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Abstract

In 1969, Denis Burkitt published an article titled “Related disease-related cause?”, which became
the foundation for Burkitt’s hypothesis. Working in Uganda, he noted that middle-aged people
(40-60 years old) had a much lower incidence of diseases that were common in similarly aged
people living in England, including colon cancer, diverticulitis, appendicitis, hernias, varicose
veins, diabetes, atherosclerosis, and asthma, all of which are associated with lifestyles commonly
led in high-income countries (HICs; also known as western diseases). Following Cleave’s common
cause hypothesis—which suggests that if a group of diseases occur together in the same
population or individual, they are likely to have a common cause—Burkitt attributed these
diseases to the small quantities of dietary fibre consumed in HICs due mainly to the over-
processing of natural foods. Nowadays, dietary fibre intake in HICs is around 15 g/day (well
below the amount of fibre Burkitt advocated of >50 g/day—which is associated with diets from
rural, southern and eastern sub-Sahalean Africa). Since Burkitt’s death in 1993, his hypothesis has
been verified and extended by large-scale epidemiological studies, which have reported that fibre
deficiency increases the risk of colon, liver, and breast cancer and increases all cancer mortality
and death from cardiovascular, infectious, and respiratory diseases, diabetes, and all hon-
cardiovascular, non-cancer causes. Furthermore, mechanistic studies have now provided molecular
explanations for these associations, typified by the role of short-chain fatty acids, products of fibre
fermentation in the colon, in suppressing colonic mucosal inflammation and carcinogenesis.
Evidence suggests that short-chain fatty acids can affect the epigenome through metabolic
regulatory receptors in distant organs, and that this can reduce obesity, diabetes, atherosclerosis,
allergy, and cancer. Diseases associated with high-income lifestyles are the most serious threat to
health in developed countries, and public and governmental awareness needs to be improved to
urge an increase in intake of fibre-rich foods. This Viewpoint will summarise the evidence that
suggests that increasing dietary fibre intake to 50 g/day is likely to increase lifespan, improve the
quality of life during the added years, and substantially reduce health-care costs.
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The fibre hypothesis

The Lancettook a leading role in the development and dissemination of the fibre hypothesis,
which was subsequently named Burkitt’s hypothesis after its major protagonist, Denis
Burkitt.12 Many others, including Cleave, Walker, Campbell, Trowell, Painter, and
Cummings, contributed to its development between 1960 and 1989.3 One of the initiating
factors behind the theory was Cleave’s recognition of the association between diets in high-
income countries (HICs) and the development of diabetes, obesity, coronary heart disease,
constipation, diverticulosis, and colon cancer (western diseases). Diets in HICs are
characterised by increased consumption of meat, fat, and refined, fibre-deficient
carbohydrates. Guided by the concept that “if a group of diseases occur together in the same
population, or individual, they are likely to have a common cause”,* Cleave proposed that
the fundamental cause of high-income lifestyle-associated diseases was the consumption of
high quantities of refined sugar, which was and indeed still is associated with lifestyles in
HICs, describing the group of diseases as the saccharine diseases.* These views were
supported by Yudkin in his book (Pure, White, and Deadly—published in 1972), which
warned that the consumption of sugar was dangerous to health, increasing the risk of dental
caries, obesity, diabetes, and heart attack.> However, Burkitt, Trowell, and Walker suggested
that the cause of high-income lifestyle-associated diseases was the refinement of grains and
the removal of fibre during that process, which has become much more commonplace in
developed countries since the Industrial Revolution (starting with the first industrial
revolution in 1760 in the UK).® Burkitt argued that sugar was an unlikely cause of colon
diseases because it was absorbed before it could reach the colon. The evolution of the fibre
hypothesis was complex and hindered by difficulties in the definition of what, exactly, fibre
consisted of. Terminology changed from agricultural terms (such as roughage, unrefined
carbohydrate, and crude fibre) to the chemical definition of fibre as a dietary carbohydrate
that was resistant to digestion by human small intestinal enzymes. As highlighted by
Cummings,3 the establishment of the physiological basis for fibre in the prevention of
colonic diseases and non-communicable diseases associated with lifestyles in HICs was
largely a consequence of the collaborative efforts of Burkitt, Trowell, and Walker.

Burkitt was a remarkable scientist with many achievements. He was one of the first people
to document the association between a virus and human cancer, namely the Epstein-Barr
virus and Burkitt’s lymphoma, which followed a distinct geographical distribution in
Uganda, Kenya, and parts of Tanzania. Ironically, despite spending a large portion of his
working life in Uganda, his research had a greater effect on the health of populations from
HICs. Working in rural Uganda he documented the associations between high fibre
consumption (50-120 g/day) and high colonic transit, bulky stools, and a relative absence of
diseases common in HICs, best exemplified by colon cancer.2:8 He also observed that this
high-fibre diet was low in red meat and animal fat but high in starch and fibre-rich foods,
such as colourful fruits and vegetables, leafy greens, tubers, potatoes, beans, nuts, and whole
grains. He noted that the amount of fibre consumed by the average adult in rural Uganda was
around 100 g/day compared with 15 g/day in Britian.’

