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ABSTRACT 

    The long-range goal of this project is to investigate the mechanisms involved in the 

regulation of the cytosolic NADP+- dependent isocitrate dehydrogenase (IDH1) 

expression. This dissertation focuses on the central hypothesis that the expression of 

IDH1 is modulated by regulators of mammary epithelial differentiation and metabolic 

effectors in bovine mammary epithelium. To test this hypothesis, we examined the 

mRNA expression of IDH1 in late pregnancy and at various stages of lactation in bovine 

mammary tissue and demonstrated that IDH1 mRNA levels increased by 2.3 fold after 

parturition compared to late pregnancy and remained constant thereafter. Then, we 

investigated the effects of extracellular matrix and lactogenic hormones on the expression 

of IDH1 in cultured BME-UV bovine mammary epithelial cells. We found that the 

expression of IDH1 mRNA increased in parallel with β-casein expression during cell 

differentiation induced by extracellular matrix.  Fetal calf serum and insulin repressed, 

whereas prolactin stimulated the expression of IDH1 mRNA in a dose-dependent fashion. 

The inhibitory effects of insulin on IDH1 mRNA levels were antagonized by cotreatment 

with prolactin. In contrast, treatment with prolactin in the presence of extracellular matrix 

further increased IDH1 mRNA and protein accumulation. Prolactin-induced IDH1 

expression was inhibited by the mitogen-activated protein kinase (MAPK) pathway 

inhibitors PD98059 and U0126, and Janus tyrosine kinase 2 (JAK2), suggesting that both 

MAPK and JAK2 contribute to regulation of IDH1 expression by prolactin. Moreover, 

we demonstrated that the levels of IDH1 transcripts were reduced when BME-UV cells 

were treated with α-ketoglutarate and palmitic acid.  Finally, we report that the trans-10, 
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cis-12 CLA, but not cis-9, trans-11 CLA isomer, repress prolactin-induced IDH1 mRNA 

as well as protein accumulation. Taken together, these data suggest that the expression of 

IDH1 is modulated by regulators of mammary epithelial differentiation and metabolic 

effectors including lactogenic hormones, extracellular matrix and nutrients.  

    This dissertation is novel and significant. To date, only limited data have been reported 

regarding the mechanisms involved in regulation of IDH1 expression. However, recent 

evidence suggests that IDH1 plays a critical role in important metabolic pathways 

including fatty acid synthesis and cellular defense against oxidative damage. This 

dissertation documents that the expression of IDH1 is modulated by multiple factors 

including lactogenic hormones, extracellular matrix and nutrients and possible underlying 

mechanisms have also been explored. 
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CENTRAL HYPOTHESIS 

 

The central hypothesis tested in this dissertation was that the expression of IDH1 gene is 

modulated by regulators of mammary epithelial differentiation and metabolic effectors. 

We predicted that 1).  Lactation will elicit an increase in the expression of IDH1 in 

bovine mammary gland; 2). Lactogenic hormones, extracellular matrix and nutrients are 

involved in the regulation of IDH1 expression in bovine epithelial cells. 
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RELEVANCE 

 

    Recently, much attention has been given to the possible function of IDH1 as an 

important source of the reducing equivalent NADPH. In this regard two aspects have 

been highlighted:  1) IDH1 generates NADPH for fatty acid and cholesterol synthesis; 

and 2) NADPH contributes to cellular defense against oxidative stress. Since altered 

lipogenesis and changes in redox status have been implicated in many diseases, it is 

important to know how IDH1is regulated. However, the mechanism through which the 

IDH1 gene is regulated remains largely unknown. This dissertation work is significant 

because it makes an original contribution to our understanding of the mechanisms 

governing IDH1 regulation.  
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SPECIFIC AIMS 

 

1. Investigate whether or not the expression of IDH1 mRNA and/or protein is modulated 

by hormones and metabolic effectors.  

2. Investigate the involvement of prolactin signaling in regulation of IDH1 expression in 

bovine mammary epithelial cells. 

3. Investigate the role of conjugated linoleic acid in regulation of IDH1 expression. 
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CHAPTER 1: 

 

INTRODUCTION
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Isocitrate dehydrogenase and its protein isoforms  

    Isocitrate dehydrogenase (IDH) catalyzes the decarboxylation of isocitrate into α-

ketoglutarate and requires either NAD+ or NADP+, producing NADH or NADP 

respectively (Figure 1) (Gálvez and Gadal, 1995). Eukaryotic cells express three classes 

of IDHs, which differ in subcellular localization and cofactor specificity. These enzymes 

are encoded by different genes, and different functional roles have been proposed for 

each isozyme (Yang et al,, 1996; Huh et al., 1993). NAD+-dependent IDH (EC 1.1.1.41, 

Figure 2A) is localized exclusively in mitochondria, while NADP+-dependent IDH (EC 

1.1.1.42, Figure 2B) has been found in both mitochondria and in the cytosol. In 

mammals, the distribution of NADP+-dependent IDH between the two cellular 

compartments varies in a tissue-specific manner. The majority of the NADP+-dependent 

IDH is located in the cytosol in ovary, mammary gland and liver, whereas in heart and 

skeletal muscle most of the enzymes exist as mitochondrial form (Plaut et al., 1983, Chen 

and Gadal, 1990). In contrast to eukaryotic cells, Escherichia coli contains only one 

single form of IDH enzyme, which is a NADP+-dependent homodimer involved in the 

citric acid cycle (Hurley et al., 1990). 
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Figure 1. Isocitrate dehydrogenase catalyzed reaction. Isocitrate dehydrogenase (IDH) 
catalyzes the decarboxylation of isocitrate into α-ketoglutarate. This reaction requires 
the presence of  either NAD+ or NADP+ as cofactor, producing reducing equivalents 
NADH or NADP, respectively. 
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Figure2. Protein structure of isocitrate dehydrogenase 
 (A) EC1.1.1.41 (http://www.lbqp.unb.br/bioq/images/biomoleculas/enzimas/1-1-1-41-u.gif )  
 (B) EC1.1.1.42 ( http://chemistry.gsu.edu/glactone/PDB/Proteins/Krebs/9icd.gif) 

(A) 

(B) 
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 NAD+-dependent IDH is a heterooctomer composed of two or three different types of 

subunits (e.g. α4β2γ2 in mammalian tissues and α4β4 in yeast), and each subunit is 

encoded by a separate nuclear gene (Keys et al., 1990; Ramachandran and Colman, 

1980). The function of this mitochondrial enzyme has been well described since the 

original exposition of citric acid cycle by Krebs and Johnson. It catalyzes a key 

regulatory step in the citric acid cycle, which has been shown to be an integral part of the 

energy metabolism of many species. The catalytic activity of NAD+-dependent IDH is 

modulated by allosteric regulators in mammalian tissues in response to energy changes 

(Hathaway et al., 1963; Barnes et al., 1972). 

    The mitochondrial and cytosolic NADP+ - dependent IDH isoenzymes are encoded by 

two distinct genes and function as homodimers (Loftus et al., 1994). Both isoenzymes 

catalyze the reversible interconversion between isocitrate and α-ketoglutarate 

(Benderdour et al., 2003). Gene disruption studies in yeast have shown that NADP+-

dependent enzymes cannot compensate for the function of NAD+-dependent IDH 

(Haselbeck  and McAlister-Henn, 1993). In mammalian tissues, the NADP+-dependent 

isoforms of the enzyme have no known allosteric regulators; while it has been found that 

phosporylation at serine 113 of the NADP+-dependent enzyme in Escherichia coli 

inactivates this enzyme by preventing isocitrate from binding (Thorsness and Koshland, 

1987). The phosphorylation of the enzyme is accomplished by a specific bifunctional 

IDH kinase/phosphatase, and typically 75-80% of the total IDH activity is lost by 

phosphorylation (LaPorte and koshland, 1982). Inactivation of this enzyme results in an 
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increase in the level of isocitrate and forces the flow through the glyoxylate bypass in 

bacteria (Holms, 1987).  

    The mitochondrial NADP+-dependent IDH (IDH2) exists as a homodimer of 413 

amino acids per subunit. The molecular weight of this molecule is about 100kDa. It 

shows a high degree of homology in protein structure and cDNA sequences between 

species (>90% between mice, pigs, bovines and humans) (Yang et al., 1996; Huh et al., 

1993). In recent years, it has been reported that IDH2 predominates in the heart. Over 

95% of isocitrate dehydrogenase in the heart exists as the mitochondrial NADP+-

dependent form, and they are confined to cardiomyocytes (Yang et al., 1996; Haraguchi 

et al., 2003). It has been proposed that the reverse flux through this enzyme, which 

generates isocitrate and NADP+, would be part of a substrate cycle to allow citric acid 

cycle flux to adapt more precisely to changes in energy demand (Benderdour et al., 

2003). 

    The cytosolic NADP+-dependent IDH (IDH1) has been purified from several sources, 

including lactating bovine mammary gland (Farrell, 1980), porcine corpus luteum 

(Jennings et al., 1990), rat liver (Fatania et al., 1993) and bovine corneal epithelium (Sun 

et al., 1999). This protein is composed of two identical subunits of 48 kDa and has also 

been found in peroxisome by isopyknic centrifugation analysis of the light mitochondrial 

fraction of rat liver (Yoshihara et al., 2001). Many peroxisomal matrix proteins contain 

two types of peroxisomal targeting signals, a tri-peptide signal (A/SKL) at the C-terminus 

(PTS1) and a nonapeptide (R/K)(L/V/I)X5(H/Q)(L/A) at the N-terminus (PTS2) 

(Subramani, 1993). The IDH1 of eukaryotic cells has PTS1 (Nekrutenko et al., 1998), 
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suggesting that this enzyme may be imported to peroxisomes. Since the peroxisomal 

membrane is very fragile and soluble enzymes in peroxisomes can leak out into the 

cytosol during homogenization, it is likely that enzyme detected in the cytosolic fraction 

has leaked out from peroxisome (Yoshihara et al., 2001).  Results of a biochemical study 

have shown that human IDH1 actually exists both in cytosol and peroxisome in the liver, 

despite an AKL signal sequence at its C-terminus (Geisbrecht and Gould, 1999), whereas 

in some cell types that have only a small number of peroxisomes, the protein was shown 

to be localized in the cytosol (Jennings and Stevenson, 1991; Sun et al., 1999). It appears 

that the subcellular distribution of this protein depends on the methods used for analysis 

and the tissues examined.  

