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ABSTRACT 
 

Deconstructing Normal: Leptin Variation Across and Within Population 
 

Aaron Allen Miller 
 

 
Since Franz Boas’ work in the early 20th century understanding biological variation and 

plasticity has been one of the aims of Biological Anthropology research.  This research has led to 

the recognition that deriving biological knowledge primarily from western industrialized samples 

provides a limited and potentially skewed view of human physiology.  As such, this research 

focuses on leptin, a recently identified hormone that has largely been studied in western and 

industrialized samples. Leptin is a hormone like peptide secreted in proportion to adiposity and is 

involved in energy regulation.  Specifically, this research examines cross-cultural variation in the 

hormone leptin.  It examines and consolidates the available literature on leptin and draws on that 

literature to investigate the broad variation across a variety of populations. Then it takes an in-

depth look at leptin within two populations, the Tsimane’ and the Philippines.  The Tsimane’ are 

a population of hunter-gatherer horticulturalist in the early stages of market integration while the 

Philippines is a population that has been experiencing the nutrition transition.    

 The broad cross-cultural analysis shows a fair amount of variation in leptin levels across 

populations, only some of which is explained by variability in adiposity levels.  Fat mss 

compared to percent body fat explains more of the variation in leptin levels; however the 

difference is quite small. Sexual dimorphism in leptin levels is consistently observed within and 

between populations, suggesting a species wide characteristic. Lifestyle patterns may have some 

influence on leptin levels, with rural and subsistence based populations tending to have lower 

values, but until more data is available it remains inconclusive.  
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 The Tsimane’ show very low leptin levels compared to other populations and show a 

high degree of continuity with adolescent Tsimane’ samples previously analyzed.  However, 

some of these results may be the due to the collection method used (bloodspot instead of 

venipuncture).  The Filipino adults show moderate to high leptin levels compared to other 

populations and show a low degree of continuity with adolescent Filipino data (who have low 

leptin levels).  In both population pregnant women show elevated levels of leptin, a pattern 

consistent with data from other studies.  
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Chapter 1: Introduction 

 

In this dissertation I present the results of research examining between- and within-group 

variation in the hormone leptin.  Leptin is a hormone secreted in proportion to adipose tissue 

which plays an important role in energy regulation. This research provides data on leptin that 

challenges conceptions of human biology extrapolated primarily from limited population data 

(i.e. US and European) that purport to represent the full variability of the human species. 

Leptin’s recent identification makes it an ideal candidate for a study of this kind, as research and 

discourse on its function and variability have only been undertaken in the last 20 years.  This 

introduction will discuss the theoretical issues that drive this dissertation work and will provide 

an outline of this dissertation’s content.  

 

One of the hallmarks of anthropology has been its interest in variation.  In early 

anthropology this started solely as an examination of the other, targeting cultures and societies 

that were markedly different from those of the researchers.  Much of the research on biological 

characteristics at this time (late 19th/early 20th century) focused on the fixity of types and 

attempted to elucidate differences between (racial) types (Johnston and Little 2000).  This 

typological thinking was challenged in the early 1900’s, most notably by Boas’ work on head 

shape in immigrants (Boas 1911).  This recognition of plasticity increased anthropologists’ 

interest in not just between-group biological variations but also within-group variation.  In the 

1960’s the Human Adaptability Component of the International Biological Program greatly 

increased the amount of research focused on human biological variability (Little and Kennedy 
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2010; Schell 1995; Lasker 1969).  Further, beyond simply documenting differences, post-1960’s 

research has taken a greater interest in explaining why such differences exist and has tried to 

frame their role in a larger theoretical frameworks (e.g. evolutionary, ecological, political-

economic).  As biological anthropology has developed as a science and has become more 

theoretical and explanatory the tools in which it uses have also developed, becoming increasingly 

more sophisticated.  

 

Since the 1980’s there has been an increasing movement towards the use of hormones 

and other molecular biomarkers in studies of human variation (Campbell 1994).  Such methods  

can be useful in detecting functionally important biological variability not reflected in broader, 

more apparent phenotypic expressions, such as subtle changes in fecundity (Ellison 1994), in 

elucidating biological pathways through which physiology interacts with social, cultural, 

ecological factors (Crimmins and Seeman 2001), and in providing objective health and 

physiological measures.  Much of this interest has been aided by technological advancements, 

including increased affordability and the development of more field-friendly collection methods, 

including salivary (Ellison 1994), urinary (Lasley, Mobed, and Gold 1994), and bloodspot 

methods (McDade et al. 2007; Valeggia 2007; Worthman and Stallings 1994, 1997).  Early work 

in reproductive ecology was one of the first examples of a field to benefit from these methods, 

when it was shown that progesterone levels are higher in westernized countries compared to 

populations in more subsistence-level contexts (Ellison 1994).  Such differences are not 

immaterial, as relying on the high progesterone levels in westernized women as the basis for 
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hormonal contraceptives, potentially increasing side effects and decreasing use in populations 

with much lower levels (Vitzthum et al. 2004).   

 This work brought to the forefront the idea that the biology of humans in westernized 

countries may be a poor model for the biology of humans that existed for most of our species’ 

history.  Eaton and colleague’s 1994 paper on women’s reproductive cancers highlighted that 

these differences between groups, in this case differences in reproductive life histories, could 

have profound effects on health outcomes, with individuals living under industrialized conditions 

having increased disease expression.  Similar ideas have been articulated in Margaret Lock’s 

work on menopause in Japan, critiquing the generalizations made by the medical community 

based upon a very narrow population sampling, suggesting that western woman may in fact be 

anomalous in many of their characteristics (Lock and Kaufert 2001).  Lock instead suggests the 

idea of local biologies, where biological variation is “a product of individual lived experiences in 

specific environmental, historical, and sociopolitical contexts” (Lock 2012: 25).   Additional 

critiques of westernized-centric models have recently been expressed in Joseph Henrich and 

colleagues’s paper on WEIRD (Western, Educated, Industrialized, Rich, and Democratic) 

populations, where he highlighted the uniqueness of westernized cultures and their limited nature 

as models of human behavior, a viewpoint that could just as easily be discussing their roles as 

models of human biology (Henrich et al. 2010).  Similar critiques within anthropology have been 

raised concerning conclusions drawn from captive primate studies (Boesch 2010; Leavens et al. 

2010) or from few primate populations during brief time periods (Strier 2009) and how limited 

such results may be when trying to understand primate species as a whole.  Only through a 
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comprehensive study of a species across various ecological contexts can we truly start to make 

conclusions about that species.  

 

Similar to the inappropriateness of the western world as a reference model for human 

biology, the construction of “normal” biology through the use of animal models (particularly 

rodents) may also create inappropriate models that are often used uncritically and may provide 

results that are unlikely to be replicated in human populations (Mestas and Hughes 2004).  For 

instance, a recent examination of immunological publications shows an extreme bias towards 

animal models in a number of major journals, despite the fact that conclusions drawn from this 

research may not ultimately be applicable to human pathophysiology (Hayday and Peakman 

2008). On a most basic level, animals models have been criticized and cautioned by the fact that 

in a number of important ways mice physiology may differ from that seen in humans (Sarikonda 

et al. 2009) and much of the research that is done can be characterized as being of poor quality 

(Bracken 2009, Pound et al. 2004).  Mouse models in particular have been criticized for their use 

of isogenic populations that poorly represent the substantial variability seen in non-laboratory 

genetic backgrounds as well as the complex genetic (and environmental) interactions that result 

from this (Williams et al. 2004).   The fact that mouse life history (short-lived) and ecological 

conditions (ground dwelling) that they are adapted is radically different than human’s has also 

been a point of criticism (Davis 2008, Mestas and Hughes 2004).   Indeed a recent article 

highlighted the lack of systematic studies evaluating the appropriateness of mouse models and 

how human genomic responses to acute inflammatory stresses are poorly reproduced in such 

models (Seok et al. 2013).   
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The recent identification of the hormone leptin and the surge of research that followed 

provide an excellent opportunity to explore some of the issues discussed above.  The application 

of problematic models in the attempt to understand leptin and the resulting incorrect conclusions 

exposes the potential of the dangers of using such models.  This started with early conclusions 

drawn from results seen in the ob/ob strain of mice, with the administering of leptin leading from 

an obese phenotype to a lean one (O’Rahilly 1998).  This led people to believe the leptin might 

prove to be a “cure” for obesity (e.g. Byravan 1996).  This idea was quickly proven not to be the 

case in humans or mice, showing that with increasing obesity leptin levels increase and that 

exogenous leptin administration were largely unsuccessful at promoting weight loss (Huckshorn 

et al. 2000, Pelleymounter et al. 1995).  The reason for the original erroneous conclusion is 

multifaceted, stemming from theoretical issues and the use of animal models.    

 

 For the most part views and research on leptin have taken an obesity centric view of 

studying the hormone.  The earliest views were focused primarily on its role as a therapeutic 

agent in curing obesity.   When that goal failed to materialize much of the research was still 

centered on obesity and the idea of leptin resistance as causative agent in obesity.  A more 

evolutionary and ecologically oriented view of leptin approached the hormone from a different 

perspective, as an anti-starvation hormone, operating for most of human history at relatively low 

levels and functioning to help activate the body’s defenses and energy saving mechanisms in the 

face of decreased energy availability (Flier 1998, Ahima et al. 1996).  Leptin’s role has been 

hypothesized beyond simply preventing starvation to one that may play a key role in mediating 
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life history tradeoffs that occur under conditions of finite energy (Worthman 2003), including 

mediating energy needs for immune function (Carlton et al. 2012; Mcdade 2003) and 

reproduction (Loucks 2007).   

 

 Much of the research done on leptin has been done using animal models, primarily mice. 

These models have shown some similarities to leptin’s action in humans, particularly the 

hyperphagia and lack of reproductive development (e.g. puberty) seen in both the ob/ob mouse 

phenotype and the leptin deficient human phenotype should be noted.  However, we now know 

that a number of important differences exist between humans and mice in relation to leptin, even 

when keeping our comparisons to those with similar genetics deficiencies to the ob/ob mice (see 

Table 1.1 for comparisons).  With leptin’s role in anti-starvation this makes sense that there 

would be differences considering mice must eat ~50% of their total energy content per day, 

while humans eats about 2% of their total energy content per day (Himms-Hagen 1999).  Thus, 

food scarcity requires much more action and can be much more devastating in the mouse.  This 

is one of the reasons humans don’t down regulate body temperature and enter a state of torpor in 

response to acute food scarcity.  Leptin may play a key role in this in mice, where ob/ob mice 

down regulate body heat production and then up regulate it when given leptin (Pelleymounter et 

al. 1995).  Problems then may arise when specific leptin related traits are presented as occurring 

in humans, but then the citations given are often only for rodent studies (e.g. Fietta 2005).   

 

 The problematic use of mice models in understanding leptin is exemplified by the 

contention that leptin acts to raise energy expenditure.  A number of studies have reported that 



18 
 
methodological problems in studies of mice that incorrectly adjust for total body weight, rather 

than lean mass have been argued to created difference where none exist (Butler and Kozak 2010, 

Himms-Hagen 1997).  Additionally when given pharmacological doses of leptin increase in 

energy expenditure is seen in ob/ob mice (normalized to levels resembling controls) but no such 

increase is seen in genetically normal control mice (Pelleymounter et al. 1995).  However, in 

calorie restricted mice, leptin administration appears to prevent decreases in energy expenditure 

(Halaa et al. 1997).  Therefore, the idea of “leptin raising energy expenditure” should only be 

applied to ob/ob mice or food-restricted mice, not humans or mice under normal conditions 

(Himms-Hagen 1999).   Thus, not only are the conclusions problematic because of 

methodological problems, but the reliance on genetically unique models (ob/ob mice) lead to 

inaccurate conclusions about normal mouse physiology that has then been erroneously carried 

over to humans.  

 

 This is not to say that mouse models do not play an important role in understanding 

human physiology.  Much research, particularly experimental studies, relies on the control and 

ability to manipulate variables that animal models offer.  The critique here is that all too often 

such models are used uncritically.  In a similar vein drawing conclusions solely from westernized 

populations has the potential to lead to inaccurate conclusions about other populations or the 

human species as a whole.  Research in the US may be convenient and does not face many of the 

challenges anthropological work does, but the conclusions drawn should be viewed as 

representing a specific local biology, one created as a result of the cultural and ecological context 

in which it occurs. Work by Bribiescas (2005) was one of the first studies to highlight this, 
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showing that at equal levels of body fat Ache woman have much lower leptin levels than women 

in the US and in fact Ache levels more closely resemble US women diagnosed with Anorexia 

nervosa (and very low body fats). Given how important energy regulation is for life history and 

leptin’s potential role as a mediator, exploring leptin in contexts with different 

ecological/cultural context that impact energy availability as well as life histories patterns 

becomes even more essential.  

This dissertation then is an attempt to move past westernized and animal models of leptin 

function and add to the small amount of literature available on leptin in non-westernized context.  

The two primary objectives of this study are to examine the cross-population variation in leptin 

and to add to the current available literature and understanding of leptin in two non-western 

populations.  The Tsimane not only experience energetic stressors that may be closer to those 

met under conditions of the evolution of leptin’s function in the human lineage, but also because 

they provide a good contrast to the conditions seen in WERID populations, with their own local 

biologies created under unique environmental, historical, and sociopolitical contexts.  The data 

from the Cebu Longitudinal Health and Nutrition Survey (CLHNS) provides another contrast, as 

individuals from this population exist in a range of socio-ecological and economic conditions, 

circumscribed within the context of the development of a large metropolitan area and its 

immediate periphery that is currently undergoing the nutrition transition. Past research has 

shown adolescents from Cebu City to be lean while their adult mothers have increasing rates of 

overweight and obesity (Kuzawa et al. 2007, Adair 2004).  Another benefit of the new leptin data 

from populations investigated within this dissertation is that earlier data has been previously 

presented from children and/or adolescents from these populations (Kuzawa et al. 2007, 
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Sharrock et al. 2008).  Data from these two populations (Tsimane’ and Filipino) allows not only 

cross-cultural comparisons, but also allows comparisons to be made to younger age groups 

within those specific populations.  

 

Outline of the dissertation 

This last section provides a brief overview of the dissertation, which is composed of 

seven chapters.  This chapter has discussed some of the theoretical issues driving this dissertation 

and provides a structural overview of the dissertation.  

Chapter 2 provides a review of leptin literature and analyzes current data on leptin cross-

population variability.  The first objective of this chapter is to provide a thorough examination 

and synthesis of the available literature on leptin. This review provides a discussion of leptin’s 

identification and recent history, leptin physiology, and a discussion of leptin’s function.  Then 

the review focuses on leptin variability and causes of that variability.   

Chapter 3 examines the available population data on leptin levels.  First methodological 

issues with measuring leptin and comparisons between populations are discussed.    Then this 

chapter takes a cross-cultural look at the variability in leptin levels from a variety of studies 

taken from the literature where leptin levels were reported as well as body fat percentage and fat 

mass (reported or calculated).  Finally an analysis based upon a broad lifestyle factor is 

conducted as a way to explain the observed variability.   

Chapter 4 provides relevant background information on the Tsimane’, with whom over a 

year of field research was conducted.   I start this chapter by providing a historical overview to 

better contextualize modern Tsimane’.   I then discuss Tsimane’ political involvement, village 
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life, and describe basic ecological conditions.  Finally I go into more detail on means of 

subsistence, demographics, and market involvement.   

Chapter 5 is an examination of anthropometric and leptin data in Tsimane’ adults.   The 

leptin data in this chapter was collected and analyzed using a bloodspot method adapted by 

myself and colleagues at Northwestern (Miller et al. 2006), utilizing the sophisticated, field 

friendly techniques developed within anthropology.  After providing background on Tsimane’ 

anthropometrics from children and adults and reviewing the research on leptin conducted 

previously in Tsimane’ children and adolescents, I present methods for fieldwork conducted 

among the Tsimane’ from December 2004 to March 2006.  I present general descriptive and 

anthropometric data, test for sex differences, put my results in a comparative framework, and test 

for predictors of leptin that operate independent of adiposity.   The discussion in this chapter 

examines the results in comparisons to those seen in Tsimane’ children and adolescents and 

discusses their larger significance.  

Chapter 6 is an examination of adult anthropometric and leptin data in Filipino adults.  

This chapter begins with a discussion of the research on leptin and anthropometrics previously 

conducted in Filipino adolescents as part of CLNHS.  The analysis presented here examines 

leptin and its relationship to various adiposity measures, sex differences, and differences between 

pregnant and non-pregnant woman.  I then discuss this chapter’s findings in comparison to those 

found in adolescents.   

Chapter 7 is the conclusion, providing a general discussion of the results of the research 

presented in this dissertation.  Specifically, I discuss how the Tsimane’ and Filipino data 



22 
 
compare to each other and to the world wide data presented in chapter 3.  Finally, I discuss the 

theoretical and methodological implications of the results presented in this dissertation.    
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Chapter 2: Background on Leptin 

 

Since leptin’s initial discovery in 1994 there has been a tremendous growth of scientific 

literature concerning the hormone. Leptin has been identified as a product of the ob gene and 

secreted primarily by white adipose tissue. It has played a pivotal role in changing our 

understanding of adipose tissue, which has traditionally been viewed largely as a passive storage 

tissue, whereas now it is seen as a very active endocrine organ. A wide range of physiologic 

functions have been proposed for leptin in humans and generally these roles can be grouped 

under two headings: 1) regulating energetic status and 2) acting as an energetic indicator to 

various physiological processes, such as reproduction (Himms-Hagen 1999).   

The focus of this chapter is to provide background information and a review of the 

pertinent literature relating to the hormone leptin, its function, and its variation in adult humans. 

Where considered relevant, animal models will also be discussed, with an understanding of the 

problems of such models previously outlined in the introduction.  

 

Early History: 

Research on the effects of leptin started long before the specific molecule was isolated 

and described. In the 1950s, researchers began studying what later became known as the ob/ob 

(obese) mouse (Ingalls et al. 1950) and the db/db (diabetes) mouse (Hummel et al. 1966), both of 

which were of interest due to their morbidly obese nature. It was later hypothesized from 

parabiosis (cross-circulation) studies that the ob/ob mouse lacked a circulating factor that 

contributed to this obesity, while the db/db mouse had this circulating factor but failed to respond 
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to it (Coleman 1973).  During this time it was also shown that rats with lesions to the 

ventromedial hypothalamus produce phenotypes similar to those seen in the ob/ob and db/db 

mice, with parabiosis studies showing similar results to the db/db mouse (Hervey 1959). This 

suggested that the circulating factor acted in the hypothalamus to control appetite. Similar 

phenotypes were seen in human with trauma or disease to the hypothalamus, suggesting that 

similar energy regulating mechanisms were at work (Bray and Gallagher 1975). Finally in 1994 

the specific gene defect in the ob/ob mouse was located, allowing the identification of the 

circulating factor as what is now called leptin, named for the greek word leptós, meaning thin 

(Zhang et al. 1994). The leptin receptors were identified shortly after in 1995 (Tartaglia 1995).  

It was discovered that the ob/ob mouse lacked a functional form of leptin, while the db/db 

mouse lacked OB-Rb receptors for leptin. The obesity in these mice resulted from a marked 

increase in appetite and low energy expenditure. They also displayed shortness, infertility, and 

high circulating levels of glucose, insulin, and cortisol. However, all of these characteristics 

diminish in the ob/ob mouse with the administration of leptin (O’Rahilly 1998). In these mice 

leptin administration was found to induce weight loss through increased satiety and increased 

energy expenditure through heat production. After a month of leptin therapy these mice lost 

roughly half their weight (Halaas et al. 1995, Pelleymounter et al. 1995, Rentsch et al. 1995). 

Immediately recognizing the significance, Amgen bought the commercial rights to the hormone 

for $20 million in 1995, only six months after its discovery (Chicurel 2000). Leptin was quickly 

brought to the forefront of nutrition research with hopes of curing obesity in humans.  
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Physiology and Function: 

Basic Physiology:  

Leptin is 16 kDa protein made up of 167 amino acids, including a 21 amino acid terminal 

secretory sequence, thus circulating as a 146 amino acid protein (Caro and Considine 2004). It 

has a tertiary structure that places it in the cytokine family. It shows a high degree of homology 

among species, with human leptin being 84% identical to the mouse and 83% identical to the rat 

(Ahima and Flier 2000). In humans leptin is produced primarily in white adipose tissue. Leptin 

production is related to the level of adipose tissue, with those individuals having higher fat mass 

tending to produce more leptin (Klein et al. 1996). This is most likely due to increased leptin 

synthesis in larger adipocyte cells, as indicated by elevated levels of Leptin mRNA in such cells 

(Skurk et al. 2007, Bell and Considine 2006, Hamilton 1995). Subcutaneous fat stores produce 

more leptin then visceral fat (Hube et al. 1996, Montague et al. 1997). Leptin has a half life of 

24.9 ± 4.4 min, with clearance occurring mainly in the kidneys (Jensen et al. 1999, Klein et al. 

1996). Clearance rates are similar in males and females and either have no relation to adiposity 

(Klein et al. 1996) or being are decreased with increasing adiposity (Wong et  al. 2004). Other 

sites of leptin production include brown adipose tissue (Kutoh et al. 1998), the ovaries (Loffler et 

al. 2001), the placenta (Masuzaki et al. 1997), mammary epithelium (Casabiell et al. 1997), and 

the stomach (Sobhani et al. 2002, Bado et al. 1998).  

Leptin receptors are members of the cytokine receptor superfamily and have been found 

in a variety of sites, including the hypothalamus, liver, heart, kidneys, lungs, small intestines, 

pituitary cells, testes, ovaries, spleen, pancreas, adrenal glands, and adipose tissue (Margetic et 

al. 2002). The primary receptor site is in the hypothalamus, where leptin has been thought to act 
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upon the body’s energetic regulation (Bates and Myers 2003, Veniant and LeBel 2003). There 

are at least six leptin receptor isoforms, falling into three goups: the short forms (OB-Ra,c,d,f), 

the long form (OB-Rb), and the soluble form (OB-Re) (Kutoh et al. 1998). Ob-Rd has been 

described only in rats while Ob-Rf has only been described in mice (Schulz and Widmaier 2006, 

Margetic et al. 2002). The reason for all of the various isoforms is as of yet not entirely clear and 

for the most part have been relatively understudied. It has been suggested that OB-Ra may be 

involved in leptin transport across the blood brain barrier (Kastin et al. 1999). Ob-Rc and Ob-Rd 

may function as a part of leptin clearance from the blood, while Ob-Re may act as a binding 

protein or stabilizing mechanism to regulate the bioavailability of leptin (Margetic et al. 2002, 

Huang et al. 2001, Lammert et al. 2001, Lee et al. 1996). OB-Rb is the most conserved across 

species, fully capable of activating intracellular signaling, highly expressed in the hypothalamus, 

and thought to be the most critical for energy regulation (Myers 2004).  

All leptin signaling through OB-Rb relies on the initial activation of Janus kinase-2 

(JAK2) (Villanueva and Myers 2008). This stimulates further events that lead to the activation of 

various signaling pathways, the primary one being the STATs (signal transducers and activators 

of transcription) pathways and others including the MAPK (mitogen-activated protein kinase) 

and PI3K (phosphoinositol 3-kinase) pathways  (Lavens et al. 2006). Evidence from mice 

suppressing only the STAT3 pathway showed a phenotype w/ severe obesity but retained 

reproductive ability, suggesting leptin’s pleiotropic affects are modulated through multiple 

pathways (Bates and Myers 2003). The downstream effects these pathways have on energy 

metabolism are not entirely known and appear to involve some level of redundancy; they include 

the inhibition of multiple orexigenic (appetite stimulating) peptides and stimulation of multiple 
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anorexigenic peptides (appetite suppressing).  These orexigenic peptides include neuropeptide Y, 

melanin concentrating hormone, agouti-related protetin, galanin, orexin, and galanin-like peptide 

(Klok et al. 2007, Harrold 2004). The anorexigenic peptides include pro-opiomelanocortin, 

cocain- and  amphetamine-regulating transcript, neurotensin, cotricotropin-releasing hormone, 

and brain-derived neurotrophic factor (Klok et al. 2007, Harrold 2004).  

 

Anti-obesity role: 

The hopes for leptin’s role as an anti-obesity hormone in humans were short lived. 

Clinical trials failed to show the same results that were previously scene in mice (Chicurel 2000). 

The type of direct genetically controlled obesity (ob/ob or db/db) that was seen in mice turned 

out to be relatively rare in humans. Of the thousands of articles written specifically on leptin, 

only a handful have reported the identification of patients with genetic disorders similar to the 

ob/ob or db/db mice (O’Rahilly 2002, O’Rahilly 1998, Clement et al. 1998, Strobel et al. 1998, 

Montague et al. 1997). These case studies have shown that in these rare instances of leptin 

deficiency the same type of extreme obesity and most of the related phenotypic disturbances 

observed in mice can be seen in humans. In these cases it has also been demonstrated that 

treatment with leptin is an effective means of reversing many if not all of the associated 

symptoms of leptin deficiency, particularly obesity (O’Rahilly 2002). Although these case 

studies provide insight for studying the biology of leptin, the rarity of the genetic conditions has 

limited the prospect of leptin becoming the anti-obesity “wonder drug” as originally hoped. The 

clinical trials in humans without rare ob/ob homologies have showed variable responses (Phillips 

1998) with results either failing to increase weight loss (Zelissen et al. 2005, Huckshorn et al. 

2000), doing so at only very high doses of leptin (Heymsfield et al. 1999) or only when 
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combined with severe energy restriction (Huckshorn et al. 2003). This therefore begs the 

question, what is the physiological role of leptin in humans? 

 

Thrifty Role: 

Despite the many advances in leptin research, questions remain regarding the function of 

leptin in humans. The initial research in mice suggested that it plays a part in helping the body to 

regulate energetic status, acting as a homeostatic mechanism to regulate energy status in 

response to positive or negative energy balance (see Figure 2.1). Under this view leptin was seen 

as a mechanism to control obesity by causing increases in satiety and energy expenditure. More 

recent research suggests that leptin’s main function is as part of a “thrifty genotype” designed to 

conserve resources in response to starvation (Flier 1998, Ahima et al. 1996). Evolutionarily the 

latter hypothesis makes sense in that humans have spent the majority of their evolutionary 

history in a state of limited and variable energy availability with low risk of becoming obese. 

Under this model the human energetic system can be seen as “hedging its bets” and is geared 

towards weight gain rather than weight loss or maintenance, due to the potentially high cost of 

weight loss (Schwartz et al. 2003). It should be kept in mind that during most of our evolutionary 

past weight gain would be comparatively small and may have been a short term or seasonal 

phenomenon, thus the risk of considerable weight gain and the cost involved were most likely 

negligible (Prentice et al. 2002). Therefore, obesity and the high leptin levels associated with it 

represent what could be considered a relatively novel state.  

From an evolutionary perspective it makes sense that an organism should be sensitive to 

its environmental quality, particularly that which would affect the availability of energy. In 
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circumstances of limited energy availability it would be adaptive for an organism to be able to 

change how it allocates energy, for instance by investing less in reproduction and more in 

maintenance. Thus, many of these phenotypic traits that were originally associated with the 

obese ob/ob mouse have been identified as being similar to those that develop in response to 

starvation in many species, including humans (Friedman 2009). Following this logic, leptin has 

been hypothesized to function as an energetic signal to certain aspects of human physiology, 

including reproduction (Chehab et al. 2002, Laird et al. 2001), timing of the onset of puberty 

(Palmert et al. 1998), and immune function (Lord 2002).  

An important point to be made here is that leptin, in all of these circumstances of 

adaptive physiological functioning, would be expected to be operating at comparatively lower 

levels of energy availability and at higher levels of expenditure then currently seen in 

modernized populations. Therefore, there is a need to determine what can be called an adaptive 

function and what may be better characterized as a mismatch between our evolved biology and 

current environment. This is important to keep in mind, in that most of what we know about 

leptin in humans comes from relatively energetically well off populations. Some evidence even 

suggests that at low leptin levels the relationship between fatness and leptin breaks down 

(Freeman et al. 2002, Eckert et al. 1998). However these studies may be flawed in that the first 

one is limited by the sensitivity of their leptin assay and they both use BMI as their marker of 

body composition, failing to control for differences in muscle wasting which may have led to or 

exaggerated differences in BMI, rather than actual differences in fatness. Clearly, in order to get 

a better understanding of the function of leptin, more information must be collected from 
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populations who show levels of adiposity and energetic stressors that resemble those experienced 

for the majority of human history (Prentice et al. 2002). 

