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Abstract
The pH of body fluids is one the most important key factors regulating various cell function such as enzyme activity and protein-protein interaction via modification of its binding affinity. Therefore, to keep cell function normal, the pH of body fluids is maintained constant by various systems. Insulin resistance is one of the most important, serious factors making the body condition worse in diabetes mellitus. I have recently found that the pH of body (interstitial) fluids is lower in diabetes mellitus than that in non-diabetic control, and that the lowered pH is one of the causes producing insulin resistance. In this review article, I introduce importance of body (interstitial) fluid pH in regulation of body function, evidence on abnormal regulation of body fluid pH in diabetes mellitus, and relationship between the body fluid pH and insulin resistance. Further, this review proposes perspective therapies on the basis of regulation of body fluid pH including propolis (honeybee product) diet.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: This review article provides new findings on changes of body (interstitial) fluid pH in type 2 diabetes mellitus, the role of body (interstitial) fluid pH in occurrence of insulin resistance, and future possibility of treatment for type 2 diabetes mellitus from a viewpoint of improvement of body (interstitial) fluid pH.

Marunaka Y. Roles of interstitial fluid pH in diabetes mellitus: Glycolysis and mitochondrial function. World J Diabetes 2014; In press

INTRODUCTION
Metabolic syndrome increases the risk developing type 2 diabetes mellitus, cardiovascular disease and cancer etc., meaning that it would be a pre-stage for diseases. Therefore, to prevent progression of metabolic syndrome is one of the most effective strategies for prevention of occurrence of type 2 diabetes mellitus. Insulin resistance is one of the most important, serious factors developing symptoms of type 2 diabetes mellitus. Patients with insulin resistance show hypertension, one of typical clinical symptoms for diagnosis of cardiovascular disorders[1-4]. Further, patients with hyperinsulinemia, which is generally caused by insulin resistance, show hypertension mediated through various types of disorders such as renal failure, vascular dysfunction, and hyper-activation of sympathetic nerve[5-10]. These findings suggest that preventing development of insulin resistance would be one of the most important key subjects keeping the healthy body function.
Pathogenesis of insulin resistance means insufficiency of insulin action on glucose uptake in skeletal muscle[11], sustaining blood glucose at high levels after meals; this is known as one of typical symptoms of type 2 diabetes mellitus. The number of patients suffering from type 2 diabetes mellitus still continuously increases, and this becomes one of the most serious worldwide social problems[12]. Thus, clarification of mechanisms causing insulin resistance is one of the most important key subjects on prevention and treatment for diabetes mellitus. Unfortunately, the mechanisms of occurrence of insulin resistance have not yet been fully clarified.
As described above, one of the most major symptoms of type 2 diabetes mellitus is insulin resistance causing hyperglycemia, which leads to progression of pancreatic β-cell dysfunction due to hyper-secretion of insulin. Continuous hyperglycemia due to poor uptake of glucose into cells such as skeletal muscles, adipocytes, hepatocytes etc., in general, irreversibly leads to macro- and micro-vascular complications, resulting in myocardial infarction, stroke, blindness, renal dysfunction, and peripheral neuropathy. International Diabetes Federation (IDF) reports that in 2012, 370 million people are recognized as diabetes mellitus in the worldwide, and the number of people with diabetes mellitus is considered to increase up to 550 million by 2030[12]. Various types of drugs have been developed for treatment of type 2 diabetes mellitus, however a tremendous number of people still suffer from type 2 diabetes mellitus. This means that although some newly developed drugs for treatment of type 2 diabetes mellitus are very efficient, the drugs are sill not effective to fully treat patients suffering from type 2 diabetes mellitus.
