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Abstract

Background—Non-communicable diseases (NCDs), such as atherosclerosis and cancers, are a 

leading cause of death worldwide. An important, yet poorly explained epidemiological feature of 

NCDs is their low incidence in under developed areas of low-income countries and rising rates in 

urban areas.

Methods—With the goal of better understanding how urbanization increases the incidence of 

NCDs we provide an overview of the urbanization process in sub-Saharan Africa, discuss gene 

expression differences between rural and urban populations, and review the current NCD 

determinant model. We conclude by identifying research priorities.

Results—Declining rates of chronic and recurrent infection are the hallmark of urbanization in 

sub- Saharan Africa. Gene profiling studies show urbanization results in complex molecular 

changes, with almost one-third of the peripheral blood leukocyte transcriptome altered. The 

current NCD determinant model could be improved by including a possible effect from declining 

rates of infection and expanding the spectrum of diseases that increase with urbanization.
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Conclusions—Urbanization in sub-Saharan Africa provides a unique opportunity to investigate 

the mechanism by which the environment influences disease epidemiology. Research priorities 

include: 1) studies to define the relationship between infection and risk factors for NCDs, 2) 

explaining the observed differences in the inflammatory response between rural and urban 

populations, and 3) identification of animal models that simulate the biological changes that 

occurs with urbanization. A better understanding of the biological changes that occur with 

urbanization could lead to new prevention and treatment strategies for some of the most common 

surgical diseases in high-income countries.
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INTRODUCTION

Urbanization is the most important demographic change during the past century, and is a 

major divergence from how humans have lived for the past several thousand years (1). In 

2014, 54 per cent of the world’s population resided in urban areas; a figure that is expected 

to increase to 66 percent by the year 2050 (2). The urbanization process is occurring most 

rapidly in sub-Saharan Africa1 and Asia, with contributing factors being rapid economic 

development, population growth, agricultural instability, forced migration due to political 

instability, ecological disasters (e.g., floods and climate change), and greater social and 

education opportunities in cities (2–4).

Urbanization in low-income countries represents an important inflection point in the 

epidemiology of disease, with infectious diseases predominating in rural areas and urban 

populations taking on a profile of NCDs (5–8). This epidemiological transition is also 

evident at the global level where NCDs have been rapidly increasing over the past 40 years 

(9, 10). NCDs are now the leading cause of death in lower-middle, upper middle, and high-

income countries2. Of the 56 million global deaths in 2012, 68% were due to NCDs, 

principally cardiovascular diseases, cancer, and respiratory diseases (11). Even in low-

income countries where infectious diseases have been the dominant public health problem, 

NCDs are rising rapidly and are projected to exceed communicable, maternal, perinatal, and 

nutritional diseases as the most common causes of death by 2030.

Many important questions remain about the factors that contribute to the development of 

NCDs and how best to combat this growing epidemic. A better understanding of the 

biological changes that occur with urbanization, particularly their underlying molecular 

1Sub-Saharan Africa refers to the geographic area of the African continent that lies south of the Sahara. There are 42 countries located 
on the sub-Saharan African mainland, in addition to six island nations (Madagascar, Seychelles, Comoros, Cape Verde, and Sao Tome 
and Principe). This grouping is used the World Bank, World Health Organization and United Nations because these countries have 
similar levels of levels of economic development.
2The World Bank classifies countries according to four income groupings. Income is measured using gross national income (GNI) per 
capita, in U.S. dollars, converted from local currency using the World Bank Atlas method. Classifications as of July 2016 are as 
follows:
Low-income countries (LICs) = US$1,025 or less in 2015
Middle-income countries (MICs) are subdivided: Lower-middle-income = US$1,026 to US$4,0355
Upper-middle-income (UMICs) = US$4,036 to US$12,475
High-income countries (HICs) = US$12,476 or more
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mechanisms, could provide insight into the pathophysiology of NCDs and ultimately lead to 

novel prevention and treatment strategies. With this goal in mind, we provide an overview of 

urbanization in sub-Saharan Africa and its impact on health, discuss recent gene profiling 

studies from rural and urban populations living in low-income countries, review the current 

NCD determinant model, and outline research priorities for better understanding the 

biological changes that occur with urbanization. These topics were selected to fill gaps in the 

NCD literature and to inform surgeons of the many opportunities that exist to investigate the 

etiology of NCDs, many of which are surgical conditions.

URBANIZATION IN SUB-SAHARAN AFRICA: ITS IMPACT ON HEALTH

The tremendous differences that exist between some rural and urban areas of sub-Saharan 

Africa (Figure 1) provide a unique opportunity to study the effects of urbanization. As is true 

for most low-income countries, rural and urban areas of sub-Saharan Africa differ markedly 

in their physical and social environment, and in their access to health and other social 

services (1). Important differences can also exist in food availability, eating habits and 

lifestyle. Infrastructure is typically better in urban compared to rural areas, meaning 

individuals living in cities have greater chance of having access to clean water, waste 

disposal and electricity. Cities are nevertheless heterogeneous environments, with levels of 

services varying by country, region and even within the same city (6). An important example 

is the urban slum, where crowding and poverty can increase transmission of infectious 

diseases, perhaps resembling the rural environment.

