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Abstract

Background We assessed the potential impact of a high dose of melatonin treatment in patients with early septic shock.
Methods Forty patients with early septic shock were randomly allocated to the melatonin or placebo groups. Besides
standard-of-care treatment, melatonin and placebo were administered at a dose of 50 mg for five consecutive nights. The
efficacy outcomes were severity of organ dysfunction based on the Sequential Organ Failure Assessment (SOFA) score,
the number of patients requiring mechanical ventilation and ventilator-free days, the mean required vasopressor dose and
vasopressor-free days, and 28 days all-cause mortality.

Results After 5-day treatment, the mean SOFA scores decreased 4.05+4.75 score in the melatonin group and 2.25+4.87
in the placebo group. On day 28, 60% of the melatonin-treated patients and 35% of the placebo-treated patients had a SOFA
score below six. Thirteen cases in the placebo group and nine cases in the melatonin group required mechanical ventilation;
however, there was no statistically significant difference between the groups regarding these outcomes. The melatonin-
treated patients had more ventilator-free days than placebo-treated patients over the 28-day (16.90+9.24 vs. 10.00 +10.94;
p value=0.035). The mean reduction in the required dose of vasopressor was 6.2 +5.12 in the melatonin-treated patients
compared to 3.20 +3.95 in the placebo-treated patients (p value=0.045). Vasopressor-free days in the melatonin-treated
group were also significantly more than the placebo-treated group (12.75 +7.43 days vs. 10.15 +6.12 days; p value=0.046).
Conclusions Our pilot study supported the potential benefits of melatonin in treating septic shock. Further clinical evidence
is required for expanding and confirming these findings.

Trial registration The trial was registered at Clinicaltrials.gov (ID code: IRCT20120215009014N296). Registration date:
15/09/2019.
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Background

Sepsis is a clinical syndrome occurring when the host
immune response to an infectious insult spreads beyond the
site of infection, leading to a more generalized response.
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Its severity ranges from infection and bacteremia to severe
sepsis and septic shock. Septic shock is produced by the
sepsis presence with refractory hypotension. It is defined as
systolic blood pressure (SBP) below 90 mmHg or a reduc-
tion in SBP of >40 mmHg in adults, despite adequate fluid
resuscitation [1]. Although the strategies with a focus on
timely antibiotic administration and aggressive resuscitation
are extensively implemented for their treatment, severe sep-
sis and septic shock are still associated with unacceptably
high rates of mortality [2]. Although the precise mechanism
of sepsis is not still understood, its cause is likely multifacto-
rial. It involves the direct impact of invading microorganisms
or their toxic products, the excessive releasing quantities of
proinflammatory mediators, activation of the complement
system, and coagulation mechanisms that ultimately lead to
widespread cellular injury. With septic shock, insufficient
oxygen relative to oxygen needs leads to cellular ischemia

@ Springer


http://orcid.org/0000-0003-4119-1600
http://crossmark.crossref.org/dialog/?doi=10.1007/s11845-021-02758-1&domain=pdf

1914

Irish Journal of Medical Science (1971 -) (2022) 191:1913-1924

and hypoxia. Failure of cellular perfusion causes a notice-
able rise in reactive oxygen species (ROS) and a reduction in
endogenous antioxidant defense, which increases the already
high state of oxidative stress [3]. Further, as is amply dem-
onstrated, oxidative stress and the inflammatory response are
closely related and one of which can be easily induced by
another [4]; as a result, under the pathogenic inflammatory
condition of septic shock, ROS production is increased, and
antioxidant protection reduced. In fact, with septic shock,
inflammation together with the hypoxia induces a state
of oxidative stress, a decrease in antioxidant activity, and
a loss of regulatory mechanisms that ultimately leads to
mitochondrial dysfunction and failure of energy production
[5]. Thus, during septic shock, in addition to the defect in
delivery of O, in the blood vessels and capillaries, due to
the sepsis-induced mitochondrial dysfunction, impaired O,
utilization is occurred, which reduces cellular energy pro-
duction. Consequently, mitochondrion becomes an origin
of the generation of excessive ROS in sepsis, which further
increases the damage to mitochondria. The resulting wide
mitochondrial damage and insufficient energy production
can trigger organ dysfunction and death in affected patients
[6]. All of the abovementioned statements point to the fact
that the therapeutic strategy targeting overwhelming inflam-
matory responses and a high state of oxidative stress and
maintaining the proper functioning of mitochondria is criti-
cal in sepsis management [7].

