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A B S T R A C T

A new mathematical model of melatonin synthesis in pineal cells is created and connected to a slightly modified
previously created model of the circadian clock in the suprachiasmatic nucleus (SCN). The SCN influences
the production of melatonin by upregulating two key enzymes in the pineal. The melatonin produced enters
the blood and the cerebrospinal fluid and thus the SCN, influencing the circadian clock. We show that the
model of melatonin synthesis corresponds well with extant experimental data and responds similarly to clinical
experiments on bright light in the middle of the night. Melatonin is widely used to treat jet lag and sleep
disorders. We show how the feedback from the pineal to the SCN causes phase resetting of the circadian
clock. Melatonin doses early in the evening advance the clock and doses late at night delay the clock with a
dead zone in between where the phase of the clock does not change.
1. Introduction

Circadian rhythms play an important role in human health and
disease. Many physiological quantities such as blood pressure, heart
rate, venous CO2, body temperature, metabolic rate, enzyme activities
and even endocrine and immune system variables have a 24-hour
rhythm [1,2]. There is manifold evidence that disturbances in circadian
timing interfere with the sleep-wake cycle and underlie certain sleep-
wake disorders [3,4]. In addition, some affective disorders, such as
bipolar disorder and depression, are associated with disrupted circadian
rhythms [5].

The identification of the suprachiasmatic nucleus (SCN), in the
hypothalamus, as the master circadian regulator is credited to R.
Moore [6], who traced the light input to the eyes through the retino-
hypothalamic tract to the SCN. The molecular and genetic basis of the
circadian clock is attributed to J. Hall, M. Rosbash, and M. Young,
whose transcription–translation feedback loop model earned a No-
bel prize in 2017 [7]. Their work is the basis for our simple SCN
mathematical model.

In mammals, many cells in the central nervous system and pe-
riphery have circadian clocks; these cellular clocks are synchronized
hierarchically, with the synchronized cells of the SCN acting as the
master clock. An interesting and important question is how the SCN
communicates timing to other parts of the brain and other organs
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and glands in the body [8]. For other central clocks and the pineal
and adrenal glands, direct and indirect neural projections convey this
timing information [9,10], resulting in hormonal signals to peripheral
organs. The primary neural projection from the SCN is to the paraven-
tricular nucleus (PVN), which projects to the parasympathetic region
of the brainstem and sympathetic neurons in the spinal cord [11].
A sympathetic noradrenergic projection from the PVN to the pineal
gland stimulates enzymes in the pineal that produce melatonin [11,12].
Melatonin is released from the pineal into both the blood and the
cerebrospinal fluid (CSF), and thus becomes a whole body messenger of
the current state of the clock [13]. Interestingly, melatonin itself affects
the SCN [13] and is involved in phase resetting of the master clock.

We have made a mathematical model of the synthesis of melatonin
in pineal cells, the stimulation of the pineal by the PVN, the release of
melatonin into the blood and the CSF where it influences the clock in
the SCN (see Fig. 1). There have been a large number of mathematical
models addressing clock mechanisms [14,15], synchronization of cells
that have clock mechanisms [16,17], temperature compensation [18–
23] and light inputs [24]. There have also been other models of
melatonin release and phase resetting [25–32]. None of these other
models have a mechanistic model of the circadian clock and only
one [30] includes the molecular synthesis of melatonin.
https://doi.org/10.1016/j.mbs.2024.109280
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Fig. 1. The model of melatonin synthesis and the SCN. For the melatonin synthesis model the substrate acronyms are in rectangular boxes. Full names are given in Table 1.
The enzymes in the blue ovals are: TPH, tryptophan hydroxylase; AADC, aromatic amino acid decarboxylase; AANAT, serotonin N-Acetyltransferase; HIOMT, hydroxyindole-O-
methyltransferase. In the SCN model, the variables are in circles and the full names are given in Table 3. The SCN affects the pineal, since, at night a series of neural projections
releases norepinephrine in the extracellular space around pineal cells and activates the enzymes AANAT and HIOMT. And the pineal releases melatonin into the blood and the
cerebrospinal fluid and the resulting increase in melatonin in the SCN activates Per1.
In Section 3.1, we show that the concentrations in our melatonin
synthesis model, including blood melatonin, correspond well to the
experimental measurements of Klein [12,33–35] during day and night.
In Section 3.2, we use the model to study how the concentrations
of melatonin in the blood (𝑏𝑚𝑒𝑙) and the cerebrospinal fluid (csfmel)
depend on the expression level of AANAT at night. As AANAT expres-
sion level increases, both 𝑏𝑚𝑒𝑙 and csfmel increase but with a much
smaller slope when AANAT expression is high, because an increase in
AANAT expression is partly compensated by a decrease of serotonin. In
Section 3.3 we study how concentrations change if bright light is turned
on in the middle of the night and we compare the model predictions
to Czeisler’s clinical experiments [36]. Finally, in Section 3.4 we study
how the dosing of melatonin can cause phase shifts in the circadian
clock and compare to experimental data.

2. Methods

We have created a new mathematical model for the production of
melatonin in pineal cells; it is described in the first subsection and de-
picted schematically in Fig. 1. We also use a slightly modified previous
model of the circadian clock in the SCN [37–39]; It is described in the
second subsection. The clock in the SCN influences the production of
melatonin by changing the activity levels of the enzymes AANAT and
HIOMT (red dashed arrows in Fig. 1). And, the melatonin produced
influences the clock via the concentrations of melatonin in the plasma
and the CSF.

2.1. The melatonin synthesis model

The mathematical model for melatonin consists of 8 differential
equations for the variables whose full names are listed in Table 1. See
the diagram in Fig. 1.
The differential equations are:

𝑑[𝑡𝑟𝑝]
𝑑𝑡

= 𝑉𝑡𝑟𝑝𝑖𝑛 − 𝑉TPH(𝑡𝑟𝑝) − 𝑉pool(𝑡𝑟𝑝, 𝑝𝑜𝑜𝑙) − 𝑘𝑐𝑎𝑡𝑎𝑏𝑡𝑟𝑝 ⋅ 𝑡𝑟𝑝. (1)
𝑑[𝑝𝑜𝑜𝑙]

𝑑𝑡
= 𝑉pool(𝑡𝑟𝑝, 𝑝𝑜𝑜𝑙) − 𝑘𝑐𝑎𝑡𝑎𝑏𝑝𝑜𝑜𝑙 ∗ 𝑝𝑜𝑜𝑙. (2)

𝑑[ℎ𝑡𝑝]
𝑑𝑡

= 𝑉TPH(𝑡𝑟𝑝) − 𝑉AADC(ℎ𝑡𝑝). (3)
𝑑[𝑐ℎ𝑡]
𝑑𝑡

= 𝑉AADC(ℎ𝑡𝑝) − 𝑉HTcatab(𝑐ℎ𝑡) − 𝐴𝑇 (𝑡) ⋅ 𝑉AANAT(𝑐ℎ𝑡). (4)
𝑑[𝑛𝑎𝑠] = 𝐴𝑇 (𝑡) ⋅ 𝑉 (𝑐ℎ𝑡) −𝐻𝑂(𝑡) ⋅ 𝑉 (𝑛𝑎𝑠)

𝑑𝑡 AANAT HIOMT
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Table 1
Names of variables.

In equations and text Full name

𝑡𝑟𝑝 Cytosolic tryptophan
𝑝𝑜𝑜𝑙 Cytosolic tryptophan pool
ℎ𝑡𝑝 5-hydroxytryptamine
𝑐ℎ𝑡 Cytosolic serotonin
𝑛𝑎𝑠 N-acetyl-serotonin
𝑐𝑚𝑒𝑙 Cytosolic melatonin
𝑏𝑚𝑒𝑙 Plasma melatonin
csfmel CSF melatonin

−𝑘𝑐𝑎𝑡𝑎𝑏𝑛𝑎𝑠 ⋅ 𝑛𝑎𝑠. (5)
𝑑[𝑐𝑚𝑒𝑙]

𝑑𝑡
= 𝐻𝑂(𝑡) ⋅ 𝑉HIOMT(𝑛𝑎𝑠) − 2.2. ∗ 𝑐𝑚𝑒𝑙 + (15000) ∗ 𝑏𝑚𝑒𝑙 (6)

−(0.01) ∗ (2.2 ∗ 𝑐𝑚𝑒𝑙 + 500. ∗ 𝑐𝑠𝑓𝑚𝑒𝑙) − 𝑘𝑐𝑎𝑡𝑎𝑏𝑐𝑚𝑒𝑙 ∗ 𝑐𝑚𝑒𝑙. (7)
𝑑[𝑏𝑚𝑒𝑙]

𝑑𝑡
= (2.2∕15000) ∗ 𝑐𝑚𝑒𝑙 − 1 ∗ (𝑏𝑚𝑒𝑙) − 𝑘𝑐𝑎𝑡𝑎𝑏𝑏𝑚𝑒𝑙 ∗ 𝑏𝑚𝑒𝑙. (8)

𝑑[𝑐𝑠𝑓𝑚𝑒𝑙]
𝑑𝑡

= (0.01) ∗ (2.2∕500 ∗ 𝑐𝑚𝑒𝑙 − 1 ∗ 𝑐𝑠𝑓𝑚𝑒𝑙) − 𝑘𝑐𝑎𝑡𝑎𝑏𝑐𝑠𝑓𝑚𝑒𝑙 ∗ 𝑐𝑠𝑓𝑚𝑒𝑙. (9)

The melatonin synthesis pathway is indicated in the green part of
Fig. 1. The acronyms of the substrates are in the rectangular boxes and
the acronyms of the enzymes that catalyze the reactions are in the blue
ovals. Most reactions are Michaelis–Menten and the 𝑉𝑚𝑎𝑥 values and
𝐾𝑚 values that we use are given in Table 2. We give references for
the 𝐾𝑚 values. 𝑉𝑚𝑎𝑥 values in the literature are notoriously variable
and context dependent, so we choose them so that the substrates are
within known ranges. In the following, we walk through the melatonin
synthesis pathway discussing the major modeling issues.