Varying rates of infection is perhaps the most striking difference that exists between rural 

and urban areas of sub-Sahara Africa. For all practical purposes the rural environment of 

some sub-Saharan African countries approximate the situation described by Omran as “The 

Age of Pestilence and Famine”—a pre-modern pattern of health and disease where the major 

determinants of death are epidemics, famines, and war (5, 12). The effects of these high 

infection rates are best observed in children. In some settings, under-five mortality rates 

exceed 200 per 1000 live births, with diarrheal disease being a leading cause of death 

because of poor sanitation (13). Growth failure and stunting are common findings in many 

rural populations of sub-Saharan Africa, with children falling off of the growth curve within 

several months of birth. Growth failure occurs more commonly during the rainy season and 

correlates with repeated episodes of infections (Figure 2). Once thought to be solely due to 

inadequate caloric intake, undernutrition is now attributed, in part to, a disorder of the small 

intestine known as environmental enteropathy (14). Instead of the long finger-shaped villi 

observed in the small bowel of healthy children living in high-income countries, individuals 

affected by environmental enteropathy display shortened, broad villi with hyper-cellularity 

of the lamina propria (15). These histological features are associated with decreased 

absorption and increased gastrointestinal permeability (16) – factors that enhance 

malnutrition and worsen diarrheal diseases. Plasma concentrations of endotoxin and anti-

endotoxin antibodies are also elevated in these individuals, and relate to both growth failure 

and the severity of the enteropathy. These children also have evidence of chronic immune 

stimulation demonstrated by elevated numbers of white blood cells and increased 

concentrations of plasma C-reactive protein (17).
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Of importance, is that the growth failure resulting from undernutrition is not an isolated 

clinical finding, but rather occurs as part of a constellation of other systemic signs and 

symptoms (Figure 3). In addition to the growth failure and enteropathy (Figures 3a and b) 

mentioned above, several other subtle clinical differences are observed in this group of 

children. Diminished cognitive function (Fig. 3d) is arguably the most tragic, as it results in 

poorer performance in school; fewer years of completed schooling, and ultimately, lower 

economic productivity during adulthood (18, 19). Differences in pain behavior (Fig. 3b) 

have also been reported, especially by surgeons trained in high-income countries working in 

sub-Saharan Africa for the first time (20). This apparent higher pain tolerance is manifested 

as lower post-operative narcotic requirements, less tachycardia following injuries and less 

impressive physical exam findings when presenting with abdominal emergencies.

Not surprisingly, children living in these environments have impaired host immunity related 

to their poor nutrition and general debilitated state. From a surgical perspective, this 

impaired immune function is manifested by higher than expected post-operative wound 

infections and poorer outcomes following burns, injuries, and major operations (21). Further, 

children living in the poorest regions are at greater risk for developing poverty related 

surgical diseases. Cancrum oris (Figure 4a), a rapidly progressive polymicrobial gangrenous 

infection of the mouth of children aged 2–6 years living in Africa (22) is perhaps the best 

example. This condition was endemic in German and Japanese concentration camps during 

World War II (23), but has disappeared in high-income countries with improvements in 

hygiene and nutrition. Children living in the poorest areas also have a greater likelihood of 

developing abscesses, osteomyelitis, necrotizing soft tissue infections, and pyomyositis 

(Figures 4b–f).

For those children who survive this barrage of infectious diseases early in life, their immune 

systems are forever changed. This “immunological adaption” to chronic and recurrent 

infection has been aptly described by Greenwood and Whittle (24):

“A peasant farmer is able to carry out a full day’s work in the fields and live a 

normal social life is considered a ‘healthy normal’ in many developing 

communities. However, by the medical standards of industrialized countries he 

would be considered far from healthy. He is likely to have had repeated attacks of 

acute malaria since early childhood and still have episodes of asymptomatic malaria 

parasitemia. He may well have schistosomiasis, although now this produces little in 

the way of symptoms, and he probably has two or three types of intestinal worms. 

He may have asymptomatic filariasis. In addition, he is likely to have passed 

through a period of malnutrition at the time of weaning which may have had 

permanent effects on the immune system. Such a ‘healthy’ normal shows 

immunological effects on the immunological changes that are not found among 

protected individuals in industrialized societies.”

It has long been appreciated that the population described above is at decreased risk for 

developing the NCDs commonly observed in high-income countries (25, 26). Importantly, 

these maladies were also rare or uncommon in the Western world a century ago (27). 

Further, when individuals move from low- to high-prevalence areas, the next and subsequent 

generations have a disease prevalence aligned with that of Western countries. Examples of 
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this phenomenon include the Japanese population that has settled in Hawaii (28), 

descendants of Pacific Islanders who immigrated to New Zealand (29), and African and 

Yemenite Jews who immigrated to Israel after the Second World War (30). Of note, these 

geographic variations also occur in the pediatric population (21), suggesting these 

differences are not solely due to aging.

In summary, a variety of environmental factors change with urbanization in sub-Saharan 

Africa, of which declining rates of infectious diseases may be the most prominent. Infection 

is also a leading cause of childhood deaths in rural areas, and thus is a strong evolutionary 

force in terms of natural selection. Chronic and recurrent infection is also intrinsically linked 

to nutritional status via its effect on the gut (i.e., environmental enteropathy). Underscoring 

the profound biological differences that exist in children living in the least developed areas, 

are the poorer outcomes of children with surgical diseases, the proclivity to develop poverty 

related surgical diseases, and the previously mentioned neurobiological phenotypes.

GENE EXPRESSION DIFFERENCES BETWEEN RURAL AND URBAN 

POPULATIONS

Several studies have profiled variations in gene expression within and between population 

groups where two or more lifestyles and ethnicities are present in the same country (31–33). 

In a study from southern Morocco, expression of over a third of the peripheral blood 

leukocyte transcriptome was shown to differ between adult residents of a rural area (Berber 

village) and the urban city of Agadir (31). Similar results were observed in a larger follow-

up study from the same country (32), and in a comparison of Fijians living in a rural village 

and in the capital city of Suva (33). In all three studies, differences in genome-wide 

expression signatures were attributed to a combination of lifestyle, geography, and biotic 

factors. These broad changes in gene expression have been difficult to interpret, especially as 

they relate to specific risk factors for NCDs.