Melatonin is a hormone primarily synthesized and
secreted from the pineal gland that the nocturnal rise in
its secretion has an essential role in the regulation of the
sleep—wake cycle, pubertal development, and seasonal
adaptation [8]. There is growing evidence on the other ben-
eficial effects of melatonin, including locomotor activity-
regulating, antioxidant, anti-inflammatory, antinociceptive,
pain-modulating, antidepressant, anxiolytic, antineophobic,
vascular, retinal, neuroprotective, blood pressure-regulating,
and anti-tumor effects [9-11]. Because of this numerous
functional melatonin properties, in the last decade, both
preventive and medical use of melatonin for a number of
clinical states has attracted much attention [12]. Considering
its unique immunoregulatory functions, together with potent
anti-inflammatory, antioxidant, and free radical scavenger
properties, melatonin has received progressively scientific
attention in the management of various pathophysiological
conditions in which high state oxidative stress and inflamma-
tion are engaged in their pathophysiologic processes [13]. In
this vein, melatonin has been proposed as a potential thera-
peutic candidate for the treatment and management of sepsis
[14]. It is speculated that the potential benefits of melatonin
in the treatment of sepsis may also stem from its ability to
optimize and restore mitochondrial function [15]. On the
other hand, from a pathological viewpoint, there is growing
evidence regarding the possible disturbed circadian rhythm
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of melatonin release in patients with severe sepsis [16—18].
Further, encouraging data obtained from a number of stud-
ies in animal models of septic shock showed that melatonin
supplementation might exert protective effects against
multiorgan failure in septic settings [19-22]. Based on this
evidence, we hypothesized that adult patients with septic
shock might be likely to benefit from exogenous melatonin
administration. Thus, we designed a randomized, double-
blind, placebo-controlled pilot trial to evaluate whether a
high dose of melatonin (50 mg for 5 days) administration
as adjunctive therapy to standard therapeutic care can be
beneficial in improving the clinical status of patients with
the diagnosis of early septic shock.

Material and methods
Study design

This study was a prospective, two-arm, double-blind, rand-
omized clinical trial in adult patients with early septic shock.
It was carried out at a single tertiary care referral hospital
in West of Iran, with combined adults Medical and Surgi-
cal Intensive Care Unit (ICU) of 30 beds (20-bed surgical
ICU and 10-bed medical ICU). The trial was performed in
accordance with the Declaration of Helsinki and the Inter-
national Good Clinical Practice guides, and the registered
research protocol was approved by the local Ethics Commit-
tee of Hamadan University of Medical Sciences (approval
number: IR.UMSHA .REC.1398.341) before initiation. The
written informed consent was provided by the patients or
their first-degree relatives if they were unable to provide
consent. The trial was registered at the Iranian Registry of
Clinical Trials (www.irct.ir) on 15/09/2019, with registration
number “IRCT20120215009014N296.” The investigators,
ICU nurses, physicians, and patients were blinded to the
treatment allocations. The study drug (melatonin or placebo)
was prepared, hooded, and dispensed by a hospital pharma-
cist. Patient enrollment was between September 2019 and
March 2021. After data collection and analyses, treatment
allocation was first revealed to the study researchers.

Patient enrollment

The sample size was calculated as 20 in each group based on
Zabet et al. [23] to detect a difference of at least six or more
in the required vasopressor dose between the two groups
with a standard deviation (SD) of six, while considering
a=0.05, 20% drop-out, and a power of 80%. During the
study period, all adult critically ill patients, between 18 and
75 years old, with a diagnosis of septic shock, ongoing treat-
ment with vasopressors for at least 6 h and less than 24 h
who had a central venous catheter were eligible for inclusion
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in the trial. The definition of the septic shock was as follows:
the presence of documented or suspected infection, at least
two organ failure, each defined by an organ-specific Sequen-
tial Organ Failure Assessment (SOFA) [24] score of 3 or 4,
and persisting hypotension requiring vasopressors for main-
taining the mean blood pressure of at least 65 mm Hg or
SBP of at least 90 mm Hg in the absence of hypovolemia
[2]. Patients younger than 18 years; pregnant and lactating
patients; currently on melatonin supplementation; having
a history of allergy or intolerance to melatonin; unable to
receive enteral medication; having cardiogenic shock; diag-
nosis with late septic shock at presentation with multiple
organ failure; having underlying clinical conditions that
could impact short-term survival, including malignan-
cies, patients under immunosuppressive therapy, having a
preexisting chronic kidney disease and chronic liver disease;
having uncontrolled hemorrhage; and moribund patient not
expected to survive 24 h were excluded from the trial. Fur-
ther, patients who died within 24 h of enrolment were also
dropped out from the trial.

Intervention

Forty patients who fulfilled inclusion and exclusion criteria
in a 1:1 ratio by block randomization method (in four blocks)
were allocated to the melatonin or placebo groups. The ran-
domization was performed by a researcher not engaged in
managing patients. The trial medications were started imme-
diately after randomization. Melatonin at a dosage of 50 mg
(Razak Pharmaceutical Company, Tehran, Iran) was admin-
istrated as a liquid oral solution at 9 p.m. for five consecutive
nights. Placebo oral solution was similarly prepared and was
indiscernible from active treatments. The trial medications
were stopped without tapering off at the end of the interven-
tion period. The solutions of the study medications were
made ready by a hospital pharmacist that was not masked to
treatment and was not a further part of those patients’ care.
The medication was administrated through the nasogastric
tube in patients with a disorder of consciousness or swallow-
ing deficit (dysphagia).

