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ABSTRACT. The influence of ruminal acidosis on ruminal microbiology 
and metabolite production has received considerable attention, but little 
is known regarding the systemic manifestations that arise from ruminal 
acidosis. Lipopolysaccharide (LPS) is released in the gastrointestinal tract 
upon ingestion of high-grain or high-fat diets, and it has been implicated in 
the etiology of multiple energy- and lipid-related metabolic disturbances 
in ruminants. The liver plays a crucial role in the acute phase response 
to intruding pathogens. The effect of blood LPS in subacute ruminal 
acidosis on lipid metabolism in the liver has not been established. In this 
study, cell cultures were photographed using an inverted microscope. We 
observed that hepatocytes changed their morphologies from irregular 
triangle to circular (contraction) shapes; the number of contracted cells 
increased with the increasing LPS doses. This suggests that LPS can 
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promote cell contraction and take off the wall, ultimately leading to 
cell apoptosis. With changes in LPS exposure, hepatocyte number also 
changes. We explored lipid metabolism in the liver using quantitative 
reverse transcription-polymerase chain reaction to detect the expression 
of key lipid metabolism enzymes in hepatocytes. We found that Toll-like 
receptor 4 signaling pathway mediated by LPS could attenuate mRNA 
expression of fatty acid synthesis genes and increase the expression of 
fatty acid transport genes in primary hepatocytes following LPS treatment 
in dairy cows.
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INTRODUCTION

Current feeding practices in high-producing beef and dairy cattle use highly ferment-
able diets to increase growth rates and milk production. However, because of microbial distur-
bances, these factors predispose cattle to digestive disorders such as ruminal acidosis (Khafi-
pour et al., 2009). Field studies in Europe and the USA have estimated that 11-19% of early 
lactation and 18-26% of mid-lactation dairy cows have subacute ruminal acidosis (SARA) 
(Enemark, 2008). SARA can promote health disorders such as diarrhea, laminitis, liver ab-
scesses, increased bacterial endotoxin levels, and inflammation characterized by increases in 
acute-phase proteins (Plaizier et al., 2008). The liver has several vital functions in metabolism, 
hormone synthesis, detoxification, and regulation of blood glucose levels to ensure homeosta-
sis in the entire body. In addition, the liver plays a crucial role in the acute phase response to 
intruding pathogens (Tacke et al., 2009).

Lipopolysaccharide (LPS) and/or the low-pH rumen conditions may increase the per-
meability of the gut to LPS, which can trigger systemic inflammation (Chin et al., 2006). The 
influence of ruminal acidosis on ruminal microbiology and metabolite production has received 
considerable attention, but less is known regarding systemic manifestations that arise from 
ruminal acidosis (Brown et al., 2000). It has been increasingly recognized that LPS stimulates 
the release of proinflammatory cytokines, such as tumor necrosis factor (TNF)-a, interleukin 
(IL)-1, and IL-6, by liver macrophages, which in turn activate hepatocytic receptors and initi-
ate the synthesis of acute phase proteins (Sweet and Hume, 1996). LPS also modulates lipid 
metabolism in different body tissues. For example, previous studies identified the suppressive 
effects of LPS on key enzymes related to de novo fatty acid (FA) synthesis such as FA synthase 
(FAS) and acetyl-coenzyme A carboxylase (ACAC) (Pekala et al., 1983; Lopez-Soriano and 
Williamson, 1994) in the mammary glands and down-regulation of lipoprotein lipase activity 
(Khovidhunkit et al., 2004). The latter enzyme plays a key role in the clearing of circulating 
triglyceride-rich chylomicrons and very low-density lipoprotein (VLDL) as a host defense 
mechanism to decrease LPS toxicity (Feingold et al., 1992) and is involved in the uptake of 
FA for incorporation into milk fat (Merkel et al., 2002).

Recently, the LPS released in the gastrointestinal tract during feeding of high-grain or 
high-fat diets has been implicated in the etiology of multiple energy- and lipid-related meta-
bolic disturbances in ruminants (Andersen, 2003; Ametaj et al., 2005), rodents, and humans 
(Cani et al., 2007; Amar et al., 2008). Nevertheless, the effect of blood LPS in SARA on lipid 
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metabolism in the liver has not yet been established. Obtaining RNA to study transcripts of 
enzymes involved in lipid metabolism from the liver of a lactating beef cow is difficult be-
cause the process requires either liver tissue dissection or biopsy; the latter can be costly and 
potentially injurious to both the animal and the technician. In the current study, we examined 
lipid metabolism in the liver by using quantitative real-time polymerase chain reaction (PCR) 
to detect the expression of key lipid metabolism enzymes in hepatocytes.