Interstitial fluids provide circumstances where extracellular signaling molecules such as hormones and neurotransmitters regulate cell function. This means that alteration of interstitial fluid composition affects efficiency of signal transduction of extracellular signaling molecules in intracellular signal transduction. Specially, it is notable that pH of interstitial fluids is very variable, since interstitial fluids contain little pH buffering molecules (Figures 1 and 2). On the other hand, blood has powerful pH buffering such as hemoglobin, albumin etc., (Figures 1 and 2), keeping strictly pH of blood at a range between 7.35-7.45. These facts mean that even if pH of blood stays at normal levels, 7.35-7.45, pH of interstitial fluids would deviate from the normal range under metabolically pathophysiological conditions. As described above, hormones and neurotransmitters act on their receptors in the interstitial (extracellular) fluids (spaces) but not inside blood vessels (Figures 1 and 2). Further, it is notable that pH regulates activity of various types of enzymes and binding affinity of hormones and neurotransmitters to their receptors (Figure 1). This means that pH of interstitial fluids plays one of the most important key roles in regulation of cell function keeping homeostasis of the body function and condition, nevertheless unfortunately little information on pH of interstitial fluids is available.
As mentioned above, activity of most enzymes and binding affinity of hormones and neurotransmitters to their receptors directly depend on pH of interstitial fluids. Therefore, keeping normal body/cell function requires maintenance of interstitial fluid pH within a normal range. Energy has to be also supplied to keep normal cell/body function. This process produces organic acids via glycolysis and CO2 via TCA cycle (Figure 2). Under physiological conditions, these acids including CO2 (H+ produced from CO2 and H2O) and organic acids are extruded via the lung and the kidney to keep pH of interstitial fluids within a normal range. However, under metabolically pathophysiological conditions such as diabetes mellitus, pH of interstitial fluids would become lower; i.e., interstitial fluids become acidic. For example, severe diabetes mellitus causes ketoacidosis detected as lowered pH (< 7.35) of “arterial” blood even containing strong pH buffers such as hemoglobin and albumin. This suggests that the interstitial fluid pH with little pH buffer in severe diabetes mellitus would be much lower than that in normal persons. The lowered pH of interstitial fluids under metabolically pathophysiological conditions leads patients to being further worse conditions of the disease[13,14]. Interestingly, even in pre-disease stages pH is drastically lowered in interstitial fluids around various tissues including the brain[15-17], developing diseases.
In this review article, I provide a new concept regarding insulin resistance and its improvement; particularly I discuss the role of interstitial fluid pH in cell function in diabetes mellitus.

INTERSTITIAL FLUIDS
Interstitial fluid pH kept within a normal range plays a role as one of the most important key factors in keeping normal cell/body functions and adaptation of body condition as mentioned above. However, unfortunately interstitial fluids have little pH buffers unlike blood. The reason why interstitial fluids have little pH buffers unlike blood containing hemoglobin and albumin, very strong pH buffers, is as follows. If interstitial fluids have pH-buffering proteins such as albumin, colloid osmotic pressure of interstitial fluids becomes larger than that without pH buffering proteins such as albumin. High colloid osmotic pressure of interstitial fluids leads to disturbance of transport and circulation of nutrition and metabolites between blood and interstitial fluids across walls of blood vessels. Namely, metabolites produced in peripheral tissues are collected into capillaries near veins by the larger colloid osmotic pressure in the capillary than that in the interstitial fluid. This driving force of metabolite collection into capillary becomes low if the colloid osmotic pressure becomes large. Therefore, the fact that interstitial fluids have little pH buffering proteins is a weak point for keeping activity of hormones and enzymes at normal levels, but is essentially required for collection of metabolites produced in peripheral tissues into capillaries. In general, the pH-buffering capacity in blood is large enough to keep the interstitial fluid pH constant under physiological conditions. Unfortunately, under metabolically pathophysiological conditions, the pH-buffering capacity in blood is not large enough to maintain activity of hormones and enzymes in interstitial fluids, resulting in disorders such as insulin resistance.

REGULATION AND ABNORMALITIES IN pH OF INTERSTITIAL FLUIDS
The pH of mammalian ‘arterial’ blood is accurately maintained at 7.40 ± 0.05 under normal physiological conditions. Severe metabolic disorders cause deviation of “arterial” blood pH more than 0.05 unit from a normal range of 7.35 - 7.45; i.e., pH < 7.35 is defined as acidosis or pH > 7.45 is defined as alkalosis. Alkalosis, pH > 7.45, is caused by vomiting of gastric juices or diarrhea (metabolic alkalosis), or hyperventilation (respiratory alkalosis) etc. However, long-term alkalosis rarely occurs. On the other hand, acidosis (specially long-term acidosis) occurs in various metabolic disorders including diabetes mellitus. Acidosis and alkalosis are well recognized as severe disorders of body conditions, however little information is available on the interstitial fluid pH. Even under the condition with normal pH (7.35-7.45) of “arterial” blood, pH of interstitial fluids would deviate from the normal range. Our previous reports indicate that the pH of interstitial fluids is deviated form the normal range[15-17] even under conditions maintained at normal “arterial’ blood pH. The pH of interstitial fluids is determined by the content of H+ (proton) provided from organic acids as metabolites produced at ATP synthesis in living cells.
