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Dietary Niacin Supplementation Suppressed Hepatic Lipid
Accumulation in Rabbits

Lei Liu, Chunyan Li, Chunyan Fu, and Fuchang Li*
Department of Animal Science, Shandong Agricultural University, Taian, Shandong 271018, China

ABSTRACT: An experiment was conducted to investigate the effect of niacin supplementation on hepatic lipid metabolism in rabbits.
Rex Rabbits (90 d, n = 32) were allocated to two equal treatment groups: Fed basal diet (control) or fed basal diet with additional 200
mg/kg niacin supplementation (niacin). The results show that niacin significantly increased the levels of plasma adiponectin, hepatic
apoprotein B and hepatic leptin receptors mRNA (p<0.05), but significantly decreased the hepatic fatty acid synthase activity and
adiponectin receptor 2, insulin receptor and acetyl-CoA carboxylase mRNA levels (p<0.05). Plasma insulin had a decreasing tendency in
the niacin treatment group compared with control (p = 0.067). Plasma very low density lipoproteins, leptin levels and the hepatic
adiponectin receptor 1 and carnitine palmitoyl transferase 1 genes expression were not significantly altered with niacin addition to the
diet (p>0.05). However, niacin treatment significantly inhibited the hepatocytes lipid accumulation compared with the control group
(p<0.05). In conclusion, niacin treatment can decrease hepatic fatty acids synthesis, but does not alter fatty acids oxidation and
triacylglycerol export. And this whole process attenuates lipid accumulation in liver. Besides, the hormones of insulin, leptin and
adiponectin are associated with the regulation of niacin in hepatic lipid metabolism in rabbits. (Key Words: Niacin, Liver, Lipid

Metabolism, Rabbits)

INTRODUCTION

Liver plays a key role in lipid metabolism and is the hub
of fatty acid synthesis and lipid circulation through
lipoprotein synthesis in mammals. Triacylglycerols may
accumulate in hepatocytes or are exported as constituents of

very low density lipoproteins (VLDL) (Nguyen et al., 2008).

The excessive accumulation of lipid droplets into the
hepatocytes can result in hepatic steatosis. The
triacylglycerol content of hepatocytes is regulated by the
activity of cellular molecules that facilitates hepatic fatty
acid synthesis and esterification (‘input’), and hepatic fatty
acid oxidation and triacylglycerol export (‘output’). The
genes encoding levels of Acetyl-CoA carboxylase (ACC),
fatty acid synthase (FAS) and carnitine palmitoyltransferase
(CPT) 1 were respectively involved in the regulation of
FAS and oxidation. Besides, the lipid metabolism in liver in
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mammals can be regulated by hormones (e.g., insulin,
leptin, and adiponectin) (Saltiel and Kahn, 2001; Berg et al.,
2002; Gallardo et al., 2007; Peng et al., 2009) and
nutritional state (carbohydrates, B vitamins) (Havel, 2004;
Ganji et al., 2015).

Emerging findings indicate that niacin decreases plasma
VLDL level by inhibiting hepatocyte diacylglycerol
acyltransferase 2 (Kamanna et al., 2013). Lamon-Fava et al.
(2008) found that niacin treatment significantly increased
high density lipoprotein (HDL) apo-protein A-I (ApoA-I)
concentrations and production, as well as enhanced the
clearance of triglyceride-rich lipoproteins. G-protein-
coupled receptor 109 A (GPR109A) was identified as
receptors for niacin (Wise et al., 2003). Hepatic-specific
over-expression of GPR109A in mice reduced plasma HDL
cholesterol accompanied by reduction in hepatic cholesterol
efflux to ApoA-I (Li et al., 2010). Generally, the studies of
niacin were focused on relative lipid regulation in plasma
for the treatment of dyslipidemia and atherosclerosis. But
the effect of niacin on hepatic fatty acid metabolism is still
unclear.
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Obesity and obesity-associated fatty liver disease are
becoming global health problems in adults as well as
children (Browning et al., 2004; Hamaguchi et al., 2005).
Hepatic steatosis is encountered in about 20% to 35% of the
general adult population in the United States (Reddy
and Rao, 2006). The prevention or treatment of hepatic
steatosis is difficult to implement, especially by
nutrition intervention methods. In the present study, we
investigated the effect of dietary niacin addition on hepatic
fatty acid metabolism in rabbits, and determined the
possibility of niacin attenuates hepatic lipid accumulation.

