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Abstract

Introduction: Polypharmacy may lead to changes in the action profile and toxicity of
medicines. Objective: This study evaluated the effect of the association of the
antidepressant agomelatine (AGO) with losartan (LOS), simvastatin (SIM), and metformin
(MET) after subchronic treatment on hematological, biochemical, and histopathological
parameters in Wistar rats. Methods: The animals were randomly divided into ten groups
for each sex and treated for 90 days, orally, with saline, AGO, LOS, SIM, MET, or
combinations (AGO+LOS, AGO+SIM, AGO+MET, LOS+SIM+MET, and AGO+LOS+SIM+MET).
We evaluated hematological, biochemical, and histopathological parameters. Results
and Discussion: The main hematological alterations occurred in the erythrogram, and
females subjected to polypharmacy were more prone to develop hematological and
biochemical alterations. Hepatic and renal functions were the most affected among
biochemical parameters. Agomelatine in combination increased the risk of
histopathological changes in both males and females, especially in the liver, kidneys, and
spleen. Females presented more intense hepatic histopathological changes when AGO
was associated with SIM and MET. Females using MET or AGO+MET were more prone to
develop histopathological changes than males. The spleen was significantly affected in
females, corroborating erythrogram alterations. Conclusion: Agomelatine in combination
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altered the safety profile of drugs, especially in females, indicating caution in their use in
polypharmacy with commonly prescribed drugs.

Keywords: Polypharmacy; Agomelatine; Losartan; Simvastatin; Metformin.

Resumo

Introdugao: A polifarmacia pode levar a alteragcdes no perfil de acao e toxicidade dos
medicamentos. Objetivo: Este estudo avaliou o efeito da associacao do antidepressivo
agomelatina (AGO) com losartana (LOS), sinvastatina (SIM) e metformina (MET) apods
tratamento subcrbénico sobre parametros hematoldgicos, biogquimicos e histopatoldgicos
em ratos Wistar. Metodologia: Os animais foram divididos aleatoriamente em dez grupos
para cada sexo e tratados por 90 dias por via oral com solucao salina, ACGO, LOS, SIM, MET
ou combinacdes (ACO+LOS, AGO+SIM, ACO+MET, LOS+SIM+MET e AGO+LOS+SIM+MET).
Avaliamos parametros hematoldgicos, bioguimicos e histopatoldgicos. Resultados e
Discussao: As principais alteracdes hematoldgicas ocorreram no eritrograma, e as fémeas
submetidas a polifarmacia apresentaram maior propensao a alteracdes hematologicas e
bioguimicas. As funcdes hepatica e renal foram as mais afetadas entre os parametros
bioguimicos. A agomelatina em associacao aumentou o risco de alteracdes
histopatoldgicas em ambos 0s sexos, especialmente no figado, rins e baco. As fémeas
apresentaram alteracdes histopatoldgicas hepaticas mais intensas quando a AGO foi
associada ao SIM e ao MET. Fémeas em uso de MET ou ACGO+MET tiveram maior propensao
a desenvolver alteracdes histopatoldgicas que os machos. O baco foi significativamente
afetado no sexo feminino, corroborando alteracdes eritrograficas. Conclusao: A
agomelatina associada alterou o perfil de seguranca dos medicamentos, principalmente
no sexo feminino, indicando cautela no seu uso na polifarmacia com medicamentos
comumente prescritos.
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1. Introduction individuals often contend with multiple

chronic health conditions, the use of
Polypharmacy, defined as the regular use

multiple medications becomes common,
of five or more medications at the same

posing risks of adverse outcomes such as
time, is common in older adults and at-
, S , falls, frailty, disability, and mortality.
risk younger individuals. as aging

Conventionally, polypharmacy is
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considered something to be avoided, but
recent research has identified that
appropriately managing patients with
targeted medications can prevent
unplanned hospital admissions'. The use
of polytherapy is justified when there is a
necessity to increase the effectiveness of
treatment with synergic effects, or when
the patient has more than one disease?
Moreover, polypharmacy was found to be
more prevalent among patients with
depression Versus non-depressed
comparisons, especially among older
patients with early-onset depression. in
these cases, polypharmacy needs to be
identified and managed appropriately, as
it isan independent risk factor for chronic

depression®.

Agomelatine is a recent therapeutic
option for treating depression. It is a
melatonin receptor agonist (Mtl/mt2)
and a serotonergic receptor antagonist
(5-HTJ* This mechanism induces the
release of dopamine and norepinephrine
without significantly altering serotonin
concentrations in the synaptic cleft.
However, = agomelatine  has  been
associated with increased hepatotoxic
potential, especially in older adults,
women, and patients under
polypharmacy regimens® Hepatotoxic
reactions, such as acute liver injury (ali),
are an identified risk in the european risk

management plan for agomelatine.
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Population studies  suggest  that
antidepressants are widely prescribed
and often used by patients with risk
factors for ali, such as metabolic
syndrome?®. Therefore, understanding the
safety profile of agomelatine in
combination with other drugs commonly
used in chronic conditions, such as
losartan, metformin, and simvastatin, is

essential.

Polypharmacy, in many instances, cannot
be avoided, as many patients suffering
from multiple chronic conditions will
require drugs from different classes. This
phenomenon has led to the concept of
*adequate polypharmacy,” which defines
the use of a sufficient number of drugs to
treat the existing pathologies and
comorbidities of a patient. Certain classes
of drugs, including anticoagulants,
antibiotics,

psychiatric  medications,

antidiabetics, and antihypertensive
agents, are associated with an increased
risk of drug interactions®. Considering this
context, it is critical to evaluate the impact
of drug interactions involving
agomelatine, metformin, losartan, and
simvastatin, all of which are frequently
used in the clinical management of

chronic diseases.

The objective of this study was to evaluate
the effect of subchronic treatment with
the association of agomelatine plus

losartan, simvastatin, or metformin on
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hematological, biochemical, and
histopathological parametersin male and
female rats. This study provides novel
insights into the safety profile of
agomelatine in polypharmacy settings,
highlighting the different responses
between male and female subjects,
which is crucial for understanding

gender-specific risks in clinical practice.

2. Materials and methods

Animals and Ethical considerations

We used 120 adult Wistar rats of both
sexes (60 males and 60 females). At the
beginning of the experiments, the
animals were 50-60 days old, weighing
between 200-250 grams. Rats, obtained
from the Animal House of the Federal
University of Ceara (UFC), were
maintained at a controlled temperature
(22 +2°C) with a 12-h dark/light cycle, food
(FRI-LAB Rat I, FRI-Ribe), and water ad
libitum. The animals were housed in
groups of same-sex 4 animals in 42 x 25 x
20 cm polypropylene wire-bottom cages.
Different sex rats were maintained in

separate rooms.

The animals were manipulated according
to the NIH Cuide for the Care and Use of
Laboratory Animals’, the Guide for the
Care and Use of Laboratory Animals (NRC,

201), and the Brazilian National Council
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for the Control of Animal Experimentation
(CONCEA). The Ethics Committee on
Animal Research of the Federal University
of Ceara approved the study protocol
(57/2016). All efforts were made to reduce
or minimize the number and the

suffering of experimental animals.
Drugs and treatment protocol

We used the drugs agomelatine (AGO,
Valdoxan® Servier laboratory, Brazil),
potassium losartan (LOS, Cozaar® Merck
Sharp & Dohme laboratory, Brazil),
simvastatin (SIM, Zocor® Merck Sharp &
Dohme laboratory, Brazil), and metformin
hydrochloride (MET, Glifage® Merck Sharp
& Dohme Laboratory, Brazil). The pills
were dissolved in sterile water in sufficient
volume to obtain the desired dose of each
drug. Drug doses were selected based on
clinical equivalence between humans
and rats, using the interspecies dose
conversion guide®. This conversion is
widely accepted in preclinical studies to
ensure that dosages used in animals
reflect therapeutic doses in humans,
minimizing risks and  maximizing
translational  relevance.  Accordingly,
based on this calculation, the following
doses were used: AGO 2.3 mg/kg, LOS 4.6
ma/kg, SIM 1.8 mg/kg and MET 7.9 mg/kg.
The drugs were made up freshly within 1-
2 h of dosing and were administered orally
by gavage ina volume of 1 mL/100 g body

weight.
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The experimental protocol was based on
the international guidelines for testing
drug safety in a subchronic treatment,
namely the OECD Guideline for the
Testing of Chemicals - Test 408 To do
this, the rats received daily consecutive
oral administrations of vehicle (VEH) or
the drugs alone or in combination for 90
days. In the combination groups, the time
interval between each drug
administration was 30 min. All
experimental
conducted between 8:00 - 12200 AM. On

manipulations were

the first day of drug administration, the
animals were randomly divided into 10
groups of 12 animals according to sex.
Additionally, we divided each group of 12
animals into 3 cages to allow the housing

of 4 rats per cage.

The following experimental groups were
conducted: Group 1 — GI/VEH, rats that
received four consecutive daily
administrations of the VEH; Group 2 -
G2/ACO, rats that received a daily

administration of AGO; Group 3 — G3/LOS,

G1,G2, G3, G4, G5, G, G7, G8, G9, G10

(Wistar rats: 60 female; 60 male)

|_ 90 days, gavage

Beginning
of treatment

rats that received one daily
administration of LOS; Group 4 — G4/SIM,
rats that received one daily
administration of SIM; Group 5 — G5/MET,
rats that received one daily
administration of MET. The groups G1 to
G5 received daily doses of the drugs
followed by three administrations of the
VEH. Group 6 - G6/LOS+SIM+MET, rats
received LOS, SIM, MET daily consecutive
oral administrations of the drugs, in this
order; Group 7 - G7/ACGO+LOS, rats
received AGO and LOS daily consecutive
oral administrations, in this order; Group 8
— G8/ACO+SIM, rats received AGO and SIM
daily consecutive oral administrations, in
this order; Group 9 — G9/ACO+MET, rats
received AGCO and MET daily consecutive
oral administrations, in thisorder. G7 to G9
received AGO followed by LOS or SIM or
MET and two daily administrations of VEH.
Group 10 — G10/AGO+LOS+SIM+MET, rats
received daily administrations of AGO,
followed by LOS, SIM, and MET

administration (FIGURE. 7).

female
n=6/group

Euthanasia with
blood and organ
collection

male
n=6/group doo

End of End of
treatment histopathological
analysis

FIGURE 1 - Experimental design. Rats were treated daily with oral administration of the
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drugs alone or combined. At the end of the protocol, the animals were sacrificed, and their

organs were dissected for histopathological
VEH/control: G2 AGO/agomelatine; G3:
MET/metformin: G6: LOS+SIM+MET/losartan

analysis. Abbreviations: G: group; G

LOS/losartan; G4: SIM/simvastatin; G5:

+ simvastatin  + metformin; G7:

AGO+LOS/agomelatine + losartan; G8: AGO+SIM/agomelatine + simvastatin; G9:
agomelatine + metformin; G10: ACO+LOS+SIM+MET/agomelatine + losartan + simvastatin
+ metformin. Source: Prepared by the authors (2024).

