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  ABSTRACT 

  The objective of this experiment was to evaluate 
the effects of glucose infusion on serum concentrations 
of glucose, insulin, and progesterone (P4), as well as 
mRNA expression of hepatic CYP2C19 and CYP3A4 
in nonlactating, ovariectomized cows in adequate nu-
tritional status. Eight Gir × Holstein cows were main-
tained on a low-quality Brachiaria brizantha pasture 
with reduced forage availability, but they individually 
received, on average, 3 kg/cow daily (as fed) of a corn-
based concentrate from d −28 to 0 of the experiment. 
All cows had an intravaginal P4-releasing device in-
serted on d −14, which remained in cows until the end 
of the experiment (d 1). On d 0, cows were randomly 
assigned to receive, in a crossover design containing 2 
periods of 24 h each (d 0 and 1), (1) an intravenous 
glucose infusion (GLUC; 0.5 g of glucose/kg of BW, 
over a 3-h period) or (2) an intravenous saline infusion 
(SAL; 0.9%, over a 3-h period). Cows were fasted for 
12 h before infusions, and they remained fasted during 
infusion and sample collections. Blood samples were 
collected at 0, 3, and 6 h relative to the beginning of 
infusions. Liver biopsies were performed concurrently 
with blood collections at 0 and 3 h. After the last blood 
collection of period 1, cows received concentrate and 
returned to pasture. Cows gained BW (16.5 ± 3.6 kg) 
and BCS (0.08 ± 0.06) from d −28 to 0. Cows receiving 
GLUC had greater serum glucose and insulin concen-
trations at 3 h compared with SAL cohorts. No treat-
ment effects were detected for serum P4 concentrations, 
although mRNA expression of CYP2C19 and CYP3A4 
after the infusion period was reduced for cows in the 
GLUC treatment compared with their cohorts in the 
SAL treatment. In conclusion, hepatic CYP3A4 and 
CYP2C19 mRNA expression can be promptly modu-

lated by glucose infusion followed by acute increases 
in circulating insulin, which provides novel insight into 
the physiological mechanisms associating nutrition and 
reproductive function in dairy cows. 
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  Short Communication 

  During the last few decades, milk production per 
dairy cow increased, whereas reproductive efficiency 
decreased (Lucy, 2001). Given that nutrition substan-
tially affects productive and reproductive functions 
(Butler, 2005), nutritional strategies that promote milk 
production and concurrently benefit the reproductive 
efficiency of dairy cows are warranted. Moreover, the 
development of such strategies is dependent on a rec-
ognition of physiological mechanisms that associate 
nutrition with reproductive functions in dairy cattle. 
As an example, nutrition has been shown to regulate 
cattle reproduction, at least partially, via circulating 
hormones and metabolites such as glucose and insulin 
(Wettemann et al., 2003). 

  Insulin modulates circulating concentrations of pro-
gesterone (P4), a steroid required for the establishment 
and maintenance of pregnancy (Spencer and Bazer, 
2002), by stimulating luteal P4 synthesis (Spicer and 
Echternkamp, 1995) and alleviating hepatic P4 catabo-
lism by CYP2C and CYP3A enzymes (Murray, 1991). 
Lemley et al. (2008) reported that lactating dairy 
cows receiving a hyperinsulinemic-euglycemic clamp 
for 96 h had reduced mRNA expression of CYP2C19 
and CYP3A4 at the end of the infusion period com-
pared with cohorts receiving saline. The same authors 
also reported that periparturient dairy cows receiving 
daily propylene glycol drenches for 35 d had reduced 
mRNA expression of CYP3A4 compared with cohorts 
drenched with water. Moreover, our research group re-
cently reported that intravenous glucose infusion for 3 h 
promptly increased circulating concentrations of insulin 
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and P4 in ovariectomized cows in positive nutritional 
status and supplemented with exogenous P4 (Vieira et 
al., 2010), suggesting that acute increases in circulating 
insulin are sufficient to affect hepatic P4 catabolism 
when nutrient intake is adequate (Vieira et al., 2010). 
To further investigate this outcome, the objective of 
the present experiment was to evaluate serum concen-
trations of glucose, insulin, and P4, as well as mRNA 
expression of hepatic CYP2C19 and CYP3A4, in non-
lactating dairy cows maintained in adequate nutritional 
status and receiving or not receiving an intravenous 
glucose infusion.

