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The earliest hypoxia-inducible factor (HIF) function was to respond to hypoxia or hypoxic conditions as a transcription factor. Recent studies have expanded our understanding of HIF, and a large amount of evidence indicates that HIF has an essential effect on central regulation of metabolism. The central nervous system’s response to glucose, inflammation, and hormones’ main influence on systemic metabolism are all regulated by HIF to varying degrees. In the hypothalamus, HIF mostly plays a role in inhibiting energy uptake and promoting energy expenditure, which depends not only on the single effect of HIF or a single part of the hypothalamus. In this paper, we summarize the recent progress in the central regulation of metabolism, describe in detail the role of HIF in various functions of the hypothalamus and related molecular mechanisms, and reveal that HIF is deeply involved in hypothalamic-mediated metabolic regulation.
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Introduction

The central nervous system (CNS) receives many peripheral signals, including nutrient signals, hormone and gastric vagal afferent signals transmit and integrate peripheral energy information through a complex neural network, regulating peripheral target organs such as adipose tissue, through the nerve-body fluid pathway. The hypothalamus, a part of CNS, contains essential nuclei that function as neuroendocrine cells. It is a key regulator of systemic metabolic homeostasis because it can combine nutritional information with hormonal signals and regulate food intake as well as peripheral metabolism according to energy utilization. Glucose, leptin, insulin, and orexin play a special role in the brain, especially in the hypothalamus. These signals ultimately affect the metabolic capacity or electrical excitability of hypothalamic neurons, thereby regulating the whole body through the hypothalamus.

The metabolism of neurons is closely related to oxygen sensing. Different oxygen concentration will lead to different metabolic states. HIF is a major transcription factor that responds to hypoxia and induces or suppresses genes. HIF is a diploid, which consists of a stable α—subunit and a constitutively expressed beta subunit. There are three subtypes of HIF-α, called HIF-1α, HIF-2α, and HIF-3α (1). There is little research on HIF-3α, but HIF-1α and HIF-2α are described in detail. HIF-1α and HIF-2α are similar in structure, but the former is generally expressed in vivo, while the latter is more cell-specific, they both express in the brain. When oxygen is sufficient, the E3 ubiquitin ligase, known as von Hippel Lindau disease tumor suppressor (pVHL), mediates the binding of α—subunit to ubiquitin and causes α—subunit to be degraded by the proteasome (1). Besides, the prolyl hydroxylase domain (PhD) can inhibit HIF-1α through the combination of targeting degradation and transcriptional inhibition under normoxic conditions (2). These two factors are regarded as the most common regulatory factors of HIF. But many metabolic factors such as glucose (3) and lipid (4–6), also affect the stability and expression of HIF. Functions of HIF are diverse in different organs. For example, overexpression of HIF-1α and HIF-2α is demonstrated to increase hepatic steatosis (7).

Meanwhile, ablation of intestine-specific Hif-2α can reverse high-fat diet (HFD)-induced obesity (2). As for cancer, HIF can promote the growth, invasion and metastasis of cancer cells such as breast cancer (8) and can help the pancreatic cancers metabolize glucose at higher rates that benefit their survival (9). However, HIF is not always a harmful factor in the human body, as it’s a crucial protein in CNS and participates in controlling homeostasis of metabolism. The importance of HIF-1α in regulating body weight, liver metabolism and glucose homeostasis is evident (4). It is also pointed out that HIF-2α can affect the energy balance to a certain extent (10). Based on all the available evidences that we will mention below, we can conclude that HIF plays a vital role in hypothalamus-mediated systemic metabolic regulation. In this case, it is of great significance to understand the characteristics of HIF to provide a new and more robust method for the treatment of metabolic diseases. This article reviews the roles of HIF in the hypothalamus-mediated regulation of metabolism.



