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Abstract

For many years now a treatment mitigating the debilitating effects of jet lag has been sought. Rapid travel across time zones 

leads, in most people, to temporary symptoms, in particular poor sleep, daytime alertness and poor performance. Mis-timed 

circadian rhythms are considered to be the main factor underlying jet-lag symptoms, together with the sleep deprivation 

from long haul flights. Virtually all aspects of physiology are rhythmic, from cells to systems, and circadian rhythms are 

coordinated by a central pacemaker or clock in the suprachiasmatic nucleus (SCN) of the hypothalamus. The SCN adapts 

slowly to changes in time zone, and peripheral clocks or oscillators adapt at different rates, such that the organism is in a 

state of desynchrony from the external environment and internally. Light exposure is the main factor controlling the circadian 

system and needs to be considered together with any pharmacological interventions. This review covers the relatively new 

chronobiotic drugs, which can hasten adaptation of the circadian system, together with drugs directly affecting alertness and 

sleep propensity. No current treatment can instantly shift circadian phase to a new time zone; however, adaptation can be 

hastened. The melatoninergic drugs are promising but larger trials in real-life situations are needed. For short stopovers it is 

recommended to preserve sleep and alertness without necessarily modifying the circadian system. New research suggests 

that modification of clock function via genetic manipulation may one day have clinical applications.

Key Points 

Jet lag is largely perceived as poor sleep, daytime sleepi-

ness and mis-timed physiological functions.

Jet lag is primarily due to circadian rhythms adapting 

slowly to a change in time zone together with sleep dep-

rivation during flight.

A number of timed treatments including bright light 

exposure, stimulants, hypnotics and drugs that shift 

rhythms can alleviate the symptoms of jet lag and hasten 

adaptation to the destination time zone.

For short stop-overs it is advised not to adapt but to pre-

serve sleep and alertness as far as possible.

1 Introduction

Jet lag is the inspired term for the state experienced by most 

people after rapid travel over several time zones. It emerged 

as the general public started to travel by plane to distant 

parts in the 1960s. Apparently the term ‘jet lag’ was first 

used in a Los Angeles Times article on 13 February 1966. 

“If you’re going to be a member of the Jet Set and fly off to 

Katmandu for coffee with King Mahendra”, wrote Horace 

Sutton, “you can count on contracting Jet Lag, a debility not 

unakin to a hangover. Jet Lag derives from the simple fact 

that jets travel so fast they leave your body rhythms behind” 

[1]. Essentially this is a correct description. However, the 

term itself has now come into widespread use to describe 

‘social jet lag’, a state whereby body rhythms are not fully 

synchronised with the social/employment environment. No 

jets are involved and this condition will not be considered 

here, except to say that some of the debilitating features of 

jet lag may be present. The primary complaint of jet-lagged 

travellers is sleep disorder [2–4].

According to the International Classification of Sleep 

Disorders II as cited in [5], the diagnostic criteria for Jet 

Lag Disorder were:

 * Josephine Arendt 

 arendtjo@gmail.com; j.arendt@surrey.ac.uk

1 Faculty of Health and Medical Sciences (FHMS), University 

of Surrey, Guildford, Surrey GU2 7XH, UK

http://crossmark.crossref.org/dialog/?doi=10.1007/s40265-018-0973-8&domain=pdf


1420 J. Arendt 

Complaint of insomnia or excessive daytime sleepiness 

associated with transmeridian jet travel across at least 

two time zones, associated impairment of daytime 

function, general malaise, or somatic symptoms such 

as gastrointestinal disturbance within one or two days 

after travel, sleep disturbance is not better explained by 

another current sleep disorder, medical or neurological 

disorder, mental disorder, medication use, or substance 

use disorder.

In fact ‘jet-lag disorder’ has been removed from the Diag-

nostic and Statistical Manual of Mental Disorders (DSM) 

V and is encompassed within the classification ‘Circadian 

rhythm sleep disorders’ [5]:

Circadian Rhythm Sleep Disorder A. A persistent or 

recurrent pattern of sleep disruption leading to exces-

sive sleepiness or insomnia that is due to a mismatch 

between the sleep-wake schedule required by a per-

son’s environment and his or her circadian sleep-wake 

pattern. B. The sleep disturbance causes clinically sig-

nificant distress or impairment in social, occupational, 

or other important areas of functioning. C. The distur-

bance does not occur exclusively during the course of 

another Sleep Disorder or other mental disorder. D. 

