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Abstract

One of the most widespread and efficient mechanisms that has evolved to enable communication 
between discrete and spatially separate living organisms is the use of specific chemical messengers. 
The organoleptic properties of certain molecules, even at concentrations that do not necessarily 
evoke a conscious response, have been exploited to transmit information across relatively large 
distances. The trimethylated derivative of ammonia is one such molecule that is ideally suited 
to this function and several species are known to respond to its presence. This review uniquely 
collects together and integrates widely dispersed data to show that trimethylamine also may serve 
a communicatory role in man, with its influence extending outside of the body.
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Trimethylamine

During 1849 and into the early 1850s an extensive series of investi-
gations were undertaken by August Wilhelm von Hofmann concern-
ing the nature of volatile organic bases, including the examination of 
plant alkaloid decomposition products and the formation of various 
“compound ammonias” via the action of alkyl iodides. The exist-
ence of trimethylamine had been proposed, together with many 
other derivatives, as a logical extension of mono-, di-, and tri-substi-
tution of ammonia but neither had it been isolated nor synthesized 
by early 1850 (Hofmann 1850). The next year, a communication 
reported the ongoing work of M. Wertheim who had decomposed 
codeine and narcotine to yield propylamine, the amine of the then 
unknown propyl alcohol (Hofmann 1851). Although the cor-
rect empirical formula for this compound was obtained (C6H9N*) 
doubt was thrown upon the conclusion, as it was realized that this 
also could have represented methylethylamine or trimethylamine. 
(*At this time the empirical formula of a methyl group was C2H3 
as the atomic weight of carbon was considered to be 6. Following 
Cannizzaro’s enlightenment (Cannizzaro 1858) and the Karlsruhe 
Congress in 1860 this was amended to 12.) The product also exhib-
ited a distinctive aroma as commented upon by Hofmann, “I may 
state here that propylamine, as prepared by Wertheim’s process, and 
the liquid containing trimethylamine, for as yet I have not obtained 
this substance perfectly pure, exhibited the same remarkable fishy 
odour” (Hofmann 1851). This problem was settled when pure 

trimethylamine was isolated by repeated extraction from herring-
brine and comparison with authentic material (de novo chemical 
synthesis) established its correct identity (Hofmann 1852, 1853). 
Full details were published later (Winkles 1855) and the unequivo-
cal preparation of propyl alcohol in 1853 by Gustav Chancel also 
helped to clarify matters (Chancel 1853).

Following its announcement, trimethylamine was detected in 
many organic materials including the leaves and blossom of pla-
nts, albeit misidentified as propylamine during this early stage 
(Dessaignes 1852; Wicke 1854). It was soon shown to be associ-
ated with humans and their constituents, being recognized in urine 
(Dessaignes 1856a, 1856b), feces (de Filippi 1906), blood (Golla 
1909), cerebrospinal fluid (Dorée and Golla 1911), bile (von Zeynek 
1899), and semen (von Hofmann 1910). It has since been found to be 
present throughout the body. Indeed, a quaternized trimethylamino 
moiety is an essential functional component of many molecules that 
interact within living systems.

Movement around body

Although trimethylamine is a small water-soluble molecule it also 
dissolves readily in fat and thus may be distributed easily and rapidly 
around the entire body. As well as carrying out its duties within the 
organism, most of which are still unknown, it is able to leave the 
confines of the body and escape into the surrounding environment 
via the breath, sweat, urine, and other bodily secretions. The skin 
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itself presents no barrier to the passage of trimethylamine, and it has 
been shown to exude without hindrance from the dermal side to the 
exterior (Kenyon et al. 2004).

The organic/water partition coefficients quoted for trimethyl-
amine (butanol logPb/w 0.49; chloroform logPc/w 0.54, 0.59; octanol, 
logPo/w 0.27; Leo et  al. 1971) are generally low considering the 
observed ease of passage of this molecule through membranes, but 
these values only provide an approximate reflection of lipid (and 
membrane) solubility and are open to frustration by the amount 
of water contained within the lipid material. Indeed, although not 
widely appreciated, water saturated butanol (for example) contains 
a greater number of water molecules than butanol molecules thereby 
providing aqueous enclaves within the “apparent” organic phase 
(Leo et al. 1971). Another major consideration, especially with small 
molecules, is the extent of hydrogen bonding that may occur within 
the aqueous matrix. Trimethylamine is a basic compound (pKa 9.8; 
Harned and Owen 1930; Somerville 1931; Everett and Wynne-Jones 
1941) that is able to establish a co-ordinate linkage with a proton 
forming a charged conjugate acid, although it is not completely ion-
ized in neutral water. It is miscible and readily absorbed by water 
and soluble in solvents with lower dielectric constants (e.g., chloro-
form, diethyl ether, benzene). The measured electric dipole moment 
of trimethylamine (0.612 Deybe) is less than initially expected (c.f. 
ammonia 1.468, methylamine 1.326, dimethylamine 1.030) result-
ing from a back-donation of electrons from the nitrogen to the 3 
methyl groups (Lide and Mann 1958; Pople and Gordon 1967; 
Hehre and Pople 1970). The methyl groups are thus more hydro-
phobic. Molecular size (molecular volume and weight) and diffusiv-
ity also have to be taken into consideration (Kenyon et al. 2004).

