TG content 
and fat deposition in both normal and obese rats. In 
a previous study, Daubioul et al. (2000) reported that 
inulin and fructan supplementation decreased plasma 
TG concentration in normal rats but not in obese rats. 
In broilers, Yusrizal and Chen (2003) reported that se-
rum cholesterol concentration and abdominal fat pad 
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  ABSTRACT   The effects of inclusion of cellulose or 
inulin as a source of dietary fiber and CP content of 
the diet on hepatic fat deposition were investigated in 
hens fed restricted or close to ad libitum consumption. 
There were 12 dietary treatments forming a 2 × 3 × 2 
factorial with 2 feeding regimens [restricted and liberal 
(close to ad libitum consumption; LIB)], 3 fiber sources 
(control, 3% inulin, and 3% cellulose), and 2 levels of 
CP (14.5 and 17.4%). Hens were assigned in groups of 6 
to 60 floor pens. From 43 to 55 wk of age, hens fed LIB 
showed increased activity of the hepatic malic enzyme 
(MalE; P < 0.01), which led to an increase (P < 0.001) 
in liver weight and hepatic lipid deposition and was as-
sociated with enhancements (P < 0.05) in plasma levels 
of glucose, triglyceride, total cholesterol, and low-den-
sity lipoprotein cholesterol. Abdominal fat deposition 
and BW of the hens increased (P < 0.001) with liberal 
feeding. Inclusion of inulin in the diet reduced (P < 

0.05) liver and abdominal fat weight, whereas cellulose 
inclusion decreased (P < 0.05) feed intake, abdominal 
fat, and BW. An increase in CP content of the diet 
from 14.5 to 17.4% reduced MalE activity (P < 0.001), 
liver weight (P < 0.001), and the accumulation of lipids 
and cholesterol in the liver, as well as plasma triglyc-
eride concentration and abdominal fat pad weight (P
< 0.05). It is concluded that fiber inclusion reduced 
abdominal fat and liver weight, with effects being more 
pronounced with cellulose than with inulin. An increase 
in dietary CP reduced MalE activity and alleviated 
hepatic and plasma lipid concentration; therefore, it 
might be a practical approach to reduce the incidence 
of obesity-linked problems in broiler breeder hens. The 
combination of high-CP diets and the inclusion of a fi-
ber source did not suppress liver lipid content over that 
observed with the high-CP diet, exclusively. 
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weight decreased when the diet was supplemented with 
inulin. More recently, Velasco et al. (2010) reported 
that dietary inulin decreased total lipid concentration 
in the liver as well as TG and cholesterol in very low 
density lipoprotein in the blood serum of broilers. In 
contrast to inulin, few reports are available on the ef-
fects of cellulose on lipogenesis in chicks. Akiba and 
Matsumoto (1977) reported that dietary cellulose de-
pressed lipid accumulation in the liver of growing chicks 
fed ad libitum. Also, Akiba and Matsumoto (1978) re-
ported that liver weight and lipid content in liver and 
plasma increased in force-fed chicks but that the values 
of all these variables were reduced when cellulose was 
included in the diet.

Dietary protein is an intrinsic regulator of malic en-
zyme (MalE) activity and the synthesis of FA in the 
liver of chicks (Rosebrough et al., 1996; Adams and 
Davis, 2001). An increase in the CP content of the diet 
influence lipid and cholesterol levels in the plasma of 
growing birds (Yeh and Leveille, 1969; Rosebrough et 
al., 1996, 2002). Also, an increase in the level of dietary 
CP depressed FA synthesis in the liver of chicks (Yeh 
and Leveille, 1969; Rosebrough et al., 2002). In addi-
tion, Rosebrough et al. (2002) reported that dietary CP 
altered lipid metabolism during the fasting-refeeding 
cycle in broilers.

The effects of fiber inclusion or level of CP of the diet 
on hepatic lipogenesis have been evaluated in numer-
ous studies conducted with mice and rats. However, no 
studies on the effects and interactions of dietary fiber 
and CP content in liver fat content and in liver lipid 
composition have been conducted in broiler breeder 
hens. Moreover, previous studies on the effects of CP 
content of the diet on liver lipogenesis used purified 
diets that had a very high level of CP. Therefore, it is 
questionable whether fiber inclusion or small increases 
in the CP content of the diet play a role in the regu-
lation of lipogenesis in hens fed in excess of their re-
quirements. This study investigated the effects of the 
inclusion of 3% cellulose or inulin in the diet and the 
increase of the CP content of the diet from 14.5 to 
17.4% on liver lipids, malic enzyme activity, plasma 
metabolites, and hormone concentrations in broiler 
breeder hens fed either restricted (R) or close to ad 
libitum (LIB) amounts of feed. This study was part of 
a larger experiment, and parts of the relevant data have 
been presented in the companion paper (Mohiti-Asli et 
al., 2012).