Hypoxia-Inducible Factors Induced Increase of Glucosensing and Glucose Metabolism in the Hypothalamus

Previous studies have shown that HIF deeply takes part in response to hypoxia and inflammation. However, more and more recent studies have shown that HIF can not only regulate its targeted cells but also regulate the metabolic activities of cells in other parts of the body in an indirect but profound way. For example, HIF has been shown to regulate glucose sensing in CNS. As one of the crucial nutritional sensing functions of the central nervous system, glucose sensing should not be ignored when considering metabolic disorders. Both the glucose from food and the glucose produced by the body should be adjusted correctly to maintain balance. It is necessary to study the regulation of glucose sensing and metabolism by HIF via CNS.

Unlike the peripheral response of pancreatic cells as the leading way to regulate blood glucose, the hypothalamus is an important part of glucose sensing (11). The process of hypothalamic neurons sensing glucose is called hypothalamic glucose sensing (HGS). Compared with the long-term regulation of hypothalamic hormone on body weight, HGS can quickly and timely regulate metabolic homeostasis.

The particular structure of the hypothalamus determines the high sensitivity and accuracy of HGS, because the arcuate nucleus (ARC) located in the medial basal hypothalamus, which contains the most important glucose-sensing cells we have found so far, mainly POMC neurons and AGRP neurons (12), is very close to the median eminence without the blood-brain barrier (13). This structural basis makes it easier for passive diffusion of body fluid to transmit nutrient and energy signals to neural networks close to the ARC without being limited like other parts of the brain. Thus, ARC can sense changes in peripheral energy metabolism earlier and then transmit information to other regions of the hypothalamus and brain. The HIF complex plays an essential role in the glucose-dependent hypothalamic control of feeding and, energy balance and hypothalamic glucose sensing based on the above structures. We can note that the functional relationship between them is not unidirectional.

Glucose levels can affect HIF in the central nervous system. In the hypothalamus, HIF can be upregulated by glucose to achieve feeding regulation through glucose sensing. There are two pathways, including recruitment of AMPK and mTOR/S6K to regulate HIF-2α protein synthesis and inhibition of PHD to prevent HIF-2α degradation (3). Furthermore, we should know that not only glucose but also its metabolites can regulate HIF in the central nervous system. Pyruvate has been reported to inhibit PHD to stabilize HIF (14). In addition, succinate and fumarate were found to upregulate the protein level of HIF-2α through inhibition of PhD (10). Through these TCA cycle intermediates, increased HIF-2α is involved in hypothalamic glucose sensing.

On the other hand, many studies have shown that HIF can mediate the activity of GLUT, which is an essential glucose channel for mediating life activities. GLUT-1, GLUT-2, and GLUT-4 are all expressed in the brain (15). GLUT-1 mainly exists in microvascular endothelial cells and astrocytes (16), while GLUT-3 and GLUT-4 mainly exist in neurons (17) GLUT-1 is the main glucose transporter in the brain, responsible for promoting glucose transport through BBB (18). Mice that did not express GLUT-2 in the brain had glucagon imbalance, and the re-expression of GLUT-2 in their astrocytes restored the correct control of glucagon levels (19). GLUT is involved in the process of HGS: Based on the description of “neuron sensor” model, neurons absorb glucose through GLUT, and then glucose is metabolized into ATP, which is considered as a factor providing glucose concentration information. It binds and closes the ATP dependent potassium channel (KATP) widely expressed in POMC and AgRP neurons (20), leading to reduced potassium outflow and neuronal depolarization. HIF-1α is a transcription factor of GLUT-1, GLUT-3 (21), and an activator of GLUT-4 (22). Under hypobaric hypoxia, the expression of GLUT-1 was similar to that of HIF-1α (23–25), both of them were upregulated (26). No one has directly studied whether HIF can increase GLUT-2 in the brain, but in the liver, the increase of GLUT-2 is due to the up-regulation of HIF-1α (27), so the similar mechanism in the brain is also worth looking forward to. There is a persuasive evidence that HIF-1α regulates GLUT-4 in the brain: 2 month administration of α-lipoic acid (LA) can inhibit the development of Alzheimer’s disease, it can also significantly increase the protein and mRNA levels of GLUT-3, GLUT-4, vascular endothelial growth factor (VEGF) and heme oxygenase-1 (HO-1) in the brain of P301S mice (a tauopathy and AD mouse model) (28); LA induced activation of brain-derived neurotrophic factor (BDNF)/tyrosine kinase receptor B (TrkB)/HIF-1α signaling pathway may be one of the most important mechanisms during the above process (28).