The division of the groups was performed
to evaluate both the monotherapeutic
and combined effects of the drugs in
question, reflecting real clinical situations
of polypharmacy in the management of
chronic diseases. The combination groups
(Coe to GI10) were assigned to examine
potential interactions between drugs that
are often prescribed together in clinical
practice, while the monotherapy groups
(G2 to G5) allowed for the evaluation of

individual effects of each drug.

After 90 days of daily administration of the
medications, two hours after the last
administration, the animals  were
anesthetized with intraperitoneal
administration of xylazine 10 mg/kg and
ketamine 90 mag/kg. Afterward, samples
were collected by abdominal vein
venipuncture (3 to 5 mL). Lastly, the
animals were decapitated, and the organs,
liver, kidneys, stomach, intestine, spleen,
pancreas, and heart were quickly

removed.
Histopathological analysis

The organs were analyzed

macroscopically and subsequently

submitted to histological processing
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through the automated system PTO5
LupTec® undergoing dehydration in
increasing alcohol series (70, 90, 95, and
100%), xylol diaphanization, paraffin
impregnation, casting at 60°C, and
inclusion of specimens forming paraffin
blocks at room temperature. The
fragments were sectioned 5 um thick and
stained using routine staining for
hematoxylin-eosin histology. The slides
were analyzed by optical microscope (100
and 400x magnification) by two
experienced blinded pathologists. Part of
the tissues from six different rats were
taken to compose each group. At least five
aleatory fields were imaged in each

animal sample.

The choice of histopathological methods,
such as the use of the hematoxylin-eosin
staining technique and the evaluation of
light microscopy, was made to detect
microscopic alterations in tissues of target
organs, such as the liver, kidneys and
heart. These techniques are international
standards in preclinical toxicology studies
and are fundamental to evaluate the
morphological effects of pharmacological
treatments in animal models, offering

detailed and quantifiable information on
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the degree of tissue injury.

The following parameters were carefully
evaluated in each organ: liver

(hepatocyte cell swelling, hydropic
degeneration, Kupffer cell hyperplasia,
inflammatory foci, microvesicular
steatosis, and focal hepatocyte necrosis);
kidneys (tubular epithelial swelling,
vacuuming of the tubular epithelium,
tubular epithelium necrosis or scaling,
hyaline cylinders and inflammmatory foci);
gut  (villus flattening, crypt loss,

inflammatory foci, vacuuming or edema

of the enterocytes, lymphoid follicles
enlargement, and ectatic vessels); spleen
(oresence  of  hemosiderin and/or
lipofuscin, presence of megakaryocytes);
pancreas (acinar vacuolization, acinar
necrosis, inflammation, and lymph node
hyperplasia);  stomach and heart
(inflammatory foci) (TABLE 1). Blinded
experimenters qualitatively described the
findings from the histopathological
analysis. They described major observed
changes and the number of animals

affected in each group for each organ.

TABLE 1 - Histopathological criteria evaluated in each organ for experienced and blinded

histopathologists.

Organ Histopathological criteria evaluated

Liver Hepatocyte cell swelling; Hydropic degeneration; Kupffer cell: Hyperplasia;
Inflammmatory foci; Macro or microvesicular steatosis; Focal hepatocyte necrosis

Kidney Tubular epithelial swelling; Tubular epithelium vacuuming, necrosis, or scaling;
Hyaline cylinders; Inflamsmmatory foci

Gut Villus flattening; Crypt loss; Inflammatory foci; Vacuuming or edema of the
enterocytes; Lymphoid follicles; Ectatic vessels

Spleen Presence of hemosiderin and/or lipofuscin Presence of megakaryocytes

Pancreas Acinar vacuolization; Acinar necrosis Inflammation and lymph node
hyperplasia

Stomach Inflammatory foci

Heart Inflarmmatory foci

Source: Adapted from Alves et al, 2019%; Paz et al.,, 2017%.

Hematological analyses

The animal’s blood was collected in tubes

lymphocytes (absolutes and %),
monocytes/eosinophils/basophils

(absolute and %), granulocytes (absolute

containing 10% sodium EDTA, where the

SDH-3-VET® device (Labtest, Brazil) was

and %), erythrocytes, hemoglobin (HGB),

hematocrit (HCT), mean corpuscular

used to perform the blood count. Thus,

volume  (MVC), mean corpuscular

the hematological evaluation consisted of

hemoglobin (HCM), mean corpuscular

the performance of an automated

hemoglobin  concentration (CHCM),

complete blood count, including the

anisocytosis index (RDW) and platelet

following parameters: total leukocytes,

count (PLT).
94
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Biochemical analyses

The blood was collected in tubes
containing a coagulation accelerator and
centrifuged at 3500 rpm for 10 minutes to
obtain the serum, separated into
Eppendorf  tubes for subsequent
biochemical analysis in the Labmax-
Plenno Automatic Analyzer®, standard
model (Labtest, Brazil). The tests were
performed according to the
manufacturer's protocols of the
equipment and reagent kits for each
parameter to be evaluated. The following
parameters  were analyzed: total
cholesterol, triglycerides, total bilirubin,
direct bilirubin, gamma-glutamyl
transpeptidase (GGT), alanine
aminotransferase (ALT), aspartate
aminotransferase (AST), glucose, urea,

and creatinine.

Hematological and biochemical analyses,
such as blood cell counts and
biochemical parameters, were essential
to monitor the systemic response to
treatment. These parameters are critical
indicators of liver, kidney, metabolic, and
immune health and are widely used in
pharmacological safety studies to identify

subclinical changes.

The data from hematological and
biochemical analyses were submitted to
variance analysis (two-way ANOVA),

followed by significance tests of Tukey for
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comparison  between  groups and
Dunnett for comyparison of groups with
saline control. Organ weight was
represented as means + SEM. and
analyzed by regular one-way ANOVA
followed by Dunnett's multiple
comparison test using the VEH group as
the control group. The significance level
was set at p < 0.05. Statistical analysis was
performed with GraphPad Prism for

Windows (version 7.0, San Diego, USA).

3. Results
Hematological analyses

The mean + Standard Error of the Mean
(SEM) of the hematological parameters
analyzed compared between sexes are

shown in Tables 2 and 3.

The comparisons with  significant
differences between females and males
are bold and marked with an asterisk.
Thus, it is possible to verify that most of
the hematological parameters analyzed
(nine  out of fifteen) presented a
significant difference between gendersin
at least one of the treatment groups

(without considering saline).
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TABLE 2 - Hematological parameters analyzed by sex in the groups treated in monotherapy (G1to G5).

Parameter GIWEH G2/AGO G3/LOS G4/SIM G5/MET
(unit) female male female male female male female male fermale male
n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6
h%;ﬁmes 978+129 917178  1278+139  B809+133  704+031  807+037 I1388:249* T7B89+147*  970:062 134138
}ig}i?“cﬂfs 8.83+132 772:159  T130:119°  624+109°  620:022  627+027  1325:232*  B6I8:116*  875:064  900+134
] 4 llr - -
FSET%%&E;W‘ 036:011  016:012  051:024  070:0]14  021:005 073:006 020:007 057:016  028:003 061006
ﬁggﬁfocwfs 059:008  128:009  096:045  116:017  056:014 107014  057:017  114:018  068:015 170018
ﬁgﬂphDQ”es 8060205 8420+090 8910+335  7657+163  8827<149  T787+152  G460+116  7818+153 9017177 787820
/| o
FQET%EED’”‘ 398162 155095  335:133*  878:140° 297:064° 685:075°  135:047  685:075° 280020 5752096
E,[?””'OC“ES 6.42+135 128+009  750+367 116+017 875+157 107+014 405+118 114+018 712<165 169+018
ﬁgﬁ;{?cymﬁ 1064048 917021 1021+012  938:010  999:015 905+071 1025010  942+023  992+028  946+023
Efgi?gbb”‘ 1618:281 1520000 1833:030* 938:010* 1818=016* 905:011*  1638:176  1568:036 1778:060° 046=023
g:”“““c“t 72594264  5580+017 7249+994* 5694:037* 7136:078* 5613+055°  7IT:042* 55964115 7094+231  5812+064
MCV (L) 6880+120* 6100:100° 7083+001° 6067:049* 7150-042° 6183:087° 6967:084° 5950:042 7150:056° 6150+1 56"
MCH (pg) 1706:014 1662040 1763042  1660+017 1807028 1705017 1763030  1667+022  1700:014  16.80+0.4]
MCHC (g/dL)  2456:023  2720:010 2530:024 27352021  2552:018 2745:024 2373+170° 2802:025° 2507017 27132020
RDW (%) 1414027 860+500° 1400+013  1353=014  1355:018  1345:016  1368+017 1380014  1398:019 1408019
ﬁggﬁf*S 1475:5431  1060:95  1702+2398 92023263 1368+8022 86885121 2701+508*  1067+753*  2117:568*  8453+104*

GIVEH: saline control group, G2/ACC: agomelatine group, G3/LOS: losartan group, G4/SIM: simvastatin group; G5/MET: metformin group, MVC mean
corpuscular volurme. MCH: mean corpuscular hemaoglaobin, MCHC: mean corpuscular hemoglobin concentration. RDW: amplitude of red blood pressure
distribution. The results are expressed in mean + SEM. *Significant p<0.05 values according to the ANOWVA followed by the Tukey test Source: Research data

(2023).
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TABLE 3 - Hematological parameters analyzed by sex in rats treated with the drug combinations (G6 to G10).

