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Activated protein kinase (AMP)-activated protein kinase (AMPK) senses the cellular energy status and coordinates catabolic and anabolic processes. Extensive studies have proposed that AMPK regulates energy homeostasis, cell growth, autophagy, mitochondrial biology and inflammation. The biological functions of AMPK vary in different tissues or organs. As a unique organ that produces milk, the mammary gland has recently attracted substantial research attention. This review discusses how AMPK in the mammary gland is activated by energy deprivation and heat stress via the activation of canonical and non-canonical pathways. In addition, the important downstream targets of AMPK and their functions in the mammary gland, especially during milk synthesis, are summarized in the review.
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INTRODUCTION

Energy homeostasis plays a critical role in maintaining the survival and function of cells. In 1967, Atkinson proposed using the adenylate system [ATP (adenosine 5′ triphosphate) + ADP (adenosine diphosphate) + AMP (adenosine monophosphate)] to estimate cellular energy levels (Atkinson and Fall, 1967; Atkinson and Walton, 1967). ATP acts as a high-energy bond donor, and ATP can be broken down into ADP and AMP, which is accompanied by the release of energy. Increased levels of cellular ADP and/or AMP are indicators of decreased energy status. AMP-activated protein kinase (AMPK) is the dominant energy sensor in eukaryotic cells (Hardie, 2007). As a master regulator of metabolism, AMPK is proposed to regulate energy homeostasis (Hardie et al., 2012), cell growth (Mihaylova and Shaw, 2011), autophagy (Mihaylova and Shaw, 2011), and mitochondrial biology (Herzig and Shaw, 2018). Recent advances in research have proposed that the biological effects of AMPK can be tissue- and/or cell type-specific. Hypothalamic AMPK modulates the energy balance of the whole body via the regulation of food intake (López et al., 2016). In T cells, AMPK regulates cell migration and determines CD8+ T cell fate (differentiation into effector or memory CD8+ T cells) (Finlay and Cantrell, 2011). However, the functions of AMPK in the mammary gland are still unclear.

The mammary gland is a unique organ for the secretion of milk. The mammary gland contains not only the epithelial cells but also the stromal compartment (also known as connective tissue or fat pad) (Hennighausen and Robinson, 2005). Mammary epithelium includes luminal and secretory cells that are involved in milk production during lactation period. The primary components of the mammary stroma are adipocytes, but it also contains fibroblasts, blood vessels and neurons. Milk directly regulates the early growth and health of neonates. The main components of milk are carbohydrates, lipids, and proteins with small proportions of minerals and vitamins. Colostrum is the milk secreted shortly after fallowing and consists a higher level of immunoglobulins (IgG, IgM, and IgA). These immunoglobulins are involved in the establishment of passive immunity for neonates. The energy requirements and mobilization in the mammary gland are high and very complicated. During lactation, energy is not only consumed by the mammary gland to maintain its basic metabolism but also largely used for milk production (Sampson and Jansen, 1984). In this review, we summarized recent advances in the understanding of the mechanism by which AMPK regulates milk production and mammary gland biology. Understanding the functions of AMPK and its downstream targets in the mammary gland will contribute to the development of nutritional or drug-related strategies for improving mammary gland health and promoting milk production.



AMP-ACTIVATED PROTEIN KINASE

AMP-activated protein kinase exists as a heterotrimer, which consists of one catalytic subunit (α) and two regulatory subunits (β and γ) (Xiao et al., 2011). There are multiple isoforms of these AMPK subunits, including α1, α2, β1, β2, γ1, γ2, and γ3 (Hardie et al., 2006). AMPKα1 is dominantly expressed in the mammary gland (Quentin et al., 2011), while AMPK α2 and γ3 are undetectable (McFadden and Corl, 2009). This evidence indicates that the expression of AMPK subunits could be tissue dependent.

The canonical mechanism by which AMPK is activated (phosphorylation at Thr172) relies on increased levels of ADP, AMP or Ca2+. LKB1 (liver kinase B1) and CaMKKβ (Ca2+/calmodulin-activated protein kinase kinase-β) are the primary upstream kinases of AMPK (Hawley et al., 2003, 2005). During conditions of energy deprivation, ADP can directly bind to the γ regulatory subunit of AMPK (Hardie et al., 2012). In even more severe situations, ADP is converted to AMP, which leads to a conformational change in AMPK and increases its activity by approximately 10-fold (Hardie et al., 2012). This conformational change also protects AMPK from being dephosphorylated and ensures its activation. In addition, increased levels of Ca2+ can directly regulate AMPK activity through CaMKKβ and in manner that is independent of the level of ADP or AMP (Hawley et al., 2005). In the human mammary gland, activated LKB1 and CaMKKβ are also reported to increase the activity of AMPK (Høyer-Hansen et al., 2007; Chung et al., 2017).

In addition to ADP, AMP and Ca2+, AMPK can also be activated by non-canonical signals, such as low oxygen (Marsin et al., 2000), reactive oxygen species (ROS) (Alexander et al., 2010; Ditch and Paull, 2012) and DNA damage (Ji et al., 2010; Sanli et al., 2010). When oxygen is limited, nutrients are not completely oxidized, which limits the production of ATP (Depré et al., 1998). ROS are proposed to regulate AMPK through two different pathways: (1) oxidation of the two conserved Cys residues in the AMPK α subunit (Alexander et al., 2010) and (2) activation of ataxia telangiectasia mutated (ATM), which is a phosphoinositide 3 kinase-like kinase (PIKK) that triggers the activation of AMPK (Ditch and Paull, 2012). DNA damage-induced activation of AMPK is also ATM-dependent (Storozhuk et al., 2013; Tripathi et al., 2013).



ACTIVATION OF AMPK IN THE MAMMARY GLAND

Negative energy balance (NEB) is widely observed in swine and cow production, especially during lactation. Elevated ADP or AMP is often associated with a NEB (Figure 1). The feed intake of primiparous sows usually fails to meet the nutritional requirements for fetal growth and milk production, leading to the mobilization of protein and fat reserves in the body. Similarly, the peak lactation period of cows generally occurs 4–6 weeks after delivery, but the dry matter intake (DMI) does not reach its maximum until 8–10 weeks after delivery (Bertics et al., 1992). Thus, during this period, the energy intake in dairy cows is not able to meet the demand for milk production (especially in high-yielding cows). AMPK signaling in the mammary gland is highly active during this period, which results in a 15–20% decrease in milk production in sows and cows (Eastham et al., 1988; Wang et al., 2018). In vitro experiments also demonstrated that AMPK is significantly activated in mammary epithelial cells during energy deprivation (cells cultured without glucose or amino acids) (Zhang M. et al., 2018).
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FIGURE 1. Negative energy balance induces the activation of mammary AMPK through the canonical pathway: during lactation, decreased maternal feed intake usually fails to meet the requirement for milk secretion and leads to a negative energy balance. Elevated ADP or AMP in the mammary gland is associated with a negative energy balance and promotes AMPK activity. AID, auto-inhibitory domain; CAMKK2, calmodulin dependent protein kinase kinase 2; CBM, carbohydrate-binding module; CBS, cystathionine-beta-synthase; LKB1, liver kinase B1.