MATERIALS AND METHODS

Birds, Husbandry, Diets, Ingredients,  
and Experimental Design

All procedures used in this study were approved by 
the Animal Care and Welfare Committee of University 
of Tehran. Details on management and husbandry of 
the birds have been reported elsewhere (Mohiti-Asli et 
al., 2012). Briefly, 360 Ross 308 broiler breeder hens 

of similar BW were selected at 41 wk of age from a 
commercial parent flock and kept in a controlled en-
vironment house under a lighting program of 14.5 h of 
continuous light. Birds were wing-tagged and randomly 
assigned in groups of 6 to 60 floor wood shavings litter 
pens (1.25 m × 2.50 m). Each pen was equipped with 
a linear trough feeder and an automatic bell waterer.

All hens were fed a common breeder diet with 2,800 
kcal AMEn/kg and 14.5% CP for 2 wk before the start 
of the experiment and BW were controlled by pen. 
The experimental diets were based on corn and soy-
bean meal and contained 2,800 kcal of AMEn/kg, 3.0% 
Ca, and 0.35% available P (Mohiti-Asli et al., 2012). 
The 14.5% CP diet contained 0.65% Lys, whereas the 
17.4% CP diet contained 0.78% Lys. The remaining 
indispensible AA were formulated related to Lys ac-
cording to the ideal protein concept as indicated by 
Ross Breeder Manual (2007). No fat was added to these 
diets because the presence of lipids has been associated 
with decreased hepatic fat synthesis in chicks (Tanaka 
et al., 1983). The amount of soybean meal of the ex-
perimental diets was maintained almost constant to 
limit the effects of this protein source on lipogenesis 
(Ascencio et al., 2004). The diets with the higher CP 
content included higher amounts of corn gluten meal 
in substitution primarily of corn. Inulin (Orafti IPS, 
Beneo Animal Nutrition, Tienen, Belgium) and cellu-
lose (Arbocel FD00, J. Rettenmaier & Söhne GmbH 
& Co., Rosenberg, Germany) were included at 3% in 
the diet at the expense (wt/wt) of double-washed sand. 
The inulin source used contained at least 90% fructans 
[(glucosyl-(fructosyl)n] with an average degree of po-
lymerization of 10 and a range between 2 and 60, with 
the remaining 10% of the product being a mixture of 
glucose, fructose, and sucrose. The cellulose source used 
contained, as per supplier information, 90% cellulose 
with an average fiber length of 150 µm, a thickness of 
35 µm, a bulk density of 150 to 180 g/L, and a pH of 
7.5. The experimental diets were fed as mash at 0615 
h every day. The R-fed hens received 160 g of feed/d 
from 43 to 45 wk of age, and then feed allocation was 
reduced gradually to 154 g/d to 55 wk of age as recom-
mended by Ross (Ross Breeders Manual, 2007). The 
LIB-fed birds received 30% more feed than the R hens 
(208 g/d), and the feed allowances were close to ad li-
bitum consumption. The experiment was conducted as 
a completely randomized design with 12 treatments ar-
ranged factorially with 2 feeding regimens (R vs. LIB), 
3 fiber sources (0, 3% inulin, and 3% cellulose), and 2 
levels of CP (14.5 and 17.4%). There were 5 replicate 
pens with 6 hens per pen for each treatment.

Measurements
Details on the consumption and nutrient content of 

the diets and on the productive performance of the 
hens have been reported elsewhere (Mohiti-Asli et al., 
2012). At 45 and 55 wk of age, 1 and 2 hens per repli-
cate, respectively, were slaughtered by cervical disloca-
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tion. The liver and abdominal fat were dissected from 
the carcass and weighed. Liver color was evaluated by 
2 independent observers that were blind to treatment 
using a 5-point scale as indicated by Walzem et al. 
(1993). A score of 1 was given to livers with a uniform 
brown color and a score of 5 to livers with a uniform 
pale yellow color. Excised samples (20 g) of liver tissues 
were immediately frozen in liquid nitrogen and stored 
at −80°C until further analysis.