In general, high glucose levels increase the expression of HIF in glucose sensing cells, which are also appetite control neurons. Increased HIF affects these neurons and reduces glucose intake. The glucose sensitivity of these neurons is at least partly based on the amount of GLUT that can be regulated by HIF. In astrocytes, HIF also increases GLUT and leads to more glucose absorption and sensing, which contributes to correct glucose regulation and reduces systemic glucose levels. In the whole-body glucose regulation process, it is not only the appetite control pathway that plays a role. In addition to adjusting food intake, HGS also participates in energy homeostasis by activating insulin secretion (IS) through vagal nerve. For example, high glucose levels in the hypothalamus stimulate IS and glycogen storage, while preventing hepatic glucose production (29).



Hypoxia-Inducible Factors Induced Decrease of Hypothalamus NF-κB Relative Inflammation

Metabolic disorders are often accompanied by inflammation in CNS (30), which can be caused by infection, high-fat diet (HFD) and hypoxia, among which HFD is the most common cause. Therefore, diet-induced obesity (DIO) in rodent model induced by HFD is one of the most widely used models to study human obesity. In the pursuit of a better treating method for obesity, it is necessary to investigate the hypothalamic inflammatory process caused by HFD. In terms of inflammation, we must mention NF-κB because it is a key protein in inflammation and is always induced by HFD.

The reason why HFD induces inflammation remains controversial. A well-known and compelling explanation is about long-chain saturated fatty acids (SFA), which have the same functional structure as lipopolysaccharide (LPS), which is responsible for binding to TLR4 (a pattern recognition receptor that recognizes molecular patterns associated with pathogens). For NF-κB, some studies have shown that SFAs activates glial proliferation of microglia and astrocytes to regulate inflammatory response (5), in this process, the LPS functional part that is composed of acylated SFA acts on TLR4 to activate NF-κB (Figure 1).




Figure 1 | Production of NF-κB via HFD. HFD increases NF-κB through SFAs. Through JNK, ER stress can be activated. Meanwhile, NF-κB and ER stress will mediate each other. NF-κB induced IL-1β and TNF-α mediate the expression of HIF. Besides, SFAs induced PKCθ and JNK reduce the function of insulin in CNS. HIF activated POMC reduces food consumption in order to decrease the influence of HFD. On the contrary, AgRP will be inhibited by HIF. It’s possible that there is a relation between XBP1s and HIF.



The activation of NF-κB induced by HFD can occur in microglia and neurons (5). For microglia, the activation of the NF-κB pathway leads to the recruitment of pro-inflammatory microglia in the hypothalamus and leads to obesity (5, 31, 32). For neurons, HFD causes neuronal stress, insulin sensitivity and leptin sensitivity reduction through the increase of NF-κB signal (33), which in turn weakens appetite inhibition and promotes overeating and intake of more HFD. For the precursor of neurons, the activation of IKKβ/NF-κB in hypothalamic neural stem cells (htNSCs) can prevent neuronal differentiation and induce consumptively damage of htNSCs, and eventually lead to the development of obesity and prediabetes (34). In addition, chronic HFD feeding impairs the function of htNSCs, HFD also activates apoptosis pathways in these cells triggered by IKKβ/NF-κB, which reduces the survival and proliferation of htNSCs (34). The injury of adult htNSCs mediated by IKKβ/NF-κB is an important neurodegenerative process in obesity and related diabetes mellitus (34).

There are at least two pathways via which NF-κB can activate HIF. One is an indirect way: in microglia whose main function is to communicate continuously with neurosecretory cells in the hypothalamus through IL-1β and TNF-α (pro-inflammatory cytokines), the activated IKKβ/NF-κB system can upregulate IL-1β and TNF-α, which can stabilize HIF activity by inhibiting PHD enzyme (4). Another is by NF-κB directly activating HIF: this method is not based on the effect on protein structure but is based on the mRNA expression of HIF, which can be promoted by the transport of NF-κB into the nucleus. On the opposite, HIF-1α cannot be effectively transcribed in infection or inflammation when NF-κB gene is deleted. Therefore, in the absence of NF-κB gene, HIF-1α will not have stability or activity even if exposed to adverse factors for a long time (6).