MATERIALS AND METHODS

Animals

Three-month-old Rex-rabbits were individually housed
in locally made cages (60x40%40 cm). Temperature and
lighting were maintained according to commercial
conditions. The diets were formulated according to the
values for growing rabbits from NRC (1977) and de Blas
and Mateos (1998). The diets were pressure pelleted with
the diameter of the pellets being 4 mm. All rabbits received
a starter diet containing 16% crude protein, 14% crude fiber
and 11 MJ/kg of digestible energy. All rabbits had free
access to food and water during the rearing period. This
study was approved by the Shandong Agricultural
University and conducted in accordance with the
“Guidelines for Experimental Animals” of the Ministry of
Science and Technology (Beijing, China).

Experimental protocol and sample collection

At 90 days of age, 32 rabbits of similar body weight
(1,860+100 g) were divided into 2 groups (16 replicates per
group and 1 rabbit per replicate): Fed basal diet (control,
measured niacin content was 28 mg/kg) or fed basal diet
with 200 mg/kg niacin addition (niacin, measured niacin
content was 230 mg/kg). The experiment lasted for 8 wks
which included 1 wk adaptation period and 7 wks
experimental period. At the end of the trial, 16 rabbits (8
rabbits per group, 4 male and 4 female, with the average
body weight of the 8 rabbits equal to the average body
weight of entire treatment group) were electrically stunned
(70 V, pulsed direct current, 50 Hz for 5 s), and 10 mL
blood was collected immediately from the heart. Plasma
was obtained following centrifugation at 400 g for 10 min
at 4°C and stored at —20°C for subsequent analysis. The
rabbits were sacrificed by cervical dislocation, and the liver
was collected. After being snap-frozen in liquid nitrogen,
the liver tissue samples were stored at —80°C.

Measurements
Plasma VLDL concentration was determined using the
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method described by Barter and Lally (1978). Plasma
adiponectin and leptin concentrations were determined
using a validated sandwich enzyme-linked immunosorbent
assay (Uscn Life Science Inc., Wuhan, China) with an
adiponectin- or leptin-specific  antibody.
coefficient of variation of adiponectin was 2.3%, and leptin
was 3.0%.

Plasma insulin was measured by radioimmunoassay
with a guinea pig anti-porcine insulin serum (3 V Bio-
engineering group Co., Weifang, China). In this procedure,
I labelled porcine insulin competes with chicken insulin
for sites on anti-porcine insulin antibodies that are
immobilised on the wall of a polypropylene tube.
Significant cross-reactivity has been observed between
chicken insulin and guinea pig anti-porcine sera (Simon et
al., 1974). The insulin in this study was referred to as
immunoreactive insulin. The sensitivity of the assay was 1
plU/mL, and all samples were included in the same assay to
avoid inter-assay variability. The intra-assay coefficient of
variation was 2.01%.

Liver samples were ground with saline (saline
volume/sample weight = 4:1) to measure apo-protein B
(Apo B) concentration and FAS activity. Apo B
concentrations in  liver were measured using
immunoturbidimetric assays. The FAS activity in liver was
measured using ultraviolet chromatometry. All the
commercial diagnostic kits were from Jiancheng
Bioengineering Institute (Nanjing, China).