One of typical H+ sources is lactate, CH3-CH(OH)-COOH (CH3-CH(OH)-COO- + H+), which is converted from pyruvate, CH3-CO-COOH (CH3-CO-COO- + H+), a product from glycolysis. In tissues requiring much energy (ATP) such as skeletal muscles, the anaerobically glycolytic metabolism mediates the conversion of glucose and glycogen into lactic acid via production of pyruvate. Under an aerobic condition, pyruvate is used for TCA cycle conducted in mitochondria. Therefore, under physiological conditions little amounts of lactate are generated, and most of the final product of glycolysis followed by TCA cycle is CO2, which is facilitated to be converted into H+ and HCO3- by carbonic anhydrase. Of course, CO2 is one of major sources for H+. However, to obtain a fixed amount of ATP, the amount of H+ generated by organic acids and CO2 produced in the process for generation of ATP mediated via both glycolysis and TCA cycle is much smaller than that produced only by glycolysis. Namely, under conditions with ATP synthesis predominantly mediated via glycolysis but not followed by function of TCA cycle, the total amount of produced H+ is much larger than that under conditions with ATP synthesis via glycolysis associated with functional TCA cycle. Patients with diabetes mellitus are suggested to have reduced mitochondria function[11,18-20]. Based on this suggestion[11,18-20], the total amount of H+ produced in patients with diabetes mellitus is much larger than that in healthy persons with normal mitochondrial function. Even in cases that blood pH in patients with diabetes mellitus except severe cases is within a normal range (7.35-7.45), pH of interstitial fluids would be less than 7.35.
Other sources of H+ are ketone bodies; i.e., metabolism of fatty acids in liver generates beta-hydroxybutyrate, which provides H+ via dissociation into beta-hydroxybutyrate anion and H+ (beta-hydroxybutyrate- + H+)[21]. Beta-hydroxybutyrate is the major ketone body (approximately 70% of total ketone bodies) produced by TCA cycle in liver mitochondria via oxidation of free fatty acids released from adipocytes[22]. Another major ketone body is acetoacetate, which is converted to beta-hydroxybutyrate. The synthesis of these ketone bodies in liver mitochondria is, in general, occurs in response to an unavailability of blood glucose, contributing to overall energy metabolism. The ketone bodies produced in liver mitochondria are transported via blood to extra-hepatic tissues such as skeletal muscles and heart muscles. Under conditions with an unavailability or low availability of blood glucose, the transported ketone bodies such as beta-hydroxybutyrate and acetoacetate to muscles are used as sources of acetyl CoA, which is utilized in TCA cycle in mitochondria of muscles for generation of ATP[23]. Further, fatty acids can be converted to acetyl CoA without formation of ketone bodies, meaning that fatty acids are sources of ATP in mitochondria. However, when amounts of fatty acids is very large, abundant ketone bodies are produced in liver mitochondria and the amount of ketone bodies are exceeds the metabolizing capacity in mitochondria of muscles[23]. In this case, the body produces a large amount of ketone bodies, leading to elevation of H+ concentration (lowered pH) as mentioned above. This means that when low utilization of glucose or low mitochondria function occurs, high levels of ketone bodies appear in periphery tissues, providing a large amount of H+ (low pH).

