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Extended discussion on Parenchymal metabolism and molecular signaling, and Fat Pad lipid metabolism.
Amino acid metabolism in the parenchyma.
Among the amino acid metabolism pathways, 4 were among the top-20 most impacted pathways: phenylalanine, histidine, tryptophan, and tyrosine metabolism. Besides the classic metabolism of tyrosine to the neurotransmitters DOPA and dopamine [1], the up-regulated DEG in the closely-related phenylalanine and tyrosine metabolism pathways suggest their use for energy via oxidation through the citrate cycle. Exploring the DEG patterns of the pathways indicated that the activation of histidine metabolism in EH heifers led to the synthesis and catabolism of histamine, which probably increased blood vessel permeability favoring the movement of nutrients to the proliferating cells. Furthermore, it certainly allowed for easy extravasation of immune cells, an important step in mammary development discussed later. The DEG pattern in the metabolism of tryptophan instead likely led to higher synthesis of serotonin in the mammary gland of EH heifers. Traditionally, serotonin is highly synthetized in intestinal cells and the central nervous system, but recent work in mice demonstrated the mammary epithelium can synthetize this hormone [2]. Its role in bovine mammary gland has recently been studied in adult lactating animals, with a role in involution of the secretory tissue [2, 3]. No data are available, to our knowledge, about its effect during development of the pre-pubertal cow, but work in mice emphasizes its role in cell homeostasis as a tight-junction regulator [4, 5], which could be functionally important during development.
As indicated by the up-regulation of its metabolism, methionine utilization seems to respond to EH MR. Furthermore, the up-regulation of ‘Folate biosynthesis’ and ‘One carbon pool by folate’ indicates an increase in synthesis of tetrahydrofolate (THF) and its subsequent methylation to 5-methyl-THF, which is used by cells to regenerate methionine from homocysteine [6]. Methionine also could be used to synthetize the antioxidants glutathione or taurine [6]. The net flux in the metabolism of the first end product, and the positive flux of the second, indicate potentially greater synthesis of taurine. However, the down-regulation of glutathione peroxidase 1 (GPX1) (a key enzyme in the response to oxidative stress) and the up-regulation of glutathione S-transferase M1 (GSTM1) (an initiator of glutathione degradation) suggest that the synthesis of taurine was not driven to respond to an increase in concentration of free radicals. 
Serving as the precursor of the two major cell antioxidants does not seem the main function of methionine affected by the EH MR. Instead, the increased expression of methionine adenosyltransferase MAT1A (traditionally liver specific but also found in mammary tissue) [7] suggests a role of pre-weaning nutrition in increasing PAR DNA methylation. In fact, MAT1A catalyzes the synthesis of S-adenosylmethionine (SAM), the main donor of methyl groups in the cell [8]. The hypothetical increase in DNA methylation because of an EH MR relates closely to our initial hypothesis and requires further investigation. In fact, recent work in rats underscored that pregnancy might alter the mammary gland epigenetic state and its receptiveness to pregnancy-related hormones, suggesting that the first pregnancy primes the gland to respond to the hormonal changes that announce succeeding pregnancies [9]. As for pregnancy, despite the decrease in methylation reported previously [9], early life nutrition could leave methylation marks on the mammary PAR which could possibly enhance its response to mammogenic stimuli.

Extra-cellular signals mediating the parenchymal response to an enhance milk replacer.
Insulin and the GH-IGF-1 (growth hormone; insulin-like growth factor 1) axis have been the major focus of the response to energy and protein intake in neonatal calves [10-13]. This is because of their well-recognized effects on nutritional physiology, body growth, and most importantly, mammary development [14, 15]. When a higher plane of nutrition was fed to pre-weaned calves, the blood levels of GH and insulin were not affected, while those of IGF-1 increased, with a simultaneous decrease in IGF-1 binding proteins [10]. These hormones were not measured in the current experiment, but the activation of ‘Insulin signaling pathway’, the increased expression of GH receptor (1.4x, FDR = 0.04), and the activation of their intracellular signaling cascades (e.g. MAPK, Akt/Pi3K, JAK/STAT; [14]) strongly suggest their involvement in the enhanced mammary development observed in EH calves. Similarly, the activation of ‘GnRH signaling pathway’ indicates the role of GnRH (gonadotropin releasing hormone) as a potential initiator of the cascades mentioned above. The primary effect of this hormone is exerted in the pituitary gland, but the mammary gland also excretes GnRH and expresses its receptor [16, 17], indicating a potential role for the hormone on mammary biology. Despite the fact that GnRH was suggested to have anti-proliferating effect in extra-pituitary tissues (mainly in cancer models), the fact that its receptors activates all three MAPK cascades during the synthesis of FSH and LH in the pituitary gland [16] seems to suggest a potential role in the growth of mammary PAR, through the MAPK cascade.