Hepatic Lipid Concentration
Liver tissue samples were pooled by pen and the DM 

and ether extract were analyzed according to methods 
920.32 and 942.05 of the AOAC International (2006). 
Cholesterol concentration was determined using an en-
zymatic reagent kit after drying an aliquot of the lipid 
extracts and dissolving the lipids with Triton X-100 
(De Hoff et al., 1978). Total liver lipids were extracted 
as indicated by Folch et al. (1957). For the determina-
tion of the FA profile, the methyl esters were prepared 
as indicated by Metcalf et al. (1966). Pentadecanoic 
acid (C15:0) was added to the samples as internal stan-
dard during the process of FA methyl esterification, 
and the FA were determined by chromatography using 
an equipment (Unicam 4600, New York, NY) equipped 
with a flame ionization detector and a capillary column 
(30 m × 0.22 mm). Helium was used as the carrier gas. 
Oven temperature was programmed as follows: initial 
time (160°C) for 6 min, from 160 to 180°C in 13 min, 
from 180 to 190°C, and then stable until the end of 
the process. Injector and detector temperatures were 
280°C; head pressure was 138 Pa, and the volume of 
sample injected was 0.2 µL. Peak areas were integrated 
and converted to FA concentration in comparison with 
the standard. The individual FA were identified by 
matching their retention times to those of known rela-
tive standards. Fatty acid concentrations are reported 
as milligrams per gram of liver.

Hepatic Malic Enzyme Activity
Liver tissues were homogenized (1:10, wt/vol) in 100 

mM HEPES (pH 7.5) 3.3 mM β-mercaptoethanol and 
centrifuged at 12,000 × g for 30 min (Rosebrough and 
Steele, 1985). The supernatant fractions were kept at 
−80°C until analyzed for malate activity: NADP+ oxi-
doreductase (malic enzyme, EC 1.1.1.40). Malic enzyme 
activity was monitored at 340 nm using a Beckman 
Model 35 spectrophotometer (Beckman, CA) following 
the procedure of Geer et al. (1980). Briefly, 0.1 mL of 
the enzyme solution was added to 2.90 mL of MalE as-
say buffer (2 mL of 100 mM triethanolamine HCl buf-
fer, 0.1 mL of 100 mM of l-malic acid solution, 0.05 mL 
of 20 mM NAD phosphate (NADP), and 0.75 mL of 20 
mM MnCl2, pH 7.4) in a 3-mL cuvette and immediately 
mixed by inversion, and the reaction was monitored 
at 340 nm for 5 min. In a 3.00-mL reaction mix, the 
final concentrations were 67 mM triethanolamine, 3.3 

mM L-malic acid, 0.3 mM β-nicotinamide adenine di-
nucleotide phosphate, and 5.0 mM manganese chloride. 
The reaction was initiated by adding the substrate and 
following the rate of reduction per minute of NADP at 
340 nm. One unit of enzyme activity was defined as the 
amount of enzyme which catalyzed the reduction of 1.0 
mM of L-malate and NADP to pyruvate, CO2, and the 
reduced form of NADP (NADPH) per minute at pH 
7.4 at 25°C. Specific activity was expressed in units per 
milligram of protein. Protein concentration was deter-
mined by the protein-dye binding method using BSA as 
a standard (Bradford, 1976).

Plasma Metabolites and Hormones Analysis
Plasma metabolites and hormones were determined 

in 2 hens per replicate. At 45 and 55 wk of age, the 
hens were bled from the brachial vein using sodium 
citrate as anti-clotting agent before feed distribution. 
Blood samples were immediately centrifuged at 2,000 
× g for 15 min, and plasma samples were stored at 
−20°C until further analysis. All plasma samples gen-
erated per treatment (n = 10) were analyzed at the 
same time to avoid interassay variations. Plasma glu-
cose, TG, total cholesterol (TC), high-density lipopro-
tein cholesterol (HDL-C), and low-density lipoprotein 
cholesterol (LDL-C) concentrations were determined 
enzymatically in the fasted hens using an automated 
analyzer (Hitachi 902, Tokyo, Japan) with an intraas-
say CV of 2.4, 1.5, 2.4, 1.6, and 3.5%, respectively. 
Plasma 17β-estradiol (E2), progesterone (P4), triio-
dothyronine (T3), and thyroxine (T4) concentrations 
were determined using commercially available enzyme-
linked immunosorbent assay kits (ELISA, Diametra, 
Foligno, Italy). The intra-assay CV for the determina-
tion of E2, P4, T3, and T4 were 3.5, 6.0, 3.5, and 3.9%, 
respectively.