 

Physiological roles of IDH1  

    The IDH1-cytalyzed decarboxylation of isocitrate generates α-ketoglutarate (α-KG) 

and NADPH in the cytosol. α-KG serves as a substrate for a variety of synthetic and 

energy-yielding pathways while NADPH are reducing equivalents required by many 

reductive and biosynthetic reactions. Since it has been suggested that the contribution of 

IDH1 to NADPH production may be significant (Shechter et al., 2003), it is possible that 

regulation of IDH1 expression and enzymatic activity may have some direct effect on 

lipid metabolism and redox status.  

 

    Protection from oxidative damage 
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        Oxidative damage, which causes a net stress on the normal body functions, has been 

found to be related to a number of diseases, including Alzheimer’s disease (Smith et al., 

2000), cancer (Sander et al., 2004), cardiovascular disease (Touyz, 2003), 

cataractogenesis (Boscia et al., 2000), diabetes (Robertson, 2004), multiple sclerosis 

(Gilgun-Sherki et al., 2004), parkinson’s disease (Beal, 2003), rheumatoid arthritis 

(Karatas et al., 2003). Oxidative damage also appears to contribute to the general decline 

in optimal body functions, which is commonly believed to occur as a result of the “aging 

process” (Camougrand and Rigoulet, 2001).  The level of oxidative stress is determined 

by the balance between the rate at which oxidative damage is induced and the rate at 

which it is repaired and removed. Glutathione and thioredoxin systems play crucial roles 

in maintaining the balance to minimize the molecular, cellular and tissue oxidative 

damage.  

    Glutathione is a tripeptide formed from the amino acids cysteine, glycine, and glutamic 

acid and exists in reduced (GSH) and oxidized (GSSH) forms. GSH is a well-known 

antioxidant and has various functions in the defense against oxidative stress and 

xenobiotic toxicity (Sies, 1999). Also, the presence of GSH is required to maintain the 

normal function of the immune system. This molecule can act as the electron donor for 

glutathione peroxidase in animal cells, and also directly reacts with reactive oxygen 

species (ROS), which are directly or indirectly involved with a variety of chronic 

diseases. Increasing evidence documents that GSH plays an important role in cancer 

prevention and treatment (Wu et al., 2004).  As illustrated in Figure 3, in the glutathione 

oxidation-reduction cycle, GSH is readily oxidized to GSSG and hydrogen peroxide is 
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reduced to water concomitantly by glutathione peroxidase. Then GSSG can be reduced to 

GSH by NADPH-dependent reactions catalyzed by the glutathione reductase. Therefore, 

the ratio of GSSG to GSH is considered a sensitive marker of oxidative stress. (Kehrer 

and Lund, 1994).  

    Thioredoxin is an approximately 12-kD protein that contains five cysteine residues 

(two catalytic and three structural). This molecule has been found in all living organisms 

with cytoplasmic, membrane, extracellular, and mitochondrial distribution (Casagrande et 

al., 2002). It interacts with a broad range of proteins by a redox mechanism based on 

reversible oxidation of two cysteine thiol groups to a disulphide, accompanied by the 

transfer of two electrons and two protons. The net result is the covalent interconversion 

of a disulphide and a dithiol (Holmgren, 1985; Holmgren, 1989; Holmgren, 1995). The 

thioredoxin system, similar to the glutathione system, is formed by thioredoxin reductase, 

thioredoxin peroxidase, and thioredoxin (Figure 4). In the thioredoxin oxidation reduction 

cycle, thioredoxin reductase catalyzes the reduction of oxidized thioredoxin by NADPH 

using FAD and its redox-active disulphide. Reduced thioredoxin is in turn reoxidized 

while providing reducing equivalents to target molecules. The reaction catalyzed by 

thioredoxin reductase to regenerate reduced thioredoxin is also NADPH-dependent, and 

therefore, NADPH plays a critical role for the activity of the thioredoxin system. 
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Figure 3. The glutathione oxidation reduction cycle 
 (From http://lpi.oregonstate.edu/infocenter/vitamins/riboflavin) 
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Figure 4. The thioredoxin system. The term classical is referred to the functional 
unit of thioredoxin reductase (TrxR), thioredoxin (Trx) and NADPH. (From 
Gromer, 2004) 
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    Thioredoxin and glutathione systems are considered parallel redox systems with 

distinct and divergent functions (Das and White, 2002) and disturbance of the cellular 

redox system is associated with numerous diseases. Since both thioredoxin and 

glutathione systems require the presence of NADPH as reducing equivalents, the ultimate 

antioxidant capacity of a tissue depends on the supply of reducing potentials NADPH. 

Increasing evidence indicates that the contribution of IDH1 to NADPH production is 

significant. In mammalian cells, NADPH is mainly produced through three enzymes, 

including glucose-6-phosphate dehydrogenase (Izawa et al., 1998; Scott et al., 1991; 

Kirkman and Gaetani, 1984), malate dehyrogenase(Ballard and Hanson,1967), and IDH1 

(Minard et al., 1998)). The results of earlier studies revealed that IDH1 in rat liver was 16 

and 18-fold more active in producing NADPH than glucose-6-phosphate dehydrogenase 

and malate dehyrogenase respectively (Veech et al., 1969).  The critical role of IDH1 in 

cellular defense in oxidative damage has also been documented. When mouse IDH1 was 

stably transfected into NIH3T3 cells in sense and antisense orientations, it was found that 

transformed cells with high levels of transfected IDH1 became more resistant to oxidative 

stress caused by H2O2  or menadione treatment. In addition, the ratio of GSSG to GSH 

was significantly higher in the cells expressing the lower level of this cytosolic enzyme 

(Lee et al., 2002). Upon exposure to ultraviolet B, NIH3T3 cells with low levels of IDH1 

became more sensitive to cell killing whereas the cells with highly expressed IDH1 

exhibited enhanced resistance against ultraviolet radiation compared to control cells (Jo 

et al., 2002).  
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    Lipid metabolism     

        Since the reducing equivalents NADPH are required by many enzymes in 

biosynthetic pathways, including fatty acids and cholesterol synthesis, the IDH1 is 

thought to be an enzyme involved in fat and cholesterol biosynthesis (Moore and 

Christie, 1979; Farrell et al., 1987). Published evidence suggests that this enzyme plays 

an important role in lipid metabolism.    

        Results of a study in adipose tissue of normal subjects and obese patients have 

shown that the IDH1 may participate in fatty acids synthesis directly through the 

backward pathway of the Krebs cycle (Belfiore and Iannello, 1995). In the proposed 

backward pathway of Krebs cycle (Figure 5), glutamate is converted to acetyl-CoA due 

to the sequential action of the enzymes alanine aminotransferase, IDH1, aconitate 

hydratase and ATP citrate-lyase, followed by acetyl-CoA further metabolized to fatty 

acids according to the conventional mechanism. Belfiore et al. (1995) documented that in 

human adipose tissue, the activities of the enzymes involved in the backward pathway of 

Krebs cycle were much higher than the enzymes limiting fatty acids biosynthesis from 

glucose, especially in the obese patients (Belfiore and Iannello, 1995). These data suggest 

that the pathway of lipogenesis from glutamate may be more active compared to 

conventional lipogensis pathway in human adipose tissue. 
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Figure 5.

(From Belfiore et al., 1995) 
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    Recently, evidence for the critical role of IDH1 in modulating fat and cholesterol 

synthesis in vitro and in vivo has been reported by using 3T3-L1 preadipocytes and 

transgenic mice overexpressing IDH1(Koh et al., 2004). During differentiation of 3T3-L1 

adipocytes, both IDH1 enzyme activity and its protein content were increased in parallel 

in a time-dependent manner. Overexpression of IDH1 by stable transfection of IDH1 

cDNA positively correlated with adipogenesis of 3T3-L1 cells, whereas decreased IDH1 

expression by an antisense IDH1 vector retarded adipogenesis. In vivo studies by the 

same group indicated that transgenic mice that overexpressed IDH1exhibited fatty liver, 

hyperlipidemia, and obesity (Figure 6). These findings are intriguing in that they may 

provide new insight into the pathogenesis of obesity, which has become one of the 

greatest health threats facing the United States (Kopelman, 2000).
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Figure 6. Phenotypic changes in transgenic mice overexpressing IDH1 gene.  
A, expression of IDPc mRNA transcript in various tissues of adult mouse. ED fat 
represents epididymal fat. B and C, comparison of weight of body (B) and epididymal fat 
(C) of 26-week-old male mice for wild type littermates (WT)(n = 5, 6) and IDPc-Tg1 (n = 
5) and Tg2 mice (n = 5) are depicted in the histogram. D, change in body weights of male 
and female mice for wild type littermates (WT) (n = 9) and IDPc-Tg1 mice (male, n = 12; 
female, n = 5). Body weight of every mouse in each group was measured three times per 
week. The data are presented as means ± S.E. E-H, gross views of the 26-week-old WT 
(left) and IDPc-Tg1 mouse (right). E, dorsal view; F, ventral view; G, exposed dorsal 
view; H, ventral view of opened abdomen. The enlarged retroperitoneal and epididymal 
fat pads in IDPc-Tg1 are indicated by arrows. I, epididymal fat pads removed from WT 
(left) and IDPc-Tg1 mouse (right). Bar, 1 cm. J and K, histological analysis of 
epididymal fat tissues from WT (J) and IDPc-Tg1 mouse (K). Bar, 100 µm. L, the 
average size of fat was measured on image generated by microscope. M and N, 
histological analysis of liver from WT (M) and IDPc-Tg1 mice (N). An arrow indicates 
fat droplet accumulated in the liver of IDPc-Tg1 mouse. Bar, 250 µm. O, liver weight 
between WT and IDPc-Tg1 was compared. Each value represents the mean ± S.E. *, p < 
0.05; ***, p < 0.001 compared with WT mice.  (From Koh et al., 2004). IDPc=IDH1
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IDH1 in the mammary gland 

     It has been found that IDH1 is a primary source of NADPH for de novo fatty acid 

synthesis in the ruminant mammary gland. Pathway for the generation of NADPH in 

ruminant mammary gland has been proposed by Bauman et al. (1970) as depicted by 

figure 7 (Bauman et al., 1970). The significance of IDH1 in cytosolic NADPH production 

is supported by the observation that the activity of enzymes involved in the pentose 

phosphate pathway is much lower in bovine mammary tissue than that observed for the 

rat and sow. It was also found that the capacity of glucose utilization for fatty acids 

synthesis in the ruminant mammary gland is limited due to relatively low activity of the 

ATP-citrate lyase, and as a result, only limited amount of NADPH can be produced by 

malate dehydrogenase (Hardwick et al., 1963; Hardwick, 1966). In contrast, the IDH1 of 

bovine mammary gland has been shown to exist predominately in the soluble or cytosolic 

fraction (Table 1) and the activity of IDH1 was very high in bovine mammary tissue 

being 12- to 20-fold greater than in rat or sow (Bauman et al., 1970). Moreover, Farrell et 

al. (1987) documented that the activity of IDH1 in ruminant mammary gland elevated 

dramatically at the onset of lactation (Figure 8, Farrell et al., 1987), suggesting a 

physiological role in lactogenesis in bovine.  IDH1 may also play an important role in 

mammary gland in other species.  