The protocol-based care was provided for all patients
irrespective of the treatment group according to the 2016
Surviving Sepsis Campaign recommendations [25]. Those
included placements of a central venous catheter for moni-
toring central venous oxygen saturation (ScvO2) and pres-
sure and for administering intravenous fluids, intravenous
broad-spectrum antibiotics as soon as possible following
taking specimens from the possible infection sites, moni-
toring of blood glucose levels at least and maintained blood
glucose at <150 mg/dl by infusing insulin intravenously,
intravenous replacement fluids, vasopressor therapy, trans-
fusion of blood products, nutrition support, renal replace-
ment therapy, prophylactic anticoagulation, and prevention

of stress ulcer according to the international guidelines for
severe sepsis. Daily monitoring is similar to the routine mon-
itoring of these patients as part of their ICU management.

Further, throughout the active treatment period, an ICU
man, who was not affiliated with the study, independently
visited patients daily to identify possible clinical adverse
events. He assessed any alteration in physical signs and
symptoms and laboratory parameters of the study patients
and determined if the alteration was clinically important and
different from what was expected in the course of the treat-
ment of septic shock patients. In case of any occurrence of
clinically significant and unexpected adverse experience that
was thought to be associated with the study drug, they were
recorded as adverse events.

Outcomes

At enrollment, the following data were recorded for each
study patient: (1) demographic characteristics; (2) time of
admission in ICU and hospital; (3) time from septic shock
onset; (4) coexisting illnesses; (5) concomitant medications;
(6) hemodynamic parameters and laboratory tests; (7) cul-
tures and Gram examination from the suspected infection
sites; (8) type and dose of any antibiotics; (9) type and dose
of inotropes and vasopressors; (10) Acute Physiology and
Chronic Health Evaluation (APACHE) disability scale at the
first 24 h of ICU admission; and (11) illness severity based
on SOFA score.

The SOFA score was used for determining the organ dys-
function severity associated with sepsis in the study patients.
The SOFA score as a simple and objective measurement tool
has been widely used for quantifying the degree of organ
dysfunctions in critically ill patients. SOFA is on the basis
of six different scores for each organ system (cardiovascular,
respiratory, hepatic, neurologic, renal, and coagulation sys-
tems). The score of each system is ranged from O to 4, and
the sum of these component scores represents the total maxi-
mum SOFA scores (0-24 points). The highest and mean
scores are most predictive of mortality. The presence of the
organ system failure for each of these six organ systems is
defined as a SOFA score >3 [24].

The primary efficacy endpoints were as follows: 1, the
change in SOFA scores at 24, 48, 72, and 96 h after treat-
ment compared to the start of treatment and the percent-
age of patients who recovered from organ failure defined
as SOFA score below 6 at day 28; 2, the number of patients
who required invasive mechanical ventilation and ventilator-
free days up to day 28; and 3, mean vasopressor dose at 24,
48, 72, and 96 h from enrolment and vasopressor free days
up to day 28. As the secondary endpoints, the following
clinical outcomes were compared in the study groups: 1,
28 days all-cause mortality; 2, the percentage of patients
who had acute renal failure and needed renal replacement
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therapy up to day 28; and 3, the length of ICU and hospital
stay (up to day 60).

Statistical analyses

IBM, SPSS version 20 (SPSS Inc., Chicago, IL, USA) was
used for statistical analysis. Data analysis was performed
for the intent-to-treat (ITT) population, and the last obser-
vation carried forward (LOCF) method was employed for
missing data handling. Shapiro—-Wilk test was used for
examining the normal distribution of continuous data. The
normally and non-normally, continuous data were expressed
as mean (standard deviation (SD)) and median (interquar-
tile range (IQR)), respectively, while categorical data were
expressed as numbers with percentages. Independent 7 test
and Mann—Whitney U test were used to compare the mean
(£ SD) and median (+1QR) of continuous variables between
the drug and placebo group, respectively. The chi-square
test was used to compare the proportions/test the association
between groups. For repeated observations over time, Fried-
man’s analysis of variance (ANOVA) was used to estimate
the significance level among the time points. If, in Fried-
man’s ANOVA, the p value was observed to be significant,
then the difference in medians between individual groups
was further assessed using the Wilcoxon signed-rank test. p
value s <0.05 were considered statistically significant.