The establishment of the fibre hypothesis occurred from 1966—71 when Burkitt returned to
England from Africa and was supported by the UK Medical Research Council to develop his
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theory. Burkitt was credited with the fibre hypothesis, despite the hypothesis being a
synthesis of his experience and the research of others.3 Burkitt and Walker documented that
larger, bulkier stools were passed more frequently and regularly by people living in sub-
Saharan Africa, who were also noted to have shorter intestinal transit times—measured
radiographically by lead pellet markers or by the passage of carmine dye.8 Burkitt and
Walker proposed that the shorter transit time decreased the contact time between luminal
carcinogens and the mucosa and reduced the need to strain when passing stools, avoiding
excessive increase in intra-abdominal pressure. However, following the pioneering studies of
Avries and colleagues,® which showed differences in the culturable bacteria from faecal
samples of English and Ugandan volunteers, Burkitt acknowledged the possibility that
colonic flora (the microbiome) differences might also play a part in disease susceptibility.
Burkitt proposed that the changes in stool bulk and content, bacterial flora, total transit time,
and intraluminal pressures as a result of the fibre deficient HIC-diet explained the high risk
of colon cancer, diverticulitis, appendicitis, hernias, varicose veins, diabetes, and
atherosclerosis (figure 1).” The contributions of Hugh Trowell are important to emphasise.
Trowell was Burkitt’s senior physician colleague in Mulago hospital, Kampala, Uganda, and
an acknowledged expert in protein calorie malnutrition. Influenced by Burkitt, Trowel began
his own investigations into the rarity of non-infective bowel diseases in eastern sub-Sahelian
Africa and became a strong advocate of the fibre hypothesis. Trowell helped Burkitt expand
the fibre hypothesis to include extra-colonic diseases, specifically type 2 diabetes,
cardiovascular disease, and obesity, which culminated in their joint publication of the
landmark book: Refined Carbohyadrate, Foods and Disease.: Some Implications of Dietary
Fibre—published in 1975.7

50 years on, fibre intake in HICs remains well below the greater than 50 g/day advocated by
Burkitt, which is of grave concern; moreover, the number of disease cases are increasing in
HICs, and, with the spread of HIC-associated diets, these diseases are making an appearance
in middle-income and low-income countries around the world, including African countries
(eg, Zimbabwe).10 In the UK, the average fibre intake is about 18 g/day! and in the USA
the average intake is 16 g/day.1? So, why has progress been so slow? The simple answer is
that by producing and advertising tasty, low-cost, fibre-deficient fast-foods the food industry
is doing a better job at influencing attitudes than health-care professionals are. Education,
food security and a move towards a more plant-based diet could increase the amount of
natural fibre consumed.

Concern is also growing that fibre intake recommendations are about half what they should
be. The UK’s National Health Service recommendations of 30 g/day and US Department of
Agriculture (USDA) recommendations of 22 g/day for women and 38 g/day for men, are
well below Burkitt’s 50 g/day recommendation. In a review of fibre intake
recommendations, published in 2017, across 24 European countries, the USA, and Australia
and New Zealand by Stephen and colleagues,3 only the recommendations in the
Netherlands came close (32-45 g/day fibre) to the proposed 50 g/day. The discrepancy can
be explained by the fact that requirements in the UK were first calculated from the quantity
of fibre needed to prevent constipation, but those accepted by the USDA were based on the
quantity of fibre needed to prevent cardiovascular disease. At the time the guidelines were
developed, the high metabolic requirements of the colonic microbiota were unappreciated.
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Furthermore, diseases associated with high-income lifestyles primarily affect older people,
and because HIC populations are ageing, the proportion of the population at risk of the
diseases is expanding. Moreover, the quality of the extended life is frequently marred by
such diseases. Diseases associated with high-income lifestyles now pose the major threat to
health care in the USA.

To verify Burkitt’s hypothesis and assess the optimal needs for fibre, this Viewpoint will
focus on the epidemiological, human intervention, and mechanistic evidence available.

This Viewpoint will provide evidence that the current recommendations for fibre
consumption are insufficient to maintain colonic health and prevent the development of
diseases associated with high-income lifestyles and suggest that the recommended amount
of fibre consumed daily should be closer to 50 g, as noted by Burkitt. As this is a large body
of evidence, this Viewpoint will focus on robust publications to conclude with practical
guidelines for better eating.

What is fibre?

Some confusion arises in the interpretation of data from dietary studies because fibre is not a
specific molecule. Rather, fibre is a complex mixture of dietary residues, chiefly
carbohydrates, that are not digested or absorbed by the human small intestine but are used by
the colonic microbiota and are associated with health benefits. The review by Stephen and
colleagues!® summarises the generally acceptable definition of fibre to include carbohydrate
polymers with three or more monomeric units that are neither digested nor absorbed in the
human small intestine. This includes non-starch polysaccharides from fruits and vegetables,
non-digestible oligosaccharides, and resistant starch (panel). The definition usually includes
associated non-carbohydrate substances, such as lignin, and cell wall components linked to
polysaccharides. The definition also includes a need for any potential fibre substance to
show health benefits from the polymer.