In model organisms Drosophila melanogaster and mammalian cells, the expression of NF-κB-dependent genes is inhibited by HIF-1α, such an inhibitory function is evolutionarily conserved (6). Direct deletion of HIF-1α can lead to increased NF-κB transcriptional activity by mechanisms depend on TAK and IKK as well as CDK6 (6). Inhibition of HIF-1α makes Drosophila more susceptible to death by inflammation after infection, suggesting that HIF-1α is involved in an important process of negative feedback inhibition on the NF-κB dependent defensive mechanism to achieve moderate immunity.

In the central nervous system, microglia are the main responders to LPS (35). For HIF, conditionally knocking out of isoform-specific pyruvate kinase M2 (PKM2) in cells demonstrates that the stabilization of HIF-1α can be achieved by PKM2, a key factor induced by LPS (36, 37). Therefore, LPS is a common upstream regulatory factor of HIF and NF-κB. During the induction by LPS, HIF is more likely to increase at the same time as NF-κB, rather than only after the increase of NF-κB as negative feedback. However, HIF is not the only factor that prevents NF-κB, because, in the absence of HIF, the termination of the NF-κB response still exists, which indicates that all these negative feedback points still exist (6).

Overall, in the hypothalamus, the key site of energy homeostasis regulation, central nervous system response to HFD and a high-sugar diet is primarily a quick upregulation of the NF-κB pathway. Deletion or inhibition of neuronal NF-κB pathway intermediates restores hypothalamic control of energy balance, thereby reducing the incidence of glucose intolerance and DIO (38). There are also many specific mechanisms, with which HIF prevents HFD from damaging the body, remain to be studied, some of which may be different from the crosstalk process we mentioned earlier. For example, in HFD fed mice, inhibition of HIF-1β in ARC resulted in significant weight gain and enhanced energy storage capacity (39).



Hypoxia-Inducible Factors Induced Reactive oxygen species Production Decrease

Reactive oxygen species (ROS) are quite common substances in cells. The identified source of ROS is the mitochondrial respiratory chain complex. During aerobic respiration, oxygen is relocated to ROS after reacting with electrons. As a matter of fact, ROS can destroy human cells as well as bacteria. But the new role of ROS in diseases and health, especially metabolism, is attracting attention. In various peripheral organs, ROS are known to play a role in many signaling pathways. However, they also have a function in food intake regulation, metabolism and hormone secretion in the hypothalamus by affecting different types of neurons such as POMC and AgRP/NPY neurons (40). Different factors such as adipokines (leptin, apelin, etc.), pancreatic, intestinal hormones, nutrients (glucose, lipids, etc.) and neurotransmitters can affect the release of ROS in the hypothalamus. ROS released in CNS is involved in the development of many diseases, such as type 2 diabetes (T2D) (40).

In the brain, glucose, lipids and other common nutrients have a similar mechanism to induce mitochondrial ROS production in the hypothalamus alongside with an activity raise in mitochondrial respiration, so the central nervous system, after receiving lipid and glucose signals, can cause certain systemic metabolic regulation measures by upregulated ROS.

Also, lipid- Hypothalamic ROS can reduce food intake and increase insulin production. Through parasympathetic outflow, the release of ROS in the hypothalamus can induce an insulin peak after 1–3 min, without change in peripheral blood glucose (40). By using antioxidant molecules to clear ROS production in the brain, insulin secretion induced by brain glucose is significantly disturbed, which demonstrates the regulatory role of hypothalamic ROS in energy metabolism. ROS plays a specific role in different nerve cells. After glucose infused into ventromedial hypothalamus (VMH), through mROS production, the food intake is attenuated when re-feed after overnight fasting for a period (41). In ARC, ROS reduction mediates the activation of NPY/AgRP neurons, while ROS mediates the activation of POMC neurons (42). The ROS with the strongest effect on POMC neurons seems to be H2O2, increasing H2O2 can cause depolarization of POMC neurons, and ICV injection of H2O2 can cause significant anorexia. Furthermore, only ROS itself can mediate leptin action and restore POMC function (40).



