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Carbohydrates are the major energy source for the living cells 

that synthesized from carbon dioxide and water during 

photosynthesis process by green plants through absorption of 

sun light. In human, carbohydrates provide more than 55% of 

body energy which are mostly come from exogenous source. 

Carbohydrates can also provide energy from endogenous 

source such as glycogenolysis process. To be used as source of 

energy, carbohydrates compounds should undergo series of 

enzymatic metabolic reactions in the cell. Beside the energy 

productions, catabolism of carbohydrates provides different 

metabolites for synthesis of several biomolecules such as fatty 

acids, amino acids, DNA, and RNA. Among the three main 

examples of monosaccharide (glucose, galactose, and 

mannose). Glucose is considered as the central molecule in 

carbohydrate metabolism that all the major pathways of 

carbohydrate metabolism relate to glucose molecule such as 

glycolysis and glycogenesis process. Glucose is also considered 

as an important component of cellular metabolism in 

preserving carbon homeostasis. Liver plays a significant role in 

controlling and stabilizing blood glucose levels; therefore, it 

can be considered as glucostate monitor. In this article, we will 

review the major metabolic pathways of carbohydrate 

metabolism, their biochemical role in cellular energy 

production, and latest development in the understanding in 

these fields. Also, we discussed about the factors that participate 

in regulation of blood glucose concentration. We believe 

understanding this process is essential for control 

carbohydrate-related human disorders. 
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1. INTRODUCTION 

The monosaccharide is the central molecule in the metabolism of carbohydrate since it is 

related to all the major pathways of carbohydrate metabolism. Glucose, as a major 

carbohydrate molecule, undergoes three major pathways to be metabolized, glycolysis [1], 

glycogenesis [2], and hexose monophosphate (HMP) shunt [3].These pathways are regulated 

inside the living organisms either enzymatically or  through the actions of different hormones 

[4, 5]. 

The glycolytic pathway is carried out by most tissues by breaking down of glucose to provide 

energy in the form of ATP, and also it offer several metabolites, which can later be used for 

other metabolic pathways [6]. Glycolysis, also called Embden-Meyerhof pathway, is an 

extramitochondrial pathway in a cell in which one molecule of glucose is oxidized into two 

pyruvate molecules through several enzymatic reactions in the cytosol of the cell [7, 8]. In the 

present of oxygen, the pyruvate molecule enters  mitochondrial matrix from the cytoplasm to 

form tricarboxylic acid (TCA) cycle to be fully oxidized to CO2 and water [9]. However, in 

the absence of oxygen (anaerobic condition), pyruvate is converted into lactate [10]. Examples 

of anaerobic glycolysis such as exercise, overproduction of pyruvate, or under hypoxic 

conditions during disfunction or damaging of mitochondria. 

In terms of structure, carbohydrates are classified into three major classes, (1) simple 

carbohydrates, they include monosaccharides such as glucose, galactose, and mannose; and 

disaccharides such as lactose, and sucrose, (2) complex carbohydrates that consist of multiple 

sugar units linked to each other through glycosidic bonds. The well-known examples of the 

complex carbohydrates  are glycogens in animal, starch in plants and cellulose, (3) 

carbohydrates that bound to other groups such as protein (glycoprotein) or lipids (glycolipids) 

[11]. Carbohydrate digestions begin in the mouth through hydrolysis of poly and complex 

carbohydrate and into shorter molecules by the action of salivary and pancreatic α-amylase to 

di-, tri- and oligosaccharides. The next step of carbohydrate digestion takes place in the small 

intestine for further hydrolysis catalyzed by several digestive enzymes that located in the 

small intestinal brush-border membrane such as sucrase, maltase and lactase; to produce 

glucose, galactose, and fructose [12]. After the digestion process, these monosaccharides are 

absorbed into the blood stream to control blood sugar through several transporter proteins 

[13].  