In addition to NEB, heat stress is reported to negatively regulate mammary gland development and milk production in cows (Tao et al., 2011) and sows (Renaudeau and Noblet, 2001). Intriguingly, recent findings indicate that heat stress triggers the activation of AMPK in the mammary gland. In the murine mammary gland, the AMPK signaling pathway is significantly upregulated by heat stress (Han et al., 2019). In a transcriptomic study of the bovine mammary gland, AMPK signaling was the most highly activated pathway in response to heat stress (Gao et al., 2019). The non-canonical pathway could be a potential link between heat stress and AMPK (Figure 2). First, under heat stress, ROS are increased and accumulate in the bovine mammary gland (Li et al., 2019). Activation of AMPK decreases the production of ROS (El-Sisi et al., 2019) and enhances the antioxidant capacity (Guo et al., 2020) of the mammary gland. Second, oxygen uptake is significantly decreased in sows during heat stress (Black et al., 1993). Third, heat stress induces DNA damage in the mammary gland (Nair et al., 2010). In addition, heat stress also decreases feed intake in mammals, which indirectly triggers a decrease in energy intake and subsequently increases the levels of ADP and AMP. Therefore, heat stress can coordinately regulate AMPK through canonical and non-canonical pathways in the mammary gland.
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FIGURE 2. Heat stress induces the activation of mammary AMPK through canonical and non-canonical pathways: heat stress increases ROS, decreases blood oxygen, and alters DNA integrity, which further activates AMPK (non-canonical pathway). Additionally, the decreased feed intake (increased ADP and AMP) caused by heat stress also activates AMPK. ROS, reactive oxygen species; AID, auto-inhibitory domain; ATM, ataxia telangiectasia-mutated gene; CAMKK2, calmodulin dependent protein kinase kinase 2; CBM, carbohydrate-binding module; CBS, cystathionine-beta-synthase; LKB1, liver kinase B1.




AMPK REGULATES MILK SYNTHESIS


Milk Fat

The process of milk fat synthesis in different species has been previously well summarized (Bionaz and Loor, 2008; Osorio et al., 2016; Zhang S. et al., 2018). Briefly, the process includes de novo fatty acid (FA) synthesis, FA uptake, FA activation, FA intracellular transport, FA elongation, FA desaturation, triacylglycerol (TAG) synthesis and lipid droplet formation. The FAs used for milk fat synthesis are either derived from blood circulation or are originally synthesized in the mammary gland. AMPK is a critical sensor that regulates fat metabolism in the mammary gland (Figure 3). It has been reported that AMPK activators 5-aminoimidazole-4-carboxamide 1-β-D-ribofuranoside (AICAR) and A-769662 (A76) are reported to inhibit fat synthesis in the bovine mammary gland (McFadden and Corl, 2009; Huang et al., 2020).
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FIGURE 3. AMPK regulates mammary milk fat synthesis: AMPK phosphorylates and inactivates ACC1 and ACC2. ACC1 is a cytosolic protein that converts acetyl-CoA to malonyl-CoA during de novo fatty acid synthesis. ACC2 is associated with mitochondria and regulates mitochondrial fatty acid oxidation through the inhibition of CPT1 by malonyl-CoA. AMPK inhibits the transcriptional activity of SREBP-1c through the phosphorylation of SERBP1c at Ser372, which further decreases the expression of ACC1, FAS, SCD and FABP3, which participate in fatty acid synthesis. ACC1, acetyl-coA carboxylase 1; ACC2, acetyl-coA carboxylase 2; AID, auto-inhibitory domain; CBS, cystathionine-beta-synthase; CPT1, carnitine palmitoyl transferases 1; FABP3, fatty acid binding protein 3; FAS, fatty acid synthase; LXRα, liver X receptor α; SCD, stearoyl-CoA desaturase; SFA, saturated fatty acid; SRE, sterol-regulatory element; SREBP1c, sterol-regulatory element binding protein 1c; TAG, triacylglyceride; USFA, unsaturated fatty acid.


AMPK phosphorylates its downstream proteins at Ser/Thr residues (recognition motifs of AMPK: Φ(X,β)XXS/TXXXΦ) (Φ, hydrophobic; β, basic) (Dale et al., 1995). Acetyl-coA carboxylase (ACC) is a rate-limiting enzyme in fatty acid metabolism. It is one of the primary downstream pathways of AMPK. AICAR activates AMPK and inhibits ACC1 in goat mammary epithelial cells (Zhang et al., 2011). The coding and amino acid sequences of ACC were first identified in the murine mammary gland in 1988 (López-Casillas et al., 1988). Two isoforms of ACC have been identified in animals, namely, ACC1 (ACACA) and ACC2 (ACACB). ACC1 is a cytosolic protein that catalyzes the conversion of acetyl-CoA to malonyl-CoA during de novo FA synthesis (Abu-Elheiga et al., 2000). ACC2 is associated with the outer membrane of mitochondria. The malonyl-CoA produced by ACC2 regulates mitochondrial fatty acid oxidation through the inhibition of carnitine palmitoyltransferase 1 (CPT1) (Abu-Elheiga et al., 2000). ACC is highly expressed in the mammary gland during the lactation period (López-Casillas et al., 1991). The dominant isoform of ACC in the mammary gland varies among different animals. In the rat mammary gland, the main type of ACC is ACC2, while ACC1 is mainly expressed in white adipose tissue (López-Casillas et al., 1991; Ponce-Castañeda et al., 1991). However, both ACC1 and ACC2 are highly expressed in the murine mammary gland (Takebe et al., 2009). Similarly, ACC1 (Lv et al., 2015) and ACC2 (Palombo et al., 2018) are also detected in the porcine mammary gland and are upregulated during lactation. In dairy cows, ACC1 is considered a critical regulator of fatty acid synthesis in the mammary gland (Matsumoto et al., 2012; Tao et al., 2015). Short-term energy deprivation induces ACC phosphorylation and inhibits fatty acid synthesis in bovine mammary gland epithelial cells (McFadden and Corl, 2009). Thus, AMPK is proposed to control the switch between lipogenesis and lipid oxidation through the phosphorylation or dephosphorylation of ACCs.

The other critical downstream target of AMPK is sterol regulatory element-binding protein 1c (SREBP1c), which is a lipogenic transcription factor. Previously, AMPK activation (triggered by AICAR or A-769662) was reported to decrease the mRNA expression of lipogenic genes, including FAS and FABP3 in the bovine mammary gland (Zhang et al., 2011; Huang et al., 2020). AMPK inhibits the transcriptional activity of sterol regulatory element binding protein-1c (SREBP-1c) through the phosphorylation of SERBP1c at Ser372 (Li et al., 2011). SREBP1c was initially identified as a regulator of lipogenesis in the liver (Horton et al., 2002). Subsequently, SREBP1c has been proposed to regulate milk fat synthesis in cows (Li et al., 2014), goats (Xu et al., 2016b), and swine (Che et al., 2019). SREBP-1c binds to the promoter of lipogenic genes and increases their mRNA expression (Horton et al., 1998). The core promoter region of SREBP1c in the goat mammary gland is located from −395 to +1 bp upstream of the transcriptional start site and includes liver X receptor α (LXRα) binding elements and sterol regulatory elements (Xu et al., 2016a). In bovine mammary epithelial cells, the overexpression of SREBP1c significantly increases the expression of ACC1, FAS (fatty acid synthase), SCD (stearoyl-CoA desaturase) and FABP3 (fatty acid-binding protein) (Li et al., 2014). Consistently, the knockdown of SREBP1c decreases the expression of lipogenic genes (Li et al., 2014). In goat mammary epithelial cells, SREBP1c overexpression upregulates numerous genes that are responsible for de novo fatty acid synthesis and fatty acid transportation (Xu et al., 2016b). In the murine mammary gland, the knockdown of SREBP1c decreases the expression of FAS and SCD2 (Rudolph et al., 2010). Thus, AMPK can indirectly control transcription of lipogenic genes in the mammary gland through the phosphorylation of SREBP1c.