    The activity of IDH1 has been shown to increase 3.0- to 8.0-fold during transition from 

late pregnancy to mid-lactation in rabbit and guinea pigs (Farrell et al., 1987). These 

findings suggested that IDH1 may be under the control of hormonal and nutritional 

changes that accompany the transition from late pregnancy to lactation. 
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Figure 7. Pathway for the generation of NADPH in ruminant mammary 
gland. (Bauman et al., 1970)  
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Table 1. Distribution of dehydrogenase activities among frozen fractions from bovine 
tissues.  (Farrell et al., 1987) 
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8.

(Farrell et al., 1987)
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Control of mammary differentiation 

    In mammalian species, the chief function of the mammary gland is to provide milk and 

nourishment to the offspring. Lactogenesis, the initiation of lactation, is achieved by a 

process of functional differentiation of mammary epithelial cells, which occurs in two 

stages. Lactogenesis stage1 begins in midpregnancy with the progressive expression of 

many, but not all, genes involved in the synthesis of milk components while stage 2 

occurs around parturition. During stage 2, the mammary gland undergoes a second set of 

developmental processes that lead to the secretion of colostrums and copious milk 

(Neville et al., 2002). Mammary differentiation is controlled by several regulators 

including extracellular matrix and circulating hormones (Deugnier et al., 1999; Neville et 

al., 2002). Extracellular matrix plays a major role in regulating cell morphogenesis during 

mammary differentiation (Barcellos-Hoff et al., 1989; Aggeler et al., 1991) while 

multiple hormone interactions are also required for fully differentiation (Topper and 

Freeman, 1980). 

 

    Extracellular matrix 

        Extracellular matrix refers to the noncellular environment surrounding cells and 

consists of a network of various glycoproteins embedded in a viscoelastic gel rich in high 

molecular weight anionic polymers known as proteoglycans. In the past two decades, the 

extracellular matrix has received a great deal of attention with respect to its role in 

regulating mammary epithelial cell structure and function (Streuli et al., 1991; Roskelley 

et al., 1994; Streuli, 1999). It is generally accepted that extracelluar matrix is not merely a 
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passive structure but more importantly, a dynamic action zone that functions to direct cell 

behavior (Streuli 1999). 

     It has been widely appreciated that differentiation to a lobuloalveolar structure, which 

is one of the hallmarks of differentiation of mammary epithelial cells, requires the 

interactions of cells with extracellular matrix components (Streuli 1993). Figure 9 depicts 

the morphological changes of bovine mammary epithelial BME-UV cells cultured in the 

presence of extracellular matrix. BME-UV cells plated on plastic exhibited the typical 

polygonal shape whereas in the presence of extracellular matrix BME-UV cells formed 

spherical clusters that resemble the alveoli of lactating mammary gland.  

    Extracellular matrix also profoundly influences behavior and function of mammary 

epithelial cells. There is overwhelming evidence that when cultured in the presence of 

extracellular matrix, the morphological changes in these cells are accompanied by 

functional characteristics of alveoli in vivo, such as increased milk protein synthesis and 

secretion of milk fat globules (Aggeler et al., 1991;Parry et al., 1987; Lee et al., 1985; 

Lee et al., 1984; Li et al., 1987). In contrast, cells isolated from pregnant or lactating 

mammary gland rapidly lose their characteristic morphology and capacity for milk 

production when cultured in absence of extracellular matrix (Emerman and Pitelka, 1977; 

Aggeler et al., 1991). 

    The molecular mechanisms through which extracellular matrix influences 

morphological and functional development of mammary gland is not entirely clear. 

Evidence from the literature has shown that extracellular matrix regulates the expression 

of the milk protein β-casein gene (Roskelley et al., 1994; Jones et al., 1995). An 
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extracellular matrix – dependent enhancer element located in the β-casein gene promoter 

has been identified using a mouse mammary epithelial cell line (Schmidhauser et al., 

1990).  Extracelluar matrix may also contribute to maintenance of lactation by inhibiting 

apoptosis (Boudreau et al., 1995; Boudreau et al., 1996). It is believed that extracellular 

matrix interacts directly with cell surface receptors to initiate signal transduction 

pathways and to modulate those involved in regulation of cell differentiation (Streuli, 

1999). In recent years, the role of integrin signaling in extracelluar mediated effects has 

been highlighted (El-Sabban et al., 2003; Boudreau et al., 1999). 
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Figure 9. Microscopic appearance of BME-UV cells. Cells were cultured in Dulbecco’s 
Modified Eagle Media for 72 h on (A) plastic culture dish and (B) Matrigel-coated dish. 

(A) (B) 
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    Lactogenic hormones 

       Transition from pregnancy to lactation is accompanied by changes in circulating 

hormones including prolactin (PRL), estrogen, progesterone, cortisol and placental 

lactogen growth hormone (Tucker 1994). It has been long established that hormones 

profoundly influence mammary differentiation and milk production (Topper and Freeman 

1980). The role of specific hormones in pregnancy and lactation was discussed 

extensively in a review by Neville et al. (Neville et al., 2002). In general, two groups of 

hormones are involved. Reproductive hormones, including estrogen, progesterone and 

placental lactogen, PRL and oxytocin, act directly on the mammary gland to bring about 

developmental changes or coordinate milk delivery, while metabolic hormones, including 

growth hormone, glucocorticoids (GC), insulin (INS) and thyroid hormone, mainly 

regulate metabolic responses to nutrient intake or stress. Among these hormones, PRL, 

GC and INS are considered standard ingredients of culture media designed for in vitro 

lactogenic system although specific hormonal requirements for lactogenesis in vitro 

varies between species. 

    PRL is a pituitary polypeptide hormone that is critical to the establishment of lactation, 

milk macronutrient content and milk production. In all species studied, PRL is required 

for lactogenesis stage 2. The concentration of circulating PRL increases during 

pregnancy. By the end of gestation, the plasma PRL levels are 10 to 20 times higher than 

normal concentration (Ostrom 1990). It has been demonstrated that PRL exerts its role in 

mammary differentiation through binding to the PRL receptor, which belongs to the 

cytokine receptor superfamily. No β-casein was detectable by immunocytochemistry in 



 42

PRL receptor knock-out mice (Brisken et al., 1999). Two forms of the PRL receptor, a 

long form (591 amino acids) and a short form (291 amino acids), have been identified 

and only the longer form receptor can stimulate transcription from PRL responsive 

promoter although both forms have a similar capacity to bind PRL (Cassy et al., 1998). 

PRL-mediated intracellular signaling in mammary epithelial cells is illustrated in Figure 

10. Briefly, binding of PRL results in PRL receptor dimerization and activation of both 

the JAK/STAT and MAPK pathways, leading to transcriptional regulation of tissue-

specific genes. Activation of JAK 2 leads to dimerization of STAT5 which translocates to 

the nucleus and binds to its recognition site, where it activates transcription. Tyrosine 

phosphorylation of SHC by JAK 2 connects PRL receptor to the MAPK pathway via 

binding to the Grb-2/SOS complex, which in turn activates Ras and downstream 

singaling molecules Raf, MAPK kinase (MEK) and MAPK (Hynes et al., 1997). 
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Figure 10. Prolactin signal transduction pathways in mammary epithelial cells. 
                (From Hynes et al., 1997) 



 44

    While INS is a standard ingredient of culture media designed for in vitro lactogenic 

systems, the physiological role of INS in mammary differentiation in vivo is not clear. It 

is known that INS is not required for either ductal or alveolar growth (Topper and 

Freeman 1980). Experiments using glucose clamp techniques revealed that infusion with 

INS had no effect on milk fat yield but increased milk protein secretion in ruminants 

(McGuire  et al., 1995), while in women no changes in milk yield or composition were 

observed when the glucose clamp was carried out for 8 h (Neville et al, 1993). It has been 

noted that there was a marked drop in the levels of INS (Slebodzinski et al., 1981). 

Prolactin-mediated adipocytes resistance to INS during lactation has also been 

documented (Ros et al., 1990). These findings suggest that changes in levels of 

circulating  INS and sensitivity to INS during lactation shunt nutrients away from 

traditional storage depots and make them more available in mammary gland for milk 

synthesis.  

    Glucocorticoids have long been known to act as lactogenic hormones in cell and tissue 

cultures of mammary epithelium. The role of glucocorticoids in lactogenesis was 

documented by endocrine ablation experiments (Cowie et al., 1980). Several studies have 

demonstrated a synergistic effect of glucocorticoids and prolactin on mammary epithelial 

cell differentiation and milk protein production (Reviewed by Rosen et al., 1999). Data 

from in vitro experiments suggested that the lactogenic activity might be due to a 

stimulatory effect of the glucocorticoids receptor on milk protein gene transcription 

(Rosen et al., 1998). Recent studies have documented that the glucocorticoid receptor is 

not essential for alveolar differentiation and milk production, but influences cell 
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proliferation during lobuloalveolar development (Wintermantel et al., 2005). Since 

glucocorticoids are involved in maintaining blood glucose during starvation, it may have 

an indirect role in modulating mammary differentiation. 

Conjugated linoleic acid and lipid metabolism  

    Conjugated linoleic acid (CLA), produced as a result of bacterial biohydrogenation in 

the ruminat gut (Kepler et al., 1966), refers to a naturally occurring group of positional 

and geometric isomers of linoleic acid (C18:2 n=6) with conjugated double bonds. CLA 

is widely found in many foods, including dairy products, meats and certain vegetable 

products (Lin et al, 1995). The cis-9, trans-11 (c9, t11-CLA) and trans-10, cis-12 

(t10,c12) CLA isomers are the major CLA isomers in the commercially available CLA 

mixtures, whereas other isomers are also present at low concentrations (Eulitz  et al., 

1999; Bauman et al., 2000).               

    It has been found that exogenous conjugated linoleic acid reduced bovine milk fat 

concentration and yield by inhibiting de novo fatty acid synthesis (Loor and Herbein, 

1998). Baumgard et al. (2000) have documented that the 10,c12 CLA isomer is the active 

component responsible for decreased milk fat synthesis by CLA in lactating cows 

(Baumgard et al., 2000). Recently, Lock et al. (2006) demonstrated that CLA 

supplements containing t10, c12 CLA reduced milk fat synthesis in lactating sheep in a 

manner similar to dairy cows fed at an equivalent dose. Furthermore, these authors found 

that the nutrients spared by the reduction in milk fat coincided with an increase in milk 

and milk protein yield (Lock et al., 2006). Results from a double-blind, placebo-
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controlled, crossover study revealed that maternal supplementation with CLA also 

decreased milk fat in humans (Masters et al., 2002). 

