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Here we talk about the effects of acidosis on insulin signaling and glucose uptake in skeletal muscle and whether

correcting defects that maintain [pH]i within the muscle, such as carnosine, could alleviate insulin resistance improve

insulin responses during metabolic syndrome.
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1. Introduction

Diabetes and obesity-related diseases afflict 425 million people worldwide and have emerged as a significant cause of

mortality and morbidity in both developed and developing countries. Type 2 diabetes (T2D) is associated with a decrease

in number and defects in the function of insulin-producing pancreatic β-cells. However, the decreased response of skeletal

muscle to insulin is evident even before pancreatic β-cell failure . Skeletal muscle is the principal site for insulin-

stimulated glucose uptake, which consumes approximately 70–80% of the glucose via insulin-dependent mechanisms .

Hence, defects in insulin-stimulated muscle glucose uptake are considered a principal component of typical obesity-

associated insulin resistance . Glucose homeostasis in the muscle is a complex interplay between insulin signaling

and glucose utilization. However, a consistent finding is that maintaining proper insulin responses of the IRS1–PI3K–AKT

signaling pathway within the skeletal muscle is central to maintaining glucose homeostasis. This pathway is markedly

impaired in the muscle of humans with type 2 diabetes (T2D), healthy glucose-tolerant offspring of parents with T2D,

obese non-diabetics, people with non-alcoholic fatty liver disease, and chronic kidney disease (CKD) .

Defects in the insulin-signaling pathway are traceable to defective insulin receptor (IR) kinase activity, a shift from tyrosine

to serine phosphorylation in IRS1, and blunted IRS1-associated P13K activity, followed by a subsequent decrease in AKT

phosphorylation . Much attention in the field has been focused on the defects of insulin-mediated metabolic actions via

the IRS1–PI3K–AKT signaling pathway in the muscle. However, in addition to defects in this signaling pathway, numerous

reports suggest that other pathways, such as inflammation , lipid peroxidation products , oxidative stress 

, a decrease in intracellular pH [pH]   and autophagy , could cross-talk with insulin-signaling

pathway and either cause or exacerbate insulin resistance in the muscle. In this article, we will highlight a few issues,

which are central to the gap in knowledge about whether the defects in glycolysis, within the muscle, are causal or

secondary to insulin resistance. We will discuss, whether the increase in the interconversion of pyruvate to lactic acid,

which subsequently dissociates to lactate and hydrogen (H ) ions, in the skeletal muscle of T2D humans, could contribute

to a decrease in [pH] . We discuss whether the defects in H  ion transporters and depletion of intracellular histidyl

dipeptides, in the skeletal muscle, could contribute towards a decrease in [pH]  and be a causative factor of insulin

resistance. Furthermore, we will highlight studies suggesting the effect of a decrease in [pH]  on the intermediates of the

glycolytic pathway and protein degradation. Finally, we will highlight, whether correcting defects in pathways which

maintain [pH]  within the muscle, could alleviate insulin resistance and improve insulin responses during metabolic

syndrome.

2. Maintenance of Intracellular pH ([pH] ) in the Muscle

Regulation of [pH]  within the muscle is a complex process, which is maintained by several membrane transporters and

endogenous buffers . In the muscle, pH homeostasis is maintained by a complex transporter system that involves the

Na /H  exchanger (NHE), Na -dependent and independent bicarbonate systems (NBC) and monocarboxylate

transporters (MCT1 and 4) . In the skeletal muscle, the NHE system is considered the most important

regulatory system, which is active at resting levels. However, a minor fraction of H  ions are released by the NHE during

exercise . In rats fed with low doses of streptozotocin and a high-fat diet, NHE expression was decreased in the soleus

and extensor digitorum longus muscles, which was increased by endurance training . There are at least two isoforms of
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the NBC transport systems, NBCe1 and NBCe2, present in the human skeletal muscle; however, the contribution of these

transporters to pH regulation is not clear . Studies with diabetic rats showed that NBC expression remains unchanged

and endurance training increases NBC expression in the muscle .

In addition to the NHE and NBC, two monocarboxylate transporters, MCT1 and MCT4, present in the muscle

predominantly facilitate H  ions and lactate efflux (symporter) across the plasma membrane during exercise . MCT1 is

ubiquitously expressed, whereas MCT4 is mainly expressed in the glycolytic muscle fibers. Skeletal muscle is made up of

different bundles of muscle fibers, which are broadly classified as slow-twitch (Type 1) and fast-twitch (Type 2) fibers.

