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Pathophysiology and epidemiology of schistosomiasis

Schistosomiasis, also known as bilharzia after Theodor Bilharz, who first identified the parasite 

in Egypt in 1851, remains a global public health problem in a considerable part of the develop-

ing world 1. Schistosoma are part of a large group of helminth parasites - helminth is derived 

from the Greek word “helmins”, meaning worm. Helminth lifecycles are complex, involving 

stages in humans, the environment, and often an intermediate host, as is the case with Schis-

tosomes. Poor hygiene and sanitary conditions are necessary to support the lifecycle of the 

four major human helminth infections: schistosomiasis, ascariasis, trichuriasis and hookworm 

infection.

Freshwater snails serve as intermediate hosts for Schistosomes; humans become infected with 

cercariae, the larval stage of the worm, through skin contact with water contaminated with 

urine or faeces, depending on the species (Figure 1). Within the human host, cercariae mature 

into schistosomula, which migrate through the lungs in the bloodstream, and end up in the 

small vasculature of the liver. After maturation into adult worms, a male and female worm 

pair, and migrate to the mesenteric veins (S. mansoni and S. japonicum) or venous plexus of 

the bladder (S. haematobium), where egg laying begins approximately 4-6 weeks following 

infection. In S. japonicum and S. mansoni infection, approximately half of the eggs penetrate 

into the bowel lumen, where a proportion dies, becomes embedded within a granuloma and 

is eventually absorbed by the host; the remaining eggs are shed along with faeces. The cycle 

restarts once these eggs hatch into miracidia and come into contact with freshwater snails, 

Chapter 1. 

Figure 1. 

Figure 2. 

Figure 1. Life cycle of schistosoma.
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in which replication occurs. About half of the eggs do not penetrate into the bowel lumen of 

the human host, but migrate upstream with the help of spines on the outer shell, and become 

lodged in the microvasculature of the liver and other organs. Granulomas are formed around 

the eggs as a result of the host immune response to specific egg antigens, and are responsible 

for the majority of morbidity in chronic schistosomiasis 2.

The three main human schistosome species, S. mansoni and S. japonicum, causing hepatic/in-

testinal schistosomiasis, and S. haematobium, causing urinary schistosomiasis, affect more than 

200 million people in 77 countries 2. The majority of those infected are school-age children and 

adolescents, who also suffer the highest severity of infection 1. Infants and very young chil-

dren seldom become infected due to less frequent contact with infected water. S. japonicum 

infects approximately 2.4 million individuals and 70 million are at risk of infection, mainly in 

China and South-East Asia 3. Worldwide, the prevalence of schistosomiasis is increasing due to 

inadequate control measures, the growing world population and human environmental poli-

cies; water-resource developments, dams and irrigation channels aggravate the transmission 

of schistosomiasis as they provide the perfect habitat for the snails. Oncomelania hupensis, 

the snail species that serves as intermediate host for S. japonicum, is amphibious rather than 

purely aquatic, in contrast with the snail species that harbor the other schistosome species, 

and this feature complicates control efforts in areas endemic for S. japonicum 2. Of the human 

schistosome species, S. japonicum produces the most eggs – up to 3500 eggs daily – which are 

shed in clusters; because of these two features, S. japonicum-associated morbidity is thought 

to be more severe compared to the other species 4. In addition, multiple other mammals, in 

particular water buffalo, cattle, dogs, cats, pigs and rats serve as primary hosts and thus disease 

reservoirs for S. japonicum, which further complicates control efforts. The recent discovery of 

extensive genetic polymorphisms within S. japonicum, implying the presence of genetic het-

erogeneity, illustrates the adaptability of the parasite to external changes 5. 

Poverty remains a major determinant of schistosomiasis, which occurs mainly in the rural poor. 

Lack of health education combined with poor sanitary conditions in areas of high transmission 

and, in the Philippines, a multitude of contaminated water sites prove difficult to combat. The 

disease can be regarded as an occupational illness in countries like China and the Philippines, 

where farmers and freshwater fishermen are infected at highest prevalence and intensity due 

to their frequent water contact 6.

The global burden of schistosomiasis has long been underestimated 7,8. First, the majority of 

infected individuals has low intensity infection, with subtle symptoms; only a minority be-

comes infected at high intensity and develops severe morbidity. Second, severe disease usu-

ally develops after several years of infection, which has led to an underestimation of the public 

health importance of schistosomiasis 2. In addition, the public health importance of more 
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subtle morbidity, such as undernutrition, anemia and cognitive impairment, has only recently 

been acknowledged 7. Further, children are affected at highest prevalence and intensity 9. The 

consequences of these childhood infections, including growth stunting, anemia, hepatic fi-

brosis, impaired cognitive development, and possibly neuroschistosomiasis, continue to have 

an impact far into adulthood 2.

Diagnosis is based on egg identification in stool through the Kato-Katz method. The advan-

tage of this method is that no equipment besides a simple microscope is required, but the test 

does require expertise and is not very sensitive. Repeated stool examination can reduce the 

proportion of false-negative test results, which occur in 10-15% of low intensity infections. 

However, collection of multiple stool samples is not always feasible 2. In addition, egg excre-

tion by the host decreases with age, and on an individual level there is a poor relation between 

egg excretion and morbidity 10.

Schistosomiasis can be treated effectively with praziquantel, which is inexpensive – ap-

proximately $0.20 per treatment per person – but the general lack of diagnosis and treatment 

facilities in the developing world, in addition to rapid reinfection in highly endemic areas, are 

a limiting factor. Strategies to prevent and control schistosomiasis include mass or targeted 

population treatment; snail control through mollusciciding or environmental modification; 

reduction of water contact and contamination through provision of clean water and sanitary 

development; general improvement of living standards; and vaccine development. In addi-

tion, vaccination of non-human primary hosts may serve as a control strategy in areas endemic 

for S. japonicum, but an adequate animal vaccine is currently unavailable. Because all these 

measures have their limitations and human vaccine development efforts have thus far been 

unproductive, a multi-strategy approach will be most effective to control schistosomiasis 2.

Immunobiology

Not the parasite itself, but the host immune response to schistosome eggs is responsible for 

severe morbidity such as hepatic fibrosis in individuals with chronic schistosomiasis 11,12. As 

a result of a long co-evolutionary process, schistosome worms have adapted to humans in 

such a way that they avoid immune recognition, which explains why adult worms can survive 

between 3-7 years in the bloodstream of the human host 5. This co-evolved relation includes 

parasite exploitation of host endocrine and immune signals, the complexities of which remain 

poorly understood 5. One survival strategy is the presence of human antigens on the worm 

tegument, masking the presence of foreign antigens. This phenomenon is called molecular 

mimicry 2,13. Treatment with praziquantel leads to exposure of worm antigens to the host 

immune system by inducing damage to the worm tegument and through as yet unidenti-

fied mechanisms 13,14. Newly exposed antigens are bound by antibodies and subsequently 

reactivate cellular immune responses to attack and eliminate the parasite. The finding that 
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immune-deficient mice infected with S. mansoni are unable to eliminate the infection when 

treated with praziquantel supports the relevance of this mechanism 15. Schistosome eggs, on 

the other hand, elicit a strong host immune response and induce granuloma formation, which 

causes severe morbidity, in particular in the liver (S. japonicum and S. mansoni) and bladder (S. 

hematobium) 2. However, severe pathology occurs only in a small percentage of those chroni-

cally infected, which illustrates the compromise between parasite and host favoring mutual 

survival.

S. japonicum-associated hepatic fibrosis

Hepatic fibrosis is one of the most serious consequences of chronic schistosomiasis, and 

eventually leads to portal hypertension with subsequent hepatosplenomegaly and esopha-

geal varices. Gastrointestinal bleeding, the most common complication, can result in death. 

Diagnosis based on biopsy remains the golden standard, but this invasive method can only 

be used in hospital settings and is unsuitable for research purposes 4. The development of 

portable ultrasound devices that are easy to use in developing countries has greatly facilitated 

the detection of hepatic fibrosis and is more reliable than clinical assessment of organomegaly 
4,10,16. However, disadvantages are the need for specific training, the relatively high cost, inter-

observer bias and difficulties in distinguishing mild fibrosis from other conditions or normal 

anatomy 4,10,17. The recent development of the Niamey protocol by the World Health Organiza-

tion (WHO) is an attempt to standardize ultrasound methodology, but criteria for S. japoni-

cum-associated hepatic fibrosis remain to be discussed due to a current lack of knowledge of 

fibrosis in this species 18.

The mechanisms regulating hepatic fibrosis have been studied extensively. Parasite eggs 

trapped in hepatic sinusoids evoke a local granulomatous inflammatory response that leads 

to excessive accumulation of extracellular matrix proteins. An imbalance between fibrogen-

esis and fibrolysis subsequently causes fibrosis 13,19. A dysregulated host immune response 

likely plays a major role in the development and progression of fibrosis, and may explain its 

occurrence in a limited number of infected individuals who fail to downmodulate the granu-

lomatous response to eggs in the chronic phase of infection 20,21. Specifically, the T-helper 2 

(Th2) cytokines interleukin (IL)-4, IL-5 and IL-13 have been implicated as pro-fibrotic mediators 

in S. mansoni infection, interferon-γ (IFN-γ) may be protective and IL-10 is thought to play a 

central regulatory role 11,12,20. Other risk factors for schistosomiasis-associated hepatic fibrosis 

include genetic predisposition, male sex, and older age 4,11,22. These factors are partially related 

to intensity and duration of infection, two additional major risk factors for fibrosis. Frequent 

alcohol consumption and viral hepatitis are contributing factors in the etiology and progres-

sion of hepatic fibrosis 2,17,23,24.
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Although severe hepatic morbidity has been the focus of a multitude of studies on chronic 

schistosomiasis, host immune responses involved in fibrosis due to S. japonicum infection 

have not been evaluated. Furthermore, the majority of studies on hepatic fibrosis have been 

conducted in mice, but several limitations preclude the generalization of results from murine 

studies to human populations 11. Most importantly, the murine and human immune response 

to schistosome eggs seems to differ, the chronicity of the disease cannot be adequately 

mimicked in animal models, humans are often co-infected with other pathogens which may 

modify fibrosis development, and whereas experimental murine infections involve a single 

exposure, human infections are generally acquired repeatedly and gradually 11,25.

Males are more likely to develop hepatic fibrosis than females 22,26,27, but the reasons for this 

are unclear. More frequent water contact resulting in greater cumulative exposure to infected 

snails may partially explain this difference 22,28. Several studies have reported greater prevalence 

and intensity of infection among males compared to females 29-31, but this does not appear to 

be the sole explanation. Alternatively, immunological differences between the sexes, resulting 

from the immunomodulatory effects of sex steroids, may lead to increased susceptibility to 

morbidity among males compared to females. Sex differences in both innate and acquired im-

munity exist in the context of parasite infections, and some of these differences are mediated 

by endocrine-immune interactions. However, these interactions remain poorly understood 

and may be parasite-specific 32,33.

S. japonicum-associated undernutrition and anemia

Chronic schistosomiasis also causes more subtle morbidity, such as undernutrition and ane-

mia, the importance of which has only recently been acknowledged 7,8,24. Undernutrition and 

anemia have detrimental effects on morbidity, mortality, cognitive development, reproduc-

tion and physical work capacity; subsequently, they affect not only children, but continue to 

have an impact far into adulthood 34-36. The causes of both undernutrition and anemia among 

school-age children and adolescents in the developing world are multi-factorial and are largely 

driven by poverty. Major determinants of undernutrition include a history of undernutrition, 

i.e. poor prenatal nutritional status and undernutrition during infancy and early childhood; 

deficient dietary intake due to inadequate food resources; and recurrent or chronic infections 

leading to anorexia, malabsorption, gastrointestinal loss of nutrients, and the release of proin-

flammatory cytokines 35,37,38. Iron deficiency is a major cause of anemia in this age group, and 

results from deficient dietary intake or extra-corporeal blood loss caused by chronic hook-

worm infection, trichuriasis, schistosomiasis or, in girls, menstruation. Other determinants of 

anemia include micronutrient deficiencies such as vitamin A and B12, and folate; hemolysis 

caused by hemoglobinopathies or, if endemic, malaria; and anemia of inflammation induced 

by proinflammatory cytokines released during chronic infections 35,39.
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Prior to the initiation of Schistosomiasis Control Programs, high intensity infections in chil-

dren were associated with a currently rare clinical syndrome called schistosomal dwarfism 4,40. 

Symptoms include severe malnutrition and growth stunting, hepatosplenomegaly, anemia, 

pubertal delay and endocrinologic abnormalities 41. Whether or not this syndrome is related 

to the presence of hepatic fibrosis remains unclear, as no ultrasound studies were performed 

in these patients. More recently, it has become clear that chronic schistosomiasis also leads to 

less dramatic nutritional impairment, in particular among children and adolescents 40. Impor-

tantly, this occurs not only in heavily infected individuals, but also in those with low intensity 

infections, who constitute the majority of cases in endemic areas 40.

Several studies in China and the Philippines have demonstrated a relationship between 

chronic schistosomiasis japonica and both undernutrition and anemia in children and adoles-

cents 42-45. The mechanisms involved have yet to be elucidated. For undernutrition, these may 

comprise a combination of gastrointestinal symptoms leading to anorexia and malabsorption, 

and proinflammatory cytokine-induced anorexia, cachexia and anemia of inflammation 40. 

Both animal and human studies have identified the proinflammatory cytokines tumor necro-

sis factor (TNF)-α, IL-1 and IL-6 as major mediators of undernutrition and cachexia in chronic 

inflammatory diseases 46-51, but their involvement in schistosomiasis-associated nutritional 

morbidity has not been studied. These cytokines may have an impact on nutritional status 

in two primary ways: 1) through induction of anorexia or appetite suppression, leading to 

decreased food intake 49 and 2) through direct metabolic changes, including elevated resting 

energy expenditure despite increased energy requirement, and an increased catabolic state, 

which cannot be balanced by increased caloric intake 48,51.

The mechanisms responsible for anemia in the context of schistosome infection are poorly 

understood 24. Iron deficiency resulting from gastrointestinal blood loss is presumed to be the 

main mechanism responsible for schistosomiasis-associated anemia 39. However, there is little 

evidence that the quantity of blood loss is sufficient to produce iron deficiency and anemia, 

except possibly at higher infection intensities 40. Hemolysis due to either sequestration of red 

blood cells in the spleen or immune-mediated red blood cell destruction may be a second 

cause of anemia in this context 39. More recently it has been suggested that anemia of in-

flammation, which is mediated by proinflammatory cytokines, is an important component of 

schistosomiasis-associated anemia 39,52. These cytokines induce 1) changes in iron metabolism, 

2) decreased proliferation of erythroid progenitor cells, 3) reduced erythropoietin production 

and sensitivity, and 4) decreased erythrocyte life span 53. Thus far no studies on schistoso-

miasis have evaluated the effects of proinflammatory immune responses on hemoglobin and 

anemia.

In conclusion, given the chronicity of S. japonicum infection, its association with both under-

nutrition and anemia may be mediated by long-lasting exposure of the host to a systemic 
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proinflammatory environment, directly linking immunological mediators of chronic inflam-

mation to morbidity.

Immunomodulatory role of DHEAS

The disproportionately high prevalence of nutritional morbidity in children compared to 

adults in developing countries is presumed to be related, in part, to the higher prevalence and 

intensity of schistosomiasis and soil-transmitted helminth infections in this age-group, both 

of which can cause undernutrition and anemia 35,38,40. In developing countries, where chronic 

parasite infections are highly prevalent, the immunological changes of puberty may comprise 

an additional factor that directly leads to a reduction in inflammation-associated nutritional 

morbidity.

The adrenal steroid hormone dehydroepiandrosterone (DHEA) and its sulfate, DHEAS, joint-

ly referred to as DHEA(S), have anti-inflammatory effects. In both human and experimental 

animal studies, production of TNF-α and IL-6 has been shown to be significantly attenuated 

by increasing DHEA(S) levels 54-57. Serum levels of DHEA(S) are low during the pre-pubescent 

years, rise more than 20-fold during pubertal development, peak between 20-30 years and 

subsequently gradually decline 58. No studies have examined potential immunomodulatory 

effects of the puberty-associated rise in DHEA(S) in the context of chronic inflammatory con-

ditions. Given its anti-inflammatory properties, increased levels of DHEA(S) may result in a 

reduction of proinflammatory cytokine-mediated undernutrition and anemia.

Figure 2 summarizes the proposed relation between chronic schistosomiasis, DHEAS, and 

undernutrition and anemia.

Description of the study site

Schistosomiasis japonica was first described in the Philippines in 1906 by an American scien-

tist, dr. P.G. Wooley 59. Currently, schistosomiasis is endemic in 25 of the 77 provinces, including 

Leyte, a province of the Eastern Visayas Region where this study was conducted (Figure 3). An 

estimated 6.7 million of a population of more than 80 million people are at risk of infection 

with S. japonicum in the Philippines 6, but recent official prevalence estimates are lacking. In 

1990, the Philippine Health Development Program (PHDP) received substantial loans from the 

World Bank, which was followed by intensive case-finding and treatment campaigns through 

the National Schistosomiasis Control Program. This led to a drastic reduction in prevalence 

of schistosomiasis as well as associated severe morbidity. After funding was reduced in 1994, 

this strategy was replaced by mass treatment campaigns, which lack pre-treatment screening 

and are therefore associated with substantially less compliance among the population, mainly 

due to fear of side effects in the absence of confirmed infection 6. As a result, the prevalence of 

schistosomiasis in endemic areas increased, with subsequent rebound morbidity.
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The three villages in northeastern Leyte where the study was conducted, Macanip, Buri and 

Pitogo, vary in population size from 1000-1800 individuals. For example, in 1996, the popu-

lation of Macanip, the site of several studies since 1981, was 1705 people, including 1052 

individuals aged <30 years. The entire population is Asian, Pacific Islander, and there are no 

ethnic minorities. Rice farming is the predominant occupation in Leyte, allowing for maximal 

contact between humans, animal reservoirs and the freshwater snail. Because of the multitude 

of contaminated water sites in this area that are unaffected by seasonal variation, S. japonicum 

transmission occurs year-round. Importantly, malaria is not endemic in this area.

To the best of our knowledge, no data exist on the prevalence of hepatic fibrosis in the Philip-

pines, but empirical data suggest that the prevalence in S. japonicum-endemic areas is low 

(personal communication, dr. R. Olveda, Research Institute for Tropical Medicine, Manila, the 

Philippines).

Figure 3. 

Figure 4. 

Figure 2. Model of the proposed relation between chronic schistosomiasis, DHEAS, and undernutrition and anemia.
[1] Chronic S. japonicum infection induces a persistent acute phase response with continuous production of proinflammatory cytokines.
[2] Proinflammatory cytokines, in particular IL-1, IL-6 and TNF-α, play a causal role in the development of anorexia, cachexia and anemia of 
inflammation. 
[3] DHEA(S) has anti-inflammatory properties: it can downmodulate the proinflammatory cytokines IL-6 and TNF-α 54,61,62. In areas endemic for S. 
japonicum, the rise in DHEA(S) during pubertal development could thus directly result in improved nutritional status.
[4] Proinflammatory cytokines also affect DHEA(S) metabolism 63, and may be responsible for the decreased levels of DHEA(S) observed in several 
chronic inflammatory conditions 64.
[5] Chronic undernutrition can result in delayed puberty and thus lead to delayed adrenarche and lower levels of DHEAS in children 65. This 
suggests that a DHEA(S)-modulated cycle of infection, pubertal delay, and undernutrition, may be partly responsible for the marginal nutritional 
status of schistosome-infected children and adolescents.
[6] Undernutrition may lead to increased susceptibility to schistosome infection due to a depressed immune response 35, thus introducing a 
vicious cycle.
[7] Other major factors that can directly or indirectly lead to undernutrition are insufficient dietary intake, malabsorption associated with other 
infections and low socio-economic status. 
[8] The factors described in [7] are related to chronic schistosomiasis 35.
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Undernutrition is a substantial national health problem among school-age children in the 

Philippines; according to the 1998 National Nutrition Survey, the prevalence of stunting 

and wasting is 5.8% and 8.7%, respectively. Translating these proportions into number of 

schoolchildren, an estimated 492,000 are stunted and 739,000 are wasted (source: Depart-

ment of Health, the Philippines, http://www.doh.gov.ph/). The prevalence of undernutrition 

is unequally distributed; in Leyte, the estimated prevalence lies substantially above the na-

tional prevalence. In addition, boys are more at risk of undernutrition than girls. Insufficient 

dietary intake is a major cause of undernutrition; the 2003 Household Food Consumption 

Survey estimated that 57% of households had per capita energy intake that was less than 

100% adequate, and iron intake was only 60% adequate (source: Food and Nutrition Research 

Institute, the Philippines, http://www.fnri.dost.gov.ph/). Food availability in Leyte is not sea-

sonal, but year-round consists of fish, occasional meat and vegetables - usually taro leaves, 

legumes and vegetables from root crops. Fish and vegetables are usually cooked with coconut 

milk (personal communication, dr. E. Aligui, Consultant, Food & Nutrition Research Institute, 

the Philippines). There is no gender bias in food access in the Philippines (source: Food and 

Nutrition Research Institute, the Philippines, http://www.fnri.dost.gov.ph/), in contrast with 

countries such as China, where food distribution is favored towards boys. Thus, the higher 

percentage of undernutrition among boys compared to girls in the Philippines is likely related 

to other factors, such as prevalence and intensity of chronic parasite infections, or different 

levels of energy demanding physical activities.

Figure 3. 

Figure 4. 

Figure 3. Leyte, the Philippines.
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Description of the study population and design

The studies in this thesis are based on data from a prospective longitudinal treatment-reinfec-

tion study conducted in three S. japonicum-endemic villages in Leyte, the Philippines. The two 

main objectives of this study were to 1) evaluate immune correlates of resistance to reinfection 

and identification of S. japonicum-specific vaccine candidate antigens, and 2) assess whether 

these responses are enhanced by higher levels of the pubertal hormone DHEAS, which may 

serve as a useful immuno-adjuvant in vaccine development.

In total, 74.3% (N=1262/1699) of individuals between the age of 7 and 30 years residing 

in the three study villages were screened for the presence of S. japonicum infection through 

duplicate Kato-Katz examination of 3 stool samples prior to enrollment. The prevalence of 

infection with S. japonicum in this age range was 60.0%.

Participants were enrolled during two periods, in October 2002 and April 2003. Subjects 

were eligible for participation if they were infected with S. japonicum, lived primarily in a study 

village, were between 7 and 30 years old, were not pregnant or lactating, and provided both 

child assent and parental consent or adult consent. Subjects with severe hepatomegaly or 

fibrosis on ultrasound examination, as well as subjects with severe anemia or severe wasting 

were excluded from participation in the longitudinal study and referred for medical treat-

ment.

After blood and stool collection, anthropometric measurements, physical examination, ab-

dominal ultrasound, and data collection through questionnaires, all participants were treated 

with a split dose of 60 mg/kg praziquantel. Subsequently, participants were followed up at 

approximately 1, 3, 6, 9, 12, 15, and 18 months post-treatment, resulting in 8 time points of 

data collection. Peripheral blood mononuclear cells (PBMC) were collected once during the 

study at 4 weeks post-treatment. All participants were transported to the study clinic by study 

staff for enrollment and follow-up visits.

The institutional review boards of Brown University and The Philippines Research Institute of 

Tropical Medicine approved the study. All S. japonicum-reinfected and geohelminth-infected 

subjects were treated at the end of the longitudinal study, 18 months after enrollment.

The studies in this thesis used different population samples derived from the population 

of the main study. In addition, the cross-sectional study presented in Chapter 7 also used 

data from 7-18 year old S. japonicum-uninfected subjects who were recruited as controls for 

a separate study, conducted in the same area, evaluating the effects of helminth infection on 

cognitive function 60.
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AIMS AND OUTLINES OF THIS THESIS

This thesis is based on data from a prospective longitudinal treatment-reinfection study 

conducted in Leyte, the Philippines, in collaborative effort of Brown University in Providence, 

Rhode Island, USA, and the Research Institute for Tropical Medicine in Manila, the Philippines.

The studies in this thesis aim to 1) describe the relation between S. japonicum infection, 

nutritional morbidity and hepatic fibrosis in children, adolescents and young adults in Leyte, 

the Philippines, 2) evaluate potential immunological mechanisms in the pathophysiology of 

these morbidities, and 3) link the puberty-associated rise in DHEAS to the decreased burden 

of nutritional morbidity with age in the context of chronic inflammation due to parasite infec-

tions.

Chapter 1 presents the background to the studies in this thesis.

Chapter 2 describes the magnitude and timing of improvement in nutritional status after treat-

ment with praziquantel, which is important to plan ideal treatment intervals to minimize mor-

bidity. In addition, the treatment response of individuals with the worst nutritional morbidity 

at the start of this study, who may therefore be expected to benefit the most from treatment, 

is evaluated, as well as the modifying effects of reinfection on nutritional improvement.

Chapter 3 presents results from longitudinal analyses evaluating the hypothesis that proin-

flammatory immune responses resulting from chronic S. japonicum infection and reinfection 

following treatment with praziquantel are directly involved in the pathogenesis of S. japoni-

cum-associated undernutrition.

Chapter 4 presents results from longitudinal analyses evaluating the association between re-

infection with S. japonicum following treatment with praziquantel, and anemia and iron status. 

In addition, the type of anemia and the potential mediating role of S. japonicum-associated 

serum cytokines in the etiology of anemia in this context are evaluated.

Chapter 5 describes a cross-sectional study evaluating nutritional status among individuals 

with S. japonicum-associated hepatic fibrosis, and addresses the involvement of serum proin-

flammatory cytokines associated with fibrosis as a potential mechanism causing undernutri-

tion.

Chapter 6 presents results from cross-sectional analyses evaluating the role of cytokines 

produced in response to specific S. japonicum antigens in the occurrence and progression 

of schistosomiasis-associated hepatic fibrosis. In addition, in the context of the male-biased 

prevalence of hepatic fibrosis, sex differences in these cytokine profiles are assessed.
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Chapter 7 describes results from cross-sectional analyses that test the hypothesis that the 

puberty-associated rise in DHEAS leads to a decreased proinflammatory response among 

individuals with chronic helminth infections, thereby leading to a reduced burden of under-

nutrition and anemia with increasing age.

Chapter 8 summarizes the main results and conclusions of this thesis and discusses the impli-

cations for public health policy and future research.

Chapter 9 summarizes all previous chapters of this thesis.
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ABSTRACT

Studies addressing the relationship between chronic schistosomiasis japonica and nutritional 

status are limited. We conducted a longitudinal treatment-reinfection study in Leyte, the 

Philippines, among 477 S. japonicum-infected subjects aged 7-20 years, to evaluate changes 

in nutritional status after treatment with praziquantel. Stool, Tanner stage, anthropometric 

indices and hemoglobin (Hb) were evaluated at baseline, 4 weeks post-treatment and every 

3 months for a total of 18 months. Height-for-age Z-score (HAZ) and body mass index Z-score 

(BMIZ) were calculated. Change scores relative to baseline were created for all outcome mea-

sures. Multilevel repeated measures analyses were used to adjust for socio-economic status, 

sex, either pubertal status or age, and household-level clustering. Z-scores improved modestly 

but significantly over time. BMIZ in children wasted at baseline improved the most (0.41 [0.26-

0.56] Z-score unit) and HAZ improved only in children stunted at baseline (0.17 [0.l2-0.21] Z-

score unit). Hb-improvement peaked at 15 months and only occurred in 1) subjects anemic at 

baseline (peak improvement: 8.3 [6.0-10.6] g/L) and 2) males (peak improvement 4.7 [2.9-6.6] 

g/L). Reinfection, evaluated as 1) egg count over time and 2) egg count 3 months prior to 

asses a delay in effect, was inversely associated with improvement in Hb (P=0.06 and 0.004, 

respectively). High intensity reinfection at 18 months was associated with significantly less 

absolute growth from baseline compared to lower intensity and no reinfection. Based on the 

peak Hb-improvement at 15 months post-treatment, annual treatment intervals are recom-

mended to reduce schistosomiasis-associated nutritional morbidity.
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INTRODUCTION

Schistosomiasis currently affects more than 200 million people worldwide, yet the burden 

of this chronic disease has long been underestimated 1,2. Serious health consequences such 

as undernutrition and anemia are now recognized as major contributors to the disability ad-

justed life year (DALY) estimate for schistosomiasis. This estimate, which aims to quantify the 

burden of disease, has recently been upgraded by a factor 4-30 compared with earlier World 

Health Organization (WHO) estimates 1. S. japonicum is a major public health problem in the 

Philippines, with an estimated national prevalence of 3%, i.e. approximately 200,000 infected 

individuals. Because this prevalence is based on one stool sample, it is likely underestimated 

(personal communication, dr. R. Olveda, Director, Research Institute of Tropical Medicine, Ma-

nila, the Philippines). Children have the highest prevalence and intensity of infection, but the 

consequences of chronic schistosomiasis, such as growth stunting, anemia, hepatic fibrosis 

and impaired cognitive development, continue to have an impact throughout adulthood 3-6.

A relationship between chronic schistosomiasis japonica and both undernutrition and ane-

mia in children and adolescents has been documented in several studies 7-11. However, these 

studies were either cross-sectional or follow up was relatively short (6-12 months), and except 

for the randomized controlled trial by Olds et al. 10, assessment of infection with S. japonicum 

was based on one stool sample.

Treatment of S. japonicum with praziquantel (PZQ) is very effective, with approximate cure 

rates of 90% 10,12. If cure is not achieved, reduction of egg excretion occurs in the majority of 

individuals 9,10. Furthermore, treatment can reduce schistosomiasis-associated morbidity, even 

in supposedly uninfected individuals 9,10, which is likely due to misclassification of individu-

als with low intensity infection. The optimal interval for treatment with PZQ to address these 

morbidities is unknown. This knowledge is especially important in areas of high transmission, 

where reinfection may quickly attenuate the benefit of treatment.

Two main strategies are currently used to control schistosomiasis in endemic populations: 

mass treatment with PZQ, which makes no use of diagnostic tests, and case finding and 

treatment with PZQ, which offers pre-treatment screening. In the Philippines, the latter may 

be a more successful strategy, due to the high refusal rate observed in the absence of stool 

screening 13. These two strategies have not been formally compared for cost-effectiveness or 

efficacy.

The objective of this longitudinal treatment-reinfection study was to 1) evaluate the magni-

tude of improvement in nutritional status after treatment with PZQ and 2) identify the approxi-

mate timing of peak improvement and subsequent decline to inform ideal treatment intervals 

to minimize morbidity. Secondary objectives included identification of individuals who may 

be expected to have the greatest improvements in nutritional status after chemotherapy, and 

evaluation of the modifying effects of reinfection on nutritional improvement.
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METHODS

Study site and population

This longitudinal treatment-reinfection study was conducted in 3 S. japonicum-endemic rice-

farming villages in Leyte, the Philippines (Macanip, Buri, and Pitogo), where transmission of 

schistosomiasis is holo-endemic. Malaria is not endemic in this area. Treatment in this study area 

is provided by the Schistosomiasis Control Program, which conducts annual mass treatment 

campaigns. Participation in this program is low due to absence of pre-treatment screening for 

the presence of infection (personal communication, Dr. Antonio Ida, Director, Schistosomiasis 

Control Program, Leyte, the Philippines). For the current study, participants were enrolled dur-

ing two periods, in October 2002 and April 2003. The main study enrolled subjects aged 7-30 

years, but the analyses in this manuscript were limited to subjects aged 7-20 years, who are still 

growing and represent a more homogeneous study population. In total 77.6% (N=982/1265) 

of individuals aged 7-20 years residing in the 3 study villages were screened for the presence 

of S. japonicum infection by duplicate examination of 3 stool samples prior to enrolment. The 

prevalence of infection with S. japonicum in this age range was 61.6%. Subjects were eligible 

if they were infected with S. japonicum, lived primarily in a study village, were between ages 

7-20 years, were not pregnant or lactating, had no chronic medical condition or severe anemia 

and provided informed consent. This resulted in the inclusion of n=477 individuals. At the 

start of the study (baseline), all participants were treated with PZQ (60 mg/kg in a split dose). 