In pineal cells, melatonin is made from serotonin (cht), which, in
turn, is made from tryptophan (trp) imported from the blood. We
assume that trp in the blood is constant at 96 μM [40]. The 𝑉𝑚𝑎𝑥 of
the transporter that brings trp in from the blood to pineal cells is much
higher than in our previous models of serotonin varicosities. This is
because serotonin is approximately 500 μM during the day in pineal
cells [33], while serotonin is much lower in serotonin varicosities [41].
Trp is imported into all cells and used in protein synthesis and 𝑝𝑜𝑜𝑙
represents the trp used for protein synthesis and other uses.

As described in the introduction, the key enzymes that control
melatonin synthesis are AANAT and HIOMT that are activated during
darkness by norepinephrine projections from the SCN (the red dashed
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Table 2
Kinetic parameters (μM, μM/h, /h).

Velocity Parameter Model value Literature value References

𝑉𝑡𝑟𝑝𝑖𝑛 Neutral amino acid transporter
𝐾𝑚 330 64 [40]
𝑉𝑚𝑎𝑥 9000 a

𝑉POOL Linear exchange between 𝑡𝑟𝑝 and 𝑝𝑜𝑜𝑙
𝑘𝑡𝑜𝑝𝑜𝑜𝑙 9 a

𝑘𝑓𝑟𝑜𝑚𝑝𝑜𝑜𝑙 0.6 a

𝑉TPH Tryptophan hydroxylase
𝐾𝑡𝑟𝑝 40 40 [46]
𝑉𝑚𝑎𝑥 695 a

𝐾𝑖 (substrate inhibition) 1000 970 [46]
𝑉AADC Aromatic amino acid decarboxylase

𝐾𝑚 160 160 [47]
𝑉𝑚𝑎𝑥 900 a

𝑉HTcatab Catabolism of serotonin
𝐾𝑚 95 94–95 [48,49]
𝑉𝑚𝑎𝑥 568 a

𝑉AANAT Arylalkylamine-N-acetyltransferase
𝐾𝑚 1235 338–1235 [43,50]
𝑉𝑚𝑎𝑥 (day) 62.5 a

𝑉𝑚𝑎𝑥 (night) 29*(62.5) a

𝑉HIOMT Hydroxyindole-O-methyltransferase
𝐾𝑚 40 7.7–100 [43,51]
𝑉𝑚𝑎𝑥 (day) 336 a

𝑉𝑚𝑎𝑥 (night) (1.3)*336 a

Catabolism
𝑘𝑐𝑎𝑡𝑎𝑏𝑡𝑟𝑝 1 a

𝑘𝑐𝑎𝑡𝑎𝑏𝑝𝑜𝑜𝑙 2 a

𝑘𝑐𝑎𝑡𝑎𝑏𝑐𝑎5ℎ𝑡 1 a

𝑘𝑐𝑎𝑡𝑎𝑏𝑐𝑚𝑒𝑙 2.3 a

𝑘𝑐𝑎𝑡𝑎𝑏𝑏𝑚𝑒𝑙 7 a

𝑘𝑐𝑎𝑡𝑎𝑏𝑐𝑠𝑓𝑚𝑒𝑙 7 a

a See text.
rrows in Fig. 1). In our model, the clock starts at 12 noon and ‘‘dark’’
s from 8 pm until 6 am. We do not model the pathway from the SCN
o the pineal explicitly, but, instead, multiply the 𝑉𝑚𝑎𝑥 of 𝑉AANAT and
𝑉HIOMT by the following functions, respectively:

𝐴𝑇 (𝑡) =

⎧

⎪

⎨

⎪

⎩

1 if 0 ≤ 𝑡 < 8,

1 + (28) (𝑡−8)2

15+(𝑡−8)2 if 8 ≤ 𝑡 ≤ 18,

1 + (24)𝑒−10(𝑡−18) if 18 < 𝑡.

𝐻𝑂(𝑡) =

⎧

⎪

⎨

⎪

⎩

1 if 0 ≤ 𝑡 < 8,
1 + (.3) (𝑡−8)

2+(𝑡−8) if 8 ≤ 𝑡 ≤ 18,

1 if 18 < 𝑡.

These two functions can be seen in the differential equations above.
Therefore, in the model the activity of 𝐴𝐴𝑁𝐴𝑇 can increase by a
maximal factor of 29 and the activity of 𝐻𝐼𝑂𝑀𝑇 can increase by a
maximal factor of 0.3, corresponding to the ranges of values indicated
in the literature [12,33,42,43].

Finally, cytosolic melatonin in pineal cells diffuses into the plasma
and into the CSF as indicated explicitly in the 6th, 7th, and 8th differ-
ential equations (labeled (6), (8), (9)). The extra large factors in these
equations reflect the differences in volumes of the pineal (0.2 ml) [44],
the plasma (3000 ml), and the CSF (100 ml) [45].

2.2. The molecular clock model

The circadian clock model used in this paper is adapted from
previous work [37–39]. BMAL1-CLOCK (𝐵𝐶) activates the transcrip-
tion of PER. The variables 𝑃1 to 𝑃4 represent PER proteins that are
progressively phosphorylated. 𝑆 represents a precursor to 𝐵𝐶, which
can be thought of as Bmal1 mRNA. Orphan nuclear receptors REV-ERBs
(𝑅𝐸𝑉 ) inhibit 𝑆 and retinoic acid-related orphan receptors (RORs)
activate 𝑆. All the variables in the molecular clock model are listed

in Table 3.
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Table 3
Names of variables.

Variables Full name

𝑃𝑖 PERIOD (PER) proteins
𝐵𝐶 BMAL1-CLOCK heterodimer
𝑆 Bmal1 mRNA
𝑅𝐸𝑉 Orphan nuclear receptors REV-ERBs
𝑅𝑂𝑅 Retinoic acid-related orphan receptors (RORs)
𝑀𝑐𝑠𝑓 Normalized CSF melatonin
𝑀𝑑𝑜𝑠𝑒 Melatonin dose

The production term for 𝑃1 depends on 𝑓 (𝐵𝐶, 𝑃4), the concentration
of available 𝐵𝐶 not bound to the inhibitor 𝑃4; see Eqs. (10) and (14).
𝑓 (𝐵𝐶, 𝑃4) is a simplification of the protein sequestration model used
in [52–54] and derived in [55,56]. We assume tight binding of 𝑃4 to
𝐵𝐶.

𝑓 (𝐵𝐶, 𝑃4) =
𝐵𝐶 − 𝑃4 + |𝐵𝐶 − 𝑃4|

2
=

{

𝐵𝐶 − 𝑃4 𝐵𝐶 > 𝑃4
0 𝐵𝐶 ≤ 𝑃4.

(10)

Light stimulates the expression of Per genes in the SCN [57–59].
The mathematical model with light input is in one of two states (light
or dark) depending on time.

𝐿(𝑡) =

⎧

⎪

⎨

⎪

⎩

1.3 if 0 ≤ mod(𝑡, 24) < 8
0.7 if 8 ≤ mod(𝑡, 24) < 18
1.3 if 18 < mod(𝑡, 24).

(11)

In Section 3.4 we study the phase-shifting effects of melatonin
administration on the circadian clock. 𝑀𝑐𝑠𝑓 (𝑡) denotes the melatonin
signal from csfmel, normalized to the mean concentration. Melatonin
administered at subjective dusk is known to stimulate Per expres-
sion [60]. 𝑃1 in the model is periodically forced by both the melatonin
signal and a light signal; see Eq. (14). It is also known that mela-
tonin stimulates ROR activity, contributing to the upregulation of

Bmal1 [61]. This effect is captured in Eq. (19). In Section 3.4 we will
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see that the influence of melatonin on Per transcription (Eq. (14)) alone
is strong enough to explain the phase-shifting response of the circadian
clock to melatonin administration.