Results
Demographics and baseline characteristics

The flowchart of trial enrollment is as depicted in Fig. 1.
Between September 2019 and March 2021, eighty-eight
cases were evaluated for eligibility, of which 48 cases were
excluded (43 cases did not fulfill inclusion criteria, and 5
cases refused to participate). Of the 40 patients fulfilling
the inclusion/exclusion criteria and given written informed
consent, 20 cases were allocated to the intervention group,
and 20 cases were allocated to the control group and were
followed for 28 days (Fig. 1). All participants received at
least one dose of the trial medication; so, after randomiza-
tion, there were not any patients excluded from the analysis
after randomization, and all randomly allocated cases were
included in the final intention-to-treat analysis. Nineteen
cases (95%) in the melatonin group and eighteen cases (90%)
in the placebo group received the entire 5-day treatment
course. Table 1 presents the demographic and clinical fea-
tures of the participants at enrollment. The patients’ average
age was 54.9+12.21 years, and 67.5% of the patients were
men. As shown at the start of the trial, the groups were well
balanced in terms of baseline clinical features, including
general condition, coexisting illnesses, the focus of sepsis,
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Evaluation for cligibility
(no=88)

Excluded (no=48)

Registration

Not meeting inclusion criteria (no=43)

Declined to participate (no=5)

Randomized (no=40)

il

Assignment

Assigned to the placebo-treated group

Assigned to the melotonin-treated group
(no=20)

(n0=20)

Follow-Up

Lost to follow-up (no=0) Lost to follow-up (no=0)

Died in the acute phase due to disease
severity (no=5)

Died in the acute phase due to diseases
severity (no=8)

Analysis

Analysed (no=20)
Excluded from analysis (no=0)

Analysed (no=20)
Excluded from analysis (no=0)

Fig.1 The study flow diagram

vital signs, and laboratory tests. In both groups, the respira-
tory tract was the most common site of infection, followed
by intra-abdominal infections. Regarding the illness sever-
ity scores at enrollment, the SOFA and APACHE 1I scores
were also comparable in the two groups (p value =0.74 and
p value =0.64, respectively). Interventions provided for the
septic shock management at study enrollment were similar
in both groups. In all study patients, the initial antimicro-
bial treatment based on the infection site and the pathogen
sensitivity was judged adequate. The adjunctive steroid was
administrated in six cases in the treatment group (30%) and
eight cases in the placebo group (40%) that was comparable
in the two groups (p value =0.74).

Efficacy outcomes

Figure 2 and Table 2 depict the results related to the mela-
tonin impact on the primary and secondary clinical efficacy
outcomes. Five of 20 cases (25%) in the melatonin group
and 8 of 20 cases (40%) in the control group had died within
the 28-day follow-up period (Table 2). Despite the lower
mortality rate in the melatonin recipients compared to the
placebo recipients during the 28-day follow-up, no statisti-
cally significant difference was observed between the study
groups (p value=0.51). According to the general linear
model analysis of data, although through the 5-day inter-
vention period, more improvement in the organ dysfunction
severity assessed by SOFA score was noted in the patients
treated with melatonin in comparison with the patients
treated with placebo, it was not statistically significant (p
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Table 1 .Baseline demographics Variable Melatonin group (20  Placebo group (20 p value
fmd Cl.ll’llcal features of th.e patients) patients)
intention-to-treat population
Characteristic
Age, years, mean+SD 55.75+11.45 53.95+13.17 0.65
Sex (M/F), no. (%) 13/7 (65/35) 14/6 (70/30) 1.00
BMI, mean +SD 25.50+3.40 24.90+3.10 0.64
Coexisting illnesses
Cardiovascular diseases, no. (%) 10 (50.0) 11(55.0) 1.00
Diabetes, no. (%) 9(45.0) 6 (30.0) 0.51
Respiratory diseases, no. (%) 7(35.0) 5(25.0) 0.73
Chronic renal failure, no. (%) 2 (10.0) 3(15.0) 1.00
Neurologic disorders, no. (%) 5(25.0) 4 (20.0) 1.00
Other, no. (%) 6 (30.0) 4(20.0) 0.72
Source of infection
Respiratory infection, no. (%) 8 (40.0) 8 (40.0)
Intraabdominal infection, no. (%) 4 (20.0) 5(25.0) 0.88
Urinary tract infection, no. (%) 4 (20.0) 2 (20.0)
Others or un-known infection, no. (%) 4 (20.0) 5(25.0)
Blood culture positive, no. (%) 7(35.0) 6 (30.0) 1.00
Vital sign and laboratory data at enrollment,
mean + SD
Temperature, °C 37.8 (20.8) 37.9(£0.9) 0.73
Respiratory rate, times/min 21+2 20+3 0.58
Heart rate, times/min 97+ 16 95+18 0.78
Systolic blood pressure (mmHg) 102.8+9.3 104.5+9.7 0.59
Mean arterial pressure (mmHg) 76.3+114 78.2+12.1 0.60
White blood cell count (10%/L) 10.6+6.5 9.7+7.2 0.69
Platelet count (10%/L) 15196 144 +94 0.81
Creatinine (mg/dL) 1.7+0.6 1.8+0.5 0.71
Total bilirubin (mg/dL) 1.4+0.7 1.3+0.5 0.62
Severity of illness at enrollment
APACHE-II, mean + SD 22+6 21+7 0.64
SOFA, mean+SD 12.30+3.50 11.90+3.10 0.74