    In addition to the mammary gland, CLA has been shown to regulate lipid metabolism 

in other tissues both in vivo and in vitro. Animal studies have demonstrated that a crude 

mixture of CLA isomers prevented the development of obesity. Mice fed CLA-

supplemented diet exhibited 57% and 60% lower body fat and 5% and 14% increased 

lean body mass relative to controls (Park et al., 1997). DeLany et al. (1999) also 

documented that CLA rapidly reduces body fat content in mice without affecting energy 

intake (DeLany et al., 1999). When the effects of c9,t11 CLA isomer and the t10,c2 CLA 

isomer on body composition in mice were parallel tested, body composition changes, 

including reduced body fat, enhanced body water, and enhanced body protein, were 

associated with feeding of the t10,c2 CLA isomer (Park et al., 1999). In contrast, the 

natural concentration of the c9, t-11 CLA has been demonstrated to have antiatherogenic 

effects in hyperlipidemic hamsters (Valeille et al., 2005, Valeille et al., 2006). Beneficial 

role of CLA in modulation of lipids profile is not limited in rodents. It has been reported 

that dietary CLA increases lean tissue and decreases fat deposition in growing pigs 

(Ostrowska et al., 1999). Results from in vitro studies indicated that both a commercially 

available mixture of CLA isomers and the t10, c12 isomer of CLA reduced the 

triglyceride (TG) content and induced apoptosis in differentiating cultures of murine 3T3-

L1 preadipocytes (Evans et al., 2000). Antilipogenic effects of t10, c12 CLA in primary 

cultures of stromal vascular cells from human adipose tissue have also been reported 

(Brown et al., 2001). 
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    In spite of the considerable efforts made to investigate the effects of CLA, the 

mechanisms by which CLA alters lipid metabolism are not defined. It has been noted that 

infusing t10, c12 CLA in lactating dairy cows decreased the mRNA expression of several 

lipogenic genes including acetyl CoA carboxylase, fatty acid synthetase, delta-9-

desaturase (Baumgard et al., 2002). Peterson et al. (2004) have demonstrated that the 

abundance of the activated nuclear fragment of the sterol response element-binding 

protein (SREBP)-1 was significantly reduced by treatment with t10, c12 CLA whereas no 

reduction in SREBP-1 mRNA or precursor protein was observed (Peterson et al., 2004), 

suggesting that t10, c12 CLA reduces lipids synthesis in the bovine mammary gland 

through inhibition of the proteolytic activation of SREBP-1 and subsequent reduction in 

transcriptional activation of lipogenic genes. In contrast, CLA greatly increases the 

activity and mRNA levels of various enzymes involved in fatty acid synthesis and 

oxidation in the liver (Takahashi et al., 2003). Upregulation of LDL receptor expression 

in HepG2 cells has also been documented, which suggest that CLA may decrease plasma 

LDL cholesterol by regulation of LDL receptor gene expression to promote the clearance 

of LDL cholesterol from circulation (Yu-Poth et al., 2004). Other possible mechanisms 

responsible for CLA-mediated effects in lipids metabolism may involve modulation of 

MEK/ERK signaling pathway and peroxisome proliferator-activated receptor (Brown et 

al., 2004; Kang et al., 2003).  
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CHAPTER 2: 

 

MATERIALS AND METHODS
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Reagents and Chemicals  

    BME-UV cells, a bovine mammary epithelial cell line (Zavizion et al., 1996), were 

kindly provided by Dr. Politis (University of Vermont Burlington, VT). Bovine PRL was 

obtained from the NIDDK’S National Hormone & Pituitary Program (isolated from 

bovine pituitary gland, 90-95% monomeric, lot # AF7170E). Bovine INS, hydrocortisone 

(HC), α-KG, palmitic acid (PA), CLA and cell culture reagents were obtained from 

Sigma Chemical Co. (St. Louis, MO). TriReagent was purchased from Molecular 

Research Center Inc. (Cincinnati, OH). Random hexamer primers, Moloney murine 

leukemia virus reverse transcriptase, and RNase inhibitor were purchased from Life 

Technologies Inc. (Gaithersburg, MD). Reverse transcription buffer was obtained from 

Ambion Inc. (Austin, TX). Vent DNA polymerase was purchased from New England 

Biolabs (Beverly, MA). PD98059 and AG490 were purchased from Calbiochem Co (San 

Diego, CA). U0126 and the antibody against phospho-ERK and ERK were purchased 

from Cell Signaling Technology Inc. (Beverly, MA). The antibody against the 

mammalian IDH1 was kindly provided by Dr. Mc Alister-Henn (University of Texas 

Health Science Center, TX). Growth factor-depleted Matrigel and Dispase were obtained 

from Collaborative Research Incorporated (Bedford, MA). Bovine mammary tissues 

were obtained at slaughter from 20 Holstein cows of the Beltsville Agricultural Research 

Center Dairy Herd.  Use of animals for these investigations was approved by the 

Beltsville Agricultural Research Center Animal Care and Use Committee. Portions of 
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mammary tissues were frozen in liquid nitrogen and stored at -80oC until RNA 

extraction. 

 

Cell Culture and Growth Studies  

    BME-UV cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) 

plus 10% Fetal Calf Serum (FCS) at 37°C and 5% CO2 atmosphere. For cell growth 

studies, cells were seeded at a density of 1x105/well in twelve-well culture plates. After 

24 h, media were removed and cells washed with Dulbecco’s Phosphate Buffered Saline 

(DPBS). At the end of each treatment period, cells were harvested by trypsinization and 

viable cells counted by trypan blue exclusion. Matrigel was thawed at 4oC and aliquoted 

into 6-well culture plates with 1 ml per well. After polymerization of the matrix at 37oC, 

half million BME-UV cells were seeded on top of Matrigel-coated plates or on plastic 

dishes, and incubated with or without lactogenic hormones for 72 h. To dissolve the 

Matrigel matrix, plates were incubated with Dispase and cells recovered by low-speed 

centrifugation. Cell pellets were resuspended in TriReagent for extraction of total RNA. 

 

RNA Preparation  

    0.5-1 gram of bovine mammary tissues were first minced in PBS and homogenized 

prior to RNA isolation. For cell culture experiments, BME-UV cells were plated on 60-

mm plastic tissue culture dishes (1 x106cells/dish) or 6-well (5x105cells/well) plates. 

Total cellular RNA was extracted from bovine tissue or BME-UV cells using TriReagent 

followed by DNAse digestion. The integrity of the RNA was confirmed by 
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electrophoretic analysis of the 28S and 18S ribosomal subunits. RNA quality and 

concentration were determined using the Agilent 2100 Bioanalyzer with RNA 6000 Nano 

LabChip kits (Agilent Technologies, Palo Alto, CA).  

 
Semiquantitative RT-PCR   

    Reverse transcription was performed using total RNA incubated with random 

hexamers primers, moloney murine leukemia virus reverse transcriptase, RNase inhibitor, 

and reverse transcription at 42 °C for 1 h. Semiquantitative PCR amplification was used 

to examine the expression of IDH1 and β-casein. Oligonucleotides used to amplify IDH1 

fragment (384 bp) were (forward) 5’-GTCTGTGGTAGAGATGCAAGG-3’ and 

(reverse) 5’-CCATAAGCATGACGACCT ATG-3’.  PCR reactions were performed 

using Vent DNA polymerase. Oligonucleotides used to amplify β-casein (203 bp) were 

(forward) 5’-CCAGGATAAAATCCACCCCT-3’ and (reverse) 5’-

AGGGAAGGGCATTTCTTTGT-3’. The authenticity of the IDH1 (Accession No. 

AF136009) and β-casein (Accession No. XO6359) PCR products were confirmed by 

direct sequencing and BLAST analysis against deposited sequences in the GenBank. 

Ribosomal 18s RNA or S15 were amplified to control for PCR conditions and equal 

loading. Relative expression levels of IDH1 and β-casein mRNA were estimated by 

Kodak 1D Image (Eastman Kodak Company, Rochester, NY) analysis and corrected for 

expression of the control RNA.  
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Real-time PCR  

    Total RNA was isolated as described above and the integrity of the RNA was 

confirmed by electrophoretic analysis. Real-time PCR was performed as previously 

described (Connor et al, 2005). Briefly, cDNA was prepared by reverse transcription of 

sample RNA using the Bio-Rad iScript cDNA Kit (Bio-Rad Laboratories, Hercules, CA) 

in a reaction volume of 40 μl. DNA standards were prepared from PCR amplicons 

purified using the QIAquick PCR purification kit (Qiagen Inc.). Product concentrations 

were determined using the Agilent Bioanalyzer and DNA 500 kits (Agilent 

Technologies) and diluted to contain 1 x102 to 1 x108 molecules per μl. The quantity of 

cDNA in unknown samples was calculated from the appropriate external standard curve 

run simultaneously with samples. Real-time PCR was performed using the Bio-Rad 

MyiQ Real-Time Single Color PCR Detection System in Bio-Rad 96-well plates in a 25 

μl volume. Optimal reaction conditions were obtained with the Bio-Rad iQ SYBR Green 

Supermix Kit at an annealing temperature of 57 °C. The PCR program was as follows: 

95°C initial denaturation for 3 min, followed by 45 cycles of 94°C for 15 sec, 57°C for 30 

sec, 72 °C for 30 sec, then 95°C for 1 min, 55°C for 1 min and holding at 4°C. 1μl of 

sample cDNA or standard was added to 24 μl of reaction mix in the wells. 

Oligonucleotides used to amplify IDH1 (149 bp) were (forward) 5’- 

CAAGGCGGGTCTGTGGTAG-3’ and (reverse) 5’- TGGTCGTTGGTGGCATCG-3’.  
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Ribonuclease Protection Assay 

     Oligonucleotides used to amplify the bovine IDH1 were ICDHF4 which contained a 5' 

linker for HindIII (5'-GTCAAGCTTTTTGCAAATGCTTTGGAAGAAG-3') and 

ICDHR9 which contained a 5' linker for BamHI (5'-

ATAGGATCCTTAAAGTTTGGCCTGAGCTAG-3'). The PCR fragment was of the 

expected length (183 bp) and its identity was confirmed by direct sequencing. The 

HindIII-BamHI fragment was cloned in the antisense orientation into plasmid 

pTRIplescript obtained from Ambion Inc. (Austin, TX). Levels of IDH1 mRNA were 

measured in total RNA (10µg) by ribonuclease protection assay using the Hybspeed RPA 

kit obtained from Ambion. The cyclophilin mRNA was used as an internal standard. The 

cyclophilin ribonucleotide probe transcribed from pTRI-cyclophilin (Ambion) protected a 

fragment of 103bp. 