Data were collected at baseline, after 4 weeks and every 3 months from baseline for a total of 

18 months, resulting in 8 timepoints of data collection. Participants who did not come to the 

study laboratory at any timepoint after baseline and missed all subsequent timepoints, were 

considered lost to follow up.

Stool examination

Parasite burden was determined by duplicate examination of 3 consecutive stool specimens 

obtained from each participant. Each of these specimens was evaluated for S. japonicum, 

Ascaris lumbricoides, Trichuris trichuria and hookworm egg counts by the Kato Katz method 

as described in detail elsewhere 14. Due to logistic constraints, 4 weeks post-treatment only 1 

stool sample was collected. Intensity of infection for S. japonicum was determined by use of 

WHO criteria as follows: low, moderate and high intensity infections were defined as 1 – 99, 100 

– 399 and ≥ 400 epg, respectively 15. The species of 10 hookworm larvae obtained by culturing 

stool samples 16 from 203 volunteers were determined by PCR; all were Necator americanus.

Pubertal assessment

Tanner staging of pubertal development (breasts in females and genitalia in males) was 

performed by two trained physicians according to standard criteria 17. Pre-/early puberty was 

defined as Tanner score 1,2 or 3.
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Nutritional assessment

Volunteers were measured while wearing light clothing and no shoes, according to proce-

dures described by Gibson 18. Participants were weighed to the nearest 0.1 kg on a Seca Model 

880 Digital scale (Hanover, MD), and height was measured to the nearest 0.1 cm by use of 

a portable anthropometer. These measurements were used to determine the height-for-age 

Z-score (HAZ), body mass index (BMI) [wt/ht2] and BMI Z-score (BMIZ). The new Center for 

Disease Control reference curves (year 2000) were used to calculate these Z-scores 19 by use 

of EpiInfo software (version 2000, Atlanta, Georgia). BMI is the index of choice for the assess-

ment of recent undernutrition in adolescents 18,20. HAZ represents long-term growth and 

nutritional status 18. Although an effect of treatment on HAZ would be expected to take more 

time compared to an effect on BMIZ, we did evaluate this outcome because of its significance 

as a nutritional parameter. Stunting and wasting were defined as HAZ and BMIZ > 2 SD below 

the mean, respectively. Furthermore, absolute growth from baseline was assessed through 

change scores for height and weight at 18 months post-treatment. In addition, triceps skinfold 

thickness, a measure of subcutaneous fat stores, was measured at the midpoint of the left 

upper arm, between the acromion process and the tip of the olecranon in triplicate to 1 mm 

by use of a Lange skinfold caliper (Cambridge, MD) and the mean value was recorded 18. Sub-

scapular skinfold was measured in a similar fashion. Changes in these two skinfolds represent 

recent changes in nutritional status 18. Sum of skinfold Z-scores (SSFZ) were calculated based 

on the sum of subscapular and triceps skinfolds, using the reference population of Frisancho 

et al 21. Test-retest and inter-rater reliability for weight, height, and triceps skinfold were excel-

lent, ranging from 0.73-0.99 and 0.56-0.96, respectively.

Socio-economic status (SES)

SES is an important determinant of undernutrition 22. SES-scores were collected once at base-

line by use of questionnaires, addressing parental and child educational status, occupational 

status, ownership status of home/land, and assets. The questionnaire had good internal con-

sistency with a Cronbach’s alpha of 82.4% for all questions. For all participants, a summary SES 

score comprised of all questionnaire items was calculated. For 84 individuals, imputation of 

missing values was performed based on an individual from the same household.

Blood collection and processing

Venipuncture was performed and blood was collected into Vacutainer tubes (Becton Dick-

inson and Company, Franklin Lakes, NJ). This venous sample was used to obtain a complete 

hemogram on a hematology analyzer (Serono-Baker Diagnostics, Allentown, PA). Anemia was 

defined according to the age- and sex-specific criteria as described by WHO 23.
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Statistical analysis

S. japonicum egg counts were not normally distributed and therefore were log
e
 transformed 

[ln(n+1)]. In order to evaluate whether changes in nutritional status over time were significant, 

raw change scores were created for all outcome measures per timepoint of measurement 

relative to baseline, resulting in 7 change scores. Interaction terms (baseline characteristic x 

timepoint) were evaluated for significance (P<0.05) to assess whether specific subgroups with 

baseline morbidity experienced greater improvements longitudinally.

All analyses were performed using Proc Mixed in SAS version 8.02 (SAS Institute, Cary, NC), 

which can handle intermittent missing data without loss of available data. P-values < 0.05 

were considered statistically significant.

Because outcomes were measured repeatedly within subjects, random effects models were 

used to account for within-person correlation. In all models, random intercepts and slopes for 

individuals were specified, thus no assumptions were made regarding baseline correlation 

and trends over time. In addition, random intercepts were specified for household, adjusting 

for clustering at the household level. We used an unstructured correlation matrix, which im-

poses no restrictions on the within-person covariance, and utilized empirical standard errors, 

which are robust against misspecification of the covariance structure.

Adjusted least square means were calculated for each timepoint, and are reported with 95% 

confidence intervals (95% CI). All analyses were adjusted for SES, sex and either pubertal status 

or age. Z-scores represent nutritional status in relation to a healthy United States reference 

population with earlier onset of puberty. Thus Z-score models were adjusted for pubertal 

status to capture the differences in timing of onset of puberty between our study population 

and the reference population. Hb models were adjusted for age instead. Multivariate linear re-

gression analyses for absolute linear growth and weight gain from baseline were also adjusted 

for baseline height and weight, respectively. Potential confounding of hookworm egg count 

was evaluated in all Hb-models and no significant effect was found. Thus results are presented 

without hookworm as a covariate.

Ethical clearance and informed consent

The institutional review boards of Brown University and The Philippines Research Institute of 

Tropical Medicine approved this study. All S. japonicum reinfected subjects as well as subjects 

infected with geohelminths were treated at the end of the study. Written informed consent 

was obtained from each participant >18 years old or from the parents of assenting children.
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RESULTS

Baseline nutritional status, treatment effect and loss to follow up

Baseline characteristics of the whole cohort, and by intensity of S. japonicum infection are 

shown in Table 1. Overall 449/477 (94.1%) individuals were successfully treated. Because of 

our interest in the health efficacy of treatment, we did not consider treatment failure a reason 

for exclusion from analyses, thus results are reported for all 477 individuals. At 6 months follow 

up, 41.6% of individuals had higher egg counts compared to 3 months follow-up, indicating a 

high rate of reinfection. Of the 477 subjects, 71 (14.9%) were lost to follow up. These subjects 

were significantly older, more likely to be female, had lower baseline S. japonicum egg counts 

and better baseline BMIZ. Hb-level and prevalence of anemia, stunting and wasting were not 

significantly different.

Change in nutritional status over time

All nutritional Z-score indices improved modestly but significantly over time: none of the 

confidence intervals for improvement included zero at any timepoint (data not shown). Im-

provement in BMIZ reached a plateau at 15 months post-treatment. At final follow up, mean 

improvement (95% CI) in BMIZ, SSFZ and HAZ was 0.17 (0.12-0.21), 0.11 (0.07-0.15) and 0.12 

Table 1. Baseline characteristics of all study participants, and stratified by intensity of S. japonicum infection1

Whole cohort (n=477) Low intensity S. japonicum 
infection (n=340)

Moderate/high intensity S. 
japonicum infection (n=137)

Sex, female 200 (41.9%) 160 (47.1) 40 (29.2%)*

Age, years 12.8 (12.5 - 13.1) 12.7 (12.4 – 13.1) 12.9 (12.4 – 13.4)

Pre-/early puberty2 376 (79.8%) 270 (80.4%) 106 (78.5%)

BMIZ -1.03 (-1.11 – -0.96) -1.00 (-1.09 – -0.91) -1.13 (-1.27 – -0.98)

Wasted3 67 (14.3%) 48 (14.4%) 19 (14.1%)

HAZ -2.39 (-2.47 – -2.31) -2.32 (-2.41 – -2.22) -2.57 (-2.73 – -2.42)*

Stunted3 312 (66.4%) 216 (64.5%) 96 (71.1%)

SSFZ -0.35 (-0.39 – -0.32) -0.36 (-0.40 – -0.32) -0.33 (-0.40 – -0.27)

Hemoglobin, g/L 120 (118 - 121) 121 (120 – 123) 116 (113 – 118)*

Anemia4 182 (38.6%) 114 (33.9%) 68 (50.4)*

S. japonicum egg count, epg 42.4 (37.6 - 48.3) 20.7 (19.0 – 22.9) 240.1 (209.0 – 276.5)*

Ascaris lumbricoides infection 384 (81.7%) 278 (83.0%) 106 (78.5%)

Trichuris trichuria infection 443 (94.3%) 312 (93.1%) 131 (97.0%)

Hookworm infection 277 (58.9%) 195 (58.2%) 82 (60.7%)

1 Values are means (95% CI) for continuous variables and number of individuals (%) for categorical variables. Based on bivariate analyses. 
* Indicates significant differences between the 2 categories of baseline S. japonicum intensity (P<0.01).
2 Defined as Tanner stage 1,2 or 3.
3 Defined as BMIZ or HAZ > 2 SD below the mean.
4 Defined according to age- and sex-specific criteria as defined by WHO.
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(0.09-0.16) Z-score unit, respectively. Subjects wasted at baseline showed greater improve-

ment in BMIZ than those not wasted at baseline (interaction term wasted x timepoint, P=0.001; 

Figure 1). After 18 months follow up, wasted subjects showed a 0.41 (0.26-0.56) Z-score unit 

increase in BMIZ. Improvement in HAZ over time occurred only in subjects who were stunted 

at baseline (interaction term stunted x timepoint, P=0.004). After 18 months follow up, mean 

improvement in stunted subjects was 0.17 (0.l2-0.21) Z-score unit.

Three months post-treatment, mean Hb decreased significantly in the whole cohort: -3.0 

(-3.8 – -2.3) g/L. Subsequently, mean Hb gradually increased, with improvement peaking at 

15 months (3.0 [1.6-4.3] g/L). Anemia at baseline was a significant effect modifier of change 
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Figure 1. Mean change in BMIZ at each timepoint post-treatment, stratified by presence of wasting at baseline. Least square means of change 
in BMIZ are presented, adjusted for socio-economic status, sex, Tanner stage and clustering at the household level. Multilevel repeated measures 
analyses were used. Error bars represent 95% confidence intervals. Wasted at baseline, n = 67/477; not wasted at baseline, n = 410/477.
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Figure 2. Mean change in hemoglobin at each timepoint post-treatment, stratified by presence of anemia at baseline. Least square means of 
change in Hb are presented, adjusted for socio-economic status, sex, age and clustering at the household level. Multilevel repeated measures 
analyses were used. Error bars represent 95% confidence intervals. Anemia at baseline, n =182/477; no anemia at baseline, n = 295/477.
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in Hb (interaction term anemia x timepoint, P<0.0001). Only subjects who were anemic at 

baseline improved over time (peak improvement 15 months post-treatment: 8.3 [6.0-10.6] g/L; 

Figure 2). Of note, for 71.4% of subjects who were anemic at baseline (n=182; Table 1) Hb-lev-

els were available at 15 months follow up, when improvement peaked, and at this timepoint 

n=52/130 (40.0%) were no longer anemic.

We hypothesized that males and females would respond differently to treatment, because 

of 1) the higher baseline intensity of S. japonicum infection in males (geometric mean egg 

count: 53.1 and 31.3 epg for males and females, respectively; Student’s T-test, P<0.0001) and 

2) the higher baseline prevalence of anemia in males (44.5 and 30.5% in males and females, 

respectively; Fisher’s Exact Test, P=0.002). In the whole cohort, sex was a significant effect 

modifier for change in Hb over time (interaction term sex x timepoint, P=0.001). Hb-levels in 

males improved significantly, whereas in females they did not (Figure 3).

Modification of nutritional improvement by baseline S. japonicum infection

We evaluated the hypothesis that subjects who had higher intensity infection at the start of the 

study would benefit most from treatment nutritionally. Baseline S. japonicum egg count was 

indeed significantly associated with improvement in both BMIZ (P=0.001) and Hb (P=0.0009), 

but not with improvement in SSFZ or HAZ.

Modification of nutritional improvement by S. japonicum reinfection

We evaluated the hypothesis that reinfection attenuates improvement in nutritional status 

after baseline treatment in order to strengthen the presumed causal relationship between 

schistosome infection and undernutriton. S. japonicum egg count, assessed longitudinally, 

was negatively associated with improvement in Hb over time (P=0.06). To test the hypothesis 

that this negative effect was stronger once infection was chronic, a 3-month lag-variable was 
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Figure 3. Mean change in hemoglobin at each timepoint post-treatment, stratified by sex. Least square means of change in Hb are presented, 
adjusted for socio-economic status, age and clustering at the household level. Multilevel repeated measures analyses were used. Error bars 
represent 95% confidence intervals. Females, n = 200/477; males, n = 277/477.
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created for S. japonicum egg count. This variable, representing egg count 3 months prior, 

showed a stronger negative association with Hb-improvement (P= 0.004).

To evaluate whether early reinfection had a negative impact on nutritional improvement, 

we assessed the effect of infection with S. japonicum 6 months post-treatment. Subjects who 

were reinfected (n=222) showed less improvement in Hb compared to uninfected subjects, 

and mean level of Hb decreased at 18 months (-1.8 [-3.7 – 0] g/L) (interaction term presence 

of infection x timepoint, P<0.0001; Figure 4). Mean HAZ improved less in subjects who were 

reinfected 6 months post-treatment compared to those who were not (mean change at 18 

months: 0.09 [0.04-0.14] and 0.15 [0.10-0.20] Z-score unit, respectively). However, the interac-

tion term presence of infection x timepoint was not significant, indicating changes over time 

were parallel between the 2 groups. There was no significant association between S. japonicum 

reinfection and change in BMIZ and SSFZ.

Differences in absolute growth between categories of intensity of reinfection are easier to 

interpret than differences in change of Z-scores. Thus we evaluated whether mean absolute 

linear growth and weight gain from baseline was associated with intensity of reinfection 18 
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Figure 4. Mean change in hemoglobin at each timepoint post-treatment, stratified by presence of S. japonicum reinfection at 6 months. Least 
square means of change in Hb are presented, adjusted for socio-economic status, sex, age and clustering at the household level. Multilevel 
repeated measures analyses were used. Error bars represent 95% confidence intervals. Reinfected at 6 mo follow-up, n = 222/477; not 
reinfected at 6 mo follow-up, n = 255/477.

Table 2. Absolute growth 18 months post-treatment, stratified by intensity of S. japonicum reinfection1

No reinfection (n=89) Low intensity 
reinfection (n=129)

Moderate intensity 
reinfection (n=33)

High intensity 
reinfection (n=18)

Linear growth, cm2,3 (95% CI) 8.0 (7.3 – 8.7) a 8.6 (8.1 – 9.1) a 7.5 (6.3 – 8.6) a 5.4 (4.4 – 6.4) b

Weight gain, kg2,3 (95% CI) 5.4 (4.8 – 6.0) a,b 6.0 (5.6 – 6.5) a 4.5 (3.5 – 5.5) b,c 3.9 (3.0 – 4.7) c

1 Results are based on multivariate linear regression analysis performed in children with Tanner stage 1,2 or 3 at time of treatment (n=377/477, 
n=269 of whom had follow up data available 18 months post-treatment).
2 Values are least square means (95% confidence interval) of absolute linear growth and weight gain, adjusted for SES, sex, age and baseline 
height and weight, respectively.
3 Different letters, in superscript, represent significant differences in growth across categories of intensity of reinfection (P<0.01).
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months post-treatment. These analyses were performed only in children who were pre-/early 

pubertal at baseline, because these children are growing the most during the course of the 

study. Children with high intensity reinfection at 18 months showed significantly less linear 

growth as well as weight gain post-treatment compared to both uninfected and less intensely 

infected children (Table 2).

DISCUSSION

The current data, derived from a longitudinal treatment-reinfection study, demonstrate that 

nutritional status improves after treatment in S. japonicum infected children and adolescents, 

independent of SES, sex and either pubertal status (for change in Z-scores) or age (for change 

in Hb). This improvement occurred even though the majority of the cohort (71.3%) had only 

low intensity infection at baseline. Our study adds important information to the growing body 

of evidence that S. japonicum has a negative impact on nutritional status 7-11, and indicates that 

regular treatment may reduce nutritional morbidity. During our extended follow up period, 

we identified the magnitude and duration of improvement in nutritional status following 

treatment with PZQ, which should guide treatment intervals in endemic areas. Improved nu-

tritional status may lead to increased physical work capacity and improved cognitive function 

and reproductive health 3,24.

We observed a small but significant improvement in HAZ in subjects stunted at baseline, 

suggesting modest catch-up growth. A previous observational study demonstrated potential 

for catch-up growth in Filipino children who were stunted before the age of 2 25. Increase in 

SES was a significant predictor for recovery from stunting in that study. Other studies where 

children remain in the same impoverished setting have demonstrated that children experi-

ence progression of stunting 26-28. This suggests that without treatment, mean HAZ may have 

decreased further in our population, adding significance to the small improvement we ob-

served.

Hb improvement peaked 15 months post-treatment and declined thereafter. Furthermore, 

reinfection dampened this improvement, and did so even more once established for three 

months. This finding has important public health implications, suggesting that annual treat-

ment is necessary to reduce schistosomiasis-associated anemia. The rapid reinfection of this 

population only strengthens this conclusion. Olds et al. concluded that yearly mass treatment 

with PZQ should have an important impact on schistosomiasis prevalence and intensity 10. 

However, mass treatment has proven to be less accepted among people in endemic areas in 

the Philippines compared to annual case finding and treatment, leading to low participation 

rates in mass treatment campaigns 13. The results of our study are more generalizable to the 

case-finding-and-treatment intervention, since all participants were infected at baseline.
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Three months post-treatment a significant decrease in mean Hb occurred in the whole co-

hort, in males as well as in females. Two phenomena may explain this. First, because treatment 

may affect Hb with a certain delay, this could represent ongoing deterioration of Hb-levels. 

However, the magnitude of this decrease in only 3 months makes this explanation in isolation 

unlikely. Second, treatment with PZQ causes exposure of previously masked worm antigens 

to immune cells 29. This may initially lead to an upregulation of proinflammatory cytokines, in 

particular of IL-6 and TNF-α, causing a decrease in Hb due to anemia of inflammation 30. Further 

analyses of our data, which includes assessment of changes in proinflammatory cytokines, will 

investigate this observation.

Our finding that Hb increased only in males may, in part, result from the physiological in-

crease in Hb that occurs during puberty in males, but not in females, due to the increase in 

testosterone levels 31,32. In a study of healthy adolescent boys, an average increase in Hb of 21 

g/L occurred over a period of five years, the majority of which took place during late puberty 
31. However, in our study the decline following the peak improvement 15 months post-treat-

ment cannot be attributed to a physiological process and likely is related to reinfection. This 

differential effect of treatment on Hb-improvement in males compared to females may sug-

gest that schistosomiasis-associated anemia, resulting from a combination of iron deficiency 

and anemia of inflammation, is more significant among males. This hypothesis is supported 

by the higher baseline prevalence of anemia and intensity of infection in males compared 

to females. Cross-sectional studies from this cohort, which included a broader age range of 

7-30 years, demonstrated that the negative relationship between S. japonicum infection and 

Hb was stronger among males 14, and that S. japonicum contributes to iron deficiency anemia 

(IDA) mainly at high intensity levels of infection (unpublished data), the majority of which 

occur in males. In females, who generally experience less schistosomiasis-related morbidity 
33, IDA due to a combination of increased nutritional demands during puberty and blood loss 

during menstruation is likely a more important cause of anemia.

Limitations of this study should be addressed. First was the lack of an untreated control 

group. However, our finding that 1) after treatment, BMIZ and Hb improved more in subjects 

with higher baseline S. japonicum egg count and 2) reinfection attenuated improvement in 

nutritional status, suggest a causal relationship between this chronic infection and both un-

dernutrition and anemia. Furthermore, in randomized controlled trials, nutritional status at 

follow up remained unchanged 10 or decreased significantly 9 in children who received placebo 

instead of PZQ. This suggests that, without intervention, improvement in nutritional status 

would have been very unlikely in our population. Second, the significantly greater improve-

ment in nutritional status in subjects with severe baseline morbidity may, in part, be caused by 

a phenomenon called “regression towards the mean” (RTM). This occurs when a non-random 

sample is selected from a population and implies that individuals with extreme values will 

have less extreme values at a second measurement 34,35. This can be due to 1) measurement 

error on initial evaluation that then “corrects” in follow up, 2) biological within-person variation 
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or 3) the likely increased potential for growth among those most impaired. We believe the lat-

ter is more likely given 1) our good test-retest reliability assessment for anthropometric mea-

surements, indicating a small amount of measurement error and 2) a treatment intervention 

took place that is likely to have the greatest impact on those most affected by schistosomiasis 

nutritionally. Nonetheless, because RTM will be greater among individuals with more severe 

baseline morbidity, it is difficult to disentangle the presumed effects of RTM and treatment 

without a proper control group 36. A third limitation was that subjects with severe anemia at 

baseline (<70 g/L) were excluded from the study. Our data show that Hb-improvement was 

highest among individuals who were anemic at baseline, suggesting this limitation leads to an 

underestimation of overall Hb-improvement. Finally, lower baseline S. japonicum egg counts 

among those lost to follow up may have resulted in an overestimation of the treatment effect. 

Because mean egg count was only 14.7 epg lower in this group, this potential overestimation 

is likely to be small.

In conclusion, treatment of S. japonicum infected children and adolescents results in im-

proved nutritional status. A plateau improvement in BMIZ, and a peak improvement in Hb 

15 months post-treatment, in addition to a negative effect of S. japonicum reinfection on 

Hb-improvement were observed. Combined with our finding of a significant reduction in 

absolute growth due to high intensity infection at 18 months follow up, these data suggest 

that annual treatment intervals are necessary to reduce schistosomiasis-associated morbidity 

in this population.
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ABSTRACT

Schistosomiasis is associated with undernutrition, but the mechanisms involved remain un-

known. We analyzed baseline and follow-up data from a longitudinal treatment-reinfection 

study in N=477 Schistosoma japonicum-infected subjects aged 7-20 years from Leyte, the Phil-

ippines. After baseline treatment with praziquantel, follow-up visits were scheduled every 3 

months for 18 months; stool, venous blood and anthropometric measurements were collected 

at each visit. Cytokine production by peripheral blood mononuclear cells (PBMC) stimulated 

with specific S. japonicum antigens was measured once 4 weeks post-treatment. After adjust-

ment for confounders, S. japonicum intensity was associated with decreased serum albumin 

and Z-scores (all P<0.05), and with increased serum CRP and IL-6. CRP was associated with 

decreased albumin and Z-scores (all P<0.01). Production of IL-1b and TNF-α in response to 

worm antigen was associated with decreased albumin (both P<0.005) and height-for-age Z-

score (TNF-α only, P=0.05). S. japonicum-associated undernutrition may, in part, result directly 

from inflammation.
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INTRODUCTION

Chronic schistosomiasis affects more than 200 million people in 77 countries 1, the majority of 

whom are infected at low intensity. Schistosoma japonicum infects approximately 2.4 million 

individuals and 70 million are at risk of infection, mainly in China and South-East Asia 2. Chil-

dren are affected at highest prevalence and intensity 1. Several studies have shown a relation-

ship between chronic schistosomiasis japonica and undernutrition 3-5, but the mechanisms 

mediating this relationship have not been elucidated.

 The proinflammatory cytokines tumor necrosis factor alpha (TNF-α), interleukin (IL)-1b 

and IL-6 have been implicated as mediators of undernutrition and cachexia in a wide variety 

of chronic diseases 6,7. These cytokines can affect nutritional status through induction of an-

orexia or appetite suppression 8, and through direct metabolic changes such as induction of 

an increased catabolic state 6. Furthermore, they regulate the acute phase response, which 

has detrimental effects if persistent 6; continuous hepatic production of acute phase proteins, 

such as C-reactive protein (CRP), results in reprioritization of essential amino acids away from 

skeletal muscle, the main source of protein within the body 6,9.

Knowledge of the role of proinflammatory cytokines in schistosomiasis mainly stems from 

efforts to elucidate the immunologic mechanisms of hepatic fibrosis and hepatosplenic dis-

ease. IL-6 and TNF-α are thought to play a role in granuloma formation 10,11. In vitro stimulation 

of peripheral blood mononuclear cells (PBMC) with specific schistosome antigens resulted 

in significantly greater TNF-α production in S. mansoni infected hepatosplenic subjects com-

pared to non-hepatosplenic, infected controls 10. In addition, spontaneous PBMC production 

of IL-6 and TNF-α was greater in S. mansoni infected individuals than in uninfected controls 12. 

Elevated serum levels of IL-6, TNF-α and soluble TNF-receptor I (sTNF-RI) have been associated 

with S. mansoni in animals as well as humans, and were higher in acute than in chronic dis-

ease 10,11,13-15. Though they lack the antigenic specificity of stimulated PBMC cultures, cytokine 

levels measured in serum may be more proximate mediators of undernutrition, because they 

more closely reflect the cytokine environment experienced by the relevant target tissues and 

organs.

The objective of our analyses was to evaluate whether chronic S. japonicum infection and 

reinfection following treatment with praziquantel were associated with 1) nutritional status 

and 2) serum cytokines (IL-1b, IL-6, TNF-α and sTNF-RI) and CRP, and 3) whether these cyto-

kines and CRP, as well as proinflammatory cytokines produced by PBMC in response to spe-

cific schistosome antigens, were associated with decreased nutritional status. Establishment 

of these relationships would suggest a role for proinflammatory immune responses in the 

pathogenesis of S. japonicum-associated undernutrition.
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METHODS

Study site and population

This prospective longitudinal treatment-reinfection study was conducted in three S. japoni-

cum-endemic rice-farming villages in Leyte, the Philippines. In total, 77.6% (N=982/1265) of 

individuals aged 7-20 years residing in the three study villages were screened for the presence 

of S. japonicum infection by duplicate examination of 3 stool samples prior to enrolment. The 

prevalence of infection with S. japonicum in this age range was 61.6%. Subjects were eligible 

if they were infected with S. japonicum, lived primarily in a study village, were between ages 

7 and 20, were not pregnant or lactating, had no chronic disease, severe wasting (defined as 

body-mass-index [BMI] < 3rd percentile of a reference population of same age and sex derived 

from the US National Health & Anthropometric Examination Survey) or severe anemia (Hgb < 

7 g/dL) and provided both child assent and parental consent, or adult consent if >18 years old. 

Participants were enrolled during two periods, in October 2002 and April 2003. Though the 

main study, designed to investigate immune correlates of resistance to S. japonicum reinfec-

tion, enrolled subjects aged 7-30 years, this manuscript is limited to subjects aged 7-20 years, 

because 1) height-for-age Z-score (HAZ) and BMIZ are only calculable up to age 20 and 2) 

subjects in this age range are still growing and represent a more homogeneous study popula-

tion. At the start of the study (baseline), all N=477 participants were treated with praziquantel 

(60 mg/kg in a split dose). Stool, anthropometric data and peripheral blood samples were 

collected at baseline and at 1, 3, 6, 9, 12, 15 and 18 months post-treatment. PBMC and data 

on socio-economic status were collected once. Participants who did not come to the study 

laboratory at any timepoint after baseline and missed all subsequent follow-up visits, were 

considered lost to follow-up. The study was approved by the institutional review boards of 

Brown University and The Philippines Research Institute of Tropical Medicine. All S. japonicum-

reinfected and geohelminth-infected subjects were treated at the end of the study.

Stool examination

Parasite egg counts were determined at each time point by duplicate examination of three 

consecutive stool specimens obtained from each study participant. Each stool specimen was 

evaluated for S. japonicum, Ascaris lumbricoides, Trichuris trichuria and hookworm egg counts 

by the Kato Katz method. For each of the stool specimens, the average number of eggs per 

gram (epg) of the duplicate test was determined; the overall mean number of epg was derived 

by averaging the egg count of the three individual specimens. Reinfection was defined as 

having S. japonicum eggs in the stool after treatment. In total, 19.3% of available stool results 

at follow-up were intermittently negative although the individual was reinfected at a previous 

follow-up. These results were considered to be false negative (falling below detection level); 

these egg counts were imputed using the “last value carried over” method 16. Low, moderate 

and high S. japonicum intensity infection were defined as 1 – 99, 100 – 399 and ≥ 400 epg, 
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respectively 17. Duration of reinfection was defined as time since first positive stool sample 

after treatment plus 1.5 months.

Nutritional assessment

At each time point, participants were measured while wearing light clothing and no shoes 18 

and were weighed to the nearest 0.1 kg on a Seca Model 880 Digital scale (Hanover, MD). Height 

was measured to the nearest 0.1 cm with a portable anthropometer. These measurements 

were used to determine the height-for-age Z-score (HAZ), body mass index (BMI) [weight/

height2] and BMI Z-score (BMIZ). The Centers for Disease Control (CDC) reference curves (year 

2000) were used to calculate these Z-scores 19 by use of EpiInfo software (version 2000). BMIZ 

is the index of choice for the assessment of recent undernutrition in adolescents 18. HAZ rep-

resents long-term growth and nutritional status 18. Mid-upper arm circumference (MUAC) was 

measured in duplicate to 0.1 cm at the midpoint of the left upper arm, between the acromion 

process and the tip of the olecranon, using a non-stretch “Zerfuss” insertion tape (Ross, USA) 18. 

Triceps and subscapular skinfolds were measured as described 20. Upper-arm muscle area 

(in cm2) was calculated based on triceps skinfold and MUAC 21. Age- and sex-specific sum of 

subscapular and triceps skinfold Z-scores (SSFZ) and upper-arm muscle area Z-scores (UMAZ) 

were calculated, using a healthy reference population 21. SSFZ represents subcutaneous fat 

stores and UMAZ represents protein storage 18. Test-retest and inter-rater reliability for weight, 

height, skinfolds and arm-circumference were good to excellent, ranging from 0.73-0.99 and 

0.56-0.96, respectively.

Socio-economic status (SES)

A summary SES score based on questionnaire data addressing parental and child educational 

status, occupational status, ownership of home/land, and assets was calculated for each par-

ticipant as described 22.

PBMC collection, S. japonicum antigens and PBMC cytokines

Once, at 4 weeks post-treatment, venipuncture was performed and blood was collected into 

Vacutainer tubes (Becton Dickinson) containing heparin as anti-coagulant. Peripheral blood 

mononuclear cells (PBMC) were isolated as described 23. Soluble egg extract (SEA) was pre-

pared according to standard procedures 24. Soluble worm antigen preparation (SWAP) was 

prepared as described previously 25. PBMC were stimulated with SWAP, SEA and control media 

as described 23. Culture supernatants were collected and analyzed for cytokine production 

with a custom multiplexed assay kit as described 23. Results for PBMC production of IL-1b and 

TNF-α were included in the current analyses.
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Blood collection, processing and analysis

At each visit, venipuncture was performed and blood was collected into Vacutainer tubes 

without anti-coagulant (Becton Dickinson). Serum cytokines and CRP were analyzed by use 

of a multiplex bead-based platform (BioRad) and custom assay kits as described 26. Results for 

cytokines that likely play a role in undernutrition (serum IL-1b, IL-6, TNF-α and sTNF-RI) were 

included in the current analyses. Albumin was determined with commercial kits (ThermoDMA) 

as described 26. All pipetting and sample identification was performed by a barcode-enabled, 

high-speed pipetting robot (Tecan). Hypoalbuminemia was defined as serum albumin <35 

g/L 27.

