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Introduction 

Ketone bodies are formed in the liver from fatty acid oxidation 

and in humans consist of three molecules, acetoacetate (AcAc), 

3-β-hydroxybutyrate (3HB) and acetone.1,2 AcAc is produced 

when carbohydrate stores are low and fatty acids are metabolised 

to produce acetyl CoA, which overwhelms the hepatocyte 

mitochondrial capacity to remove acetyl CoA.1 Two acetyl CoA 

molecules combine to form AcAc, which can be reduced with 

NADH to form 3HB.1 Acetone is formed from the spontaneous 

degeneration of AcAc.2 The liver is the only organ that produces 

ketone bodies but it cannot utilise ketones itself.1 

Ketogenesis

Ketogenesis occurs in the liver during periods 

of low carbohydrate availability and ketones 

are an important fuel source for the brain and 

cardiac and skeletal muscle during starvation. 

Ketones also reduce the amount of glucose 

and protein utilised for energy production 

when glucose levels are deficient.2 When 

carbohydrate and glucose levels are low, fatty 

acid production is stimulated by the release 

of adrenaline and glucagon. Acetyl CoA is 

produced from β-oxidation of fatty acids and 

can enter the citric acid cycle. However, acetyl 

CoA has to combine with oxaloacetate in 

order to be able to enter the citric acid cycle. 

Oxaloacetate is produced from pyruvate 

during glycolysis and hence if glucose levels 

are low there is not enough oxaloacetate 

production and the remaining oxaloacetate 

is preferentially used for gluconeogenesis 

(Figure 2).2 The abundance of acetyl CoA that 

then remains forms ketone bodies (Figure 3).2 

These ketone bodies can freely diffuse across cell membranes 
and can be used easily by the brain (and other tissues) as an 
energy source.3

Ketogenesis is controlled by three enzymes: hormone-sensitive 
lipase (in adipocytes), acetyl CoA carboxylase and HMG CoA 
synthase (in the liver). Hormone-sensitive lipase and acetyl CoA 
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Figure 2: Relationship between glucose and fatty acid metabolism2
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carboxylase are controlled by insulin4 (which inhibits ketogenesis) 

and adrenaline and glucagon5 (which stimulate ketogenesis). 

Hormone-sensitive lipase is stimulated by glucagon release (and 

inhibited by insulin) and breaks down triglycerides into fatty 

acids, resulting in raised serum fatty acid levels which leads to 

the production of increased amounts of acetyl CoA, the substrate 

for ketone synthesis.2 Conversely acetyl CoA carboxylase is stim-

ulated by insulin (and inhibited by glucagon) and acts in the liver 

to convert acetyl CoA to malonyl CoA which blocks the transport 

of fatty acids into the mitochondria and reduces ketogenesis. 

Low levels of malonyl CoA will stimulate ketogenesis. HMG 

CoA synthase is in the hepatic mitochondria and converts 

acetoacetyl CoA into acetoacetate. This is the rate limiting step 

in producing ketone bodies and is stimulated by glucagon (and 

inhibited by insulin). Therefore, insulin inhibits ketogenesis by 

inhibiting hormone-sensitive lipase and stimulating acetyl CoA 

carboxylase, and glucagon (and adrenaline) drives ketogenesis 

through the activation of hormone-sensitive lipase and HMG 

CoA synthase.2

Ketolysis

Ketolysis is the process whereby ketone bodies are broken down 

in order to provide energy to tissues. It occurs in the mitochondria 

of many organs (except the liver which cannot utilise ketone 

bodies). There are two enzymes involved in ketolysis, succinyl 

CoA-oxoacid transferase (SCOT) and methylacetoacetyl CoA 

thiolase (MAT). Ketones enter the mitochondria from the blood 

via the monocarboxylate transporter 1 (MCT1)6 and AcAc con-

verted by SCOT to acetoacetyl CoA which is then converted into 

acetyl CoA by MAT. Acetyl CoA enters the citric acid cycle and 

ATP is produced. SCOT activity is highest in cardiac muscle and 

the kidney, followed by the nervous system and skeletal muscle.7 

Ketones can provide up to two-thirds of the energy requirements 

of the brain during periods of extended fasting or starvation.2

Ketosis

Normal circulating levels of ketone bodies 
is < 0.5  mM and ketosis refers to elevated 
serum levels of ketones.2 This can either 
be hyperketonaemia or ketoacidosis. 
Hyperketonaemia is usually physiological 
due to prolonged fasting, intense exercise 
or a ketogenic (high-fat, low-carb) diet. 
Ketoacidosis is pathological and can be due 
to diabetes mellitus, cortisol deficiency, 
growth hormone deficiency, alcohol or 
salicylate poisoning and rare inborn errors 
of metabolism.2 The ketogenic diet (KD) has 
been used to treat refractory epilepsy8 and 
has found favour as a weight loss diet. The 
remaining part of this review will examine 
the low carbohydrate diet, the ketosis that it 
induces and the role that it can play in weight 
loss.

