Metabolic changes
in malnutrition

Abstract

This paper is concerned with malnutrition
caused by inadequate intake of all the major
nutrients rather than deficiency diseases
relating to a single micronutrient. Three
common situations are recognised: young
children in third world countries with protein-
energy malnutrition; adults in the same
countries who are chronically adapted to
subsisting on marginally inadequate diets;
and patients who become malnourished as a
result of chronic diseases. In all these
situations infectious diseases are often also
present, and this complicates the
interpretation of biochemical and
physiological observations. The metabolic
response to starvation is primarily concerned
with maintaining a supply of water-soluble
substrates to supply energy to the brain. Thus
there is an initial rise in metabolic rate,
reflecting gluconeogenic activity. As fasting
progresses, gluconeogenesis is suppressed to
minimise muscle protein breakdown and
ketones become the main fuel for the brain.
With chronic underfeeding the basal
metabolic rate per cell appears to fall, but the
mechanistic basis for this is not clear. The
main adaptation to chronic energy deficiency
is slow growth and low adult body size,
although the reduction in energy requirement
achieved by this is partially offset by the
preservation of the more metabolically active
organs at the expense of muscle, which has a
lower metabolic rate. The interaction between
malnutrition and the metabolic response to
trauma has been studied using an animal
model. The rise in energy expenditure and
urinary nitrogen excretion following surgery
were significantly attenuated in malnourished
rats, suggesting that malnutrition impairs the
ability of the body to mobilise substrates to
support inflammatory and reparative
processes. However, the healing process in
wounded muscle remained unimpaired in
malnutrition, suggesting that this process has
a high biological priority.
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Malnutrition

This paper will be concerned mainly with what
Golden refers to as type II nutrients (Table 1'). I
have added energy, fat, and carbohydrate to the
original list even though they do not meet the
strict definition of essential nutrients. The type
II nutrients are found as components of all
tissues, in relatively fixed amounts. A lack of
any one of these type II nutrients causes an
immediate cessation of growth and an inability
to maintain the balance of the other type II
nutrients. Hence the signs of such a deficiency
are relatively nonspecific, because they could all
be attributable to a lack of any of these
nutrients. Moreover, it does not matter which of
these nutrients is the most deficient, because in
most naturally occurring situations the intake of
all of them is likely to be deficient, and there
will be no restoration of function until there is
adequate intake of all of them.

Malnutrition may arise acutely or chronically,
and the metabolic response may be slightly
different in each case. It may be helpful to
consider three general situations. The first is
young children in third world countries
suffering from varying degrees of protein-
energy malnutrition. Young children are
uniquely vulnerable to the effects of inadequate
food intake and chronic exposure to infectious
illnesses, resulting in high death rates.
Malnutrition may not always be recorded as the
immediate cause of death but it has been
estimated to account for 35% of the deaths of
children worldwide.” The second situation is
the large numbers of older children and adults,
again mainly in third world countries, who
have survived childhood but who are living on
marginally inadequate intakes, and are typically
classified as chronically energy deficient.
Although such people are considered to have
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Table 1 Type I and Type II nutrients

Type I
All vitamins, most trace elements, calcium

Type 11
Nitrogen, sulphur, essential amino acids
Potassium, sodium, magnesium, phosphorus, zinc
Water
Dietary sources of energy (including carbohydrate and fat)

Adapted from Golden and Golden.!

adapted successfully to their inadequate diet their work
output is low and their ability to perform and enjoy
normal social functions may be limited. The third
situation occurs more commonly in industrialised
countries and relates to people with severe illnesses that
lead to anorexia and wasting. The resulting malnutrition
becomes a synergistic factor contributing to further
morbidity and mortality.

In all these cases the primary cause of malnutrition is
inadequate food intake, but in most cases there is also an
effect of disease which causes an increase in requirement
for protein and energy. The disease may be an infection,
such as diarrhoea or measles in the malnourished child,
or it may be a chronic inflammatory process or an acute
trauma such as a hip fracture or surgery in the case
malnourished adults in hospitals. Such disease processes
also exacerbate the malnutrition by causing anorexia.
Malnutrition in turn exacerbates the disease process by
suppressing immune function. The interaction between
malnutrition and disease, particularly infectious disease,
is often described as a vicious circle.?