Statistical analyses

Non-normally distributed variables (all egg counts, CRP and all cytokines) were log
e
 trans-

formed [ln(n+1)]. Presented regression estimates (β) are interpreted as mean change of the 

outcome per log-unit increase of the predictor. Because serum IL-6 was undetectable in a 

substantial proportion of subjects, it was dichotomized into responders (cytokine detectable; 

> 1.45 pg/ml) and non-responders (cytokine not detectable).

Analyses were split into two parts to disentangle the effects of chronic infection and re-

infection: 1) cross-sectional analyses evaluating pre-treatment associations at baseline, and 

2) longitudinal analyses evaluating associations 3-18 months post-treatment, using measure-

ments recorded every 3 months. Longitudinal analyses of reinfection include subjects not 

(yet) reinfected following treatment, who serve as controls.

Analyses were done in SAS version 9.1 (SAS Institute, Cary, NC). P-values < 0.05 were con-

sidered statistically significant. All analyses took clustering of observations within households 

into account, by specifying random intercepts for household 28. For cross-sectional analyses 

of continuous outcomes linear regression models were fit and for dichotomous outcomes lo-

gistic regression models were fit. For longitudinal analyses of continuous outcomes repeated 

measures linear regression models were fit. Per repeated measures model we assessed the op-

timal covariance matrix to specify the within-person correlation of observations over time 28. 

For longitudinal analyses of dichotomous outcomes marginal models were fit using general-

ized estimating equations (GEE) 28. Estimates and 95% confidence intervals (CI) are based on 

empirical standard errors.

Models evaluating the relationship between S. japonicum and serum cytokines were ad-

justed for sex, age, and geohelminth egg counts. Models of S. japonicum and nutritional status 

were additionally adjusted for SES. Models of serum cytokines and nutritional status were ad-

justed for sex and age. Separate inclusion of geohelminth egg counts was evaluated in these 

models, but did not alter the regression coefficient of interest >10% nor improve model fit, 

and thus were not included in the final models. Models evaluating the relationship between 

PBMC cytokines and nutritional status were adjusted for unstimulated, i.e. constitutive cyto-

kine production 23, sex and age.
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RESULTS

Descriptive characteristics

Table 1 presents study characteristics at baseline. N=449/477 (94.1%) individuals were cured 

following treatment. At final follow-up 18 months post-treatment, N=339 out of 382 individu-

als who provided a stool sample (88.7%) were reinfected; of these, N=262 had low intensity 

reinfection and N=77 had moderate or high intensity reinfection. Of the 477 subjects present 

at baseline, 71 (14.9%) were lost to follow-up by the end of the study. Compared to those not 

lost to follow-up, they were significantly older, more likely to be female, had lower baseline S. 

japonicum egg counts and better BMIZ and UMAZ at baseline. After adjusting for age and sex, 

the latter three differences were no longer significant (data not shown).

Table 1. Study characteristics of all participants at baseline

Variable, unit Entire baseline cohort (N=477)

Sex, female; n (%) 200 (41.9)

Age, years; mean (95% CI) 12.8 (12.5-13.1)

S. japonicum egg count, epg; geometric mean (95% CI) 42.6 (37.6 - 48.3)

S. japonicum intensity Low; n (%) 340 (71.3)

Moderate; n (%) 105 (22.0)

High; n (%) 32 (6.7)

Ascaris lumbricoides infection; n (%) 384 (81.7)

Trichuris trichuria infection; n (%) 443 (94.3) 

Hookworm infection; n (%) 277 (58.9)

HAZ; mean (95% CI) -2.39 (-2.47 to -2.31)

BMIZ; mean (95% CI) -1.04 (-1.11 to -0.96)

SSFZ; mean (95% CI) -0.35 (-0.39 to -0.32)

UMAZ; mean (95% CI) -1.19 (-1.26 to-1.12)

Serum albumin, g/L; mean (95% CI) 42.1 (41.6-42.6)

Hypoalbuminemia; n (%)1 49 (10.4)

Serum CRP, µg/ml; geometric mean (95% CI) 5.2 (4.7-5.7)

Serum TNF-α, pg/ml; geometric mean (95% CI) 22.9 (20.8-25.4)

Serum sTNF-RI, pg/ml; geometric mean (95% CI) 202.4 (184.1-222.6)

Serum IL-1, pg/ml; geometric mean (95% CI) 1.3 (1.1-1.4)

IL-6 responders in serum2; n (%) 116 (24.6)

1 Defined as serum albumin <35 g/L.
2 Defined as detectable serum IL-6 (> 1.45 pg/ml).
BMIZ, body-mass-index Z-score; HAZ, height-for-age Z-score; SSFZ, sum of triceps and subscapular skinfolds Z-score; UMAZ, upper arm muscle 
area Z-score.
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S. japonicum and nutritional status

Baseline S. japonicum egg count was inversely associated with HAZ (β -0.07, P=0.01), UMAZ 

(β -0.05, P=0.03) and albumin (β -0.48, P=0.008). High intensity infection at baseline was as-

sociated with 0.34 lower mean BMIZ, 0.21 lower mean UMAZ, and 2.6 g/L lower mean serum 

albumin compared to low and moderate intensity infection combined (P=0.009, 0.017 and 

0.018, respectively). In addition, high compared to low intensity infection was associated with 

hypoalbuminemia (OR [95% CI]: 2.72 [1.01-7.32]; P=0.047). Prevalence of hypoalbuminemia 
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Figure 1. Mean C-reactive protein (CRP) and adjusted prevalence of IL-6 responders across categories of baseline and follow-up S. japonicum 
intensity.
Results are based on baseline (Figure A) and longitudinal (Figure B) multilevel regression analyses, respectively. All models were adjusted for sex, 
age, A. lumbricoides, T. trichuria and hookworm egg counts, and clustering at the household level. Bars (left y-axis) represent adjusted prevalences 
of IL-6 responders (defined as detectable serum IL-6). Different upper-case letters represent significant differences between prevalences. 
Diamonds (right y-axis) represent back-transformed least square mean CRP levels. Error bars represent 95% confidence limits. Different lower-
case letters represent significant differences between least square means.
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declined from 10.4% at baseline to 6.5% and 1.4% at 3 and 6 months post-treatment, respec-

tively, and remained this low until final follow-up.

In longitudinal analyses, follow-up S. japonicum egg count was inversely associated with 

albumin (β -0.18, P<0.0001), but not with Z-scores. Duration of reinfection was inversely as-

sociated with BMIZ (β -0.01; P=0.05) and albumin (β -0.06; P=0.002).

No association was found between SSFZ and baseline or follow-up S. japonicum egg count 

(data not shown).

Because albumin has been described as a negative inflammatory marker 29, models of 

albumin were adjusted for CRP in addition to other confounders. Importantly, S. japonicum 

remained a significant negative predictor of serum albumin, although for the relationship 

between follow-up egg count and albumin the estimate was attenuated by 27% (data not 

shown).

S. japonicum and serum cytokines

We evaluated whether baseline and follow-up S. japonicum intensity were associated with 

serum levels of CRP and proinflammatory cytokines (IL-1b, IL-6, TNF-α and sTNF-RI). Baseline 

S. japonicum egg count was positively associated with CRP (β 0.19 [P<0.0001]). Follow-up egg 

count was positively associated with both CRP (β 0.08 [P<0.0001]) and detectable IL-6 (β 0.27, 

P<0.0001). Figure 1 shows levels of CRP and adjusted prevalences of IL-6 responders across 

categories of S. japonicum intensity at baseline (Figure 1A) and follow-up (Figure 1B).

No significant associations were found between baseline or follow-up S. japonicum intensity 

and serum IL-1b, TNF-α or sTNF-RI (data not shown).

Serum cytokines and nutritional status

We evaluated whether CRP and IL-6, both positively associated with S. japonicum, were as-

sociated with decreased Z-scores and serum albumin. Regression coefficients for the differ-

ent relationships are presented in Table 2. In both cross-sectional (baseline) and longitudinal 

(follow-up) analyses, CRP showed a negative association with BMIZ and UMAZ (Figure 2). In 

Table 2. Cross-sectional and longitudinal associations between both CRP and IL-6, and nutritional status1

HAZ BMIZ UMAZ Albumin (g/L)

Ln CRP (µg/ml)2 Cross-sectional -0.09 (P=0.057) -0.16 (P=0.0006) -0.16 (P<0.0001) -0.27 (P=0.33)

Longitudinal 0.00 (P=0.59) -0.08 (P<0.0001) -0.03 (P=0.008) -0.57 (P<0.0001)

IL-6 responders3 Cross-sectional -0.06 (P=0.52) -0.09 (P=0.32) -0.14 (P=0.061) 0.90 (P=0.14)

Longitudinal -0.00 (P=0.90) -0.04 (P=0.10) -0.01 (P=0.79) -0.44 (P=0.17)

1 All models were adjusted for sex, age and clustering at the household level using multivariate regression analyses.
2 Estimates represent mean difference per unit change in ln CRP.
3 Estimates represent mean difference for IL-6 responders (cytokine level detectable) compared to non-responders (cytokine level not 
detectable).
HAZ, height-for-age Z-score; BMIZ, body-mass-index Z-score; UMAZ, upper-arm muscle area Z-score.
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addition, CRP was negatively associated with albumin longitudinally (P<0.0001), and showed 

a near-significant negative association with HAZ at baseline (P=0.06). IL-6 responders showed 

a trend of decreased UMAZ at baseline (P=0.06).

S. japonicum-specific cytokines and nutritional status

Because serum cytokines are not necessarily specific for S. japonicum, we also evaluated the 

cross-sectional relationship between cytokine production in response to SWAP and SEA, and 

nutritional status at 4 weeks post-treatment. IL-1b to SWAP showed a negative association 

with albumin, and TNF-α to SWAP was negatively associated with both HAZ and albumin 

(Table 3).
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Figure 2. Mean BMIZ (A) and UMAZ (B) for low and high CRP tertiles.
Results for BMIZ and UMAZ are based on baseline and longitudinal multilevel regression analyses. All models were adjusted for sex, age and 
clustering at the household level. White and grey bars represent least square mean Z-score estimates for low and high CRP tertiles, respectively. 
Error bars represent 95% confidence limits.
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DISCUSSION

This study describes results from a human population study examining associations between 

proinflammatory cytokines and CRP, and undernutrition in the context of S. japonicum infec-

tion. Our results strongly support the causal relationship between S. japonicum infection and 

undernutrition, independent of potential confounders: socio-economic status and geohel-

minth infections. Additional support for this relationship comes from a previous manuscript 

of the same cohort describing nutritional responses to treatment 20. The use of both cross-

sectional and longitudinal data allowed us to examine nutritional parameters that represent 

chronic undernutrition (HAZ) and nutritional parameters expected to change more rapidly 

with treatment and subsequent reinfection (albumin, BMIZ, SSFZ and UMAZ). The inverse re-

lationship between nutritional parameters and 1) serum CRP, which was positively associated 

with S. japonicum, and 2) worm-antigen induced IL-1b and TNF-α, suggest a role of inflamma-

tory mediators in the pathogenesis of S. japonicum-associated undernutrition.

Immunological studies of schistosomiasis-associated morbidity have focused on hepatic 

fibrosis and hepatosplenic disease. The health impact of subtle morbidity, such as undernu-

trition, which affects a far larger percentage of individuals with chronic schistosomiasis, has 

only recently been acknowledged 30. Proinflammatory cytokines can affect nutritional status 

through two major pathways: 1) they induce anorexia, resulting in decreased nutritional in-

take and dietary insufficiency, and 2) these cytokines induce direct metabolic changes such 

as increased resting energy expenditure and increased catabolism, which is related to a 

persistent acute phase response during chronic inflammation, resulting in a negative energy 

balance 6,31. Because increased caloric intake does not improve cachexia caused by chronic 

disease 6, the impact of dietary supplementation alone may be limited. Conversely, treatment 

with praziquantel will likely be an appropriate strategy to improve S. japonicum-associated 

undernutrition.

Persistence of the acute phase response due to chronic inflammation results in increased 

hepatic protein synthesis and drives the loss of skeletal muscle, the largest pool of essential 

amino acids within the body 6,9. In adult hemodialysis patients, who experience chronic inflam-

Table 3. Cross-sectional associations between cytokines produced in response to S. japonicum antigens, and nutritional status at 4 weeks 
post-treatment1

HAZ BMIZ UMAZ SSFZ Albumin (g/L)

Ln IL-1b to SEA -0.01 (P=0.81) -0.02 (P=0.67) 0.02 (P=0.69) -0.04 (P=0.15) 0.11 (P=0.62)

Ln IL-1b to SWAP -0.04 (P=0.30) -0.03 (P=0.29) -0.03 (P=0.35) -0.01 (P=0.38) -0.54 (P<0.0001)

Ln TNF-α to SEA -0.08 (P=0.15) 0.00 (P=0.95) 0.01 (P=0.75) -0.03 (P=0.26) 0.04 (P=0.83)

Ln TNF-α to SWAP -0.10 (P=0.045) -0.06 (P=0.13) -0.04 (P=0.30) -0.02 (P=0.22) -0.39 (P=0.006)

1 Estimates represent mean difference per unit change in the log-transformed cytokine. All models were adjusted for cytokine level in response to 
control media, sex, age and clustering at the household level.
HAZ, height-for-age Z-score; BMIZ, body-mass-index Z-score; UMAZ, upper-arm muscle area Z-score; SSFZ, sum of triceps and subscapular 
skinfolds Z-score; SEA, soluble egg antigen; SWAP, soluble worm antigen preparation.
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mation, CRP was associated with malnutrition and decreased appetite 8,32, and both serum IL-6 

and CRP were negatively associated with muscle mass 33. CRP synthesis is induced mainly by 

IL-6, and to a lesser degree by IL-1b and TNFα 9. We found no associations between S. japoni-

cum and serum IL-1b, TNFα or sTNF-RI. Studies that did find such associations were performed 

in subjects with severe liver pathology 13,15, who were excluded from participation in our study. 

Furthermore, IL-6 has a longer half-life in serum than IL-1b and TNF-α 6, and thus may be less 

susceptible to timing effects. Our findings that 1) CRP, which is regulated by proinflammatory 

cytokines, and 2) S. japonicum-specific IL-1b and TNF-α, were inversely associated with nutri-

tional status, support the hypothesis that proinflammatory cytokines mediate, at least in part, 

schistosomiasis-asociated undernutrition.

Although no previous studies of schistosomiasis have evaluated serum albumin as a nutri-

tional parameter, hypoalbuminemia associated with schistosomiasis has been attributed to 

decreased hepatic synthesis 34 and intestinal malabsorption 1. In our cohort, hepatic function is 

unlikely to be abnormal, because in the absence of severe liver pathology, which was an exclu-

sion criterion in our study, hepatic function remains unaffected during chronic schistosomia-

sis 1. Both inflammation and inadequate dietary intake of protein affect albumin metabolism; 

they both result in decreased albumin synthesis, while inflammation alone is associated with 

increased fractional catabolic rate, and, when extreme, with increased transfer of albumin out 

of the vascular compartment 35. This explains why albumin administration to patients with 

hypoalbuminemia and chronic inflammatory diseases often has limited effects 29. Because 

serum albumin is a negative marker of inflammation, its value as a nutritional parameter in 

inflammatory disease states has been questioned 29. We therefore adjusted models assessing 

the relationship between S. japonicum and albumin for CRP, a marker of inflammation. The 

inverse relationship between S. japonicum and albumin remained significant, suggesting that 

low albumin levels in our population may, in part, be caused by reduced protein intake due 

to anorexia.

Egg antigens are the primary immune stimulant in schistosomiasis 1, thus it was some-

what surprising to find a cross-sectional relationship between undernutrition and cytokine 

responses to SWAP, but not to SEA. However, because treatment results in exposure of previ-

ously inaccessible worm proteins to the immune system 1, and we measured specific cytokine 

responses 4 weeks post-treatment, this paradox may be explained by cross-reactivity between 

worm and egg antigens, as they display significant similarities 36.

Several limitations of this study should be addressed. First, evaluating mechanistic rela-

tionships within one model is complex. Our conclusions are based on separate relationships 

between S. japonicum, proinflammatory cytokines and CRP, and undernutrition. No definitive 

causal inference can be made based on these relationships. However, because we also assessed 

the relationship between schistosome-specific cytokines and undernutrition, we have strong 

evidence supporting a direct relationship between S. japonicum-induced cytokines and un-

dernutrition. Second, because this study was primarily designed to assess immune correlates 
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of resistance to reinfection, we lacked an uninfected control group at baseline. However, the 

N=43 individuals in this cohort who did not become reinfected post-treatment were regarded 

as controls in longitudinal analyses. Third, undernutrition can affect the immune response 

against parasitic infections 37, and thus may increase susceptibility to S. japonicum infection. 

Therefore, reverse causality or a bidirectional relationship between S. japonicum and undernu-

trition cannot be excluded. However, subjects with severe malnutrition, in whom undernutri-

tion-mediated immune suppression has been described 38, were excluded from participation 

in our study. In addition, we previously described that nutritional status improved following 

treatment in this cohort 20, attenuating the likelihood of reverse causality in this study.

In conclusion, our results suggest that S. japonicum-associated nutritional morbidity may, 

in part, be mediated by systemic inflammation; undernutrition in this context likely results 

from a combination of anorexia, metabolic changes and body protein redistribution, leading 

to cachexia. Consequently, the potential effectiveness of nutritional supplementation alone to 

reduce nutritional morbidity in areas endemic for S. japonicum may be limited, and should be 

combined with schistosomiasis control strategies.
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ABSTRACT

There is a relationship between schistosomiasis and anemia, though the magnitude and exact 

mechanisms involved are unclear. In a cohort of 580 Schistosoma japonicum infected 7-30 year-

olds from Leyte the Philippines we evaluate the impact of reinfection with S. japonicum after 

treatment with praziquantel on mean hemoglobin (Hgb), iron deficiency (IDA) and non-iron 

deficiency anemia (NIDA), and inflammatory markers. All participants were treated at baseline 

and followed-up every 3 months for a total of 18 months. At each follow-up, participants pro-

vided stools to quantify reinfection and venous blood samples for hemograms and measures 

of iron status and inflammation. After 18 months, reinfection with S. japonicum was associated 

with a -0.39 g/dL (95% CI: -0.63, -0.16) lower mean Hgb and 1.70 (95% CI: 1.10, 2.61) times 

higher odds of all-cause anemia, compared to no reinfection. Reinfection was associated with 

IDA in the high reinfection intensities only. Conversely, reinfection was associated with NIDA 

in all infection intensities. Reinfection was associated with serum IL-6 responses (p<0.01) and 

these responses were associated with NIDA (p=0.019), but not with IDA (p=0.29). Our results 

provide strong evidence for the causal relationship between S. japonicum infection and ane-

mia. Rapidly reinfected individuals did not have the positive treatment effect on Hgb seen 

in non-reinfected individuals. The principle mechanisms involved in S. japonicum-associated 

anemia is that of pro-inflammatory cytokine-mediated anemia, with iron deficiency playing a 

role in high intensity infections. Based on the proposed mechanism, anemia is unlikely to be 

ameliorated by iron therapy alone.
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INTRODUCTION

Schistosomiasis remains a global public health problem, with an estimated 600 million people 

residing in endemic regions and approximately 200 million individuals infected at any given 

time 1,2. Schistosoma japonicum infects approximately 2.4 million individuals and 70 million 

are at risk of infection, mainly in China and South-East Asia 2. Evidence from cross-sectional 

studies and randomized controlled trials supports a relationship between schistosomiasis and 

anemia 1,3, though design-related issues and conflicting results make the magnitude of the 

relationship unclear 4. Only one randomized controlled trial treating solely for schistosomiasis 

has demonstrated a beneficial effect of Praziquantel on hemoglobin (Hgb) concentration 5.

The exact mechanisms involved in schistosomiasis-associated anemia are unclear 4. Schisto-

somiasis may cause intestinal blood loss and subsequent iron deficiency as eggs pass through 

the intestinal or bladder wall into the lumen, or through induction of inflammatory lesions 

of intestinal or bladder mucosa. However, there is little evidence that the quantity of blood 

lost is sufficient to produce iron deficiency and anemia in the context of S. japonicum, except 

possibly at higher infection intensities 6,7. Two studies have reported an association between 

schistosome egg-counts and decreased iron stores 8. However, the traditional markers of iron 

status used in these studies (ferritin and erythrocyte protoporphyrin) are likely influenced by 

inflammation, complicating their interpretation. Moreover, because poverty increases the risk 

of both schistosomiasis and dietary deficiency of iron, studies that do not adjust for socio-

economic status may be confounded by poor iron intake.

Alternatively, schistosomiasis may cause anemia by inducing pro-inflammatory cytokine-

mediated dyserythropoiesis, as seen in anemia of inflammation 9,10. During S. japonicum infec-

tion only a proportion of the 500-3500 eggs shed daily by each female worm reaches the 

intestine 11. The remainder of these heavily immunogenic eggs is trapped in the intestinal wall 

or the liver, causing an inflammatory reaction and granuloma formation. Anemia in the setting 

of acute/chronic inflammation is mediated by: 1) decreased erythropoietin production and/or 

responsiveness of erythrocyte precursors in the bone marrow, 2) decreased erythrocyte lifes-

pan, and 3) shunting of bio-available iron to storage forms and possibly reduced uptake of 

dietary iron in the gut 10. In addition to anemia of inflammation, schistosomiasis may result in 

anemia secondary to increased sequestration of erythrocytes and/or increased hemolysis in 

the spleen of individuals with schistosomiasis-associated splenomegaly 12-14. 

In a cohort of 580 7-30 year-old S. japonicum infected individuals in a S. japonicum-endemic 

region of the Philippines, we evaluated 1) the impact of reinfection with S. japonicum after 

treatment with Praziquantel on mean Hgb, and 2) the contribution of potential mechanisms 

involved in S. japonicum-associated anemia, in particular iron deficiency and inflammation.
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METHODS

Study area and population

This prospective treatment-reinfection study was originally designed to investigate immune 

correlates of resistance to re-infection. The study was conducted in three S. japonicum-en-

demic rice-farming villages in Leyte, The Philippines. Malaria is not endemic in this study 

area. In total, 74.3% (N=1262/1699) of individuals between the age of 7 and 30 yrs residing in 

these villages were screened for the presence of S. japonicum infection by duplicate Kato-Katz 

examination of three stool samples prior to enrolment. The prevalence of infection with S. 

japonicum in this age range was 60.0%. Subjects were eligible for participation if they were 

infected with S. japonicum, lived primarily in a study village, were 7-30 years-of-age, were not 

pregnant or lactating, and provided both child assent and parental consent or adult consent. 

Subjects with severe hepatomegaly or fibrosis on ultrasound examination, as well as subjects 

with severe anemia or severe wasting were excluded from participation and referred for medi-

cal treatment. 

In total, 616 participants, living in 331 households, were enrolled in two separate cohorts, in 

October 2002 and April 2003. After blood collection and physical examination all participants 

were treated with a split dose of 60 mg/kg praziquantel. Subsequently, participants were fol-

lowed up at approximately 1, 3, 6, 9, 12, 15, and 18 months post-treatment. At each timepoint, 

stool and blood samples were collected and a physical examination was performed. All par-

ticipants were transported to the study clinic by study staff for enrolment and follow-up visits. 

Brown University and The Philippines Research Institute of Tropical Medicine institutional 

review boards approved this study. All S. japonicum reinfected subjects as well as subjects 

infected with geohelminths were treated at the end of the study.

Stool examination

At 4 weeks post-treatment a single stool sample was collected from each individual to assess 

treatment response. In the week prior to each 3-month follow-up, three consecutive stool 

samples were collected from each participant at their home. Each of the stool specimens was 

examined in duplicate for Schistosoma japonicum, Ascaris lumbricoides, Trichuris trichiura, and 

hookworm eggs within 24 hours of collection by the Kato Katz method. For each of the stool 

specimens, the average number of eggs per gram (epg) of the duplicate exam was deter-

mined. For each timepoint, the overall mean epg was derived by averaging the egg-counts of 

the three individual specimens. 

Socio-economic status (SES)

A summary SES-score based on questionnaire data addressing parental and child educational 

status, occupation, ownership of home/land, and assets was calculated for each participant as 

described 15.
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Blood collection

At each 3-monthly follow-up visit, venipuncture was performed and blood was collected into 

Vacutainer tubes (Becton Dickinson, Franklin Lakes, NJ) containing EDTA as anti-coagulant (for 

hemogram) or serum separator gel (for serum assays). A complete hemogram was obtained 

on a Serono Baker 9000 hematology analyzer (Serono Baker Diagnostics, Allentown, PA). The 

hematology analyzer was maintained in compliance with College of American Pathologist’s 

guidelines with daily controls and necessary calibration. Because 248/2958 (8.4%) Hgb mea-

surements were performed on a non-quality controlled hematology analyzer outside of our 

main study lab, they were coded as missing and excluded from analysis.

Serum samples were aliquoted and stored at –80°C. Serum ferritin (SF), serum transferrin 

receptor (sTfR), C-reactive protein (CRP) and serum cytokines (interleukin [IL]-1-beta, IL-6, in-

terferon [IFN]-gamma, tumor necrosis factor [TNF]-alpha, TNF receptor I, TNF receptor II) were 

analyzed using a multiplex bead-based platform (BioRad Hercules, CA) using custom sand-

wich- or competitive-style bead kits and commercial controls as described 16. SF is a measure 

of stored iron and sTfR is a circulating form of the transferrin protein receptor, derived mostly 

from red blood cell precursors, that measures functional iron deficiency or increased erythro-

poiesis. Total and direct bilirubin were assayed using commercial kits (ThermoDMA, Louisville, 

CO), and indirect bilirubin was calculated and used as a measure of hemolysis.

Ultrasound

Study subjects were evaluated by ultrasound using a Hitachi EUB-200 with a 3.5 Mhz probe 

(Hitachi Medical Corp., Tokyo, Japan) at baseline and the 12-month follow-up. Spleen size was 

measured in the left intercostal oblique view in centimeters.

Definitions

Reinfection was defined as having S. japonicum eggs in the stool after treatment. In total 

355/1955 (18.2%) post-treatment stool results were intermittently negative following reinfec-

tion at a previous follow-up. These results were considered to be false negative (falling under 

the limit of detection of stool examination) and egg counts were imputed using “last value 

carried over” method 17. Duration of reinfection was defined as time since first positive stool 

sample plus 1.5 months, the mid-point between observations. Individuals without a negative 

stool sample 4 weeks post-treatment were considered reinfected shortly after treatment. Sub-

jects who were not reinfected following successful treatment were regarded as the reference 

group in the analyses of reinfection. 

All-cause anemia was defined based on age and gender specific Hgb cut-offs recommended 

by the WHO 18; Hgb <11.5 g/dL for children <12 yrs, Hgb <12 g/dL for children 12-14 yrs and 

females ≥ 15 yrs, and Hgb <13 g/dL for males ≥ 15 years. Mild, moderate and severe anemia 

were defined as Hgb level below the WHO cut-off but ≥ 9 g/dL, Hgb ≥ 7 and <9 g/dL, and Hgb 

<7 g/dL, respectively. 
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Recent studies evaluating the usefulness of SF for determining iron deficiency in anemic 

individuals from different populations concluded that a single cut-off SF ≤ 30 ng/ml has high 

sensitivity and specificity for detecting iron deficiency anemia (IDA), even when there is con-

current inflammation 19,20. IDA was defined as presence of anemia and SF ≤ 30 ng/ml. Non iron 

deficient anemia (NIDA) was defined as presence of anemia and SF >30 ng/ml. Notwithstand-

ing the good performance of a single SF, several studies have shown that addition of an sTfR 

measure has a higher sensitivity than SF alone 21,22. However, due to the lack of an international 

standard for sTfR and lack of commercial control for our assay, we were unable to utilize sTfR 

for our definition of IDA. Nevertheless, to assess the effect of potential misclassification that 

occurs when using a single SF cutoff, we used an alternative SF cut-off of 70 ng/ml to define 

iron deficiency in individuals with concurrent inflammation (defined as CRP > 8.2 ug/ml).

IL-6 responders were defined as individuals with detectable levels of IL-6 in serum (> 1.45 

pg/ml). Hyperbilirubinemia was defined as indirect (unconjugated) bilirubin >1 mg/dL. Sple-

nomegaly was defined as spleen size >2 standard deviations (SD) above the reference mean 

of a healthy Chinese population 23.

Statistical analyses

Data forms collected in the field were bar-coded and entered using Filemaker 5.5 software 

(Filemaker Inc., Santa Clara, CA). Variables that were not normally distributed (all egg counts, 

SF, sTfR, CRP and all cytokines) were log
e
 transformed [ln(n+1)]. Analyses were implemented 

in SAS version 9.1.3 (SAS Institute, Cary, NC). Cross-sectional comparisons of observations at 

baseline and at final follow-up were made using linear and logistic regression. For longitu-

dinal analyses, repeated measures linear regression models and marginal logistic regression 

models with generalized estimating equations (GEE) were used to account for within-person 

correlation for continuous and dichotomous outcomes, respectively 24. β-estimates presented 

for linear regression models represent mean change of the outcome per unit change of the 

exposure. β-estimates presented for logistic regression represent change in log-odds of the 

outcome per unit change of the exposure. All cross-sectional analyses and longitudinal linear 

regression analyses took clustering of observations within households into account using 

hierarchical linear models 24. Adjustment for both within-household and within-person corre-

lation was not technically possible for marginal logistic regression analyses, and may have led 

to slightly smaller standard errors. Robust standard errors and p-values are reported. P-values 

< 0.05 were considered statistically significant.

Our analytic approach was to simultaneously model 1) the temporal pattern of effects of 

reinfection (duration of reinfection), 2) the intensity-associated differences in effect (intensity 

of reinfection), and 3) any effect modification between the two (interactions). By allowing non-

linear (quadratic) associations between the outcomes and duration of reinfection, we were 

able to differentiate between acute and delayed effects of reinfection. Model-selection was 

based on best fit of observed data. The a priori decision was made to adjust all models for 
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potential confounding by age, sex, SES, concurrent hookworm infection and S. japonicum egg 

count at baseline. Baseline egg count reflects exposure to S. japonicum prior to treatment and 

was included as a proximate marker of susceptibility to infection and cumulative exposure 

that may influence immunologic reactions to reinfection and thus susceptibility to anemia. 

Figure 1 presents estimated mean Hgb, SF and sTfR for an ‘average’ individual (individual with 

a median duration of reinfection and a mean value for each covariate) with different intensities 

of reinfection at the 12- and 18-month follow-ups, calculated using regression model param-

eters presented in the table 2. Similarly, figure 2 presents estimated odds ratios for all-cause 

anemia, IDA and NIDA for an ‘average’ individual with different intensities of reinfection at the 

12- and 18-month follow-ups, calculated using regression model parameters presented in the 

table 3. The attributable fraction in the exposed (AFE) was estimated for anemia outcomes 

using adjusted prevalence estimates obtained from the GEE models described above. The AFE 

is interpreted as the proportion of anemia in the S. japonicum infected group that would be 

not have occurred if S. japonicum reinfection would have been prevented.

RESULTS

Study sample

We screened 1,262 individuals between the ages 7 and 30 yrs, of whom 60% were S. japonicum 

infected. In total, 616 individuals were eligible to participate and were treated with praziquan-

tel at baseline. Out of these, 20 (3.2%) could not be included in analyses because missing data 

did not allow assessment of reinfection status and 16 (2.6%) did not participate in any of the 

follow-up surveys, functionally excluding them from analyses as well. For the remaining 580 

individuals, participation was good; 62.4% were present at all 6 and 89.8% at ≥ 3 post-treat-

ment follow-ups. Hgb measurements were available in 2710/2958 (91.6%) observations. Stored 

Table 1. Baseline characteristics.

