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Summary  

The risk of mastitis is greatest during the transition period with a cost to the dairy industry of greater than 
$1.7 billion each year. During the last 25 years, there has been improvement in mastitis prevention and control 
as well as a greater understanding of the effects of dietary nutrients on immune function.  However, research on 
nutritional factors, except vitamin E and selenium, affecting immune function are limited for dairy cows.  In 
particular, vitamin A and its retinoid metabolites and retinol binding protein (RBP), the carrier protein for 
retinol, may be important modulators of immune function.  There is a need to investigate the metabolic 
challenges during the transition period in dairy cows and their effects on specific immune measures related 
primarily to mastitis. Such research efforts will create new knowledge of the effects of the retinoids (e.g., 
vitamin A and retinoic acid) and their interaction with protein and energy nutrition on immune system 
enhancement in dairy cows.  Results potentially lead to improved management practices that reduce the risk of 
mastitis and to develop intervention strategies that can reduce the need for antibiotic use on dairy farms to treat 
infections. 

 
Overview 
 The management of dairy cows during the transition period represents a challenge for dairy 
farmers (Drackley, 1999).  The risk for metabolic disorders and diseases, such as mastitis, is great during 
the transition period for dairy cows and may be related to an impairment of immune function (Goff and 
Horst, 1997).  The cost of mastitis is substantial and is estimated to be more than $1.7 billion each year in the 
United States alone. Several vitamins have been shown to be involved in some aspect of immune 
function.  A number of studies reported a reduction in somatic cell count (SCC), and enhanced 
lymphocyte function, phagocytosis and in vitro intracellular killing by blood neutrophils against 
Staphylococcus (S.) aureus with increased dietary retinol and β-carotene (Daniel et al., 1986; Chew, 
1987; Tjoelker et al., 1990).  In some studies, however, no beneficial effects were reported (Oldham et 
al., 1991; Jukola et al., 1996). To our knowledge, no study has investigated the effect of RBP (the retinol 
transport system in circulation), when retinoid metabolism is altered, on the risk of mastitis. It is also not 
known how the interaction between retinoids and energy metabolism is affected by RBP status and how 
this affects immune function. Therefore, there is a need to better understand how alterations in retinoid 
metabolism and RBP status, due to a functional transition from a non-lactating to lactating state affects 
immune function, interacts with energy and relates to incidence and severity of a new intra-mammary 
infection (IMI). 
 
The immune system is altered during the transition period  

During the periparturient period, the immune system is suppressed (Goff and Horst, 1997). In 
particular, neutrophil and lymphocyte functions are altered or impaired during this time (Mallard et al., 1998). 
In a study by Saad et al. (1989), blood neutrophil phagocytosis activity increased before calving, fell sharply on 
the first day postpartum, and peaked 2 wk postpartum.  Further, bovine lymphocytes are impaired in their 
ability to respond to mitogens and to produce antibodies during the periparturient period (Wells et al., 1977; 
Kehrli et al., 1989, 1990).  Serum components of the bovine immune system, such as complement, conglutinin, 
(Kehrli et al., 1990; Stabel et al., 1991) and immunoglobulins (Ig) are also decreased at parturition (Kehrli et 
al., 1989, 1990; Detilleux et al., 1995), and lower IgG concentrations have been associated with increased 
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incidence of mastitis (Kehrli et al., 1989). Feed intake is significantly reduced during the final weeks before 
parturition (Grummer, 1995) and is accompanied by a decrease in phagocytosis and intracellular killing of 
pathogens by neutrophils (Hogan et al., 1992a), which may lead to increased risk of mastitis.  
 
Vitamin A and β-Carotene during the transition period 
        The most abundant form of retinoids in blood circulation is retinol, a long-chain unsaturated 
alcohol form of vitamin A, which is an essential nutrient involved in growth, vision, immunity and 
epithelial cell differentiation and proliferation (Chew, 1987; Scherf et al., 1994; Van Merris et al., 
2004a). Acid derivatives of vitamin A mediate specific effects on the immune system (Petcovich et al., 
1987).  In ruminant nutrition, among plant carotenoids, β-carotene is the major source of vitamin A and 
has the highest pro-vitamin A activity (Chew, 1993).  In addition to its pro-vitamin A function, β-carotene 
acts as an oxidant scavenger protecting immune cells from oxidative damage (Chew, 1993). 

In healthy cows, plasma concentrations of retinol and β-carotene gradually decrease as parturition 
approaches and then plasma concentrations of retinol normalize to the prepartum concentrations by wk 4 
after parturition (Chew et al., 1982).  Feeding lower quality forages during the dry period (Michal et al., 
1994), reduced feed intake during the last 2 wk before parturition (Grummer, 1995), and increased 
secretion of lipid-soluble vitamins in colostrums and milk immediately following parturition (Weiss et 
al., 1990) are all associated with the temporal decreases in plasma concentrations of retinol and β-
carotene.  During the past 25 years, both observational as well as intervention studies have demonstrated 
evidence of a relationship between retinol and β-carotene status and mastitis. 

 
Does feeding supplemental vitamin A and β-Carotene affect mastitis? 

Initial intervention studies demonstrated that increasing dietary vitamin A and β-carotene intake 
resulted in a reduction in the incidence and severity of mastitis in dairy cows (Chew et al., 1982; Chew and 
Johnston, 1985; Dahlquist and Chew, 1985). The effects of feeding greater vitamin A prepartum on immune 
function during the transition period, however, have been equivocal.  Cows fed a diet supplemented with 
vitamin A (173,000 IU/d) or β-carotene (at a concentration equivalent to 173,000 IU vitamin A/d) had lower 
milk SCC as compared with control cows (fed 53,000 IU vitamin A/ d) from 2 to 8 wk postpartum (Chew and 
Johnston, 1985).  Feeding diets supplemented with vitamin A or β-carotene also enhanced lymphocyte 
proliferation in response to mitogens (Daniel et al., 1986) and increased phagocytosis and intracellular killing 
indices by milk polymorphonuclear (PMN) cells against S. aureus (Tjoelker et al., 1986).  