The metabolic changes that are observed in these
situations are difficult to interpret since they represent
the response to both malnutrition and disease. Some data
on the effects of pure undernutrition in human subjects
comes from the Minnesota experiment* and from some
more recent studies of obese people who are dieting to
lose weight. Experimental studies with human
volunteers tend to focus mainly on relatively short
periods of complete starvation. However, much useful
information can also be gained from studies in animal
models. We have used this approach to study the
interaction between malnutrition and the metabolic
response to injury (see below).

Metabolic changes in young children with
protein-energy malnutrition

The immediate effect of inadequate intake in a child will
be for growth to slow or stop, so that protein and energy
can be used for maintenance of the existing tissue. If the
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energy deficit is so severe that energy balance cannot be
maintained there will be a loss of body tissue, both fat
and lean, to provide substrates to maintain the
metabolism of the remaining cells. Thus chronic
malnutrition results in slow growth, and can be detected
by measuring height (or length, in the case of infants) for
age, with low values being classified as stunting. More
acute malnutrition will tend to cause a decrease in
weight for height, and this is classified as wasting.

In extreme cases malnutrition leads to the syndromes
known as marasmus and kwashiorkor. It has been
suggested that marasmus represents the extreme result
of adaptation to low intake, with complete cessation of
growth and severe loss of muscle and adipose tissue,
while the features of kwashiorkor such as oedema and
fatty liver may represent a failure in some aspect of this
adaptation. However, the biochemical changes that have
been reported are not consistent enough to give many
reliable clues as to the nature of any metabolic
differences. Certainly, the old notion that kwashiorkor
was caused by a diet that was uniquely low in protein
and that this caused a failure to secrete albumin and
apolipoproteins is not supported by the evidence.

In fact, the diets of children with kwashiorkor are often
not particularly low in the ratio of protein to energy, but
rather they are too dilute so that the intake of both
protein and energy is low.>® Moreover, children can
recover effectively on diets that would be considered low
in protein.” The plasma protein concentration is often not
particularly low in children with oedema, and during
rehabilitation the oedema may clear without any change
in serum albumin concentration.”

One theory for which there is a growing amount of
evidence invokes the role of free radicals in causing
tissue damage, including disrupting export protein
synthesis in the liver and causing leakage of fluid from
the capillaries. Free radical damage may be triggered by
environmental or food-borne toxins or infections acting
on cells with excessive levels of free iron and inadequate
amounts of protective molecules such as reduced
glutathione, which in turn may be a result of inadequate
intake of antioxidant nutrients.” Free radical damage to
the cell membrane causes intracellular concentrations of
sodium to rise and potassium to fall.

Metabolic response to starvation

The immediate response to the initiation of starvation is
similar to the normal changes that occur in the
postabsorptive phase between meals. Most tissue utilise
glucose as a fuel immediately after a meal, then switch
progressively to the use of fatty acids. However, the brain
has an obligatory requirement for glucose, as do the lens
of the eye, the red blood cells, the skin, and the kidney



medulla. Hence, the circulating concentration of glucose
must be maintained by the breakdown of glycogen that is
stored in the liver after each meal. Once glycogen
supplies are used up glucose must be produced entirely
by gluconeogenesis, initially mainly in the liver but the
kidney plays an increasing role as starvation progresses.
The main substrates are amino acids, particularly alanine
and glutamine, together with glycerol, which is
produced when stored triglycerides are broken down,
and lactate, which is produced by glycolysis. As fasting
continues the liver also begins to produce ketone bodies,
principally 3-hydroxybutyrate and some acetoacetate,
which can be used by the brain and this reduces the
amount of glucose that must be produced.

Thus with prolonged fasting the body adapts to use its
major energy reserve, the triglyceride that is stored in
adipose tissue. The rate at which lean tissue is broken
down to supply amino acids for gluconeogenesis is
minimised, because of the functional consequences of
loss of proteins, so the amount of nitrogen excreted in the
urine decreases as fasting progresses. Thus the amount of
glucose used by the brain decreases from around
80g/day in the early stages to approximately 35g/day
in long-term starvation, with the rest of the energy
requirement being met from ketones.®

It has generally been assumed that skeletal muscle
protein is the main source of amino acids during
starvation. However, we have shown in fasting rats that
the smooth muscle of the gut breaks down rather more
rapidly than skeletal muscle during the initial stages of
starvation.’ This may have functional consequences both
for the function of the gut as a barrier to bacterial
translocation and for the ability to absorb nutrients when
refeeding begins. The amount of protein present as
smooth muscle is also relatively small in comparison to
the amount of skeletal muscle, so skeletal muscle soon
becomes the main source of amino acids. Fasting appears
to affect all skeletal muscles equally,’® although there
may be a greater loss of type II fibres than type I fibres."
Muscle function is impaired, with some evidence that
muscle fatiguability is disproportionately increased in
malnutrition.’? The most serious consequences are
associated with the loss of respiratory muscle leading to
impaired ability to cough and thus increased
susceptibility to respiratory infections.