In addition to ACC and SREBP-1c, AMPK also regulates milk fat synthesis through adipose triglyceride lipase (ATGL) and TBC1 domain family member 1 (TBC1D1). ATGL mainly regulates the first step of the lipid lipolysis process. ATGL is a downstream target of peroxisome proliferator-activated receptor γ (PPARγ) (Shi et al., 2013) but not of SREBP1c (Xu et al., 2016b). Recently, AMPK was reported to activate ATGL through the phosphorylation of Ser406 (Ahmadian et al., 2011; Kim et al., 2016). In the goat mammary gland, ATGL is considered an important enzyme that regulates milk fat synthesis (59). In contrast to ATGL, TBC1D1 has been shown to regulate the translocation of glucose transporter 4 (GLUT4), which is an important insulin-sensitive transporter of glucose (Sakamoto and Holman, 2008). AMPK regulates the activity of TBC1D1 through the phosphorylation of Ser237 and Thr596 (Pehmøller et al., 2009). Interestingly, a whole genome resequencing study in cows showed that TBC1D1 expression is correlated with milk fat percentage (Jiang et al., 2016, 2019).

It is worth noting that some potential targets of AMPK might also regulate milk fat synthesis in the mammary gland. For example, AMPK increases the activity of Coactivator 1 alpha (PGC-1α) through the phosphorylation of Thr177 and Ser538 (Jäger et al., 2007). PGC-1α is a transcriptional coactivator of transcription factor PPARγ (Handschin and Spiegelman, 2006). In the liver, PGC-1α is proposed to regulate fatty acid β-oxidation through PPARγ (Inagaki et al., 2007). The other potential target protein is Liver X receptors (LXRs), which regulates the expression of SREBP1c and the process of lipogenesis. In the liver, AMPK is found to inhibit the ligand-induced LXR activity on Srebp-1c promoter (Yap et al., 2011). Intriguingly, recent studies reported that the activation of LXRs also increases the fatty acid synthesis in the mammary gland (McFadden and Corl, 2010; Oppi-Williams et al., 2013). To date, PGC-1α and LXR have been identified as downstream targets of AMPK in the liver. It would be interesting to know whether these mechanisms could be validated in the mammary gland as well.



Milk Protein

Milk proteins, such as caseins and whey proteins, are important sources of nutrition for neonates. Colostrum contains immunoglobulins, such as IgG, IgM, and IgA, which are important to establish the early immunity of neonates. The amino acids used for milk protein synthesis are transported via a complicated transportation system (Zhang Y. et al., 2018). The process of milk protein synthesis requires a significant amount of energy (Moe, 1981). The master regulator of protein synthesis is mammalian target of rapamycin complex 1 (mTORC1). Dietary energy deprivation activates AMPK and inhibits mTORC1 in the rat mammary gland (Jiang et al., 2008). Similarly, in bovine mammary epithelial cells, energy deprivation increases the phosphorylation of AMPK by inhibiting the mTORC1 signaling pathway (Burgos et al., 2013). Glucose deprivation in bovine mammary epithelial cells leads to the downregulation of the mRNA expression of Casein Alpha S1 (CSN1S1), CSN2 and CSN3, which encode as1-casein, β-casein and κ-casein, respectively (Zhang M. et al., 2018). However, glucose promotes αS1-casein and β-casein protein synthesis in the bovine mammary gland (Wang et al., 2019).

mTORC1 is a master regulator of anabolic and catabolic metabolism in cells (Howell and Manning, 2011). More specifically, mTORC1 participates in the regulation of gene transcription (Mayer and Grummt, 2006), protein translation (Mamane et al., 2006), and apoptosis (Thedieck et al., 2013). Eukaryotic initiation factor 4E binding protein (4EBP1) and ribosomal protein S6 kinase 1 (S6K1), which mainly regulate protein translation, are two independent downstream regulators of mTORC1 (Kim and Guan, 2019). Two independent pathways have been previously reported to inhibit mTOR activity through AMPK activation (Figure 4). First, AMPK inhibits TSC2 (Tuberin 2, which is a negative regulator of mTORC1) through the phosphorylation of Ser1345 (Inoki et al., 2006). Second, AMPK inhibits Raptor (a component of mTORC1) through the phosphorylation of Ser792 (Carling et al., 1987). In the mammary gland, AMPK is also reported to regulate the phosphorylation of TSC2 (Inoki et al., 2006) and Raptor (Burgos et al., 2013).
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FIGURE 4. AMPK regulates mammary milk protein synthesis: mTORC1 is the master regulator that controls milk protein synthesis in the mammary gland through 4EBP1 and S6K1. AMPK directly inhibits mTORC1 through the phosphorylation of raptor at Ser 792. AMPK also decreases mTOR activity through the phosphorylation of TSC2 (a negative mTORC1 regulator) at Ser1345. The genes encoding as1-casein (CSN1S1), β-casein (CSN2) and κ-casein (CSN3) are also decreased with the activation of AMPK. 4EBP1, eukaryotic initiation factor 4E binding protein 1; AID, auto-inhibitory domain; CBS, cystathionine-beta-synthase; eEF2, eukaryotic elongation factor 2; eEF2K, eukaryotic elongation factor 2 kinase; eIF4A, eukaryotic initiation factor 4A; eIF4E, eukaryotic initiation factor 4E; eIF4G, eukaryotic initiation factor 4G; Raptor, regulatory associated protein of TOR; Rheb, ras homolog enrichedin brain; S6K1, s6 kinase 1; TSC2, tuberin 2; mTOR, mammalian target of rapamycin; mTORC1, mammalian target of rapamycin complex 1; mLST8, mammalian ortholog of LST8.


The other potential downstream target of AMPK in the regulation of protein synthesis is eukaryotic translation elongation factor 2 kinase (eEF2K), which is a negative regulator of protein elongation (Leprivier et al., 2013). As a downstream target of eEF2K, eEF2 is significantly increased during the lactation period in the bovine mammary gland (Bionaz and Loor, 2011). This observation suggests that eEF2K is a crucial regulator of milk synthesis during lactation.