Statistical Analysis
Data were analyzed for normal distribution using 

the NORMAL option of the UNIVARIATE procedure 
and for homogeneity of variances for treatment means 
through the Levene’s test using the HOVTEST op-
tion of the GLM procedure of SAS (SAS Institute Inc., 
2004). Data on liver lipids and FA profile of liver lipids 
were analyzed as completely randomized designs with 
treatments arranged as a 2 × 3 × 2 factorial, with main 
effects (feeding regimen, source of fiber, and CP con-
tent) and their interactions using the GLM procedure 
(SAS Institute Inc., 2004). For data on MalE activ-
ity in liver, plasma metabolites, and plasma hormones, 
age was introduced as the main factor. The experimen-
tal unit was the pen for all traits studied. Differences 
among treatment means (P ≤ 0.05) were tested using 
the Tukey’s test.

RESULTS
No interactions among main effects were observed 

for any of the traits studied, and therefore, only main 
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effects are presented. Data on productive performance 
of the hens have been presented elsewhere (Mohiti-Asli 
et al., 2012). Briefly, LIB-fed hens had higher BW (P < 
0.001) and produced fewer eggs (P < 0.001) that were 
heavier (P < 0.001) than R-fed hens. Cellulose inclu-
sion decreased BW (P < 0.01), increased egg produc-
tion (P < 0.05), and reduced feed intake (P < 0.01) 
of the hens as compared with the inulin or the control 
diet. The CP content of the diet did not affect any of 
the productive performance traits studied.

Abdominal Fat Weight and Liver Lipids
Hens fed LIB had heavier (P < 0.001) liver and ab-

dominal fat pad than hens fed R. Lipids and cholesterol 
contents and color score of the livers were higher in 
hens fed LIB compared with hens fed R (Table 1). The 
fat content of the liver was higher (P < 0.001) in the 
LIB-fed hens than in the R-fed hens (38.6 vs. 51.4%). 
Abdominal fat and liver weights, and lipid and cho-
lesterol contents of the livers were reduced (P < 0.05) 
when the CP content of the diet was increased from 
14.5 to 17.4%. The inclusion of inulin or cellulose in the 
diet decreased (P < 0.05) the weight of the abdominal 
fat and the liver and tended to decrease (P = 0.065) 
liver cholesterol. However, no differences in total lipid 
content of liver were detected between fiber sources.

Fatty Acid Composition of Liver Fat
The FA composition of the lipids of the livers are 

presented in Table 2. The concentration of palmitate 
(C16:0; 38.0 vs. 24.4 mg/g; P < 0.001), palmitoleate 
(C16:1; 5.5 vs. 3.7 mg/g; P < 0.001), stearate (C18:0; 

14.9 vs. 9.0 mg/g; P < 0.001), oleate (C18:1; 65.9 vs. 
37.2 mg/g; P < 0.001), and linoleate (C18:2; 10.9 vs. 
8.7 mg/g; P < 0.01) were higher in the liver of LIB-
fed hens than in the liver of R-fed hens. Consequently, 
the concentration of saturated FA (SFA; 53.6 vs. 33.7 
mg/g; P < 0.001) and unsaturated FA (UFA; 84.1 vs. 
51.3 mg/g; P < 0.001) increased with LIB feeding. In-
clusion of inulin or cellulose in the diet had no signifi-
cant effects on FA composition of liver fat. Increasing 
the CP content of the diet from 14.5 to 17.4% reduced 
the concentration of stearate (12.7 vs. 10.5 mg/g; P < 
0.01) and oleate (55.1 vs. 44.8 mg/g; P < 0.05) in the 
liver, as well as that of SFA (46.0 vs. 39.1 mg/g; P < 
0.05) and UFA (71.5 vs. 60.2 mg/g; P < 0.05).

Plasma Metabolites and Hormones
Plasma glucose, TG, TC, and LDL-C concentra-

tions were 7.7% (18.2 mg/dL), 6.5% (89.7 mg/dL), 
9.6% (14.6 mg/dL), and 5.1% (2.6 mg/dL) higher, re-
spectively, in the LIB-fed hens than in the R-fed hens 
(Table 3). Plasma TG concentration was reduced (P 
< 0.05) by 5.2% (76.5 mg/dL) in hens fed 17.4% CP 
compared with hens fed 14.5% CP. None of the plasma 
metabolites was affected by the inclusion of a source of 
fiber in the diet. Diet did not affect plasma hormone 
levels.