The complete set of differential equations for the circadian clock
with melatonin input is given by

𝑀𝑡𝑜𝑡𝑎𝑙(𝑡) = 𝑀𝑠𝑐𝑛(𝑡) +𝑀𝑑𝑜𝑠𝑒(𝑡) (12)
𝑑𝑀𝑑𝑜𝑠𝑒

𝑑𝑡
= −3 ln 2

2
𝑀𝑑𝑜𝑠𝑒 (13)

𝑑𝑃1
𝑑𝑡

= 𝑀𝑡𝑜𝑡𝑎𝑙(𝑡) + 𝑟1𝐿(𝑡)𝑓 (𝐵𝐶, 𝑃4) − 𝑟2𝑃1 (14)
𝑑𝑃2
𝑑𝑡

= 𝑟2𝑃1 − 𝑟3𝑃2 (15)
𝑑𝑃3
𝑑𝑡

= 𝑟3𝑃2 − 𝑟4𝑃3 (16)
𝑑𝑃4
𝑑𝑡

= 𝑟4𝑃3 − 𝑑4𝑃4 (17)
𝑑𝐵𝐶
𝑑𝑡

= 𝛽𝑏𝑐𝑆 − 𝑑𝑏𝑐𝐵𝐶 (18)

𝑑𝑆
𝑑𝑡

= 𝛽 + 𝛼𝑓 (𝑆,𝑅𝐸𝑉 ) ⋅
𝑅𝑂𝑅(1 +𝑀𝑡𝑜𝑡𝑎𝑙(𝑡))

2
− 𝑑𝑠𝑆 (19)

𝑑𝑅𝐸𝑉
𝑑𝑡

= 𝑟𝑟𝑒𝑣𝑓 (𝐵𝐶, 𝑃4) − 𝑑𝑟𝑒𝑣𝑅𝐸𝑉 (20)
𝑑𝑅𝑂𝑅
𝑑𝑡

= 𝑟𝑟𝑜𝑟𝑓 (𝐵𝐶, 𝑃4) − 𝑑𝑟𝑜𝑟𝑅𝑂𝑅. (21)

In the model, we administer melatonin doses through the function
𝑑𝑜𝑠𝑒(𝑡). Administered melatonin 𝑀𝑑𝑜𝑠𝑒 is taken to have a half-life of

0 min [13]. 𝑀𝑠𝑐𝑛 is simplistically taken to be a normalized average of
𝑚𝑒𝑙 and csfmel, 𝑀𝑠𝑐𝑛 =

𝑀−𝑚𝑒𝑎𝑛(𝑀)
𝑚𝑎𝑥(𝑀)−𝑚𝑖𝑛(𝑀) , where 𝑀 is the average of 𝑏𝑚𝑒𝑙

and csfmel. We measure the phase-shifting effects of melatonin doses on
the SCN molecular clock by nonlinear least-squares fitting functions of
the form 𝑔(𝑡) = 𝑎 cos(𝑏𝑡− 𝑐) + 𝑑 to 𝑃2(𝑡) with and without the melatonin
ose for a period of 24 h after administration. Then, we use the
inddelay function in MATLAB to approximate their phase difference
uring the 24 h after melatonin administration, where positive values
ndicate a phase advance and negative values indicate a phase delay.

. Results

.1. Synthesis of melatonin

In the 1970’s, Klein published what has become an iconic fig-
re describing the synthesis of melatonin and how enzyme activities
nd the levels of melatonin and its precursors depend on day and
ight [12,33–35]. During darkness, neurons in the SCN stimulate the
araventricular nucleus (PVN), which results in the firing of cells in the
uperior cervical ganglia (SCG) that project to the pineal gland where
hey release norepinephrine in the extracellular space. The result is a
ery large increase in activity of the enzyme AANAT (20–30 fold) and
modest increase in the enzyme HIOMT (30%). These increases in

nzyme activities cause the pineal cells to produce large amounts of
elatonin via the pathway in Fig. 1 during darkness. As described in
ethods, we do not model the details of the pathway from the SCN to

he pineal, but, instead, simply assume the upregulation of AANAT and
IOMT during darkness. The results can be seen in Fig. 2 that shows

he cellular, blood and cerebrospinal fluid concentrations throughout
ay and night. We start our day at noon (t = 0) and darkness is from
pm (t = 8) until 6 am (t = 18).

The shapes of the curves in Fig. 2 are quite similar to the Klein data
isplayed in [12,33–35], however their y-axes are in log units and we
eport velocities in Panels B and D while they report ‘‘enzyme activity’’
easured at a fixed concentration of their respective substrates. Pineal

ells have high concentrations of serotonin during the day (500 μM as
compared to 2 μM in the cytosol of serotonin varicosities [41]) and are
quite depleted at night (panel A). The velocity of the AANAT reaction
rises quickly after dark begins and drops quickly in the morning (Panel
B). The concentration of 𝑛𝑎𝑠 follows a similar pattern (Panel C) but
 m
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Table 4
Day-night values of variables.

Model(day) Model(night) Exper(day) Exper(night) Reference

𝑐ℎ𝑡 (μM) 506 140 500 150 [33]
𝑛𝑎𝑠 (μM) 3.6 49 3 40 [33]
𝑐𝑚𝑒𝑙 (μM) 3.5 26.6 2 30 [33]
𝑏𝑚𝑒𝑙 (pM) 64.3 496 20–70 350–550 [62]
csfmel (pM) 18.7 173 8–20 120–180 [63–65]

does not rise as much because the concentration of 𝑐ℎ𝑡 falls during the
night. Even though the activity of HIOMT only rises by 30% at night,
the velocity of the HIOMT reaction follows the same pattern (Panel D)
because it is driven by the rise in 𝑛𝑎𝑠. Cytosolic melatonin (Panel E)
and blood and CSF melatonin (Panel F) show the same pattern, though
note that 𝑏𝑚𝑒𝑙 and csfmel are in picomolar. The sharp rise, relatively flat
concentrations during night, and sharp fall in the morning are caused
by our assumptions about the rapid rise and decay of AANAT activity.
Some animals show slower rise and more rounded profiles [35]; these
can be obtained by changing the rise and fall rates of AANAT activity.
Overall, the day and night values of the concentrations in our model
are similar to the values in the experimental literature; see Table 4.

The wide ranges of blood melatonin and CSF melatonin in the
literature are because measurements are made on different mammals
and there are large species and individual differences [66]. We give
the day and night values for the fixed model used for Figs. 2, 3, and
4. By varying parameters, we would obtain ranges instead of specific
values.

3.2. Dependence on the activity of AANAT

Since melatonin is synthesized from serotonin, a large number of
genetic studies have found associations between gene polymorphisms
in AANAT and affective disorders, dysregulation of the sleep-wake
cycle, and other disorders. For example, Pagan et al. [67] reports on the
relationship between AANAT activity and blood melatonin in normal
and autism spectrum patients.

Kripke et al. [68] report on clear relations between AANAT poly-
morphisms and sleep disorders but a more nuanced relationship to
affective disorders. Rabstein et al. [69] report an increased risk of
breast cancer in night workers and AANAT polymorphisms. Zienold-
diny et al. [70] also reported that variant SNPs in AANAT are associated
with an increased risk of breast cancer in night shift workers. Sekine
et al. [71] found a large number of AANAT polymorphisms in the
Japanese population.

Pereira et al. [72] have suggested that excessive melatonin produc-
tion in winter months may reduce tryptophan concentrations in the
blood and thereby cause seasonal affective disorder. All of these reports
indicate that it is important to understand the relationship between the
activity of AANAT and melatonin in the blood and CSF, which is easy to
compute in the model. Fig. 3 shows the model concentrations at steady
state of 𝑏𝑚𝑒𝑙 and csfmel as a function of the relative activity of AANAT
as this activity ranges from 1 (day) to 29 (night). As expected, the
concentrations rise as AANAT activity rises but note that the rise is not
linear, but the slope is smaller at higher AANAT vales. This is because
the depletion of 5ℎ𝑡 partially counteracts the increase in activity of

ANAT. Note that during the dynamic simulation in Fig. 2, the 5ℎ𝑡
oncentration drops dramatically at night.

.3. The effect of bright light at night

It has been known since the early papers of Klein [33] that bright
ight at night causes the melatonin concentration in the blood to
ecrease rapidly. Since then, it has become clear that this not just an
nnoyance, but that exposure to light, especially bright light, at night
ay have serious health consequences. A number of epidemiological
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Fig. 2. Dynamic changes in melatonin synthesis. During the day, serotonin is very high in pineal cells but is drawn down to 150 μM at night (Panel A). The upregulation
of AANAT by norepinephrine at night causes the velocity of the AANAT reaction to be eight-fold higher at night (Panel B). The product of the AANAT reaction is nas, whose
concentration shows the same pattern (Panel C). The velocity of the HIOMT reaction (panel D) is driven partly by the modest increase in HIOMT activity but mostly by the
increase in its substrate 𝑛𝑎𝑠. Melatonin is produced by the HIOMT reaction (panel E) and has the same shape, as do blood melatonin and CSF melatonin (Panel F). In our model,
Time = 0 is 12 noon.
Fig. 3. Dependence on AANAT. The curves show the concentrations of 𝑏𝑚𝑒𝑙 (red) and
csfmel (green) as a function of the relative activity of AANAT.

studies have shown an association of bright light exposure at night with
cancer, especially breast cancer [73]. Normal human blood pressure
dips at night and this dip is attenuated by bright light, which may
therefore affect cardio-vascular diseases [74,75]. Finally, melatonin has
5 
profound effects on the neuroendocrine-reproductive axis in mammals
and therefore probably in humans [73,76]. Thus, the effect of bright
light at night is an important area of biological and medical research,
and it also provides an opportunity to test our model against clinical
data.

