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- centre stage

In this second of our two articles on glucose, Mike Grant
explains why this sugar plays a starring role in our
bodies and why it is so essential to us.
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n the previous article (see BIOLOGICAL SCIENCES
Review, Vol. 19, No. 1, pp. 12-15) we looked at the
structure of glucose and the role it plays in the
formation of other carbohydrates. Here we consider
what it does in the body and why it is so important.

Regulation of blood glucose
Everyone uses the term ‘blood sugar” and most people,
even though they have little knowledge of biology,
know that we are talking about glucose. The concen-
tration of glucose in the blood must be maintained
within quite narrow limits (4-6 mmol dm™) if the
body is to function normally. This important
homeostatic mechanism is controlled by the
insulin and glucagon hormones produced by the
pancreas. When the glucose concentration in the
blood rises after a meal, the beta pancreatic cells
secrete insulin, which lowers the amount of
glucose circulating in the blood (see Figure 1). It does
this by increasing the uptake of glucose by liver and
muscle cells where the sugar is stored as glycogen —a
polysaccharide of glucose molecules linked by o(1-4)
bonds with branching at c(1-6) bonds.

(stimulated by insulin)

—_— o
Blood glucose Liver glycogen

(stimulated by glucagon)

During periods of ‘fasting’ (the medical term used to
describe ‘between meals’, particularly overnight), blood
glucose levels fall. Glucagon is released from the alpha
cells of the pancreas. Glucagon acts on the liver and
stimulates the conversion of stored glycogen to glucose,
which is released into the blood. Hence glycogen serves
as a buffer to maintain blood glucose levels. This role in
maintaining blood glucose levels is especially important
because glucose is virtually the only fuel used by the
brain, except during prolonged starvation.

The two most important places where glycogen is
stored are the liver and skeletal muscle. The concentra-
tion of glycogen is higher in the liver than in muscle
(10% versus 2% by weight), but more glycogen is stored
in skeletal muscle overall because there is more of it in

Coloured scanning electron micrograph of a liver cell
(hepatocyte). The nucleus is coloured pink.The stacked
membranes (yellow) are the endoplasmic reticulum (ER).
Mitochondria (green) are the sites of energy production. The
high number here indicate a metabolically active cell. 1300
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[image: image2.jpg]the body. This hormonal control of glycogen synthesis
by insulin and breakdown by glucagon is a critical regu-
latory process that stores and supplies energy in the
form of glucose. However, it is only the liver glycogen
that is used to maintain blood glucose levels, as required
to meet the needs of the organism as a whole. In
contrast, muscle glycogen content is regulated to meet
the energy needs of only the muscle itself and is not a
source of blood glucose.

Gluconeogenesis
Gluconeogenesis is the name given to the process that
synthesises glucose from non-carbohydrate sources.

Key questions in any discussion of the body’s need for
blood glucose are:

e which tissues need this energy?

e how much do they need each day?

® can the body synthesise glucose from other sources if
we fail to take in enough carbohydrate in our diet?

Mention has already been made of the brain’s
dependence on glucose as its primary fuel. Red blood
cells depend totally on glucose as their energy source.
The daily glucose requirement of the brain in an adult
human is about 120 g, which accounts for around 75%
of the total glucose (160g) needed daily by the whole
body. The amount of freely available glucose circulating
in blood and body fluids is around 20 ¢, and glycogen
stores in the liver can supply approximately 190 g. Thus
the direct glucose reserves are sufficient to meet glucose
needs for about a day — but a period of starvation
longer than 24 hours requires that glucose is formed by
gluconeogenesis.

The gluconeogenic pathway uses small molecules
such as lactate, amino acids and glycerol as precursors
that can be made into glucose. Lactate is the end product
of glucose oxidation by red blood cells, and is also
formed by active skeletal muscle. Amino acids are
derived from proteins in the diet and, during starva-
tion, from the breakdown of proteins in skeletal muscle.
Glycerol arises from the hydrolysis of fats. The liver is
the major site of gluconeogenesis, with a small amount
also taking place in the kidney.
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Gluconeogenesis in the liver and kidney helps to
maintain the glucose level in the blood so that the brain
and muscle can extract sufficient glucose from it to meet
their metabolic needs.

It is crucial that blood glucose concentrations do not
fall below 2.5-3.0mmoldm™ because of the brain
dependency on glucose from the blood. Low blood sugar
results in confusion, and even coma and death. Many
people notice that they, or their friends, when they are
hungry become irritable or unable to concentrate. This
is the effect of the diminishing supply of glucose on the
brain...and why, during a long examination, you are
recommended to take a supply of chocolate in with
you!
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Blood glucose is a key energy source for the tissues in
your body but it can only provide energy once it has
entered a cell. Membrane-based ‘transporter proteins’
are required for glucose to pass across the plasma
membrane and into the cell. Before the glucose can be
metabolised it must first be modified by the addition of
a phosphate group to form glucose-6-phosphate. Energy
is needed for this phosphorylation to take place.

glucose + ATP glucose-6-phosphate + ADP

This enzyme-catalysed reaction introduces a large, nega-
tively charged phosphate group which traps the mole-
cule in the cell. The negative charge stops the glucose
from passing through the plasma membrane and
escaping out of the cell. The glucose-6-phosphate can
then become the starting substrate for a number of
metabolic pathways (see Figure 2).
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glycolysis and is converted i Most of the glucose-6-phosphate is used to yield energy,
o aceltyl f":’ VI‘('h“:: BUET mostly ATP. The glucose is completely broken down.
CONIPIETEly ar o O Glucose-6-phosphate (6C) The reaction is summarised as:

CO, and H,0 in the Krebs

cycle with the synthesis of l CgH;,05 + 60, —> 6CO, + 6H,0 + energy
large amounts of ATP.