Characteristic

Age (years); mean (SD) 15.5 (6.1)

Sex (male); N (%) 364/580 (62.8)

Schistosoma japonicum (epg); geometric mean (SD) 42 (32)

Hookworm; N (%) 345/570 (60.5)

Hookworm (epg); geometric mean (SD) 212 (161)

Hemoglobin (g/dL); mean (SD) 12.49 (1.79)

Iron deficiency anemia1; N (%) 116/570 (20.4)

Non iron deficiency anemia1; N (%) 73/570 (12.8)

Moderate all-cause anemia1; N (%) 18/573 (3.1)

1 Iron deficiency anemia is defined as hemoglobin below WHO cut-off and serum ferritin (SF) ≤ 30 ng/ml. Non iron deficient anemia is defined as 
hemoglobin below WHO cut-off and SF >30 ng/ml. Moderate all-cause anemia is defined as hemoglobin ≥ 7 g/dL and < 9 g/dL.
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serum samples were available for 2948/2958 (99.7%) observations. Stool results were available 

for 2846/2958 (95.2%) observations. Treatment with Praziquantel was effective; 4 weeks after 

treatment 512/550 (93.2%) individuals present had a negative stool sample. Table 1 presents 

baseline characteristics for the cohort.

Hemoglobin concentration following treatment

Relative to baseline Hgb and after adjusting for the effect of reinfection with S. japonicum and 

other confounders, we saw a significant drop in mean Hgb 3 months post-treatment (mean: 

-0.30 g/dL, 95% CI: -0.39, -0.21), and a subsequent rise to a peak 15 months post-treatment 

(mean: 0.52 g/dL, 95% CI: 0.33, 0.70). Further details of the post-treatment nutritional response 

in this cohort have been published elsewhere 25.

Reinfection with S. japonicum

After 12 months of follow-up, 410/496 individuals present (82.7%) were reinfected and the 

median duration of reinfection after Praziquantel treatment was 7.5 months. After 18 months 

434/486 individuals present (89.3%) were reinfected and the median duration of reinfection 

was 13.5 months. Median egg count in infected individuals was 22 epg (interquartile range: 10, 

73) and 30 epg (interquartile range: 10, 83) at 12 and 18 months post-treatment, respectively. 

Hemoglobin concentration and anemia 18 months post-treatment

Individuals who were reinfected had a -0.49 g/dl (95% CI: -0.82, -0.16; p=0.004) lower mean 

Hgb level and increased odds of all-cause anemia (prevalence odds ratio [95% CI]: 4.20 [1.65, 

10.65], p=0.003) compared to individuals who were not reinfected at the end of the study. In 

total, 164/390 S. japonicum reinfected individuals with a Hgb measurement at the final follow-

up were anemic (42.1%); of these anemic and reinfected individuals 50.6% were classified as 

having IDA and 49.4% as having NIDA. Only 9/390 (2.3%) and 3/390 (0.8%) reinfected individu-

als had moderate or severe anemia, respectively.

Impact of reinfection on hemoglobin

Using a repeated measures linear regression model we assessed the time-dependent rela-

tionship between mean Hgb and duration and intensity of reinfection. There was significant 

interaction between duration and intensity of reinfection (egg-count squared) (Table 2), in-

dicating that the magnitude of the per-month drop in Hgb after reinfection increased as a 

quadratic function of reinfection intensity. Figure 1a compares pre-treatment mean Hgb to 

the estimated mean Hgb at the 12- and 18-month follow-ups for uninfected individuals and 

individuals reinfected at varying intensities (i.e. percentiles of the egg-count distribution at 

that follow-up) for the median duration of reinfection at that follow-up. Mean Hgb was lower 

for all intensities of infection in reinfected individuals compared to uninfected individuals. 

Importantly, mean Hgb was lower than or equal to the mean pre-treatment Hgb (12.49 g/dL) 
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Figure 1. The effect of reinfection with S. japonicum on mean hemoglobin (1a), geometric mean serum ferritin (1b) and serum transferring 
receptor (1c), 12 and 18 months post-treatment.
Means (shapes) and 95% confidence limits (error bars) were estimated using multilevel repeated measures linear regression and were adjusted 
for potential confounding by age, sex, socio-economic status, baseline S. japonicum egg-count, and concurrent hookworm infection, and for 
within-person correlation and clustering within households. Means were estimated assuming the median reinfection duration at each follow-up; 
7.5 and 13.5 months at the 12- and 18-month follow-up respectively, for different representative infection intensities based on the distribution 
of egg-counts at each follow-up; 3, 10, 22, 73, 212, and 383 epg at the 12-month follow-up and 3, 10, 30, 83, 287, and 483 epg at the 18-month 
follow-up. * represent significant difference compared to the group not (yet) reinfected. In Figure 1a the horizontal line represents overall mean 
hemoglobin at baseline.
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in the most heavily reinfected individuals (>=95th percentile) at 12 months and in all reinfected 

individuals at 18 months, indicating a complete reversal or absence of treatment effect after 6 

months of high intensity reinfection or 12 months of reinfection with any intensity.

The decreased mean Hgb in reinfected compared to uninfected individuals coincided with 

an increased risk of all-cause anemia in all but the lowest intensity infections (<=25th percen-

tile) (Figure 2a). On average, 30% of all-cause anemia in S. japonicum reinfected individuals at 

the 18-month follow-up was attributable to reinfection (AFE = 0.30, Figure 2a).

Table 2. Multilevel repeated measures linear regression models of the effect of reinfection with Schistosoma japonicum on mean hematological 
and iron status measures in 580 7-30 year-olds. 1

Hemoglobin Serum Ferritin 2
Serum 
Transferrin Receptor 2

β SE p-value β SE p-value β SE p-value

Intercept 3 12.187 0.071 < .0001 3.266 0.05 < .0001 8.706 0.026 < .0001

T3 0 0 -- 0 0 -- 0 0 --

T6 0.403 0.053 < .0001 0.240 0.042 < .0001 -0.126 0.018 < .0001

T9 0.429 0.085 < .0001 0.101 0.042 .015 -0.075 0.024 .002

T12 0.664 0.071 < .0001 0.311 0.048 < .0001 0.213 0.030 < .0001

T15 0.796 0.093 < .0001 0.314 0.059 < .0001 0.169 0.035 < .0001

T18 0.639 0.102 < .0001 0.205 0.067 .002 0.144 0.042 < .001

Age 4 0.145 0.010 < .0001 0.058 0.005 < .0001 -0.022 0.003 < .0001

Sex 4 -0.487 0.105 < .0001 -0.196 0.066 .003 0.066 0.044 .13

Socio-economic status 4 0.279 0.065 < .0001 0.137 0.037 < .001 -0.086 0.023 < .001

Hookworm egg-count 5 0.003 0.007 .66 -0.008 0.005 .14 0.001 0.003 .62

Baseline SJ egg-count 4 -0.086 0.039 .027 -0.029 0.025 .25 0.031 0.015 .037

Duration 6 -0.038 0.019 .042 0.021 0.007 .002 0.015 0.008 .066

SJ egg-count 7 -0.072 0.041 .081 0.037 0.011 < .001 0.003 0.006 .65

Duration x SJ egg-count 8 0.015 0.009 .11 -0.003 0.001 .024 -0.002 0.002 .25

SJ egg-count x SJ egg-count 9 0.016 0.008 .052 -- -- -- -- -- --

Duration x SJ egg-count x SJ egg-
count 8

-0.003 0.001 .009 -- -- -- -- -- --

Duration x Duration 9 -- -- -- -- -- -- -0.001 0.001 .017

Duration x Duration x SJ egg-count 8 -- -- -- -- -- -- 0.0003 0.0001 .028

Note. T3-T18 represent the 3-monthly post-treatment follow-ups, 3-month follow-up is the reference category. 
1 β-estimates (excluding the intercept) represent mean change of the outcome per unit change of the exposure. β-estimates and standard errors 
(SE) are adjusted for within-person correlation, for clustering within households and for confounding by covariates.
2 Serum ferritin and serum transferrin receptor were Ln-transformed. 
3 The intercept represents the outcome mean at the 3-month follow-up, for an average individual (i.e. individual with a mean value for each of the 
covariates). The p-value indicates whether the intercept is significantly different from zero.
4 Confounders age, sex, SES and baseline Ln-transformed SJ egg-count were centered on their baseline mean. 
5 Ln-transformed hookworm egg-count centered on mean of all post-treatment observations.
6 Duration defined as time since reinfection with S. japonicum.
7 Ln-transformed S. japonicum egg-count.
8 Interaction term.
9 Quadratic function; indicates non-linear relationship between exposure and the outcome.
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Figure 2. The effect of reinfection with S. japonicum on odds of all-cause anemia (2a), iron deficiency anemia (2b), and non-iron deficiency 
anemia (2c), 12 and 18 months post-treatment.
Odds ratios (shapes) and 95% confidence limits (error bars) were estimated using marginal logistic (GEE) regression and were adjusted for 
potential confounding by age, sex, socio-economic status, baseline S. japonicum egg-count, and concurrent hookworm infection, and within-
person correlation. Odds ratios were estimated assuming the median reinfection duration at each follow-up; 7.5 and 13.5 months at the 12- and 
18-month follow-up respectively, for different representative infection intensities based on the distribution of egg-counts at each follow-up; 3, 
10, 22, 73, 212, and 383 epg at the 12-month follow-up and 3, 10, 30, 83, 287, and 483 epg at the 18-month follow-up. Numbers in superscript 
above the error bars represent the attributable fraction in the exposed, given for significant comparisons only.
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Impact of reinfection on iron status

Compared to uninfected individuals, mean SF was significantly raised after reinfection, regard-

less of intensity (Figure 1b), likely as part of the acute phase response (see CRP below). There 

was a significant interaction between duration (duration squared) and intensity of reinfec-

tion in the model of mean sTfR (Table 2). Mean sTfR in the uninfected group was higher at 

12 than at 18 months follow-up (Figure 1c). Though this difference was not significant it may 

reflect increased erythropoiesis following treatment or natural fluctuation in iron status. More 

importantly, after 13.5 months of reinfection, higher intensity infections (≥ 75th percentile) 

were associated with higher mean sTfR levels compared to uninfected individuals (Figure 1c). 

Because the increase in mean sTfR in heavily infected individuals coincided with the decrease 

in mean Hgb in this group (Figure 1a), elevated sTfR in these individuals likely reflects iron 

deficiency, though compensatory erythropoiesis cannot be excluded.

Impact of reinfection on type of anemia

To further evaluate the potential mechanisms involved in S. japonicum-associated anemia, we 

assessed the association between different types of anemia and duration and intensity of reinfec-

tion. There was significant interaction between duration and intensity of reinfection in the model 

assessing probability of IDA, but not in the model of NIDA (Table 3). Probability of IDA was not 

significantly different in reinfected compared to uninfected individuals after 7.5-months of rein-

fection (Figure 2b). However, probability of IDA was significantly increased in the heaviest inten-

sity infections (≥ 90th percentile) after 13.5 months of reinfection (Figure 2b). This delayed effect 

suggests an S. japonicum-associated decrease in iron stores that is slowly progressive and leads 

to IDA only after prolonged exposure. Use of an alternative definition of IDA (see methods) led 

to similar conclusions, with the only difference being that the increased probability of IDA in the 

heaviest intensity infections was already apparent after 7.5 months of reinfection and that the OR’s 

at 12 and 18 months were approximately 10% and 17% higher, respectively (data not shown). 

Odds of NIDA were significantly raised at all reinfection intensities, but the odds and the AFE 

of NIDA increased with duration and intensity of reinfection (Figure 2c). Use of the alternative 

definition of NIDA resulted in similar conclusions, though the OR’s at 12 and 18 months were 

approximately 4.5% and 9% lower, respectively (data not shown). 

Impact of reinfection on CRP and serum cytokines

There was significant interaction between duration and intensity of reinfection in our re-

peated measures model of serum CRP (duration β = 0.013, SE = 0.007, p=0.073; SJ egg-count 

β = 0.038, SE = 0.011, p<0.001; duration x SJ egg-count β = 0.005, SE = 0.002, p=0.001). As 

expected, mean CRP in reinfected individuals was significantly raised relative to that of unin-

fected individuals, regardless of duration or intensity of reinfection.

There was no interaction between duration and intensity of reinfection in our model of IL-6 

response (p=0.71). Intensity and duration of reinfection were both associated with probability 
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of IL-6 response (p<0.0001 and p=0.002 for intensity and duration, respectively); log-odds of 

IL-6 response increased 0.316 (95% CI: 0.212, 0.420) for every log-increase in S. japonicum egg-

count and decreased -0.081 (95% CI: -0.134, -0.029) for every month of reinfection. Together, 

these findings indicate that the probability of IL-6 response, for any infection intensity, is high-

est shortly after reinfection but decreases thereafter.

None of the other serum cytokines involved in anemia of inflammation (IFN-gamma, TNF-

alpha, TNF receptor I, TNF receptor II, IL-1-beta) were associated with reinfection with S. japoni-

cum (data not shown). 

Table 3. Marginal logistic regression models of the effect of reinfection with Schistoma japonicum on odds of anemia in 580 7-30 year-olds.1

All-cause Anemia 2 Iron Deficiency Anemia 2 Non Iron Deficient Anemia 2

β SE p-value β SE p-value β SE p-value

Intercept 3 -0.287 0.095 0.0024 -0.635 0.102 < .0001 -1.431 0.135 < .0001

T3 0 0 -- 0 0 -- 0 0 --

T6 -0.430 0.094 < .0001 -0.385 0.092 < .0001 -0.429 0.146 .003

T9 -0.201 0.127 0.11 -0.219 0.142 .12 -0.184 0.17 .28

T12 -0.699 0.144 < .0001 -0.618 0.154 < .0001 -0.685 0.194 < .001

T15 -0.915 0.18 < .0001 -0.934 0.193 < .0001 -0.851 0.245 < .001

T18 -0.670 0.200 < .001 -0.591 0.223 .008 -0.668 0.253 .008

Age 4 -0.091 0.014 < .0001 -0.103 0.017 < .0001 -0.077 0.017 < .0001

Sex 4 0.063 0.156 0.68 -0.048 0.187 .80 0.125 0.181 .49

Socio-economic 
status 4

-0.278 0.083 < .001 -0.368 0.102 < .001 -0.168 0.099 .091

Hookworm egg-
count 5

0.001 0.016 0.97 0.008 0.019 .68 -0.024 0.021 .26

Baseline SJ egg-
count 4

0.082 0.051 0.11 0.099 0.059 .094 0.067 0.058 .25

Duration 6 -0.012 0.023 0.59 -0.054 0.025 .032 0.052 0.021 .012

SJ egg-count 7 0.017 0.033 0.61 -0.014 0.034 .69 0.109 0.039 .005

Duration x SJ egg-
count 8

0.014 0.005 0.003 0.018 0.005 < .0001 -- -- --

Note. T3-T18 represent the 3-monthly post-treatment follow-ups, 3-month follow-up is the reference category. 
1 β-estimates (excluding the intercept) represent change in log-odds of the outcome per unit change of the exposure. β-estimates and standard 
errors (SE) are adjusted for within-person association and for confounding by covariates.
2 All-cause anemia defined as hemoglobin below WHO cut-off. Iron deficiency anemia defined as hemoglobin below WHO cut-off and serum 
ferritin (SF) ≤ 30 ng/ml. Non iron deficient anemia defined as hemoglobin below WHO cut-off and SF >30 ng/ml. 
3 The intercept represents the log-odds of the outcome at the 3-month follow-up, for an average individual (i.e. individual with a mean value for 
each of the covariates). The p-value indicates whether the intercept is significantly different from zero.
4 Confounders age, sex, socio-economic status and baseline Ln-transformed S. japonicum egg-count were centered on the baseline mean.
5 Ln-transformed hookworm egg-count centered on mean of all post-treatment observations.
6 Duration defined as time since reinfection with S. japonicum.
7 Ln-transformed S. japonicum egg-count. 
8 Interaction term.
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Inflammation and anemia

To evaluate the potential mediating role of S. japonicum-associated inflammation in the 

etiology of anemia, we assessed whether CRP and IL-6 response predicted mean Hgb and 

measures of iron status and probability of anemia (Table 4). CRP was significantly associated 

with all outcomes. Importantly, the positive association between CRP and mean sTfR was not 

confounded by S. japonicum intensity (data not shown), suggesting a direct effect of inflam-

mation on mean sTfR. Serum IL-6 responses were associated with increased SF and increased 

odds of NIDA (Table 4).

Macrocytosis, hyperbilirubinemia and splenomegaly

Finally, we assessed other mechanisms that may be responsible for anemia in this popula-

tion. In only 7/2674 (0.3%) complete blood counts a MCV > 100 µ3 was detected and on no 

two occasions did the same person have an increased MCV. Spleen size was determined by 

ultrasound 12 months post-treatment in 437 subjects; only two individuals (0.5%) had sple-

nomegaly. Hyperbilirubinemia was detected in 265/2948 (9.0%) measurements, half of which 

were detected on only one occasion in a single person. Importantly, hyperbilirubinemia was 

not associated with S. japonicum reinfection duration or intensity, nor was it associated with 

decreased Hgb or increased probability of anemia (data not shown).

DISCUSSION

In a large cohort of 7-30 year-old S. japonicum infected inhabitants of Leyte, The Philippines, 

we found that reinfection with S. japonicum after treatment with Praziquantel had a major 

impact on Hgb levels and risk of anemia. There was a clear dose-response relationship be-

 Table 4. Impact of S. japonicum associated cytokines on hematological and iron status measures and prevalence of anemia.

Hemoglobin 1 Serum ferritin 1
Serum transferrin 
receptor 1

Iron deficiency 
anemia 2

Non iron deficient 
anemia 2

C-reactive 
protein

-0.152 (-0.214, -0.089) 
p<0.0001

0.243 (0.209, 0.277) 
p<0.0001

0.037 (0.017, 0.057) 
p<0.001

0.126 (0.024, 0.227) 
p=0.016

0.577 (0.414, 0.740) 
p<0.0001

IL-6 response
-0.035 (-0.181, 0.110) 
p=0.63

0.358 (0.268, 0.449) 
p<0.0001

-0.001 (-0.046, 0.044) 
p=0.98

-0.141 (-0.399, 0.117) 
p=0.285

0.484 (0.079, 0.888) 
p=0.019

Note. Serum ferrritin (SF), serum transferrin receptor (sTfR) and C-reactive protein were Ln-transformed. IL-6 response was defined as having a 
detectible concentration (>1.45 pg/ml) of serum IL-6. Iron deficiency anemia was defined as Hgb below the WHO cut-off and serum ferritin (SF) 
≤ 30 ng/ml. Non iron deficient anemia was defined as Hgb below WHO cut-off and SF >30 ng/ml.
1 β-estimate (95% CI) and p-value from multilevel repeated measures linear regression models; β represents the change in mean of the outcome 
per (log) unit increase of the predictor. Estimates were adjusted for potential confounding by age, sex, socio-economic status, baseline S. 
japonicum egg-count, and concurrent hookworm infection, and for within-person correlation and clustering within households.
2 β-estimate (95% CI) and p-value from marginal logistic regression (GEE) models; β represents the change in log odds of the outcome per (log) 
unit increase of the predictor. Estimates were adjusted for potential confounding by age, sex, socio-economic status, baseline S. japonicum egg-
count, and concurrent hookworm infection, and for within-person association.



71 S. japonicum reinfection causes anemia of inflammation

tween reinfection intensity and mean Hgb and odds of anemia that progressed in magnitude 

with increasing duration of infection. We estimated that 30% of all-cause anemia in the group 

reinfected with S. japonicum was attributable to reinfection. Extrapolating these findings to 

the population level; in this setting of high (60%) S. japonicum prevalence among children, 

adolescents and young adults approximately one fifth of all-cause anemia is attributable to S. 

japonicum infection, a large proportion for a single infectious etiology.

By simultaneously measuring the impact of S. japonicum on Hgb, iron status and inflamma-

tory measures, we were able to assess the potential mechanisms involved with S. japonicum-

associated anemia. It is generally held that iron deficiency due to extra-corporeal blood loss 

is the main cause of schistosomiasis-associated anemia 11. A previously published cross-sec-

tional study conducted in this cohort reported increased odds of detectable occult blood in 

the stool of individuals with high intensity infection at baseline (>=400 epg), suggesting that 

extra-corporeal blood loss due to translocation of eggs through the bowel wall or through 

inflammatory lesions of intestinal mucosa occurs at high intensity infections 7. In our current 

analyses we found evidence of iron deficiency, increased odds of IDA and increased mean 

sTfR, even in individuals with significantly lower intensities of reinfection (>=80 epg). Lack of 

evidence of occult blood loss in individuals with <400 epg at baseline may be related to poor 

sensitivity of the Hemoccult test. Alternatively, inflammation may be responsible for reduced 

intake or absorption of iron, which is supported by the current finding of a positive association 

between CRP and mean sTfR, independent of S. japonicum reinfection intensity. 

Inflammation may mediate iron deficiency in two ways. First, pro-inflammatory cytokines, 

in particular TNF-alpha, IL-1 and IL-6, cause anorexia 26,27 and thus lead to decreased intake 

of dietary iron. Second, several recent studies have found that production of the novel iron 

regulatory protein hepcidin is up-regulated during inflammation through mediation of IL-6 
28, which in turn inhibits iron-efflux from intestinal epithelial cells through its influence on fer-

roportin 29, thus reducing iron absorption through the gut 30,31. Whether this mechanism leads 

to iron depletion in humans with chronic inflammatory disease remains to be investigated. 

Additional research is needed to assess whether infection with schistosomiasis negatively af-

fects hematological responses to iron supplementation. 

Although overall prevalence of IDA was high (~20%) and we did find an association be-

tween S. japonicum and IDA, this type of anemia was only attributable to S. japonicum infec-

tion in a minority of individuals with higher than average intensities of reinfection, implying 

that iron deficiency is not a central mechanism in S. japonicum-associated anemia within this 

18-month follow-up period. Conversely, approximately 50% of the non-iron deficiency anemia 

in S. japonicum reinfected individuals was attributable to S. japonicum. Of note, increased odds 

of NIDA were apparent for all reinfected individuals, regardless of reinfection intensity and 

duration. We found no evidence that S. japonicum-associated anemia was due to hemolysis 

or sequestration of erythrocytes due to splenomegaly, nor was macrocytic anemia prevalent. 

Clinically relevant hemoglobinopathies are likely uncommon in this study area 32,33. While 
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there is no direct method to assess presence of anemia of inflammation, exclusion of iron 

deficiency and other causes of anemia together with the associations we found between 

NIDA and inflammatory markers (CRP and IL-6) justifies the interpretation of NIDA as anemia 

of inflammation. In light of these results, the overall decline in hemoblobin 3 months after 

treatment may also be attributed to pro-inflammatory immune responses to worm antigens 

released as worms disintegrate after treatment with Praziquantel.

Reliable assessment of iron status is difficult in situations where inflammation is prevalent. 

This is particularly problematic when attempting to assess whether iron deficiency plays a role 

in the etiology of an infectious disease. Although several recent clinical studies have provided 

compelling evidence supporting the use of an sTfR to SF ratio for the diagnosis of IDA when 

there is concurrent inflammation 21,34, no population-based studies have validated its use in the 

tropics. The usefulness of different iron status measures in a tropical setting has been evalu-

ated in several recent studies, however, most of these are difficult to interpret due to the lack 

of a gold standard definition for iron deficiency. Although the precise magnitude of the effect 

of S. japonicum on different types of anemia is likely influenced by misclassification based on 

the definitions used, conclusions from our definition-based approach (type of anemia) and 

from our continuous-outcome approach (Hgb and sTfR) are consistent. In addition, analyses 

using alternative definitions of IDA and NIDA led to the same conclusions. Nevertheless, lack 

of sensitivity and specificity in the definition of an outcome reduces precision of our estimates 

and makes it difficult to detect subtle differences between groups. 

While our study sample is likely representative of many S. japonicum infected populations, 

generalizations of our findings to other populations should be made with care. In this study 

area reinfection rates are very high, in part due to the abundance of non-human hosts for S. 

japonicum 35, and therefore the time-dependent associations presented are likely specific to 

areas with similar transmission ecology. The inflammation-mediated mechanisms discussed 

above may also apply to other human Schistosoma species. Nevertheless, because differences 

in the amount of eggs excreted and possibly differences in adaptation of the human host 

to different species may influence these mechanisms 36, more research is required to assess 

the proportion of these causes in other Schistosoma species. Another limitation lies in the 

definition of re-infection as some classified as re-infected may represent individuals who did 

not experience full cure. This should not affect relationships between infection status and 

anemia type, unless one proposes a very different immune response for new infections versus 

continued old infections which may be downmodulated. Finally, given the 22% attrition rate 

from baseline to the final visit, potential bias in loss to follow up should be discussed. Over-

all, this might be due to poor subjects not returning, but this was minimized by provision of 

transportation and a day of lost wages. It may also be due to healthy subjects feeling well and 

not returning. Though either scenario can influence the prevalence of anemia, it is unlikely 

to affect relationships between type of anemia and schistosomiasis re-infection as these are 

based only on those who attended.
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In general, national schistosomiasis control programs targeting communities and schools 

use annual treatment-rounds. Although mean Hgb in reinfected individuals one year post-

treatment was higher than the mean Hgb at baseline, it was significantly lower compared to 

individuals who were not reinfected at one year. This implies that reinfection led to an attenu-

ation of any potential treatment effect within the one-year treatment interval. Importantly, for 

individuals reinfected shortly after treatment or at higher intensity, no net treatment effect was 

observed after one year. Our findings suggest that individuals with high levels of exposure will 

need repeated chemotherapy, at least once per year, to treat and prevent anemia. However, 

in areas of intense transmission, schistosomiasis control based on treatment alone is unlikely 

to be sustainable. Measures to prevent reinfection by reducing exposure should be included, 

such as improved sanitation, vector (snail) control and treatment of non-human hosts. 

In conclusion, our results together with those of others 5 provide strong evidence for the 

causal relationship between both chronic and acute S. japonicum infection, and anemia. 

Schistosomiasis japonica, a readily treatable disease, may be responsible for approximately 

one fifth of all-cause anemia in settings with a high prevalence of this infection. The principle 

mechanism involved in S. japonicum-associated anemia is that of pro-inflammatory cytokine-

mediated anemia, with iron deficiency playing a role in high intensity infections. Our findings 

highlight the complex nature of anemia in tropical settings and underscore the need for com-

bined approaches to treatment, as iron therapy in the context of anemia of inflammation will 

be much less efficacious due to alteration of iron metabolism.
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ABSTRACT

In a cross-sectional study of 641 Schistosoma japonicum-infected subjects aged 7-30 years in 

Leyte, the Philippines, we determined grade of hepatic fibrosis (HF) by ultrasound and used 

anthropometric measurements and hemoglobin levels to assess nutritional status. Serum 

levels of interleukin (IL)-1, IL-6, IL-10, tumor necrosis factor (TNF)-α, soluble TNF-α receptor 

I (sTNF-RI) and C-reactive protein (CRP) were measured to examine the association between 

these markers of inflammation and HF grade. HF was present in 8.9% of the cohort. The major-

ity of cases consisted of mild (grade I) HF, and severe HF (grade II or III; n = 10) occurred only in 

male individuals. Compared to subjects without fibrosis, individuals with mild and, even more 

so, severe fibrosis had a significantly lower body mass index (BMI) and BMI Z-score, a higher 

prevalence of anemia, a higher level of CRP and were more likely to produce IL-6. Furthermore, 

those with severe HF had a significantly higher level of IL-1 compared to those with either no 

or mild HF. These findings suggest that even mild HF is associated with nutritional morbidity 

and underscore the importance of early recognition and treatment. In addition, our data are 

consistent with the hypothesis that, by systemically increasing levels of the proinflammatory 

cytokines IL-1 and IL-6, HF causes undernutrition and anemia.
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INTRODUCTION

Periportal hepatic fibrosis (HF) is the most serious manifestation of chronic schistosomiasis 

infection, eventually leading to portal hypertension with subsequent hepatosplenomegaly 

and esophageal varices. Risk factors for schistosomiasis-associated periportal HF include male 

sex, older age, longer duration and intensity of infection, and genetic factors 1-4.

Several studies have shown a causal relationship between chronic schistosomiasis japonica 

and undernutrition and anemia in children and adolescents 5-7. However, the association be-

tween HF and these morbidities has not been examined. In patients with the clinical syndrome 

of schistosomal dwarfism, characterized by severe malnutrition and growth stunting, hepato-

splenomegaly, anemia and endocrinologic abnormalities 8, no ultrasound studies have been 

performed. Thus the association of HF with the aforementioned morbidities in this syndrome 

remains unclear.

Poor nutritional status associated with chronic schistosomiasis may be mediated by proin-

flammatory cytokines, specifically interleukin-1 (IL-1), IL-6 and tumor necrosis factor (TNF)-α. 

This mechanism has been proposed to be involved in growth failure associated with chronic 

infections in general 9. Furthermore, these proinflammatory cytokines are thought to play a 

crucial role in the development of the cachexia-anorexia syndrome, which is associated with 

chronic parasitic infections 10. Increased levels of IL-1, IL-6 and TNF-α, and decreased levels of 

IL-10 have been associated with HF 11-15. Based on these data, we hypothesize that systemically 

increased levels of proinflammatory cytokines in schistosomiasis-associated HF will mediate 

undernutrition and anemia of inflammation. In addition, we speculate that IL-10 may be pro-

tective. These effects may be especially strong in children and adolescents, as they go through 

periods of rapid growth and increased nutritional demands.

The aim of this cross-sectional study was to evaluate nutritional status, hemoglobin (Hgb) 

levels and hepatosplenomegaly in children, adolescents and young adults with schistoso-

miasis-associated HF in Leyte, the Philippines. In addition, we examined whether differences 

in morbidity existed between those without HF and those with only mild HF, as the latter 

group is commonly considered to be clinically insignificant. Finally, we addressed potential 

immunologic mechanisms underlying the relationship between HF and undernutrition. We 

hypothesized that elevated serum levels of IL-1, IL-6 and TNF-α act as primary mediators of 

HF-associated morbidity.

METHODS

Study site and population

This cross-sectional study was conducted in three Schistosoma japonicum-endemic rice-farm-

ing villages in Leyte, The Philippines. Treatment in this study area is provided by the Schisto-
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somiasis Control Program with annual mass treatment campaigns. Participation is reportedly 

low based on lack of pre-treatment screening for the presence of infection (personal commu-

nication, Dr. Antonio Ida, Director, Schistosomiais Control Program, Leyte, The Philippines). S. 

japonicum-infected individuals were recruited as part of a longitudinal study investigating re-

sistance to re-infection. Approximately 90% of individuals in the three villages were screened 

for the presence of S. japonicum infection. Subjects were eligible if they were infected with S. 

japonicum, lived primarily in a study village, were between ages 7-30 years, were not pregnant 

or lactating and provided informed consent. This resulted in a final cohort of 646 individuals. 

Participants were enrolled in two separate cohorts, in October of 2002 and April of 2003.

Ultrasound evaluation

Study subjects were evaluated by ultrasound using a Hitachi EUB-200 with a 3.5 Mhz probe 

(Hitachi Medical Corp., Tokyo, Japan). Liver size was measured as size of the left liver lobe in cm 

in the right parasternal line. Spleen size was measured in the left intercostal oblique view in 

cm. Reference measurements for liver and spleen size among healthy Filipinos were not avail-

able, hence normal values from a healthy Chinese population were used 16. Hepatomegaly 

and splenomegaly were defined as >2 standard deviations (SD) above the mean. HF grades 

I-III (GI-GIII) were based on a modification of the grading system described by Doehring-Schw-

erdtfeger et al. 17. Severe HF was defined as the presence of either GII HF or GIII HF.