The disturbance is not due to the direct physiological 

effects of a substance (e.g., a drug of abuse, a medi-

cation) or a general medical condition. Specify type: 

Delayed Sleep Phase Type: a persistent pattern of late 

sleep onset and late awakening times, with an inability 

to fall asleep and awaken at a desired earlier time. Jet 

Lag Type: sleepiness and alertness that occur at inap-

propriate time of day relative to local time, occurring 

after repeated travel across more than one time zone. 

Shift Work Type: insomnia during the major sleep 

period or excessive sleepiness during the major awake 

period associated with night shift work or frequently 

changing shift work.

Numerous other symptoms are associated with jet lag 

since the underlying cause resides in our circadian timing 

system. Circadian (approximately 24 h) rhythms are inter-

nally generated and by definition they persist in the absence 

of time cues (zeitgebers). Virtually all aspects of physiology 

are rhythmic. Whilst probably every cell in the body pos-

sesses a self-sustaining oscillator(s) or clock(s), this sym-

phony of oscillators is coordinated by the central circadian 

clock (or pacemaker) situated in the supra-chiasmatic nuclei 

(SCN) of the hypothalamus [6–9]. Removal of the SCN in 

mammals leads to the loss of most circadian rhythms, and 

the SCN itself shows long-term self-sustained oscillations 

of circa 24 h in metabolism and electrical activity in vitro 

[10, 11].

An individual kept in a time-free environment (or at least 

with very weak time cues), manifests their own endogenous 

periodicity—‘free-running’, an inherited characteristic. An 

average human endogenous period (or tau) is about 24.2 h 

according to controlled experiments [12, 13], although this 

does depend on previous experience of time cues [14], sex 

and ancestry [15]. To maintain 24-h periodicity they need 

to be reset by time cues, the most important of which is the 

light-dark cycle. Light of sufficient intensity, specific tim-

ing and suitable spectral composition are able to shift the 

circadian system by advance or delay according to a phase-

response curve (PRC; Fig. 1) and to entrain the circadian 

system to the 24-h day [16, 17].

Entrainment means that rhythms display their optimal 

phase with respect to the environment (e.g. lowest core 

body temperature and highest melatonin rhythm at night) 

as well as 24-h periodicity (synchronisation without nec-

essarily the correct phase). Bright natural sunlight is the 

most potent time cue (zeitgeber) and the shorter wave-

lengths (blue-green, 480–540 nm) are the most effective 

[18–25]. The importance of light to entrainment is shown 

by many blind people with no perception of light (conscious 

or unconscious) who show free-running rhythms in a nor-

mal environment [26, 27]. A short free-running period or 

tau is associated with morning diurnal preference (larks) 

and a long tau with evening preference (owls) in a normally 

entrained environment [28].

Other time cues include meals, exercise and social cues 

[29–34], but are much less potent than light. A number of 

hormones and drugs have zeitgeber properties (chronobiot-

ics). In general full PRCs have not been developed for drugs 
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Fig. 1  Diagrammatic, simplified phase-response curve (PRC) of the 

light type. Light exposure prior to the melatonin maximum and cBT 

(core body temperature) minimum delays circadian phase and after 

this point advances circadian phase. Biological night is the period of 

melatonin secretion (see Fig. 2)
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that can act as zeitgebers, with the exception of melatonin 

(which is correctly a hormone, not a drug, but in supra-

physiological amounts could be considered a drug).

Rapid travel across time zones leads to a mismatch or lack 

of synchrony between the activity of the internal rhythm-

generating systems and the local time cues, whether social 

or environmental. The SCN adapts slowly to abrupt changes 

of time cues [35–39]. On average, the central clock shifts 

approximately 1 h per day without countermeasures and it 

will take approximately 1 day for each hour of time zone 

change for adaptation to be complete. The rate of adapta-

tion varies greatly among individuals, with the direction of 

time zone change (slower toward the east in general), and 

the rate of shift usually changes in the course of adaptation, 

being faster in the initial than the final stages. In addition, 

it is common for travellers over many time zones to adapt 

in the ‘wrong’ direction, such as by delaying 16 h instead 

of advancing 8 h (antidromic as compared to orthodromic 

adaptation) [38, 39]. Moreover, dissociation occurs amongst 

peripheral oscillators and between peripheral oscillators 

and the SCN, different systems adapting at different rates 

[40–44]. Thus internal rhythms are not only out of synchrony 

with the environment (external desynchronisation) but also 

out of synchrony with each other (internal desynchrony). Re-

entrainment by ‘partition’, in which some rhythms advance 

and some delay, has also been reported. Adapting to such 

phase shifts becomes harder as we grow older for uncertain 

reasons [44, 45].