 

Leptin Resistance 

Leptin’s ability to induce increased satiety and weight loss at low doses in ob/ob 

individuals (Farooqi et al. 1999) has brought about the question of why it does not act in a 

similar fashion in genetically normal mice and humans (El-Haschimi and Lehnert 2003). As 

previously mentioned, leptin clinical trials in genetically normal obese human subjects fail to 

lose weight (Zelissen 2005, Huckshorn et al. 2000) or do so at only very high dosages 

(Heymsfield et al. 1999, see Mantzoros and Flier 2000 for a discussion).  This has lead to the 

hypothesis that overweight and obesity result in a state of leptin resistance, where the satiety 

inducing effects of leptin are reduced at higher levels. This hypothesis is supported by 

overfeeding experiments, where the magnitude leptin rose above baseline was related to weight 

gain and fails to provide the expected anorexigenic effects (Kolaczynski et al. 1996a).   

Two hypotheses have been proposed to explain why the high levels of leptin associated 

with the relatively novel condition of obesity do not induce weight loss. The first hypothesis is 

that obesity is due to a condition of leptin resistance, an idea similar to that of insulin resistance 

in diabetes (Friedman 2002). Under this hypothesis the development of tissue insensitivity to 

leptin is thought to limit the body’s ability to utilize leptin’s weight loss properties, thus causing 

obesity to occur over time (Munzberg et al. 2004). In much of the literature this hypothesis is 

cited as an explanation for why leptin treatment in cases of obesity fails to provide a significant 

effect. It is supported by data from diet-induced obese rats that show an attenuated response to 
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leptin injected into the lateral cerebroventricle compared to rats on a normal laboratory diet 

(Widdowson et al. 1997).  One proposed mechanism for leptin resistance under this hypothesis is 

through a negative feedback loop. The most studied inhibitory molecule that have been 

implicated in such a feedback loop is SOC3 (suppressor of cytokine signaling) (Munzberg and 

Myers 2005).  SOC3 expression is induced by the leptin receptor initiated JAK2/STAT3 

pathway, thus levels increase in response to rising leptin levels. Rodent models lacking SOC3 

have shown greater sensitivity to leptin and a lean phenotype (Howard et al. 2004, Mori et al. 

2004). Additionally, in vitro studies have shown SOC3 to interfere with leptin receptor signaling 

by binding to JAK2 and an additional tyrosine residue (TYR985) on the intracellular leptin 

receptor tail (Myers et al. 2008, Bjorbaek et al. 2000). Thus, as leptin levels increase, SOC3 

increases in response and attenuates the effects of the increasing leptin. 

The second hypothesis is that leptin acts in a nonlinear fashion due to a saturation effect. 

In this hypothesis leptin levels continue to increase in response to increasing adiposity but its 

ability to act as a satiety factor attenuated at higher levels. It has been suggested that 

transportation across the blood brain barrier may be a limited factor and that increased leptin past 

a certain point fails to reach the hypothalamus. This is supported by a decreased ratio of cerebral 

spinal fluid leptin to serum leptin with increased obesity (Caro et al. 1996a). Both of these 

hypotheses can be used to explain leptin’s failure to treat obesity. More research will be 

necessary to clarify which hypothesis is the more likely explanation. However, regardless of 

which hypothesis is correct, they both suggest that leptin was not designed to manage the high 

levels of adiposity seen in many contemporary populations. 
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It has been suggested that in at least some species and under some conditions (i.e. 

hibernation, and pregnancy) leptin resistance may also offer adaptive benefits (Myers et al. 2008, 

Grattan et al. 2007, Chehab et al. 2004).  Under these conditions gaining fat is beneficial, thus 

having a blunted response to rising leptin levels would be advantageous. In humans, pregnancy 

offers the most likely example, with leptin levels increasing significantly in the first trimester  

and then being followed by the increases in body fat that occur later in pregnancy (Highman et 

al. 1998). Leptin resistance during pregnancy may be accomplished by some of the increased 

amounts of the leptin being sequestered by higher levels of the soluble leptin receptor (Henson 

and Castracane 2006, Huang et al. 2001). Leptin resistance may also occur only in select tissues, 

with studies in mice suggesting that resistance may be occurring in the hypothalamus, while 

leptin receptors in the heart and other peripheral sites still respond to the increasing leptin levels 

(Tschop et al. 2007, Somoza et al. 2007, Correia et al. 2002). This may be relevant during human 

pregnancy where the resistance may be occurring at the hypothalamus while the increased levels 

of leptin serve additional functions, such as involvement in embryonic implantation or fetal 

growth and development (Henson and Castracane 2006). Additionally it may explain some of the 

negative health consequences of obesity that have been associated with increased leptin levels as 

a causal agent, such as hypertension (Mark et al. 2002).  

The concept of leptin resistance has been met with criticism from some researchers. The 

use of the term leptin resistance and its relationship to obesity has been criticized due to the fact 

that high leptin level’s association with obesity doesn’t necessarily make it the main causal factor 

in obesity nor is it even necessarily one of leptin driven dysfunction, that the term may be 

incorrectly pathologizing leptin’s role in obesity (Prentice et al. 2002, Arch et al. 1998). It has 



33 
 
also been argued that the conclusion of “leptin resistance” is based on the false assumption that a 

homeostatic adiposity set point is set low in all individuals, while in reality the system is working 

perfectly, with obesity resulting from high adiposity set points in some individuals that have only 

surfaced in the modern environment (Speakman 2006).   

 

Leptin – Appetite and Satiety effects  

 Besides obesity, one of the major phenotypic characteristics of genetically leptin deficient 

humans is that they are hyperphagic (Farooqi et al. 2009, Monatgue et al. 1997).  This has led to 

a lot of interest in leptin’s role in satiety and eating behavior. However, due to the fact that leptin 

does not respond to meals before 4 hours (see Dietary Composition section) its role in short term 

satiety is limited (de Graaf et al. 2004). In a state of neutral energy balance leptin appears to not 

be related to measures of hunger and satiety (Romon et al. 1999, Joannic et al. 1998, Karhunen et 

al. 1997). However, when in negative energy balance measures of hunger (Mars et al. 2006, 

Doucet 2004, Keim et al. 1998, Heini et al. 1998), satiety (Heini et al. 1998), and actual intake 

(Chin-Chance et al. 2000) are associated with leptin levels.  However, this relation of appetite to 

actual behavior is unclear, as in other studies the magnitude of leptin decrease was not predictive 

of ad libitum calorie consumption following a fast or underfeeding in men (Cooper et al. 2009, 

Mars et al. 2005).   Administration of exogenous leptin has also been seen to either decrease 

appetite during negative energy balance (Schurgin et al. 2004, Huckshorn et al. 2003, 

Westerterp-Plantenga et al. 2001) or have no not effect at all (Chan et al. 2003).  

To date, experiments in overfeeding have failed to measure appetite and satiety, so the 

effects of positive energy balance are unknown. However, actual food intake has been measured.  
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Chin-Chance et al. (2000) found intake decreased with increased leptin. There was a similar, 

although non-significant pattern seen by Cooper et al (2009). However, in another study intake 

was seen to be increased with overconsumption, despite higher leptin levels (Jebb et al. 2006). 

These studies may be indicative of a weakened leptin effect during overconsumption or various 

levels of leptin resistance in the particular study subjects. 

Thus, the evidence suggests that leptin does act to increase appetite, but usually during 

negative energy balance, following its role as a thrifty, energy conservative signal. 

 

Leptin – Regulator of other functions 

 Leptin’s main role can be seen as a metabolic switch, acting to provide adaptive 

physiological changes during times of decreased energy availability (Himms-Hagen 1999). 

Under this role it acts to regulate the complex endocrine responses to negative energy balance 

and provides a clear signal of deficiency (Flier 1998). Administration of leptin to mice and 

humans in the fasted state acts to blunt at least some of the responses in the HPG and HPT axis 

normally associated with negative energy balance, providing further support for leptin’s role in 

this capacity (Chan 2003, see Table 2.1a and 2.1b for examples). This section will provide a brief 

review of leptin’s main proposed pleiotropic effects, including those involving reproduction, 

immunity/inflammation, and bone density.  

One of the main systems that have been suggested to be influenced by leptin is the 

reproductive system.  This connection was made in the original 1950 article of the OB leptin 

deficient mice, whose characteristics included sterility (Ingalls et al. 1950). Shortly after leptin 

was identified, recombinant leptin was shown to reverse this sterility (Chehab et al. 1996).  
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Leptin receptor deficient human females have phenotypes with hypogonadism, delayed puberty, 

and irregular menses after the age of 20, all suggesting leptin plays an important role in human 

reproductive function (Farooqi et al. 2007). It is seen as being important to various aspects of 

reproduction, including puberty (Kaplowitz et al. 2008), fecundity (Demir et al. 2007), and 

pregnancy (Henson and Castracane 2006). The strongest evidence for leptin’s connection to 

reproduction is that low leptin levels accompany exercise induced amenorrhea in humans 

(Laughlin et al. 1997). Treatment with recombinant leptin has been shown to reverse the 

exercise-induced amenorrhea (Welt et al. 2004).  However, current evidence suggests that leptin 

does not play a role in the length of lactational amenorrhea (Tennekoon et al. 2005).    

Part of leptin’s role in providing a signal of insufficiency may be in down regulation of 

immune function, providing an important link between malnutrition and susceptibility to 

infection (Flier 1998). Early research in humans showed that leptin receptors can be found on 

CD4+ and CD8+ T lymphocytes, as well as on Treg cells, and in vitro research shows that leptin 

enhances lymphocytes stimulation, providing evidence that leptin may act directly to impact 

immune function (DeRosa et al. 2007, Martin-Romero et al. 2000, Lord et al. 1998). Absence of 

leptin from in vitro samples reduces T cell proliferation, with the subsequent addition of leptin 

restoring it (Chan et al. 2006). Authors of this study suggested leptin at a certain threshold level 

may be necessary to maintain proper immune function (Chan et al. 2006).  

Another in vitro study showed that monocytes express leptin receptors and leptin acts to 

stimulate increased proliferation and increased expression of monocyte activation markers 

(Zarkesh-Esfahani et al. 2001, Santos-Alvarez et al. 1999). Data from a Turkish pedigree known 

for ob deficiency showed a high degree of child mortality in those children presenting an obese 
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phenotype (7 out of 11) compared to those presenting a normal weight phenotype (0 out of 19), 

with researchers suggesting the increased mortality rate may be tied to leptin deficient 

immunosuppression (Ozata et al. 1999). Children with confirmed leptin deficient genotype have 

shown higher rates of childhood infections compared to their normal genotype siblings (Farooqi 

et al. 2002). These children also showed decreased CD4+ T cells, as well as decreased 

proliferative lymphocyte responses and lower production of cytokines to a variety of stimuli, all 

of which was normalized with leptin treatment. Overall this evidence does suggest leptin has 

some involvement with the immune system. 

In conditions of energy surpluses, with high leptin levels may help to explain increased 

rates of autoimmune diseases or CVD related inflammation (Matarese et al. 2002). Data from 

patients with a variety of immune-mediated inflammatory as well as autoimmune diseases have 

shown mixed results, suggesting a complex relationship with leptin (Lam 2007, Bernotiene et al. 

2006). The system relief experienced by fasting during some autoimmune diseases has been 

suggested to be leptin mediated (Kuchroo and Nicholson 2003). Experiments with leptin 

administration do not increase cytokines or inflammatory markers in short term 3 day fasted 

subjects (Chan et al. 2005). However, long term (~5 years) amenorrheic women did show 

increased levels of the soluble TNFα receptor levels (Chan et al. 2005b). Any relationship 

between these variables may simply be due to the confounding effects of obesity, rather than true 

causality (Matarese et al. 2005). Alternatively, the relationship between leptin and immune 

function may be very complex, with leptin playing a role as one of many involved adipocyte 

derived hormones (Maclaren et al. 2007).  
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It has been suggested that leptin has two opposing roles in bone mineral density (BMD), 

one where it acts through the central nervous system to inhibit bone formation via the 

sympathetic system and another where it directly stimulates bone formation peripherally (Kawai 

et al. 2009, Rosen et al. 2006). In humans, BMD has been shown to increase with adiposity and 

decrease with low leptin levels, seen in amenorrheic athletes (Kaufman et al. 2002) or anorexia 

nervosa patients (Mueller et al. 2008). It has also been shown to decrease in those that experience 

weight loss (Shapses and Riedt 2006). These associations suggest that the direct action of leptin 

is more important or that a state of leptin resistance during obesity may act to blunt the 

sympathetic system response. Receptors for leptin have been found on osteoblasts and an in vitro 

study suggests that leptin does indeed stimulate bone mineralization in humans (Reseland et al. 

2001b). Various studies have attempted to examine the relationship between leptin and bone 

mass, but have resulted in mixed results and can largely be considered inconclusive, with studies 

showing positive (Blain et al. 2002, Yamauchi et al. 2001) or no association (Filip and 

Raszewski 2009, Jurimae and Jurimae 2006, Odabasi et al. 2001, Martini et al. 2001, Goulding 

and Taylor 1998, Rauch et al. 1998). Two studies showed a positive association with leptin and 

BMD in women, but no association in men, suggesting the relationship may be sex dependant 

(Weiss et al. 2004, Thomas et al. 2001). Four studies also showed a negative association in men 

(Lorentzon et al. 2006, Morberg et al. 2003, Sato et al. 2001), with one also showing it in 

premenopausal women (Chanprasertyothin et al. 2005). Most of the positive correlations were 

seen in post-menopausal women. Administration of recombinant leptin to amenorrheic athletes 

showed a positive effect on markers of bone formation (Welt et al. 2004).   Although varied 

these results suggest that the relationship between leptin and bone may only exists in more high 
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risk groups (Postmenopausal women, anorexics, etc) (Arabi 2005) or alternatively it has been 

suggested that its primary relationship with bone may occur during times of growth, such as 

puberty (Hamrick 2004). However, genetically leptin deficient children show normal growth (no 

stunting) and age appropriate bone mineral count and density (Farooqi et al. 2002).  

Although not extensively reviewed here, leptin has been implicated as a causal or 

contributing factor in a number of disease states beyond obesity, some of which are related to 

leptin’s relationship to inflammation. These include various cancers (Alexe and Petridou 2006, 

Garofalo and Surmacz 2005, Markowska et al. 2004), cardiovascular disease (Guallo 2007, Luo 

et al. 2005, Wallace et al. 2001), hypertension (Haynes 2005), and anorexia nervosa (Muller et 

al. 2008, Mantzoros et al. 1997). 

 

Causes of Variation: 

Diurnal Variation: 

Twenty-four hour leptin profiles show that diurnal variation exists. There is an increase in 

evening levels with a peak occurring between one and four a.m. (Licinio et al. 1998, Himms-

Hagen 1999) while levels are lowest around noon to mid afternoon (Sinha 1996). Changing the 

timing of meals by 6.5 hours while maintaining light and sleep patterns results in the diurnal 

rhythm correspondingly shifting by five to seven hours (Schoeller 1997). This suggests that the 

diurnal pattern is tied to meal timing rather than true circadian regulation.  Sinha and Caro have 

suggested that the night time rise may be related to cumulative hyperinsulinemia from food 

ingestion throughout the day (Singha and Caro 1998). Lack of sleep and decreased sleep (4 

hours) have also been shown to have an effect, decreasing the amplitude of the night time rise 
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(Mullington et al. 2003), as well as total 24 hour mean levels (Spiegel et al. 2004, 2005). This 

could result from increased sympathetic nervous system activity, which inhibits leptin (Spiegel et 

al. 2005). Obese individuals have been found to exhibit a blunted diurnal pattern compared to 

lean subjects (Perfetto et al. 2004, Saad et al. 1998). Females also have a blunted diurnal pattern 

compared to males, the significance of which is unclear, but may simply be a function of their 

increased body fat (Saad et al. 1998). The diurnal rhythm has been reported to be absent or 

reduced in amenorrheic athletes (Laughlin and Yen 1997), in underweight women with anorexia 

nervosa (Balligand et al. 1998, Stoving et al. 1998), and in fasting individuals (Boden et al. 

1996).  Currently, it is not entirely clear what measure of leptin, (peak, nadir, overall level, etc) is 

most important in terms of physiological function and the most appropriate to measure, with the 

majority of studies utilizing fasting morning values, more for consistency and ease, rather than 

theoretical importance.  

 It has been suggested that leptin has a pulsatile pattern. Detecting this pattern is 

somewhat problematic, with short pulsatile times resulting in loss of resolution with increased 

time between sample collections. Seven minute sampling for twenty four hours has detected 

pulse durations of 32 ± 1.6 minutes and an average interpeak interval of 43.8 ± 1.8 minutes 

(Licinio et al. 1997). Pulsatility is not related to measures of fatness (Koutkia et al. 2003). A 

comparison between one lean and one obese subject showed the increased mean 24 hour leptin 

levels in the obese individual resulted from increased pulse height, with otherwise similar pulse 

characteristics (Licinio et al. 1997). Some researchers have noted that the pulsatile pattern is 

impacted by and may even result from random errors and variation in sampling or limitations of 

the assay (Ribeiro et al. 2006, James et al. 2002).  It should be kept in mind that the research on 
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both diurnal and pulsatile patterns comes from a limited number of studies, with little 

understanding of the possible range of variation seen in humans.  

 

Sexual Dimorphism in Leptin: 

Women have been observed to have higher levels of leptin then men, with levels 

typically being two to three times higher in women (Wauters and Van Gaal 1999). One 

explanation for this is that females have a higher amount of body fat compared to males.  

Attempting to evaluate this explanation has been difficult given a number of methodological 

problems in the research, including lack of standardized collection methods and analysis.  

A number of studies have attempted to examine the difference between the sexes by 

comparing leptin using BMI as an indicator of fatness (Al-Harithy 2004, Ma et al. 1996). This is 

problematic due to the differences in the relationships between BMI and fatness between men 

and women and the fact that BMI is a weight-for-height index rather than a true measure of 

adiposity (Wells 2010, Jenkins and Campbell 2003, Hortobagyi et al. 1994, Deurenberg et al. 

1991). This could potentially result in spurious sex differences, thus those studies relying solely 

upon BMI will be ignored.   

Some studies that show sexual dimorphism (Sumner et al. 1997, Havel et al. 1996, 

Rosenbaum et al. 1996) have been criticized for their use of ratios to correct for fatness and 

compare across the sexes (Marshall et al. 2000).  This may be misleading and act to create 

spurious differences given a non-zero y-intercept of the true regression between leptin and 

fatness or a nonlinear relationship as fatness increases, with regression modeling seen as a better 

alternative (Marshall et al. 2000, Jasienski and Bazzaz 1999, Rosenbaum and Leibel 1999). 
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Criticisms have also been made (by Jensen et al. 1999) against studies that fail to log transform 

skewed leptin data in their analysis (see Kennedy et al. 1997). Lastly there is disagreement about 

what is the most appropriate and physiologically important measure of fatness. Jensen argues 

that percent body fat is most appropriate in that it explains more of leptin’s variation (in their 

study) and proportion of body fat should matter more than absolute values as it does in other 

biological systems, giving the example that “insulin resistance is more likely to be present in 

small individuals with a high percent body fat then large individuals with the same body fat 

mass, but a lower percent body fat” (1999: 244).  However, considering leptin’s direct 

relationship with adipocyte size discussed in the basic physiology section earlier, the comparison 

to insulin may be inaccurate. Furthermore, Rosenbaum (1996) argues that fat mass is a better 

predictor, due to percent fat being a relative measure on a fixed interval (0-100%). Thus, small 

changes in fat mass in slender individuals will result in large changes in percent body fat while 

large changes in fat mass in very obese individuals will result in very small changes in percent 

body fat (giving it a curvilinear relationship).  This really comes down to the idea of which is 

more important absolute or relative levels of fatness, with the available data being divided on this 

issue. This question of what is the better of predictor of leptin is a difficult one to answer, with 

percent body fat (Marshall et al. 2000, Jensen et al. 1999) and fat mass (Bennet et al. 1997, Saad 

et al. 1997, Rosenbaum et al. 1997, Rosenbaum et al. 1996) each being the better predictor in 

different studies. Until a clear physiological rational can be made for one particular measure, it 

has been recommended to explore both (Marshall et al. 2000). 

The question of whether a sex difference persists after controlling for fatness seems 

equally confusing. A number of studies have shown that when controlling for percentage body 
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fat the difference is indeed explained (Considine et al. 1996, Maffei et al. 1995), although not in 

many of the same studies when controlling for fat mass instead (Marshall et al. 2000, Jensen et 

al. 1999, Bennet et al. 1997). However, when Bennet et al. limited their analysis to individuals 

with BMI’s less than 32.7 the sex differences did remain in models controlling for percentage 

body fat or fat mass (1997). Other studies have shown that the sex differences persist when 

controlling for percent body fat (Guerra et al. 2008, Staiger et al. 2003, Ostlund et al. 1996), fat 

mass (Marques-Vidal et al. 2009, Yannakoulia 2003, Saad et al. 1998, Rosenbaum et al. 1997, 

Couillard et al. 1997, Niskanen et al. 1997, Elbers et al. 1997), fat volume (Considine et al. 2008) 

or multiple measures of fatness (Saad et al. 1997).  

A real sex difference may be at least partially explained by the different distribution of 

body fat in men and woman, with women having a higher level of subcutaneous fat compared to 

men, which as discussed earlier produces more leptin (Bennett 1997). However, when higher 

subcutaneous fat in woman are controlled for this difference still persists, at least in obese 

subjects (Iglesias et al. 2006, Wauters and van Gaal 1999). The physiological data tends to 

support the existence of real sex based differences. One in vitro study showed that women have 

an increased rate of leptin secretion per unit fat mass in subcutaneous fat (Hellstrom et al. 2000).   

The reproductive hormones have been linked to leptin levels with in vitro studies 

showing estradiol stimulates secretion of leptin from visceral adipose tissue (Casabiell et al. 

1998), while dihydrotestosterone inhibits it (Pineiro et al. 1999, Wabitsch et al. 1997). Further 

evidence, particularly for the effects of testosterone comes from transsexuals undergoing sex 

reassignment, where sex hormone milieu and adiposity were significant determinants of leptin 

levels after treatment, while genetic sex was not (Elbers et al. 1997). In that study female to male 
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transsexuals receiving treatment with testosterone experienced a marked decrease in leptin 

levels, while male to female transsexuals receiving estradiol and an anti-androgen showed 

increased levels.  Treatment with testosterone has also been shown to lower elevated leptin in 

hypogonadal men (Jockenhovel et al. 1997). A number of other studies have shown a negative 

relationship between testosterone levels and leptin levels in males (Guerra et al. 2008 (didn’t 

control for body fat), Carraro and Ruiz-Torres 2006, Luukkaa et al. 1998, Vettor et al. 1997, 

Wabitsch et al. 1997), while Kristensen et al failed to find one after controlling for fatmass 

(2000).  In one study administration of estrogen in normally cycling women was shown to 

increase leptin levels (Lin et al. 2005), while in another study estrogen alone did nothing and a 

estrogen and progesterone combination lead to increased leptin (Messinis et al. 2001). However, 

estrogen replacement therapy following bilateral ovariectomy failed to increase leptin levels (Nar 

et al. 2009). Observational studies also show mixed results for the leptin and estrogen 

relationship, with it supported in some studies (Hong et al. 2007, Puder et al. 2006, Unkila-Kallio 

et al. 2001), not detected in others (Alexander et al. 2009. Lambrinoudaki et al. 2003, Thong et 

al. 2000), or disappears after controlling for fatness (Castracane et al. 2006, Kristensen et al. 

2000). A study by Martin et al supports the idea that testosterone, but not estrogen, combined 

with body composition differences explains the sex based differences in leptin (2002).  

In summary, females have leptin levels 2 to 3 times higher than males. This is at least 

partially explained by body composition differences (amount and distribution of fat) and 

potentially by differences in reproductive hormones, particularly testosterone.  The significance 

of this sex difference, if any, is as of yet unknown, although it has been suggested that this 
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difference may reflect leptin’s involvement in reproduction in women (Wauters and Van Gaal 

1999).  

 

Energy Balance: 

 Leptin has been shown to be positively associated with adipocyte size in humans and 

when in neutral energy balance has often been thought to be secreted in proportion to levels of 

fatness (Skurk et al. 2007).  Under conditions other then neutral energy balance leptin levels will 

change preceding any changes in body fatness. Fasting has been shown to lead to decreased 

levels, with re-feeding leading to a reversal of this effect (Cooper et al. 2009, Trayhurn and 

Beattie 2001, Bergendahl et al. 1999, Grinspoon et al. 1997, Weigle et al. 1997, Pratley et al. 

1997, Boden et al. 1996). This decrease in levels is in excess than what would be expected based 

solely upon fat loss, suggesting a true response to the condition of negative energy balance (Chan 

et al. 2003).  The decreasing effect of fasting has been reported to occur between 12 

(Kolaczynski et al. 1996) and 16 hours (Korbonits et al. 1997) after the start of a fasting period, 

with levels returning to baseline within 12 hours of refeeding (Weigle et al. 1997).  Fasting may 

cause an increase in leptin clearance in addition to a decrease in leptin production and these 

effects may be blunted in obese individuals (Chan et al. 2008, Klein et al. 2000). This suggests 

that leaner individuals may be more sensitive to the effects of negative energy balance. 

Restricted energy diets also shown decreases in leptin beyond that expected by body fat changes 

(Mars et al. 2006, Doucet et al. 2004, Wolfe et al. 2004, Wadden et al. 1998, Keim et al. 1998, 

Considine et al. 1996). Eating one meal a day compared to three meals showed no effect on 

morning fasting leptin levels (Carlson et al. 2007). History of weight cycling doesn’t seem to 
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impact leptin, as overweight or obese women who underwent greater periods of repeated weight 

loss and regain are not associated with changes in leptin levels compared to those that tend to 

maintain their weight (Strychar et al. 2009).  Baseline levels and changes in leptin following 

weight loss also fail to predict success at maintaining a lower weight (Wing et al. 1996).  

 This decrease in leptin levels seen with negative energy balance during fasting or weight 

loss has been suggested to act as a signal to other physiological systems, indicating the need to 

conserve energy (see Thrifty Role above). This is supported by experiments where during periods 

of fasting or weight loss leptin is administered in an effort to counter act the negative energy 

balance associated decrease. Although extremely detailed, it should be kept in mind that all of 

these experiments have relatively small sample sizes (n < 10 for all studies). Some of the most 

recent findings show that weight loss has been reported to change how the brain responds to 

visual food stimuli, while supplementing leptin levels reverses this effect (Rosenbaum et al. 

2008, Ahima 2008).  Table 2.1 provides a summary of some weight loss associated biomarkers, 

with leptin restoring some, but not all, of these physiological changes associated with energy 

deficiency.  These data clearly show leptin’s important regulatory role in times of energy 

deficits.  

Overfeeding results in increased leptin secretion with levels that are higher than expected 

based on gains in body fat. Evidence suggests the response may be less dramatic than that seen in 

underfeeding (Hagobian et al. 2008, Chin-Chance 2000, Ohannesian et al. 1999, Kolaczynski et 

al. 1996).  However a recent study in obese males showed that leptin levels did not increase with 

overfeeding, except when an individual had previously been exposed to a period of underfeeding 

(Cooper et al. 2009).    This may indicate that obese individuals have a reduced hormonal 
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response to positive energy balance and thus are more prone to overfeeding. Unlike the effects of 

underfeeding upon non-resting energy expenditure (see Table 2.1), overfeeding may not impact 

energy expenditure, with evidence showing no change in non-exercise activity thermogenesis 

(Levine et al. 1999). 