The pancreatic hormones including insulin and glucagon monitor the flow of glucose to and 

from the cells. Insulin keeps the concentration of glucose in the blood at a normal level; once 

the blood sugar level is too high, insulin triggers the liver to uptake blood sugar and store 

glucose as glycogen molecule. However, the lack of insulin or the body’s inability to produce 

enough insulin to regulate the amount of glucose in the blood (diabetes mellitus) increase the 

glucose level of the blood. On the other hand, incase of low blood sugar levels, glucagon has 

an important role in maintaining blood glucose homeostasis by stimulating hepatic glucose 

production through breakdown of glycogen to glucose via glycogenolysis process which is 

then released into the blood. Furthermore, glucagon stimulates gluconeogenesis process by 

promoting liver cells to make glucose from amino acids [14].   

In this article we provide an updated review on the process of glucose metabolism including 

glycolysis, and glycogenolysis, and types of transporter proteins that participate in these 

processes. Also, we describe those regulators that stimulates and inhibits these processes. 

 

2. GLUCOSE TRANSPORTERS (GLUTS) AND GLYCOLYSIS PROCESS 

Glycolysis is the process that six carbon atoms of one glucose molecule are oxidized to two 

molecule of pyruvate (three carbon atom each) via several enzymatic pathways. The process 

of glucose oxidation in the cells starts from its absorption from the blood into the cells through 

glucose transporters that are located in the plasma membrane of different tissues such as liver, 

kidney muscle and adipose tissues. However, due to solubility of glucose and present of lipids 

in the cellular membrane, making it difficult for glucose and other hexoses to diffuse from 

blood into the plasma membrane. From the middle of the last century, several researches 
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proposed several mechanisms of the passing of glucose molecule into the cellular membrane 

[15, 16].   

Several glucose transport proteins were found located on the cellular membrane, which are 

essential for glucose metabolism in diverse organisms [17]. In human, approximately 14 

glucose transports GLUTs are found; among these GLUT 1-4 which have the fundamental 

roles in many physiological processes [18, 19]. Furthermore, these different types of GLUTs 

are specialized based on the tissue that glucose is adsorbed into. GLUT1 is located in blood 

cells and blood brain barrier to uptake glucose from blood to these cells. However, mutations 

of GLUT1 may result in a syndrome known as De Vivo disease which is consequently 

impaired transport of glucose into brain cells which leads to cerebral energy failure. [20-22]. 

GLUT2 is another type of glucose transporter proteins which is mostly found in liver, kidney, 

and pancreas β-cells, while its deficiency resulted in Fanconi–Bickel syndrome which is 

characterized by buildup of glycogen in the liver and kidney [23, 24]. GLUT3 is a glucose 

transporter of placenta, kidney and neurons [25]. GLUT4 on the other hand is the major 

glucose transporter protein in muscle and adipose tissue. GLUT4 is an insulin dependent 

glucose transporter, that depends on the present of insulin to regulate blood glucose , whereas 

the other types of GLUTs are not dependent on the present of insulin and they regulate 

glucose concentration based on high and low blood glucose concentration that contributes to 

obesity and [26].  

Blood glucose concentration level is maintained by both glycolysis and gluconeogenesis to 

around 5.5 mM [11]. Once glucose is diffused into the cells, it is phosphorylated to glucose 6-

phosphate in an irreversible process with the action of the enzyme of hexokinase (HK) and 

glucokinase (GK). Glucokinase is a type of glycosidase enzyme with high Km value that is 

characterized by a low affinity for glucose that functions as the glucose sensor which is 

expressed at the highest levels hepatocytes and pancreatic β cells that regulate the glycolysis 

pathway [27]. The enzyme of hexokinase (HK) which has high affinity for glucose is present 

in most tissues such as muscle that catalyze various hexoses, for example, HK converts 

glucose molecule to glucose 6-phosphate [6, 28]. Next, Glucose 6-phosphate undergoes 

isomerization reaction in the presence of the enzyme phosphohexose isomerase and Mg
2+

 to 

give fructose 6-phosphate [29]. The synthesized fructose 6-phosphate is phosphorylated in the 

present of ATP and the action of phosphofructokinase1 (PFK-1) to fructose 1,6-bisphosphate 

and an irreversible and a regulatory step in glycolysis (Figure 1).  