Hepatic Malic Enzyme Activity
The hepatic MalE activity increased with age (P < 

0.05, Table 4). Activity and specific activity of MalE 
were 14.1% (0.7 units/solid) and 7.1% (0.09 units/pro-
tein) higher in LIB-fed hens than in R-fed hens, respec-

Table 1� Effects of feeding regimen, fiber inclusion, and CP content of the diet on abdominal fat and 
liver weight and liver lipid content of broiler breeder hens 

Item
Abdominal  

fat (g)
Liver  

weight (g)
Liver color  

score
Total liver  
lipids (%)

Liver cholesterol  
(mg/g)

Feeding regimen      
 Restricted 125 86 3.2 39 2.5
 Liberal1 179 107 3.9 51 3.4
 SEM2 4.5 1.6 0.17 1.5 0.09
Fiber inclusion      
 Control 165a 101a 3.4 45 3.1
 Inulin, 3% 151ab 95b 3.6 43 2.8
 Cellulose, 3% 140b 94b 3.6 45 2.7
 SEM3 5.5 2.0 0.21 1.8 0.11
CP content (%)      
 14.5 159 100 3.6 46 3.0
 17.4 145 92 3.4 42 2.8
 SEM4 4.5 1.6 0.17 1.5 0.09
Effect (P-value)5     
 Feeding regimen 0.001 0.001 0.005 0.001 0.001
 Fiber inclusion 0.013 0.035 0.886 0.768 0.065
 CP 0.032 0.001 0.359 0.032 0.051

a,bMeans with different superscript letter within a column are significantly different (P < 0.05).
1Close to ad libitum consumption (30% above feed intake of the restricted hens).
2Standard error of means for feeding regimen effect (n = 30).
3Standard error of means for fiber source effect (n = 20).
4Standard error of means for CP effect (n = 30).
5The interactions among main effects were not significant (P > 0.10).
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tively. An increase in the CP content of the diet de-
creased (P < 0.001) liver MalE activity by 11.8% (0.67 
units) and specific MalE activity by 18.5% (0.17 units). 
However, dietary fiber did not affect MalE activity.

DISCUSSION

The results of current study indicated that LIB feed-
ing increased lipid content of the liver, and that addi-

Table 2� Effects of feeding regimen, fiber inclusion, and CP content of the diet on fatty acid concentration (mg/g) in the liver of 
broiler breeder hens at 55 wk of age 

Item C14:0 C16:0 C16:1 C18:0 C18:1 C18:2 C20:4 C22:6 SFA1 UFA2 SFA/UFA

Feeding regimen            
 Restricted 0.36 24.4 3.7 9.0 37.2 8.7 1.3 0.40 33.7 51.3 0.66
 Liberal3 0.62 38.0 5.5 14.9 65.9 10.9 1.4 0.46 53.6 84.1 0.64
 SEM4 0.04 1.83 0.30 0.75 3.42 0.58 0.06 0.02 2.57 4.26 0.01
Fiber inclusion            
 Control 0.50 30.6 4.4 11.7 50.4 10.1 1.5 0.44 42.8 66.9 0.65
 Inulin, 3% 0.47 29.9 4.5 11.3 49.0 9.8 1.3 0.42 41.7 65.0 0.65
 Cellulose, 3% 0.46 30.9 4.5 11.8 50.4 9.1 1.3 0.41 43.1 65.7 0.67
 SEM5 0.05 2.25 0.37 0.92 4.20 0.71 0.07 0.03 3.15 5.22 0.01
CP content (%)            
 14.5 0.51 32.8 4.8 12.7 55.1 9.9 1.3 0.42 46.0 71.5 0.65
 17.4 0.45 28.2 4.2 10.5 44.8 9.4 1.4 0.43 39.1 60.2 0.66
 SEM6 0.04 1.83 0.30 0.75 3.43 0.58 0.06 0.02 2.57 4.26 0.01
Effect (P-value)7         
 Feeding regimen 0.001 0.001 0.001 0.001 0.001 0.010 0.382 0.098 0.001 0.001 0.043
 Fiber inclusion 0.788 0.897 0.965 0.839 0.916 0.542 0.327 0.657 0.878 0.910 0.249
 CP 0.226 0.066 0.148 0.034 0.026 0.560 0.226 0.678 0.052 0.050 0.359

1SFA = saturated fatty acids.
2UFA = unsaturated fatty acids.
3Close to ad libitum consumption (30% above feed intake of the restricted hens).
4Standard error of means for feeding regimen effect (n = 30).
5Standard error of means for fiber source effect (n = 20).
6Standard error of means for CP effect (n = 30).
7The interactions among main effects were not significant (P > 0.10).