The basal metabolic rate actually increases during the
first few days of starvation, under the influence of
catecholamines that are secreted in response to
decreasing blood glucose concentrations.'®'* This
probably reflects the high rate of gluconeogenesis that
occurs at this time. As fasting progresses, however,
metabolic rate decreases as free T; and catecholamine
levels decrease and the rate of gluconeogenesis
decreases.
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Metabolic response to underfeeding

The response to a less severe degree of food restriction
can also be seen as a series of adaptive processes with the
same priorities, that is to maintain the supply of glucose
to the brain and to minimise the loss of lean tissue. Basal
metabolic rate decreases to minimise the negative energy
balance. This is achieved partly by loss of metabolically
active tissue, but there is also some evidence that the
efficiency of energy metabolism increases leading to a
decrease in energy expenditure per unit cell mass.'
However, it is not clear what the mechanism for this
improved efficiency is. There may be some scope for
increasing the efficiency of coupling of ATP production
to substrate oxidation by preventing mitochondrial
proton leakage. There may also be some reduction in
protein turnover and the activity of sodium/potassium
ATPase, which are the processes that account for the
majority of basal energy expenditure.

In the longer term, however, the main mechanism by
which energy expenditure is minimised is by the
progressive loss of metabolically active tissue. Thus, for
example, in the Minnesota experiment* after 168 days of
‘semistarvation’ metabolic rate had decreased by 37%
when expressed as kcal/day but by only 15% when
expressed as kcal/day per unit active tissue mass.

Adaptation to chronic energy restriction

It appears that the adaptation of energy metabolism in
people who live their lives on marginally inadequate
food intakes may be somewhat different from the
response of previously well-nourished subjects
undergoing a period of underfeeding. The main response
in chronically malnourished populations is slow growth
rate, delayed maturity, and small adult stature. Small
stature can be seen as a successful adaptation to low-
energy intake because overall basal metabolic rate will be
low. However, when metabolic rate is adjusted for fat-
free mass there is no significant difference between those
who are most malnourished and those who are well
nourished.'® The reason for this is that the main deficit in
lean tissue mass is in muscle, which has a relatively low
metabolic rate, while the size of the visceral organs,
which are much more metabolically active, is much less
affected.!” Hence these changes in body composition may
cancel out any increase in the efficiency of cellular
metabolism.

There are also reductions in other components of total
energy expenditure. There may be reductions in both
cold- and diet-induced thermogenesis, though the
evidence is not conclusive.’®> On the other hand, there is
consistent evidence of a reduction in the energy
expenditure associated with physical activity in
undernourished people. Part of this comes again from
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the reduction in body size. There are also behavioural
changes, with work being done more slowly and more
efficiently, and with leisure time activities being more
likely to be sedentary.'® Energy expenditure after exercise
may also return to normal more rapidly.'®

Effect of malnutrition on the metabolic response to
trauma

The metabolic changes that follow acute trauma are
somewhat different from those that accompany chronic
malnutrition. The work of Cuthbertson'® showed that
trauma in the form of either accidental injury or surgery
causes an extended period of increased energy
expenditure and increased nitrogen excretion in the
urine.” These responses reflect increased
gluconeogenesis, lipolysis, and net breakdown of muscle
protein in order to mobilise substrates and energy to
support the activation of inflammatory and reparative
processes to promote recovery. Since people who
undergo surgery are often somewhat malnourished as a
result of a chronic disease process, it is important to
know whether malnourished patients are able to mount
the same metabolic response to trauma.

We investigated this question in a group of female rats
that were malnourished by feeding them on a 2% protein
diet and restricting their intake to 50% of the intake of a
control group, which was fed ad libitum on a 17% protein
diet. After 3 weeks half the rats underwent hysterectomy
and were then returned to the same dietary treatment for
a further 4 days while the other rats were kept on the
same dietary treatment but pair-fed with the operated
rats. At the end of the experiment all the rats were killed,
the carcasses were analysed for protein and fat content
and energy balance was calculated. The ad libitum fed
rats showed a 37% increase in energy expenditure after
surgery, as expected. The malnourished rats also showed
an increase in energy expenditure, but it was
considerably smaller, at 22% of the control value.