 In summary, a state of negative energy balance results in a decrease in leptin levels that is 

associated with other energy saving physiological responses. Many of these responses can be 

reversed if leptin levels are artificially raised.  A similar, potentially lesser, response is also 

typically seen in the presence of positive energy balance.     

 

Resting and Total Energy Expenditure 

Several studies have shown no relationship between RMR or BMR and leptin after 

controlling for fat free mass (Usui et al. 2007, Johnstone et al. 2005, Nies et al. 2004, Maguire et 

al. 2002, Verdich et al. 2000, Filozof et al. 2000, Soares et al. 2000, Kennedy et al. 1997, 

Niskanen et al. 1997, Roberts et al. 1997, also see Table 2.1b for no effect from leptin 

administration).  In a few studies there has been reported a relationship between RMR and leptin 

(Jeon et al. 2003, Jorgensen et al. 1998, Nicklas et al. 1997). More conclusively however, in a 

carefully controlled study in non-obese males on a balanced energy diet researchers found no 

changes in RMR following treatment with leptin (Mackintosh and Hirsch 2001).  Additionally, 

genetically leptin deficient individuals show no acute or chronic changes in BMR or total energy 

expenditure (controlling for lean body mass) after treatment with leptin (Farooqi et al. 2002, 

Farooqi et al. 1999).  
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Weight loss of 10% fails to decrease resting energy expenditure (REE), but total energy 

expenditure (TEE) is decreased, largely as a result of decreased non-resting energy expenditure 

(NREE) (due to increased muscle efficiency). These changes are not associated with leptin levels 

after controlling for fat mass and fat free mass (Rosenbaum et al. 1997).  However, when 

administered leptin, individuals show an increase in TEE and NREE (corrected for body size) 

back to pre-weight loss values (Rosenbaum et al. 2002). This suggests that leptin may indeed 

play a role in their decrease, however that role may be either nonlinear, some kind of threshold 

effect, or may interact with other factors. 

A carbohydrate overfeeding experiment showed similar results, with leptin levels 

increasing, no change in BMR or physical activity related energy expenditure, but an increase in 

TEE (Dirlewanger et al. 2000). The increased TEE was most likely from non-exercise physical 

activity and was not related to the increase in leptin levels.  

Overall, unlike rodents, most evidence suggests leptin is not directly related to resting 

energy expenditure in humans (Hukshorn and Saris 2004). However it may play a role in the 

decrease in total energy expenditure associated with weight loss.  

 

Physical Activity 

The relationship between physical activity and leptin levels is a very complex one with 

various studies often reporting conflicting results. Part of this disagreement stems from the 

different methodologies, with a large range of measures constituting physical activity and 

associated variables, including intensity, volume, duration, and subject’s initial and final level of 

conditioning (Fatouros et al. 2005).  Various studies can also be criticized for their lack of 
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control for energy balance (e.g. Essig et al. 2000 or Gomez-merino et al. 2002) or adiposity (e.g. 

O’leary et al. 2005) in attempting to study the effects of physical activity.  Methodological 

criticisms also include measurement of only a single morning fasting sample (Hickey and 

Calsbeek 2001) or failing to control for circadian rhythms or hemoconcentration (Kraemer et al. 

2002). It should also be kept in mind that the majority of these studies have focused upon male 

participants, with relatively less work being done with females. Generally these studies on 

physical activity can be put into three groups: cross-sectional studies, short term or single bout 

studies, and longer exercise training studies (Hickey and Calsbeek 2001).  

Cross sectional studies typically reveal that athletes have lower levels of leptin that is 

associated with their low measures of body fat.  This is seen in a comparison ranging from 

marathon runners to bodybuilders and sedentary controls (Gippini et al. 1999, Leal-Cerro et al. 

1998). A study comparing professional football players to sedentary controls showed lower 

leptin levels in the athletes, but failed to control for their lower body fat percentage (Unal et al. 

2005). One study showed no difference in fasting leptin levels when comparing male sedentary 

controls, joggers, and weight lifters who all had similar levels of fat mass and body fat 

percentages (Tsao et al. 2007).  Tomaszewski et al. (2003) found that leptin was lower in 

ultramarathon runners compared to sedentary controls in both lean and nonlean groups. However 

groups were made using a BMI cutoff, with no other variables used to control for adiposity. The 

majority of cross-sectional studies show that the lower levels of body fat are most likely the 

cause of the lower leptin levels in more physically active people.  

  Short term studies have tended to show that activity has no effect upon fasting morning 

(Houmard et al. 2000, Dirlewanger et al. 1999), during exercise (Zoladz et al. 2005, Racette et al. 
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1997), post-exercise leptin levels (Hagobian et al. 2008, Kyriazis et al. 2007, Jurimae et al. 2005, 

Zafeiridis et al. 2003, Torjman et al. 1999, Perusse et al. 1997, Hickey et al. 1996) or across 

multiple collection points (Sartorio et al. 2004, Weltman et al. 2000, Landt et al. 1997). 

Additionally, seven consecutive days of exercise for 60 min/d at 75% maximal oxygen 

consumption had no effect upon fasting morning leptin levels (Houmard et al. 2000). An eight 

day intense training camp did not change morning leptin levels in elite endurance runners 

(Ishigaki et al. 2005). A four day treadmill exercising protocol (resulting in an expenditure of 30 

kcal/kg LBM/day) showed that any impacts upon 24 hour leptin mean and amplitude in female 

participants resulted from the energy costs, not physical activity independently (Hilton and 

Loucks 2000). A study of individuals running a 42 km marathon and eating before, during, and 

after the marathon showed no difference in levels one hour after the race (Koistinen et al. 1998). 

However, in the same study individuals showed some decreases in leptin while exercising in a 

fasted state for 3 hours on a cycle ergometer.  

Some short term studies did reveal decreases in leptin levels following intense exercise 

sessions in trained subjects. Leptin decrease post exercise following maximal voluntary 

exhaustion after 30 minutes at rest in college level male rowers, however two of the eight rowers 

measured may be responsible for the significance (Jurimae et al. 2006b). Another study among 

eight elite level rowers showed decreased levels immediately following a progressive exercise 

test to exhaustion and 30 minutes after (Jurimae et al. 2007).  Legakis et al (2004) showed levels 

decrease after 20 minutes of exercise in middle age male and female subjects, but return to pre-

exercise levels after an hour at rest. All three of these studies had small sample sizes (n = 8 to 12) 

and failed to use non-exercise controls. A small, but significant reduction in leptin was seen in 
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trained runners following a 42.196 km marathon, with an estimated average energy expenditure 

of 2800 calories (Leal-Cerro et al. 1998). Elias et al (2000) showed that after a 12 hour fast leptin 

levels following a treadmill test to exhaustion resulted in decreased leptin levels 30 to 120 

minutes following exercise, however they failed to include a control group. A study by Nindl et 

al (2002) showed that following an acute heavy resistance training protocol (estimated energy 

expenditure = 856 kcal) leptin levels were shown to be decreased after 9 hours. A 25 km swim 

race resulted in decreased post exercise leptin levels in trained athletes (Karamouzis et al. 2002).  

Desgorces et al (2004) showed decreased leptin levels at 120 minutes and 24 hours following a 

90 minute rowing session, however six months after they started training they only showed the 

120 minute decrease, while at 24 hours their levels had returned to pre-exercise levels. However, 

the participants were experiencing negative energy balance at both time points, although less at 

the later point. One study showed that three hours of bicycling resulted in decreased leptin levels, 

but was counteracted if a 750 Kcal carbohydrate drink was ingested during exercise, suggesting 

the exercise effect is sensitive to energy availability or the presence of carbohydrates (Keller et 

al. 2005).   

A study of ultramarathon runners completing a 101 mile race showed decreased levels 

immediately post-race with levels increasing 18-24 hours later (Landt et al. 1997). Duclos (1999) 

showed that after a two hour run and two hours at rest, trained runners showed decreased leptin 

levels.  Olive and Miller (2001) showed that that in healthy, active males a short maximum 

intensity exercise session had no effect on leptin, while an hour long endurance session 

(expending ~900 kcal) decreased leptin at both 24 and 48 hours post-exercise.  A study by Van 

Aggel-Leijssen et al (1999) showed that in males an exercise protocol (4 bouts for 30 minutes 
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each, ~ 800 kcal) occurring in neutral energy balance resulted in a reduction in the weighted 

average 24 hour and peak leptin levels. Interestingly Van Aggel-Leijssen et al’s positive energy 

balance and exercise protocol showed an increase in the amplitude of the 24 hour leptin curve, 

perhaps providing evidence that energy balance can counteract any exercise related decreases. 

This is supported by another study that also showed overfeeding and exercise resulted in no 

change in leptin levels (Hagobian et al. 2008) 

A single study showed that after accounting for exercise related changes in 

hemoconcentration leptin levels did not change during or immediately after exercise, but showed 

an increase that started 90 minutes post exercise (Fisher et al. 2001). It is not entirely clear why 

this study differed from all of the other studies conducted. Overall it appears that short term 

exercise has little effect on leptin levels under fasting or exercise conditions, and that longer, 

intense exercise sessions may result in decreased post-exercise levels, however many of the 

studies showing these post-exercise effects have methodological problems failing to control for 

energy balance or to have a control group.  

 Longer exercise training studies have also shown little changes in leptin. Moderate 

aerobic training program ranging from two to twelve months showed exercise had no 

independent effects upon fasting leptin levels (Hasbum et al. 2006, Desgorces et al. 2004, 

Ozcelik et al. 2004, Thong et al. 2000, Christensen et al. 1998, Perusse et al. 1997), except for 

one study with decreased levels in females (Hickey et al. 1997). However, this difference is most 

likely due to the effects of negative energy balance, as suggested by their unchanging dietary 

intake, despite the extra exercise burden. A one year resistance training program did show 

intensity related decreases in leptin, however this may have also been due the effects of weight 



52 
 
loss and negative energy balance (Fatouros et al. 2005). A year long endurance exercise study 

also showed decreased leptin levels, but was again seen under conditions of negative energy 

balance (Reeseland et al. 2001b). A nine week study with highly trained rowers showed 

decreased fasting leptin levels with high intensity resistance training (Simisch et al. 2002). 

Pasman et al showed that after 4 months of a low energy diet and endurance exercise training, in 

those individuals who continued only the endurance training showed decreased levels of leptin 

compared to those who dropped both conditions (1998). However, this study, even though it did 

control for body fat percentage, failed to control for the effects of the greater level of positive 

energy seen between the controls, as evidenced by their greater weight regain. Ramson et al 

showed that during a four week study with rowers an increase in training volume resulted in 

decreases in post workout (5 minute and 30 minute) leptin levels (2008).  In a five week study on 

highly trained rowers, Jurimae et al (2003) showed that morning fasting leptin levels decreased 

during weeks with intense training compared to baseline or lighter weeks. Additionally, at the 

end of the heavy training session leptin levels decreased in response to a maximal rowing 

ergometer test, while the same test didn’t result in decreased levels during weeks with lower 

training intensity. This study failed to measure energy balance and did not report changes to the 

athlete’s weight or bodyfat over the course of training.  Much like in short term studies, these 

long term studies largely show no effect or only an effect under very high levels of exercise 

stress, with many of the studies demonstrating an effect having similar methodological problems 

(i.e. failing to control for energy balance).  
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Dietary Composition: 

Beyond the focus on dietary energy intake, there has also been interest in how dietary 

composition affects leptin. This work has primarily focused upon macronutrient profiles, mainly 

lipids and carbohydrates, with relatively less work focusing on proteins. Any effect is also 

thought to be delayed as early studies showed no acute leptin response three hours post meal 

(Korbonits et al. 1997). An isocaloric dietary fat reduction did not have an effect on leptin levels 

(Weigle et al. 1997), nor did diets ranging from 14% to 60% fat (Schrauwen et al. 1997, Havel et 

al. 1996). Individual meals of either high or low fat content following an overnight fast had no 

effect on leptin levels, nor did a seven week reduction in dietary fat from 37% to 10% (Weigle et 

al. 1997). A 24 hour lipid infusion resulted in no change in leptin levels (Kopecky et al. 2010). 

Overfeeding 40% total calories on fat for three days did not result in changes in the following 

morning fasted leptin levels, while overfeeding on carbohydrates increased levels (Dirlewanger 

et al. 2000, Dirlewanger et al. 2000). However, another study did show that five days of 

overfeeding with fat increased leptin levels (Brons et al. 2009).  Consumption of omega three 

fatty acids supplements led to a non-significant decrease (p = 0.053) in leptin compared to those 

individuals consuming controls (Reseland et al. 2001). 

Four to nine hours after ingestion of a carbohydrate meal compared to a fat one resulted 

in increased leptin levels, with obese subjects showing a lesser response (Romon et al. 2003, 

Romon et al. 1999). This may be a fixed time delayed effect, with another study showing a high 

carbohydrate meal after a 17.5 hour fast elicited no post meal effect up to four hours (Lopes et al. 

2001).  Another study confirmed this with a mixed macronutrient meal resulting in higher leptin 

levels compared to fasting after four to five hours (Dallongeville et al. 1998). Evidence suggests 
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that carbohydrates must be present for this effect, with pure fat intake, oral or intravenous, 

eliciting no response compared to a mixed meal (Evans et al. 2001). Women eating a high 

fat/low carb meal showed lower leptin levels over a 24 hour period compared to a low fat/ high 

carb meal (Havel et al. 1999). A low carbohydrate diet compared to a low fat diet results in a 

greater decrease in leptin levels (de luis et al. 2007). After four days of dieting, the fall in leptin 

has also been correlated with amount of decreased carbohydrate intake, but not protein or fat 

(Jenkins et al. 1997).  There is some indication that type of carbohydrate consumed matters, with 

fructose consumption eliciting a 24 hour profile with a depressed nocturnal peak compared to 

glucose consumption (Stanhope et al. 2008, Teff et al. 2004).  Fiber supplementation (20g) did 

not have any effect upon fasting leptin levels (Heini et al. 1998). Ingestion of amino acids did not 

have any effects upon leptin levels up to 300 minutes post-ingestion (Knerr et al. 2003, Groschl 

et al. 2003). 

From this evidence it appears that dietary fat and protein have little effect upon leptin 

levels, while overfeeding carbohydrates may increase levels, with post meal effects delayed up to 

four hours. A decrease in carbohydrates may also have a decreasing effect on leptin levels.  

These changes may be mediated by insulin or glucose metabolism and will be discussed further 

below.  

 

Leptin – Insulin and Glucose 

Insulin has been considered by many to be a prime candidate for stimulating leptin’s 

release, particularly in relation to nutritional factors (Ahima and Flier 2000). However, the data 

linking insulin to leptin has been mixed. Insulin resistant men show higher levels of leptin 
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compared to matched controls (Segal et al. 1996), however this was not the case in Pima Indians 

(Pratley et al. 1996). An in vitro study using human adipocyte cultures showed increased leptin 

production in the presence of insulin (Kolaczynski et al. 1996). Several studies using euglycemic 

clamps failed to show a response to insulin up to five hours (Larsson et al. 1996, Segal et al. 

1996, Pratley et al. 1996, Dagogo-Jack et al. 1996, Kolaczynski et al. 1996, Muscelli et a 1996, 

Ryan et al. 1996, Vidal et al. 1996).  

One study did reveal an acute effect (within 30 to 60 min), as well as a dose dependant 

effect, and claims other studies fail to take into account the decline they observed in a control 

saline drip (Saad et al. 1998). A 72 hour fast with glucose levels clamped at basal levels 

produced no decreases in leptin levels (Boden et al. 1996).  Four studies did show a delayed 

effect of insulin, resulting in an increase in leptin levels between 3 hours and 6 hours after insulin 

administration (Utriainen et al. 1996, Malmstrom et al. 1996, Fitsche et al. 1998, Schmitz et al. 

1997, Tuominen et al. 1997). The study by Schmitz et al (1997) additionally shows that a 

hypoglycaemic clamp reduces leptin levels. Kolaczynski et al (1996) also showed the effects of a 

72 hour glucose infusion (resulting in increase glucose and insulin) to increase leptin during the 

last 24 hours. Boden et al (1997) also showed an increase in leptin during a 72 hour euglycemic–

hyperinsulinemic clamp occurred in a dose dependant manner. The same study showed that 

leptin did not change in response to hyperglycemia or high free fatty acids. Further support for 

more long term or chronic regulation of leptin levels comes from insulinoma patients who 

showed higher levels compared both to controls and themselves, following the removal of their 

insulin secreting tumors (D’Adamo et al. 1998, Popovic et al. 1998). One study shows that 

across various clamp protocols, varying between high and low insulin as well as euglycemic and 
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hypoglycemic, the relationship between infused dextrose and leptin remains constant 

(Wellhoener et al. 2000).  Their regression analysis suggests that it is not serum insulin or 

glucose levels per se, but glucose metabolism that influences leptin levels. An additional study 

has shown that a state of induced insulin resistance and reduced glucose demand resulted in a 

blunted leptin response compared to controls in a hyperinsulinaemic –hypoglycaemic clamp, 

although the exact mechanism is unclear (Fruehwald-Schultes et al. 2002).  

 

Leptin – Meaning of Deviation from the Norm 

 There is some question concerning the significance and long term effects of having 

particularly high or low leptin levels. Thus two possible interpretations can be made for levels 

that deviate from the norm: 1) that they represent a difference in sensitivity or responsiveness to 

leptin or 2) a dysfunction in production and/or clearance (James 2002). We have already 

discussed some deviations in leptin levels, based upon a functional change, such as seen in 

changes that occur resulting from negative or positive energy balance (see Energy Balance 

section).  This section will deal primarily with what could be called basal leptin (at neutral 

energy balance).  Basal leptin level show considerable variation, even among individuals with 

similar levels of adiposity (Sinha and Caro 1998). Low leptin levels may represent a high 

sensitivity, thus less leptin is required for leptin’s effects, with high leptin levels representing 

decreased sensitivity with a higher levels of basal leptin needed for the effects to occur (i.e. 

leptin resistance). In humans about 10% of obese subjects have relatively low leptin levels, 

perhaps indicating a reduced rate of leptin production and it has been hypothesized that those 
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individuals may be more sensitive to exogenous leptin treatment (Ioffe et al. 1998, Friedman and 

Halaas 1998).   

In Pima Indians relatively low leptin levels are predictive of later weight gain, suggesting 

that those individuals may underproduce the necessary levels to maintain a stable weight 

(Ravussin et al. 1997). This underproduction may essentially be sending an inappropriate signal 

of inadequacy, thus predisposing weight gain. A study by Lindroos et al (1998) showed a similar 

pattern with low leptin levels being associated with weight gain, however only in women with no 

parental history of obesity. Low baseline leptin has also been seen as predictive of weight regain 

in women following a 12 week dietary intervention at 5 month followup (Mavri et al. 2001). 

However, the weight maintainers showed a much higher decrease in leptin levels following the 

five week intervention, which the author’s attribute to potentially regaining a leptin range with 

higher sensitivity, which the regainers failed to achieve. Additionally, post-obese individuals 

have been seen to have lower levels compared to match controls, after controlling for fat mass 

and fat free mass (Filozof et al. 2000). The authors suggest this may be related to the tendency 

for post-obese individuals to relapse after weight loss.  

There is some evidence for variation in leptin sensitivities, with one dietary restriction 

study showing that the magnitude of initial leptin decreases correlates with the amount of weight 

loss when exogenous leptin administration is added to the dietary restriction (Fogteloo et al. 

2003).  This suggests that those individuals may be more sensitive to leptin’s effects, thus better 

responders. Results by Tong et al. show that higher leptin predicts greater intra-abdominal fat 

accumulation at 5 and 10 year follow-ups (2005).  Other studies have also shown that higher 

leptin was associated with an increase weight gain in adults (Kettaneh 2007, Van Rossum et al. 
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2003, Chessler et al. 1998). High leptin has also been seen to be associated with decreased 

physical activity energy expenditure over 5 years and increased risk of insulin resistance (Franks 

et al. 2007). In one study low leptin levels predict more weight loss in men during a weight loss 

intervention and during a maintenance period (Verdich et al. 2000). The authors suggest that 

perhaps those individuals with high leptin levels represent those with greater levels of leptin 

resistance. Other studies have also shown that low baseline leptin levels are predictive of weight 

loss (Shih et al. 2006, Torgerson et al. 1999).  All of these studies support the idea of variation in 

leptin sensitivities, with high leptin (i.e. leptin resistance) predisposing to weight gain and low 

leptin predisposing to weight loss.  

Some studies do not support the idea that leptin predicts changes in weight or fatness 

(Langenberg et al. 2005, Haffner et al. 1998, Hodge et al. 1998, Niskanen et al. 1997), regain 

after weight loss (Nagy et al. 1998), or both (Wing et al. 1996).  The discrepancies between these 

studies could reflect from a number of factors, including the unique predispositions of some 

groups (e.g. genetic differences), study design, subject/population specific characteristics, and/or 

length of study (Jenkins and Campbell 2003, Filozof et al. 2000). Specific methodological 

criticisms have also been raised with various studies (e.g. Van Rossum et al. 2003) for their use 

of BMI or other height and weight, which may be poor proxies for fatness for such studies 

(Jenkins and Campbell 2003). Regardless of these problems, some of the evidence is suggestive 

that deviation in leptin levels may have physiological significance for energy regulation.  
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Leptin – Other Influencing factors 

This section reviews some of the major variables that have been associated with variation 

and the regulation of leptin levels , beyond those which have already been discussed. Some of 

these variables (cold exposure, SNS, catecholamines, glucocorticoids, cytokines) have clear 

relationships with leptin, while others potential influences (high altitude, hypoxia, alcohol, 

smoking) are less clear. Only additional, well controlled studies, will be able to effectively tease 

these relationships.  

Cold exposure leads to decreased leptin levels within 30 minutes of exposure, possibly as 

a result of sympathetic nervous system activation or decreased efficiency of the secretory 

pathways (Ricci et al. 2000, Penino et al. 2000). There is good evidence that the sympathetic 

nervous system does act to decrease leptin production, with experimental evidence showing that 

catecholamines inhibit leptin. Intravenous infusion with isoprenaline, the nonspecific β-

adrenoceptor agonist, has been shown to decrease leptin levels within 3 hours (Pinkney et al. 

1998, Donahoo et al. 1997). Intravenous infusions with epinephrine has also been shown to 

decrease leptin (Couillard et al. 2002, Carulli et al. 1999). In vitro studies with isoprenaline and 

epinephrine show similar results (Ricci et al. 2005, Scriba et al. 2000, Kosaki et al. 1996). These 

results show that catecholamines may acutely inhibit leptin, possibly being responsible for the 

cold induced decreases.  

Perceived psychological stress (Otsuka et al. 2006) and posttraumatic stress (Liao et al. 

2004) have both been associated with higher leptin levels.  These responses may be mediated by 

glucocorticoids. In vitro studies have shown that cortisol increases leptin secretion in adipose 

tissue (Wabitsch et al. 1996). Injections of dexamethasone has shown a positive relationship with 
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leptin, consistently leading to increased levels (Lee et al. 2007, Eliman et al. 1998, Dagogo-Jack 

et al. 1997, Kolacznski et al. 1997, Masuzaki et al. 1997b, Papaspyrou-Rao et al. 1997, Larsson 

and Ahren 1996, Miell et al. 1996).  

Various cytokines have shown a positive relationship with leptin, including interleukin-

1α (Janik et al. 1997) and tumor necrosis factor-α (Mantzoros et al. 1997, Zumbach et al. 1997). 

This relationship may explain the high levels of leptin seen in sepsis (Bornstein et al. 1998). 

These relationships probably tie in with leptin’s role with the immune system and inflammatory 

responses (see Leptin – Regulator of other functions section).  

Hypoxia has been shown to have an effect on leptin levels in some studies, although in 

various directions, with the nature of the relationship being unclear, possibly due to the multiple 

high altitude stressors (particularly cold exposure), the confounding effects of negative energy 

balance, or the use of various study populations (native, acclimated, or experimental) (see for 

review Sierra-Johnson et al. 2008, as well as the associated commentary).  More research needs 

to be conducted in order to tease out these confounding effects.  

Alcohol intake has been shown to have no association (Dammann et al. 2005, Togo 

2000), a negative (Raben et al. 2003, Perkins and Fonte 2002 [women only], Rojdmark et al. 

2001, Donahue et al. 1999) or a positive relationship with leptin (Roth et al. 2003, Mantzoros et 

al. 1998). All studies used BMI as their measure of fatness and the mixed results are probably a 

result of various study methodologies, subject characteristics, and the effects of confounding 

variables. 

Studies on smoking have shown mixed results with some indicating that they are lower, 

even after controlling for body fat, (Reseland et al. 2005, Donahue et al. 1999, Mantzoros et al. 
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1998, Hodge et al. 1997, Wei et al. 1997) while others have found no relationship (Calissendorf 

et al. 2004, Klein et al. 2004, Perkins and Fonte 2002, Togo 2000, Yoshinari et al. 1998). Again 

these mixed results most are probably due to various study methodologies employed, over 

reliance on BMI, unique subject characteristics, and the effects of confounding variables tied in 

with smoking behavior.  

In summary the variables that show a clear negative relationship with leptin are cold 

exposure, SNS, and catecholamines. Those showing a clear positive relationship include stress, 

glucocorticoids, and cytokines. Hypoxia, alcohol, and smoking all require further study to 

evaluate their effects, if any, upon leptin.  

 

Summary and Conclusions: 

This chapter has provided an overview of leptin and its functioning in human adults. It 

has specifically addressed its role in energetic regulation, with its primary function to act as a 

signal of energy deficiency, promoting multiple adaptive responses under such circumstances. 

Additionally, this chapter has addressed the major causes of leptin variation.  The next chapter 

will address leptin variation further by examining the cross cultural variation in leptin levels.  
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Chapter 3: Leptin Comparative Analysis 

 

This chapter presents comparative data on leptin levels from a variety of populations.   I 

begin this chapter by discussing methodological issues related to population comparisons.  I then 

present data from 25 male populations and 37 female populations.  Data from these populations 

is analyzed to compare sex differences, various adiposity measures on leptin, and potential 

lifestyle effects.    

 

Methodological Issues 

 By far the majority of studies on leptin have been conducted in westernized countries that 

could be considered in a chronic state of energy surplus. This section will examine population 

variation in human leptin levels, capturing a broader range of human variation. This endeavor 

involves a few problems including that the majority of studies rely upon BMI as a marker of 

adiposity or that they use a variety of ways to measure adiposity. As discussed in the 

Male/Female Differences section in Chapter 2 BMI is problematic when used as a measure of 

adiposity. Additionally it is poorly suited for use in cross population comparisons, as the 

relationship between BMI and true adiposity will vary across populations, due to differences in 

body proportions (Wells 2010, Leonard and Katzmarzyk 2010) or body composition (Fernandez 

et al. 2003). In this study fatmass is used for comparison because it tends to explain the greatest 

variation in leptin and using percentage body fat tends to under represent changes in adiposity in 

obese individuals (Bennett et al. 1997, Rosenbaum et al. 1996). The majority of these studies 

measure leptin in the morning, typically shortly after waking in a fasted state. Although this does 
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make such studies comparable, it may lead to inaccurate comparisons between groups if 

important variation exists in other segments of the 24 hour leptin profile or if other segments 

have greater physiological significance (Hickey and Calsbeek 2001).  

Serum and plasma samples have been shown to have very high agreement, with a 

spearman correlation of 0.98 (Marshall et al. 2000, see Ma et al. 1996 for similar results).  A 

study by Groschl et al. showed high agreement between K2-ETDA, Li-heparinate, and fluoride 

treated samples (2000). However, compared to those, serum samples showed a higher coefficient 

of variation and poor recover of small (0.3 ng/ml) spikes in sample, while citrate treated samples 

all had lower values and also poor recovery of small and large (20 ng/ml) spikes in sample. 

Despite these reported problems with serum, the previous two studies do suggest that 

comparisons are valid; however comparisons with citrate treated samples, given their uniformly 

low levels, should be avoided.  Although not exhaustive, measurements across three different 

assay kits, two RIA and one ELISA, showed correlation coefficients between kits of 0.95 to 0.98 

(Frederich et al. 2002). These close relationships suggest that comparisons across studies are 

valid and that errors due to sample type (with the exception of citrate treated samples) or 

laboratory analysis differences are minimal.     