This experiment was conducted at the São Paulo 
State University, Lageado Experimental Station, lo-
cated in Botucatu, São Paulo, Brazil. The animals used 
were cared for in accordance with the practices out-
lined in the Guide for the Care and Use of Agricultural 
Animals in Agricultural Research and Teaching (FASS, 
1999). Eight nonlactating, nonpregnant, and ovariecto-
mized Gir × Holstein cows (BW = 627 ± 32 kg; BCS 
= 3.5 ± 0.1; Wildman et al., 1982) were maintained 
on Brachiaria brizantha pastures with low forage qual-
ity (average of 47% TDN, 7.6% CP, and 60.0% NDF, 
DM basis) and availability (average of 5.0 kg of DM/
cow daily) from d −28 to 0 of the experimental period. 
Cows received daily (as-fed basis), at 1200 h, 2 kg/cow 
of a supplemental concentrate from d −28 to −15, and 
4.5 kg/cow of the same concentrate from d −14 to 0. 
Supplement was offered individually to cows through 
self-locking head gates. Cows also received a mineral 
and vitamin mix (7.7% Ca, 4.0% P, 3.0% Na, 0.20% 
K, 0,20% Mg, 2.0% S, 0.002% Co, 0.03% Cu, 0.002% 
I, 0.02% Mn, 0.13% Zn, and 0.02% F) and water ad 
libitum throughout the experiment. The supplemental 
concentrate consisted of (DM basis) 66.0% ground 
corn, 27.7% soybean meal, 2.5% mineral mix (18% Ca, 
10.7% Na, 8% P, 1.2% S, 0.5% Mg, 0.13% Cu, 0.007% 
Co, and 0.007% I), 2.5% limestone, and 1.3% urea. 
Nutritional content of the concentrate was estimated to 
be (DM basis) 78% TDN, 22.5% CP, and 12.9% NDF. 
From d −28 to 0, forage mass was evaluated weekly 
according to the techniques described by Vendramini 
et al. (2008). Forage and concentrate samples were col-
lected weekly and analyzed for nutritional content by 
a bromatology laboratory (São Paulo State University, 
Botucatu, Brazil).

On d 0, cows were randomly assigned to receive, in 
a crossover design containing 2 periods of 24 h each 
(d 0 and 1), (1) an intravenous glucose infusion (0.5 
g/kg of BW; GLUC) and (2) an intravenous saline 
infusion (SAL; equivalent volume as GLUC). Before 
the beginning of each period, cows were fasted for 12 
h, beginning at 1800 h on the day before each period. 
Immediately before infusions, all cows were fitted with 

indwelling jugular catheters (Curley et al., 2008). 
Treatments (GLUC or SAL) were administered via 
catheters over a period of 3 h (on average 36 mL/min); 
cows in the GLUC treatment received a 5% (wt/vol) 
glucose solution (90:10 solution of physiological saline 
and Glicose 50%; Laboratório Prado S.A., Curitiba, 
Brazil) according to their BW, whereas cows in the 
SAL treatment received a comparable volume of physi-
ological saline (0.9%). Catheters were removed after 
the end of infusions.

