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Background: In mammals, the temperature rhythm is reqgulated by the circadian pacemaker located in the
suprachiasmatic nuclei, and is considered a “marker rhythm”. Melatonin, the pineal gland hormone, is a major
regulator of the endogenous rhythms including body temperature. Its production is influenced by many factors, such
as type 1 diabetes mellitus. In rats, diabetes leads to hypothermia and reduced melatonin synthesis; insulin treatment

Aim: To study the body temperature daily rhythm of diabetic animals and the effects of insulin and/or melatonin

Methods: We studied the effects of streptozotocin-induced diabetes (60 mg/kg) on the body temperature rhythm of
Wistar rats and the possible modifications resulting from early and late treatments with insulin (6U/day) and/or melatonin
(daily 0.5 mg/kg). We monitored the daily body temperature rhythm, its rhythmic parameters (MESOR, amplitude and
acrophase), glycemia and body weight for 55 days. Data were classified by groups and expressed as mean + SEM.
One-way ANOVA analysis was performed followed by Bonferroni posttest. Statistical significance was set at p < 0.05.

Results: Diabetes led to complete disruption of the temperature rhythm and hypothermia, which were accentuated
over time. All early treatments (insulin or/and melatonin) prevented the temperature rhythm disruption and hypothermia.
Insulin plus melatonin restored the body temperature rhythm whereas insulin alone resulted less efficient; melatonin
alone did not restore any of the parameters studied; however, when supplemented close to diabetes onset, it
maintained the temperature rhythmicity. All these corrective effects of the early treatments were dependent on

Conclusions: Taken together, our findings show the disruption of the body temperature daily rhythm, a new
consequence of insulin-dependent diabetes, as well as the beneficial effect of the complementary action of melatonin

Keywords: Daily rhythms, Type 1 diabetes mellitus, Insulin, Melatonin

Background

Circadian rhythms play a central role in both mental
and physical health [1]. As all the circadian rhythms,
body temperature is under the control of the circadian
oscillatory system. Due to its robustness and the relative
continuous monitoring easiness, body temperature has
been established as a “marker rhythm” of the circadian
pacemaker [2-4]. Scheer et al.,, described a dual effect of
the suprachiasmatic nuclei (SCN) in thermoregulation in
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rats, i.e., daily synchronization and mediating the mask-
ing effect of light [5]. Besides that, the SCN are funda-
mental for the circadian timing of metabolic rhythms
such as plasma glucose changes, cortisol and melatonin
levels [6-11].

Evidence in literature shows a strong connection
between circadian disruption and metabolic pathologies,
and that the relationship is bidirectional [12,13]. Previ-
ous studies show that both experimental animals as well
as patients with metabolic pathologies, such as obesity
and type 2 diabetes mellitus also present circadian
abnormalities [14,15]. On the other hand, mice with
disrupted clock function develop metabolic pathologies,
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such as diabetes and obesity [16,17]. In spite of being a
well-structured rhythm, body temperature is susceptible
to chronic shifts in mealtime resulting in pathological
changes of carbohydrate and lipid metabolisms daily
rhythms [18]. These effects could be due to a misalign-
ment of the body temperature, melatonin, and sleeping
rhythms [19].

Melatonin is the main hormone produced by the pineal
gland in mammals. Its synthesis is high during the night
and low during the day, signaling to the body the daily
and seasonal environmental photoperiod. It is known that
melatonin synchronizes the body temperature rhythm
in humans setting up the acrophases to the same hour
every day [20]. Several studies show the importance of
melatonin in the regulation of energy metabolism. The
decrease or absence of endogenous melatonin secretion
in rats may alter energy metabolism, resulting in in-
creased body weight and visceral adiposity associated
with glucose intolerance, insulin resistance, diabetes,
dyslipidemia, and cardiovascular disease; melatonin ad-
ministration in those animals is capable of reverting all
the effects mentioned above [7,21-25].