 

Population Data: 

Population leptin values are presented in Tables 3.2a and b. These studies were chosen 

because they represent healthy individuals drawn as representing their respective populations. 

Only studies where both percentage body fat and fat mass were given or could be calculated 

from the available data were used. A number of studies were drawn from the US as more studies 
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are done in the US compared to other areas, in order to fully capture US variation in values, and 

to provide a comparison with values typically represented in the literature (i.e. US populations) 

to those less seen and more poorly represented. The last point is particularly important given that 

US values may be seen as being a novel extreme in the evolutionary history of humans.   

 

Results: 

As can be seen from table 3.2a and b, average male values range from 1.13 ng/ml (Ache, 

SD = 0.37) to 17.4 ng/ml (Mexican American, SD = 18.5) and average female values range from 

1.31 ng/ml (Evenki, SD = 0.28) to 60.8 ng/ml (Mexican Americans, SD = 46.6).  In this across 

population data there is a significant difference in leptin levels between males and females (T-

test, t = -5.431, p < .001).  

Regression models were constructed to examine the strength of fat mass and fat 

percentage as predictors of leptin (logged, shown in Table 3.3).    Models 1 and 2 were 

conducted on the entire data set, with sex included in the model. Model 1 had both fat mass and 

sex as significant predictors, while model 2 had fat percentage, but not sex as significant 

predictors.  Model 2 masks the male and female differences due to poor overlap in values as can 

be seen in Figure 3.4a. In this figure all of the male values can be seen to group in the lower left 

hand corner of the plot (showing low logleptin and low percent body fat), while the female 

values typically show higher logleptin and higher percent body fat.   

Models 3 and 4 were conducted on males only, showing that for males fat mass has both 

a higher standardized beta coefficient and a greater R2 (model 3) compared to fat percentage 
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(model 4).  Similar results were seen in females, with fat mass also being the better predictor 

(models 5 and 6).  

Figure 3.2 clearly shows the sex difference and also suggests that the relationship 

between leptin and adiposity (represented by fat mass) may also be different between males and 

females, with female leptin levels being similar to males at lower levels and becoming 

increasingly different with increasing fat mass. The female populations show much more 

variation around the regression line, compared to the males (see figures 3.3a+b, females show 

54% of the points outside of 95% confidence intervals compared to 28% in the males). This may 

indicate that female leptin is much more variable or that in females other variables besides fat 

mass are having an important impact on population variation. It may also be a product of the data 

resulting from more female data points or more of their points in the upper range of body fat 

mass.  

Figures 3.3a and b also show that there exists considerable variation in leptin levels 

across populations. One of the possible explanations for this difference is that it is simply a 

reflection of differences in adiposity levels. As the r2 shows (Male R2 = 0.778, Female R2 = 

0.629) much of the variation can indeed be explained by differences in fatness levels, yet causes 

of variation beyond this remains to be explained.  Leptin differences have been linked with 

lifestyle in other species, with captive baboons having levels three times higher than wild 

baboons (Banks et al. 2001). Although some populations below the 95% confidence interval 

could be considered subsistence level populations (i.e. Ache or the Buryat) others such as the 

elderly german population or Rosenbaum’s 2001 US population (in males) have considerable 

qualitative difference in background and lifestyle, making any conclusions about causes of 
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variation difficult.   Additional analysis tested for lifestyle related differences by coding the 

populations into two groups, one that lives in urban areas or are highly involved in the market 

system and a second one who live in rural centers or are considered subsistence level populations 

(see tables 3.2a and b for coding of each population).   These designations were based upon the 

information provided in the source article and are considered fairly broad classifications.   

Regression models were created using leptin as the dependant variable and fat mass and lifestyle 

as independent variables.  The results showed lifestyle to be non-significant in males (p = 0.134, 

model 7 in table 3.3) and significant in females (p = 0.038, model 8 in table 3.3.).  However such 

effects are highly tenuous as the significance in females disappears in if we remove the low 

evenki data point and the males become significant if we remove a high south African rural 

population point that is relatively ill defined in its source article concerning it’s subsistence base 

(for the data point distribution see figure 3.5 for leptin plotted against fat mass with the data 

stratified by lifestyle).  As such the larger lifestyle effects on cross population leptin remains 

ambiguous.   Additionally, whether or not these population differences in leptin levels are 

functionally meaningful has yet to be determined. More studies in non-westernized populations, 

particularly those from rural and subsistence level populations, must be conducted to fully 

understand the range of leptin variation and its functional significance. 

 

Summary and Conclusions: 

In conclusion, these findings show considerable cross population variability in leptin 

levels that is not entirely explained by differences in adiposity.  Cross population sex differences 

exist, with females have higher levels, a pattern consistent with previous within population 
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findings.  Lifestyle may play a role in the observed cross population differences, but more 

studies from rural, subsistence level populations are required.  Chapters 5 and 6 will address 

leptin variation further, taking a more in-depth look within specific populations, the Tsimane’ 

and the Philippines.  
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Chapter 4: Background on the Tsimane’ 

 

 The Tsimane’ are a population of indigenous Amerindians from the Ballivián province of 

the department of Beni in lowland Bolivia.  They have approximately 50 villages along the 

Maniqui River, with 30 villages near other rivers (Gurven 2000).  They are considered to be 

forager-horticulturalists due to their practice of swidden agriculture (i.e. slash and burn) and high 

dependence upon the forest (Byron 2003).  Since the 1950’s they have become more settled due 

to missionary influence, the establishment of schools, and increased market involvement 

(Chicchon 1992).  This chapter provides a brief overview of Tsimane’ history, cultural, ecology, 

subsistence, demography, and market involvement.  (For a more thorough overview see Byron 

2003, Reyes-Garcia 2001, Chicchon 1992).  

 

Historical Overview 

Archaeology and Early History: 

 In the pre-columbian era, the land that now comprises the department of Beni was 

dominated by tropical forest chiefdoms (Reyes-Garcia 2001, Jones 1980).  Archaeological 

features from surrounding areas (and some within the Tsimane’ territory) include extensive 

furrow-ridge fields, raised fields, mound fields, causeways and canals (Heckenberger and Neves 

2009, Erickson 2008, Plafker 1963, Denevan1963a).  Metraux suggests that these features were 

made by a population that preceded the Tsimane’ or may even have been an ancestral group to 

them (Metraux 1942).  The size and complexity of these systems suggests a more intense level of 

agriculture than the Tsimane’ or other indigenous groups currently living in the area have 
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historically been known to utilize (Plafker 1963).  Unfortunately, in-depth archaeological 

excavations have not been conducted in Tsimane’ territory (Byron 2003).  These archaeological 

features underscore the idea that the Tsimane’ do not present a picturesque image of a people 

living in a pristine untouched environment, but rather they are a people with a complex past 

occupying an ever-changing environment (Clarkson 2001).  

 Although the early Spaniards carried out expeditions into the area, they failed to set up 

colonies (Reyes-Garcia 2001).  The first historical reference to the Tsimane’ was made by the 

Franciscan priest Gregorio de Bolivar in 1621 (Chicchon 1992, Metraux 1942).  Another 

Franciscan priest, Francisco del Rosario, also mentions the Tsimane’ after visiting the area in 

1666, estimating their population to be 2,000 to 3,000 (Chicchon 1992, Metraux 1963).  During 

this time various religious missionaries attempted to work in the area, with the Jesuits being the 

most successful.  One of the lasting effects of the Jesuits’ tenure is the introduction of rice, one 

of the area’s main staples (Piland 1991).  In 1767 the Jesuits were expelled and two short-lived 

Franciscan missions were established in the mid 1800’s (Ellis 1996).  Despite missionaries being 

in the area for over 100 years, the Tsimane’ were among the groups in which their efforts to 

Christianize failed.  Chicchon theorizes that this was due to the Tsimane’s lack of central 

authority and semi-nomadic lifestyle in which they occupied a wide area (Ellis 1996, Chicchon 

1992).  After missionaries left the area, evidence suggest little Tsimane’ involvement in Bolivian 

commerce (such as the rubber or quinine trade) or politics until the middle of the 20th Century.  

However, it should be noted that following the late 1800’s migration into the Beni region 

increased as the international markets for Bolivian resources increased;, it is only the extent of 

Tsimane’ interaction with these changes and its effects upon them that is unknown.   
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 It is unclear when the Tsimane’ became a distinct social group (Byron 2003).  The 

Tsimane’ are linguistically related and culturally similar to a neighboring group, the Mosetene 

(Riester 1994, Chicchon 1992, Metraux 1963, Denevan 1963b).  Ellis notes cultural similarities 

between the two groups and the fact that the Mosetene are the only other group that the Tsimane’ 

identify as “real people” (Byron 2003, Ellis 1996: 17).   Their linguistic relationship coincides 

with work on mitochondrial DNA, suggesting a higher degree of relatedness between them than 

compared to other groups (Bert et al 2001).  Their separation has been hypothesized to be the 

result of the Jesuits successfully reducing the Mosetene into missions during the seventeenth 

century, while the Tsimane’ successfully resisted such efforts (Ellis 1996, Chicchon 1992).  

Their close genetic and cultural relatedness may also be due to inter-marriages that have 

occurred in the past and continue today (Ellis 1996).   

 

Regional Economic Industries: Cattle Ranching and Logging:  

 Cattle ranching became an increasingly important economic enterprise in the 1900’s once 

the rubber market collapsed (Byron 2003).  Following World War II, the cattle industry 

expanded rapidly due to the use of military surplus cargo planes for transport, a rise in national 

beef prices, and agrarian land reform that increased private ownership of large ranches (Byron 

2003, Piland 1991, Jones 1990).  As a result of this expansion, the Tsimane’ worked on and 

provided agricultural goods to ranches, and began to alter their settlement patterns to help 

support these endeavors (Piland 1991).   

 In the 1970s logging companies turned to the Beni following the depletion of mahogany 

from the department of Santa Cruz (Piland 2003).  Conservation efforts prompted the creation of 
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the Chimane Forest Reserve in 1978 in order to protect the resource.   Due to pressures from 

timber companies and a poor economy, part of this reserve was later opened to logging in 1987 

(Jones 1990).  Indigenous groups, including the Tsimane’ were not a part of this decision and 

had increasing conflicts (including violence) with loggers as well as experienced the adverse 

environmental effects they were causing (Reyes-Garcia 2001, Jones 1990).  Despite these 

problems, the loggers provided jobs and for a period after its creation, the Tsimane’ council 

received monetary benefits from them (Reyes-Garcia 2001).   

 Both cattle ranching and logging remain important economic forces in the area today.  

They continue to act as sources of jobs for the Tsimane’ and influence them in both positive and 

negative ways. 

  

Post-1950’s Missionary Influence: 

 Along with the economic changes also came renewed missionary efforts aimed at the 

Tsimane’, starting with Catholic missionaries at Cara Cara in 1953.  This mission was later 

moved to Misión Fátima, where a Tsimane’ community still resides today.  The missionaries 

tried to introduce cattle ranching and the cultivation of cash crops (cacao and coffee), which 

failed to catch on beyond those Tsimane’ living in the immediate area (Chicchon 1992).  

Community members today have a large communal field of rice, look over a small herd of cattle, 

and attend mass every Sunday (Winking 2005: 37). 

 Evangelical “New Tribes” missionaries (Protestants) have also had an important 

influence upon the Tsimane’ since the 1950s.  They are based at Horeb (3 km from the city of 

San Borja) and in the Tsimane’ community of La Cruz.  They have worked to improve education 
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and medical care.   They conducted linguistic studies of the Tsimane’ language, resulting in the 

creation of a Tsimane’ dictionary and the translation of the Bible into Tsimane’ (Reyes-Garcia 

2001, Winking 2005).   They provided the support and infrastructure that helped to enable 

Tsimane’ political organization and aided in the formation of the Gran Consejo Tsimane’ in 1989 

(Chicchon 1992).  They have helped to protect the interests of the Tsimane’ in dealings with both 

traders and loggers (Chicchon 1992).  Today they broadcast Christian radio programs, offer basic 

medical services (in a work for care program), and train Tsimane’ bilingual school teachers 

(Winking 2005).    

 

Politics:  

 Early accounts suggest that the Tsimane’ had little to no formal political organization, 

lacking distinct chiefs (Byron 2003, Riester 1994).  Traditional informal leadership typically 

consisted of elders or outspoken Tsimane’, and more recently teachers (Byron 2003, Chicchon 

1992).  This has changed since 1987, as the Tsimane’ started to join other indigenous groups in 

various political organizations (Reyes-Garcia 2001).  In 1989 The Gran Consejo Tsimane’, a 

formal political leadership structure, was created to serve as representation and to act as a voice 

for the Tsimane’ due to pressure on natural resources, encroachment on territory, and quarrels 

with loggers and traders (Huanca 1999, Ellis 1996, Chicchon 1992).  However, its 

representativeness, political activity, and ultimately effectiveness are questionable (Reyes-Garcia 

2001).  Additionally, its leadership has been static and the participation of non-council Tsimane’ 

is limited.   
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 Following the establishment of the Gran Consejo there has been some movement within 

communities towards electing community leaders called “corregidores”.  However, formal 

within community politics still tend to either be nonexistent or exist with little to no real power 

(Reyes-Garcia 2001).  Thus, Tsimane’ households and family clusters still remain very 

independent. 

 Given the size of the Tsimane’ population they could serve as an important voting bloc, 

particularly in local elections.  While I was in Puerto Yucumo elections for local political offices 

did occur, with voting being held in that community and people from other villages converging 

there to participate in voting and to visit.  Food was brought to the community to encourage 

participation and some promises of goods were made from politicians to communities, but the 

Tsimane’ have yet to truly organize their voting and make cohesive political use of it.   

 

Contemporary Life: 

Urban Centers: 

 The two closest urban centers are the towns of San Borja and Yucumo.  San Borja is the 

more important of the two in the region, acting as the local center of political and economic 

activities.   As of 2001 it had a population size of 16,723 (up from 3,200 in 1970) (Instituto 

Nacional de Estadisticas de Bolivia).   It has an airport, nearby hospital, and is a primary stop for 

buses into and out of the region.  It is also where the offices of the Gran Consejo Tsimane’ are 

located.  Those living in communities closer to these urban centers show more frequent day trips 

for cash sales or to buy supplies, while those farther away typically rely more on barter with 
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traders (Byron 2003).  The Tsimane’ are often treated poorly in economic transactions and at the 

hospital, both currently and historically (Byron 2003: 115, Chicchon 1992).  

 

Villages: 

 The Tsimane’ live in villages of 8 to 100 households, with a census of 45 villages along 

the Maniqui putting the mean village size at 93 individuals (median = 75) (Winking 2005, 

Gurven 2000).   Thirty villages have schools where the students learn to read and write in both 

Tsimane’ and Spanish (Winking 2005).  Villages show variation in river access, surrounding 

game densities, and access to market goods.  

 Traditionally the Tsimane’ have been semi-nomadic living in small (< 50 individuals), 

isolated groups of extended family households (Reyes-Garcia 2001, Ellis 1996, Chicchon 1992). 

Metraux hypothesized that they live scattered throughout territory for fear that any large 

concentration of people at a given point would soon exhaust available natural resources (Metraux 

1963: 491, Metraux 1942: 20).  Since the 1980’s they have become more settled, with the 

establishment of schools, latrines, water pumps/wells, community-owned (or -used) radios, solar 

panels, and boat motors all serving to establish greater cohesion and continuity in communities 

consisting of a larger number of unrelated households  (Tanner 2005, Reyes-Garcia 2001, 

Chicchon 1992).  Increased colonization has also caused the movement of Tsimane’ 

communities closer to rivers and away from roads (Reyes-Garcia 2001).  However, more isolated 

communities still tend to be smaller (Reyes-Garcia 2001).   

 Extended families can often be found living in clusters, formed with an older couple and 

their married children living in relatively close proximity (Piland 1991).  Clusters offer some 
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pooling of resources, protection, and task specialization (Piland 1991).  Task specialization can 

be seen in that the most successful hunters are often the least productive farmers and vice versa, 

often complimenting each other and sharing in consumption of goods (Piland 1991).  Individual 

families typically live around an open courtyard, usually with an open walled thatch house.  In 

some of the closer villages some houses are walled and have doors with locks.  In more remote 

villages houses have 2.5 walls, with a quarter of the houses having no walls (Godoy 2007).  The 

majority of households have no electricity.  Water is often from the river, but may also come 

from wells, streams, or water pumps.   

 Activities and labor within a household are often divided based upon gender and age 

(Winking 2005, Rucas 2000, Piland 1991).  Men are most often involved in hunting, fishing, 

wage labor (cattle ranching/logging), felling trees and clearing underbrush, and certain 

productive activities (i.e. making bows, arrows, canoes, and houses).  Women are involved in 

food processing (including making chicha, maize or cassava beer), clothes washing, fetching 

water, gathering, horticulture (weeding, harvesting, and attending to agricultural overproduction 

when it occurs), childcare, and certain productive activities (weaving items such as marico bags, 

floor mats, fans, baskets).  Both genders are involved in the production of jatata (palm roofing 

panels) and horticultural activities (burning, planting, weeding, and harvesting).   Female 

children are often helping with household duties (e.g. fetching water, child care), while male 

children spend more time on fishing and hunting, usually for personal consumption (Aiello 

personal communication).   Many boys and girls also attend schools up to a maximum of grade 

five in village, with most children averaging much less than that (Byron 2003).  Older male 

children (~12 years of age) may also tend to their own small agricultural fields (Aiello personal 
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communication).  Some of the gendered tasks result in different levels of household production.  

For example families with adolescent sons produce more plantains, while those with adolescent 

daughters produce more rice (Piland 1991: 107).  

 One of the most important Tsimane’ customs is visiting other households, what the 

Tsimane’ refer to as sobaqui (Huanca 1999).  Ellis defines sobaqui as “to travel with a purpose, 

to visit someone, see something, hang out or wander for the sake of doing so” (Ellis 1996: 25).  

A range of activities can qualify as sobaqui, including daily visits with people close by, visiting 

while traveling to somewhere else, or longer, planned long distant visits to relatives.  These visits 

serve as an important aspect of social life, allowing people to exchange goods, cement 

relationships, gossip, pass on news and other information.  These visits are such an important 

part of Tsimane’ life that some studies have experienced temporary attrition due to the practice 

(Reyes-Garcia 2001).  During such visits chicha plays an important role.  Ellis highlights the 

importance of chicha, suggesting that most people rarely consider visiting kin unless they are 

sure of a steady supply of beer (Ellis 1996: 153).  Ellis consider it essential, allowing loss of 

tsicadye’ (socially restricting embarrassment), giving people more freedom to talk, sing, dance, 

and make music (Ellis 1996: 153).  Those awaiting visitors from father away spend four or five 

day’s prior preparing chicha (Ellis 1996).  Ellis argues that is importance is both physiological 

and psychological, allowing people to become close to kin, share knowledge, intimacies, and 

socializing (Ellis 1996: 154).   
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Ecology and Subsistence 

Basic Ecology: 

 Typical of Amazonian ecologies, the department of Beni experiences wet and dry seasons 

that show variation in rainfall and to some extent temperature (See figures 4.1 and 4.2 for a year 

profile during the research period).   Godoy et al. compiled data on rainfall from 1944 to 2005 

and showed a mean annual rainfall of 1743 mm (SD = 494), with a minimum of 872 mm and a 

maximum of 3907 (Godoy 2008, see figure 2 on page 28 for averages by month).  Piland 

compiled similar data on temperature from 1948 to 1978 and showed an average temperature of 

25.9ºC, with November being the hottest month (27.6ºC) and July being the coolest (23.2ºC) 

(Piland 1991).  Godoy has shown that climatic conditions have been relatively consistent over 

time, with no secular changes occurring in temperature (1973-2005) or rain (1943-2005) (Godoy 

2008).   

 The wet season runs from November to April and can be characterized by high rainfall 

and humidity.  The dry season runs from May to October and can be characterized by dry, cool 

weather.  Rains peak during January and often flooding occurs.   During the rainy season travel 

to San Borja becomes difficult, with bikes and motorcycles becoming less reliable forms of 

transportation, while walking often becoming the most reliable option for close villages (Reyes-

Garcia 2001).  River travel also becomes more difficult due to strong currents and increased river 

debris.  Rainfall has also been noted to decrease foraging productivity, creating problems using 

hunting dogs and making fishing water turbid, thus decreasing the necessary visibility (Godoy 

2008).  During the dry season river travel may also be difficult at times due to low river levels, 

which increases the risk of running aground on sandbars (Byron 2003).  Temperatures may 
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sometimes drop significantly due to the “Sur” or Surazos, cold wind that come from the southern 

Antarctic Region.   This usually happens during the dry season, but may occur at anytime.  

During the Sur temperatures may drop down to as low as 6ºC and last from one to ten days 

(Piland 1991).   

   

Hunting:   

 Hunting occurs all year long and may be planned or opportunistic (Chicchon 1992).  It is 

primarily done by men, who hunt most commonly with bow and arrow (Winking 2005, Gurven 

2000).  Rifles and shotguns are preferred, but those living farther from urban centers have more 

limited access to ammunition (Winking 2005, Chicchon 1992).  Due to their limited availability, 

firearms are sometimes shared in exchange for a share of hunted meat (Chicchon 1995).  

Machetes and dogs are also sometimes used and may even be utilized by women at times to hunt 

(Chicchon 1992, Aiello personal communication).   

 Typical hunting trips involve one to three men traveling a few kilometers in the area 

surrounding a community and usually last a couple of hours.  However, larger trips may involve 

greater numbers of people and multi-day treks (Winking 2005).  Abandoned house gardens 

attract animals and can often serve as hunting sites (Piland 1991).  Following a hunt, animal meat 

is often preserved by smoking it or salting and sun drying to make charqui, a jerky (Byron 

2003).  Types of game hunted include peccary (Tayassu tajacu or T. pecari), tapir (Tapirus 

terrestris), deer (Mazama americana), rodents (Agouti paca), monkeys (Alouatta caraya or 

Saimiri sciureus), armadillo (Dasypus novemcinctus), coati (Nasua nasua), and various birds 
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(Winking 2005, Rucas 2004, Chicchon 1992).  Animals start to gain weight in May, spurring 

hunting during that time (from May to July) (Godoy 2008, Godoy 2004).  

 Some village-related variations in hunting patterns have been observed.   Those people 

living in communities closer to San Borja tend to hunt close to the settlement where faunal 

resources are depleted (Chicchon 1995, Chicchon 1992).  Over time this practice has shifted the 

types of animals successfully hunted in this area from large animals to medium sized rodents or 

edentates.  More distant and inland villages typically have greater hunting returns, due to less 

overhunting by overpopulated villages (Rucas 2004).  However, those living in farther away 

villages also spend more time hunting and typically travel farther distances during hunts 

(Chicchon 1992). 

 Chicchon uses Puerto Mendenz as an example of a village that has experienced a change 

in hunting as a result of land use restrictions brought on by its proximity to San Borja and 

settlers.  Due to its location the majority of land consists of secondary forest, agricultural fields, 

and fallows.  Habitat destruction and overhunting have caused a low availability of larger 

animals.  The residents of Puerto Mendez respond to this challenge by hunting small animals 

common to secondary growth areas (such as rodents) and by intensifying other forms of resource 

acquisition, such as fishing, intensifying agricultural production, and increased market 

involvement with the produced surplus (Chicchon 1992) 

 The Tsimane’ recognize a decrease in the density of available animals due to the use of 

guns and from the movement of non-Tsimane’ into the area (Godoy 2006).  Despite this 

recognition an analysis by Godoy et al. shows no change in Tsimane’ wildlife consumption 

patterns in their 2002-2006 annual surveys (Godoy et al. 2009).   
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Fishing:   

 Fishing occurs all year and is the most important to source of protein in the Tsimane’ 

diet, providing over 50 % of meat in the diet (Byron 2003, Metraux 1942).  Based upon dietary 

recalls, Byron reported that the Tsimane’ utilize 37 different species of fish, with sábalo 

(Prochilodus nigricans) being the most common (Winking 2005, Byron 2003).  Men fish with 

bows and arrows, while men, women, and children engage in hook and line fishing, machetes 

and in some communities fishing nets (Chicchon 1992, Gurven 2000).  During the rainy season 

fishing with hooks is the only practical way to fish (Chicchon 1992). During the dry season, the 

river is low and fish are migrating upriver, allowing for higher yields and increasing the 

importance of fishing even more (Chicchon 1992).  At this time people may move closer to the 

river for fishing (Chicchon 1992). The low, calmer (less turbid) river allows for Barbasco 

fishing, where a portion of the river is blocked off and poisonous vines are used to slow the fish.  

Barbasco-type fishing is more common in the isolated communities living farther away from San 

Borja (Byron 2003).  Much like hunted meat, fish is preserved by salting and sun-drying or 

smoking.   

 Settlements vary in the proportion of fish that make up the meat in their diet (Byron 

2003) and in the absolute level of yields (Chicchon 1992).  The reasons for this variation are 

complex and seem to involve individual community variables, such as access to alternative food 

resources, opportunity for Barbasco fishing, and the ability to fish effectively in the wet season.  

Understanding this variation is further complicated by the likely underreporting of fish caught by 

children (Chicchon 1992). 
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Gathering: 

 Gathering can occur in an opportunistic manner or as a planned event and is performed 

by men and women of all ages (Chicchon 1992).  Commonly gathered items are fruits and 

berries, honey, and eggs (birds and reptile).  Winking reports that foraged foods rarely contribute 

significant proportions to daily calories, however, amounts eaten are often hard to quantify, as 

items are consumed as gathered (Winking 2005, Byron 2003).    Fruits start to ripen in May, but 

gathering becomes especially important between October and December when most tree species 

are fruiting (Godoy 2008).  Some evidence suggests some unsustainable resource use (turtle eggs 

and honey) (Chicchon 1992).  Beyond food, gathering is also done for firewood, medicine and 

for supplies to make such items as woven mats, fans, bows, and arrows.  

 

Agriculture: 

 Tsimane’ agriculture based on slash and burn methodology provides an important 

contribution to the Tsimane’ diet.  Two thirds of a typical field contains rice and plantains, 

providing the bulk of the diet and some surplus (Chicchon 1992, Piland 1991).  Rice is the main 

cash crop, in which surplus is specifically grown to be sold (Reyes-Garcia 2008).  Because of 

this it is planted in higher quantities in communities better able to trade it (Vadez et al. 2004).  

Plantains may also be a prominent commodity in some communities (Byron 2003).  Sweet 

manioc and maize are also very common and are usually consumed in the form of chicha 

(Winking 2005).  Maize is also fed to poultry or sometimes sold (Piland 1991). Other crops may 

include sugar cane, sweet potato, watermelon, peanuts, pineapple, and papaya (Piland 1991).  

Households have one to six active agricultural fields, with an average of three (Piland 1991).  
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Measured average field size is 2815 square meters, with reported field sizes likely being 

overestimated (Piland 1991).  

 Agricultural plots are cleared May through August, burned from September to October, 

and then planted (Reyes-Garcia 2001).  The Tsimane’ plan burning as close to the wet season as 

possible in order to maximize crop yields (Godoy 2008, Piland 1991).  Crops are harvested in the 

wet season, usually February and March (Gurven 2000).  Each field is typically cultivated for 

two to three years and then set aside for forest regeneration.   Plantains are planted and harvested 

all year round as needed (Gurven 2000), as plantains as well as manioc do well with little rain, 

while growing rice is more rain-sensitive (Godoy 2008).  The same plots are rarely used for more 

than two seasons before allowing to fallow and then they may be used five years later (Reyes-

Garcia 2008).  

 Typical Amazonian soils are characterized by being acidic, with low fertility and 

suffering from varying degrees of aluminum toxicity (Piland 1991).  The only soils suitable for 

continuous crops are those on alluvial river terraces, such as those along the Maniqui river.  