Stool examination

Parasite burden was determined by duplicate examination of three consecutive stool speci-

mens obtained from each study participant. Each of these specimens was evaluated for S. 

japonicum, Ascaris lumbricoides, Trichuris trichuria, and hookworm by the Kato Katz method 

as described elsewhere 18. Low, moderate and high intensity of infection for S. japonicum was 

determined using World Health Organization (WHO) criteria 19.

Nutritional assessment

Volunteers were measured while wearing light clothing and no shoes, according to procedures 

described by Jelliffe 20. Participants were weighed to the nearest 0.1 kg on a Seca Model 880 

Digital scale (Hanover, MD), and height was measured to the nearest 0.1 cm using a portable 

anthropometer. These measurements were used to determine the height-for-age Z-score 

(HAZ), body mass index (BMI) [wt/ht2] and BMI Z-score (BMIZ). BMI is the index of choice for 

the assessment of recent undernutrition in both adults and adolescents 21,22. HAZ represents 

long-term growth and nutritional status 21. The new Center for Disease Control (CDC) reference 

curves (2000) were used to calculate Z-scores 23 using EpiInfo 2000 software (version 2000, 

Atlanta, Georgia). Stunting and wasting were defined as HAZ or BMIZ < -2 SD, respectively. 

Because Z-scores were only calculable for individuals aged <20 years, wasting was additionally 

defined as BMI < 17 for individuals ≥ 20 years. Severe wasting was defined as BMIZ < -3 SD 
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or BMI < 16 for those aged 7-20 years and ≥ 20 years, respectively. Test-retest and inter-rater 

reliability assessment for anthropometric measurements were evaluated and found to be very 

good to excellent (range 0.86-0.99).

Blood collection and processing

Venipuncture was performed and blood was collected into Vacutainer tubes (Becton Dickin-

son and Company, Franklin Lakes, NJ) as described elsewhere 18. This venous sample was used 

to obtain a complete hemogram on a hematology analyzer (Serono-Baker Diagnostics, Al-

lentown, PA). Anemia was defined according to the age- and sex-specific criteria as described 

by WHO 19.

Serum was analyzed using a multiplexed bead based platform (BioRad, Irvine, CA) and cus-

tom assay kits. Albumin and bilirubin were determined using commercial kits (ThermoDMA, 

Louisville, CO). All pipetting and sample identification was performed with a barcode enabled, 

high-speed pipetting robot (Tecan, Research Triangle Park, NC).

We developed a 12-plex sandwich capture assay and a 3-plex competitive binding assay. 

Because they were measured concurrently, we present details of all analytes included in these 

assay kits, although several of these analytes were not used in this study. For the 12-plex, 500 

ug of each detection antibody (IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12, IFN-γ and TNF-α from BD 

Pharmingen, San Diego, CA; IL-1, TNF-RI, TNF-RII, and leptin from R&D Systems, Minneapolis, 

MN; EPO from StemCell Technologies, Inc., Vancouver, British Columbia; ferritin from Maine 

Biotechnology Services, Portland, ME) was coupled to 6.25 x 10^7 micro-spheres from unique 

bead regions according to manufacterer’s instructions (Luminex, Austin, TX). Standards (IL-

2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12, IFN-γ and TNF-α from BD Pharmingen, San Diego, CA; IL-1, 

TNF-RI, TNF-RII, EPO and Leptin from R&D Systems, Minneapolis, MN; Ferritin from Fitzgerald 

Industries International, Concord, MA) were pooled at appropriate concentration as a single 

lot, aliquoted into single use tubes, and stored at -80 deg C. Biotinylated detection antibodies 

were pooled into single use aliquots and stored at -80 deg C. Custom (all analytes) and com-

mercial controls (ferritin, DHEAS, and EPO) were stored in single-use aliquots at -80 deg C.

The 3-plex competitive assay kit for DHEAS, sTfR and CRP was developed in a similar fashion, 

however, instead of coupling capture antibody to the beads, the analyte (DHEAS from Ster-

aloids, Newport, RI; sTfR from Hytest, Turku, Finland, and CRP from Scripps Laboratories, San 

Diego, CA) was coupled. Detection antibodies and controls were prepared as above.

On all plates, we included a custom, pooled control containing all analytes as well as com-

mercial controls with expected values for ferritin, EPO, and DHEAS. The assay kits demonstrated 

less than 2% inter-analyte interference and the median inter-assay CV was 15% as assessed 

with 48 replicate controls on consecutive plates. 



82

C
ha

p
te

r 5

Data management and statistical analyses

Data were entered using Filemaker 5.5 software (Filemaker Inc., Santa Clara, CA). Normality di-

agnostics were first performed, and non-normally distributed variables, including egg counts, 

bilirubin, CRP and all serum cytokines, were log
e
 transformed [ln(value+1)]. Because we were 

unable to attain a normal distribution for IL-6, it was dichotomized into responders (cytokine-

level detectable) and non-responders (cytokine-level undetectable). 

All final analyses were performed in SAS version 8.02 (SAS Institute, Cary, NC). P-values < 

0.05 were considered statistically significant. Multi-level statistical analyses were used to ad-

just for clustering at the household level for all analyses. Specifically, random intercept models 

were constructed using Proc Mixed (with household as random effect and a compound sym-

metry correlation matrix) for continuous outcomes and generalized estimating equation (GEE) 

models were constructed using Proc Genmod (household as repeated effect with a compound 

symmetry correlation matrix) for dichotomous outcomes. For all measures the robust stan-

dard errors are reported. Least square mean values presented represent the mean adjusted 

for confounders.

Ethical clearance and informed consent

Brown University and The Philippines Research Institute of Tropical Medicine Institutional 

Review Boards approved this study. All S. japonicum infected subjects were treated at baseline 

and again at the end of the longitudinal study. Written informed consent was obtained from 

each adult participant or the parents of assenting children.

RESULTS

Prevalence of HF and association with age, sex and S. japonicum infection

Ultrasound examination was carried out in 641 individuals, 57 of whom had HF (8.9%); of 

these individuals, 47 (83%) had GI HF, 7 (12%) GII HF and 3 (5%) GIII HF. In five individuals no 

ultrasound was performed, and they were excluded from further analyses. Table 1 presents 

study characteristics of the whole cohort and compares individuals with HF to those without 

HF. Age and sex were significantly associated with HF. The mean age of those with fibrosis was 

18.5 years (range 8-30). Figure 1 shows the distribution of age and sex for the whole cohort 

and stratified by HF grade. A logistic regression model adjusting for differences in age and S. 

japonicum egg count showed that the odds of having any HF were 3.3 fold higher for males 

compared to females (95% CI: 1.4-7.4, P=.005). Overall, those with HF had 1.7 times higher 

mean S. japonicum egg count compared to those without HF (P=.009). Between those with 

GII-III and those without HF, as well as between those with GII-III and those with GI HF, the 

difference in geometric mean egg count was significant (P=.0005 and P=.022, respectively). 

Prevalence and intensity of infection with Ascaris lumbricoides, Trichuris trichuria and hook-
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Table 1. Study characteristics of the whole cohort and comparison of individuals with to those without hepatic fibrosis1

Variable, unit2 Whole cohort (N = 641) N No fibrosis (N = 584) Fibrosis (N = 57) P-value3

Sex (female) 226 (35.3%) 641 219 (37.5%) 7 (12.3%) .0004

Age, years (mean; 95% CI) 15.9 (15.3 – 16.4) 641 15.6 (15 – 16.2) 18.5 (16.9 – 20) .0005

Liver size on US, cm (mean; 95% CI) 7.2 (7.1 – 7.3) 641 7.1 (7 – 7.2) 8.5 (8 – 9.1) < .0001

Hepatomegaly (N; %) 97 (15.1%) 632 72 (12.4%) 25 (43.2%) < .0001

Spleen size on US, cm (mean; 95% CI) 6.7 (6.6 – 6.9) 641 6.6 (6.5 – 6.7) 7.9 (7.4 – 8.4) < .0001

Splenomegaly (N; %) 6 (0.9%) 632 2 (0.3%) 4 (7.1%) .0004

Grade of fibrosis (N; %) 641 -  -

GI 47 (7.2%) 47 (7.2%)

GII 7 (1.1%) 7 (1.1%)

GIII 3 (0.5%) 3 (0.5%)

S. japonicum infection, epg (geometric 
mean; 95% CI)

43.3 (38.3 – 48.9) 641 41.4 (36.5 – 46.9) 69.6 (47.7 – 101.5) .009 

Intensity of S. japonicum infection 
(N; %)

641 -

Low 446 (69.6%) 412 (70.6%) 34 (59.7%)

Moderate 152 (23.7%) 134 (23%) 18 (31.6%) 

High 43 (6.7%) 38 (6.5%) 5 (8.8%)

Height-for-age Z-score 4 (mean; 95% 
CI) 

-2.4 (-2.5 to -2.3) 491 -2.4 (-2.5 to -2.3) -2.7 (-3.0 to -2.4) .027 

Body-Mass-Index Z-score 4 (mean; 
95% CI)

-1.1 (-1.2 to -1.0) 489 -1.0 (-1.1 to -0.9) -1.6 (-1.9 to -1.3) < .0001

Stunted based on HAZ (N; %) 334 (67.1%) 491 306 (66.4%) 28 (76.3%) .22

Wasted based on BMIZ (N; %) 73 (14.9%) 489 66 (14.4%) 7 (20.8%) .30

Wasted based on BMI & BMIZ (N; %) 76 (12%) 627 68 (11.8%) 8 (14.3%) .58

Hemoglobin, g/dl (mean; 95% CI) 12.4 (12.2-12.6) 632 12.4 (12.2 – 12.6) 12.1 (11.5 – 12.8) .34

Anemia (N; %) 219 (33.9%) 632 190 (32.4%) 29 (49.9%) .006

Albumin, g/dl (mean; 95% CI) 4.23 (4.18-4.28) 634 4.23 (4.17 – 4.28) 4.26 (4.13 – 4.4) .62 

Bilirubin direct, mg/dl (geometric 
mean; 95% CI)

0.17 (0.15 – 0.18 634 0.16 (0.15 – 0.17) 0.2 (0.14 – 0.26) .196

CRP, µg/ml (geometric mean; 95% CI) 5.6 (5 – 6.1) 634 5.2 (4.8 – 5.7) 10.8 (7.5 – 15.2) < .0001 

IL-1, pg/ml (geometric mean; 95% CI) 1.4 (1.2 – 1.5) 634 1.3 (1.2 – 1.5) 2.1 (1.6 – 2.7) .002 

IL-6 responders (N; %) 155 (24.6%) 634 125 (22.2%) 30 (50.2%) < .0001 

IL-10, pg/ml (geometric mean; 95% CI) 3 (2.8 – 3.3) 634 2.9 (2.7 – 3.2) 4.1 (3.4 – 4.9) .0008

TNF-α, pg/ml (geometric mean; 95% 
CI)

27.3 (24.6 – 30.2) 634 26.8 (24 – 29.8) 33.7 (24.6 – 46.1) .17 

Soluble TNF-α receptor I, pg/ml 
(geometric mean; 95% CI)

217.2 (198.1 – 238.2) 634 212.5 (193.1 – 233.8) 274.3 (210.4 – 357.6) .069 

1 Based on bivariate analyses, adjusted for clustering at the household level.
2 For variables that were not normally distributed, log transformations were used and then back-transformed to geometric mean values. 
3 P-values were calculated by Chi Square for categorical variables and by Student’s t-test for continuous variables.
4 Z scores were calculated for ages 7-20 years.
CI=confidence interval, US=ultrasound, HAZ=height-for-age Z-score, BMIZ=body mass index Z-score, BMI=body mass index, CRP=C-reactive 
protein.
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worm were not significantly different between individuals with and without HF, or among 

categories of HF.

Association between HF and undernutrition

In bivariate analysis, presence of HF was associated with a lower HAZ and BMIZ compared to 

the absence of HF (Table 1). In order to obtain an unconfounded estimate of the association 

between HF grade and Z-scores, multivariate linear regression models were constructed. Mean 

BMIZ decreased, in a dosedependent fashion, in all 3 groups—those without HF, those with GI, 

and those with GII–III HF (Figure 2). Although HAZ showed a decreasing trend across levels of 

HF, this was not statistically significant. Because Z-scores are only calculable up to age 20, and 

39% of individuals with HF were ≥ 20 years old, we also evaluated the association between 

grade of HF and BMI for the whole cohort. Mean BMI was found to decrease significantly with 

severity of HF, independent of age and sex. For those without HF, those with GI HF, and those 

with GII-III HF, mean BMI was 17.7 (95% CI 17.5-17.9), 17.2 (95% CI 16.7-17.6) and 16.2 (95% 

CI 15.3-17.1), respectively. For differences between those without HF and those with GI HF, 

between those with GII-III HF and those with GI HF, and between those with GII-III and those 

without HF, P-values were .034, .042 and .002, respectively (data not shown). We also examined 

the relationship between grade of HF and the presence of wasting in the whole cohort. The 

odds of being wasted were significantly increased for those with GII-III HF compared to those 

with GI HF (odds ratio [OR] 53.8, 95% CI 8.8–328.3, P < .0001) or to those without HF (OR 19.6, 

95% CI 6.5–59.0, P < .0001), independent of age and sex (data not shown). Overall, 10 individu-

als (1.6%) were severely wasted, all of whom were male. In those without HF, GI HF and GII-III 

HF, the prevalence of severe wasting was 1.2%, 0% and 30%, respectively.
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Figure 1. Mean age by grade of fibrosis, stratified by sex.
Error bars represent 95% confidence interval of mean.
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Association between HF and levels of hemoglobin and anemia

The association between grade of HF and mean Hgb was evaluated by use of a linear re-

gression model, adjusting for age, sex, hookworm and S. japonicum egg count. A decrease 

in mean Hgb was observed across levels of HF, but none of the differences were statistically 

significant (mean Hgb in those without HF, those with GI HF and those with GII-III HF was 12.3, 

12.0 and 10.5 g/dl, respectively; data not shown). However, when analyzed dichotomously, 

the prevalence of anemia was significantly higher in those with HF compared to those with-

out HF (Table 1), and increased with increasing severity of HF; prevalence of anemia in those 

without HF, those with GI HF and those with GII-III HF was 32.4% (n=190), 48.1% (n=23) and 

58.4% (n=6), respectively. When adjusted for age, sex, hookworm and S. japonicum egg count, 

the OR for anemia in comparisons between those with GI HF and those without HF, between 

those with GII-III HF and those with GI HF, and between those with GII-III and those without HF 

was 2.2 (95% CI 1.2-4.2, P=.015), 1.8 (95% CI 0.5-6.6, P=.40) and 3.9 (95% CI 1.2-12.3, P=.019), 

respectively.

Association between HF and hepatosplenomegaly

In the whole cohort, hepatomegaly was present in 97 subjects (15.1%), 74 of whom were male 

(76.3%) and 25 of whom had HF (25.8%). The OR for hepatomegaly, in comparisons between 

those with GI HF and those without HF, between those with GII-III HF and those with GI HF, and 

between those with GII-III HF and those without HF was 3.5 (95% CI 1.9–6.7, P=.0001), 6.4 (95% 

CI 1.2–34.9, P=.032) and 22.7 (95% CI 4.4–117.1, P=.0002), respectively. Splenomegaly was 

Chapter 5. 

Figure 1. 

0

5

10

15

20

25

Whole cohort No fibrosis Grade I Grade II-III

M
ea

n
 a

g
e 

(y
ea

rs
)

Female
Male

n = 365 n = 7 n = 40 n = 10n = 219n = 415n = 226

Figure 2. 

-4.5

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

Z
-s

co
re

s

HAZ BMIZ

n=456 n=30 n=5 n=455 n=29 n=5

NF GI GII-III NF GI GII-III

p=.50

p=.21

p=.11

p=.032

p<.0001

p<.0001

Figure 2. Association between grade of liver fibrosis and height-for-age z-score and body mass index z-score (adjusted for age, sex and S. 
japonicum egg count, and for clustering within household).
NF= no fibrosis; GI= Grade I fibrosis; GII-III= Grade II and III fibrosis; HAZ= height-for-age z-score; BMIZ= body mass index z-score. Z-scores were 
calculated for ages 7-20 years.
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uncommon, with an overall prevalence of 0.9% (n=6), and it occurred only in male individuals 

with concomitant hepatomegaly.

Association between HF and markers of inflammation

We examined how levels of serum cytokines and C-reactive protein (CRP) related to severity 

of HF. Because IL-10 and TNF-α were significantly associated with S. japonicum egg count in 

bivariate analyses, these models were adjusted for S. japonicum egg count. Figure 3 shows se-

rum levels of IL-1 and IL-10, adjusted for age and sex, stratified by HF grade. Levels of IL-1 and 

IL-10 were significantly higher in those with GII-III HF compared to those with GI HF as well as 

to those without HF. Levels of TNF-α and sTNF-RI showed an increasing trend with increasing 

severity of HF, but the differences were not statistically significant (data not shown).

The prevalence of IL-6 responders, stratified by HF grade, is shown in Figure 4. The odds of 

producing IL-6 increased significantly with increasing severity of HF, independent of age and 

sex. Addition of S. japonicum egg count to this model did not alter the results. Overall, the 

odds of producing IL-6 were 3.5 times higher (95% CI 2.1–6.0, P < .0001) in individuals with 

HF than in those without HF. The adjusted OR in comparisons between those with GI HF and 

those without HF, between those with GII-III HF and those with GI HF, and between those 

with GII-III HF and those without HF was 2.7 (95% CI 1.4–4.9, P=.002), 10.1 (95% CI 1.0–104.0, 

P=.053) and 26.8 (95% CI 3.2–225.3, P=.003), respectively.

A striking, 2-fold higher level of CRP was found in individuals with HF compared to those 

without HF (Table 1); multivariate linear regression analysis revealed significant differences 
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across grades of HF, independent of age, sex and S. japonicum egg count (Figure 5). Mean 

levels of CRP in individuals without HF, those with GI HF, and those with GII-III HF were 5.2 (95% 

CI 4.7-5.6), 8.0 (95% CI 5.4-11.5) and 16.6 (95% CI 11.8-23.2) µg/ml, respectively.
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DISCUSSION

In this cross-sectional study, we found that HF in individuals aged 7-30 years who were in-

fected with S. japonicum was significantly associated with several measures of undernutrition 

and inflammation, as well as with S. japonicum egg count and hepatomegaly. Furthermore, 

there was a clear dose-response relationship between these morbidities with increasing se-

verity of HF.

As expected, age and sex were important demographic determinants of HF. The strikingly 

higher prevalence of HF in males compared to females, which has been described elsewhere 
3 4, could not be explained by differences in age or S. japonicum egg count. However, differ-

ences in sex steroids may contribute to this phenomenon; estrogen has been associated with 

suppression of the induction of HF 24 and with increased production of IFN-γ, a cytokine with 

important anti-fibrogenic properties 25, whereas androgens have been found to reduce pro-

duction of IFN-γ 26.

It is important to note that we found (1) that both BMIZ and BMI were significantly lower 

– and that wasting was significantly more prevalent – in individuals with severe HF and (2) 

that HAZ showed a trend of decreasing with increasing severity of HF. Our inability to detect a 

significant association between HAZ and grade of HF may be related to the fact that comple-

tion of linear growth occurs at around 20 years of age 27, while schistosomiasis-associated HF 

is a chronic condition more common in older individuals 3,28. In addition, the small sample 

size, particularly in the case of those with severe HF who were <20 years old (n=5), may have 

contributed to this null finding.

Chronic inflammatory conditions such as HF may lead to growth stunting in children and 

adolescents and to wasting in children, adolescents and adults, through systemically increased 

levels of proinflammatory cytokines. In line with this hypothesis, we found a significantly 

increased level of IL-1 and a higher percentage of IL-6 responders in individuals with HF, par-

ticularly in those with severe HF, relative to those without HF. Evidence exists that prolonged 

overproduction of IL-6 causes linear growth impairment through a decrease in circulating 

insulin-like growth factor I (IGF-I) 29, a hormone that is produced primarily by the liver and 

that has growth-promoting effects both independent of growth hormone (GH) and through 

mediation of the peripheral effects of GH 30. This IL-6-mediated decrease probably results from 

accelerated IGF-I clearance 31. In addition, both IL-1 and TNF-α have been shown to diminish 

circulating levels of IGF-I by decreasing its hepatic synthesis 32,33. HIV-infected children with 

growth impairment were found to have significantly increased IL-6 activity and decreased 

IGF-I levels compared to those with normal growth patterns 34. In a study of children with 

schistosomiasis-associated HF and stunting, serum levels of IGF-I were decreased 35.

In addition to interfering with hormonal pathways involved in growth, proinflammatory 

cytokines also cause undernutrition by inducing anorexia - and hence reducing food intake. 

Involvement of IL-1, IL-6 and TNF-α in the pathophysiology of anorexia and reduction of food 
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intake has been shown in several experimental animal models 36-38. In humans, increased levels 

of serum IL-6 and TNF-α were associated with loss of appetite in adult hemodialysis patients 39. 

The mechanisms involved are complex, including both peripheral and central cytokine produc-

tion and action, and likely an imbalance between pro- and anti-inflammatory cytokines 10,40.

Anemia was significantly more prevalent among those with HF, particularly among subjects 

with severe HF. Furthermore, individuals with severe HF had a mean Hgb level that was nearly 

2 g/dl lower than that in individuals without HF. These associations were independent of age, 

sex, concurrent hookworm infection and S. japonicum egg count. Two potential mechanisms 

through which HF may contribute to schistosomiasis-related anemia are (1) proinflammatory 

cytokine mediated dyserythropoiesis as seen in anemia of chronic disease/inflammation 41,42 

and (2) anorexia and subsequently decreased dietary intake of iron 39.

An important finding of the present study is that, compared with individuals without HF, 

even individuals with grade I HF had significantly lower mean BMIZ and BMI - and that, fur-

thermore, this group had a significantly greater prevalence of anemia, hepatomegaly and IL-6 

responders, and a higher mean level of CRP. These results underscore the clinical significance 

of mild HF, challenge the wildly held view that mild HF is clinically silent, and indicate that it 

may be clinically inappropriate to group individuals with mild or no HF together in epidemio-

logic studies.

The significantly higher levels of IL-10 that we observed in individuals with severe HF may 

reflect a counter-regulatory response to increased levels of proinflammatory cytokines, an 

important property of this immunoregulatory cytokine. Although a previous study has shown 

that IL-10 plays a central regulatory role in the pathogenesis of schistosomiasis 43, its relation 

to nutritional status has not been studied. In Toxoplasma gondii infection, mice that showed 

partial weight recovery after initial weight loss had elevated IL-10 production compared to 

mice that continued to lose weight 36.

The cross-sectional design of this study limits our ability to make causal inference. We have 

assumed that development of HF alters serum cytokine profiles and leads to morbidity. Al-

ternatively, certain cytokine patterns inherent in certain individuals may predispose to the 

likelihood of developing HF. Thus, these cytokine patterns may lead to both HF and nutritional 

impairment. Furthermore, chronic schistosomiasis may cause undernutrition in certain indi-

viduals, which, in turn, may lead toward a more maladaptive, pro-fibrotic immune response. 

Longitudinal studies may help to provide insight into these issues.

Another limitation of the present study is the absence of data on alcohol use, and on infec-

tion with hepatitis B and C virus, which may influence the extent of liver disease. However, 

Wiest et al. did not find an association between HF and either alcohol use or the presence of 

hepatitis B and C infection in children, adolescents and adults in a schistosomiasis-endemic 

area in China 28.

We conclude that, in children, adolescents and young adults infected with S. japonicum, HF 

is associated with impaired nutritional status. Our findings underscore the importance of early 
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recognition and treatment of HF, because compelling evidence indicates that undernutrition 

has detrimental effects on morbidity, mortality, cognitive development, reproduction and 

physical work capacity 44. It is important to note that we found that even low-grade HF was as-

sociated with significantly worse nutritional status, thereby identifying a heretofore unrecog-

nized but clinically important group. We hypothesize that the main mechanism through which 

HF leads to undernutrition and anemia is a systemic increase in the levels of proinflammatory 

cytokines, specifically IL-1 and IL-6, and possibly (although this is not strongly supported by 

the results of the present study) TNF-α.
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ABSTRACT

We conducted a prospective cohort study in Leyte, the Philippines, among 611 Schistosoma 

japonicum infected subjects aged 7-30 years, all of whom were treated with praziquantel at 

baseline. Abdominal ultrasound to detect hepatic fibrosis was performed at baseline and 

12 months post-treatment. Stool for assessment of S. japonicum infection was collected at 

baseline and at 3, 6, 9 and 12 months post-treatment. Cytokines (interleukin [IL]-4, IL-5, IL-10, 

IL-13, tumor necrosis factor [TNF]-α and interferon [IFN]-γ) produced by PBMC in response 

to soluble worm and egg antigen (SWAP and SEA) and control media were measured once 

4 weeks post-treatment. IL-4 to SWAP and IL-10 to both SWAP and SEA were associated with 

presence of baseline fibrosis after adjusting for potential confounders (all P<0.03). In subjects 

with baseline fibrosis, IL-4 to SWAP, and IL-5 and IL-13 to both SWAP and SEA were associated 

with persistent fibrosis at 12 months post-treatment (all P<0.05). Males showed consistently 

stronger Th2 cytokine responses to both SWAP and SEA compared to females (all P<0.02). 

These results suggest an independent role of Th2-biased cytokine responses to S. japonicum 

antigens in persistent hepatic fibrosis, and indicate that Th2 cytokines may contribute to the 

male-biased prevalence of fibrosis.
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INTRODUCTION

Hepatic fibrosis is among the most serious consequences of chronic schistosomiasis, and 

develops in a minority of those chronically infected. Parasite eggs trapped in hepatic sinu-

soids evoke a granulomatous inflammatory response that leads to excessive accumulation 

of extracellular matrix proteins and, subsequentely, fibrosis 1,2. A dysregulated host immune 

response, leading to imbalance between fibrogenesis and fibrolysis, is thought to be the main 

underlying mechanism 3,4. Treatment with praziquantel can lead to reversal of hepatic fibrosis 

within 7 months 5, especially in younger subjects, although this is uncommon once fibrosis is 

severe 6-8.

Despite the abundance of studies on the pathophysiology of schistosomiasis-associated 

hepatic fibrosis, our understanding of the immunological mechanisms involved remains in-

complete. In both murine and human studies, T-helper 2 (Th2) cytokines (interleukin [IL]-4, IL-5 

and IL-13) have been associated with an increased risk of fibrosis 3,9-11, and IL-10 is thought to 

play a critical immunoregulatory role 3,12. However, human studies have suggested an impor-

tant role for proinflammatory and Th1 cytokines: tumor necrosis factor (TNF)-α and interferon 

(IFN)-γ have been associated with an increased and decreased risk of fibrosis, respectively 10,12-

14. Furthermore, different cytokine profiles may be involved in the development of fibrosis in 

children, males and females 12. Inconsistent criteria and measurement error in the diagnosis of 

hepatic fibrosis as well as methodological differences in study design, cytokine measurement 

and analysis limit comparability of these studies. In addition, it is unknown whether results of 

these studies, performed in S. mansoni infected subjects, can be generalized to hepatic fibrosis 

in S. japonicum infection, which may be more severe due to the higher egg production and 

clustered egg excretion 15.

Community-based studies indicate that schistosome infected males are more likely to 

develop hepatic fibrosis than females 11,13,14,16, possibly due to their higher prevalence and 

intensity of infection associated with physical, behavioral and/or genetic factors 16-18. Immu-

nological differences between the sexes, resulting from the immunomodulatory effects of sex 

steroids, could also be involved in this increased risk of fibrosis in males 19. Females typically 

produce more vigorous cellular and humoral immune responses, which may explain both the 

lower prevalence of several parasitic diseases and the higher prevalence of many autoimmune 

diseases in females compared to males 19. However, an opposite pattern would be expected 

if sex-specific immune responses play a role in the differential prevalence of schistosomiasis-

associated hepatic fibrosis, which is induced and maintained by the host immune response to 

parasite eggs 3.

The objectives of this study were to 1) assess whether cytokines (IL-4, IL-5, IL-10, IL-13, TNF-α 

and IFN-γ) produced by peripheral blood mononuclear cells (PBMC) in response to specific S. 

japonicum antigens were associated with hepatic fibrosis at baseline and/or at one year post-

treatment, 2) assess, in a subgroup of our cohort with hepatic fibrosis at baseline, whether 
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these cytokine responses differentiated subjects in whom fibrosis reversed versus remained 

or progressed, and 3) detect potential sex differences in these cytokine responses that may be 

related to the higher prevalence of hepatic fibrosis in males.

METHODS

Study site and population

This longitudinal treatment-reinfection study, designed to assess immunological mechanisms 

of resistance to reinfection, was conducted in 3 S. japonicum-endemic rice-farming villages 

in Leyte, the Philippines, where malaria is not endemic. In total 74.3% (N=1262/1699) of in-

dividuals aged 7-30 years residing in the study villages were screened for the presence of S. 

japonicum infection by duplicate examination of three stool samples prior to enrolment. The 

prevalence of infection with S. japonicum in this age range was 60.0%. Participants were en-

rolled during two periods, in October 2002 and April 2003. For the main study, subjects were 

eligible if they were infected with S. japonicum, lived primarily in a study village, were between 

ages 7 and 30, were not pregnant or lactating, had no severe fibrosis (grade II or III), severe 

wasting (defined as body-mass-index <3rd percentile of a reference population of same age 

and sex derived from the US National Health & Anthropometric Examination Survey) or severe 

anemia (hemoglobin <7 g/dL), and provided both child assent and parental consent, or adult 

consent if >18 years old. For the current analyses, ultrasound evaluation at the start of the 

study (baseline) was an additional participation criterion. Enrolled participants (N=611) were 

treated with Praziquantel (60 mg/kg in a split dose) at baseline. The institutional review boards 

of Brown University and The Philippines Research Institute of Tropical Medicine approved the 

study. All S. japonicum reinfected subjects were treated at 18 months follow-up, after comple-

tion of the longitudinal study.

Stool examination

At baseline and 3, 6, 9 and 12 months post-treatment, egg counts were determined by du-

plicate examination of 3 consecutive stool specimens obtained from each study participant 

by the Kato Katz method. For each stool specimen, the average eggs per gram (epg) of the 

duplicate test was determined, and the overall mean epg was derived by averaging the egg 

count of the 3 individual specimens. Stool samples negative for S. japonicum eggs following 

reinfection were considered misclassified and were imputed using the last value carried for-

ward-method 20. Intermittent missing stool samples were imputed using the same method 20. 

Cumulative egg count post-treatment was defined as the sum of egg counts of 3, 6, 9 and 12 

months follow-up. Intensity of infection was determined by use of WHO criteria: low, moderate 

and high intensity infections were defined as 1–99, 100–399 and ≥ 400 epg, respectively 21.
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Ultrasound evaluation

At baseline and 12 months follow-up, study subjects were evaluated by ultrasound by two 

observers (JDK and RMO) using a EUB-200 device with a 3.5 Mhz probe (Hitachi, Tokyo, Japan). 

Both observers were blinded to the cytokine status of participants. Liver size was measured 

as size of the left liver lobe in cm in the right parasternal line. Spleen size was measured in the 

left intercostal oblique view in cm. Reference measurements for liver and spleen size among 

healthy Filipinos were not available, hence height-specific normal values from a healthy Chi-

nese population were used 22. Hepatomegaly and splenomegaly were defined as >2 standard 

deviations (SD) above the mean. Grading of hepatic fibrosis (grade I, II or III) was based on 

a modification of the grading system described by Doehring-Schwerdtfeger et al. 23. Severe 

fibrosis (grade II or III) was an exclusion criterion for participation in the study, thus only sub-

jects with no or grade I fibrosis were included at baseline. Persistent fibrosis was defined as 

presence of fibrosis both at baseline and follow-up. Reversible fibrosis was defined as pres-

ence of fibrosis at baseline, but not at follow-up.