Based on the myosin heavy chain gene expression (MYH), fast-twitch is further classified as Type 2a, 2X, and 2B. The

skeletal muscle fibers vary in energy production, with Type 1 and 2A primarily using the oxidative metabolism and type 2X

and 2B fibers using the glycolytic metabolism . Numerous studies show that MCT1 and MCT4 protein expression is

increased in the skeletal muscle after exercise training and electrical stimulation in healthy humans . MCT1

expression is increased after endurance training and its expression is correlated with the oxidative capacity , whereas

MCT4 expression is increased following intensive exercise and related to the indexes of glycolytic metabolism .

Because MCT1 is mostly found in oxidative fibers and displays a higher affinity for L-lactate compared with MCT4, it has

been suggested that MCT1 mainly handles the uptake of lactate and H  ions, whereas MCT4 is involved in lactate and H

efflux . However, all the MCTs can operate in both directions, involving the efflux and influx of lactate and H

ions. In humans with T2D, MCT1 expression is decreased in the skeletal muscle compared with healthy humans .

Studies with heterozygous MCT1  mice show that the [pH]  within the muscle at rest was higher compared with the wild

type mice, but the drop in [pH]  was higher in the MCT1  mice during the initial minutes of exercise. Hence, MCTI is

involved in the homeostatic control of pH within the skeletal muscle both at rest and during exercise . MCT1  mice

displayed normal insulin sensitivity, whereas MCT1  mice fed with a high-fat diet were resistant to diet-induced obesity,

insulin resistance, and glucose intolerance. This phenotype was associated with reduced food intake and decreased

intestinal absorption under high-fat diet conditions . Given that MCT1 handles H  influx , it could be

speculated that MCT1 deletion, diminishes the uptake of H  ions into the muscle, maintains alkaline pH, and thus

preserves the insulin responses during high-fat feeding. In addition to these transport systems, the skeletal muscle

contains at least four isozymes of carbonic anhydrase (CA II, III, IV and V) that accelerate the removal of acid as CO  .

Proteomic profiling of crude muscle extracts from the non-obese Goto–Kakizaki rat model of T2D identified that the

expression of CA III had the highest decrease compared with the non-obese mice . Since the CA III isoform is one of

the faster enzymes which helps regulate [pH] , the decrease in its expression could also decrease the removal of acid in

diabetic muscle. Indeed studies with CA III knockout mice showed that the drop in [pH]  following intense stimulation of the

gastrocnemius muscle was significantly more in the CA III knockout mice compared with the wild type mice .

Taken together, these studies suggest that the essential components of the pH regulatory systems are imbalanced in T2D

muscle. Further, the improvement in insulin action by endurance training could be facilitated by increased expression of

both NHE and MCT1 transporters in the skeletal muscle , which could enhance the removal of H  ions and

thus improve buffering capacity.

3. Histidyl Dipeptides and Intracellular pH [pH]  Regulation

Histidyl dipeptides have a pKa value close to the physiological pH (6.8–7.1), compared with the bicarbonate (pKa 6.3),

inorganic phosphate (pKa 7.2), and histidine (pKa 6.2) , which renders them ideally suited to act as intracellular buffers

within the pH transit range of the skeletal muscle. Theoretical estimates predict that these dipeptides could contribute to

approximately 7–40% of muscle buffering capacity . In comparison with high molecular weight transporters and

enzymes, which possess lower intracellular mobility and restrict their capacity to buffer protons and correct the [pH] ,

histidyl dipeptides are small molecular weight dipeptides with a molecular weight range of 227–241 Da. These dipeptides

diffuse reversibly two or more orders of magnitude faster than proteins across the cell . Skeletal muscle is the largest

reservoir of histidyl dipeptides, and approximately 10–20 mM levels of these dipeptides are present in the muscle .

Among the naturally occurring histidyl dipeptides, carnosine is the most common dipeptide present in human skeletal

muscle, whereas its methylated analogs, anserine (β-alanine-N -histidine) and balenine (β-alanine-N -histidine) are

largely found in other mammalian and avian species .