Possibly one-third of all travellers do not experience jet 

lag. Those who do may endure short-term symptoms such as 

daytime tiredness, inability to get to sleep at night (after an 

eastward flight) or early awakening (after a westward flight), 

disturbed night-time sleep, impaired daytime alertness and 

performance, disorientation, poor performance – both cogni-

tive and physical, gastrointestinal problems, loss of appetite, 

inappropriate timing of defecation, and excessive desire to 

urinate during the night [2, 46–53]. All of these debilitat-

ing conditions may be important for flight crew and busi-

ness travellers and may ruin short holidays after a long-haul 

flight.

There are also possible long-term consequences of fre-

quent desynchrony as evidenced by epidemiological and 

animal studies [54–62]. These include cognitive deficits, 

gastrointestinal problems, increased risk of cancer, obesity, 

metabolic syndrome, infertility and heart disease. How-

ever, not all reports are consistent, and most information is 

derived from shift workers who spend substantial amounts 

of time desynchronised—a lifetime occupational hazard.

The problem of treatment is not simple. From the trav-

eller’s point of view preserving sleep and daytime alert-

ness and performance are the major considerations. Rapid 

resynchronisation addresses both these and other problems. 

However, circadian response to time-zone change depends 

on individual characteristics such as initial circadian status, 

tau and light sensitivity, the individual exposure to artificial 

and natural light in the aircraft, natural light at destination 

and thus the season (photoperiod), and departure and arrival 

time of the aircraft. Timing of meals (and possibly their 

constituents) together with other weak zeitgebers such as 

exercise, actual sleep/nap time and social cues, can be used 

to help reinforce (or indeed counteract) phase shifts. Some 

pharmacological manipulations can address the immediate 

problems (hypnotics, alerting agents) without necessarily 

affecting the circadian issues.

Much effort has been devoted to finding an efficient 

method of alleviating jet lag with only partial success. A 

major problem is the (biological) time-dependency of 

chronobiotics (PRC; Figs. 1, 2, 3), which may have opposite 

effects depending on internal circadian time of treatment. 

Internal circadian time is often referenced as the timing 

of the melatonin rhythm whereby the period of melatonin 

secretion is referred to as a ‘biological night’ (Fig. 2). Core 

body temperature also serves to reference circadian time 

(lowest in the second half of the night) but is less discrete 

than melatonin secretion and more subject to ‘masking’ 

effects of, for example, exercise and meals.

Many reviews have been written on the subject of jet lag. 

This one will concentrate on pharmacological countermeas-

ures, to include chronobiotics (drugs that shift rhythms), 

hypnotics (for short-term alleviation of sleep problems) and 

some drugs that can maintain alertness. The importance of 

light exposure needs to be addressed simultaneously given 

its powerful phase shifting and alerting effects. The most 

important factor in coping with jet lag is to preserve sleep, 

not only countering the effects of desynchrony but also those 

of sleep deprivation during long flights.

2  Hypnotics

Sleep can of course be conserved using conventional hyp-

notic drugs [47, 63–65]. The most extensively used hypnot-

ics in enabling sleep in a jet lag situation are the benzodiaz-

epines (e.g. temazepam, triazolam (but banned in the UK), 

diazepam, lorazepam, chlordiazepoxide), and the so-called 

non-diazepine Z-drugs (e.g. Ambien (zolpidem), Zimovane 

(zopiclone)). All act at least primarily via enhancement of 

neural GABA (gamma-aminobutyric acid) activity [66]. 

They have their place in the management of jet lag but pos-

sible problems with side effects (e.g. [67]) and addiction 

(especially with the benzodiazepines) can arise. Efficiency 

in preserving sleep in jet-lag situations is best served by 

those compounds with a short duration of action. In this way 

hangover effects can be reduced [68, 69].

Most hypnotics, however, do not address the underlying 

desynchrony, and it is usually recommended to use them for 
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short stopovers when adaptation is undesirable in view of 

the rapid return to the departure time zone. When adapta-

tion is desirable a combination of a short-acting hypnotic 

and chronobiotic has been recommended together with a 

stimulant to maintain daytime alertness. Simultaneously 

careful attention to times of light exposure and avoidance is 

of great importance. Several published articles on detailed 

light exposure/avoidance exist and if followed may reduce 

the duration of desynchrony, with or without other manipu-

lations (e.g. [17, 70–74]). The most recent published guide 

can be found at “https ://books .googl e.com › Health & Fit-

ness › Sleep & Sleep Disorders”. The light regimes are not 

very simple to follow and unfortunately errors in timing can 

lead to the opposite effect of that desired. This is evident 

from the rapid transition from advance to delay in the PRC. 

The few controlled trials have proved rather inconsistent in 

their effects. A simplified approach is given in [36].

