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Abstract We review research on the 16-androstenes and their special claim, born originally of the finding that androstenes function as boar pheromones, to be human chemosignals. Microbial fauna in human axillae act upon the 16-androstenes to produce odorous volatiles. Both individual variation and sex differences in perception of these odors suggest that they may play a role in mediating social behavior, and there is now much evidence that they modulate changes in interpersonal perception, and individual mood, behavior, and physiology. Many of these changes are sensitive to the context in which the compounds are experienced. However, many key outstanding questions remain. These include identification of the key active compounds, better quantification of naturally occurring concentrations and understanding how experimentally administered concentrations elicit realistic effects, and elucidation of individual differences (e.g., sex differences) in production rates. Until such issues are addressed, the question of whether the androstenes play a special role in human interactions will remain unresolved. ß 2010 Elsevier Inc.



I. Introduction The cologne of a potential suitor, the smell of freshly baked bread pumped temptingly into a supermarket: the world is full of odors that are designed to alter our mood, perception, and behavior. Odors have tremendous effects on us, and influence us in unexpected ways. For instance, unsurprisingly, people automatically adjust the spread of their fingers to match the size of an object that they reach out to grasp. Yet present someone with a strawberry (a small item) while exposing them to the odor of an orange (a larger item), and people’s grasp widens subtly yet perceptibly—and vice versa (Castiello et al., 2006). These cross-modal modulations are not restricted to motor responses: for example, odors perceived as pleasant influence visual ratings of attractiveness (Dematte` et al., 2007), while sweet odors influence ratings of different tastes (Stevenson et al., 1999). Yet when it comes to the question of whether odorous chemicals that are of human origin can systematically influence other humans, the answers tend to be more confused. Human axillary odor derives in part from a range of compounds known as androstenes. Following early findings that some androstenes constitute pheromones produced in boar saliva, giving rise to classic stereotyped behavior in the form of lordosis (Signoret and du Mesnil du Buisson, 1961), research has attempted to establish whether androstenes affect human behavior in similar ways. Yet the question of whether there is any sense in speaking of human pheromones remains open. Some of those who consider the existence of human pheromones to be an unresolved question do so on the basis of what they see as a shortage of empirical data (e.g., Hays, 2003). The concern of
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others may be less to do with the specific findings (or lack of them) and more an objection based on definitional semantics, based on a preference to reserve the term ‘‘pheromone’’ for traditional releaser or primer effects (review in Saxton and Havlicek, 2010). Others (e.g., Doty, 2010) refute the suggestion that mammals have pheromones at all, preferring to think of them simply as social chemosignals. In this light, social odors influence behavior in the way that a peacock’s train or a human smile might do in the visual domain. Whether or not they turn out to be pheromones (if these exist in mammals), research continues into the influence of androstenes on human physiology and behavior. Studies have focussed on the production of androstenes in the axillae, the biochemistry and microbiology that influence the origins of human body odor, and the impact of sex differences and puberty on these mechanisms. Others have investigated individual differences in perception, including effects of the menstrual cycle, differences in odor threshold levels, and the effects of sensitization. Finally, some researchers have directed their efforts at understanding whether androstenes impact on human mood, physiology, perception, and behavior. Here we synthesize these different approaches, commenting on problematic areas such as the use of variable methodologies to elucidate relevant effects in humans. We suggest that the lack of a consistent pattern of results may arise through a lack of ecologically valid approaches and an insufficient theoretical framework. We conclude by offering suggestions which may direct future research in this complex and challenging field.