Cow BW and BCS were assessed at d −28, −14, and 
−1 to ensure that cows were in adequate nutritional 
status during the experiment. From d −28 to −15, all 
cows were inserted with a previously used (third use) 
intravaginal P4-releasing device (CIDR, originally con-
taining 1.9 g of P4; Pfizer Animal Health, São Paulo, 
Brazil) to initially expose and adapt cows to exogenous 
P4. Cows received a new P4-releasing device on d 
−14, which remained in the cows until the end of the 
experiment. Blood samples were collected via jugular 
venipuncture at 0 (immediately before), 3, and 6 h 
relative to the beginning of the infusion (0 h). Liver 
biopsies were collected concurrently with blood sam-
pling at 0 and 3 h, according to the procedure described 
by Arthington and Corah (1995). During each biopsy, 
the incision was made 2 cm apart from any previous 
incision to prevent collection of damaged tissue. After 
the last blood collection of period 1, cows received the 
supplementation and returned to pasture. Cows were 
fasted before infusions to prevent any confounding ef-
fects between feed intake and infusion treatments on 
circulating concentrations of P4 (Vasconcelos et al., 
2003). Blood samples were collected into commercial 
blood collection tubes (Vacutainer, 10 mL; Becton 
Dickinson, Franklin Lakes, NJ), placed immediately on 
ice, maintained at 4°C for 24 h to allow clotting, and 
centrifuged at 3,000 × g for 30 min at 4°C for serum 
collection. Harvested serum was stored frozen at −20°C 
until further processing. A quantitative colorimetric kit 
was used to determine concentrations of glucose (Katal 
Biotecnologica Ind. Com. Ltda., Belo Horizonte, Bra-
zil). Concentrations of P4 and insulin were determined 
using a Coat-A-Count Kit solid-phase 125I RIA (DPC 
Diagnostic Products Inc., Los Angeles, CA), as previ-
ously reported by our group (Moriel et al., 2008). All 
samples were analyzed within 1 assay for each hormone. 
The intraassay coefficient of variation was 5.8% for P4 
and 6.9% for insulin.

Immediately after collection, liver samples (average 
100 mg of tissue, wet weight) were placed in 1 mL of 
RNA stabilization solution (RNAlater; Ambion Inc., 
Austin, TX), maintained at 4°C for 24 h, and stored at 
−20°C. Total RNA was extracted from tissue samples 
using a TRIzol Plus RNA Purification Kit (Invitrogen, 
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Carlsbad, CA). Quantity and quality of isolated RNA 
were assessed via UV absorbance (NanoDrop 1000 spec-
trophotometer; Thermo Fisher Scientific, Wilmington, 
DE) at 260 nm and a 260:280 nm ratio, respectively 
(Fleige and Pfaffl, 2006). Extracted RNA was stored 
at −80°C until further processing. Extracted RNA (2.5 
μg) were incubated at 37°C for 30 min in the presence 
of RNase-free DNase (New England Biolabs Inc., Ips-
wich, MA) to remove contaminant genomic DNA. After 
inactivating the DNase (75°C for 15 min), samples were 
reverse-transcribed using SuperScript III (Invitrogen, 
Carlsbad, CA) with poly-T oligonucleotide (12 to 18 
nucleotides). Real-time PCR was completed using the 
SYBR Green PCR Master Mix (Applied Biosystems, 
Foster City, CA) and specific primer sets (25 ng/mL; 
Table 1), with an ABI Prism 7500 Sequence Detec-
tion System (Applied Biosystems). Amplification was 
optimal at an annealing temperature of 60°C, and theo-
retical yields of cyclophilin-A, CYP2C19, and CYP3A4 
were 102, 97.5, and 101%, respectively. The identity of 
amplicons was confirmed by analysis of their size by 
electrophoresis on 1.5% agarose gel and the dissociation 
curve. Responses were quantified based on the thresh-
old cycle (CT), the number of PCR cycles required for 
target amplification to reach a predetermined thresh-
old. All CT responses were normalized to cyclophilin-A 
CT examined in the same sample and at the same time 
as targets. Results are expressed as the relative fold 
change (2−ΔΔCT; Ocón-Grove et al., 2008).