BMI body mass index, SD standard deviation, /QR interquartile range, APACHE II Acute Physiology and
Chronic Health Evaluation II, SOFA Sequential Organ Failure Assessment

value =0.29; Fig. 2a). The mean SOFA score decreased
from 12.30+3.50 at the time of enrollment to 8.20 +5.68
at the fifth day of treatment in the melatonin group and
decreased from 11.90 +3.10 to 9.75+5.75 in the placebo
group. The proportion of patients who recovered from organ
failure defined as SOFA score below six at day 28 was 60%
(12 of 20 patients) in the melatonin-treated patients ver-
sus 35% (7of 20 patients) in the placebo-treated patients
(Table 2); however, there was no statistically significant dif-
ference between the study groups (p value=0.21).

During 28 days of follow-up, nine cases in the interven-
tion group (45%) and thirteen cases in the control group
(65%) required invasive ventilatory support that was not a
significant difference (p value =0.33). By day 28, in com-
parison with the patients treated with placebo, the patients
treated with melatonin had significantly more ventilator-free

days (16.90 +£9.24 days in the melatonin group vs.
10.00+10.94 days in the placebo group; p value=0.035).
The comparison of the number of patients who needed renal
replacement therapy to day 28 in the melatonin group did not
show a significant differences from the placebo group (mela-
tonin group =3 patients [15%], placebo group=>5 patients
[25%]; p value=0.69).

Figure 2b shows the changes in the mean dose of vaso-
pressor through the 5-day intervention period across patient
groups. Although compared to placebo-treated patients, the
melatonin-treated patients exhibited a significantly higher
decline in the mean required dose of the vasopressor through
the active treatment period, this trend did not reach statistical
significance (p value =0.22); however, as a supplemental
analysis, a comparison was made between two study groups
for the mean change in the required dose of vasopressor at
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Fig.2 a Change in the mean SOFA score (Sequential Organ Fail-
ure Assessment) for severity of organ dysfunction associated with
sepsis through the 5-day intervention period across patient groups
(p value=0.29). b Change in the mean vasopressor dose at different
time points during treatment period (p value=0.22)

96 h compared to baseline. The mean required dose of vaso-
pressor at day 5 of treatment showed a 6.21 +5.12 reduction
in the patients treated with melatonin versus a 3.20 +3.95
reduction in the patients treated with placebo that was a
significant difference (p value =0.045; Table 2). Further,
through the 28-day follow-up, vasopressor-free days were
also significantly higher in the melatonin group compared to
the placebo group (12.75 +7.43 days vs. 10.15+6.12 days;
p value=0.046; Table 2). Besides, there were also signifi-
cant differences between the study groups in terms of the
length of hospitalization and ICU stay. The mean day of
ICU stay was 15.85+5.03 days in the melatonin-treated
patients and 21.10+ 10.12 days in the placebo-treated
patients, which was a statistically significant difference (p
value=0.045). Also, a significant difference was observed
between the study groups in terms of the mean day of hos-
pitalization (18.05 +5.14 days in the melatonin group vs.
25.85+7.13 days in the placebo group; p value=0.03).
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Safety outcomes

As regards possible adverse effects of melatonin, no apparent
adverse events occurred during the study period that could
be related to the melatonin treatment. Further, during the
5-day active treatment period, no patients were withdrawn
due to identified adverse effects or toxicities of melatonin.

Discussion

The data of this pilot study revealed that compared to
placebo, administration a high dose of melatonin (50 mg
for five days) at the septic shock onset as an adjuvant to
standards of care modalities could attenuate systemic organ
dysfunction associated with sepsis and reduce the demand
for mechanical ventilation, although these differences were
statistically insignificant. Compared to placebo, melatonin
therapy significantly reduced the mean required dose of
vasopressor, shortened days on vasopressor treatment and
shortened the duration of mechanical ventilation through
a 28-day follow-up. Melatonin also decreased the ICU and
hospital stay length without any detectable drug-related
adverse events or toxicities. Despite these promising outcomes,
since the study’s sample size was small, there was no statisti-
cally significant difference between the intervention and con-
trol groups regarding the rate of 28-day all-cause mortality.