3  Stimulants

Light has been referred to as a drug with respect to its effects 

on alertness, sleep timing and mood [75]. Bright light, pref-

erably sunlight, or artificial full spectrum white light has 

immediate alerting effects as well as phase-shifting effects 

on the circadian system [76, 77]. The shorter wavelengths 

are most effective, thus blue enriched, or monochromatic 

blue or green light can be used at a lower intensity than 

white light [17, 24, 25, 78, 79]. Exposure to light as an 

alerting agent nevertheless has to be timed such that any 

simultaneous phase shifts are in the direction of the fastest 

adaptation. Light exposure during a ‘biological evening’ or 

the rising phase of the melatonin rhythm (Fig. 2) will delay 

the circadian system, and during the late ‘biological night’, 

or the falling phase of the melatonin rhythm, will induce 

phase advances, e.g. [16]. The magnitude of the shift will 

depend on the intensity, spectral characteristics and duration 

of light exposure. Should effective light exposure fall equally 

on the delaying and advancing parts of the PRC, phase shifts 

will be negated. Avoidance of light exposure at critical times 

is equally important. Techniques involving the use of glasses 

Fig. 2  Melatonin phase markers 

for determination of circadian 

timing. Onset is often referred 

to as the dim light mela-

tonin onset (DLMO). Plasma 

melatonin, saliva melatonin or 

urinary 6-sulphatoxymelatonin 

can all be used to define circa-

dian phase

0

10

20

30

40

50

60

70

80

1500 1700 1900 2100 2300 100 300 500 700 900 1100 1300 1500 1700 clock time h

p
la

s
m

a
m

e
la

to
n

in
(p

g
/m

l)

acrophase (calculated peak �me)

mid-range crossing

25% rise/fall

onset/offset

*

**

* *

* *

dura�on

biological night

Clock time

Subjective night

CBT min

In
cr

ea
si

n
g

 a
d

v
an

ce
 s

h
if

t
In

cr
ea

si
n

g
 d

el
ay

 s
h

if
t

Biological day�me

24 03 06 09 12 15 18 21 24 h

Melatonin

Maximum

cBT

Minimum

Fig. 3  Diagrammatic, simplified phase-response curve (PRC) of the 

melatonin type. Melatonin treatment in the late biological afternoon 

advances circadian phase and in early biological morning delays cir-

cadian phase. Biological night is the period of melatonin secretion 

(see Fig. 2)
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blocking the powerful phase-shifting short wavelengths have 

been described and may be efficacious [80, 81].

It should be noted that sufficient light during the biologi-

cal night will partly or wholly suppress melatonin produc-

tion [17, 82, 83]. This has been invoked as part of the mecha-

nism of light effects but not confirmed. Major light-induced 

shifts in magnitude and direction were not associated with 

changes in melatonin suppression in one report [17] and 

this has been confirmed in a very recent publication [84]. 

Suitably timed administration of exogenous melatonin can 

partially counter the phase-shifting effects of light [85], but 

more importantly can act additively with regard to phase 

shifts, again when correctly timed [86–88].

Caffeine is probably the most widely used psychoactive 

substance in the world. It has been used to maintain alertness 

since the first attempts to treat jet lag (e.g. Ehret CF, Scanlon 

LW, Overcoming jet lag, 1983, Mass Market Paperbacks). It 

improves alertness and performance, e.g. reaction time, vigi-

lance and logical reasoning, in general and during extended 

periods with restricted opportunities for sleep [68, 89–94]. 

It appears to act through adenosine receptors (sleep) and 

through cAMP (cyclic adenosine monophosphate), a core 

component of the internal clocks, together with effects on 

dopaminergic systems [95]. Early work reported that both 

caffeine and the related theophylline had phase-shifting 

effects [96], which were not always confirmed. However, 

a recent publication showed clearly, in controlled condi-

tions, that a single dose of evening caffeine could delay the 

circadian system, as evidenced by timing of the melatonin 

rhythm, by 3 h [97]. It remains to be seen if different timing 

can induce phase advances and to construct a human caffeine 

PRC. In general, however, it is used to maintain daytime 

alertness in the new time zone.

Based on the results from two small trials, the American 

Academy of Sleep Medicine (AASM) lists caffeine as an 

‘option’ for the treatment of excessive sleepiness associated 

with JLS (jet-lag syndrome), but cautions that disturbed noc-

turnal sleep may result [98].