The accumulation of cytoplasmic lipid droplets was
visualised by Oil Red O staining according to the protocol
of Lillie and Fullmer (1976). Briefly,
immediately frozen in liquid nitrogen and cut with a Leica
CM-1850 cryostat microtome (Leica, Wetzlar, Germany).
Then 16-mm thick sections were fixed in 4% formaldehyde
for 10 min and stained with filtered 0.5% Oil Red O
(Sigma-Aldrich, St Louis, MO, USA), which was made by
dissolving in isopropyl alcohol for 15 min at room
temperature. Morphometric analysis was performed on 10
randomly chosen fields containing transverse sections of
liver from each rabbit. The selected fields were
photographed using an Olympus CX41 phase contrast
microscope (Olympus, Tokyo, Japan). The volume density
of each Oil Red O positive liver tissue was determined
using the point-counting method described by Weibel and
Bolender (1973).

Total RNA extraction and quantitative real-time
polymerase chain reaction (PCR) were performed as
described previously (Li et al., 2014). Sequences of primers
are shown in Table 1. The PCR data were analyzed with the
27T method (Livak and Schmittgen, 2001). The mRNA
levels of target genes were normalised to glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) mRNA (ACT). On the

Intra-assay

tissues were
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Table 1. Gene-specific primers used for the analysis of rabbit gene expression

Gene GenBank accession no. Primer sequences (5°-3°) Product size (bp)

Adpn R1 AMBB6136 F: CGGCTCATCTACCTCTCCAT 109
R: ACACACCTGCTCTTGTCTGC

Adpn R2 AMB86135 F: CTGGCTCAAGGATAACGACTT 109
R: AATGTTGCCTGTCTCTGTGTG

INSR XM 008249177 F: CGCTACCAATCCTTCTGTCC 111
R: TAGTGCGTGATGTTGCCATT

LEPR XM 008265107 F:AAGAACAGAGATGAGGTGGTGC 187
R:CCAGTGTGGCGTATTTCACG

ACC XM 008271160 F: TGGCTGTATCCATTATGTCAAGCG 235
R: TGAAGAAAGGGTCAGGAAGGCAGTA

CPTI XM_002724092 F: AGGTGCTCCTCTCCTACCACGG 379
R: GTTGCTGTTCACCATCAGTGGC

GAPDH NM 001082253 F: TGCCACCCACTCCTCTACCTTCG 163

R: CCGGTGGTTTGAGGGCTCTTACT

Adpn R, adiponectin receptor; /NSR, insulin receptor; LEPR, leptin receptor; ACC, Acetyl-CoA carboxylase; CPTI,

GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

basis of the Ct values, GAPDH mRNA expression was
stable across the treatments in this study (p>0.1).

Statistical analysis

The data are presented as the means+standard error of
the mean, with n = 8 for plasma metabolites, hormones,
hepatic FAS activity, Oil Red O staining and all mRNA
levels analysis. All of the data collected were subjected to
one-way analysis of variance analysis with the Statistical
Analysis Systems statistical software package (Version 8e,
SAS Institute, Cary, NC, USA), and the primary effect of
niacin treatment was evaluated. Homogeneity of variances
among groups was confirmed using Bartlett’s test (SAS
Institute, USA). When the primary effect of treatment was
significant, differences between means were assessed by
unpaired T-Test. p<0.05 was statistically significant, and
0.05<p<0.1 was changed tendency.

RESULTS

The relative hormones and VLDL concentration in
plasma were determined, and the results are shown in
Figure 1. Although no significant difference was observed
in plasma levels of VLDL (Figure 1A) and leptin (Figure
1B) in niacin group rabbits compared with the control,
plasma adiponectin was significantly increased with 200
mg/kg niacin addition (p<0.05, Figure 1C). In addition,
plasma insulin had a decreasing tendency in the niacin
treatment group compared with the control group (p = 0.067,
Figure 1D).