One evolving application of these rural-urban datasets is to test specific hypotheses 

regarding how individual genes or pathways change with urbanization. For example, the 

Moroccan dataset was used to show that the NPC1 gene, which encodes Niemann-Pick C1 

protein—the Ebola virus receptor, has a higher level of expression in rural versus urban 

Morocco (34). NPC1 is a transmembrane endosome protein responsible for the trafficking of 

intracellular cholesterol. Although the original purpose of this study was to better explain the 

rural-urban differences in the infectivity or the fatality rate of the Ebola virus, variations in 

the expression of several other cholesterol uptake genes (NPC2 and LDLR) were identified

—suggesting urbanization alters the genes that control lipid metabolism. Of note, serum 

lipid levels were inversely correlated with high infection rates and inflammatory markers in 

an indigenous population of Bolivia Amazon (35).

Rural-urban gene expression data has also been used to show that urbanization alters G 

protein-coupled receptor (GPCR) signaling. GPCRs are the largest single-family of the cell 

surface receptors and have a role in nearly every aspect of biology and health (36). The G 

protein family in humans includes 16 α subunits, five β subunits, and 12 δ subunits encoded 

by different genes (37). These subunits can be expressed in variable combinations to activate 
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different pathways. Using the Moroccan dataset, Bickler et al. (38) demonstrated that rural 

and urban populations express different G protein subunit genes, suggesting the possibility 

of environmentally specific pathway activation (Figure 5). Three genes controlling the 

phosphatidylinositol signaling pathway and one gene regulating cAMP (3’-5’-cyclic 

adenosine monophosphate) were altered by urbanization. Further, there was significantly 

increased expression of the ARRB1 gene in the rural population. This ubiquitously 

expressed gene encodes the β-arrestin 1 protein which has a role in modulating the 

sensitivity of GPCRs, and thus has the ability to dampen cellular responses to stimuli 

including hormones, neurotransmitters, and other sensory signals (39). Considered together, 

these preliminary findings suggest that urbanization alters signal transduction pathways, a 

fundamental mechanism by which intercellular communication occurs in multicellular 

organisms. Moreover, these studies illustrate the tremendous potential that exists for using 

molecular biological approaches to decipher the complex biological changes that occur 

during a transition from rural to urban environment.

MAIN DETERMINANTS OF NCDS: IMPROVING THE CURRENT MODEL

NCDs result from a complex interplay of genes, nutrition and the environment. The best 

summary of these complex interactions is, perhaps, the diagram provided by Jamison et al. 

in The Lancet Commission Report on Global Health 2035 (40). This report represents a 

culmination of economic thinking on global health development over the past 30 years, and 

thus reflects the current opinion on a broad spectrum of important global health problems. In 

the Commission Report, risk factors for NCDs are grouped into environmental and 

behavioral factors, which are potentially non-modifiable or modifiable. Non-modifiable risk 

factors include a person’s age, genes, and fetal origins. Fetal origins refers to the long-term 

effects of the intrauterine environment, wherein critical events during development program 

the individual for non-communicable diseases later in life (41). While non-modifiable for the 

individual after birth, improvement in the health and nutrition of reproductive aged females 

could potentially mitigate the effects of this fetal programming. Modifiable factors include 

the physiological risk factors of obesity, hypertension, and adverse serum cholesterol 

concentrations among others. High blood pressure and abnormal serum cholesterol are 

classified as modifiable because they can be controlled using effective, low-cost drugs. Poor 

dietary quality (e.g., high-calorie processed foods and sugary sodas) and physical inactivity 

are both major, modifiable risk factors for obesity—itself a modifiable risk factor for other 

NCDs.

Based on our review of this topic, we suggest several modifications to the Jamison model. 

First, given the profound impact chronic and recurrent infections have on populations living 

in rural sub-Saharan Africa, and their declining rates with urbanization, we propose a role 

for diminishing infection in the origins of NCDs. The consideration here is that evolution 

has favored the selection of genotypes that are capable of a robust immune response. When 

chronic and recurrent infections diminish as a result of public health interventions (e.g., 

sewage disposal and clean water), the evolved phenotype is no longer well suited for the 

environment. In this conceptualization, the mechanisms that protect against pathogens in 

rural areas are the same as those that lead to NCDs in urban areas—albeit without the 

dampening effect from the chronic and recurrent infections. The concept that infection 
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protects against NCDs in rural environments aligns well with the hygiene hypothesis 

proposed by Strachan (42) over 25 years ago, and several other more recent derivations 

wherein health and disease is determined by the immune systems interactions with microbes 

and parasites in the natural environment and the human microbiome (43–45). Our second 

suggestion for improving the Jamison model is to expand the diseases included in the NCD 

list. As observed by Burkitt (27), adoption of a western lifestyle increases a broad spectrum 

of NCDs (Table 1). Thus, we have added atopic, autoimmune, and several gastrointestinal 

diseases to the Jamison list. The group of gastrointestinal diseases that increases with 

urbanization is of great importance to the field of surgery as it includes the majority of the 

surgical pathology (e.g., appendicitis, colon cancer, diverticulitis, and gallbladder disease) 

observed in high-income countries. Of these conditions, appendicitis is perhaps the best 

example. Appendicitis is the most common abdominal surgical emergency in high-income 

countries, but is rare in underdeveloped rural areas of low-income countries. Consider the 

epidemiology of childhood appendicitis. In the United States, the incidence of childhood 

appendicitis is 37.2 per 10,000 children aged 0–14 years per year (46). In comparison, the 

incidence of appendicitis in black children in Soweto, Johannesburg aged 0–14 years, is 1.1 

per 10,000 (47). A similar incidence was reported from The Gambia where the incidence 

was 0.8 per 10,000 children aged 0–14 years, 1/24th and 1/49th the incidence of African 

American and Caucasian children in the USA, respectively (48). Reports from other centers 

in Africa suggest the incidence of appendicitis is rising with the adoption of Western 

lifestyles, further underscoring the importance of the rural-urban transition in this NCD (49–

53).