Czeisler et al. [36] investigated the effect of bright light (for 90 min)
in the middle of the night on blood melatonin in blind and normal
subjects. Bright light inhibits the stimulation of the PVN by the SCN
and thereby eliminates the stimulation of AANAT by norepinephrine.
We model this by setting the increased nighttime stimulation of AANAT
back to its daytime value for 90 min starting at 1 am. The model result
can be compared to Czeisler’s observations for normal subjects in Fig. 4.

The model curve in Panel B is very similar to the clinical curve
in Panel A. No parameters were changed in the model; we used the
same model that produced the curves in Figs. 2 and 3. The melatonin
concentrations in the clinic and in the model decrease rapidly when
lights are turned on and then increases rapidly when lights are turned
off with similar slopes. We note that our model blood melatonin
concentrations are approximately 500 μM, consistent with other clinical
data but higher than the clinical curve in Fig. 3A.

3.4. Melatonin phase response curve

Exogenous melatonin is widely used to manage the symptoms of
jet lag and sleep disorders, having been shown to entrain circadian
rhythms in the SCN [60,77]. The ideal timing of melatonin depends on
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Fig. 4. The effect of bright light at night. Panel A shows the average blood melatonin concentration of six normal subjects exposed to bright light (white bar) for 90 min redrawn
from [36]. Panel B shows the result of a similar experiment in the model where the activity of AANAT was set back to its low daytime value for 90 min starting at 1 am. As in
our other simulations, night runs from 8 pm to 6 am. In our model, Time = 0 is 12 noon. See text for discussion.
Fig. 5. Melatonin phase response curve (PRC). In the model, we administer melatonin
daily at the same time each day for 49 timepoints between 𝑡 = 3 and 𝑡 = 27. Melatonin
administration between 𝑡 = 3.5 and 𝑡 = 11.5 phase advances the circadian clock while
melatonin administration between 𝑡 = 16 and 𝑡 = 27 phase delays the circadian clock.
There is a ‘‘dead zone’’ in between when melatonin administration has no effect on
the circadian phase. Removing the influence of melatonin on Bmal1 via ROR does not
significantly change the shape of the PRC. In our model, Time = 0 is 12 noon.

its phase response curve (PRC) which plots the resulting phase shift for
melatonin doses given at different times. Experimentally derived PRCs
generally show that melatonin taken late afternoon or early evening
phase advances circadian rhythms while melatonin taken late evening
or early morning phase delays circadian rhythms [13,77–80], though
the precise timing seems to depend on the dose [81]. It has also been
observed experimentally that the melatonin PRC has a ‘‘dead zone’’
during the dark phase when exogenous melatonin has little to no effect
on the phase of the circadian clock [78].

We couple our mathematical model for melatonin synthesis into
our molecular clock model to understand how doses of melatonin
temporarily influence circadian phase. It has been found that melatonin
induces an increase in Per expression levels and this mechanism is
likely important for phase-resetting [60]. There is also some evidence
that melatonin influences the molecular clock by stimulating Bmal1
transcription, although the mechanism remains debated [61]. In our
mathematical model, we incorporate both mechanisms. We add a mela-
tonin signal to the equations for both 𝑃1 and 𝑆. Then, we administer
melatonin at different times of the day and measure the average phase
shift in PER (𝑃2) over the next 24 h to obtain a PRC; see Fig. 5.

Surprisingly, we find that the influence of melatonin on Per alone
explains the shape of the phase response curve found in experiments,
with a ‘‘dead zone’’ in the middle of the dark phase when melatonin
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does not phase shift the molecular clock. We find that our model mela-
tonin doses advance the molecular clock when administered between
𝑡 = 3.5 and 𝑡 = 11.5 and delay the clock when administered between
𝑡 = 16 and 𝑡 = 27. We additionally compute the PRC after removing
the influence of melatonin on 𝑆, by setting 𝑀𝑡𝑜𝑡𝑎𝑙 = 0 in Eq. (19).
This does not significantly change the shape of the PRC; see Fig. 5.
Our model results suggest that the phase-shifting effects of melatonin
largely depend on its stimulation of Per transcription.

The exact timing depends on individual parameters. There is large
inter-individual variability in melatonin secretion profiles [82] as well
as individual differences in the response to exogenous melatonin [83],
and the model can be used to study which parameters contribute to
these inter-individual differences.

4. Discussion

No mathematical model can capture the full complexity of the
biology that it seeks to understand and explain. Notably, our model
does not include the details of the neural projections from the SCN
to the PVN and from the PVN to the extracellular space in the pineal,
releasing norepinephrine that upregulates AANAT and HIOMT. While
it has been known for some time that clock genes are expressed in the
pineal gland [84], how this local clock interacts with the signal from the
SCN to affect oscillating melatonin levels is still being explored [85].
Secondly, gene expression levels between individuals vary on the order
of 25% [86–88], and thus our model should be considered as a model
for an average person, but not necessarily any particular individual.

The phase-resetting effects of light on circadian rhythms are well
studied [89–91]. These models can be used to determine how long
it takes the circadian clock to re-entrain during jet lag [92] and
predict optimal times for light exposure to reset the circadian clock
quickly [93]. Similar modeling approaches were used to study the
phase-resetting effects of melatonin doses on circadian rhythms [27].
However, all of these studies use a simplified circadian model in the
form of a single pacemaker. To our knowledge, our mathematical
model is the first to describe the effects of melatonin doses on specific
circadian genes and proteins in the molecular clock. In the model,
we can explain the phase-shifting effects of melatonin on circadian
rhythms as a consequence of the intracellular mechanism by which
melatonin stimulates Per expression. We are even able to capture the
‘‘dead zone’’ of the melatonin PRC often observed in experiments [13]
and not reproduced in other models [27].

Pineal melatonin hormone acts to integrate behavioral and physio-
logical processes with respect to circadian timing through its effects on
numerous peripheral systems [13]. Melatonin helps shape the circadian
variation of energy metabolism, in part through its effects on the
pancreas, liver, and white adipose tissue. In rodents, melatonin controls
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clock gene expression in white adipose tissue, regulating the timing
of lipolysis, lipogenesis, leptin production, and adipocyte prolifera-
tion [94]; this seems to be the case for humans as well [95]. It affects
the circadian rhythmicity of pancreatic beta cells and may play a role in
sensitizing these cells to glucagon-like peptide 1 (GLP-1) [96], causing
the release of increased insulin. Melatonin also suppresses glucose pro-
duction in the liver during the active period [13,97]. Melatonin appears
to play a chronobiotic role in adrenal glands [98], cardiomyocytes [99],
the retina [100], and likely does so in numerous other cell types. The
model that we have developed accounts for the production of melatonin
and cross-talk between the SCN and the pineal gland, and can be
expanded to study the effects of melatonin on these other tissues.

The authors have studied sex differences in one-carbon metabolism
[101,102] and glutathione metabolism [103] in the liver and explained
large differences between men and menstruating females caused by
androgens and estrogens. It is known that there are behavioral sex
differences in circadian rhythms. Women tend to go to bed earlier and
wake up earlier than men and are more likely to identify as morning
types [104]. In addition, women seem to be more affected by night
shift work than men, with an increased risk of work injury for women
working nonstandard shifts for an extended period of time [105,106].
This suggests that androgens and estrogens may affect the pineal gland
and the SCN. Indeed, early work showed that estradiol affects MAO in
the pineal [107], protein synthesis and the activity of HIOMT [108],
and that both estradiol and androgen affect pineal metabolism [109].
Later studies showed that the length of the melatonin signal drives
the timing of reproduction in ewes [110] by affecting the frequency of
LH pulses [111]. Much of this early work is reviewed in [112]. More
recent work has emphasized the complicated crosstalk between the
melatonin system and the hypothalamic-pituitary-gonadal axis [113,
114]. In addition, although most circadian research has involved only
male animals [115], it has been known for decades that there are sex
differences within the SCN, with human females having greater relative
volume and rostrocaudal axis length [116]. The catalog of known
sexual dimorphisms within the SCN continues to grow, including levels
of expression of a peptide important for coupling SCN neurons [117],
electrical properties (and therefore activity) of SCN neurons [118], and
levels of androgen [119] and estrogen [120] receptors. Among the
possible implications of these differences is that females may more
readily respond to environmental [115] or central [121] cues that
phase shift the SCN clock. In future work, the authors plan to extend
the mathematical model in this paper to study sex differences in the
pineal gland and the SCN.