However, it should be noted that much ecological variation in land exists in Tsimane’ territory, 

as recognized by both researchers and the Tsimane’ themselves (Piland 1991).   This variation 

may affect productivity with some community differences in the proportions of different items 

grown due to differences in soil compositions.  In a community with more clay dominated soils, 

a lower percentage of the fields were planted with manioc compared to communities with sandier 

soil, where manioc will thrive better (Piland 1991: 113).  Also, some older, closer communities 

may lack sufficient agricultural fallows due to encroachment from loggers, ranchers and colonist 

farmers (Godoy 2006, Vadez 2004, Piland 1991).  This limitation may cause a shortening of the 
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length of the fallow period in available plots, a signal of agricultural intensification (Godoy 

2006, Vadez et al. 2004).  

 In addition to their horticultural practices, the Tsimane’ also raise some domesticated 

animals.  These include chickens, pigs, ducks, goats, and cattle.  These are considered a source of 

wealth, rather than of meat, and thus are often sold, traded, or used during special occasions 

(Byron 2003).  Chickens are the principle livestock (Byron 2003: 223).  Livestock provides only 

a relatively small percentage of the meat in the diet, 6% according to Byron (2003: 224).  Non-

domesticated wild animals such as ducks, monkeys, rhea, pacas, and tapir are also kept as pets 

and are eventually eaten (Piland 1991).  

 

Marriage and Demography: 

Tsimane’ Marriage:  

 The Tsimane’ have a preferential system of cross-cousin marriage in which the man 

marries his mother’s brother’s daughter (Godoy 2005).   This has been reported to occur in 75% 

of cases overall and up to 90% in more remote villages (Patel et al 2007).  This tradition of cross-

cousin marriage acts to “create a thick and wide web of relatives linked by descent and by 

marriage” (Godoy 2005: 143).   Men start looking for spouses in the late teens (courting an 

average of just above two), with any woman past menarche being considered eligible (Winking 

2005, Chicchon 1992).  At that time it is considered that men are competent at the activities that 

will enable them to sustain a family, such as working in the field, hunting, and fishing (Chicchon 

1992).  The Tsimane’ lack formal marriage ceremonies and couples are considered married when 
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they sleep together in the same house.  Divorce occurs most commonly within the first year, 

ending 20% of marriages (Winking 2005).   

Post-marriage residence tends to be matrilocal, with the couple building a house near the 

wife’s family (Winking 2005).   This is followed by neolocal residence after the birth of the first 

child (Godoy 2008).  Winking reports the median age at marriage is 21 years for males and 16.5 

years for females, while Godoy states 16 years is the typical age of unions in males and females, 

with females forming unions as young as 13 (Godoy 2008, Winking 2005).    

Very few Tsimane’ marry neighboring Amerindians and almost no-one marries non-

Amerindians, with a sample from Godoy showing only 1.40% (5 people) belonging to another 

ethnic group (Godoy 2008, Godoy 2006).  This may be related to Tsimane’ taboos about 

intercourse with non-indigenous which is believed to lead to physiological harm, including 

developing Leishmaniasis (Ellis 1996).  Although practiced traditionally, there has been a 

movement away from polygynous marriages (Reyes-Garcia 2001).  Only one male individual in 

my data set was involved in polygyny and it has been estimated to occur at a rate of 6% or less 

(Godoy 2008, Winking 2005, Byron 2003).   

 Men (n=34) report an average of 1.4 sexual partners prior to first marriage (Winking 

2005).  Some culturally defined sexual prohibitions also exist, prohibiting sex with wives during 

pregnancy until six months postpartum and before labor-intensive activities (Huanca 1999).  The 

extent to which these taboos are actually followed is currently unknown.  Another understudied 

issue is the degree to which extramarital relations occur in the Tsimane’.  This is difficult to 

study accurately due to various methodological and subject issues (Blow and Hartnett 2005).  

Winking reports that the Tsimane’ view such affairs by men as directly harmful to their children, 
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leading to sickness and death (Winking 2007).  He found that 31% of men (n=29) had at least 

one affair in the first five years of marriage and such affairs tended to be concentrated in that first 

five year period (Winking 2007).  When asked, 89% of women thought that some Tsimane’ men 

were having sex with Tsimane’ women who were not their spouses while 81% reported that they 

thought some Tsimane’ men were having sexual relations with non-Tsimane’ or with prostitutes 

(n=36).  When asked, 62% of men thought some Tsimane’ men were having sex with non-

spouse Tsimane’ or non-Tsimane and 58% reported they thought some Tsimane’ men were 

having sexual relations with prostitutes.  Knowledge of sexually transmitted diseases is limited 

with only 47% of women (n=37) and 17% of men (n=24) reporting a belief that a disease can be 

transmitted sexually.  This situation is particularly alarming given the reported beliefs about the 

occurrences of male extra-marital affairs, particularly with prostitutes.  A more thorough 

investigation of Tsimane’ sexual health would elucidate these matters.  

The Tsimane’ largely choose their own mates, with some parental influence (especially 

for girls) (Godoy 2008).  Evidence suggests that the Tsimane’ practice positive assortative 

mating, choosing mates that resemble them in select characteristics, which are age, knowledge, 

wealth, school, height and smiling (Godoy 2008).  Gurven et al. also reports that time spent in 

productive activities is also subject to positive assertive mating (Gurven 2009).  It is unknown 

what other characteristic may or may not be subject to positive or negative assortative mating in 

the Tsimane’.  When looking for a mate, men put value on “women who know how to weave, 

wash clothes, cook wild game, prepared fermented beverages and spin cotton” (Godoy 2008: 

205).  Women look for men who “farm and hunt well, who know how to fish with a bow and 

arrow, who enjoy drinking fermented beverages, and who work hard” (Godoy 2008: 205).  More 
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recently women have also started to look for men who have some fluency in Spanish, as it 

increases their economic opportunities (Godoy 2008).  These preferences mirror similar findings 

of Gurven et al., who found that aspects of food and economic productivity were highly valued 

in mate preferences (Gurven 2009).  

 

Demography and Reproduction: 

 The age structure of the population is a relatively young one, with over half the 

population (51-57%) being below the age of 15 years (Reyes-Garcia 2008, Supa et al 2007: see 

page 47, figure 2 for a population pyramid).  This pattern is reflected in the relatively few people 

at the higher end of the age structure, with 10-11% percent being above 45 and only 3% being 

above 70 (Reyes-Garcia 2008, Supa et al 2007).  The Tsimane’ have an annual population 

growth rate of 4.86% from 1971 until 2002 (Reyes-Garcia 2001).  Godoy suggests that this may 

be from a decline in mortality rates due to better health, with one of the causes being 

vaccinations (Godoy 2006).  Little change was seen in mortality patterns from 1950 to 1989, 

however following 1990 life expectancy at birth improved from 45 to 53 years (Supa et al 2007).  

This change differed from classical epidemiological transition models in that the largest 

reduction was seen in deaths during middle to late adulthood, rather than during infancy or 

childhood (Supa et al 2007).  The main causes of mortality are infectious disease (greater than 

half the deaths), accidents, and violence (Supa 2007).  Mortality rates during infancy to middle 

adulthood are two to four times higher among remote villages compared to more acculturated 

ones (Supa et al 2007).   Supa hypothesizes that this may be due to infants and children in remote 
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villages not being able to receive medical help as quickly as those in closer villages (Supa et al. 

2007).  

 For the Tsimane’, marriage is tied to reproduction and having offspring; Godoy writes 

that the “Tsimane' cannot conceive of a union without children” (Godoy 2008: 205).  It is not a 

surprise then that women are considered marriageable following menarche.  Age at menarche for 

the Tsimane’ is fairly young, reported to be 12 to 13 by Byron (Byron 2003) and 13.9 by Walker 

(Walker 2006).  The first birth typically occurs around the 2nd year of marriage, with an average 

inter-birth interval of 2.5 years (Gurven, Kaplan, and Winking 2004).   The age at first birth for 

females is 18.6, while for males it is 23.0 (Walker 2006).  The overall lifetime fertility is 5.1 

children per woman (Byron 2003), while the total fertility rate is 6.5 children per woman 

(Gurven, Kaplan, and Winking 2004).   

 The average annual birth rate of two communities is 6.1% (Byron 2003).  There is little 

contraceptive use and in fact people generally feel that they have little control over fertility 

(Godoy 2006).  My sample reported 79% of women have never used contraceptives, 17% are 

currently using plants, 2% are using injections, and 2% have used a form of contraceptives in the 

past (n=47).   Byron reported that during any quarter of collection 15-19% of her sample of 

women were pregnant (Byron 2003).  For these women there is relatively little formal prenatal 

care, with a few women receiving iron tablets (Byron 2003).  Typically a female relative attends 

the birth, usually a mother or mother-in-law or someone particularly skilled and experienced at 

birthing (Byron 2003).  Byron reported that in one community (but not in another one) some 

husbands attended (Byron 2003).  There are some food taboos surrounding pregnancy, typically 
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due to beliefs that certain foods will affect the health of the child or the difficulty of labor 

(Huanca 1999, Chicchon 1992).   

 Ninety percent of pregnancies result in live births (Byron 2003), although this number is 

probably an overestimate given the difficulties of accounting for early fetal loss (Vitzthum 

2001).   In Byron’s study 2% of the total pregnancies ended in induced abortions and 6% ended 

in spontaneous abortions (Byron 2003).  Supa et al has comparable numbers for 1990-99, 

estimating 4.8 % of pregnancies ended in miscarriages (Supa et al 2007).  The Tsimane’ have an 

infant mortality rate of 134-137/1,000 live births (Supa et al 2007, Byron 2003).   Most likely 

due to the chance of early mortality, the Tsimane’ typically do not name their children until after 

the first year (Supa et al 2007, Byron 2003, Scheper-Hughes 1987).  

 During Byron’s study 17-23% of the women were lactating (Byron 2003).  Tsimane’ 

women believe that having an adequate supply of breastmilk is important for the health of their 

child and complain about not being able to feed their babies sufficiently (Gurven 2009).   

Breastfeeding occurs up to three years or when their next pregnancy occurs (Byron 2003).  The 

pattern of on-demand breastfeeding among the Tsimane’ is most likely one of the main 

determinants of their inter-birth interval (Wood 1994).   

 

Market Involvement: 

Market Activities: 

 One of the characteristics that draws researchers to the Tsimane’ is their relationship to 

the market system and the large amount of variation, both between and within communities, in 

their levels of exposure and involvement (Byron 2003, Godoy 2001, Reyes-Garcia 2001).  
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Previous research has shown that communities closer to San Borja show higher monthly 

incomes, greater income fluctuations across collection periods, higher female incomes, and 

higher variability in female market involvement (Byron 2003).  Seasonal and monthly 

fluctuations in market involvement also exist, related to mobility (rainy/dry), agricultural harvest 

periods, and wage labor opportunity.   

 The majority of the Tsimane’ are not fully involved in the market system, with irregular 

incomes that would not adequately function as a sole means of support.  Most of the Tsimane’ 

retain a subsistence base firmly rooted in horticulture and the forest, largely living in a state of 

autarky (Byron 2003, Godoy 2001).   Godoy reported that 74.88% of adults reported no earnings 

from wage labor and 56.40% reported no earnings from the sale of goods when asked about the 

previous fourteen days (Godoy 2009).  Despite this limited dependence and involvement, the 

Tsimane’ relationship with the market is not necessarily new.  Before regional expansion into 

national and international markets, via addition of roads and air transportation, a large portion of 

the areas agricultural goods and building materials would have been produced by the Tsimane’ 

(Chicchon 1992:204, Piland 1991:97). These items would have typically been exchanged 

through barter rather than cash.  This practice indicates that the Tsimane’ involvement in the 

market is actually long-standing, with the trade of forest goods (Byron 2003, Rioja 1992).  

However, today there is not so large a market for non-timber forest goods (besides jatata) and the 

Tsimane’ involvement with the market has diversified to include other activities (Byron 2003).  

 The Tsimane’ have a number of options for earning money and participating in the 

market system.  These are through various types of wage labor and through the sale (or barter) of 

goods.    Wage labor opportunities for males are available in logging, cattle ranching, jatata 
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extraction for traders, or agriculture (Byron 2003: 95).   Most of these jobs are only seasonally 

available, with higher opportunities for income in the dry season.  Some of these jobs are also 

only regionally available, with jatata extraction only being important farther upriver (Godoy 

2004).  Women do not typically engage in wage labor and subsequently have relatively low 

incomes (Byron 2003).  A small number of Tsimane’ are also involved in salaried work, such as 

being school teachers (Godoy 2007).  

 According to Byron the sale or exchange of goods is a much more important source of 

market income compared to wage labor (Byron 2003).  Items typically sold include rice, 

plantains, maize, manioc, fruits, domesticated animals, eggs, honey, firewood, and jatata (Godoy 

2007).  Much like wage labor, cash income from sales shows high seasonality. Sales for 

Tsimane’ good, such as woven mats, increase in the weeks before the festival of San Borja 

(October 10-12) (Godoy 2004).  Sale of agricultural goods, such as rice, follows the harvest 

season.  People living in communities close to San Borja are able to bring their goods directly to 

market.  However, those living farther away often deal with itinerant traders instead, often 

receiving far less than fair market value for their goods.  

  One of the unique and primary goods in which the Tsimane’ manufacture and trade is 

Jatata thatch roof panels.  Jatata is considered a high quality roofing material; it offers good 

ventilation, is suitable for various types of roofs, and repels insects (Rioja 1992).  Jatata roof 

panels are produced by both men and women, mainly in communities located upriver, because 

the raw material (palm leaves) necessary for weaving the thatch panels are located in heavily 

forested areas and requires two days to collect (Rioja 1992).  Traders usually come with boats 
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full of good for barter that they exchange for jatata.  They tend to be highly exploitative, selling 

exchanged jatata in San Borja for four times the bought value (Ellis 1996, Rioja 1992).   

   

Consumption: 

 Most Tsimane’ immediately dispose of cash, with very little savings (Byron 2003).  

Many of these immediate purchases consist of consumables, with market foods being the most 

frequently purchased good by the Tsimane’ and is 29% of the items in their diet (Godoy 2005, 

Byron 2003).  Typically purchased market foods include sugar, salt, animal lard, vegetable oil, 

white flour, pasta noodles, beef, and canned sardines.   Overall these purchases contain more 

fats, refined sugar, and processed carbohydrates than farm or forest foods.  Given this immediate 

disposal of cash it makes sense that reliance upon market foods is related to income group, with 

those in the lowest income group utilizing the lowest percentage and those in the upper income 

group utilizing the highest (Byron 2003).  Those communities closer to San Borja and more 

integrated to the market also utilize more market foods (particularly purchased meats) and less 

forest foods (Byron 2003).  Byron explains that this relationship is at least partly due to increased 

access to the market, greater social value put on market foods, and variation in community-

related food acquisition techniques (i.e. Barbasco).   Another possible explanation, not discussed 

by Byron, is the potential ecological degradation of the forest in communities closer to San Borja 

compared to those farther away, in which forest resources may be less plentiful.    

 Variation in purchase of market foods may also occur seasonally. Byron observed more 

market use in the wet/preharvest/lean part of the year in communities more integrated and closer 

to San Borja, with the greatest use occurring in the highest income group (Byron 2003).  Thus, 
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the market may be a seasonal alternative to low availability of farm or forest resources for those 

that can afford it in that community.  This hypothesis is further supported by lowest use of 

market foods in the same community during the part of the year with the highest rice stores and 

peak hunting.  However, Byron’s analysis shows that market use does not surpass agricultural 

and forest food use, regardless of level of integration (Byron 2003).  This indicates that although 

market food may act as an important supplement, it is not necessarily an essential part of the diet.   

 Besides buying consumables, the Tsimane’ also purchase a number of goods from the 

market.  Many of the commonly used goods in the household all come from the market, 

including pots, water containers, and mosquito nets.  Some purchased good may be useful for 

increasing agricultural and forest resource extraction, such as machetes, rifles, shotguns, and 

axes.  Many Tsimane’ have started to adopt and desire western luxury items including radios, 

shoes, clothing, watches, glasses, televisions, video cassette recorders, and even cell phones.  

Godoy found that with an increase in total expenditures there was a positive association with the 

share of expenditures towards luxuries (Godoy 2007).   As the Tsimane’ continue to be exposed 

to mainstream Bolivian and involve themselves more in the market system the desire and 

expenditures on luxury items will most likely continue to increase.    

 The effects of market integration on the health of the Tsimane’ are not well understood.  

Currently market integration does not seem to affect their health.  Byron suggests that the 

apparent lack of effect may be due to the modest levels of wealth and income or because wealth 

is neither being accumulated nor is it being saved and used in times of crisis (Byron 2003).   

 For now the Tsimane’ still rely heavily on horticulture and the forest to provide them 

with what they need.  However, this may change in the future, as people begin to allocate a 
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larger portion of their agricultural products to the market.  Members of at least one community 

have been reported to sell rice early in the season to the point that they have to turn to alternative 

food sources or purchase more later on from the market (Byron 2003: 237).  If these trends 

continues and the intensification of commodity agriculture does result in increased reliance on 

and desire for market-bought goods, it may ultimately remove the Tsimane’s ability to sustain 

themselves independently of the market system (Piland 1991)   

 

Conclusion: 

 This chapter has provided a brief overview of Tsimane’ history, culture, ecology, 

subsistence, demography, and market involvement.   The Tsimane’ are a population of 

indigenous Amerindians who through their semi-nomadic lifestyle has managed to remain a 

distinct cultural group existing largely on the edges of the Bolivian market system.  The 

Tsimane’ subsist mainly through hunting, fishing, gathering, and some supplemental 

involvement in the market system.  These subsistence bases and their level of involvement in 

each vary depending local ecology, community of residence, and distance to San Borja, Their 

variation in these traits has made them an ideal group in which to explore the effects of market 

integration and culture change.  
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Chapter 5: Leptin and Anthropometrics in the Tsimane’ 

 

Introduction: 

 This chapter examines the correlates of variation in leptin levels in adult Tsimane’ males 

and females. I begin this chapter with a brief background on relevant Tsimane’ anthropometric 

dimensions and briefly discuss the previous work on leptin conducted on the Tsimane’. I then 

review the data collection protocols and methods utilized for this study.  Finally, I compare 

patterns of variation in Tsimane’ leptin levels to those found in other populations. The objectives 

of this chapter are to examine the relationship between leptin and various measures of adiposity 

and to examine other potential predictors of leptin levels that determine variability in leptin 

independent of adiposity. 

 As discussed in chapter three, leptin is an indicator of energy status and changes 

dynamically in response to energy balance, acting to mediate some of the adaptive responses that 

attempt to maintain energy homeostasis, particularly in response to negative energy balance 

(Friedman 2002).  Much of the research on leptin has been done in populations from the United 

States or Europe, thus providing little opportunity to examine the influence of ecological 

variability on leptin levels. The Tsimane’ provide good contrast to those populations, as they are 

a population that has been previously characterized by growth stunting and lives largely a 

subsistence level lifestyle.  This research not only helps to expand our knowledge of leptin and 

its variability but also provides a profile of leptin in a population that may be a better model in 

which to understand leptin’s role in human evolution. 
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Background: 

The Tsimane’ are a population of approximately 8,000 Indigenous Amerindians from the 

department of Beni in lowland Bolivia.  They have 50 villages along the Maniqu River with 30 

additional villages near other rivers, with a mean village size of 93 individuals (Winking 2005, 

Gurven 2000).  They are forager-hoticulturalist, relying mostly on subsistence swidden 

agriculture (i.e. slash and burn) and forest goods for their needs (Byron 2003). However, recently 

they have started to supplement their subsistence lifestyle with wage labor from cattle ranching 

and logging and through the sale of goods (e.g. Jatata thatch roofing).  For a more extensive 

background on the Tsimane’ please refer to chapter 2.     

 

Anthropometrics in the Tsimane’ 

 Although this dissertation is focused upon adults, anthropometric data and trends in both 

children and adults Tsimane’ will be briefly reviewed here.  The reason for this is that adult 

energetic states, particularly stature, but also body composition, can be considered an outcome of 

a long history of growth, occurring from conception to adulthood.  Unfortunately no data 

currently exists on birth weights, gestation times, or pregnancy weight gains that would give 

insight into fetal growth and nutritional sufficiency.  Additionally, previous work on leptin in the 

Tsimane’ has only been done with children (Sharrock et al. 2008), making an understanding of 

their anthropometrics important background to help contextualize their leptin values.  

 Anthropometric data on children show the Tsimane’ to be a population that is largely 

stunted compared to US or European norms (Foster et al. 2005; Byron 2003).  However, 

compared to other Amerindians they are in the taller range (Godoy 2006).   According to data 
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from Foster et al., boys appear to be around the 5th US percentile by 6 months, while girls are at 

the 50th percentile at 6 months and move to the 5th percentile sometime before the age of two 

(Foster et al 2005).  It is unknown why the males show this pattern, but female growth restriction 

is probably due to the timing of weaning. Depending on age, the prevalence of stunting in 

Tsimane’ children range from 55 to 31%, which decreases and compares more favorably to other 

Amerindian groups as they get older (Godoy 2005; Byron 2003).  Unlike stunting, wasting is 

relative low (0-2%) and skinfolds as well as arm muscle development are adequate, although 

lower than US norms (Foster et al., 2005; Byron 2003).  This pattern of high incidence of 

stunting and low incidence of wasting is indicative of chronic, mild to moderate malnutrition, a 

pattern consistent with other indigenous Amazonian groups (Godoy 2005, Foster 2005, Byron 

2003).  Although adult dietary data shows adequate caloric and protein intakes, due to the bulk of 

two of their main staples, manioc and plantains, children with their smaller gut capacities may 

not be able consume enough to get adequate nutrition from them (Godoy 2006; Godoy 2005; 

Berti and Leonard 1998).  However, it is unknown how much children may offset this by 

consuming a larger proportion of non-bulky, more easily digested foods, such as rice.  Even if 

caloric and protein sufficiency are met, dietary quality may still be lacking in other ways, such as 

micronutrient deficiencies (Nyberg 2009).  High rates of iron deficiency anemia within Tsimane’ 

children shows that such micronutrient deficiencies exist and may play a role in the stunted 

linear growth (Foster et al. 2005; McDade et al. 2005; Aiello et al. Unpublished).  The Tsimane’s 

stunting may also be due to early pathogen exposure, with hookworm infection (77% prevalence) 

being an endemic problem for the Tsimane’ (Godoy 2008, McDade 2005a McDade 2005b, 

Tanner 2005). 
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 Compared to other Amerindian groups Tsimane’ adults are taller and heavier (Tanner 

2005, Byron 2003).  Tsimane’ adults show anthropometric patterns similar to the children, with 

favorable to adequate short term or acute anthropometric measures (BMI, weight-for-height z-

scores, arm muscle area, skinfolds), while stature is short compared to US standards, reflecting 

their childhood stunting (Byron 2003).   This outcome reflects that most deficiency occurs during 

childhood and adult dietary intakes are more than adequate in both calories and protein with little 

evidence of acute nutritional deficiencies (Godoy 2006).   In comparison to US norms, women 

have more favorable sum of skinfolds and arm muscle area than men, although women do show 

more seasonal variability in weight and body fat stores (Byron 2003).  Byron found evidence of a 

weak but significant effect of season on measures of nutritional status, with lower measures 

being observed in the wet season, while Tanner failed to find any seasonal differences (Tanner 

2005, Byron 2003).   

 Analyses of adult stature suggest that the patterns discussed above have been fairly 

consistent over time, at least since the 1920’s.  Godoy showed no evidence for a secular trend in 

stature from 1920 to 1980 in males or females (Godoy 2006).  However, Tsimane’ elders and 

some historical data suggest that the average heights were taller before 1920 (Godoy 2006).   

 

Tsimane’ and Leptin 

Sharrock and colleagues (2008) reported data on anthropometric and leptin values in 487 

Tsimane’ children with ages ranging from 2 to 15 years.  These data are comparable to the work 

presented here because they relied on the same blood spot analysis method, conducted in the 

same laboratory, at roughly the same time period.  Sharrock’s work found low leptin 
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concentrations overall, with values being lower compared to other groups using a blood spot to 

plasma conversion.  In her oldest adolescent group (13-15 years), the females had a mean leptin 

of 3.51 ng/ml while the males had 0.45 ng/ml. Females showed a strong correlation between 

leptin and measures of adiposity (particularly in the older age groups), with fat mass or triceps 

skinfold having the strongest relationships.  Male leptin values showed much weaker correlations 

with fatness, with measures of percent fat, fat mass, triceps skinfold, and suprailiac skinfold 

showing significant correlations in some, but not all age groups, while other measures of 

adiposity (BMI, biceps skinfold, subscapular skinfold) failed to show significant correlations in 

any of the age groups.  

 

Data Collection and Methods: 

Fieldwork was conducted for this study over a 15-month period from December 1st 2004 

to March 18th 2006 in three villages.  All of the methods discussed were approved by the 

Northwestern University Institutional Review Board (IRB #0732-016).  Additionally, before 

working in the communities, approval was obtained from the Gran Consejo Tsimane’, the 

Tsimane’s only formally recognized governing body, and by each community through 

community meetings discussing the project with each village as a whole.  Following this each 

household in the community was visited and IRB-approved verbal consent scripts were used to 

recruit individuals into the study.  Potential study participants included all adults 18 years and 

older.  

Additionally, these data were supplemented by data from a larger research project, the 

Tsimane’ Amazonian Panel Study (TAPS), originally began in 1999 by Dr. Ricardo Godoy 
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(Brandeis University) and Dr. William Leonard (Northwestern University). This larger study, 

now known as the Tsimane’ Amazonian Panel Study (TAPS), is a longitudinal project 

encompassing 13 villages and over 260 households (www.tsimane.org).  The main focus of this 

project has been on understanding the effects of market exposure on a variety of health indicators 

and markers of wellbeing.  

 

Collection Rounds 

 Three rounds of data collection occurred in total (see table 5.1), with round one being 

conducted from December 2004 to February 2005 (Wet season), round two being collected from 

June to August 2005 (Dry season), and round three being collected from February to March 2006 

(wet season). Laboratory analysis of blood spot samples occurred in July and August, 2006. 

Three Tsimane’ research assistants helped me to coordinate and collect data in the 

different locations.  Two worked during collection rounds one and two, while only one worked 

during round three.  Research assistants translated from Spanish to Tsimane’ during interviews 

and training with surveys before rounds was used to ensure meaning was held constant across 

translators and their translations.  

 

Sample Size 

A total of 108 individuals participated in this research study, including 60 females and 48 

males, with varying levels of participation from individuals in each of the rounds.  The larger 

number of females resulted from a number of single women in the study as well as a number of 

husbands refusing to participate.  Bloodspot data from the first round was excluded from this 
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analysis due to the samples being exposed to repeated freeze/thaw cycles during repeated power 

outages and people who only participated in round one were excluded from this analysis (n=16). 

The remaining 92 individuals (52 females and 40 males) from rounds two and three were further 

reduced to 67 (37 females and 30 males) to exclude individuals who did not have both leptin and 

anthropometrics from the same collection period.  The largest degree of within-round non-

participation was seen in bloodspot collection, largely due to the logistic limitations in collection 

(one or two days of collection in the morning in each village/round).  A single set of cross-

sectional data was compiled from those 67 individuals, excluding data from rounds in which 

females were pregnant.  This data was excluded due to the established understanding that leptin 

levels are elevated during pregnancy (Henson and Castracane 2006) and that there are problems 

associated with obtaining accurate measures of fatness using skinfolds from pregnant women 

(Lederman 2005).  Only one female was completely dropped from analysis due to her pregnancy 

in both collection periods, while 10 other women had alternative round data selected due to 

pregnancy.  If usable data existed for single individuals from both the dry and wet season, the 

data from the dry season was preferentially used due to that being the larger data set.  The end 

result was a set of cross sectional data consisting of 66 individuals, 36 females and 30 males.   