l In reality, this oxidation process is complex, involving

2ADP i two major stages, each with many steps.
D The first stage is known as glycolysis, which takes
i place in the cytoplasm (see Figure 3). In a series of steps,
2 x pyruvate (3C) each six-carbon glucose molecule is split to form two
molecules of the three-carbon compound pyruvate. No

oxygen is used and therefore glycolysis is said to be

2ATP

Oxygen | required

2C0, anaerobic — and no CO, is produced. A small amount
of ATP (two molecules) is produced in the process. Then
2 AcetylCoA (2C) the pyruvate is decarboxylated to release carbon dioxide,
leaving two molecules of a two-carbon compound
(acetyl CoA).
Krebs cycle
Al Krebs cycle The next major stage is the Krebs cycle, also called the
ADP tricarboxylic acid cycle or citric acid cycle. This final
stage in the oxidation of glucose to produce biological
. energy occurs in the mitochondria (see Figure 4).
’& Oxygen is required at this stage and therefore the
CO, process is described as aerobic respiration. A summary
GOy of the two stages of the six-carbon sugars can be
Arp ADP presented as:
Cglglucose)
Coloured transmission electron micrograph of a mitochon- Glycolysis (in the cytoplasm)
drion in a human pancreas cell. This cylindrical organelle has
| an outer surrounding membrane and an inner membrane 2x C; (pyruvate)
which fo_n'ns folds_called t_:ris1ae where chen_\ical reactions Krebs cycle (in mitochondria) l +60
occur. Mitochondria are sites of cell respiration: sugars and 2
fats are oxidised to produce energy. x92500 ; 6C0O, + 6H,0 + energy

Oxygen debt

This second stage — Krebs cycle — of glucose break-
down requires oxygen to be present for pyruvate to be
converted to carbon dioxide and water and provide the
energy (ATP) needed for other biological reactions to
take place. However, if oxygen availability is limited (as
in muscle tissue during vigorous exercise) then none of

Inside is the matrix,
which contains Krebs

Outer mitochondrial cycle enzymes

membrane

membrane

Inner mitochondria!

The inner membrane is folded to form
cristae — the sites of enzymes involved in
oxidative phosphorylation
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Figure 4 Structure of a mitochondrion. 1
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[image: image4.jpg]High lactic acid concentrations produced by strenuous
exercise can lead to collapse.

the mitochondrial reactions can take place. If you look
at Figure 3 you will see that this means that pyruvate
would accumulate in the cytoplasm. This must not
happen because the rising concentrations of pyruvate
would stop the enzymes of glycolysis from functioning.
Instead, when the concentration of pyruvate starts to
rise, another enzyme converts it to lactic acid.

CH,COCOOH + 2H* —> CH;CHOHCOOH
Pyruvate Lactic acid

This reaction allows the anaerobic phase of glycolysis
to continue. As the concentration of lactic acid in the
muscle cells builds up, it begins to diffuse into the blood-
stream, causing a drop in pH. Lactic acid is potentially
toxic, but the body can tolerate it to some extent. Even-
tually the fall in pH affects protein structure/function
and cellular metabolism (see BIOLOGICAL SCIENCES
ReviEw, Vol. 18, No. 2, pp. 6-9). Everyone is aware of
the effects of the high lactic acid concentrations
produced by strenuous exercise — fatigue, muscle
cramp and finally collapse! And once the exercise has
finished, the breathing rate stays high for some time —
the extra oxygen taken in is used to convert the lactic
acid back to pyruvate and then to carbon dioxide and
oxygen. This pays back the oxygen debt.

Alternative metabolic routes

If blood glucose concentration is high and energy
demands are low, the body has an opportunity to build
up its energy supplies by storing glucose in the liver and
skeletal muscle in the form of glycogen. Again, glucose-
6-phosphate represents the start of the biosynthetic
pathway but in this instance its conversion to glucose-
1-phosphate is required as the first step in glycogen
synthesis (see Figure 2).

Glucose-6-phosphate is also the starting point for the
synthesis of other important molecules. For example,
cells that are dividing (and consequently synthesising
RNA and DNA) obviously need ribose and deoxyribose.
These sugars arise via the so-called pentose phosphate
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Figure 5 The central role of glucose in carbohydrate metabolism.

pathway — a complex pathway in which glucose-6-
phosphate is oxidised to ribose-5-phosphate. The process
also generates NADPH, which is an important reducing
agent that plays a key role in fatty acid synthesis. So the
pentose phosphate pathway is particularly active in
adipose tissue when storing energy as fat.

Other sugars such as galactose, mannose and amino
sugars (all found in glycoproteins) also derive from
glucose-6-phosphate. The simple molecule of glucose
really is central to so many aspects of the metabolism of
cells (see Figure 5). Just how tissues and cells decide
which pathway predominates under which circum-
stance and how cell metabolism is regulated continues
to be a focus of research. Much is known of the key
enzymes and hormones affecting the controls, and
future articles in BIoLOGICAL SCIENCES REvIEW will provide
insight into diseases caused by aberrations of these
homeostatic mechanisms.

Mike Grant is Emeritus Professor of Medical Biochemistry
at the University of Manchester and a member of the
Editorial Board of BIOLOGICAL SCIENCES REVIEW.

KEYpoints

e The concentration of glucose in the blood must be
kept within strict limits. The hormones insulin and
glucagon are responsible for this control.

e Excess glucose is stored as glycogen in the liver
and the muscles.

e The glycogen in the muscles is used only by the
muscles, but the glycogen in the liver acts as a
source of glucose for the rest of the body;"particu- -
larly for the brain.

e Glucose is also the starting point from which the
body can synthesise other important molecules,
such as the sugars found in the nucleotides that
form DNA and RNA.
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