Though determining the relative genes expression or
enzyme activity-related lipid metabolism, we found that
dietary addition of niacin significantly decreased the FAS
activity (Figure 2A) and adiponectin receptor 2 (adpn R2)

carnitine palmitoyltransferase 1;

(Figure 2B), insulin receptor (INSR) (Figure 2C) and ACC
(Figure 2D) mRNA levels (p<0.05) but increased the Apo B
(Figure 2E) content and leptin receptor (LEPR) gene
expression (Figure 2F) (p<0.05). Besides, the adpn RI
(Figure 2G) and CPTI (Figure 2H) genes expression were
not significantly altered when niacin addition in diet.

From Figure 3, we can determine that dietary niacin
treatment had a significant inhibition on cytoplasmic lipid
accumulation compared with control.

DISCUSSION

Dietary niacin can regulate lipid metabolism in kidney,
adipose tissue and lipid transportation in plasma (Rubic et
al., 2004; Cho et al., 2010; Fabbrini et al., 2010). Recent
researches show that niacin increases HDL by reducing
hepatic expression cholesteryl transfer protein and reducing
the uptake of HDL (Jin et al., 1997; van der Hoorn et al.,
2008). However, the effect of niacin on fatty acids
metabolism in liver is still unclear. Our study shows that
dietary niacin supplementation inhibited hepatic fatty acids
synthesis and lipid accumulation.

Lipid metabolism in liver is key for energy homeostasis
in rabbits. Fatty acids synthesis in liver is tightly controlled
by nutritional conditions (Asai and Miyazawa, 2001). In our
study, the ACC gene and FAS activity were significantly
decreased in liver after niacin supplementation, which
suggest that the hepatic fatty acids synthesis process is
significantly inhibited by niacin. The results are consistent
with the study in rats, as niacin administration relieved the
increased ACC and FAS protein due to chronic renal failure
in kidney (Cho et al., 2010). But the niacin treatment didn’t
change the hepatic CPTI gene expression in normal rabbit
liver or human primary hepatocytes (Carling et al., 2008),
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Figure 1. Effects of dietary niacin on plasma very low density lipoproteins (VLDL) (A), leptin (B), adiponectin (C), and insulin (D)
concentration. Values are shown as the meanstandard error of the mean. *® Means with different superscripts are significantly different

(p<0.05).

which is the rate-limiting enzyme of fatty acid catabolic
pathway. The results suggest that the regulation of niacin on
fatty acid metabolism is only on the anabolic pathway, but
not on the catabolic pathway.

Hepatic lipid components that are synthesized in smooth
endoplasmic reticulum, are glycosylated in golgi apparatus,
and released into blood in the form of VLDL. Apo B is the
key component whose rate of synthesis in the rough
endoplasmic reticulum controls the overall rate of VLDL
production (Cruz-Bautista et al., 2015). Results from liver
slice studies has suggested that species with limited hepatic
lipogenesis have less ability to secrete VLDL from the liver
compared with species in which the liver is a major or
moderate source of lipogenesis (Pullen et al., 1990). But the
plasma VLDL concentration was not altered after niacin
administration in our experiment. The major reason might
be related to the increased hepatic Apo B level. Although
there was less lipogenesis, niacin can stimulate the other
synthetic component (Apo B) production. Which can result
in a unaltered VLDL level.

Hepatic fatty acids metabolism is also affected by
hormones (e.g., insulin, leptin, and adiponectin). Many
studies have found the transcription rate of the FAS gene is

quickly increased after insulin administration in diabetic
mouse and rats (Paulauskis and Sul, 1988; Ruzzin et al.,
2010). Besides, insulin can also inhibit Apo B secretion in
isolated human hepatocytes (Salhanick et al., 1991). These
effects are achieved by the binding of insulin to the INSR at
the cell surface (Nakae and Accili, 1999). In the present
experiment, the decreased tendency of plasma insulin and
significant inhibition of hepatic /NSR gene in niacin group
suggest that the insulin signal is associated with the
regulation of niacin on hepatic lipid metabolism. But these
results are inconsistent with a previous observation, which
found that niacin had no effect on insulin action in human
(Fabbrini et al., 2010). Perhaps the effect of niacin on
insulin can be species-dependent.