Reactive Oxygen Species Induced Increase of Hypoxia-Inducible Factor Stability

As one of the oxygen free radicals, ROS, can also regulate HIF. Low and moderate concentrations of ROS exert their functions, including regulation of HIF, by regulating cellular signaling cascades. It is worth noting that long-term inflammatory process can increase the production of ROS (43), so ROS may also play a role in DIO.

The HIF-α hydroxylation rate partly depends on the level of PhD (44). In the presence of oxygen, Fe2+, 2-oxoglutarate (2-OG) and ascorbic acid (45, 46), PhD enzymes are active and can hydroxylate conserved proline residues of the HIF-α subunit using alpha-ketoglutarate and molecular oxygen as co-substrates, which then lead to HIF-α’s proteasomal degradation under non-hypoxic conditions (47, 48). A quick increase in ROS (49)can be observed within the first minute of hypoxia, which helps stabilize HIF-α protein, mainly by oxidizing central Fe(II) to Fe(III) to promote PHD enzyme inactivation (50).

The stabilizing effect of ROS on HIFs is common, H2O2 is the most effective ROS to inhibit PHD activity and thus interfere with HIFs degradation (51), while other types of ROS from diverse complexes of mitochondria can stabilize HIF: knockdown of GRIM-19 (NDUFA13), a subunit of complex I, can induce ROS and then stabilize HIF-1α (50). Loss of SDHB, a subunit of the iron-sulfur cluster of complex II, causes HIF stabilization through a ROS-dependent pathway. Furthermore, only SDHB loss can trigger ROS formation and can stabilize HIF in mitochondrial complex II (52). In addition, the ROS of mitochondrial complex III can also stabilize HIF, but it is not clear whether complex III ROS is necessary to induce HIF (53–55). In complex III, RISP knockdown reduced HIF-1α expression and demonstrated a link between HIF and ROS of mitochondrial complex III (56).

There is evidence that HIF can increase the glycolytic rate by upregulating the transcription of glycolytic genes (1), which reduces oxygen consumption and reduces hypoxia-induced stress, then reduces inflammation that can increase ROS. In addition, other studies have shown that mammalian HIF-1α is necessary to control the production of toxic ROS in hypoxia, as HIF-1α can activate pyruvate dehydrogenase kinase 1 (6, 57), a key factor that decreases ROS. But there is another more specific regulatory process: REDD1 protein is an essential HIF-1α effector for regulating activity of mTOR complex 1 (mTORC1) in Drosophila and mammalian cells (58); REDD1 is also a key factor in controlling ROS production under hypoxia (6)—when localizes to the mitochondria, ROS production will be reduced by REDD1 (58). Intuitively, HIF reduces ROS production, but it cannot be considered that HIF and ROS are simply antagonistic to each other. Considering that some functions of HIF and ROS overlap, such as H2O2, which has the strongest effect on POMC neurons, is also the most effective ROS to interfere with the degradation of HIF, this strongly indicates that HIF is more suitable to be identified as a downstream factor regulated by ROS, plays a part of the regulatory role caused by ROS, and exerts negative feedback regulation on ROS.



Hypoxia-Inducible Factors Induced Increase of Leptin Sensitivity

Leptin is produced by peripheral adipose tissue and plays a role in the CNS, which cannot be ignored when investigating the development of metabolic diseases. Leptin signals activate Janus-activated kinase (JAK)-2 through LEPR and promote later signaling through effector cascades, including signal transduction and activators in the phosphatidylinositol 3-kinase (PI3K)/AKT and transcription activator (STAT)-3 pathways, to increase POMC expression and inhibit AGRP expression, thereby promoting satiety to suppress food intake and promote energy expenditure (59). In addition, POMC promotes white fat browning, which can be caused by simultaneous activation of leptin and insulin signaling pathways in POMC neurons (60). Through the activation of POMC, leptin can also increase the secretion of α-MSH, thereby directly activating MC4R in the paraventricular hypothalamic nucleus (PVH), dorsal medial thalamus(DMH) and intermediolateral nucleus (IML), which can mediate the peripheral sympathetic outflow of SNA through direct and indirect signaling processes, ultimately increasing mitochondrial UCP-1 expression and BAT activity, resulting in increased heat production in BAT, which is one of the mechanisms that leptin increases energy expenditure.