METABOLITES INFLUENCING pH OF INTERSTITIAL FLUIDS AND pH-BUFFERING SYSTEMS
Lactate is dissociated into CH3-CH(OH)-COO- + H+ under physiological conditions of pH (approximately 7.40) much higher than pKa of lactate (3.86), leading to production of H+. In addition to lactate, as mentioned above H+ is also provided from materials such as ketone bodies; for example, metabolism of fatty acids in liver generates beta-hydroxybutyrate, one of typical ketone bodies, provides H+ via dissociation into beta-hydroxybutyrate anion and H+ (beta-hydroxybutyrate- + H+). The H+ produced in cells via metabolism is extruded as a form of H+ itself or CO2 via various types of H+ transporter such as Na+/H+ exchanger (NHE), H+-ATPase, H+-coupled monocarboxylate transporter (MCT), Na+-driven Cl-/HCO3- exchanger (NDCBE), and Na+-HCO3- cotransporter (NBC) etc. (Figure 2A)[24-29]. Namely, extrusion of H+ as a form of H+ itself is mediated by NHE, H+-ATPase and/or MCT etc. that directly transport H+ to the extracellular (interstitial) space. On the other hand, NDCBE or NBC doesn’t directly transport H+, but uptake HCO3- into the intracellular space, resulting in production of CO2 + H2O from H+ and HCO3- via carbonic anhydrase (CA). CO2 produced by H+ and HCO3- via a CA-facilitated process easily moves to the extracellular space by permeating the plasma membrane, since the plasma membrane of cells has high permeability to CO2 (Figure 2A). Thus, H+ produced in the intracellular space is extruded to the extracellular (interstitial) space as a form of CO2 via consumption of HCO3- transported from the extracellular (interstitial) space. Because, HCO3- originally generated from CO2 produced via TCA cycle in cells associated with H+ could not be a net source for conversion to CO2 due to its origin, CO2. Thus, H+ produced from lactate etc. in the intracellular space is extruded to the extracellular (interstitial) space via directly NHE / H+-ATPase/ MCT, and indirectly NDCBE / NBC. Anyway, H+ produced from metabolites such as lactate etc. consumes HCO3-, reducing the intracellular concentration of HCO3- associated with a compensatory increase in HCO3- uptake via NDCBE and NBC. The source of HCO3- under anaerobic conditions associated with dysfunction of mitochondria in cells such as muscles is HCO3- in blood, which is produced from CO2 + H2O via facilitated conversion by carbonic anhydrase in other tissues. H+ is finally extruded from the body via the kidney into urine. Therefore, severe overproduction of H+ spends HCO3-, being converted into CO2 an H2O (Figure 2). This CO2 produced from H+ and HCO3- moves into red blood cells (RBC, erythrocytes), and is again converted into H+ and HCO3- via a CA-facilitated process (Figure 2A). In red blood cells, H+ binds to hemoglobin, and HCO3- is extruded to the extracellular space in blood via anion exchanger (AE) (Figure 2A). Namely, even though HCO3- is consumed in cells, HCO3- is again produced in red blood cells, suggesting that HCO3- is not consumed in peripheral tissues. However, HCO3- is transported into red blood cells via AE in blood at the lung due to low CO2 pressure compared with peripheral tissues, and HCO3- is converted to CO2 with H+ released from hemoglobin (Figure 2B). CO2 produced in this process is extruded to atmosphere (Figure 2B). Thus, via this overall process the concentration of HCO3- in blood is reduced under these metabolically pathophysiological conditions. Severe overproduction of H+ causes metabolic acidosis consuming HCO3-, pH of “arterial” blood being less than 7.35. This acidosis has been previously recognized to occur as results from general metabolic disorders, however diabetes mellitus is recently indicated to be associated with mitochondrial dysfunction[11,18-20]. This mitochondrial dysfunction is one of main causes leading to acidosis. Further, as mentioned above, lowered pH is also caused by H+ dissociated from ketone bodies generated in liver provide, which are mainly produced via oxidation of free fatty acids released from adipocytes[22]; representative ketone bodies are  beta-hydroxybutyrate, and acetoacetate. As described above, the synthesis of these ketone bodies in the liver mitochondria are generally produced in response to an unavailability of blood glucose in muscles. Therefore, these ketone bodies are utilized as sources of acetyl CoA for generation of ATP via TCA cycle in mitochondria of muscles[23]. Under conditions with mitochondrial dysfunction in muscles, these ketone bodies generated in the liver are not utilized as sources of acetyl CoA for generation of ATP via TCA cycle in mitochondria of muscles[23]. Thus, under these conditions, the ketone bodies provide a lot of H+, leading to much lower pH (acidosis) than that under conditions with normal mitochondrial function.