The measurement of fibre content in the diet creates further challenges. The most common
method is to use food composition tables, which in the UK are based on the chemical
analysis of 3302 common foods.1 This approach is reasonable for assessing the content in
high-fibre foods, but it does not make allowances for changes in fibre content due to cooking
and preparation. An example of this is the serious underestimation of the total fibre content
in cooked maize meals, which becomes enriched with resistant starch (which cannot be
digested by human digestion enzymes) after cooking and reheating.1> In research studies,
biochemical analysis is used where the food is incubated with digestive, pancreatic enzymes
to remove the digestible complex carbohydrates and what is left is measured. This approach
was developed by Southgate,® and modified by Englyst and colleagues;1” it was extended
in 2012 by McCleary’s consortium to measure all components of dietary fibre currently
defined by CODEX Alimentarius.18

Fibre requirements

Developments over the past few years in high-throughput technologies have revealed that the
colonic microbiota is one of the most highly metabolically active parts of the body:
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estimates suggest that their metabolic rate rivals that of the liver at 250-300 kcal/day.1® This
caloric rate would represent the energy contained in 60-70 g of colonic carbohydrate and
protein residues. However, metabolic rates are substrate dependent, and colonic energy
salvage from undigested food in patients with massive small intestine losses has been
estimated to increase to up to 250 g/day compared with people with complete small
intestines,20:21

Figure 2 shows 600 MHz *H nuclear magnetic resonance NMR spectra of faecal water
extracts from three populations matched for age, sex, and weight, at variable risk of
developing colon cancer: middle-aged men from rural KwaZulu-Natal, South Africa, where
the incidence of colon cancer is low (<5 cases per 100 000 people per year), middle-aged
African American men from Pittsburgh, PA, USA, which is a group with the highest risk of
colon cancer in the continental USA (excluding Alaska Natives) (incidence about 55 cases
per 100 000 people per year), and Alaska Native men, a population with the greatest
reported risk of developing colon cancer in the world (incidence about 100 cases per 100
000 people per year).22 As expected, studies have shown that saccharolytic fermentation
products, measured in the colon, the short-chain fatty acids acetate, propionate, and butyrate,
are substantially higher in people from rural South Africa, but, perhaps surprisingly, so are
proteolytic fermentation products (eg, high phenylalanine and tyrosine), possibly because of
proteolytic fermentation of desquamated cells and endogenous mucoproteins.2? These
metabolic and colonic functional differences raise the intriguing possibility that microbial
mass and activity might be protective against colon cancer and support efforts to increase the
intake of fibre-rich foods in Alaska Native groups to increase colonic metabolic activity and
suppress the high risk of colon cancer. This suggestion is supported by mechanistic studies,
which indicate that high fibre intake is required to provide sufficient quantities of short chain
fatty acids to suppress colonic carcinogenesis through the suppression of energy balance and
epigenetic inflammatory and proliferative functions.

Epidemiological and observational studies

Colon cancer, all cancer, and all cause mortality

Since Burkitt died in 1993, evidence supporting the protective effects of a fibre-rich diet
against colon cancer has increased dramatically. The 2010 Continuous Update Report from
the World Cancer Research Fund systematic review and meta-analysis of 43 cohort or
randomised controlled trials graded the evidence linking high dietary fibre with a decreased
risk of colorectal cancer as convincing—the strongest grade assignable.23 From this
database, a 10% increase in fibre consumption was estimated to confer a 10% reduction in
cancer risk,24 which is lower than that calculated by Bingham of a 40% reduction in risk by
doubling fibre intake in low intake populations.2> The Bingham estimate2® was based on
data from the European Prospective Investigation into Cancer and Nutrition Study (EPIC),
which included 519 978 individuals recruited from ten European countries. In support of the
common cause hypothesis, a high-fibre diet has also been found to be associated with a
lower risk of breast,26 liver,27 all cancer mortality,28-30 and death from other high-income
lifestyle associated diseases (specifically cardiovascular, infectious, and respiratory diseases,
29 diabetes, and all non-cardiovascular non-cancer39) in multinational studies. Finally, in
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2019, Reynolds and colleagues3! published a systematic review and meta-analysis based on
nearly 135 million person-years of data from 185 prospective studies and 58 clinical trials
with 4635 adult participants that suggested a 15-30% decrease in all-cause and
cardiovascular-related mortality, and incidence of coronary heart disease, stroke incidence
and mortality, type 2 diabetes incidence and mortality, and colorectal cancer incidence and
mortality when comparing the highest dietary fibre consumers with the lowest.31
Furthermore, they noted that fibre intakes higher than 35 g/day appeared to be even more
effective than lower intakes in reducing risk cardiovascular diseases, type 2 diabetes, and
colorectal, and breast cancer.

In summary, good evidence exists from epidemiological studies that suggests that high
dietary fibre might not only reduce colon cancer risk and deaths, but also all-cancer deaths,
and all-cause mortality, thus increasing lifespan. The reduced effect of other diseases
associated with high-income lifestyles can then be expected to improve the quality of life
gained.

Obesity and type 2 diabetes

Numerous studies in adults and children have now confirmed the association between low
fibre and high glycaemic index diets with type 2 diabetes and obesity.32-3% Using cross-
sectional weighted data from the National Health and Nutrition Examination Survey
(NHANES) among adults, King and colleagues38 reported that obese participants
consistently reported lower fibre intake than did individuals with a healthy weight (14-6—
15-4 g/day fibre) or overweight (15-6-16-8 g/day fibre) participants. Using the same
database, Albertson and colleagues3” found that high grain consumption was associated with
lower bodyweights in both adults and children. Further examination of this data showed that
grain consumption was strongly associated with total fibre consumption.38 In a meta-
analysis of prospective studies from the EPIC-InterAct consortium, Kuijsten and
colleagues®® confirmed the association between high fibre intake and low risk of type 2
diabetes. Similar inverse associations were observed for the intake of cereal and vegetable
fibre, but not fruit fibre. It is of note that the associations were attenuated and no longer
statistically significant after adjustment for body-mass index (BMI), indicating that the
association might be explained by excess bodyweight.