PBMC collection and S. japonicum antigens

Four weeks post-treatment, venipuncture was performed and blood was collected into Va-

cutainer tubes (Becton Dickinson) containing heparin as anti-coagulant. PBMC were isolated 

and placed in culture within 4 hr of collection as described 24. Soluble egg antigen (SEA) and 

soluble worm antigen preparation (SWAP) were prepared as previously described 25,26. PBMC 

were stimulated with SWAP, SEA, PHA and control media as described 24. All samples produced 

detectible IFN-gamma in response to PHA.

Cytokine assays

All sample identification and pipetting was performed by a barcode-enabled, high-speed pi-

petting robot (Tecan, Research Triangle Park, NC). Cytokine assays were performed on culture 

supernatants using a multiplexed, bead-based platform and custom assay kits as described 24. 

The assay kits demonstrated 4% inter-analyte interference, and the median interassay coef-

ficient of variation for all analytes, as assessed by use of 40 replicate high-concentration con-

trols, was 14.3%. The lower limit of detection was consistently <2.4 pg/ml for all cytokines. In 

some analyses, cytokine values were dichotomized into low and high response based on the 

mean of the distribution.

Statistical analyses

Variables that were not normally distributed (S. japonicum egg count and all cytokines) were 

log
e
 transformed [ln(n+1)]. Multi-level statistical analyses for dichotomous and continuous 

outcomes were performed using Proc GenMod and Proc Mixed, respectively, in SAS version 

9.1 (SAS Institute, Cary, NC). P-values <0.05 were considered statistically significant.
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For dichotomous outcomes we used generalized estimating equation (GEE) models 27 and for 

continuous outcomes we used random effect models. In both cases, we adjusted for clustering at 

the household level and used empirical standard errors. For subgroup analyses of subjects with 

baseline fibrosis, the small sample size precluded adjustment for household-level clustering.

All models evaluating the association between cytokine responses and fibrosis were ad-

justed for unstimulated cytokine production 24, sex, age and baseline S. japonicum egg count. 

Models evaluating fibrosis at follow-up were also adjusted for presence of fibrosis at baseline 

and cumulative egg count post-treatment. Models evaluating the association between sex 

and cytokine responses were adjusted for baseline egg count and age.

RESULTS

Descriptive characteristics

Table 1 presents descriptive characteristics of all participants at baseline (N=611) and of those 

available for ultrasound at 12 months follow-up (N=437). Sex, age, mean S. japonicum egg 

count, liver size and prevalence of fibrosis at baseline were not significantly different between 

subjects in whom a follow-up ultrasound was performed (71.5%) and not performed (28.5%; 

data not shown).

At baseline, N=41 subjects (6.7%) had grade I hepatic fibrosis. Among these subjects, fibrosis 

grade remained unchanged at 12 months follow-up in N=11, progressed in N=5 and reversed 

in N=13 subjects. For N=12/41 subjects, no follow-up ultrasound was available. Sex, age, mean 

Table 1. Descriptive characteristics of the cohort at baseline and one-year follow-up.

Variable, unit Cohort at baseline (N=611) Cohort at one year follow-up (N=437)

Sex, female; n (%) 225 (36.8) 159 (36.4)

Age, years; mean (95% CI) 15.6 (15.1-16.1) 16.0 (15.4-16.6)

S. japonicum egg count, epg; geometric mean 
(95% CI)

42.9 (38.4-47.9) 15.4 (12.8-18.5)

S. japonicum intensity; n (%) Uninfected - 76 (17.4)

Low 431 (70.5) 288 (66.1)

Moderate 144 (23.6) 55 (12.6)

High 36 (5.9) 17 (3.9)

Presence of fibrosis; n (%) 41 (6.7) 89 (20.4)

Fibrosis grade; n (% of fibrosis) I 41 (100) 79 (88.8)

II - 9 (10.1)

III - 1 (1.1)

Liversize, cm; mean (95% CI) 7.1 (7.1-7.2) 6.9 (6.8-7.0)

Hepatomegaly; n (%) 78 (12.9) 41 (10.0)

Splenomegaly; n (%) 2 (0.3) 2 (0.5)
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S. japonicum egg count and liver size at baseline were not significantly different among these 

subjects compared to subjects with baseline fibrosis and a follow-up ultrasound. Prevalence 

of grade I fibrosis increased from 6.7% at baseline to 18.1% at one-year follow-up. Of the latter 

group, N=68/79 (86.1%) had no fibrosis at baseline and 82.3% was reinfected at 12 months.

Associations between cytokines and fibrosis in baseline and follow-up cohort

We first evaluated whether cytokines produced by PBMC in response to SEA and SWAP were 

associated with grade I fibrosis in the baseline cohort (N=611). IL-4 in response to SWAP and 

IL-10 in response to both SWAP and SEA were associated with presence of baseline fibrosis 

(beta-coefficient [p-value]: 0.32 [0.020], 0.57 [0.024] and 0.76 [0.026], respectively), indepen-

dent of sex, age, unstimulated cytokine production and baseline S. japonicum egg count.

Next, we evaluated whether cytokine responses, measured at 4 weeks post-treatment, pre-

dicted presence of any grade fibrosis in the follow-up cohort (N=437). Models were adjusted 

for sex, age, unstimulated cytokine production, baseline egg count, cumulative egg count 

post-treatment and presence of baseline fibrosis. No significant associations were found for 

continuous cytokine responses. After dichotomizing cytokine responses into low and high 

responders, low IFN-γ to SEA and high TNF-α to SWAP showed a trend of association with 

presence of fibrosis at follow-up (beta-coefficient [p-value]: 0.53 [0.063] and 0.63 [0.059], re-

spectively).

Associations between cytokines and fibrosis in subgroup analyses

In subjects with grade I fibrosis at baseline, we evaluated the relationship between cytokine 

production and fibrosis status at follow-up. Models were adjusted for sex, age, unstimulated 

cytokine production, baseline egg count and cumulative egg count post-treatment. IL-4 to 

SWAP, and IL-5 and IL-13 to both SWAP and SEA were associated with persistent fibrosis (all 

p-values >0.01 and <0.05). Cytokine levels in these subjects (N=29) were dichotomized into 

low and high responders. Figure 1 shows the adjusted prevalence of persistent fibrosis among 

low and high IL-4, IL-5 and IL-13 responders to both SWAP and SEA.

Because of the 2.7-fold increase in prevalence of grade I fibrosis at follow-up, we also evalu-

ated whether cytokine responses in subjects with grade I fibrosis at follow-up who had no 

baseline fibrosis (new grade I fibrosis; N=68) were different compared to subjects who had 

no fibrosis during the study period (N=335). Models were adjusted for sex, age, unstimulated 

cytokine production, baseline egg count and cumulative egg count post-treatment. No signifi-

cant differences were found for continuous cytokine responses. After dichotomizing cytokine 

responses into low and high responders, low IFN-γ to SEA was associated with new grade 

I fibrosis (beta-coefficient [p-value]: 0.63 [0.044]), and high IL-10 to SEA showed a trend of 

association with new grade I fibrosis (beta-coefficient [p-value]: 0.70 [0.066]). Of note, neither 

the presence/absence of reinfection at 3 or 12 months post-treatment nor cumulative egg 

count post-treatment were associated with presence of new grade I fibrosis.
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Among those with baseline and follow-up fibrosis, respectively, N=7/41 (17.1%) and N=17/89 

(19.1%) were female. Severe fibrosis at follow-up was detected in one female and in nine 

males. For males compared to females, the OR (95% CI; p-value) for fibrosis at baseline and 

follow-up was 2.44 (1.05-5.67; 0.038) and 2.49 (1.32-4.70; 0.005), respectively, independent of 

S. japonicum egg count and age. To assess whether differences in cytokine responses play a 

role in this differential prevalence of fibrosis, we evaluated whether sex predicted cytokine 

responses to SWAP, SEA and control media, independent of baseline egg count and age. Males 

had significantly stronger Th2 responses to both SWAP and SEA compared to females (Fig-

ure 2). Surprisingly, production of IFN-γ to SWAP was 1.4-fold higher in males (P=0.006), but 

no significant sex difference was observed in production of IFN-γ in response to SEA or control 

media.

DISCUSSION

In this study of S. japonicum-infected children, adolescents and young adults, we evaluated 

associations between S. japonicum-specific cytokine responses, measured 4 weeks following 

treatment with praziquantel, and hepatic fibrosis. IL-4 in response to SWAP and IL-10 in re-

sponse to both SWAP and SEA were positively associated with grade I fibrosis at baseline. In 

addition, in subjects with grade I fibrosis at baseline, IL-4 to SWAP, and IL-5 and IL-13 to both 

Figure 5. 
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Figure 1. Adjusted prevalence of persistent fibrosis for low and high cytokine responders.
Cytokine levels were dichotomized into low and high responders in subjects with baseline fibrosis and a follow-up ultrasound (N=29). Persistent 
and reversible fibrosis were present in N=16 and N=13 subjects, respectively. White and grey bars represent low and high cytokine responders, 
respectively. Error bars represent 95% CIs. An asterisk indicates a significant difference between low and high cytokine responders (P<0.05). 
Results are based on logistic regression analyses. All models were adjusted for sex, age, baseline S. japonicum egg count, cumulative egg count 
post-treatment, and unstimulated cytokine response.
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SWAP and SEA were positively associated with persistent fibrosis one year after treatment with 

praziquantel. This is the first human study to assess associations between antigen-specific cy-

tokines and hepatic fibrosis in S. japonicum infection. Similar associations have been described 

in human S. mansoni infection 9,11. Our findings were independent of potential confounders 

of the relationship between cytokines and fibrosis: sex, age, constitutive cytokine response 

and S. japonicum egg count. Importantly, this suggests that the host cytokine response to 

S. japonicum is an important determinant of fibrosis and its potential reversibility with treat-

ment, independent of egg burden.

Consistently higher Th2 responses to S. japonicum antigens were found in males compared 

to females. This finding is in accord with human studies in S. mansoni and S. japonicum in-

fected subjects, which showed higher IgG
4
 and IgE antibody responses to worm antigen in 

males compared to females, independent of age and intensity of infection 18,28. Furthermore, 

our finding supports an immunological basis for the higher prevalence of hepatic fibrosis in 

males. In naïve mice, schistosome eggs trapped in the liver typically induce a shift from an 

initial Th1 response to a Th2 response with chronic infection. Dysfunctional regulation of this 

Figure 2. 
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Figure 2. Sex-specific adjusted means of cytokine responses to SWAP, SEA and control media.
Least square means of IL-4 (A), IL-5 (B), IL-13 (C) and IFN-γ (D) production by sex. White and grey bars represent back-transformed geometric 
mean cytokine levels in females and males, respectively. Error bars represent 95% CIs. Number of females and males (F/M) for analyses with 
SWAP, SEA and control media were N=195/341, 206/342 and 212/357, respectively. Results are based on multivariate linear regression analyses, 
adjusted for age, baseline S. japonicum egg count and household-level clustering.
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Th2 response contributes to the development of hepatic fibrosis 3. In murine schistosomiasis, 

myeloid differentiation factor 88 (MyD88)-deficient mice, which are incapable of mounting an 

antigen-specific Th1 response, have smaller but more fibrotic hepatic granulomas, as well as a 

trend of elevated hepatic IL-13 levels 29. IL-13, which directly and indirectly stimulates collagen 

production by fibroblasts 4, has been shown to be particularly important in the development 

and progression of hepatic fibrosis 2-4,11. Moreover, a recent study found that the IL-13 receptor 

α, a decoy receptor that blocks IL-13 function, is a critical mediator of immune down-modula-

tion in chronic schistosomiasis. Elevated serum levels of this receptor were found in S. mansoni 

infected subjects compared to uninfected controls, with higher levels in subjects with higher 

intensity infection 30. Taken together, our findings indicate that the pro-fibrotic cytokines IL-

4, IL-5 and IL-13 play an independent role in persistence of S. japonicum-associated hepatic 

fibrosis and may explain the higher prevalence of fibrosis in males.

Human studies have linked IFN-γ with protection against fibrosis 13,14, and in line with this 

we found an association between low egg-induced IFN-γ production and development of 

grade I fibrosis at follow-up. Surprisingly, males had higher levels of worm-induced IFN-γ than 

females, yet had 2.4 fold increased odds of having fibrosis at baseline compared to females. We 

speculate that the potential protective effect of IFN-γ was attenuated by the strong parasite-

specific, pro-fibrotic Th2 response in males. The positive association between both egg- and 

worm-induced IL-10 and grade I fibrosis in this study, which has also been described for severe 

fibrosis in S. mansoni infection 9, may reflect a counter-regulatory mechanism; IL-10 has been 

implicated in the control of both Th1 and Th2 responses and is considered a host-protective 

cytokine during schistosomiasis 3. In contrast to our findings, Booth et al. found an association 

between low IL-10 production and hepatic fibrosis in children 12, and suggested this may be 

related to the immunoregulatory role of IL-10. These conflicting results may reflect differences 

in study population and design, and in methods of fibrosis and cytokine assessment, or may 

represent distinct regulatory mechanisms operating in S. mansoni versus S. japonicum infected 

individuals.

Although hepatic fibrosis is induced by the host response to schistosome eggs 1,3, we also 

found consistent associations between worm-induced cytokines and fibrosis. Treatment 

results in exposure of previously masked worm proteins to the host immune system 1. We 

measured specific cytokine responses 4 weeks post-treatment, thus cross-reactivity between 

worm and egg antigens, which display significant similarity 31, may explain these findings.

Surprisingly, a 2.7-fold increase in prevalence of grade I fibrosis was found at follow-up com-

pared to baseline; 86% of subjects with fibrosis at follow-up did not have fibrosis at baseline. 

A potential explanation for this observation may be rebound morbidity - the exacerbation of 

morbidity following chemotherapy and rapid reinfection that has been described for hepa-

tomegaly 32. This would suggest a potential adverse effect of treatment if rapid reinfection 

occurs. Paradoxically, neither reinfection, including reinfection within 3 months post-treat-

ment, nor cumulative egg count post-treatment was associated with presence of new grade 
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I fibrosis. Insufficient sensitivity of egg counts despite duplicate examination of 3 stools may 

be responsible for this lack of association. Alternatively, persistence of egg antigen in cured 

individuals may lead to continued stimulation of pro-fibrotic cytokines.

Limitations of this study need to be addressed. First, we did not collect data on viral 

hepatitis or alcohol use, both of which may influence the progression of hepatic fibrosis 33,34. 

Approximately 12% of the rural population of the Philippines is carrier of Hepatitis B virus 
35, and Hepatitis C antibodies were found in 2.2% of Filipino blood donors 36. Alcohol intake 

in rural communities in the Philippines is high, but it is currently unknown to what extent 

this contributes to the development of liver disease (personal communication, dr. R. Olveda). 

Nonetheless, it is unlikely that these factors are related to both hepatic fibrosis and production 

of S. japonicum-specific cytokines, which limits the possibility of residual confounding. Sec-

ond, our study did not include data on genetics, an important determinant of hepatic fibrosis. 

Genetic polymorphisms within the IFN-γ and IFN-γ receptor-1 genes as well as the IL-13 gene 

have been associated with severe hepatic fibrosis in S. mansoni and S. japonicum infection, 

respectively 14,37,38. In addition, specific HLA class II alleles have been identified that are associ-

ated with both increased and decreased risk of developing hepatic fibrosis in S. japonicum 

infection 38,39. Importantly, adjusting our analyses for clustering at the household level likely 

reduces the variation in fibrosis that can be explained by inherited factors. Third, subjects with 

severe fibrosis at baseline were excluded for ethical reasons, reducing the variability of our 

outcome (fibrosis), but possibly also that of our predictor variables (cytokine responses). This 

may have introduced selection bias, resulting in a Type II error limiting our ability to detect 

differences in cytokine responses. Finally, our analyses of persistent fibrosis were based on a 

small number of individuals. Nevertheless, we did find significant differences in Th2 cytokine 

production between subjects whose fibrosis remained and subjects whose fibrosis regressed 

at follow-up. 

Recently, we described a protective effect of Th2-biased host responses to specific S. ja-

ponicum antigens in limiting the intensity of reinfection after praziquantel treatment in this 

cohort 24. These data were broadly concordant with earlier observations in S. mansoni and 

S. hematobium 40,41. Together, these results, as well as evidence implicating IgE responses in 

mediating protective immunity 42, have focused vaccine development efforts on generating 

Th2 responses to limit intensity of infection. In the context of our present findings implicating 

Th2 responses to crude worm and egg antigens in mediating hepatic fibrosis, concern regard-

ing enhanced hepatic morbidity accompanying a Th2-boosting vaccine is warranted. Careful 

selection of vaccine candidates and adjuvants to avoid these deleterious consequences will 

require assessment of hepatic morbidity in vaccinated infected animals prior to Phase II trials 

in humans.

In conclusion, our results suggest an independent role of Th2-biased cytokine responses to 

S. japonicum antigens in persistence of hepatic fibrosis, and indicate that Th2 cytokines may 

play a role in the higher prevalence of fibrosis in males.
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ABSTRACT

Pubertal development and associated downmodulation of proinflammatory cytokines may 

predict improved nutritional status independent of chronic parasite infections in developing 

countries. We enrolled 731 individuals aged 7-30 y from Leyte, the Philippines, where helminth 

infections and nutritional morbidity are highly prevalent. The following data were collected: 

venous blood for hemoglobin, ferritin, dehydroepiandrosterone sulfate (DHEAS), C-reactive 

protein (CRP) and serum proinflammatory cytokines (interleukin [IL]-1, IL-6, tumor necrosis 

factor [TNF]-alpha, and soluble TNF receptor I [sTNF-RI]); anthropometric measurements to 

calculate upper arm muscle area Z-score (UMAZ) and sum of triceps and subscapular skinfolds 

Z-score (SSFZ); stool to determine Schistosoma japonicum and geohelminth egg counts; and 

questionnaires assessing socio-economic status (SES). In cross-sectional multilevel linear and 

logistic regression analyses, adjusted for confounders, relationships were assessed between 

1) DHEAS and nutritional status, 2) DHEAS and proinflammatory cytokines, and 3) nutritional 

status and proinflammatory cytokines. Independent of age, SES and helminth infections, 

increased levels of DHEAS were associated with improved nutritional status and decreased 

prevalence of non-iron deficiency anemia in both males and females. DHEAS showed a dose-

dependent inverse relationship with CRP and production of IL-6 (P=0.08 and <0.0001, respec-

tively). These inflammatory markers, in turn, were consistently associated with undernutrition 

and anemia. These results suggest that the puberty-associated rise in DHEAS downmodulates 

proinflammatory immune responses and thereby reduces undernutrition and anemia in 

a population experiencing a high burden of chronic helminth infections. This novel regula-

tory mechanism of inflammation-related nutritional morbidity emphasizes the importance of 

treating pre-pubescent children for helminth infections. 
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INTRODUCTION

Childhood undernutrition and anemia have considerable impact on cognitive function, physi-

cal work capacity, reproduction and overall morbidity and mortality, both during childhood 

and adulthood 1,2. In developing countries, children suffer the highest prevalence of undernu-

trition and anemia, as well as the highest burden of parasite infections 2,3. Chronic infections 

are a major cause of these morbidities; they can lead to decreased food intake and impaired 

nutrient absorption, cause direct nutrient losses, increase metabolic requirements or catabolic 

losses of nutrients and, possibly, impair transport of nutrients to target tissues 3. Some of these 

mechanisms are mediated by proinflammatory cytokines; in a wide variety of chronic inflam-

matory diseases, proinflammatory cytokines, in particular interleukin (IL)-1, IL-6 and tumor 

necrosis factor (TNF)-α, have been associated with anorexia, cachexia and anemia 2,4-6.

The host proinflammatory response determines, in part, the extent of detrimental effects 

of chronic infections on nutritional status, and nutritional status, in turn, can affect the host 

immune response against infections, thus establishing a maladaptive cycle between im-

munity and nutritional morbidity 2. Pubertal development and its associated immunological 

changes may play a role in the disproportionate burden of undernutrition and anemia in 

pre-pubescent children compared to adults in developing countries, independent of the ef-

fects of parasite infections. Of particular interest in this respect is the adrenal steroid hormone 

dehydroepiandrosterone (DHEA) 4 and its sulfate, DHEAS, serum levels of which are low during 

the pre-pubescent years, rise during pubertal development, peak between 20-30 years and 

subsequently gradually decline 7. Several studies indicate that DHEA and DHEAS, here referred 

to as DHEA(S), have anti-inflammatory properties; downregulation of IL-6 and TNF-α by these 

hormones has been reported in both experimental animal and human in vitro studies 8-13. It has 

been proposed that decreased levels of DHEA(S) associated with senescence are responsible 

for the accompanying increase in serum proinflammatory cytokines, a pattern that defines 

immunosenescence 14,15. Furthermore, it has been suggested that immunological changes 

during puberty are related to the decreased susceptibility to parasitic infections of adults 

compared to children 16, and evidence indicates that the puberty-associated rise in DHEAS 

may mediate this age-associated resistance 17-19. To our knowledge, however, no studies have 

examined the potential beneficial effects of DHEAS on proinflammatory cytokine-mediated 

nutritional morbidity in adolescents.

Using data collected in an area endemic for Schistosoma japonicum and geohelminth infec-

tions, and with a relatively high prevalence of undernutrition and anemia, we tested the hy-

pothesis that 1) DHEAS is associated with better nutritional status in both males and females, 

independent of age, socio-economic status (SES) and helminth infection intensities, 2) DHEAS 

is inversely associated with serum proinflammatory cytokines, independent of age, sex and 

helminth infection intensities, and 3) these proinflammatory cytokines are independently as-

sociated with nutritional morbidity. Establishment of these relationships would suggest that 
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the anti-inflammatory effects of DHEAS contribute to the decreased burden of undernutri-

tion and anemia in young adults compared to children in a setting of continuous exposure to 

chronic inflammation, independent of the intensity of helminth infections.

METHODS

Study design and population

This cross-sectional study was conducted in three S. japonicum-endemic rice-farming villages 

(Macanip, Buri and Pitogo) in Leyte, the Philippines. Malaria is not endemic in this area. Partici-

pants were enrolled during two periods, in October 2002 and April 2003. 

The study sample consists of 644 S. japonicum-infected individuals aged 7-30 y, recruited 

as part of a longitudinal study investigating immune correlates of resistance to reinfection 

with S. japonicum 20, and 87 S. japonicum uninfected subjects aged 7-18 y, recruited during 

the same period as controls for a separate study evaluating the effects of helminth infection 

on cognitive function. In total, 74.3% (n=1262/1699) of individuals aged 7-30 y residing in the 

three study villages were screened for the presence of S. japonicum infection. The prevalence 

of infection with S. japonicum in this age range was 60.0%. S. japonicum uninfected control 

subjects were recruited until a target sample size of approximately 100 controls was obtained. 

Individuals were eligible to participate if they provided both blood and stool samples, were 

not pregnant or lactating and provided child assent and parental consent, or adult consent if 

>18 y old.

The study was approved by the institutional review boards of Brown University and The Phil-

ippines Research Institute of Tropical Medicine. All S. japonicum-reinfected and geohelminth-

infected subjects were treated at the end of the longitudinal study, 18 mo after enrolment.

Blood collection, processing and analysis

Venipuncture was performed and blood was collected into Vacutainer tubes (Becton Dick-

inson) containing EDTA as anticoagulant (for hemogram) or serum separator gel (for serum 

cytokines, C-reactive protein [CRP], and DHEAS). A complete hemogram was obtained using 

a hematology analyzer (Serono-Baker Diagnostics, Allentown, PA) as described 21. Serum cyto-

kines (IL-1b, IL-6, TNF-α and soluble TNF-receptor I [sTNF-RI]), CRP and DHEAS were analyzed 

by use of a multiplex bead-based platform (BioRad, Hercules, CA) and custom assay kits as 

described 22. All pipetting and sample identification was performed by a barcode-enabled, 

high-speed pipetting robot (Tecan, Research Triangle Park, NC).

Nutritional status

The following nutritional outcomes were evaluated: upper arm muscle area Z-score (UMAZ), 

sum of skinfolds Z-score (SSFZ; based on the sum of triceps and subscapular skinfolds) and 
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prevalence of wasting. Height and weight were measured according to standard procedures 
23. BMI (kg/m2) was calculated for all participants and BMI Z-scores (BMIZ) were calculated for 

subjects <20 y as described 24. Mid-upper arm circumference was measured in duplicate and 

skinfolds were measured in triplicate as described 24. Test-retest and inter-rater reliability for 

weight, height, and skinfolds were excellent, ranging from 0.73-0.99 and 0.56-0.96, respec-

tively. UMAZ-for-age and SSFZ-for-age were calculated for all participants using a healthy ref-

erence population 25. Z-scores indicate the deviation of a person’s nutritional status from the 

median of a healthy US reference population of same age and sex 26. BMI is the index of choice 

for the assessment of recent undernutrition in both adults and adolescents. SSFZ reflects body 

fat stores, and UMAZ reflects body protein stores 23,26.

Pubertal assessment

Tanner staging of pubertal development was performed by two trained physicians according 

to standard criteria 27. Last menstrual period was recorded for females by use of a question-

naire.

Stool examination

Parasite egg counts were determined by duplicate examination of three consecutive stool 

specimens obtained from each study participant. Each stool specimen was evaluated for S. ja-

ponicum, Ascaris lumbricoides, Trichuris trichuria and hookworm eggs by the Kato Katz method. 

For each of the stool specimens, the mean number of eggs per gram (epg) of the duplicate 

examination was determined; the overall mean number of epg was derived by averaging the 

egg count of the three individual specimens.

Socio-economic status (SES)

A summary SES score based on questionnaire data addressing parental and child educational 

status, occupational status, ownership of home/land, and assets was calculated for each par-

ticipant as described 21.

Definitions

Pre- and post-adrenarche were defined as Tanner pubic hair development stage 1 and stage 

2-5, respectively. Among females, being post-menarche was defined as having reported men-

struation. Wasting was defined as BMIZ <-2 in subjects <20 y and as BMI <17 in subjects ≥ 20 

y. Anemia was defined on the basis of age- and sex-specific hemoglobin (Hgb) cut-off values 

recommended by WHO 28: Hgb <115 g/L for children aged <12 y, Hgb <120 g/L for males 

aged 12–14 y and females >12 y, and Hgb <130 g/L for males aged > 15 y. Iron deficiency 

anemia (IDA) was defined as presence of anemia and serum ferritin (SF) ≤ 30 ng/ml. Non-iron 

deficiency anemia (NIDA) was defined as presence of anemia and SF >30 ng/ml. Recent studies 

evaluating the usefulness of SF for determining iron deficiency in anemic individuals from 
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different populations have concluded that a single cut-off of SF≤ 30 ng/ml has high sensitivity 

and specificity for detecting IDA, even when there is concurrent inflammation 29,30.

Statistical analyses

Non-normally distributed variables (all helminth egg counts, DHEAS, CRP and all cytokines) 

were log
e
 transformed [ln(n+1)]. Because serum IL-6 was undetectable (<1.45 pg/ml) in a sub-

stantial proportion of subjects, it was dichotomized into responses (cytokine detectable) and 

non-responses (cytokine not detectable).

Analyses were done in SAS version 9.1 (SAS Institute, Cary, NC). P-values <0.05 were con-

sidered statistically significant. For bivariate analyses, Student’s T-test and Chi-square were 

used for continuous and dichotomous outcomes, respectively. All multivariate analyses were 

adjusted for clustering of subjects within households using multilevel models 31. Specifically, 

random effect models and generalized estimating equations (GEE) models were fit for con-

tinuous and dichotomous outcomes, respectively 31. P-values and 95% confidence intervals 

were based on empirical and GEE standard errors. Regression coefficients are presented in 

the text.

Model fit of DHEAS and DHEAS-squared was evaluated to allow linear and non-linear as-

sociations between DHEAS and the morbidity outcomes.

All analyses were adjusted for potential confounders (sex, age, SES and S. japonicum, A. lum-

bricoides, T. trichuria and hookworm egg count) as specified. Predictor variables and covariates 

were centered at the overall mean for all analyses. Regression estimates are interpreted as the 

mean change in the outcome per log-unit change from the mean of the predictor variable, for 

an individual with a mean value for all covariates.

Because of the differential effect of puberty on body composition and Hgb in males and 

females, models evaluating the relationship between DHEAS and nutritional status were 

stratified by sex.

RESULTS

Descriptive characteristics

Table 1 shows descriptive characteristics of the whole cohort and stratified by sex. Males 

were significantly older than females, but the proportion that was post-adrenarche was not 

different. Nutritional status was worse among males, who also had a higher prevalence of S. 

japonicum and hookworm infection, higher mean CRP and IL-1 and greater prevalence of IL-6 

responses. Contrary to expectation, prevalence of IDA in males was 1.4 fold of the prevalence 

in females, even though 39.7% of females were post-menarche. Prevalence of A. lumbricoides 

infection was higher among females.
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Age and nutritional status

We first evaluated whether nutritional status was better among older individuals, indepen-

dent of sex, SES and intensity of helminth infections (measured as S. japonicum, A. lumbricoi-

des, T. trichuria and hookworm egg count). Age was positively associated with UMAZ (β 0.06, 

P<0.0001) and Hgb (β 0.18, P<0.0001). In addition, age was inversely associated with odds of 

anemia (β -0.11, P<0.0001) and wasting (β -0.06, P=0.007). The association between age and 

Hgb was present even among females >12 years of age, in whom a physiological increase in 

Hgb during puberty is not expected (β 0.06 [P=0.001]).