MATERIAL AND METHODS

Hepatocyte culture

Primary hepatocytes were isolated from liver of male Holstein calves by collagenase 
perfusion. Hepatocytes then were seeded on collagen-coated plates and cultured in Dulbecco’s 
modified Eagle’s medium (DMEM; Gibco, Grand Island, NY, USA) supplemented with 10% 
fetal bovine serum (Gibco) and the antibiotic antimycotic (Sigma, St. Louis, MO, USA) in a 
humidified atmosphere with 5% CO2 at 37°C (MCO-5AC CO2 incubator; SANYO, Tokyo, 
Japan). After attachment, cells were cultured in medium supplemented with LPS to analyze 
the effect of LPS on the expression of key lipid metabolism enzymes in primary hepatocytes.

Experimental treatments

LPS from Escherichia coli was obtained from Sigma. Cells were seeded on 12-well 
plates at a density of approximately 105 cells/cm2 and cultivated in 2 mL/well DMEM at 37°C. 
The cells were treated with 0, 50, 75, 100, 250, and 500 ng/mL LPS alone for 24 h and with 
100 ng/mL LPS alone for 0, 3, 6, 9, 12, and 24 h. Cell cultures were observed and photo-
graphed using an inverted microscope.

RNA extraction, reverse transcription, and reverse transcription-PCR

Total RNA was extracted from cultured cells using TRIzol (Gibco) according to man-
ufacturer instructions. cDNA was prepared using a reverse transcriptase kit (Takara, Shiga, 
Japan). The primers used for specific bovine genes [Toll-like receptor 4 (TLR4), myeloid dif-
ferentiation factor 88 (MyD88), TNF receptor-associated factor 6 (TRAF6), IL-1 receptor-
associated kinase 4 (IRAK4), nuclear factor kB (NF-kB); sterol regulatory element binding 
protein (SREBP), liver X receptor α (LXRα), LXRb, FAS; stearoyl-CoA desaturase (SCD); 
ACAC α (ACACα); VLDL receptor (VLDLR); and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH)] were determined using the Primer PremierTM Version 5.0 software (PREMIER 
Biosoft, Palo Alto, CA, USA) and evaluated through BLASTs. All primers were synthesized by 
Shanghai Sangon Biological Engineering Technology & Services Co. Ltd. (Shanghai, China). 
The sequences of primers used for PCR are shown in Table 1.

Real-time fluorescence PCR was performed using a SYBR Green PCR Kit (Takara) 
and a PCR Instrument (Eppendorf Mastercycler ep Realplex, Hamburg, Germany) in a 10- 
mL volume. Each reaction tube contained 1.25 mL cDNA template, 5 mL SYBR Green PCR 
MasterMix, 0.1 mL of each primer (20 mM) and 3.55 mL H2O. H2O without a cDNA template 
was used as a negative control. The GAPDH gene as an internal reference and the target genes 
were amplified from each sample at the same time. Each sample was analyzed in triplicate. 
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Reverse transcription-PCR analysis was performed using the comparative CT method. The 
following PCR conditions were used: 95°C for 2 min and 40 cycles of 95°C for 15 s and 60°C 
for 20 s, 72°C for 20 s.

Gene	 Primers	 Accession No.