(Table 2*'). In a separate experiment we measured
urinary nitrogen excretion after surgery in similar groups
of rats. In the well-nourished rats there was a

considerable increase in urinary nitrogen excretion on
each of the first three days after surgery, but in the
malnourished rats there was a small rise only on the
second day (Table 2*'). Hence, it appears that
malnourished animals are able to mount a metabolic
response to surgery, but its magnitude is considerably
smaller than that in well-nourished animals. This may
contribute to the increased vulnerability of malnourished
patients to complications following surgery.

The effect of malnutrition on wound healing

It is commonly believed that malnutrition has a
deleterious effect on the wound healing process, and that
this represents an important mechanism by which
malnourished patients are liable to develop
complications and have poorer outcome after surgery.
This view is derived largely from clinical observations
rather than from any reliable experimental data in man.*
Studies in experimental animals suggest that wound
healing is only impaired after prolonged dietary
restriction resulting in severe depletion.” We have
investigated the metabolic basis of the relationship
between nutritional status and wound healing by
measuring changes in the rate of protein synthesis within
the healing wound. We had previously shown that the
rate of protein synthesis more than doubles during
wound healing in muscle, and we hypothesised that this
may be one of the mechanisms by which nutritional
status affects would healing, since malnutrition is known
to reduce the rate of protein synthesis and might thus
prevent the deposition of new protein to heal the
wound.**

Our studies have focused on the healing of abdominal
muscle after abdominal surgery. In the first experiment,
rats were malnourished by restricting their food intake to
50% of normal for 7 days. This resulted in a 14% deficit in
body weight. They were then subjected to a laparotomy
and maintained on the restricted diet for a further 2 days,
after which protein synthesis was measured in vivo using
the flooding dose technique.®® Although this dietary
treatment caused a significant reduction in the rate of

Table 2 Energy balance and urinary nitrogen excretion following surgery in malnourished and ad lib fed control rats

Ad lib fed rats

Malnourished rats

Surgical Control Surgical Control
Energy intake (kJ/4 days) 623 (29) 614 (33) 278 278
Energy expenditure (kJ/4 days) 874 (42)* 640 (33) 355 (8)* 291 (15)
Urine nitrogen (g/4 days) 1101 (83)* 685 (43) 258 (21)* 198 (19)

Values are mean (SE) for groups of 6-8 rats.
*Significantly different from corresponding control group, P<0.05.
Data taken from Emery et al.*!
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Table 3 Protein synthesis rate in muscle at the wound site, uninjured abdominal muscle, and gastrocnemius muscle 48 h after surgery

in malnourished and ad lib fed control rats

Protein synthesis (% /day) Ad 1ib fed rats

Malnourished rats

Analysis of Variance

Control Surgery Control Surgery Surgery Diet Interaction
Wound 8.2 (0.4) 18.0 (0.8) 5.4 (0.3) 17.9 (0.6) o * *
Abdominal 6.5(0.2) 6.2 (0.9) 5.2 (0.4) 5.3 (0.2) NS * NS
Gastrocnemius 7.2(0.4) 5.7 (0.5) 5.5 (0.1) 5.0 (0.2) * ** NS

Values are mean (SE) for groups of 6-8 rats.
*P <0.05; *P <0.01; ***P <0.001.
Data taken from Emery and Sanderson.”

protein synthesis in other muscles, it did not prevent the
increase in protein synthesis in the wounded muscle
(Table 3%%). We repeated the experiment with another
group of malnourished rats and found that protein
synthesis in the healing abdominal muscle wound was
still unimpaired seven days after surgery. These rats also
showed no impairment of collagen deposition or tensile
strength in the wound.*

We have subsequently expanded these studies by
imposing more severe degrees of undernutrition on the
rats, for example, feeding a low (2%) protein diet for 2
weeks before surgery, or starving the rats for 48 h after
surgery (PW Emery, V Costarelli and SL Koay,
unpublished data). In both cases the increase in
protein synthesis in the healing wound was
unimpaired.

These results may be interpreted as indicating that
wound healing has a high biological priority, and is
preserved even when other functions are affected by
malnutrition. The same appears to apply to reproductive
activity, as malnourished women are able to give birth to
healthy and well-grown babies and to produce adequate
quantities of breast milk.?® However, there is a contrast
with the effects on malnutrition on the immune system,
where malnourished people do appear to be much more
susceptible to the deleterious effects of infectious
diseases.
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