Overall, HIF can regulate leptin and insulin simultaneously through several pathways. There are also some independent regulatory pathways for common pathways that regulate both insulin and leptin.

The relationship between HIF and leptin in the central nervous system is less clear than the one between HIF and insulin. According to existing research conclusions, HIF regulates leptin through suppressor of leptin signaling (SOCS), one of the hypothalamic signaling molecules/pathways that have been extensively studied to inhibit obesity-induced leptin resistance (61). This process involves several elements. Activated NF-κB can cause an increase in the expression of SOCS3, which prevents insulin (33) and leptin (62) signaling in the brain. This process is obvious and rapid, once exposed to HFD, overexpression of SOCS3 can be detected in AgRP neurons, inducing energy imbalance, leptin, and insulin resistance, and hyper-appetite (63). According to our conclusion, if HIF reduces NF-κB, then SOCS3 will also be reduced by HIF, then leptin and insulin sensitivity will increase. In addition, HIF can increase leptin and insulin sensitivity by reducing ER stress, which conversely regulates HIF through the PI3K/AKT pathway, as we will describe in the insulin section later.



Hypoxia-Inducible Factors Induced Increase of Insulin Sensitivity

Insulin is one of the most critical hormones in the development of metabolic diseases. Insulin affects systemic metabolism and has special effects on the hypothalamus. In the peripheral body part, when blood glucose rises, insulin is released from pancreatic β cells and enters the central nervous system through the blood-brain barrier. In the central nervous system, insulin receptors can be found throughout the brain, especially in neurons of the hypothalamus, where insulin mainly acts on POMC and AgRP/NPY neurons of ARC. Through ligand-induced stimulation, insulin upregulates POMC expression and reduces food intake (4). Knockdown of insulin receptors in the central nervous system leads to gender-specific mild obesity, and obese males are resistant to insulin-mediated anorexia function imply both peripheral and central insulin resistance are included in the development of obesity (20).

HIF is one of the downstream pathways of insulin function. Indeed, both insulin and leptin can regulate HIF through the common PI3K/AKT pathway. Here, we will discuss the detailed process.

PI3K/AKT/mTOR signaling pathway is one of the main upstream regulatory pathways of HIF-1α. Through this pathway, not only the synthesis of new HIF-1α protein is increased due to the increase of translation, but also Hsp90, which maintains the stability of HIF-1α protein to prevent its degradation, is also activated and enhanced (64). The pathway itself has negative feedback, activated AKT can increase the expression of mTOR, and chronic activation of mTOR complex 1 (mTORC1) signal transduction can inhibit IRS-1, then Akt signal transduction will be reduced (65) (Figure 2).




Figure 2 | HIF regulation and function on POMC. PI3K pathway, HIF-PHD-VHL pathway and mTOR/NF-kB/HIF pathway all participates in regulation of HIF. Crosstalk among these pathways is not completely clear. PI3K, mTOR, and NF-kB can increase expression of HIF, while PHD negatively regulate HIF and promote its degradation with VHL as a cofactor. Hypoxia among adipocytes caused by obesity downregulated the activity of PHDs. HIF works as one of the activators of POMC gene that prevent food intake. Whether the feedback from IRS to PIP3 and the function from AKT to NF-kB can finally influence the activity of HIF is not clear and demand further study. Whether these upstream activated HIF can activate all the functional effects of POMC has not been directly stated in previous articles, and it is for further study.