TLR4	 F: 5'-GCTGGACCTGAGCTTTAACTACCTG-3'	 NM_174198
	 R: 5'-AGGTGGTTTAGGCCCTGAAATG-3'
MyD88	 F: 5'-GAAGCTTGTGGGCACATGGA-3'	 NM_001014382
	 R: 5'-ATGCCTGTATGTCTGTGCGTGAG-3'
TRAF6	 F: 5'-GTGCTGTATCAATGGCATTTGAAG-3'	 NM_001034661
	 R: 5'-TGAACGTGCATGGGACTGG-3'
IRAK4	 F: 5'-GCTGTGGATGAACACCGTGAA-3'	 NM_001075998
	 R: 5'-GCAGACACTGACTGGCAACAGAG-3'
NF-kB	 F: 5'-AAGCCGGTTCCAAATTCCA-3'	 NM_001102553.1
	 R: 5'-GCTTGAGGGCCATAAGGATCTTC-3'
SREBP	 F: 5'-AGCCTGGCAATGTGTGAGAA-3'	 NM_001113302
	 R: 5'-ACACAGGAGCAGCTGCAAG-3'
LXRa	 F: 5'-GGAGGTACAACCCTGGAAGTGAGA-3'	 NM_001014861
	 R: 5'-TGGCAATGAGCAAGGCAAAC-3'
LXRb	 F: 5'-TTGCAGCTCGGTCGTGAAG-3'	 NM_001014883
	 R: 5'-GATGCACTCAGTCTCGTGGTTGTAG-3'
FAS	 F: 5'-AGGACCTCGTGAAGGCTGTGA-3'	 NM_001012669
	 R: 5'-CCAAGGTCTGAAAGCGAGCTG-3'
SCD	 F: 5'-TGATGGCTACTGCGGTCCAA-3'	 NM_173959
	 R: 5'-GAGACTCTGGAGGCCAAGTGAAAG-3'
ACACa	 F: 5'-GCATCCAGATCATGCACAACA-3'	 NM_174224
	 R: 5'-ATTGGATCCTTGGAGTTCAGGAG-3'
VLDLR	 F: 5'-CTCGGAGCTGGCCACTCTAGTTA-3'	 NM_174489
	 R: 5'-GCTGGCAGGCAGAGGTATTCA-3'
GAPDH	 F: 5'-GATGGTGAAGGTCGGAGTGAAC-3'	 NM_001034034
	 R: 5'-GTCATTGATGGCGACGATGT-3'

Table 1. Primers used in PCR amplification reactions.

Statistical analysis

All results are reported as means ± standard deviation and were analyzed using the 
Statistical Package for the Social Sciences (SPSS Inc., Chicago, IL, USA) statistical software 
(version 13.0). Differences among groups were compared using one-way analysis of variance. 
Significance was set at P < 0.05 in two-tailed testing.

RESULTS

Hepatocyte morphology changes following LPS treatment

Cell cultures were photographed using an inverted microscope. The results are shown 
in Figures 1 and 2. The results showed that hepatocytes changed from an irregular triangle 
shape to a circular shape (contraction), and the contracted cell number showed increasing 
trend with the increasing doses of LPS. This suggests that LPS can promote cell contraction 
and take off the wall, ultimately leading to cell apoptosis. The time of LPS action and the num-
ber of hepatocytes also changed. LPS supplementation did not result in hepatocyte shrinkage 
or apoptosis from 3-9 h after treatment. Hepatocyte shrinkage increased from 12-24 h; apop-
tosis increased. Additionally, irregularly shaped triangular cells gradually changed their shape 
to the fusiform, long rod, and circular. This suggests that LPS promotes hepatocyte apoptosis.
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Figure 1. Dose-dependent effect of LPS on hepatocyte morphology. A., B., C., D., E., and F. denote hepatocytes 
treated with 0, 50, 75, 100, 250, 500 ng/mL LPS, respectively, after 24 h.

Figure 2. Time-dependent effect of LPS on hepatocyte morphology. A., B., C., D., E., and F. denote hepatocytes 
treated with 100 ng/mL LPS after 0, 3, 6, 9, 12, and 24 h.
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Effects of LPS on TLR4 signaling molecule gene expression in hepatocytes

As shown in Figures 3 and 4, TLR4, NF-kB, IRAK4, MyD88, and TRAF6 mRNA 
increased in primary hepatocytes after LPS treatment. The effect of LPS on the expression of 
these genes depended on the dose and time after treatment. Thus, LPS can influence the TLR4 
signaling molecule gene expression.

Figure 3. Dose-dependent effect of LPS on TLR4 signal molecule expression in hepatocytes.

Figure 4. Time-dependent effect of LPS on TLR4 signal molecule expression in hepatocytes.
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Effects of LPS on expression of key lipid metabolism genes in hepatocytes

As shown in Figures 5 and 6, VLDLR and SCD mRNA increased, while ACACa, FAS, 
SREBP, LXRα, and LXRβ mRNA decreased in primary hepatocytes after LPS treatment. The 
effect of LPS on gene expression depended on the dose and time after treatment. This suggests 
that LPS can influence the expression of lipid metabolism genes. LPS can attenuate mRNA 
expression of FA synthesis genes and increase FA transport in dairy cow primary hepatocytes 
following LPS treatment.

Figure 5. Dose-dependent effect of LPS on expression of key lipid metabolism genes in hepatocytes.