Cardiovascular disease

Based on the position statement from the American Dietetic Association, Slavin concluded
that Al level evidence existed to support an intake of 14 g fibre per 1000 kcal of food
protects against cardiovascular disease.3* Although this finding supports the US DA
requirement levels, evidence suggests that higher fibre consumption is better and associated
with lower mortality. These data, based on 24 h diet questionnaires and medical histories
from 9776 adults, came from NHANES. Further analyses from NHANES showed that the
association was stronger for cereal fibre,4° a finding confirmed by Hajishafiee and
colleagues®! in their systematic review and meta-analysis of 14 prospective cohort studies.
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Allergy, including asthma, rhinoconjuctivitis, and eczema, is a major HIC-lifestyle
associated disease, affecting more than 50 million people in the USA. Concern exists that
the incidence of allergic conditions is beginning to increase in less developed parts of the
world.*2 The epidemiological evidence connecting fibre consumption with allergy
prevention is not definitive, probably because, unlike the other HIC-lifestyle-associated
diseases, its incidence is highest in the young and infants, who do not usually eat fibre-rich
foods. However, allergy fits into the fibre hypothesis because of the remarkable health
benefits of breastfeeding. Human breast milk contains high quantities (about 10 g/L) of
soluble fibre in the form of oligosaccharides: human breast milk contains more
oligosaccharides, with greater oligosaccharides diversity (>200 types), than the milk of any
other mammal. This might well explain the benefits of breastfeeding because it provides the
main stimulus to the rapidly developing gut immune system. The study of infantile eczema
reported by Saarinen and Kajosaali*3 showed that breastfeeding was prophylactic against
atopic disease—including atopic eczema, food allergy, and respiratory allergy—throughout
childhood and adolescence.3 A comprehensive meta-analysis of 117 studies concluded that
breastfeeding was protective in reducing the risk of childhood asthma and wheezing, with
the strongest association in infants (aged 0-2 years).** With regard to adults, evidence exists
that suggests high fibre consumption can improve lung function in patients with diseases
such as asthma and chronic obstructive pulmonary disease.*®

Inflammatory bowel diseases

Crohn’s disease and ulcerative colitis are also associated with high-income lifestyles. Their
incidence increased dramatically in North America and Europe during the second half of the
20th century. Although rare in less developed countries, concern exists that these diseases
are becoming more common in more developed parts of Africa, including South Africa.46
Like colon cancer, diabetes, and cardiovascular disease, Crohn’s disease and ulcerative
colitis are classic complex diseases generated by a combination of factors in the luminal
micro-environment and genetic aberrations in epithelial responses. As reviewed by
Rasmussen and Hamaker,*6 numerous studies have documented low consumption of fibre-
rich foods by patients with inflammatory bowel diseases (IBD), with other studies
identifying common patterns of colonic microbial dysbiosis, or signatures, characterised by
depletions of high butyrate producing microbes.

Human intervention studies

Randomised controlled trials

The confounding effects of other nutrients contained within a fibre-rich diet can be
minimised by examining the effects of fibre supplementation alone in randomised controlled
trials. Below this Viewpoint summarise the results of some of the more robust randomised
controlled trials in colonic and extracolonic diseases (eg, colon cancer, cardiovascular
disease, obesity, and diabetes) examining supplementation of the diet with either fibre or
fibre rich foods.
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Colon cancer

Most studies of fibre supplementation have been not been successful as exemplified by the
2017 Cochrane meta-analysis performed by Yao and colleagues,*’ which found a small
amount of evidence from randomised controlled trials ranging in duration from 2 years to 8
years for fibre supplementation to prevent adenomatous polyp recurrence. Yao and
colleagues*’ offered the caveat that this conclusion might be incorrect because polyps might
not reflect cancer development and that longer periods of intervention would be needed for
confirmation. However, the most probable explanation was that insufficient fibre was
consumed to generate sufficient butyrogenesis to suppress neoplastic transformation.
Importantly, as of yet no long-term studies have reported the effects of 50 g/day fibre
supplementation, but we are conducting such a study using resistant starch in Alaska where
tolerance to the fibre supplementation has thus far been good (NCT03028831). The
Cochrane analysis was skewed by large studies, such as the Polyp Prevention Study, which
randomly assigned 2079 participants with a history of polyps to receive either an advised
low-fat, high-fibre diet or a standard brochure on healthy eating and assigned to follow their
usual diet and found no overall difference in polyp recurrence after 4 years and 8 years
between the two groups.*8 However, the high-fibre group were estimated to have consumed
an average of only 32 g fibre a day, and it is probable that compliance was low because
biomarkers of fat (blood cholesterol) and green vegetable (vitamin A) intake were
unchanged by the intervention. Most importantly, a statistical and clinical significant
reduction in advanced (>1 cm, >25% villous, or high-grade dysplasia) adenomatous polyp
recurrence was found in the subgroup consuming the highest quartile of high-fibre beans.4°
The other large-scale clinical trials from Phoenix, Arizona, USA (13:5 g wheat bran fibre
supplement), 0 Europe (3:5 g ispaghula husk supplement),>! and Australia (35 g wheat bran
supplement),>2 were all unable to increase fibre intake to Burkitt’s 50 g/day
recommendation. Many of them were randomly assigned to recieve other dietary
supplements taken concurrently (eg, vitamin A) that might have confused the outcomes and
conclusions. However, it is of note that the Australian study found that those given a wheat
bran supplement with a low-fat diet had no large polyps (=10 mm) detected at 24 months
and 48 months (p=0-03 compared with the number of polyps less than 10 mm in size
identified), leading to the conclusion that dietary modification could suppress large polyp
formation. This is important because the malignant potential of large polyps is greater.52