Leptin is another hormone that may be involved in
lipogenesis. There is a growing consensus that leptin limits
fat storage not only by inhibiting food intake but also by
affecting specific metabolic pathways in liver and adipose
(Anania, 2002; Kitamura et al., 2006). The previous studies
show that leptin can stimulate fatty acid oxidation and
inhibit lipogenesis by down-regulating the expression of
genes involved in fatty acid and triglyceride synthesis in
liver or adipose (Baiet al., 1996; Matsusue et al., 2003;
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Figure 2. Effects of dietary niacin on hepatic fatty acid synthase (FAS) activity (A), adiponectin receptor 2 (Adpn R2) gene expression
(B) insulin receptor (INSR) gene expression (C), acetyl-CoA carboxylase (ACC) gene expression (D), Apo B concentration (E), leptin
receptor (LEPR) gene expression (F), adiponectin receptor 1 (Adpn R1) gene expression (G) and carnitine palmitoyltransferase (CPT) 1
gene expression (H). Values are shown as the meantstandard error of the mean. *® Means with different superscripts are significantly
different (p<0.05).

Buettner et al., 2008). Although the plasma leptin that the hepatic leptin signal is involved to the niacin
concentration was not affected by the niacin, the hepatic regulation on lipid metabolism.
LEPR was increased 5-fold than control. The result shows Adiponectin, a protein exclusively secreted from
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Figure 3. Oil Red O staining of liver for cytoplasmic lipid droplets (indicated by arrows) showing effect of dietary niacin treatment on
lipid accumulation in hepatocyte (A: control, B: niacin) from rabbit. The scale bar in (A) represents 50 mm.

adipose tissue, and its agonists could be promising
candidates for the treatment of obesity-associated metabolic
syndromes (Berg et al., 2002). Recent studies suggest that
adiponectin can act directly on hepatic lipid metabolism (Li
et al.,, 2014; Lin et al., 2015). Adiponectin can regulate
hepatic fatty acid metabolism in vivo by attenuating the
activities of FAS and ACC (Xuet al., 2003). It can also
improve dyslipidemia and decrease lipid accumulation in
muscle, thus enhancing insulin sensitivity in this tissue
(Yamauchi et al, 2001). In present study, niacin
significantly increased the plasma adiponectin level, which
counters the hepatic ACC gene expression and FAS activity.
It is therefore hypothesized that niacin affects lipogenesis
by affecting the adiponectin secretion. Adpn R2, not Adpn
R1, may be the crosslink between adiponectin signaling and
nonalcoholic fatty liver disease in obese mice (Peng et al.,
2009). In present study, hepatic Adpn R1 and Adpn R2
mRNA levels did not show the same tendency with plasma
adiponectin level after niacin treatment. Therefore, the
relationship of Adipo R with adiponectin regulating hepatic
lipogenesis in niacin treated-rabbits remains unclear and
warrants further investigation.

In conclusion, niacin treatment can decrease hepatic
fatty acids synthesis, but not alter fatty acids oxidation and
triacylglycerol export, which attenuates lipid accumulation
in liver. Besides, the hormones of insulin, leptin and
adiponectin are associated with the regulation of niacin on
the hepatic lipid metabolism in rabbits.

CONFLICT OF INTEREST

We certify that there is no conflict of interest with any
financial organization regarding the material discussed in
the manuscript.

ACKNOWLEDGMENTS

This work was supported by the Modern Agro-industry
Technology Research system (CARS-44-B-1), Agricultural
Major Application Technology Innovation Project of

Shandong Province (2015-2016), Project Funded by China
Postdoctoral Science Foundation (2015M580601) and
Youth Science and Technology Innovation Fund of
Shandong Agricultural University (2015-2016).