Milk Lactose

In the mammary gland, 55–70% of glucose is used for lactose synthesis (Guinard-Flament et al., 2006). Glucose acts as a substrate and provides energy for lactose synthesis. Compared with studies regarding AMPK signaling during milk protein and fat synthesis, studies regarding AMPK signaling during lactose production are limited. This gap in the literature might be because the mammary gland is the only model in which lactose synthesis can be studied. In addition, technical challenges make it difficult to induce high levels of lactose synthesis in the mammary epithelial model in vitro. The mammary lactose synthesis pathway has been previously summarized (Zhang S. et al., 2018). Briefly, glucose and UDP-galactose (derived from glucose) are synthesized into lactose in the Golgi bodies. Some evidence indicates that lactose synthesis is inhibited by AMPK activation. AMPK activation (stimulated by A-769662) is found to decrease the rate of lactose synthesis in the bovine mammary gland (Huang et al., 2020). Interestingly, activated AMPK increases GLUT1 mRNA expression and glucose uptake in the goat mammary gland (Zhang et al., 2011). AMPK-induced increased GLUT1 expression occurs through the phosphorylation of thioredoxin-interacting protein (TXNIP) at Ser308 (Wu et al., 2013). Although glucose is a critical source for lactose synthesis, the increase in GLUT1 does not indicate increased mammary lactose synthesis. Under energy deprivation conditions, increased cellular glucose is directly used to generate energy to maintain basic cellular function rather than to synthesize lactose. The detailed mechanism by which AMPK regulates the enzymes involved in lactose synthesis is still unclear and requires further research.



AMPK REGULATES MAMMARY GLAND DEVELOPMENT

The Janus kinase (Jak)-signal transducer and activator of transcription (Stat) signaling pathway is critical for mammary gland development (Hennighausen and Robinson, 2001; Wagner et al., 2004). Either glucose or amino acid deprivation activates AMPK and simultaneously decreases the Jak2/STAT5 signaling pathway in bovine mammary epithelial cells (Zhang M. et al., 2018). Initially, it was proposed that Jak2/STAT5 is involved in alveologenesis and mammary epithelial cell maintenance (Wagner et al., 2004; Caffarel et al., 2012). Recently, Jak2/STAT5 was also found to regulate milk protein synthesis through the regulation of casein translation (Yang et al., 2015). However, the evidence supporting a direct connection between AMPK and Jak2/STAT5 is still unclear and requires more study in the future.



AMPK FUNCTIONS BEYOND MILK SYNTHESIS AND MAMMARY GLAND DEVELOPMENT

In addition to regulating milk production, recent evidence indicates that AMPK is involved in the regulation of other biological functions of mammary glands (Figure 5); these other biological functions include: (1) inhibiting epithelial cell proliferation and decreasing cell cycle progression in the mammary gland (Wang et al., 2019); (2) regulating circadian clock protein expression in the mammary gland (Hu et al., 2020); (3) relieving oxidative stress in the mammary gland (Guo et al., 2020); and (4) increasing autophagy and enhancing the renewal of the mammary gland (Li et al., 2020).
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FIGURE 5. A working model of how AMPK regulates milk secretion and mammary gland function. ACC1, acetyl-coA carboxylase 1; ACC2, acetyl-coA carboxylase 2; SREBP1c, sterol regulatory element binding protein-1c; TSC2, tuberin 2. Solid circle indicates this function has been widely verified in the mammary gland. Dashed circle indicates this function still needs to be verified in the mammary gland.




CONCLUSION AND OUTLOOK

To date, AMPK appears as a critical sensor in the mammary gland that detects nutrient fluctuations and environmental changes. Energy deprivation and heat stress are two major elements involved in the activation of AMPK in the mammary gland. AMPK regulates milk production (fat, protein, and lactose) and mammary gland biology (development and proliferation) through the regulation of transcription and post-translational modifications.

To the best of our knowledge, the existing evidence regarding the effects of the AMPK pathway on the mammary gland was mainly obtained under conditions of energy deprivation (amino acid or glucose deprivation). It is important to understand the function of AMPK and its related signaling pathways in the mammary gland using tissue-specific knockout mice. Future studies using AMPK-specific agonists and antagonists may also extend our understanding of AMPK signaling in the mammary gland. To date, most research studying normal mammary gland were performed in cows, mice and sows, rather than humans. Thus, it is of great importance to investigate the functions of AMPK in humans.

The most direct way to inactivate AMPK is to increase energy intake. However, according to production experience, it is very challenging to increase energy intake during the lactation period in mammals due to the limited gut volume. Thus, it would be interesting to determine whether an AMPK antagonist could rescue the decrease in milk production caused by energy deprivation and/or heat stress. The identification of novel nutritional and pharmacological inhibitors of AMPK, which can be widely and safely used as food or feed additives in mammalian diets, remains a major challenge.
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4EBP1, eukaryotic initiation factor 4E binding protein 1; ACC, acetyl-coA carboxylase; ADP, adenosine diphosphate; AMP, adenosine monophosphate; AMPK, AMP-activated protein kinase; ATGL, adipose triglyceride lipase; ATM, ataxia telangiectasia mutated; ATP, adenosine 5 triphosphate; CaMKK β, Ca2+/calmodulin-activated protein kinase kinase- β; CPT1, carnitine palmitoyltransferase 1; CSN1S1, Casein Alpha S1; DMI, dry matter intake; eEF2K, eukaryotic translation elongation factor 2 kinase; FA, fatty acid; FABP3, fatty acid-binding protein 3; FAS, fatty acid synthase; GLUT4, glucose transporter 4; Jak, Janus kinase; LKB1, liver kinase B1; LXR α, liver X recepter α; mTORC1, mammalian target of rapamycin complex 1; PIKK, phosphoinositide 3 kinase-like kinase; PPAR γ, peroxisome proliferators-activated receptors γ; ROS, reactive oxygen species; S6K1, ribosomal protein S6 kinase 1; SCD, stearoyl-CoA desaturase; SREBP1c, sterol regulatory element-binding protein 1c; Stat, signal transducer and activator of transcription; TAG, triacylglycerol; TBC1D1, TBC1 domain family member 1; TSC2, Tuberin 2; TXNIP, thioredoxin-interactingprotein.


REFERENCES

Abu-Elheiga, L., Brinkley, W. R., Zhong, L., Chirala, S. S., Woldegiorgis, G., and Wakil, S. J. (2000). The subcellular localization of acetyl-CoA carboxylase 2. Proc. Natl. Acad. Sci. U.S.A. 97, 1444–1449.

Ahmadian, M., Abbott, M. J., Tang, T., Hudak, C. S., Kim, Y., Bruss, M., et al. (2011). Desnutrin/ATGL is regulated by AMPK and is required for a brown adipose phenotype. Cell Metab. 13, 739–748. doi: 10.1016/j.cmet.2011.05.002

Alexander, A., Cai, S.-L., Kim, J., Nanez, A., Sahin, M., MacLean, K. H., et al. (2010). ATM signals to TSC2 in the cytoplasm to regulate mTORC1 in response to ROS. Proc. Natl. Acad. Sci. U.S.A. 107, 4153–4158. doi: 10.1073/pnas.0913860107

Atkinson, D. E., and Fall, L. (1967). Adenosine triphosphate conservation in biosynthetic regulation Escherichia coli Phosphoribosylpyrophosphate Synthase. J. Biol. Chem. 242, 3241–3242.

