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ABSTRACT. The objective of this study was to determine the effects of NEFA and glucose on carnitine palmitoyltransferase-I (CPT-I)
mRNA expression in cultured bovine hepatocytes using real-time reverse transcription polymerase chain reaction and ELISA methods.
The results indicated that CPT-I transcription increased gradually, but that CPT-I translation was not significantly changed, with glucose
concentrations ranging from 0 to 3.0 mmol/L (P<0.01). Furthermore CPT-I transcription and translation were enhanced significantly
when the NEFA concentrations increased from 0 to 1.2 mmol/L and decreased significantly when the NEFA concentrations increased
from 1.2 to 4.8 mmol/L (P<0.01). A high concentration NEFA was found to reduce fatty acid oxidation, potentially explaining the devel-

opment from NEB to ketosis in dairy cows.
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The main physiological characteristic of peripartum cows
is negative energy balance (NEB) [S]. Dairy cows display a
relatively low concentration of blood glucose and concur-
rent high levels of non-esterified fatty acids (NEFA) in the
initial stage of NEB [12]. Elevated blood NEFA and low
blood glucose are the two key characteristics responsible for
the initial serology of NEB [16], and these factors may have
an important influence on the development of NEB. Com-
plete oxidation of fatty acids (FAs) in the liver can improve
metabolic processes and provide more ATP to relieve NEB
and diminish the ketone concentration in blood or triacylg-
lycerol accumulation in the liver. Therefore, the oxidation
metabolism pathway of NEFA may be the main pathway
providing energy during NEB and concurrent low blood
glucose [2, 9]. The transfer of activated FAs (acyl-CoA)
into mitochondria is controlled by the enzyme carnitine
palmitoyltransferase-I (CPT-I). This step positively corre-
lates with the velocity of transfer of acyl-CoA into mito-
chondria [6] and controls the process of FA metabolism.

The objective of this study was to detect the effect of
NEFA and glucose on CPT-I mRNA expression and transla-
tion levels in bovine hepatocytes in vitro. Our findings pro-
vide an insight into how the two initial serology factors of
NEB, namely a high NEFA concentration and low blood
glucose level, affect FA oxidation metabolism.

Hepatocyte cells were cultured as described previously
[7, 19], with some modifications to optimize the procedures
for bovine liver cells. Hepatocytes were isolated from an
excised lobe and plated as described previously [15], with
some modifications. The cultured cells were cultured in six-
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well plates at a density of 10° cells/cm? (Costar, Corning
Incorporated, Corning, NY, U.S.A.). After a 4-hr attach-
ment period, the media and unattached cells were aspirated
and replaced with RPMI 1640 culture medium containing
10% fetal bovine serum. The cells were then cultured at
37°C in 5% CO,. Every 24 hr, the media were aspirated and
refreshed [4, 18]. At 72 hr, liver cells was cultured with glu-
cose- and NEFA-free RPMI 1640 culture medium. NEFA
and glucose were added to the media separately [15]. The
10 mmol// storage solution of NEFA contained 4.35 mmol//
oleic acid, 0.49 mmol// linoleic acid, 3.19 mmol// palmitic
acid, 1.44 mmol// stearic acid and 0.53 mmol// palmitoleic
acid. The final concentrations of NEFA in the media were
0,0.3,0.6,1.2,2.4 and 4.8 mmol/l. The final concentrations
of glucose in the media were 0, 1.0, 1.5, 2.0, 2.5 and 3.0
mmol//. The concentrations of NEFA and glucose used in
this study were chosen according to the normal hematology
standards of dairy cows during NEB. Each experiment was
repeated three times.

After 12 hr of culture, total RNA was extracted from cells
according to groupings with a commercially available RNA
isolation kit (TriPure, Roche). Total RNA was then treated
with RNase-free DNase I (Takara) according to the instruc-
tion manual. The RNA concentration was determined by
spectrophotometric measurement in 5 x/ capillaries using a
GeneQuant [T RNA/DNA Calculator (Pharmacia Biotech,
Cambridge, UK) [9, 12]. Oligonucleotide primers specific
for CPT-I (GenBank accession no. NM_001034349) and S-
actin (GenBank accession no. NM_173979) were designed
using the Primer Express™ Version 2.0 software (PE
Applied Biosystems, Inc., Foster, CA, U.S.A.) (Table 1).