Both modafinil (Provigil) and armodafinil (Nuvigil, 

(R)-(−)-enantiomer of the racemic modafinil), were 

developed clinically for the treatment of excessive sleepi-

ness due to narcolepsy and obstructive sleep apnoea: they 

originated from Lafon Laboratories in France. A consen-

sus has emerged for their clinical use in these conditions 

[99–101]. They are both approved by the US Food and Drug 

Administration (FDA) for this use after several successful 

randomised, controlled clinical trials. Armodafinil due to 

its pharmacokinetics has a longer duration of action than 

modafinil. Anecdotally many off-label prescriptions for 

these drugs are requested for jet lag and shift-work excessive 

sleepiness. There is good evidence for the effectiveness of 

both drugs in daytime sleepiness and shift-work sleep disor-

der [102, 103]. Thus given the similarity in cause and effect 

between shift-work sleep disorder and jet lag it is clearly 

of interest to investigate their use for daytime sleepiness in 

jet lag, and this has proved successful [103]. They are also 

reported to have mood-improving and memory-enhancing 

effects and are apparently used to treat dementia and atten-

tion deficit hyperactivty disorder (ADHD). Although the 

FDA has not approved either drug for maintained alertness 

in jet lag, it appears that they are being used as such. It 

would also appear that they are extensively used by the mili-

tary and replace older stimulants such as amphetamines as 

they have less abuse potential [104]. They are also referred 

to as ‘smart drugs’, and anecdotally are used to enhance per-

formance, memory and wakefulness for recreational activi-

ties and academic study.

The exact mode of action of these drugs is uncertain; 

however, increased dopamine activity is involved. Volkow 

and colleagues [105] published positron emission tomog-

raphy imaging data in men showing that modafinil acutely 

increases central nervous system (CNS) dopamine. The data 

suggest a mechanism for modafinil that involves dopamin-

ergic signalling, and which may be quite similar to that of 

older stimulants.

4  Chronobiotics: Drugs that Shift Rhythms

4.1  Background

On 1 April (!) 1983 a book ‘Overcoming jet lag’ by Charles 

F. Ehret and Lynne Scanlon, Mass Market Paperbacks 

(available through Amazon and see [96]) was published and 

became a major bestseller. Before much was known about 

the control of the circadian system (especially by light) this 

book was based essentially on diet and the manipulation 

of the time of coffee/tea ingestion—although exposure to 

bright sunlight at destination was recommended. Interest-

ingly, food-entraining effects, notably on peripheral oscilla-

tors, have achieved subsequent prominence.

In fact chronobiotic effects of various drugs have long 

been known; Ehret himself described the effects of theophyl-

line and pentobarbital [96] in animals and phase-shifting 

effects of drugs of abuse, e.g. methamphetamine, alcohol 

and fentanyl, are found in the literature. However it would 

probably be fair to say that melatonin was the first chronobi-

otic to find acceptance in clinical medicine as such, probably 

because of its lack of toxicity or addictive properties as well 

as its efficacy [106]. Evidently caffeine has been used since 

time immemorial as an alerting agent but usually not as a 

chronobiotic as only recently has this property been convinc-

ingly demonstrated [97, 101].
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4.2  Melatonin

Melatonin can induce sleep during ‘biological daytime’ as 

first reported by its discoverer Aaron Lerner, who reported 

that he self-administered a large dose (100 mg) [107] and 

the first review of its sleep-inducing properties in animals 

was published in 1974 [108]. It has become known as the 

‘sleep hormone’, which is not the case. It is a ‘darkness hor-

mone’, signalling the length of the night with the ability to 

increase sleep propensity in humans (but not in nocturnal 

species). We can sleep without melatonin but we sleep better 

when sleep is timed during the time of its secretion [109]. 

Essentially its endogenous role in the circadian system is to 

reinforce night-time physiology. It should never be forgot-

ten that it has potent effects on seasonal physiology, e.g. 

reproduction, puberty and coat growth, when signalling the 

length of the night in photoperiodic species. For references 

see [110].

The synchronising properties of melatonin with regard 

to the activity-rest cycle were first shown in rats in 1983 

[111], and its phase-shifting properties on human circadian 

rhythms in 1984 and 1985 with the first successful small jet-

lag study reported in 1986 [112–114]. It can demonstrably 

shift the phase of the central pacemaker or clock in the SCN 

in vitro [11] and in vivo, for example using its own endog-

enous rhythm as a marker of circadian status [106, 112, 115]. 

It acts via membrane melatonin MT1 and MT2 receptors 

[116, 117]. In controlled experiments it shifts all measured 

circadian rhythms in humans [118] and can entrain free-

running rhythms in sighted and completely blind subjects 

[106, 119, 120]. The combination of hypnotic and chronobi-

otic properties is in theory ideal for a jet-lag therapy, but to 

exploit both requires careful timing together with control of 

light exposure. Optimal effects can be obtained by the use of 

both light and melatonin to reinforce a phase shift [86–88].