Table 3� Effects of feeding regimen, fiber inclusion, and CP content of the diet on plasma concentration of metabolites and hormones 
of broiler breeder hens1 

Item
Glucose  
(mg/dL)

TG  
(mg/dL)

TC  
(mg/dL)

HDL-C  
(mg/dL)

LDL-C  
(mg/dL)

E2  
(pg/mL)

P4  
(ng/mL)

T3  
(ng/mL)

T4  
(ng/mL)

Age          
 45 wk 249 1,403 158 64 52 245 0.77 1.11 10.0
 55 wk 237 1,419 161 66 54 253 0.88 1.12 11.5
 SEM2 2.7 24.3 3.4 1.2 0.7 1.0 0.04 0.02 0.24
Feeding regimen          
 Restricted 235 1,371 152 64 52 249 0.78 1.13 10.7
 Liberal3 253 1,461 167 66 54 249 0.81 1.09 10.8
 SEM4 2.7 24.3 3.4 1.2 0.7 1.0 0.04 0.02 0.24
Fiber inclusion          
 Control 247 1,431 163 65 53 250 0.82 1.08 11.1
 Inulin, 3% 244 1,396 157 64 53 249 0.78 1.13 10.6
 Cellulose, 3% 239 1,406 159 67 54 248 0.78 1.11 10.6
 SEM5 3.3 29.8 4.2 1.5 0.9 1.2 0.05 0.03 0.29
CP content (%)          
 14.5 244 1,449 164 63 53 249 0.84 1.09 10.9
 17.4 242 1,373 155 67 53 249 0.74 1.12 10.7
 SEM6 2.7 24.3 3.4 1.2 0.7 1.0 0.04 0.02 0.24
Effect (P-value)7         
 Age 0.001 0.579 0.581 0.099 0.038 0.001 0.003 0.637 0.001
 Feeding regimen 0.001 0.011 0.003 0.098 0.013 0.848 0.636 0.248 0.775
 Fiber inclusion 0.195 0.672 0.612 0.318 0.594 0.412 0.778 0.521 0.349
 CP 0.405 0.030 0.060 0.074 0.868 0.580 0.099 0.414 0.504

1TG = triglyceride; TC = total cholesterol; HDL-C = high-density lipoprotein cholesterol; LDL-C = low-density lipoprotein cholesterol; E2 = 
17β-estradiol; P4 = progesterone; T3 = triiodothyronine; T4 = thyroxine.

2Standard error of means for age effect (n = 60).
3Close to ad libitum consumption (30% above feed intake of the restricted hens).
4Standard error of means for feeding regimen effect (n = 30).
5Standard error of means for fiber source effect (n = 20).
6Standard error of means for CP effect (n = 30).
7The interactions among main effects were not significant (P > 0.10).
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tional fiber or an increase in the CP content of the diet 
reduced abdominal fat and liver weight, and decreased 
hepatic lipid accumulation. Renema et al. (1999) re-
ported that BW, abdominal fat pad weight, and per-
centage of lipid in the carcass were higher for LIB-fed 
pullets than for R-fed pullets. Chen et al. (2006) re-
ported that ad libitum fed broiler breeder hens had 
greater BW, liver weight, abdominal fat pad, and plas-
ma concentrations of glucose and TG than R-fed hens. 
The lower weight of the liver and the abdominal fat ob-
served when inulin was included in the diet agrees with 
results of Fiordaliso et al. (1995) and Kok et al. (1996) 
in rats who reported that the addition of inulin to the 
diet decreased total hepatic lipid content. Daubioul et 
al. (2002) observed that dietary fructans, but not cellu-
lose decreased TG concentration in the plasma and TG 
accumulation in the liver of genetically obese rat. Also, 
Velasco et al. (2010) reported that the inclusion of 1% 
inulin in the diet decreased lipid concentration in the 
liver of broilers. In the current study, liver cholesterol 
was reduced in hens fed inulin or cellulose. Delzenne 
and Kok (1999) suggested that inulin-type fructans de-
creased hepatic lipids by reducing the activity of all 
lipogenic enzymes including MalE. However, Daubioul 
et al. (2000) observed that oligofructose induced only a 
moderate decrease in MalE activity in rats, without any 

change in the activity of other lipogenic enzymes. It has 
been postulated that in rats, the hypoglycemic effect of 
oligofructose might result from a reduction in the ca-
pacity of the hepatocytes to synthesize TG (Fiordaliso 
et al., 1995). Akiba and Matsumoto (1978) reported 
that liver weight and lipid concentration in liver and 
plasma in chicks increased with force feeding, but that 
cellulose inclusion in the diet reduced the negative ef-
fects of force-feeding on these variables. The authors 
suggested that the increase in liver lipid concentration 
with force feeding and the reduction with the inclusion 
of cellulose observed was mainly originated by changes 
in TG profile of the lipid content of the liver. The ac-
cumulation of lipids and TG in the liver were reduced 
in force-fed chickens when 4% cellulose was included in 
the diet.