Transcription of the CPT-I and B-actin genes was evalu-
ated on the basis of mRNA copy number// ug of total RNA
using real-time QRT-PCR with a SYBR Green Quantitect
RT-PCR Kit (QIAGEN, Valencia, CA, U.S.A.). The QRT-
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Table 1.  Primers used for amplification of the target genes and the internal control genes
Gene name Sequence of primers (5’-3") Length of amplicon (bp)
CPT-1 Forward: GGTCAACAGCAACTACTACG 188

Reverse: TGAACATCCTCTCCATCTGG
[actin Forward: GTCATCACCATCGGCAATGAG 403

Reverse: GCTAACAGTCCGCCTAGAAGCA

PCR assay was performed in triplicate for each sample. The
[-actin gene was also analyzed to monitor RT-PCR efficien-
cies and to provide an internal reference. Expression of the
[-actin gene was analyzed using specific primers (Table 1)
[8, 14]. To simultaneously detect the expression profile of
the genes of interest, we used the S-actin gene as an internal
reference gene at eight different 10-fold dilutions (from
1072 to 10°). Amplification plots for each dilution of the
control template were used to determine the Ct value. A
standard curve was generated by plotting the Ct values
against the log of the f-actin cDNA copy number. CPT-I
mRNA abundance was displayed as the CPT-I mRNA copy
number of the 1 ug of total RNA/B-actin mRNA copy num-
ber. Melting curve analysis was carried out for each run to
confirm the specificity of amplification and the absence of
primer dimers [8, 14].

Cells were harvested from the culture dishes by scraping,
recovered by sedimentation and stored at —80°C prior to
analysis. Frozen cell pellets, containing about 25 x 10°
cells/treatment group (3 dishes), were homogenized in 0.1
M of potassium phosphate, pH 7.4, | mM EDTA and 20%
glycerol with a Dounce manual homogenizer. Particulate
matter was removed by centrifugation for 2 min at 10,000 x
g and stored in aliquots at —80°C. Total protein was assayed
using Bradford protein assay reagent (Bio-Rad) with bovine
serum albumin as the standard. The protein content in the
cultured liver cells was determined to calculate the CPT-I
protein content per unit of total protein. CPT-I protein lev-
els are presented as the CPT-I protein contents/total protein
contents for each sample. Using this method, we corrected
for any experimental error caused by differences in the
weights of livers [3].

CPT-I was measured using an ADL goat anti-cow car-
nitine palmitoyltransferase 1 kit (catalogue no. QRCT-
3013321100845EIA\UTL, Adlitteram Diagnostic Laborato-
ries) according to the manufacturer’s instructions. Briefly, a
standard sample and liver cell samples were incubated with
biotinylated CPT-I in microtitration wells that had been
coated with another CPT-I of defined and unique epitope
specificity. After incubation and washing, the wells were
treated with streptavidin labeled with horseradish peroxi-
dase (HRP). The wells were then washed again, and a TMB
substrate solution was added. Color development was pro-
portional to the amount of bound CPT-1. The stop solution
changed color from blue to yellow, and the intensity of the
color was measured at 450 nm. The minimum detectable
concentration of CPT-I was 0.01 pg/ml.

Statistical analysis of the data was carried out using the
SPSS software with the significance level set at P<0.05.

The values were expressed as median values. Friedman’s
nonparametric ANOVA and Tukey’ post hoc test were
applied to compare the differences between the expression
levels of the genes of interest. Data are expressed as the
mean = SD. P<0.05 was considered significant.

In experiment I, decreased CPT-I mRNA levels were
detected in cultured bovine hepatocytes with increasing glu-
cose concentrations in the culture media (Fig. 1). There
were significant differences in the CPT-I mRNA levels
between the 0 mmol// group and the 2.0 mmol//, 2.5 mmol//
and 3.0 mmol// groups (P<0.05). Regarding the CPT-I pro-
tein content, there were no obvious changes in the CPT-I
levels of cultured bovine hepatocytes with increasing glu-
cose concentrations in the culture media (P>0.05). CPT-I
expression was not inhibited even when the glucose concen-
tration in the culture media was 0 mmol//. There were no
significatn differences in CPT-I transcription and translation
levels at the same glucose concentration among the three
repeated treatments (P>0.05).