A number of small trials have, with few exceptions, pro-

vided further evidence for efficacy with regard to subjective 

jetlag (visual analogue scale or VAS), improved sleep and 

in some cases alertness and faster circadian synchronisation. 

The largest, randomised, blind-field study carried out over a 

number of years by our laboratory with 474 subjects taking 

melatonin and 112 taking placebo gave an average reduction 

in subjective jet lag (VAS) of 50% with a very low incidence 

of side effects [121]. One meta-analysis confirmed the use of 

melatonin for jet lag using appropriate criteria for selection 

of trials to be included [122, 123]. Another, assessing its use 

for secondary sleep disorders with no requirement for circa-

dian desynchrony, found little effect but did consider that it 

was efficacious in advancing phase in delayed-sleep phase 

syndrome (DSPS) [124]. Its use in free-running sleep wake 

disorder (non-24) in the blind has not been meta-analysed, 

but to the author’s knowledge there are no unsuccessful stud-

ies (see below for use of the agonists in the blind) [106, 

120, 125–131]. The American Academy of Sleep Medicine 

recommends melatonin for DSPS, non-24 and jet lag [98].

The use of elite athletes as subjects for jet-lag treatment is 

of substantial interest especially prior to the Olympic games, 

in view of the circadian variations in some performance 

measures [132], but has been mostly disappointing. How-

ever, if the dose is wrongly timed relative to an individual 

circadian phase and/or bright natural light exposure, it can 

lead to no, or even deleterious, effects [52, 133, 134]. It is 

worth noting that in some cases bright light interventions 

and the use of temazepam were also disappointing in this 

population [133, 135–138].

4.3  Timing Treatment

Melatonin has both hypnotic and phase-shifting effects, ideal 

for a jet-lag drug, but timing the dose to maximise hypnotic 

effects (maximum during biological daytime) can compro-

mise the phase-shifting effects (maximum during biological 

dawn and dusk). At this point the importance of knowing, 

or reliably predicting, the melatonin PRC cannot over-

emphasised (Fig. 3). Phase advances are generated during 

biological dusk just before the rise of the melatonin endog-

enous rhythm, and phase delays during biological dawn on 

the decline of the endogenous rhythm. If timing leads to a 

delay when an advance is needed, resynchronisation will be 

longer. For example, instead of advancing 8 h the circadian 

system may well delay by 16 h and/or re-entrain by partition.

In order to time the dose of any chronobiotic treatment 

according to a PRC it is thus important to determine circa-

dian status. To do this precisely requires measurement of a 

‘marker’ rhythm, usually melatonin itself. This is both slow 

and expensive, even using for example saliva sampled every 

30 min evening and morning or sequential urine samples 

over 24–48 h (for the melatonin metabolite aMT6s, 6-sul-

phatoxymelatonin). This no doubt is one explanation for the 

very small number of large randomised, placebo-controlled, 

double-blind trials in the field. We have done this in field 

conditions using urinary aMT6s in a small trial with no 

problems [112, 139]. For subjects adapted to their departure 

time zone, circadian status can be approximately assessed 

using habitual sleep timing (or if possible core body tem-

perature), and this status can be used to time treatment in the 

destination time zone.

4.4  Combining Light, Sleep and Melatonin Timing

Another strategy is to initiate an advance or delay of the 

clock pre-flight by timed post-sleep or pre-sleep light treat-

ment, followed by gradually shifting both sleep and light 

timing as appropriate to the desired adaptation [36, 86, 87, 

140, 141]. The use of timed melatonin, sleep and light treat-

ment on a shifting schedule pre-flight can also help rapid 
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adaptation [36, 86, 87, 142]. Combinations of timed light, 

dark, sunglasses and melatonin have been recommended to 

help adaptation or at least partial adaptation to night shift 

work [142]. But for frequent flyers, pilots and aircrew, shift 

workers and anyone with shifting circadian status there is 

no good simple method as yet. A biosensor for a circadian 

marker, e.g. melatonin, is needed. Moreover an automated, 

wearable warning system to signal appropriate light expo-

sure or avoidance plus a signal—’time to take the pill’—

would be useful.