Liver lipid concentration was reduced in hens fed the 
high-CP diet. The reduction in liver lipids was propor-
tional to the reduction in the weight of the abdominal 
fat and the concentration of plasma TG. It has been 
reported that when chickens were switched from a low-
CP diet to a high-CP diet, hepatic lipogenesis and TG 
accumulation in liver decreased, a reduction that might 
result from the reduced activity of the MalE (Adams 
and Davis, 2001; Rosebrough et al., 2002, 2008). The 
authors have not found any research on the effects of 
combining the inclusion of a fiber source and the in-
crease of the CP content of the diet on plasma me-
tabolites or lipogenesis response in birds to compare 
with our results. In the current study, the reduction in 
hepatic fat deposition was similar when the hens were 
fed a high-CP diet than when fed a combination of a 
fiber source and a high-CP diet. Reimer and Russell 
(2008) reported that dietary inulin alone or in combina-
tion with higher dietary CP levels modified lipid profile 
and reduced TG content in genetically obese rats and 
reduced LDL-C and TC in lean rats compared with a 
control and a high-CP content diet. These TG-lowering 
effects might be explained, at least in part, by an inhi-
bition of de novo FA synthesis and downregulation of 
the expression and activity of lipogenic enzymes (Del-
zenne, 1999).

Hens fed LIB had higher concentration of FA in the 
liver than R-fed hens, with oleate being the main FA 
affected. It has been reported that oleic acid is the most 
effective FA regulating the secretion of TG in a form 
of lipoproteins from hepatocytes (Davis et al., 1982; 
Legrand et al., 1997). In the current study, the inclu-
sion of inulin or cellulose in the diet did not affect liver 
FA concentration. In contrast, Akiba and Matsumoto 
(1978) reported that force-feeding reduced oleic acid 
concentration in the liver of the hens but that 4% cellu-
lose feeding reversed this trend. Force-feeding increased 
also palmitic acid in the liver, and the UFA to SFA ratio 
increased when cellulose was included in the diet. An 
increase in the CP content of diet from 14.5 to 17.4% 
reduced stearate and oleate concentration in the liver, 
a finding that may result from a reduction in activity of 
the enzymes involved in hepatic FA synthesis. Yeh and 

Table 4� Effects of feeding regimen, fiber inclusion, and CP 
content of the diet on hepatic malic enzyme activity of broiler 
breeder hens 

Item

Malic enzyme activity1

Per g of liver Per mg of protein

Age    
 45 wk 5.18  0.81
 55 wk 5.50  0.86
 SEM2 0.11  0.03
Feeding regimen    
 Restricted 4.99  0.79
 Liberal3 5.69  0.88
 SEM4 0.12  0.03
Fiber inclusion    
 Control 5.32  0.85
 Inulin, 3% 5.29  0.85
 Cellulose, 3% 5.42  0.81
 SEM5 0.13  0.03
CP content (%)    
 14.5 5.68  0.92
 17.4 5.01  0.75
 SEM6 0.12  0.03
Effect (P-value)7   
 Age 0.041  0.205
 Feeding regimen 0.001  0.013
 Fiber inclusion 0.783  0.710
 CP 0.001  0.001

1Malic enzyme activity: nanomoles of reduced nicotinamide adenine 
dinucleotide phosphate formed per minute.

2Standard error of means for age effect (n = 60).
3Close to ad libitum consumption (30% above feed intake of the re-

stricted hens).
4Standard error of means for feeding regimen effect (n = 30).
5Standard error of means for fiber source effect (n = 20).
6Standard error of means for CP effect (n = 30).
7The interactions among main effects were not significant (P > 0.10).
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Leveille (1969) indicated that the incorporation of glu-
cose, pyruvate, and acetate into liver FA was depressed 
when the CP content of the diet was increased.