In experiment I, NEFA was found to effect CPT-I tran-
scription and translation either by upregulation or downreg-
ulation, depending on the concentration of NEFA in the
media (Fig. 2). Increasing CPT-I transcription and transla-
tion levels were observed in cultured bovine hepatocytes
when the concentration of NEFA was less than 1.2 mmol//,
and decreasing CPT-I transcription and translation levels
were observed when the concentration was more than 2.4
mmol/l (P<0.01). Ata NEFA concentration of 4.8 mmol//,
CPT-I was not detected.

FA metabolism differs considerably between monogas-
tric and ruminant species. The regulation of the key
enzymes involved may differ accordingly. The CPT-I (EC
2.3.1.21) gene is the key locus for the control of long-chain
FA f-oxidation and liver ketogenesis in dairy cows [13].
Mitochondrial acylcarnitine synthesis is an important con-
trol point in the partitioning of cytosolic FAs for mitochon-
drial f-oxidation. Only after the first step in this pathway,
the transfer of long-chain FAs to mitochondria, is complete
can FA oxidation of the energy supply commence.

NEB is a major problem associated with transition dairy
cows, which leads to quick blood glucose drawdown and
body fat mobilization [16]. Therefore, the blood NEFA
concentration is subsequently increased. Low blood glu-
cose levels and high blood NEFA levels are the most impor-
tant characteristics of NEB. During NEB, when the blood
glucose levels are low, the blood glucose is unable to pro-
vide enough energy to help relieve NEB [2]. Gluconeogenic
substrates such as amino acids (alanine, aspartate and
glutamate) and short chain fatty acids (propionate and lac-
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Effect of different concentrations of glucose on CPT-I transcription and translation. Decreased CPT-I mRNA levels were observed
with increasing glucose concentrations in the culture media of bovine hepatocytes. Significant differences in CPT-I mRNA abundance
were detected between the 0 mmol// group and the 2.0 mmol//, 2.5 mmol// and 3.0 mmol// groups (P<0.05), whereas no significant differ-
ence in CPT-I mRNA abundance was detected between any other two groups (P>0.05). There was no obvious change in the CPT-I protein
levels with increasing glucose concentrations in the culture media of bovine hepatocytes. Note: Different small letters indicate significant
differences, and the same small letters or no letters indicate no significant difference between different concentration sets in the same line.
Values are means + SD. Different letters, a and b, indicate significant difference between the parameters of CPT-I mRNA or CPT-I protein
(P<0.05).
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Effect of different concentrations of NEFA on CPT-I transcription and translation. NEFA affected CPT-I transcription and transla-
tion either by upregulation or downregulation depending on the concentration of NEFA in the media. Increasing CPT-I transcription and
translation levels in cultured bovine hepatocytes were observed when the concentration of NEFA was less than 1.2 mmol//, and decreas-
ing CPT-I transcription and translation levels were observed when the concentration was more than 2.4 mmol// (P<0.01). At a concentra-
tion of 4.8 mmol// of NEFA, CPT-I was not detected. Note: Different small letters indicate significant differences, and the same small
letters or no letters indicate no significant differences between different concentration sets in the same line. Values are means + SD. Dif-
ferent letters, a, b, ¢ and d, indicate significant difference between the parameters of CPT-I mRNA or CPT-I protein (P<0.05).

tate), which could provide an alternative energy source,
were also decreased in the cows during NEB. The gluco-
neogenic rates of all of the substrates mentioned above were
significantly decreased during prolonged energy deficit.
FAs may therefore be the main energy substrates during this
condition [9]. The liver is the most active FA metabolic
organ in cows [12]. Therefore, the oxidative metabolism of
high levels of blood NEFA in the livers of NEB cows may
be important in providing energy for the relief of NEB.