The role of PFK-1 in the regulation of glycolysis has been reported for several types of cells in 

different animals [30, 31]. Mutation in the gene encoded for PFK-1 causes a disease known as 

glycogen storage disease type VII that is an inherited disorder resulted in inability to break 

down glycogen in muscle cells, and consequently inability of the muscle to use glucose as an 

energy resource [32]. The six-carbon fructose 1,6-bisphosphate breakups into two molecules 

by the enzyme aldolase to generate glyceraldehyde 3-phosphate (GA3-P) and 

dihydroxyacetone phosphate (DHAP). The enzyme phospho triose isomerase reversibly 

catalyzes the interconversion of glyceraldehyde 3-phosphate and dihydroxyacetone phosphate, 

depending on body demand. Later, 1,3-bisphosphoglycerate, a product of the glyceraldehyde 

3-phosphate dehydrogenase enzyme, and NAD
+
 molecule is reduced to NADH. Deficiency of 

this enzyme contributes to NADPH supply and lipid accumulation [33]. The formation of 

cofactor NADH is reduced to NAD
+
 during the formation of lactate from pyruvate in the 

anaerobic condition [34]. The 1,3-bisphosphoglycerate converts to 3-phosphoglycerate with 

the synthesis of ATP through the action of phosphoglycerate kinase. The phosphate group on 

the 3-phosphoglycerate through an isomerization reaction is switched to carbon number two of 

glycerate molecule and generating 2-phosphoglycerate by the enzyme phosphoglycerate 

mutase. Additionally, 2-phosphoglycerate is converted to a high energy compound called 

phosphoenol pyruvate by the enzyme enolase. Finally, the high energy phosphate from 

phosphoenol pyruvate is transferred to ADP through an irreversible process by the enzyme 

pyruvate kinase, leading to the formation of ATP and three carbon pyruvate molecules. There 

are many researches have shown the significant role of pyruvate metabolism in human 

diseases such as cancer, heart failure, and neurodegeneration [35]. 
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Figure 1: Glycolysis and glycogenolysis pathways. Monosaccharide molecules uptake from blood into 

the cells via glucose transporter protein (GLUT), then in several enzymatic processes glucose in the cells 

convert to two pyruvate molecules. In the glycolysis pathway, among ten steps there are three 

irreversible steps (blue bold arrow) and the rest of the steps are reversable pathways. Enzymes that 

catalyze the glycolysis are shown in red color except for Fructose 1,6 bis phosphatase and Glucose 6- 

Phosphatase that are written with blue color which participate in glucose synthesis (gluconeogenesis). 

Beside the glucose, metabolism of other monosaccharides (galactose and fructose) is described in the 

figure. 

PDH: Pyruvate Dehydrogenase, ETC: Electron Transport Chain, TCA cycle: Tri Carboxylic Acid Cycle. 

HMP shunt: Hexose Mono Phosphate shunt, GALT: Galactose 1- phosphate uridyl transferase. OAA: 

Oxaloacetate, MDH: Malate dehydrogenase, PEPCK: Phosphoenol pyruvate carboxy kinase. 
 
In case of aerobic condition pyruvate molecule moves from cytosol into mitochondria through 

a specialized transporter and converts in to two carbon molecule acetyl CoA with the action of 

the enzyme pyruvate dehydrogenase (PDH), and in this oxidized reaction NAD
+
 is reduced to 

NADH. In case of absent or very little amount of oxygen such as those tissues that do not have 

mitochondria such as red blood cells or in cells that deprived from sufficient oxygen, the 

pyruvate molecule is reduced to lactic acid by the enzyme lactate dehydrogenase (LDH) [36], 

and the NADH molecule that is generated from the synthesized 1,3-bisphosphoglycerate is 

oxidized to NAD
+
 molecule (Figure 2)[10]. 
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Figure 2: Aerobic and anaerobic condition.  

In the present of oxygen, pyruvate transfer from cytoplasm to mitochondrial through transporter protein, 

from there it oxidizes to acetyl CoA and the reaction is catalyzed by pyruvate dehydrogenase, however, 

in the absence of oxygen (aerobic) pyruvate molecule reduces to lactate (lactic acid) molecule in the 

present of the enzyme lactate dehydrogenase. 