Resistant starch, one of the insoluble fibres, has been used in many intervention studies
because it is easy to consume as a drink and has been shown in controlled human studies to
be strongly butyrogenic,>3 and to suppress secondary bile acid production,>* proteolytic
fermentation,®® and epithelial proliferation.>* Unfortunately, large-scale multicentre studies,
mainly in the so-called genetic colon cancers (Lynch syndrome), have been equally
unsuccessful in the prevention of polyp reccurrance, but again the supplement only provided
an extra 9 g/day of fibre.56 By contrast, the dietary switch study,?2 which recruited African
Americans at a high risk of colon cancer, showed that an increase in fibre consumption to 50
g/day under strictly supervised conditions (ie, consumption was observed, not assumed), was
associated with profound changes in microbiota and fermentation products (short-chain fatty
acids and phytochemicals), accompanied by suppression of cancer risk biomarkers in the
colonic mucosa within 2 weeks.22 This high fibre intake was principally the result of a high
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bean diet given to the participants. Additionally, Humphreys and colleagues’® study of
healthy, middle-aged (45-65 years old) Australians that showed suppression of oncogenes
and mucosal proliferation markers associated with cancer risk when 40 g of butyrylated
high-amylose maize starch was added daily to a high meat diet for 4 weeks. A common
picture to emerge from the review of epidemiological, interventional, and mechanistic
studies is that because of the complex interactions between inflammatory and anti-
inflammatory foods and their metabolites, high quantities of fibre-rich foods or fibre
supplements might need to be given to prevent colon cancer. The evidence points to a target
of 50 g/day, or 0-7 g/kg per day, of fibre as originally advocated by Burkitt. The relative
ability of different fibre sources to suppress cancer is difficult to assess. Good experimental
evidence exists that shows that different fibres differ in the amount of butyrate produced and
site of fermentation in the colon,>8 and so weight is not the only factor. In general, the
associations in observational studies were stronger for whole grains, such as oats, rye, and
wheat.24 However, high butyrogenesis from a fibre source are needed to not only satisfy
colonic mucosal requirements, but also systemic epigenetic regulators and free fatty acid
receptors.

Type 2 diabetes and obesity

Although strong inverse associations exist between fibre intake and type 2 diabetes,
conflicting evidence exists regarding the ability of fibre supplements to reverse the disease,
which could be a dose-dependent effect. In a 2-year study from Germany, supplementation
with 15 g insoluble fibre per day had no effect on glucose tolerance, but reduced the number
of diabetes cases and HbA 1. concentrations.

Other intervention studies with higher supplementation quantities have been more successful
at reducing diabetes associated metabolic abnormalities. Chandalia and colleagues®®
reported the results of their 6-week randomised cross-over study of a diet containing the
locally recommended amount of fibre (24 g/day) compared with a diet containing 50 g/day
fibre, with the fibre coming from naturally high-fibre foods in both groups. The 50 g/day
fibre diet was both clinically and statistically significantly more effective at reducing plasma
glucose concentrations, daily urinary glucose excretion, and at the same time lowered the
area under the curve for 24 h plasma glucose and insulin concentrations. Furthermore, the
high-fibre diet decreased blood cholesterol, triglyceride, and very-low-density lipoprotein
cholesterol concentrations. Similar findings were reported in a randomised clinical study
from China by Zhao and colleagues,®% which 43 patients followed for 84 days. Interpretation
of the study by Zhao is difficult because the attribution of all the observed changes to fibre is
clouded by the unusual combination of whole grains, traditional Chinese medicinal foods
and prebiotics, and acarbose, a drug that blocks amylase and produces carbohydrate
malabsorption. Dietary assessment suggested the supplements added 37 g of fibre to the
participants usual diet, which previously consisted of 16 g of fibre a day. The differences in
outcome after 3 months were impressive. HbA1; concentration, the primary outcome
measure, decreased significantly (p<0-001) from baseline in a time-dependent manner in
both groups; from day 28 onward. However, a greater reduction was noted in the high fibre
group (p<0-05). The proportion of participants who achieved adequate glycemic control
(HbA 1 <7%) at the end of the intervention was also significantly higher in the high fiber
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group (89% v550% in the control group; p<0-005). Another report from Italy, which
randomly assigned 56 patients with type 2 diabetes to receive either a high-fibre (the Ma-Pi
2) diet consisting of whole grains, vegetables, and legumes providing 29 g fibre/1000 kcal
(estimated total 65 g/day) or a standard type 2 diabetes diet, with only 10 g fibre/1000 kcal,
both prepared and given in an in-patient setting for 3 weeks. The high-fibre group showed
statistically or clinically significantly greater reductions in fasting and postprandial blood
glucoses, HbA1, and lipids concentrations, and greater weight loss.5 These positive
findings were not observed in other fibre supplementation studies where the intake of dietary
fibre was increased by only 16 g/1000 kcal through the consumption of foods prepared in a
research kitchen52 or by 14 g/day through dietary instruction.53