CRediT authorship contribution statement

Janet Best: Conceptualization, Investigation, Methodology, Writing
– original draft, Writing – review & editing. Ruby Kim: Conceptual-
zation, Investigation, Methodology, Software, Writing – original draft.
ichael Reed: Conceptualization, Investigation, Methodology, Soft-
are, Writing – original draft, Writing – review & editing. H. Frederik
ijhout: Conceptualization, Investigation, Methodology, Visualization.

eclaration of competing interest

The authors affirm that we have no conflicting or competing inter-
sts that could influence this work.

ata availability

The Matlab code used for this research is available by request from
he authors.

cknowledgments

RK thanks Danny Forger for helpful discussions about circadian

hythms and melatonin.

7 
Funding

RK was supported by NIMH, United States R0101459 and NSF DMS
grant 2052499.

References

[1] V. Mountcastle, Medical Physiologyy, vol. I, C. V. Mosby Company, St. Louis,
1980.

[2] E. Challet, Keeping circadian time with hormones, Diabetes Obes. Metab.
17-supp. 1 (2015) 76–83.

[3] R. Sack, D. Auckley, R. Auger, M. Carskadon, K. Wright, M. Vitiello, I.
Zhdanova, Circadian rhythm sleep disorders: Part I, basic principles, shift work
and jet lag disorders, Sleep 30 (11) (2007) 1460–1483.

[4] R. Sack, D. Auckley, R. Auger, M. Carskadon, K. Wright, M. Vitiello, I.
Zhdanova, Circadian rhythm sleep disorders: Part II, advanced sleep phase
disorder, delayed sleep phase disorder, free-running disorder, and irregular
sleep-wake rhythm, Sleep 30 (11) (2007) 1484–1501.

[5] M. McCarthy, D. Welsh, Cellular circadian clocks in mood disorders, J. Biol.
Rhythms 27 (5) (2012) 339–352.

[6] R. Moore, The suprachiamatic nucleus and the organization of a circadian
system, Trends Neurosci. 5 (1982) 404–407.

[7] R.-C. Huang, The dicoveries of molecular mechanisms for the circadian rhythm:
the 2017 nobel prize in physiology or medicine, Biomed. J. 41 (1) (2018) 5–8.

[8] A. Starnes, J. Jones, Inputs and outputs of the mammalian circadian clock,
Biology 12 (4) (2023) 1–21.

[9] U. Albrecht, Timing to perfection: The biology of central and peripheral
circadian clocks, Neuron 74 (2012) 246–260.

[10] W. Engeland, M. Arnhold, Neural circuitry in the regulation of adrenal
corticosterone rhythmicity, Endocrine 28 (3) (2005) 325–331.

[11] S. Kirioglu, Y. Balcioglu, Chronobiology revisited in psychiatric disorders: from
a traslational perspective, Psychiatry Invest. 17 (8) (2020) 725–743.

[12] S. Ganguly, S. Coon, D. Klein, Control of melatonin synthesis in the mammalian
pineal gland: the critical role of serotonin acetylation, Cell Tissue Res. 309
(2002) 127–137.

[13] J. Cipolla-Neto, F.G.d. Amaral, Melatonin as a Hormone: New Physiological
and Clinical Insights, Endocr. Rev. 39 (6) (2018) 990–1028, http://dx.doi.
org/10.1210/er.2018-00084, arXiv:https://academic.oup.com/edrv/article-pdf/
39/6/990/26575209/er.2018-00084.pdf.

[14] D.B. Forger, C.S. Peskin, A detailed predictive model of the mammalian
circadian clock, Proc. Natl. Acad. Sci. USA 100 (25) (2003) 14806–14811.

[15] D.B. Forger, Biological Clocks, Rhythms, and Oscillations, The MIT Press,
Cambridge, Massachusetts, 2017.

[16] C. Liu, D. Weaver, S. Strogatz, S. Reppert, Cellular construction of a circadian
clock: period determination in the suprachiasmatic nuclei, Cell 91 (1997)
855–860.

[17] D. Gonze, S. Bernard, C. Waltermann, A. Kramer, H. Herzel, Spontaneous
synchronization of coupled circadian oscillators, Biophys. J. 89 (2005) 120–129.

[18] C.I. Hong, E.D. Conrad, J.J. Tyson, A proposal for robust temperature com-
pensation of circadian rhythms, Proc. Natl. Acad. Sci. USA 104 (4) (2007)
1195–1200.

[19] P. Kidd, M. Young, E. Siggia, Temperature compensation and temperature
sensation in the circadian clock, Proc. Natl. Acad. Sci. USA 112 (46) (2005)
E6284–E6292.

[20] P. Francois, N. Despierre, E. Siggia, Adaptive temperature compensation in
circadian oscillations, PLoS Comput. Biol. 8 (7) (2012) e1002585.

[21] P. Ruoff, L. Rensing, The temperature-compensated goodwin model simulates
many circadian clock properties, J. Theoret. Biol. 179 (1996) 275–285.

[22] G. Kurosawa, Y. Iwasa, Temperature compensation in circadian clock models,
J. Theoret. Biol. 233 (2005) 453–468.

[23] M. Zhou, J.K. Kim, G.W.L. Eng, D.B. Forger, D.M. Virshup, A Period2 phospho-
switch regulates and temperature compensates circadian period, Mol. Cell 60
(2015) 77–88.

[24] K.M. Hannay, V. Booth, D.B. Forger, Macroscopic models for human circadian
rhythms, J. Biol. Rhythms 34 (6) (2019) 658–671.

[25] E. Brown, Y. Choe, T. Shanahan, C. Czeisler, A mathematical model of diurnal
variatioins in human plasma melatonin levels, Amer. J. Physiol. 272 (1997)
E506–E516.

[26] M.S. Hilaire, C. Gronfier, J. Zeitzer, E. Klerman, A physiologically based mathe-
matical model of melatonin including ocular light suppression and interactions
with the circadian pacemaker, J. Pineal Res. 43 (2007) 294–304.

[27] E. Breslow, A. Phillips, J. Huang, M.S. Hilaire, E. Klerman, A mathematical
model of the circadian phase shifting effects of exogenous melatonin, J. Biol.
Rhythms 28 (1) (2013) 79–89.

[28] J. Paprocka, M. Kijonka, M. Pecka, M. Sokol, Melatonin in epilepsy: A new
mathematical model of diurnal secretion, Int. J. Endocrinol. 2016 (2016) 1–8.

[29] G. Blumenthal, M. Kohn, C. Poirtier, A mathematical model of production,
distributioin, and metabolism of melatonin in mammalian systems, Toxicol.
Appl. Pharmacol. 147 (1997) 83–92.

http://refhub.elsevier.com/S0025-5564(24)00140-8/sb1
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb1
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb1
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb2
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb2
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb2
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb3
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb3
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb3
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb3
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb3
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb4
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb4
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb4
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb4
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb4
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb4
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb4
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb5
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb5
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb5
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb6
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb6
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb6
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb7
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb7
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb7
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb8
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb8
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb8
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb9
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb9
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb9
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb10
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb10
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb10
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb11
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb11
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb11
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb12
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb12
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb12
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb12
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb12
http://dx.doi.org/10.1210/er.2018-00084
http://dx.doi.org/10.1210/er.2018-00084
http://dx.doi.org/10.1210/er.2018-00084
https://academic.oup.com/edrv/article-pdf/39/6/990/26575209/er.2018-00084.pdf
https://academic.oup.com/edrv/article-pdf/39/6/990/26575209/er.2018-00084.pdf
https://academic.oup.com/edrv/article-pdf/39/6/990/26575209/er.2018-00084.pdf
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb14
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb14
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb14
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb15
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb15
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb15
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb16
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb16
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb16
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb16
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb16
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb17
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb17
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb17
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb18
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb18
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb18
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb18
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb18
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb19
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb19
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb19
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb19
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb19
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb20
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb20
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb20
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb21
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb21
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb21
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb22
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb22
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb22
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb23
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb23
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb23
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb23
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb23
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb24
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb24
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb24
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb25
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb25
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb25
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb25
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb25
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb26
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb26
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb26
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb26
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb26
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb27
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb27
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb27
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb27
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb27
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb28
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb28
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb28
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb29
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb29
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb29
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb29
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb29


J. Best et al. Mathematical Biosciences 377 (2024) 109280 
[30] C. Thompson, Y. Tanga, A. Wood, A mathematical model for the mammalian
melatonin rhythm, Phys. A 296 (2001) 293–306.

[31] H. Peng, F. Bouak, O. Vartanian, B. Cheung, A physiologically based pharma-
cokinetics model for melatonin-effects of light and routes of administration, Int.
J. Pharmaceut. 458 (2013) 156–168.

[32] A. Leonidov, Model of control of diurnal melatonin secretion by solar radiation,
Biophysics 59 (4) (2014) 658–671.

[33] D. Klein, in: F. Schmitt, F. Worden (Eds.), The Neurosciences: Third Study
Program, no. 43, MIT Press, Cambridge, MA, 1974, pp. 509–516, (Chapter
Circadian rhythms in indole metabolism in the rat pineal gland).