The high-fat low-carbohydrate diet

Low-carbohydrate (low-CHO) diets usually contain less than 
100 g of CHO per day and consist of 50–60% calories from fat, 
20–30% from protein and less than 20–30% from CHO.9 The 
most famous low-CHO diet is the ‘Atkin’s diet’ which aims to 
reduce CHO intake to less than 50 g/day and ide-ally less than 
20 g/day.10 In South Africa Tim Noakes published The Real Meal 
Revolution which advocated for a high-fat low-CHO diet based 
on the historical diet of William Banting, a 19th century British 
undertaker who was the first person known to popularise the 
low-CHO diet as a tool for weight loss.11 The so-called Banting 
diet has become popular especially for people who want to lose 
a large amount of weight rapidly but has led Professor Noakes to 
become involved in much controversy.

There are numerous versions of the low-CHO diet with various 
restrictions on the amount of CHO allowed per day. Thresholds 
of 100, 50 and 20  g of CHO per day have all been advocated. 
However, the overall concept of these diets is to encourage 
the intake of animal fats and proteins while severely limiting 
or forbidding the intake of breads, grains, fruit and starchy 
vegetables.12 The end goal is to induce a state of ketosis, hence 
the term ketogenic diet (KD) and force the body to primarily 
use ketone bodies as a fuel source. The amount of CHO that 
will induce ketosis varies on an individual basis but is usually 
between 20 and 100 g of CHO per day. 

It is important to note that the field of nutritional science is 
by no means exact and that the low-CHO KD is controversial 
amongst dietitians, nutritionists, physicians and the general 
public. The recommended fat intake and consumption of an-
imal food products is much higher than conventional diet 
recommendations. Arguments in favour of the KD are that 
there are no actual minimum CHO requirements for humans, 
physiological ketosis is not harmful, insulin is not required for 
glucose utilisation, ketone bodies are able to regulate insulin and 

Figure 3: Enzymes involved in ketone body formation2
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glucagon secretion and that a KD results in a significant reduction 
in fat mass with an increase in lean muscle mass in men.13 
Opponents of the KD argue that the diet may lack sufficient 
micronutrients, can cause elevated uric acid levels, leads to 
dehydration and constipation and that the high saturated fat 
intake can increase the risk of heart disease.12 

Implications of the low-CHO diet

Glycogen availability

The liver contains around 100 g of glycogen and this is depleted 
within 24 hours of CHO restriction. The remaining muscle 
glycogen (400  g) will be consumed in a few days to a week 
and at this stage a number of metabolic processes will occur. 
Gluconeogenesis from amino acids will ensure a normal blood 
glucose level, fat stores will be oxidised to provide energy for 
metabolic needs, and ketone bodies will be produced in the liver 
and used as a fuel source throughout the body.9,12

Weight and blood glucose 

Significant decreases in fasting glucose have been observed in 
patients on a low-CHO diet, with reductions especially important 
in diabetic individuals and overweight subjects. This may be 
due to reduced insulin levels, ketone-induced reduced hepatic 
glucose output and weight loss itself, which affects insulin levels 
and sensitivity.12 

The initial rapid weight loss observed in the KD is due to the 
depletion of glycogen stores and subsequent water loss as-
sociated with glycogen breakdown. Each gram of glycogen is 
stored with 3 g of water and hence the loss of around 500 g of 
glycogen can induce the loss of 1–2 kg of water.14 Further weight 
loss on the KD can be explained by a reduction in caloric intake, 
the appetite suppressing effects of 3HB and the satiating effects 
of protein and fat compared to CHO.12 The reduced level of 
insulin on a KD also triggers the oxidation of triglycerides into 
fatty acids, which promotes the use of fatty acids as a fuel source, 
further promoting fat loss. 