In 2011, Wanders and colleagues® performed a systematic review of 102 randomised
controlled trials that concluded that viscous (soluble) fibre had the most profound effect on
appetite suppression.54 More recently, Thompson and colleagues®® reported their meta-
analysis of 12 suitable randomised controlled trials containing 609 obese or overweight
participants studied from 2 weeks to 17 weeks duration, with supplementation with a wide
range of soluble fibre products, providing 3-35 g per day. Despite these profound variations
in study designs, soluble fibre supplementation statistically and clinically significantly
reduced BMI, body weight, body fat, fasting glucose, and insulin compared with placebo
treatments. Finally, a randomised controlled trial that recruited healthy volunteers, showed
that dietary supplementation with 40 g resistant starch daily led to statistically significant
decreases in visceral and subcutaneous fat.56 These changes were associated with increased
faecal acetate and early-phase insulin, C-peptide, and glucagon-like peptide-1 (GLP-1)
secretion.

Cardiovascular diseases

Allergy

An abundance of evidence from randomised controlled trials exists that suggests that
increasing fibre intake can reduce systolic and diastolic blood pressure; however, the
reduction is small.” Threapleton and colleagues®® reported their meta-analysis of 24
randomised clinical trials in which they tried to differentiate the effects of soluble and
insoluble fibre. They confirmed that higher consumption of fibre, insoluble fibre, and cereal-
vegetable fibre, was associated with a reduction in risk of cardiovascular and coronary heart
disease.59

Great efforts have been made to humanise commercial infant milk formulae to gain some of
the advantages of sustained breastfeeding. Disappointingly, large reviews and meta-analyses
have not revealed sufficient evidence to recommend the addition of probiotics to milk
formulae for the prevention of allergic disease or food hyper-sensitivity.5-"1 However, more
advanced products, such as galactooligosaccharide-polydextrose-enriched formula, were
shown to protect against respiratory infections,’2 possibly through their more sustained
effects on colonic short-chain fatty acids production.
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Inflammatory bowel disease

The association between IBD and microbiota dysbiosis has driven has driven efforts to
restore the microbiota to a healthy status with fibre supplementation in patients with IBD in
the hope of suppressing disease activity. The results have been variable and often
disappointing, probably due to inconsistencies in study designs, and that, once again, high
fibre supplementation has never been achieved. For example a maximum supplement of 15g
per day was provided in the studies reviewed by Rasmussen and Hamaker46 in the form of
fructoseoligosaccharides and inulin. Tolerance to nutritional supplements might also be
lower because of the chronic inflammatory state and incomplete fermentation in patients
with IBD.”3 These findings suggest that a high-fibre diet might only be more effective in
preventing rather than treating IBD.

Mechanistic studies

This Viewpoint has discussed the major advances in epidemiological and human
intervention studies, which have supported Burkitt’s hypothesis. To examine the underlying
mechanisms, researchers invariably depend upon the use of animal models, which might not
represent the human condition. But few alternatives to animal models exist because these
diseases take years to develop in humans and tissue sampling might infeasible.
Consequently, studies need to be put into perspective with an orderly process of
investigation starting with the human disease and ending with in-vivo models in animals or
in-vitro molecular interaction investigations. Most of the biological control mechanisms in
humans are shared by mammals, and the information revealed by in-vivo animal studies can
certainly help determine whether epidemiological associations are likely to be cause or
effect.

Short-chain fatty acids and high-income lifestyle-associated diseases

Fibre can promote colonic and whole-body health through its effects on gut transit,
microbiome composition, and the microbial production of short-chain fatty acids (figure 3).
The evidence connecting any specific microbe to colonic carcinogenesis is weak, but the
microbiome’s ability to produce metabolites that influence carcinogenesis is strong. Perhaps
the best example of mutualism in human physiology is that although all other body cells rely
on glucose as their primary energy source, the colonic epithelium is unique in preferring one
of the microbiota-produced short-chain fatty acids, butyrate.”* Early cultural and molecular
studies showed that the most prodigious butyrate-producing bacteria belong to the
Clostridium clusters 1V and XIVa, notably Eubacterium rectale, Roseburia spp, and
Faecalibacterium prausnitzii.”™ Although a deficiency of these microbes is strongly linked
with high-income lifestyle associated diseases, the evidence suggests that it is the butyrate
that they produce, rather than their function, that accounts for their role in health. Butyrate
inhibits colonic neoplastic transformation and progression through a number of divergent
mechanisms.”® Acting through at least two pathways, short-chain fatty acids also play a
pivotal role in extra-colonic energy homoeostasis, and the suppression of systemic
inflammation and neoplasia.
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The first pathway, is the selective binding of short-chain fatty acids to mucosal G-protein
coupled receptors (GPCR), alternatively known as free fatty acid receptors. In the colon,
GCPRs activate regulatory T cells and promote FOXP3 and IL-10 expression, augmenting
their antiproliferative functions.”” However, distal functions are generated through GCPR
stimulation of secretion of gut peptides in the distal bowel. Specifically, glucagon-like
peptide-1 (GLP-1) and peptide YY (PYY) are released from enteroendocrine cells,’8 which
enter the bloodstream and affect extracolonic organs, such as the pancreas to induce insulin
secretion and the brain to promote satiety and reduce food intake.”980 Experimentally,
acetate has a direct effect on appetite regulation.8 Studies have shown the potential for
high-fibre foods to reduce caloric intake and treat type 2 diabetes.®? The ability of these gut
peptides to affect brain function might also explain the reports of improvement in mood,
stress, anxiety, and cognitive ability associated with butyrogenic foods.82 The ability of these
gut peptides to affect brain function might also explain the reports of improvement in mood,
stress, anxiety, and cognitive ability associated with butyrogenic foods.83:84 This action
might also support the suggestion that high-fibre foods might improve brain health and
suppress autism and inflammatory diseases, such as Alzheimer’s and Parkinson’s disease.8°