[34] D. Klein, in: D. Evered, S. Clark (Eds.), Photoperiodism, Melatonin and
the Pineal, Ciba Foundation, 1985, (Chapter Photoneural regulation of the
mammalian pineal gland).

[35] R. Reiter, Pineal melatonin: Cell biology of its synthesis and of its physiological
interactions, Endocr. Rev. 12 (1991) 151–180.

[36] C.C. et al., Suppression of melatonin secretion in some lind patients by exposure
to bright light, NE J. Med. 322 (1995) 6–11.

[37] R. Kim, M.C. Reed, A mathematical model of circadian rhythms and dopamine,
Theor. Biol. Med. Model. 18 (8) (2021) 1–15.

[38] R. Kim, T.P. Witelski, Uncovering the dynamics of a circadian-dopamine model
influenced by the light-dark cycle, Math. Biosci. 344 (108764) (2022).

[39] R. Kim, H.F. Nijhout, M.C. Reed, Mathematical insights into the role of
dopamine signaling in circadian entrainment, Math. Biosci. 356 (2023) 108956,
http://dx.doi.org/10.1016/j.mbs.2022.108956, URL https://www.sciencedirect.
com/science/article/pii/S0025556422001456.

[40] M. Kilberg, D. Haussinger, Mammalian Amino Acid Transport, Mechanisms and
Control, Plenum Pr., New York, 1992.

[41] J. Best, W. Duncan, F. Sadre-Marandi, P. Hashemi, H.F. Nijhout, M. Reed,
Autoreceptor control of serotonin dynamics, BMC Neurosci. 21 (2020) 40.

[42] Y. Yamanaka, Y. Yamada, K. Homma, S. Honma, Cryptochrome deficiency
enhances transcription but reduces protein levels of pineal aanat, J. Mol.
Endocrinol. 61 (2018) 219–229.

[43] C. Ribelayga, P. Pevet, V. Simonneaux, HIOMT drives the photoperiodic changes
in theamplitude of the melatonin peak of the Siberian hamster, Amer. J. Physiol.
278 (2000) R1339–R1345.

[44] B. Diehl, U. Heidbuchel, H. Walker, L. Vollrath, Day/night changes of pineal
gland volume and pinealocyte nuclear size assessed over 10 consecutive dayv,
J. Neural Transm. 60 (1984) 19–29.

[45] V. Leinonen, R. Vanninen, T. Rauramaa, Cerebrospinal fluid circulation and
hydrocephalus, Handb. Clin. Neurol. Neuropathol. 145 (2008) 39–50.

[46] J. McKinney, P.M. Knappskog, J. Haavik, Different properties of the central and
peripheral forms of human tryptophan hydroxylase, J. Neurochem. 92 (2005)
311–320.

[47] C. Sumi, H. Ichinose, T. Nagatsu, Characterization of recombinant human
aromatic L-amino acid decarboxylase expressed in COS cells, J. Neurochem.
55 (1990) 1075–1078.

[48] C.J. Fowler, S.B. Ross, Selective inhibitors of monoamine oxidase A and B:
biochemical, pharmacological, and clinical properties, Med. Res. Rev. 4 (3)
(1984) 323–358.

[49] J. Gottowik, A.M. Cesura, P. Malherbe, G. Lang, M.D. Prada, Characterisation of
wild-type and mutant forms of human monoamine oxidase A and B expressed
in a mammalian cell line, Fed. Eur. Biochem. Soc. 317 (1–2) (1993) 152–156.

[50] G.F. et al., Substrate specificity and inhibition studies of human serotonin
N-acetyltransferase, J. Biol. Chem. 275 (12) (2000) 8794–8805.

[51] I. Nir, N. Hirschmann, F. Sulman, Inhibition of pineal hydroxyindole-o-methyl
transferase by pyridoxal-5-phosphate, Biochem. Pharmacol. 25 (1976) 581–583.

[52] J.K. Kim, D.B. Forger, A mechanism for robust circadian timekeeping via
stoichiometric balance, Mol. Syst. Biol. 8 (630) (2012) 1–14.

[53] M. Zhou, J.K. Kim, G.W.L. Eng, D.B. Forger, D.M. Virshup, A Period2 phospho-
switch regulates and temperature compensates circadian period, Mol. Cell 60
(2015) 77–88.

[54] R. Narasimamurthy, S.R. Hunt, Y. Luc, J.-M. Fustin, H. Okamura, C.L. Partch,
D.B. Forger, J.K. Kim, D.M. Virshup, CK1𝛿/e protein kinase primes the PER2
circadian phosphoswitch, Proc. Natl. Acad. Sci. 115 (23) (2018) 5986–5991.

[55] N.E. Buchler, M. Louis, Molecular titration and ultrasensitivity in regulatory
networks, J. Mol. Biol. 384 (5) (2008) 1106–1119.

[56] T. Silverthorne, E.S. Oh, A.R. Stinchcombe, Promoter methylation in a mixed
feedback loop circadian clock model, Phys. Rev. E 105 (2022) 034411, http:
//dx.doi.org/10.1103/PhysRevE.105.034411, URL https://link.aps.org/doi/10.
1103/PhysRevE.105.034411.

[57] C.S. Colwell, Linking neural activity and molecular oscillations in the SCN, Nat.
Rev. Neurosci. 12 (10) (2015) 553–569.

[58] D.A. Golombek, R.E. Rosenstein, Physiology of circadian entrainment, Physiol.
Rev. 90 (2009) 1063–1102.

[59] T.A. Bedrosian, R.J. Nelson, Timing of light exposure affects mood and brain
circuits, Transl. Psychiatry 7 (e1017) (2015) 1–9.

[60] P.C. Kandalepas, J.W. Mitchell, M.U. Gillette, Melatonin signal transduction
pathways require E-box-mediated transcription of Per1 and Per2 to reset the
SCN clock at dusk, PLoS One 11 (6) (2016) 1–18, http://dx.doi.org/10.1371/
journal.pone.0157824, URL https://doi.org/10.1371/journal.pone.0157824.
8 
[61] H. Ma, J. Kang, W. Fan, H. He, F. Huang, ROR: Nuclear receptor
for melatonin or not? Molecules 26 (9) (2021) http://dx.doi.org/10.3390/
molecules26092693, URL https://www.mdpi.com/1420-3049/26/9/2693.

[62] D. Kennaway, A. Voultsios, Circadian rhythm of free melatonin in human
plasma, J. Clin. Endocrin. Metab. 83 (1998) 1013–1015.

[63] L. Hedlund, M. Lischao, M. Rollag, G. Niswender, Melatonin: daily cycle in
plasma and cerebro-spinal fluid of calves, Science 195 (1977) 686–687.

[64] S. Reppert, M. Perlow, L. Tamarkin, D. Klein, A diurnal melatonin rhythm in
primate cerebrospinal fluid, Endocrinology 104 (1979) 295–301.

[65] M.P. an S. Reppert, L. Tamarkin, R. Wyatt, D. Klein, Photic regulation of the
melatonin rhythm: monkey and man are not the same, Brain Res. 182 (1980)
211–216.

[66] R. Schultens, B. van Munster, M. van Kempen, S. de Rooij, Physiological
melatonin levels in healthy older people: a systematic review, J. Psychosom.
Res. 86 (2016) 20–27.

[67] C.P. et al., Disruption of melatonin synthesis is associated with impaired 14-3-3
and mir-451 levels in patients with autism spectrum disorders, Nat. Sci. Rep.
7 (2017) 2096.

[68] D. Kripke, C. Nievergelt, G. Tranah, S. Murray, M. McCarthy, K. Rex, N. Parimi,
J. Kelso, Polymorphisms in melatonin synthesis pathways: possible influences
on depression, J. Circadian Rhythms 9 (8) (2011).

[69] S.R. et al., Polymorphisms in circadian genes, night work and breast cancer:
Results from the GENICA study, Chronobiol. Int. (2014) 1–8.

[70] S. Zienolddiny, A. Haugen, J.-A. Lie, H. Kjuus, K. Anmarkrud, K. Kjaerheim,
Analysis of polymorphisms in the circadianrelated genes and breast cancer risk
in norwegian nurses working night shifts, Breast Cancer Res. 15 (2013) R53.

[71] A. Sekine, S. Saito, A. Iida, Y. Mitsunobu, S. Higuichi, S. Harigae,
Y. Nakamura, Identification of single-nucleotide polymorphisms (SNPs) of
humann-acetyltransferase genes NAT1, NAT2, AANAT, ARD1, and L1CAM in
theJapanese population, J. Hum. Genet. 46 (2001) 314–319.

[72] J. Pereira, M. Hallinan, R. Alves, Secondary to excessive melatonin synthesis,
the consumption of tryptophan from outside the blood-brain barrier and mela-
tonin oversignaling in the pars tuberalis may be central to the pathophysiology
of winter depression, Med. Hypotheses 98 (2017) 69–75.