Our working model for the relationships between risk factors and NCDs is presented in 

Figure 6. In this modification of the Jamison model, declining rates of chronic and recurrent 

infection are shown as a non-modifiable risk factor with potential effects on genes, fetal 

development, physiological risk factors and NCDs. The spectrum of NCDs has been 

expanded to include atopic, autoimmune, and gastrointestinal diseases, and “new biological 

markers” have been added to the physiological risk factors box. The last suggested 

modification is based on our belief that new measurable markers will be discovered, as the 

biology of the rural-urban transition becomes better understood.

FUTURE RESEARCH

We suggest the following research priorities.

1. Research to further define how urbanization impacts the epidemiology of disease

While we currently have broad impressions about how the transition from a rural to an urban 

environment impacts disease epidemiology, there is a need for more detailed population-

based data. Recognizing that this data are extremely difficult and expensive to collect, it may 

be best to align this data collection with other ongoing epidemiological studies. One 

approach would be to expand the Global Burden of Disease (GBD) studies to collect more 

detailed data on rural and urban population. As an example, the 2013 Global Burden of 

Disease study stratified data into rural and urban populations, although this was done only 

for India and by cause of death (54). Ideally, future GBD studies would collect rural and 
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urban incidence data from additional countries, and perhaps even include the location in 

which a person lives as a risk factor for disease.

2. Studies to define the relationship between chronic infection and risk factors for NCDs

Identifying the mechanisms by which the environment alters NCD risk factors is a 

formidable, yet inspiring challenge, as it offers an opportunity to better understand the 

biology of the most common diseases in high-income countries. Simultaneously it could 

provide important insight into the optimal treatment for childhood undernutrition in low-

income countries—a major public health problem that is responsible for approximately 20% 

of child deaths worldwide. The therapeutic implications could be great. Basic biological 

principles could be gleaned from the type of gene expression studies we have discussed 

above. For example, one could feasibly decipher the molecular mechanisms responsible for 

the inverse relationship between low serum lipids levels and high infection rates observed in 

the indigenous population living in Bolivia (35). The rural-urban paradigm also provides an 

opportunity to investigate what role epigenetic mechanisms might have in modifying the risk 

of NCDs.

3. Research directed at understanding the outcome differences that exist in the 
inflammatory response between rural and urban populations

One of the most intriguing questions surrounding the rural-urban transition is: “Why are the 

consequences of inflammation so markedly different in the rural and urban environments?” 

In the rural environment, inflammation is an integral component of the immunological 

response to chronic and recurrent infections; while in the urban environment, chronic 

inflammation has an important role in the pathogenesis of NCDs—most notably 

atherosclerosis and autoimmune diseases. Whether epidemiological differences relate to the 

timing of infection, type of infection (e.g., viral, bacterial or parasitic), or to the magnitude 

of the infectious disease burden remains unclear. Regarding the latter, there must be 

inhibitory mechanisms within the inflammatory response allowing for a response that is 

“just right” (55). Too little, and the organism is overcome by infection and unable to repair 

damaged tissue. Too much, and an exaggerated inflammatory response can damage healthy 

tissue. In a broader sense, this “Goldilocks effect”, where the inflammatory response must 

carefully match the threat, sits at the nexus of every clinical problem in modern medicine 

and covers the entire spectrum of communicable and non-communicable diseases. A deeper 

understanding of the mechanisms that regulate the inflammatory response, especially in 

settings of high infectious disease burden, could provide important insight into a wide range 

of problems resulting from an excessive inflammation (e.g., autoimmune disease, sepsis, and 

multiple organ dysfunction syndrome in trauma patients). In this context, there is a need to 

develop improved tools to assess the inflammatory response in a variety of environments. 

Inflammation is currently assessed using single inflammatory markers or receptors, but this 

approach often fails to capture the complex interactions that can occur between genes, 

nutrition, and the environment. The rural-urban paradigm offers an important opportunity to 

rethink how inflammation and its consequences are measured. An evolving strategy in 

medicine is to use computational and mathematical modeling to answer complex biological 

questions (56, 57). This “systems biology approach” seems well suited for examining the 

biological effects of urbanization and how they intersect to determine health and disease. 
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The challenge for inflammation researchers is to adapt this this methodology to capture the 

multidimensional relationships that exist between nutrition, infection, metabolism, genetic 

predisposition, and the immune response.