There is controversy as to the effect of a high-fat low-CHO diet 
on lean muscle mass and some authors argue that while fat loss 
is high on a high-fat diet, the loss of lean muscle mass is also 
high. However Volek et al.15 reported in a study on obese men 
who reduced their CHO intake over 12 weeks that the men had 
a significant reduction in fat mass (-3.4 kg) with a concomitant 
increase in lean body muscle (+1.1 kg). It has also been shown 
that as long as protein intake remains adequate the fat loss that 
occurs on a low-CHO diet is not accompanied by muscle loss.12 

It is clear that consuming a low-CHO KD is associated with 
weight loss and specifically fat loss and that maintaining an 
adequate protein intake is important to prevent lean muscle 
loss as well as to improve satiety. Authors argue that this diet 
is more sustainable than the traditional low-fat diets usually 
recommended for weight loss and that a KD does not require 
calorie counting.11 This remains controversial with counter 

arguments that these diets are simply inducing weight loss 
because they are hypo-energetic and are not superior to other 
diets.12

Lipid profiles

Significant reductions in serum triglyceride levels have been 
consistently shown in individuals on a low-CHO, high-fat diet 
and this reduction occurs regardless of the type or amount of 
fat they consume. This is due to removal of triglycerides from 
the blood as a fuel source. Equally important is the observed 
reduction in serum cholesterol levels observed even though 
cholesterol consumption is increased.12,13 Low-CHO diets 
increase high-density lipoprotein (HDL) cholesterol and decrease 
low-density lipoprotein (LDL) cholesterol.13 The reduction in LDL 
cholesterol is due to the reduced level of serum insulin and the 
presence of ketones which inhibit HMG-CoA reductase (the 
enzyme responsible for cholesterol synthesis).12 While the true 
relationship between triglyceride and HDL/LDL cholesterol 
levels and heart disease is contentious, it is generally accepted 
that a lower serum triglyceride level, a higher HDL cholesterol 
and lower LDL cholesterol are all associated with lower risk of 
heart disease – these exact changes are consistently shown on 
a low-CHO, high-fat KD and the reductions in triglycerides and 
LDL cholesterol are greater than those seen with a low-fat diet.16

Exercise performance

It has been theorised that a low-CHO diet, by depleting muscle 
glycogen stores will impair physical performance during exercise 
due to a lack of immediately available energy for aerobic 
metabolism. However, intense exercise itself induces ketogenesis 
and ketones are easily used by skeletal muscle as a fuel 
source, while preserving glucose metabolism.12,13 Additionally, 
ketones provide more ATP gram for gram than CHO13 and a 
low-CHO KD also promotes the oxidation of fatty acids as a 
predominant muscle energy substrate.12 Exercise and starvation 
metabolism are paralleled in many ways and ketogenesis is an 
effective evolutionary mechanism that spares CHO reserves, 
prevents muscle breakdown and provides an alternate energy 
source.17 There does not appear to be any reduction in exercise 
performance in people consuming a low-CHO diet provided that 
protein intake is adequate.

Long-term health implications

Perhaps the greatest concern with the popularity of high-fat, 
low-CHO diets is the lack of clear evidence as to the long-term 
effects. This is due to a number of reasons: the amount of, and 
type of, fat (saturated vs polyunsaturated) varies substantially 
across these diets; the benefits of weight loss in general may 
obscure any negative consequences of the KD and the nature of 
nutritional studies is notoriously unreliable. It is not possible to 
randomise subjects to various diets for extended periods of time 
and then objectively measure health outcomes.

There appear to be no negative effects on cardiovascular risk 
with low-CHO diets in the short term and in fact the KD can 
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reduce risk factors for heart disease as well as reduce levels of 
inflammatory markers that contribute to atherosclerosis.12 Long-
term studies are required to determine the exact impact of the 
KD on cardiovascular health. 

Some evidence from a small study suggests that the low-
CHO diet presents the kidney with an increased acid load and 
increases calcium loss in the urine and could impact on bone 
health as well as increase the risk of stone formation, but again 
more robust studies are required to determine the true impact 
of this.18

Finally, an area of concern with following a high-fat, low-CHO 
diet is the inevitable increase in the consumption of animal 
fats and meat that occur with such a diet and the potential risk 
of colorectal cancer that has been observed with diets high in 
meat. As with all aspects of dietary science, though this link is 
not clear and it is important to note that by reducing weight the 
risk of cancer is decreased, this could counterbalance any risks of 
increased meat consumption.12

Conclusion

Ketones are an important fuel source for the body in times of 
stress and yield more energy than CHO. The use of a KD has been 
effective in treating refractory epilepsy and is associated with 
weight loss. The long-term effects of ketosis are not clear but an 
understanding of the physiology of ketogenesis and ketolysis 
may be able to explain the benefits (and risks) of following a KD. 
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