[73] R. Reiter, D. Tan, E. Sanchez-Barcelo, M. Mediavilla, E. Gotto, A. Korkmaz,
Circadian mechanisms in the regulation of melatonin synthesis: disruption with
light at night and the pathophysiological consequences, J. Exp. Integr. Med. 1
(2011) 13–22.

[74] F. Simko, L. Paulis, Blood pressure modulation and cardiovascular protection by
melatonin: possible impact on hypertension., Physiol. Res. 56 (2007) 671–684.

[75] R. Reiter, D. Tan, Melatonin and cardiac pathophysiology, Heart Metab. 44
(2009) 31–34.

[76] J. Arendt, Role of the pineal gland and melatonin in seasonal reproductive
function in mammals, Oxford Rev. Reproduct. Biol. 8 (1986) 266.

[77] J. Arendt, Approaches to the pharmacological management of jet lag, Drugs 78
(14) (2018) 1419–1431, http://dx.doi.org/10.1007/s40265-018-0973-8.

[78] A.J. Lewy, S. Ahmed, J.M.L. Jackson, R.L. Sack, Melatonin shifts human
circadian rhythms according to a phase-response curve, Chronobiol. Int. 9 (5)
380–392.

[79] R. Zaidan, M. Geoffriau, J. Brun, J. Taillard, C. Bureau, G. Chazot, B. Claustrat,
Melatonin is able to influence its secretion in humans: Description of a phase-
response curve, Neuroendocrinology 60 (1) (1994) 105–112, http://dx.doi.org/
10.1159/000126726, URL https://www.karger.com/DOI/10.1159/000126726.

[80] Melatonin as a chronobiotic, Sleep Med. Rev. 9 (1) (2005) 25–39, http://dx.
doi.org/10.1016/j.smrv.2004.05.002.

[81] H.J. Burgess, V.L. Revell, T.A. Molina, C.I. Eastman, Human phase response
curves to three days of daily melatonin: 0.5 mg versus 3.0 mg, J. Clin.
Endocrinol. Metab. 95 (7) 3325–3331.

[82] H.J. Burgess, L.F. Fogg, Individual differences in the amount and timing of
salivary melatonin secretion, PLoS One 3 (8) (2008) e3055.

[83] H.J. Burgess, V.L. Revell, C.I. Eastman, A three pulse phase response curve to
three milligrams of melatonin in humans, J. Physiol. 586 (2) (2008/01/15)
639–647, http://dx.doi.org/10.1113/jphysiol.2007.143180.

[84] K. Ackermann, F. Dehghani, R. Bux, G. Kauert, J. Stehle, Day–night expression
patterns of clock genes in the human pineal gland, J. Pineal Res. 43 (2007)
185–194.

[85] A. Blancas-Velazquez, T. Bering, S. Bille, M. Rath, Role and neural regulation
of clock genes in the rat pineal gland: Clock modulates amplitude of rhythmic
expression of aanat encoding the melatonin-producing enzyme, J. Pineal Res.
75 (2023).

[86] S. Boeuf, J. Keijer, N.-V. Hal, S. Klaus, Individual variation of adipose gene
expression and identification of covariated genes by cDNA microarrays, Physiol.
Genom. 11 (2002) 31–36.

[87] M. Oleksiak, G. Churchill, D. Crawford, Variation in gene expression within and
among natural populations, Nat. Genet. 32 (2002) 261–266.

[88] A. Sigal, R. Milo, A. Cohen, N. Geva-Zatorsky, Y. Klein, Y. Liron, N. Rosenfeld,
T. Danon, N. Perzov, U. Alon, Variability and memory of protein levels in
human cells, Nat. Lett. 444 (2006) 643–646.

[89] R. Kronauer, D. Forger, M. Jewett, Quantifying human circadian pacemaker
response to brief, extended, and repeated light stimuli over the phototopic
range, J. Biol. Rhythms 14 (6) (1999) 501–516.

http://refhub.elsevier.com/S0025-5564(24)00140-8/sb30
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb30
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb30
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb31
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb31
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb31
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb31
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb31
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb32
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb32
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb32
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb33
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb33
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb33
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb33
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb33
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb34
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb34
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb34
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb34
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb34
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb35
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb35
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb35
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb36
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb36
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb36
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb37
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb37
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb37
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb38
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb38
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb38
http://dx.doi.org/10.1016/j.mbs.2022.108956
https://www.sciencedirect.com/science/article/pii/S0025556422001456
https://www.sciencedirect.com/science/article/pii/S0025556422001456
https://www.sciencedirect.com/science/article/pii/S0025556422001456
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb40
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb40
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb40
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb41
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb41
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb41
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb42
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb42
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb42
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb42
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb42
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb43
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb43
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb43
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb43
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb43
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb44
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb44
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb44
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb44
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb44
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb45
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb45
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb45
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb46
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb46
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb46
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb46
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb46
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb47
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb47
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb47
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb47
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb47
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb48
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb48
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb48
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb48
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb48
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb49
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb49
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb49
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb49
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb49
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb50
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb50
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb50
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb51
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb51
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb51
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb52
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb52
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb52
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb53
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb53
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb53
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb53
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb53
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb54
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb54
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb54
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb54
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb54
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb55
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb55
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb55
http://dx.doi.org/10.1103/PhysRevE.105.034411
http://dx.doi.org/10.1103/PhysRevE.105.034411
http://dx.doi.org/10.1103/PhysRevE.105.034411
https://link.aps.org/doi/10.1103/PhysRevE.105.034411
https://link.aps.org/doi/10.1103/PhysRevE.105.034411
https://link.aps.org/doi/10.1103/PhysRevE.105.034411
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb57
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb57
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb57
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb58
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb58
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb58
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb59
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb59
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb59
http://dx.doi.org/10.1371/journal.pone.0157824
http://dx.doi.org/10.1371/journal.pone.0157824
http://dx.doi.org/10.1371/journal.pone.0157824
https://doi.org/10.1371/journal.pone.0157824
http://dx.doi.org/10.3390/molecules26092693
http://dx.doi.org/10.3390/molecules26092693
http://dx.doi.org/10.3390/molecules26092693
https://www.mdpi.com/1420-3049/26/9/2693
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb62
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb62
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb62
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb63
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb63
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb63
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb64
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb64
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb64
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb65
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb65
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb65
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb65
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb65
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb66
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb66
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb66
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb66
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb66
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb67
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb67
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb67
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb67
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb67
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb68
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb68
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb68
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb68
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb68
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb69
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb69
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb69
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb70
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb70
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb70
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb70
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb70
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb71
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb71
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb71
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb71
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb71
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb71
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb71
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb72
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb72
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb72
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb72
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb72
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb72
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb72
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb73
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb73
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb73
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb73
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb73
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb73
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb73
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb74
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb74
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb74
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb75
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb75
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb75
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb76
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb76
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb76
http://dx.doi.org/10.1007/s40265-018-0973-8
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb78
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb78
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb78
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb78
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb78
http://dx.doi.org/10.1159/000126726
http://dx.doi.org/10.1159/000126726
http://dx.doi.org/10.1159/000126726
https://www.karger.com/DOI/10.1159/000126726
http://dx.doi.org/10.1016/j.smrv.2004.05.002
http://dx.doi.org/10.1016/j.smrv.2004.05.002
http://dx.doi.org/10.1016/j.smrv.2004.05.002
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb81
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb81
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb81
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb81
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb81
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb82
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb82
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb82
http://dx.doi.org/10.1113/jphysiol.2007.143180
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb84
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb84
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb84
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb84
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb84
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb85
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb85
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb85
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb85
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb85
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb85
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb85
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb86
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb86
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb86
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb86
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb86
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb87
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb87
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb87
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb88
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb88
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb88
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb88
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb88
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb89
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb89
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb89
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb89
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb89


J. Best et al. Mathematical Biosciences 377 (2024) 109280 
[90] M. Jewett, D. Forger, R. Kronauer, Revised limit cycle oscillator model of
human circadian pacemaker, J. Biol. Rhythms 14 (6) (1999) 493–500.

[91] D. Forger, M. Jewett, R. Kronauer, A simpler model of the human circadian
pacemaker, J. Biol. Rhythms 14 (6) (1999) 533–538.

[92] C. Diekman, A. Bose, Reentrainment of the circadian pacemaker during jet lag:
East-west asymmetry and the effects of north-south travel, J. Theoret. Biol. 437
(2018) 261–285.

[93] K. Serkh, D. Forger, Optimal schedules of light exposure for rapidly correcting
circadian misalignment, PLoS Comput. Biol. 10 (2014) 1–14.

[94] M. Alonso-Vale, S. Andreotti, P. Mukai, C. Boreges-Silva, S.P. abd J. Cipolla-
Neto, F. Lima, Melatonin and the circadian entrainment of metabolic
andhormonal activities in primary isolated adipocytes, J. Pineal Res. 45 (2008)
422–429.