Alternatively, butyrate might affect distant organ function through its epigenetic role as a
histone deacetylase inhibitor (HDACI) following its metabolism to acetylcholine A, which
alters the expression of a wide variety of genes, some of which regulate inflammation, cell
proliferation, apoptosis, and differentiation, mechanisms that are axiomatic to neoplastic
transformation. The overexpression of histone deacetylase has been found in several types of
cancer cells and inflammatory pathologies.86 However, strong experimental evidence exists
that shows that butyrate’s HDACI properties only become active when a threshold microbial
production rate is exceeded.8” This activation threshold might explain the conclusion
reached by Reynold and colleagues®! that the benefits of fibre are strongest in those with
high-fibre diets. High-fibre diets also increase blood concentrations of short-chain fatty
acids, exposing the rest of the body to butyrate’s tumour suppressor functions.

Short-chain fatty acids also account for the protective effect of fibre in cardiovascular
diseases, but through additional pathways. Because each of the three major short-chain fatty
acids are produced in different quantities by the microbiota during fermentation (molar
ratios of 57 acetate:22 propionate:21 butyrate),88 and because much of the butyrate
production is consumed by the mucosa, variable quantities of the short-chain fatty acids will
enter the bloodstream (ratio 71 acetate:21 propionate:8 butyrate) to affect lipoprotein
metabolism. Acetate on its own could exacerbate hypercholesterolaemia because it is a
substrate for cholesterol synthesis in the liver through acetyl-CoA. However, propionate has
been shown to reduce plasma cholesterol concentrations in rodents and humans by inhibiting
de-novo synthesis of cholesterol.8 Using an apolipoprotein E-deficient (apoE~~) mouse
model, Chen and colleagues®® showed that the butyrate generated from the fermentation of
pectin reduced the rate of progression of atherosclerosis. A wide range of experimental
studies have produced evidence that butyrate and propionate can suppress cholesterol and
high-density lipoprotein metabolism through a variety of mechanisms including direct
inhibition of synthesis or indirect inhibition of absorption,® and increased bile acid
secretion.9!
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Fibre could also reduce the risks of cardiovascular events by the systemic anti-inflammatory
actions of butyrate if high quantities are consumed. Specific microbes might also play a role
in the the prevention of atherosclerosis. Kasahara and colleagues®? showed that Roseburia
Intestinalis, a key butyrate producer, was inversely associated with atherosclerosis in a
genetically diverse mouse population. Examining mechanisms in germ-free apoprotein-E
deficient mice, Kasahara found evidence for this microbe’s ability to change metabolism
towards an increase in fatty acid clearance in association with a reduction in systemic
inflammation and atherosclerosis.

A substantial amount of evidence suggests that short-chain fatty acids affect systemic
metabolism and energy balance through both GPCR activation and HDACI regulation.
78,80,93,94 The consequent release of GLP-1 and PYY increase pancreatic insulin release and
suppress energy intake through hypothalamic mechanisms.%® Parallel actions have been
shown in mice with high blood acetate concentrations, in which acetate has been shown to
cross the blood brain barrier and directly suppress appetite through central hypothalamic
mechanisms involving changes in transcellular neuro-transmitter cycles.8! Confirmation that
these mechanisms are active in humans was given by the study by Zhao and colleagues,° in
which many of the biochemical and dysbiotic abnormalities associated with type 2 diabetes
were reversed by a high-fibre diet in association with increases in faecal butyrate and serum
GLP1 and PYY. Recent microbiome-metagenome studies have identified signatures
predictive of type 2 diabetes,% characterised by low abundances of high butyrate producers.
Finally, a paper, published in 2019, used bidirectional Mendelian randomisation to assert
cause between gut microbial butyrate production and improved insulin response to an oral
glucose-tolerance test.%7

The mechanistic explanation for the ability of breast milk to prevent childhood allergy is
likely to be related to the wide range of bioactive nutrients it contains, including
immunoglobulins, cytokines, bacteria and their metabolites, and oligosaccharides (HMO).
Although many of the components can produce immediate anti-inflammatory effects,
oligosaccharides might have the unique benefit of conferring long-term tolerance through
their immunomodulatory effects if consumed during the critical time of neonatal
development. HMO are a form of fibre that are strongly bifidogenic and promote colonic
fermentation and short-chain fatty acids production. The allergic airways response to house
mite antigen was suppressed in mice by increasing the fibre content of their diet, thereby
increasing Bifidobacteria and serum short-chain fatty acids.%8 Additionally, propionate
supplementation was shown to increase seeding in the lungs with dendritic cells of high
phagocytic capacity, but impaired T helper type 2 cell allergic airway inflammation, a
mechanism that was shown to be GPCR 41 dependent. Additional evidence suggests that in
mice the consumption of a high-fibre diet in pregnancy might influence the development of
allergy in offspring. Finally, maternal acetate generated from a high-fibre diet was shown to
regulate gene expression in fetal lungs through inhibition of histone deacetylase 9. This
epigenetic modification was then shown to protect offspring against the development of
allergic airway disease, a model for human asthma.?® Children and adults with asthma might
behave in a similar way as reported by Halnes and colleagues,19° who gave patients a high-
fibre meal and noted decreased levels of several airway inflammation biomarkers 4 h after
the challenge, including exhaled nitric oxide, sputum total cell, neutrophil, lymphocyte, and
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macrophage counts as well as sputum IL-8 protein concentration. Intriguingly, these changes
correlated with increased expression of GPR41 and GPR43 in the sputum of these patients,
suggesting the mechanistic basis for these beneficial changes.