Parameter GE/LSM G7/AL GaIAS GafAM GIO/ALSM

(unit) female male female male female male female male female male
n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6

,L]%LJ}E?CYIGS 8.09:0.70 819+1.09 6.87+0.79 9624098 5824082 5.98+1.64 735+033 9.53+0.71 710068 9.60+0.76

(10°/L)

L':."FIFIF:th'E‘:Jt = - T o7 - — rd Tz = -~ -

o 1O 7.31+0.68 6.41+0.81 6.03+0.72 797+080 502099 4B8+129  646+037 778+052  564+0.62 7544042

Monoc/Easi

n/Bas 0.21+0.06 0414013 0129+0.02 0.60+019 015+0.06 0324013 01840328 0.39+012 0124003 064+018

o9/l

Grel.'{:;{lf]m 0.58+014 1394072 0.64+018 1.05+015 065+030 078023 070014 136017 128+0.68 1.41+021

es =

Lymphocyt e e R . _ ~ R e I

S 91124223 78704115  B7.87+236 83084247  B265:84  BI38:213  BYI7424  8188:180  B092+712 71724250

e5 |vo

Maonoc/Eosi - - _ - _

et 2.42+0.56 4.68+118 298+0.37 5.88+1.42 2924133 4484108  253+053 393+094  2.62:0.42 6.33+1.41

! d= | F0

Gr?f:"‘jcyt 7474169 1394119 9384222 105:015  14.42:873  078+023 9.61+1.90 1364017 16.47+7.39 1414021

5 |%o

Eﬁ'gh ff.lc'f'te 794+021  885:086  791:018 810:059  7.84:017  665+142  7.79:019 893:0T1 756+019 8912020

=] i

Hemoglobi e . . . _ _ -

oL 1383+037* 885:086' 1395+026"  BI0+059 1365+032  14R+205  1353+078 14.4+014 13384031 14234032

Hematoorit . . _ . N _ _ .

o 5477+1.09  S5407+509 55054128  5073:350 S54.63+129* 4015:847" 5403+096 5399+055 52534128  S54.47+0.80

1

MCV (L) 69.00:051' 6150:067° 6967t033 6267:056" 6983:087° 60.60:060° 6933:076° 6033:067° 6967:+033°  6117+0.75

MCH [pg) 17.43+010°  1528:049°  17.70:017  1660+024  17.43:014 16182057  1738:020  1610:021  17.70:013*  1597+029*

'f;de]: 25154029  2493+085 25384023 26474046 2500+021 2660+080 2503+016 2667:030 254B:018  2612:027

| L

ROW (%) 12.87:014  1413:026  1290+014 1212167 12.05-011 13802017 1262:018 1395013 1278019 13.88:011

,F;'E?Dt,.el_',e“ 6623+2531  1386+3111  6182+13.07 10831507 6462:4904 12801461 541542493  1383:6513 S576.8:3938  1541+205.8

o/l

GELSM: losartan group + simvastatin + metformin; G7/AL agomelatine + losartan group; G8/AS: agomelatine group + simwastating C9/AM: agomelatine group
+ metforming G10/ALSM: agomelatine group + losartan + simvastatin + metformin, MVC: mean corpuscular volurme. MCH: mean corpuscular hemoglobin.
MCHC: mean corpuscular hemoglobin concentration. RODW: amplitude of red blood pressure distribution. The results are expressed in mean + SEM.
*Significant p<0.05 values according to the ANOWA followed by the Tukey test. Source: Research data {Z023).
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Biochemical analyses

The mean + Standard Error of the Mean
(SEM) of the biochemical parameters
analyzed compared between sexes are
shown in Tables 4 and 5. The comparisons
with significant differences between
females and males are bold and marked
with an asterisk. Thus, it is possible to
verify that most of the biochemical
parameters analyzed (seven out of eleven)
presented a significant difference
between sexes in at least one of the
treatment groups (without considering

saline).
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Histopathological analysis

The results of the histopathological
analysis were documented descriptively
and. The most relevant ones, illustrated by
photomicrographs. The comparisons
between organs weight are shown in
Table 6 for males and in Table 7 for

females.
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TABLE 4 - Biochemical parameters analyzed by sex in the groups treated with the drugs alone (G1to G5).

Parameter GINVEH G2/AGO G3/LOS G4/SIM G5/MET
(unit) fermale male female male fermale male female male female male
n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6
Cholesterol N N N N
(/L) 52.0+6.8 617462 395450 773+7.0 432454 57.8+7.8 425225 570t67  130.0+12.2 66.3+6.8
E%'ﬁf)”des 7804104  T95:184  505:65°  110.7+10.2* 585541 79.5+9.0 448449 587+104 19484190  94.0+7.9*
?ﬁ'q“gcféﬁj 1357+50* 482455 742457 723458 99.0+6.9 743+5] 100.0£6.5 712164 15774555  57.0+47*
AST (U/) 151596 91.0+7.1 1427+300 837481 150.04163  1273+450 1454180 80.3%553 1788611 777477
ALT (U/L) 50.5%32 40348 40.4165 66.37.8 37.0:27 53.8:9.8 34.3+4.0 37.0:37 TO.7+44* 52063
fcn[]e;,tc'jg”e 046+0.02  042:0.03 030+0.03* 051:004* 043:002  051t004 043+0.06 038t003  053:004  0.44+0.04
Urea (mg/dl) 327412 317418 36.0+2.0 27417 39320 38172.0 422418 335138 418419 355126
%‘Ema o 25403 3.5+0.7 23+05 30203 40+09 3.7+05 37+0.6 42406 # 3105
Total
Bilirubin 005:001  005:0.01 021#+0.02  056:036 025+0.06  018:005  016+0.04  010+0.03  0.04+0.01  014+0.09
(mg/dL)
Direct
Bilirubin 0.08+0.00  018:0.03 006001  017+006  0.09:001 008+0.02 006+0.02 007:002 009+000  013+0.03
(mg/dL)

# date not available. G1/SAL: saline control group; G2/AGO: agomelatine group; G3/LOS: Losartan group; G4/SIM: simvastatin group; G5/MET: metformin group.
AST: aspartate aminotrasferase. ALT: alanine aminotrasferase. Gamma GT: gamma-glutamyl transferase. The results are expressed in mean +SEM. *Significant
p=<0.05 values according to the ANOVA followed by the Tukey test. Source: Research data (2023).
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TABLE 5 - Biochemical parameters analyzed by sex in the groups treated with the drug combinations (Go to G10).

Ejar:%“eter G6/LSM G7/AL G8/AS G9/AM GIO/ALSM
fernale male fernale male fernale male fernale male fernale male
n=iG n=6 n=6 n=o6 n=6 n=6 n=iG n=6 n=6 n=o6
Cholesterol (mag/dL) 47 3+61 702130 475246 57740 26625 53035 48 8+3.4 58741 632453 718139
Triglycerides (mg/dL) 42 3T 47 N4 3+4 8¢ 523270 97+96 42 Br6.4 84.8+81 54 2+4 6 883123 657137 843+69
Glucose (mg/dL) 50.0+59* 1M12.0+10.3* 54.8+597 N6.2+93* L7 Bx4 AF N7.0+6.0* 55.0+2.0% 109.3+6.6" &8.5+76 875109
AST (U/L) 165.5£10.0 104756 198.6x10.4 1057256 180.5£17.3 95071 186.2£16.7 102548 2188398 1305z288
ALT [U/L) 411451 52776 39.0+23 420246 36026 3951406 340416 47 362 646280 563137
Creatinine (mg/dL) 035+0.01 042+003 012+0.01° 038+0.03* 012+0.071" 036+003" 020x002* 039+002° 048004 0.41+x0.03
Urea (mg/dL) 345+25 36.0+13 30.8+3.4 36.0+1.4 253+16 372413 34 8+33 343418 387142 6732
Gamma GT [U/L) 2804 2.820.3 5612 28006 4709 3.3x006 42+1.0 2.820.3 25+x03 2.8+03

Total Bilirubin (mg/dL) 013+0.03 0.08+0.02 052+003* 005:001* 049+003* 0052001* 0442001 0.06+0.01 020+0.03 0.07+0.01
Direct Bilirubin [mg/dL)  0.06+0.01 015+0.01 0.06+0.01 013+0.01 0.06+0.02 012+0.01 0.09+0.01 014+0.02 016010 0.11+0.01
G&/LSM: losartan group + simvastatin + metformin; G7/AL agomelatine + losartan group; G8/AS: agomelatine group + simvastatin; G9/AM: agomelatine group
+ metformin; G10/ALSM: agomelatine group + losartan + simvastatin + metformin. AST: aspartate aminotrasferase. ALT: alanine aminotrasferase. Gamma GT:
gamma-glutamyl transferase. The results are expressed in mean £5EM. *Significant p=0.05values according to the ANOVA followed by the Tukey test. Source:

Research data (2023)
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TABLE 6 — Absolute organ weight of male animals relative to the experimental group.

Organ/Group vehicl AGO LOS SIM MET LOS+SIM+MET AGO+LOS AGO+SIM  AGO+MET AGO+LOS+
Male SIM+MET
Liver 132806 MNz05" 102 +035% 109+x06% 12x047 124+05 126+ 038 1&=x052* 25+052 125028
Right Kidney 1.2+02 11+0.03 1+0.02% 11+005 12+003 1.2+ 0086 12+003 11+x004 12 +004 12+004
Left Kidney 13006 11+003* 1+ 0.0 11+006 12+005 12 +0.04 12+004 11+£002* 12 +004 12+005
Spleen 07+002 006003 C06+003 07005 07006 07 +0.01 07002 06zx001 07002 0.07 £+ 0.02
Pancreas 15012 1.2+0] 1.4 +012 14 +016 13+007 1.4+ 0717 15+0]15 1.4 +0M 13+0]10 17 012
Stomach 2+008 19+007 1.8 +008 19+ 006 2+007 25+0]106 21+0.07 2+01 21+012 21+0.06
Sut 85+033 79+04 77 +020 75+049 B7T7+044 8.4 +0.4] Te+058 T4+034 87073 8.4 +037
Heart 132+005 11+005* 11+ 0.06* 11+004 12+005 1.1+ 002 11+002* 1+0.02* 11+ 0.05 1.1+ 0.04

The results are expressed in mean = SEM_*Significant p<0.05 values according to the ANOVA followed by the Tukey test. Source: Research data

(2023).
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TABLE 7 — Absolute organ weight of female animals from each experimental group.