4.5  Melatonin Agonists

Since the discovery of melatonin receptors a large number 

of potential and demonstrable receptor agonists and antag-

onists have been developed [116, 143–147]. Two cloned 

receptors, MT1 and MT2, previously known as Mel1a and 

Mel1b [148], are of particular importance with regard to 

rhythm physiology and pharmacology. Using gene knock-

out technology in mice and pharmacological manipulations, 

the results to date suggest that the phase-shifting melatonin 

receptor in the SCN is MT2, while MT1 is associated with 

acute suppression of SCN electrical activity [117] and 

soporific effects. There appears to be some redundancy of 

function between these receptors with regard to circadian 

function. MT1 also has important actions within the pars 

tuberalis (PT) and the hypothalamus [145], controlling 

seasonal variations in ruminants [149–153]. Genetic poly-

morphism has been identified within melatonin membrane 

receptors, and further investigation of these polymorphisms 

in relation to photoperiodism, human disease (notably Type 

II diabetes), sensitivity to melatonin, and other aspects, is 

ongoing [154–157].

The existing, approved, commercially available melatonin 

agonists agomelatine (Valdoxan, Servier Pharmaceuticals), 

ramelteon (Rozerem, Takeda Pharmaceutials) and tasimelt-

eon (Hetlioz, Vanda Pharmaceuticals) were designed to act 

via the MT1 and MT2 receptors, as does prolonged-release 

melatonin (Circadin, Neurim Pharmaceuticals). Their phar-

macological and therapeutic properties together with their 

adverse effects are comprehensively summarised in Wil-

liams et al. [147]. The affinity of the most recent agonist 

to obtain approval—tasimelteon—is greater for the phase-

shifting MT2 receptor than MT1, whereas the opposite is 

true for ramelteon. Slow-release melatonin and agomelatine 

have approximately equal affinities for both receptors [147].

Very few data are available from large randomised, pla-

cebo-controlled studies to judge their effects in jet-lag treat-

ment. Ramelteon in one trial (75 healthy volunteers) showed 

significant phase shifts to adapt but with no improvement 

in sleep [158]. In another trial with 110 subjects who 

had experienced jet-lag sleep disorder, sleep latency was 

reduced, but with deleterious effects on performance [159]. 

Prolonged-release melatonin was compared with two doses 

of fast-release melatonin and proved less efficacious than 

the higher 5 mg fast-release dose [160]. The same group 

also compared melatonin with zolpidem treatment and found 

both had beneficial effects but there was better sleep with 

zolpidem, albeit with substantial side effects when on this 

treatment [67].

Tasimelteon in a phase II and phase III simulated jet lag 

study (451 subjects all told, 5-h phase advance) showed sig-

nificant improvement in a number of sleep variables and 

a quite large phase shift in melatonin onset as a marker 

for circadian phase [161]. Tasimelteon was developed as 

a treatment specifically for the circadian (free-running) 

non-24 sleep disorder of the blind and is approved only for 

that purpose as yet. However, the developer Vanda Phar-

maceuticals recently announced results of a simulation jet-

lag study (8 h advance of time cues) in 318 subjects with 

very significant improvement of sleep and daytime alertness 

with drug compared to placebo (http://phx.corpo rate-ir.net/

phoen ix.zhtml ?c=19623 3&p=irol-newsA rticl e&id=23360 

85). Tasimelteon thus shows the most promise for jet-lag 

treatment and Vanda have announced their intention to seek 

marketing approval for this purpose.

All of the agonists and both fast- and prolonged-release 

melatonin have chronobiotic effects, but clearly more data 

are needed in large controlled trials to judge their useful-

ness in real-life jet-lag situations. The original Cochrane 

analysis [122, 123] approved melatonin for jet lag. Updates 

and advice on sedatives, etc. have also been published 

[162–164]. The question of cost arises when considering 

the clinical use of agonists and approved melatonin formu-

lations. It is difficult to find consistent information. More 

importantly the relative efficacy of different products com-

pared to melatonin itself in different situations needs to be 

assessed.

5  Miscellaneous

Food entrainment of peripheral oscillators has received 

much attention recently. Probably the association between 

desynchronised states and metabolic syndrome, type II 

diabetes and obesity accounts for this interest [30, 41, 55, 

165–168]. Most manipulations in actual jet lag have targeted 

the central clock but peripheral oscillators are not necessarily 

responsive to, for example, light treatment and may remain 

desynchronised for longer or shorter times than the SCN. 

The strategy of gradually shifting light, sleep, melatonin 

(and also meal times) [86] may help central and peripheral 

clocks to remain in synchrony. The advice to eat at the con-

ventional time in the destination time zone is undoubtedly 

helpful to peripheral synchrony. Large controlled trials do 

not appear to exist.

http://phx.corporate-ir.net/phoenix.zhtml%3fc%3d196233%26p%3dirol-newsArticle%26id%3d2336085
http://phx.corporate-ir.net/phoenix.zhtml%3fc%3d196233%26p%3dirol-newsArticle%26id%3d2336085
http://phx.corporate-ir.net/phoenix.zhtml%3fc%3d196233%26p%3dirol-newsArticle%26id%3d2336085
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Exercise can induce phase shifts [32] but there are insuf-

ficient data to provide useful advice.