Carnosine is synthesized via the ATP grasp protein carnosine synthase (Carns1), which ligates the non-proteinogenic

amino acid β-alanine with histidine to form carnosine and further methylates to anserine by carnosine methyltransferase

. In addition to [pH]  buffering , these dipeptides also scavenge lipid peroxidation products, such as 4-

hydroxy trans-2-nonenal (HNE) , quench reactive oxygen species (ROS) such as singlet oxygen , and chelate

first transition metals . Recent reports from our laboratory and others showed that carnosine levels are increased upon

exercise and significantly depleted in the muscle of normal humans and T2D patients, respectively . We also tested
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whether the levels of histidyl dipeptides are affected in the skeletal muscle by high-fat feeding in rodent models. For these

studies, we performed a pilot study and fed the wild type C57 mice (7–8 weeks) with a high-fat and high-sucrose (HFHS)

diet for 12–14 weeks. Gastrocnemius muscle from the normal chow (NC)- and HFHS-fed mice were analyzed by LC-MS

for carnosine and anserine levels. In parallel with the observations in T2D humans that histidyl dipeptides are depleted in

the gastrocnemius muscle , we found that carnosine levels in the gastrocnemius muscles of HFHS-fed mice were

significantly decreased compared with the NC-fed mice (Figure 1). Taken together, these reports showing that carnosine

levels change under divergent conditions suggest that histidyl dipeptides may be essential for regulating specific

metabolic processes such as [pH]  under physiological and pathological conditions.

Figure 1. High-fat high-sucrose (HFHS) feeding to wild type (WT) mice decreases histidyl dipeptides in skeletal muscle.

WT C57Bl6 mice (8 weeks old) were fed with normal chow (NC) and high-fat high-sucrose feeding for 12 weeks.

Gastrocnemius muscles were isolated from the mice after NC and HFHS feeding, which was analyzed by LC-MS for

anserine and carnosine levels, using tyrosine histidine as an internal standard. Data are presented as mean ± SEM, n =

5–6 mice in each group, * p < 0.05 vs NC.

It has been reported that carnosine supplementation in different animal models of metabolic syndrome could alleviate

some markers of metabolic syndrome. Studies with high fat-fed mice supplemented with histidine, β-alanine, or carnosine

showed that histidine and carnosine supplementation reduced the activities of lipogenic enzymes and sterol regulatory

element-binding proteins in the liver. These changes were also accompanied by improved insulin sensitivity and

hyperinsulinemia . Carnosine feeding to obese Zucker rats enhanced the extrusion of lipid peroxidation products, such

as 4HNE, by forming carnosine aldehyde conjugates, diminishing carbonyl stress, dyslipidemia, and hypertension .

Similarly, carnosine supplementation to db/db mice increased the pancreatic islet sizes and insulin release . In parallel

with the reports from animal models of diabetes, recent studies with obese insulin-resistant humans showed that

carnosine supplementation modestly attenuates insulin release and enhances the extrusion of reactive aldehydes in urine

. However, a major obstacle for clinical applicability with these dipeptides is that they are hydrolyzed by carnosinase

(CNDP1) present in the serum, which diminishes their bioavailability at the site of injury . To circumvent this challenge,

several groups tested the carnosine analogs, which are resistant to hydrolysis, such as D-carnosine. However, these

carnosinase-resistant enantiomers have poor absorption and failed in testing . Similarly, the octyl-D ester derivative of

D-carnosine, which had better absorption issues, failed due to dosing limitations . Recent findings show

supplementation of another carnosine analog, carnosinol, alleviates carbonyl stress, and diminishes some markers of

diet-induced obesity in the rodent model. Carnosinol supplementation decreased HNE adduct formation in the liver and

skeletal muscle, mitigated inflammation, insulin resistance, and steatohepatitis .

Homeostasis of histidyl dipeptides within the muscle is regulated by a complex machinery of transporters (PEPT 1 and 2,

TAUT), Carns1 activity, lipid peroxidation products, and carnosinase 1 and 2 (CNDP), which hydrolyze carnosine to β-

alanine and histidine . It is not clear how these dipeptides are depleted in the muscle during metabolic syndrome.