REFERENCES

Anania, F. A. 2002. Leptin, liver, and obese mice--fibrosis in the
fat lane. Hepatology 36:246-248.

Asai, A. and T. Miyazawa. 2001. Dietary curcuminoids prevent
high-fat diet-induced lipid accumulation in rat liver and
epididymal adipose tissue. J. Nutr. 131:2932-2935.

Bai, Y., S. Zhang, K. S. Kim, J. K. Lee, and K. H. Kim. 1996.
Obese gene expression alters the ability of 30A5 preadipocytes
to respond to lipogenic hormones. J. Biol. Chem. 271:13939-
13942.

Barter, P. J. and J. 1. Lally. 1978. Metabolism of esterified
cholesterol in the plasma very low density lipoproteins of the
rabbit. Atherosclerosis 31:355-364.

Berg, A. H, T. P. Combs, and P. E. Scherer. 2002.
ACRP30/adiponectin: an adipokine regulating glucose and
lipid metabolism. Trends Endocrinol. Metab. 13:84-89.

Browning, J. D., L. S. Szczepaniak, R. Dobbins, P. Nuremberg, J.
D. Horton, J. C. Cohen, S. M. Grundy, and H. H. Hobbs. 2004.
Prevalence of hepatic steatosis in an urban population in the
United States: impact of ethnicity. Hepatology 40:1387-1395.

Buettner, C., E. D. Muse, A. Cheng, L. Chen, T. Scherer, A. Pocai,
K. Su, B.Cheng, X.Li, and J. Harvey-White et al. 2008.
Leptin controls adipose tissue lipogenesis via central, STAT3-
independent mechanisms. Nat. Med. 14:667-675.

Carling, D., M. J. Sanders, and A. Woods. 2008. The regulation of
AMP-activated protein kinase by upstream kinases. Int. J.
Obes. 32:S55-S59.

Cho, K. H., H. J. Kim, V. S. Kamanna, and N. D. Vaziri. 2010.
Niacin improves renal lipid metabolism and slows progression
in chronic kidney disease. Biochim. Biophys. Acta 1800:6-15.

Cruz-Bautista, 1., R. Mehta, J. Cabiedes, C. Garcia-Ulloa, L. E.
Guillen-Pineda, P. Almeda-Valdés, D. Cuevas-Ramos, and C.
A. Aguilar-Salinas. 2015. Determinants of VLDL composition
and apo B-containing particles in familial combined
hyperlipidemia. Clin. Chim. Acta 438:160-165.

De blas, C. and G G Mateos. 1998. Feed formulation. In:
Nutrition of the Rabbit (Eds. C. de Blas and J. Wiseman). CAB
International, Wallingford, UK. pp. 222-232.



1754

Fabbrini, E., B. S. Mohammed, K. M. Korenblat, F. Magkos, J.
McCrea, B. W. Patterson, and S. Klein. 2010. Effect of
fenofibrate and niacin on intrahepatic triglyceride content, very
low-density lipoprotein kinetics, and insulin action in obese
subjects with nonalcoholic fatty liver disease. J. Clin.
Endocrinol. Metab. 95:2727-2735.

Gallardo, N., E.Bonzon-Kulichenko, T. Fernandez-Agullo, E.
Molto, S. Gémez-Alonso, P. Blanco, J. M. Carrascosa, M. Ros,
and A. Andrés. 2007. Tissue-specific effects of central leptin
on the expression of genes involved in lipid metabolism in
liver and white adipose tissue. Endocrinology 148:5604-5610.

Ganji, S. H., M. L. Kashyap, and V. S. Kamanna. 2015. Niacin
inhibits fat accumulation, oxidative stress, and inflammatory
cytokine IL-8 in cultured hepatocytes: Impact on non-alcoholic
fatty liver disease. Metabolism 64:982-990.