Glucocorticoids: The hormone cortisol, usually consid-

ered as the stress hormone, is intimately concerned with 

metabolism and the coordination of peripheral oscillators 

as previously mentioned. These observations merit further 

investigation for clinical ends. Anecdotally it has been taken 

to counteract jet lag as an awakening signal. The only formal 

clinical trial as far as the author is aware was started in 2004 

comparing hydrocortisone with melatonin and placebo, but 

has yet to report any results: https ://clini caltr ials.gov/ct2/

show/NCT00 09747 4. However clear entraining effects of 

glucocorticoids on peripheral oscillators were shown in a 

recent study [169], suggesting that a combined treatment 

targeting the central clock and peripheral oscillators sepa-

rately might be feasible.

Caffeine: In addition to its alerting effects, caffeine clearly 

needs further evaluation for jet-lag therapy. Recently, a clear 

demonstration of its ability to induce a large phase delay in 

the circadian system will hopefully encourage proper trials 

with careful timing and dose [97].

6  Direct Manipulation of the SCN Molecular 
Machinery

Understanding the mechanisms of circadian clock function 

has vastly increased in the last 20 years. Of course many 

chronobiologists see an instant resetting of the clock as the 

holy grail and the clinical importance of desynchronised 

rhythms has underpinned much research on the molecu-

lar biology of the circadian clock. Targets related to gene 

expression within the clock have been proposed for possible 

therapeutic development of new drugs to influence circadian 

rhythms.

The 24-h rhythmicity conferred by the SCN on down-

stream systems depends on the integrity of the SCN itself. 

Its intrinsic robust activity depends on coupling amongst the 

neural constituents [170]. Loosening of this coupling leads 

to faster phase shifts: in essence the SCN resists adaptation 

when acting coherently, such that unpredictable light expo-

sure does not immediately disturb the circadian system. The 

gene Lhx1 (LIM homeobox 1) is reported to be central to 

this coupling and its loss in mice means that the SCN cells 

do not produce the proteins they need to synchronize their 

outputs. These include paracrine peptidergic signals such 

as VIP (vasoactive intestinal peptide), and VIP is one of the 

factors that maintains coupling [171, 172].

Mice deficient in VIP show desynchronization among 

SCN neurons [173]. Moreover, Yamaguchi et  al. [174] 

showed that mice deficient in V1a and V1b receptors were 

resistant to jet lag whilst having normal circadian function. 

VIP is present throughout the body but the VIP in the retina 

has neural connections to the SCN. Very recently it has been 

proposed that eye drops of a VIP antagonist could be used to 

enable rapid adaptation to a shift of the environmental light 

cue [175]. No clinical data exist as yet.

In a related but different pathway Jagannath et al. [176] 

reported that knockdown of the gene Sik1 (salt-inducible 

kinase 1) within the SCN results in extended light-induced 

phase shifts and an enhanced rate of re-entrainment to an 

advanced light-dark cycle. As SIK1 acts to suppress the 

effects of light on the clock, it again provides a possible 

target for development of chronobiotics. However, it seems 

there is a long way to go with this interference in central 

clock molecular machinery before reliable, non-toxic, 

reversible, non-addictive, acceptable, cheap treatments are 

available.

7  Conclusions

Direct application of hypnotics and alertness-enhancing 

drugs is relatively easy to advise and applicable for short 

stopovers with medical advice. Numerous drugs and endog-

enous molecules are now known to affect functioning of the 

circadian system; however, none of the precise chronobiotic 

approaches to hasten adaptation or to pre-adapt before flight 

are simple. It is possible to envisage a wearable sensor to 

determine sleep timing and/or core body temperature pre- 

and post-departure (for approximate circadian phase), and 

with timing signals for, for example, melatonin administra-

tion, light exposure/avoidance, exercise and meals such that 

treatment timing can be optimised. Programmes for such 

regimes can be found on the internet but have not been tri-

alled, to the author’s knowledge. A simplistic approach to 

timing treatment based on known or reliably predicted cir-

cadian phase in the departure time zone (see Arendt, 2009, 

[36]) may help. However, for the fatigued frequent flyer with 

short stop-overs in a state of internal and external desyn-

chrony there is no ‘cure’ to be had yet except to preserve 

sleep and alertness, with or without drugs.
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