Lactate in intracellular spaces is a useful energy source via oxidation as a respiratory fuel[30,31]. Thus, the cytosolic lactate produced in fast muscles contracting relatively fast at heavy exercise under physiological conditions is extruded to the extracellular (interstitial) space via MCTs[32,33], being delivered to oxidative tissues via extracellular lactate shuttle through the blood[34]. Specially, in diabetes mellitus patients, lactate is generated due to mitochondrial dysfunction even in cases of regular exercise without heavy contraction of fast muscles[20,35]. In most mammalian cells, MCTs participate in the transport of lactate and other monocarboxylic acids such pyruvate, beta-hydroxybutyrate and acetoacetate across the cellular membrane[36-38]. It has been indicated that patients suffering from diabetes mellitus show alteration of MCTs expression[39,40]. Since MCTs carry monocarboxylate with H+, MCTs function as H+ extrusion coupled with monocarboxylate extrusion (Figurre 2A), meaning that MCTs plays important, essential roles in pH and energy balance in patients suffering from diabetes mellitus. 

ABNORMAL INTERSTITIAL FLUID pH AND PROGRESSION OF DIABETES MELLITUSS
As well known, insulin decreases blood glucose levels by stimulating glucose uptake into skeletal muscle cells via glucose transporter 4 (GLUT4), maintaining whole-body glucose homeostasis[41]. GLUT4 translocation to the plasma membrane from intracellular store sites is the main mechanism of insulin showing its stimulatory action on glucose uptake into skeletal muscle cells and adipocytes. Insulin regulates a dynamic process of GLUT4 trafficking between the plasma membrane and its intracellular store sites[42]. Insulin binds to its receptor located on the plasma membrane, immediately auto-phosphorylating tyrosine residues of the receptor. This auto-phosphorylation of insulin receptor subsequently induces phosphorylation of tyrosine residues of insulin receptor substrate-1 (IRS-1) phosphorylating (activating) PI3K, which catalyzes 3' phosphorylation of phosphatidylinositol 4,5-diphosphate, leading to activation of Akt. This PI3K/Akt-mediated signaling pathway in the insulin-induced down-stream pathway stimulates the intracellular translocation of GLUT4 to the plasma membrane, elevating glucose uptake in skeletal muscles. Dysfunction of this insulin signal transduction leads to reduced levels of insulin-stimulated glucose uptake into skeletal muscles in type 2 diabetic patients, and this dysfunction is so-called insulin resistance[43]. Our recent study has shown that pH of interstitial fluids is lower in Otsuka Long-Evans Tokushima Fatty (OLETF) rats, a model in type 2 diabetes mellitus, than normal one[15]. Many epidemiological studies have recently reported the relationship between metabolic acidosis and insulin resistance[44]. Organic acids-induced acidosis would contribute to early stages in the development of insulin resistance[15,44-46]. The relationship between production of organic acids and development of insulin sensitivity is an important subject in patients suffering from type 2 diabetes mellitus[47-49]. Insulin sensitivity and urine pH have negative correlation with body weight and waist size[34]. Persons with metabolic syndrome are reported to have a significantly lower value of 24-h urine pH than that in normal persons without metabolic syndrome[48]. Persons with higher amounts of anion gap in metabolic acidosis associated with lower serum HCO3- show lower insulin sensitivity[50]. Our recently studies[15,17] indicate that the interstitial fluid pH in ascites, brain hippocampus and metabolic tissues in Otsuka Long-Evans Tokushima Fatty (OLETF) rats in early developing stages of diabetic mellitus is lower than the normal pH (7.40). Although our studies have not yet clarified the molecular mechanism causing lowered pH of interstitial fluids, these phenomena would be due to dysfunction or hypo-function of mitochondria in diabetes mellitus[11,19,20]. As mentioned above, the pH-buffering capacity in the interstitial fluid is much lower than that in the cytosol and in the blood, meaning that pH of interstitial fluids in metabolic tissues has valuable values depending on metabolic conditions. Therefore, we have studied if the lowered extracellular (interstitial fluid) pH reduces insulin action on its signaling pathways in rat skeletal model cells[46,51]. As mentioned above, insulin shows its stimulatory action on glucose uptake in skeletal muscle in a phosphatidylinositol 3-kinase (PI3K)-mediated pathway after binding to its receptor located on the plasma membrane via phosphorylation of its receptor. Therefore, we first studied if the insulin binding to its receptor is affected by lowering extracellular (interstitial fluid) pH. We have found that lowered extracellular (interstitial) fluid pH diminishes binding affinity of insulin to its receptor (Figure 3) associated with diminution of insulin receptor phosphorylation (activation) (Figure 4) without any change in expression of insulin receptor on the plasma membrane of skeletal muscle (Figure 5)[46]. Further, levels of phosphorylated (activated) Akt, a down-stream molecule of insulin signaling pathway, are decreased under conditions with lowered extracellular (interstitial fluid) pH (Figure 6)[46]. Glucose uptake is also diminished under the condition[46]. These observations indicate the importance of interstitial fluid pH in occurrence of insulin resistance.