Oldham et al. (1991), however, found no beneficial effects on immune function by feeding diets 
supplemented with vitamin A and β-carotene from the cessation of lactation through 6 wk postpartum.  The 
lack of response may be explained by the fact that the control cows in that study had adequate plasma 
concentrations of β-carotene (10 mg/L; Weiss, 2002).  A threshold of >3 mg/L of plasma β-carotene for 
optimum udder health has been suggested (Jukola et al., 1996). Tjoelker et al. (1990) determined that milk 
neutrophil phagocytosis decreased in cows fed either 53,000 or 21,300 IU vitamin A /d from 6 wk before dry 
off through 2 wk after dry off; however, cows fed 53,000 IU vitamin A plus 400 mg β-carotene /d (equivalent 
to 21,300 IU vitamin A/d) did not experience such a decrease in phagocytosis, indicating a role for β-carotene 
in immune cell function, independent of its pro-vitamin A activity. 

A decrease in new IMI was observed when cows were fed diets supplemented with 53,000 IU 
vitamin A and 300 mg β-carotene/d compared with cows fed diets supplemented with vitamin A at 
53,000 IU/d, or at greater concentrations, 173,000 IU/d (Dahlquist and Chew, 1985).  An in vitro 
experiment, however, showed that retinol had no effect and β-carotene had a stimulatory effect on 
concanavalin-A induced mononuclear cell proliferation, suggesting that β-carotene, but not vitamin A, 
influenced immune cell proliferation (Daniel et al., 1991). The summation of available information 
resulted in a new recommendation (NRC, 2001) for increased (to 110 IU/kg of body weight) dietary 
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intake of vitamin A relative to the previous recommendation (NRC, 1989).  No daily recommendation of 
supplemental dietary β-carotene has been established (Weiss, 2002).   
 
What are the relationships of vitamin A and β-Carotene to mammary gland health and mastitis? 

In an epidemiological study, LeBlanc et al., (2004) detected a significant inverse association 
between serum concentrations of retinol and mastitis during early lactation (first 30 d in milk); as serum 
concentrations of retinol increased the occurrence of mastitis was decreased. Our data (Rezamand et al., 
2007) demonstrate that plasma concentrations of ß-carotene and retinol (Figures 1 and 2, respectively) 
were reduced at wk 1 or 2 postpartum. Temporal patterns of change in plasma concentrations of ß-
carotene and retinol reported here are consistent with previous reports.  Plasma concentrations of ß-
carotene 2 wk before calving were greater for cows with a new IMI after calving compared with cows 
that did not develop a new IMI but this relationship was reversed postpartum (Figure 1). Cows without a 
new IMI had greater plasma concentrations of ß-carotene at wk 8 compared with cows with a new IMI 
during early lactation.  
 

 
 
 
 
Figure 1. Least square means and SE of plasma 
concentrations of β-carotene (µg/mL) during the 
periparturient period for cows with (▲, n = 14) or 
without (●, n = 16) a new IMI during early 
lactation (IMI status × wk; P = 0.003). 
 
 
 

 
 
Although a reduction in plasma concentrations of retinol was observed at wk 1 postpartum 

(Figure 2), there were no differences between cows with or without a new IMI during early lactation; 
either plasma concentrations of retinol were sufficiently high (≥ 1.0 ug/mL) to render a protective 
response or plasma concentrations of retinol during the transition period may not be a reliable indicator 
of vitamin A status, in relation to the mammary gland health and occurrence of an IMI. 

Indeed, a recent study (Van Merris et al., 2004a) demonstrated that serum concentrations of 
albumin, retinol and 13-cis retinoic acid were reduced in nulliparous cows during experimentally 
induced Escherichia coli mastitis whereas concentrations of serum amyloid A and all-trans retinoic acid 
(at-RA; the active isomer of retinol) were increased. It was also reported that a one-unit increase in 
serum amyloid A, an indicator of acute phase response, was associated with a 1.12 unit decrease in 
serum retinol (Van Merris et al., 2004a), suggesting an associative relationship between retinol and 
acute phase response. This observation is supported by our observation, where a negative correlation 
between plasma haptoglobin and retinol was observed 1 wk postpartum (P = 0.01; Rezamand, 2006). In 
addition, a recent in vitro study (Van Merris et al., 2004b) showed that addition of either at-RA or 9-cis 
RA (~10 ng/mL) to bovine bone marrow cells stimulated granulocyte but inhibited monocyte formation. 
Studies in humans have shown that at-RA increased granulocyte formation which was associated with a 
reduction in monocytes formation (Collins, 2002).  
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What is retinol binding protein (RBP)? 
 
Although lipid-soluble vitamins such as vitamin E and β-carotene are transported through circulating 
lipoproteins, retinol is primarily transported by RBP from the liver to target organs (Heller, 1975a).  Retinol 
binding-protein is a single polypeptide chain with a molecular weight of 21 kD (Heller, 1975b), and contains 
one binding site for retinol.  Approximately 95 percent of plasma RBP is bound to transthyretin (TTR; 
Lindberg et al., 1999).  Retinol binding-protein is primarily synthesized in the liver; however, others have 
shown that in addition, RBP, as well as TTR, are synthesized and secreted by extra-hepatic sources (Liu et al., 
1990; Liu and Godkin, 1992; Ong et al., 1994). Retinol deficiency can reduce the secretion of RBP, which in 
turn results in decreased plasma RBP while increasing hepatic RBP (Goodman, 1980; Rask et al., 1980; 
Lespine et al. 1996).  There may be, however, species-specific differences in relationship between retinol intake 
and RBP status.  