It is not clear yet how melatonin modulates directly
the body temperature rhythm; melatonin has a periph-
eral vasodilator effect and thus increases heat loss and
decreases temperature in the dark phase in humans [26],
and given its close relationship with energy metabolism,
it might also be involved in body temperature regulation.
It is known that body temperature is altered in meta-
bolic pathologies, especially in diabetes mellitus. Type 1
diabetes mellitus (T1DM) is an autoimmune disease
leading to the destruction of the insulin-producing pan-
creatic beta cells in the islets of Langerhans. This alter-
ation can lead to serious diseases affecting the heart and
blood vessels, eyes, kidneys, and nerves, together with a
higher risk of developing infections. The disease can
affect people of any age, but is most commonly diag-
nosed in children and young adults, and by the time of
diagnosis, patients have very little endogenous insulin
production; every year 78,000 children develop type-1
diabetes worldwide (IDF, 2011, [27,28]). Data in litera-
ture show that experimental diabetes, induced by strep-
tozotocin (STZ) [29] or alloxan [30] reduces 24 h body
temperature, leading to hypothermia and intolerance to
cold temperatures [31]. Insulin treatment restores normal
temperature [30,32,33]. This effect could be explained by
the decreased brown adipose tissue thermogenesis, de-
creased shivering activity and lack of glucose uptake by
muscle and adipose tissues, characteristic of diabetes
[34-36]. When addressing melatonin synthesis in STZ-
induced diabetic rats data in literature are discrepant. In
spite of some contradictory evidence in the literature [37],
data from our group, show a strong reduction (up to 50%)
in melatonin synthesis in the pineal gland [38] and retina
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[39] of diabetic rats, and this effect is reversed by ex-
ogenous insulin. Moreover, in human T1DM there is a
strong negative correlation between hyperglycemia and
6-sulphatoximelatonin production [38]. In any case,
these findings indicate that melatonin plays an import-
ant role in metabolic alterations, especially diabetes
mellitus [40].

The effect of insulin-dependent diabetes on the circadian
profile of body temperature (BT) is still unknown. Giving
that physiological temperature rhythm is essential to main-
tain normal body functions and that STZ-induced diabetic
rats show a significant loss of endogenous melatonin; and
considering the tight relationship between melatonin, insu-
lin and metabolism, it is highly important to study the effect
of this pathological state on the body temperature daily
rhythm [40].

In the present study, we aimed to describe the daily
rhythm of BT in STZ-induced diabetic animals through
telemetric analysis. We also aimed to study the potential
effects of insulin treatment, melatonin supplementation
or a combination of both hormones on the rhythmic
structure of temperature in diabetic animals.

Material and methods

Ethic statement

The Committee of Ethics in Animal Experimentation of the
Institute of Biomedical Sciences, University of Sdo Paulo,
granted ethics approval for this study. All animal proce-
dures were approved by the Ethics Committee on the Use
of Animals of the Institute of Biomedical Sciences at the
University of Sdo Paulo, and were performed according to
the ethical guidelines adopted by the Brazilian College of

Animal Experimentation.

Animal housing

Male Wistar rats (250 g) were obtained from the Institute
of Biomedical Sciences, University of Sdo Paulo, Sdo Paulo,
Brazil. The animals were kept under a constant 12 h: 12 h
light—dark cycle (lights on at 7 AM; Zeitgeber Time
[ZT] 0), in a temperature-controlled room (21 +2°C),
with food and water ad libitum and housed in individ-
ual cages equipped with body temperature and loco-
motor activity recording.

Surgical procedure and data acquisition

Body temperature recordings were obtained by telemetry
(Mini Mitter, Bend, OR, USA). A small transponder
(ER400 E-Mitter® Respironics — Mini Mitter, Bend, OR,
USA) was implanted in the abdominal cavity of each rat.
Briefly, animals were anaesthetized with a ketamine/
xylazine solution (3:1). The ventral surface of the abdo-
men was shaved and a 2 cm incision was performed
along the linea abla 1 cm below the diaphragm. The
body of the E-Mitter was slipped into the abdominal
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cavity along the sagittal plane and dorsal to the digestive
organs, then the abdominal cavity was massaged gently
to allow the internal organs to settle. The animals were
allowed 7 days to recover following surgery [41] and all
efforts were made to minimize suffering. The data acqui-
sition was performed by the software VitalView™ record-
ing every 30 seconds during 55 days. Animals body
weight and glycemia were measured weekly.

STZ-induced diabetes, insulin and melatonin treatment
Diabetes was induced by a single intraperitoneal injec-
tion of STZ (60 mg/kg body weight; Sigma- Aldrich, St.
Louis, MO) freshly diluted in citrate buffer (10 mM, Na
citrate; pH 4.5). Tail blood was collected for glucose
levels determination using a glucometer (Optium Xceed;
Medisense, Abingdon, UK) 24 hours after the induction.
Animals with glycemia >200 mg/dL were considered
diabetic. Insulin treated diabetic animals received 2 U
subcutaneous long-action insulin (Glargina/Lantus;
Sanofi-Aventis, Paris, France) at sunrise and 2 U regular
insulin (Humulin R; Eli Lilly, Paris, France) plus 2 U
long-acting insulin (Glargina/Lantus; Sanofi- Aventis) at
sunset [39]. Melatonin was administrated in drinking
water (0.5 mg/mL; pure melatonin was first dissolved in
ethanol and added to distilled water to achieve the mela-
tonin solution) only in the dark phase for the time deter-
mined in the experimental design.