 
Western Blotting 

     BME-UV cells were plated in 6-well plates at a density of 5 x105 /well. Three wells 

were assigned to each experimental treatment. At the end of incubation periods, cells 

were washed with ice cold DPBS three times and 75 μ1/well fresh 1 x SDS-PAGE lysis 

buffer (prepared from 2 x SDS-PAGE lysis buffer containing 125 mM Tris pH6.8, 4 mM 

EDTA, 30% sucrose, 20% glycerol and 6% SDS, 10% β- mercaptoethanol was added just 

prior to use) was added directly to washed cells. Then, cell suspensions were scraped into 

microfuge tubes and boiled for 10 min followed by centrifugation at room temperature 

for 10 min to remove any precipitate. Aliquots of cell lysates were mixed with loading 

buffer and 1μl of β- mercaptoethanol for every 10μl of cell lysate and boiled for 1 min 
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before loading on gels. Protein content of cell lysates was normalized with ß-actin by 

incubating immunoblots with ß-actin antibody-1 (Oncogene Research Products, 

Cambridge, MA). Protein samples were separated on 14% SDS-PAGE, and 

electrotransferred to nitrocellulose membrane. Separate blots were run for each 

immunoblotting. The membrane was blocked for 60 min at room temperature with 10% 

milk in TBS-Tween and incubated with rabbit polyclonal antibody against IDH1, 

phospho-ERK or total ERK for 2 h at RT. After washing for 10 min, the membrane was 

incubated with goat anti-rabbit horseradish peroxidase conjugated antibody (Bio-Rad 

laboratories, CA) for 45 min followed by 60 min washing. Then, the membrane was 

incubated with ECL chemiluminescent substrate for 2 min, and exposed to film 

(Amersham Biosciences, UK).  

 
Statistical Analysis  

    Fold-changes in expression of IDH1 mRNA and cell proliferation are presented as 

means  ± standard errors. Comparisons of means following a significant (p<.05) analysis 

of variance (ANOVA) were performed by Fisher's protected least significant difference 

test.
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CHAPTER 3: 

 

REGULATION OF IDH1 EXPRESSION BY  

HORMONES AND METABOLIC EFFECTORS 
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       IDH1 catalyzes the dehydrogenation of isocitrate to α-KG and generates NADPH in 

the cytoplasm. Because the activity of the enzymes involved in pentose phosphate 

pathway and ATP-citrate lyase pathway are relatively low, whereas the enzymatic 

activity of IDH1 in bovine mammary gland increases dramatically during lactogenesis 

(Bauman et al., 1970; Farrell et al., 1987), IDH1 has been considered a primary source of 

reducing equivalents required for de novo fatty acid synthesis in the lactating bovine 

mammary gland. However, no information is currently available concerning the 

underlying mechanisms that regulate IDH1 expression. In mammalian species, the onset 

of lactation is achieved by a process of functional differentiation of mammary epithelial 

cells controlled by several regulators including extracellular matrix, circulating hormones 

and metabolic profile (McNamara 1991; Neville et al., 2002). We hypothesized that the 

expression of IDH1 in bovine mammary epithelium is modulated by regulators of 

mammary epithelial differentiation.  

 

IDH1 mRNA levels increase in lactating bovine mammary tissues 

    Previous studies have documented that IDH1 enzymatic activity in bovine mammary 

tissue increased several fold after parturition (Farrell et al., 1987), but little information is 

available regarding the underlying mechanisms of regulation. To investigate whether or 

not gene expression of this enzyme is regulated around parturition, we examined the 

mRNA levels of IDH1 in bovine mammary tissue in late pregnancy and at various stages 

of lactation.  Total RNA samples were extracted from late pregnancy (-20 d) and 
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lactating (14, 90, 120, and 240 d) bovine mammary tissues and RT-PCR was performed. 

At each time point, samples were obtained from four different animals (n=20).  

    Preliminary experiments were carried out to determine the optimal conditions for PCR 

amplification of IDH1. The results of Figure 11 indicated that amplification of IDH1 

during a 29-PCR cycle reaction was within linear range. In subsequence experiments, 29-

PCR cycles were used for semiquantitative RT-PCR analysis of IDH1 mRNA levels.  

    We found that IDH1 mRNA levels increased 2.3-fold at 14 d after parturition 

compared to those measured in mammary tissues collected at 20 d before parturition 

(p<0.05) (Figure 12). These data suggest that the increase in IDH1 enzymatic activity 

observed in previous studies in lactating bovine mammary glands (Farrell et al., 1987) is 

likely paralleled by increased expression of IDH1. This may be one mechanism, 

operating at the onset of lactation, which leads to production of the reducing equivalents 

required for de novo fatty acid synthesis in ruminant mammary tissue (Bauman et al., 

1970).  



 58

 

 

     

PCR cycles

A
D

U . IDH1

2.0

2.5

3.0

3.5

4.0

4.5

26 29 31

MW     23       26        29       31

PCR Cycle Number

IDH1←

A

B

Figure 11. Semiquantitative RT-PCR analysis of IDH1 mRNA expresion. Total 
RNA was obtained from BME-UV bovine mammary epithelial cells as described 
in “Materials and Methods”. (A) Effects of number of cycles on amplification of 
IDH1 PCR products. (B) Data represent logarithmic arbitrary densitometry units 
(ADU) of IDH1 PCR products (n=3) (R2=0.899, P<0.0001). 
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Figure 12. IDH1 mRNA levels in late pregnancy and lactating bovine 
mammary tissues. Bovine mammary tissues were obtained from late pregnancy 
(P=-20 d) and lactating (14, 90, 120 and 240 d) cows. Samples from four 
animals were examined for each time point. For each sample, two independent 
RT-PCRs were performed. (A) The bands represent IDH1 and S15 RT-PCR 
products from total RNA extracted from tissues at the indicated time points. 
(B) Bars represent the means ± standard errors of IDH1/S15 arbitrary units 
(n=4). Means without a common letter differ (P<0.05). 
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Effects of extracellular matrix and lactogenic hormones on IDH1 expression in 

bovine mammary epithelial cells  

 

    The results of the animal studies suggested that IDH1 expression might be upregulated 

during lactogenesis. Since both extracellular matrix and hormones play critical roles in 

lactogenesis, we investigated the roles of extracellular matrix and lactogenic hormones in 

regulation of IDH1 expression in BME-UV cells. To eliminate potential confounders in 

cell culture studies, we first examined effects of fetal cow serum (FCS) on IDH1 

expression in BME-UV cells. 

     Using a ribonuclease protection procedure, we found that mRNA levels of IDH1 were 

reduced by 2.0-, 4.0- and 3.5-fold when BME-UV cells were cultured in control medium 

(DMEM) containing 10% FCS for 24, 48, and 72 h respectively as compared to cells 

cultured in serum-free medium (Figure 13A). Parallel experiments using semiquantitative 

RT-PCR confirmed that IDH1 mRNA levels were reduced 2.5-fold as early as 24 h in the 

presence of 20% FCS (Figure 13B). These cumulative data suggested that FCS 

stimulated biological responses or contained factors that exerted a negative effect on 

IDH1 expression. This finding was consistent with previous reports (Shechter et al., 

2003) documenting that IDH1 transcript levels were decreased in human hepatoma 

HepG2 cells cultured in presence of FCS. These authors speculated that lipids, among 

other factors contained in FCS, were likely responsible for the repressive effects on IDH1 

expression. Based on these results, serum free media was used in subsequent experiments 

to examine the effects of regulators of differentiation on IDH1 expression. 



 61

 
MW    - +      - +       - +      (20%FCS)

24             48           72       (h)   

IDH1
18s

B

MW C
yc

lo
ph

ili
n

ID
H

1

Probe

+        - +       - +        - (10%FCS)

24               48             72        (h)

A

IDH1

Cyclophilin

Figure 13. Effects of fetal cow serum on IDH1 mRNA in BME-UV cells. Cells were 
cultured on plastic in the absence or presence of the indicated concentrations (10 and 
20%) of fetal calf serum (FCS) for 24, 48 or 72 h. Cells were harvested and total RNA 
extracted at the end of the incubation periods. mRNA levels for IDH1 gene were 
evaluated by (A) RNase Protection Assay or (B) RT-PCR. Arrows indicate mRNAs 
for IDH1 or internal standard cyclophilin or 18S ribosomal RNA. Data are 
representative of two independent experiments. 
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    We subsequently examined the effects of extracellular matrix and lactogenic hormones 

alone and in combination on the expression of IDH1 in bovine mammary epithelial cells. 

BME-UV cells were seeded on Matrigel-coated plates at a density of 5 x105 /well in 6-

well plates in the presence or absence of INS (1µg/ml), PRL (1µg/ml) and HC (0.1µM) 

and incubated for 72 h as previously described (Romagnolo et al, 1993). BME-UV cells 

were also plated on 6-well plastic dishes and cultured in DMEM with or without 

lactogenic hormones for 72 h. Cells plated on plastic exhibited the typical polygonal 

shape whereas in the presence of extracellular matrix BME-UV cells formed spherical 

clusters (Figure 9) similar to those reported by our group in earlier studies (Romagnolo et 

al., 1993). At the end of the incubation period (72 h), cells were harvested and mRNA for 

IDH1 was measured by ribonuclease protection assay.  

    The results of Figure 14A illustrated that in the presence of extracellular matrix the 

expression of IDH1 mRNA was increased 3.0-fold compared to cells cultured on plastic. 

These data suggested that transition to a differentiated state was sufficient to activate 

IDH1 expression. In contrast, mRNA levels of IDH1 decreased in BME-UV cells 

cultured in the presence of lactogenic hormones both on plastic and Matrigel coated 

plates. As a positive control, we measured the expression of the β-casein gene, whose 

expression has been shown to increase in differentiated cells (Streuli, 1993).  Preliminary 

PCR reactions were carried out to determine the optimal number of cycles (28 cycles) for 

linear PCR amplification of β-casein (Figure 14C). Levels of β-casein mRNA were 

induced 3.0-fold in BME-UV cells plated on Matrigel compared to plastic and were 
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increased further on Matrigel in the presence of lactogenic hormones (Figure 14B). These 

results were consistent with the notion that both extracellular matrix (Schmidhauser et al., 

1990) and hormonal signals (Doppler et al., 1989) activate transcription of β- casein.   