GLUT: Glucose Transporter, GK: Gluco Kinase, HK: Hexo Kinase, LDH: Lactate Dehydrogenase, 

PDH: Pyruvate Dehydrogenase, ATP: Adenosine Tri Phosphate. 
 

3. REGULATION OF GLYCOLYSIS PROCESS 

There are four known enzymes that have shown to play a crucial role in the regulation of 

glycolysis process which are: glucokinase (GK), hexokinase (HK) [37, 38], 

phosphofructokinase-1 (PFK-1)[39, 40], and pyruvate kinase (PK) [41, 42]. All of these 

enzymes catalyze the glycolysis process irreversibly either allosterically or hormonally [43].  

The enzyme hexokinase (HK), which is present in the cytoplasm of most tissues, is stimulated 

by a glucose molecule during glycolysis and is inhibited by glucose-6-phosphate if glycolysis 

is not required. It has shown that HK is the key for the first step in erythrocyte glycolysis, and 

its deficiency has been observed in patients with Fanconi's syndrome [6, 28]. Glucokinase 

(GK) is specific in liver cells located in the nucleus and is also simulated by glucose during 

high glucose level in the blood and consequently catalyze the glycolysis process. Regulation 

of this enzyme is controlled by fructose-6 phosphate which stimulates binding of glucokinase 

(GK) to glucokinase regulatory protein (GCKR) as a competitive inhibitor which causes the 

removal of the enzyme back into the nucleus [44]. Both of these types of glycolysis regulation 

are known as allosteric regulation (Figure 3A).  

Hormonal regulation of glycolysis includes two hormones, glucagon, and insulin. Insulin 

stimulates both GK and HK during high blood glucose level and they catalyze the glycolysis 

process, while glucagon inhibits these two enzymes during low blood glucose level and, 

consequently, decrease glycolysis process and promotes gluconeogenesis. Moreover, insulin 

and glucagon regulate glycolysis process by phosphorylation and dephosphorylation of 

phospho fructokinase II (PFK-II) respectively, and it has been shown that PFK-II is a central 

regulator of cardiac glycolysis [45]. PFK-II can catalyze fructose 6-phosphate and convert it to 

fructose 2,6 bis phosphate, a reaction that is stimulated by insulin which dephosphorylates 

PFK-II [38]. The synthesized fructose 2,6 bis phosphate is a highly regulator compound which 

stimulates the enzyme of phospho fructokinase I (PFK-I) and consequently glycolysis occurs. 

Glucagon on the other hand, during low blood glucose level, starts to phosphorylate phospho 

fructokinase II (PFK-II) and inhibits the synthesis of fructose 2,6-phosphate as a result of 

inducing the gluconeogenesis process (Figure 3B). 
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Figure 3: Regulation of glycolysis process.  

A) Alosteric regulation: The glycolysis process is allosterically regulated by each of GK, HK and 

PFK-1. 

B) Hormonal regulation: The glycolysis process is hormonally regulated by insulin and glucagon. 

GK: Gluco kinase, HK: Hexo Kinase, PFK: Phosphophructo Kinase. Red arrow: inhibition, Green 

arrow: stimulation. 
 

4. BLOOD GLUCOSE HOMEOSTASIS 

Glucose homeostasis is a process of keeping blood glucose concentration at a steady-state 

level. Carbohydrate compounds, plant polysaccharides such as starch and animal 

polysaccharides such as glycogen are the main source of glucose for the body. Glucose can 

also be synthesized endogenously in the liver via several processes such as gluconeogenesis 

and glycogenolysis that have a significant role in providing energy for most of the tissues 

particularly the brain [46, 47]. The deficiency of blood sugar can lead to several problems in 

body function including loss of consciousness sweating, palpitations to cognitive dysfunction 

and seizures [48]. However, elevation of blood glucose concentrations can also result in 

several diseases such as blindness and renal failure. Therefore, maintain the blood glucose 

concentrations within narrow range is important for the healthy status of the human being [49, 

50]. In the feed state; glucose is taken up from the blood into the cell and phosphorylated 

mainly by glucokinase (GK) to glucose-6 phosphate via glycolysis process which initiates 

either several metabolic processes or can be used as a source of  glycogenesis and 

gluconeogenesis [51].  