Previous studies with humans showed that the generation of lipid peroxidation products is increased, and buffering

capacity is diminished in the skeletal muscle of T2D subjects . Henceforth, it is possible that histidyl dipeptides act

as sacrificial peptides that are used by excessive generation of reactive aldehydes or consumed to buffer the changes in

[pH] . In addition, it can be speculated that the decrease in Carns1 activity might also contribute to a decrease in

carnosine levels.
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Despite the suggestive and circumstantial evidence showing the beneficial effects of carnosine and its analogs on

metabolic syndrome, it is not clear whether the depletion of carnosine in the muscle contributes to decreasing buffering

capacity and is causative of insulin resistance . Similarly, it is not clear whether the depletion of histidyl dipeptides

affects protein folding and autophagic response within T2D muscle. Additionally, it is not clear, whether the

supplementation of carnosine or its analogs to obese mice models or humans replenishes histidyl dipeptides and

improves buffering capacity and autophagic responses within the muscle. Moreover, the role of enzyme Carns1, which

synthesizes these dipeptides , has never been properly studied. Hence, a comprehensive understanding of how histidyl

dipeptides regulate muscle function under physiological and pathological conditions could be elucidated by generating

skeletal muscle-specific Carns-null or transgenic mice. Generation of Carns-null mice models will help to understand

whether depleting histidyl dipeptides within the muscle affects skeletal muscle pH, insulin signaling, and autophagy.

Further, Carns overexpression in the skeletal muscle will specifically elucidate whether replenishing these dipeptides in

muscle during metabolic syndrome could alleviate buffering potential and prevent protein damage and insulin resistance.

Furthermore, these mice models will help understand which biochemical property, such as [pH]  buffering or aldehyde

quenching by these dipeptides, is essential to preserve skeletal muscle function under pathological and physiological

conditions. Elucidation of these pathways will help synthesize analogs that could specifically enhance the buffering or

aldehyde quenching capacity in the skeletal muscle and affect the insulin responses during metabolic syndrome.

4. Conclusions

Skeletal muscle comprises a large percentage of the body’s mass, handles about 70–80% of the insulin-stimulated

glucose, and contributes to approximately 25% of lactate formation. Derangements in glucose and fatty acid utilization

within the muscle is considered to be the underlying cause of insulin resistance. In the insulin-resistant state, there is a

decrease in both the uptake of glucose and key regulators of the glycolytic pathway. Studies with genetically modified

mice models indicated that the overexpression or deletion of key glycolytic enzymes had either minimal effect on the

obese metabolic phenotype or caused insulin resistance . However, to fully understand, whether the defects in the

glycolytic pathway contributes to insulin resistance, tracer studies using C-labelled glucose are needed to understand

and determine which step in the glycolytic pathway is affected and whether correction of that step could preserve insulin

signaling during metabolic syndrome.

Within the skeletal muscle of T2D patients, there is increased interconversion of pyruvate to lactate . Since lactate is

released from the dissociation of lactic acid to lactate and H  ions, increased pyruvate to lactate interconversion could

drop the [pH]  within the skeletal muscle of T2D patients. Additionally, a decrease in the expression of H  ion transporters

and histidyl dipeptide levels could have a systemic effect on the [pH]  and contribute to diminishing the buffering capacity

within the skeletal muscle of T2D humans  (Figure 2). Although in vitro and in vivo studies indicate that the change in

[pH]  causes insulin resistance, the mechanisms by which drop in [pH]  contributes to decreasing insulin responses are not

clearly defined. Given that skeletal muscle is the main target of insulin resistance, hence it is essential to develop a

comprehensive understanding of the mechanisms, which imbalance [pH]  and contribute to diminishing insulin responses.

An understanding of these readouts could help develop etiology-based countermeasures to alleviate insulin responses in

the muscle during insulin-resistant states, such as T2D and CKD.
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Figure 2. The shift in glucose utilization and imbalance of pathways that maintain intracellular pH during diet-induced

metabolic syndrome. A shift in glucose utilization from glucose oxidation to anaerobic glycolysis enhances lactate

production and hydrogen (H ) ions. Within the skeletal muscle, the activity of key glycolytic enzymes hexokinase and

pyruvate kinase is decreased during metabolic syndrome. Expression of transporters; the Na-H  (NHE) exchanger, which

transports hydrogen (H ) ions during exercise and rest, respectively; and levels of histidyl dipeptides, which buffer H  ions,

are decreased during diet-induced metabolic syndrome.
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