Data were analyzed using the MIXED procedure of 
SAS (SAS Institute Inc., Cary, NC) and the Satter-
thwaite approximation to determine the denominator 
degrees of freedom for the tests of fixed effects. The 
model statement used for BW and BCS change con-
tained the effects of day. The model statement used for 
serum and liver data contained the effects of treatment, 
hour (serum measurements only), and the resultant in-
teraction, in addition to values obtained immediately 
before infusion (0 h) as an independent covariate. All 
data were analyzed using cow as the random variable. 
The specific terms for repeated measures were day for 

BW and BCS change and hour for serum variables, and 
the covariance structure used was autoregressive, which 
provided the best fit for these analyzes according to the 
Akaike information criterion. All results are reported 
as least squares means and separated using the least 
significant difference. Significance was established as P 
≤ 0.05 and tendencies as P > 0.05 and ≤0.10.

Cow BW increased (P < 0.01), whereas BCS did not 
change (P = 0.17) from d −28 to 0 (627 vs. 644 kg 
of BW, SEM = 33, and 3.53 vs. 3.60 of BCS, SEM = 
0.16; respectively), demonstrating that all cows were in 
adequate nutritional status during the experimental pe-
riod and before the treatment application. As expected 
based on the experimental design, a treatment × time 
interaction was detected (P < 0.01) for serum glucose 
and insulin because cows in the GLUC treatment had 
greater concentrations of these substances at 3 h after 
the beginning of infusion compared with cows in the 
SAL treatment (Figure 1). Similarly, Vieira et al. (2010) 
reported greater serum glucose concentrations in dairy 
cows receiving a similar intravenous glucose infusion 
compared with cohorts receiving saline, whereas insulin 
is synthesized and secreted mainly in response to blood 
glucose concentrations (Nussey and Whitehead, 2001).

No treatment effects were detected (P = 0.73) for se-
rum P4 concentrations (1.54 and 1.49 ng/mL for cows 
in the GLUC and SAL treatments, respectively; SEM 
= 0.11), differing from the results reported by Vieira 
et al. (2010). One may speculate that serum insulin 
concentrations achieved herein upon glucose infusion, 
which were reduced compared with those reported by 
Vieira et al. (2010), were not sufficient to affect serum 
P4 concentrations. Yet it is important to note that this 
experiment was mainly designed to evaluate treatment 
effects on hepatic mRNA expression of CYP2C19 and 
CYP3A4, whereas blood samples were not collected as 
frequently as by Vieira et al. (2010) to properly assess 
potential treatment effects on serum P4. Nevertheless, 
mRNA expression of CYP2C19 and CYP3A4 upon the 
infusion period was reduced (P = 0.05 and 0.01, respec-
tively) in cows in the GLUC treatment compared with 

Table 1. Primer sequences, annealing temperatures, efficiency, and reference for all gene transcripts analyzed by real-time reverse-transcription 
PCR 

Gene Primer sequence Accession no. Source

CYP2C19  NM_001109792 Lemley et al. (2008)
 Forward 5 -TATGGACTCCTGCTCCTGCT-3
 Reverse 5 -CATCTGTGTAGGGCATGCAG-3
CYP3A4  BT030557 Lemley et al. (2008)
 Forward 5 -GTGCCAATCTCTGTGCTTCA-3
 Reverse 5 -CCAGTTCCAAAAGGCAGGTA-3
Cyclophilin-A NM_178320.2 Machado et al. (2009)
 Forward 5 -GCCATGGAGCGCTTTGG-3
 Reverse 5 -CCACAGTCAGCAATGGTGATCT-3
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their cohorts in the SAL treatment (Figure 2), support-
ing our main theory and previous research reporting 
inhibitory effects of insulin on hepatic expression of P4 
catabolic enzymes (Lemley et al., 2008, 2010). More 
specifically, insulin regulates coactivators, such as per-
oxisome proliferator-activated receptor-γ coactivator 
1α, which directly modulate transcription factors on 
promoter regions of the CYP3A4 and CYP2C19 genes 
and consequent mRNA expression of these enzymes 
(Martínez-Jiménez et al., 2006; Kim and Novak, 2007).