The main aim of digestion of carbohydrates is to breakdown complex and all disaccharides 

into monosaccharides for absorption, and then energy production. The process of carbohydrate 

digestion starts in the mouth with the action of salivary enzyme α-amylase that acts briefly on 

breaking down α (1→4) glycosidic bonds in dietary components starch and glycogen. 

However, the enzyme cannot hydrolyze those sugars that contain α (1→6) bonds such as 

amylopectin. Therefore, a mixture of small, branched, and unbranched oligosaccharides are 

produced in the mouth known as dextrin [52]. The carbohydrate digestion does not occur in 

the stomach due to present of gastric juice with a pH between 1 and 3 which deactivates α-

amylase activity. Then, further digestion of  dextrin by pancreatic enzyme (α-amylase) after it 

has been neutralized by pancreas secreted bicarbonate [53]. Final step of digestion occurs at 

the intestinal mucosal cells; several enzymes known as brush border enzymes in the 

microvillus membrane like isomaltose that cleaves the α (1→6) bond of isomaltose, maltase 

which cleaves glycosidic bonds in maltose and maltotriose, sucrase which cleaves sucrose and 

lactase that cleaves lactose to produce glucose, galactose and fructose [54]. 

After all the forms of carbohydrates are digested and converted into the monosaccharides, they 

must be absorbed by the duodenum and upper jejunum.  
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Absorption of both glucose and galactose molecules occur through their diffusion via  sodium-

dependent glucose cotransporter 1 (SGLT-1) molecule  into enterocytes of the intestine, 

whereas the uptake of fructose requires a sodium-independent monosaccharide transporter 

(GLUT-5) for its absorption. Later, all produced monosaccharides are transported from the 

intestinal mucosal cell into the blood circulation by another glucose transporter-2 (GLUT-2) 

(Figure 4). Once monosaccharides are transported into the blood, they pass through tissues 

like liver and muscle through transporter proteins. In the liver, the transported monosaccharide 

such as glucose can either undergoes glycolysis process to produce energy or it could be 

stored as glycogen to be used later through glycogenolysis process to control the concentration 

of blood sugar. In the muscle, the glucose is mostly used to get energy as ATP, particularly 

during exercise [55]. 

 

 
Figure 4: Carbohydrate digestion and absorption. 

To begin the digestion process, the complex carbohydrates must break down into monosaccharides, 

which this small amount of carbohydrate digestion occurs in the mouth and most of the catalyzing 

process occurs in the small intestine with the action of the brush border enzymes. Next, there is the 

absorption of the digested carbohydrate into the blood stream and, finally, into the tissues. 

 
Increase of blood glucose level can lead to a condition which is known as diabetes mellitus. 

Two types of diabetic mellitus are known insulin dependent diabetes mellitus or (type 1 

diabetic mellitus) [56] and insulin independent diabetic mellitus or (type 2 diabetic mellitus) 

[57, 58].  

Insulin is a hormone that is secreted by the pancreatic islet beta cells. In high blood glucose 

level, insulin increases uptake of blood glucose by stimulating the translocation of the glucose 

transporter isoforms (GLUTs), particularly GLUT2 in the liver and GLUT4 in the muscles, 

from intracellular pools to the surface cellular membrane. The concentration of insulin 

secretion has a significant role in  increasing the number of glucose transport (GLUTs) to be 

translocated into the cell membrane [59]. Once GLUTs move into the cell membrane , the 

glucose in blood translocate into the tissues, consequently control the blood glucose level [60]. 