Analysis of rhythmic parameters

Temporal series were obtained with VitalView software
(Mini Mitter, Bend, OR, USA) and individual thermograms
were obtained from raw data using the El Temps® software
(Diez-Noguera, Barcelona, Spain). For rhythmic analyses
we used the Cosinor method using the COSANA software
(Benedito Silva, Sdo Paulo, Brazil). To generate the daily
pattern, raw data was averaged in 1 h bins and analyzed as
24 h bins. The Cosinor method allows the daily rhythm of
body temperature to be described in a simple cosine wave,
which is typically characterized in terms of acrophase
(measure of the crest time of a rhythm from the cosine
wave), MESOR (the value midway between the highest and
lowest values of the cosine wave), and amplitude (the differ-
ence between the maximum height of the wave and the
rhythm-adjusted mean [MESOR] of the wave form). We
obtained values for the rhythmic parameters: MESOR,
amplitude and acrophase for each day (when the distribu-
tion was adjusted to a cosine wave with a period of 24 h).
The periodograms (distribution of all periods in the tem-
poral series to determine the presence of a predominant
period) were generated from each period (control, diabetic
and different treatments) using the Sokolov-Bushell method
(El Temps® software).

Page 3 of 13

Experimental design

After the recovering period, we started data acquisition and
recorded the control period (7 days) of BT prior to STZ
injection. The diabetic animals were randomly divided into
two groups, the late treated group and the early treated
group. The late treated group received insulin (late-INS),
melatonin (late-MEL) or insulin + melatonin (late-INS +
MEL) 33 days after STZ-injection (Figure 1A). The early
treated group received insulin (early-INS), melatonin
(early-MEL) or insulin + melatonin (early-INS + MEL) start-
ing on the 3rd day after STZ-injection and sustained for
the following 15 days. Then, the treatments were inter-
rupted and reinstituted 15 days later (Figure 1B). The pur-
pose of using a within-animal control was to minimize
inter-individual variability in the assessment of the effects
of long-term and short-term diabetes on the BT daily
rhythm and the consequences of late and early treatments.
Therefore, each rat acted as its own control.

Statistical analysis

Data were classified by groups and expressed as mean +
SEM. One-way ANOVA analysis was performed to de-
termine variation in data throughout 24 h. Statistical
significance was set at p <0.05. The temporal series
were globally analyzed and rhythmic statistics performed
using COSANA software applying the Cosinor method for
rhythmic analyses. MESOR, amplitude and acrophase were
only considered for linear analysis in days where one-way
ANOVA were significant. Statistical analyses were per-
formed using the GraphPad PRISM software (GraphPad
Software, CA, USA).

Results

For each group (n = 3) a representative animal is shown in
rhythmic analyses, given that each one acted as its own
control. Thermograms for all the animals are shown in
Additional file 1 (late treatment) and Additional file 2 (early
treatment). It should be stressed that all the effects de-
scribed for the representative animal were observed in the
whole group (Additional files 1 and 2).

STZ- induced diabetes disrupts the body temperature
daily rhythm

Under LD cycle rats exhibit well-defined 24 h rhythm of
body temperature with higher temperatures at nighttime
(dark phase) and lower temperatures at daytime (light
phase) (Additional file 3). Since BT rhythm is considered a
marker rhythm for the circadian system, we evaluated the
effects of long-term diabetes (33 days after STZ injection)
on the BT rhythmical structure and on its rhythmic param-
eters (acrophases, MESOR and amplitudes). Overall ana-
lysis (33 days’ time series) of long-term untreated diabetic
rats showed alterations in their 24 h BT rhythm, character-
ized by phase shifts (advances and delays), and eventually
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Figure 1 Experimental design. Young male rats were entrained to a 12:12 LD photoperiodic cycle for two weeks. Then, they were surgically implanted
with E-mitter probes and their body temperature rhythm was recorded for 1 week every 30 seconds. After that, they were diabetic induced
with streptozotocin and separated in two large groups: A) late treated and B) early treated with insulin (INS), melatonin (MEL) or a combination of both
(INS + MEL). The first group started their treatment 33 days after STZ injection for fifteen days; the second group (B) begun the treatments three days after
STZ, for fifteen days. After that, the treatments were interrupted and their rhythms recorded for other fifteen days. At day 41, treatments were resumed for
fifteen more days.

days with no 24 h rhythm (Figure 2A-C). During long-term
diabetes no period in the range of 20-28 h was statistically
predominant; meaning that body temperature lost its
circadian rhythmicity (Additional file 4B, E, and H). The
day-by-day analysis of the same time series of 33 days,
using the Cosinor method, showed that all rhythmic
parameters were significantly altered. The daily analysis
showed that the majority of the acrophases were advanced,
the MESORs reduced and amplitudes increased (Table 1
and Figure 3A-C).