Hamaguchi, M., T. Kojima, N. Takeda, T. Nakagawa, H. Taniguchi,
K. Fujii, T. Omatsu, T. Nakajima, H. Sarui, and M. Shimazaki
et al. 2005. The metabolic syndrome as a predictor of
nonalcoholic fatty liver disease. Ann. Intern. Med. 143:722-
728.

Havel, P. J. 2004. Update on adipocyte hormones: regulation of
energy balance and carbohydrate/lipid metabolism. Diabetes
53:143-151.

Jin, F. Y., V. S. Kamanna, and M. L. Kashyap. 1997. Niacin
decreases removal of high-density lipoprotein apolipoprotein
Al but not cholesterol ester by Hep G2 cells. Implication for
reverse cholesterol transport. Arterioscler. Thromb. Vasc. Biol.
17:2020-2028.

Kamanna, V. S., S. H.Ganji, and M. L. Kashyap. 2013.
Recent advances in niacin and lipid metabolism. Curr. Opin.
Lipidol. 24:239-245.

Kitamura, T., Y. Feng, Y. I. Kitamura, S. C. Chua Jr., A. W. Xu, G
S. Barsh, L. Rossetti, and D. Accili. 2006. Forkhead protein
FoxOl mediates Agrp-dependent effects of leptin on food
intake. Nat. Med. 12:534-540.

Lamon-Fava, S., M. R.Diffenderfer, P. H. R. Barrett, A.
Buchsbaum, M. Nyaku, K. V. Horvath, B. F. Asztalos,
S. Otokozawa, M. Ai, and N. R. Matthan et al. 2008.
Extended-release niacin alters the metabolism of plasma
apolipoprotein (Apo) A-I and ApoB-containing lipoproteins.
Arterioscler. Thromb. Vasc. Biol. 28:1672-1678.

Lillie, R. D. and H. M. Fullmer. 1976. Histopathologic Technic
and Practical Histochemistry. 4th edn. McGraw-Hill, London,
UK.

Li, X., J. S. Millar, N. Brownell, F. Briand, and D. J. Rader. 2010.
Modulation of HDL metabolism by the niacin receptor
GPR109A in mouse hepatocytes. Biochem. Pharmacol.
80:1450-1457.

Li, Y., G Qin, J. Liu, L. Mao, Z. Zhang, and J. Shang. 2014.
Adipose tissue regulates hepatic cholesterol metabolism via
adiponectin. Life Sci. 118:27-33.

Lin, Z., X. Pan, F. Wu, D. Ye, Y. Zhang, Y. Wang, L. Jin, Q. Lian,
Y. Huang, and H. Ding et al. 2015. Fibroblast growth factor 21
prevents atherosclerosis by suppression of hepatic sterol
regulatory element-binding protein-2 and induction of
adiponectin in mice. Circulation 131:1861-1871.

Livak, K. J. and T. D. Schmittgen. 2001. Analysis of relative gene
expression data using real-time quantitative PCR and the 2 (-

Liu et al. (2016) Asian Australas. J. Anim. Sci. 29:1748-1755

Delta Delta C (T)) method. Methods 25:402-408.

Matsusue, K., M. Haluzik, G. Lambert, S. H. Yim, O. Gavrilova, J.
M. Ward, B. Brewer Jr., M. L. Reitman, and F. J. Gonzalez.
2003. liver-specific disruption of ppary in leptin-deficient mice
improves fatty liver but aggravates diabetic phenotypes. J. Clin.
Invest. 111:737-747.

Nakae, J. and D. Accili. 1999. The mechanism of insulin action. J.
Pediatr. Endocrinol. Metab. 12:721-731.

Nguyen, P., V. Leray, M. Diez, S. Serisier, J. Le Bloc’h, B. Siliart,
and H. Dumon. 2008. Liver lipid metabolism. J. Anim. Physiol.
Anim. Nutr. 92:272-283.