4. Identification of animal models that simulate the biological changes that occur with 
urbanization

There is a critical need to develop an animal model that can be used to study the biological 

consequences of urbanization. An animal model could help untangle the complex 

interactions that occur between genetics, nutrition and infection, facilitate development of 

new biological markers, and ultimately serve as a preclinical model to test new NCD 

prevention strategies. The ideal animal model would replicate the nutritional and immune 

changes that occur in the rural environment, along with their associated neurobiological 

phenotypes. The urban component of the model would need to simulate the consequences of 

diminishing chronic and recurrent infections. If the model is properly designed, it could be 

used to better understand the pathophysiology of diseases at both ends of the socioeconomic 

development spectrum—child undernutrtion in rural areas, and NCDs in the urban 

population. A starting point for this research could be several animal models wherein growth 

failure has been shown to be associated with changes in the intestinal microbiome. Brown et 

al. (58) demonstrated that early-life consumption of a moderately malnourished diet, in 

combination with iterative oral exposure to commensal Bacteroidales species and 

Escherichia coli, remodels the murine small intestine to resemble features of environmental 

enteropathy in humans. More recently, impaired growth phenotypes have been replicated in 

mice by transplanting microbiota from undernourished Malawian and Bangladeshi children 

into young germ-free mice and feeding their representative diets (59, 60). Chickens fed a 

rye-based diet rather than the usual corn-based diet develop growth failure, enteropathy, 

increased intestinal permeability, bacterial overgrowth in the small bowel, and increased 

endotoxemia similar to that observed in under nourished children living in rural areas of 

low-income countries (61, 62). Rye contains a large amount of non-soluble polysaccharides, 

raising the question what affect a large amount of dietary fiber might have on the growth and 

development of children living in LMICs. Although mice have close genetic and 

physiological similarities to humans and many tools exist for manipulating its genome, the 

chicken is an intriguing experimental animal because of its rapid growth, and the extensive 

nutritional literature available because of the poultry’s industry keen interest in maximizing 

meat production.

CONCLUSIONS

Urbanization is occurring rapidly in sub-Saharan Africa with profound effects on disease 

epidemiology. In contrast to rural areas, where chronic and recurrent infections continue to 

be the dominant public health problem, urban populations have higher rates of NCDs—a 

profile similar to that observed in high-income countries. This epidemiological transition 

provides an exciting opportunity to investigate the mechanisms by which the environment 

shapes health and disease. A better understanding of the complex interactions that occur 

between genes, infection, and nutrition, along with their impact on the inflammatory 
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response, could provide important insight into the etiology for many common surgical and 

medical conditions encountered in high-income countries.

Acknowledgments

None

References

1. Galea S, Vlahov D. Urban health: evidence, challenges, and directions. Annu Rev Public Health. 
2005; 26:341–65. [PubMed: 15760293] 

2. World Ubanization Prospects: United Nations. 2014. Available from: https://esa.un.org/unpd/wup/
Publications/Files/WUP2014-Report.pdf

3. Chen M, Zhang H, Liu W, Zhang W. The global pattern of urbanization and economic growth: 
evidence from the last three decades. PLoS One. 2014; 9(8):e103799. [PubMed: 25099392] 

4. Satterthwaite D, McGranahan G, Tacoli C. Urbanization and its implications for food and farming. 
Philos Trans R Soc Lond B Biol Sci. 2010; 365(1554):2809–20. [PubMed: 20713386] 

5. Caldwell JC. Population health in transition. Bull World Health Organ. 2001; 79(2):159–60. 
[PubMed: 11242823] 

6. Harpham T. Urban health in developing countries: what do we know and where do we go? Health 
Place. 2009; 15(1):107–16. [PubMed: 18455952] 

7. Eckert S, Kohler S. Urbanization and health in developing countries: a systematic review. World 
Health Popul. 2014; 15(1):7–20. [PubMed: 24702762] 

8. Gong P, Liang S, Carlton EJ, Jiang Q, Wu J, Wang L, et al. Urbanisation and health in China. 
Lancet. 2012; 379(9818):843–52. [PubMed: 22386037] 

9. Jamison DT, Mosley WH. Disease control priorities in developing countries: health policy responses 
to epidemiological change. Am J Public Health. 1991; 81(1):15–22.

10. Murray CJ, Lopez AD. Global mortality, disability, and the contribution of risk factors: Global 
Burden of Disease Study. Lancet. 1997; 349(9063):1436–42. [PubMed: 9164317] 

11. WHO. Global status report on non-communicable diseases 2014. Available from: http://
www.who.int/nmh/publications/ncd-status-report-2014/en/

12. Omran AR. The epidemiological transition. The Milbank Memorial Fund Quarterly. 1971; 49(4):
509–38. [PubMed: 5155251] 

13. Unicef. State of the World's Children 2016. Available from: https://www.unicef.org/publications/
files/UNICEF_SOWC_2016.pdf

14. Gilmartin AA, Petri WA Jr. Exploring the role of environmental enteropathy in malnutrition, infant 
development and oral vaccine response. Philos Trans R Soc Lond B Biol Sci. 2015; 370(1671)

15. Nath SK. Tropical sprue. Current gastroenterology reports. 2005; 7(5):343–9. [PubMed: 
16168231] 

16. Lunn PG. The impact of infection and nutrition on gut function and growth in childhood. The 
Proceedings of the Nutrition Society. 2000; 59(1):147–54. [PubMed: 10828184] 

17. Campbell DI, Elia M, Lunn PG. Growth faltering in rural Gambian infants is associated with 
impaired small intestinal barrier function, leading to endotoxemia and systemic inflammation. The 
Journal of nutrition. 2003; 133(5):1332–8. [PubMed: 12730419] 

18. Jiang NM, Tofail F, Moonah SN, Scharf RJ, Taniuchi M, Ma JZ, et al. Febrile illness and pro-
inflammatory cytokines are associated with lower neurodevelopmental scores in Bangladeshi 
infants living in poverty. BMC pediatrics. 2014; 14:50. [PubMed: 24548288] 

19. Eppig C, Fincher CL, Thornhill R. Parasite prevalence and the worldwide distribution of cognitive 
ability. Proceedings Biological sciences / The Royal Society. 2010; 277(1701):3801–8.