[95] L. Goni, D. Sun, Y. Heianza, T. Wang, T. Huang, J. Martinez, X. Shang, G.
Bray, S. Smith, F. Sacks, L. Qi, A circadian rhythm-related MTNR1b genetic
variant modulates the effect of weight-loss diets on changes in adiposity and
body composition: the POUNDS lost trial, Eur. J. Nutr. 58 (2019) 1381–1389.

[96] D. Kemp, M. Ubeda, J. Habener, Identification and functional characterization
of melatonin mel 1a receptors in pancreatic b cells: potential role in incretin-
mediated cell function by sensitization of cAMP signaling, Mol. Cellular
Endocrinol. 191 (2002) 157–166.

[97] S. Owino, A. Sanchez-Bretano, C. Tchio, E. Cecon, A. Karamitri, J. Dam, R.
Jockers, G. Piccione, H.L. Noh, T. Kim, J.K. Kim, K. Baba, G. Tosini, Nocturnal
activation of melatonin receptor type 1 signaling modulates diurnal insulin
sensitivity via regulation of PI3K activity nocturnal activation of melatonin
receptor type 1 signaling modulates diurnal insulin sensitivity via regulation
of PI3K activity, J. Pineal Res. 64 (e12462) (2017) 1–12.

[98] F. Valenzuela, C. Torres-Farfan, H. Richter, N. Mendez, C. Campino, F. Tor-
realba, G. Valenzuela, M. Seron-Ferre, Clock gene expression in adult primate
suprachiasmatic nuclei and adrenal: Is the adrenal a peripheral clock responsive
to melatonin? Endocrinology 149 (4) (2008) 1454–1461.

[99] R. Peliciari-Garcia, M. Zanquetta, J. Andrade-Silva, D. Gomes, M. Barreto-
Chaves, J. Cipolla-Neto, Expression of circadian clock and melatonin receptors
within cultured rat cardiomyocytes, Chronobiol. Int. 28 (1) (2011) 21–30.

[100] S. Hiragaki, K. Baba, E. Coulson, S. Kunst, R. Spessert, G. Tosini, Melatonin
signaling modulates clock genes expression in the mouse retina, PLoS One 9
(9) (2014) e106819.

[101] F. SAdre-Marandi, T. Dahdoul, M.C. Reed, H.F. Nijhout, Sex differences in
hepatic one-carbon metabolism, WIREs Syst. Biol. Med. 12 (2018) 89.

[102] R. Kim, H. Nijhout, M. Reed, One-carbon metabolism during the menstrual
cycle and pregnancy, PLoS Comput. Biol. (2021) 1.

[103] A. Cruikshank, M. Reed, H. Nijhout, Sex differences in glutathione metabolism
and acetaminophen toxicity, Metab. Target Organ Damage 4 (2024) 17.

[104] A. Adan, V. Natale, Gender differences in morningness-eveningness preference,
Chronobiol. Int. 19 (4) (2002) 709–720.
9 
[105] N. Santhi, A. Lazar, P. McCabe, J. Lo, J. Groeger, D.-J. Dijk, Sex differences in
the circadian regulation of sleep and waking cognition in humans, Proc. Natl.
Acad. Sci. USA 113 (19) (2016) E2730–E2739.

[106] I. Wong, P. Smith, C. Mustard, M. Gignac, For better or worse? Changing shift
schedules and the risk of work injury among men and women, Scand. J. Work
Environ. Health 40 (6) (2014) 621–630.

[107] R. Urry, K. Dougherty, J. Frehn, L. Ellis, Factors other than light affecting
the pineal gland: Hypophysectomy, testosterone, dihydrotestosterone, estradiol,
cryptorchidism, and stress, Amer. Zool. 16 (1976) 79–91.

[108] D. Cardinali, C. Nagle, J. Rosner, Effects of estradiol on melatonin and protein
synthesis in the rat pineal organ, Hormone Res. Paediatr. 5 (1974) 304–310.

[109] D. Cardinali, C. Nagle, J. Rosner, Gonadal steroids as modulators of the function
of the pineal gland, Gen. Comp. Endocrinol. 26 (1975) 50–58.

[110] E. Bittman, R. Dempsey, F. Karsch, Pineal melatonin secretion drives the
reproductive response to daylength in the ewe, Endocrinology 113 (1983)
2276–2283.

[111] E. Bittman, A. Kaynard, D. Olster, J. Robinson, Pineal melatonin mediates
photoperiodic control of pulsatile luteinizing hormone secretion in the ewe,
Neuroendocrinology 40 (1985) 409–418.

[112] R. Alonso, P. Abreu, N. Fajardo, in: H.-S. Yu, R. Reiter (Eds.), Melatonin,
Biosynthesis, Physiological Effects, and Clinical Applications, first ed., CRCPress,
1992, (Chapter Steroid influences on melatonin production).

[113] J. Wang, T. Zhu, X. Ma, Y. Wang, J. Liu, G. Li, P. Ji, Z. Zhang, L. Zhang, G.
Liu, Melatonergic systems of AANAT, melatonin, and its receptor MT2 in the
corpus luteum are essential for reproductive success in mammals, Biol. Reprod.
104 (2021) 430–444.

[114] J. Cipolla-Neto, F. Amaral, J. Soares Jr, C. Gallo, A. Furtado, J. Cavado, I.
Goncalves, C. Santos, T. Quintela, The crosstalk between melatonin and sex
steroid hormones, Neuroendocrinology 112 (2022) 115–129.

[115] M. Bailey, R. Silver, Sex differences in circadian timing systems: Implications
for disease, Front. Neuroendocrinol. 35 (2014) 111–139.

[116] M. Hofman, E. Fliers, E. Goudsmit, D. Swaab, Morphometric analysis of the
suprachiasmatic and paraventricular nuclei in the human brain: sex differences
and age-dependent changes, J. Anat. 160 (1988) 127–143.

[117] M. Mahoney, C. Ramanathan, H. Hagenauer, R. Thompson, L. Smale, T. Lee,
Daily rhythms and sex differences in vasoactive intestinal polypeptide, VIPR2
receptor and arginine vasopressin mRNA in the suprachiasmatic nucleus of a
diurnal rodent, Arvicanthis niloticus, Eur. J. Neurosci. 30 (2009) 1537–1543.

[118] D. Kuljis, D. Loh, D. Truong, A. Vosko, M. Ong, R. McClusky, A. Arnold,
C. Colwell, Gonadal- and sex-chromosome-dependent sex differences in the
circadian system, Endocrinology 154 (4) (2013) 1501–1512.

[119] E. Iwahana, I. Karatsoreos, S. Shibata, R. Silver, Gonadectomy reveals sex dif-
ferences in circadian rhythms and suprachiasmatic nucleus androgen receptors
in mice, Horm. Behav. 53 (2008) 422–430.

[120] F. Kruijver, D. Swaab, Sex hormone receptors are present in the human
suprachiasmatic nucleus, Neuroendocrinology 75 (2002) 296–305.

[121] K. Rohr, T. Inda, J. Evans, Vasopressin resets the central circadian clock in
a manner influenced by sex and vasoactive intestinal polypeptide signaling,
Neuroendocrinology 112 (9) (2022) 904–916.

http://refhub.elsevier.com/S0025-5564(24)00140-8/sb90
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb90
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb90
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb91
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb91
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb91
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb92
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb92
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb92
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb92
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb92
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb93
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb93
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb93
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb94
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb94
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb94
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb94
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb94
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb94
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb94
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb95
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb95
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb95
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb95
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb95
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb95
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb95
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb96
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb96
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb96
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb96
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb96
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb96
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb96
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb97
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb97
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb97
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb97
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb97
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb97
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb97
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb97
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb97
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb97
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb97
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb98
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb98
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb98
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb98
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb98
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb98
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb98
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb99
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb99
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb99
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb99
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb99
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb100
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb100
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb100
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb100
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb100
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb101
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb101
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb101
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb102
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb102
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb102
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb103
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb103
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb103
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb104
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb104
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb104
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb105
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb105
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb105
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb105
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb105
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb106
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb106
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb106
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb106
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb106
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb107
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb107
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb107
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb107
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb107
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb108
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb108
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb108
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb109
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb109
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb109
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb110
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb110
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb110
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb110
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb110
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb111
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb111
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb111
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb111
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb111
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb112
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb112
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb112
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb112
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb112
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb113
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb113
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb113
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb113
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb113
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb113
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb113
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb114
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb114
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb114
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb114
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb114
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb115
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb115
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb115
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb116
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb116
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb116
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb116
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb116
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb117
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb117
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb117
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb117
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb117
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb117
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb117
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb118
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb118
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb118
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb118
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb118
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb119
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb119
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb119
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb119
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb119
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb120
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb120
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb120
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb121
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb121
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb121
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb121
http://refhub.elsevier.com/S0025-5564(24)00140-8/sb121

	A mathematical model of melatonin synthesis and interactions with the circadian clock
	Introduction
	Methods
	The melatonin synthesis model
	The molecular clock model

	Results
	Synthesis of Melatonin
	Dependence on the activity of AANAT
	The effect of bright light at night
	Melatonin phase response curve

	Discussion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