Export proteins, such as RBP, are produced in lower concentrations when amino acid availability is 
limited (Lindberg et al., 1999).  Our observations (Figure 3) and those of Lindberg et al. (1999) support the 
hypothesis that dietary protein intake alters RBP synthesis and export.  Consequently, reduced RBP may limit 
retinol delivery and its availability to other tissues, most notably the immune system. It is therefore 
conceivable to hypothesize that the lack of immune response to vitamin A supplementation may be due 
to RBP deficiency resulting from an overall protein deficiency during the transition period (Rezamand et 
al., 2007).  Studies using a rodent model have demonstrated that plasma RBP plays an important role in 
immune function.  The inflammatory response of rats to lipopolysaccharide (LPS) from Pseudomonas 
aeruginosa for example, is associated with decreased plasma retinol and RBP concentrations.  Rosales et al. 
(1996) suggested that decreased plasma retinol in the rat resulted from a reduction in RBP synthesis and 
secretion of the retinol-RBP complex when inflammation by LPS was induced. In agreement, our data 
demonstrate, for the first time, that cows with a new IMI during early lactation had a reduced plasma 
concentration of RBP as compared with cows that did not develop a new IMI (Figure 3). There was also 
a significant correlation between plasma concentrations of RBP and retinol, as expected. In addition, 
reduction in plasma RBP and retinol at wk 1 postpartum was mirrored by an increase in plasma 
concentrations of haptoglobin, regardless of the IMI status (Rezamand, 2006).  Currently, there is no 
information available to explain whether bovine plasma RBP plays an immunomodulatory role when retinoid 
metabolism is altered during an IMI.   

 

Figure 2. Least square means and SE of 
plasma concentrations of retinol 
(µg/mL) during the periparturient period 
for cows with (▲, n = 14) or without (●, 
n = 16) a new IMI during early lactation.  
Plasma concentration of retinol was 
reduced at wk 1 postpartum compared 
with that at 2 wk before parturition for 
cows with or without a new IMI (P < 
0.001). 
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Inflammation and hyporetinemia are interrelated. A number of hypotheses have been set forward to 

explain hyporetinemia associated with inflammatory response including increased retinol output, increased 
requirements, likely due to an increased usage of the vitamin as an antioxidant, and reduction in retinol transfer 
from the liver to target organs.  Although plasma retinol was reduced wk 1 postpartum, the lack of a difference 
between cows with or without a new IMI in our observation (Figure 2) contrasts with previous reports (Chew et 
al., 1982; Chew, 1987).  Plasma RBP, however, was reduced in cows with a new IMI as compared with cows 
that did not develop a new IMI (Figure 3).  This observation lends further support to the hypothesis that plasma 
retinol is not a reliable indicator of vitamin A status in relation to inflammation (Rosales and Rose, 1998a; 
1998b).  

 
Does altered retinoid metabolism affect bovine polymorphonuclear (PMN) function? 
 

Bovine PMN are the primary line of defense in protecting the mammary gland against mastitis 
pathogens (Burvenich et al., 2007). In an in vitro study, superoxide anion release from activated 
neutrophils was reduced as retinol concentration increased; however, no reduction in cytotoxicity or 
scavenging of the free radicals was observed (Sharma et al., 1990). It is not fully understood how altered 
retinoid metabolism, due to increased dietary supplementation of vitamin A, affects bovine peripheral 
blood and milk cytokines and leukocyte profile and function. It is also not well understood whether the 
functional capacity of PMN during the periparturient period and in response to an IMI are affected by an 
alteration in retinoid metabolism.  Dairy cows may be oxidatively stressed during the periparturient 
period (Bernabucci et al., 2005; Aitken et al., 2009), and oxidative stress and inflammation are 
interrelated (De Nigris et al., 2001). Increases in pro-inflammatory cytokines, observed during the 
periparturient period and accompanying IMI, can alter PMN survival and function. Addition of 
granulocyte/macrophage colony-stimulating factor (GM-CSF), a pro-inflammatory cytokine, increased 
human neutrophil survival (Brach et al., 1992; Colotta et al., 1992; Kobayashi et al., 2005) as well as 
human neutrophil functions such as phagocytosis and reactive species oxygen (ROS) production 
(Kobayashi et al., 2005). Excessive recruitment and activation of PMN to the site of inflammation, 
however, can cause further damage to the mammary gland in an uncontrolled inflammatory state.  
Therefore, resolution of inflammation requires a timely regulated clearance of PMN from mammary 
tissues (Paape et al., 2003). 

 
Energy status is altered by supplemental dietary ionophores 
 

Ionophores alter transport of ions across the bacterial cell wall specifically inhibiting growth of 
Gram positive bacteria.  Monensin is a carboxylic polyether ionophore that is naturally produced by 
Streptomyces cinnamonensis and fed to cattle in the form of sodium salt (Duffield and Bagg, 2000).  The 
specific effect of monensin on rumen microbial populations results in improved efficiencies of energy 

*

Figure 3. Least square means and SE of 
plasma concentrations of retinol binding 
protein (RBP, expressed in arbitrary unit; AU) 
for cows with (▲; n = 14) or without (●; n = 
16) a new IMI during the periparturient 
period. Plasma concentration of RBP was 
reduced at wk 1 postpartum compared with 
that 2 wk before parturition for cows with a 
new IMI (time P < 0.001) and also compared 
with that of cows without a new IMI (IMI 
status; P = 0.03) during early lactation. 
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metabolism, N metabolism, and reduced bloat and lactic acidosis (Schelling, 1984; Duffield et al., 
2008a).  The observed increase in efficiency of energy metabolism is related to an alteration in VFA 
production in the rumen such that propionate production is increased whereas molar percentages of 
butyrate and acetate are reduced (Schelling, 1984). Propionate, a major glucogenic precursor, accounts 
for 50 to 60% of total net hepatic glucose release in dairy cattle (Reynolds et al., 1988 and 2003).  A 
meta-analysis of the impact of monensin on blood metabolites revealed that inclusion of monensin in 
dairy cattle diets results in significant reductions in blood non-esterified fatty acids (NEFA), β-
hydroxybutyrate (BHB), and acetoacetate, as well as reductions in short-chain fatty acids and stearic 
acid content of milk (Schelling, 1984; Duffield et al., 2008a and 2008b). Overall, these changes are 
considered to be related to increased hepatic gluconeogenic activities.  