Organ/Group Vehicl AGO LOS SIM MET LOS+SIM+MET AGO+LOS AGO+SIM  AGO+MET  AGO+LOS+
Female SIM+MET
Liver 83+03 73203 72906 T4 02 83+0%96 804 76022 67 +02* 75x02 8304
Right Kidney 09+002 08+003 08003 08=z00 09+002 095£0.04 09002 08001 09003 092 +004
Left Kidney 09+003 08002 09002 08z001 08002 09+002 09+001 08+002° 08+002" 09+002
Spleen 06+004* 05+002" 05001 05:x001™ 05003 05007 05001 05002 05+002* 06+ 007*
Pancreas 1009 1015 12+0]1 11+£0.09 1101 09+006 11009 1+0.05 09+£005 08008
Stomach 17 +01 15006 15+0.08 1601 15007 18 +£0.08 16 +0.06 15+ 071 17004 18008
Cut 68+06 59:04 64+06 61+04 7+04 6103 5B8:023 56024 £E8+02 59:+024
Heart 08+001 08004 08002 08z001 09003 08=+002 08002 07x001 08002 08zx005

The results are expressed in mean + SEM. *Significant p=0.05 values according to the ANOVA followed by the Tukey test.
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Liver

In all experimental groups, hepatocyte
swelling was observed. However, it was
more discrete among the VEH group in
both males and females. The presence of
hepatocyte swellingwas more intense in
male animals in AGO and LOS groups.
This finding was more pronounced in
females in the group treated with the four
drugs combined (AGO+LOS+SIM+MET).

Hydropic  degeneration was  only
observed in males, occurring in 100% (6/6)
of animals treated with the three drugs
combined (LOS+SIM+MET group), either
focally or dispersed. This alteration was
also observed in one male animal from
the AGO+MET group and two animals
from the SIM group. Foam cells were

found just in the organ's periphery (Fig. 2).

All-female rats had  Kupffer cell
hyperplasia without any critical difference
between the experimental and control
groups. Among males, this hyperplasia
occurred in all groups at monotherapy,
namely AGO, LOS, SIM, and MET groups.
However, there was a decrease or even
complete absence of hyperplasia in the
groups of drug association. In this regard,
one animal in the LOS+SIM+MET group,
three animals in the ACO+LOS group, and
none in AGO+SIM, AGO+MET, and

AGCO+LOS+SIM+MET groups.

The same finding was observed regarding
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the intensity of inflammatory foci.
Females, therefore, were revealed to be
more sensitive to liver inflammation,
especially when exposed to drug
combinations in which AGO is present. In
males, drug combination, especially with
SIM, seems to attenuate AGO-induced
liver inflammation. In accordance, the
AGCO group in male subjects showed the
most intense inflammation compared to
the other male experimental groups,
affecting 5/6 animals. Microvesicular
steatosis was observed in (4/6) female
subjects of the following groups: LOS, SIM,
AGCO+SIM, AGCO+LOS+SIM+MET,
highlighting the presence of SIM in three
of these groups. Only one (1/6) animal
presented microvesicular steatosis
among male groups, which happened in
the SIM group. Thus, a higher occurrence
of this finding was observed among
female animals and in the SIM-treated
ones alone or combined with other drugs,
pointing to the possible influence of SIM

in the development of steatosis (Fig. 2).

Focal hepatocyte necrosis was detected
in two (2/6) females of AGO+SIM and
ACO+MET groups. Among the males, one
(1/6) subject presented focal necrosis in
the SIM group (Fig. 2). Thus, AGO was
present in two of the three cases of focal
necrosis detected, just as SIM was also
present in two of the three cases,

including in association with AGO. Overall,
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all proposed treatments (except VEH)
caused signs of toxicity in hepatocytes,
especially in  females, and more

pronounced in AGO-treated ones.

Regarding liver weight, there was a
significant reduction (p < 0.05) in the AGO,
LOS, SIM groups and in the ACO+SIM

combination compared with the VEH
control group in male subjects (Table 6). In
female ones (Table 7), it was observed a
significant reduction in liver weight in the
AGO+SIM group (p < 0.05) compared with
VEH controls. No additional significance

was observed.

FIGURE 2 - Liver photomicrographs of a male animal (code 3M) from the simvastatin
group. The figure shows hepatocyte strands with cell swelling, scattered inflammmatory foci,
and microvesicular steatosis. Hematoxylin-eosin staining 200X (A) and 400x (B and C).

Source: Research data (2024).

Kidney

Cellular swelling of the tubular epithelium
was observed in 100% of females, ranging
from mild (in the VEH group) to marked
in the MET group. Additionally, in two (2/6)
animals of the MET group, marked
tubular swelling led to the collapse of the
lumen of the proximal tubules, suggestive
of interstitial edema, with evident scaling
of the tubular epithelium at the cortical-
medullary junction suggesting acute
tubular necrosis (ATN). In males, the
number of animals with tubular epithelial
swelling was smaller. In the groups,
AGCO+SIM, AGCO+MET, and
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AGO+LOS+SIM+MET  tubular  swelling
were not observed in any subject. Even in
affected males, swelling prevailed as mild,
except in males of the MET group, where
the observed swelling was severe,
similarly to the respective female group.
Also, in this male group, marked swelling
of the cortical tubular epithelium resulted
in areas of tubular lumen collapse,
vacuolar degeneration, and the focal
regions of proximal tubular epithelium
desquamation in one (1/6) animal,

suggestive of ATN (Figs. 3 and 4).

Also, vacuolization of the tubular

epithelium occurred in 100% of females,
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ranging from discrete in the VEH group to
severe in three ACO-combined groups:
AGCO+LOS, ACO+SIM, and AGO+MET.
Among males, vacuolization was not
detected in the groups LOS, AGO+MET,
and AGO+LOS+SIM+MET. Thus, MET
showed more significant nephrotoxic
potential with the development of ATN
when used alone than when associated
with other drugs in the study, affecting

33.3% of treated animals (4 animals/12),

Hyaline cylinders were found in 100% of
females, ranging from rare in the VEH
group to frequent in all other treated
groups. Among males, hyaline cylinders

were not detected in the combined drug

groups LOS+SIM+MET and
AGO+LOS+SIM+MET and the group LOS.
In the other groups, hyaline cylinders
were scarce, affecting a small number of
animals per group, as observed in AGO,
SIM, and MET groups. Therefore, the
occurrence of hyaline cylinders was

notably higher in females.

Inflammatory cells were found only in
females and males treated with MET
alone, affecting all-female subjects in this
group (6/6) and four (4/6) males. Thus, 10
out of 12 animals treated with MET (83.33%)
presented considerable inflammatory

focus in the kidneys, the most affected

females (Figs. 3, 4, and 5).
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FIGURE 3 - Kidney photomicrographs of one male animal (code 3M) of the metformin

group.
The figure shows a marked swelling of the
tubular epithelium, sometimes with the
collapse of the tubule lumen, vacuolar
degeneration, scaling of the proximal
tubular epithelium, cortical vascular
congestion, and foci of Ilymphocyte

infiltrate.  Hematoxylin-eosin  staining

200X (A and B) and 400x (C and D). Source:

Research data (2024).

In mMales, both right and left kidneys had a
significant reduction in mean weight in
the AGO and LOS groups (p < 0.05), as well
as in the AGO+SIM one (p < 0,05),
compared with the VEH control group
(Table 6). Regarding females, a
significant reduction in left kidney
weight was observed in the groups MET,
ACO+MET, and AGO+SIM compared with

VEH controls (p < 0.05) (Table 7).

Also, vacuolization of the tubular
epithelium occurred in 100% of females,
ranging from discrete in the VEH group to
severe in three AGO-combined groups:
ACO+LOS, AGO+SIM, and ACO+MET.
Among males, vacuolization was not
detected in the groups LOS. AGO+MET,
and AGO+LOS+SIM+MET. Thus, MET
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showed more significant nephrotoxic
potential with ATN development when
used alone than when associated with
other drugsin the study, affecting 33.3% of

treated animals (4 animals/12).

Hyaline cylinders were found in 100% of
females, ranging from rare in the VEH
group to frequent in all other treated
groups. Among males, hyaline cylinders
were not detected in the combined drug
groups LOS+SIM+MET and
ACO+LOS+SIM+MET and the group LOS.
In the other groups, hyaline cylinders
were scarce, affecting a small number of
animals per group, as observed in AGO,
SIM, and MET groups. Therefore, the
occurrence of hyaline cylinders was

notably higher in females.

Inflammatory cells were found only in
females and males treated with MET
alone, affecting all-female subjects in this
group (6/6) and four (4/6) males. Thus, 10
out of 12 animals treated with MET (83.33%)
presented considerable inflammatory
focus in the kidneys, the most affected

females (Figs. 3, 4, and 5).
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FIGURE 4 - Kidney photomicrographs of a female animal (code 4F) from the metformin
group.

The figure shows a diffuse vacuolization of
the tubular epithelium, cortical medullary
hyaline cylinders, dispersed inflammatory

cells, and foci of desquamation of the

medullary junction, suggestive of acute

tubular  necrosis.  Hematoxylin-eosin
staining 200X (A) and 400x (B and C).

Source: Research data (2024).

tubular epithelium at the cortico-

FIGURE 5 - Kidney photomicrographs of a female animal (code 5F) of the metformin group.
It was found a diffuse vacuolization of the tubular epithelium. Cortical vascular congestion
and multiple flaking foci of the tubular epithelium at the cortico-medullary junction
suggest acute tubular necrosis. Hematoxylin-eosin staining 200X (A) and 400x (B and C).

Source: Research data (2024).

In males, both right and left kidneys had a
significant reduction in mean weight in the AGO and
LOS groups (p < 0.05), as well as in the AGO+SIM
one (p < 0.05), compared with the VEH control
group (Table 6). Regarding females, a significant
reduction in left kidney weight was observed in
the groups MET, AGO+MET, and AGO+SIM
compared with VEH (p < 0.05) (Table 7).

Stomach

All-female treated groups had inflammatory foci in
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the stomach, occurring in 100% (6/6) of the animals
in the groups: SIM, AGO+LOS, and LOS+SIM+MET.
Only one (1/6) female from the VEH group had
inflammatory cells in this organ. Among males,
inflammatory cells were not observed in the groups
treated with MET or AGO+SIMcombination and in
the VEH group. In the other male groups, that is,
AGO, LOS, SIM, LOS+SIM+MET, AGO+LOS.
AGO+MET and AGO+LOS+SIM+MET inflammatory
foci were found in similar proportions (6/6) found in

females.
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Regarding this organ weight, we found a reduction
in the AGO+SIM group compared with VEH controls
in females (p < 0.05) (Table 7). In male animals, no

significant weight difference was observed.
Gut

Flattening of villi and loss of crypts were not
observed in any female animal. However, these
alterations were detected in males of the LOS group
(2/6 animals), SIM group (5/6 animals), and
AGO+LOS+SIM+MET  combination group (1/6
animals). In the latter, crypt loss was observed in
two animals. Therefore, females did not suffer
alterations in the architecture of the intestinal
epithelium, being these alterations were restricted
to the males’ groups mentioned above. However,
the presence of inflammatory cells was observed in
all-female groups except for the VEH group affecting
24 of the 60 females (40%) using one or more drugs,
AGO to AGO+LOS+SIM+MET group. In males, all
groups presented inflammatory cells, except the
animals of the LOS+SIM+MET group, in which no
animal showed inflammation in the intestine. Thus,
inflammatory cells were detected in 31 of 57 male

animals whose gut was analyzed (about 54%).