Hens fed LIB exhibited higher plasma circulating 
glucose concentration than hens fed R. Lipogenesis de-
pends on glucose metabolism to provide the acetyl-CoA 
necessary to initiate and sustain de novo FA synthesis, 
and therefore, plasma glucose level stimulates hepatic 
lipogenesis in hens. Circulating levels of T3 in plasma 
were not affected by feeding regimen. Sun et al. (2006) 
reported that plasma T3 concentrations were higher 
in LIB-fed hens than in R-fed hens. Thyroid function 
seems to be inversely related to BW status, with in-
creased TSH and T3 concentrations in case of obesi-
ty. Dietary inulin did not affect plasma concentration 
of glucose, TG, TC, HDL-C, or LDL-C. In contrast, 
Yusrizal and Chen (2003) reported that the inclusion of 
1% inulin in the diet decreased serum TC concentration 
in broilers. Velasco et al. (2010) observed that dietary 
inulin decreased total lipid content in the liver as well 
as serum concentration of TG and very low density li-
poprotein in broilers. Beylot (2005) demonstrated that 
inulin had hypoglycemic effects in rats. Several mecha-
nisms have been proposed to explain the hypoglycemic 
properties of inulin-type fructans in laboratory rodents. 
The hypothesis more widely accepted is that inulin-
type fructans induce a simultaneous decrease in the 
hepatic expression and activity of lipogenic enzymes, 
altering the metabolism of lipids in the liver and reduc-
ing de novo FA and TG synthesis (Kok et al., 1996; 
Delzenne and Kok, 1999; Beylot, 2005). On the other 
hand, Leveille et al. (1961) have shown that serum cho-
lesterol levels were inversely related to the CP content 
of the diet.

In the present study, MalE activity was not affected 
by the inclusion of a fiber source in the diet. Akiba and 
Matsumoto (1982) reported a reduction in hepatic lipid 
deposition and plasma lipid content when chicks were 
fed a diet with 4% cellulose but that hepatic MalE ac-
tivity was not modified. Therefore, other mechanisms 
not related with MalE activity might be involved and 
explain the effects of dietary cellulose in decreasing ab-
dominal fat and BW. The results of the current study 
confirm that MalE activity and hepatic lipogenesis were 
reduced when the CP content of the diet was increased 
from 14.5 to 17.4%. The results confirm that MalE is a 
key regulatory enzyme in de novo FA synthesis in birds.

An increase in the CP content of the diet was as-
sociated with a reduction in the weight and lipid and 
cholesterol content of the liver. Plasma TG concentra-
tion and abdominal fat pad weight were also reduced 
with increases in CP content of the diet. These findings 
are in agreement with data of Rosebrough and Steele 
(1985) and Rosebrough et al. (2002, 2008) who sug-
gested that protein intake per se was a potent regulator 
of de novo lipid metabolism in birds. In this respect, 
most of the research conducted (Rosebrough et al., 
1990, 1996, 2002, 2008; Adams and Davis, 2001) used 
purified diets with a very high CP content to facilitate 

the study of gene expression. The results of the current 
experiment indicate that a moderate increase in CP 
content of the diet (from 14.5 to 17.4%) reduced he-
patic MalE activity. Donaldson (1985) reported a nega-
tive relationship between dietary CP level and body fat 
content in chickens. Yeh and Leveille (1969) also found 
an inverse relationship between dietary CP level and 
the rate of in vitro lipogenesis. These authors proposed 
that an increase in dietary CP could reduce the flow of 
substrates through glycolysis and increase the produc-
tion of glucose from substrates that were formerly in 
the pathways leading to fat synthesis. Rosebrough et 
al. (1990, 1996) have reported that hepatic MalE activ-
ity in chicks was reduced 2 to 5 d after modifying the 
CP content of the diet. The results of the current study 
indicated that hepatic MalE activity and liver lipids 
of the hens declined after feeding the high-CP diet for 
2 wk. Adams and Davis (2001) observed a rapid (3 h) 
decrease in the expression of the mRNA for MalE when 
the chicks were switched from a diet with 22% CP to a 
diet with 40% CP. They also reported that the changes 
in MalE mRNA observed were associated with subse-
quent changes in MalE activity and liver total lipid 
concentration.

In conclusion, a moderate increase in dietary CP 
content reduced fat content of the liver by suppressing 
MalE activity, a strategy that could be used to reduce 
obesity-linked problems in broiler breeder hens. Dietary 
inulin and cellulose did not affect MalE activity but 
reduced abdominal fat deposition. The combination of 
high CP and inclusion of a fiber source in the diet did 
not decrease further the lipid content of the liver com-
pared with feeding a high-CP diet alone.
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