However, the mechanism by which NEFA and glucose, the
blood parameters initially altered in NEB cows, affect CPT-
I, the key enzyme for the control of long-chain FA f-oxida-
tion, transcription and translation levels in cultured bovine
hepatocytes remains unclear. Such findings may help to
explain how a single factor, i.e., low blood glucose or high
blood NEFA, affects FA oxidation and may provide further
insight into understanding the development of NEB.

In our study, no significant changes in CPT-I levels were
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observed with increasing glucose concentrations from 0
mmol// to 3.0 mmol// in the culture media of bovine hepato-
cytes (P>0.05). The normal blood glucose level in cows is
about 2.8 mmol//, and the glucose level in the NEB cows
was 2.0 mmol//. In the present study, the low level of glu-
cose did not influence the CPT-I mRNA level. While the
blood glucose level was increased (more than 2.0 mmol//),
CPT-I mRNA expression was decreased and CPT-I
enzymes were unaffected, indicating that low glucose con-
trol CPT-I activity through influence CPT-I mRNA expres-
sion. CPT-I activity was not found to be inhibited at low
glucose concentrations, indicating that a low level of glu-
cose did not affect CPT-I translation or FA transfer into
mitochondria. This suggested that a single factor character-
istic of NEB in cows, i.e., low blood glucose level, did not
affect CPT-I activity and FA oxidation. Energy is produced
continually from FA oxidation under low blood glucose
conditions, and this process is important in slowing down
the development of NEB. However, a high NEFA concen-
tration (more than 1.2 mmol//) can inhibit CPT-I transcrip-
tion and translation. Therefore, a high blood NEFA
concentration in NEB cows can induce CPT-I activity and
energy production by FA oxidation. This result is similar to
the findings of Mizutani et al. [11], who found that clinical
fatty liver unrelated to calving appears to be associated with
a decrease in hepatic CPT activity [11]. However, this con-
tradicts the findings of another study in which hepatic CPT
activity showed no correlation with serum phospholipid,
free FA, triglyceride or total cholesterol concentrations [10].
CPT-I activity can also be regulated by leptin. Leptin
increases FA oxidation by stimulating the activity of CPT-I
[17]. The plasma concentrations of leptin correlate with the
body mass index. In the initial stage of NEB, dairy cows
have a good body mass index, and the concentration of cir-
culating leptin is high, which promotes the activity of CPT-
I and FA oxidation, providing energy. However, as NEB
progresses to a more severe stage, the body mass index
decreases, and the blood NEFA concentration increases rap-
idly. When the blood NEFA concentration reaches suffi-
ciently high level, it inhibits the activity of CPT-1[17]. The
position of CPT-I in FA metabolism makes it a primary site
for regulation of hepatic ketogenesis, and non-ruminant
studies have concluded that the hepatic output of ketone
bodies correlates with CPT-I activity [1]. The higher rates
of gluconeogenesis and ketogenesis in early lactation are
associated with higher hepatic CPT-I activity [1]. Ketogen-
esis is regulated by CPT-I activity. High CPT-I activity pro-
motes gluconeogenesis, and low CPT-I activity promotes
ketogenesis. Taken together with our results, in the early
stage of NEB, it is possible that low levels of glucose do not
inhibit CPT-I activity, but instead decrease the CPT-I
mRNA level, resulting in accelerated gluconeogenesis, and
that high levels of NEFA inhibit CPT-I activity during the
severe stage of NEB, promoting hepatic ketogenesis and
resulting in cow ketosis. Therefore, the high NEFA concen-
tration characteristic of NEB cows affects hepatic CPT-I
activity and FA oxidation metabolism and promotes hepatic

ketogenesis, which may explain the development of NEB
into ketosis.

In our study, a low level of glucose did not affect CPT-I
activity in cultured bovine hepatocytes, indicating that FAs
can continue to undergo oxidation and supply energy under
low glucose conditions, especially in the early stage of low
blood glucose. However, CPT-I was significantly inhibited
by high NEFA concentrations in cultured bovine hepato-
cytes, reducing FA oxidation, promoting hepatic ketogene-
sis and potentially leading to ketosis.
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