Evidence also suggests that fibre fermentation products might also prevent the development
of type 1 diabetes.101 Both animal and human studies have shown an association between
intestinal microbiota composition, short-chain fatty acids production, and type 1 diabetes.102
The observation that the development of autoantibodies and reduced faecal and blood short-
chain fatty acids preceded the expression of the disease in early life while the gut immune
system was developing suggests the association might be causative.103

Finally, the suppressive effect of fibre on IBD might also involve the activation of GPCRs by
short-chain fatty acids. In the dextran sulfate sodium-mouse model of ulcerative colitis,
short-chain fatty acid generation from dietary fibre interacted with GPCR43 to profoundly
suppress the inflammatory response, an action that was annulled in a Gpr43~ knockout
germ-free model.1%4 In a mouse model study of colitis, Macia and colleagues® showed that
a high-fibre diet (136 g fibre per 1000 kcal), increased short-chain fatty acids binding to
GPCR43 on colonic epithelial cells and stimulated potassium efflux with hyperpolarisation,
which led to NOD-like receptor protein 3 inflammasome activation, mediated by I1L-18
release.19% In a GPCR 43 dependent manner, short-chain fatty acids have also been shown to
regulate the size and function of the colonic T regulatory cell pool and protect against colitis
in mice.”’

Conclusion

One consistent observation from this Viewpoint is that higher intakes of fibre than those
recommended and consumed today are needed to satisfy the needs of the human microbiome
to maintain colon and whole-body health, and thus prevent the progression of disease
associated with high-income lifestyle. This accords with Burkitt’s original recommendation
for consumption of more than 50 g/day of fibre, which was rationalised by the value of
approximately 100 g/day consumed by people living in rural areas of Uganda, and still
consumed by the Hadza people in north-central Tanzania today.1%6 Compelling evidence
exists that suggests that increased consumption of fibre-rich, plant-based foods might not
only extend lifespan, but also improve the quality of the years gained by reducing the effects
of diseases associated with high-income lifestyles. Consuming more fibre-rich, plant-based
foods would allow a large proportion of populations in HICs to better enjoy older age and
remain productive and would also go some way towards relieving the massive health-care
costs associated with the management of chronic disease in the ageing population.
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Panel: Examples of potential fibre sources!3
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Diet associated with a high-income lifestyle

v

Fibre-deficient diet
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Low stool bulk, slow transit, high intraluminal pressures, and the presence of

luminal carcinogens

Diseases associated with high-income lifestyles

v

Colon cancer, diverticulosis, appendicitis, hernias, varicose veins, diabetes,
atherosclerosis, allergy, obesity, inflammatory bowel disease, and cancers of
the colon, breast, prostate, and pancreas

Figure 1:
Burkitt’s hypothesis

Lancet Gastroenterol Hepatol. Author manuscript; available in PMC 2020 January 07.

Page 21



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

O’Keefe Page 22
§ y
Propionate
Propionate
Butyrate
and A
Butyrate
Phenylalanine T
T Tyrosine Glycine Alanine
T Succinate
x10 | 41
T T T T T T T T T T T T T T T T
B V.
Propionate
i Succinat
Phenylalanine Glycine vecnate
T Toros T Alanine
rosine
y Choline Butyrate
T "
x10 x1
T T T T T T T T T T T T T T T T
C
Propionate
Phenylalanine .
Alanine
T Tyrosine
_T Succinate Butyrate
_4
s i;ww
T T T T T T T T T T T T T T T T
9:0 85 8.0 75 7-0 65 6-0 55 4.5 4-0 35 30 2:5 2:0 1.5 1.0 &'H

Figure 2: Respresentative 600 MHz IH nuclear magnetic resonance spectra of faecal water
extracts from groups of middle-aged men from rural KwaZulu-Natal, South Africa (A), African
Americans from Pittsburgh, PA, USA (B), and Alaskan Native people from Anchorage, AK, USA

©)
The horizontal axis is chemical shift of proton resonances in ppm (parts per million), while

the vertical axis is intensity (arbitrary unit). The spectral regions of 5-9 5 ppm are magnified
10-times to better visualise the signals. Unpublished data from African, African-American,
and Alaskan studies, analysed by Jia Li, Imperial College, London.
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Figure 3: Illustration of some of the major mechanisms whereby a high-fibre diet can prevent
diseases associated with high-income lifestyles

HDACI=histone deacetylase inhibitors. GPCR=G protein-coupled receptor.
GLP-1=glucagon-like peptide-1. PY'Y=peptide YY. VLDL=very-low-density lipoprotein.
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