Vacuolization or edema of intestinal epithelial cells
was uncommon, occurring in only one female (1/6)
of the SIM group and one male (1/6) of the
AGO+LOS+SIM+MET combination group.

The submucosal and muscular layers were generally
preserved, with no changes occurring in any group
of females. The submucosa lymphoid follicle was
observed in one male animal from each of the

following groups, LOS, LOS+SIM+MET, and
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AGO+LOS+SIM+MET groups. Also, only in males was
the presence of ecstatic vessels in fiveof the six (5/6)

males in the SIM group.

In general, males were more susceptible to
intestinal alterations than females, especially
animals from LOS, SIM, LOS+SIM+MET, and
AGO+LOS+SIM+MET. However, no significant
difference was observed between the experimental

groups in males or females regarding weight

changes.
Spleen

The accentuated presence of hemosiderophages
was verified in all females using one or more drugs,
corresponding to 80% of the analyzed samples. In
the group using AGO+SIM, similarly to the VEH
control group, there was a moderatepresence of
hemosiderophages. These findings were confirmed
by blood count, which showed a significant
reduction in the number of erythrocytes in females,
especially in the combination drug groups,
LOS+SIM+MET, AGO+LOS+AGO+SIM, AGO+MET,
and AGO+LOS+SIM+MET, all with p < 0.0001
compared with the VEH control group. Also, the
hemoglobin rate of females was lower than the VEH
group, especially in the AGO combination groups,
AGO+SIM (p = 0.0371). AGO+MET (p = 0.0296) and
AGO+LOS+SIM+MET (p = 0.0219) (Table 3).

Among males, the total number of animals in which
the significant presence of hemosiderophages was
verified was lower than the number of affected
females, occurring in 32 of the 54 male animals
(approximately 59%) that had the spleen analyzed.

Male blood count showed a significant reduction of
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hemoglobin in some groups compared with the VEH
control group, but not to the number of
erythrocytes. Significantly lower hemoglobin rates
than control (p < 0.05) occurred in groups whose
presence of hemosiderophages in histopathology
was marked, of note, LOS, MET, LOS+SIM+MET, and
AGO+LOS-treated groups. However, this association
was not observed inteAGO+LOS+SIM+MET group, in
which there was a substantial presence of
hemosiderophages, but the hemoglobin rate was

like VEH controls.

The presence of megakaryocytes was observed in
100% of females, but rarely in the VEH group, mild
in  AGO+SIM and AGO+MET, moderate in
LOS+SIM+MET, AGO+LOS, and AGO+LOS+SIM+MET
groups, and marked in all groups using drugs alone,
AGO, LOS, SIM, and MET. Among males, there was a
smaller  number of animals presenting
megakaryocytes in all experimental groups, and this
presence occurred more discreetly with females.
Exception for the groups using LOS and SIM alone,
in which the presence of megakaryocytes was
pronounced, occurring in 100% (6/6) and 50% (3/6)

of the animals of these groups, respectively.

Regarding spleen weight, no significant difference
was observed in the male groups. However, in
females, all-treated groups showed a significant
reduction in this organ weight compared with VEH
controls, mainly in the groups AGO, LOS, SIM, and
MET (p < 0.01).

No alterations were observed in the groups using
the drugs alone, either in females or males.

However, in one of the six females in the group
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using three drugs combined, LOS+SIM+MET, acinar
vacuolization was observed. This was also observed
in two of the five males in the four-drugs
combination AGO+LOS+SIM+MET group,
suggesting a possible tendency for increased
pancreatic toxicity in polypharmacy conditions. In

both sexes,no difference was observed related to

this organ weight compared to controls.
Heart

We found mononuclear inflammatory infiltrate in
the cardiac tissue of a female of the SIM group and
animals treated with drug combinations,
LOS+SIM+MET (3/6) and AGO+LOS+SIM+MET (2/6).
Furthermore, using SIM alone or in combination in
all females induced an inflammatory infiltrate. The
same occurred in 6 of the 18 females using SIM
alone orin combination (about 33%) and 10% of the

total female sample (6 of 60).

In males, the presence of mononuclear
inflammatory infiltrate was more significant than in
females, affecting 12 of 60 animals (20%),
distributed in groups LOS (2/6 animals), SIM (2/6),
MET (3/6), AGO+LOS (2/6), AGO+SIM (1/6) and
AGO+LOS+SIM+MET (2/6) groups.

Furthermore, the groups AGO, LOS, AGO+LOS, and
AGO+SIM had a significant reduction in mean heart
weight relative to the VEH control group (p < 0.05)
(Table 6).

4. Discussion

Evidence points to sex as a contributing factor for

the effect of drugs. For example, pharmacokinetic
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and toxicokinetic profiles are distinct in males and
females, affecting, therefore, plasma levels of the
drugs, their efficacy, pharmacological and
toxicological profile, besides sensitivity to adverse
effects®. Also, in animal studies, the influence of sex

in drugs response has been widely described?®!.

In the present study, we observed that
hematological, biochemical, and histopathological
parameters were significantly influenced by sex.
Notably, AGO presented an increased risk for
deleterious alterations when used alone or a
protective profile when combined with the other
drugs. Furthermore, hematological analyses
revealed that, in females, the groups using the
drugs in  combination showed relevant
hematological alterations in relation to the
administration alone. However, this effect was not
observed in males. Hence, we observed that
females were more prone to hematological

alterations  induced by  multiple  drugs

administration than males.

Sex differences are evident in both the
consequences of persistent drug use and the
reasons for continuing drug use despite adverse
outcomes. Notably, the negative consequences of
substance use in humans (whether physical,
psychological, or social/interpersonal) are often
more severe in women compared to men. This
heightened severity in women may, in part, be
related to body composition and physiological
differences, which increase their risk of developing
substance-related  health  issues, including

cardiovascular problems, cancer, and liver

disease!?.
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Among the most significant findings in the white
blood count series, we observed a higher
susceptibility of females to develop leukopenia and
lymphopenia with AGO in combination with LOS,
MET, and SIM, as well as the use of SIM in
combination with AGO, LOS, and MET. Male
animals, in turn, had a significant reduction in the
number of leukocytes and absolute lymphocytes
compared with females using SIM alone. This
suggests that the physiological and metabolic
differences between sexes could underlie the
greater vulnerability of females to drug-induced
toxic effects, supporting the notion that sex-specific
factors need to be considered when evaluating drug
safety profiles and therapeutic strategies. This
effect can also be considered due to the fact that
SIM has anti-inflammatory and immunomodulatory
activity, with various effects on the differentiation
and function of immune cells. This drug increases
the number of Treg cells and inhibits Th17, Th1, Th2
and CTL cells, it also leads to the suppression of

mast cells and basophils?3.

In our study, females from all groups treated with
the combinations of two, three, or four drugs
showed a significant reduction in the number of
erythrocytes compared with the control group and
the respective groups of drugs wused in
monotherapy. Among males, the decrease in
erythrocytes was only observed in the group that
received AGO+SIM in relation to the drugs alone.
Therefore, females were much more affected than

males concerning red blood cell count.

In females, the combination of AGO with the other

three drugs resulted in lower hemoglobin rates
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considering its use alone. In males, the reduction in
hemoglobin level occurred when AGO was
combined with SIM. This combination also
impacted the number of erythrocytes and the
reduction of hematocrit in these animals. In males,
in the dual drug combination groups, and the
polypharmacy group, a reduction in the
hemoglobin rate was observed compared with the

groups using each drug alone.

In our study, anemia was observed in both females
and males. However, while females had a more
significant impact on the number of erythrocytes
and hematocrit, which were significantly reduced in
all groups using drug combinations, males were
more impacted concerning hemoglobin rates,
especially in AGO+SIM group, and on anisocytosis
index, which was increased in almost all groups

treated with one or more drugs.

The interpretation for these results seems to be
linked to the antithrombotic effects of statins,
which seem to be accentuated when associated
with other drugs and more pronounced in females.
Statins reduce mean platelet volume, increase red
blood cell deformability, appear to interfere with
ATP release by red blood cells, and increase nitric
oxide®®. In a recent study, it was described that
rosuvastatin causes a reduction in hemoglobin,
MCHC and number of erythrocytes, and an increase
in the volume of erythrocytes (MCV), suggesting

complex effects of this statin on red blood cells.

These studies indicate that AGO may exert some
influence on the coagulation profile. In the present

study, AGO alone did not lead to
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thrombocytopenia, regardless of sex. However, the
reduction in the number of platelets occurred in
female animals using combinations of two
(AGO+SIM; AGO+MET), three (LOS+SIM+MET), or
four drugs (AGO+LOS+SIM+MET), when compared
with the groups using SIM or MET in monotherapy.
The comparison between sexes revealed that males
had significantly lower platelet counts than females
using SIM and MET. Thus, regarding the reduced
platelet counts, male animals were impacted by the
use of SIM or MET alone, while females used the
drugs in combinations. Bourneau-Martin et al.
(2017)% reported the occurrence of
thrombocytopenia and thrombocytopenic purpura
in one patient using AGO. Yang et al. (2019)
demonstrated that AGO alone reduced platelet
count in male Sprague-Dawley rats but caused no

effect on female platelets.

Indeed, several biochemical parameters of the
studied groups showed sex differences or were
altered by the concomitant administration of AGO.
Males had higher cholesterol and triglyceride rates
than females when treated with AGO alone.
Females, in turn, presented higher cholesterol and
triglyceride rates than males when using MET
alone. The lipid-lowering SIM did not reduce total
cholesterol rates in males or females. We observed
that the animals were in normal lipid profile
conditions  since  hypercholesterolemia  was
detected. However, SIM reduced triglyceride rates
in males compared with control animals, even

under normal conditions of lipid profile.