Trimethylamine may form a variety of simple salts and once 
present on the external epidermal surface much of the free-base 
undoubtedly exists in this condition. These salts are deliquescent and 
rapidly take on water, thereby dissolving and dissociating in solu-
tion. Equilibrium thus exists between the trimethylamine free-base 
and the trimethylamine in salt form. The majority of the material 
resides within the aqueous phase (Henry’s law constant [air conc./
water conc.] at 25 °C, 0.0043; Christie and Crisp 1967) and exists 
in the protonated form in the acidic solution at the skin surface (pH 
4.5 to 5.5; Korting et  al. 1987; Zlotogorski 1987; Lambers et  al. 
2006). Additionally, the trimethylamine salts in solution, which are 
continuously replenished from within, act as a repository on the skin 
surface, constantly providing more material that is able to volatilize 
into the surrounding atmosphere. At core body temperature (37 °C) 
the vapor pressure of trimethylamine is 3.14 atmospheres (318.16 
kPa), reducing to 2.86 atmospheres (289.78 kPa) at skin surface 
temperature (usually 33  °C, although dependent upon many fac-
tors), but this is sufficient for a rapid volatilization of free-base to 
occur (Aston et al. 1944; Swift and Hochanadel 1945; Stull 1947; 
Day and Felsing 1950). Trimethylamine is twice as dense as air and 
its relatively low diffusivity [diffusion coefficient 0.09 cm2/s (20 °C, 
1 atm.)] compared with other compounds, such as various jet fuels 
(3.9–4.9), ammonia (0.26), ethane (0.15), or nitrous oxide (0.14) 
(Elliott and Watts 1972; Dubovkin and Smirnova 1980; Pritchard 
and Currie 1982; Nishida et al. 1995) ensures that a sufficiently high 
concentration of material lingers, creating an aura or envelope of 
trimethylamine around the individual.

Unusual property

The striking property of trimethylamine, one that sets it apart from 
most other molecules, is its surprisingly low odor detection threshold. 

Several studies have placed this level at less than one part per billion 
(109); reported values being 0.21 ppb (Leonardos et al. 1969), 0.33 
ppb (Ruth 1986), 0.40 ppb (Willey 1985), 0.44 ppb (Amoore and 
Hautala 1983), 0.48 ppb (Amoore and Forrester 1976), and 0.60 
ppb (Stephens 1971). This property is curiously structure-dependent 
as quite modest alterations of the molecular configuration raise this 
chemosensory threshold by several orders of magnitude. For exam-
ple, those of dimethylamine (340 ppb), methylamine (32 000 ppb), 
ammonia (5200 ppb), and triethylamine (480 ppb) are considerably 
higher. Only a few other chemicals rival trimethylamine with respect 
to its exceedingly odoriferous nature (e.g., biphenyl 0.83 ppb, ethyl 
mercaptan 0.76 ppb, m-cresol 0.28 ppb, trimethyl phosphate 0.1 
ppb) (Amoore and Hautala 1983).

In a small population study the majority of the people, as 
expected, could detect average levels as low as 0.47 ppb, with a few 
individuals apparently being able to identify concentrations 10 times 
smaller than this (0.05 ppb). About 7% of subjects were reported 
as being specifically “anosmic” to the odor of trimethylamine with 
the average threshold for this cohort being 1.07 ppm. However, this 
must be viewed in perspective; even the “anosmics” could register 
levels of 1 ppm, equivalent to the normal olfactory threshold of ani-
line (1.1 ppm) or sulphur dioxide (1.1 ppm) (Amoore and Hautala 
1983). Nevertheless, there were exceptions, with one individual 
still not appreciating the odor until levels of 400 ppm were reached 
(Amoore and Forrester 1976). Variation in odor perception and sen-
sitivity thus exists, as would be expected for a biological phenom-
enon. Indeed a report has suggested that children are more sensitive 
to the odor of trimethylamine than adults (Solbu et al. 1990) and 
evidence of a gender difference with the male chemosensory thresh-
old being more than 2-fold lower (more sensitive) when compared 
with females has been presented (van Thriel et al. 2006).