Atkinson, D. E., and Walton, G. M. (1967). Adenosine triphosphate conservation in metabolic regulation rat liver citrate cleavage enzyme. J. Biol. Chem. 242, 3239–3241.

Bertics, S. J., Grummer, R. R., Cadorniga-Valino, C., and Stoddard, E. E. (1992). Effect of prepartum dry matter intake on liver triglyceride concentration and early lactation. J. Dairy Sci. 75, 1914–1922. doi: 10.3168/jds.s0022-0302(92)77951-x

Bionaz, M., and Loor, J. J. (2008). Gene networks driving bovine milk fat synthesis during the lactation cycle. BMC Genomics 9:366. doi: 10.1186/1471-2164-9-366

Bionaz, M., and Loor, J. J. (2011). Gene networks driving bovine mammary protein synthesis during the lactation cycle. Bioinform. Biol. Insights 5, 83–98.

Black, J., Mullan, B., Lorschy, M., and Giles, L. (1993). Lactation in the sow during heat stress. Livestock Prod. Sci. 35, 153–170. doi: 10.1016/0301-6226(93)90188-n

Burgos, S., Kim, J., Dai, M., and Cant, J. (2013). Energy depletion of bovine mammary epithelial cells activates AMPK and suppresses protein synthesis through inhibition of mTORC1 signaling. Hormone Metab. Res. 45, 183–189. doi: 10.1055/s-0032-1323742

Caffarel, M. M., Zaragoza, R., Pensa, S., Li, J., Green, A. R., and Watson, C. J. (2012). Constitutive activation of JAK2 in mammary epithelium elevates Stat5 signalling, promotes alveologenesis and resistance to cell death, and contributes to tumourigenesis. Cell Death Differ. 19, 511–522. doi: 10.1038/cdd.2011.122

Carling, D., Zammit, V. A., and Hardie, D. G. (1987). A common bicyclic protein kinase cascade inactivates the regulatory enzymes of fatty acid and cholesterol biosynthesis. FEBS Lett. 223, 217–222. doi: 10.1016/0014-5793(87)80292-2

Che, L., Xu, M., Gao, K., Zhu, C., Wang, L., Yang, X., et al. (2019). Valine increases milk fat synthesis in mammary gland of gilts through stimulating AKT/MTOR/SREBP1 pathway. Biol. Reprod. 101, 126–137. doi: 10.1093/biolre/ioz065

Chung, S. J., Nagaraju, G. P., Nagalingam, A., Muniraj, N., Kuppusamy, P., Walker, A., et al. (2017). ADIPOQ/adiponectin induces cytotoxic autophagy in breast cancer cells through STK11/LKB1-mediated activation of the AMPK-ULK1 axis. Autophagy 13, 1386–1403. doi: 10.1080/15548627.2017.1332565

Dale, S., Wilson, W. A., Edelman, A. M., and Hardie, D. G. (1995). Similar substrate recognition motifs for mammalian AMP−activated protein kinase, higher plant HMG−CoA reductase kinase−A, yeast SNF1, and mammalian calmodulin−dependent protein kinase I. FEBS Lett. 361, 191–195. doi: 10.1016/0014-5793(95)00172-6

Depré, C., Rider, M. H., and Hue, L. (1998). Mechanisms of control of heart glycolysis. Eur. J. Biochem. 258, 277–290. doi: 10.1046/j.1432-1327.1998.2580277.x

Ditch, S., and Paull, T. T. (2012). The ATM protein kinase and cellular redox signaling: beyond the DNA damage response. Trends Biochem. Sci. 37, 15–22. doi: 10.1016/j.tibs.2011.10.002

Eastham, P., Smith, W., Whittemore, C., and Phillips, P. (1988). Responses of lactating sows to food level. Anim. Sci. 46, 71–77. doi: 10.1017/s0003356100003123

El-Sisi, A., Sokar, S., El-Sayad, M., Moussa, E., and Salim, E. (2019). Anticancer effect of metformin against 2-amino-1-methyl-6-phenylimidazo [4, 5-b] pyridine-induced rat mammary carcinogenesis is through AMPK pathway and modulation of oxidative stress markers. Hum. Exp. Toxicol. 38, 703–712. doi: 10.1177/0960327119839192

Finlay, D., and Cantrell, D. A. (2011). Metabolism, migration and memory in cytotoxic T cells. Nat. Rev. Immunol. 11, 109–117. doi: 10.1038/nri2888

Gao, S., Ma, L., Zhou, Z., Zhou, Z., Baumgard, L. H., Jiang, D., et al. (2019). Heat stress negatively affects the transcriptome related to overall metabolism and milk protein synthesis in mammary tissue of midlactating dairy cows. Physiol. Genomics. 51, 400–409. doi: 10.1152/physiolgenomics.00039.2019

Guinard-Flament, J., Delamaire, E., Lemosquet, S., Boutinaud, M., and David, Y. (2006). Changes in mammary uptake and metabolic fate of glucose with once-daily milking and feed restriction in dairy cows. Reprod. Nutr. Dev. 46, 589–598. doi: 10.1051/rnd:2006030

Guo, W., Liu, J., Sun, J., Gong, Q., Ma, H., Kan, X., et al. (2020). Butyrate alleviates oxidative stress by regulating NRF2 nuclear accumulation and H3K9/14 acetylation via GPR109A in bovine mammary epithelial cells and mammary glands. Free Radic. Biol. Med. 152, 728–742. doi: 10.1016/j.freeradbiomed.2020.01.016

Han, J., Shao, J., Chen, Q., Sun, H., Guan, L., Li, Y., et al. (2019). Transcriptional changes in the hypothalamus, pituitary, and mammary gland underlying decreased lactation performance in mice under heat stress. FASEB J. 33, 12588–12601. doi: 10.1096/fj.201901045r

Handschin, C., and Spiegelman, B. M. (2006). Peroxisome proliferator-activated receptor γ coactivator 1 coactivators, energy homeostasis, and metabolism. Endocr. Rev. 27, 728–735. doi: 10.1210/er.2006-0037

Hardie, D. G. (2007). AMP-activated/SNF1 protein kinases: conserved guardians of cellular energy. Nat. Rev. Mol. Cell Biol. 8, 774–785. doi: 10.1038/nrm2249

Hardie, D. G., Hawley, S. A., and Scott, J. W. (2006). AMP−activated protein kinase–development of the energy sensor concept. J. Physiol. 574, 7–15. doi: 10.1113/jphysiol.2006.108944

Hardie, D. G., Ross, F. A., and Hawley, S. A. (2012). AMPK: a nutrient and energy sensor that maintains energy homeostasis. Nat. Rev. Mol. Cell Biol. 13, 251–262. doi: 10.1038/nrm3311

Hawley, S. A., Boudeau, J., Reid, J. L., Mustard, K. J., Udd, L., Mäkelä, T. P., et al. (2003). Complexes between the LKB1 tumor suppressor, STRADα/β and MO25α/β are upstream kinases in the AMP-activated protein kinase cascade. J. Biol. 2:28.