II. Biochemistry of Androstenes A. Production The main 16-androstenes occurring in humans are 5a-androst-16-en-3one (5a-androstenone), 5a-androst-16-en-3a-ol (5a-androstenol), and 4,16-androstadien-3-one (androstadienone). Their metabolism has been extensively studied in pigs, in which they are produced in the Leydig cells in the testes from the precursor pregnenolone (Brooks and Pearson, 1986). In humans, it is thought that these compounds are produced in the adrenal glands and the ovary (Smals and Weusten, 1991) and that their metabolism follows a common steroidogenic pathway (Dufort et al., 2001); however, their detailed metabolism is far from understood. Androstenol has been detected in human urine (Brooksbank and Haslewood, 1961); androstenone (Claus and Alsing, 1976) and androstadienone (Brooksbank et al., 1972) occur in plasma and saliva (Bird and Gower, 1983). The 16-androstenes are also found in the axillary region, a major source of human body odor (although they represent only a small proportion of the compounds found here (James et al., 2004) and some have argued they contribute relatively little to the character of armpit odor (Natsch et al.,
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2006)). The axillae are abundant in eccrine and apocrine skin glands. The main function of the eccrine glands, which produce chlorine and magnesium ions and water, is thermoregulation. In contrast, apocrine glands produce a range of chemicals including fatty acids, cholesterol, and 16-androstene steroids. Analysis of fresh apocrine secretion induced by adrenaline injection found that it contained dehydroepiandrosterone, androsterone, and cholesterol (Labows et al., 1979). Other studies detected androstadienone and 5a-androstenone, but no 3a-androstenol (Gower et al., 1994). Differences in androstene production, for example those associated with age and sex, are important for understanding their potential function. Although information is sparse, levels of 5a-androstenone are on average higher in adult men compared to women (Bird and Gower, 1983), and excretion of androstenol in the urine of prepubertal individuals is negligible compared to postpuberty (Cleveland and Savard, 1964). These findings are indicative of a sexually dimorphic pattern of expression which becomes evident around puberty, a pattern that is characteristic of a trait that is subject to sexual selection (e.g., see Andersson 1986).



B. The role of the skin microflora Androstenes and other compounds constitute a substrate for axillary bacteria which produce odorous volatiles (Leyden et al., 1981; Savelev et al., 2008). This is evidenced by experimental treatment with a bactericidal agent (Povidone-iodine) leading to a significant decrease in 5a-androst16-en-one (Bird and Gower, 1982). Similarly, other agents (e.g., Farnesol Plus) which inhibit growth of coryneforms result in a decrease in armpit odor intensity (Haustein et al., 1993). The axillary microflora consist primarily of Micrococcus, Staphylococcus, Propionibacteria, Corynebacteria, and eukaryotic Malasezia (Leyden et al., 1981; Rennie et al., 1991; Taylor et al., 2003; Wilson, 2005). The Corynebacteria appear to be primarily responsible for the intensity of axillary odor (Rennie et al., 1991), and this is supported by in vitro studies showing that coryneform bacteria are of special significance in 16-androstene metabolism (Leyden et al., 1981; Rennie et al., 1991), although only a small subset of coryneforms are able to metabolize these steroids (Austin and Ellis, 2003; Decreau et al., 2003). Early in vitro studies using both pure and mixed cultures of coryneforms showed that they are able to metabolize testosterone into various breakdown products including dihydrotestosterone and 17-androstenes; however, 16androstenes were not detected (Nixon et al., 1984, 1986a,b, 1987). Some Micrococcus luteus strains, but not Staphylococcus or Propionibacterium, were also found to metabolize testosterone (Rennie et al., 1989b). Detailed examination of biochemical pathways shows that coryneforms can transform only precursors containing a C16 double bond (Austin and Ellis, 2003). These molecules include androstadienol and androstadienone, which are
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Figure 3.1 Biotransformation of 16-androstenes by corynebacteria (A) axillary isolates. It is important to note that the extent of biotransformation of 16-androstene steroids is likely to be more complex than that presented in this figure, as both a- and b-forms of hydroxylated steroids are probably generated. Key: HSD, hyroxysteroid dehydrogenase; DH, dehydrogenase. *Denotes biotransformations that may involve a number of enzymes (e.g., hydroxylase or dehydroxylase and hydratase activities). Reprinted from J. Steroid Biochem. Mol. Biol. 87, Austin and Ellis Microbial pathways leading to steroidal malodour in the axilla. 105-110. (2003) with permission from Elsevier.



subsequently transformed into several different androstenes including 5aandrostenone and 3a-androstenol (Fig. 3.1). There is further evidence for reversible transformations between 5a-androstenone and 3a-androstenol, between 3a-androstenol and androstadienol, and between 5a-androstenone and androstadienone (Rennie et al., 1989a). Another study using androsta5,16-dien 3b-ol, androsta-4,16-dien 3b-ol, and androsta-5,16-dien 3b-one as substrates for coryneforms found a main reaction at C-3 oxidation which resulted in odorous androsta-4,16-dien-3-one (Decreau et al., 2003).