Pyruvate carboxylase (PC, EC 6.4.1.1) and phosphoenolpyruave carboxykinase (PEPCK, 4.1.1.32) 
are two key and potentially rate-limiting gluconeogenic enzymes that regulate hepatic gluconeogenesis 
in ruminants (Greenfield et al., 2000; Agca et al., 2002). Relative to the transition period, research has 
shown that bovine hepatic PC mRNA expression increased d 1 postpartum compared with prepartum 
abundances, and remained elevated for 4 wk postpartum before declining to prepartum levels at wk 8 
(Greenfield et al., 2000). Whereas no increases at 4 or 2 wk before calving or at d 1 postpartum were 
observed, hepatic PEPCK mRNA abundance increased at 4 and 8 wk postpartum as compared with 
those of prepartum abundances (Greenfield et al., 2000).  The delayed increase in hepatic expression of 
PEPCK mRNA, compared with elevated PC mRNA expression relative to parturition (Greenfield et al., 
2000; Hartwell et al., 2001), may be related to a lag phase in increment of feed intake during early 
lactation. It has been shown that expression of cytosolic PEPCK mRNA is affected by concentrations of 
VFA in cultured rat hepatic cells (Massillon et al., 2003). Whereas hepatic PC mRNA expression 
increased d 1 postpartum relative to that at 4 and 2 wk prepartum, monensin had no effect on PC mRNA 
expression (Karcher et al., 2007). In addition, an increased cytosolic PEPCK mRNA abundance was 
observed at 2 wk prepartum and d 1 postpartum in response to feeding monensin during the last 4 wk 
prepartum (Karcher et al., 2007). Increased hepatic PEPCK mRNA abundance parallels enzyme activity 
(Agca et al., 2002). It has been postulated that increased hepatic PEPCK mRNA abundance postpartum, 
in part, may be due to elevated propionate production during that time period, which may be further 
amplified by feeding monensin prepartum (Karcher et al., 2007). 

 
Relationship between retinoids, retinol-binding protein, and energy status 
 

It has been shown that several enzymes involved in gluconeogenesis, including PEPCK, are 
regulated at the gene level by retinoid status (Shin et al., 2002). Specifically, retinol deficiency inhibits 
cytosolic PEPCK mRNA expression and this phenomenon can be reversed by addition of all-trans or 9-
cis retinoic acid treatment (Shin et al., 2002).  It has been suggested that whole body insulin sensitivity 
and thus hepatic glucose output may be regulated by expression of adipocyte GLUT4 (insulin-
responsive facilitative glucose transporter) through serum RBP (Figure 4; Tamori et al., 2006; Yang et 
al., 2005). Although liver is the major source of RBP synthesis (Heller, 1975a), adipocytes are 
considered to be the second major source of RBP in rodents (Tsutsumi et al., 1992). Others have shown 
that RBP is also synthesized and secreted by bovine retinal pigment epithelium, placental membranes, 
and uterine tissues (Ong et al., 1994; Liu et al., 1990 and 1992).  Retinol binding protein was thought to 
exclusively function as the transporter system for retinol from liver to target tissues; however, recent 
findings suggest circulating RBP affects whole body glucose metabolism. Obese children were found to 
have greater concentrations of serum RBP as compared with lean children and plasma RBP correlated 
positively with markers of inflammation (e.g., CRP and IL-6; Balagopal et al., 2007). In addition, a 
reduction in serum RBP was associated with decreased concentrations of these inflammatory markers 
(Balagopal et al., 2007). Fasting insulin and triacylglyceride (TAG) concentrations were correlated with 
the ration of serum RBP to retinol, indicating a relationship between RBP status and obesity (Aeberli et 
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al., 2007). More interestingly, elevated RBP concentrations were associated with non-alcoholic fatty 
liver in diabetic humans (Wu et al., 2008). A recent study also showed an inverse relationship between 
serum RBP with insulin sensitivity and non-oxidative glucose metabolism in both lean and obese 
women (Kowalska et al., 2008).  Mice with adipocyte-specific GLUT4 knockout had an elevated 
expression of the gene encoding serum RBP (Yang et al., 2005). Serum concentrations of RBP are 
increased in several mouse and human models of obesity and insulin resistance (see Figure 4; Yang et 
al., 2005). Studies in humans have also demonstrated that severe negative energy balance results in a 
reduction in adipose tissue, adipose tissue mRNA expression of gene encoding RBP, and plasma levels 
of RBP4 (Vitkova et al., 2007). More importantly, it was shown that hepatic gene expression of PEPCK 
was increased when mice were injected with purified human RBP4 for 21 d and in hepatocytes cultured 
in the presence of exogenous RBP (Yang et al., 2005).  Reduction of serum RBP through fenretinde (a 
synthetic retinoid designed for cancer therapy) resulted in improved insulin sensitivity in mice on high 
fat-diet (Yang et al., 2005).  