MTOR can be considered as an important part of energy homeostasis regulated by CNS because it is a downstream target of PI3K pathway stimulated by insulin and has the function of regulating glucose/lipid homeostasis, body weight and energy consumption through hypothalamus (66). These functions are embodied in the hypothalamus mTORC1 through reducing the expression of AgRP and NPY, thereby reducing food intake and body weight. On the contrary, over nutrition down-regulates the activity of mTORC1 in the hypothalamus, and then causes leptin resistance, weight gain and excessive appetite. According to the existing studies, there is a significant relationship between mTOR and HIF. mTOR can directly improve the translation rate of HIF-1α mRNA through 5’oligopyrimidine nucleotide sequence, thus promoting the expression of HIF-1α. MTOR/S6K can promote HIF-2α protein synthesis, as the increased S6K activity will lead to the up-regulation of HIF-2α in hypothalamus when glucose is provided (3). In addition, mTORC1 can phosphorylate the binding protein 1 (4E-BP1) of eukaryotic initiation factor 4E (eIF4E) to terminate the inhibition of the latter by the former (67), then the expression of HIF will be promoted by the release of eIF4E (Figure 3).




Figure 3 | Activation of mTORC1. Extracellular signals such as growth factor can stimulate receptor that activate PI3K which will cause PIP3 generation. PIP3 then activate AKT by phosphorylation. TSC2 is phosphorylated by AKT and then inactivate TSC1/TSC2 complex which prevent RHEB activation. After that, GTP-bounded RHEB will activate mTORC1. eIF4E-binding protein 1 and S6K can be phosphorylated by activated mTORC1, and they can enhance mRNA translation. HIF-1α is one of the mTORC1 effectors.



HIF does assist in insulin’s activity in multiple ways. In addition to inhibiting SOCS3, there are at least two methods. After stimulating the CNS with insulin, the level of HIF-2α protein in the hypothalamus of young mice increased rapidly compared with aged mice, while the activation of IR/IRS-2/Akt/FoxO1 pathway in aged mice and young mice was similar (10). This indicates the mechanism that age decreases the level of upregulating HIF-2α mediated by insulin may adopt another pathway different from IR/IRS-2/Akt/FoxO1. Like the ageing mice, HIF-2α is not increasing that much in short-term DIO mice (10). According to the analysis of physiology and molecular structure, HIF-2α can maintain the function of central insulin and promote the expression of the POMC gene. These results suggest that HIF-2α knockout in POMC neurons can cause insulin resistance and glucose intolerance, and lead to age-dependent weight gain and fat gain.

Secondly, HIF can increase insulin and leptin sensitivity by reducing endoplasmic reticulum (ER) stress. Unfolded protein response (UPR) caused by ER dysfunction is known as ER stress, which is related to metabolic diseases including insulin resistance and obesity (5) because induced ER stress prevents weight loss and anorexic functions of insulin and leptin (68). Considering that UPR may promote HIF through inositol-requiring enzyme 1α (IRE1α)-X box-binding protein 1 (XBP1) (69, 70), while IKK/NF-κB and ER stress promote each other and induce energy imbalance leading to obesity during HFD feeding (68), it can be inferred that HIF can act as downstream negative feedback to inhibit NF-κB in the process of ER stress, so as to reduce the adverse effects of this stress.



Increasing of Spontaneous Physical Activity by Orexin via Induced Increase of Insulin Sensitivity

The hypothalamic neuropeptides orexin-A and orexin-B are the cleavage products of prepro-orexin (PPO). The immunoreactive neurons to OXA and OXB antibodies were mainly located in the dorsomedial (DMH), lateral (LH) and perifornical hypothalamus (PeF) of rat, human and pig (71–73). In situ hybridization data showed that OXRs (orexin receptor-1 and -2) were widely located in the brainstem, cerebral cortex, hypothalamus and thalamus (74, 75).

There is an obvious relationship between orexin-A, orexin B and hypothalamic neuropeptides, as orexin responds to metabolic, limbic, and circadian stimuli by activating cholinergic and monoaminergic neurons in the brainstem and hypothalamus to maintain wakefulness or sleep or alertness (76), sense nutrients and regulate appetite (77). Via these processes, orexin enables the living body to achieve various changes that should be made to adapt to the environment and regulate the organism itself.