Our report also indicates an interesting observation regarding effects of propolis on various factors in type 2 diabetes mellitus model rats[15,16]. Propolis, a natural compound derived from plant resins collected by honeybees, contains various factors such as amino acids, steroids, phenolic aldehydes, polyphenols, sequiterpene quinines, and coumarins, etc.[52]. Propolis has been shown to possess anti-oxidant, anti-inflammation, and anti-tumor activities[53-56]. In addition to these actions, we have found that propolis improves insulin sensitivity[15,16]. Propolis improves (elevates) pH of interstitial fluids that is lower in type 2 diabetes mellitus than normal one[15,16]. Lowered pH of interstitial fluids diminishes binding affinity of insulin to its receptor (Figure 3), causing insulin resistance[46]. Although we have no information on molecular mechanisms how propolis improves lowered pH of interstitial fluids in type 2 diabetes mellitus at the present stage, these observations indicate us a very interesting point that propolis improves insulin sensitivity by elevating pH of interstitial fluids via recovery from diminished insulin binding affinity to insulin receptor in type 2 diabetes mellitus.

FLUIDS SECRETED INTO GASTROINTESTINAL LUMINAL SPACE AND FROM SEWEAT GLAND IN DIABETES MELLITUS
As mentioned above, the interstitial fluid has lower pH in type 2 diabetes mellitus than non-diabetic control. In addition to the interstitial fluid, I discuss about pH of fluids secreted from glands and gastrointestinal fluids. Before discussing about pH of those fluids, I should mention that these fluids are not secreted for maintenance of intracellular ionic conditions unlike the interstitial fluids. As mentioned above, pH of the interstitial fluids is lowered as a result from high production of H+ due to mitochondrial dysfunction and/or disability of glucose in muscles, neurons and etc. On the other hands, pH of fluids secreted from glands and gastrointestinal fluids is, in general, not directly influenced by high production of H+ due to mitochondrial dysfunction and/or disability of glucose in muscles, neurons and etc. When mitochondrial dysfunction and/or disability of glucose occur in gland or gastrointestinal cells, H+ produced in these cells is, in general, extruded to the extracellular space across the basolateral membrane (so called interstitial fluid) but not to the luminal space across the apical membrane by H+ transporter such as NHE, H+-ATPase and etc. However, a study[57] indicates that the amounts of acid secreted from gastric gland under the basal condition and in response to cholecystokinin are larger in diabetes than that in non-diabetic control. This suggests that the intra-gastric pH in diabetes is lower than that in control. On the other hand, HCO3- secretion from pancreas in response to secretin shows no difference between diabetes and non-diabetic control[57]. Further, observations on sweating in diabetes are reported[58,59]. Most studies on sweating in diabetes are focused on blood flow around sweat glands and blood-flow-dependent amounts of sweat secretion without studies on ionic composition[58,59], although a study indicates that Cl- concentration is not changed in diabetes[60]. 