The outcomes reported herein are novel because 
they demonstrate that acute and transient increases 
in circulating insulin, upon intravenous glucose infu-

sion, promptly reduce mRNA expression of hepatic 
CYP3A4 and CYP2C19 in dairy cows in adequate 
nutritional status. This mechanism supports previ-
ous data from our group reporting that nonlactating 
dairy cows with elevated serum insulin concentration 
had a delayed decrease in serum P4 upon feed intake, 
perhaps because of a transient decrease in hepatic P4 
catabolism, compared with cohorts with reduced serum 
insulin (Moriel et al., 2008). It is also important to 
note that other research groups reporting inhibitory 
effects of insulin on hepatic expression of P4 catabolic 
enzymes evaluated dairy cows receiving insulinogenic 
treatments for longer periods of time (Lemley et al., 
2008, 2010). Moreover, our research group (Vieira et 
al., 2010) reported that dairy cows in negative nutrient 
status, such as the periparturient and early-lactation 
dairy cows used by Lemley et al. (2008), did not experi-
ence altered serum P4 concentrations upon a 3-h glu-
cose infusion and subsequent acute increase in serum 
insulin. These outcomes suggest that cows in negative 
nutritional status may require prolonged increases in 
glucose and subsequent insulin concentrations to expe-
rience altered hepatic P4 catabolism. Hence, additional 
research is still required to comprehend the differences 
in CYP2C19 and CYP3A4 gene expression by circulat-
ing insulin according to cow nutritional status.

In conclusion, cows in adequate nutrient status and 
administered 0.5 g/kg of BW of glucose for 3 h had 
greater serum insulin concentrations and reduced he-
patic CYP3A4 and CYP2C19 mRNA expression upon 
glucose infusion compared with cohorts infused with 
saline. Therefore, hepatic expression of P4 catabolic 
enzymes can be promptly modulated by acute increases 

Figure 1. Serum concentrations of glucose and insulin in nonlac-
tating cows infused intravenously with a 5% glucose solution (GLUC; 
0.5 g of glucose/kg of BW, infused on average at 36 mL/min over a 
3-h period) or with physiological saline (SAL; 0.9% solution infused 
on average at 36 mL/min over a 3-h period). Treatments were infused 
immediately after blood sampling at h 0, which served as covariates. 
A treatment × time interaction was detected for both variables (P < 
0.01). Treatment comparison within time: **P < 0.01.

Figure 2. Expression of hepatic CYP2C19 and CYP3A4 mRNA, 
as the relative fold change (Ocón-Grove et al., 2008), of nonlactating 
cows infused intravenously with a 5% glucose solution (GLUC; 0.5 g of 
glucose/kg of BW, infused on average at 36 mL/min over a 3-h period) 
or with physiological saline (SAL; 0.9% solution infused on average at 
36 mL/min over a 3-h period). Treatments were infused immediately 
after liver sampling at h 0, which served as covariates. A treatment 
effect was detected for mRNA expression of both enzymes (P = 0.05 
and 0.01 for CYP2C19 and CYP3A4, respectively).
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in circulating insulin upon intravenous glucose infusion, 
which provides novel insight into physiological mecha-
nisms associating nutrition and reproductive function 
in dairy cows. However, as in our previous research ef-
fort (Vieira et al., 2010), caution must be applied when 
extrapolating the results reported herein to lactating 
dairy cows given that the physiological and metabolic 
aspects associated with parturition, resumption of 
reproductive function, and milk synthesis were not ac-
counted for in the present experimental model. In addi-
tion, milk yield capacity is considered moderate to low 
in Gir × Holstein cattle (Madalena et al., 1979); hence, 
the animals used herein might not fully represent the 
physiological aspects of a high-producing Holstein cow.
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