After long-term diabetes insulin treatment restores BT
rhythm and is more efficient when combined with
melatonin

We assessed the efficiency of treatments with insulin, mela-
tonin and a combination of both hormones introduced 33
days after the establishment of the diabetic metabolic state
on reversing the disruption of the BT rhythm described

before. Insulin restored the daily rhythmicity (Figure 2A)
and MESOR (Additional file 5A and Table 1). However
it had no effect on the phase advance of the rhythm
(Figure 4A) or the increased amplitude (Additional file
6A and Table 1). This resulted in a different BT rhythm
contrasting with its control period (Figure 3A). During
the treatment the animals returned to normoglycemia
(Additional file 7) and continued to gain weight (Additional
file 8). Differently from observed with insulin, the disrup-
tion of the rhythm was maintained despite melatonin
supplementation (Figure 3B). Between days 25-30, in this
representative animal, there were specific days with BT
higher than control period, due to the alteration of the
rhythm (Figure 2B). Disorganization in the acrophase map
remained (phase advances, phase delays and days without
24 h rhythm) (Figure 4B), and, in average, acrophases were
advanced, although they did not reach statistical signifi-
cance (Table 1). MESOR remained reduced (Additional
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Figure 2 Daily rhythm of body temperature in diabetic animals. Representative double-plot thermograms of BT in late-treated animals (top row)
and early-treated animals (bottom row) with insulin (A, D), melatonin (B, E) or a combination of both hormones (C, F). Red to yellow coloration
indicates higher temperatures and black to grey coloration indicates lower temperatures throughout 55 days of record in 30 seconds bins. Black
and white rectangles under the thermograms indicate the LD cycle maintained during the experiments. Late treated animals, (A-C): control period (lateral
top white bar), long-term diabetic period (lateral black bar), and treated period (bottom white bar). Early treated animals (D-F):short-term diabetic period
(lateral top black bar), early treatment (top white bar), off-treatment period (bottom black bar) and restituting treatment period (bottom white bar). The
white arrow indicates the moment of the STZ injection.

file 5B and Table 1) and amplitudes increased (Additional restored as in control period, since the acrophases during
file 6B and Table 1). INS + MEL treatment restored 24 h  the treatment returned to the dark phase (Figure 4C). Both
BT rhythm (Figure 2C and 3C). The acrophase map was MESOR and amplitude were restored to normal values
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Table 1 Average rhythmic parameters in insulin, melatonin and insulin plus melatonin late-treated diabetic animals

Insulin treated group

Diabetic Insulin

Control

MESOR 37.59 +£ 001487

Amplitude 0.2300 + 0.02289

Acrophase 1345 + 0.9341
Melatonin supplemented group
Control

MESOR 3747 £ 0.01503

Amplitude 0.2357 £ 0.01950

Acrophase 14.59 + 04758
Insulin + melatonin treated group
Control

MESOR 37.62 £ 0.01857

Amplitude 03057 + 0.02103

Acrophase 14.65 £ 04103

37.22 + 0.07453%
0.5521 + 005900
9.762 + 06649

3648 + 007885
0.5556 + 0.03913""
10.58 + 04889

Melatonin

3648 + 007706
0.5917 + 006674
11.59 + 09328

Diabetic

3675 + 007445
0.555 + 006827
11.04 + 07539
Diabetic Insulin + Melatonin
36.96 + 006499 37.38 + 0.05622%
0.5291 + 0.05421"

13.65 * 0.4664

04533 £ 0.03055
1390 £ 0.2138

ONE-Way ANOVA with p < 0.05 for the treatment factor followed by Bonferroni post-test. ***P < 0.001, **P < 0.01, *P < 0.05 vs Control, **?P < 0.001 vs Diabetic,
***p < 0.001, *p < 0.05 vs Control, ***p < 0.001, *p < 0.05 vs Control, ***p < 0.001 vs Diabetic. Mean + SEM.

(Additional file 5C, Additional file 6C and Table 1). In con-
clusion, the daily pattern of BT rhythm was restored, being
INS + MEL the most efficient treatment since the rhythm
was synchronized even more than it was during the control
period (Figure 3A-C). Late-INS and late INS + MEL treat-
ments reversed the reduction in mean BT; however neither
of them reached statistical significance (Figure 5). All late
treatments restored the predominant period of 24 h, lost
with the progression of the disease (Additional file 4). As
expected, treatments where insulin was administered re-
sulted in weight gain and restoration of normoglycemia;
melatonin supplementation led to a slight weight gain but
had no effect on hyperglycemia (Additional files 7 and 8).