Hawley, S. A., Pan, D. A., Mustard, K. J., Ross, L., Bain, J., Edelman, A. M., et al. (2005). Calmodulin-dependent protein kinase kinase-β is an alternative upstream kinase for AMP-activated protein kinase. Cell Metab. 2, 9–19. doi: 10.1016/j.cmet.2005.05.009

Hennighausen, L., and Robinson, G. W. (2001). Signaling pathways in mammary gland development. Dev. Cell 1, 467–475. doi: 10.1016/s1534-5807(01)00064-8

Hennighausen, L., and Robinson, G. W. (2005). Information networks in the mammary gland. Nat. Rev. Mol. Cell Biol. 6, 715–725.

Herzig, S., and Shaw, R. J. (2018). AMPK: guardian of metabolism and mitochondrial homeostasis. Nat. Rev. Mol. Cell Biol. 19:121. doi: 10.1038/nrm.2017.95

Horton, J. D., Bashmakov, Y., Shimomura, I., and Shimano, H. (1998). Regulation of sterol regulatory element binding proteins in livers of fasted and refed mice. Proc. Natl. Acad. Sci. U.S.A. 95, 5987–5992. doi: 10.1073/pnas.95.11.5987

Horton, J. D., Goldstein, J. L., and Brown, M. S. (2002). SREBPs: activators of the complete program of cholesterol and fatty acid synthesis in the liver. J. Clin. Invest. 109, 1125–1131. doi: 10.1172/jci0215593

Howell, J. J., and Manning, B. D. (2011). mTOR couples cellular nutrient sensing to organismal metabolic homeostasis. Trends Endocrinol. Metab. 22, 94–102. doi: 10.1016/j.tem.2010.12.003

Høyer-Hansen, M., Bastholm, L., Szyniarowski, P., Campanella, M., Szabadkai, G., Farkas, T., et al. (2007). Control of macroautophagy by calcium, calmodulin-dependent kinase kinase-β, and Bcl-2. Mol. Cell 25, 193–205. doi: 10.1016/j.molcel.2006.12.009

Hu, L., Chen, Y., Cortes, I. M., Coleman, D. N., Dai, H., Liang, Y., et al. (2020). Supply of methionine and arginine alters phosphorylation of mechanistic target of rapamycin (mTOR), circadian clock proteins, and α-s1-casein abundance in bovine mammary epithelial cells. Food Funct. 11, 883–894. doi: 10.1039/c9fo02379h

Huang, J., Guesthier, M.-A., and Burgos, S. (2020). AMP-activated protein kinase controls lipid and lactose synthesis in bovine mammary epithelial cells. J. Dairy Sci. 103, 340–351. doi: 10.3168/jds.2019-16343

Inagaki, T., Dutchak, P., Zhao, G., Ding, X., Gautron, L., Parameswara, V., et al. (2007). Endocrine regulation of the fasting response by PPARα-mediated induction of fibroblast growth factor 21. Cell Metab. 5, 415–425. doi: 10.1016/j.cmet.2007.05.003

Inoki, K., Ouyang, H., Zhu, T., Lindvall, C., Wang, Y., Zhang, X., et al. (2006). TSC2 integrates Wnt and energy signals via a coordinated phosphorylation by AMPK and GSK3 to regulate cell growth. Cell 126, 955–968. doi: 10.1016/j.cell.2006.06.055

Jäger, S., Handschin, C., Pierre, J. S., and Spiegelman, B. M. (2007). AMP-activated protein kinase (AMPK) action in skeletal muscle via direct phosphorylation of PGC-1α. Proc. Natl. Acad. Sci. U.S.A. 104, 12017–12022. doi: 10.1073/pnas.0705070104

Ji, C., Yang, B., Yang, Y., He, S., Miao, D., He, L., et al. (2010). Exogenous cell-permeable C6 ceramide sensitizes multiple cancer cell lines to Doxorubicin-induced apoptosis by promoting AMPK activation and mTORC1 inhibition. Oncogene 29, 6557–6568. doi: 10.1038/onc.2010.379

Jiang, J., Gao, Y., Hou, Y., Li, W., Zhang, S., Zhang, Q., et al. (2016). Whole-genome resequencing of Holstein bulls for indel discovery and identification of genes associated with milk composition traits in dairy cattle. PLoS One 11:e0168946. doi: 10.1371/journal.pone.0168946

Jiang, J., Liu, L., Gao, Y., Shi, L., Li, Y., Liang, W., et al. (2019). Determination of genetic associations between indels in 11 candidate genes and milk composition traits in Chinese Holstein population. BMC Genet. 20:48. doi: 10.1186/s12863-019-0751-y

Jiang, W., Zhu, Z., and Thompson, H. J. (2008). Dietary energy restriction modulates the activity of AMP-activated protein kinase, Akt, and mammalian target of rapamycin in mammary carcinomas, mammary gland, and liver. Cancer Res. 68, 5492–5499. doi: 10.1158/0008-5472.can-07-6721

Kim, J., and Guan, K.-L. (2019). mTOR as a central hub of nutrient signalling and cell growth. Nat. Cell Biol. 21, 63–71. doi: 10.1038/s41556-018-0205-1

Kim, S.-J., Tang, T., Abbott, M., Viscarra, J. A., Wang, Y., and Sul, H. S. (2016). AMPK phosphorylates desnutrin/ATGL and hormone-sensitive lipase to regulate lipolysis and fatty acid oxidation within adipose tissue. Mol. Cell. Biol. 36, 1961–1976. doi: 10.1128/mcb.00244-16

Leprivier, G., Remke, M., Rotblat, B., Dubuc, A., Mateo, A.-R. F., Kool, M., et al. (2013). The eEF2 kinase confers resistance to nutrient deprivation by blocking translation elongation. Cell 153, 1064–1079. doi: 10.1016/j.cell.2013.04.055

Li, C., Wang, Y., Li, L., Han, Z., Mao, S., and Wang, G. (2019). Betaine protects against heat exposure–induced oxidative stress and apoptosis in bovine mammary epithelial cells via regulation of ROS production. Cell Stress Chap. 24, 453–460. doi: 10.1007/s12192-019-00982-4

Li, N., Zhao, F., Wei, C., Liang, M., Zhang, N., Wang, C., et al. (2014). Function of SREBP1 in the milk fat synthesis of dairy cow mammary epithelial cells. Int. J. Mol. Sci. 15, 16998–17013. doi: 10.3390/ijms150916998

Li, X., Li, G., Du, X., Sun, X., Peng, Z., Zhao, C., et al. (2020). Increased autophagy mediates the adaptive mechanism of the mammary gland in dairy cows with hyperketonemia. J. Dairy Sci. 103, 2545–2555. doi: 10.3168/jds.2019-16910

Li, Y., Xu, S., Mihaylova, M. M., Zheng, B., Hou, X., Jiang, B., et al. (2011). AMPK phosphorylates and inhibits SREBP activity to attenuate hepatic steatosis and atherosclerosis in diet-induced insulin-resistant mice. Cell Metab. 13, 376–388. doi: 10.1016/j.cmet.2011.03.009

López, M., Nogueiras, R., Tena-Sempere, M., and Diéguez, C. (2016). Hypothalamic AMPK: a canonical regulator of whole-body energy balance. Nat. Rev. Endocrinol. 12:421. doi: 10.1038/nrendo.2016.67