The higher rate of triglycerides of males using three

drugs (AGO+SIM+MET) compared with the group
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treated with SIM alone may point to the possible
interaction between these three drugs by altering
the potential of SIM to act on triglycerides in male
animals. As SIM and LOS compete for two CYP450
enzymes (CYP2C9 and CYP34A) in their
biotransformation, the interaction between these
two drugs is likely to have resulted in decreased

action of SIM on triglycerides*>*°.

Total bilirubin was high in females of groups that
used AGO in combination with both LOS, as well as
SIM and MET when compared with each drug
alone, as well as with the saline control group,
demonstrating that AGO, when combined with
these drugs, increased liver toxicity in females. This
finding reinforces the hepatotoxic potential of AGO,
already described in the literature, which seems to
have been exacerbated in females treated with the

drugs in combination’°,

Yang et al. (2019)%, considering the elevation of
total bilirubin as a demonstration of AGO
hepatotoxicity, verified a total bilirubin increase in
female rats using AGO alone, and noted the
increase of this parameter in male animals.
Contrarily, our study did not reveal any increase in
total bilirubin in animals using AGO alone, but only
in females using AGO combined with other drugs,
while in males, the combination of AGO with LOS or
with SIM resulted in lower rates of total bilirubin
when compared with the drugs alone. In comparing
sexes, the total bilirubin rates of females of the
groups that used the combinations of AGO with LOS
or with SIM were higher than the male rates of the

same  groups, demonstrating the higher
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susceptibility of females to hepatotoxicity through

these combinations of drugs.

The rate of alanine aminotransferase (ALT) was
significantly elevated in the group of females using
four drugs in combination when compared with the
rates of the groups using the drugs alone and with
the double or triple combinations. Hence, we
observed that in our experimental condition, the
use of the drugs in combination resulted in an
overload of liver function in females. Yang et al.
(2019)% found that using AGO alone caused ALT
elevation in female and male rats. The mechanism
underlying AGO-induced liver injury appears
idiosyncratic in humans??. According to Freiesleben
and Furczyk (2015)?%, the mechanism of injury may
be hepatocellular, with a predominant increase in
alanine aminotransferase (ALT); cholestatic, with a
predominance of alkaline phosphatase elevation;
or mixed. However, in the present study, there was
no elevation of ALT in animals using agomelatine,
except in the group in which this drug was
associated with the three others concomitantly,

especially in females.

The animals used in the present study presented
were normoglycemic. Nevertheless, in females, a
reduction in glycemic level was observed in all
groups compared to the untreated control group,
revealing that the drugs in the study, except MET,
in monotherapy or combination, influenced the
glycemic profile. As an exception, no influence on
blood glucose was observed in females treated with
MET alone. Despite being a hypoglycemic drug,
MET has not been associated with hypoglycemia

when used by individuals under normoglycemia
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conditions. Furthermore, this drug is used off label
for certain pathological conditions, such as
polycystic ovary syndrome, obesity, and weight

control®.

In female animals that used AGO alone, no change
in blood glucose was observed compared with the
groups of this drug combined with the other.
However, there was significantly lower blood
glucose in all groups using combinations compared
to the groups that used LOS, SIM, or MET alone.
Males showed increased blood glucose,
significantly increased among animals from all
groups that used some type of drug association

compared with the untreated control group.

When comparing the sexes, it was observed that
the glucose rate of females, both in the control
group and in the drugs used in monotherapy, was
higher than that of males; with the combination of
drugs, all blood glucose levels in males were higher
than in females, with a significant difference

between sexes in the combined drug groups.

The association of agomelatine with simvastatin
reduced the rate of urea compared to the
simvastatin monotherapy group in female animals,
suggesting agomelatine as a protective factor for
urea elevation in patients using simvastatin. Among
males however, finding was not verified, and there
was also no difference between genders in urea
rates in the different groups. Renal function tests
performed by Yang et al. 2019%° in rats treated with
AGO alone showed that this drug increased the rate
of urea in male and female animals. Differently, in

the present study, the animals using AGO alone did
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not present elevation in this biochemical

parameter.

Creatinine rates in females were lower in the
groups in which AGO was used in combination
paired with each of the other drugs in the study
when compared with the drugs used alone,
including with the control group and the group
using only AGO. Agomelatine, in combination,
seems to have a renal protective effect than drugs
alone. However, the combination of AGO with the
other three drugs concomitantly culminated in a
significant increase in creatinine rate when
compared with the use of AGO in monotherapy,
revealing that, in polypharmacy conditions, the

possible renal protection of AGO did not occur.

Cankara et al. (2022)** investigated the
nephroprotective effect of AGO in a model of
induction of nephrotoxicity by cisplatin in male rats,
the findings of this study showed that ALT and AST
levels were significantly reduced after treatment
with AGO. Basol et al. (2016)?° demonstrated that
the use of AGO alone in animals submitted to the
sepsis-induced renal injury model resulted in the
reduction of urea and creatinine, in addition to
better scores in the renal histopathological
evaluation, signaling nephroprotective effect of the
drug. Yang et al. (2019)%° verified creatinine
elevation in female animals using AGO alone,

contradicting our findings.

In females, the combination of the four drugs
significantly increased creatinine levels regarding
the drugs used in pairs, suggesting that the multiple

combinations of drugs may trigger greater
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susceptibility to kidney damage in these animals.
Comparatively, males presented higher creatinine
rates than females in groups using agomelatine
alone and in groups in which agomelatine was

associated with each drug in pairs.

Although animal studies are reasonably good
predictors of adverse renal effects in humans,
important differences between species, such as the
influence of sex hormones such as testosterone, on
rodents, in which hormones play a role in regulating
renal transport and metabolism of drugs other
substances should be considered. Thus, male mice
and rats are generally more sensitive to kidney

injury than females to many chemicals®®.

In general, we found that the females presented
significant alterations concerning the saline control
group in six of the eleven biochemical parameters
analyzed, demonstrating great susceptibility of liver
and renal functions with the drugs used. On the
other hand, males showed significant alterations
compared with the saline group only in the
triglyceride parameters, specifically in the SIM
group, and glucose, which was altered in all groups
in which the drugs were used in combination. Thus,
males seem to suffer fewer impacts on biochemical
parameters than females in the face of the use of
AGO, LOS, SIM, and MET, corroborating what the

literature has shown in both humans and animals®

11,13

The present study shows that chronic-use
medications when used in  combination
(polypharmacy), induced important alterations

mainly in the liver and kidneys. These organs
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presented irreversible cell damage, such as focal
hepatocyte necrosis and NTA, respectively. Females
were more susceptible to drug combination-
induced toxic effects, suggesting more severe
histopathological alterations in a more significant
number of animals and organs such as the liver,
kidneys, stomach, gut, and spleen. Heart alterations
were more observed in males. Following previous
studies, AGO was associated with substantial liver
damage, mainly when combined with SIM and MET,
with the animals presenting major kidney changes,
such as NTA and weight atrophy. Our data bring new
relevant evidence regarding the safety profile of the
novel antidepressant AGO and its combinations
with commonly prescribed chronic-use medications,
which can help guide clinicians and future studies
investigating the mechanisms related to these toxic

effects.

Sex-related differences play an important role in

10,11 In

drug toxicity in rodent models adhumans
general, male rats are more prone to kidney
damage caused by many drugs'l. The study by
Kadkhodaee et al. (2020'% confirmed that male rats
were more susceptible to kidney disease than
female rats. This finding supports the hypothesis
that sex difference plays a key role in the response
of the rats’ body to kidney injury. However, in our
study, females were most affected, especially when
using MET, manifesting renal toxicity demonstrated
by the substantial presence of inflammatory foci
and NTA occurrence. Quaile et al. (2010)%¥, in a
toxicokinetic study using a subchronic MET
treatment in rats, had to euthanize femaleanimals

earlier since they showed intense signs of toxicity,
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mainly kidney failure, at the highest doses of MET
tested 900 and 1200 mg/kg/day. In our study, no
clinical signs of toxicity were observed, nor was
there any mortality during the treatment, which can
be explained by the lower dose of MET (79 mg
/kg/day, which is much lower than those used by
the previous authors. However, females' greater
renal susceptibility to MET damage was
demonstrated when histopathological analyzes
were performed. We must highlight that the doses
used in the present study were calculated based on

human prescribed doses.

The spleen was significantly affected, and many
megakaryocytes showed increased erythropoiesis
rate and, at the same time, the intense hemolysis,
particularly in females, was demonstrated by the
substantial presence of hemosiderophages. These
histopathological findings were corroborated by
the blood count that revealed hemolytic anemia
in females, with a reduction in the number of
erythrocytes and hemoglobin and a decrease in
hemoglobinrate in males (data not shown). Thus,
the marked extramedullary erythropoiesis for
erythrocyte replacement may result from intense
hemolysis or direct spinal cord stimulation®.
Interestingly, these considerable effects were
observed in combined treatment groups, mainly in
those that received more than three drugs and that
AGO was present. This highlights the potential
harmful risk of polypharmacy schemes using AGO
and the potential dthe interaction of this drug with
commonly prescribed medication for hematologic

health.

Simvastatin was the single drug most closely related
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to mild histopathological changes in the liver.
According to Averbukh et al. (2022)% statins have
been associated with mild liver dysfunction, but can
rarely induce severe liver injury. Among statins, SIM
overdose and atorvastatin have already been
associated with liver injury with fatal outcomes.
However, the author argues that if the patient has a
good indication for statin therapy, even those with
underlying liver disease such as nonalcoholic
steatohepatitis should use the drug®. Patients with
a higher risk of cardiovascular mortality can suffer
from the previous liver disease and from other
medical comorbidities and potentially use multiple
drugs. Therefore, a better understanding of the
safety profile, mainly regarding liver toxicity, is
essential for improving the quality of the use of SIM

in patients suffering from chronic diseases.

Here, AGO also partially contributed to the
occurrence of liver alterations. This effect was
predominant in males, with intense inflammation in
almost all animals of AGO monotherapy group.
Furthermore, when used in combination, AGO-
treated groups showed the most relevant
histopathological liver changes, such as intense
inflammation, microvesicular steatosis, and focal
hepatocyte necrosis. In a review by Souto et al.
(2019)Y on the use of AGO in humans,
hepatotoxicity was the most cited and most
relevant adverse effect associated with this drug.
The findings of our animal study confirmed the
hepatic toxicity associated with AGO that has been
already demonstrated in the literature, including in
humans, and bring attention to the potential
increased risk when using itwith other potentially
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hepatotoxic drugs such as SIM.