ALZHEIMER’S DISEASE IN DIABETES MELLITUS AND pH OF INTERSTITIAL FLUID
Patients with type 2 diabetes mellitus have been suggested to have a high risk of developing dementia and Alzheimer’s disease with defective memory functions[61]. Insulin is suggested to be necessary for neuronal survival within the central nervous system[62,63]. Fluctuating levels of blood glucose resulting from dysfunction of insulin (insulin resistance) leads neurons including central nervous system to apoptosis, formation of neuritic plaques, neurofibrillary tangles, energy starvation, and altered acetylcholine levels in the hippocampus, which are observed in Alzheimer’s disease[64,65]. Hippocampus is an important region participating in memory function[66]. We have found that pH of interstitial fluid around hippocampus is lower in type 2 diabetes mellitus model OLETF rats than that in normal ones (Figure 7), suggesting diminution of neuronal activity around hippocampus (Figure 8)[17,67]. 
Therefore, we suggest that maintenance of the interstitial fluid pH at the normal level or the recovery of the “interstitial” pH to normal from lowered levels would be a key factor in developing molecular and cellular therapies for metabolic brain disorders including Alzheimer’s disease. 

CONCLUSION
Interstitial fluids have little pH buffering capacity. Therefore, over production of acid metabolites lower pH of interstitial fluids even when the intracellular and “arterial” blood pH remains normal (Figures 1 and 2). The lowered pH of interstitial fluids causes insulin resistance via reduced binding affinity of insulin to its receptor (Figures 1 and 3). Acidic environments due to dysfunction of mitochondria occurring in type 2 diabetes mellitus lead to insulin resistance. Further, the acidic environment occurring in the brain would be related to diminution of neuronal function and onset of Alzheimer’s disease (Figure 8) 
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Figure 1 pH of interstitial fluid and blood, and binding affinity of insulin to its receptor. Interstitial fluids have little pH-buffering molecules, while blood has very strong, powerful pH buffering molecules such as hemoglobin and albumin. Thus, even under mild but not severe metabolic disorder conditions, blood pH is kept constant within a normal range (7.35-7.45), but interstitial fluid pH would be lower than a normal level.
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Figure 2 Production of H+, and H+ transporting systems in peripheral tissues (A) and the lung (B). A: In cells of peripheral tissues, H+ is produced from organic acids generated as metabolites via glycolysis such as lactic acid. H+ is directly extruded via Na+/H+ exchanger (NHE), H+-ATPase and H+-coupled monocarboxylate (MC) transporter (MCT) from intracellular to extracellular (interstitial) spaces, and moves into blood, and binds to albumin. Further, a part of H+ produced from metabolites is converted to CO2 and H2O consuming HCO3- via carbonic anhydrase (CA)-mediated facilitation process. To supply HCO3- consumed for conversion of H+ to CO2 and H2O in cells, Na+-driven Cl-/HCO3- exchanger (NDCBE) and Na+-HCO3- cotransporter (NBC) participate in uptake of HCO3- into intracellular from extracellular (interstitial) spaces. CO2 moves into red blood cell (RBC, erythrocyte) in blood via permeation across the plasma membrane of RBC due to high CO2 permeability of the plasma membrane, and is converted to H+ and HCO3- consuming H2O via CA-mediated facilitation process. H+ produced from CO2 and H2O via CA-mediated facilitation process in RBC binds to hemoglobin. HCO3- produced from CO2 and H2O via CA-mediated facilitation process in RBC is extruded from intracellular to extracellular (interstitial) spaces via exchange of Cl- existing in the extracellular space by anion exchanger (AE): this exchanging step of HCO3- extrusion and Cl- uptake is so called as Cl- shift; B: In the lung, the reversible process occurs due to low CO2 circumstances.
[image: C:\Users\Administrator.PC--20130702KXV\Desktop\3.png]
Figure 3 Insulin binding to insulin receptor under various pH conditions. After serum starved for 4 h, L6 myotubes were treated with 100 nmol/L insulin for 15 min in the HEPES buffer with different values of pH. Proteins expressed on the plasma membrane were biotinylated and precipitated. Differentiated L6 myotubes were treated with [125I]-labeled insulin for 15 min in the indicated pH buffers, and the radioactivities were measured after cells were washed and suspended. The values of radioactivity from at least 6 experiments are shown. The values are shown as the mean ± SEM. aP < 0.05, bP < 0.01 vs pH 7.4. Modified from ref.[46] with allowance of non-profit use of figures.