    The data that the expression of IDH1 was increased in parallel with the β-casein 

expression in cells cultured in presence of extracellular matrix are in support our 

hypothesis that extracellular matrix plays a positive role in upregulation of IDH1 

expression during lactogenesis in mammary epithelium. Since the positive role of the 

lactogenic hormones INS, PRL and HC, in lactogenesis have well been documented 

(Topper and Freeman, 1980), we expected that, similar to β-casein, the combination of 

lactogenic hormones and Matrigel would increase mRNA levels of IDH1. However, the 

results of Figure 14 indicated that incubation of BME-UV cells with lactogenic hormones 

decreased IDH1 mRNA levels both on plastic and Matrigel. Therefore, we performed a 

series of experiments to investigate the specific effects of each hormone on the 

expression of IDH1 in BME-UV cells cultured on plastic. First, we examined the effects 

of INS and found that it reduced IDH1 transcripts in a dose-dependent fashion (Figure 

15). In contrast, PRL stimulated IDH1 mRNA levels in a dose-dependent manner (Figure 

16), whereas we did not detect changes in IDH1 transcript levels in BME-UV cells 

treated with HC (Figure 17). Coincubation of BME-UV cells with increasing 

concentrations of PRL (0.5, 1.0 and 1.5 μg/ml) reversed the inhibitory effects of INS on 

IDH1 mRNA expression (Figure 18D). Results of real-time PCR confirmed that IDH1 

mRNA expression was upregulated by PRL (Figure 19). 
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Figure 14. Effects of extracellular matarix (Matrigel) and lactogenic hormones on 
IDH1 and β-casein mRNA expression. BME-UV cells were cultured on plastic or 
Matrigel-coated plates and cultured in presence or absence of the combination of 
presence or absence of the lactogenic hormones insulin (INS, 1 µg/ml), prolactin 
(PRL, 1 µg/ml) and hydrocortisone (HC, 0.1 µM). At the end of the incubation 
period (72 h), cells were harvested for extraction of total RNA as described in 
Materials and Methods. In (A) expression of IDH1 was measured by ribonuclease 
protection assay. Bands represent RNA molecular weight (MW) markers, 
cyclophilin and IDH1 antisense probes, and protected fragments for IDH1 and 
cyclophilin. In (B), bands represent RT-PCR products for �-casein (203 bp) and 
control 18s in total RNA samples from BME-UV cells cultured on plastic or 
Matrigel. Data in (A) and (B) were confirmed in two separate experiments. (C) 
Effects of number of cycles on amplification of β-casein PCR products. Conditions 
for linear amplification of �-casein were confirmed in three separate 
experiments.prolactin (PRL) 
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Figure 15. Effects of insulin on IDH1 mRNA expression. 
BME-UV cells were cultured in DMEM or indicated amount of 
insulin (INS) for 72 h. mRNA levels were measured by 
semiquantitative RT-PCR. 
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Figure 16. Effects of prolactin on IDH1 mRNA expression. 
BME-UV cells were cultured in DMEM or indicated amount of prolactin 
(PRL) for 72 h. mRNA levels were measured by semiquantitative RT-PCR. 
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Figure 17. Effects of hydrocortisone on IDH1 mRNA expression. 
BME-UV cells were cultured in DMEM or indicated amount of 
hydrocortisone (HC) for 72 h. mRNA levels were measured by 
semiquantitative RT-PCR. 
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Figure 18. Prolactin abrogated inhibitory effects of insulin on IDH1 mRNA 
expression. BME-UV cells were cultured in DMEM or indicated amount of 
prolactin (PRL) plus 100 ng/ml insulin (INS) for 72 h. mRNA levels were 
measured by semiquantitative RT-PCR. 
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Figure 19. Stimulatory effects of prolactin on IDH1 expression confirmed 
by real-time PCR. BME-UV cells were cultured in DMEM or DMEM 
supplemented with indicated amount of prolactin (PRL) for 72 h. mRNA 
levels were measured by real-time PCR. Means without a common letter 
differ (P<0.05). 
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    The stimulatory effects of PRL were in keeping with its role in the establishment of 

lactation (Peel et al., 1978; Akers et al., 1981; Vernon and Flint, 1983; Houdebine et al., 

1985). Previous studies (Barber et al., 1990; Barber et al., 1991; Oben and Dils, 2001) 

documented that PRL increased both the rate of lipogenesis and activity of acetyl-CoA 

carboxylase, a rate-limiting step in fatty acid synthesis. One possible interpretation of our 

results is that PRL may activate expression of IDH1 to meet the increased requirements 

for NADPH necessary for de novo fatty acid synthesis during early lactation. 

    To further explore the mechanisms through which these hormones exerted their effects 

on expression of IDH1, we conducted cell growth studies. We found that the treatment 

with INS stimulated cell growth (Figure 20) in a dose dependent manner, whereas PRL 

and HC had no effects on cell proliferation (Figure 21 and 22). However, the 

coincubation with increasing concentrations of PRL abolished the stimulatory effects of 

INS on cell growth. (Figure 23). These cumulative results indicated that the stimulation 

of IDH1 expression by PRL occurred without affecting cell proliferation, whereas INS 

and FCS reduced IDH1 expression while stimulating cell growth. Since both INS and 

FCS lowered mRNA transcripts for IDH1 in BME-UV cells while stimulating cell 

proliferation, we concluded that expression of IDH1 may not be compatible with 

promotion of cell growth.  
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Figure 20. Effects of insulin on proliferation of BME-UV bovine 
mammary epithelial cells.  Cells were cultured in DMEM or DMEM 
supplemented with various concentrations of INS for 72 h. Means without 
a common letter differ (P<0.05). 
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Figure 21. Effects of prolactin on proliferation of BME-UV bovine 
mammary epithelial cells.  Cells were cultured in DMEM or DMEM 
supplemented with various concentrations of prolactin (PRL) for 72 h.  



 73

0.0

.2

.4

.6

.8

1.0

1.2

DMEM 0.1 1.0 10

Fo
ld

-C
ha

ng
e

(C
el

l N
um

be
r)

HC

(μM)

Figure 22. Effects of hydrocortisone on proliferation of BME-UV bovine 
mammary epithelial cells.  Cells were cultured in DMEM or DMEM 
supplemented with various concentrations of hydrocortisone (HC) for 72 h.  
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Figure 23. Prolactin abrogated the stimulatory effects of insulin on proliferation of 
BME-UV bovine mammary epithelial cells.  Cells were cultured in DMEM or 
DMEM supplemented with various concentrations of prolactin (PRL) in presence or 
absence of 0.1μg/ml insulin (INS) for 72 h. Means without a common letter differ 
(P<0.05). 
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Based on our findings that both extracellular matrix and PRL played a positive role in 

regulation of IDH1 expression (Figure14 and 16). We examined the effects of the 

combination of extracellular matrix and PRL on IDH1 expression. BME-UV cells were 

cultured on plastic or in the presence of extracellular matrix and cultured for 72 h. At the 

end of the incubation period, cells were harvested for RT-PCR or western blotting 

analysis. As depicted in Figure 24, IDH1 mRNA and protein levels were increased in 

BME-UV cells cultured on plastic in response to treatment with PRL or in cells cultured 

on extracellular matrix. When BME-UV cells were cultured with PRL in the presence of 

Matrigel, the expression of IDH1 was further increased.  These results suggest that 

extracellular matrix or PRL is sufficient to activate IDH1 expression and a positive 

interaction between these two stimuli may trigger signaling pathways that further 

enhance the expression of this gene. The effects of signal transduction pathways activated 

by extracellular matrix on IDH1 expression need to be further investigated. 
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Figure 24. Effects of extracellular matrix and prolactin on IDH1 expression 
in BME-UV bovine mammary epithelial cells. Cells were cultured on 
Matrigel-coated or plastic dishes with or without prolactin (PRL) for 72 h. 
Changes in expression of IDH1 were analyzed by (A) RT-PCR and (B) 
Western blotting. Controls were 18S ribosomal RNA and α-actin.  
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    Although INS is one of the three hormones required to induce a lactogenic-like 

response in cultured mammary tissue, its role in regulation of milk lipid synthesis in vivo 

remains controversial (Neville and Picciano, 1997). The glucogenic-insulin theory 

proposes that INS stimulates the partition of nutrients to adipose tissue, causing milk fat 

depression (Vallance and McClymont, 1959). However, results from recent experiments 

using glucose clamp techniques revealed that infusion with INS had no effect on milk fat 

yield but increased milk protein secretion in ruminant (McGuire et al., 1995; Griinari et 

al., 1997). We observed that the mRNA levels of IDH1 decreased when bovine mammary 

epithelial cells were cultured in presence of INS. One possible interpretation of these data 

is that by repressing IDH1 expression, INS may exert an inhibitory effect on cytosolic 

dehydrogenation of isocitrate and NADPH production. Therefore, INS may act as a 

metabolic switch that reduces the pool of NADPH available for fatty acid synthesis in the 

cytoplasm, while sparing reducing equivalents that can be used for NADH synthesis in 

the mitochondria. In turn this may lead to increased carbon flux through the Krebs cycle 

and production of ATP necessary for growth and protein synthesis. We found that PRL 

and INS exerted opposing effects on cell proliferation and expression of IDH1. Since 

both INS and FCS lowered mRNA transcripts for IDH1 in BME-UV cells while 

stimulating cell proliferation, we concluded that expression of IDH1 may not be 

compatible with promotion of cell growth.  Glucocorticoids can synergize with PRL to 

induce milk secretion in many species (Nickerson et al., 1978; Imagawa et al., 1985). In 

our study, HC did not influence IDH1 mRNA levels, suggesting that glucorticoids may 



 78

not play a key role in regulation of fatty acids synthesis although cortisol plus INS 

maintained the rate of lipogenesis in cultured mammary explants (Barber et al., 1991). 

 

Effects of metabolic effectors on expression of IDH1  

 

    The concept of metabolite regulation suggests that genes encoding for enzymes of 

metabolic importance may be regulated, at least in part, by the concentration of specific 

end products. Because IDH1 catalyzes the dehydrogenation of isocitrate to α-KG, we 

examined the time-dependent effects of this metabolic product on IDH1 expression. 