Table 1. Descriptive characteristics of the whole cohort and stratified by sex 1

Variable, unit Whole cohort (n=731) Males (n=454) Females (n=277)

Age, y; mean (95% CI) 15.3 (14.9-15.8) 16.2 (15.7-16.8) 13.9 (13.2-14.6) *

Post-adrenarche; n (%) 2 330 (46.1) 213 (48.4) 117 (42.4)

DHEAS, ng/ml; geometric mean (95% CI) 325.5 (293.2-361.5) 339.7 (297.4-388.0) 303.5 (256.0-359.9)

SES; mean (95% CI) 2.21 (2.14-2.27) 2.14 (2.06-2.23) 2.31 (2.20-2.41) *

UMAZ; mean (95% CI) -1.06 (-1.12 to -0.99) -1.33 (-1.41 to -1.26) -0.60 (-0.70 to -0.51) *

SSFZ; mean (95% CI) -0.37 (-0.40 to -0.33) -0.35 (-0.39 to -0.30) -0.40 (-0.45 to -0.35)

Wasting; n (%) 3 101 (13.8) 76 (10.4) 25 (3.4) *

Hemoglobin, g/L; mean (95% CI) 124 (122-125) 124 (122-126) 123 (121-125)

Ferritin, ng/ml; geometric mean (95% CI) 33.4 (31.0-36.0) 35.3 (32.1-38.8) 30.5 (27.0-34.5)

Anemia; n (%) 4 235 (32.4) 164 (36.4) 71 (25.7) *

IDA; n (%) 4 149 (20.5) 109 (27.6) 40 (16.3) *

NIDA; n (%) 4 86 (11.8) 55 (16.1) 31 (13.1)

CRP, µg/ml; geometric mean (95% CI) 5.3 (4.9-5.8) 6.3 (5.7-6.9) 4.0 (3.4-4.5) *

TNF-α, pg/ml; geometric mean (95% CI) 26.0 (23.9-28.3) 27.1 (24.3-30.1) 24.4 (21.3-28.0)

Soluble TNF receptor I, pg/ml; geometric 
mean (95% CI)

218.6 (201.9-236.6) 221.6 (200.3-245.0) 213.8 (187.9-243.2)

IL-1, pg/ml; geometric mean (95% CI) 1.2 (1.1-1.3) 1.3 (1.2-1.5) 1.1 (0.9-1.2) *

IL-6 response; n (%) 161 (22.2) 115 (25.5) 46 (16.7) *

S. japonicum infection; n (%) 644 (88.1) 416 (91.6) 228 (82.3) *

A. lumbricoides infection; n (%) 535 (74.4) 319 (71.5) 216 (79.1) *

T. trichuria infection; n; %) 662 (92.1) 413 (92.6) 249 (91.2)

Hookworm infection; n (%) 417 (58.0) 293 (70.3) 124 (45.4) *

1 Comparisons between males and females are based on bivariate analyses. An asterisk indicates a significant difference between the sexes 
(P<0.05), based on Student’s T-test and Chi-square for continuous and dichotomous outcomes, respectively.
2 Defined as Tanner stage of pubic hair development > 1.
3 Defined as BMIZ < -2 in subjects aged <20 y and as BMI < 17 in subjects aged ≥ 20 y.
4 Anemia was defined according to sex- and age-specific criteria as recommended by WHO 28. Iron deficiency anemia (IDA) was defined as presence 
of anemia and serum ferritin ≤30 ng/ml. Non-iron deficiency anemia (NIDA) was defined as presence of anemia and serum ferritin >30 ng/ml.
SES, socio-economic status; UMAZ, upper-arm muscle area Z-score for age; SSFZ, sum of triceps and subscapular skinfolds Z-score for age.
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DHEAS and nutritional status

We assessed associations between DHEAS and nutritional markers stratified by sex, indepen-

dent of age, SES and intensity of helminth infections. Regression coefficients are presented in 

Table 2. Figure 1 shows sex-stratified least square mean Z-scores for different representative 

values of ln-DHEAS, based on its distribution in the study sample (10th, 25th, 50th, 75th and 90th 

Table 2. Associations between DHEAS and nutritional status stratified by sex 1

Males (n=454) Females (n=277)

Variable, unit ln DHEAS
(p-value)

ln DHEAS2

(p-value)
ln DHEAS
(p-value)

ln DHEAS2

(p-value)

UMAZ 0.09 (0.013) 0.04 (0.0004) 0.03 (0.41) -

SSFZ 0.07 (0.001) 0.02 (0.013) 0.07 (0.094) 0.04 (0.029)

Wasting 2 -0.30 (0.043) -0.15 (0.010) -0.03 (0.88) -

Hemoglobin (g/dL) 0.55 (<0.0001) 0.08 (0.047) 0.21 (0.012) 0.08 (0.016)

All-cause anemia 3 -0.48 (0.0005) -0.11 (0.037) 0.00 (0.98) -

NIDA 3 -0.32 (0.023) - -0.73 (0.008) -0.25 (0.050)

IDA 3 -0.66 (0.0005) -0.22 (0.002) 0.21 (0.21) -

1 Estimates represent regression coefficients (p-value). Results are based on stratified multilevel linear or logistic regression analyses, adjusted for 
age, SES, intensity of helminth infection and clustering at the household level. Ln-DHEAS and all covariates were centered at their mean value. If 
associations were non-linear, results for both ln-DHEAS and ln-DHEAS2 are presented.
2 Defined as BMIZ < -2 in subjects aged <20 y and as BMI < 17 in subjects aged ≥ 20 y.
3 Anemia was defined according to sex- and age-specific criteria as recommended by WHO 28. Iron deficiency anemia (IDA) was defined as presence 
of anemia and serum ferritin ≤30 ng/ml. Non-iron deficiency anemia (NIDA) was defined as presence of anemia and serum ferritin >30 ng/ml.
UMAZ, upper-arm muscle area Z-score for age; SSFZ, sum of triceps and subscapular skinfolds Z-score for age.
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Figure 1. Mean Z-scores for different levels of DHEAS stratified by sex.
Bars represent sex-stratified least square mean values of UMAZ and SSFZ for different representative values of ln-DHEAS, based on its distribution 
in the study sample (10th, 25th, 50th, 75th and 90th percentiles). Error bars represent 95% confidence limits. Results are based on multilevel linear 
regression analyses, adjusted for age, SES, intensity of helminth infections and clustering at the household level. Estimates for UMAZ in females 
are based on linear associations with DHEAS, and on quadratic associations with DHEAS for UMAZ in males and SSFZ in both sexes (Table 2).
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percentiles). There was a positive quadratic association between DHEAS and SSFZ in males 

and females, indicating that the magnitude of improvement in SSFZ increased with increasing 

DHEAS levels in both sexes. In males only, a positive quadratic association was seen between 

DHEAS and UMAZ, as well as an inverse quadratic association between DHEAS and presence 

of wasting. Figure 2 shows the sex-stratified adjusted prevalence of all-cause anemia, NIDA 

and IDA for median values and percentiles of ln-DHEAS. In both sexes, there was a quadratic 

association between DHEAS and Hgb. There was an inverse quadratic association between 

DHEAS and all-cause anemia in males only. In females, however, we found an inverse quadratic 

association between DHEAS and NIDA. DHEAS was inversely associated with both types of 

anemia in males. Of note, as expected, post-menarche status among females was a significant 

predictor of IDA, independent of age, SES and intensity of helminth infections (OR for IDA 3.4 

[95% CI 1.4-8.4; P=0.008]). Menarche was not associated with NIDA, suggesting an accurate 

classification of types of anemia.

DHEAS and serum cytokines

To test the hypothesis that DHEAS has anti-inflammatory properties, we assessed the relation-

ship between DHEAS, and serum cytokines and CRP in the whole cohort, independent of age, 

sex and intensity of helminth infections. DHEAS was inversely associated with ln-IL-1 (β -0.08, 

P=0.001) and odds of IL-6 response (β -0.55, P<0.0001), and showed a trend of inverse associa-

tion with ln-CRP (β -0.06 [P=0.075]). Figure 3 shows least square mean levels of CRP and IL-1, 

and adjusted prevalence of IL-6 responses for median values and percentiles of ln-DHEAS. Sur-

prisingly, there was a positive quadratic association between DHEAS and ln-TNF-α (β [p-value] 
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Figure 2. Adjusted prevalence of anemia for different levels of DHEAS stratified by sex.
Bars represent sex-stratified adjusted prevalence of all-cause anemia, non-iron deficiency anemia (NIDA) and iron deficiency anemia (IDA) 
for different representative values of ln-DHEAS, based on its distribution in the study sample (10th, 25th, 50th, 75th and 90th percentiles). Error 
bars represent 95% confidence limits. Results are based on multilevel logistic regression analyses, adjusted for age, SES, intensity of helminth 
infections and clustering at the household level. Estimates are based on linear or quadratic associations with DHEAS as shown in Table 2.
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for DHEAS and DHEAS2: 0.04 [0.39] and 0.06 [0.002], respectively). Evaluation of least square 

mean values for TNF-α showed a parabolic association with ln-DHEAS: TNF-α was lowest for 

median levels of ln-DHEAS, and did not differ between low and high levels of ln-DHEAS (data 

not shown). DHEAS was not associated with sTNF-RI (data not shown).

Serum cytokines and nutritional status

Finally, we evaluated whether inflammatory markers that showed a dose-dependent inverse 

relationship with DHEAS (IL-1, IL-6 and CRP) were associated with nutritional status. Table 3 

shows associations between inflammatory and nutritional markers for the whole cohort, ad-

justed for sex, age and intensity of helminth infections. Ln-CRP was consistently associated 

with worse nutritional status. IL-6 responses were negatively associated with UMAZ and Hgb, 

and positively associated with all-cause anemia and NIDA. Stratified analyses showed that the 

positive association between ln-CRP and IDA was significant in males (β 0.65, P=0.0009), but 

not in females, suggesting that, in this population, an inflammatory component is involved in 

IDA in males, but not in females. Surprisingly, ln-IL-1 was inversely associated with IDA, but not 

with any other nutritional markers.

DISCUSSION

Previous analyses of this cohort demonstrated that 1) increased levels of DHEAS predict re-

sistance to infection and reinfection with S. japonicum, independent of host age 32 and 2) S. 

japonicum is associated with undernutrition and anemia of inflammation, likely through me-

diation by proinflammatory cytokines (Coutinho et al, Am J Trop Med Hyg, in press) 21. Our cur-

rent findings suggest a relationship between pubertal development and improved nutritional 

Chapter 7, Figure 3, page 120. 

0

1

2

3

4

5

6

7

8

10  25  50  75  90

A

0

0.5

1

1.5

2

2.5

10  25  50  75  90
G

eo
m

et
ri
c 

m
ea

n
 I

L-
1
 (

p
g
/m

l)

B

0

10

20

30

40

50

60

10  25  50  75  90

IL
-6

 r
es

p
o
n
se

s 
(%

)

C

Figure 3. Mean CRP (A) and IL-1 (B), and adjusted prevalence of IL-6 responses (C), for different levels of DHEAS.
Bars represent least square mean values of CRP and IL-1, and adjusted prevalence of IL-6 responses for different representative values of ln-DHEAS, 
based on its distribution in the study sample (10th, 25th, 50th, 75th and 90th percentiles). Error bars represent 95% confidence limits. Results are 
based on multilevel linear or logistic regression analyses, adjusted for sex, age, intensity of helminth infections and clustering at the household 
level. Estimates are based on linear associations with DHEAS.
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status, independent of age and intensity of helminth infections. Our data further suggest that 

this relationship may be mediated by a decrease in maladaptive proinflammatory immune 

responses that accompanies increased levels of DHEAS. To our knowledge, no previous stud-

ies have assessed the relationship between DHEAS and proinflammatory cytokines in children 

and adolescents, or linked the anti-inflammatory properties of DHEAS to improved nutritional 

status. Importantly, we controlled for the confounding effects of SES and intensity of helminth 

infections, both important determinants of undernutrition and anemia.

The adrenal steroid DHEAS and its active metabolite DHEA interconvert; DHEAS is present 

at much higher serum concentrations, does not undergo diurnal variation and has a longer 

half-life compared to DHEA 14,33. A body of evidence indicates that DHEA(S) downregulates 

IL-6 and TNF-alpha 8-13. These anti-inflammatory effects of DHEA(S) may be related to direct 

immunomodulatory effects of the steroid itself, or of its downstream metabolites - androgens 

or estrogens - or both.

Proinflammatory cytokines cause undernutrition and mediate anemia of inflammation 

through several pathways. First, they induce anorexia, which leads to decreased food intake 5. 

Second, these cytokines cause cachexia through direct metabolic changes, such as increased 

resting energy expenditure and increased catabolism, resulting in a negative energy balance 4. 

Third, they mediate anemia of inflammation by inducing 1) changes in iron metabolism, 2) 

decreased proliferation of erythroid progenitor cells, 3) reduced erythropoietin production 

and sensitivity, and 4) decreased erythrocyte life span 6. Recent evidence suggests that IL-6 

regulates hepcidin expression; this newly discovered peptide is thought to be a central regula-

tor of iron metabolism, and may play an additional role in mediating anemia during chronic 

inflammation by reducing intestinal iron absorption 34,35.

Table 3. Associations between markers of inflammation and nutritional status 1

Variable, unit ln CRP
(p-value)

ln IL-1
(p-value)

IL-6 response
(p-value)

UMAZ -0.16 (<0.0001) -0.05 (0.26) -0.16 (0.024)

SSFZ -0.04 (0.024) 0.01 (0.61) -0.02 (0.61)

Wasting 2 0.29 (0.019) -0.21 (0.25) 0.20 (0.43)

Hemoglobin -0.54 (<0.0001) 0.01 (0.89) -0.65 (0.0003)

All-cause anemia 3 0.69 (<0.0001) -0.07 (0.65) 0.60 (0.005)

NIDA 3 1.11 (<0.0001) 0.28 (0.13) 1.26 (<0.0001)

IDA 3 0.43 (0.001) -0.34 (0.04) 0.16 (0.53)

1 Estimates represent mean change or log odds in nutritional outcome per unit increase in log-transformed CRP and IL-1, and mean difference 
or log odds in nutritional outcome for IL-6 responses. Results are based on multilevel linear of logistic regression analyses, adjusted for sex, age, 
intensity of helminth infections and clustering at the household level.
2 Defined as BMIZ < -2 in subjects aged <20 y and as BMI < 17 in subjects aged ≥ 20 y.
3 Anemia was defined according to sex- and age-specific criteria as recommended by WHO 28. Iron deficiency anemia (IDA) was defined as presence 
of anemia and serum ferritin ≤30 ng/ml. Non-iron deficiency anemia (NIDA) was defined as presence of anemia and serum ferritin >30 ng/ml.
UMAZ, upper-arm muscle area Z-score for age; SSFZ, sum of triceps and subscapular skinfolds Z-score for age.
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Non-experimental observations do not allow conclusions of the direction of causality. 

Although the literature supports our hypothesis 8-13, reverse causality or bidirectional relation-

ships cannot be excluded. Proinflammatory cytokines, in particular TNF-α, have been shown 

to affect DHEAS metabolism 36. Both human and animal studies indicate that TNF-α inhibits 

DHEAS sulfatase activity, thereby blocking conversion of DHEAS into DHEA 37,38. In line with 

this, serum TNF-α, but not IL-6, was positively associated with the DHEAS/DHEA ratio among 

patients with inflammatory bowel disease (IBD) 15. Conversely, in vitro stimulation of human 

adrenal cells with IL-6 led to an increase in DHEA 39. Stimulation of murine macrophages with 

IL-1 or IL-6 had no effect on DHEAS sulfatase activity 38. Given our finding that DHEAS was 

inversely associated with CRP and IL-6, but not with TNF-α, the lack of evidence that IL-6 can 

reduce serum DHEAS strengthens our interpretation of cause and effect in this study.

In adults with chronic inflammatory diseases, serum levels of DHEA(S) are generally de-

pressed. This may reflect a physiological adaptation to maintain cortisol levels to promote 

survival and homeostasis 14,15,33. These decreased DHEAS levels may, in part, result directly from 

a proinflammatory cytokine-mediated reduction in the expression of cytochrome P450c17, 

one of the principal regulators of steroidogenesis 7,36. In children, DHEAS levels may also be de-

pressed due to chronic undernutrition, which is the major cause of pubertal delay associated 

with chronic disease 40. In the context of our findings, both of these mechanisms associated 

with chronic inflammation would lead to a relatively decreased anti-inflammatory potential 

resulting from low DHEA(S) levels, thereby perpetuating proinflammatory cytokine-mediated 

undernutrition.

Several limitations of this study should be addressed. First, pubertal development is 

inherently associated with physiological changes: Hgb levels increase in males, but not in 

females 41, percent fat mass increases in females and decreases in males, and the reverse oc-

curs for percent lean body mass 23. The association between DHEAS and nutritional markers 

may thus reflect normal physiology. By using age- and sex-adjusted markers of nutritional 

status, i.e. anemia and Z-scores, this limitation is partly overcome. However, even with the 

use of these parameters there may be misclassification based on pubertal delay relative to 

the reference population, which is common in developing countries 42. However, we saw a 

positive association between DHEAS and SSFZ among males, and between DHEAS and Hgb 

among females. Because both observations are the reverse of what one would expect based 

on physiological changes, this suggests our findings do not simply reflect the physiologic co-

incidence of increasing DHEAS and improved nutritional status. Second, selection bias may 

affect the generalizability of our findings. In the general population from which this study 

sample was derived, inflammation-mediated undernutrition and anemia are likely less preva-

lent; however, this would only alter the absolute magnitude of low DHEAS-associated under-

nutrition, without affecting the relevant mechanism. Third, unmeasured pathogens may also 

affect inflammatory markers. However, we believe helminth infections are the most relevant 
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and prevalent sources of chronic inflammation in this population, decreasing the likelihood of 

residual confounding.

 Our findings identify a novel mechanism regulating proinflammatory cytokine-associated 

nutritional morbidity that may be responsible, in part, for the disproportionate burden of 

parasite-associated undernutrition and anemia among children compared to adults. Taken 

together with our previous findings 32, our data indicate that DHEAS is involved both in con-

trolling intensity of S. japonicum infection, and in decreasing proinflammatory cytokine-as-

sociated nutritional morbidity. This dual effect of pubertal development is consistent with the 

age-associated epidemiologic patterns of infection and morbidity observed in many schisto-

some endemic communities. Importantly, our findings may also apply to children with chronic 

inflammatory diseases in the developed world, as some of these conditions are accompanied 

by undernutrition 40.

In conclusion, this study supports the hypothesis that the puberty-associated rise in DHEAS 

promotes the down-modulation of proinflammatory immune responses and thereby reduces 

undernutrition and anemia in a population that experiences a high burden of chronic hel-

minth infections. These findings contribute to our understanding of the complex relationships 

between chronic helminth infections, inflammation and nutritional morbidity, and may be rel-

evant for other pediatric chronic inflammatory conditions. Considering the broad detrimental 

impact of undernutrition and anemia 1,2, these findings emphasize the importance of treating 

pre-pubescent children for helminth infections in order to reduce nutritional morbidity.
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The studies presented in this thesis 1) describe the relation between S. japonicum infection, 

nutritional morbidity and hepatic fibrosis in children, adolescents and young adults in Leyte, 

the Philippines, 2) evaluate the potential immunological mechanisms in the pathophysiol-

ogy of these morbidities, and 3) link the puberty-associated rise in dehydroepiandrosterone 

sulphate (DHEAS) to the decreased burden of nutritional morbidity with age in the context of 

chronic inflammation due to parasite infections.

Unique about these studies is the schistosome species studied: the majority of studies on 

schistosomiasis has focused on S. mansoni infection, whereas relatively few studies have ad-

dressed S. japonicum-associated morbidity.

Importantly, with the use of multivariate regression analyses we controlled for the effects 

of potential confounding factors such as sex, age, socio-economic status (SES), constitutive 

cytokine production and geohelminth infections, as well as for clustering at the household 

level. Given the complexity and multi-factorial origin of schistosomiasis-associated hepatic 

and nutritional morbidity, adjustment for these contributing factors is crucial in order to ob-

tain unbiased estimates, which optimally quantify the associations of interest.

Below we will summarize and discuss our main findings and conclusions, address their impli-

cations for public health, and discuss important areas for future research.

MAIN FINDINGS AND CONCLUSIONS

Assessment of S. japonicum-associated nutritional morbidity

Following treatment with praziquantel, nutritional status as measured by Z-scores and he-

moglobin (Hgb) levels improved among S. japonicum-infected children and adolescents. A 

peak improvement in Hgb was observed at 15 months post-treatment, followed by a decline. 

Body-mass index Z-score (BMIZ) improvement showed a plateau at 15 months. Most of the 

nutritional improvement occurred in subgroups of individuals with moderate morbidity (wast-

ing, stunting or anemia) or higher intensity infection at the start of the study (baseline). Hgb 

levels improved in males only (Chapter 2). Intensity of infection and reinfection were inversely 

associated with serum albumin, a nutritional marker not previously evaluated in the context 

of schistosomiasis (Chapter 3). Reinfection had an overall negative impact on nutritional 

status: individuals who became reinfected within 6 months following treatment showed less 

improvement in height-for-age Z-score (HAZ) and Hgb (Chapter 2). Within one year following 

treatment, reinfection led to a partial reversal of the beneficial effect of treatment on Hgb in 

children, adolescents and young adults. At the end of the study, 18 months post-treatment, 

individuals who were reinfected had a 5.0 g/L lower mean Hgb level and increased odds of all-

cause anemia compared to individuals who were not reinfected. It was estimated that about 
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30% of all-cause anemia in the group reinfected with S. japonicum was due to reinfection 

(Chapter 4). In children, high intensity reinfection at the final follow-up resulted in reduced 

absolute linear growth and weight gain (Chapter 2).

Mechanisms of S. japonicum-associated nutritional morbidity

C-reactive protein (CRP), an aspecific marker of inflammation, and production of the serum 

proinflammatory cytokine interleukin (IL)-6 showed a dose-dependent positive association 

with intensity of S. japonicum infection and reinfection, suggesting that schistosomiasis in-

duces systemic inflammation. Serum tumor necrosis factor (TNF)-α and IL-1, however, were 

not associated with S. japonicum in this cohort (Chapter 3 and 4).

Higher levels of CRP were associated with reduced Z-scores, serum albumin and Hgb, and 

both CRP and IL-6 production were associated with increased odds of non-iron deficiency ane-

mia (NIDA; Chapter 3 and 4). In addition, IL-1 and TNF-α produced in response to S. japonicum 

antigens were associated with decreased serum albumin (both) and HAZ (TNF-α only; Chapter 

3).

Taken together, these findings support a role for proinflammatory immune responses in the 

pathophysiology of S. japonicum-associated undernutrition and anemia.

Regarding the type of anemia associated with S. japonicum, longitudinal analyses of Hgb 

and markers of iron status indicate that NIDA, reflecting anemia of inflammation, is the central 

mechanism behind S. japonicum-associated anemia; iron deficiency anemia (IDA) likely consti-

tutes a relevant mechanism in individuals with high intensity infection only (Chapter 4). 

Hepatic fibrosis

Both presence and severity of S. japonicum-associated hepatic fibrosis were associated with re-

duced nutritional status as measured by Z-scores and presence of anemia, and with increased 

serum levels of CRP, IL-1 and IL-6. This supports the hypothesis that hepatic fibrosis, a chronic 

condition, induces systemic inflammation and thereby leads to undernutrition and anemia. 

However, given the cross-sectional nature of these findings, no causal inference can be made. 

Even individuals with mild fibrosis, which is generally considered clinically insignificant, had 

reduced nutritional status compared to those without fibrosis (Chapter 5).

Hepatic fibrosis was associated with increased serum levels of IL-10, as well as with in-

creased production of IL-10 in response to S. japonicum antigens. These findings may reflect a 

counter-regulatory mechanism, because IL-10 has been implicated in the downregulation of 

proinflammatory immune responses (Chapter 5 and 6) 1,2.

Persistent hepatic fibrosis, i.e. fibrosis that was diagnosed at baseline and remained pres-

ent one year following treatment with praziquantel, was associated with increased levels of S. 

japonicum-specific IL-4, IL-5 and IL-13 (Chapter 6). In line with studies in S. mansoni infection 
1,3,4, this finding suggests that these pro-fibrotic T-helper 2 (Th2) cytokine responses play a role 

in the progression of hepatic fibrosis.
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DHEAS, inflammation and undernutrition

Independent of age and intensity of helminth infections, increased levels of DHEAS were asso-

ciated with a reduction in inflammation-associated undernutrition and anemia, as well as with 

reduced serum levels of CRP, IL-1 and IL-6 (Chapter 7). These findings support the hypothesis 

that with increasing age, the anti-inflammatory effects of increased levels of DHEAS during 

pubertal development result in decreased proinflammatory cytokine-mediated nutritional 

morbidity in populations with a high burden of helminth infections.

Sex differences in morbidity

In this cohort, males experienced a higher prevalence and greater severity of nutritional and 

hepatic morbidity than females (Chapter 2, 5-7). Male sex was an independent risk factor for 

both prevalence and severity of S. japonicum-associated hepatic fibrosis (Chapter 5 and 6), and 

was associated with increased S. japonicum-specific production of IL-4, IL-5 and IL-13 (Chapter 

6). These findings suggest that the increased risk of fibrosis among males may result directly 

from greater production of pro-fibrotic Th2 cytokines. Surprisingly, the prevalence of iron 

deficiency anemia (IDA) was higher among males, even though 40% of females in this cohort 

reported menstruation and would therefore be expected to be more susceptible to develop 

IDA (Chapter 7). Although these findings were independent of age and S. japonicum intensity, 

a history of greater cumulative exposure among males may still explain these differences in 

morbidity, because past exposure may not be captured adequately by measuring current S. 

japonicum egg count. Two alternative explanations remain. First is selection bias. Males in this 

cohort were, on average, two years older than females. However, whereas age was indeed a 

risk factor for hepatic fibrosis (Chapter 5), nutritional morbidity decreased with age in this 

cohort (Chapter 7). Thus the age difference between the sexes does not explain all findings. In 

addition, the exclusion of pregnant and lactating females may have resulted in a non-repre-

sentative female population sample with seemingly less morbidity. A second explanation for 

the observed sex differences in morbidity concerns genuine differences in susceptibility: males 

may be more prone to develop schistosomiasis-associated morbidity than females. Several 

findings from this thesis support this hypothesis: 1) analyses were adjusted for potential con-

founders such as age and intensity of infection; 2) following treatment with praziquantel, Hgb 

levels increased in males, but not in females (Chapter 2); 3) serum proinflammatory cytokines 

and CRP, likely involved in the pathophysiology of S. japonicum-associated undernutrition and 

anemia, were higher in males, independent of age and intensity of helminth infections (Chap-

ter 7); and 4) S. japonicum-specific Th2 cytokine responses, involved in the pathophysiology of 

hepatic fibrosis, were higher in males (Chapter 6).
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IMPLICATIONS

Community based treatment programs

Previous studies have reported a relation between S. japonicum, and undernutrition and 

anemia 5-8. The beneficial effect of treatment with praziquantel on nutritional status in S. ja-

ponicum-infected children and adolescents in this cohort, as well as the negative effects of 

reinfection, strengthen the presumed causality of this relationship. In addition, these findings 

underscore the importance of treatment with praziquantel to target nutritional morbidity in 

S. japonicum-endemic areas. Based on the findings in this thesis, treatment intervals in highly 

endemic areas such as Leyte should not exceed one year in order to prevent rebound morbid-

ity due to reinfection.

Importantly, the majority of individuals in this cohort were infected at low intensity, which 

reflects the expected pattern in endemic areas 9. Nonetheless, we observed an overall im-

provement in nutritional status following treatment with praziquantel. This illustrates that, in 

contrast with hepatic fibrosis, schistosomiasis-associated nutritional morbidity affects a much 

larger proportion of individuals, and is making a considerable contribution to the global bur-

den of disease due to S. japonicum.

It is important to note that proinflammatory cytokine-mediated undernutrition and anemia 

encompasses one aspect of nutritional morbidity in children and adolescents in the devel-

oping world. Micro- and macronutrient deficiencies are another major factor responsible for 

these morbidities 10, thus dietary supplementation remains an important strategy to improve 

nutritional status in this population. However, cytokine-induced cachexia and associated an-

orexia and hypermetabolism do not respond well to nutritional therapy 11. Given our finding 

that proinflammatory immune responses are likely involved in S. japonicum-associated under-

nutrition and anemia, a combined approach, including treatment of S. japonicum infection 

with praziquantel in addition to other schistosomiasis control strategies, will be necessary to 

effectively target nutritional morbidity.

Puberty and immunity

The functional importance of immunological changes during puberty is apparent from the 

fact that many autoimmune diseases have their onset after puberty 12. Nonetheless no previ-

ous studies have addressed the potential beneficial immunomodulatory impact of the 20-fold 

rise of DHEAS during puberty. The anti-inflammatory effects of DHEAS may play an important 

role in other chronic inflammatory diseases in adolescents. If this would indeed be a relevant 

mechanism, it would illustrate the deleterious consequences of pubertal delay associated 

with chronic disease, inducing a vicious cycle and perpetuation of the detrimental effects of 

proinflammatory cytokines 13. For example, an IL-6 mediated decrease in insulin-like growth 

factor (IGF)-I production is a major mechanism whereby chronic inflammation limits growth in 

children 14, and we found that DHEAS was inversely associated with IL-6 production. Further-
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more, previous analyses of this cohort demonstrated that increased levels of DHEAS predict 

resistance to infection and reinfection with S. japonicum, independent of host age. This may 

be caused by a DHEAS-mediated enhancement of a protective Th2 response, via modulation 

of innate immune responses or through a direct anti-parasite effect 15. If the relevant mecha-

nism indeed involves enhancement of acquired protective immune responses, DHEAS may 

be of use as a vaccine adjuvant for S. japonicum. Taken together, the relation between DHEAS, 

and proinflammatory and Th2 cytokines may represent a thus far unrecognized, but clinically 

relevant immune-endocrine interaction.

Potential adverse health effects of chronic inflammation

Both CRP and IL-6 are strong independent predictors of future cardiovascular morbidity, and 

may directly be involved in atherogenesis 16. Even in healthy children, slightly elevated levels 

of CRP have been associated with early atherosclerotic changes 17, although the clinical sig-

nificance and potential reversibility of this finding are uncertain. It has been proposed that 

systemic inflammatory conditions can exacerbate or induce atherosclerosis. For example, 

both CRP and IL-6 can disturb endothelial function, and IL-6 leads to a series of pro-coagulant 

actions and activates smooth muscle cells 16. Given our finding of a significant association 

between S. japonicum and both CRP and IL-6, this suggests that our study population may be 

at increased risk of future cardiovascular disease. Given the multi-factorial origin of cardiovas-

cular disease, this would likely only be relevant in the presence of other risk factors, such as 

obesity, hypertension and smoking, in schistosomiasis-endemic areas.

FUTURE PERSPECTIVES AND FURTHER RESEARCH

Global eradication of schistosomiasis would be an ideal target, and the successful eradication 

of S. japonicum in Japan sets an example 18. However, the feasibility of eradication is ques-

tionable in most developing countries, given the complex transmission cycle and association 

with substandard sanitation and hygiene. Control efforts to reduce infection prevalence and 

morbidity are therefore the primary objective of the World Health Organization (WHO), and 

are being conducted through the Partnership for Parasitic Control (PPC), a multilateral initia-

tive which was launched in 2001 18. WHO aims to regularly treat at least 75% of all school-age 

children at risk for schistosmiasis and soil-transmitted helminth infections by 2010. The launch 

of the Schistosomiasis Control Initiative (SCI), funded by the Bill and Melissa Gates Founda-

tion, adds impetus to this recent resolution. The SCI emphasizes chemotherapy and encour-

ages development of a sustainable schistosomiasis control program in sub-Saharan Africa 19. 

Furthermore, the PPC is currently conducting longitudinal studies to investigate the effects 

of combined treatment with praziquantel and albendazole, targeting both schistosomiasis 

and geohelminth infections 20. Unfortunately, the sustainability of such treatment programs is 
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questionable, given the rapid reinfection rates in many endemic areas and the lack of protec-

tive immunity in children, who constitute the main risk group. Thus, vaccine development 

combined with other control efforts, as discussed in the introduction of this thesis, remain 

crucial to combat schistosomiasis.

In the developed world, schistosomiasis is not a public health problem. However, in the con-

text of the emerging epidemic of atopic diseases, allergy and asthma in industrialized nations, 

knowledge of the immunobiology of schistosomiasis may be valuable. The hygiene hypoth-

esis proposes that chronic helminth infections, including schistosomiasis, protect against the 

development of allergy and asthma. Chronic schistosomiasis has been associated with both 

decreased severity of asthma and reduced risk of a positive skin test to allergens 21,22. The in-

volvement of Th2 responses in both helminth infections and allergy may be causally related 

to the relatively low prevalence of allergy and asthma in populations heavily infected with 

helminth infections 23. Specifically, enhanced production of the anti-inflammatory cytokine IL-

10 during chronic schistosomiasis, which we and others have reported (Chapter 5) 1, may lead 

directly to suppression of atopic disease 22,24. In addition, genetic traits that protect against 

detrimental worm burdens may be the same determinants involved in atopy and asthma; 

individuals with a history of atopy, for example, were shown to mount stronger IgE-mediated 

responses to Ascaris antigen, and became infected at lower intensities compared to non-atop-

ic individuals with similar exposure 25,26. However, the complex relationship between asthma 

and allergy, and helminth infections remains controversial and inconclusive, probably differs 

across helminth species and is likely affected by duration and intensity of infection 27. Future 

immunological studies on schistosomiasis may provide new insights into the pathogenesis of 

allergic diseases, and contribute to resolving the fascinating relation between parasite infec-

tions and allergic diseases.