López-Casillas, F., Bai, D.-H., Luo, X., Kong, I.-S., Hermodson, M. A., and Kim, K.-H. (1988). Structure of the coding sequence and primary amino acid sequence of acetyl-coenzyme A carboxylase. Proc. Natl. Acad Sci. U.S.A. 85, 5784–5788. doi: 10.1073/pnas.85.16.5784

López-Casillas, F., Ponce-Castañeda, M. V., and Kim, K.-H. (1991). In vivo regulation of the activity of the two promoters of the rat acetyl coenzyme-A carboxylase gene. Endocrinology 129, 1049–1058. doi: 10.1210/endo-129-2-1049

Lv, Y., Guan, W., Qiao, H., Wang, C., Chen, F., Zhang, Y., et al. (2015). Veterinary medicine and omics (veterinomics): metabolic transition of milk triacylglycerol synthesis in sows from late pregnancy to lactation. Omics 19, 602–616. doi: 10.1089/omi.2015.0102

Mamane, Y., Petroulakis, E., LeBacquer, O., and Sonenberg, N. (2006). mTOR, translation initiation and cancer. Oncogene 25, 6416–6422.

Marsin, A., Bertrand, L., Rider, M., Deprez, J., Beauloye, C., Vincent, M. F., et al. (2000). Phosphorylation and activation of heart PFK-2 by AMPK has a role in the stimulation of glycolysis during ischaemia. Curr. Biol. 10, 1247–1255. doi: 10.1016/s0960-9822(00)00742-9

Matsumoto, H., Sasaki, K., Bessho, T., Kobayashi, E., Abe, T., Sasazaki, S., et al. (2012). The SNPs in the ACACA gene are effective on fatty acid composition in Holstein milk. Mol. Biol. Rep. 39, 8637–8644. doi: 10.1007/s11033-012-1718-5

Mayer, C., and Grummt, I. (2006). Ribosome biogenesis and cell growth: mTOR coordinates transcription by all three classes of nuclear RNA polymerases. Oncogene 25, 6384–6391. doi: 10.1038/sj.onc.1209883

McFadden, J., and Corl, B. (2010). Activation of liver X receptor (LXR) enhances de novo fatty acid synthesis in bovine mammary epithelial cells. J. Dairy Sci. 93, 4651–4658. doi: 10.3168/jds.2010-3202

McFadden, J. W., and Corl, B. A. (2009). Activation of AMP-activated protein kinase (AMPK) inhibits fatty acid synthesis in bovine mammary epithelial cells. Biochem. Biophys. Res. Commun. 390, 388–393. doi: 10.1016/j.bbrc.2009.09.017

Mihaylova, M. M., and Shaw, R. J. (2011). The AMPK signalling pathway coordinates cell growth, autophagy and metabolism. Nat. Cell Biol. 13, 1016–1023. doi: 10.1038/ncb2329

Moe, P. (1981). Energy metabolism of dairy cattle. J. Dairy Sci. 64, 1120–1139. doi: 10.3168/jds.s0022-0302(81)82692-6

Nair, S., Hande, M. P., and Lim, L. H. (2010). Annexin-1 protects MCF7 breast cancer cells against heat-induced growth arrest and DNA damage. Cancer Lett. 294, 111–117. doi: 10.1016/j.canlet.2010.01.026

Oppi-Williams, C., Suagee, J., and Corl, B. (2013). Regulation of lipid synthesis by liver X receptor α and sterol regulatory element-binding protein 1 in mammary epithelial cells. J. Dairy Sci. 96, 112–121. doi: 10.3168/jds.2011-5276

Osorio, J. S., Lohakare, J., and Bionaz, M. (2016). Biosynthesis of milk fat, protein, and lactose: roles of transcriptional and posttranscriptional regulation. Physiol. Genomics 48, 231–256. doi: 10.1152/physiolgenomics.00016.2015

Palombo, V., Loor, J. J., D’Andrea, M., Vailati-Riboni, M., Shahzad, K., Krogh, U., et al. (2018). Transcriptional profiling of swine mammary gland during the transition from colostrogenesis to lactogenesis using RNA sequencing. BMC Genomics. 19:322. doi: 10.1186/s12864-018-4719-5

Pehmøller, C., Treebak, J. T., Birk, J. B., Chen, S., MacKintosh, C., Hardie, D. G., et al. (2009). Genetic disruption of AMPK signaling abolishes both contraction-and insulin-stimulated TBC1D1 phosphorylation and 14-3-3 binding in mouse skeletal muscle. Am. J. Physiol. Endocrinol. Metab. 297, E665–E675.

Ponce-Castañeda, M. V., López-Casillas, F., and Kim, K.-H. (1991). Acetyl-coenzyme A carboxylase messenger ribonucleic acid metabolism in liver, adipose tissues, and mammary glands during pregnancy and lactation. J. Dairy Sci. 74, 4013–4021. doi: 10.3168/jds.s0022-0302(91)78596-2

Quentin, T., Kitz, J., Steinmetz, M., Poppe, A., Bär, K., and Krätzner, R. (2011). Different expression of the catalytic alpha subunits of the AMP activated protein kinase-an immunohistochemical study in human tissue. Histol. Histopathol. 26:2011.

Renaudeau, D., and Noblet, J. (2001). Effects of exposure to high ambient temperature and dietary protein level on sow milk production and performance of piglets. J. Anim. Sci. 79, 1540–1548.

Rudolph, M. C., Monks, J., Burns, V., Phistry, M., Marians, R., Foote, M. R., et al. (2010). Sterol regulatory element binding protein and dietary lipid regulation of fatty acid synthesis in the mammary epithelium. Am. J. Physiol. Endocrinol. Metab. 299, E918–E927.

Sakamoto, K., and Holman, G. D. (2008). Emerging role for AS160/TBC1D4 and TBC1D1 in the regulation of GLUT4 traffic. Am. J. Physiol. Endocrinol. Metab. 295, E29–E37.

Sampson, D. A., and Jansen, G. R. (1984). Protein and energy nutrition during lactation. Annu Rev. Nutr. 4, 43–67. doi: 10.1146/annurev.nu.04.070184.000355

Sanli, T., Rashid, A., Liu, C., Harding, S., Bristow, R. G., Cutz, J.-C., et al. (2010). Ionizing radiation activates AMP-activated kinase (AMPK): a target for radiosensitization of human cancer cells. Int. J. Radiat. Oncol. Biol. Phys. 78, 221–229. doi: 10.1016/j.ijrobp.2010.03.005

Shi, H., Luo, J., Zhu, J., Li, J., Sun, Y., Lin, X., et al. (2013). PPARγ regulates genes involved in triacylglycerol synthesis and secretion in mammary gland epithelial cells of dairy goats. PPAR Res. 2013:310948.