20. Bickler SW. Non-communicable diseases: is their emergence in industrialized societies related to 
changes in neuroendocrine function? Med Hypotheses. 2000; 54(5):825–8. [PubMed: 10859694] 

Bickler et al. Page 10

World J Surg. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://esa.un.org/unpd/wup/Publications/Files/WUP2014-Report.pdf
https://esa.un.org/unpd/wup/Publications/Files/WUP2014-Report.pdf
http://www.who.int/nmh/publications/ncd-status-report-2014/en/
http://www.who.int/nmh/publications/ncd-status-report-2014/en/
https://www.unicef.org/publications/files/UNICEF_SOWC_2016.pdf
https://www.unicef.org/publications/files/UNICEF_SOWC_2016.pdf


21. Bickler SW, Sanno-Duanda B. Epidemiology of paediatric surgical admissions to a government 
referral hospital in the Gambia. Bull World Health Organ. 2000; 78(11):1330–6. [PubMed: 
11143193] 

22. Ashok N, Tarakji B, Darwish S, Rodrigues JC, Altamimi MA. A Review on Noma: A Recent 
Update. Glob J Health Sci. 2015; 8(4):53–9. [PubMed: 26573028] 

23. Tonna JE, Lewin MR, Mensh B. A case and review of noma. PLoS Negl Trop Dis. 2010; 
4(12):e869. [PubMed: 21200428] 

24. Greenwood, BM., Whittle, HC. Immunology of Medicine in the Tropics. London: Edward Arnold 
(Publishers) Ltd.; 1981. 

25. Burkitt DP. Some diseases characteristic of modern Western civilization. Br Med J. 1973; 1(5848):
274–8. [PubMed: 4568142] 

26. Trowell, HC., Burkitt, DP. Western diseases, their emmergence and prevention. Harvard University 
Press; Cambridge: 1981. 

27. Burkitt DP. Some diseases characteristic of modern western civilization. A possible common 
causative factor. Clin Radiol. 1973; 24(3):271–80. [PubMed: 4592736] 

28. Glober, GSP. Hawaii ethnic groups. In: Trowell B, HC., editor. Western diseases, their emergence 
and prevention. Cambridge: Harvard University Press; 1981. p. 319-33.

29. Trowell B, HC., editor. Western diseases, their emergence and prevention. Cambridge: Harvard 
University Press; 1981. Prior I T-JP. New Zealand Maori and Pacific Polynesians; p. 227-37.

30. Modan, B. Israeli migrants. In: Trowell B, HC., editor. Western diseases, their emergence and 
prevention. Cambridge: Harvard University Press; 1981. p. 268-77.

31. Idaghdour Y, Storey JD, Jadallah SJ, Gibson G. A genome-wide gene expression signature of 
environmental geography in leukocytes of Moroccan Amazighs. PLoS genetics. 2008; 
4(4):e1000052. [PubMed: 18404217] 

32. Idaghdour Y, Czika W, Shianna KV, Lee SH, Visscher PM, Martin HC, et al. Geographical 
genomics of human leukocyte gene expression variation in southern Morocco. Nature genetics. 
2010; 42(1):62–7. [PubMed: 19966804] 

33. Nath AP, Arafat D, Gibson G. Using blood informative transcripts in geographical genomics: 
impact of lifestyle on gene expression in fijians. Front Genet. 2012; 3:243. [PubMed: 23162571] 

34. Bickler SW, Lizardo RE, De Maio A. The transition from a rural to an urban environment alters 
expression of the human Ebola virus receptor Neiman-Pick C1: implications for the current 
epidemic in West Africa. Cell Stress Chaperones. 2015; 20(2):203–6. [PubMed: 25477151] 

35. Vasunilashorn S, Crimmins EM, Kim JK, Winking J, Gurven M, Kaplan H, et al. Blood lipids, 
infection, and inflammatory markers in the Tsimane of Bolivia. American journal of human 
biology : the official journal of the Human Biology Council. 2010; 22(6):731–40. [PubMed: 
20721985] 

36. Filmore D. It's a GPCR world. Mod Drug Discover. 2004; 7(11):24–8.

37. Downes GB, Gautam N. The G protein subunit gene families. Genomics. 1999; 62(3):544–52. 
[PubMed: 10644457] 

38. Bickler SW, Lizardo E, Cauvi DM, De Maio A. The transition from a rural to an urban 
environment in Africa alters G protein-coupled receptor signaling. Med Hypotheses. 2016; 95:49–
53. [PubMed: 27692166] 

39. Buchanan FG, DuBois RN. Emerging roles of beta-arrestins. Cell Cycle. 2006; 5(18):2060–3. 
[PubMed: 16969081] 

40. Jamison DT, Summers LH, Alleyne G, Arrow KJ, Berkley S, Binagwaho A, et al. Global health 
2035: a world converging within a generation. Lancet. 2013; 382(9908):1898–955. [PubMed: 
24309475] 

41. Barker DJ. Fetal origins of coronary heart disease. BMJ (Clinical research ed). 1995; 311(6998):
171–4.

42. Strachan DP. Hay fever, hygiene, and household size. BMJ. 1989; 299(6710):1259–60. [PubMed: 
2513902] 

43. Bloomfield SF, Rook GA, Scott EA, Shanahan F, Stanwell-Smith R, Turner P. Time to abandon the 
hygiene hypothesis: new perspectives on allergic disease, the human microbiome, infectious 

Bickler et al. Page 11

World J Surg. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



disease prevention and the role of targeted hygiene. Perspect Public Health. 2016; 136(4):213–24. 
[PubMed: 27354505] 