The existence of this remarkably low odor threshold suggests that 
the human neuro-olfactory system possesses, or more correctly, has 
retained, a specific mechanism for the detection of trimethylamine. 
Recent genomic analysis has demonstrated that man has conserved 
sequence coding for specific receptors that are sensitive to trimethyl-
amine. These receptors (“trace-amine associated receptors”, TAARs) 
may be involved in central nervous system recognition of alterna-
tive “trimethylamino” transmitters but they are also expressed in the 
olfactory apparatus and presumably help to facilitate this remark-
able chemosensitivity to trimethylamine (Liberles and Buck 2006; 
Liberles 2009).

Consequences of trimethylamine excess

From a metabolic perspective trimethylamine is also a curious mol-
ecule. During its passage through the human body it is metabolized 
almost exclusively by one reaction resulting in the formation of 
the nonodorous and nonvolatile N-oxide, a metabolite with alto-
gether different physicochemical properties. A  few percent may 
also undergo demethylation, with a little of the material usually 
being excreted unchanged. Although variation does exist, subjects 
on Western diets usually generate about 50 mg trimethylamine per 
day, mainly via the enterobacterial degradation of widespread pre-
cursor molecules (e.g., choline, carnitine). Above 95% of this load 
is excreted in the urine as the metabolic product, trimethylamine 
N-oxide, together with 1–2 mg of unchanged trimethylamine (Tjoa 
and Fennessey 1991; Mitchell and Smith 2001). The levels of tri-
methylamine circulating within the body are thus controlled by this 
N-oxidation process, a reaction mediated by an isozyme of the fla-
vin-containing monooxygenase family, known as FMO3, the major 
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isoform expressed in human liver (Cashman and Zhang 2006; Klick 
and Hines 2007).

In a fairly uncommon metabolic disorder (“trimethylaminuria”,  
“fish odor syndrome”) mutationally dictated changes in the struc-
ture of FMO3 either decrease or abolish the enzyme’s capacity to 
undertake trimethylamine N-oxidation (Dolphin et  al. 1997). The 
resultant excess trimethylamine is able to escape from the body via 
the sweat, exhaled air and other secretions, as well as the urine, 
thereby imparting an intensely “fish-like” and disagreeable odor to 
the patient. As a consequence, the ensuing lack of human interaction, 
the distancing, avoidance, and rejection, inevitably leads to social 
isolation, depression and a reclusive lifestyle (Todd 1979; Ayesh 
et al. 1993; Walker 1993; Mitchell and Smith 2001). Surprisingly, 
little trimethylamine is required to generate such a serious outcome. 
Fortunately, for these patients a wealth of information is now avail-
able regarding diagnosis and treatment of symptoms from medical 
establishments and via the internet to enable them to offset and min-
imize such problems (Wise et al. 2011).

This situation is comparable to the production of essential or 
volatile oils released from odiferous plants, especially when they 
are disturbed or injured. Although varying in chemical composi-
tion, the terpenes comprise the largest collection of these volatile 
oils (e.g., carvacrol, limonene, thujone), and some are thought to 
possess antimicrobial properties and act as repellents or toxicants to 
predatory insects and worms (Isman 2000). The stinking goosefoot 
(Chenopodium vulvaria L.), an herbaceous annual, is able to create 
a cloud of trimethylamine that envelops the herb (forb) and imparts 
a pungent and enduring aroma of decaying salt fish. The foliage of 
this plant contains substantial amounts of trimethylamine with the 
concentration in the apical leaves approaching 1500 ppm (Cromwell 
1950; Cromwell and Richardson 1966).

Extracorporeal signaling function

Trimethylaminuric patients have mentioned that their problems 
appear exacerbated around the time of menstruation and a few 
investigations have suggested that this may be linked to changes 
in hormone levels (Zhang et  al. 1996; Mitchell et  al. 1998; 
Mitchell and Smith 2001, 2010; Shimizu et  al. 2007; Yamazaki 
and Shimuzu 2007). Steroid hormones have been recognized as 
influencing the activity of flavin monooxygenase in rodents (Wirth 
and Thorgeirsson 1978; Duffel et  al. 1981; Lee et  al. 1993; Falls 
et  al. 1997; Lattard et  al. 2002) and trimethylamine N-oxidation 
was decreased markedly after testosterone administration to a male 
patient (Ayesh et al. 1995). However, it is not that straightforward; 
nuclear hormone receptors appear not to play a critical role among 
the FMO3 gene regulatory elements (Klick and Hines 2007; Klick 
et al. 2008; Shimizu et al. 2008) and no gender-specific increase in 
FMO3 protein levels have been demonstrated in human teenage liv-
ers (Koukouritaki et al. 2002).