For the analysis focusing on leptin and reproductive status 10 cases of pregnancy were added 

back to the data set and treated as independent cases.  Nine of the individuals are then 

represented twice in the data, as pregnant and non pregnant, and were also analyzed separately as 

paired samples.    
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Surveys 

Baseline/Demographic Surveys 

          Interviews collected demographic data, including household size/composition, age, 

education, and basic markers of acculturation. Identification of age is problematic among older 

individuals as records have only recently started to be collected.  However, my data was cross 

checked with data accumulated from TAPS in order to arrive at the best available estimate.  

Level of acculturation was assessed based upon knowledge of Spanish, reading, writing and 

mathematics (Godoy 2001).  Interviews were also conducted with female participants to collect 

information on basic reproductive histories (e.g. age at menarche, parity) and to determine 

reproductive status (non-lactating, pregnant, lactating, and/or menstruating). 

 

Market Integration/Economic Surveys 

Market integration was measured by examining cash income, ownership of non-local 

material goods, utilization of forest and grown foods compared with the percentage of foods 

traded or bought, and distance from and frequency of travel to San Borja.  Individual economic 

activities were measured for the past week and month.  This involved assessing the number of 

times individuals were engaged in various forms of production or consumption. Household 

material wealth was accessed by adapting a household goods material wealth survey from the 

TAPS project. The adapted survey measured 21 common household items.  These items were 

given monetary value in Bolivianos and three summary variables were computed: traditional 

wealth, commercial wealth, and animal wealth.   
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Anthropometry 

Anthropometrics were taken to assess nutritional status (Gibson 2005).  Data collection 

was done as a community event, with participants gathering at the project house or the school to 

be measured.  All people who came were provided with punch and those who participated 

received cookies.  Anthropometric measurements were collected following protocols presented 

in Lohman et al (1988).  Height was measured to the nearest 1.0 mm using a portal stadiometer 

(Seca model #214), weight was measured clothed without shoes and socks to the nearest 0.1 kg 

on a Tanita scale (# Bf-681).  Body fat percentage was also recorded using the Tanita’s 

bioelectrical impedance analysis (BIA).   A Lange skinfold caliper (Beta Technology Inc, US) 

was used to take skinfold measurements at the following four sites: triceps, biceps, suprailiac, 

and subscapular.   Skinfold thickness was read to the nearest 0.5 mm.  Body fat percentage was 

later calculated from the sum of four skinfolds and from triceps skinfold alone using the age and 

sex specific Durnin and Womersley formula (1974).  Mid-arm, waist, and hip circumferences 

were all measured to the nearest mm using a fiberglass, self winding, flexible measuring tape.  

Where applicable all measurements were taken on the left side of the body.  If measurements 

could not be made without clothing then 0.5 mm or 0.5 cm were subtracted to control for it.  

Anthropometric data from round II for Alta Gracia was taken from data from TAPS.   

Arm muscle area was calculated using mid arm circumference and triceps skinfold, then 

corrected for sex specific bone diameter (Frisancho, 1990).  Fat mass was calculated as percent 

body fat divided by 100 and multiplied by weight.  Z-scores for height for age, weight for age, 

weight for height, and arm muscle area were all calculated using Frisancho 1990 reference data 

that was derived from NHANES I and II.  
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Bloodspot collection 

Bloodspot samples have been collected previously in this population as part of a larger 

ongoing study (McDade et al. 2003), and this has proven to be a locally acceptable procedure 

with very low rates of refusal.  Samples were collected primarily to be used for the analysis of 

the hormone leptin, an indicator of short and long-term energy status, with lower serum leptin 

levels indicating deficiency and higher levels reflecting energy surplus (Flier 1998). 

The protocol is an adaptation of a commercially available ELISA kit developed for 

measuring leptin in plasma (Biosource CytoSets #CHC2284).  Prior research has measured leptin 

in serum or plasma, but venipuncture is a relatively invasive procedure that is not likely to be 

acceptable to the Tsimané.  In addition, the remote field conditions make it difficult, if not 

impossible, to centrifuge and freeze plasma.  Dried blood spots provide a minimally-invasive 

alternative, as sampling is relatively easy and painless, and filter paper stabilizes analytes in 

whole blood (McDade et al. 2005; McDade et al. 2000).  Validation of the blood spot leptin 

protocol has been published, and analysis of matched blood spot and plasma samples indicates a 

very high degree of correlation (Miller 2006, Pearson R=0.976).   The biggest limitation of this 

method is that samples begin to degrade at room temperature after 3 days and during 

refrigeration at 14 days, thus samples should be stored in a freezer as soon as possible following 

collection.  

Blood collection was all done in the morning between 9:30am and 12:30pm, in order to 

limit the effects of diurnal variation upon leptin. After wiping away the first drop of blood, a 

sample was collected in a cuvett for measuring anemia and subsequent blood drops were 

collected by placing at least one drop of free flowing capillary whole blood on standardized filter 
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paper (Whatman no.903, Middlesex, U.K.).  Samples were allowed to dry for 4 hours and then 

returned to San Borja (within 24 hours) to be stored in a freezer.  Due to unreliable electrical 

power the samples were then shipped on icepacks to a laboratory (Laboratorio de Investigación y 

Diagnóstico Veterinario, LIDIVET) in Santa Cruz where they were stored at -40°C until they 

could be hand carried on a flight back to the US and then stored at -20°C in the Laboratory for 

Human Biology Research (LHBR) until analysis.  During the trip from Bolivia to the US 

samples were kept on ice with arrival temperatures of 1°C.  All blood collection supplies were 

saturated in a bleach solution and later incinerated in a small pit following recommended field 

procedures for biohazardous waste disposal (Sharmanov 2000). 

All bloodspot analyses were conducted in the Laboratory for Human Biology Research at 

Northwestern University.  Leptin levels were measured using protocols developed in the lab 

(Miller et al. 2006).  Twenty-two of the 30 male samples included in the data for this chapter fell 

below the lowest standard in the assay and estimated values were used.  Variation across assays 

was monitored using low, medium, and high controls, with the inter-assay percent coefficients of 

variation were 10.3%, 7.1%, and 9.4%, respectively.  

 

Statistics 

Data was entered and statistical analysis was conducted using the Statistical Package for 

the Social Sciences (SPSS) version 21.0.  Variables were examined for normality using 

descriptive statistics (mean, median, mode), Shapiro-Wilk tests, and the examination of Normal 

Q-Q plots.  Variables that deviated significantly from normal were log transformed.  To more 

easily allow comparisons to other data bloodspot leptin values were transformed into plasma 
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values using the following equation derived from a set of bloodspot/serum samples: Plasma 

value = 2.12*Bloodspot – 0.05.  Blood spot leptin was log transformed to normalize the data for 

statistical test, rather than the plasma transformed data due the presence of three negative values 

in the plasma transformed data.  Independent T-tests and Mann-Whitney U (for non-normal data) 

were performed on descriptive statistics to examine male and female differences.  Pearson 

correlation coefficients were calculated to describe the relationships between leptin and various 

measures of nutritional status in each sex.  A Wilcoxon signed ranks test was a non-parametric 

test used on paired samples to test for statistical differences as an alternative to a paired t-test.   

Regression analysis was used to determine significant predictors of leptin in addition to 

measures of nutritional status.  Kruskal-Wallis H test was used to test for significant leptin 

differences between for woman of various reproductive states.  Significance was set at a p = 0.05 

level.   

 

Results: 

Table 5.2 show basic descriptive statistics for Tsimane’ males and females.  Using an 

independent T-test and a Mann-Whitney U-test, male and females show significant difference in 

all variables shown (including leptin) except age, BMI, waist circumference, hip circumference, 

and waist-hip ratio.  In table 5.5 regression models 1 and 2 show that sex remains an important 

determinant of leptin levels when included in a model with fat mass, suggesting that the sex 

difference in leptin levels is not solely a product of differences in fatness.    

In table 5.2 measures of adiposity for both males and females indicate adequate levels of 

nutritional status, with over 20% of males and females having body mass indexes over 25 kg/m2.  
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The nutritional indices in Table 5.3 show that 11.11% of females and 43.33% of males are 

stunted.    This large sex-based difference in stunting prevalence is most likely a product of 

sampling, as previous studies report comparable stunting rates between males and females (see 

Godoy 2005 for example).  In females, other nutritional indices compare more favorably with US 

norms, reflecting what was also seen in the measures of adiposity.  However, 10% of males have 

low (< 2 SD) arm muscle area z-scores compared to US norms.  This greater deviation in male 

muscularity compared to female muscularity is consistent with previous work done in the 

Tsimane’ (Byron 2003) and has been recognized in other populations that experience varying 

levels of malnutrition during growth (Stini 1972).  This suggests that male muscularity is either 

less buffered from the environment or that females experience disproportionate levels of arm 

muscular development due to higher levels of physical labor compared to US populations (Black 

et al. 1977).   

 Table 5.2 reports plasma leptin value of 2.458 ng/mL in females and 0.261 ng/mL in 

males.  These numbers are among some of the lowest observed, and are lower than adolescent 

Tsimane’, Ache levels, and levels from the United States (Figure 4.1a and 4.1b).  However, this 

comparison is made with some caution, as our levels are derived from a blood spot assay known 

to be sensitive to environmental conditions and have been mathematically transformed to plasma 

values, making comparisons potentially problematic (Miller et al. 2006).  The Tsimane’ 

adolescent comparison is less problematic as it was analyzed using the same methods, in the 

same laboratory.  Indeed, the Tsimane adults are most similar to the Tsimane’ adolescent values.  

With those methodological issues, the Tsimane’ levels resemble Ache levels more so than US 
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values, despite body fat levels across all three adults groups being comparable.  This suggests 

that some other factor besides fatness may be determining inter-population levels of variation.  

 Figures 4.2a and 4.2b show the relationship between Tsimane’ leptin and fat mass for 

females and males.  The female graph shows leptin levels are strongly associated with fat mass, 

while the male graph shows a more modest association.  A regression model (not shown) testing 

for an interaction of sex and log fat mass did not show a significant interaction effect.  

Table 5.4 presents the correlations between leptin levels and various measures of 

adiposity.  For all measures of adiposity, except the subscapular skinfold, females show 

significant correlations with leptin levels. In women, the triceps skinfolds show the strongest 

relationship with leptin levels.  Males show significant correlations with most measures as well, 

except biceps skinfold, BIA determined percent body fat (approaches significance), and body 

mass index.  The biceps skinfolds are small and show little variability in males compared to 

other skinfolds, potentially explaining its non-significance.  Bribiescas (2001) also found no 

relationship between leptin and percent body fat as determined by BIA or with BMI, potentially 

indicating that those measures lack sensitivity to adequately detect the weaker relationship 

between leptin and adiposity that exists in males, particularly those that do not represent 

populations where Tanita leg to leg BIA equations were derived.   

 Regression analysis, performed on males and females separately, using leptin (logged) as 

the dependent variable and fat mass (logged) as the independent variable were performed to test 

for significant effects of other dependant variables (results not shown).  Variables that were not 

significant predictors of leptin include season of data collection (wet or dry), time of day the 

sample was collected, participants’ village, age, health status (sick in the last two weeks), 
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acculturation index, measures of market integration, and reproductive status (i.e. lactating and 

menstrual status).   

 Additional analysis was carried out to more closely examine reproductive status and its 

relationship to leptin.  For this analysis 10 cases were added back to the data set consisting of 

pregnant women.  The pregnant women have a mean plasma leptin level of 4.682 ng/mL, nearly 

twice as much as non-menopausal woman (Figure 5.3).  A Kruskal-Wallis H test revealed 

significant differences in leptin levels between the 5 reproductive states (H(4) = 14.598, p = 

0.006), while no such difference existed between their measures of fat mass (Figure 5.4, H(4) = 

6.475, p = 0.166).  A Mann-Whitney Test U showed no significant differences between the 

Menopausal woman and the three groups of non-pregnant women (U = 28.0, p = 0.070).  

However, a significant difference was found between the pregnant women and three groups of 

non-menopausal women (U = 60.0, p = 0.003).  This difference remains when I remove the 9 

non-pregnant woman from the data set who are also match the individuals who are pregnant (U = 

48.0, p = 0.009).   In Figure 5.5, I examined only the 9 matched woman in their pregnant and 

non-pregnant state, who showed a significant difference in a Wilcoxon Signed Ranks Test (Z = -

2.547, p = 0.011), while they show no significant different in body fat mass (Z = -1.481, p = 

0.139).   A regression analysis with leptin as the dependent variable and fatmass and a binomial 

pregnancy variable (pregnant yes/no) as the independent variables for the set of non-menopausal 

women showed pregnancy was a significant predictor when controlling for fat mass (Table 5.3, 

model 3 for fat mass and model 4 for fat mass and pregnant as predictors).   
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Discussion: 

 These results show that the Tsimane’ are a population with adequate levels of current 

nutritional status, except for low arm muscularity in males, compared to US norms.  However, 

they show signs of chronic early life nutritional inadequacy with stunting occurring in both males 

and females (Stein et al. 2010).  These results are in agreement with the past studies on the 

Tsimane’ reviewed in this paper and most likely indicate mild to moderate malnutrition during 

childhood.  As discussed in the background, this malnutrition most likely reflects low quality diet 

(i.e. too much bulk or low micronutrient content) and childhood pathogen exposure.   

Tsimane’ leptin levels demonstrate clear sexual dimorphism, a consistent feature across 

the majority of populations, with females having much higher values (Wauters and Van Gaal 

1999).  Leptin in Tsimane’ females has a strong relationship with measures of adiposity.  Males 

have similar associations with skinfolds (and skinfold derived measurement) but show weak 

associations with other, potentially more problematic, measures of adiposity (BMI, BIA).   

Leptin in males also has a much flatter association with fatness at low levels of adiposity, similar 

to what has been seen in Filipino males (Kuzawa et al 2007, also see chapter 5).   

Both males’ and females’ leptin levels are low compared to other populations and 

resemble what is seen in Tsimane’ children and adolescents.  This pattern of low leptin levels is 

consistent with other studies from subsistence level populations, including the Ache (Bribiescas 

2001), Shuar (Lindgarde et al 2004), Buryat (Leonard et al. 2009), and Evenki (Leonard et al., 

unpublished, see data in Chapter 3).  All of these populations have among the lowest leptin levels 

observed in humans.  What leads to these low levels?  Work by Lindgarde et al. show higher 

leptin levels in agriculturalist compared to hunter/gatherers, suggesting that some factor 
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contained within their broad lifestyle and ecological differences drive variation (2004).  Animal 

models show similar results, with captive baboons having leptin levels three times higher than 

wild baboons, supporting the idea of a strong lifestyle related effect (Banks et al 2001).  Mice 

models have suggested programming may play a role in leptin variability (Mainardi et al 2010).    

One study in humans has shown low early life fat intake to be associated with increased leptin 

later in life (Rolland-Cachera et al 2012).   

Is this population variation in leptin levels functionally meaningful?  There is evidence in 

Pima Indians that low leptin variability may predispose to later weight gain (Ravussin et al 

1997), but it remains unclear what the significance of between population variation may be. Do 

these low levels play a role in the “thrifty phenotype” that has been hypothesized to predispose 

some population that experience poor environmental conditions early in life to obesity when as 

adults they live in obeseogenic environments (Bouchard et al 2007)?  If so, one might predict 

rates of cardiovascular disease, obesity, or diabetes to greatly increase in the Tsimane’ as they 

become market integrated and continue to transition away from traditional lifestyles.  

This study did not find significant predictors of leptin levels among the majority of 

variables investigated outside of adiposity measures.  Part of this lack of association may be due 

to the small sample size of this study which may lack the necessary power to detect significant 

differences for some of the variables tested.  Some of these potential predictors may also have 

lacked the necessary precision, such as the sickness variable, which consisted only of a binomial 

yes/no measure of sickness for the past two weeks.  Additionally there may be untested factors 

that could contribute to leptin variability.  These include measures of energy balance, dietary 

factors, and various other lifestyle measures.  
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Reproductive status was a significant predictor of leptin while controlling for adiposity.  

Pregnant women were shown to have higher leptin levels than non-pregnant/non-menopausal 

women.  This relationship has been well documented in westernized samples (Henson and 

Castracane 2006, Castracane 2006, Mukherjea et al 1999, Butte et al 1997).  Bribiescas reported 

in his sample one pregnant Ache woman, with leptin levels elevated compared to the rest of his 

female samples (2001).   In previous studies the increase during pregnancy is typically 2 to 4 

fold, with differences in this study being a little under 3 fold (see Figure 5.5) (Linneman et al. 

2000).  Unfortunately due to the small size and imprecise nature of our pregnancy data more 

detailed analysis such as analyzing for trimester difference are not possible.  This study does 

provides additional evidence that this pattern and proportion of increased levels during 

pregnancy holds true across populations.  The exact function of this rise in leptin is unclear, 

although it has been suggested that a state of leptin resistance occurs to allow the accumulation 

of additional body fat during pregnancy (Augustine et al. 2008, Chehab et al. 1997), but it may 

also play important roles in energy regulation to the fetus or in fetal programming (Chehab et al. 

1997).   

 

Conclusion: 

  In conclusion, these findings contribute to the available data on leptin across various 

ecological conditions.  Leptin levels in Tsimane’ adults are low compared to other populations 

and show continuity from values previously obtained in Tsimane’ adolescence by Sharrock et al. 

(2008).  This study adds to the body of evidence that the observed patterns of leptin sexual 

dimorphism are maintained across populations.  Additionally, it provides clear evidence for 
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pregnancy related increases in leptin levels similar to what is experience in other population in 

which it has been reported.     
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Chapter 6: Leptin in Filipino Adults 

 

Introduction 

This chapter presents data on leptin levels in adult Filipino males and females.  I begin 

this chapter by reviewing the data collection protocols and methods utilized for this study.  I then 

offer an interpretation of these findings in comparison to those of previous studies. The 

objectives of this chapter are to examine the relationship between leptin and various measures of 

adiposity and to examine other potential predictors of leptin levels that determine variability in 

leptin independent of adiposity 

As discussed previously in Chapter 3, leptin is a hormone secreted primarily by 

adipocytes and is thought to play a role in energy regulation and to act as an energetic indicator 

to various physiological systems (e.g. reproduction and immune function).  Since leptin’s initial 

discovery in 1994 there has been a tremendous amount of research devoted to developing a 

better understanding of its functional significance in humans.  Much of this research has been 

conducted in industrialized populations with relatively large adipose stores.  These studies 

provide a rather limited scope of leptin’s potential range of variation.  Recent studies in relatively 

lean, less developed populations have shown much lower levels of leptin, as well as evidence 

that the association between leptin and adiposity may break down at low adiposity levels, 

particularly among males (Feeman AC, Yousafzat AK et al., 2002). This suggests that the 

relatively overweight industrialized populations that are the focus of most clinical research may 

provide an incomplete human model for the investigation of leptin’s physiologic roles.  Thus this 
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chapter examines leptin levels from a sample in the Philippines, a population that is in the midst 

of the nutritional transition.  

 

Material and Methods: 

Study Population 

 This study uses data from the Cebu Longitudinal Health and Nutrition Survey (CLHNS), 

an ongoing, community-based, prospective study in Cebu City, the second largest metropolitan 

area in the Philippines.  The adults who are part of this analysis were originally enrolled in the 

study as part of birth cohort born in 1983-1984.  These individuals have been tracked since that 

time using follow-up surveys.  Previous research has shown large increases in rates of 

overweight and obesity in the recruited mothers since 1984 (Adair 2004).  This increased 

prevalence occurred along-side rapid socioeconomic changes, during which the adults who were 

part of this study were growing up.    Data for this analysis is part of a fifth wave of follow-up 

data collection that occurred in 2005 (see Adair et al. 2011 for a full discussion of CLHNS).   

This research was conducted under conditions of informed consent with human subjects’ 

clearance from the Institutional Review Boards of the University of North Carolina, Chapel Hill, 

and Northwestern University.  

 

Data Collection 

Trained interviewers conducted interviews with participants in their homes.  Body 

weight, height, waist circumference, hip circumference, and triceps, subscapula, and suprailiac 

skinfold thicknesses were measured to the nearest millimeter using standard anthropometric 
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techniques (Lohman et al., 1988).  Body mass index was calculated as the ratio of weight (kg) to 

height squared (m2).  Body fat percentage was calculated using Siri’s (1956) equation from 

density calculated from the sum of the three skinfolds with the age and sex-specific Durnin and 

Womersly formulas (1974).  The Durnin and Womersly formula was developed in a large 

Scottish sample and has been used and validated in a greater number of populations than other 

formulas (Norgan 1995; Ulijaszek 1992; Shephard 1991), and it has been used in previous 

CLHNS studies to calculate body fat percentage (e.g. Kuzawa et al. 2012; Quinn et al. 2012; 

Gettler et al., 2011).  It has been shown in some studies to be valid in Asian populations (Wang 

and Deurenberg 1996; De Waart et al. 1993) but has overestimated body fat in other studies 

(Eston et al. 1995).  It also tends to overestimate fatness in very thin or malnourished individuals 

(Shephard 1991).  Unfortunately no widely used formulas have been specifically validated in the 

Philippines. Fat mass was calculated as percentage body fat divided by 100 and multiplied by 

weight.  Arm muscle area was calculated using midarm circumference and triceps skinfold, and 

then corrected for sex specific bone diameter (Frisancho, 1990).  Z-scores for height for age, 

weight for age, weight for height, arm muscle area, BMI, percent body fat, and triceps skinfolds 

were all calculated using Frisancho 1990 reference data that was derived from NHANES I and II.  

The equations discussed above were also used in the calculation of body fat percentage in 

pregnant women and a few caveats should be considered when interpreting this pregnancy data 

when using these methods.  The first is that the prediction equation used to calculate body 

density (Durnin and Womersly 1974) and percent body fat (Siri 1956) were both based on non-

pregnant women (Lederman 2005).  Water content of tissues changes with pregnancy, potentially 

increasing skinfold thickness measurements and decreasing the density of lean tissue, both of 
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which would inflate body fat values calculated from equations derived from non-pregnant 

women (Lederman 2005; McCarthy et al. 2004; Paxton et al. 1998; Shephard 1991). 

Additionally, patterns of fat deposition across various skinfolds may be different in pregnant 

women, potentially adding errors depending on the sites used for skinfold measurements 

(Forsum et al. 1989; Taggart et al. 1967).  In later stages of pregnancy both of these pregnancy-

related changes are likely to cause increased error (Paxton et al. 1998).  However, in a 

comparison of various prediction equations using skinfold measures to predict fatness in 

pregnant women, the Durnin and Womersly equation results were not significantly different 

from fat derived from hydrostatic weighing across three time points in pregnancy and was the 

only equation to have an acceptable ability to predict the hydrostatic body fat percentage across 

all three time points (Miller and Ballor 1989).  With these caveats in mind and the lack of other 

suitable equations using the anthropometrics collected for this study, the Durnin and Womersly 

equation was utilized for the pregnant sample.        

Blood collection was conducted approximately two months after the initial interviews 

and anthropometrics. For blood collection, participants were asked to fast overnight for 12 hours, 

and venipuncture blood samples were collected in-home by medical technicians the following 

morning between 5:40 am and 9:30 am using EDTA-coated tubes. After separation, samples 

were frozen and shipped on dry ice to Northwestern University for analysis.  All samples 

remained frozen at −80°C until thawed for analysis.  
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Laboratory Analysis 

Plasma leptin was measured using the Linco Human Leptin Elisa kit (cat. #EZHL-80SK).  

Two protocols were used to analyze samples.  All samples were initially analyzed using the 

sensitive protocol.  Any sample that exceeded the upper assay range (> 33.3 ng/ml) was rerun 

using the regular assay protocol which had a range that extended to 100 ng/ml.  Three samples 

that exceeded that range were diluted and were reun using the regular assay protocol.  A 

correction value of 0.847 was calculated from 36 samples ran on both the sensitive and regular 

protocols.  Samples run on the regular protocol (n = 78) were multiplied by this correction to 

eliminate protocol bias.  All samples were assayed in duplicate, and control samples were 

included with each assay to monitor between-assay variation. For the sensitive protocol, the 

inter-assay coefficient of variation was 20.1, 4.9, 3.5, and 2.0% for the low (~0.726 ng/ml), 

medium (~1.479 ng/ml), medium-high (~3.795 ng/ml), and high (~18.883 ng/ml) controls, 

respectively. For the regular protocol, the inter-assay coefficient of variation was 3.5 and 1.6% 

for the low (~4.626 ng/ml) and high (~18.828 ng/ml) controls, respectively.  

 

Sample Selection 

Overall 1775 plasma samples were available for analysis. Three were dropped due to 

insufficient sample for analysis. Twenty individuals were dropped because they were not part of 

the larger data set.  Forty-six were dropped because they lacked other necessary data.  One 

hundred individuals were analyzed separately because they were pregnant.  The final data set 

was 1706 individuals, 912 males, 694 non-pregnant females, and 100 pregnant females. Twenty 
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four individuals (all male) had leptin values that could not be differentiated from zero and were 

coded as 0.01 ng/ml. 

 

Statistical Analyses 

All analyses were performed with version 11 of the Stata Statistical Package (College 

Station, TX).  Leptin levels, triceps skinfold, subscapular skinfold, suprailiac skinfold, body fat 

percentage, and fat mass were all log transformed to normalize the data.  Waist and hip 

circumference data were not available for many of the pregnant women and were not included 

(nor was waist/hip ratio) in any of the analyses involving pregnant women. T-tests were used to 

test for sex differences in descriptive continuous data, while Chi-square tests or Fisher’s exact 

test were used for categorical variables. Pearson correlation coefficients were used to compare 

the association between various measures of adiposity and leptin.  Beta coefficients were used to 

examine the expected change in leptin for each one unit change in the anthropometric variables. 

Models using interactions between sex and anthropometric measures or indices were used to 

examine the effect of sex on leptin.  Kruskal-Wallis tests and t-tests was used to examine the 

effects of pregnancy status on leptin. 

 

Previous Work: Leptin and Anthropometrics in Filipino Adolescents 

Leptin levels in a small sample of participants (293 males and 303 females) from the 

larger birth cohort study have been previously analyzed when they were adolescents, ages 14-16 

years (Kuzawa et al. 2007).  The objectives of this study were to present leptin concentrations 

and anthropometric data as well as present maturational and lifestyle correlates.  This age group 
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was examined specifically because they were lean and had not yet undergone any age-related 

increases in weight gain that were seen in older individuals (Adair 2004).  The pertinent results 

of this study were as follows: Both sexes were lean, with relatively low rates of overweight and 

obesity (< 3%).  Leptin levels were very low in comparison to other adolescent groups.  Triceps 

skinfold was the strongest predictor of leptin in both sexes, while males showed more of the 

variation in leptin being explained by differences in skinfolds.  After adjusting for triceps none of 

the other anthropometric measures tested remained significant in males, while subscapular 

skinfold, weight, and BMI all remained significant in females. Significant predictors occurring 

independent of triceps skinfold were urban residence in males and percent energy from dietary 

fat in females.  The results concerning leptin and maturation will not be discussed here.  

 

Results 

 Table 6.1 shows basic descriptive statistics for Filipino males, non-pregnant females, and 

pregnant females.  Sex differences between males and non-pregnant females were tested using 

independent t-tests and showed significant differences in all variables except age.  Chi-square 

tests showed no significant differences in the prevalence of overweight or obesity in males and 

females.   Underweight (BMI < 18.5) was significantly different between the sexes, with 

prevalence’s of 15% in males and 29% in females.  Despite the high prevalence of underweight 

and BMI z-scores that are skewed below zero (Figure 6.1a), percent body fat values are not low, 

with average values of 15.8% in males and 31.7% in females.  Additionally, Filipino percent 

body fat z-scores and triceps skinfold z-scores have values that compare favorably to US norms 
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(Table 6.2 and Figure 6.1b).  These results demonstrate that BMI values are not giving a 

completely accurate view of adiposity in this population.  

 Table 6.2 provides nutritional indices using z-scores derived from Frisancho 1990 

reference data.  These data show high rates of stunting in both males (46.8%) and females 

(40.5%).  For females the other z-score indices show that they compare well with US values.  