44. Briggs N, Weatherhead J, Sastry KJ, Hotez PJ. The Hygiene Hypothesis and Its Inconvenient 
Truths about Helminth Infections. PLoS Negl Trop Dis. 2016; 10(9):e0004944. [PubMed: 
27632204] 

45. Rook GA, Lowry CA, Raison CL. Microbial 'Old Friends', immunoregulation and stress resilience. 
Evol Med Public Health. 2013; 2013(1):46–64. [PubMed: 24481186] 

46. Addiss DG, Shaffer N, Fowler BS, Tauxe RV. The epidemiology of appendicitis and appendectomy 
in the United States. Am J Epidemiol. 1990; 132(5):910–25. [PubMed: 2239906] 

47. Walker AR, Shipton E, Walker BF, Manetsi B, Van Rensburg PS, Vorster HH. Appendicectomy 
incidence in black and white children aged 0 to 14 years with a discussion on the disease's 
causation. Trop Gastroenterol. 1989; 10(2):96–101. [PubMed: 2678640] 

48. Bickler SW, Sanno-Duanda B. Incidence of appendicitis and hypertrophic pyloric stenosis in a sub-
Saharan African country. J Ped Gastro Nutrition. 2000; 31(2):S39.

49. Ajao OG. Abdominal emergencies in a tropical African population. Br J Surg. 1981; 68(5):345–7. 
[PubMed: 7225763] 

50. Bremner CG. The changing pattern of disease seen at Baragwanath hospital. S Afr J Surg. 1971; 
9(3):127–31. [PubMed: 5138517] 

51. Fulton J, Lazarus C. Acute appendicitis among black South Africans. S Afr J Surg. 1995; 33(4):
165–6. [PubMed: 8677468] 

52. Hutt MS. Epidemiology of chronic intestinal disease in middle Africa. Isr J Med Sci. 1979; 15(4):
314–7. [PubMed: 447497] 

53. Moore SW, Robbs JV. Acute appendicitis in the Zulu--an emerging disease? S Afr Med J. 1979; 
55(18):700.

54. GBD 2013 DALYs and HALE Collaborators. Global, regional, and national disability-adjusted life 
years (DALYs) for 306 diseases and injuries and healthy life expectancy (HALE) for 188 
countries, 1990–2013: quantifying the epidemiological transition. Lancet. 2015; 386(10009):
2145–91. [PubMed: 26321261] 

55. Clancy, KBH. Inflammation, Reproduction and the Goldilocks Principle. In: C, K., editor. Building 
Babies: Primate Development in Proximate and Ultimate Perspective, Developments in 
Primatology: Progress and Prospects. New York: Springer Science and Bussiness Media; 2013. p. 
3-26.2013. p. 3–26

56. Kidd BA, Peters LA, Schadt EE, Dudley JT. Unifying immunology with informatics and multiscale 
biology. Nature immunology. 2014; 15(2):118–27. [PubMed: 24448569] 

57. Verma M, Hontecillas R, Abedi V, Leber A, Tubau-Juni N, Philipson C, et al. Modeling-Enabled 
Systems Nutritional Immunology. Frontiers in nutrition. 2016; 3:5. [PubMed: 26909350] 

58. Brown EM, Wlodarska M, Willing BP, Vonaesch P, Han J, Reynolds LA, et al. Diet and specific 
microbial exposure trigger features of environmental enteropathy in a novel murine model. Nat 
Commun. 2015; 6:7806. [PubMed: 26241678] 

59. Blanton LV, Charbonneau MR, Salih T, Barratt MJ, Venkatesh S, Ilkaveya O, et al. Gut bacteria 
that prevent growth impairments transmitted by microbiota from malnourished children. Science. 
2016; 351(6275)

60. Wagner VE, Dey N, Guruge J, Hsiao A, Ahern PP, Semenkovich NP, et al. Effects of a gut 
pathobiont in a gnotobiotic mouse model of childhood undernutrition. Sci Transl Med. 2016; 
8(366):366ra164.

61. Latorre JD, Hernandez-Velasco X, Bielke LR, Vicente JL, Wolfenden R, Menconi A, et al. 
Evaluation of a Bacillus direct-fed microbial candidate on digesta viscosity, bacterial translocation, 
microbiota composition and bone mineralisation in broiler chickens fed on a rye-based diet. British 
poultry science. 2015; 56(6):723–32.

62. Tellez G, Latorre JD, Kuttappan VA, Kogut MH, Wolfenden A, Hernandez-Velasco X, et al. 
Utilization of rye as energy source affects bacterial translocation, intestinal viscosity, microbiota 
composition, and bone mineralization in broiler chickens. Frontiers in genetics. 2014; 5:339. 
[PubMed: 25309584] 

Bickler et al. Page 12

World J Surg. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



63. London School of Hygiene and Tropical Medicine. Online course: Methods of Nutrtitional 
Assessment (2012) by Louise Watson, Alan Dangour and Suzanne Filteau. [Available from: http://
dl.lshtm.ac.uk/DLTesting/PNO101/sessions/S1S3/PNO101_S1S3_030_080.html

64. McGregor IA, Rahman AK, Thomson AM, Billewicz WZ, Thompson B. The health of young 
children in a West African (Gambian) village. Trans R Soc Trop Med Hyg. 1970; 64(1):48–77. 
[PubMed: 5442087] 

65. Wheeler, WF. Efe Pygmies: Archers of the African Rain Forest. Rizzoli International Publications; 
New York: 2000. 

66. Korpe PS, Petri WA Jr. Environmental enteropathy: critical implications of a poorly understood 
condition. Trends Mol Med. 2012; 18(6):328–36. [PubMed: 22633998] 