Regarding sex differences, Gochfeld (2007)% brings
examples of studies that show greater hepatic
susceptibility of female animals compared to males
to some xenobiotics, such as ethanol. Still, this
finding was not verified in relation to cocaine,
suggesting a dependence of the type of substance
to this susceptibility. However, the author focused
on the limitation of rodent studies, which employ a
small number of animals and are therefore
insufficient to detect robust sex-related differences
from experimental challenges, which is also a
limitation of our study. Thus, further experimental
studies with more significant numbers of animals
would be needed to demonstrate the influence of
sex on the toxicity of AGO, MET, SIM and LOS, alone

or in combination in different organs and systems.

Metformin presented the highest renal impact,
leading to NTA in females and males, although in a
small number of animals in males. In an extensive
study on MET toxicokinetic in rats, using oral doses
ranging from 200 to 1200mg/kg/day. No significant

adverse effect was evidenced at the dose of 200

mg/kg/day, twice the dose used in the present study.

However, these authors detected adverse
metabolic effects, clinical signs of toxicity, and
increased mortality among MET-treated animals at
the highest dose. They did not perform a

histopathological examination on the kidneys to

better characterize the cell damage induced by MET.

Additionally, these authors verified an increase in
the absolute kidney weight in females using MET
dose of 1200 mg/kg/day, which was not found in

males, corroborating our results of increased
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female susceptibility to MET renal effects?.
However, instead of increased weight, we observed
a decrease in absolute kidney weight in MET-
treated female animals. This is compatible with the
renal atrophy that follows chronic toxic conditions®!
and may help to explain the differences between
our findings (more prolonged treatment - 90 days)

and the previous studies.

Significantly, in patients with impaired renal
function, the half-life of MET is increased, and renal
clearance is significantly decreased. Therefore,
renal function should be rigorously monitored, and
MET dose should be adjusted to these patients to
avoid the risk of MET-associated severe metabolic

disturbances, such as lactic acidosis3*3.

Simvastatin and LOS, when used alone, were the
drugs associated with the major intestinal
histopathological changes, especially in males. They
were also associated with multiple inflammatory
foci in the stomach when used alone or in
combination. The effect of statins was evaluated in
a model of indomethacin-induced gastric injury in
rats. The results showed that while SIM 20 mg/kg
inhibited mononuclear leukocyte infiltration, the 40
mg/kg dose induced hyperemia and inflammation.
The authors even recommend that statin use in
humans be done with caution in patients with
gastric diseases*. In our study, SIM was used at the
dose of 1.8 mg/kg, and the findings related to
stomach inflammation were considered mild.
Possible explanations for this mild effect may relate
to the dose used (low) since it was calculated based
on the clinically prescribed dose and the use of

normal rats (not presenting gastric alterations).
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In a pharmacovigilance study, Kim and colleagues
(2017)*” found that gastrointestinal disorders were
the most common adverse effects among patients
using statins, such as abdominal pain, constipation,
gastritis, and nausea. Together with our data, this
indicates the potential effect of SIM in the gut and
the stomach, reinforcing the caution in using this
drug in patients predisposed to the development of

gastrointestinal disorders.

Data from the literature show that losartan has no
relevant metabolic effects in humans, including
renal function preserved even in patients with renal
failure3. LOS had little impact on the kidneys in our
study, and no inflammatory process or necrosis was
observed in animals using LOS alone. When
combined with AGO, LOS was associated with the
mild occurrence of swelling and vacuolization of the
tubular epithelium, highlighting the risk of

combined treatments including AGO again.

As tested here, combinations of multiple
medications, such as LOS+MET+SIM or
AGO+LOS+MET+SIM, led to some pancreatic
toxicity. Although our findings were not so
pronounced, they draw attention to the presence of
SIM in the groups that suffered major alterations in
this organ. Statins, such as SIM, have been
associated with pancreatic changes, decreased
insulin production, and increased risk of developing
diabetes mellitus, as well as the occurrence of acute

pancreatitis®®3’.

Additionally, the groups that received multiple
drugs combined with SIM presented inflammatory

foci in the heart, counteracting this statin's possible
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anti-inflammatory and cardioprotective effect at
monotherapy in previous studies®®3°. Of note, this
effect has been attributed to SIM-vasoprotective
properties in conditions associated with acute
systemic inflammation such as endotoxemia®.
Hence, it is important to note that most studies
demonstrated the beneficial effects of SIM against
a pre-existing pathological condition, such as
endotoxemia or ischemia, and not in sham
conditions as adopted in our study, which. Thus, this
observation difficult a direct comparison between

our findings and previous ones.

In the heart, the combination AGO + MET reduced
the number of maleanimals with inflammatory foci.
Notably, in the MET group, inflammatory foci were
detected in 50% of animals, but when AGO+MET
was used, none of the animals presented
inflammatory foci. The potential anti-inflammatory
effect of AGO has been studied under different
circumstances.  Karaman et al. (2016)%
demonstrated the antioxidant and  anti-
inflammatory effect of AGO against contrast-
induced nephrotoxicity. Ozcan and colleagues
(2019)* found that AGO reduced the progression of
diabetic encephalopathy in rats and reversed
glucose-induced neuronal injury. Thus, it is possible
that the combination with AGO had an impact on
decreasing heart inflammation compared with the
animals treated with MET alone. Hence, based on
our findings, we can suggest that AGO may improve

the MET safety profile.

A major limitation of the study is the use of an
animal model, which, while providing valuable

insights into drug toxicity, may not fully represent
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human responses due to physiological, metabolic,
and hormonal differences. Furthermore, the study
did not assess the impact of additional variables
such as age and basal metabolic state, which can
influence drug responses. Future studies could
include these factors to provide a more
comprehensive understanding of pharmacological
interactions and their impacts on different

populations.

Another limitation is the focus on a specific set of
drug  combinations.  Although  we  have
demonstrated that the combination of AGO with
other chronic-use medications can significantly
influence the toxicological profile, we did not
evaluate the dose-response of each combination,
which is essential for determining the clinical safety
of these interactions. Future trials should include
different dosages to assess the safety and efficacy

of the combinations wunder various clinical

conditions.

Given the observed impact of combinations of AGO
with other medications, future research should
explore the molecular mechanisms underlying
these toxic effects, especially those related to sex
differences. Mechanistic studies using techniques
such as transcriptomics, proteomics, and
metabolomics could provide more detailed insights
into the biochemical pathways involved. Moreover,
human studies, particularly clinical trials that take
into account gender variability and the health status
of patients, are essential to validate the clinical

relevance of findings from animal models.

The findings of this study suggest that clinical
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practice should consider individualized therapy,
particularly in the context of polypharmacy, where
drug interactions and sex differences can play a
significant role in patient outcomes. Given the
susceptibility to hematological and biochemical
alterations observed in females versus males, it is
advisable for clinicians to closely monitor these
changes in  patients undergoing multiple
pharmacological treatments, especially when
combining antidepressants like AGO with other

chronic-use medications.

5. Conclusion

This study demonstrates significant sex-specific
differences in the toxicity of chronic medications,
both when used alone and in combination. Our
findings highlight the greater vulnerability of
women to hematologic abnormalities, particularly
when exposed to agomelatine combined with
losartan, simvastatin, or metformin. Notably,
polypharmacy involving these  medications
significantly affected erythrogram parameters in
women, suggesting an increased risk of leukopenia

and lymphopenia.

In addition, women exhibited a greater sensitivity to
drug-induced hepatic and renal toxicity compared
to men, as evidenced by significant changes in
biochemical markers. This highlights the
importance of considering sex as a crucial factor in
clinical decision-making, especially  when

prescribing agomelatine in combination with other

chronic medications.
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To mitigate these risks, we recommend vigilant
monitoring of hematologic, hepatic, and renal
function parameters in female patients receiving
multiple pharmacologic treatments. Furthermore,
personalized medicine approaches that incorporate
sex-specific responses are essential to optimize
drug regimens. Future research should focus on
elucidating the underlying molecular mechanisms
responsible for these sex differences by
investigating a broader range of drug combinations
and conducting  dose-response analyses.
Integrating sex differences into clinical trial design
and pharmacovigilance programs may enhance
therapeutic  strategies and improve the
management of adverse effects in patients

undergoing complex treatments.

6. Conflict of Interest

The authors have no conflicts of interest.

7. References

1. Varghese D, Ishida C, Patel P, Koya HH.
Polypharmacy. In: StatPearls [Internet].
Treasure Island (FL): StatPearls Publishing;
2024 Jan-.

2. Costa JP, Alves GAC, Guedes EC, Fonseca
FPB, Souto RAD, Lopes PQ, et al. Analysis of
potential drug interactions in medical clinic
sector in a Hospital of Jodo Pessoa — PB.
Brazilian  Journal of Pharmaceutical

Sciences. Disponivel em:

Revista Conexdo Ciéncia | Vol.19 | N°® 4 | 2024

http://dx.doi.org/10.1590/s2175-
97902022e18943.

Wiersema C, Oude Voshaar RC, Van Den
Brink RHS, Wouters H, Verhaak P, Comijs
HC, et al. Determinants and consequences
of polypharmacy in patients with a
depressive disorder in later life. Acta
Psychiatr Scand. 2022;146(1):85-97. DOI:
http://doi.org/10.1111/acps.13435.

Chang CC, Chen YJ, Chen YA, Liao YC. Acute
hepatitis due to agomelatine use in elderly
women with depression: Case series. Clin
Psychopharmacol Neurosci.
2021;19(4):789-792. DOI:
http://doi.org/10.9758/cpn.2021.19.4.789.

Pladevall-Vila M, Pottegard A, Schink T,
Reutfors J, Morros R, Poblador-Plou B, et al.
Risk of acute liver injury in agomelatine and
other antidepressant users in four
European countries: A cohort and nested
case-control study using automated health
data sources. CNS Drugs. 2019;33(4):383-
395. DOI:_http://doi.org/10.1007/s40263-

019-00611-9.