However, 12.9% of males are underweight and 15.2% of them have AMA z-scores of less than   

-2.0.  Forty-seven percent of those individuals who are underweight also have low AMA z-

scores.  The high underweight values here for males are most likely a product of low muscle 

mass and the high degree of stunting seen, not because of low fatness, as indicated by the 

relatively low rates of wasting.  This deviation in muscle mass in males but not females was also 

seen in chapter 4 in Tsimane’ males and as noted there it has been recognized in other 

populations that experience varying levels of malnutrition during growth (Stini 1972).  The fact 

that males show numerous indicators of nutritional stress that are significantly worse than female 

indicators suggests that Filipino males are either more stressed or less buffered from the 

environment (culturally or physiologically) compared to females.   

 Table 6.1 reports average leptin values of 3.55 ng/mL in males and 18.20 ng/mL in 

females.  Figures 6.2a and b present these values in comparison to Filipino adolescents and to 

Ache and US values.  Compared to all three populations Filipino adults have high standard 

deviations.  Compared to the adolescents, adult values are much higher in both males and 

females.  Unfortunately the original 2007 paper by Kuzawa et al. on Filipino adolescents did not 

provide percent fat or fat mass values so direct comparisons are difficult.  However, other 

markers of adiposity (i.e. BMI and skinfolds) are smaller in the adolescents compared to the 
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adult data in this study, explaining at least part of the difference.  Despite the Ache having 

slightly higher percent fat levels, the mean Filipino leptin levels are over 3 times higher.  In 

males both leptin levels and body fat levels are less than US values; however females have both 

fatness and leptin concentration values that are only slightly below that seen in the US.    

Table 6.1 also presents descriptive statistics on a sample (n = 100) of Filipino pregnant 

women.  Compared to non-pregnant woman there are no significant differences except that leptin 

levels are significantly higher in pregnant woman.  

Table 6.3 examines the strength of leptin’s relationship to various anthropometrics and 

measures of adiposity.  In males all measures are significantly associated with leptin, with fat 

mass having the highest correlation coefficient.  In females all measures of adiposity except 

waist/hip ratio are significantly associated with leptin, with fat mass also having the highest 

correlation coefficient.  Overall measures of adiposity explain more of the variation in leptin in 

males compared to females. In pregnant women all measures are significantly associated with 

leptin except height, with correlations being lower than what is seen in males or non-pregnant 

females. For pregnant women fat mass and weight both have the highest correlation coefficient. 

Table 6.4 presents regression slope coefficients to examine the impact that a change in 

anthropometric variables has on leptin.  All variables, except waist/hip ratio in females, have a 

significant effect on leptin.  Additionally this table provides p-values for models that include 

with the interaction between the composition measures and sex in the model, with all variables 

except body fat percent, waist/hip ratio, and height having significant interactions.  

Leptin plotted against fat mass is presented in Figure 6.3 for males and females.  These 

plots show males having a leptin distribution that is more skewed towards zero, with the majority 
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of the points falling below 5.0 ng/mL, while the female values are much more spread out across 

the distribution.   

Figure 6.4 examines mean leptin values across various pregnancy states (nonparous, first 

to third trimesters, and post-partum).  A Kruskal-Wallis H test showed significant differences 

between groups. A t-test comparing leptin (log transformed) between pregnant (all trimesters) 

and non-pregnant (parous and post-partum combined) showed significant differences, t (792) = -

4.16, p < 0.000,  Figure 6.5 presents mean fat mass across these same groups, with significant 

differences between groups (Kruskal-Wallis H Test). However, a t-test comparing fat mass (log 

transformed) between pregnant and non-pregnant showed no significant differences, t (792) = -

0.27, p = 0.788.   

 

Discussion 

 These results show that the Filipino adults are a population with high levels of stunting 

compared to US norms, indicating past nutritional inadequacy.  This is not surprising considering 

by age 12 months over 35% of the children in CLHNS were stunted and 96 % of children who 

were stunted at 6 months remained stunted at 2 years (Adair and Guilkey 1997). In females other 

measures of nutritional status compare well to US norms, while males show low muscularity. 

BMI data indicates high levels of underweight, yet percent body fat z-scores indicate levels of 

adiposity that compare favorably to US norms.  As mentioned in the methods section the Durnin 

and Womersly (1974) equation used to calculate body fat in this population has been found to 

overestimate values in some, but not all Asian populations, potentially adding to some of this 

discrepancy.  However triceps skinfold z-scores in table 6.4 also compares favorably to US 
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norms further supporting the idea that BMI is misleading. This misclassification by BMI is 

indicative of its problematic nature as a measure, particularly cross-culturally where body 

proportions (Wells 2010, Leonard and Katzmarzyk 2010) or body composition (Fernandez et al 

2003) may alter its relationship to adiposity.  It has been observed that compared to Caucasians 

of the same body fat percentage Asian populations tend to have BMI measurements 3 to 4 units 

lower, although Filipinos were not included in the study (Deurenberg et al. 2002). It has been 

reported that a BMI, age, and sex equation developed in Dutch children when used in Filipino 

children predicted body fat levels 5.9% lower than they actually were; a pattern consistent with 

what this study is showing in adults (Liu et al. 2011).   The most probable explanations for these 

discrepancies are because of difference in body builds (e.g. leg length, slenderness) or 

differences in muscularity, with the latter being most probable in males with their low arm 

muscle area z-scores (Deurenberg et al. 2002). 

 As seen in the cross-population data (chapter 3), Tsimane’ leptin data (chapter 4), and 

consistent with other studies (Wauters and Van Gaal 1999), this Filipino sample shows clear 

sexual dimorphism in leptin levels.  Males and females show strong associations between leptin 

and measures of adiposity, with fat mass being the best predictor. Compared to other populations 

Filipino adults have leptin levels comparable to US values and values much higher than those 

seen in traditional subsistence populations like the Ache.  This is also reflected in Figures 3.3a 

and b, where compared to other populations Filipino adult values fall above the regression lines 

and females show more extreme deviation by falling above the 95% confidence intervals.  This is 

particularly interesting as adolescent Filipino values are much lower than the adult values.  This 

is partially explained by increased fatness in adults, but may also have to do with the obesogenic 
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diet consumed by this younger generation (Kelles and Adair 2009).  Perhaps there is an 

interactive effect between no longer investing energy in growth and this recent obesogenic diet, 

creating a drastic increase in leptin concentrations in the adult phenotype. 

The higher leptin levels in Filipino pregnant women have been seen in other studies.  

These studies have repeatedly shown leptin levels to be elevated in humans in response to 

pregnancy (Henson and Castracane 2006; 2000; Mukherjea et al. 1999; Butte et al. 1997) with 

increased levels estimated to be on the order of 2 to 4 fold (Linneman et al. 2000).  It is 

interesting that even though a significant difference in leptin levels during pregnancy exists for 

this sample, it is much lower than the 2- to 4-fold increase seen in other populations.  However, 

it should be kept in mind the standard deviations are high and we are looking at cross sectional 

data, not longitudinal data.   Other studies also agree that levels peak in the second trimester or 

early third trimester and continue to be elevated (or slightly decrease) through the remainder of 

pregnancy, compared to pre-pregnancy (Yang 2005; Sattar et al. 1998; Sivan et al. 1998; Tamura 

et al. 1998; Hardie et al. 1997; Masuzaki et al. 1997).  Following pregnancy levels rapidly 

decline (Henson 2000; Yura et al. 1998; Masuzaki et al. 1997) again mirroring what is seen in 

this cross-sectional sample.  

The source of the elevation of leptin in pregnant women can result from a number of 

pathways: increased maternal adiposity, production by the placenta, hormone-induced 

modulation of leptin synthesis or secretion, decreased leptin clearance (Mouzon et al. 2006), or a 

combination of these factors (Kafulafula et al. 2002). Some evidence suggests that the placenta 

may indeed be a major source of leptin during pregnancy, particularly given that levels rise 

before maternal adipose stores increase significantly in the first trimester (Highman et al. 1998).  
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Additionally, It has been reported using in vitro perfusion studies that 95% to 98.4% of placental 

leptin goes into maternal circulation (Lepercq et al. 2001, Linneman et al. 2000), estimating that 

the placenta may contribute to 14-15% of maternal plasma levels (Linneman et al. 2001, 

Linneman et al. 2000).  

The lower correlation coefficients and the fact that weight and fat mass have the same 

relationship with the same strength (r = 0.47) may point to the potential problems associated with 

using the Durnin and Womersly equation to calculate fatness in pregnant women that was 

discussed in the methods section.  The fact that the variables reliant on weight in their calculation 

(fat mass and BMI) have much higher coefficients compared to weight independent factors 

(percent body fat and the skinfolds) provides further evidence of this.  This makes it hard to 

know if we are picking up real differences in the strength of the relationship between fatness and 

leptin in pregnant compared to non-pregnant women or if it is being driven by methodological 

issues.  

The function of the increased leptin levels during pregnancy remains an open question.  

Chehab et al. (1997) have suggested that it may play an important role in maternal energy 

regulation to the fetus, fetal growth and development, or fetal programming. The non-satiety 

inducing increase suggests a state of leptin resistance (Augustine et al. 2008; Chehab et al. 1997).  

In mice increases in leptin levels are thought to be due to increases in the soluble leptin receptor 

(OB-Re), which may prevent leptin clearance from the kidneys (Reitman et al. 2001).  It is not 

known if this binding effects leptin availability for signaling, but if it does it would be one 

possible explanation for the leptin resistance associated with pregnancy (Reitman et al. 2001; 

Gavrilova et al. 1997). However, pregnant human women either fail to show increased soluble 
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leptin receptors compared to non-pregnant women (Krizova et al. 2004) or show only a modest 

significant increase, in comparison to the increase in free (non-bound) leptin levels that is seen 

(Teppa et al. 2000; Lewandowski et al. 1999).   

 

Conclusion 

 In conclusion, these findings from the Philippines, a population that has recently started 

to experience the nutrition transition, contributes to the available data on leptin across various 

ecological conditions.  Leptin levels in Filipino adults are comparable to US values in stark 

contrast to those obtained from a sample from this cohort when they were adolescents (Kuzawa 

et al. 2007).  This study adds to the body of evidence that the observed patterns of leptin sexual 

dimorphism are maintained across populations.  It further demonstrates the problematic nature of 

BMI as a measure of adiposity and the lack of good field fatness measures in pregnant woman.  

Additionally, it provides much needed population diversity concerning data on leptin in pregnant 

women.      

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



127 
 

Chapter 7: Discussion and Conclusion  

 

Introduction: 

 Much of our current understanding of human biology is from information extrapolated 

from a very select sample, mainly those people living in Western, industrialized countries.  Such 

populations have recently been categories as WEIRD (Western, Educated, Industrialized, Rich, 

and Democratic) and have been critiqued on the grounds that they provide a very narrow and 

potentially anomalous sampling of human biology (Henrich et al. 2010; Lock and Kaufert 2001).  

Knowledge gained from such populations is reified in the supposed “norms” that are displayed as 

reference values such as those seen in assay kits.  The assay booklet that came with the kit 

(Linco Cat. # EZHL-80SK) used to analyze some of this dissertation’s data provides the 

following information in a section labeled “Normal Range” (p. 20, section XIV, dated 12/28/07): 

“Mean Serum Leptin levels from normal lean individuals  
  (BMI ranges 18-25): 

Lean Men 3.8 ± 1.8 ng/mL 
Lean Women 7.4 ± 3.7 ng/mL” 
 

This section provides no context for these numbers; the reader cannot discern if these are US 

values or if there are any known levels of variation within or across populations.  As far as one 

knows, these values are indeed normal for all humans.  Citations provided in this section reveal 

that these numbers come from a small US sample (n = 56; Ma et al. 1996).  

 This dissertation has taken a much broader perspective and challenged this view of 

normal.  In reviewing the cross-population data on leptin I have contextualized values such as 

these, providing a review of the available data on leptin and showing more of the range of 

variability in leptin concentrations seen across a variety of contexts.  Additionally, by examining 
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leptin in the Tsimane’ and the Philippines this study has taken a closer look at leptin and its 

relationship to anthropometrics in two populations that occupy very different socio-cultural and 

ecological environments.  The Tsimane’ are a lowland Bolivian population of hunter-gatherers in 

the early stages of transitioning into the market system (Byron 2003), while the Philippines are a 

population further along in experiencing the nutrition transition, with shifts in eating patterns 

(Adair and Popkin 2005) and the associated increases in overweight and obesity (Adair 2004). 

This final chapter will provide a summary of the main findings of this dissertation, discuss their 

significance, note their limitations, and finally make recommendations for future studies.  

 

Background Research Results: 

 Leptin is secreted primarily by white adipose tissue and leptin production is correlated 

with the amount of adiposity (Klein et al. 1996).  Although initially portrayed as an anti-obesity 

hormone, it is more recently seen as primarily an anti-starvation hormone, with levels decreasing 

in response to energy restriction and potentially acting as an energetic signal of deficiency to 

other aspects of human physiology (Flier 1998). 

Much of chapter three was devoted to reviewing the background literature on leptin and 

factors relating to its variability.   Leptin shows diurnal variation, most likely tied to meal timing 

(Schoeller 1997), with peak levels occurring between one to four a.m. (Himms-Hagen 1999, 

Licinio et al. 1998) and lowest levels occurring around noon to mid-afternoon (Sinha 1996).  

Sexual dimorphism in leptin levels has consistently been seen across studies, with females 

having leptin levels two to three times higher than males (Wauters and Van Gaal 1999).  In the 

majority of studies leptin is seen to have a positive relationship with levels of adiposity, to 
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decrease during periods of negative energy balance, and to increase during times of positive 

energy balance (Skurk et al. 2007, Chan et al. 2003, Chin-Chance 2000).  Studies examining 

physical activity and leptin levels show mixed results, with many of the studies having 

methodological issues (i.e. failing to control for energy balance).  Fat and protein levels show 

little effect upon leptin, while carbohydrates intake may have a positive relationship with leptin.  

Cold exposure, sympathetic nervous system activation, and increased catecholamines are all 

associated with decreased leptin levels.  Increased stress, glucocorticoids, and various cytokines 

are all associated with increased leptin levels.  Studies on hypoxia, alcohol, and smoking show 

conflicting results and all require further study to clarify their relationship with leptin.  

 Chapter 3 concludes with a broad analysis of cross-population data on leptin in attempt to 

capture the range of leptin variability.   To gain a better understanding of broad, cross-population 

leptin variation, data was compiled from 25 populations for males and 37 populations for 

females.   Across populations females showed higher leptin values and a greater range of 

variability compared to values in males.  Fat mass was a better predictor of leptin levels than 

percentage of body fat in both males and females.  Although subsistence-level populations do 

tend to have low values, there is a fair amount of variability seen in non-subsistence level 

population, with many showing deviations below the sex-specific, cross-population regression 

line.   

 

Leptin in the Tsimane’: 

 The Tsimane’ showed low leptin levels in both males and females.  When compared to 

the populations presented in chapter 3, Tsimane’ males have the lowest leptin levels seen in 
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males and Tsimane’ females have the second lowest levels (only the Evenki, reindeer herders of 

Siberia, have lower levels).  These low levels are particularly interesting in that they are low 

when compared to populations with similar levels of adiposity. However, as mentioned in 

chapter 5 this comparison may be problematic as the Tsimane’ leptin levels were measured using 

bloodspots, resulting in challenges associated with the conversion to plasma values.  The 

Tsimane’ adult levels were closer to the adolescent values then they were to other adult 

populations’ values, showing fairly low levels of age-related variability.  However, 

interpretations based on this data should be cautious as the data used is from cross-sectional age 

groups, not longitudinal tracking.  Tsimane’ females have much higher levels of leptin than 

males, a pattern seen in the majority of other populations.    

 

Leptin in the Philippines: 

 The Filipino adults showed moderate to high leptin levels.  Leptin levels in Filipino 

females are much higher than in males, consistent with the pattern seen in other populations.  In 

comparison to the other populations presented in chapter 3 Tsimane’ males have leptin levels 

that are above the sex-specific, cross-population regression line, but within the 95% confidence 

intervals (see figure 3.3a, population 13), while females have leptin levels well outside of the 

95% confidence intervals (see figure 3.3b, population 22).  In comparison, adolescent leptin 

levels are well below adult values.  This increase in adult values is in direct contrast to what was 

observed in Tsimane’ adult and adolescent leptin levels, where they were relatively similar.  

Direct comparisons between these populations are difficult but perhaps it has something to do 

with the dietary and lifestyle transitions that have occurred in the Philippines.  
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Leptin in Pregnancy: 

 Previous studies on leptin levels during pregnancy have shown levels to increase during 

the second and third trimester.  However, very few studies have examined leptin levels during 

pregnancy in a non-western context.  In the Ache, Bribiescas reported on one pregnant woman 

who had elevated leptin levels compared to the non-pregnant Ache women in his sample (2001).  

In Chapter 5 Tsimane’, pregnant women were shown to have higher leptin levels compared to 

the non-pregnant sample of women and to have higher levels compared to their leptin levels 

during their non-pregnant state.  The analysis in Chapter 6 of Filipino pregnant women showed 

they also had higher levels of leptin compared to the non-pregnant sample of women.  This state 

of increased leptin levels during pregnancy seems to be a characteristic that holds true across all 

populations in which it has been measured and may be a general characteristic of leptin 

physiology in humans.  

   

Limitations: 

Chapter three’s examination of cross-population data contains a number of limitations.  

Techniques to measure body composition, timing of blood collections, and specific study 

methodologies vary across studies and may be an uncontrolled confounder in our understanding 

of cross-population variability.  Additionally the leptin values being compared across 

populations are the mean, a measure that is sensitive to the distribution of scores and thus does 

not capture all aspects of a population’s leptin levels that may be meaningful for comparison 

(Williams 1991).       
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The population-specific analyses in Chapters 5 and 6 also contain a number of 

limitations.  As noted previously, the leptin data in chapter 5 is derived from bloodspots, using a 

protocol that has only been used in one other study and has limitations due to low leptin stability 

(Miller et al. 2006).  Additionally the Durnin and Womersly equations used to derive body fat 

and fat mass from skinfolds were developed using a Scottish population and, although it may be 

more widely used and validated than other such equations, they may add some degree of error 

when used in the Tsimane’ or Filipino samples.  This is may be even more problematic when it is 

applied to pregnant individuals.  

One of the limitations of this dissertation in the examination of leptin during pregnancy is 

the cross sectional nature of the research design.  Fortunately a small sample (n=9) from the 

Tsimane’ provided a limited longitudinal snapshot by allowing comparisons of leptin levels from 

the same women in the pregnant and non-pregnant state.  However, the small sample prevents 

more detailed levels of analysis (e.g. variability by pregnancy trimester).   

 

Recommendations: 

One of the major barriers in compiling the cross-population data was that many studies 

that measured leptin collected only BMI data rather than more detailed and accurate body 

composition measurements.  This is important considering leptin’s direct relationship with 

adiposity and as discussed in previous chapters the problems of BMI being an inadequate 

measure of fatness, particularly when used across a variety of populations, that may be different 

in a number of key factors, including their limb proportions or muscularity.  Thus, it is 

recommended that whenever possible more direct measure of body fatness should be collected.  
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Field collections make this difficult, particularly on large scale studies with multiple field 

researchers collecting data, but at the very least skinfold or bio-electrical impedance 

measurements should be collected. 

Once a measure of adiposity is obtained, it must still be decided what measure of 

adiposity if the most appropriate to use in analysis, with fat mass or percentage body fat being 

the two that seem most appropriate.  Chapter 2 discusses the benefits and problems with each of 

these and ultimately concludes both should be explored in analysis.  However, in the analyses 

conducted within this dissertation fat mass consistently gives higher correlation coefficients, 

although the difference tends to be fairly minor.  Given the limitations of population specific 

body fat equations discussed above, examining raw skinfold measures may also be advised.    

 Analyses on leptin should be conducted separately on males and females.  Chapter 2 

offers a fairly lengthy discussion of sexual dimorphism in leptin.  This discussion concludes that 

a sex difference does exist, with females having levels 2 to 3 times higher and that although body 

composition differences explain part of this, there may be other reasons as well.  Additionally, 

the cross population data shows that these differences persist across a variety of populations.  

Therefore, at this time it would be prudent to analyze leptin data from males and females 

separately.    

One of the issues with the Tsimane’ data collection was related to the stability of the 

leptin assay used (Miller et al. 2006).  Even more problematic is the fact that the kit components 

used in that assay are no longer available.   Therefore, a more stable leptin blood spot assay, 

using readily available antibodies or kits, should be developed.    
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Future Studies 

This dissertation has examined variability in leptin levels across populations, but it is still 

unknown what drives this variability and what, if any, its importance may be.  Clearly a large 

part of the variability can be explained by differences in adiposity levels, but, as shown by the 

cross-population work in chapter 3, a fair amount of variability exists in populations that have 

similar body fat levels.  

Finally, the majority of the studies involving leptin have been done in very limited 

populations, mostly WEIRD populations.  More work, in a wider variety of populations, needs to 

be done linking leptin and appetite, examining variables that influence leptin levels, as well as 

examining the consequences of low or high leptin levels for a specific body composition.  We 

know cross population variability in leptin exist, with much variability occurring at similar 

adiposity level but we know very little about the functional significance or consequences of that 

variation.  

 

Conclusions 

 One of the strengths and benefits of taking an anthropological approach comes from the 

understanding that context, whether cultural or ecological, impacts biology.  Since Boas’ work in 

the early 1900s this has been a focus of anthropological research and has received increased 

attention as methods within biological anthropology have become more sophisticated.  This 

study demonstrates the importance of taking this anthropological perspective by providing an in-

depth examination of the considerable cross-cultural variability in a recently indentified 

hormone, leptin.  These results make it clear that labeling leptin levels derived from a small 
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United States sample as an uncontextualized “normal” (as the assay kit previously mentioned 

does) is problematic and an effort should be made to avoid the assumption inherent in such 

labeling.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

Figure 2.1 Traditional view of leptin’s response to weight (i.e. adipocyte) gain or loss (adapted 
from Friedman 2002). In humans the responsiveness to weight gain is thought to be blunted 
compared to the response to weig
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Figure 3.2: Cross-population data on leptin (ng/ml) plotted against fat mass (kg) and stratified by 
sex. Quadratic regression lines (Male R2 = 0.778, Female R2 = 0.629) 
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Figure 3.3a: Cross-population (males only) data on leptin (ng/ml) plotted against fat mass (kg). 
Quadratic regression lines (R2 = 0.778) with 95% confidence intervals 
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Figure 3.3b: Cross-population (females only) data on leptin (ng/ml) plotted against fat mass (kg). 
Quadratic regression lines (R2 = 0.629) with 95% confidence intervals. 
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Figure 3.4a: Cross population data on leptin (log) plotted against percent body fat.  R2 for total = 
0.625 (solid line). R2 for males = 0.508. R2 for females = 0.375. 
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Figure 3.4b: Cross population data on logleptin plotted against percent body fat. R2 for total = 
0.609 (solid line). R2 for males = 0.693. R2 for females = 0.542. 
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Figure 3.5: Leptin (log) plotted against fat mass (kg) and stratified by lifestyle for males (n = 25) 
and females (n = 37). Circle markers are populations that are urban or market integrated and 
triangle markers are populations that are rural or subsistence.  Males: urban/market R2 = 0.754, 
rural/subsistence R2 = 0.172. Females: urban/market R2 = 0.636, rural/subsistence R2 = 0.379 
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Figure 4.1: Monthly Rainfall in San Borja from April 2005 to April 2006 
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Figure 4.2: Monthly Temperature in San Borja from April 2005 to April 2006 
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Figure 5.1a, Mean leptin levels for females in three different populations.  Tsimane’ data is 
plasma values transformed from bloodspot data (Plasma = 2.12*BS-0.05).  Population labels 
include mean percent body fat values. Error bars on Tsimane’ and Ache data represent standard 
deviation, on United states data they represent standard error. Tsimane’ (13-15 years) data from 
Sharrock et al 2008, Ache data from Bribiescas, 2001, United States data from Kennedy et al, 
1997.   
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Figure 5.1b, Mean leptin levels for males in three different populations.  Tsimane’ data is plasma 
values transformed from bloodspot data (Plasma = 2.12*BS-0.05).  Population labels include 
mean percent body fat values. Error bars on Tsimane’ and Ache data represent standard 
deviation, on United states data they represent standard error. Tsimane’ (13-15 years) data from 
Sharrock et al 2008, Ache data from Bribiescas, 2001, United States data from Kennedy et al, 
1997.  
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Figure 5.2a.  Relationship between leptin plasma levels (ng/mL, calculated) and fat mass (kg, 
derived from triceps skinfolds) for Tsimane’ females (Leptin = 0.32*Fat Mass – 2.47, r2 = 0.488, 
p < 0.001).  
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Figure 5.2b. Relationship between leptin plasma levels (ng/mL, calculated) and fat mass (kg, 
derived from triceps skinfolds) for Tsimane’ males. (Leptin = 0.06*Fat Mass - 0.44, r2 = 0.299, p 
< 0.01) 
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Figure 5.3.  Mean plasma leptin levels across various reproductive states (n = 46).  Plasma values 
are transformed from bloodspot data (Plasma = 2.12*BS-0.05). Pregnant women included here 
for comparison to samples included the majority of the analysis in this chapter. Kruskal-Wallis H 
test (H(4) = 14.598, p = 0.006). 
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  Figure 5.4.  Mean Fat mass (kg, Triceps) across various reproductive states
  Wallis H test (H(4) = 6.475, p = 0.166).
 
 
 

Figure 5.5. Mean plasma leptin levels in individuals 
are transformed from bloodspot data (Plasma = 2.12*BS
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Figure 5.6. Mean fat mass (kg, triceps) in individuals by pregnancy status (n = 9).  Not 
significantly different using a Wilcoxon Signed Ranks Test (Z = -1.481, p = 0.139). 
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Figure 6.1a: Histogram of BMI Z-scores by sex (males n = 912, females n = 694).  
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Figure 6.1b: Histogram of percent body fat z-scores by sex (males n = 912, females n = 694).   
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Figure 6.2a, Mean leptin levels for females in three different populations.  Population labels 
include mean percent body fat values. Error bars on Cebu and Ache data represent standard 
deviation, on United states data they represent standard error.  Cebu (14-16 years) data from 
Kuzawa et al. 2007, Ache data from Bribiescas 2001, United States data from Kennedy et al. 
1997.  Data on Cebu adolescent percent body fat not given. 
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Figure 6.2b. Mean leptin levels for males in three different populations.  Population labels 
include mean percent body fat values. Error bars on Cebu and Ache data represent standard 
deviation, on United states data they represent standard error. Cebu (14-16 years) data from 
Kuzawa et al. 2007, Ache data from Bribiescas 2001, United States data from Kennedy et al. 
1997.  
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Figure 6.3. Relationship between leptin plasma levels (ng/mL) and fat mass (kg) by sex. For 
males (n = 912) leptin = 0.871*fat mass – 4.448.  For females (n =694) leptin = 1.823*fat mass – 
9.134.  
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Figure 6.4.  Mean plasma leptin levels across pregnancy states (n = 794).  Kruskal-Wallis H test 
(H(4) = 46.616, p = 0.001). 
 

 
Figure 6.5.  Mean fat mass (kg) across pregnancy states (n = 794).  Kruskal-Wallis H test (H(4) = 
9.812, p = 0.0437) 
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Tables 
 
Table 1.1: Traits associated with leptin in genetically impaired Mice and Humans (synthesized 
from Himms-Hagen 1999).  
 