67. Legbo, JN., Ameh, EA. Ameh, EA.Bickler, S.Lakhoo, K.Kwomeh, BC., Poenaru, D., editors. 
Chapter 21: Necrotizing Fasciitis. Paediatric Surgery: A Comprehensive Text for Africa: Global 
Help. 2010. Available from: http://www.global-help.org/publications/books/
help_pedsurgeryafrica21.pdf

68. Oldham WM, Hamm HE. Heterotrimeric G protein activation by G-protein-coupled receptors. Nat 
Rev Mol Cell Biol. 2008; 9(1):60–71. [PubMed: 18043707] 

Bickler et al. Page 13

World J Surg. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://dl.lshtm.ac.uk/DLTesting/PNO101/sessions/S1S3/PNO101_S1S3_030_080.html
http://dl.lshtm.ac.uk/DLTesting/PNO101/sessions/S1S3/PNO101_S1S3_030_080.html
http://www.global-help.org/publications/books/help_pedsurgeryafrica21.pdf
http://www.global-help.org/publications/books/help_pedsurgeryafrica21.pdf


Figure 1. 
Rural and urban areas of Sub-Saharan Africa. These contrasting environments offer a unique 

opportunity to better understand how the environment shapes human health. Infectious 

diseases predominate in the rural areas with the urban population taking on a Western profile 

of chronic metabolic diseases. Source: rural photo is the author’s, urban photo: Jonathan 

Ernst/World Bank.
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Figure 2. 
Typical growth curve of a child living in a rural area of The Gambia (West Africa). Season 

of the year and infectious disease events affect growth. The rainy season presents an 

environment where food is scarce and infections are more common. Note the period of 

“catch-up-growth” following the first rainy season, but that the child never makes it back to 

even the WHO 5th Centile. Source: The London School of Hygiene and Tropical Medicine 

(63), adapted from McGregor (64).

Bickler et al. Page 15

World J Surg. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Neurobiological phenotypes commonly observed in children living in rural areas of sub-

Saharan Africa. A. Growth failure: Children from a remote area of The Congo showing 

signs of subclinical malnutrition (thin discolored hair, small upper arm circumference, 

protuberant abdomens). Photo by William Wheeler, MD (65); B. Environmental 

enteropathy: Blunted villi with inflammation of the lamina propria (lower panel), long 

narrow villi observed in children living in high-income country (upper panel). Adapted from 

Korpe and Petri (66); C. Cognitive deficits: Relationship between IQ and burden of 

infectious disease. Adapted from Eppig (19); D. Altered pain behavior: Un-medicated three-
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year child with a scald burn illustrating minimal response to a typically very painful stimulus 

(author’s photo).
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Figure 4. 
Examples of poverty related surgical diseases occurring in children living in the poorest 

regions of sub-Saharan Africa. A: Cancrum oris or “Noma” – a rapidly progressive 

polymicrobial gangrenous infection of the mouth that affects children aged 2–6 years of age 

in poorest countries of Africa. Source: Legbo and Ameh (67); B: Breast abscess. C and D: 

Chronic osteomyelitis of the tibia and fibula showing radiological findings and protruding 

bone. E. Necrotizing soft tissue infection. F: Tropical pyomyositis—collection of pus being 

drained from a child’s quadriceps muscle. While access to health care contributes to the 

severity of these conditions, their higher incidence in the poorest areas of sub-Saharan 

Africa suggests an environmental effect—most likely resulting from the complex 

interactions that occur between chronic infection and nutrition. Photos B-F are the author’s.
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Figure 5. 
Conceptual model showing environmentally specific G protein-coupled receptor (GPCR) 

signaling with activation of different pathways in rural and urban environments. The model 

is based on the general principles of GPCR signaling presented by Oldham and Hamm (68), 

with the effects derived from gene expression data from a rural and urban population living 

in Morocco(31). The heterotrimeric proteins (α, β, and δ subunits), which are associated 

with the seven membrane-spanning region in the unstimulated state, dissociates into the α, 

β, and δ subunits upon cell stimulation. Because the expression of the α, β, and δ subunit 

genes vary between the rural and urban population (shown with different shades of blue and 

green), different pathways are activated in the rural and urban environments. In the rural 

population, increased expression of β-arrestin 1 protein (red) decreases the binding of the 

heterotrimeric protein to the seven membrane-spanning region, thus dampening down the 

entire signaling process. Source: Bickler et al, 2016 (38).

Bickler et al. Page 19

World J Surg. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Relationships between key risk factors and NCDs. Model is based on Figure 15 in Jamison 

et al. (40). Red font and boxes outlined in red show modifications to the Jamison model. 

Declining rates of chronic and recurrent infection are included as a risk factor for NCDs. 

Atopic, autoimmune, and gastrointestinal diseases such as appendicitis, diverticulitis, colon 

cancer and gallstones are now included in the list of NCDs. NCD=non-communicable 

disease. LDL=low-density lipoprotein. HDL=high-density lipoprotein.
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Table 1

Non-communicable diseases that increase with urbanization. Adapted from Burkitt (25, 27).

Diseases characteristic of modern western civilization (25,27)

Atherosclerosis Inflammatory bowel disease Obesity

Stroke Appendicitis Asthma

Essential hypertension Irritable bowel syndrome Varicose veins

Diabetes Gastroesophageal reflux Pulmonary embolism

Gallstones Hiatal hernia Autoimmune disease

Colorectal cancer Hemorrhoids Constipation

Diverticular disease
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