Early treatments prevent the disruption of the BT rhythm
caused by diabetes; melatonin supplementation
maintains BT rhythm synchronized. Insulin and melatonin
combined is most efficient. Beneficial effects are
suppressed when the treatment stops

In order to study whether the treatments are able to
prevent the effects observed in the temperature rhythm in
long-term diabetes, three groups of animals were treated
3 days after STZ injection for 15 days. Early-INS and
early-INS + MEL groups showed normal BT rhythmicity,
and early-MEL showed some alterations in it (Figure 2D-F
and 3D-F). To assess which components of the rhythm
are restored with the early treatments and which ones
remain altered we analyzed the presence of a 24 h period,
MESOR, acrophases and amplitudes. All early treatments
prevented the loss of the 24 h period (Additional file 9).
During the first 15 days of treatment with insulin and in-
sulin plus melatonin, the animals presented a 24 h rhythm
with the acrophases allocated in the dark phase. Early-

MEL rats showed few days without 24 h rhythm and some
days with phase advances, particularly towards the end
of the treatment (Figure 4E). MESOR was maintained
in early-INS and early-INS + MEL but not in early-MEL
rats, where a progressive decrease of the daily mean
temperature was observed (Additional file 5D-F and
Table 2). The amplitude of the rhythm increased in
early-INS + MEL and early-MEL rats during the 15 days
of treatment but did not in early-INS rats where the
amplitude remained as observed during the control
period (Additional file 6D-F). INS and INS + MEL early
treatments prevented the reduction in BT seen in long-
term diabetic rats, maintaining normal BT; differently,
early-MEL rats showed a significant reduction in BT
(Figure 6). In conclusion, BT daily rhythm was main-
tained with all early treatments, being INS more effect-
ive than MEL and the combination of both hormones
the most effective treatment to preserve the rhythm as a
whole (Figure 3D-F). As expected, early-INS and early-
INS + MEL rats were normoglycemic and early-MEL rats
remained hyperglycemic during treatments (Additional
file 7D-F). The increase in body weight was more signifi-
cant in animals that received insulin when compared with
those that received only melatonin (Additional file 8D-F).

To study whether the preventive effects showed above
are dependent on the continuity of the treatments, after
15 days they were interrupted for two weeks and the
rhythmic effects were evaluated.

All animals presented a 24 h period of the temperature
rhythm; however, they presented a decreased potency
(Qp) on their periodograms (Qp = 150-200 during early
treatments vs 80-100 when treatments were inter-
rupted) (Additional file 9 second column for treated
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period and third for interrupted period). The interrup-
tion of the treatments led to a severe alteration in the
rhythm (Figure 3D-F). All three groups showed a delay
in the onset of the alterations following the interruption,
and it was more evident in early-INS + MEL group,
probably due to a protective effect of the early treat-
ments (Figure 2D-F). Early-INS and MEL rats showed
alterations in their acrophase maps being more evident
in early-MEL; however this alteration did not reach statis-
tical difference (Table 2). Despite the altered acrophases
(phase delays and advances), they were mostly in the dark
period (Figure 4D-F). MESOR was reduced progressively
(Additional file 5D-F and Table 2) and amplitude showed
no significant alteration when compared to the previous
period (Additional file 6D-F and Table 2). During the

interruption BT was significantly reduced in all three
groups, although in a minor magnitude when compared
with long-term diabetic animals, indicating that all early
treatments in some way prevented a bigger reduction of
body temperature (Figure 6). Also, during the interruption,
hyperglycemia was rapidly established and the animals lost
weight (Additional files 7 and 8). In conclusion, the inter-
ruption of the treatments led to the loss of their effects on
the rhythm; however during that period the rhythm was
not as disrupted as seen in long-term diabetic animals.
The most efficient early treatment was INS+ MEL; it
preserved the structure of the rhythm for 5 days before
the effects of diabetes were established (Figure 3D-F).
Finally, we studied if the interruption leaves conse-
quences in the daily BT rhythm when the treatments are
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pattern vertically (mean + SEM). Arrows indicate the days of STZ induction, treatments and their interruption.

reinstituted. After reinstitution, daily rhythmicity was
rapidly restored in all groups (Figure 2D-F), and the
acrophases returned to the dark phase, being more syn-
chronized in those groups where melatonin was admin-
istered (Figure 4D-F and Table 2). The potency of the
24 h period was restored as in control and early treated
period (Additional file 9D, H, and L). After reestablish-
ment of the treatments, only those groups where insulin

was administered showed a restored MESOR. In early-
MEL rats MESOR attained the pattern and values of the
early supplementation (Additional file 5D-F and Table 2).
The amplitude remained increased in early-INS and
early-INS + MEL rats but not in early-MEL rats, where it
remained unaltered (Additional file 6D-F and Table 2).
In conclusion, the pattern of the daily rhythm of BT was
restored, with higher temperatures at nighttime and
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lower temperature at daytime; however, early-MEL rats
showed improved synchronization of the rhythm, when
compared with early-INS rats. Finally, early-INS + MEL
rats had the most synchronized rhythm among the
three, but the restitution was not as efficient as the early
treatment (Figure 3D-F). As expected, body weight and
glycemia were normalized with restitution in early-INS and
early-INS + MEL groups but not early-MEL (Additional
files 7 and 8).