Storozhuk, Y., Hopmans, S. N., Sanli, T., Barron, C., Tsiani, E., Cutz, J. C., et al. (2013). Metformin inhibits growth and enhances radiation response of non-small cell lung cancer (NSCLC) through ATM and AMPK. Br. J. Cancer 108, 2021–2032. doi: 10.1038/bjc.2013.187

Takebe, K., Nio-Kobayashi, J., Takahashi-Iwanaga, H., Yajima, T., and Iwanaga, T. (2009). Cellular expression of a monocarboxylate transporter (MCT1) in the mammary gland and sebaceous gland of mice. Histochem. Cell Biol. 131, 401–409. doi: 10.1007/s00418-008-0543-3

Tao, H., Chang, G., Xu, T., Zhao, H., Zhang, K., and Shen, X. (2015). Feeding a high concentrate diet down-regulates expression of ACACA, LPL and SCD and modifies milk composition in lactating goats. PLoS One 10:e0130525. doi: 10.1371/journal.pone.0130525

Tao, S., Bubolz, J., Do Amaral, B., Thompson, I., Hayen, M., Johnson, S., et al. (2011). Effect of heat stress during the dry period on mammary gland development. J. Dairy Sci. 94, 5976–5986. doi: 10.3168/jds.2011-4329

Thedieck, K., Holzwarth, B., Prentzell, M. T., Boehlke, C., Kläsener, K., Ruf, S., et al. (2013). Inhibition of mTORC1 by astrin and stress granules prevents apoptosis in cancer cells. Cell 154, 859–874. doi: 10.1016/j.cell.2013.07.031

Tripathi, D. N., Chowdhury, R., Trudel, L. J., Tee, A. R., Slack, R. S., Walker, C. L., et al. (2013). Reactive nitrogen species regulate autophagy through ATM-AMPK-TSC2-mediated suppression of mTORC1. Proc. Natl. Acad. Sci. U.S.A. 110, E2950–E2957.

Wagner, K.-U., Krempler, A., Triplett, A. A., Qi, Y., George, N. M., Zhu, J., et al. (2004). Impaired alveologenesis and maintenance of secretory mammary epithelial cells in Jak2 conditional knockout mice. Mol. Cell Biol. 24, 5510–5520. doi: 10.1128/mcb.24.12.5510-5520.2004

Wang, F., Van Baal, J., Ma, L., Loor, J., Wu, Z., Dijkstra, J., et al. (2019). Relationship between lysine/methionine ratios and glucose levels and their effects on casein synthesis via activation of the mechanistic target of rapamycin signaling pathway in bovine mammary epithelial cells. J. Dairy Sci. 102, 8127–8133. doi: 10.3168/jds.2018-15916

Wang, X., Zhang, P., Li, L., Che, D., Li, T., Li, H., et al. (2018). miRNA editing landscape reveals miR-34c regulated spermatogenesis through structure and target change in pig and mouse. Biochem. Biophys. Res. Commun. 502, 486–492. doi: 10.1016/j.bbrc.2018.05.197

Wu, N., Zheng, B., Shaywitz, A., Dagon, Y., Tower, C., Bellinger, G., et al. (2013). AMPK-dependent degradation of TXNIP upon energy stress leads to enhanced glucose uptake via GLUT1. Mol. Cell 49, 1167–1175. doi: 10.1016/j.molcel.2013.01.035

Xiao, B., Sanders, M. J., Underwood, E., Heath, R., Mayer, F. V., Carmena, D., et al. (2011). Structure of mammalian AMPK and its regulation by ADP. Nature 472, 230–233. doi: 10.1038/nature09932

Xu, H., Luo, J., Wang, H., Wang, H., Zhang, T., Tian, H., et al. (2016a). Sterol regulatory element binding protein-1 (SREBP-1) c promoter: characterization and transcriptional regulation by mature SREBP-1 and liver X receptor α in goat mammary epithelial cells. J. Dairy Sci. 99, 1595–1604. doi: 10.3168/jds.2015-10353

Xu, H., Luo, J., Zhao, W., Yang, Y., Tian, H., Shi, H., et al. (2016b). Overexpression of SREBP1 (sterol regulatory element binding protein 1) promotes de novo fatty acid synthesis and triacylglycerol accumulation in goat mammary epithelial cells. J. Dairy Sci. 99, 783–795. doi: 10.3168/jds.2015-9736

Yang, J.-X., Wang, C.-H., Xu, Q.-B., Zhao, F.-Q., Liu, J.-X., and Liu, H.-Y. (2015). Methionyl-Methionine promotes α-s1 casein synthesis in bovine mammary gland explants by enhancing intracellular substrate availability and activating JAK2-STAT5 and mTOR-mediated signaling pathways. J. Nutr. 145, 1748–1753. doi: 10.3945/jn.114.208330

Yap, F., Craddock, L., and Yang, J. (2011). Mechanism of AMPK suppression of LXR-dependent Srebp-1c transcription. Int. J. Biol. Sci. 7:645. doi: 10.7150/ijbs.7.645

Zhang, M., Zhao, S., Wang, S., Luo, C., Gao, H., Zheng, N., et al. (2018). d-Glucose and amino acid deficiency inhibits casein synthesis through JAK2/STAT5 and AMPK/mTOR signaling pathways in mammary epithelial cells of dairy cows. J. Dairy Sci. 101, 1737–1746. doi: 10.3168/jds.2017-12926

Zhang, N., Li, Q., Gao, X., and Yan, H. (2011). Potential role of adenosine monophosphate-activated protein kinase in regulation of energy metabolism in dairy goat mammary epithelial cells. J. Dairy Sci. 94, 218–222. doi: 10.3168/jds.2010-3386

Zhang, S., Chen, F., Zhang, Y., Lv, Y., Heng, J., Min, T., et al. (2018). Recent progress of porcine milk components and mammary gland function. J. Anim. Sci. Biotechnol. 9:77.

Zhang, Y., Yu, K., Chen, H., Su, Y., and Zhu, W. (2018). Caecal infusion of the short-chain fatty acid propionate affects the microbiota and expression of inflammatory cytokines in the colon in a fistula pig model. Microb. Biotechnol. 11, 859–868. doi: 10.1111/1751-7915.13282


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Wu, Tian, Heng, Chen, Chen, Guan and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Current Evidences and Future Perspectives for AMPK in the Regulation of Milk Production and Mammary Gland Biology



		INTRODUCTION



		AMP-ACTIVATED PROTEIN KINASE



		ACTIVATION OF AMPK IN THE MAMMARY GLAND



		AMPK REGULATES MILK SYNTHESIS



		Milk Fat



		Milk Protein



		Milk Lactose







		AMPK REGULATES MAMMARY GLAND DEVELOPMENT



		AMPK FUNCTIONS BEYOND MILK SYNTHESIS AND MAMMARY GLAND DEVELOPMENT



		CONCLUSION AND OUTLOOK



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Current Evidences and Future
Perspectives for AMPK in the
Regulation of Milk Production
and Mammary Gland Biology







OPS/images/fcell-08-00530-g002.jpg






OPS/images/fcell-08-00530-g003.jpg






OPS/images/fcell-08-00530-g001.jpg
Lactation period

Increased milk secretion






OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





OPS/images/fcell-08-00530-g004.jpg





OPS/images/fcell-08-00530-g005.jpg
Inhibit milk
fat synthesis

smwcp
oo (hecz )

1 b oy
development i

S

Activated AMPK in mammary gland

Increase autophagy
and enhance the
renewal of the
mammary gland

Inhibit milk
Iactose synthesis

Inhibit epithelial cell ; Regulate circadian
proliferationand i clock protein
decrease cell cycle expression
progression