Several important topics remain to be answered or confirmed in the context of this thesis, and 

may warrant future research. The first issue concerns the generalizability of the findings in this 

thesis. Exclusion of pregnant and lactating women in this cohort has resulted in the complete 

lack of information on a substantial and relevant proportion of the population. Because the 

effects of praziquantel have never been studied in pregnant and lactating women, this has 

led to the withholding of treatment for this group in most schistosomiasis endemic countries. 

Recently, WHO has stated that pregnant and lactating women should be considered a high-

risk group and recommended their inclusion in future treatment programs 28. However, this 

recommendation was based on expected morbidity experienced by non-pregnant women of 

reproductive age. No studies have quantified the extent of schistosomiasis-associated hepatic 

and nutritional morbidity in pregnant and lactating women, or the effects of treatment on 

maternal and child health. Furthermore, it is uncertain to what extent our current findings can 

be generalized to the two other major human schistosome species, S. mansoni and S. haema-
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tobium. Whether anemia of inflammation and undernutriton are equally relevant in these spe-

cies is unclear, and if so, the mechanisms involved may be different. Prior to implementation of 

strategies combining nutritional supplementation and treatment with praziquantel to target 

schistosomiasis-associated nutritional morbidity, randomized controlled trials are required to 

quantify the effects in the three major schistosome species.

Second, several conclusions of the studies in this thesis were based on cross-sectional 

analyses, which are unable to distinguish cause and effect. Therefore, in order to verify these 

conclusions, prospective longitudinal studies in humans would be required.

Third, we recently reported a robust protective effect of S. japonicum-specific Th2 cytokine 

responses against reinfection in this cohort, supporting development of a Th2 boosting vac-

cine 29. In the context of our finding that Th2 cytokines are involved in the progression of 

hepatic fibrosis, future vaccine trials for S. japonicum using a Th2-boosting adjuvant to reduce 

susceptibility to reinfection should evaluate the potential increased risk of hepatic fibrosis.

Fourth, males in this cohort had greater prevalence and severity of S. japonicum-associated 

morbidity. Consequently, males in schistosomiasis-endemic areas may have to be regarded 

as a high-risk group in need of more intensive treatment regimes and follow-up. The hypoth-

esis that immunological differences between the sexes, possibly resulting from the immuno-

modulatory effects of sex steroids, may be responsible for this observation should be further 

explored.

Finally, the longitudinal treatment-reinfection study from which all data were derived was 

not originally designed to address the specific aims of the studies in this thesis. Consequently, 

some potentially relevant data were not included in this study, such as data on alcohol use and 

the prevalence of co-infections that have been associated with schistosomiasis, in particular 

hepatitis B and C virus, human immunodeficiency virus (HIV) and chronic persistent Salmonella 

bacteremia 9,30-33. Because this may have resulted in residual confounding of the associations 

of interest in our studies, future studies investigating nutritional and hepatic morbidity should 

aim to include these potentially confounding factors.

In conclusion, the knowledge gained from this thesis contributes to our understanding of S. 

japonicum-associated nutritional and hepatic morbidity. Resolving the mechanisms behind 

these morbidities is crucial for the way in which we conceptualize global interventions for 

childhood and adolescent diseases in the developing world. Interventions designed to reduce 

S. japonicum-associated nutritional and hepatic morbidity are unlikely to realize their full po-

tential without a thorough understanding of the mechanisms involved. In the context of the 

recent re-evaluation of the global burden of schistosomiasis 34, which has renewed interest 

and recognition of its public health importance, our findings can be of use for the develop-

ment of future prevention and treatment strategies.
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SCHISTOSOMA JAPONICUM-ASSOCIATED MORBIDITY AND ITS MECHANISMS 
AMONG CHILDREN AND YOUNG ADULTS IN THE PHILIPPINES

This thesis presents results from a prospective longitudinal treatment-reinfection study in 

Schistosoma japonicum infected children, adolescents and young adults, carried out in Leyte, 

the Philippines, between October 2002 and November 2004. The aim of this thesis was to 

describe nutritional morbidity and hepatic fibrosis in the context of S. japonicum infection 

and reinfection following treatment with praziquantel. Furthermore, potential immunological 

mechanisms involved in these morbidities were evaluated. In addition, the potential immu-

nomodulatory role of the puberty-associated hormone dehydroepiandrosterone sulphate 

(DHEAS) in the age-related decline in the prevalence of nutritional morbidity was evaluated.

In Chapter 1 we address the background of the studies presented in this thesis. Chronic schis-

tosomiasis remains a global public health problem, affecting more than 200 million people 

in 77 countries, the majority of whom are school-age children and adolescents. The complex 

life cycle and immunobiology of schistosomes in general, and Schistosoma japonicum in par-

ticular, complicate control efforts. Relatively few studies have addressed morbidity associated 

with S. japonicum infection, which is endemic in China and several countries in South-East 

Asia, including the Philippines.

Hepatic fibrosis, a major complication of chronic schistosomiasis, develops in a minority of 

infected individuals and occurs mostly in males. The central mechanism responsible for fibro-

sis presumably involves a dysregulated host immune response, with uncontrolled production 

of the pro-fibrotic T-helper 2 (Th2) cytokines interleukin (IL)-4, IL-5 and IL-13. However, most 

of this knowledge is derived from murine studies of S. mansoni. No studies have evaluated the 

involvement of these cytokines in S. japonicum-associated hepatic fibrosis.

Undernutrition and anemia are a major public health problem among school-age children 

in the developing world. Chronic helminth infections, including schistosomiasis, are an im-

portant determinant of nutritional morbidity in this age group, but the mechanisms involved 

have not been elucidated. The proinflammatory cytokines IL-1, IL-6 and tumor necrosis factor 

(TNF)-α have been implicated as central mediators of undernutrition and anemia in chronic 

inflammatory diseases. It is unknown whether these cytokines play a role in schistosomiasis-

associated nutritional morbidity. Moreover, no studies have addressed co-existence between 

nutritional and hepatic morbidity in the context of chronic schistosomiasis.

The age-related decline in the prevalence of undernutrition and anemia after adolescence is 

thought to result from the reduced prevalence and intensity of parasite infections. In addition, 

hormonal changes of puberty, in particular the sharp increase in DHEAS, which downregu-

lates proinflammatory immune responses, may reduce inflammation-associated nutritional 

morbidity. This novel hypothesis has not been previously investigated.
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Chapter 2 describes nutritional changes, based on repeated anthropometric and serum he-

moglobin measurements during an 18-month period, among S. japonicum infected children 

and adolescents aged 7-20 years who were treated with praziquantel. Analyses were adjusted 

for socio-economic status (SES), sex and either pubertal status or age. Z-scores, which repre-

sent age- and sex-adjusted deviations of an individuals’ nutritional status relative to that of a 

healthy reference population, improved modestly but significantly over time. Body-mass index 

Z-score (BMIZ) in children who were wasted at baseline improved the most (0.41 [95% CI: 0.26-

0.56] Z-score unit). Height-for-age Z-score (HAZ) improved only in children who were stunted 

at baseline (0.17 [95% CI: 0.l2-0.21] Z-score unit). Improvement in hemoglobin peaked at 15 

months and only occurred in 1) subjects who were anemic at baseline (peak improvement: 

8.3 [95% CI: 6.0-10.6] g/L) and 2) males (peak improvement 4.7 [95% CI: 2.9-6.6] g/L). Reinfec-

tion was inversely associated with improvement in hemoglobin. High intensity reinfection at 

18 months was associated with significantly less absolute growth from baseline compared to 

lower intensity and no reinfection at 18 months. Taken together, these results strengthen the 

causal relationship between S. japonicum, and undernutrition and anemia. Based on the peak 

improvement in hemoglobin and the plateau in improvement of BMIZ at 15 months post-

treatment, in addition to the adverse effects of reinfection on absolute growth, annual treat-

ment intervals are recommended to reduce schistosomiasis-associated nutritional morbidity.

In Chapter 3 we present the results from longitudinal analyses evaluating the hypothesis that S. 

japonicum-associated undernutrition among children and adolescents is mediated, in part, by 

proinflammatory cytokines. After adjustment for sex, age, geohelminth egg counts and SES, 

S. japonicum intensity was associated with decreased serum albumin and Z-scores, and with 

increased levels of serum C-reactive protein (CRP) and IL-6. CRP was associated with decreased 

albumin, BMIZ and upper-arm muscle area Z-score (UMAZ). IL-6 showed a trend of associa-

tion with decreased UMAZ. Production of IL-1 and TNF-α by peripheral blood mononuclear 

cells (PBMC) in response to stimulation with crude worm antigen (SWAP) was associated with 

decreased albumin (both IL-1 and TNF-α) and HAZ (TNF-α only). These results suggest that 

S. japonicum-associated undernutrition may, in part, be mediated by proinflammatory cyto-

kines. Undernutrition in this context likely results from a combination of anorexia, metabolic 

changes and body protein redistribution, leading to cachexia. Consequently, the potential 

effectiveness of nutritional supplementation alone to reduce nutritional morbidity in areas 

endemic for S. japonicum may be limited. This should be combined with schistosomiasis con-

trol strategies.

Chapter 4 describes results from longitudinal analyses evaluating the association between 

reinfection with S. japonicum following treatment with praziquantel, and anemia and iron 

status, among 7-30 year old S. japonicum infected individuals. In addition, the potential types 

of anemia in this context were evaluated. After 18 months, reinfection with S. japonicum was 
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associated with a 3.9 (95% CI: 1.6 - 6.3) g/L lower mean hemoglobin and 1.70 (95% CI: 1.10 

- 2.61) times higher odds of all-cause anemia, compared to no reinfection. Reinfection was as-

sociated with iron deficiency anemia (IDA) in the high reinfection intensities only. Conversely, 

reinfection was associated with non-iron deficiency anemia (NIDA) in all reinfection intensi-

ties. Furthermore, reinfection was associated with serum IL-6 and CRP, both of which were 

associated with NIDA. Rapid reinfection led to a reversal of the positive effect of treatment on 

hemoglobin, within one year of treatment. Our results provide strong evidence for the causal 

relationship between S. japonicum infection and anemia. There is no direct method to assess 

the presence of anemia of chronic disease, also called anemia of inflammation. However, ex-

clusion of iron deficiency and other causes of anemia, in addition to the associations we found 

between NIDA and inflammatory markers (CRP and IL-6), justify the interpretation that NIDA 

represents anemia of inflammation in this population. Based on these results, we conclude 

that the principle mechanism involved in S. japonicum-associated anemia is that of proinflam-

matory cytokine-mediated anemia. Iron deficiency plays a role in high intensity infections 

only. Consequently, anemia in areas endemic for S. japonicum is unlikely to be ameliorated by 

iron therapy alone.

Chapter 5 describes cross-sectional associations between severity of S. japonicum-associated 

hepatic fibrosis, nutritional morbidity and serum proinflammatory cytokines in a cohort of 

7-30 year old S. japonicum infected individuals. Hepatic fibrosis was present in 8.9% of the 

cohort, the majority of which consisted of mild (grade I) fibrosis. Severe fibrosis (grade II or III) 

was only seen in males. Furthermore, males had 3.3-fold higher odds of any fibrosis compared 

to females, independent of age and intensity of infection. Compared to subjects without fi-

brosis, individuals with mild and, even more so, severe fibrosis had significantly lower BMI and 

BMIZ, a higher prevalence of anemia, and higher serum levels of CRP and IL-6. Furthermore, 

individuals with severe fibrosis had significantly higher levels of IL-1 compared to those with 

no or mild fibrosis. These findings suggest that even mild fibrosis is associated with nutritional 

morbidity and underscore the importance of early recognition and treatment. In addition, 

our data are consistent with the hypothesis that hepatic fibrosis causes undernutrition and 

anemia by systemically increasing levels of the proinflammatory cytokines IL-1 and IL-6.

Chapter 6 describes results from cross-sectional analyses evaluating associations between S. 

japonicum-specific cytokine profiles, sex, and presence and progression of hepatic fibrosis 

among 7-30 year old S. japonicum-infected subjects. After adjustment for potential confound-

ers, IL-10 produced by PBMC in response to crude worm and egg antigen (soluble worm 

antigen preparation [SWAP] and soluble egg antigen [SEA], respectively), and IL-4 in response 

to SWAP, were associated with presence of baseline fibrosis. In a subgroup of subjects who 

had fibrosis at baseline, IL-4 in response to SWAP, and IL-5 and IL-13 in response to both SWAP 

and SEA were associated with persistent fibrosis at 12 months post-treatment. Males showed 
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consistently stronger Th2 cytokine responses to both SWAP and SEA compared to females. 

These results suggest an independent role of Th2-biased cytokine responses to S. japonicum 

antigens in persistent hepatic fibrosis. Furthermore, they indicate that Th2 cytokines may con-

tribute to the male-biased prevalence of fibrosis.

Chapter 7 describes cross-sectional associations between DHEAS, nutritional status and serum 

inflammatory markers in a cohort of individuals aged 7-30 years. Independent of age, SES 

and helminth infections (S. japonicum, Ascaris lumbricoides, Trichuris trichuria and hookworm 

egg count), increased levels of DHEAS were associated with improved nutritional status and 

decreased prevalence of NIDA in both males and females. DHEAS showed a dose-dependent 

inverse relationship with CRP and serum IL-6. These inflammatory markers, in turn, were con-

sistently associated with nutritional morbidity. These results are consistent with the hypoth-

esis that the puberty-associated rise in DHEAS downmodulates proinflammatory immune 

responses; thereby DHEAS reduces nutritional morbidity in a population with a high burden 

of chronic helminth infections. This not previously described regulatory mechanism of inflam-

mation-related nutritional morbidity emphasizes the importance of treating pre-pubescent 

children for helminth infections.

Chapter 8 summarizes the main results and conclusions of this thesis and discusses the impli-

cations for public health policy and future research. In an area in the Philippines with intense 

transmission, infection with S. japonicum is causally related to undernutrition and anemia in 

children and adolescents. This is mediated, in part, by proinflammatory cytokines, in particular 

IL-6. Anemia of inflammation is the central mechanism responsible for anemia associated with 

S. japonicum infection. Iron deficiency is relevant in high intensity infections only. The rise 

of the anti-inflammatory hormone DHEAS during pubertal development may be partly re-

sponsible for the age-related decline in the prevalence of inflammation-associated nutritional 

morbidity in developing countries with a high burden of helminth infections. Taken together, 

these results underscore the importance of a combined approach to target undernutrition 

and anemia in areas endemic for schistosomiasis. This should involve strategies aimed at the 

prevention and treatment of schistosomiasis combined with dietary supplementation and 

treatment of other helminth infections.

Co-existence of hepatic fibrosis and nutritional morbidity is common, and may be explained 

by increased levels of proinflammatory cytokines due to fibrosis. Even mild fibrosis is associ-

ated with undernutrition and anemia, emphasizing the importance of early recognition and 

treatment of fibrosis.

S. japonicum-specific Th2 cytokines, IL-4, IL-5 and IL-13, are associated with persistence of 

hepatic fibrosis. This is in line with the results from studies investigating the immunology of 

S. mansoni infection. Males produce higher levels of these pro-fibrotic cytokines compared to 

females. This may explain the male-biased prevalence of fibrosis that others and we have re-
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ported. Prevalence and severity of both nutritional and hepatic morbidity are greater among 

males, and this may be related to enhanced or uncontrolled cytokine production. Therefore, in 

areas endemic for schistosomiasis, males should be regarded as a separate risk group.
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SCHISTOSOMA JAPONICUM INFECTIE ONDER KINDEREN EN 
JONGVOLWASSENEN OP DE FILIPPIJNEN; STUDIES OVER MORBIDITEIT EN 
PATHOGENESE

Dit proefschrift bevat resultaten van een longitudinaal onderzoek bij met Schistosoma japo-

nicum geïnfecteerde kinderen, adolescenten en jongvolwassenen, uitgevoerd op Leyte, de 

Filippijnen, tussen oktober 2002 en september 2004. Het beschrijft ondervoeding, anemie 

en leverfibrose ten gevolge van S. japonicum infectie en reïnfectie na behandeling met pra-

ziquantel. Ook worden potentiële immunologische mechanismen geëvalueerd die een rol 

spelen bij deze ziektebeelden. Daarnaast wordt onderzocht welke rol het met de puberteit 

geassocieerde hormoon dehydroepiandrosterone sulphate (DHEAS) speelt bij de afname van 

de prevalentie van ondervoeding en anemie met toenemende leeftijd.

In Hoofdstuk 1 presenteren we de achtergronden van de studies die in dit proefschrift zijn 

opgenomen. Chronische schistosomiasis is en blijft een wereldwijd gezondheidsprobleem en 

komt voor bij meer dan 200 miljoen mensen in 77 landen, voornamelijk kinderen van school-

gaande leeftijd en adolescenten. De complexe levenscyclus en immunobiologie van de schis-

tosomen in het algemeen, en Schistosoma japonicum in het bijzonder, compliceren pogingen 

deze ziekte onder controle te krijgen. Er is relatief weinig onderzoek gedaan naar morbiditeit 

gerelateerd aan S. japonicum infectie, een ziekte die endemisch is in China en verscheidene 

landen in Zuid-Oost Azië, waaronder de Filippijnen.

Leverfibrose, een belangrijke complicatie van chronische schistosomiasis, ontwikkelt zich bij 

een minderheid van geïnfecteerde personen en komt met name voor bij mannen. Het centrale 

mechanisme dat verantwoordelijk is voor fibrose is vermoedelijk een verstoorde immuun res-

pons van de gastheer. Hierbij is sprake van ongecontroleerde productie van de pro-fibrotische 

T-helper 2 (Th2) cytokines interleukine (IL)-4, IL-5 en IL-13. De meeste kennis hierover komt 

echter van experimentele onderzoeken bij muizen geïnfecteerd met S. mansoni. De betekenis 

van deze cytokines bij leverfibrose ten gevolge van S. japonicum is niet onderzocht.

Ondervoeding en anemie zijn grote gezondheidsproblemen bij kinderen van schoolgaande 

leeftijd in ontwikkelingslanden. Chronische worm infecties, waaronder schistosomiasis, zijn 

een belangrijke determinant van ondervoeding en anemie in deze leeftijdsgroep, maar de 

betrokken mechanismen zijn niet opgehelderd. De proinflammatoire cytokines IL-1, IL-6 en 

tumor necrosis factor (TNF)-α zijn centrale mediatoren van ondervoeding en anemie bij chro-

nisch inflammatoire ziekten. Het is echter onbekend of deze cytokines een rol spelen bij der-

gelijke morbiditeit ten gevolge van schistosomiasis. Ook is de combinatie van ondervoeding, 

anemie en leverfibrose ten gevolge van schistosomiasis niet onderzocht.

Verondersteld wordt dat de afname van de prevalentie van ondervoeding en anemie na de 

adolescentie het gevolg is van de verminderde prevalentie en intensiteit van parasitaire infec-

ties. Daarnaast spelen hormonale veranderingen tijdens de puberteit mogelijk een rol hierbij, 
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in het bijzonder de aanzienlijke stijging van DHEAS, een hormoon dat de proinflammatoire 

immuun respons afzwakt. Deze nieuwe hypothese is niet eerder onderzocht.

Hoofdstuk 2 beschrijft veranderingen in de voedingstoestand, gebaseerd op herhaalde antro-

pometrische en hemoglobine metingen gedurende een periode van 18 maanden, onder met 

S. japonicum geïnfecteerde kinderen en adolescenten in de leeftijd van 7 tot 20 jaar na behan-

deling met praziquantel. De betreffende analyses werden gecorrigeerd voor sociaal-economi-

sche status (SES), geslacht en of puberteit stadium ofwel leeftijd. Z-scores verbeterden licht, 

maar wel significant gedurende follow-up. Deze Z-scores vertegenwoordigen een voor leeftijd 

en geslacht gecorrigeerde afwijking van iemands voedingstoestand ten opzichte van een ge-

zonde referentie populatie. De Z-score voor body-mass-index (BMIZ) verbeterde het meest bij 

kinderen die een gering gewicht voor de leeftijd (wasting) hadden aan het begin van de stu-

die (0.41 [95% CI: 0.26-0.56] Z-score eenheid). De Z-score voor lengte/leeftijd (HAZ) verbeterde 

alleen bij kinderen die een geringe lengte voor de leeftijd (stunting) hadden aan het begin van 

de studie (0.17 [95% CI: 0.12-0.21] Z-score eenheid). Verbetering van het hemoglobine gehalte 

piekte na 15 maanden en werd alleen gezien bij 1) personen die anemie hadden aan het begin 

van de studie (piek verbetering: 8.3 [95% CI: 6.0-10.6] g/L) en 2) jongens (piek verbetering: 4.7 

[95% CI: 2.9-6.6] g/L). Reïnfectie was omgekeerd evenredig geassocieerd met verbetering van 

het hemoglobine gehalte. Na 18 maanden was reïnfectie met hoge intensiteit ten opzichte 

van lage intensiteit/geen reïnfectie geassocieerd met significant minder absolute groei. Deze 

resultaten onderstrepen het causale verband tussen S. japonicum enerzijds, en ondervoeding 

en anemie anderzijds. Gezien de piek in verbetering van het hemoglobine gehalte en plateau 

in verbetering van de BMIZ 15 maanden na behandeling, alsmede de nadelige effecten van 

reïnfectie op de absolute groei, worden jaarlijkse behandelings-intervallen aanbevolen ten-

einde ondervoeding en anemie ten gevolge van schistosomiasis te reduceren.

In Hoofdstuk 3 presenteren we de resultaten van longitudinale analyses die als doel hadden 

de hypothese te evalueren dat ondervoeding ten gevolge van S. japonicum bij kinderen en 

adolescenten ten dele wordt bewerkstelligd door proinflammatoire cytokines. Na correctie 

voor geslacht, leeftijd, aantal wormeieren en SES, was de intensiteit van S. japonicum infectie 

geassocieerd met een verlaagd serum albumine en lagere Z-scores, en met een verhoogde 

concentratie C-reactive protein (CRP) en IL-6. CRP was geassocieerd met een verlaagd serum 

albumine, lagere BMIZ en Z-score voor de omtrek van de bovenarmspier (UMAZ). Er was een 

trend van associatie tussen IL-6 en een verlaagde UMAZ. Productie van IL-1 en TNF-α door mo-

nonucleaire cellen uit perifeer bloed (PBMC) als reactie op stimulatie met ongezuiverd worm 

antigeen (SWAP) was geassocieerd met een verlaagd serum albumine (zowel IL-1 als TNF-α) 

en lagere HAZ (alleen TNF-α). Deze resultaten suggereren dat ondervoeding ten gevolge van 

S. japonicum mogelijk ten dele wordt bewerkstelligd door proinflammatoire cytokines. On-

dervoeding in deze context is waarschijnlijk het resultaat van een combinatie van anorexie, 
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metabole veranderingen en herverdeling van lichaamseiwitten; dit leidt tot cachexie. Het 

potentiële effect van enkel en alleen voedingssuppletie teneinde ondervoeding en anemie te 

reduceren in gebieden die endemisch zijn voor S. japonicum zal waarschijnlijk beperkt zijn. Dit 

zal gecombineerd moeten worden met de bestrijding van schistosomiasis.

Hoofdstuk 4 beschrijft de resultaten van longitudinale analyses die als doel hadden het ver-

band te evalueren tussen reïnfectie met S. japonicum na behandeling met praziquantel, en 

anemie en ijzerstatus. Dit werd onderzocht bij personen in de leeftijd van 7 tot 30 jaar die 

met S. japonicum geïnfecteerd waren. Daarnaast werd geëvalueerd welk type anemie centraal 

staat in deze context. Na 18 maanden was reïnfectie met S. japonicum geassocieerd met een 

gemiddeld 3.9 (95% CI: 1.6-6.3) g/L lager hemoglobine gehalte en 1.70 (95% CI: 1.10-2.61) keer 

verhoogde kans op anemie vergeleken met geen reïnfectie. In analyses van het type anemie 

was alleen reïnfectie met hoge intensiteit geassocieerd met ijzergebreksanemie (IDA). Daaren-

tegen waren alle intensiteiten van reïnfectie geassocieerd met anemie door andere oorzaken 

dan ijzergebrek (NIDA). Voorts was reïnfectie geassocieerd met serum IL-6 en CRP, die beiden 

waren geassocieerd met NIDA. Snelle reïnfectie leidde tot een omkering van het positieve 

effect van behandeling op het hemoglobine gehalte, binnen een jaar na behandeling. Onze 

resultaten leveren sterk bewijs voor het causale verband tussen S. japonicum infectie en 

anemie. Er bestaat geen directe methode om de aanwezigheid van anemie der chronische 

ziekte vast te stellen. Echter, het uitsluiten van ijzergebrek en andere oorzaken van anemie, 

alsmede de aanwezigheid van associaties tussen NIDA en markers van ontsteking (CRP en 

IL-6), rechtvaardigen de interpretatie dat NIDA in deze populatie anemie der chronische ziekte 

vertegenwoordigt. Op basis van deze resultaten concluderen we dat anemie ten gevolge van 

S. japonicum voornamelijk bewerkstelligd wordt door proinflammatoire cytokines. Ijzergebrek 

speelt alleen een rol bij infecties van hoge intensiteit. Derhalve is het onwaarschijnlijk dat 

anemie in gebieden waar S. japonicum endemisch is zal verbeteren door middel van enkel en 

alleen ijzertherapie.

Hoofdstuk 5 beschrijft een dwarsdoorsnede onderzoek naar het verband tussen de ernst van 

leverfibrose ten gevolge van S. japonicum, ondervoeding en anemie, en serum proinflamma-

toire cytokines. Dit werd onderzocht in een cohort van personen in de leeftijd van 7 tot 30 

jaar die met S. japonicum geïnfecteerd waren. Leverfibrose was aanwezig bij 8.9% van het 

cohort en bestond met name uit milde (graad I) fibrose. Ernstige fibrose (graad II of III) kwam 

alleen bij mannen voor. Voorts hadden zij een 3.3-maal hogere kans op fibrose vergeleken 

met vrouwen, onafhankelijk van leeftijd en intensiteit van de infectie. Vergeleken met per-

sonen zonder fibrose hadden personen met milde, en, in nog sterkere mate, ernstige fibrose 

een significant lagere BMI en BMIZ, een hogere prevalentie van anemie en een hogere serum 

concentratie CRP en IL-6. Deze bevindingen suggereren dat zelfs milde fibrose gepaard gaat 

met ondervoeding en anemie, en benadrukken het belang van vroege herkenning en behan-
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deling. Bovendien ondersteunen onze bevindingen de hypothese dat leverfibrose leidt tot 

ondervoeding en anemie via een verhoogde concentratie van de proinflammatoire cytokines 

IL-1 en IL-6.

Hoofdstuk 6 beschrijft de resultaten van een dwarsdoorsnede onderzoek met als doel verban-

den te evalueren tussen voor S. japonicum specifieke cytokine profielen, geslacht, en aanwe-

zigheid en progressie van leverfibrose. Dit werd onderzocht bij met S. japonicum geïnfecteerde 

personen in de leeftijd van 7 tot 30 jaar. Na correctie voor factoren die dit verband potentieel 

kunnen beïnvloeden (confounders) waren IL-10 geproduceerd door PBMC als reactie op on-

gezuiverd worm en ei antigeen (respectievelijk SWAP en SEA), en IL-4 als reactie op SWAP, 

geassocieerd met aanwezigheid van fibrose aan het begin van de studie. In een subgroep van 

personen met fibrose aan het begin van de studie waren IL-4 in reactie op SWAP, en IL-5 en 

IL-13 in reactie op zowel SWAP als SEA, geassocieerd met persisterende fibrose 12 maanden 

na behandeling. Mannen hadden een consistent sterkere Th2 cytokine respons in reactie op 

zowel SWAP als SEA vergeleken met vrouwen. Deze resultaten suggereren dat een dominante 

Th2 cytokine respons in reactie op antigenen van S. japonicum een onafhankelijke rol speelt 

bij het persisteren van leverfibrose. Voorts duiden onze resultaten op een mogelijke rol van 

Th2 cytokines bij de hogere prevalentie van fibrose bij mannen.

Hoofdstuk 7 beschrijft, in een dwarsdoorsnede onderzoek, de verbanden tussen DHEAS, 

voedingstoestand en serum markers van ontsteking in een cohort van personen in de leef-

tijd van 7 tot 30 jaar. Onafhankelijk van leeftijd, SES en worminfecties (aantal eieren van S. 

japonicum, Ascaris lumbricoides, Trichuris trichuria en mijnworm) waren hogere concentraties 

DHEAS geassocieerd met een verbetering van de voedingstoestand en met een verlaagde 

prevalentie van NIDA bij zowel mannen als vrouwen. DHEAS liet een omgekeerd evenredige 

dosisrespons relatie zien met CRP en serum IL-6. Deze markers van ontsteking waren op hun 

beurt consistent geassocieerd met ondervoeding en anemie. Deze resultaten komen overeen 

met de hypothese dat de met de puberteit geassocieerde stijging van DHEAS de proinflam-

matoire immuun respons afzwakt; op deze wijze bewerkstelligt DHEAS een afname van de 

prevalentie van ondervoeding en anemie in een populatie waar chronische worminfecties 

veelvuldig voorkomen. Dit niet eerder beschreven regulerende mechanisme van ondervoe-

ding en anemie ten gevolge van ontsteking benadrukt het belang om prepuberale kinderen 

te behandelen voor worminfecties.

Hoofdstuk 8 vat de hoofdbevindingen en conclusies van dit proefschrift samen en bediscus-

sieert de gevolgen voor beleid op het gebied van openbare gezondheidszorg en toekomstig 

onderzoek. In een gebied op de Filippijnen met intensieve transmissie is S. japonicum causaal 

gerelateerd aan ondervoeding en anemie bij kinderen en adolescenten. Dit wordt ten dele 

bewerkstelligd door proinflammatoire cytokines, in het bijzonder door IL-6. Het belangrijkste 
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type anemie ten gevolge van S. japonicum is anemie der chronische ziekte. Ijzergebrek is al-

leen relevant bij infecties van hoge intensiteit. De stijging van het anti-inflammatoire hormoon 

DHEAS tijdens de puberteitsontwikkeling kan mede verantwoordelijk zijn voor de afname van 

de prevalentie van ondervoeding en anemie na de puberteit in ontwikkelingslanden waar 

worminfecties veelvuldig voorkomen. Gezamenlijk onderstrepen deze resultaten het belang 

van een gecombineerde aanpak van ondervoeding en anemie in gebieden waar schistoso-

miasis endemisch is. Hierbij moeten strategieën gericht op de preventie en behandeling van 

schistosomiasis gecombineerd worden met voedingssuppletie en behandeling van overige 

worminfecties.

Co-existentie van leverfibrose, ondervoeding en anemie komt frequent voor, en zou ver-

klaard kunnen worden door verhoogde concentraties van proinflammatoire cytokines als 

gevolg van fibrose. Zelfs milde leverfibrose is geassocieerd met ondervoeding en anemie, en 

dit benadrukt het belang van vroege herkenning en behandeling.

Voor S. japonicum specifieke Th2 cytokines, IL-4, IL-5 en IL-13, zijn geassocieerd met het 

persisteren van leverfibrose. Dit sluit aan bij bevindingen van studies naar de immunologie 

van S. mansoni infectie. Mannen produceren hogere concentraties van deze pro-fibrotische 

cytokines vergeleken met vrouwen. Dit zou kunnen verklaren waarom de prevalentie van fi-

brose hoger is onder mannen, hetgeen door ons en anderen is gerapporteerd. De prevalentie 

en ernst van zowel ondervoeding en anemie als leverfibrose zijn groter onder mannen, en 

dit hangt mogelijk samen met een verhoogde of ongecontroleerde cytokine productie. In 

gebieden waar schistosomiasis endemisch is dienen mannen derhalve beschouwd te worden 

als een speciale risicogroep.
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