Treatment of BME-UV cells with α-KG (0.5 mM) reduced (P<0.05) IDH1 transcripts 

levels by 50% at 12 h and 30-35% at 24, 48, and 72 h respectively (Figure 25) We also 

examined the effects of palmitic acid (PA) and found that PA did not induce significant 

changes in IDH1 expression at 12 h compared to untreated cells. However, exposure of 

BME-UV cells to PA for 24 and 72 h decreased the mRNA levels of IDH1 by 34 % and 

65% (P<0.05) respectively (Figure 26), whereas there were no differences between 

control DMEM and PA-treated cells at 48 h. Overall, these data suggested that α-KG and 

PA may act as metabolic repressors of IDH1 expression and that these effects may be 

time-dependent. A possible implication of these data is that the expression of IDH1 may 

be regulated by α-KG and PA through negative feedback mechanisms. Previous studies 

in yeast reported that α-KG reduced the enzymatic activity of IDH1 by 60%, confirming 

a negative role for this metabolic product in oxidative decarboxylation of isocitrate 
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(Alvarado and Flores, 2003). Moreover, our data support previous suggestions that lipids 

may exert repressive effects on IDH1 expression (Schechter et al., 2003). 
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Figure 25. α-ketoglutarate repressed IDH1 mRNA levels.  BME-UV cells were 
cultured in DMEM or DMEM supplemented with α-ketoglutarate (α-KG)  (0.5 
mM) for 12, 24, 48, and 72 h. At the end of each incubation period, cells were 
harvested and RT-PCR was performed as described in “Materials and Methods”. 
(A) Arrows indicate IDH1 or control 18S ribosomal RNA. (B) Data represent the 
means ± standard errors of IDH1/18S arbitrary units from two replicate 
experiments performed in triplicate. Means without a common letter differ 
(P<0.05).
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Figure 26. Palmitic acid repressed IDH1 mRNA levels.  BME-UV cells were 
cultured in DMEM or DMEM supplemented with Palmitic acid (PA) (100 μM) 
for 12, 24, 48, and 72 h. At the end of each incubation period, cells were 
harvested and RT-PCR was performed as described in “Materials and Methods”. 
(A) Arrows indicate IDH1 or control 18S ribosomal RNA. (B) Data represent the 
means ± standard errors of IDH1/18S arbitrary units from two replicate 
experiments performed in triplicate. Means without a common letter differ 
(P<0.05). 
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CHAPTER 4: 

 
PRL SIGNALING INVOLVED IN THE  

REGULATION OF IDH1 EXPRESSION
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MAPK pathway inhibitors prevent PRL-induced IDH1 expression  

 

    Based on the information that the MAPK modulates the stimulatory effects of PRL on 

expression of milk proteins (Watson and Burdon, 1996), we examined the role of MAPK 

in the PRL-dependent activation of IDH1 expression. In BME-UV cells cultured in the 

presence of PD98059 (20μM), a potent inhibitor of MAPK/ERK kinase (also known as 

MEK), the stimulatory effects of PRL on IDH1 mRNA expression were abolished, 

whereas no changes in IDH1 mRNA levels were observed when cells were treated with 

PD98059. The inhibitory effects of PD98059 on PRL-induced expression of IDH1 

mRNA were confirmed by both semiquantitative RT-PCR (Figure 27 A) and real-time 

PCR (Figure 27B).  

    To confirm the effects of PRL and involvement of MAPK on IDH1 expression, 

western blotting of IDH1 and phosphorylated ERK were performed in cells treated with 

PRL in the presence or absence of the MEK inhibitors PD98059 and U0126. We found 

that IDH1 and phosphorylated ERK protein levels were increased in cells treated with 

PRL, whereas the cotreatment with PD98059 or U0126 counteracted the activation by 

PRL. The treatment with PD98059 or U0126 alone had no effects on the protein levels of 

IDH1. Immunoblot analysis with antibodies against ERK1/2 showed that the total level 

of ERK1/2 was not changed (Figure 28 and 29). These results highlighted the 

contribution of MAPK to activation of IDH1 expression by PRL and coupling between 

accumulation of IDH1 mRNA and protein. 
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Figure 27. Role of MEK inhibitor PD98059 in prolactin - induced IDH1 mRNA 
expression. BME-UV cells were treated on plastic with prolactin (PRL) (2 
μg/ml) in the presence or absence of MEK inhibitor PD98059 (20 μM) or with 
PD98059 alone for 72 h. IDH1 mRNA levels were measure by (A) RT-PCR ; 
(B) Real-Time PCR. Means without a common letter differ (P<0.05).  
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Figure 28. Role of MEK inhibitor PD98059 in prolactin - induced IDH1 
protein accumulation. BME-UV cells were treated on plastic with 
prolactin (PRL) (2 μg/ml) in the presence or absence of MEK inhibitor 
PD98059 (20 μM) or with PD98059 alone for 72 h. Protein levels were 
measure by western blotting analysis.  
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Figure 29. Role of MEK inhibitor U0126 in prolactin - induced IDH1 protein 
accumulation. BME-UV cells were treated on plastic with prolactin (PRL) (2 
μg/ml) in the presence or absence of MEK inhibitor U0126 (10 μM), or with 
U0126 alone for 72 h. Protein levels were measured by western blotting 
analysis.  
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JAK 2 inhibitor attenuates PRL-mediated effects  

 

    As far as PRL initiated signaling pathways in mammary gland is concerned, two major 

pathways, JAK 2 / STAT 5 and MAPK pathways, have been the widely investigated. 

Evidence for the cross talk between these two pathways has been indicated in several 

studies. 

    I t has been documented that engagement of the PRL receptor induces 

homodimerization resulting in activation of the associated JAK 2 kinase, which then 

tyrosine phosphorylates the receptor and leads to activation of STAT, which in turn  

translocates to the nucleus and binds to its recognition site to modulate gene transcription. 

As a substrate for JAK 2, tyrosine phosphorylation of Shc by JAK2 connects PRL 

receptor to MAPK pathway via binding to the Grb-2 / SOS complex, which activates the 

downstream signaling molecules Raf, MEK, and MAPK (Hynes et al., 1996).  

    To investigate the role of JAK 2 in regulation of IDH1 expression in bovine mammary 

epithelial cells, we used AG490, a selective JAK2 inhibitor, to pretreat BME-UV cells 

and culture cells in presence or absence of PRL. Western blotting analysis revealed that 

AG490 blocked the stimulatory effects of PRL on IDH1 expression (Figure 30). 

Moreover, AG490 also decreased PRL-induced phosphorylation of ERK without 

affecting total ERK levels, suggesting an upstream role of Jak2 in activation of the ERK 

pathway (Hynes et al., 1997; Das and Vonderhaar, 1996). 
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Figure 30. Role of JAK 2 inhibitor AG490 in prolactin mediated effects.  
  Protein levels were measure by western blotting analysis.  
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CHAPTER 5: 
 
 

TRANS 10, CIS 12 CLA INHIBITS RAPID  

INDUCTION OF IDH1 EXPRESSION BY PRL
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CLA inhibits PRL-dependent rapid induction of IDH1 mRNA expression  

 
    To further evaluate the effects of PRL on IDH1 expression we cultured BME-UV cells 

in the presence or absence of PRL for various periods of time (15, 30, 60 or 90 min).  A 

significant increase (p<0.05) in IDH1 mRNA levels was observed in cells treated with 

PRL for 60 and 90 minutes (Figure 31). Based on the information that IDH1 is an 

important enzyme for fatty acids synthesis (Koh et al., 2004) while CLA has been shown 

to downregulate milk fat synthesis and secretion in bovine mammary gland (Loor and 

Herbein, 1998), we investigated whether or not CLA influenced basal and PRL-induced 

IDH1 expression in BME-UV cells. We found that the treatment with 20 or 40 μM CLA 

mixture containing c9, t11 and t10, c12 CLA isomers had minimal effect on basal IDH1 

mRNA levels, whereas cotreatment with CLA and PRL entirely abolished PRL activated 

IDH mRNA expression (Figure  32).
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Figure 31. Rapid induction of IDH1 mRNA levels by prolactin. BME-UV cells 
were cultured in DMEM or DMEM supplemented with 2.0 μg/ml prolactin (PRL) 
for the indicated period of time.  At the end of each incubation period, cells were 
harvested and semiquantitative RT-PCR was performed as described in “Materials 
and Methods”. (A) Arrows indicate IDH1 or control 18S ribosomal RNA. (B) Data 
represent the means ± standard errors of IDH1/18S arbitrary units from two replicate 
experiments performed in triplicate (* P<0.05).  
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Figure 32. Effects of conjugated linoleic acid mixture on regulation of IDH1 
mRNA levels. BME-UV cells were cultured in DMEM or DMEM supplemented 
with 20 or 40 μM conjugated linoleic acid (CLA) in the presence or absence of 2 
μg/ml prolactin (PRL) for 90 min. At the end of the incubation period, cells were 
harvested and semiquantitative RT-PCR was performed as described in “Materials 
and Methods”. (A) Arrows indicate IDH1 or control 18S ribosomal RNA. (B) Data 
represent the means ± standard errors of IDH1/18S arbitrary units from two 
replicate experiments performed in triplicate.  
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Trans 10, cis 12 CLA, but not cis 9, trans 11 CLA isomer, inhibits PRL-induced     
 IDH1 mRNA and protein accumulation 
 
 
    Our data indicated that the mixture of c9, t11 CLA and t10, c 12 CLA isomers 

prevented the rapid induction of IDH1 mRNA expression by PRL. However, the question 

as to which isomer is responsible for this effect remains to be answered. Since distinct 

roles of CLA isomers have been well documented, we hypothesized that these isomers 

have different capacity in the regulation of IDH1 expression. To address this question, we 

treated BME-UV cells with the CLA mixture, c9, t11 CLA, or t10, c12 CLA isomer in 

presence or absence of PRL and measured IDH1 mRNA levels. We found that the t10, 

c12 CLA isomer decreased basal and also entirely abolished PRL-induced IDH1 mRNA 

expression. In contrast, the c9, t11 CLA isomer had no effect on both basal and PRL-

induced IDH1 mRNA levels. The CLA mixture had no effect on basal IDH1 expression 

but abrogated the stimulatory effects of PRL on IDH1 mRNA levels (Figure 33). Results 

from real time PCR confirmed the inhibitory effects of t10, c12 CLA on PRL mediated 

induction of IDH1 mRNA levels (Figure 34). Subsequently, we performed western 

blotting analysis and found that the t10, c12 CLA isomer also decreased basal IDH1 

protein level. The expression of IDH1 protein increased after treatment with PRL. 