Figure 6. Time-dependent effect of LPS on expression of key lipid metabolism genes in hepatocytes.
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DISCUSSION

The influence of ruminal acidosis on ruminal microbiology and metabolite production 
has received considerable attention, but less is known regarding systemic manifestations aris-
ing from ruminal acidosis (Brown et al., 2000). It has been increasingly recognized that LPS 
stimulates the release of proinflammatory cytokines such as TNF-a, IL-1, and IL-6 by liver 
macrophages, which in turn activate hepatocytic receptors and initiate the synthesis of acute 
phase proteins (Sweet and Hume, 1996).

TLR4, the receptor for LPS, is important for regulating immune responses and is 
involved in inflammation-induced cell motility (Philippe et al., 2012). Activation of TLR4 
by LPS activates 2 signaling pathways: MyD88-dependent and -independent pathways. The 
MyD88-dependent pathway requires the recruitment of MyD88, which associates with IRAK 
and TRAF6. These in turn activate IkB kinase, leading to phosphorylation of transcription 
factors, such as NF-kB, and then induction of genes encoding cytokines and anti-apoptotic 
proteins (Park et al., 2005; Kim et al., 2008). The MyD88-independent pathway requires the 
recruitment of Toll/IL-1-domain-containing adapter-inducing interferon-b, ultimately acti-
vating the transcription factor interferon regulatory factor 3, and induces the production of 
interferon-g (Akira et al., 2003a,b).

NF-kB is a well-recognized transcription factor that directs the production of pro-
inflammatory chemokines (Lu et al., 2008). NF-kB is sequestered in an inactive form in the 
cytoplasm by members of the IkB family of inhibitory proteins (Karin and Ben-Neriah, 2000). 
IkB kinases appear to be the major kinases responsible for phosphorylation of IkB, leading 
to IkB ubiquitination and degradation, allowing the activation of NF-kB and production of 
inflammatory cytokines and chemokines (Baud et al., 1999).

Previous studies have identified the suppressive effects of LPS on key enzymes re-
lated to de novo FA synthesis such as FAS and ACAC (Pekala et al., 1983; Lopez-Soriano 
and Williamson, 1994) in the mammary gland and down-regulation of lipoprotein lipase ac-
tivity (Khovidhunkit et al., 2004). The latter enzyme plays a key role in clearing circulating 
triglyceride-rich chylomicrons and VLDL as a host defense mechanism to decrease LPS toxic-
ity (Feingold et al., 1992) and is involved in the uptake of FA for incorporation into milk fat 
(Merkel et al., 2002).

However, the detailed signaling pathways following LPS binding to TLR4 on SARA 
have yet to be elucidated. While LPS signaling in macrophages have been extensively studied, 
its exact role in SARA remains largely unknown.

In the current study, the results of cell cultures showed that hepatocyte changed from ir-
regular triangle shapes to circular shapes (contraction). The number of contracted cells increased 
with increasing doses of LPS. This suggests that LPS can promote cell contraction and take off 
the wall, ultimately leading to cell apoptosis. The number of hepatocytes also changed with LPS 
treatment time. Supplementation of LPS to hepatocytes did not cause cell shrinkage and apopto-
sis 3-9 h following LPS treatment. However, hepatocytes shrinkage increased from 12-24 h and 
apoptosis increased. Irregular triangle cells gradually changed to fusiform, long rod, and then 
circular shapes. This suggests that LPS plays a promoting role in hepatocyte apoptosis.

Studies of the LPS/TLR4 signaling pathway have mainly focused on human and 
mouse. Although some studies investigated the interactions between LPS and bovine endome-
trial cells (EECs) (Herath et al., 2009; Sheldon and Roberts, 2010), the signaling molecules of 
the TLR4 signaling pathway in bovine hepatocytes have not been well characterized.
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In bovine EECs, TLR4- and MyD88-dependent signaling pathways are essential for 
the response to LPS (Cronin et al., 2012). Herath et al. (2009) and Fu et al. (2013) also found 
that expression of TLR4 was up-regulated when bovine EECs were stimulated by LPS. The 
results showed that the adapter molecule MyD88, transcription factor NF-kB and cytokine 
TNF-a, IL-1, IL-6, and IL-8 were up-regulated when bovine EECs were challenged with LPS 
(Fu et al., 2013).

In this study, we also demonstrated that TLR4 and downstream adaptor molecules 
(MyD88) were associated with IRAK4 and TRAF6, and that the expression of the transcrip-
tion factors (NF-kB) was up-regulated when bovine hepatocytes were stimulated with LPS. 
The effect of LPS on the expression of these genes was dose- and time-dependent. These re-
sults showed that both MyD88-dependent and -independent pathways in TLR4 were activated 
by LPS in bovine hepatocytes.