[image: C:\Users\Administrator.PC--20130702KXV\Desktop\4.png]
Figure 4 Phosphorylation levels of insulin receptor. After serum starvation for 4 h, L6 myotubes were treated with 100 nM insulin for 15 min in the buffer with different pH. Total cell lysates were isolated and analyzed by Western blotting with indicated antibodies. A: Representative blots are shown; B: The quantative values of expression of insulin receptor using densitometry from 6 independent experiments using anti-phosphorylated-insulin receptor-β (Tyr 1146) antibody normalized to the level of total insulin receptor compared with that in pH 7.4 buffer. The values are shown as the mean ± SEM (n = 6). aP < 0.05, bP < 0.01 vs. pH 7.4. Modified from ref.[46] with allowance of non-profit use of figures.
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Figure 5 Effects of extracellular pH on the expression of insulin receptor on the plasma membrane. After serum starved for 4 h, L6 myotubes were treated with 100 nM insulin for 15 min in the HEPES buffer with different pH. Proteins expressed on the plasma membrane were biotinylated and precipitated. A: Representative blots of total expression of insulin receptor on the plasma membrane, the Na+, K+-ATPase, and GAPDH; B: Quantative data of expression of insulin receptor on the plasma membrane at different pH normalized to that at pH 7.4. The results are presented as the mean ± SEM (n = 8). pH had no significant effects on the expression of insulin receptor on the plasma membrane. Modified from ref.[46] with allowance of non-profit use of figures.
[image: C:\Users\Administrator.PC--20130702KXV\Desktop\6.png]
Figure 6 Phosphorylation levels of Akt. L6 myotubes were treated with 100 nM insulin for 15 min in the buffer with different pH after serum starvation for 4 h. Total cell lysates were isolated, and were analyzed by Western blot with the indicated antibodies. A: Representative blots are shown using anti-phosphorylated (Ser473)-Akt, anti-phosphorylated (Thr308)-Akt, and anti-Akt antibodies. Phosphorylation levels of Ser473 (B) and Thr308 (C) are expressed as normalized values to the level of total Akt compared with those in pH 7.4. The values are shown as the mean ± SEM (n = 6). aP < 0.05, bP <0.01 vs pH 7.4. Modified from ref.[46] with allowance of non-profit use of figures.
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Figure 7 pH of interstitial (extracellular) fluid around the hippocampus of OLETF and normal (Wistar) rats. The pH value is shown as the mean ± SEM (n = 4). The pH values shown in Figure 7 were measured at 60 and 90 min after antimony pH electrodes reached interstitial (extracellular) fluids around the hippocampus of the OLETF rats (closed columns) and normal (Wistar) rats (open columns). aP < 0.05 compared with that in normal (Wistar) rats at each measured time. Modified from ref.[17] with allowance of free use of figures.
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Figure 8 The pH-dependent mechanism of neural cell function in diabetes mellitus with dysfunction of mitochondria. Neural cells with dysfunction of mitochondria synthesize ATP required for maintenance of neural cell function only or mainly via glycolysis. Thus, neural cells with dysfunction of mitochondria produces much larger amounts of H+ than neural cells with normal function of mitochondria. H+ produced by glycolysis in neural cells with dysfunction of mitochondria[11,18-20] is released to the extracellular space, lowering pH of interstitial fluids[15-17] including the fluids in synaptic clefts. Lowered pH of synaptic cleft fluid diminishes the binding affinity of neurotransmitters to their receptors[67]. Thus, activity of neural cells is diminished at lowered pH of synaptic cleft fluid. Namely, the amount of neurotransmitters released into the synaptic cleft is large enough for generation of action potential under conditions with normal function of mitochondria. However, the amount of neurotransmitters released into the synaptic cleft is insufficient for generation of action potential under conditions with dysfunction of mitochondria, since lowered pH of synaptic cleft diminishes the binding affinity of neurotransmitters to receptors. Modified from ref.[17] with allowance of free use of figures. 
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