Discussion

STZ-induced diabetes disrupts body temperature daily
rhythm, and alters all its rhythmic parameters (MESOR,
amplitude and acrophase). Given its structure, BT is known
and widely considered one of the “marker rhythms” of
the biological clock. Its complex chronobiological, neural,

endocrine, metabolic and molecular regulation involves
several metabolic elements, such as thyroid hormone,
brown adipose tissue (BAT), leptin and hypothalamic
neural structures, in particular, the suprachiasmatic nuclei.

It is well documented that STZ-induced diabetes
causes a significant decrease in mean BT [29,32,33], and
that exogenous insulin treatment is able to restore it
[30]. In this study we describe for the first time, to our
knowledge, the daily profile of BT in a insulin-deficient
diabetic animal, and we demonstrate that diabetes not
only causes a significant reduction in BT, but also the
disruption of its daily rhythm (no rhythms with period
between 20 and 28 hours), disturbance that intensifies
with time, showing alterations in all rhythmic parame-
ters, such as decreased MESOR, increased amplitude
and shifted acrophases.

Table 2 Average rhythmic parameters in insulin, melatonin and insulin plus melatonin early-treated diabetic animals

Insulin treated group

Control 1st Insulin Diabetic 2nd Insulin
MESOR 37.55 + 001850 37.59 + 002640 37.18 + 0.06034 P 3741 + 005469
Amplitude 0.2814 + 0.01969 0.3546 + 0.0248 03915 + 0.042 04329 + 00908
Acrophase 1546 + 04256 1431 £ 0.2471 15.18 + 06522 14.27 + 04303

Melatonin supplemented group

Control 1st Melatonin Diabetic 2nd Melatonin
MESOR 38.15 + 001875 37.84 + 002414 3757 + 005185 °°° 37.84 + 003808 %
Amplitude 03157 £ 0.02467 0.3460 + 0.02156 0.3473 £ 0.02697 0.3477 + 0.02822
Acrophase 16.57 £ 0.5227 16.66 + 0.6569 14.60 + 1.400 16.57 £ 0.2733

Insulin + Melatonin treated group

Control 1st Insulin + Melatonin Diabetic 2nd Insulin + Melatonin
MESOR 37.55 £ 001672 37.58 + 001696 37.29 + 0.08757°° 3744 + 0.04681
Amplitude 0.2543 £ 0.02553 0.3740 + 0.02801 04218 + 003670 04127 + 003099"
Acrophase 18.08 + 04162 14.89 + 01850 1463 + 07259 15.06 + 04708"

ONE-Way ANOVA with p < 0.05 for the treatment factor followed by Bonferroni post-test. ***p < 0.001, **p < 0.01, *p < 0.05 vs Control, **°p < 0.001,°p < 0.01 vs Diabetic,
bbby < 0,001, ®Pp < 0.01,°p < 0.05 vs 1st Insulin, ***p < 0.001 vs Control, ®p < 0.001 vs Diabetic, ®°p < 0.001 vs 1st Melatonin, **p < 0.001, **p < 0.01, *p < 0.05 vs Control,

bbp <0.01 vs 1st Insulin + Melatonin. Mean + SEMn.
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Figure 6 Histogram of mean BT for Early-INS, Early-MEL and Early-INS + MEL treated diabetic animals. ONE-Way ANOVA with p < 0,0001 for treatment
factor followed by Bonferroni post-test. ***p < 0.001 vs all groups, ***p < 0,001 vs all groups.***p < 0.001 vs CT, D1 and D2. **p < 0.01 vs all
groups, “p < 0,001 vs CT, DIM1 and D2, ®**p < 0,001 vs D. Mean + SEM.

In the present experimental design, the results of the
rhythmic analysis came from the same animal as its own
control, given that each individual has a particular daily
profile and range of BT, which would be lost if a pool of
animals were used instead.

Diabetes is a metabolic pathology directly related to en-
ergy metabolism and, consequently, temperature regulation.
The thyroid gland is an important gland for thermoregula-
tion, and it is reported the occurrence of hypothyroidism
associated with most common experimental type 1 diabetes
models (STZ and alloxan), [42-47]. More recent data shows
that STZ- induced diabetes leads to a true hypothyroidism
(decreased free T3 and T4 levels, along with clinical signals
for hypothyroidism, and increased Q-T interval). Exogen-
ous insulin treatment prevents all signs of hypothyroidism
and restores normal free T3 and T4 levels; T3 treatment
alone normalizes BT, heart rate and Q-T interval, but has
no effect on glycemia [48,49], therefore the reduction of the
mean body temperature observed in our work would
probably be result of a hypothyroidism secondary to STZ-
induced diabetes.

Other studies demonstrate the importance of BAT in
regulation of BT. BAT thermogenesis contributes to the
increase of core BT during the dark phase, indicating
that circadian changes of BAT thermogenesis does in-
deed play significant role in the overall maintenance of
the circadian rhythm of core BT [50].