In conclusion, we demonstrated that bovine hepatocytes respond to LPS by activating 
TLR4. The expression of signaling members and inflammatory cytokines of both MyD88-
dependent and -independent pathways was up-regulated.

Because inflammatory responses are associated with the pathophysiology of many 
diseases, Cheng et al. (2004) found that conjugated linoleic acid may inhibit LPS-induced 
inflammatory events in RAW 264.7 macrophages and this inhibitory activity of conjugated 
linoleic acid, at least in part, occurs through conjugated linoleic acid modulating the NF-
kB activation, negatively regulating the expression of inflammatory mediators. The mRNA 
concentration of genes involved in lipid metabolism and the number of large adipocytes was 
reduced with LPS pretreatment (Luche et al., 2013). The hexane fraction, rich in FA, inhibited 
the production of inducible proinflammatory cytokines at the transcriptional level via inactiva-
tion of NF-kB (Kim et al., 2013b). Ravindranath et al. (2003) found that endotoxic shock in 
10-day-old rat pups induced a systemic inflammatory response with a decrease in FA metabo-
lism, which may contribute to myocardial failure. Chen et al. (2011) showed that a single dose 
of LPS significantly increased hepatic triglyceride content and caused hepatic lipid accumula-
tion in mice. Further analysis showed that SREBP-1c was activated in LPS-treated mice. In 
agreement with hepatic SREBP-1c activation, the expression of FAS and ACC, 2 SREBP-1c 
target genes was significantly up-regulated in the liver of mice injected with LPS (Chen et al., 
2011). Intraperitoneal injection of LPS to induce TNF-a expression accelerated hepatic fat 
accumulation. This study suggests that TNF-a, acting downstream of LPS, increased intrahe-
patic fat deposition by affecting hepatic lipogenetic metabolism involving SREBP-1c (Endo 
et al., 2007).

LXR is a nuclear receptor that acts as a sterol sensor and metabolic regulator of cho-
lesterol and lipid homeostasis. There is now convincing evidence that LXR is an important 
modulator of the inflammatory response; however, its mechanism of action remains unclear. 
Recent reports have demonstrated that LXR of the nuclear receptor family have anti-inflam-
matory effects on macrophages. LXRs are nuclear receptors that function as important regu-
lators of lipid homeostasis and inflammatory responses. LXRs were found to be expressed 
in human endothelial cells. While synthetic LXR agonists could blunt the LPS-induced up-
regulation of adhesion molecules (Morello et al., 2009), LXR activation suppressed the tran-
scriptional activity of NF-kB without affecting IkBa degradation (Kim et al., 2013a). Fang et 
al. (2004) observed marked down-regulation of the nuclear receptors LXR peroxisome prolif-
erator-activated receptor a in rat hepatic gene expression after a single LPS dose. Additionally, 
the expression of genes encoding lipolytic, antioxidant, and drug- and alcohol-metabolizing 
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enzymes was down-regulated. These data suggest that acute LPS treatment induces impor-
tant early transcription factors and coordinately down-regulates nuclear receptors, resulting 
in altered expression of a large number of downstream genes (Fang et al., 2004). Canavan 
et al. (2013) first demonstrated that activation of murine-derived dendritic cells with a spe-
cific agonist to LXR enhanced expression of LXR following activation with LPS. Wang et al. 
(2006) demonstrated that activation of LXR protects against liver injury and dysfunction in a 
rat model of endotoxemia, in part by exerting an anti-inflammatory effect on Kupffer cells. In 
this study, the genes VLDLR and SCD mRNA increased, while ACACα, FAS, SREBP, LXRα, 
and LXRβ mRNA decreased in primary hepatocytes after LPS treatment. The effect of LPS 
on expression of these genes was dose- and time-dependent. This suggests that LPS can influ-
ence lipid metabolism-related gene expression. LPS can attenuate mRNA expression of FA 
synthesis genes and increase FA transport genes in dairy cow primary hepatocytes following 
LPS treatment.

CONCLUSIONS

LPS play an important role in promoting hepatocyte apoptosis. The TLR4 signaling 
pathway mediated by LPS can attenuate mRNA expression of FA synthesis genes and increase 
FA transport genes in dairy cow primary hepatocytes following LPS treatment.
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