Paulauskis, J. D. and H. S. Sul. 1989. Hormonal regulation of
mouse fatty acid synthase gene transcription in liver. J. Biol.
Chem. 264:574-577.

Peng, Y., D. Rideout, S. Rakita, M. Sajan, R. Farese, M. You, and
M. M. Murr. 2009. Downregulation of adiponectin/AdipoR2 is
associated with steatohepatitis in obese mice. J. Gastrointest.
Surg. 13:2043-2049.

Pullen, D. L., J. S. Liesman, and R. S. Emery. 1990. A species
comparison of liver slice synthesis and secretion of
triacylglycerol from nonesterified fatty acids in media. J. Anim.
Sci. 68:1395-1399.

Reddy, J. K. and M. S. Rao. 2006. Lipid metabolism and liver
inflammation. II. Fatty liver disease and fatty acid oxidation.
Am. J. Physiol. Gastrointest. Liver Physiol. 290:G852-G858.

Rubic, T., M. Trottmann, and R. L. Lorenz. 2004. Stimulation of
CD36 and the key effector of reverse cholesterol transport ATP
binding cassette Al in monocytoid cells by niacin. Biochem.
Pharmacol. 67:411-419.

Ruzzin, J., R. Petersen, E. Meugnier, L. Madsen, E. J. Lock, H.
Lillefosse, T. Ma, S. Pesenti, S. B. Sonne, T. T. Marstrand, and
M. K. Malde et al. 2010. Persistent organic pollutant exposure
leads to insulin resistance syndrome. Environ. Health Perspect.
118:465-471.

Salhanick, A. 1., S. 1. Schwartz, J. M. Amatruda. 1991. Insulin
inhibits apolipoprotein B secretion in isolated human
hepatocytes. Metabolism 40:275-279.

Saltiel, A. R. and C. R. Kahn. 2001. Insulin signalling and the
regulation of glucose and lipid metabolism. Nature 414:799-
806.

Simon, J., P. Freychet, and G. Rosselin. 1974. Chicken insulin:
radioimmunological characterization and enhanced activity in
rat fat cells and liver plasma membranes. Endocrinology
95:1439-1449.

van der Hoorn, J. W., W. de Haan, J. F. Berbée, L. M. Havekes, J.
W. Jukema, P. C. Rensen, and H. M. Princen. 2008. Niacin
increases HDL by reducing hepatic expression and plasma
levels of cholesteryl ester transfer protein in APOE* 3Leiden.
CETP mice. Arterioscler Thromb. Vasc. Biol. 28:2016-2022.

Weibel, E. R. and R. P. Bolender. 1973. Stereological techniques
for electron microscopic morphometry. In: Principles and
Techniques of Electron Microscopy (Ed. M. A. Hayat). Van
Nostrand Rheinhold Company, New York, pp. 237-296.

Wise, A., S. M. Foord, N. J. Fraser, A. A. Barnes, N. Elshourbagy,
M. Eilert, D. M. Ignar, P. R. Murdock, K. Steplewski, and
A. Green et al. 2003. Molecular identification of high and low
affinity receptors for nicotinic acid. J. Biol. Chem. 278:9869-
9874.



Liu et al. (2016) Asian Australas. J. Anim. Sci. 29:1748-1755 1755

Xu, A.,Y. Wang, H. Keshaw, L. Y. Xu, K. S. Lam, and G J. Yamauchi, T., J. Kamon, H. Waki, Y. Terauchi, N. Kubota, K. Hara,

Cooper. 2003. The fat-derived hormone adiponectin alleviates Y. Mori, T. Ide, K. Murakami, and N. Tsuboyama-Kasaoka et
alcoholic and nonalcoholic fatty liver diseases in mice. J. Clin. al. 2001. The fat-derived hormone adiponectin reverses insulin
Invest. 112:91-100. resistance associated with both lipoatrophy and obesity. Nat.

Med. 7:941-946.