Although its pathophysiology is still incompletely under-
stood, it is now well clear that oxidative stress and mito-
chondria malfunctioning as a result of the over-inflammatory
responses to infection are involved in the development of
cell and organ injury in sepsis [3]. Indeed, oxidative stress
in inflammatory-associated pathogenic conditions such as
sepsis causing significant mitochondrial injury. Considering
mitochondria’s pivotal role in cellular energy production,
oxidative stress-mediated damage to mitochondria leads
to diminished energy generation, and as a consequence, a
further rise in the production of ROS in the mitochondrial
matrix. This ROS overload contributes to further mitochon-
drial injury with the final consequence of exacerbation of
oxidative stress and inflammatory process that provokes tis-
sue damage in a vicious cycle [26]. Thus, it has been hypoth-
esized that therapeutic approaches directed to enhance
endogenous antioxidant defenses, optimize the mitochon-
drial function, and modulate the amplitude of inflammatory
responses might improve the overall outcome in patients
with septic shock [27-29]. In this vein, recently, the potential
efficacy of a number of agents targeting these pathophysi-
ologic processes has been investigated in basic research and
clinical studies that some of these studies provided promis-
ing and favorable results [30-33].

In view of its potent antioxidant and anti-inflamma-
tory properties, in particular, at high doses, exogenously
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Table 2 Primary and secondary clinical outcomes of the study up to day 28
Variable Melatonin group (20 patients) Placebo group (20 patients) p value
28-day mortality, no. (%) 5(25.0) 8(40.0) 0.51
Number of patients needed mechanical ventilation up to day 28, no. (%) 9 (45.0) 13 (65.0) 0.33
Ventilator-free days to day 28
Mean+SD 16.90+9.24 10.00+10.94 0.035
Median (IQR) 18 (26.50-11.50) 7.00 (17.00-0.00)
Number of patients who needed vasopressor up to day 28, no. (%) 20 (100) 20 (100) 1.00
Vasopressor-free days to day 28
Mean+SD 12.75+7.43 10.15+6.12 0.046
Median (IQR) 11.50 (17.25-7.50) 8.50 (12.75-6.25)
Change in mean vasopressor dose from enrollment to day 5 (mcg/min)
Mean+SD —-6.21+5.12 -3.20+3.95 0.045
Median (IQR) —5.00 (=2.75—(-9.25)) —5.00 (0.00—(—5.00))
Change in mean SOFA score from enrollment to day 5
Mean+SD —4.05+4.75 -2.25+4.87 0.24
Median (IQR) —5.00 (—0.25-(-6.75)) —3.00 (0.75-(-6.75))
Number of patients with SOFA scores less than 6 at day 28, no. (%) 12 (60.0) 7(35.0) 0.21
Number of patients needed renal replacement therapy to day 28, no. (%) 3 (15.0) 5(25.0) 0.69
Length of ICU stay, days
Mean+SD 15.85+£5.03 21.10+£10.12 0.045
Median (IQR) 16.00 (19.00-12.50) 21.00 (28.00-14.00)
Length of hospital stay, days
Mean+SD 18.05+5.14 25.85+7.13 0.03
Median (IQR) 19 (21-15) 23 (36-15)

SD standard deviation, /QR interquartile range, SOFA Sequential Organ Failure Assessment, /CU intensive care unit. The significant p value is

shown in bold type

administered melatonin might also be a promising agent in
modulating the oxidative stress and inflammatory state seen
in sepsis. From a pathophysiology viewpoint, growing evi-
dence indicates that the circadian rhythm of melatonin secre-
tion has been disrupted during severe sepsis [16, 34-36].
It is reported that there is an association between the low
melatonin levels and impairment of immune system func-
tion, increased severity of infection, and worsening clini-
cal outcomes in the sepsis setting [18, 37]. Melatonin, as a
major intracellular antioxidant, through multiple potential
actions, including direct free radical scavenging, stimula-
tion of antioxidative enzymes such as glutathione reductase,
superoxide dismutase, and glutathione peroxidase, enhanc-
ing the mitochondrial oxidative phosphorylation efficiency
and decreasing electron leakage and as a result, reducing free
radical generation, and enhancing the efficacy of other anti-
oxidants can exert protective effects against oxidative stress-
induced damage to molecules, cells, and tissues [38]. It is
found that melatonin’s metabolites also possess antioxidant
activity and can deactivate a wide variety of ROS radicals
[39]. It seems that decreased serum melatonin levels during
severe septic at least impart related to its rapid utilization as
an antioxidant [40]. Due to its high lipophilicity and small
size, as well as the presence of the active melatonin transport