However, this effect was antagonized by cotreatment with the t10, c12 CLA isomer. In 

contrast, c9, t11 CLA isomer slightly decreased basal IDH1 protein level, but had no 

effect on PRL-mediated IDH1 protein accumulation (Figure 35). 
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Figure 33. Effects of conjugated linoleic acid isomers on IDH1 mRNA levels. BME-
UV cells were cultured in control medium DMEM, DMEM supplemented with 2.0 
μg/ml prolactin (PRL) or 40 μM conjugated linoleic acid (CLA) mixture, cis-9, trans-
11 (c9,t11) CLA isomer ,or trans-10, cis-12 (t10, c12) CLA isomer in presence or 
absence of PRL (2.0 μg/ml) for 90 min. At the end of the incubation period, cells were 
harvested and semiquantitative RT-PCR was performed as described in “Materials and 
Methods”. (A) Arrows indicate IDH1 or control 18S ribosomal RNA. (B) Data 
represent the means ± standard errors of IDH1/18S arbitrary units from two replicate 
experiments performed in triplicate. Means without common letter differ (P<0.05). 
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Figure 34. Trans-10, cis-12 conjugated linoleic acid isomer inhibited 
prolactin-induced IDH1 mRNA levels. BME-UV cells were cultured in 
DMEM or DMEM supplemented with 40 μM cis-9, trans-11 conjugated 
linoleic acid (c9,t11 CLA) or trans-10, cis-12 conjugated linoleic acid 
(t10,c12 CLA) isomer in presence or absence of 2μg/ml prolactin (PRL) for 
90 min. mRNA levels were measured by real time PCR. Means without a 
common letter differ (P<0.05). 
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Figure 35. Effects of conjugated linoleic acid on IDH1 protein levels. 
BME-UV cells were cultured in control medium DMEM, DMEM 
supplemented with 2.0 μg/ml PRL or 40 μM conjugated linoleic acid 
(CLA) mixture, cis-9, trans-11 (c9, t11) CLA, or trans-10, cis-12 (t10, 
c12) CLA isomer in presence or absence of 2.0 μg/ml prolactin (PRL) for 
90 min. Bands represent IDH1 and control β-actin from western blotting 
analysis. 
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    CLA has been shown to exert inhibitory effects on biosynthesis of fatty acids in the 

bovine mammary gland (Loor and Herbein, 1998). Moreover, a double-blind, placebo-

controlled, crossover study demonstrated that maternal supplementation with CLA 

decreased milk fat in humans (Masters et al., 2002). However, the underlying 

mechanisms through which CLA represses milk fat content have not been elucidated. 

Baumgard et al. (Baumgard et al., 2002) have demonstrated that abomasal infusion of 

t10, c12 CLA decreased the mRNA expression of several enzymes involved in 

lipogenesis including acetyl CoA carboxylase, fatty acid synthetase, and stearoy CoA 

desaturase. In the present study, we found that the t10, c12 CLA isomer inhibited PRL-

induced IDH1 expression while the c-9, t11 CLA isomer had no effect. Since increasing 

evidence suggests that PRL may participate in regulation of lipogenesis during lactation 

(Barber et al., 1990; Barber et al., 1991; Oben and Dils, 2001), it is possible that the t10, 

c12 CLA isomer may exert its anti-lipogenic effects in part by antagonizing the 

stimulatory effects of PRL on IDH1 expression. Moreover, the current findings are 

consistent with previous studies by our group (Kemp et al., 2003; Degner et al., 2006) 

and other investigators (Baumgard, 2000; Lin et al., 2004) showing that the t10, c12 CLA 

is more biologically active compared to c9, t-11 CLA.  
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CHAPTER 6: 
 
 

SUMMARY AND CONCLUSIONS 
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    The long-range goal of this project is to investigate the mechanisms involved in the 

regulation of IDH1 expression.  In this dissertation, we have investigated changes of 

IDH1 expression in bovine mammary tissue during lactogenesis and explored the 

mechanisms through which IDH1 is regulated in bovine mammary epithelial cells. 

     The central hypothesis of this dissertation was that the expression of IDH1 gene is 

modulated by regulators of mammary epithelial differentiation and metabolic effectors. 

To test this hypothesis and achieve our goal, three specific aims were addressed: 

    1. Investigate whether the expression of IDH1 mRNA and/or protein is modulated by 

hormones and metabolic effectors.  

    2. Investigate involvement of PRL signaling in regulation of IDH1 expression in 

bovine mammary epithelial cells. 

    3. Investigate role of CLA in regulation of IDH1 expression.
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The major findings related to each specific aim are listed below: 

 

Specific aim #1 summary of results 

1. IDH1 mRNA expression increased after parturition in bovine mammary gland. 

2. Extracellular matrix stimulated IDH1 mRNA expression as well as β-casein in 

BME-UV cells. 

3. FCS and INS repressed, whereas PRL stimulated the expression of IDH1 

transcripts. The inhibitory effects of INS on IDH1 expression were abrogated by 

PRL. 

4. Combination of extracellular matrix and PRL further increased IDH1 mRNA and 

protein accumulation. 

       5.  α-KG and PA reduced IDH1 transcripts levels in BME-UV cells 

 

Specific aim #2 summary of results 

      1.  MEK inhibitor PD98059 abolished PRL-induced IDH1 mRNA expression. 

2. PRL induced phosphorylation of ERK1/2 in parallel with IDH1 protein 

expression. 

3. MEK inhibitors PD98059 and U0126 abolished PRL-induced IDH1 protein 

accumulation.        

4. JAK 2 inhibitor AG490 abolished PRL-mediated phosphorylation of ERK1/2 as     

      well as IDH1 protein accumulation. 
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Specific aim #3 summary of results 

1. Rapid induction of IDH1 mRNA expression at earlier time points (60 and 90 min.). 

2.  t12, c10 CLA, but not c9,t11 CLA isomer, attenuated PRL-induced mRNA and 

protein expression of IDH1. 

 

Conclusions 

1. IDH1 expression is modulated by regulators of mammary differentiation and 

metabolic effectors.  

2. IDH1 expression is induced by extracellular matrix and PRL, and inhibited by 

FCS, INS, α-KG and PA. 

3. PRL activates IDH1 expression through JAK 2 and MAPK pathways.  

4. PRL-induced IDH1 expression can be abrogated by t12, c10 CLA isomer. 

 

    In summary, this dissertation reports on investigations concerning the regulation 

of IDH1 by regulators of mammary differentiation and metabolic effectors. Since 

IDH1 plays a crucial role in de novo fatty acid synthesis, our findings may provide 

new insight into the mechanisms through which fatty acid synthesis is regulated. 

Abnormal lipid metabolism has a variety of medical consequences. A better 

understanding of the underlying mechanisms involved in regulation of fatty acid 

synthesis is essential for us to develop new strategies to prevent obesity and 

hyperlipidemia.
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ONGOING STUDIES AND FUTURE DIRECTIONS 

 

Ongoing studies  

      To further investigate the molecular mechanisms involved in regulation of IDH1 

expression, we are currently working on the cloning and characterization of the bovine 

IDH1 promoter. 

    Strategy 

        To clone the promoter, we employed a “Genome Walker” strategy described by the 

Universal Genome Walker kit (BD Biosciences Clontech , Palo Alto, CA) (Figure 36). 

Briefly, the genomic DNA is digested at 37°C overnight with one of four restriction 

enzymes (DraI, StuI, EcoRV and PvuII) that generate blunt ends. The genomic fragments 

are purified by resin and ligated at 16°C overnight to specific adapters provided with the 

“Genome Walker Kit”. Then, touchdown PCR is performed to isolate the IDH1 promoter 

from BME-UV cells by using forward adaptor primers (AP) 1 and AP2, which contains a 

5’ linker for Mlu I, and two reverse IDH1 gene specific primer (GSP) 1 and GSP2, which 

contains a 5’ linker for Bgl II. AP1 and AP2 are supplied with the Genome Walker kit; 

GSP1 and GSP2 are designed based on the bovine IDH1 gene sequence from Genebank. 

Then, the adaptor-ligated genomic DNA is used as the template for touchdown PCR 

amplification in 50 μl reaction mixtures containing Vent DNA polymerase (New England 

Biolabs, Beverly, MA), AP1 and GSP1.The PCR product is used as template for a second 

round of PCR using AP2 and GSP2. 
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Figure 36. Flow chart of the GenomeWalker protocol 
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    The PCR product containing the proximal DH1 promoter is then digested with the 

restriction enzymes Mlu I and Bgl II and subcloned into the pGL3-Basic (Promega) 

vector followed by sequencing. Confirm the authenticity of the PCR product by 

comparing the sequence in Genebank.  

    Preliminary data 

      We extracted genomic DNA from BME-UV using PUREGENE DNA Purification 

Kit (Gentra SYSTEMS, Minneapolis, MN) according to the manufacturer’s instructions. 

To check the purity of the genomic DNA, we digested the experimental genomic DNA 

by Dra I using human genomic DNA as positive control. Figure 37 A shows the 

appearance of digested and undigested bovine and human genomic DNA. The undigested 

bovine and human genomic DNA are of expected size and shown as integrated bands on 

agarose/EtBr gel. Digested genomic DNA are shown as smearing columns on the gel, 

indicating that the bovine genomic DNA can be digested by this restriction enzyme. Then 

the bovine genomic DNA was digested by four restriction enzymes, DraI, StuI, EcoRV 

and PvuII, as described in the Universal GenomeWalker Kit user manual. The resulting 

products were checked on agarose/EtBr gel (Figure 37B). The digested bovine genomic 

DNA will be purified and ligated with adapter provided by the kit to construct genome 

walker libraries.  
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Figure 37. Appearance of bovine genomic DNA on agarose/EtBr gel. (A) 
lane 1 and 2, bovine and human genomic DNA digested by Dra I; lane 3 and 
4, intact bovine and human genomic DNA. (B)DL1, DL2, DL3, DL4 
represent bovine genomic DNA digested by Dra I, EcoR V, Pvu II and Stu I. 
Positive control is human genomic DNA digested by Pvu II 
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Future directions 

 

1. Complete the cloning and characterization of the bovine IDH1 promoter. 

 

2. Investigate the signaling pathways stimulated by extracellular matrix and effects 

on IDH1 expression. 

 

3. Investigate the effects of growth hormone and insulin-like growth factor-1 on 

IDH1 expression. 

 

4. Investigate the effects of extracellular matrix-hormones-nutrients interaction on 

IDH1 expression.
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APPENDIX A. PERMISSION TO REPRINT COPYRIGHTED MATERIALS 
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APPENDIX B. PUBLISHED MATERIALS 

 

Liu W, Capuco AV, Romagnolo DF. 2006. Expression of cytosolic NADP+-

dependent isocitrate dehydrogenase in bovine mammary epithelium: Modulation by 

regulators of differentiation and metabolic effectors. Exp Biol Med  231:599-610. 
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