Even if the DEG and DIA results support their action, none of the above hormones were predicted as activated by the IPA up-stream analysis. Instead, the action of androgen (testosterone) through the androgen receptor (AR), was predicted as possible effector of the response to an EH MR. This was of particular interest since androgen per se should reduce mammary cell proliferation. However, data from an in-vivo mouse model provided evidence of important roles of androgen for mammary gland development though AR-mediated MAPK and estrogen receptor activation [18]. Furthermore, it is important to remember that androgen can be converted into estrogen by the mammary gland [19]. 
The DIA indicates the down-regulation of the ‘Steroid hormone biosynthesis’ pathway in response to an EH MR. This was, however, due to a down-regulation of genes involved in minor and branching steps of steroid metabolism. Furthermore, the plane of nutrition did not affect the expression of the gene encoding the enzyme responsible for the conversion of androgen to estrogen (aromatase). Thus, further research is needed to understand the possible effect of pre-weaning nutrition on circulating sex-hormone conversion in the developing heifer mammary gland.
We previously discussed DIA results of the current analyses suggesting a structural development of the mammary gland as an organ (e.g., angiogenesis, neural development). The IPA results further support this claim. The predicted activation of angiotensinogen (AGN), a liver-secreted precursor of angiotensin, and angiopoietin 2 (ANGPT2), two potent angiogenic agents [20, 21], suggests their involvement in the development and expansion of circulatory system in the mammary gland. Furthermore, AGN was also found to induce proliferation of the mammary gland [20] making it another potential molecule responsible for the increase mass of the tissue observed in EH heifer calves. The predicted activation of arachidonic acid as an effector, due to its ability to enhance angiogenesis [22], further support this scenario. 
A central discovery from the IPA analysis is the enhanced formation of a 3D structure of the parenchymal tissue thanks to cellular differentiation and the branching and elongation of the ductal system. In ruminants, ductal elongation is accomplished through the growth, development, and subsequent extension of highly arborescent terminal ductal units (TDU) [23]. These consist initially of solid chords of epithelial cells that penetrate the mammary stroma. As the solid chord of epithelial cells extends into the mammary stroma, lateral outgrowths emerge at closely spaced intervals [24]. Previous work [25] revealed how an increase in energy and protein intake resulted in greater development of the mammary parenchyma of 8 wk old heifer calves, with a more mature structure and morphology (e.g. ducts, stromal space) compared with control counterparts. 
In the current study, feeding an EH MR caused the activation of the growth factor EGF, FGF2, and NRG1 (together with the strong impact of the ‘ErbB signaling pathway’), and the molecule hyaluronic acid, which are all involved in the control of ductal branching and elongation [26-28]. Tretinoin (or all-trans retinoate), an important modulator of mammary ductal branching [29], was also predicted to be involved in the observed transcriptome changes. The DIA results further revealed an inhibition of ‘Retinol metabolism’, mainly due to the down-regulation of genes involved in tretinoin metabolism, together with up-regulation of genes involved in its synthesis. All together, these results agree with the activation of glycosaminoglycan biosynthesis and inhibition of their degradation. Work with mice demonstrated how these type of glycans contribute to an important aspect of ductal growth and branching morphogenesis in the mammary gland [30].
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The ‘Sphingolipid metabolism’ pathway, which leads to the production of ceramide, was also induced in the MFP of EH heifer calves. Since ceramide reduces insulin sensitivity of adipocytes [31, 32], and other tissues in general, its production was probably up-regulated in mature adipocytes to prevent excess lipid accumulation. The same concept can be applied to the observed up-regulation of glycosphingolipids biosynthesis (both globo, and lacto and neolacto series), whose accumulation in adipocytes is known to reduce adipogenesis and insulin sensitivity [33, 34].
As suggested by the up-regulation of ‘Fatty acid degradation’, ‘Citrate cycle’, and ‘Oxidative phosphorylation’ pathway, the MFP of EH heifer calves not only accumulated the excess fatty acid intake, but also seemed to have used part of it for energy production. The up-regulated DEG within the ‘alpha-Linoleic acid metabolism’ pathway points at phosphatidylcholine as an important dietary lipid that was oxidized for energy, as in the PAR cells. However, as opposed to PAR, in MFP phosphatidylcholine was also used to synthesize choline, as indicated by up-regulation of genes involved in ‘Glycerophospholipid metabolism’. The general increase in lipid oxidation probably led to an increase in local production of free radicals, which, if not controlled, could be detrimental for the MFP and the surrounding cells. As a counter mechanism, the catabolism of glutathione (a major antioxidant) was down-regulated (e.g. glutathione metabolism). Since ‘Folate biosynthesis’ was strongly down-regulated, the results suggest that the choline synthesized from dietary phosphatidylcholine was used as a methyl-donor for the re-synthesis of methionine, a glutathione precursor [6]. However, these processes take place namely in liver and kidney, where the necessary enzyme (betaine homocysteine S-methyltransferase, BHMT) is expressed [6]. The RNA sequencing results, in fact, did not detect the presence of BHMT mRNA in the MFP. Surprisingly, it was detected in PAR, thus, further studies are needed to understand its function in this tissue, and the possibility of the existence of a complete methionine cycle in the mammary gland.
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