 
 
 
During the transition period, dairy cows undergo substantial metabolic and physiological adaptations 

to support the transition from pregnant, non-lactating status to non-pregnant, lactating status. These 
adaptations include coordinated shifts in nutrient partitioning in order to meet the increased demand for 
energy and other nutrients for fetal growth and lactation (Bell, 1995; Drackley, 1999; Overton and 
Waldron, 2004). It has been estimated that there is a 3-fold increase in glucose requirement for the 
mammary gland 4 d postpartum compared with nutrient requirements of a 250-d fetus.  Increased 
demand for glucose by the mammary gland to synthesize lactose is met through alterations in 
metabolism such as increased hepatic gluconeogenesis as well as a reduced rate of glucose oxidation by 
tissues other than the mammary gland (Reynolds et al., 2003; Bennink et al., 1972). Periparturient cows 
experience insulin resistance and this helps repartitioning glucogenic nutrients toward functions with 
higher priority including fetal growth, milk lactose synthesis, and to increase fatty acid mobilization 
from adipose tissue (Bell and Bauman, 1997). Although previous findings demonstrate an improved 
energy status by prepartum monensin feeding through elevated gluconeogenesis and hepatic PC and 
PEPCK expression, and that there exists a modulatory effect of RBP status on gluconeogenesis and 

Figure 4. Glucose metabolism 
is regulated in skeletal muscle 
and liver through retinol-
binding protein (RBP) by 
GLUT4 expression in adipose 
tissue under normal condition 
(a) or adipocytes lacking 
GLUT4 (adapted from Tamori 
et al., 2006). 
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hepatic PEPCK, there is currently no information available in dairy cattle that RBP status and dietary 
ionophores may interact. It is also not known what the outcome(s) of this interaction may be, relative to 
energy metabolism, and if this may affect immune response to IMI causing pathogens.  
 
Future Directions 

Retinoid metabolism and retinol transport (i.e., RBP) affect immune function relevant to incidence 
and severity of a new IMI during early lactation.  These factors are also affected by energy status.  Thus, 
retinoids and energy status may interact to alter risk of disease in early lactation.  The questions to be 
raised are whether hyporetinemia (low vitamin A) associated with a greater risk for mastitis can be 
explained by a decrease in retinol-RBP complex, whether altered retinoid metabolism, through dietary 
protein, can affect immune response to mastitis pathogens, and finally whether RBP status interacting 
with energy metabolism could affect overall energy status in periparturient cows that could alter the risk 
of new IMI. 

A better understanding of nutritional factors that affect the interaction between RBP and retinoid 
metabolism during the periparturient period, elucidating effects of dietary vitamin A supplementation on 
acute phase response and certain aspects of immune function relevant to mammary gland health, and to 
understand how alterations in energy metabolism and the retinol-RBP complex affect the immune 
system during periparturient period are needed.  A clearer understanding of mechanisms involved in 
nutrient metabolism and mammary gland health will potentially allow dairy and nutrition scientists to 
improve management practices and develop more practical intervention strategies to reduce antibiotic use on 
dairy farms. 
 



9 
 

 
References 

Agca, C., R.B. Greenfield, J.R. Hartwell, and S.S. Donkin. 2002. Cloning and characterization of bovine 
cytosolic and mitochondrial PEPCK during transition to lactation. Physiol Genomics 11:53–63.  

Aeberli, I., R. Biebinger, R. Lehmann, D. l’Allemand, G.A. Spinas and M.B. Zimmermann. 2007 Serum 
retinol-binding protein 4 concentration and its ratio to serum retinol are associated with obesity and 
metabolic syndrome components in children. J Clin Endocrinol Met. 92:4359-4365. 

Aitken, S. L., E. L. Karcher, P. Rezamand,  J. C. Gandy, M. J. VandeHaar, A. V. Capuco, and L. M. 
Sordillo. 2009. Evaluation of antioxidant and pro-inflammatory gene expression in bovine mammary 
tissue during the periparturient period. J Dairy Sci. 92: 589-598.  

Balagopal, P., T.E. Graham, B.B. Kahn, A. Altomare, V. Funange, and D. George. 2007. Reduction of 
elevated serum retinol binding protein in obese children by lifestyle intervention: Association with 
sub-clinical inflammation. J Clin Endocrinol Met. 92:1971-1974.  

Bell, A.W. 1995. Regulation of organic nutrient metabolism during transition from late pregnancy to 
early lactation. J Anim Sci. 73: 2804-2819. 

Bell, A.W., and D.E. Bauman. 1997. Adaptations of glucose metabolism during pregnancy and lactation. 
J. Mammary Gland Biol. Neoplasia 2:265–278. 

Bennink, M.R., R.W. Mellenberger, R.A. Florish, and D.E. Bauman. 1972. Glucose oxidation and entry 
rates as affected by the initiation of lactation. J. Dairy Sci. 55: 712. (Abstr.). 

Burvenich, C., D. D. Bannerman, J. D. Lippolis, L. Peelman, B. J. Nonnecke, M. E. Kehrli Jr,  and M. J.  
Paape. 2007.  Cumulative physiological events influence the inflammatory response of the bovine 
udder to Escherichia coli infections during the transition period. J Dairy Sci 90: (Suppl 1):E39-54. 

Bernabucci, U., B. Ronchi, N. Lacetera and A. Nardone. 2005. Influence of body condition score on 
relationships between metabolic status and oxidative stress in periparturient dairy cows. J Dairy Sci 
88:2017-2026. 

Brach, M., S. deVos, H. Gruss, and F. Hermann. 1992. Prolongation of survival of human 
polymorphonuclear neutrophils by granulocyte-macrophage colony-stimulating factor is caused by 
inhibition of programmed cell death. Blood 80:2920-2924.  