Deliberately increasing the oral intake of chemicals that act as 
precursors for trimethylamine production following their microbial 
metabolism in the gastrointestinal tract is known to raise trimethyl-
amine levels in the urine. The administration of large oral therapeu-
tic doses of choline (8–20 g/day) in attempts to treat Huntington’s 
chorea and Alzheimer’s disease has been associated with this phe-
nomenon and engendered complaints of fish-like odors from the 
patients (Growden et al. 1977; Etienne et al. 1978). The particular 
microbes responsible for trimethylamine liberation from precursor 
nutrients are uncertain but attempts employing genetic analysis and 
computer prediction have identified several possible genera (Craciun 

and Balskus 2012). The importance of the microbiome cannot be 
overemphasized (Russell et  al. 2013), although these concepts are 
not new (Drasar and Hill 1974).

In patients with liver disease the presence of portosystemic shunts 
and a generally impaired hepatocellular function lead to increased 
blood levels and the urinary excretion of trimethylamine, presum-
ably following its absorption from the gastrointestinal tract but with 
subsequent decreased metabolism (Wranne 1956; Marks et al 1978; 
Mitchell et al. 1999). Similar situations exist in cases of renal failure 
where circulating levels of trimethylamine rise and then escape via the 
breath and sweat. Such instances are exacerbated by an overgrowth 
of microbes in the small intestine that greatly enhances the libera-
tion of trimethylamine thereby leading to an increased uptake (Golla 
1909; Simenhoff et al. 1977b; Wills and Savory 1981). The adminis-
tration of antibiotics to these patients decreased these trimethylamine 
levels (Simenhoff et al. 1977a). An interesting report presented a pre-
viously healthy young man (27 years) who became trimethylaminu-
ric following infection with the hepatitis A virus, presumed via liver 
damage (Ruocco et al. 1989). Similarly, when measured against con-
trol subjects, increased concentrations of trimethylamine were found 
in head-space volatiles above bile samples aspirated from patients 
with pancreatic cancer (Navaneethan et al. 2014).

When compared with healthy animals, large increases in uri-
nary trimethylamine levels have been noted in interleukin-10 gene-
deficient mice that develop inflammatory bowel problems (Kühn 
et al. 1993; Murdoch et al. 2008) and in mice and Syrian hamsters 
infected with the cercariae of Schistosoma mansoni or S. japonicum, 
respectively (Wang et al. 2004, 2006). Raised levels also have been 
associated with hepatic steatosis in insulin-resistant mice (Dumas 
et  al. 2006). In humans, these modern noninvasive metabonomic 
techniques have identified raised urinary trimethylamine levels in 
patients with focal segmental glomerulosclerosis (Hao et al. 2013) 
and shown an association of trimethylamine with the metabolic dis-
turbances occurring in obesity (Elliot et al. 2015).

Hence, on certain occasions trimethylamine is accumulated to 
excess, and in some situations, usually indicative of ill health, may be 
presented to the skin surface from where it volatilizes to create an aura 
or mantle around the subject. Does this event serve any useful pur-
pose? Signaling properties of trimethylamine have been documented 
for many species including the fly (Hardy 1927; Mulla et al. 1977; 
Mulla and Ridsdill-Smith 1986; Braga-Sobrinho et al. 2004a, 2004b), 
waterflea (Boriss et al. 1999), slug (Kosugi and Inouye 1989), cock-
roach (Sakuma and Fukami 1990), and fish (Harada 1985). Recently, 
it has been shown that female mice were attracted to trimethylamine 
excreted in male mouse urine, but that this was aversive to rats (Li 
et al. 2013). Does such a signaling role exist in other species?

Trimethylamine is a molecule ideally suited to a communicatory 
function between individuals. Its continual availability, its favorable 
physicochemical properties and the relatively simple physiological 
control of its circulating levels, make it probably only one of a hand-
ful of biologically compatible molecules that could undertake such 
a role. Indeed, this may follow an evolutionary pattern, as a few 
other small molecules with relatively low odor thresholds (Amoore 
and Hautala 1983) may be indicative of potential problems, per-
haps warning others of dangers, ill-health or decreased fertility? 
Hopefully future research will answer this intriguing question and 
unravel the biological legacy of trimethylamine.
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