in the mitochondrial membrane, melatonin is able to enter
and accumulate within mitochondria in a dose-dependent
manner [41, 42]. This evidence suggests that melatonin as
an antioxidant that acts in mitochondria can exert protective
effects against mitochondrial damage resulting from oxida-
tive stress [43]. Interestingly enough, in a study in an acute
model of sepsis, melatonin demonstrated similar effects
to the synthetic mitochondrial antioxidants like MitoE
and MitoQ regarding protection against pro-inflammatory
cytokine responses, oxidative stress, and mitochondrial dys-
function in the setting of sepsis [44]. While it is found that
an increase in the production and activity of nitric oxide
(NO) by the inducible nitric oxide synthase (iNOS) has
a crucial role in mitochondrial dysfunction in septic set-
ting [45], research in animal models of sepsis shows that
melatonin has inhibitory effects on induction of iNOS and
reduces NO production in septic mice [22, 37, 46, 47].
Beyond this, there is a wealth of evidence that melatonin
possesses high anti-inflammatory properties. It has been
found that melatonin modulates inflammatory processes
without impairing the physiologic inflammatory responses
[48]. However, at present, the exact mechanisms underly-
ing the anti-inflammatory effects of melatonin are still
not fully elucidated. Given the close connections between
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inflammation and oxidative stress and the overproduction of
ROS during oxidative stress contributes to the development
and perpetuation of the inflammatory process [4], it is specu-
lated that the main anti-inflammatory action of melatonin
could be mediated through its antioxidant activities [49].
Further, it is found that melatonin in a dose-dependent fash-
ion through modulation of nuclear factor kappa-B (NF-kB)
and Nod-like receptor pyrin containing 3 (NLRP3) signal-
ing pathway that their interaction is responsible for activat-
ing pro-inflammatory responses during sepsis can regulate
the balance of anti- and pro-inflammatory cytokines in this
inflammatory-mediated pathological condition [50]. In this
context, a number of experimental studies in the models
of sepsis demonstrated that melatonin, through inhibition
of the NF-xB/ NLRP3 pathway activation, could regulate
the pro-inflammatory mediators' production and restore the
mitochondrial homeostasis [47, 51-56].

Apart from the above mechanisms, recently, preliminary
evidence raises regarding the medical application of mela-
tonin, as a potential antimicrobial agent, in the prevention
and treatment of various bacterial and viral infections [57].
In this context, some ex vivo and in vivo studies reported
the antimicrobial activities of melatonin against both Gram-
negative and Gram-positive pathogenic bacteria, even prob-
lematic bacteria, such as carbapenem-resistant Pseudomonas
aeruginosa, Acinetobacter baumannii, and Staphylococcus
aureus, causing antibiotic-resistant nosocomial infections
[58—60]. The impact of melatonin in restricting bacterial
growth is likely, in part, to be attributed to its ability to bind
metals (e.g., Fe+ 3) and reducing the availability of intracel-
lular substrates [58].

According to this evidence, it appears that the poten-
tial benefits of melatonin in the septic setting are mediated
through a broad spectrum of actions. To date, in a number
of animal models of sepsis and septic shock, the potential
effectiveness of melatonin has been widely investigated.
Results of these studies strongly support the hypothesis that
melatonin and melatonin receptor agonists can limit sepsis-
induced organ dysfunction, and patients with sepsis might
benefit from these natural agents [19, 61-65]. It is found that
exogenous melatonin administration in the animal model
of sepsis could be able to restore the normal homeostasis
in all organs [47, 51]. Further, it has been shown that the
melatonin’s protective mechanisms against sepsis are totally
antagonized by a co-treatment with the melatonin receptor
antagonist like luzindole. This evidence indicates that the
melatonin’s protective actions on septic organ injuries might
be mediated via its membrane receptors (MT1/MT2 recep-
tors) [62]. According to the experimental evidence, time,
dose, and length of melatonin administration also need to be
considered in the treatment of septic, as it is speculated that
melatonin therapy at high dosage in the early phase of septic
and for a short duration could exert benefits in septic patients
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[66, 67]. Due to circulatory dysfunction, drug absorption is
compromised in septic patients [68]. On the other hand, due
to a substantial first-pass metabolism, melatonin has a low
oral bioavailability, with a range from 3 to 33% [69, 70], so
this evidence indicates that a large oral dosage of melatonin
(around 50 mg of melatonin) is likely needed to exerts its
dose-dependent antioxidant and anti-inflammatory effects in
the immunopathological conditions, like sepsis [71]. Con-
cerning melatonin dosing, it has also been recognized that
melatonin administration in multiple daily doses also might
be important to optimize melatonin’s anti-inflammatory
and antioxidant efficacy in pathological conditions [72, 73].
Further, currently in the animal model of sepsis, it has been
found that delivering melatonin with specific drug delivery
systems can improve its antioxidant effects against oxidative
stress-induced damage in the septic setting [21].