Another important consequence of insulin dependent
diabetes in rodents is leptin deficiency [51]. It has been
demonstrated that diabetic animals also have decreased
leptin, and that insulin treatment is able to restore it.
Since leptin is a major regulator of thermoregulation
and energy metabolism through the balance of body
weight and adipose tissue [52], an important feature of
the loss of thermoregulation in STZ-induced diabetic
animals could be the reduction of leptin levels. It would

be important to assess the leptin levels in both groups,
in short-term and long-term to determine leptin’s part in
regulating the body temperature rhythm.

Previous work shows that in experimental diabetes, a
significant decrease of BT occurs only eight weeks after
STZ injection and that two weeks are not enough to
observe this change [48]. These data differs from other
in literature [29,33], and from the present work, where a
significant decrease in core BT is evident two weeks
after diabetes induction. This discrepancy is probably
due to methodological differences, given that Zhang
et al. measured rectal BT only twice (two and eight
weeks after STZ), instead of monitoring it continuously,
as was done in the present study. Moreover, as it was
shown in the temporal analysis of the present data, even
though the BT rhythm is disrupted and, in average,
temperature is decreased, at some points temperature
still reaches normal values and therefore few samples of
rectal BT would not necessarily detect the mean reduc-
tion in BT caused by diabetes, already seen at the onset
of the disease.

Melatonin is the hormone that signalizes exterior
daytime and nighttime to the body, and is also important
to maintain internal synchronization [20]. Previous work
form our lab demonstrated that during TIDM rats have
significant reduction of melatonin synthesis both in the
pineal gland [38] and in the retina [39]. In the present
study, short-term diabetes was sufficient to disturb the
BT rhythmicity even though the 24 h period remained,
indicating that three-day diabetes is enough to produce
circadian alterations. In accordance with these evidence,
and because melatonin is a major regulator of BT
rhythm in humans [53]; we supplemented diabetic ani-
mals with melatonin, in physiological doses. Melatonin
alone did not restore the rhythmic parameters, or re-
verse the reduction of BT in long term diabetic animals.
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When administered early, melatonin partially main-
tained BT rhythmicity although it was not as efficient
as insulin, since MESOR was significantly reduced, and
animals remained hyperglycemic and stopped gaining
weight. However, melatonin had an effect on the regulation
of BT since a further decrease was observed when the sup-
plementation was interrupted. Some characteristics of the
long-term diabetic animals appeared. After the reinstitution
of the supplementation all animals returned to the same
state as they were during the first supplementation. Based
on these results, early melatonin ameliorates the effects of
diabetes on BT rhythm. Melatonin seems to have a stron-
ger effect on rhythmicity, while insulin seems to act both
on the metabolic and chronobiological effects of diabetes.
Still, we demonstrated here that melatonin early treatment
is important to prevent the disruption in the BT rhythm
caused by diabetes. In fact, it was demonstrated that in
STZ-diabetic animals pineal melatonin production is re-
duced by more than 50% [38] and that melatonin is import-
ant for the integrity and function of the BAT [25] as well as
for the daily distribution of thermogenic processes [54].
The absence of melatonin reduces nighttime energy
expenditure and temperature. Taking together these data, it
should be postulated that the reduction in melatonin asso-
ciated to the STZ-induced diabetes is responsible at least
partially for the rhythmic disturbances observed in body
temperature. This result in some way diverges from
data in literature showing a hypothermic effect of mela-
tonin treatment [55], where they used pharmacological
doses (30-120 mg/kg i.p.) in healthy animals whereas
this study studied a near physiological dose (0.5 mg/kg
in drinking water) in diabetic animals.

A combination of melatonin plus insulin restored normal
BT and its rhythm, including daily allocation of the acro-
phases at night and normal MESOR and amplitudes. These
results show a complementary action of insulin and mela-
tonin to restore BT, body weight, glycemia and the daily
rhythm in long-term diabetic animals. The early treatment
of diabetic animals with insulin plus melatonin increased
BT above control values and maintained its rhythm. This
could be explained by a combined action of melatonin and
insulin on BT, since they both act increasing it. When the
treatments were interrupted, some of the effects observed
during the treatments were lost. Reinstituting treatments
restored MESOR, but not amplitude nor acrophases. These
results suggest that 15 days of diabetes, even after receiving
treatment, lead to persistent alterations of BT rhythm and
all rhythmic parameters, along with body weight loss and
hyperglycemia, and the reinstitution of the treatments does
not result as effective as treating the animals after an early
onset. They also suggest a possible interaction between in-
sulin and melatonin in diabetic animals that leads to a more
efficient treatment of the disruption in the daily rhythm of
BT. Since body temperature is a marker rhythm of the state
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of internal synchronization of the body, the alteration
of its structure probably leads to a strong alteration in
the synchronization of the entire body. Another factor
to be considered is a progressive and severe, insulin
resistance [56].