Diaconu CC, Cozma MA, Dobrica EC,
Gheorghe G, Jichitu A, lonescu VA, et al.
Polypharmacy in the management of
arterial hypertension - friend or foe?
Medicina (Kaunas). 2021;57(12):1288. DOI:
http://doi.org/10.3390/medicina57121288

119


http://dx.doi.org/10.1590/s2175-97902022e18943
http://dx.doi.org/10.1590/s2175-97902022e18943
http://dx.doi.org/10.1590/s2175-97902022e18943
http://doi.org/10.1111/acps.13435
http://doi.org/10.1111/acps.13435
http://doi.org/10.9758/cpn.2021.19.4.789
http://doi.org/10.9758/cpn.2021.19.4.789
http://doi.org/10.1007/s40263-019-00611-9
http://doi.org/10.1007/s40263-019-00611-9
http://doi.org/10.3390/medicina57121288
http://doi.org/10.3390/medicina57121288

7.

10.

11.

12.

NIH. Guide for the Care and Use of
Laboratory Animals - Institute of Laboratory
Research

Animal Research - National

Council. National Academy Press. 1996.

Nair A, Jacob S. A simple practice guide for
dose conversion between animals and
human. Journal of Basic and Clinical

Pharmacy. 2016;7(2):27.

Marazziti D, Baroni S, Picchetti M, Piccinni
A, Carlini M, Vatteroni E, et al
Pharmacokinetics and pharmacodinamics
of psychotropic drugs: effect of sex. CNS

Spectrums. 2013;18(3):118-27.

Gochfeld M. Sex Differences in Human and
Animal Toxicology. Toxicol Pathol. 2017
Jan;45(1):172-189. doi:
10.1177/0192623316677327.

Gerez JR, Verri WA, Hohmann MS, Flaiban
KMC, Hasuda AL, Gloria EM, Bracarense
APRL. Animal performance and biochemical

parameters are  sex-dependent in

peripubertal rats exposed to
deoxynivalenol. Toxicon. 2022
Dec;220:106944. doi:

10.1016/j.toxicon.2022.106944.

Maddern XJ, Walker LC, Anversa RG,
Lawrence AJ, Campbell EJ. Understanding
sex differences and the translational value
of models of persistent substance use
despite negative consequences. Neurobiol
Learn Mem. 2024 Sep;213:107944. doi:
10.1016/j.nlm.2024.107944

Revista Conexdo Ciéncia | Vol.19 | N°® 4 | 2024

13.

14.

15.

16.

17.

18.

Chamani S, Kooshkaki O, Moossavi M,
Rastegar M, Saffar Soflaei S, McCloskey AP
et al. Os efeitos das estatinas na fungdo e
células

diferenciacdo das sanguineas.

Arquivos de Ciéncias Médicas.
2023;19(5):1314-26.

https://doi.org/10.5114/aoms/158546

Bourneau-Martin D, Blanchard R, Beucher
AB, Drablier G, Lagarce L, Lainé-Cessac P.
Agomelatine-induced thrombocytopenic
purpura, a possible new adverse effect.

Therapies. 2017;72(3):401-2.

Saito M, Hirata-Koizumi M, Urano T, Miyake
S, Hasegawa R. A literature search on
pharmacokinetic drug interactions of
statins and analysis of how such
interactions are reflected in package inserts
in Japan. Journal of Clinical Pharmacy and

Therapeutics. 2005;30(1):21-37.

Sica DA, Gehr TWB, Ghosh S. Clinical

Pharmacokinetics of Losartan. Clinical

Pharmacokinetics. 2005;44(8):797-814.

Souto NIL, Morais EJ, Bachur TPR, Aragao
GF. Efeitos adversos e perfil de seguranca
da agomelatina — literatura cientifica versus
bula do medicamento. Revista Brasileira de

Farmarcia. 2019:100:3139-51.

Billioti de Gage S, Collin C, Le-Tri T, Pariente
A, Bégaud B, Verdoux H, et al
Antidepressants and Hepatotoxicity: A
Cohort Study among 5 Million Individuals

Registered in the French National Health

120


https://doi.org/10.5114/aoms/158546

19.

20.

21

22.

23.

24.

Insurance Database. CNS

2018;32(7):673-8

Drugs.

Chang CC, Chen YJ, Chen YA, Liao YC. Acute
Hepatitis Due to Agomelatine Use in Elderly
Women with Depression: Case Series. Clin
Psychopharmacol Neurosci. 2021 Nov
30;19(4):789-792. doi:

10.9758/cpn.2021.19.4.789.

Yang QS, Zhou X, LiJJ, MaY, Lu L, Xiong |, et
al. Sub-Acute Oral Toxicity of a Novel
Derivative of Agomelatine in Rats in a Sex-
Frontiers in

Dependent Manner.

pharmacology. 2019;10.

Gahr M, Freudenmann R, Connemann B,
Hiemke C, Schonfeldt-Lecuona C.
Agomelatine and Hepatotoxicity:
Implications of Cumulated Data Derived
from Spontaneous Reports of Adverse Drug
Reactions. Pharmacopsychiatry.

2013;46(06):214-20.

Freiesleben SD, Furczyk K. A systematic
review of agomelatine-induced liver injury.

Journal of Molecular Psychiatry. 2015;3(1).

GuanY, Wang D, Bu H, Zhao T, Wang H. The
Effect of Metformin on Polycystic Ovary
Syndrome in Overweight Women: A
Systematic Review and Meta-Analysis of
Randomized Controlled Trials. Int J
Endocrinol. 2020 Sep 16;2020:5150684.

doi: 10.1155/2020/5150684.

Cankara FN, Ginaydin C, Celik ZB, Sahin Y,

Pekgoz S, Erzurumlu Y, et al. The effects of

Revista Conexdo Ciéncia | Vol.19 | N°® 4 | 2024

25.

26.

27.

28.

29.

agomelatine in cisplatin-induced toxicity on
the kidney and liver tissues: In vivo study.

Brazilian Journal of Pharmaceutical

Sciences, 2022;58: e20957.

http://dx.doi.org/10.1590/s2175-

97902022e20957

Basol N. The Beneficial Effects of
Agomelatine in Experimental Model of
Sepsis Related Acute Kidney Injury. Turkish
Journal of Trauma and Emergency Surgery.

2015:22.

Kadkhodaee M, Seifi B, Ranjbaran M,
Shams S, Delavari F, Najafi A, et al. The
Impact of Sex Differences on Renal
Protective Effects of Lipopolysaccharide
Preconditioning in Septic Shock. Iran J Med
Sci. 2020  Sep;45(5):383-390.  doi:

10.30476/ijms.2020.72461.0.

Quaile MP, Melich DH, Jordan HL, Nold JB,
Chism JP, Polli JW, et al. Toxicity and
toxicokinetics of metformin in rats.
Toxicology and Applied Pharmacology.

2010;243(3):340-7.

Ammus SYA. Drug-induced Red Cell

Dyscrasias. Blood Review. 1989;37:1-82.

Averbukh LD, Turshudzhyan A, Wu DC, Wu
GY. Statin-induced Liver Injury Patterns: A
Clinical Review. J Clin Trans| Hepatol. 2022
Jun 28;10(3):543-552. doi:
10.14218/JCTH.2021.00271.

121


http://dx.doi.org/10.1590/s2175-97902022e20957
http://dx.doi.org/10.1590/s2175-97902022e20957

30.

31

32.

33.

34.

35.

36.

Revista Conexdo Ciéncia | Vol.19 | N°® 4 | 2024

Bjornsson ES. Hepatotoxicity of statins and

other  lipid-lowering  agents. Liver

International. 2016;37(2):173-8.

Orr SE, Bridges CC. Chronic Kidney Disease
and Exposure to Nephrotoxic Metals.
International journal of molecular sciences.

2017;18(5):1039.

Filippatos T, Tzavella E, Rizos C, Elisaf M,

Liamis G. Acid-base and electrolyte
disorders associated with the use of
antidiabetic drugs. Expert Opinion on Drug

Safety. 2017;16(10):1121-32.

Scheen AJ. Pharmacological management
of type 2 diabetes: what’s new in 20177
Expert Review of Clinical Pharmacology.

2017;10(12):1383-94.

Ozbakis-Dengiz G, Hekimoglu A, Kandemir
NO, Kurcer Z. Effects of statins in an
indomethacin-induced gastric injury model
Turkish

in rats. The journal  of

gastroenterology. 2012;23(5):456-62.

Al-Majed ARA, Assiri E, Khalil NY, Abdel-Aziz
HA. Losartan. Profiles of Drug Substances,
Excipients and Related Methodology.

2015;40:159-94.

Kuoppala J, Pulkkinen J, Kastarinen H,
Kiviniemi V, Jyrkka J, Enlund H, et al. Use of
statins and the risk of acute pancreatitis: a
population-based  case-control  study.
Pharmacoepidemiology and Drug Safety.

2015;24(10):1085-92.

37.

38.

39.

Sadighara M, Amirsheardost Z, Minaiyan M,
HajhashemiV, Naserzadeh P, Salimi A, et al.
Toxicity of Atorvastatin on Pancreas
Mitochondria: A Justification for Increased
Risk of Diabetes Mellitus. Basic & Clinical
Pharmacology & Toxicology.

2017:120(2):131—7.

Andres AM, Hernandez G, Lee P, Huang C,
Ratliff EP, Sin J, et al. Mitophagy Is Required
for Acute Cardioprotection by Simvastatin.
iedox

Antioxidants & Signaling.

2014;21(14):1960-73.

Li X, Yang Y, GengY, Cheng, Zhang H, Zhao
J, et al. The cardioprotection of simvastatin
in reperfused swine hearts relates to the
inhibition  of

myocardial edema by

modulating aquaporins via the PKA

pathway. International  Journal  of

Cardiology. 2013;167(6):2657—66.

40.Pleiner J, Schaller G, Mittermayer F,

41.

42.

Zorn S, Marsik C, Polterauer S, et al.

Simvastatin  Prevents Vascular
Hyporeactivity During
Inflammation. Circulation.

2004:110(21):3349-54.

Karaman A, Diyarbakir B, Durur-
Subasi |, Kose D, Ozbek-Bilgin A,
Topcu A, et al. A novel approach to
contrast-induced nephrotoxicity:
the melatonergic agent
agomelatine. British Journal of
Radiology. 2016;89(1061):20150716—
6.

Ozcan M, Canpolat S, Bulmus O,
Ulker N, Tektemur A, Tekin S, et al.

Agomelatine pretreatment
prevents development of
122



hyperglycemia and
hypoinsulinemia in streptozotocin-
induced diabetes in mice.
Fundamental & Clinical
Pharmacology. 2018;33(2):170-80.

123
Revista Conexdo Ciéncia | Vol.19 | N°® 4 | 2024