Chew, B.P. 1993. Role of carotenoids in the immune response. J Dairy Sci 76:2804-2811. 
Chew, B.P.  1987.  Symposium: Immune function: Relationship of nutrition and disease control.  J Dairy 

Sci 70:2732-2743. 
Chew, B.P., and L.A. Johnston. 1985. Effects of supplemental vitamin A and β-carotene on mastitis in 

dairy cows. J Dairy Sci 68(Suppl. 1):191 (Abstr.). 
Chew, B.P., L.L. Hollen, J.K. Hillers, and M.L. Herlugson.  1982.  Relationship between vitamin A and 
β-carotene in blood plasma and milk and mastitis in Holsteins.  J Dairy Sci 65:2111-2118. 

Collins, S. J. 2002. The role of retinoids and retinoic acid receptors in normal hematopoiesis. Leukemia 
16:1896–1905. 

Colotta, F., F. Polentarutti, S. Sozzani, and A. Mantovani. 1992. Modulation of granulocyte survival and 
programmed cell death by cytokines and bacterial products. Blood 80:2012-2020. 

Dahlquist, S.P. and B.P. Chew.  1985.  Effects of vitamin A and β-carotene on mastitis in dairy cows 
during the early dry period.  J Dairy Sci 69(Suppl. 1):119 (Abstr.). 

Daniel, L.R., B.P. Chew, T.S. Tanaka, and L.W. Tjoelker.  1991.  In vitro effects of β-carotene and 
vitamin A on prepartum bovine peripheral blood mononuclear cell proliferation.  J Dairy Sci 74:911-
915. 

Daniel, L.R., B.P. Chew, T.S. Tanaka, and L.W. Tjoelker.  1986.  In vitro vitamin A and β-carotene 
influence on bovine blood lymphocyte transformation.  J Dairy Sci 69(Suppl. 1):119 (Abstr.). 



10 
 

De Nigris, F., L.O. Lerman, M. Condorelli, A. Lerman, and C. Napoli. 2001. Oxidation-sensitive 
transcription factors and molecular mechanisms in the arterial wall. Antioxid Redox Signal 3:1119-
1130. 

Detilleux, J.C., M.E. Kehrli, Jr., J.R. Stabel, A.E. Freeman, and D.H. Kelley. 1995. Study of 
immunological dysfunction in periparturient Holstein cattle selected for high and average milk 
production. Vet Immunol Immunopathol 44:251-267. 

Drackley, J.K.  1999.  Biology of dairy cows during the transition period: the final frontier? J Dairy Sci 
82:2259-2273. 

Drackley J.K, J.J. Veenhuizen, M.J. Richard, and J.W. Young. 1991.  Metabolic changes in blood and 
liver of dairy cows during either feed restriction or administration of 1,3-butanediol. J Dairy Sci 74: 
4254–4264. 

Duffield, T. F., and R.N. Bagg. 2000. Use of ionophores in lactating dairy cattle; a review. Can Vet J. 
41: 388-394. 

Duffield, T.F., A.R. Rabiee, and I.J. Lean. 2008a. A meta-analysis of the impact of monensin in 
lactating dairy cattle. Part 1. Metabolic effects. J Dairy Sci. 91:1334-1346. 

Duffield, T.F., A.R. Rabiee, and I.J. Lean. 2008b. A meta-analysis of the impact of monensin in 
lactating dairy cattle. Part 2. Production effects. J Dairy Sci. 91:1347-1360. 

Goff, J.P., and R.L. Horst.  1997.  Physiological changes at parturition and their relationship to 
metabolic disorders.  J Dairy Sci 80:1260-1268. 

Goodman, D.S.  1980.  Plasma retinol-binding protein.  Ann N Y Acad Sci 348:378-390. 
Greenfield, R.B., M.J. Cecava, and S.S. Donkin. 2000. Changes in mRNA expression for gluconeogenic 

enzymes in liver of dairy cattle during the transition to lactation. J Dairy Sci. 83:1228-1236. 
Grummer, R.R. 1995. Impact of changes in organic nutrient metabolism on feeding the transition dairy 

cows.  J Anim Sci 73:2820-2833. 
Hartwell, J.R., M.J. Cecava, and S.S. Donkin. 2001. Rumen undegradable protein, rumen-protected 

choline and mRNA expression for enzymes in gluconeogenesis and ureagenesis in periparturient 
dairy cows. J Dairy Sci. 84: 490-497. 

Heller, J. 1975a. Interactions of plasma retinol-binding protein with its receptor.  J Biol Chem  
250:3613-3619. 

Heller, J. 1975b. Characterization of bovine plasma retinol-binding protein and evidence for lack of 
binding between it and other bovine plasma proteins.  J Biol Chem  250:6549-6554. 

Hogan, J.S., W.P. Weiss, D.A. Todhunter, K.L. Smith, and P.S. Schoenberger. 1992. Bovine neutrophil 
responses to parenteral vitamin E. J Dairy Sci 75:399–405. 

Jukola, E., J. Haakarainen, H. Saloniemi, and S. Sankari.  1996.  Blood serum, vitamin E, vitamin A, 
and β-carotene concentrations and udder health, fertility treatments, and fertility.  J Dairy Sci 79:838-
845. 

Karcher, E.L., M.M. Pickett, G.A. Varga, and S.S. Donkin. 2007. Effect of dietary carbohydrate and 
monensin on expression of gluconeogenic enzymes in liver of transition dairy cows. J Anim Sci. 85: 
690-699. 

Kehrli, M.E., Jr., J.P. Goff, J.A. Harp, J.R. Thurston, and N.L. Norcross.  1990.  Effects of preventing 
periparturient hypocalcemia in cows parathyroid hormone administration on hematology, conglutinin, 
immunoglobulin, and shedding of Staphylococcus aureus in milk.  J Dairy Sci 73:2103-2111. 

Kehrli, M.E., B.J. Nonnecke, and J.A. Roth.  1989.  Alterations in bovine peripheral blood lymphocyte 
function during the peripartum period.  Am J Vet Res 50:215-220. 