We still need to study the mechanisms underlying this
phenomenon; however, we suppose that melatonin poten-
tializes insulin action in BT rhythmicity acting centrally
[57] or peripherally [58]. In this way, it could be of great
importance to include melatonin as a complement in insu-
lin treatment of diabetes, given that disruption of the BT
rhythm, and probably other rhythms in the organism are
not completely reverted by insulin alone.

Despite the alterations in the rhythmic parameters
seen after 3 and 15 days of diabetes, neither of them was
sufficient to cause the loss of the 24 h period, differently
from what was observed with 33 days, where the all pe-
riods - from 20 to 28 h - were lost. All treatments were
able to prevent the loss of the 24 h predominant period;
however a reduction in the potency of the predominance
of the 24 h period was evident in every case. It seems
that the 24 h period is a characteristic of the circadian
system that persists even when other rhythmic parame-
ters are disrupted and, different from MESOR, ampli-
tude and acrophase, it was completely restored by all
late treatments.

This study shows for the first time, to our knowledge,
the alterations in the daily rhythm of BT, one of the
most important rhythms, caused by STZ-induced dia-
betes. It is important to know that diabetes not only
causes metabolic damages, but it also damages the circa-
dian system; this information is relevant for a wider
approach when designing new therapies for treating this
disease, considering a new system that results signifi-
cantly altered and is not fully restored by therapies in
use. More studies are needed to understand the mecha-
nisms behind these observations, such as the role of
BAT and thyroid gland on the BT rhythm in this model,
and integrate the chronobiological, metabolic, neural
systems.

Conclusions

In conclusion, we describe a new consequence of insulin
dependent diabetes: the disruption of the BT rhythm;
when the disease is treated, insulin can restore MESOR
and amplitude, but with peaks of BT in the light phase;
melatonin is not able to either restore the rhythm or
reverse the decreased BT; joint treatment of insulin and
melatonin restores average BT and its normal daily
rhythm. Early treatments can prevent the disruption of
the rhythm. Melatonin as an early treatment, acts par-
tially increasing BT. Insulin and melatonin appear to act
in a complementary way restoring the rhythm. All bene-
ficial effects observed are dependent on the continuous
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maintenance of the treatments and; reinstituting treat-
ments do not result as effective as the early ones. Mela-
tonin seems to improve insulin action restoring the
endogenous rhythm of body temperature after long-
term diabetes. Therefore, melatonin could be a new
complement of insulin treatment improving its action
on the energy metabolism.

Additional files

Additional file 1: Representative 48 h individual body temperature
profiles in Late-INS (A), Late-MEL (B), and Late-INS + MEL (C)
animals.

Additional file 2: Representative 48 h individual body temperature
profiles in Early-INS (A), Early-MEL (B) and Early-INS + MEL (C)
animals.

Additional file 3: Representative 48 h individual body temperature
profiles in Control animals. Citrate buffer has no effect on body
temperature profiles.

Additional file 4: Representative periodograms for Late-INS (A-C),
Late-MEL (D-F) and Late-INS + MEL (G-l) animals indicating the
predominant period of the control (A, D, G), diabetic (B, E, H) and
treated phases (C, F, I). The threshold line indicates when a determined
period was statistically predominant in the temporal series.

Additional file 5: Temperature MESOR resulting from day-to-day
analyses of BT averaged in 1 h bins in late treatments (A-C) and
early treatments (D-F) with insulin (A, D), melatonin (B, E) and insulin
plus melatonin (C, F). Only days that showed 24 h oscillations were
considered.

Additional file 6: Amplitude of the BT rhythm resulting from
day-to-day analyses averaged in 1 h bins in late treatments (A-C)
and early treatments (D-F) with insulin (A, D), melatonin (B, E) and
insulin plus melatonin (C, F). Only days that showed 24 h oscillations
were considered.

Additional file 7: Variations in glycemia averaged per week in
diabetic animals treated with insulin (A, D), melatonin (B, E) or
insulin plus melatonin (C, F). Upper row shows late treatments and
bottom row, early treatments. Mean + SEM.

Additional file 8: Body weight of diabetic animals averaged per

week treated with insulin (A, D), melatonin (B, E) and insulin plus
melatonin (C, F). Upper row shows late treatments and bottom row,

early treatments. Mean + SEM.

Additional file 9: Representative periodograms for Early-INS (A-D),
Early-MEL (E-H) and Early-INS + MEL (I-L) animals indicating the
predominant period of the control (A, E, ), early treatment (B, F, J),
off-treatment (C, G, K) and restituting treatment phases (D, H, L).
The threshold line indicates when a determined period was statistically
predominant in the series.
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