C. Quantitative assessments of androstene production Quantitative estimates of axillary extracts find high interindividual variability. Using gas chromatography–mass spectrometry (GC–MS), Nixon et al. (1988) found the following concentrations in male axillary hair extracts
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(in pmol/total axillary hair weight/24 h): androstenone 0–433, androstadienone 0–4103, androstadienol 0–728, 3a-androstenol 0–1752, and 3bandrostenol 0–416. Comparison between the sexes indicates higher levels of androstenone in men (range 5.2–1019 pmol/24 h) than in women (range 1.2–16.6 pmol/24 h, with one outlier of 551 pmol/24 h) (Gower et al., 1985). In another study, male samples contained higher concentrations of dehydroepiandrosterone sulfate, but not androstenol (Preti et al., 1987). Concentrations of androstenol showed cyclic patterns, with a peak in the midfollicular phase of the menstrual cycle in women, and some seasonal fluctuations in men (Preti et al., 1987).



III. Psychophysical Research Using Androstenes A. Prevalence of specific anosmia Specific anosmia (Amoore, 1967) is a condition in which an individual with normal olfactory sensitivity is incapable of perceiving a particular odor. A classic example, and thus an extensively studied case, is that of androstenone anosmia. Estimates of prevalence range from 7.6% in females and 44.3% in males (Griffiths and Patterson, 1970), to 46% (Amoore et al., 1977) or 50% (Beets and Theimer, 1970) in all subjects (see Table 3.1 for a more comprehensive overview of anosmia studies). Rates of androstenol anosmia may reach 90% in females and 45% in males (Gower et al., 1985). However, it has been claimed that the interpretation of the term ‘‘anosmia,’’ in conjunction with the screening methods employed, may have led to overestimation of rates of nondetection (Bremner et al., 2003). Even after identifying putative nondetectors using standard methods, forced-choice tests showed that these individuals could identify androstenone at rates above chance, despite low confidence in their decision. In light of this, Bremner et al. revised downward the rate of androstenone anosmia in a healthy adult population to 1.8–6.0%, considerably lower than previous estimates. Similar findings have arisen in relation to levels of 16-androstene anosmia. In a study focussing on the laboratory-synthesized compound 5a-androst-16-an-3-one (androstanone), it was found that previously labeled anosmics were able to detect androstanone under experimental conditions (Van Toller et al., 1983). The authors likened this to the results of a previous study (Schiffman, 1979) in which subjects were hypnotically induced into a state where they could perceive previously undetectable odors, attributing the newfound detection to a form of altered perceptual state. Anosmic subjects from the same study were found to correctly identify androstanone in a secondary detection task in which they were presented with androstanone and told when to expect it. Here they recognized the odor from the
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Table 3.1



Study



Reported androstenone nondetection rates



Method/criterion for nondetection



Beets and Theimer One trial; subjective assessment (1970) Griffiths and One trial; subjective assessment of Patterson (1970) smelling strip Amoore et al. (1977) 2/5AFCb threshold; lowest conc. with both correct Dorries et al. (1989) Two AFC runoff series; < 5 consecutive correct Gilbert and Wysocki Scratch and sniff strip; subjective assessment (1987) and Wysocki et al. (1991) Pause et al. (1999) 2 AFC staircase; < 7 reversals



Concentration



N



a



Unknown (diluted in alcohol)



F (35), M (65) Unknown (800 ng residual evaporated F (145), M from ether as dilutant) (165) 2.9 ppb solution (water) 764



Nondetection ratea (%)



11 F (7.6), M (44.3) 47



1.0  10 1 (highest conc.); in mineral Not specified F (24), M (40) oil Not specified 26, 200 F (24), M (33)



1.25 mg/ml of 1,2-propanediol F (132) (highest); 0.04 mg/ml (lowest) 5.4 mM binary dilution series, 12 steps 40



Stevens and 2/5 runoff series, threshold test; O’Connell (1995) < 2 consecutive correct trials Sirota et al. (1999) 3AFC runoff series; < 4 consecutive 1.25 mg/ml binary dilution series M (20) correct trials (mineral oil); 10 steps Morofushi et al. One/two runoff series, threshold 5 mM to 5 mM in 1.5 ml mineral oil; 10 F (63) (2000) test; < 4 consecutive correct trials steps Filsinger et al. (1984) Passive exposure; subjective 1 mg crystal residue evaporated from F (102), M assessment of impregnated paper 1% solution in 100% ethanol (98)



F (10.6) 75 M (25) F (22) F (9), M (13) (continued)



Author's personal copy



Table 3.1 (continued) Study



Method/criterion for nondetection



Concentration



Bremner et al. (2003) 3AFC screening followed by yes/no 5 mg crystal androstenone; 30 ml of forced-choice detection 7.34  10 3 M androstenone in light mineral oil Baydar et al. (1993) 3AFC staircase, 
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