Kobayashi, S.D., J.M. Voyich, A.R. Whitney, and F R. DeLeo. 2005. Spontaneous neutrophil apoptosis 
and regulation of cell survival by granulocyte macrophage-colony stimulating factor. J Leukoc Biol 
78:1408-1418. 



11 
 

Kowalska, I., M. Strączkowski, A. Adamska, A. Nikołajuk, M. Karczewska-Kupczewska, E. Otziomek, 
and M. Górska. 2008. Serum retinol binding protein 4 is related to insulin resistance and non-
oxidative glucose metabolism in lean and obese women with normal glucose tolerance. J Clin 
Endocrinol Metab. 2008 Apr 22 [Epub ahead of print] 

LeBlanc, S.J., T.H. Herdt, W.M. Seymour, T.F. Duffield, and K.E. Leslie. 2004. Peripartum serum 
vitamin E, retinol, and beta-carotene in dairy cattle and their associations with disease. J Dairy Sci 
87:609-619. 

Lespine, A, B. Periquet, S. Jaconi, M. Alexandre, J. Garcia, J. Ghisolfi, J. Thouvenot, and G. 
Siegenthaler.  1996.  Decreases in retinol and retinol-binding protein during total parenteral nutrition 
in rats are not due to a vitamin A deficiency.  J Lipid Res 37:2492-2501. 

Lindberg, L.A., H. Sinkkonen, A.R. Poso, A.T. Tesfa, and J. Schroder. 1999.  Production of monoclonal 
antibodies and enzyme immunoassay to bovine retinol-binding protein and determination of retinol-
binding protein serum levels and retinol concentrations in serum and liver in dairy cows before and 
after parturition. Res Vet Sci 66:259-263. 

Liu, K.H., G.A. Baumbach, P.M. Gillevet, and J.D. Godkin.  1990.  Purification and characterization of 
bovine placental retinol-binding protein.  Endocrinology 127:2696-2704. 

Liu, K.H., and J.D. Godkin.  1992.  Characterization and immunolocalization of bovine uterine retinol-
binding protein.  Biol Reprod 47:1099-1104. 

Mallard, B.A., J.C. Dekkers, M.J. Ireland, K.E. Leslie, S. Sharif, C. Lacey Vankampen, L. Wagter, and 
B.N. Wilkie.  1998.  Alteration in immune responsiveness during the peripartum period and its 
ramification on dairy cow and calf health.  J Dairy Sci 81:585-595. 

Michal, J.J., B.P. Chew, T.S. Wong, L.R. Heinman, and F.E. Standaert. 1994. Modulatory effects of 
dietary β-carotene on blood and mammary leukocyte function in peripartum dairy cows. J Dairy Sci 
77: 1408-1422. 

Massillon, D., I.J. Arinze, C. Xu, and F. Bone. 2003. Regulation of glucose-6-phosphatase gene 
expression in cultured hepatocytes and H4IIE cells by short-chain fatty acids. J Biol Chem. 
278:40694–40701. 

National Research Council. 2001. Nutrient Requirements of Dairy Cattle. 7th rev ed, Natl Acad Press, 
Washington, DC. 

National Research Council 1989.  Nutrient Requirements of Dairy Cattle.  6th rev ed,  Natl Acad Press, 
Washington, DC. 

Oldham, E.R., R.J. Eberhart, and L.D. Muller. 1991. Effects of supplemental vitamin A or β-carotene 
during the dry period and early lactation on udder health.  J Dairy Sci 74:3775-3781. 

Ong, D.E, J.T. Davis, W.T. O'Day, and D. Bok.  1994.  Synthesis and secretion of retinol-binding 
protein and transthyretin by cultured retinal pigment epithelium.  Biochemistry 33:1835-1842. 

Overton, T.R., and M.R. Waldron. 2004. Nutritional management of transition dairy cows: strategies to 
optimize metabolic health. J Dairy Sci 2004 87: E105-119E. 

Paape, M.J., D.D. Bannerman, X. Zhao, and J.W. Lee. 2003. The bovine neutrophil: Structure and 
function in blood and milk. Vet Res 34:597-627. 

Petcovich, M., J. B. Nigel, A. Krust, and P. Chambon. 1987. A human retinoic acid receptor which 
belongs to the family of nuclear receptors. Nature (Lond.) 330:444-450. 

Rask, L., H. Anundi, J. Bohme, U. Eriksson, A. Fredriksson, S.F. Nelson, H. Ronne, A. Vahlquist, and 
P.A Peterson.  1980.   The retinol-binding protein.  Scand J Clin Lab Invest Suppl  154:45-61. 

Reynolds, C.K., P.C. Aikman, B. Lupoli, D.J. Humphries, and D.E. Beever. 2003. Splanchnic 
metabolism of dairy cows during the transition from late gestation through early lactation. J Dairy 
Sci. 86:1201–1217. 



12 
 

Reynolds, C.R., G.B. Huntington, H.F. Tyrrell, and P.J. Reynolds. 1988. Net metabolism of volatile       
fatty acids, D-ß-hydroxybutyrate, nonesterified fatty acids, and blood gasses by portal-drained viscera    
and liver of lactating Holstein cows. J Dairy Sci. 71:2395–2405. 

Rezamand, P. 2006. Energy Status, Lipid-Soluble Vitamins, and Acute Phase Proteins in Periparturient 
Holstein and Jersey Dairy Cows With or Without Subclinical Mastitis. Ph.D. Thesis, University of 
Connecticut, Storrs, CT. 

Rezamand, P., T.A. Hoagland, K.M. Moyes, L.K. Silbart, and S.M. Andrew. 2007. Energy status, lipid-
soluble vitamins, and acute phase proteins in periparturient Holstein and Jersey dairy cows with or 
without subclinical mastitis. J Dairy Sci 90:5097-5107. 