Trait ob/ob mice Leptin deficient humans 
Appetite Hyperphagic Hyperphagic 
Adiposity Increased Increased 
Female Sexual Maturation  None None or long delay 
Body Temperature Lower Normal 
HPA Axis Overactive Normal 
Cortisol Overactive Normal 
HPT Axis Marked Impairment Mild Impairment 
Growth Stunted Normal to mild impairment 
Resting Energy Expenditure Lower   Normal 
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Table 2.1a : Effects of weight loss on various biomarkers and the subsequent effect of leptin 
supplementation 
Measure Sex Fasting/Weight loss Leptin replacement Reference 

Leptin M decrease restored 1 
F decrease restored 2, 3 

Testosterone 
  

M decrease restored 1 
F no change no effect 2 

FSH F no change no effect 2 
Estradiol F no change no effect 2 
Estradiol F increased no effect 3 
LH pulsatility M decrease normalized 1 
Overnight LH Peak 
Frequency F decrease normalized 2 
LH pulse regularity 
(approx. entropy) F decrease increased 3 
SHBG M increase no effect 1 

T3, Triiodothyronine 
  
  

M decrease no effect 1 
M/F decrease increase 4, 5 
F decrease no effect 2, 3 

Reverse T3 (rT3) 
  

M increase no effect 1 
F increase no effect 2, 3 

T4, thyroxine 
  
  

M no change small increase 1 
M/F decrease increase 4, 5 
F no effect no effect 2, 3 

TSH 
  
  

M suppressed blunted fall 1 
F decreased restored 3 
M/F no change no effect 4 

GH M, F increase no effect 1, 3 
Total IGF-1 M decrease partialy normalized 1 
Free IGF-1 M decrease no effect 1 
IGF-1 F decrease no effect 2, 3 
Cortisol (24 hour 
mean) 

M, F increase no effect 1, 3 
F no effect no effect 2 

Urinary epinephrine 
excretion 

M increase decrease  1 
M/F decreased reversed 5 

References: 1 = Chan et al. 2003, 2 = Chan et al. 2006, 3 = Schurgin et al. 2004, 4 = Rosenbaum 
et al. 2002, 5 = Rosenbaum et al. 2005 
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Table 2.1b: Effects of weight loss on various biomarkers and the subsequent effect of leptin 
supplementation 
Measure Sex Fasting/Weight loss Leptin replacement Reference 
Urinary norepinephrine 
exrcetion 

M non sig. increase no effect 1 
M/F decreased no effect 5 

Dopamine excretion M/F decreased no effect 5 
Total energy exp. M/F decrease restores 4, 5 
Resting metabolic rate 
(RMR) 
  

M increase no effect 1 
F no change no effect 2, 3 
M/F no change no effect 4, 5 

Thermic effect of feeding M/F no change no effect 4, 5 
Non-REE M/F decrease restores 4, 5 
Respiratory quotient 
(RQ) 
  

M decrease no effect 1 

F decrease no effect 2 
RQ at low leves of work M/F decrease restores 5 
RQ at high levels of 
work M/F no effect no effect 5 
Gross Mechanical 
efficiency (low work) M/F increase restores 5 
Gross Mechanical 
efficiency (high work) M/F no effect no effect 5 
24-hour urinary nitrogen M increase no effect 1 

Insulin 
  

M decrease no effect 1 

F 
decrease, non-sig 
decrease no effect 2, 3 

Sympathetic nervous 
system* M/F decreased activity reversed 5 
Parasympathetic nervous 
system** M/F increase activity no effect 5 

Free Fatty Acids M increased no effect 1 
F increased no effect 2, 3 

Hunger F increased diminished 3 
Appetite (visual analogue 
scale) M Increased   no effect 1 
References: 1 = Chan et al. 2003, 2 = Chan et al. 2006, 3 = Schurgin et al. 2004, 4 = 
Rosenbaum et al. 2002, 5 = Rosenbaum et al. 2005 
* measured by heart rate and catecholamine excretion  
** measured by heart rate analysis 
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 Table 3.2a: Leptin Levels in Comparative Populations, Males (Mean ±SD) 

Num Sample Description n Lifestyle Age (yr) BMI (kg/m2) Fat (%) Fat Mass (kg) Leptin (ng/mL) 
1 Ache, Paraguay (Birbiescas 2001) 21 1 32.8 ± 15.7 23.8 ± 1.4 17.9 ± 1.8 10.1* 1.13 ± 0.37 
2 Buryat, Siberia (Leonard et al. Unpublished) 41 1 29.8 ± 13.0 23.0 ± 3.9 17.8 ± 7.4 12.7 ± 8.1  2.4 ± 2.7 
3 Danish, Caucasian (Echwald et al. 1999) 186 0 25.5 ± 3.4 24.1 ± 3.4 20 ± 6 16.3 ± 7.5 4.6 ± 3.1 
4 Evenki, Siberia (Leonard et al. Unpublished) 25 1 38.3 ± 13.1 23.0 ± 2.8 14.1 ± 5.1 8.2 ± 4.2 1.25 ± 0.59 
5 German (Neuhauser-Berthold et al. 2000) 82 0 69.0 ± 5.0 26.0 ± 2.6 31.8 ± 3.0 24.9 ± 4.5 4.7 ± 3.9 
6 Indian, Asian (Banerji et al. 1999) 20 0 38.6 ± 10 24.5 ± 2.54 33.0 ± 7.0 23.2* 7.6 ± 3.3 
7 Jamaican (Bennet et al. 1997) 144 0 N/A 24.2 ± 4.8 19.2 ± 8.0 14.6 ± 8.5 3.8 ± 3.6 
8 Jamaican1 (Luke et al. 1998) 144 0 46.3 ± 14.0 24.3 ± 4.8 18.5 ± 8.1 13.7 ± 8.4 3.9 ± 3.7 
9 Mexican American, College (Peltz 2007) 110 0 22.1 ± 3.5 27.5 ± 5.3 42.6 ± 5.7 36.0 ± 10.9 17.4 ± 18.5 

10 Nigerian1 (Luke et al. 1998) 175 0 41.0 ± 19.5 20.8 ± 4.0 10.8 ± 8.0 7.2 ± 7.3 2.8 ± 2.8 
11 Papua New Guinea , Huli (Tanaka et al. 2005) 20 1 30.0 ± 8.7 25.1 ± 2.3 18.8 ± 4.6 12.4* 3.1 ± 4.7 
12 Papua New Guinea, Balopa(Tanaka et al. 2005) 20 1 30.5 ± 9.7 26.1 ± 4.4 19.6 ± 5.6 14.5* 3.5 ± 2.6 
13 Phillipines, Cebu - 2005 Data, see chapter 6 912 0 21.5 ± 0.3 21.1 ± 3.1 15.8 ± 5.1 9.2 ± 4.4 3.6 ± 4.9 
14 Poland, Students (Lutoslawaska et al. 2004) 17 0 22.5 ± 1.7 N/A 13.3 ± 3.4 10.4 ± 2.9 2.5 ± 1.0 
15 Singapore (Ho et al. 1999) 69 0 41.3  ± 8.4 25.5  ± 3.3 24.3  ± 7.3 18.5* 9.1  ± 5.0 
16 South Africa (Iputo et al. 2001) 56 1 26.8 ± 8.2 22.4 ± 3.9 13.9 ± 5.0 9.4 ± n/a 5.2 ± n/a 
17 United States2 (US) (Hickey et al. 1996) 333 0 39.1 ± 0.7 28.2 ± 0.3 22.3 ± 0.4 20.5 ± 0.5 6.9 ± 0.3 
18 US2 (Rosenbaum et al. 1996) 26 0 28 ± 1.3 28.0 ± 2.3 23.4 ± 2.6 24.7 ± 5.1 14.9 ± 5.0 
19 US (Rosenbaum et al. 2001) 32 0 35.3 ± 13.5 24.4 ± 3.0 20.4* 15.7 ± 6.1 2.7 ± 1.7 
20 US, African American (Considine et al. 2008) 37 0 33.9 ± 7.7 31. 0 ± 7.0 24.0 ± 7.3 24.7 ± 11.6 9.2 ± 7.2 
21 US, African Origin1  (Luke 1998) 275 0 39.3 ± 13.4 26.7 ± 5.0 25.0 ± 8.4 20.9 ± 10.9 6.8 ± 5.7 
22 US, Caucasian (Hickey et al. 1997) 9 0 48.8 ± 1.8 N/A 28.4 ± 0.9 26.99 ± 2.37 9.88 ± 1.26 
23 US, Caucasian (Perusse et al. 1997) 51 0 N/A 25.5 ± 5.0 21.0 ± 8.1 17.1 ± 11.1 4.6 ± 4.4 
24 US, European American (Kalhan et al. 2001) 19 0 23.9 ± 2.3 24.1 ± 2.5 16.6* 13.3* 2.76 ± 1.29 
25 US, South Asian American (Kalhan et al. 2001) 20 0 24.2 ± 1.9 22.0 ± 2.9 18.6* 12.4* 4.31 ± 2.47 

  
Lifestyle: 1 = rural/subsistence, 0 = urban/market 
1(Self Identified  of African origin)   

 
          

 2(± SE used instead of SD)        
 *Value calculated         



 
 

162 
 

162 

 Table 3.2b: Leptin Levels in Comparative Populations, Females (Mean ± SD) 

Num Sample Description N Lifestyle Age (yr) BMI (kg/m2) Fat(%) Fat Mass (kg) Leptin (ng/mL) 
1 Ache Amerindians, Paraguay (Birbiescas 2001) 12 1 32.2 ± 14.0 25.2  ± 1.9 33.3 ± 4.4 18.4* 5.64 ± 3.16 
2 Buryat S. Siberia (Leonard et al. Unpublished) 53 1 29.4 ± 11.1 23.3 ± 4.5 34.8 ± 9.3 21.3 ± 9.5 7.7 ± 5.0 
3 Canadian, Aboriginal (Silha et al. 2007) 131 0 41.1 ± 10.2 29.20 ± 5.87 37.8* 29.37 ± 9.74 33.77 ± 24.21 
4 Canadian, Caucasian (Silha et al. 2007) 132 0 45.6 ± 14.1 27.52 ± 6.29 36.2* 26.78 ± 10.63 33.93 ± 25.90 
5 Danish, Caucasian (Echwald et al. 1999) 194 0 25.0 ± 3.5 22.9 ± 3.8 26 ± 7 17.7 ± 7.9 15.0 ± 10.7 
6 Ecuador, Shuar (Lindgarde et al. 2004) 26 1 32.0 ± 2.2 23.1 ± 2.8 22.1 ± 4.9 11.7 ± 3.3 4.1 ± 2.7 
7 Ecuador, Yuwientsa (Lindgarde et al. 2004) 26 1 36.9 ± 2.1 24.1 ± 2.7 25.4 ± 4.9 14.5 ± 4.0 5.5 ± 3.1 
8 Evenki Siberia (Leonard et al. Unpublished) 12 1 33.7 ± 13.1  24.4 ± 5.3 30.9 ± 7.0 17.0 ± 7.5 1.31 ± 0.28 
9 German (Neuhauser-Berthold et al. 2000) 122 0 69.0 ± 6 26.3 ± 3.6 44.3 ± 3.4 29.9 ± 5.8 18.7 ± 12.3 

10 Jamaican (Bennet et al. 1997) 228 0 N/A 28.6 ± 6.2 36.9 ± 8.6 28.4 ± 12.0  18.5 ± 13.9 
11 Jamaican1 (Luke et al. 1998) 226 0 47.0 ± 13.6 28.7 ± 6.3 36.3 ± 8.4 27.7 ± 11.8 18.6 ± 13.9 
12 Japanese, Premenopausal (Douchi 2002) 75 0 41.2 ± 6.8 23.2 ± 4.1 33.6 ± 8.7 19.1 ± 7.2 8.4 ± 4.8 
13 Japanese, Postmenopausal (Douchi 2002) 75 0 61.7 ± 7.1 24.1 ± 3.1 35.6 ± 7.5 19.6 ± 5.5 9.2 ± 7.1 
14 Korean, Premenopausal (Kim et al. 2008) 145 0 40.8 ± 4.3 21.5 ± 2.5 27.6* 15.0 ± 4.0 6.3 ± 3.7 
15 Korean, Postmenopausal (Kim et al. 2008) 118 0 57.7 ± 6.4 23.5 ± 2.9 31.4* 17.8 ± 4.6 6.7 ± 4.5 
16 Mexican American, College (Peltz 2007) 242 0 22.1 ± 3.6 26.1 ± 6.3 49.1 ± 3.7 33.2 ± 9.7 60.8 ± 46.6 
17 Nigeria1 (Luke et al. 1998) 188 0 42.2 ± 17.7 22.8 ± 5.1 25.3 ± 8.4 14.4 ± 9.2 10.3 ± 8.3 
18 Papua New Guinea, Huli (Tanaka et al. 2005) 17 1 34.1 ± 7.5 29.7 ± 4.7 33.3 ± 5.0 22.6* 19.7 ± 11.9 
19 Papua New Guinea, Balopa (Tanaka et al. 2005) 17 1 33.7 ± 8.9 26.4 ± 4.9 34.1 ± 6.2 22.0* 22.7 ± 12.9 
20 Peruvian, Cuzco (Lindgarde et al. 2004b) 105 1 35 ± 10 24.6 ± 3.9 31.2 ± 4.8 17.7 ± 5.3 9.7 ± 6.5 
21 Peruvian, Lima (Lindgarde et al. 2004b) 105 1 37 ± 10  25.1 ± 4.7 34.1 ± 4.8 21.5 ± 5.8 14.0 ± 0.7 
22 Phillipines, Cebu - 2005 Data, see chapter 6 694 0 21.5 ± 0.3 20.3 ± 3.2 31.7 ± 4.8 15.0 ± 4.6 18.2 ± 12.4 
23 Poland, Students (Lutoslawaska et al. 2004) 19 0 22.1 ± 0.8 N/A 20.0 ± 4.3 11.9 ± 3.6 6.9 ± 2.5 
24 Singapore (Ho et al. 1999) 64 0 40 ± 7.8  25.5  ± 4.6 35.4  ± 5.8 22.8* 21.6  ± 10.8 
25 South Africa (Iputo et al. 2001)  79 1 30.9 ± 14.7 26.1 ± 6.3 26.3 ± 9.1 16.9 ± n/a 13.5 ± n/a 
26 United States (US) (Ryan et al. 2003) 148 0 50 ± 1 28.1 ± 0.5 37.2 ± 1.1 28.0* 20.0 ± 1.3 
27 US2 (Hickey et al. 1996) 63 0 34.4 ± 1.2 25.6 ± 0.6 28.1 ± 1.2 20.4 ± 1.5 15.2 ± 1.3 
28 US, African American (Considine et al. 2008) 32 0 32.2 ± 7.4 28.9 ±  7.1 34.1 ± 7.9 28.7 ± 14.2 23.2 ± 15.8 
29 US, African origin1  (Luke 1998) 275 0 43.1 ± 15.1 30.7 ± 7.9 40.4 ± 8.7  33.8 ± 15.2 27.7 ± 19.5 
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 Table 3.2b continued        

Num Sample Description N Lifestyle Age(yr) BMI (kg/m2) Fat(%) Fat Mass (kg) Leptin (ng/mL) 
30 US, Caucasian (Hickey et al. 1997) 9 0 45.6 ± 1.7 N/A 30.5 ± 1.8 21.83 ± 2.25 18.27 ± 2.55 
31 US, Caucasian (Perusse et al. 1997) 51 0 N/A 23.0  ± 3.5 25.5  ± 7.8 16.6  ± 7.6 11.9  ± 8.5 
32 US, European American (Kalhan et al. 2001) 29 0 24.0 ± 2.4 22.9 ± 5.1 29.1* 17.8* 10.24 ± 6.25 
33 US, Premenopausal (Blum et al. 2003) 153 0 41.6 ± 0.8 24.8 ± 5.2 33 ± 9 21.7* 14.6 ± 10.2 
34 US, Premenopausal (Rosenbaum et al. 2001) 26 0 30.2 ± 8.8 22.5 ± 2.3 28.8* 17.0 ± 4.6 9.1 ± 5.7 
35 US2, Premenopausal (Rosenbaum et al. 1996)   20 0 27 ± 2.0 30.5 ± 2.6 38.1 ± 2.9 35.2 ± 6.0 46.3 ± 2.1 
36 US2, Postmenopausal (Rosenbaum et al. 1996)  21 0 66 ± 2.0 26.0 ± 0.9 37.4 ± 1.4 25.0 ± 1.6 41.2 ± 1.6 
37 US, South Asian American (Kalhan et al. 2001)  32 0 23.2 ± 2.2 22.3 ± 3.4 29.4* 16.4* 20.56 ± 10.3 

 
Lifestyle: 1 = rural/subsistence, 0 = urban/market 
1(Self Identified of African origin) 

 
          

 2(± SE used instead of SD)        
 *Value Calculated        
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Table 3.3: Regression models of various anthropometric measures with log leptin 
Regression Model Total (n = 62) ß, standardized (95%) P-value R2  

1 Fat Mass 0.64 (0.50, 0.78) <0.000 0.75 
Sex 0.40 (0.26, 0.54) <0.000 

2 Fat percentage 0.68 (0.47, 0.89) <0.000 0.64 
Sex 0.17 (-0.04, 0.38)   0.114 

     
 Males (n = 25)    

3 Fat mass 0.83 (0.59, 1.07) <0.000 0.69 
4 Fat percentage 0.71 (0.41, 1.01) <0.000 0.51 
7 Fat mass 0.74 (0.48, 1.00) <0.000 0.72 

Lifestyle -0.20 (-0.46, 0.07) 0.134 
 Females (n = 37)    

5 Fat mass 0.74 (0.51, 0.97) <0.000 0.54 
6 Fat percentage 0.61 (0.34, 0.88) <0.000 0.37 
8 Fat mass 0.66 (0.43, 0.89) <0.000 0.60 

Lifestyle -0.25 (-0.48, -0.01) 0.038 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



165 
 

 
 

Table 5.1: Schedule of research activities 
Time Schedule Research Activities 

August 22 to December 1st 2004 Arrival Bolivia + Project set-up: Tsimane  
council permission, preliminary community meetings,  
Initial training of translators/research assistants 
 

December 1st - February 2005 Round I: Wet Season  
 

May 28th to August 29th 2005 Round II: Dry Season, addition of Alta Gracia  
community, leave Bolivia 
 

January 10 to March 18th 2006 Round III: Wet Season 
 (return to Bolivia) 
 

July/August 2006 Leptin Blood Spot Analysis  
(LHBR at Northwestern)  
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Table 5.2. Descriptive statistics for Tsimane' adults, presented as means (SD). 
Measure Females (n = 36) Males (n=30) 
Age (years) 31.1 (11.5) 35.6 (12.5) 
Height (cm) 153.4 (3.4)** 164.2 (5.0) 
Weight (kg) 54.0 (7.0)** 63.4 (6.5) 
Body Mass Index (kg/m2)1 22.9 (2.7) 23.5 (1.7) 
Percent Overweight 19.4 23.3 
Percent Obese 2.8 0 
Leptin (BS, ng/mL)1 1.183 (0.878)** 0.145 (0.170) 
Leptin (PL, ng/mL)1 2.458 (1.859)** 0.261(0.361) 
Body Fat (SOS; %) 30.9 (4.6)** 17.8 (4.5) 
Waist circumference (cm)1 80.21 (7.44) 81.88 (4.97) 
Hip circumference (cm)1 91.22 (5.67) 91.51 (4.21) 
Midarm circumference (cm)1 26.69 (3.05)* 27.51 (1.80) 
Triceps skinfold (mm)1 17.09 (4.66)** 8.52 (2.97) 
Biceps skinfold (mm)1 8.15 (3.29)** 4.58 (1.81) 
Subscapular skinfold (mm)1 18.04 (5.50)** 12.00 (2.97) 
Suprailiac skinfold (mm)1 19.14 (6.21)** 13.17 (5.48)  
Sum of 4 Skinfolds 62.42 (16.76)** 38.27 (10.97) 
Body Fat (BIA, %) 24.87 (6.29)** 17.13 (3.92) 
Body Fat (TriSF, %) 29.03 (4.11)** 17.74 (4.13) 
Body Fat (SOS, %) 30.89 (4.62)** 17.80 (4.52) 
Fat Mass (BIA, kg) 13.80 (5.21) 10.99 (3.21) 
Fat Mass (Triceps, kg)1 15.89 (4.19)** 11.33 (3.20) 
Fat Mass (SOS, kg)1 16.91 (4.62)** 11.40 (3.57) 
Waist-Hip Ratio 0.88 (0.05) 0.90 (0.05) 
Arm Muscle Area1 30.06 (8.05)** 39.34 (7.08) 
Differences between male and females are statistically significant at *P<0.05, 
**P<0.001 
1Uses Mann-Whitney U instead of Independent T-Test because of non-normal 
data 
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Table 5.3. Nutritional indices in Tsimane'. 
Females (n=36) Males (n=30) 

Measurement Mean (SD) % < 2 SD2 Mean (SD) % < 2 SD 
Height for Age Z-Score -1.44 (0.54) 11.11* -1.68 (0.77) 43.33 
Weight for Age Z-Score -0.67 (0.48)* 0.00 -1.07 (0.50) 3.33 
Weight for Height Z-Score -0.58 (0.48) 0.00 -0.53 (0.41) 0.00 
Arm Muscle Area Z-Score1 -0.18 (0.84)** 0.00 -1.25 (0.63) 10.00 
Differences between male and females are statistically significant at: *P < 0.01, **P < 0.001 
1Uses Mann-Whitney U instead of Independent T-Test because of non-normal data.  
2 Chi-square used 

 
 
 
 
 
 
 
 
Table 5.4. Pearson correlations between leptin (ng/mL, logged) and measures of adiposity 
  Female (n=36) Male (n=30) 
  r p-value r p-value 
Triceps Skinfold* 0.553 0.000 0.553 0.002 
Biceps Skinfold* 0.376 0.024 0.016 0.932 
Subscapula Skinfold* 0.294 0.082 0.578 0.001 
Suprailiac Skinfold* 0.460 0.005 0.655 0.000 
Sum of 4 Skinfold 0.515 0.001 0.622 0.000 
Body fat % (BIA) 0.510 0.001 0.360 0.051 
Fat mass (BIA) 0.559 0.000 0.384 0.036 
Body fat % (Triceps sf) 0.556 0.000 0.555 0.001 
Fat mass (Triceps sf)* 0.575 0.000 0.555 0.001 
Body fat % (Sum of 4) 0.436 0.008 0.527 0.003 
Fat mass (sum of 4)* 0.520 0.001 0.553 0.002 
Body Mass Index* 0.550 0.001 0.301 0.107 

*Variables were logged transformed to normalize data.  
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Table 5.5. Regression models, Leptin (logged) as dependant variable.  
Model N Total ß (SE) P-value r2  Adjusted r2 

1  66 Fat Mass (Triceps)*  1.880 (0.354) <0.000 0.746 0.738 
Sex -.750 (0.098) <0.000 
Constant -2.263 (0.424) <0.000 

2 66 Body fat % (Triceps) 0.052 (0.010) <0.000 0.740 0.732 
Sex -0.442 (0.143) <0.000 
Constant -1.553 (0.303)    0.003 

3 42 Fat Mass (Triceps)* 1.529 (0.430) 0.001 0.240 0.221 
Constant -1.780 (0.506) 0.001 

4 42 Fat Mass (Triceps)* 1.530 (0.368) <0.000 0.457 0.429 
Pregnant 0.342 (0.087) <0.000 
Constant -1.862 (0.434) <0.000 

*Logged 
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Table 6.1. Sample characteristics 
  Mean and Standard Deviationsa, b 
Variable Male (n = 912) Female (n = 694)  Pregnant (n=100) 
Leptin (ng/ml)c 3.55 4.92 18.20 12.40 24.12 13.60 
Age (years) 21.48 0.30 21.48 0.32 21.43 0.28 
Height (cm) 163.02 5.89 151.26 5.48 150.83 5.31 
Weight (kg) 56.07 9.37 46.47 8.20 47.06 7.62 
BMI (kg/m2) 21.06 3.05 20.29 3.23 20.66 3.06 
Overweight (%)d,e 7.24 66 6.34 44 7.00 7 
Obesity (%)d,e 2.08 19 1.44 10 1.00 1 
Underweight (%)d,e 15.46 141 28.82 200 27.00 27 
Waist/hip ratio 0.95 0.04 0.88 0.04 N/A N/A 
Triceps Skinfoldc 10.89 5.49 20.81 6.35 19.97 5.67 
Subscapular Skinfoldc 12.46 5.55 18.80 6.66 18.65 6.06 
Surpailiac Skinfoldc 14.38 8.09 22.52 8.12 22.45 8.04 
Bodyfat (%)c 15.80 5.10 31.73 4.81 31.53 4.64 
Fat Mass (kg)c 9.18 4.43 14.99 4.59 15.05 4.14 
aAll sex differences significant at p < 0.000 except age, percent overweight, and 
percent obese. 
bIn females pregnancy status differences significant at p  < 0.001 for leptin, all other 
variables not significant. 
cValues log transformed for t-tests to determine sex and pregnancy status differences . 
dChi-square used to test for sex and pregnancy status differences, Fisher's exact test 
used for frequencies less than 5. 
eCounts (n) provided instead of SD. 
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Table 6.2. Nutritional indices in Filipino Adults 

Males (n=912) Females (n=694) 
Measurement Mean (SD) % < 2 SD1 Mean (SD) % < 2 SD 
Height for Age Z-Score -1.94 (0.84)** 46.82* -1.81 (0.84) 40.49 
Weight for Age Z-Score -1.33 (0.70)*** 12.94*** -1.12 (0.64) 3.60 
Weight for Height Z-Score -1.11 (0.73) 5.04** -1.09 (0.58) 2.16 
Arm Muscle Area Z-Score -1.33 (0.68)*** 15.68*** -0.92 (0.85) 4.76 
BMI Z-Score -0.67 (0.80)** 1.21** -0.57 (0.70) 0.00 
Percent Fat Z-Score -0.11 (0.82)*** 0.33 0.54 (0.69) 0.00 
Triceps skinfold Z-score -0.06 (0.86)*** 0.00 0.10 (0.77) 0.00 
Differences between male and females are statistically significant at: *P < 0.05, ** p < 0.01, 
***P < 0.001 
1 Chi-square used, Fisher's exact test used for low BMI z-score and % BF z-score 

 
 
 
Table 6.3 Pearson correlation coefficients (r) relating various measures of body composition with 
leptina (ng/ml) 

Males (n = 912) Females (n = 694) Pregnant Females (n = 100) 
Fat mass (kg)a 0.62*** 0.59*** 0.47*** 
BMI (kg/m2) 0.52*** 0.52*** 0.45*** 
Body fat (%)a 0.60*** 0.54*** 0.37*** 
Waist/hip ratio 0.07* 0.00 N/A 
Triceps skinfold (mm)a  0.60*** 0.53*** 0.35*** 
Subscapula skinfold (mm)a 0.59*** 0.51*** 0.34*** 
Suprailiac skinfold (mm)a 0.59*** 0.48*** 0.37*** 
Height (cm) 0.12*** 0.10* 0.160 
Weight (kg) 0.51*** 0.51*** 0.47*** 
Waist circumference (cm) 0.56*** 0.52*** N/A 
Hip circumference (cm) 0.56*** 0.57*** N/A 
alog transformed 
*p < 0.05, **p < 0.01, ***p < 0.001 
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Table 6.4 Regression slope coefficients relating various measures of body composition with 
leptina (ng/ml) 

Males (n = 912) Females (n = 694) P-Value for interactionb 
  B (SE) B (SE)   
Fatmass (kg)a 1.90 (0.08)*** 1.39 (0.07)*** 0.000 
BMI (kg/m2) 0.24 (0.01)*** 0.11 (0.01)*** 0.000 
Body fat (%)a 2.45 (0.11)*** 2.33 (0.13)*** 0.599 
Waist/hip ratio 2.24 (1.09)* 0.08 (0.69) 0.141 
Triceps (mm)a  1.84 (0.08)*** 1.16 (0.07)*** 0.000 
Subscapula (mm)a 2.21 (0.10)*** 1.00 (0.06)*** 0.000 
Suprailiac (mm)a 1.51 (0.07)*** 0.82 (0.06)*** 0.000 
Height (cm) 0.03 (0.01)*** 0.01 (0.00)** 0.100 
Weight (kg) 0.08 (0.00)*** 0.04 (0.00)*** 0.000 
Waist circumference (cm) 0.10 (0.01)*** 0.05 (0.00)*** 0.000 
Hip circumference (cm) 0.11 (0.01)*** 0.05 (0.00)*** 0.000 
alog transformed 
bPresents the p-value for an interaction between the body composition variable and sex 
*p < 0.05, **p < 0.01, ***p < 0.001 
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