Insulin in the liver and muscle promotes glycogenesis process to regulate blood glucose 

concentration through uptake of glucose via insulin sensitive glucose transporter (GLUT2), 

which can be later used via glycogenolysis during low blood glucose level [61]. In skeletal 

muscle, the process of glycogenolysis does not occur due to the absence of the enzyme of 

glucose 6-phosphatase, the enzyme that is responsible for converting glucose 6-phosphate to 

glucose. Therefore, the glucose molecule which is adsorbed by insulin into the skeletal muscle 

is used as an energy source through glycolysis process. 
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Type 2 diabetes, is a polygenic disease that is related to insulin resistance condition and, 

consequently, raise blood glucose concentration. There are several risk factors that result in 

insulin resistance, such as dyslipidemia by increasing the concentration of lipids such as 

cholesterol and triglyceride in the blood, obesity, and visceral adiposity (accumulation of fat 

that wraps around the abdominal cavity) [62, 63]. Furthermore, sedentary lifestyle is 

considered as a factor that resulted in the development of insulin resistance and type 2 

diabetes, which is low physical activity that increases the complication of cardiovascular 

diseases and mortality [55, 64].  

Glucagon, on the other hand, is a polypeptide hormone that is secreted by the α cells of the 

pancreatic islets of Langerhans. This hormone is secreted during hypoglycemia particularly 

during overnight or prolonged fasting that stimulate hepatic glucose production by promoting 

both glycogenolysis and gluconeogenesis process [65, 66]. It has been found that the majority 

of glycogen is stored in the skeletal muscles and hepatic tissue [2], and at the process of 

glycogenolysis the stored glycogen molecule in the liver not in muscle is degraded into 

glucose molecule and moved into blood through GLUT2 membrane protein. Glucagon also 

has a great role by regulating glycolysis process and consequently offers energy requirements 

for the muscles [67].  

Glucagon is one of the regulator biomolecules that promote indirectly glycogen break down 

into glucose 1-phosphate and glucose molecule [68, 69]. In the first step of glycogenolysis, the 

glycogen molecule is degraded by breaking α (1→4) glycosidic bonds by the action of 

glycogen phosphorylase to produce one molecule of glucose 1-phosphate and the remaining 

part of glucose units in the glycogen molecule. The process is continuing till on each chain 

four glucosyl units remain before a branch point [70]. 

Beside the glycogen phosphorylase enzyme, debranching enzymes also participate in 

glycogenolysis process by breakdown of α (1→6) glycosidic bonds that is located in the 

branched part of the sugar units remain one glucose molecule which is then cleaved by 

hydrolysis to yield free glucose. The produced glucose 1-phosphate is converted to glucose 6-

phosphate in the cytosol by phosphoglucomutase [71]. In the liver, glucose 6-phosphate is 

transported into the endoplasmic reticulum (ER) and converted there to glucose by glucose 6-

phosphatase, and finally transported into the blood to maintain blood glucose level (Figure 1). 

Research has shown that the deficient activity of the enzyme glucose 6-phosphatase leads to a 

one of a type of glycogen storage disease (GSD) which is known as Von Gierke disease 

resulting in excessive growth of glycogen and fat in the liver, kidney, and intestinal mucosa 

[67]. Recently, in human adipocytes, it has been shown that glucagon has a direct effect on 

glucose uptake and lipolysis process [72]. 
 

5. CONCLUSION 

Carbohydrates are one of the major energy sources in the body. Carbohydrates can be stored 

in the body as a glycogen molecule or it can be used to provide energy via several metabolic 

pathways such as glycolysis, glycogenolysis and hexomino phosphate shunt. Digestion of 

carbohydrates occurs via several enzymatic processes into monosaccharides, followed by 

absorption of the monosaccharides into the blood via several glucose transporter proteins 

(GLUTs).  Glycolysis is one of the main metabolic pathways in the body that converts glucose 

molecules into two molecules of pyruvate in the cytoplasm. Glycolysis is important to control 

blood glucose level and provide cellular energy. It consists of ten reversable enzymatic 

reaction processes except three of them are in the form of an irreversible process. The 

regulation of glucose metabolism is controlled by both allosterically and hormonally. Both 

insulin and glucagon hormones are important to maintain glucose concentration in the blood. 

Increased glucose level in the blood results in hyperglycemia and consequently diabetes 

mellites, while low blood concentration resulted in hypoglycemia, this can be controlled by 

the action glucagon hormone which participates in the regulation of glycogenolysis process by 

hydrolyzing glycogen molecule into glucose molecule to control blood glucose level. 
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