Rosales, F.J., and A.C. Ross. 1998a. A low molar ratio of retinol binding protein to transthyretin 
indicates vitamin A deficiency during inflammation: Studies in rats and a posteriori analysis of 
vitamin A-supplemented children with measles. J Nutr 128:1681-1687.  

Rosales, F.J., and A.C. Ross. 1998b. Acute inflammation induces hyporetinemia and modifies the 
plasma and tissue response to vitamin A supplementation in marginally vitamin A-deficient rats. J 
Nutr 128:960-966.    

Rosales, F.J., S.J. Ritter, R. Zolfaghari, J.E. Smith, and A.C. Ross.  1996.  Effects of acute inflammation 
on plasma retinol, retinol-binding protein, and its mRNA in the liver and kidneys of vitamin A-
sufficient rats.  J Lipid Res 37:962-971. 

Saad, A.M., C. Concha, and G. Astrom.  1989.  Alterations in neutrophil phagocytosis and lymphocyte 
blastogenesis in dairy cows around parturition.  Zentralbl Veterinarmed B.  36:337-345. 

SAS User Guide: Statistics, Version 9 edition. 2002. SAS Inst., Inc., Cary, NC. 
Schelling, G. 1984. Monensin mode of action in the rumen. J. Anim Sci. 58:1518-1527. 
Scherf, H., T. M. Frye, and S. N. Williams. 1994. Vitamin A and β-carotene: A nutritional approach to 

the control of mastitis in dairy cattle. Page 77 in Proc. National Mastitis Council Ann. Meetings.  
Washington. 

Shin, D.J., D.P. Odom, K.B. Scribner, S. Ghoshal, and M.M. McGrane. 2002. Retinoid regulation of the 
phosphoenolpyruvate carboxykinase gene in liver. Mol Cell Endocrinol. 195: 39−54. 

Sharma, A., J.R. Lewandoski, and J.J. Zimmerman. 1990.  Retinol inhibition of in vitro human 
neutrophil superoxide anion release. Pediatr Res 27:574-579. 

Stabel, J.R., M.E. Kehrli, Jr., J.R. Thurston, J.P. Goff, and T.C. Bone.  1991.  Granulocyte colony-
stimulating factor effects on lymphocytes and immunoglobulin concentrations in periparturient cows.  
J Dairy Sci 74:3755-3762. 

Tamori, Y., H. Sakaue, and M. Kasuga. 2006. RBP4, an unexpected adipokine. Nature Medicine 12: 30-
31.  

Tjoelker, L.W., B.P. Chew, T.S. Tanaka, and L.R. Daniel. 1990. Effect of dietary vitamin A and β-
carotene on polymorphonuclear leukocyte and lymphocyte function in dairy cows during the early 
dry period.  J Dairy Sci 73:1017-1022. 

Tjoelker, L.W., B.P. Chew, T.S. Tanaka, and L.S. Daniel.  1986.  Effects of vitamin A and β-carotene on 
phagocytosis and killing by bovine mammary neutrophils in vitro.  J Dairy Sci 69:(Suppl. 1):103. 
(Abstr.). 

Tsutsumi, C., M. Okuno, L. Tannous, R. Piantedosi, M. Allen, D.S. Goodman, and W.S. Blaner. 1992. 
Retinoids and retinoid-binding protein expression in rat adipocytes. J Biol Chem. 267:1805−1810. 

Van Merris, V., E. Meyer, L. Duchateau, J. Blum, and C. Burvenich. 2004a. All- trans retinoic acid is 
increased in acute phase-related hyporetinemia during Escherichia coli mastitis. J Dairy Sci 87:980-
987. 

Van Merris, V., E. Meyer, L. Duchateau and C. Burvenich. 2004b. Differential effects of steroids and 
retinoids on bovine myelopoiesis in vitro. J Dairy Sci 87:1188-1195. 



13 
 

Vitkova, M., E. Klimcakova, M. Kovacikova, C. Valle, C. Moro, J. Polak, J. Hanacek, F. Capel, N. 
Viguerie, B. Richterova, M. Bajzova, J. Hejnova, V. Stich, and D. Langin. 2007.  Plasma levels and 
adipose tissue messenger ribonucleic acid expression of retinol-binding protein 4 are reduced during 
calorie restriction in obese subjects but are not related to diet-induced changes in insulin sensitivity.  J 
Clin Endocrinol Metab. 92:2330-2335. 

Weiss, W.P.  2002.  Relationship of mineral and vitamin supplementation with mastitis and milk quality.  
Pg 37-44 in Natl. Mastitis Council Annual Meeting Proceedings.  The Ohio State University, 
Wooster, Ohio. 

Weiss, W.P., J.S. Hogan, K.L. Smith, and K.H. Hoblet. 1990. Relationships among selenium, vitamin E, 
and mammary gland health in commercial dairy herd. J Dairy Sci 73:381-390. 

Wells, P.W., C. Burrells, and W.B. Martin.  1977.  Reduced mitogenic responses in cultures of 
lymphocytes from newly calved cows.  Clin Exp Immunol 29:159-161. 

Wu, H., W. Jia, Y. Bao, J. Lu, J. Zhu, R. Wang, Y. Chen, and K. Xiang. 2008. Serum retinol binding 
protein 4 and nonalcoholic fatty liver disease in patients with type 2 diabetes mellitus.  Diabetes Res 
Clin Pract. 79:185-190. 

Yang, Q., T.E. Graham, N. Mody, F. Preitner, O.D. Peroni, J.M. Zabolotny, K. Kotani, L. Quadro, and 
B.B. Kahn. 2005. Serum retinol binding protein 4 contributes to insulin resistance in obesity and type 
2 diabetes. Nature 436: 356-362.   