However, despite this strong scientific evidence, to date,
relatively little clinical finding exists concerning melatonin
efficacy as a therapeutic approach in the management of
septic shock. To date, some limited clinical studies have
been conducted regarding the effectiveness of melatonin as
adjuvant therapy in neonates with sepsis [74—77]. A recent
meta-analysis on these studies with a total of 120 study
subjects concluded that adjunctive therapy with melatonin
during the initial 24 h post-diagnosis of sepsis could be
able to decrease serum levels of C-reactive protein as an
inflammatory indicator and improve the clinical outcomes
in the neonatal sepsis [78]. In a recent controlled clinical
trial, Aisa-Alvarez and co-workers investigated the poten-
tial efficacy of several antioxidants, including vitamin C
(group 1: at a dosage of 1000 mg every 6 h), vitamin E
(group 2: at a dosage of 400 IU every 8 h), n-acetylcysteine
(NAC) (group 3: at a dosage of 600 mg every 12 h), and
melatonin (group 4: at a dosage of 50 mg once daily) as
adjuvant therapy to standard-of-care treatment for five
consecutive days in comparison to only standard-of-care
treatment (group 5) in adult patients with septic shock pre-
sented with multiple organ dysfunction [79]. Results of the
study demonstrated that each of these antioxidants, par-
ticularly vitamin C and melatonin, has beneficial effects
on decreasing the severity of organ dysfunction assessed
based on the SOFA score. Further, a significant decrease
in the plasma level of oxidative stress and proinflammatory
biomarkers such as C-reactive protein (CRP), procalcitonin,
and lipid-peroxidation have been observed in the patients
who received melatonin [79]. Consistent with these find-
ings, our study also provided clinical evidence regarding
melatonin’s beneficial effects on adult septic shock. Besides
these findings, previously, results of a randomized, double-
blind placebo-controlled study showed that melatonin sup-
plementation at a dosage of 10 mg at night could improve
nocturnal sleep in critically ill patients receiving mechani-
cal ventilation [80]. Castroviejo et al., in their recent clinical
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trial (EudraCT: 2008-006,782-83) that its results still do
not publish, observed that intravenous administration of
60 mg/day melatonin could significantly reduce mortality
in septic patients [81]. During the current global pandemic,
scientific evidence is also rising regarding the potential ben-
efits of melatonin as adjuvant therapy in preventing and
treating coronavirus disease 2019 (COVID-19) infection
[82]. Considering the critical role of excessive inflamma-
tory and oxidative stress responses in the pathogenesis of
pulmonary and systemic damage in severe COVID-19, it
is not surprising noting that the preliminary clinical find-
ings were promising on melatonin’s utility in patients with
severe COVID-19 infections [72, 83].

While there is limited clinical evidence in the critically
ill patient population concerning melatonin’s safety, many
experimental and clinical research works have reported mel-
atonin as a safe agent, without any serious or clinical impor-
tant adverse events even at supra-physiologic doses [84]. In
this context, recently, in a phase I dose-escalation research
on healthy cases, melatonin at high single oral doses up
to 100 mg was well tolerated, and no clinically significant
changes to any biochemical or physiological measures were
observed [71].

Thus, the light of the current data in the literature sug-
gests that adjunctive therapy with melatonin might be safe
and effective in improving clinical outcomes of critically
ill patients, such as septic patients. However, these find-
ings require confirmation. Our study could give us some
clinical evidence regarding efficacy of melatonin in septic
shock. Further, at present, there are a number of ongoing
clinical trials on evaluating the dose, safety, and efficacy of
melatonin in treating severe sepsis and septic shock that;
the obtained results from these trials can help to clarify the
potential usefulness of melatonin in sepsis treatment.

Although the results of our study are promising, due to
the preliminary nature of our work, it suffers from some
limitations that should be mentioned. Small sample size,
the short period of follow-up, and a single-center investi-
gation are some of the major limitations of the trial. Since
the sample size of our study was relatively small, it was
not powered to assess the benefits of melatonin therapy on
the mortality rate of septic patients. Thus, despite achiev-
ing promising results in some clinical outcomes, we did not
conclude whether treatment with melatonin could reduce
mortality in these patients or not. Additionally, because of
structural constraints, the melatonin serum levels were not
measured before and after the treatment. Further, we did not
assess the changes in the serum levels of inflammatory and
oxidative stress biomarkers in the study patients. So, it did
not allow identifying the regulatory effects of melatonin on
immunoinflammatory mediators as its possible mechanism
of action against sepsis. Therefore, additional research with

a higher sample size and a more length follow-up period is
required to address these issues in-depth.

Conclusion

In summary, data from the present study provided prelimi-
nary clinical evidence that administering a high dosage of
melatonin (50 mg/day for 5 days) early after the onset of
septic shock as an add-on therapy to standard treatment care
might be beneficial in improving some clinical outcomes in
septic shock patients. Thus, the scientific evidence on the
potential utility of melatonin in treating septic shock was sup-
ported by our findings. Conducting future clinical research
could be valuable to replicate and expand these findings.
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