Among this series of adaptive and regulatory roles, another review highlights the ability of orexin-A to take part in counteracting the brain mechanisms responsible for obesity (78). Spontaneous physical activity (SPA) is positively correlated with obesity resistance, during SPA, the increase of non-exercise activity thermogenesis (NEAT) is the main mechanism (79). Second, there is evidence of orexin ability to increase NEAT (78). By combining these two facts, the potential of orexin in combating obesity cannot be denied. According to the above viewpoints, orexin is of great concern to researchers who want to study the mechanisms involved in combating obesity.

For a long time, many experiments have found that HIF is related to cancer and hypoxia. However, OXA has recently been proved to increase HIF-1α activity by downregulating VHL and increasing the transcription of HIF-1α gene to induce the expression of HIF-1α (77, 78). The increase of HIF-1α can also be achieved by OXA in a more indirect but specific way: OXA has been proved to activate mitogen-activated protein kinase (MAPK) pathway. Higher MAPK activity can make mice express higher levels of peroxisome proliferator-activated receptor-gamma coactivator 1 alpha (PGC-1α) in skeletal muscle. The latter is expressed throughout the brain, and its changes are associated with obesity, diabetes mellitus, pathological changes such as chronic neurodegenerative diseases (78). PGC-1α is involved in regulating HIF-1α in peripheral tissues (80), and it is speculated that the same process can be done in the hypothalamus (78). Orexin mediated HIF-1α activation leads to higher glycolysis activity and increased glucose uptake; it is an important transcription factor in mediating hormone-induced arousal and starvation (77). Data from several independent in vitro and rodent models support the hypothesis that OXA mediated increase of energy consumption suggests orexin’s obesity resistance may be partially dependent on signaling cascades involving MAPK, PGC-1α, and HIF-1α, regulation of these pathways ultimately induces increased SPA and obesity resistance (78). In addition, anoxia induced orexin function decreasing was identified as one of the functions of HIF. Orexin reduces the expression of lactate dehydrogenase A (LDHA) and pyruvate dehydrogenase kinase 1 (PDK1) genes (LDHA converted pyruvate to lactic acid, while PDK1 phosphorylated PDH, both of which promoted pyruvate flow through anaerobic glycolysis), and when HIF-1α was knocked down, ldhA and PDK1 gene expression were even lower (77).



Conclusion

HIF plays an important role in hypothalamus regulation and affects systemic metabolism. Nutrition sensing, hormone induction, metabolic regulation and appetite regulation are important functions of HIF that have been discovered.

Neural cells based mainly in ARC control appetite and energy expenditure, loss of HIF will at least partially disturb these controls. However, it is not sure if appetite and energy expenditure are modulated by neurons via the same mechanism; after all, the target organs are different. The importance of HIF in AGRP neurons has not been studied. In addition, glucose is demonstrated to influence the stability of HIF protein, but the relation between central HIF and other nutrients like lipids and amino acids is unclear. Hence, future studies are still necessary to answer these questions.

Although most of our understanding of the physiological principles and therapeutic potential of the HIF pathways comes from laboratory studies, information obtained from these non-clinical trials will provide in vivo pharmacological information on agents that mimic or regulate the function of HIF. From these known contents, we can also infer that HIF has the potential to become a focus in metabolic research. This is an exciting period based on our rapidly evolving understanding of the central nervous system’s role in regulating metabolism and energy balance throughout the body. Given the evidence that HIF plays an essential role in the central regulation of metabolism, the multiple effects of related drugs on metabolic diseases are likely to become an important clinical research field soon. More pharmacological, biological, and clinical experiments should be carried out to study the details of molecular signal transduction and the mechanisms involved in changing cellular responses caused by HIF in the hypothalamus and any other relevant parts of the CNS. The relation between these factors is not fully clear. A better understanding of the upstream factors that regulate hypothalamic activity can provide more options for preventing obesity and many other related metabolic diseases in the future.
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